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1introduction

Cardiovascular diseases, such as myocardial infarction or peripheral artery disease, 
are the main cause of death globally. In 2005, an estimated 44.1 thousand people died 
from cardiovascular diseases in the Netherlands alone, representing approximately 
32% of all annual deaths [1]. Cardiovascular disease is often associated with occlusion 
of blood vessels which causes ischemia, and damage to the surrounding tissues. 
Current therapies aim at the relief of ischemia, by restoring vascular perfusion, but 
fail to prevent ongoing tissue damage [2;3], nor do they induce tissue regeneration. 
Hence, the development of new therapies is warranted.

The ability to restore vascular perfusion to ischemic or otherwise damaged 
tissues is essential for repair and regeneration. Ischemic episodes in the myocardial 
or peripheral tissues evoke the formation of neovessels from the preexisting vascular 
branches by a process termed angiogenesis [4]. However, microvascular perfusion by 
these neovessels may not be sufficient, and the development of larger collateral arteries 
may occur through arteriogenesis [5]. Whereas angiogenesis tends to be initiated by 
ischemia, arteriogenesis can occur under normoxic conditions. Both processes are 
regulated by a great number of cytokines and growth factors, mechanical influences 
and circulating cells, such as endothelial progenitor cells (EPC), but also leukocytes 
that extravasate from the circulation and the mature endothelium [5]. 

In adults suffering from vascular diseases, however, the natural processes of 
neovascularization may be dysfunctional and insufficient to restore proper tissue 
vascularization. Thus, while the identity and timing of the complex interactions that 
regulate neovascularization continues to be resolved, there is a great clinical need for 
therapies that aid these natural healing processes. Such therapies may be the tissue 
engineering (TE) of ‘designer blood vessels’ (part I) or therapeutic neovascularization 
through cell therapy (part II).

blood vessel anatomy

The vascular network is the largest organ in the human body and spans over 100 
000 kilometers if all vessels were laid end-to-end. The vascular network is comprised 
of arteries, arterioles, capillaries, venules and veins. The arteries and arterioles are 
constructed to withstand high blood pressures and comprise of three cell layers 
(Figure 1) each contributing to the vascular function in a distinct manner. The outer 
tunica adventitia is comprised of connective tissue, e.g. collagens, and vascular 
fibroblast and provides the blood vessel with the mechanical strength and elasticity 
to cope with high blood pressures [6-9]. The middle layer, the tunica media, houses the 
vascular smooth muscle cells (SMC), which are the major contributor to the vascular 
tone. In response to mechanical stimuli or nervous innervations, SMC contract thereby 
increasing vascular resistance which leads to an increase in blood pressure. Relaxation 
of vascular SMC reduces blood pressure [10-13]. The inner layer, the tunica intima, 
consists of a monolayer of endothelial cells (EC), which perform a variety of functions. 
EC regulate vascular permeability [14-18], leukocyte trafficking [19;20], vascular tone 
[21-23] and blood clotting [24;25]. 
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1by unrecognized preexisting vascular disease in the graft and the development of 
neointimae hyperplasia in the bypass graft [29;30].

Alternatives to autologous vascular grafts may be found in the use of allogenic or 
xenogenic vascular grafts, however allogenic or xenogenic vascular grafts may elicit 
rejection [31] and condemns patients to permanent use immunosuppressive drugs 
with all coinciding risks. 

In vitro TE of small-diameter vascular grafts, hence, poses a major opportunity for 
cardiovascular medicine. Principally, a tissue engineered blood vessel (TEBV) resembles 
the native vasculature and must be able to withstand physiological pressure changes. 
Hence, the development of a viable TEBV depends on a suitable degradable scaffold 
for mechanical strengthening, cellular attachment and the seeding of SMC and EC. The 
concept of a ‘viable’ TEBV implies the ability of the vessel to respond to its environment, 
to be remodeled by the host and, most important, self-repair when damaged.

First attempts to generate a TEBV were already performed in the late 1970s by 
Herring and co-workers who experimented with a single-stage seeding technique to 
seed vein EC onto polytetrafluoroethylene (pTFE) scaffolds [32;33]. However, the robust 
isolation method used for the isolation of vein EC, scraping the luminal surface with 
steel-wool pledges, was associated with high impurity and was soon abandoned. 

Proof-of-concept was established by Weinberg and Bell in 1986, who used 
bovine SMC to contract a collagen gel surrounding a tubular mandrel. This SMC/gel 
construct was reinforced using a non-degradable Dacron mesh and the outer surface 
was seeded with vascular fibroblasts. The cell-rich tubular structure was slipped 
off the mandrel and bovine EC were seeded in the lumen [34;35]. The TEBV bore a 
fundamental resemblance to native vessels, but lacked the mechanical strength to 
withstand physiological pressures. However, the finding that dissociated cells can 
be used to generate new functional tissues was demonstrated and contributed to 
the beginning of vascular TE as a research field, which was fully established in 1999 
(Scientific American, 1999; 280: 59-89). 

Further refinements of the vascular TE paradigm (Figure 2) include mechanical 
preconditioning [36;37] of the TEBV or the addition of ascorbic acid to the culture 
medium, both improving extracellular matrix (ECM) formation and thus burst pressure 
[38;39]. Furthermore, coating of the polymeric scaffold with ECM molecules or 
their mimics was shown to improve cell adhesion [40;41]. Jointly, these refinements 
improved the burst pressure of TEBV to well above 2000 mmHg, the burst pressure of 
a human saphenous vein, while preserving the contractility in response to vasoactive 
agents [42;43]. Although at present TEBV are mechanically sound, the use of primary 
cells from either humans or animals poses new problems. Although the use of primary 
autologous vascular cells abrogates immunological mismatches and may assure the 
isolation of functional vascular cells (i.e. anti-thrombogenic EC and contractile SMC), 
the isolation of autologous primary vascular cells is hampered by impurities in the 
isolate, limited availability of donor grafts and most-important limited lifespan of the 
isolated cells [44;45]. 

Taken together the field of vascular TE has made considerable progress the last 
decade. Starting from an initial thought, through to feasibility studies, vascular TE 
has evolved into an interdisciplinary field of research which is expected to deliver 
its first clinical results in the upcoming decade. The interdisciplinary efforts put into 

part i: vascular tissue engineering

Although most vascular complications occur in small-diameter vessels (≤ 6 
mm luminal diameter), the large diameter vessels are also susceptible to vascular 
disease. Arteriosclerosis (i.e. the loss of elasticity and thickening of the vascular wall) 
and vascular aneurysms (i.e. the weakening of the vascular wall by degradation of 
the extracellular matrix) are examples of common vascular disorders of the large 
vessels. Commonly, arteriosclerosis and aneurisms of the large vessels are treated 
by intravascular or endovascular stenting procedures, respectively. Stents of various 
artificial materials, such as surgical steel, titanium or polymeric fabric (e.g. Dacron®) are 
used in these surgical procedures.  The clinical success of these procedures depends on 
timely diagnosis, stent placement and individual post-operative recovery.  Although 
large-diameter artificial vessel replacements have high success rates in stenting 
interventions of the large blood vessels where high flow rates are present [26], small-
diameter artificial vessel replacements, fail because of their inherent thrombogenicity 
and compliance mismatch [27;28]. Therefore, the search for innovative small vessel 
replacements is still warranted and may be found in vascular TE, described below.

Diseases that affect the small-diameter vessel represent the majority of vascular 
diseases. Herein, the coronary and femoral arteries are examples of small-diameter 
vessels that tend to develop atherosclerotic lesions, resulting in coronary artery or 
peripheral artery disease and need to be replaced surgically. The autologous grafts 
from the vena saphena or mammary arteries are the current gold standard replacement 
grafts, for they represent a ‘ready to use’ and immunologically accepted bypass 
conduit. However, the availability of such autologous bypass grafts is limited by prior 
usage or poor graft quality, especially in patients with widespread vascular disease. 
Furthermore, clinical outcome of these autologous bypass grafts may be hampered 

elial Cells
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Figure 1. Blood vessel anatomy. The blood vessels are comprized of three distinct layers. The tunica intima 
is formed by the endothelial cells and their basement membrane. The endothelial cells possess specific anti-
thrombogenic properties, which prevent blood coagulation. The tunica media is formed by the internal lamina 
elastica on the luminal side, the smooth muscle cells and the external lamina elastica. The tunica media provides 
the blood vessels with mechanical strength and its contractile properties. The most outer layer, the tunical 
adventitia comprises vascular fibroblasts and collagens, which provide additional strength to the vessel.
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1differentiation behavior of EPC when differentiated on degradable biomaterials. 
Therefore, in this thesis, we investigated the differentiation potential of EPC and their 
cellular plasticity in the context of vascular TE. 

part ii: in vivo therapeutic neovascularization

Despite progress in the TE of small-diameter blood vessels, patients suffering 
from chronic ischemic disorders will not benefit from TE approaches when the 
microvasculature of the tissue is affected. Metabolically active cells must be situated 
in 150-200 μm of a blood supply in order to properly function [48;49]. Hence, capillary 
density in these tissues is high ranging from 100-1000 capillaries/mm2 [49]. The design 
of the microvascular capillaries, essentially made from tubular structures of a single 
layer EC (Figure 1) and their basal lamina, is deceptively simple, the size and frailty of 
the microvasculature is raise formidable challenges for in vitro engineering attempts. 
Hence, research focus has been directed towards in vivo induction of angiogenesis by 
EPC, discussed in part II.

Early attempts to amplify the natural occurring angiogenesis in vivo composed 
of intracoronary infusions with mitogens for EC, such as vascular endothelial growth 
factor (VEGF) and basic fibroblast growth factor (bFGF) [50-52]. Although improved 
blood flow was reported, the VEGF was only transiently present. Furthermore, subjects 
treated with intracoronary injections of bolus concentrations of VEGF suffered from 
severe hypotension [52].

Genetic engineering techniques have also been employed to deliver angiogenic 
factors [53;54]. Adenoviral injections directly into ischemic tissue regions elevated 
the local expression level of VEGF and showed only a mild increase in systemic VEGF 
levels. Tissue perfusion was increased accordingly, without the hypotensive effects 
observed after systemic bolus delivery [54]. Cells have also been used as gene delivery 
vehicles [55-57]. Skeletal myoblasts were retrovirally transduced to secrete VEGF [56]. 
These cellular delivery devices caused a 30-fold increase in capillary density within 
1 week. However, long-term gene delivery of VEGF has been linked to hemangioma 
complications [58]. 

Controlled drug-delivery systems have been developed which aim to specifically 
administer efficacious dosages of angiogenic factors over prolonged periods of time. 
For instance, bioabsorbable copolymers of lactic and glycolic acid were produced that 
incorporated VEGF. VEGF release from these delivery systems was tunable by adjusting 
the degradation time of the polymer [59]. However, in spite of having some control 
over VEGF delivery, the majority of growth factor release commonly occurs within the 
first 48 hours. Furthermore, significant quantities of protein (up to 30%) remain in the 
delivery device, which may pose similar threats as bolus growth factor injections [52] 
when the device is finally degraded [59].

Unchecked angiogenesis, by the delivery of angiogenic factors through gene 
therapy or delivery devises, thus may facilitate pathological conditions such as vascular 
leakage and tumor formations (hemangiomas) [58]. Consequently, a delicate balance 
of angiogenesis stimulating and inhibitory factors must be maintained in order to 
drive therapeutic neovascularization without triggering pathological processes. The 

developing small-diameter arterial replacements have provided a vast amount of 
knowledge about our arteries and we have now reached a stage where we may know 
‘how’ to build an artery. However, there are still numerous issues which have to be 
resolved in order to truly recreate nature’s cleaver design for permanent regeneration. 
One important issue is the cell source or sources to be used to in vitro engineer a viable 
blood vessel replacement that can respond to its in vivo environment. Also, these cells 
must be able to perform the required functions and most important self-repair in case 
of damage. 

EPC may, in this respect, pose huge potential for in vitro vascular TE, since they 
represent an autologous source of immature EC that can be isolated with high purity. 
EPC are immature cells present in the bone marrow and in the peripheral blood and are 
capable of differentiating into EC in vitro and in vivo [46]. Moreover, EPC exert longevity 
and may thus hold the key for self-renewal [47]. However, little is known about the 
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Figure 2. Vascular tissue engineering paradigm. Vascular cells are isolated from a small vein or artery biopsy (1 
& 2). These vascular cells (smooth muscle cells and endothelial cells) are expanded in culture and seeded on a 
tubular biomaterial; endothelial cells on the luminal side and smooth muscle cells on the outer surface (3). The 
cell/biomaterial hybrid is matured in a pulsatile bioreactor for mechanical preconditioning (4) after which a 
mature tissue engineered vessel is generated (5). The tissue engineered vessel can subsequently be used as a 
bypass graft (6) to restore vascular perfusion.
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A TEBV would comprise of both endothelial (progenitor) cells as well as vascular 
SMC. During embryonic development, SMC and EC can be derived from the same 
progenitor cell pool. We therefore hypothesized that adult EPC would also contain 
some form of cellular plasticity and assayed their ability for form SMC. As proof-
of-principle, using neonatal EC, we were able to show that mature EC contain the 
cellular plasticity to form SMC (chapter 4). We subsequently analyzed the ability of 
EPC to form SMC and elucidated the signaling transduction cascades involved in this 
transdifferentiation process (chapter 5). 

Having evaluated the developmental origins of endothelial- and SMC, we 
contemplated a new vascular TE strategy which combines these developmental 

cells that are naturally involved in microvascular regeneration, the EPC, may therefore 
be the most suitable ‘vehicles’ for the truly controlled delivery of biologically active 
factors. These cells sense their environment, secrete signaling factors accordingly and 
may induce sprouting angiogenesis (Figure 3.4A) Moreover, these cells may also act 
as building blocks for the newly formed vasculature though genuine vasculogenesis 
(Figure 3.4B).

endothelial progenitor cells for vascular tissue engineering and 
therapeutic neovascularization

The vessel-forming capacity of stem- and progenitor cells is illustrated by embryonic 
vessel development, in which relatively undifferentiated cells form primitive vessels. 
However, also in adult life, one can show progenitor cells circulating in the peripheral 
blood and incorporate at sites of vascular damage. These EPC are immature cells 
capable of differentiating into mature EC in vitro and in vivo [46]. Hence, EPC offer 
enormous potential in vascular regenerative medicine. On one hand, EPC can act as 
cell source for in vitro TE because of their proliferative and growth potential as well as 
their differentiation capacity [60]. On the other hand, EPC can act as therapeutic cells 
that are actively involved in in vivo neoangiogenesis [61].

This thesis aims to identify the circulating EPC-types that can be used in 
vascular regenerative medicine either for vascular TE (part I) or for therapeutic 
neovascularization (part II). Furthermore, we elaborate on the molecular mechanisms 
behind EPC plasticity and the mechanisms that govern EPC maturation into functional 
vascular cells. 

outline of this thesis

Experimental and clinical observations indicate that circulating EPC can be 
isolated and used for vascular regenerative medicine. The general objective of part 
I of this thesis (chapters 2 to 6) is to acquire a better understanding of in vitro EPC 
differentiation and cellular plasticity in the context of vascular TE. 

There are two known populations of EPC, which can be distinguished based on the 
time of appearance in culture [62], clonogenic behavior [63] or expression of marker 
proteins CD34 and CD14 [64]. The CD14+ EPC is more abundant in the peripheral 
blood than the CD34+ EPC (10-20% and 0.01-0.1% of the mononuclear cell fraction, 
respectively), which makes the CD14+ EPC the more appropriate to engineer large tissues 
such as replacement vessels. We studied the ability of CD14+ EPC to differentiate into 
functional and proliferating EC on degradable biomaterials for vascular TE (chapter 2).  
 Vascular TE aims to use autologous EPC for the creation of a bioartificial blood 
vessel replacement. Hence, EPC will be isolated from patients with various degrees 
of vascular damage and these EPC may be affected by the progressing disease. We 
therefore investigated the numerical and functional properties of EPC in patients with 
increased risk for cardiovascular disease (chapter 3). 

Figure 3. Cell therapy for therapeutic neovascularization. Endothelial progenitor cells are isolated from the 
peripheral blood by cell sorting techniques (1 & 2). Thereafter, endothelial progenitor cells are implanted into the 
myocardium using catethers (3). In the myocardium, endothelial progenitor cells may induce neovascularization 
by either stimulating sprouting angiogenesis by the pre-existing vasculature (4a) or by vasculogenesis. Herein, 
endothelia progenitor cells start to form a new primary vascular plexus which in time fuses to the pre-existing 
vasculature (4b).
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processes into a novel TE paradigm (chapter 6), offering a platform for the integration 
of developmental biology and the current expertise in biomaterial design.

The general objective of part II of this thesis (chapters 7 to 9) concerns therapeutic 
neovascularization by EPC therapy. Cell therapy approaches using CD34+ EPC was 
anticipated to involve active incorporation of these cells into the neovasculature, but 
lack of experimental in vivo evidence questioned this hypothesis [65]. We therefore 
evaluated the relative contributions to endothelial lineage differentiation of both 
CD34+ EPC and CD14+ EPC in vitro. Both types of EPC were cultured under angiogenic 
stimulation, either alone or in combination, and EC differentiation was assessed 
(chapter 7). Since the maximum endothelial lineage differentiation was observed in 
these cultures that contained both EPC types, we reevaluated their in vivo capacity to 
form neovessels (chapter 8). These findings and their future clinical perspective were 
subsequently summarized in chapter 9. 

Finally, the results and concepts described in part I and part II are summarized 
(chapter 10; Dutch summary in chapter 12) and their future perspective for vascular 
regenerative medicine is discussed (chapter 11).
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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 
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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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abstract

Endothelial progenitor cells (EPC) contribute to repair and maintenance of the 
vascular system, but in patients with chronic kidney disease (CKD), the number and 
function of EPC may be affected by kidney dysfunction. We assessed numbers and 
angiogenic function of EPC from patients with CKD in relation to disease progression. In 
a cross-sectional, prospective study, 50 patients with varying degrees of CKD including 20 
patients undergoing dialysis and 10 healthy controls were included. Mononuclear cells 
were isolated and circulating EPC were quantified by flow cytometry based on expression 
of CD14 and CD34. EPC were cultured on fibronectin-coated supramolecular films of 
oligocaprolactone under angiogenic conditions to determine their angiogenic capacity 
and future use in regenerative medicine. CKD patients had normal numbers of circulating 
CD14+ EPC but reduced numbers of circulating CD34+ EPC. Furthermore, EPC from patients 
with CKD displayed functional impairments, i.e. hampered adherence, reduced endothelial 
outgrowth potential and reduced antithrombogenic function. These impairments were 
already observed at Stage 1 of CKD and became more apparent when CKD progressed. 
Dialysis treatment only partially ameliorated EPC impairments in patients with CKD. In 
conclusion, EPC number and function decrease with advancing CKD which may hamper 
physiological vascular repair and can add to the increased risk for cardiovascular diseases 
observed in CKD patients. 

introduction

Circulating endothelial progenitor cells (EPC) play a role in the maintenance and 
regeneration of the cardiovascular system (reviewed in [98;99]). EPC are a self-renewing 
cell population present in the bone marrow and circulation, which can differentiate 
into functional endothelial cells in vitro and in vivo [47]. We and others have identified 
two distinct EPC subsets, the CD34+ EPC [70;100] and the CD14+ EPC [75;101], in the 
peripheral blood of healthy subjects. These EPC subsets have been proposed and 
applied as tools in, among others, cell therapy for ischemic diseases [71;102], and 
the generation of bioartificial tissues, such as endothelialized antithrombogenic 
hemodialysis access [103] or replacement blood vessels [104;105].

In patients with chronic kidney disease (CKD) the risk for cardiovascular diseases 
(CVD), as well as cardiovascular morbidity and mortality are increased [106;107]. 
Therefore, in these patients, EPC may serve as a potential tool for cell therapy. However, 
we and others have described functional and numerical impairment of EPC in patients 
with various CVD [108;109], including CKD [110;111]. The latter reports may explain 
why traditional CVD risk factors, such as hypertension and dislipidemia, only partly 
account for the increase in CVD-associated morbidity and mortality in CKD patients. 
Surprisingly, EPC functionality has not been investigated in early stages of CKD, nor 
during progression of CKD. This information gap must be filled in order to make 
predictions about the suitability of EPC for physiological repair or their application 
in regenerative medicine of the kidney. Here, we hypothesized that EPC number and 
function are affected by by CKD progression, and asked whether dialysis treatment 
ameliorates EPC dysfunction.

We studied the number and endothelial outgrowth potential of circulating EPC 
derived from patients with CKD in relation to disease progression (CKD K/DOQI stages 
1-5)[112]. Endothelial outgrowth was performed on fibronectin-coated supramolecular 
ureido-pyrimidione-modified oligocaprolactone (PCLdiUPy)[78;97] biomaterial to 
explore the use of patient-derived EPC in regenerative medicine. Adherence of EPC 
to the PCLdiUPy biomaterial was assessed, as well as the capacity for endothelial 
differentiation. Furthermore, cell function of endothelial outgrowth cells was assessed 
by thrombin generation assays.

subjects, materials and methods

subjects

In a cross-sectional, prospective study, fifty patients with various stages of CKD and 
matched healthy controls (n = 10/group) were included from the outpatient renal clinic 
of the University Medical Center Groningen (The Netherlands) and the Dialysis Center 
Groningen (The Netherlands). Patients had various underlying causes of kidney disease 
and we included 10 patients in each of the following CKD catagories; CKD stage 1 and 
2 (eGFR > 60), CKD stage 3 (30 < eGFR < 60), CKD stage 4 and 5 but not yet in dialysis 
(eGFR < 30), hemodialysis and peritoneal dialysis. Patients with diabetes mellitus, 
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vasculitides, acute infections, neoplasms, acute (within past 6 months) cardiovascular 
events or using immunosuppressive medication (including corticosteroids) were 
excluded. Patients maintained their regular medication. All participants provided 
informed consent and the study was conducted according to the principles of the 
Declaration of Helsinki.

isolation and quantification of epc

Mononuclear cells (MNC) were isolated from peripheral blood by density-gradient 
centrifugation of Lymphoprep (Nycomed Pharma, Norway) as previously described 
[101;113]. Aliquots of 1•106 MNC were subsequently labeled using monoclonal 
antibodies to the endothelial progenitor cell (EPC) markers CD34 (BD Pharmingen, 
CA) and CD14 (IQ Products, The Netherlands) and EPC were quantified by flow 
cytometry (BD Biosciences, CA). Peripheral blood MNC were cultured on fibronectin 
(1 µg/cm2; Harbor Bio-Products, MA)-coated diureido-pyrimidinone-polycaprolacton 
(PCLdiUPy)[78] in Medium-199 supplemented with 20% FCS (BioWhittaker, MD), 2 
mM L-glutamine, 1% penicillin/streptomycin (both Sigma, MO), 5 U/mL heparin (Leo 
Pharma, The Netherlands), 10 ng/mL bFGF, 20 ng/mL HGF, 10 ng/mL IGF-1 and 10 ng/
mL VEGF (all PeproTech Inc, NJ) at a density of 5 000 cells/mm2.

adherence and apoptosis of endothelial outgrowth cells (eoc)

To assess cell adhesion, non-adherent cells were removed from five day-old 
cultures by extensive washing. The remaining adherent cells were fixed with 2% 
paraformaldehyde (PFA; Sigma, MO) and the nuclei labeled using 3 μM 4’,6-diamidino-
2-phenylindole (DAPI; Sigma, MO). Nuclei were counted manually in 15 high power 
fields (40x objective magnification) using a Leica DM IL fluorescent microscope (Leica 
Microsystems, Germany). 

To determine cell apoptosis, all cells were removed from culture. Non-adherent 
cells were removed by pipetting, after which adherent cells were dissociated by 
accutase (PAA Laboratories, Austria) treatment according to manufacturer’s protocol. 
Cells were pooled and pelleted by centrifugation. Next, cell pellets were resuspended 
in annexin V binding buffer and incubated with 5 μL fluorescein-conjugated annexin 
V and 0.75 mM propidium iodide (all BioVision, CA) at room temperature for 5 minutes. 
Propidium iodide incorporation and annexin V binding was determined by flow 
cytormetry (FACSCalibur, BD Biosciences, NJ).

characterization of cultured endothelial outgrowth cells

After three weeks in culture, adherent cells were dissociated using accutase 
treatment and stained for protein expression analysis of endothelial cell marker 
molecules CD31 (PECAM-1), CD144 (VE-Cadherin), von Willebrand Factor (vWF), 
endothelial cell Nitric Oxide Synthase (eNOS) and macrophage marker molecule 
CD163 (Scavenger Receptor M130). Cells were pelleted and resuspended in FACS 
buffer containing 0.5% fetal calf serum and 2 mM EDTA. Next, samples were stained 
with PE-conjugated mouse monoclonal antibodies to either (1) human CD31 (5 μg/

mL; IQ Products, The Netherlands), (2) human CD144 (10 μg/mL; R&D Systems, MN), (3) 
human CD163 (10 μg/mL; BD Pharmingen, CA), or mouse IgGs (10 μg/mL; IQ Products, 
The Netherlands) at 4°C for 30 minutes. Excess antibodies were removed by repeated 
washing. Next, samples were fixed with 2% PFA at room temperature for 20 minutes, 
permeabilized with 0.1% saponin (Sigma, MO) and stained with either rabbit polyclonal 
antibodies to (1) human vWF (7 μg/mL; DakoCytomation, Denmark), (2) human eNOS 
(7 μg/mL; BD Transduction Laboratories, NJ), or (3) fluorescein-conjugated rabbit IgGs 
(10 μg/mL; IQ Products, The Netherlands) at 4°C for 30 minutes.  The samples were 
resuspended in FACS buffer and incubated with fluorescein-conjugated donkey F(ab’)2 
antibody fragments to rabbit IgG (10 μg/mL; Jackson ImmunoResearch, UK) at 4°C for 
15 minutes. After removal of excess antibodies, protein expression was determined by 
flow cytometry on a FACSCalibur (BD Biosciences, NJ).

proliferation and antithrombogenicity of endothelial outgrowth cells

To quantify proliferation of cultured EOC, cells were dissociated by accutase 
treatment and analyzed for Ki67 expression, essentially as described above. Briefly, 
fixed and permeabilized cells were incubated with fluorescein-conjugated mouse 
monoclonal antibodies to human Ki67 (5 μg/mL; BD Pharmingen, NJ) at 4°C for 30 
minutes. After removal of excess antibodies, cells were analyzed by flow cytometry.

Endothelial cell function of EOC was assayed by a modified Thrombin Generation 
Assay (HaemoScan, The Netherlands). EOC were dissociated using accutase and 
replated in fibronectin/gelatin-coated (both 10 μg/mL) 96-wells plates at a density 
of 50 000 cells/cm2. After 24 hours, non-adherent cells were removed and adhering 
cells washed with PBS. Next, cells were incubated with fibrinogen-depleted plasma 
under normal culture conditions, activating the intrinsic coagulation cascade. After 
15 minutes, a mixture of 30 mM CaCl2 and phospholipids was added, which results in 
the formation of thrombin. Samples (5 μL) were taken at regular intervals and added 
to ice-cold 25 mM TrisHCL to prevent further formation of thrombin. Finally, the 
diluted samples were incubated with 3 mM Thrombin substrate S2238 that results in a 
change of color, which was measured at 405 nm with 540 nm as reference wavelength 
in a microtiter plate reader (BioRad, VA). A calibration curve of known thrombin 
concentrations was used to quantify thrombin formation in the experimental samples. 
Human umbilical vein endothelial cells and bare PCLdiUPy were included as negative 
and positive controls, respectively.

statistical analysis

Subject data are expressed as the mean (line) of the individual values (dots) and as 
mean ± S.E.M. within the text. To analyze mean differences between patient groups 
and healthy controls, data was analyzed using one-way Kruskall-Wallis test followed 
by post hoc Dunns Multiple Comparison Test. To analyze mean differences between 
pre-hemodialysis data and post-hemodialysis data, the Mann-Whitney U test was 
performed. Univariate association studies were performed using Pearson’s correlation, 
followed by multivariate ANCOVA analysis. Probabilities of P<0.05 were considered to 
be statistically significant.
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   Age (years)
   Gender (male/female)
   BMI (kg/m2)
   eGFR (mL/min/1.73 m2)
Blood analyses
   Serum creatinin (µmol/L)
   Creatinin clearance (mL/min)
   Serum urea (mmol/L)
   Blood pressure (mmHg)
      Diastolic blood pressure
      Systolic blood pressure
   White blood cells (•106/mL)
      Mononuclear cells (•106/mL)
      Granulocytes (•106/mL)
   Thrombocytes (•109/mL)
   Hemoglobin (mmol/L)
   Total cholesterol (mmol/L)
      HDL cholesterol (mmol/L)
      LDL cholesterol (mmol/L)
   Total serum protein (g/L)
    Serum calcium (mmol/L)
   Serum phosphate (mmol/L)
Urine analyses
   pH
   Urine creatinin (mmol/24h)
   Urine urea (mmol/24h)
   Total urine protein (g/24h)
   Urine sodium (mmol/24h)
   Urine patassium (mmol/24h)
Dialysis
   Time on dialysis (months)
   Dialysis efficiency (Kt/V)
Risk factors
   History of CVD (%)
   Hypertension (%)
   Proteinurea (%)
   Vascular co-morbidity (%)
   Previous kidney transplant (%)
Medication
   Anticoagulants (%)
   Antihypertensive drugs (%)
      ACE inhibitors (%)
      ATII-receptor antagonists (%)
      β-blockers (%)
      Diuretics (%)
      Calcium antagonists (%)
      Other (%)
   Anti-inflammatory agents (%)
   Erythropoietins (%)
   Iron supplements (%)
   Statins (%)
   Other (%)
      of which multivitamins (%)

10
41.1 ± 3.8

6 / 4
23.2 ± 1.1

nd

nd
nd
nd
nd
nd
nd

1.1 ± 0.1
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd

0%
0%
0%
0%
0%

0%
0%
0%
0%
0%
0%
0%
0%

10%
0%
0%
0%

20%
10%

10
46.1 ± 3.2

9 / 1
28.1 ± 1.6
83.4 ± 4.0

90.0 ± 4.2
120.7 ± 15.4

6.7 ± 0.6

74.6 ± 2.6
125.4 ± 3.8

7.0 ± 1.1
1.1 ± 0.1
5.9 ± 1.0

214.9 ± 23.7
9.5 ± 0.2
5.0 ± 0.3
1.2 ± 0.1
3.4 ± 0.3

74.8 ± 1.3
2.36 ± 0.02
0.85 ± 0.18

6.4 ± 0.3
15.5 ± 1.8

374.5 ± 29.4
0.74 ± 0.23

188.9 ± 19.9
85.7 ± 8.5

0%
100%
70%
0%
0%

0%
100%
50%
40%
10%
50%
0%
0%
0%
0%
0%

10%
0%
0%

10
53.2 ± 3.8

7 / 3
26.7 ± 0.8
47.7 ± 3.4

138.7 ± 9.6
68.5 ± 5.4
13.3 ± 2.3

74.4 ± 3.3
121.1 ± 5.0

7.6 ± 0.7
1.4 ± 0.1
6.1 ± 0.7

235.8 ± 28.5
8.7 ± 0.4
5.2 ± 0.3
1.3 ± 0.1
3.2 ± 0.3
73.1 ± 1.5

2.33 ± 0.03
0.97 ± 0.11

5.8 ± 0.2
12.7 ± 1.3

335.0 ± 26.5
1.55 ± 0.74
157.1 ± 24.0
72.17 ± 4.9

10%
100%
50%
0%
0%

0%
100%
60%
70%
10%

100%
20%
0%
0%
0%
0%

60%
50%
0%

10
56.1 ± 3.8

6 / 4
28.5 ± 1.6
17.1 ± 3.0

397.6 ± 68.4
28.9 ± 5.9
23.7 ± 2.4

72.2 ± 2.7
127.1 ± 4.5
6.8 ± 0.7
1.7 ± 0.3
5.1 ± 0.7

208.8 ± 20.9
7.5 ± 0.3
4.6 ± 0.4
1.4 ± 0.2
3.0 ± 0.3

75.0 ± 1.8
2.36 ± 0.04
1.38 ± 0.10

6.2 ± 0.2
11.2 ± 1.0

319.5 ± 30.2
1.73 ± 0.40

153..0 ± 13.4
63.9 ± 9.9

10%
100%
80%
30%
0%

0%
100%
50%
10%
20%

100%
10%
10%
0%

10%
20%
20%
60%
0%

10
51.5 ± 3.3

8 / 2
23.5 ± 1.3
6.0 ± 1.1

976.6 ± 155.9
24.9 ± 7.4
26.8 ± 2.5

83.7 ± 4.6
149.4 ± 9.7

6.7 ± 0.6
1.5 ± 0.2
5.3 ± 0.6

202.5 ± 25.1
7.2 ± 0.4
4.0 ± 0.3
1.3 ± 0.1
1.9 ± 0.2

68.6 ± 2.1
2.20 ± 0.05
1.87 ± 0.20

6.5 ± 0.3
6.5 ± 1.6

80.4 ± 17.2
1.14 ± 0.44
53.7 ± 21.8
34.8 ± 7.1

34.4 ± 10.3
1.37 ± 0.06

50%
60%
80%
60%
30%

70%
50%
30%
0%

50%
10%
10%
10%
20%
90%
20%
50%

100%
40%

10
52.2 ± 5.4

8 / 2
23.0 ± 1.3
10.1 ± 3.2

765.2 ± 66.0
27.1 ± 9.3
19.8 ± 2.6

77.6 ± 1.7
134.5 ± 3.4

8.6 ± 0.8
1.5 ± 0.3
7.0 ± 0.7

265.0 ± 49.5
7.5 ± 0.1
4.1 ± 0.2
1.1 ± 0.2
2.3 ± 0.1

63.9 ± 7.0
2.45 ± 0.07
1.62 ± 0.13

6.1 ± 0.1
6.3 ± 1.0

99.5 ± 17.8
0.78 ± 0.37
78.8 ± 15.8
32.0 ± 6.2

33.8 ± 434
2.22 ± 0.10

20%
100%
60%
20%
10%

10%
60%
10%
20%
40%
30%
0%
0%
0%

80%
60%
30%

100%
100%

Data are expressed and mean ± S.E.M.; ESRD = end-stage renal disease; * = pre-dialysis values; BMI = body mass index; 
eGFR = estimated Glomerular Filtration Rate; CVD = cardiovascular disease; ATII = Angiotensin II; nd = not determined.
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Figure 1. Parameters of Chronic Kidney Disease. Chronic kidney disease (CKD) is characterized by a decrease 
in kidney function, i.e. estimated Gromerulus filtration rate (eGFR). Disease progression (decrease in eGFR) was 
associated with increased serum creatinin, decreased creatinin clearance and increased serum urea. Serum 
phosphate levels also increase progressively during CKD. Furthermore, CKD progression was associated with 
age, decreased creatinin clearance and decreased hemoglobin content. There was no association between CKD-
progression and serum protein, serum calcium or cholesterol levels. Also, the cellular content of the peripheral 
blood was not changed during CKD.
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results

subject characteristics

We studied 50 patients in various stages of chronic kidney disease (CKD; n=30), 
dialysis therapy (n=20) and 10 healthy controls. Patients had various underlying causes 
of kidney disease. Some classical risk factors for cardiovascular disease were present, 
particularly hypertension (n=46) and past cardiovascular events (n=9). All patients 
used medication, including RAAS-blockade (n=50), multivitamin supplements (n=14), 
statins (n=17) or erythropoietin (n=18). Medication was unchanged during the study. 
Subject characteristics are summarized in Table 1. 

Advancing CKD (higher CKD stage or lower eGFR) was associated with higher serum 
creatinin levels (r = -0.95; p < 0.0001), lower creatinin clearance (r = 0.85; p < 0.0001), 
higher serum urea levels (r = -0.81; p < 0.0001), and higher serum phosphate levels 
(r = -0.73; p < 0.0001; Figure 1). The number of white blood cells, mononuclear cells, 
granulocytes (r = -0.03; p = 0.44) and thrombocytes did not vary between the different 
stages of CKD (Figure 1), but the hemoglobin content decreased with advancing CKD 
(r = 0.63; p = 0.0001). Total serum protein, total serum cholesterol and high- and low-
density lipoprotein cholesterol and serum calcium were not different between the 
stages of CKD (Figure 1). 

number of circulating endothelial progenitor cells

Circulating CD34+ EPC and CD14+ EPC were detectable by flow cytometry in all 
patient groups and healthy controls. The mean number of circulating CD34+ EPC in 
healthy subjects was 2.6•103 CD34+ EPC/mL peripheral blood (range 1.3–3.7•103 CD34+ 
EPC/mL). Already in patients with an eGFR > 60, the number of CD34+ EPC was lower 
(mean 0.8; range 0.2–2.6•103 CD34+ EPC/mL peripheral blood; 68% reduction; p < 
0.001) compared to healthy controls (Figure 2). Patients with 30 < eGFR < 60 had even 
lower numbers of CD34+ EPC (mean 0.7; range 0.11–1.9•103 CD34+ EPC/mL peripheral 

Health
y Contro

l

eGFR > 60

30 < eGFR < 60

eGFR < 30

PreHD

PostH
D PD

0

1

2

3

4
*** *** *** *** *** ***

CD
34

+  
EP

C 
(*

10
3 /

m
L)

Circulating CD34+ EPC

Figure 2. Reduction in circulating CD34+ EPC cell numbers in patients with chronic kidney disease (CKD). Numbers 
of CD34+ EPC are decreased at the onset of CKD (eGFR > 60) and continue to decrease during disease progression. 
Dialysis treatment increases the number of circulating CD34+ EPC (eGFR < 30 versus PostHD and PD), but not to 
the level of healthy controls. 

Age

30 45 60 75
0

1

2

3
r = -0.46;P < 0.01

Age (years)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

020406080100
0

1

2

3
r = 0.45; P < 0.01

eGFR (mL/min/1.73m2)

Chronic Renal Failure

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Body Mass Index

20 25 30 35 40 45
0

1

2

3
r = 0.05;P = 0.39

BMI (kg/m2)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Male Female
0

1

2

3 P = 0.4039

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Gender

Systolic Blood Pressure

100 120 140 160
0

1

2

3
r = -0.01; P = 0.49

Systolic Blood Pressure (mmHg)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Diastolic Blood Pressure

50 60 70 80 90
0

1

2

3 r = -0.10; P = 0.30

Diastolic Blood Pressure (mmHg)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Serum Urea

0 10 20 30
0

1

2

3
r = -0.33; P = 0.05

Serum Urea (mmol/L)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Serum Phosphate

0.5 1.0 1.5 2.0
0

1

2

3
r = -0.38; P = 0.03

Serum Phosphate (mmol/L)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Total Cholesterol

3 4 5 6 7 8
0

1

2

3
r = 0.13; P = 0.24

Total Cholesterol (mmol/L)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

HDL Cholesterol

0.5 1.0 1.5 2.0 2.5
0

1

2

3
r = -0.24; P = 0.09

HDL Cholesterol (mmol/L)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

LDL Cholesterol

2 3 4 5
0

1

2

3
r = 0.31; P = 0.05

LDL Cholesterol (mmol/L)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

PreHD PostHD
0

1

2

3

4
P = 0.0170

Hemodialysis

CD
34

+
 E

PC
 (*

10
3 /

m
L)

None CVD History
0

1

2

3

4
P = 0.0329

History of CVD

CD
34

+
 E

PC
 (*

10
3 /

m
L)

None
0

1

2

3

4
P = 0.2224

CV Co-morbidity - EPO + EPO
0

1

2

3

4
P = 0.4024

CD
34

+
 E

PC
 (*

10
3 /

m
L)

CD
34

+
 E

PC
 (*

10
3 /

m
L)

P = 0.0043

- Statins + Statins
0

1

2

3

4

CD
34

+
 E

PC
 (*

10
3 /

m
L)

Cardiovascular Co-Morbidity Use of Erythropoietin Use of Statins

Figure 3. Determinants of CD34+ EPC cell numbers in patients with chronic kidney disease (CKD). The numbers 
of circulating CD34+ EPC decreased with advancing CKD and correlated with the estimated gromerular fitration 
rate. CD34+ EPC cell numbers furthermore associated with advancing age, serum urea levels and serum 
phosphate levels. There was no association between the number of circulating CD34+ EPC and blood pressure 
or total cholesterol, but HDL cholesterol tended to correlate negatively with CD34+ EPC numbers. In contrast, 
LDL cholesterol correlated positively with CD34+ EPC numbers. Hemodialysis treatment increased the number 
of circulating CD34+ EPC as did the use of statins. Patients with a history of cardiovascular disease had fewer 
circulating CD34+ EPC, but cardiovascular co-morbidity had no effect on the number of circulating CD34+ EPC. 
The use of erythropoietin had no effect on the number of circulating CD34+ EPC.
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blood; 73% reduction; p < 0.001). CKD patients in the eGFR < 30 group showed the 
highest reduction in CD34+ EPC number (mean 0.4; range 0.08–0.9•103 CD34+ EPC/mL 
peripheral blood; 89% reduction; p < 0.001; Figure 2). 

In univariate analysis, the reduction in CD34+ EPC numbers was associated with 
CKD stage (eGFR; r = 0.44; p = 0.008; Figure 3). Interestingly, the number of circulating 
CD34+ EPC increased during hemodialysis treatment (0.3 ± 0.07•103 versus 1.0 ± 0.29•103 
CD34+ EPC/mL peripheral blood; PreHD versus PostHD; 208% increase; p = 0.02; Figure 
3), but not to the level of healthy controls (1.0 ± 0.29•103 versus 2.6 ± 0.21•103 CD34+ 
EPC/mL peripheral blood; PostHD versus Healthy Control; 62% decrease; p < 0.001). 
Similarly, patients receiving peritoneal dialysis had higher CD34+ cell numbers than 
patients in CKD stage 5 who did not receive renal replacement therapy (0.8 ± 0.24•103 
versus 0.4 ± 0.08•103 CD34+ EPC/mL peripheral blood; Peritoneal dialysis versus eGFR < 
30; 132% increase; p = 0.04). However, CD34+ EPC number did not reach normal levels 
(0.8 ± 0.24•103 versus 2.6 ± 0.21•103 CD34+ EPC/mL peripheral blood; Peritoneal dialysis 
versus Healthy Control; 68% decrease; p < 0.001).

In untreated CKD patients, using multivariate analysis, the number of CD34+ EPC 
correlated with serum urea levels (r = -0.28; p = 0.03), serum phosphate levels (r = -0.88; 
p < 0.01) and the presence of concomitant risk factors for cardiovascular disease, such 
as age (r = -0.50; p = 0.02), LDL-cholesterol (r = 0.28; p < 0.05)(Table 2) and a history of 
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Table 2. Univariate and multivariate analysis of CD34+ EPC determinants

Univariate Analysis Multivariate Analysis

r-value probability adjusted r-value probability

eGFR (mL/min/1.73m2)
Age (years)
BMI (kg/m2)
Blood Pressure
   Systolic (mmHg)
   Diastolic (mmHg)
Serum Urea (mmol/L)
Serum Phosphate (mmol/L)
Total Cholesterol (mmol/L) 
HDL Cholesterol (mmol/L)
LDL Cholesterol (mmol/L)

0.45
-0.46
0.05

-0.01
-0.10
-0.33
-0.38
0.13

-0.24
0.31

0.006
0.005
0.392

0.494
0.302
0.046
0.015
0.245
0.100
0.050

0.18
-0.50

-0.28
-0.88

0.28

0.343
0.021

0.033
0.008

0.047

eGFR = estimated glomerular filtration rate, BMI = Body Mass Index
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Figure 5. Determinants of CD14+ EPC cell numbers in patients with chronic kidney disease (CKD). The numbers 
of circulating CD14+ EPC tended to increase during advancing (CKD). CD14+ EPC cell numbers associated with 
the presence of cardiovascular co-morbidity, but not with a history of cardiovascular disease. There was no 
association between the number of circulating CD14+ EPC and gender, body mass index, blood pressure, urea 
or total cholesterol, but HDL cholesterol tended to correlate negatively with CD14+ EPC numbers. Hemodialysis 
treatment did not alter the number of circulating CD14+ EPC nor did the use of statins. The use of erythropoietin 
tended to increase the number of circulating CD14+ EPC.
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cardiovascular disease (p = 0.03), but not with body mass index (BMI), blood pressure, 
HDL-cholesterol, total cholesterol levels or the presence of vascular co-morbidity. 
There was no association with gender or the use of erythropoietin (Figure 3). Statin 
use increased the number of circulating CD34+ EPC (p < 0.01; Figure 3). 

In contrast to CD34+ EPC, the numbers of CD14+ EPC were similar in patients and 
healthy controls (Figure 4), and did not associate with increasing CKD stage (Figure 5). 
No significant association was found between the number of circulating CD14+ EPC 
and known cardiovascular risk factors or the use of statins or erythropoietin by CKD 
patients (Figure 5). Also, hemodialysis and peritoneal dialysis did not alter the number 
of circulating CD14+ EPC (Figure 5). 

adherence and apoptosis of endothelial outgrowth cells

Peripheral blood mononuclear cells (MNC) were plated on fibronectin-coated 
PCLdiUPy at a density of 5.0•103 cells/mm2 and cultured according to standard protocols 
for the culture of endothelial outgrowth cells (EOC) [46;62]. Cell adhesion in patients 
with mild CKD (eGFR > 60) was lower than in healthy controls (2.13 ± 0.15•103 versus 
2.86 ± 0.21•103 cells/mm2 respectively; 25% reduction; p < 0.05), and declined further 
in advancing CKD stages (0.84 ± 0.19•103 cells/mm2 (30 < eGFR < 60); 71% reduction; p 
< 0.001). Cell adhesion was lowest in patients with eGFR < 30 (0.63 ± 0.11•103 cells/mm2; 
78% reduction; p < 0.001; Figures 6A & B). Reduced cell adhesion was not caused by 
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Figure 6. Adherence and apoptosis of endothelial outgrowth cells. The adherence of endothelial outgrowth 
cells from patients with CKD was hampered as early as CKD stage 1 (eGFR > 60, A). Dysfunctional adhesion 
was associated with CKD disease progression (B). Apoptosis of endothelial outgrowth cells did not contribute to 
reduced adhesion, for apoptosis was similar in all patient groups and healthy controls (C). Increased numbers of 
CD34+ EPC associated with increased cell adherence (D) and reduced apoptosis (E). Activation of cells through 
hemodialysis also increased cell adherence (F).  = healthy control  = CKD patients  =  hemodialysis and 
peritoneal dialysis patients. * = p < 0.05 versus health controls, *** = p < 0.001 versus healthy controls.

apoptosis, because patients and controls had comparable percentages of apoptotic 
cells (14.5 ± 2.5% versus 9.7 ± 2.4% respectively; P=0.09; Figure 6C). Also, there was no 
correlation between the percentage of apoptotic cells and the number of adhered 
cells (r = -0.03; p = 0.45). Interestingly, in CKD patients, the number of circulating CD34+ 
EPC associated with cell adhesion (r = 0.62; p < 0.001; Figure 6D) and reduced apoptosis 
(r = -0.36; p = 0.01; Figure 6E). The reduction in cell adhesion observed in CKD patients 
was not ameliorated by hemodialysis, nor by peritoneal dialysis (Figure 6A), nor did 
dialysis treatment augment apoptosis of cells in culture (Figure 6C). Notably, adhesion 
of mononuclear cells isolated directly before hemodialysis adhered less than cells 
isolated directly after hemodialysis (0.44 ± 0.13•103 versus 0.79 ± 0.16•103 cells/mm2 
respectively; 80% increase; p < 0.01; Figure 6F).

endothelial phenotype of cultured endothelial outgrowth cells

To investigate the endothelial outgrowth potential of cultured cells, cells were 
examined for the co-expression of endothelial cell markers CD31 and vWF or CD144 
and eNOS. Differentiation of cells into macrophages was determined by assessing 
CD163 expression (Table 3). Endothelial cell markers were not present at day 0 of 
culture, but high numbers of endothelial cells had formed in cultures from healthy 
controls (83.12 ± 4.40% CD31+vWF+ cells and 80.20 ± 5.02% CD144+eNOS+ cells) after 
21 days. Endothelial outgrowth was reduced in all patient groups (Figures 7A & B). This 
reduction was associated with reduction in eGFR (r = 0.77; p < 0.0001 and r = 0.70; p 
< 0.0001, CD31+vWF+ cells and CD144+eNOS+ cells respectively; Figures 7C & D), and 
was furthermore associated with decreased numbers of circulating CD34+ EPC (both 
CD31+vWF+ cells and CD144+eNOS+ cells, r = 0.85; p < 0.0001; Figures 7E & F), but did 
not correlate with the number of circulating CD14+ EPC  (r = -0.16; p = 0.17 and r = -0.15; 
p = 0.18, CD31+vWF+ cells and CD144+eNOS+ cells, respectively). Neither hemodialysis 
nor peritoneal dialysis resulted in full restoration of endothelial outgrowth (Figures 
7A & B), but cells from hemodialysis patients isolated directly after hemodialysis, 
showed higher endothelial outgrowth compared to cells isolated directly before 
hemodialysis (p < 0.01, both CD31+vWF+ cells and CD144+eNOS+ cells; Figures 7G & H). 

Table 3. Endothelial lineage marker expression by endothelial outgrowth cells.
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CD31a

von Willebrand Factora

CD144a

endothelial Nitric Oxide
Synthasea

CD163a

86.0 ± 4.0c

88.5 ± 4.2c

83.2 ± 5.0c

97.8 ± 5.3c

7.8 ± 1.1

40.7 ± 2.5b

43.9 ± 2.9b

36.8 ± 3.5b

37.3 ± 4.2b

4.5 ± 0.6b

25.2 ± 5.6b,c

26.6 ± 3.7b,c

23.1 ± 3.4b

26.9 ± 3.9b

3.9 ± 0.8

15.0 ± 2.7b,c

15.5 ± 2.4b,c

18.3 ± 2.9b,c

17.0 ± 2.2b,c

6.0 ± 0.9

13.2 ± 2.2b,c

16.6 ± 3.2b,c

12.6 ± 1.8b,c

13.6 ± 2.4b,c

5.1 ± 1.1

25.3 ± 4.1b,c,d

25.6 ± 4.5b,c,d

19.8 ± 2.6b,c,d

24.7 ± 4.8b,c,d

3.7 ± 0.7b

16.9 ± 2.3b,c

17.6 ± 2.4b,c

14.4 ± 2.5b,c

15.6 ± 2.3b,c

3.9 ± 0.7b

Data are expressed as mean ± S.E.M.; eGFR = estimated Glomerular Filtration Rate; ESRD = end-stage renal disease; 
a = percentage positive cells; b = p < 0.05 versus healthy controls; c = p < 0.05 versus eGFR > 60; d = p < 0.05 versus 
pre-hemodialyis
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Figure 7. Endothelial cell differentiation by cultured endothelial outgrowth cells. Endothelial outgrowth cells 
from patients with CKD lost the ability to differentiate into mature endothelial cells as indicated by reduced 
co-expression of CD31 and vWF (A) and CD144 and eNOS (B). Although differentiation was affected at the 
early stages of disease, differentiation capacity decreased progressively during disease progression (C,D). The 
level of endothelial cell differentiation was associated with the number of CD34+ EPC (E,F) and increased after 
hemodialysis treatment (G,H). Furthermore, the use of prescribed statins increased endothelial cell differentiation 
(I,J). *** = p < 0.001 versus healthy controls.  = healthy control,   = CKD patients,   =  hemodialysis and 
peritoneal dialysis patients.

Furthermore, the use of statins increased endothelial outgrowth in patients with CKD 
(both CD31+vWF+ cells and CD144+eNOS+ cells p < 0.001; Figures 7I & J). 

cell proliferation and endothelial function

We assessed the proliferative potential of cultured endothelial cells by determining 
the expression of the nuclear proliferation marker Ki67 at day 21. Proliferation was 
reduced in EOC from CKD patients (average 70% reduction), independently of the 
disease stage (p < 0.01 versus healthy controls (Figure 8A). In CKD patients who did not 
receive dialysis treatment, the percentage of proliferating cells was associated with the 
number of circulating CD34+ EPC (r = 0.59; p < 0.001; Figure 8B), but did not correlate 
with the number of CD14+ EPC (r = -0.22; p = 0.08). Hemodialysis and peritoneal dialysis 
had no effect on the number of proliferating cells, nor did the number of proliferating 
cells change following hemodialysis (PreHD versus PostHD).

We asked if EOC from CKD patients exerted antithrombogenic behavior, an 
endothelial cell function. Using a modified thrombin generation assay [113], we 
examined the ability of cells to inhibit thrombin formation in an in vitro coagulation 
assay. EOC from healthy controls inhibited the formation of thrombin and maximum 
thrombin concentration did not exceed thrombin formation by human umbilical cord 
endothelial cells (data not shown). Cells from patients with an eGFR > 30 were also 
able to inhibit the formation of thrombin (maximum thrombin concentration 47.46 ± 
6.16 mU/mL (30 < eGFR < 60) versus 34.41 ± 5.11 mU/mL (healthy controls); p > 0.10). 
Thereafter, the antithrombogenic property of EOC decreased, resulting in increased 
thrombin formation (79.87 ± 6.61 mU/mL (eGFR < 30); p < 0.01 versus healthy controls; 
Figure 8C). Although no difference in thrombin formation was found between the 
initial stages of CKD and healthy controls, increased thrombin generation associated 
with disease progression (r = -0.47; p = 0.004), indicative of a reduction in EOC function 
during CKD progression. Also, thrombin generation was negatively correlated with 
the number of circulating CD34+ EPC (r = -0.38; p < 0.01; Figure 8D) in CKD patients, 
indicating the importance of CD34+ EPC in the functional maturation of EOC. In contrast 
to peritoneal dialysis, hemodialysis restored endothelial cell function (Figure 8C). 

discussion 

We have investigated the number and endothelial outgrowth capacity of 
circulating CD34+ EPC and CD14+ EPC in patients with chronic kidney disease (CKD) 
and found that (1) numbers of circulating CD34+ EPC decreased with increasing stage 
of kidney disease, (2) adherence and endothelial outgrowth of EPC from patients 
with CKD is progressively reduced during kidney disease, (3) the antithrombogenic 
function of endothelial outgrowth cells was hampered in patients with ESRD, and 
that (4) EPC dysfunction is not fully ameliorated by dialysis treatment. Taken together, 
EPC dysfunction in patients with progressive CKD may hamper physiological vascular 
repair, adding to increased risk for cardiovascular diseases observed in these patients. 
Furthermore, EPC dysfunction may challenge the use of patient-derived EPC for 
regenerative medicine therapies.
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Although EPC dysfunction has been described for late-stage kidney disease (CKD 
stage 4-5), we are the first to show a marked decrease in the number of circulating 
CD34+ EPC as early as stage 1 of CKD, which worsened during CKD progression. 
Corroboratory, Sturiale et al. and Choi et al. have described reduced numbers of CD34+ 
and CD133+ EPC in patients with CKD that undergo hemodialysis treatment [110;114]. 
Commonly, this implies that the production, or mobilization of CD34+ EPC from the 
bone marrow is impaired in patients with CKD. 

This impairment may be explained by chronic uremia, since increases in plasma 
urea concentration are associated with decreased CD34+ EPC numbers. Likewise, 
others have described decreases in erythropoiesis [115;116], increases in progenitor 
cell apoptosis [117] and impairment of EPC migration [118;119] caused by uremic 
toxins present in serum from CKD patients. However, we cannot exclude interference 
of antihypertensive drugs as confounder in our analysis, since all CKD patients were 
kept on their regular medication. Interestingly, the number of CD34+ EPC increased 
following hemodialysis. However, the question if CD34+ EPC mobilization was caused 
by a (temporary) decrease the uremic toxins in the peripheral blood, or was caused by 
the administration of erythropoietin prior to hemodialysis, remains to be elucidated. 

In contrast to the reduction in CD34+ EPC numbers, there was no effect of CKD on the 
number of circulating CD14+ EPC. Therefore, we hypothesize that the chemoattractants 
for CD14+ EPC and CD34+ EPC are differentially expressed in patients with chronic 
kidney disease. Although we did not include such analysis in our current study, there 
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Figure 8. Endothelial cell proliferation and function of cultured endothelial outgrowth cells. Endothelial 
outgrowth cells from CKD patients showed drastic decreases in cell proliferation (A). Proliferation of endothelial 
outgrowth cells was associated with the presence of CD34+ EPC (B). Furthermore, endothelial outgrowth cells 
from end-stage renal failure patients showed reduced antithrombogenic behavior (C) indicating improper 
maturation. In CKD patients, functional maturation depended partly on the number of circulating CD34+ EPC 
numbers (D).  = healthy control,  = CKD patients,  =  hemodialysis and peritoneal dialysis patients.

are multiple reports on the increased expression of MCP-1, a chemoattractant for 
CD14+ EPC during CKD, which seem to corroborate this hypothesis [120;121]. However, 
little mechanistic insight is known on the impaired mobilization of CD34+ EPC and 
future research will have to elucidate this phenomenon.

When used in regenerative medicine, e.g. for endothelialized hemodialysis 
shunts, endothelial outgrowth on natural or synthetic biomaterial is key. Endothelial 
outgrowth potential is commonly used as a surrogate marker for the quality and 
function of circulating EPC. Here, we tested the ability of CKD patient-derived EPC to 
adhere to fibronectin-coated PCLdiUPy and found a high reduction in the number 
of adhering cells (up to 78%) compared to EPC from healthy controls. This reduction 
in adherent EPC numbers was not caused by EPC apoptosis in CKD patients [117], 
since apoptosis frequencies were comparable in CKD patients and healthy controls. 
Moreover, endothelial outgrowth of adherent EPC was also highly reduced (up to 80%) 
in patients with CKD compared to healthy controls. 

Endothelial outgrowth and proliferation of CD14+ EPC depends on paracrine 
signaling by CD34+ EPC [113]. We and other have previously described that endothelial 
outgrowth of CD14+ EPC depends on interaction between the CD34+ EPC and the CD14+ 
EPC [113]. Herein, the CD34+ EPC secretes various pro-angiogenic cytokines and growth 
factors by CD34+ EPC that augment the behavior of the CD14+ EPC [113;122]. Here we 
found that adhesion of endothelial outgrowth cells (EOC) correlated positively with 
CD34+ EPC numbers. Secretion of pro-angiogenic factors by CD34+ EPC may therefore 
explain the relation between the number of CD34+ EPC and endothelial outgrowth 
and proliferation observed here. 

We therefore postulate that there is a disturbed balance between CD34+ EPC 
and CD14+ EPC in the circulation of CKD patients, which may cause the observed 
impairments. Restoration of this balance between CD34+ EPC and CD14+ EPC numbers, 
by mobilization of CD34+ EPC from the bone marrow, may therefore restore endothelial 
outgrowth potential and vascular regeneration in vivo. We and others have described 
increased numbers of circulating CD34+ EPC with statins [123;124] use or erythropoietin 
[125] and improved endothelial outgrowth percentage. Additionally, recent clinical 
results show improved cardiovascular outcome of high-dose statin use in patients 
with end-stage renal failure [126-128] which argues for prophylactic prescription of 
EPC-mobilizing agents for CKD patients.

Antithrombogenic behavior is a key property of endothelial cells, which, 
physiologically, maintain a balance between thrombolytic and thrombogenic 
activities, preventing the formation of blood clots.  In this study, thrombin generation 
was efficiently prevented by endothelial outgrowth cells from healthy controls, but 
this property was lost during disease progression. We are the first to describe loss of in 
vitro hemostatic control in EOC from patients with ESRD, and this loss may contribute 
to the increased occurrence of thrombosis within this patient group [129;130]. Since 
the endothelial outgrowth cells in the in vitro coagulation assay were expressing 
endothelial markers CD31, VE-Cadherin, vWF and eNOS, the loss in antithrombogenic 
behavior may also reflect improper maturation of endothelial outgrowth cells. 

Remarkably, EPC dysfunction persists in the presence of non-uremic fetal calf 
serum, as was the case in our in vitro assays. This would argue for long-lasting changes 
in the EPC that may be elicited by uremic toxins, but do not need these toxins to remain 
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in effect. Such changes may be introduced in the EPCs epigenome (as reviewed by 
Stenvinkel et al. [131;132]) but remain to be elucidated. 

conclusion

In conclusion, patients with CKD have reduced numbers of circulating CD34+ EPC, 
which decrease progressively with advancing disease severity. EPC dysfunction results 
in a functional impairment in cell adherence and endothelial outgrowth formation. 
Although dialysis caused some improvement, functional impairments were not 
completely alleviated. These observations are compatible with increased occurrence 
of cardiovascular disease in patients suffering from CKD. Moreover, decreased numbers 
and functional impairment of circulating CD34+ EPC pose a major limitation for their 
use in regenerative medicine. Proper mobilization and revitalization strategies, e.g. 
treatment with statins, need to be investigated in order to prevent further decay of 
progenitor cell function. Early intervention may reduce cardiovascular morbidity in 
CKD patients through increased physiological vascular regeneration.
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abstract

The discovery of the endothelial progenitor cell (EPC) has led to an intensive research 
effort into progenitor cell-based tissue engineering of (small-diameter) blood vessels. 
Herein, EPC are differentiated to vascular endothelial cells and serve as the inner lining 
of bioartificial vessels. As yet, a reliable source of vascular smooth muscle progenitor cells 
has not been identified. Currently, smooth muscle cells (SMC) are obtained from vascular 
tissue biopsies and introduce new vascular pathologies to the patient. However, since SMC 
are mesenchymal cells, endothelial-to-mesenchymal transdifferentiation (EnMT) may be 
a novel source of SMC. Here we describe the differentiation of smooth muscle-like cells 
through EnMT. Human umbilical cord endothelial cells were cultured either under conditions 
favoring endothelial cell growth or under conditions favoring mesenchymal differentiation 
(TGF-β and PDGF-BB). Expression of smooth muscle protein 22α and α-smooth muscle actin 
was induced in HUVEC cultured in mesenchymal differentiation media, whereas hardly any 
expression of these markers was found on genuine HUVEC. Transdifferentiated endothelial 
cells lost the ability to prevent thrombin formation in an in vitro coagulation assay, had 
increased migratory capacity towards PDGF-BB and gained contractile behavior similar to 
genuine vascular smooth muscle cells. Furthermore, we showed that EnMT can be induced 
in three dimensional collagen sponges. In conclusion, we show that HUVEC can efficiently 
transdifferentiate into smooth muscle-like cells through endothelial-to-mesenchymal 
transdifferentiation. Therefore, EnMT may be used in future progenitor cell-based vascular 
tissue engineering approaches to obtain vascular smooth muscle cells, and circumvent a 
number of limitations encountered in current vascular tissue engineering strategies. 

introduction 

Tissue engineering of small-diameter blood vessels aims at creating (autologous) 
replacement vessels for use in, amongst others, vascular replacement surgery. To date, 
tissue engineering strategies have been based on the combination of biomaterials 
and culture expanded (autologous) vascular endothelial- and smooth muscle cells 
obtained from biopsies [38;133;134]. However, isolation of autologous vascular cells is 
limited due to several reasons which include poor vessel quality, restricted proliferative 
capacity of harvested cells and technical difficulties to acquire pure populations of 
vascular cells. Furthermore, by using vascular biopsies, vascular tissue engineering 
has been a process which attempts to heal a vascular pathology by creating a new 
trauma. 

In the past decade, the discovery of endothelial progenitor cells has paved the 
way for  novel tissue engineering strategies, amongst which is progenitor cell-based 
tissue engineering (reviewed in [135] and [136]). Herein, circulating progenitor cells are 
isolated from adult autologous peripheral blood and differentiated into endothelial 
cells in vitro. These cultured endothelial progenitor cells are subsequently used to 
engineer an autologous replacement vessel [60;101;137;138]. Although promising 
and feasible, progenitor cell-based tissue engineering strategies have been focused 
on combining biomaterials and endothelial progenitor cells and thereby neglected 
the necessity of smooth muscle cells in the engineered vessel. As a consequence, 
engineered vessels comprising of only biomaterials and endothelial (progenitor) cells 
have a reduced contractility compared to the native vessels and may lack the strength 
required to withstand physiological stresses. At present, only the tissue engineering 
strategies relying on grafting of donor tissue (e.g. vena saphena magna) have been 
able to incorporate autologous smooth muscle cells in the engineered vessel and 
thereby retain sufficient mechanical strength in the engineered vessel to withstand 
physiological stresses [34;38;134].

Although some groups have described the presence of smooth muscle progenitor 
cells in the peripheral blood [139-142], we were unable to obtain vascular smooth muscle 
cell outgrowth from adult peripheral blood mononuclear cells by published protocols 
(unpublished data). However, transdifferentiation of endothelial (progenitor) cells into 
smooth muscle cells may be a novel source of functional smooth muscle cells for tissue 
engineering applications. Transdifferentiation of endothelial cells into smooth muscle 
cells (EnMT) occurs during embryogenesis where EnMT is part of heart valve formation 
[143-145]. We hypothesized that the transdifferentiation of endothelial cells into cells 
with a mesenchymal phenotype can be used to obtain smooth muscle-like cells that 
could serve a role in future progenitor cell-based blood vessel engineering strategies. 
Herein, both the vascular endothelial cells and vascular smooth muscle cells are 
derived from a single pool of vascular progenitor cells and may circumvent limitations 
encountered in current vascular tissue engineering approaches.

As proof-of-concept, we assessed the possibility to use endothelial-to-mesenchymal 
transdifferentiation (EnMT) as a source for mesenchymal cells with a smooth muscle-
like phenotype. Human umbilical vein endothelial cells (HUVEC) were cultured under 
conditions that favor mesenchymal cell (trans-)differentiation. Phenotypical, as well 
as gene transcript analyses were used in order to characterize the mesenchymal cell 
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differentiation. Subsequently, migration capacity and collagen gel contraction were 
assessed in order to show smooth muscle functionality. Furthermore, we attempted 
to induce EnMT in three-dimensional collagen matrices as a prerequisite in the use of 
EnMT for vascular tissue engineering of blood vessels. 

materials and methods

cell isolation and culture

Human umbilical cord endothelial cells (HUVEC) were obtained through Prof. dr. 
G. Molema (Dept. Pathology and Medical Biology, UMC Groningen, The Netherlands). 
HUVEC were cultured in gelatin-coated culture flasks (25 cm2) in endothelial cell medium 
(ECM) until they reached confluence (ca. 40 000 HUVEC/cm2). ECM was comprised of 
RPMI 1640 (Cambrex, NJ) supplemented with 20% Fetal Bovine Serum (FBS; GIBCO/
Invitrogen, CA), 2 mM L-Glutamine (Sigma, MO), 1% Penicillin/Streptomycin (Sigma, 
MO), 5 U/mL Heparin (Leo Pharma, The Netherlands) and 5 μg/mL endothelial cell 
growth factors (ECGF; own isolate according to Burgess et al. [146]). Confluent HUVEC 
were dissociated using Accutase-solution (PAA Laboratories GmbH, Germany), and 
reseeded in either gelatin-coated culture plates at 35 000 HUVEC/cm2 or seeded in 
three-dimensional collagen sponges (OptiMaix®; MatriCel GmbH, Germany). HUVEC 
were subsequently cultured in either endothelial cell growth medium (ECM) or in 
mesenchymal differentiation medium (MDM) with or without additional bFGF (10 ng/
mL; PeproTech Inc., NJ). MDM was comprised of RPMI 1640 supplemented with 20% 
FBS, 2 mM L-Glutamine, 1% Penicillin/Streptomycin, 5 ng/mL TGF-β and 25 ng/mL 
PDGF-BB (both PeproTech Inc., NJ). Cells were cultured for an additional 5-21 days.

analysis of cell adhesion, numbers and growth

After one, three, five, 14 and 21 days in culture, the number of cells in culture were 
counted. Non-adherent and dead cells were removed by repeated washing with PBS. 
Remaining adherent cells were fixed using methanol:acetone (1:1) solution at 4°C 
for 20 min. Subsequently, the nuclei were stained using 3 μM DAPI (4',6-diamidino-
2-phenylindole; Sigma, MO). Stained nuclei were counted using a Leica DMRXA 
immunofluorescent microscope and Leica software (Leica Microsystems, Germany). 

gene transcript analysis

Total RNA was isolated from the original (day 0) HUVEC cultures and from 
the cells cultured in the different differentiation media cultured for 21 days. RNA 
isolation was performed using the RNeasy Midi Kit (Qiagen Inc., CA) according 
to manufacturer’s protocol. Subsequently, 1 μg of total RNA was reverse 
transcribed using the FirstStrand cDNA synthesis kit (Fermentas UAB, Lithuania) 
according to manufacturer’s instructions. One micro liter cDNA was used for 
amplification. RT-PCR for CD31 (sense 5’-GTGAGGGTCAACTGTTCTGT-3’, antisense 

5’-GTGACCAGTTCACTCTTGGT-3’), VE-Cadherin (sense 5'-GTTCACCTTCTGCGAGGATA-3', 
antisense 5'-GTAGCTGGTGGTGTCCATCT-3'), eNOS (sense 5'-CATGTTTGTCTGCGGC 
GATG-3', antisense 5'-AAAGCTCTGGGTGCGTATGC-3'), vWF (sense 5'-GGCAGCTGT 
TCTTATGTCCT-3', antisense 5'-TGGAACTCATTGTTTTGTGG-3'), smoothelin (sense 
5'-AGGCCGAGAAGAAGAAAGAG-3', antisense 5'-TCCTCTGTATCCAGGAGCTG-3'), SM22α 
(sense 5'-AACAGCCTGTACCCTGATGG-3', antisense 5'-ATGACATGCTTTCCCTCCTG-3'), 
αSMA (sense 5'-TCATCCTCCCTTGAGAAGAG-3', antisense 5'-ATGCCAGGGTACATAG 
TGGT-3') and GAPDH (sense 5'-CTGCCGTCTAGAAAAACCTG-3', antisense 5'-GTCCAGGG 
GTCTTACTCCTT-3'; all Biolegio, The Netherlands) were performed in a final reaction 
volume of 25 μL under the following reaction conditions of 0.25 mM dNTP mix, 1.5 mM 
MgCl2, 1 μM primer-mix, and 1U Taq DNA Polymerase. Amplification was performed 
on a MyCycler (Bio-Rad, CA) in 96-well plates for 30 cycles. Amplimers were separated 
by gel electrophoresis in a 2% agarose gel.

protein expression analysis

Before the start of cell culture, and after 21 days of cell culture, samples were 
isolated for immunofluorescent staining. Cells were fixed using paraformaldehyde 
(2% in PBS) at room temperature for 20 min. Fixed cells were washed extensively, 
rehydrated with PBS and permeabilized using 0.5% Triton X-100 in PBS (Sigma, CA). 
Subsequently, samples were incubated with primary antibody cocktails diluted in PBS 
with 10% donkey serum (Jackson ImmunoResearch, UK) for 1 hour. Primary antibody 
cocktails consisted of either (1) mouse monoclonal antibodies to human (MαH) CD31 
(1:50; Southern Biotech, AL) and rabbit polyclonal antibodies to human (RαH) von 
Willebrand Factor (1:200; DakoCytomation, Denmark), or (2) MαH CD144 (1:50; R&D 
Systems, MN) and RαH eNOS (1:50; BD Biosciences, CA), or (3) MαH Smoothelin (1:100) 
and RαH SM22α (1:100; both ABCAM PLC, UK), or (4) MαH α-Smooth Muscle Actin 
(1:100; DakoCytomation, Denmark). Samples were washed extensively and incubated 
in secondary antibody cocktail diluted in 3 μM DAPI/PBS with 10% human pooled 
serum. Secondary antibody cocktail consisted of RedX-conjugated donkey F(ab’)2 
antibody fragments to mouse IgG and Fluorescein-conjugated donkey F(ab’)2 antibody 
fragments to rabbit IgG (both 1:100; Jackson ImmunoResearch, UK). Stained samples 
were mounted in Citifluor (Agar Scientific, UK) and visualized using a Leica DMRXA 
Immunofluorescent microscope and Leica software (Leica Microsystems, Germany). In 
some cases, cells were dissociated before the staining and analyzed by FACS analysis 
(BD FACScan, CA).

cell function assays

thrombin generation assay

To analyze the antithrombogenic properties of endothelial- and transdifferentiated 
smooth muscle cells, modified thrombin generation assays (HaemoScan, The 
Netherlands) were performed. Cells were removed from culture by accutase treatments 
and reseeded at a density of 35 000 cells/cm2. After 24 hours, cells were incubated 
with fibrinogen-depleted citrate plasma for 15 min. During this period, the intrinsic 
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coagulation cascade is activated, resulting in the generation of factor XIIa and XIa. The 
absence of free calcium prevents further activation of the cascade. Next, 30 mM CaCl2 
and phospholipids were added and incubated at 37°C for 1 min., during which the 
clotting cascade be comes activated resulting in the generation of thrombin. At regular 
intervals, samples were drawn from the incubation mixture and added to ice-cold 
25 mM Tris-HCl to stop any further thrombin formation. Finally, the diluted samples 
were incubated with 3 mM Thrombin substrate S2238. Thrombin releases p-nitroaniline 
chromophore from the substrate. The change in color was measured at 405 nm with 
540 nm as reference wavelength in a microtiter plate reader (BioRad, VA). A calibration 
curve of thrombin was used to determine thrombin formation induced by the cultured 
cells [147]. 

pdgf-bb migration analysis

Migratory capacity towards smooth muscle cell chemoattractant PDGF-BB was 
measured using an AP48-chemotaxis chamber with 8 μm pore size filters (Neuro 
Probe, MD). A concentration of 1 nM PDGF-BB (Peprotech Inc., NJ) proved optimal for 
migration assays and used in further experiments. The lower chambers contained RPMI 
1640 (Cambrex, NJ) supplemented with PDGF-BB or RPMI 1640 only, 25 000 cultured 
endothelial cells or  transdifferentiated cells were placed in the upper chamber. After 
incubation at 37°C for 90 min, migrated cells were fixed and stained with Diff-Quik 
(Medion Diagnostics, Switzerland). Cells were counted manually in ten high power 
fields (40x objective magnification) per sample.  

collagen type i gel contraction experiments

Cell culture in three-dimensional collagen gels was performed using a solution 
of PureCol (Inamed Biomaterials, CA). Cultured cells were dissociated using accutase-
solution. Subsequently, cells were resuspended in culture medium at a concentration 
of 3.0•106 cells/mL. Cell suspensions were added to a solution of bovine type I collagen 
(PureCol®; Nutacon, The Netherlands) containing 1.5 mg/mL NaHCO3 and 25 mM 
HEPES. Aliquots of 0.1 mL (containing 50 000 cells and 0.25 mg Collagen type I) were 
added to 3.5 cm dishes and allowed to solidify at 37°C in a humidified incubator with 
5% CO2 for 1 hour. The collagen gels were released from the dishes with a spatula 
and by pipetting medium at the gel-dish interface. Released gels were imaged using 
a common Flatbed-scanner (ScanJet 5370C; HP, CA) and allowed to contract for an 
additional 24 hours. The degree of gel contraction was determined by measuring the 
total gel area and dividing the areas of the contracted gels by the areas of the gels 
before contraction. 

three-dimensional collagen matrix experiments

To assay the feasibility of EnMT within current tissue engineering strategies, HUVEC 
were labeled with CM-DiI (Molecular Probes, OR) according to manufacturers’ protocol 
and approximately 500 000 HUVEC were seeded into three-dimensional Optimaix® 
porcine collagen type I sponges (Ø 5 mm x 3 mm height; MatriCel, Germany). HUVEC 

were cultured in either ECM or MDM for 21 days. After 21 days of culturing, sponges 
were analyzed by transmission electron microscopy and immunofluorescent staining. 

immunofluorescece microscopy 

Collagen type I sponges were snap frozen in liquid nitrogen. Sections (7 μm) 
were cut, fixed with acetone and pre-incubated with Image-iT™ FX signal enhancer 
(Molecular Probes, OR) for 30 min. Next, samples were incubated with 0.1 μM 
Fluorescein-conjugated Phalloidin (Molecular Probes, OR) in PBS for 30 min., washed 
with PBS and mounted in Citifluor (Agar Scientific, UK). Stained samples were visualized 
using a Leica DMRXA Immunofluorescent microscope and Leica software (Leica 
Microsystems, Germany).

transmission electron microscopy

Collagen type I sponges were fixed using 2% Glutar Aldehyde (Merck, Germany) in 
0.1 M phosphate buffer at 4°C for 24 hours, and prepared for morphological analysis 
using transmission electron microscopy. In short, fixed samples were rinsed with a 
6.8% sucrose solution (pH 7.4) for 30 minutes. Samples were post fixed using a 0.1M 
potassium hexacyanoferrate(II)trihidrate (K4Fe(CN)6•3 H2O; Merck, Germany) solution 
containing 1% osmiumtetroxide (OsO4) at 4°C for 45 minutes. Then, the samples were 
dehydrated with ethanol, embedded in EPON 812 (Serva Feinbiochemica, Germany), 
and polymerized at 60°C for at least 48 hours. After polymerization, ultrathin sections 
were cut on a Sorvall microtome (Sorvall, CT) and contrasted with uranyl acetate and 
lead citrate. The ultrathin sections were analyzed in a Phillips 201 transmission electron 
microscope (Phillips, The Netherlands) operated at 60 kV.

statistical analysis

Data is expressed as mean ± standard error of the mean. Data in Gaussian 
distribution was analyzed using one-way ANOVA followed by post hoc Newman-Keuls 
multiple comparison test or two-way ANOVA followed by Bonferroni post hoc analysis. 
All other data was analyzed using the Kruskal-Wallis test followed by Dunns post hoc 
analysis. Probabilities of P < 0.05 were considered to be statistically significant.

results

morphological analysis, cell adherence and growth

HUVEC were seeded at a density of 35 000 cells/cm2 and cultured under conditions 
favoring either endothelial cell growth (ECM) or mesenchymal cell differentiation (MDM) 
with or without added bFGF. Cell seeding efficiency, i.e. the fraction of adherent cells 
within 24h, was 68 – 79% for all media (data not shown). Cells cultured in endothelial cell 
medium (ECM) displayed proliferative behavior and reached confluence after five days 
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Figure 1. Morphological analysis and growth curves of transdifferentiating smooth muscle cells. HUVEC were 
cultured either in endothelial cell culture medium (B-E) or in media favoring mesenchymal cell differentiation 
with (F-I) or without added bFGF (J-M). Vascular smooth muscle cells (VSMC) were cultured as controls (N-Q). 
HUVEC cultured in MDM lost their cobblestone morphology within the first week (G and K). In the following two 
weeks, cells in MDM started to show signs of hyperplasia (H and L) and eventually showed some hill and valley 
morphology (I and M), which is characteristic for VSMC (P and Q). Islands of cells displaying the cobblestone 
morphology remained in the MDM culture with added bFGF (M). Analysis of cell number was performed 
using DAPI-labeling (R). HUVEC cultured in ECM (open squares) reached confluence after 5 days in culture and 
remained confluent throughout the 21-day culture period. The cells in MDM (open and closed circles) initially 
showed a decrease in cell number, but the cell number started to increase after 14 days in culture (S). HUVEC = 
Human Umbilical Vein Endothelial Cells. VSMC = vascular smooth muscle cells. ECM = endothelial cell growth 
medium. MDM = mesenchymal cell differentiation medium.

of culturing. These ECM cultures were maintained under confluence for the remaining 
culture period of 21 days wherein no morphological changes were observed.

Cells cultured in MDM displayed a different growth pattern; no proliferative 
behavior was observed during the first 14 days of culture (Figures 1F-H & J-L). In 
contrast, in MDM high mortality was observed resulting in a decrease in cell numbers 
(Figure 1S). The decrease in cell number reached its maximum at day 14 of culture 
where confluence-levels were between 8 – 12% for transdifferentiating cells cultured in 
MDM in the absence of bFGF (Figure 1H) and between 19 – 49% for transdifferentiating 
cells cultured in MDM in the presence of bFGF (Figure 1L). After this period, the cell 
numbers increased in both MDM cell cultures, reaching densities of 11 000-25 000 
cells/cm2 or 32-75% confluence (Figure 1S). In MDM cultures, cells lost their cobblestone 
morphology within the first week of culture (Figures 1G & K), started to align and 
started to show signs of hypertrophy (Figures 1H & L). Cobblestone-shaped areas (i.e. 
cells with endothelial-like morphology) disappeared completely in MDM cultures 
without added bFGF (Figures 1F-I), whereas in MDM cell cultures with added bFGF 
(Figures 1J-M) islands of cobblestone-shaped cells remained. After three weeks of 
culture, ECM cultures still displayed cobblestone morphology (Figure 1E), while cells in 
MDM cultures started to display classical hill-and-valley morphology (Figures 1I & M) 
which is typical for genuine vascular smooth muscle cell cultures (Figures 1N-Q).

expression of endothelial- and smooth muscle cell marker proteins

Expression of endothelial- as well as smooth muscle cell marker molecules was 
assessed on gene transcript and protein expression level. Transcriptionally, vascular 
smooth muscle cells did not express any of the endothelial cell marker genes 
(Figure 2A1), whereas low passaged HUVEC (P1-2) expressed smoothelin (SMTH) and 
alpha-smooth muscle actin (αSMA; Figure 2A2). HUVEC cultured in media favoring 
mesenchymal differentiation (MDM), however, increased the gene expression of these 
markers and started to express smooth muscle protein 22α (SM22α) at high levels 
(Figure 2A2). In contrast, no differences in endothelial cell marker expression could 
be found in the MDM cell cultures compared to the ECM cultures. Remarkably, in 
ECM cultures, cells also started to express the SM22α gene, albeit at lower levels than 
observed in the MDM cultures. 

On the level of protein expression the results were more distinct. Native HUVEC 
showed no protein expression of smooth muscle cell marker SM22α and only 0.1% 
of HUVEC had detectable protein expression levels of αSMA (data not shown). 
Remarkably, nearly all HUVEC stained positive for the smoothelin protein (data not 
shown). HUVEC cultured in ECM at 100% confluence for three weeks, started to express 
some of the smooth muscle cell markers, although at low levels. In these ECM cultures, 
protein expression of SM22α was found on 2.75 ± 0.56% of cells and expression of 
the αSMA protein was found on 9.19 ± 4.32% of cells. HUVEC cultured in MDM partly 
lost the expression of endothelial marker proteins von Willebrand Factor (p < 0.001; 
Figures 2B1-5), CD144 (p < 0.001), and eNOS (p < 0.01; Figures 2C1-5), while expression 
of smooth muscle cell marker proteins SM22α (p < 0.001; Figures 2D1-5) and αSMA (p 
< 0.001; Figures 2E1-4) were induced. In the MDM cultures with added bFGF, 40-60% 
of the HUVEC transdifferentiated into a smooth muscle cell-like phenotype. In the 
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MDM cultures without added bFGF, transdifferentiation seemed more pronounced, 
however, the number of transdifferentiated cells did not differ significantly between 
the two MDM cultures. Strikingly, the expression of endothelial cell marker protein 
CD31 and smooth muscle cell marker protein smoothelin was present in freshly 
isolated HUVEC as well as on all MDM cultures. Expression of these markers did not 
vary between cultures (Figures 2B1-4 & D1-4).

functional analysis of smooth muscle phenotypes

Functionality of cells with endothelial- and smooth muscle cell phenotypes was 
assayed by analysis of factor-3 dependent thrombin generation, by migration on 
a PDGF-BB gradient and by collagen gel contraction assays. Factor-3 dependent 
thrombin generation by cells in ECM reached a maximum of 200 mU/mL, indicating 
that HUVEC were actively repressing the extrinsic coagulation cascade. Cells in both 
MDM cultures lost their ability to repress factor-3 dependent thrombin generation 
(p < 0.05; Figure 3A). Maximum thrombin generation in the MDM cultures reached 
between 350-425 mU/mL and was similar to thrombin generation by genuine vascular 
smooth muscle cells. 

Vascular smooth muscle cells showed higher migratory rates towards a PDGF-
BB gradient than did HUVEC in ECM towards that same gradient (p < 0.001; Figure 
3B). Compared to ECM cultures, cells cultured in MDM also showed higher migratory 
activity towards PDGF-BB (p < 0.05). However, migratory activity of cells in MDM did 
not reach the levels of migration portrayed by genuine vascular smooth muscle cells 
(p < 0.001). Migration towards a PDGF-BB gradient by cells in the MDM cultures was 
not influenced by the presence of bFGF (p > 0.10; MDM (-bFGF) versus MDM (+bFGF)).

 Contractile behavior is a key feature of vascular smooth muscle cells. Therefore, we 
analyzed the contractile capacity of HUVEC that had undergone transdifferentiation in 
a collagen gel assay. Approximately 50 000 cells were embedded in solidified collagen 
type 1 and the gel area was measured immediately after solidification and at 24 hours 
(Figures 3C1 & 2). HUVEC in ECM were unable to contract the gel area during the 24 
hour period, however, HUVEC cultured in MDM significantly reduced the total gel 
area by more than 50% (p < 0.001; Figure 3C). Contraction of collagen type 1 gels by 

Figure 2. Gene transcript and protein expression analysis of transdifferentiating cells. After 21 days in culture, 
gene transcript analysis was performed for endothelial cell specific genes (A1) as well as for vascular smooth 
muscle cell (VSMC) specific genes (A2). Freshly isolated HUVEC express all endothelial cell specific genes as well 
as the smooth muscle genes SMTH and αSMA. Vascular smooth muscle cells only expressed the smooth muscle 
specific genes. HUVEC in MDM cultures increased expression of SMTH and αSMA and gene expression of SM22α 
was induced (A2). On protein level, HUVEC in ECM portrayed co-expression of endothelial cell markers CD31 (red) 
and vWF (green; B1) and CD144 (red) and eNOS (green; C1). Expression of smooth muscle cell markers SM22α 
(green; D1) and αSMA (green; E1) was almost never observed. Strikingly, all cells in ECM culture had protein 
expression of SMTH (red, D1). In MDM without additional bFGF, cells lost expression of endothelial cell markers 
CD31, vWF (red and green respectively; B2), CD144 and eNOS (red and green respectively; C2) and gained protein 
expression of SM22α (green, D2) and αSMA (E2). The addition of bFGF to the MDM cultures (B3, C3, D3 and E3) had 
no effect on protein expression levels. Protein expression was quantified by flowcytometric analysis (B4,5, C4,5, 
D4,5 and E4). HUVEC = Human Umbilical Vein Endothelial Cells. VSMC = vascular smooth muscle cell. SMTH = 
smoothelin. αSMA = alpha-smooth muscle actin.  ECM = endothelial cell growth medium. MDM = mesenchymal 
cell differentiation medium. vWF = von Willebrand Factor. eNOS = endothelial Nitrix Oxide Synthase. ** = P < 
0.01 versus ECM. *** = P < 0.001 versus ECM.
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transdifferentiated cells (MDM) did not differ from contraction by genuine vascular 
smooth muscle cells. There was no difference between the contractile properties of 
cells in MDM cultured in either the presence or absence of bFGF. 

three dimensional collagen type i sponges

HUVEC were seeded into three-dimensional collagen type I sponges and 
cultured statically in endothelial cell growth medium (ECM) or in medium favoring 
mesenchymal cell differentiation (MDM). Before cell seeding, HUVEC were labeled 
with a fluorescent DiI-probe in order to visualize cells in these cultures. Cells adhered 
readily to the collagen type I sponges and spread throughout the sponges. There was 
a heterogeneous distribution of cells observed at the start of culture (not shown), 
which did not change throughout the culture period (Figures 4A-C). 

After three weeks in culture, the sponges were fixed, sectioned and stained using 
f-actin binding phallotoxins. HUVEC in sponges which were cultured in ECM showed 
a diffuse staining pattern (Figure 4D) indicating the absence of oriented bundles 
of f-actin. In contrast, in the MDM samples, bundles of f-actin were clearly visable, 
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Figure 3. Functional analysis of endothelial cell and smooth muscle cell function. Endothelial cell function 
was measured by a modified thrombin generation assay. Total thrombin generation by HUVEC cultured in 
ECM was 200 mU/mL. HUVEC cultured in MDM with and without additional bFGF lost the ability to inhibit 
thrombin formation. Thrombin formation by cells in MDM did not differ from thrombin formation by VSMC (A). 
Migration of cells cultured in MDM towards a PDGF-BB gradient was higher than migration of HUVEC on that 
same gradient. However, migration by cells cultured in MDM did not reach the levels of migration by genuine 
VSMC (B). Contractility is a hallmark characteristic of VSMC. HUVEC cultured in ECM were unable to contract 
Collagen type I gels. HUVEC cultured in MDM gained contractile behavior to the level of genuine VSMC (C). MDM 
= mesenchymal cell differentiation medium. VSMC = vascular smooth muscle cell. PDGF-BB = platelet-derived 
growth factor-BB. * = P < 0.05 versus ECM. ** = P < 0.01 versus ECM. *** = P < 0.001 versus ECM.

indicating that transdifferentiation had occurred in the collagen sponges. There was 
no difference found in f-actin polymerization between the MDM cultures without 
additional bFGF (Figure 4E) and the MDM cultures with additional bFGF (Figure 4F).

To visualize cytoplasmic structure and cell matrix interactions, transmission 
electron microscopy was employed. HUVEC cultured in ECM showed elongated 
morphology and aligned the collagen bundles (Figure 4G). In the MDM cultures, cells 
had an intermediate (Figure 4H) or smooth muscle cell (Figure 4I) morphology. These 
cells were closely associated with the collagen bundles and showed tight nuclear folds, 
suggestive of cellular contraction. Transdifferentiated cells with a smooth muscle cell 
phenotype adhered to the collagen bundles through hemidesmosomes (Figure 4J) 
and to other cells through tight junctions (Figure 4K). The cytoplasms of the cells were 
filled with small actin filaments (Figure 4L) and stress fibers (Figure 4M), all concurrent 
with the vascular smooth muscle phenotype.

discussion

In the current study, we investigated the possibility of transdifferentiating 
endothelial cells into smooth muscle-like cells for future use in tissue engineering 
of bioartificial blood vessels. We show that transdifferentiated neonatal endothelial 
cells (HUVEC) expressed smooth muscle markers like smooth muscle cell protein 22α 
(SM22α) and α-smooth muscle actin (αSMA), had an increased migratory capacity 
towards PDGF-BB and could contract collagen type I gels. This is all consistent with the 
phenotype of genuine vascular smooth muscle cells. Furthermore, we investigated 
the possibility to perform endothelial-to-mesenchymal transdifferentiation in 
3D scaffolds. Similarly to the two-dimensional cultures, HUVEC grown in three-
dimensional scaffolds underwent endothelial-to-mesenchymal transdifferentiation 
(EnMT) and formed smooth muscle-like cells.

Vascular tissue engineering aims at generating (small-diameter) blood vessels 
for replacement surgery by combining biomaterials with vascular cells. To this end, 
vascular endothelial cells are cultured in the lumen of a tubular scaffold to form an 
anticoagulant layer, while vascular smooth muscle cells are subsequently cultured 
in the surrounding scaffold. The smooth muscle cells provide the tissue engineered 
vessel with contractile behavior [38;148;149]. However, the use of autologous vascular 
cells is limited due to several reasons which include poor vessel quality, restricted 
proliferative capacity of harvested cells and technical difficulties to acquire pure 
populations of vascular cells. It would be desirable to employ one type of vascular 
progenitor cell for the differentiation of both endothelial cells and smooth muscle cells. 
Endothelial cells, in this respect, have been described to transdifferentiate into smooth 
muscle cells through a process called EnMT [150;151]. In future clinical perspective, 
autologous circulating endothelial progenitor cells can be isolated from patients, 
culture expanded and (trans)differentiated into endothelial cells and smooth muscle 
cells on and in tubular biomaterials respectively. This in order to tissue engineer an 
autologous bioartificial blood vessel.

As proof-of-concept, we show that neonatal human umbilical vein endothelial cells 
(HUVEC) can transdifferentiate into smooth muscle-like cells in 3D collagen matrices. 
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Culture of HUVEC under conditions that favor mesenchymal transdifferentiation 
resulted in clear morphological changes, seen as the loss of cobblestone morphology, 
hyperplasia, and cell spreading and had the functional characteristics of genuine 
vascular smooth muscle cells. The expression of smooth muscle cell markers SM22α and 
αSMA was induced at both gene transcript and protein expression level. Furthermore, 
expression of endothelial cell markers VE-Cadherin, eNOS and vWF was partly lost. 
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Figure 4. HUVEC EnMT in three-dimensional collagen type I sponges. CM-DiI labeled HUVEC were seeded into 
collagen type I sponges and cultured in either ECM (A), MDM (-bFGF) (B) or MDM (+bFGF) (C) for 21 days. Cells 
spread heterogeneously throughout the collagen discs. After 21 days, the sponges were frozen and sectioned. 
HUVEC in ECM did not show signs of stress fiber formation (D) while cells cultured in MDM (-bFGF) or MDM 
(+bFGF) showed clear stress fibers (arrowheads; E and F respectively). Transmission electron microscopy showed 
elongated endothelial cells in the ECM cultures (G). In the MDM cultures, cells with an intermediate phenotype 
(H) and smooth muscle cell morphology (I) were observed. These smooth muscle-like cells adhered to the 
collagen (asterix) through hemidesmosomes (arrows, J) and to other cells through tight junctions (arrows, K). 
The cytoplasm of these smooth muscle-like cells was filled with actin filaments (arrowheads, L) and stress fibers 
(arrows, M).

Additionally, transdifferentiated cells displayed contractile properties, similar to 
genuine vascular smooth muscle cells. 

The presence of smooth muscle cell gene transcripts already in low passaged (P1-
2) HUVEC (Figure 2) indicates that HUVEC are intrinsically prone to EnMT. We initiated 
EnMT by replacing the VEGFa and bFGF in the endothelial growth medium by TGF-β1 
and PDGF-BB. TGF-β1 stimulation caused the selection of those cells that are able to 
transdifferentiate into smooth muscle-like cells and thereafter acts as a mitogen on 
those smooth muscle(-like) cells [152]. This results in a vital and proliferating layer of 
smooth muscle-like cells in the third week of culture (Figure 1). In nonresponding cells, 
apoptosis was likely induced by TGF-β1 as was seen as a decay in cell numbers (Figure 
1S) and reported previously [153;154].

On the other hand, the presence of genuine smooth muscle cells in the original 
HUVEC cultures could also explain the observed smooth muscle cell gene transcripts. 
However, FACS analysis for by HUVEC showed that only 0.1% of the cells had detectable 
αSMA protein expression (data not shown). Furthermore, HUVEC-derived smooth 
muscle-like cells did not change their CD31 protein expression, which distinguishes 
them from genuine vascular smooth muscle cells that lack CD31 expression. Since all 
the smooth muscle-like cells in our cultures displayed the CD31+αSMA+SM22α+ and 
CD144-vWF-eNOS- phenotype (Figure 2), we conclude that the presence of smooth 
muscle cells in the original HUVEC cultures could not be the source of smooth muscle 
cells within our cultures. 

EnMT is an intrinsic part of heart valve formation and can be initiated by 
multiple growth factors and cytokines. In this context, Paranya et al. reported that 
transdifferentiation of valve endothelial cells into smooth muscle cells occurred 
through TGF-β1-mediated and non-TGF-β1-mediated mechanisms [144]. Ishisaki et al. 
reported that TGF-β1 independent EnMT occurs through increased activin A expression 
as a result of an absence in bFGF-signaling, which coincided with increased expression 
of SM22α. Expression of both activin A and SM22α were reduced upon addition of 
bFGF to the culture medium. In their study, the ability of bFGF to inhibit EnMT was 
analyzed [155]. Although the presence bFGF inhibited the SM22α expression in the 
studies of Ishisaki et al., the expression of smooth muscle cell markers SM22α and 
αSMA in the mesenchymal transdifferentiation cultures was not affected by bFGF in 
our study. We therefore surmise that the EnMT of HUVEC depends primarily on the 
effects of TGF-β1.

Contractility of blood vessels is in large part dependent on the behavior of vascular 
smooth muscle cells. We showed that smooth muscle-like cells, obtained through 
endothelial-to-mesenchymal transdifferentiation, had similar contractile behavior 
as genuine vascular smooth muscle cells in an in vitro collagen gel contraction assay. 
Undifferentiated endothelial cells (HUVEC) did not show contractile behavior in 
these assays at all. Consistent with the vascular smooth muscle cell phenotype, we 
furthermore showed that, compared to native HUVEC, transdifferentiated HUVEC had 
an increased migratory capacity towards PDGF-BB and lost the ability to inhibit factor-3 
dependent thrombin formation, an endothelial cell property (Figure 3). Therefore, we 
conclude that the transdifferentiation process caused a shift in functional behavior, 
changing from endothelial cell properties to smooth muscle cell properties.
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Vascular tissue engineering utilizes (instructive) 3D biomaterials as temporal 
structural supports and to direct cell differentiation. We therefore investigated if 
EnMT can be induced in 3D cell cultures. For this purpose, HUVEC were seeded into 3D 
collagen type I sponges and cultured in media favoring either endothelial cell growth 
or mesenchymal cell differentiation. Consistent with the two-dimensional cell cultured, 
neonatal endothelial cells underwent EnMT in these 3D collagen sponges. We show 
that HUVEC seeded into these sponges aligned with the collagen bundles and formed 
strong cell-matrix interactions through the formation of hemidesmosomes. Nuclear 
folding and the formation of stress fibers and orientated actin bundles were both 

TGF-β &
PDGF-BB

VEGF, bFGF
& HGF

Isolation of peripheral blood
mononuclear cells from patients

Selection and culture expansion of
Endothelial Progenitor Cells

Cell seeding into an instructive 
tubular sca�old

Vessel maturation in a
pulsatile perfusion bioreactor

Implanatation of the matured
autologous bioarti�cial blood vessel

Within the tubular sca�old, 
VEGF, bFGF and HGF direct EPC di�erentiation 

into the endothelial cell lineage, while 
TGF-β and PDGF-BB direct 

transdi�erentiation of EPC into smooth muscle cells.

Figure 5. Progenitor cell-based vascular tissue engineering. Schematic representation of a progenitor cell-based 
tissue engineering approach; (1) Autologous mononuclear (MNC) cells can be isolated from the peripheral blood 
of patients. (2) Cell culture of MNC in media favoring endothelial progenitor cell (EPC) outgrowth (VEGFa, bFGF 
and HGF) causes the selection of EPC and subsequent culture expansion. (3) EPC are subsequently seeded into 
instructive tubular scaffolds which contain, on the luminal side growth factors that instruct endothelial cell 
differentiation and proliferation (VEGFa, bFGF and HGF) and in the surrounding scaffold induce endothelial-
to-mesenchymal transdifferentiation (TGF-β1 and PDGF-BB). (4) After maturation in a pulsatile perfusion 
bioreactor an autologous bioartificial tissue engineered blood vessel is produced.

signs of cellular contraction in the 3D matrix. In contrast, HUVEC grown in endothelial 
growth medium did not show any of these characteristics and appeared as elongated 
cells aligning the collagen bundles of the 3D sponge (Figure 4). Taken together, these 
findings show that EnMT is possible in 3D scaffolds and can thus be used in vascular 
tissue engineering. 

conclusions 

We here show that HUVEC have the intrinsic capacity to transdifferentiate into 
smooth muscle-like cells which are functionally indistinguishable from genuine 
vascular smooth muscle cells. Furthermore, we show that EnMT can be induced 
in three-dimensional scaffolds. The ability to obtain smooth muscle cells from 
transdifferentiated endothelial cells may have great implications in the field of vascular 
tissue engineering for it may solve current limitations encountered in vascular tissue 
engineering strategies using autologous vascular cells and pave the way for novel 
tissue engineering strategies i.e. progenitor cell-based vascular tissue engineering. 
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abstract 

Endothelial cells and smooth muscle cells have long been thought to have dinstinct 
progenitors. However, embryonic vascular progenitor cells with endothelial and smooth 
muscle progeny have been described and transdifferentiation between both cell types has 
been shown. Given the plasticity between both lineages we hypothesized that endothelial 
progenitor cells, known for their angiogenic properties, could transdifferentiate to smooth 
muscle cells and thereby gain a common vascular progenitor status. Indeed, umbilical 
cord blood-derived endothelial outgrowth cells (EOC) can give rise to smooth muscle cells 
through a process termed endothelial-to-mesenchymal transdifferentiation (EnMT). This 
EnMT was induced by TGF-β1 and completely inhibited by ALK5 kinase inhibition. After 
EnMT, expression of endothelial markers was lost, as was endothelial anti-thrombogenic 
function. Transdifferentiated EOC gained mesenchymal marker expression and acquired 
a contractile phenotype. Furthermore, transdifferentiated EOC showed bFGF and 
angiopoietin-1-mediated pro-angiogenic paracrine effects on untransdifferentiated EOC. 
Our study demonstrates that EOC are capable of TGF-β1-mediated EnMT, and thereby give 
rise to smooth muscle progeny. This implies a common vascular progenitor status for EOC, 
which clearly has implications for their therapeutical use.

introduction

During embryogenesis, endothelial cells arise from hemangioblasts [156]. Smooth 
muscle cells arise from local mesenchyme and the neural crest [157;158]. As both 
vascular cell types originate from different sources, it has long been thought that these 
cells have dinstinct progenitors.  However, in 2000, Yamashita and collegues described 
embryonic vascular progenitor cells, that can differentiate into endothelial and smooth 
muscle cells [159]. These results were later confirmed by Ferreira and co-workers, who 
showed functional integration of vascular progenitor cell-derived endothelial cells 
and smooth muscle cells in preexisting vasculature [160].

In addition to endothelial- and smooth muscle maturation of embryonic vascular 
progenitor cells,  transdifferentiation between endothelial and smooth muscle cells 
has also been described. During embryogenesis, endothelial-to-mesenchymal 
transdifferentiation (EnMT), takes place during the formation of the heart valves 
[143;161]. In vitro, EnMT of embryonic endothelial cells to smooth muscle actin 
expressing mesenchymal cells was also shown [151]. Furthermore EnMT is described for 
mature endothelial cells [144;155;162-165], and recent evidence supports a role for this 
process in cardiovascular fibrosis [166]. Although less well documented, mesenchymal-
to-endothelial transdifferentiation has also been described [167;168]. Furthermore, 
endothelial cells and vascular smooth muscle cells have certain markers in common 
such as VEGFR-2 and the type 3 TGF-β receptor endoglin (CD105). These data indicate 
a potential plasticity of endothelial and smooth muscle cell differentiation. 

Numerous studies have shown that endothelial progenitor cells (EPC) contribute 
to neovascularization, either by differentiation into cells of the endothelial lineage and 
local engraftment into to vasculature [61;63] or by secretion of pro-angiogenic factors 
[102;113;169]. In vitro EPC, termed endothelial outgrowth cells (EOC), can be derived 
from mononuclear cells from umbilical cord and adult blood [170]. These cells, with 
phenotypical and functional characteristics of endothelial cells, show stem cell-like 
properties, such as the ability of clonal expansion and telomerase activity [47]. 

Given the plasticity between endothelial- and mesenchymal lineages, common 
marker expression, and the stem-cell like properties of EOC, we hypothesized that EOC 
can (trans)differentiate into smooth muscle cells. This would imply a common vascular 
progenitor cell status for the archetype in vitro EPC.

materials & methods.

isolation and culture of umbilical cord blood-derived endothelial outgrowth cells (uc-eoc)

Umbilical cord blood was collected at the department of Gynecology, Medical 
Center Leeuwarden, the Netherlands. Cord blood was isolated directly after normal 
term delivery, with informed consent from the parents and according to institutional 
guidelines and the declaration of Helsinki. Cord blood mononuclear cells were separated 
by density gradient centrifugation on Lymphoprep (Nycomed Pharma, Norway) and 
cultured on fibronectin-coated (2 μg/cm2; Harbor Bio-Products, MA) culture flasks at a 
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from Cell Signaling, MA), phosphorylated SMAD2 (pSMAD2, 2 µg/mL; Millipore, MA) 
and SMAD1/5/8 (4 µg/mL, Santa Cruz Biotechnology, CA) overnight and incubated 
the next day using fluorescein-conjugated donkey antibody fragments to rabbit IgG. 
Labeled samples were visualized using a Leica LMRXA fluorescent microscope and 
Leica software. 

functional characterizations

To assess the uptake of acetylated low density lipoprotein (acLDL), 10 μg/mL 
DiI-labeled acLDL was added to the culture medium and incubated overnight. 
Subsequently, cells were fixed using 2% paraformaldehyde (Polysciences, PA), 
rehydrated and incubated with 3 μM DAPI for 10 minutes. 

Binding of lectins from Ulex europaeus (UEA-1) was assessed by incubating 2% 
paraformaldehyde-fixed cells with fluorescein-conjugated UEA-1 lectins (5 μg/mL) 
dissolved in 3 μM DAPI for 1 hour.  Subsequently, samples were analyzed on a Leica 
DMRXA fluorescent microscope at 40x lens magnification. 

Capillary sprout formation by UC-EOC was assessed on MatriGel™ (BD Biosciences, 
CA). In short, 10 μL of MatriGel™ was solidified in µ-Slide Angiogenesis plates (Ibidi 
GmbH, Germany). Next, 15 000 UC-EOC were placed on the MatriGel™ and cultured 
in endothelial outgrowth medium overnight. Sprout formation was analyzed by 
microscopic analysis.

Thrombin generation was assessed using a Thrombin Generation Assay (HeamoScan, 
The Netherlands) as described previously [113;165]. In short, cells were incubated with 
fibrinogen-depleted plasma under normal culture conditions. A mixture of 30mM 
CaCl2 and phospholipids was added to induce the formation of thrombin. At regular 
intervals, samples were drawn, diluted in ice-cold TrisHCL and incubated with 3mM 
chromophore-releasing Thrombin substrate S2238. Change in color was assessed in a 
microtiter plate reader (BioRad, VA) and plotted against a calibration curve of known 
thrombin concentrations. Human umbilical cord endothelial cells and tissue culture-
treated plastic served as negative and positive controls, respectively.

Gel contraction experiments were performed as described previously [165]. Briefly, 
a solution of collagen type I (8 mg/mL; BD Biosciences, MA) was supplemented with 
10 mM NaOH, 2.5 mM HEPES (GIBCO/Invitrogen, CA) and transdifferentiated cells 
(1•106/mL). Aliquots of 50 μL (containing 50 000 cells and 0.2 mg collagen type I) were 
plated on plastic culture dishes and allowed to solidity for 30 minutes. Thereafter 1.5 
mL culture medium was added, gels were released with a spatula, and imaged using 
a common flatbed-scanner (ScanJet 5370C; HP, CA). Thereafter, gels were allowed to 
contract for 48 hours. After 20 hours of spontaneous contraction, TGF-β1 was added to 
the culture medium.

immunoblot analysis

Whole cell lysates were prepared in RIPA buffer supplemented with 1% proteinase 
inhibitor cocktail and 1% phosphatase inhibitor cocktail (both Sigma-Aldrich, MA). Cell 
lysates (20 µg/lane) were separated by gel electrophoresis on a 10% non-denaturing 
polyacrylamide gel and subsequently blotted onto nitrocellulose according to 

density of 1-2•106 cells/cm2 in endothelial outgrowth medium containing Medium-199 
(Cambrex BioScience, ME), 20% fetal bovine serum (FBS; Invitrogen/GIBCO, CA), 1% 
Penicillin/Streptomycin, 2 mM L-glutamine (both Sigma Aldrich, MA), 5 U/mL heparin 
(Leo Pharma, Denmark), 10 ng/mL bFGF, 20 ng/mL HGF, 10 ng/mL IGF-1 and 10 ng/mL 
VEGFa (all Prepotech, NJ). Cord blood mononuclear cells were cultured for 14-21 days 
before passaging and culture medium was refreshed every third day. 

For endothelial-to-mesenchymal transdifferentiation (EnMT), UC-EOC cultured 
up to passage 4 were used. EnMT was initiated by replacing the endothelial 
outgrowth medium to mesenchymal differentiation medium consisting of RPMI 
1640 supplemented with 20% FBS, 1% Penicillin/Streptomycin, 2 mM L-glutamine, 5 
U/mL heparin, with addition of 5 ng/mL TGF-β1 and 15 ng/mL PDGF-BB (both from 
Peprotech, NJ). Transdifferentiated cells (UC-EnMT) were subsequently cultured in 
basal medium consisting of RPMI 1640 supplemented with 20% FBS, 1% Penicillin/
Streptomycin, 2 mM L-glutamine and 5 U/mL heparin, for up to 7 additional passages. 
When applicable, ALK5-kinase activity was inhibited by addition of 20µM SB431542 
(Sigma, MA) to the culture media. 

phenotypic characterization

Cells were detached using accutase (PAA Laboratories, Austria) and subsequently 
stained using fluorophore-conjugated antibodies to human CD31 (5 µg/mL; IQ 
Products, The Netherlands), CD34 (5 µg/mL; BD Biosciences, CA), CD105 (5 μg/mL), 
CD144 (2.5 μg/mL), VEGF-R2 (5 μg/mL), Tie-2 (2.5 μg/mL), αSMA (2.5 μg/mL), TGFβ-R2 
(5 μg/mL), and PDGF-Rβ (5 μg/mL; all R&D Systems, MN), or unconjugated antibodies 
to human eNOS (2.5 μg/mL; BD Biosciences, CA), von Willebrand Factor (3 μg/mL; 
DakoCytomation, Denmark), thrombomodulin (10 μg/mL), SM22α (5 μg/mL), SM-MHC2 
(5 μg/mL), Calponin (5μg/mL; all Abcam, UK), ALK1 (5 µg/mL; R&D Systems, MN) and 
ALK5 (2 μg/mL; Santa Cruz Biotechnology, CA). Unlabeled primary antibodies were 
subsequently stained using either fluorescein-conjugated donkey antibody fragments 
to rabbit IgG (5 μg/mL; Jackson ImmunoResearch, PA) or fluoroscein-conjugated rabbit 
antibodies to mouse IgG (5 μg/mL; DakoCytomation, Denmark). 

For detection of intracellular proteins, cells were fixed using 2% paraformaldehyde 
and permeabilized using 0.1% Saponin (Sigma-Aldrich, MA) prior to staining procedures. 
Flow cytometric analysis was performed on a FACSCalibur™ (BD Biosciences, CA). 
Fluorophore-conjugated, isotype-matched nonsense antibodies, as well as fluorescein-
conjugated donkey antibody fragments to rabbit IgG and fluorescein-conjugated 
rabbit antibodies to mouse IgG served as controls.

For visualization of cytoskeletal organizations, cells were fixed in ice-cold 
methanol:acetone (1:1), rehydrated and incubated with 0.1 μM fluorescein-conjugated 
phallotoxins (Molecular Probes/Invitrogen, OR) in phosphate buffered saline (PBS) 
containing 3 μM 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, MA) for 30 
minutes. 

For detection of (phosphorylated) SMAD proteins, cells were fixed using 2% 
paraformaldehyde and permeabilized using 0.1% Saponin (Sigma-Aldrich, MA) prior 
to staining procedures. Samples were subsequently incubated with antibodies against 
SMAD2/3 (2 µg/mL) and phosphorylated SMAD1/5/8 (pSMAD1/5/8, 2 µg/mL; both 
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Activity of telomerase was determined using the TeloTAGGG Assay (Roche 
Diagnostics, the Netherlands) following manufacturers protocol. In short, whole cell 
extracts of 2 000 cells were incubated with reaction mixture containing telomerase 
substrate at 25°C for 60 minutes. After telomerase-mediated substrate elongation, 
PCR amplification was performed at 30 cycles at 94°C for 30s, 50°C for 30s and 72°C 
for 90s. Hybridization and enzyme-linked immunosorbent assay (ELISA) of amplicons 
were performed according to manufacturer’s instructions. 

Amplicons of telomeric repeats were visualized using gel electrophoresis on a 12% 
non-denaturing acrylamide gel following standard protocols. Subsequently, amplicons 
were transferred to a positively charged nylon membrane (Hybond-N+, Amersham, 
UK) by standard blotting techniques. Blotting membranes were blocked in 5% BSA 
for 30 minutes and incubated with alkaline phosphatase-conjugated streptavidins (0.1 
µg/mL; Southern Biotech, AL) for 1 hour. NBT/BCIP (Bio-Rad, VA) was used as substrate 
for the detection.

paracrine effects of uc-enmt 

UC-EnMT at passage 5 were cultured in basal medium for 72h. The conditioned 
medium (CM) was filtered using 0.2 µm filters to remove cell debris. Capillary sprout 
formation was performed as described above. CM was used with- or without 10 µg/mL 
bFGF neutralizing antibodies or 10 µg/mL of recombinant human Tie-2/Fc (both from 
R&D systems, UK). Unconditioned basal medium or basal medium supplemented with 
200 ng/mL bFGF and 20 ng/mL angiopoietin-1 (both from Peprotech, NJ), were used as 
controls. The number of branching points were manually scored and the cumulative 
length of sprouts was analyzed using ImageJ version 1.41.

statistical analysis

All data are expressed as mean ± standard error of mean (SEM). For multiple 
comparisons testing, one-way ANOVA followed by Tukey post hoc analyses were 
performed. Probabilities of P < 0.05 were considered to be statistically significant.

results

characterization of endothelial outgrowth cells (uc-eoc) 

The first UC-EOC colonies were observed 9-21 days after plating the initial MNC 
fraction (Figure 1A) and the culture plates reached confluence within the next 5-8 
days (Figure 1B). Cells were cultured up to an additional three passages after which EC 
characteristics were determined by binding of fluorescein-conjugated lectin from Ulex 
europaeus and uptake of DiI-acetylated low density lipoprotein (DiI-acLDL) (Figures 1C 
and D, respectively). The ability of UC-EOC to form capillary-like sprouts on Matrigel 
was also confirmed (Figure 1E). An important functional parameter of EC is their ability 
to prevent thrombin formation. Indeed, UC-EOC showed anti-thrombogenic function 

standard protocols. Blots were blocked for one hour in Tris-buffered saline (TBS) 
containing 5% bovine serum albumin (BSA) and incubated at room temperature in 
TBS-Tween with antibodies to human pSMAD2 (0.3 µg/mL; Millipore, MA), SMAD2/3 
(0.3 µg/mL), pSMAD1/5/8 (0.2 µg/mL; both Cell Signaling, MA), SMAD1/5/8 (1 µg/mL), 
Id2 (1 µg/mL), Id3 (1 µg/mL; all Santa Cruz Biotechnology, CA),  or GAPDH (1 µg/mL; 
AbD Serotec, UK) overnight. Subsequently, blots were washed and incubated with 
alkaline phosphatase-conjugated antibodies to mouse or rabbit IgG (0.1 µg/mL). NBT/
BCIP (Bio-Rad, VA) was used as substrate for detection. Densitometric analysis was 
performed using ImageJ version 1.41 (Research Services Branch, National Institute of 
Mental Health, Bethesda, MD). 

gene transcript analysis

RNA isolation was performed using the RNeasy Mini Kit (Qiagen Inc., CA) according 
to manufacturer’s protocol. Subsequently, 1 μg of total RNA was reverse transcribed 
using the FirstStrand cDNA synthesis kit (Fermentas UAB, Lithuania) according to 
manufacturer’s instructions. The cDNA-equivalent of 5 ng RNA was used for amplification 
in 384-well microtiter plates in a TaqMan ABI7900HT cycler (Applied Biosystems, CA) 
in a final reaction volume of 10 μL containing 5 μL TaqMan universal PCR Master Mix 
(Applied Biosystems, CA) and 0.5 μL primer/probe mix. Applied Biosystems ‘assay 
on demand’ primer/probe sets were used to detect amplimers of β-2-Microglobulin 
(β2M; Hs99999907_m1), SM22α (Hs00162558_m1), Calponin (Hs00154543_m1), ALK1 
(Hs00163543_m1), ALK5 (Hs00610319_m1), Collagen type I (Hs00164004_m1), Collagen 
type 3 (Hs00164103_m1), angiopoietin-1 (Hs00181613_m1), CCL2 (Hs00234140_m1), EGF 
(Hs00153181_m1), BFGF (Hs00266645_m1), HGF (Hs00300159_m1), IGF-1 (Hs00153126_
m1) and VEGFa (Hs00173626_m1). Cycle threshold (CT) values for individual reactions 
were determined using ABI Prism SDS 2.2 data processing software (Applied 
Biosystems, CA). To determine differences in expression, CT-values were normalized 
against β2M-expression using the ΔCT-method (ΔCT(gene) = CT(gene) – CT(β2M)). To correct 
for interassay variance, ΔCT values were normalized against expression levels of an 
external calibrator (ΔΔCT(gene) = ΔCT(gene) – ΔCT(calibrator)). Relative expression levels were 
calculated as 2-(ΔΔCT). All cDNA samples were amplified in triplicate. Differences of a 
two-fold higher or greater were considered to be biologically relevant.

telomerase expression & activity

Gene expression of Telomerase Reverse Transcriptase (hTERT) was analyzed 
by RT-PCR. Total RNA was isolated and reverse transcribed as described above. RT-
PCR for hTERT (sense 5’-TGGATGATTTCTTGTTGGTG-3’; antisense 5’-TCTTCCAAACT 
TGCTGATGA-3’) and GAPDH (sense 5’-CTGCCGTCTAGAAAAACCTG-3’; antisense 5’-GTCC 
AGGGGTCTTACTCCTT-3’) were performed in a final reaction volume of 25 μL under the 
following reaction conditions of 0.25 mM dNTPs, 1.5 mM MgCl2, 1μM primer-mix, and 
1U Taq DNA Polymerase. Amplification was performed on a MyCycler (Bio-Rad, VA) in 
96-well plates for 30 cycles. Amplimers were separated by gel electrophoresis in a 2% 
agarose gel.
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comparable to human umbilical vein endothelial cells (HUVEC) in an in vitro Thrombin  
Generation Assay (Figure 1F).  

UC-EOC phenotype was further characterized by flow cytometric analysis. 
Marker proteins of the endothelial cell lineage, namely CD31 (99.68 ± 0.25%), CD144 
(94.84 ± 1.31%), VEGFR-2 (97.26 ± 2.06%), eNOS (99.08 ± 0.28%), vWF (99.21 ± 0.75%), 
thrombomodulin (83.73 ± 9.50%) and Tie-2 (90.77 ± 0.85%) were abundantly expressed 
by UC-EOC. In contrast, marker proteins of the mesenchymal cell lineage, namely 
αSMA (0,82 ± 0,70%), SM22α (2.78 ± 2.00%), SM-MHC2 (3.36 ± 2.13%) and calponin 
(0.05 ± 0.03%), were virtually not expressed by UC-EOC. UC-EOC were further analyzed 
for the expression CD34 (18.84 ± 1.63%) and for the expression of TGFβ-related growth 
factor receptors. Abundant expression of ALK1 (99.77 ± 0.06%), CD105 (99.90 ± 0.05%) 
and TGFβ-R2 (78.12 ± 1.42%) was observed on UC-EOC. In contrast, expression levels of 
ALK5 (2.50 ± 0.05%) and PDGF-Rb (4.86 ± 1.92%) were virtually absent (Figure 1).  

transdifferentiation of uc-eoc to smooth muscle cells

UC-EOC were cultured up to passage 4 in endothelial medium, after which they 
were cultured in mesenchymal differentiation medium containing TGF-β1 and 
PDGF-BB, for an additional 21 days. Transdifferentiated cells (UC-EnMT) had strong 
proliferative capacity and classical hill and valley morphology, combined with typical 
cytoskeletal organization, as shown by staining with phallotoxin (Figures 2A & B). EnMT 
also resulted in changes in functional properties, i.e. gain of contractile phenotype and 
loss of anti-thrombogenicity (Figure 1F). Cells were embedded in collagen type I gels 
and cultured for 24 hours after which a spontaneous contraction of 30,1 ± 5,9% could 
be observed by the collagen-embedded cells. In contrast, cell-free controls and the 
gels loaded with UC-EOC did not show contraction. Addition of TGF-β1 (5 ng/ml) after 
24 hours showed additional contraction of the transdifferentiatied cell-embedded 
collagen gels to a total of 72.0 ± 2.3% of control, likely due to TGF-β1 induced Rho 
activation [171], whereas this had no effect on control gels (Figure 2C). 

The expression of endothelial lineage markers CD144 (4.06 ± 1.83%), eNOS (0.10 ± 
0.10%),  vWF (0.50 ± 0.45%), thrombomodulin (4.79 ± 0.35%) and Tie-2 (3.54 ± 1.96%) 
had diminished after transdifferentiation (Figure 2C). About 32% of transdifferentiated 
cells (UC-EnMT) still showed CD31 expression, although the molecular density had 
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Figure 1. Characterization of umbilical cord blood-derived endothelial outgrowth cells (UC-EOC). A, Cord blood 
mononuclear cells were cultured in endothelial outgrowth medium. After 9-21 days the first outgrowth colonies 
could be observed. B, UC-EOC cultures reached confluency within the next 5-8 days. C, Binding of fluorescein-
conjugated Ulex europaeus lectin by UC-EOC was confirmed. D, UC-EOC took up DiI-acetylated low density 
lipoprotein. E, UC-EOC formed capillary-like sprouts on Matrigel. F, Anti-thrombogenic function of UC-EOC 
was assessed by measuring their inhibition of thrombin generation. Anti-thrombogenicity of UC-EOC was 
comparable to that of human umbilical vein endothelial cell (HUVEC) controls. Transdifferentiated cells showed 
loss of anti-thrombogenic properties. G, Flow cytometric analysis of UC-EOC phenotype. Endothelial markers 
(CD31 = platelet endothelial cell adhesion molecule-1, CD144 = vascular endothelial cadherin, VEGFR-2 = 
vascular endothelial growth factor receptor-2, eNOS = endothelial nitric oxide synthase, von Willebrand Factor, 
Thrombomodulin and TEK tyrosine kinase Tie-2) were abundantly expressed. Mesenchymal markers (αSMA = 
alpha smooth muscle actin, SM22α = smooth muscle protein 22 alpha, SM-MHC2 = smooth muscle myosin 
heavy chain 2 and calponin) were virtually absent. High expression levels were found for transforming growth 
factor beta (TGFβ) related growth factor receptors, ALK1 = activin like kinase 1, CD105 = endoglin and TGFβ-R2 
= TGFβ receptor type 2. In contrast to expression of ALK5 = activin like kinase 5 and PDGF-Rb = platelet derived 
growth factor receptor b. TCP = Tissue culture plate, EnMT = Transdifferentiated UC-EOC, * P < 0,05. 
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decreased by 50-fold. The expression of mesenchymal lineage markers αSMA (96.77 ± 
1.43%), SM22α (98.78 ± 1.01%), SM-MHC2 (96.30 ± 2.18%) and calponin (90.27 ± 7.09%) 
was strongly induced during EnMT (Figure 2C). After 21 days of EnMT, TGF-β1 and PDGF-
BB, were omitted from the culture media. UC-EnMT were cultured up to an additional 
7 passages and maintained their mesenchymal phenotype and proliferative behavior. 
The expression of endothelial lineage marker CD31 was fully lost after this additional 
culture period (data not shown). The expression of ALK1 (87.63 ± 1.20%) was reduced 
after EnMT, while the expression of ALK5 (89.08 ± 6.08%) had increased, resulting in 
an shift in ALK1/ALK5 balance (Figure 2C). Furthermore, EnMT resulted in increased 
expression of PDGF-Rb (38,59 ± 6,42%). 

transdifferentiation of uc-eoc is mediated by tgf-β1.

EnMT was induced by stimulating UC-EOC with TGF-β1 for 96h. SMAD signaling 
through type 1 TGF-β receptors, ALK1 and ALK5, was analyzed by immunoblotting of 
the receptor regulated SMADs, SMAD1/5/8 and SMAD2/3. Relative gene expression 
levels of ALK1 and ALK5, and of SMAD-target genes were determined.

UC-EnMT had lower gene transcript levels of ALK1, compared to uninduced UC-
EOC, after 96h of TGF-β1 stimulation (Figure 3A). ALK1 is involved in activation of the 
SMAD1/5/8 route through phosphorylation of SMAD1/5/8. In contrast to signaling via 
ALK5, another type 1 TGF-β-receptor, which leads activation of the SMAD2/3 route 
[172]. ALK5 expression increased after TGF-β1 stimulation and completely diminished 
with addition of its kinase activity inhibitor, SB431542, indicative for a positive feedback 
system (Figure 3A).

UC-EOC cultured in MDM for 96 hours showed reduced levels of SMAD2/3 and 
SMAD1/5/8 protein compared to unstimulated controls. The addition of the ALK5 
kinase inhibitor SB431542 had no effect on basal levels of SMAD2/3 and SMAD1/5/8, but 
resulted in lower levels of pSMAD2 (Figures 3B & C). Expression levels of pSMAD1/5/8 
decreased after TGF-β1 stimulation and expression levels were comparable with UC-
EnMT. Supplementing MDM with SB431542, had no effect on pSMAD1/5/8 levels, 
which implies an ALK5-independent effect. (Figures 3B & C). 

Inhibitor-of-DNA-binding-proteins (Id proteins) are dominant negative regulators 
of basic helix-loop-helix transcriptional regulators which play a role in lineage 
commitment, cell cycle control and cell differentiation [173]. Expression of Id genes is 
mediated via phosphorylation of SMAD1/5/8 which bind to Smad responsive elements 
(SREs) within the Id promotors, thereby activating transcription. TGF-β1, via SMAD2/3, 
is known to inhibit expression of Id genes via by activation of transcriptional repressor 
ATF3, which binds to ATF/CREB site on the Id promotors and represses transcription 
[174]. Id2 and Id3 are known to antagonize SMAD2/3 signaling by repressing pSMAD2 
mediated gene transcription [175]. Ectopic expression of Id2 and Id3 has been shown 
to inhibit transdifferentiation of epithelial cells [176]. 

Analysis of Id2 and Id3 protein expression showed stable levels of Id2, in contrast 
to Id3, which showed strongly reduced levels after stimulation with TGF-β1. This effect 
was not inhibited by addition of SB431542 (Figures 3B & C). 

Gene transcript levels of SM22α and calponin increased after 96h of culture in MDM 
and reached levels similar to UC-EnMT (Figure 3C). SM22α and calponin both are target 
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Figure 2. Characterization of transdifferentiated cells (UC-EnMT). UC-EOC were cultured in mesenchymal 
differentiation medium (MDM) containing TGF-β1 and PDGF-BB, for 21 days after which TGF-β1 and PDGF-BB 
were ommitted from the culture media and cells were cultured up to an additional 7 passages. A, UC-EnMT 
showed classical hill and valley morphology, characteristical of vascular smooth muscle cells. B, Staining with 
fluorescein-conjugated phallotoxin, showed typical cytoskeletal organization. C&D, UC-EnMT were embedded 
in collagen type 1 gels and cultured for 24h after which spontaneous contraction (30.1 ± 5.9%) of the UC-EnMT 
embedded gels could be seen. In contrast to the UC-EOC embedded gels or the cell-free controls which did not 
show contraction. After 24h, TGF-β1 (5 ng/ml) was added to the cultures. This induced additional contraction of 
the UC-EnMT-embedded collagen gels (to a total of 72.0 ± 2.3%). E, Flow cytometric analysis of UC-EnMT after 21 
days of culture in MDM. Expression of endothelial markers (upper row) had diminished after transdifferentiation. 
Mesenchymal markers (αSMA, SM22α, SM-MHC2 and calponin) were strongly induced after endothelial-to-
mesenchymal transdifferentiation. Expression of ALK1 was reduced after EnMT, while the expression levels of 
ALK5 had increased compared to UC-EOC controls (Figure 1G). Endoglin and TGFβ-R2 expression levels were 
virtually unchanged after transdifferentiation, whereas expression of PDGF-Rb had increased.
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genes of pSMAD2. However  their increased expression is more likely due to reduced 
levels of Id3, which, as stated above, acts as a repressor of pSMAD2 mediated gene 
transcription. Inhibition of ALK5 kinase activity with SB431542 decreased pSMAD2 
expression and completely abolished SM22α and calponin gene transcript expression 
(Figure 3C). Gene expression levels of collagen type I were low in cells stimulated with 
TGF-β1 for 96 hours compared to expression levels in UC-EnMT. Contradictory, gene 
transcription of collagen type III increased after 96h of culture with TGF-β1. Transcripts 
of collagen type I and III genes were low compared to UC-EnMT, and diminished by the 
addition of SB431542. 

uc-enmt show increased responsiveness to tgf-β1

UC-EOC and UC-EnMT were stimulated with 50 ng/ml of TGF-β1 for 1 hour with 
or without addition of SB431542. Immunoblotting and immunofluorescent imaging 
was used to study the expression of inactive, and phosphorylated SMAD2/3 and 
SMAD1/5/8. Stimulation of UC-EOC and UC-EnMT with TGF-β1 had no effect on basal 
SMAD2/3 and SMAD1/5/8 levels (figures 4A & B), while pSMAD1/5/8 levels were clearly 
reduced in UC-EnMT compared to UC-EOC. Expression of pSMAD2 increased in TGF-
β1-stimulated UC-EnMT, and completely diminished with addition of SB431542. UC-
EOC did not show increased pSMAD2 levels after stimulation with TGF-β1 (Figures 4A 
& B). Differential response to TGF-β1 by UC-EOC and UC-EnMT is likely due to increased 
expression of ALK5 in UC-EnMT which leads to increased ALK5 kinase activity and 
thereby increased phosphorylation of SMAD2. Another possible explanation may 
be found in the observed high molecular weight SMAD2/3 complexes present in 
transdifferentiated cells (Figure 4A). Pretreatment of the protein extracts with 2M NaCl 
or 8M urea failed to dissociate these complexes (data not shown). 

loss of telomerase activity of uc-eoc with increasing population doublings and after trans-
differentiation.

Gene expression of Telomerase Reverse Transcriptase (hTERT) was analyzed 
by RT-PCR. UC-EOC at low population doublings showed a readily detectable gene 
expression of hTERT, indicating that these cells are capable of self-renewal (Figure 
5A). Subsequently, activity of telomerase was determined in UC-EOC and UC-EnMT. 
Telomerase activity of UC-EOC at low population doubling numbers was similar to that 
of hTERT-transfected HUVEC controls (Figures 5B & C). Telomerase activity reduced 
with increased population doublings, which indicates that UC-EOC give rise to 
terminally differentiated progeny. Also after EnMT, telomerase activity was lost (data 
not shown).

pro-angiogenic effects of uc-enmt by paracrine signaling.

To study potential paracrine effects of UC-EnMT on UC-EOC, we analyzed gene 
transcript levels of several pro-angiogenic factors. Expression levels of HGF, IGF-1 and 
EGF were low in both UC-EOC and UC-EnMT. Expression levels of VEGFa were similar in 
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Figure 3. Transdifferentiation of UC-ECFC is mediated by TGF-β1. Endothelial-to-mesenchymal transdifferentiation 
was induced by stimulating UC-ECFC with TGF-β1 for 96h. Activin like kinase 5 (ALK5) kinase inhibitor SB431542 
was added to block ALK5 mediated TGFβ signaling. A, Real-time RT-PCR showed increased gene transcript 
expression levels of ALK5 after stimulation with TGF-β1. Addition of SB431542 completely inhibited this effect. 
B, Representative images of immunoblotting of TGFβ signaling components SMAD1/5/8, SMAD2/3, their 
phosphorylated forms, pSMAD1/5/8 and pSMAD2/3 and pSMAD1/5/8 regulated Id2 and Id3. C, Densitometric 
analysis of SMAD immunoblotting. Basal levels of SMAD1/5/8 were reduced after stimulation with TGF-β1 to 
levels comparable to those of transdifferentiated cells (EnMT). Phosphorylation of SMAD1/5/8 also decreased 
after TGF-β1 stimulation. SB431542 did not inhibit these effects. Id2 and Id3 are known to antagonize SMAD2/3 
signaling by repressing pSMAD2 mediated gene transcription. Id2 levels were stable, in contrast to Id3, which 
showed strongly reduced levels after stimulation with TGF-β1. D, Quantitative RT-PCR showed upregulation of 
SM22α, calponin and collagen type III. This was completely blocked by SB431542. Expression of collagen type 
I remained low after 96h of TGF-β1 stimulation compared to levels of transdifferentiated cells, ***P<0.001, 
*P<0.05.
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UC-EOC and UC-EnMT. Interestingly, gene transcript levels of bFGF and angiopoietin-1 
were strongly increased in UC-EnMT compared to UC-EOC. In contrast to angiopoietin-1 
expression, the increase of bFGF expression was induced within 96 hours of TGF-β1 
stimulation (Figure 6A). 

SDF-1 and MCP-1, are angiogenic factors which play an important role in 
recruitment and differentiation of EPC [102;177-179]. UC-EnMT expressed high levels of 
SDF-1, which were virtually absent in UC-EOC, despite TGF-β1 stimulation for 96 hours. 
MCP-1 expression, however, was induced by short term TGF-β1 stimulation and almost 
absent in (quiescent) UC-EnMT.

UC-EnMT conditioned medium (CM) was used to study the paracrine effects of 
UC-EnMT on capillary sprouting of UC-EOC. Given the increased gene transcript levels 
of bFGF and angiopoietin-1 found in UC-EnMT, neutralizing antibodies to bFGF and 
soluble Tie-2 (sTie-2) were added to CM. The total number of branching points was 
comparable between basal medium (BM), BM with bFGF and angiopoietin-1, and CM 
(46 ± 8, 52 ± 7 and 57 ± 3 respectively). Neutralization of bFGF or addition of sTie-2 to 
the culture media, resulted in strongly reduced numbers of branching points (Figures 
6B & C). The cumulative sprout length was also determined. CM showed increased 
cumulative length (45.63 ± 1.18%) compared to unconditioned basal medium. BM 
supplemented with bFGF and angiopoietin-1 showed a similar increase in cumulative 
sprout length (42.66 ± 4.04%). Addition of bFGF neutralizing antibodies or sTie-2 
completely diminished the observed increase, indicating a bFGF and angiopoietin-1 
mediated effect (Figures 6B & C).

discussion 

In the present study we show the intrinsic capacity of umbilical cord blood-derived 
endothelial outgrowth cells (UC-EOC) to transdifferentiate into smooth muscle cells; 
(1) Endothelial-to-mesenchymal transdifferentiation (EnMT) of EOC resulted in waning 
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of endothelial markers and loss of endothelial functionality. (2) Mesenchymal marker 
expression and contractile function were gained. (3) EnMT is mediated by TGF-β1 
and PDGF-BB and inhibition of ALK5 kinase activity completely abolished EnMT by 
the inhibition of SMAD2 phosphorylation. (4) Transdifferentiated cells (UC-EnMT) 
were phenotypically stable, self-sustaining and showed pro-angiogenic paracrine 
properties. To our knowledge, this study is the first to describe the plasticity of UC-EOC 
towards smooth muscle cell differentiation. 

Since their first description [46], endothelial progenitor cells (EPC) have been 
extensively studied and their availablity and angiogenic properties have advocated 
them an interesting and promising cell source for therapeutic neovascularization [180]. 
Despite this large research effort, plasticity of EPC has received little attention. 

Embryonic vascular progenitor cells have been described to differentiate to 
endothelial and smooth muscle cells [151]. Besides, EnMT plays a physiological role 
during development in formation of the heart valves [143;161], and has been described 
postnatally, both in vivo and in vitro [144;155;162-165]. Furthermore, mesenchymal-
to-endothelial transdifferentiation has been reported [167;168]. This plasticity 
between endothelial and mesenchymal lineages is suggestive for a common vascular 
progenitor. 

In vivo, bone marrow-derived smooth muscle progenitor cells (SMPC) have been 
shown to play a role in cardiovascular pathology [141;181]. SMPC have been cultured 
from umbilical cord and adult blood, although their origin remains largely unclear 
[139;182]. Our results indicate that EOC, the archetype in vitro EPC [170], can give rise to 
smooth muscle progeny. 

Since our data concern in vitro EPC, extrapolation to the in vivo situation is somewhat 
speculative. One could however hypothesize that EPC fulfill a role in replenishing 
pools of progenitor cells present in the vascular wall as described by Zengin et al.[183]. 
These cells would require the capacity to give rise to endothelial and smooth muscle 
progeny. The fact that bone marrow-derived EPC have been described to be recruited 
to the vessel wall, rather than to the endothelium itself [184] adds to the hypothesis. 
Also, Purhonen and co-workers recently confirmed these findings by describing that 
EPC did not contribute to the vascular endothelium, but were found perivascularly 
[185].

The capacity of EOC to transdifferentiate to smooth muscle cells certainly has 
implications for their therapeutic use in cardiovascular disease. The majority of patients 
eligible for cardiovascular cell therapy commonly share an inflammatory vascular 
profile [186]. TGF-β and it’s downstream effector pSMAD2 have been shown to be 
highly expressed at atherosclerotic lesion sites [187]. As our data show, increased TGFβ 
signaling results in mesenchymal differentiation of EPC. This potentially has beneficial 
effects by limiting plaque formation and increasing plaque stability [188], but it could 
also contribute to atherogenesis [181]. Co-administration of smooth muscle progenitor 
cells and EPC has recently been shown to have synergetic angiogenic effects by 
increased paracrine signaling, mainly through the angiopoietin/Tie2 signaling 
pathway [189]. Our results also show angiopoietin 1 mediated pro-angiogenic effects 
of transdifferentiated EOC, in addition to bFGF mediated effects. EOC EnMT thereby 
provide a novel therapeutic strategy for treating ischemic disease. Ex vivo priming 
of EOC has recently been described to enhance their angiogenic potential [179]. Our 
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Figure 6. Pro-angiogenic effects of UC-EnMT by paracrine signaling. A, Quantitative RT-PCR analysis of gene 
transcript levels of pro-angiogenic factors normalized to β2M expression. Gene transcript levels of basic fibroblast 
growth factor (bFGF) and angiopoietin-1 were strongly increased in UC-EnMT compared to UC-EOC. The increase 
of bFGF expression was induced within 96 hours of TGF-β1 stimulation. Capillary sprouting capacity of UC-EOC 
was studied using UC-EnMT conditioned medium (CM) with or without bFGF neutralizing antibodies (bFGF NAbs) 
or recombinant human Tie-2/Fc (sTie2). Unconditioned basal medium (BM) or BM supplemented with 200 ng/mL 
bFGF and 20ng/mL angiopoietin-1 (BM++ )were used as controls. The total numbers of branching points were 
determined and the cumulative lengths of spouts were analyzed. B, Representative images of capillary sprout 
formation on Matrigel. Note the reduced capillary formation in sTie2 and bFGF NAbs treated cultures. C, The 
total number of branching points was similar between BM, BM++, and CM. Numbers were reduced with addition 
of bFGF NAbs or sTie2 to CM. The cumulative sprout length was increased with CM compared to unconditioned 
BM, similar to that observed with BM++. Addition of bFGF NAbs or sTie2 completely diminished these effects.  
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results illustrate how ex vivo stimulation can indeed direct EOC differentiation, thereby 
changing phenotypical and functional properties of the cells. This phenomenon can 
be used in tuning EOC, creating tailor-made therapy for use in a specific patient with 
specific underlying pathology and co-morbidity. 

conclusion

In conclusion, our study demonstrates that EOC are capable of TGF-β1-mediated 
EnMT, thereby giving rise to smooth muscle progeny. This plasticity of EOC implies 
a common vascular progenitor status for EOC and clearly has implications for 
therapeutical use. 
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abstract 

Vascular tissue engineering aims to restore blood flow by seeding artificial tubular 
scaffolds with endothelial- and smooth muscle cells, thus creating bioartificial blood 
vessels. Herein, the progenitors of smooth muscle and endothelial cells hold great promise 
because they efficiently differentiate and harbor longevity. In this review we describe a novel 
tissue engineering approach which utilizes current insights from developmental biology, 
i.e. progenitor cell plasticity, and the latest advances in biomaterial design. We focus 
specifically of developmental processes that regulate progenitor cell (trans)differentiation 
and offer a platform for the integration of these molecular clues into biomaterial design. 
We propose a novel engineering paradigm for the creation of a small-diameter blood 
vessel wherein progenitor cell differentiation and tissue organization are instructed by the 
biomaterial solely. With this review we emphasize the power of integrating developmental 
biology and material science for vascular tissue engineering.

introduction

Regenerative medicine is a burgeoning field that aims to improve health by 
restoring, regenerating or repairing diseased, damaged, or malfunctioning tissues. 
In vascular tissue engineering, blood flow is regenerated by bioartificial replacement 
vessels that are engineered to replace damaged vessels, e.g. in peripheral vascular 
disease and coronary heart disease. Ideally, the replacement vessel resembles its 
healthy native counterpart. In traditional vascular tissue engineering, replacement 
vessels are engineered in vitro by seeding (polymeric) tubular scaffolds with autologous 
endothelial cells (EC) and smooth muscle cells (SMC) to produce an anti-thrombogenic 
conduit that is not immunogenic. In principle, an in vitro tissue engineered blood vessel 
(TEBV) resembles a native small-diameter (≤ 6 mm internal diameter) arteries and 
must be able to withstand physiological pressure changes. Hence, the development 
of a viable TEBV depends on a suitable biomaterial that provides the appropriate 
architecture and mechanical strength, and augments cellular attachment and the 
seeding of SMC and EC. The concept of a living, functional TEBV requires the TEBV to 
respond to its environment, to be remodeled by the host and, most important, self-
repair when damaged.

Stem cells and progenitor cells hold great promise for vascular tissue engineering, 
as they hold the key to tissue development and longevity, and thus self-maintenance. 
Endothelial progenitor cells (EPC) can be isolated from the peripheral blood and 
differentiated in vitro into mature and functional vascular cells (reviewed in [190]. 
Furthermore, EPC display great plasticity, meaning that they can differentiate into 
functional endothelial cells, but also transdifferentiate into contractile smooth muscle 
cells, depending on the molecular clues provided. 

During embryogenesis, especially during the development of the heart [191] and 
pulmonary and aortic arteries [192;193], SMC are derived from EC through a process 
termed endothelial-to-mesenchymal transdifferentiation (EnMT). In extrapolation, 
this implies that both EC and SMC can be derived from a single progenitor cell pool, 
the EPC, and may thus reduce laborious isolation and culturing periods that hamper 
current vascular tissue engineering approaches. The application of EnMT in vascular 
tissue engineering may therefore lead to a more powerful tissue engineering strategy. 
However, before we introduce such developmental processes to vascular tissue 
engineering, it is essential to decipher the control mechanisms that regulate EnMT. 

Therefore, the first part of this review outlines the current understandings of EnMT 
by EC and their progenitors. It focuses on the signaling events involved in EnMT and 
the cellular processes they evoke. The second part discusses current developments 
in ‘smart biomaterial’ design, providing perspectives on the incorporation of EnMT in 
future vascular tissue engineering approaches.

endothelial progenitor cells

Circulating EPC were first described a mere decade ago as a subset of the CD34+ 
hematopoietic progenitor cells. In their landmark paper, Asahara et al. showed 
that bone marrow-derived mononuclear cells, enriched for either CD34 or vascular 
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(EnMT). During embryonic development, for instance the development of coronary 
vessels and hart valves, SMC are derived from the epicardial cells that undergo EnMT 
[192;193].

In addition to EnMT observed during embryonic development, the capacity of 
EC to transdifferentiate into SMC was shown in cardiac fibrosis [166], arteriosclerotic 
neointimas [203] and intimal thickenings found in lesions formed by pulmonary 
hypertension [204;205]. Overall, the notion that cells from the endothelial lineage 
can differentiate into SMC provides an interesting prospective for vascular tissue 
engineering (described below) and challenges the current dogma that vascular 
endothelial cells are terminally differentiated.

enmt starts with increased tgf-β signaling and loss of endothelial cell-cell contacts. 

EnMT is a multifactorial process in which several membrane-bound receptors and 
signal transduction pathways converge (Table 1). However, the transforming growth 
factor-β (TGF-β) superfamily is pivotal in EnMT. 

endothelial growth factor receptor-2 (VEGFR-2), could differentiate into endothelial-like 
cells when cultured on fibronectin and in the presence of angiogenic growth factors 
[46]. Ever since, EPC have been at the center of vascular research and their potential in 
regenerative medicine is currently undoubted and well anticipated [194]. 

In the decade following the discovery of the archetype CD34+ EPC, a second type 
of EPC has been described, which can be distinguished through clonal and functional 
analysis [63]. The ‘early outgrowth EPC’, also known as ‘colony-forming unit endothelial 
cell’ [74], ‘colony-forming unit Hill’ [195] and ‘endothelial-like cell’ [101], are derived from 
the monocytic (CD14+) cell lineage and co-express endothelial cell markers, such as 
CD31, CD105, CD144, vWF, eNOS and Tie-2, and markers of the myeloid lineage, such 
as CD1a, CD14 and CD45 (Figure 1). In culture, early outgrowth EPC form colonies 
from which spindle-shaped cells originate. Early outgrowth EPC display transient 
proliferative potential [101;113] and overlap between endothelial cell and monocyte/
macrophage cell functions, i.e. phagocytosis [196], antithrombogenic activity [113;197], 
and the production of vasoactive mediators [101;113]. 

The archetype ‘late outgrowth EPC’, also known as ‘endothelial colony forming cells’ 
[47], is thought to originate from the CD34+ hematopoietic stem cell and exclusively 
expresses markers of the endothelial cell lineage after cell culture. Late outgrowth 
EPC form colonies of cobblestone-appearance that morphologically resemble 
microvascular endothelial cells and display an almost indefinite proliferation potential 
[198], indicative of their self-renewal capacity. This self-renewal is of major importance 
when engineering a viable and self-sustaining TEBV.

Despite the obvious in vitro distinction between ‘early outgrowth’ and ‘late 
outgrowth’ EPC, there is abundant evidence that both types of EPC can replace 
damaged endothelium in vivo and contribute to neovascularization in animal models 
of vascular damage, although there is debate on the precise mechanism of action 
[61;199]. The relatively high numbers of ‘early outgrowth’ EPC in the circulation may 
indicate that these cells primarily respond to acute damage of the endothelium [87], 
whereas the highly proliferative nature of ‘late outgrowth’ EPC may suggest a role 
in neovascularization [200;201] where a large number of cells is needed to form the 
neovessels. Moreover, recent data suggest that ‘early outgrowth’ and ‘late outgrowth’ 
EPC cooperate through paracrine signaling and act synergistically to stimulate 
neovascularization and endothelial cell formation [113;202].  

For the purpose of this review, we do not discriminate between the origins of EPC-
derived endothelial cells. Here, we focus on EPC and their progeny EC, which minimally 
comply to the following criteria; expression of endothelial cell markers (i.e. CD31, 
CD144, eNOS, vWF and Tie-2), proven antithrombogenic behavior, and the ability to 
form neovessels in vivo.

endothelial-to-mesenchymal transdifferentiation (enmt)

Traditionally, EC and SMC were thought to originate from spatially and temporally 
distinct cell sources during (embryonic) blood vessel development. However, 
accumulating experimental evidence indicates that EC contribute to the formation 
of SMC through a process termed endothelial-to-mesenchymal transdifferentiation 
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Figure 1. Origin of endothelial progenitor cells. Schematic overview of the proposed lineage, cell surface markers 
and differentiation of endothelial progenitor cells.
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cell-matrix interaction, endothelial cell migration and enmt. 

The acquisition of a migratory phenotype, preceded by changes in cell-matrix 
interaction, is the second phase in EnMT (Figure 2C). Already in 1987, Krug and 
coworkers recognized an important role for the extracellular matrix (ECM) as inducer of 
‘cytodifferentiation’. In their report, extracts of ECM were produced by EDTA extraction 
and added to embryonic EC cultures. These stimulated EC displayed morphological 
changes and increased migratory activity consistent with EnMT [206]. Although no 
soluble factors were identified by Krug and coworkers, it is now well established that 
most ECM compounds participate in the regulation of cell adhesion, migration, growth 
and differentiation by storing and releasing growth factors and cytokines [207]. 

Cell migration depends on the degradation of the ECM by matrix metalloproteinases 
(MMPs), and although numerous studies have shown the involvement of MMPs in 
morphogenesis, cell migration and tissue remodeling, the role of MMPs in EnMT remains 
undefined. TGF-β induces production, secretion and activation of MMPs, especially 
MMP-2 and MMP-9 (Figure 2D). These MMPs degrade the ECM with some substrate 
specificity, allowing the partial degradation of the endothelial basement membrane 
[208;209], reducing cell-matrix interactions, and thus allowing cell migration (Figure 
2C). Interestingly, recent results from Ishihara et al. indicate involvement of TGF-β and 
MMP-2 in the impairment of the endothelial cell barrier by reducing endothelial cell-
cell contacts, thereby further increasing the motility of EC [210](Figure 2D).

Of further interest, TGF-β can modulate the expression and function of the main 
cellular receptors of ECM, i.e. the integrins. Binding of an integrin to its ECM ligand 
causes focal clustering of the integrins within the cell membrane and initiates many 
signaling pathways (reviewed in [211]. Interestingly, the role for TGF-β in the regulation 
of integrin expression is twofold. One the one hand, TGF-β reduces the expression of 
integrins that bind the endothelial basement membrane, i.e. α5β1 and αvβ3 (Figure 2D), 
through the disruption of focal adhesion kinase/Src complexes [212;213]. On the other 
hand, TGF-β increases the expression of integrins that bind collagen type I, e.g. α1β1 
(Figure 2D). Together, this changes the ECM binding specificity of cells in EnMT from 
an ECM preferred by EC to a matrix favored by SMC.

In summary, TGF-β signaling increases cell motility through disruption of endothelial 
cell-cell adhesions and the destruction of the endothelial basement membrane. 
Thereafter, TGF-β stimulates cell migration by a shift in integrin expression changing 
the matrix preference of cells in EnMT from a preference for the endothelial basement 
membrane to the collagens preferred by SMC.

regression of endothelial cell markers and increase of smooth muscle cell markers. 

The most palpable phenomenon in EnMT is the shift in cell marker expression. 
Although EnMT in general is driven by TGF-β, it is only partially involved during the 
phenotypic shift. The loss of endothelial marker expression is a downstream effect 
of the events initiated by TGF-β (Figure 2F). TGF-β induces signaling cascades which 
effectively prevent the production of EC-associated proteins. Subsequently, the 
resident EC marker molecules wane as a result of protein turnover. 

Tissue injury, inflammation and hypoxia all lead to increased production of TGF-β 
by cells surrounding the endothelium. Increased TGF-β signaling reduces the integrity 
of the endothelial cell monolayer, either by the induction of endothelial cell apoptosis 
or by the depression of endothelial cell-cell contacts (Figure 2A). In this respect, 
TGF-β was shown to induce apoptosis specifically in EC through cross-talk between 
the VEGF165/VEGFR-2-induced activation of p38/MAPK and TGF-β signaling cascades 
[153;154](Figure 2B). 

Furthermore, recent studies provide evidence that loss of endothelial adhesion 
molecules consistently preceded changes in endothelial morphology consistent with 
EnMT, which may result from combined signaling through TGF-β and Notch [145] 
(Figure 2B). However, the functional role of TGF-β in the regulation of EC adhesions 
has yet to be fully elucidated. 

Taken together, EC apoptosis and the disruption of endothelial cell-cell contacts 
result in the selection of cells which are responsive to TGF-β signaling and primed for 
EnMT.

Table 1. Initiators, modulators and inhibitors of EnMT.

Molecule EnMT Initiating action EnMT Inhibitory action References

Growth Factors
   BMP-7
   EGF
   aFGF
   
   bFGF
   IGF-1
   IGF-2
   PDGF-BB
   TGF-β1-3

   

   VEGF121

   VEGF165

Adhesion molecules
   β-Catenin
   Endoglin

   VE-Cadherin

ECM Components
   Hyaluronic acid

Others
   eNOS
   Notch

↑ TGF-β2 signaling, ↑ actin filaments
↓cell-cell contacts

↑motility, ↓actin filaments
↓ NO production, ↓ EC proliferation, 
↓ cell-cell contacts,↑ EC apoptosis, 

↑ actin fillaments, ↑ ECM production

↑ actin filaments
↑ Alk5 signaling, ↑ TGF-β2 signaling, 

↑ actin filaments

↑ motility

↑ Delta → ↑ TGF-β2, 
↓ cell-cell contacts, ↑ actin filaments

↑ Jagged-1 → ↓ cell-cell contacts, 
↓ eNOS, ↑ ECM production, 
↑ actin filaments, ↑ PDGFR

↓ TGF-β1, ↓ ECM production
↓ mesenchymal cell proliferation

↓ actin filaments, ↓ Activin A, 
↑cell-cell contacts

↓ TGF-β signaling, ↓ actin filaments

↑ EC proliferation

↓ TGF-β signaling
↓ TGF-β signaling, ↑ VEGF165, 

↑ EC proliferation

↑ Alk1 signaling, ↑ EC proliferation

↓ motility, ↑ cell-cell contacts

↑ EC proliferation

↑NO, ↓ TGF-β, ↓ ECM production
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EC = endothelial cell, BMP = Bone Morphogenic Protein, ECM = Extracellular Matrix, EGF = Epidermal Growth 
Factor, FGF = Fibroblast Growth Factor, IGF = Insulin-like Growth Factor, PDGF-BB = Platelet-derived Growth 
Factor, TGF = Transforming Growth Factor, NO = Nitric Oxide, VEGF = Vascular Endothelial Growth Factor, 
eNOS = endothelial cell Notrix Oxide Synthase
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Of note, integrins, the main receptors for extracellular matrix molecules, also 
form heterotypic complexes with several growth factor receptors. Endothelial-
specific integrins α5β1 and αvβ3 were shown to associate with VEGFR-3, which in 
concert specifically increase endothelial-resistance to apoptotic stimuli [218] and the 
expression of eNOS [219], and thus directly affect EC function (Figure 2F). 

In contrast to TGF-β’s indirect role in reducing the endothelial phenotype, TGF-β 
directly induces the expression of smooth muscle-specific genes. TGF-β signaling 
through its receptors TGF-βRI, TGF-βRII and TGF-βRIII, activates the Smad2/3 signaling 
cascade and induces the expression level of smooth muscle-specific genes [220;221]. 
Of particular interest, regions that account for tissue-specific transcription have been 
identified within several promoters of SMC-specific genes, including α-smooth muscle 
actin (αSMA)[222], smooth muscle protein 22α (SM22α) [223] and smooth muscle 
myosin heavy chain (SMMHC)[224]. These promoter regions can be activated  by 
transcription factors such as GATA-5, GATA-6, MEF-2 and SRF [225], resulting in protein 
expression of the smooth muscle contractile apparatus (Figure 2F). Notably, all these 
transcription factors are associated to TGF-β/Smad signaling [226;227].

Taken together, TGF-β diminishes the expression of EC-specific molecules, not 
through direct interference, but by disrupting the signaling complexes that induce 
their expression, while TGF-β specifically induces the expression of the contractile 
apparatus of SMC. Hence, a shift in phenotype becomes prominent.

diversification of the smooth muscle phenotype.

 SMC can perform both contractile and synthetic functions. These contractile- 
and synthetic SMC differ in morphology, proliferation and migration rates and the 
expression of SMC marker proteins. Contractile SMC have low proliferation and 
low protein production rates, whereas synthetic SMC have reduced expression of 
the contractile apparatus proteins, but increased proliferation rates and increased 
extracellular matrix (ECM) production. The existence of SMC plasticity does not 
result from differences in origin or cell fate, but is a mere consequence of differential 
signaling events, allowing SMC to shift from the one cell state into the other [228;229] 
(Figure 2G).

Although TGF-β is the driving force behind SMC differentiation in general, and 
the production of the contractile apparatus in particular (Figure 2H), it is the platelet-
derived growth factors (PDGFs) that are the main determinants of the synthetic 
smooth muscle phenotype (Figure 2H). PDGFs directly reduce protein expression of 
the contractile apparatus [230;231], and specifically increase protein expression of 
ECM proteins, e.g. collagens and fibronectin [232], functionally changing the smooth 
muscle phenotype from contractile to synthetic (Figure 2H). Furthermore, the PDGFs 
increase the proliferation and migration of synthetic smooth muscle cells [232;233]

 

 

Vascular endothelial growth factor (VEGF) is the most potent regulator of the 
endothelial phenotype. Signaling through its specific receptors induces expression of 
most EC-associated proteins and enzymes (reviewed in [214]. VE-cadherin clusters with 
the VEGF receptors on the cell membrane, where it stabilizes the availability of the 
VEGF receptors and modulates their downstream signaling [215;216]. In this way, VE-
cadherin influences the expression of von Willebrand factor (vWF), CD31, endothelial 
cell nitric oxide synthase (eNOS), VEGFR-2 and itself [217].
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the biomaterial challenge

Recent advances in biomaterials research highlight the importance of integrating 
biological and chemical science. Developmental biology has provided the determinants 
of progenitor cell differentiation, i.e. tissue architecture, progenitor cell plasticity and 
cell signaling through soluble mediators, while biomaterials research has provided the 
tools to integrate this biological knowledge into a new class of ‘smart biomaterials’ by 
investigating scaffold architecture, protein release and peptide-mimicry. These new 
biomaterials mimic the ECM, release growth factors and may meet the developmental 
demands of EC differentiation and EnMT. Therefore, the second part of this review 
focuses on these developments in biomaterial design. 

From a chemical viewpoint, the choice of the polymer as backbone for a degradable 
biomaterial provides design opportunities as well as limitations. This subject has been 
thoroughly reviewed previously [235;236] and we will therefore focus only on current 
developments that add to the integration of biological modalities in scaffold design. 
These biological modalities include: (1) resemblance to the native tissue architecture 
and mimicking of tissue strength, (2) allowing cell adhesion, and (3) instructing cell 
differentiation or maintenance. Although distinct biomaterials have been developed 
for every distinct biological modality, the current biomaterial challenge is to combine 
these biological moieties.

‘smart biomaterials’: instructing endothelial cell differentiation and enmt

Whereas classically biomaterials were used as (temporal) structural supports, novel 
smart biomaterials incorporate the principles of developmental biology. In principle, 
smart biomaterials are equipped with molecular clues mimicking certain aspects of 
tissue structure, extracellular environment, or a combination of both.

As described above, the native blood vessels contain distinct and separated 
compartments for both the EC and SMC; the endothelium adheres to the endothelial 
basement membrane, which is a densely packed structure. The endothelial basement 
membrane contains amongst others collagen type IV and laminin, with small and 
dispersed  interconnecting pores (~20-40 nm in diameter) [237]. Therefore, the 
basement membrane basically resembles a thin film. In contrast, SMC are surrounded 
by the ECM, which mainly consists of fibrillar collagens that form a open porous 
structure (~50-200 μm pore diameter) [238] that basically resembles a sponge. 

scaffolds mimicking tissue architecture. 

Blood vessels obtain their strength and compliance from both the spatial 
organization of SMC and the aligned organization of their ECM [239]. Several groups 
have successfully attempted to recreate this spatial organization by using microtextured 
biomaterial templates that control cell organization and possibly matrix deposition 
[240;241]. Of particular interest is the work of Sarkar and coworkers, who showed high 
percentages of SMC alignment on microtextured solid polymers. In a follow-up paper, 
Sarkar and coworkers transferred their micropatterning technique from solid polymers 
to polymeric sponges by integrating soft lithography, melt molding and particle 

adopting endothelial-to-mesenchymal transdifferentiation in vas-
cular tissue engineering

The process of EnMT described above is complex and involves multiple converging 
signaling cascades. However, it becomes evident that the primary motor is TGF-β 
aided by the PDGFs. We therefore investigated if the mere addition of these factors to 
EC cultures would transdifferentiate endothelial cells into functional SMC. In a recent 
report, we show that EC indeed can be transdifferentiated into functional SMC by sole 
stimulation with TGF-β and PDGF-BB [165]. Furthermore, current experiments in our lab 
using EPC show similar results. EPC efficiently transdifferentiate into contractile SMC 
after stimulation with TGF-β and PDGF-BB. Moreover, transdifferentiation of EPC had 
no impact on their longevity, since telomerase activity was unchanged throughout 
the EnMT proces (unpublished data). Likewise, Miyata and coworkers showed efficient 
transdifferentiation of the immortalized EPC cell line TR-BME2 after stimulation with 
PDGF-BB [234]. Thus, a functional link can be established between the EC and SMC 
lineages which can be utilized for vascular tissue engineering.

Although differentiation of both EC and SMC from a single progenitor cell is a huge 
step, herewith a blood vessel is not created. Besides EC and SMC, a natural blood vessel 
contains a basement membrane and an extracellular matrix which provides strength 
to the vascular conduit. In vascular tissue engineering, these matrix components are 
mimicked by degradable biomaterials that provides the cells with a temporal structural 
support. Such biomaterials would have to be non-immunogenic, anti-thrombogenic 
and degraded at a similar rate at matrix formation by the cells it contains in order to 
maintain the mechanical properties of the vessel conduit throughout the remodeling 
phase (reviewed in [235].  

Also, the biomaterial must support the organization of cells across several layers. 
In a natural blood vessel EC and SMC occupy spatially distinct areas of the vessel. Such 
tissue architecture warrants the hemocompatibility of the vasculature by separating 
the thrombogenic SMC layer from the antithrombogenic EC layer. Hence, a biomaterial 
used for vascular tissue engineering must also be able to physically separate EC and 
SMC. This may be achieved by combining multiple materials or multiple material 
architectures as discussed below. 

Finally, the correct instructions must be given to appropriately differentiate and 
position EPC. The differentiation of EC and SMC depends on different growth factors 
(VEGF and bFGF for EC and TGF-β and PDGF-BB for SMC) and occurs on different ECM 
components. Mimicking these ECM in a growth factor-releasing biomaterial would 
therefore greatly benefit the differentiation and organization of EC and SMC from a 
common progenitor cell and poses a huge opportunity for vascular tissue engineering. 
Hence, the next engineering challenge will be to tailor degradable biomaterial scaffolds 
to meet the developmental demands of endothelial cell differentiation and EnMT.
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like a release platform which is able to store and release a multitude of growth factors 
that in concert dictate cell behavior. As most cellular processes require more than 
one factor, recent research activities have been focusing on the sequential delivery of 
multiple growth factors, mimicking this ECM ability  [254]. 

Heparin-modification of biomaterials is a well known method to add bioactivity to 
a scaffold. Heparins are well known for their ability to bind a variety of growth factors 
such as VEGF and basic FGF. Various groups have described the use of biomaterial-
bound heparins for the release of one or multiple growth factors and their effect on 
EC differentiation and proliferation [255;256].

Another method applied for the delivery of growth factors are the slow-releasing 
hydrogels. In these, growth factors are mixed with the biomaterials in an aqueous 
environment. Thereafter the hydrogel-forming material is allowed to polymerize, 
physically entrapping the growth factors. Entrapped growth factors subsequently 
leach from the hydrogel, while the gel is degraded simultaneously. Release from- and 
degradation of the hydrogel is tunable by varying the amount of polymer used, total 
water content, or cross-linking agents. 

leaching techniques [240]. As with the solid polymers, SMC showed high structural 
alignment in the polymer sponge.

Also, current developments in the electrospinning process have enabled the 
creation of biomaterials with aligned fibers [242;243], thus introducing ‘morphological 
smartness’ to biomaterials. In due time, also other instructive clues will also be 
incorporated in these aligned biomaterials. These may be ECM-mimics, driving cell 
adhesion and migration, or growth factors, driving differentiation and proliferation, 
but, one can hope, a combination of the two as discussed below (Figure 3A).

scaffolds mimicking the extracellular matrix. 

Beyond the physical and architectural properties of polymers (reviewed in [244], 
a major goal in ‘smart material design’ is to integrate biomaterials and the specific 
properties of signaling mediators that dictate cell behavior, such as ECM components 
and growth factors. Combining the morphological ‘smartness’ (described above) with 
instructive signals would allow for the simultaneous differentiation of EPC into EC 
as wells as SMC in a single material, and thus the development of highly organized 
vascular conduits (Figure 3).

One of such developments lies in protein mimicry. Small synthetic peptides can be 
used to mimic the integrin-binding-sites of ECM molecules. Examples are synthetic 
mimics of fibronectin (RGD and PHSRN) [245], laminin (YIGSR and IKVAV) [246] or 
collagens (type I: DGEA; type IV: TAGSCLRKFSTM) [247;248]. The fibronectin mimics 
RGD and PHSRN have both been implicated in the differentiation of cells towards 
the endothelial lineage [249]; Alobaid and coworkers showed increased attachment 
and increased endothelial outgrowth when EPC were cultured on RGD-coated wells 
plates [250] and Fereira and coworkers reported a 20-fold increase in EC differentiation 
from embryonic stem cells, when these cells were encapsulated in a dextran-based 
hydrogel containing the RGD-peptide [251]. Of further interest, endothelial cells that 
were cultured on a mixture of the fibronectin-mimic RGD and the laminin-mimic 
YIGSR showed increased cell attachment and increased capillary tube formation when 
compared to scrambled peptdie controls [252], indicative of synergy between multiple 
ECM mimics. 

In contrast to the fibronectin mimics, the collagen mimic DGEA was shown to 
interact with the integrin α1β1, found on SMC [253] and not with EC. DGEA-coating 
increased SMC spreading and aided the shift in phenotype from contractile to 
synthetic SMC [247].

From the above, we can conclude that the incorporation of small peptide sequences 
enhances the interaction between cells and biomaterials. Moreover, in varying the 
peptide sequences incorporated in the biomaterial, a separation may be achieved 
between several cell types (Figure 3A); that is an outer SMC layer growing on collagen 
type I mimics, and an inner EC layer on fibronectin/laminin mimics.

protein releasing scaffolds. 

The natural ECM modulates tissue dynamics by the ability to bind, store and release 
bioactive molecules like growth factors and cytokines. Therefore, the natural ECM acts 
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progenitor cells in various diseases, including inflammatory diseases [108], renal 
diseases [260] and cardiovascular diseases [261]. These impairments pose a new 
challenge for progenitor cell-based tissue engineering and strategies to overcome 
these impairments have to be addressed in future research.

Also, recent data indicates that EPC do not only function in tissue engineering by 
differentiating into EC and SMC, but also through paracrine signaling [262;263]. EPC 
were shown to induce angiogenesis by the secretion of, amongst others, VEGFa and 
basic FGF [113], but also secrete IL-1β and TNFα [264]. Therefore, one could anticipate 
that, also EPC in a tissue engineered blood vessel secrete such factors and thereby 
affect the neighboring cells. Whether such paracrine interaction between a tissue 
engineered blood vessel and the native tissue is beneficiary, remains to be addressed 
in future research.

conclusion

In conclusion, advances in the field of developmental biology and biomaterial 
science are providing new opportunities for the development of highly organized 
tissues. Here we have discussed the use of a single progenitor cell type, the EPC, 
for the generation of a small-diameter blood vessel. In the approach provided, the 
differentiation of these EPC towards the vascular cells that built up the vessel is 
completely driven by bioactive modalities within a degradable biomaterial. The 
application of such ‘smart biomaterials’, that use molecular clues to direct and 
modulate (progenitor) cell differentiation, will reduce laborious and costly culturing 
protocols and will enable tissue engineers to make a great leap towards functional 
restoration of blood flow.

Yet another interesting development was described by Gong and coworkers. They 
combined the mechanical properties of a porous scaffold with an instructive hydrogel 
that promoted the growth of chondrocytes. This straight forward approach resulted 
in a  scaffold/hydrogel hybrid that has high mechanical strength and the ability to 
release biologically active modulators [257].

Although the methods above provide scaffolds that can supply their environment 
with growth factors and thus influence cell behavior, they are irresponsive to that 
same environment. This renders the release of growth factors and tissue generation 
unsynchronized and may lead to side effects such as tissue overgrowth. Recently, new 
growth factor releasing biomaterials have been designed that incorporate another 
aspect of nature’s smartness and can respond to their direct environment. Hubbel 
and colleagues have generated peptide sequences which are vulnerable to MMP-2-
mediated or plasmin-mediated degradation [258;259]. Cross-linking these peptide 
sequences to growth factors and incorporation into biomaterials offers a  platform 
for cell-dependent growth factor release [258]. In extrapolation, if various peptides 
would be incorporated into a biomaterial, which react to distinct cell-specific enzymes, 
that biomaterial may control cell differentiation in a spatially or temporally refined 
manner.

Taken together, the recent developments in ‘smart biomaterial’ design are leaning 
towards the incorporation of ‘biological smartness’ in polymeric biomaterials. Although 
currently most studies have focused on the incorporation of just one type of instructive 
signal, future developments will undoubtedly focus on combining instructive signals. 
Hence, biomaterials can be generated that on their luminal side release factors that 
promote EC differentiation and growth, while on their outer surface they release 
factors that promote SMC differentiation or EnMT (Figure 3A). Such ‘smart biomaterials’ 
will offer huge opportunities for vascular tissue engineering in the near future.

discussion and future aspects

The current challenge in vascular tissue engineering is to combine state-of-art 
knowledge on developmental biology and biomaterial science into a new tissue 
engineering paradigm. From developmental biology, knowledge on EPC differentiation 
and plasticity has led to new possibilities, i.e. the differentiation of proliferating EC 
and SMC from one single progenitor cell type, the EPC. Advances in biomaterial 
research have embedded molecular clues into a new generation biomaterials which 
act instructively on the cells they carry. The current challenge for tissue engineers 
is to adapt the current advances of both research fields in order to generate a new 
generation, self-assembling tissue engineered blood vessel.

An unexposed issue which remains in vascular tissue engineering is the availability 
of EPC. We started this review by shortly describing how EPC and their progeny EC can 
be isolated and transdifferentiated into SMC by the addition of TGF-β and PDGF-BB. 
Subsequently, we illustrated how developments in the field of biomaterial research 
can be applied to tissue engineer a progenitor cell-based small-diameter blood vessel 
(Figure 3). However, the numbers and function of these EPC may be affected as a 
result of disease. We and others have described functional impairment of endothelial 
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abstract

Neovascularization by endothelial progenitor cells for the treatment of ischemic 
diseases has been a topic of intense research. The CD34+ cell is often designated as 
endothelial progenitor cell, because it contributes to repair of ischemic injuries through 
neovascularization. However, incorporation of CD34+ cells into the neovasculature is 
limited, suggesting another role which could be paracrine. CD14+ cells can also differentiate 
into endothelial cells and contribute to neovascularization. However, the low proliferative 
capacity of CD14+ cell-derived endothelial cells hampers their use as therapeutic cells. We 
hypothesized that an interaction between CD34+ and CD14+ cells augments endothelial 
differentiation of the CD14+ cells. In vitro, the influence of CD34+ cells on the endothelial 
differentiation capacity of CD14+ cells was investigated. Endothelial differentiation was 
analyzed by expression of endothelial cell markers CD31, CD144, von Willebrand Factor 
and endothelial Nitric Oxide Synthase. Furthermore, we assessed proliferative capacity 
and endothelial cell function of the cells in culture. In monocultures, 63% of the CD14+-
derived cells adopted an endothelial cell phenotype, while in CD34+/CD14+ co-cultures 
95% of the cells showed endothelial cell differentiation. Proliferation increased up to 
12% in the CD34+/CD14+ co-cultures compared to both monocultures. CD34-conditioned 
medium also increased endothelial differentiation of CD14+ cells. This effect was abrogated 
by HGF-neutralizing antibodies, but not by IL-8 and MCP-1 neutralizing antibodies. We 
show that co-culturing of CD34+ and CD14+ cells results in a proliferating population of 
functional endothelial cells, which may be suitable for treatment of ischemic diseases such 
as myocardial infarction.

introduction

Coronary artery disease and myocardial infarctions are the major cause of death 
in the industrialized world (www.who.org). Current treatments, such as percutaneous 
angioplasty and bypass surgery, focus on relieve of the ischemia, reducing ongoing 
tissue damage, rather than on tissue regeneration. This warrants the investigation into 
new strategies for the treatment of ischemic diseases.

Regenerative medicine aims to maintain, improve or restore tissue function by 
employing the bodies own regenerative mechanisms. An example is cell therapy, 
which is an experimental strategy for the treatment of ischemic diseases, such as 
myocardial infarction. Herein, neovascularization induced by progenitor cells is an 
essential factor and has been a topic of intense research over the past decade. The 
rare CD34+ stem cell is often designated as the endothelial progenitor cell (EPC), as 
it contributes to repair of vascular damage in vivo. However, incorporation of CD34+ 
cells into the neovasculature is limited [71;265-267]. We, and others, have shown 
that in vivo neovascularization relies on a paracrine function of human CD34+ cells, 
which involves recruitment of monocytes, rather than actual incorporation [100;268] 
amongst others.

In a mouse model of myocardial infarction, we have shown that ischemic tissue 
damage leads to the recruitment of bone marrow derived progenitor cells and 
monocytes to the damaged site which are a prerequisite for repair. These bone 
marrow derived cells also differentiate, to myofibroblasts and thus contribute to 
wound healing [269]. Furthermore, the recruited monocytes were shown to influence 
neovascularization and remodeling after myocardial infarction, as depletion of these 
cells from the circulation resulted in decreased neovascularization and impaired 
remodeling of the myocardial infarction [270]. In vitro, we have shown that human 
monocytes, i.e. CD14+ cells, differentiate into functional endothelial cells [101]. As a 
consequence of this ability, these CD14+ cells are often referred to as ‘early EPC’ [62], 
‘colony forming unit-endothelial cell (CFU-EC)’ [63;74] or ‘endothelial-like cells’ [89;101]. 
Thus, differentiated CD14+ cells may contribute to neovascularization in vivo and to 
remodeling of the infarcted area. 

These data suggest that both CD34+ cells and CD14+ cells play a key role in the 
repair and regeneration in cardiovascular and ischemic diseases. We hypothesized that 
circulating endothelial progenitor cells, i.e. CD34+ cells, and CD14+ cells interact during 
neovascularization and that paracrine signaling of CD34+ cells augments endothelial 
cell differentiation of the CD14+ cells. We examined the interaction between CD34+ cells 
and CD14+ cells and the effect on endothelial cell differentiation and cell proliferation in 
vitro. To this end, these cells were co-cultivated and the expression of endothelial cell 
markers was evaluated. Additionally, the (paracrine) factors that drive the endothelial 
cell differentiation and proliferation were investigated. Finally, the functionality of the 
newly differentiated endothelial cells was assayed in vitro. 
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endothelial cell marker analysis

After three weeks of culture, mono- and co-cultured cells were dissociated by 
accutase treatment (PAA Laboratories, Austria). Cells were incubated with either PE-
conjugated mouse antibodies to human (MαH) CD34 (1:10 in 2% BSA; BD Biosciences, CA), 
PE-conjugated MαH CD14 (1:10 in 2% BSA; IQ Products, The Netherlands), fluorescein-
conjugated MαH VEGFR-2 (1:10 in 2% BSA; R&D Systems, MN), MαH cMET (1:100 in 
2% BSA; R&D Systems, MN) followed by fluorescein-conjugated rabbit antibodies to 
Mouse IgG (1:100 in 2% BSA; DakoCytomation, Denmark), PE-conjugated MαH CD31 
(1:10 in 2% BSA/PBS; IQ Products, The Netherlands) or with PE-conjugated MαH CD144 
(1:20 in 2% BSA/PBS; R&D Systems, MN) at 4°C for 30 minutes. Next, cells were washed 
using PBS to remove excess antibodies and fixed using 2% paraformaldehyde in PBS at 
room temperature for 10 minutes. Thereafter, the cells were permeabilized with 0.01% 
saponin in PBS. Subsequently, cells were incubated with rabbit antibodies to human 
(RαH) von Willebrand Factor (1:50; DakoCytomation, Denmark) or RαH eNOS (1:50; 
BD Biosciences, CA). Cells were washed twice with 2% BSA/PBS and incubated with 
fluorescein-conjugated donkey antibody F(ab’)2 fragments to rabbit IgG (1:100 in 2% 
BSA/PBS; Jackson ImmunoResearch, UK) on ice for 30 minutes. Cells were washed three 
times in 2% BSA/PBS and analyzed using a FACSCaliber system (BD Biosciences, CA). 
Isotype-matched, PE-conjugated nonsense antibodies and fluorescein-conjugated 
donkey antibody F(ab’)2 fragments to rabbit IgG were used as controls. 

cell proliferation

After three weeks, mono- and co-cultured cells were dislodged by accutase 
treatment. Cytospots were made from 50 000 cells and fixed in acetone at room 
temperature for 10 minutes and post fixed using 2% paraformaldehyde in PBS at 
room temperature (RT) for 30 minutes. Fixed cells were permeabilized using 0.5% 
Triton X-100 at RT for 10 minutes. After permeabilization, cells were pre-incubated 
with 3% bovine serum albumin (BSA) in PBS at RT for 10 minutes. Next, samples were 
incubated with MαH Ki67 (1:50; DakoCytomation, Denmark) at RT for 60 minutes. After 
washing and incubation with RedX-conjugated donkey antibody F(ab’)2 fragments to 
mouse IgG (1:100; Jackson ImmunoResearch, UK) at RT for 30 minutes. Samples were 
mounted in citifluor AP1 (Agar Scientific, UK) and examined by immunofluorescence 
microscopy using a Leica DMRXA microscope and Leica Software (Leica Microsystems, 
Germany). RedX-conjugated donkey antibody F(ab’)2 fragments to mouse IgG were 
used as controls.

thrombin generation assays and sprout formation

To assess their endothelial cell function, cultured cells were assayed for their ability 
to inhibit factor 3-dependent thrombin formation. To this end, a Thrombin Generation 
Assay (HaemoScan, The Netherlands) was used. In brief, mono- and co-cultured cells 
were dissociated by accutase treatment and replated at a density of 50 000 cells/cm2 
on fibronectin/gelatin-coated culture wells subsequently. After overnight culture, the 
culture medium was removed and replaced by fibrinogen-depleted human plasma. 

materials & methods

cell isolation and culture

Peripheral blood mononuclear cells (MNC) were isolated from buffy coats from 
healthy donors (Sanquin, Groningen, the Netherlands) using density gradient 
centrifugation on lymphoprep (Nycomed Pharma, Norway). CD34+ cells were isolated 
by magnetic bead separation and further purified by FACS-sort as described previously 
[268]. Subsequently, monocytes, i.e. CD14+ cells, were isolated from the remaining MNC-
fraction by magnetic bead separation as described previously [9]. Flow cytometric 
analysis revealed an average purity of 98.4 ± 1.2% (n=4) for isolated CD34+ cells and 
99.8 ± 0.1% (n=4) for isolated CD14+ cells. 

CD34+ cells and CD14+ cells were cultured either in monoculture or in co-culture 
in ratios 1:10, 1:100 and 1:1000 (CD34+ cells in CD14+ cells, respectively). Co-cultures 
were derived from one single donor to avoid immunological mismatches. Cells were 
cultured on fibronectin/gelatin (both 10 μg/mL in PBS) coated wells, at a density of  
50 000 cells/cm2. Culture medium consisted of RPMI1640 supplemented with FCS 
(both BioWhittaker, Belgium), 5 U/mL heparin (LEO Pharma, Denmark), 0.3 mg/mL 
L-glutamine (GIBCO Products, NY) 1% Penicillin/Streptomycin (Sigma, MO), 50 μg/mL 
endothelial cell growth factor (ECGF, according to Burgess et al. [146]), 10 ng/mL bFGF, 
and 1 ng/mL VEGF-A (both Peprotech, NJ). Culture medium was refreshed every third 
day.

colony forming unit-endothelial cell (cfu-ec) assays

Isolated CD34+ cells- and CD14+ cells were labeled using CFSE (green) and CM-DiI 
(red) respectively (both Molecular Probes, OR) according to manufacturer’s instructions. 
The labeled cells were mixed with the remaining autologous MNC-fraction and cultured 
as described above. After seven days, fluorescent microscopic analysis was performed 
using a Leica DMRXA fluorescent microscope (Leica Microsystems, Germany) to 
determine the morphological status of labeled CD34+ cells- and CD14+ cells. After 14 
days, spindle-shaped cells originating from colony forming unit-endothelial cells (CFU-
EC) were quantified. Part of the CFU-EC were fixed using 2% Glutar Aldehyde (Merck, 
Germany) at 4°C for 24 hours, and prepared for transmission electron microscopy. In 
short, fixed samples were rinsed with a 6.8% sucrose solution (pH 7.4) for 30 minutes. 
Samples were post fixed using a 0.1M potassium hexacyanoferrate(II)trihidrate 
(K4Fe(CN)6•3 H2O; Merck, Germany) solution containing 1% osmiumtetroxide (OsO4) at 
4°C for 45 minutes. Next, the samples were dehydrated with ethanol, embedded in 
EPON 812 (Serva Feinbiochemica, Germany), and polymerized at 60°C for at least 48 
hours. Ultrathin sections were cut on a Sorvall microtome (Sorvall, CT) and contrasted 
with uranyl acetate and lead citrate. The ultrathin sections were analyzed in a Phillips 
201 transmission electron microscope (Phillips, The Netherlands) operated at 60 kV.
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conditioned medium cultures

To assess the influence of paracrine factors produced during co-cultivation, 
conditioned medium cultures were performed. Briefly, CD14+ cells were plated in 
fibronectin/gelatin-coated wells at a density of 250 000 cells/cm2. Every third day, 
culture medium was removed from cells in mono- or in co-culture. Conditioned culture 
medium from different donors was pooled to reduce donor variation and sterilized by 
filtration through a 0.2 μm filter. Plated monocytes were cultured in conditioned culture 
medium supplemented with excess neutralizing goat antibodies to either human HGF, 
IL-8, MCP-1 or mock goat IgG (all 200 ng/mL medium; all R&D Systems, MN). Conditioned 
medium and antibodies were refreshed every third day. After 21 days of culture, cells 
were dissociated using accutase and stained for protein expression of CD31, vWF, 
CD144 and eNOS. Protein expression of these endothelial cell markers was analyzed 
by FACS analysis as described above. Inhibition of endothelial cell differentiation by 
neutralizing antibodies was calculated as the fraction of differentiation decrease by 
the neutralizing antibodies in relation to the mock IgGs according to the following 
equation: Relative Differentiation Inhibition (RDI) = (1-((Sample(NAbs)-CD14(Mock))/(Sample(Mock)-
CD14(Mock))) • 100%.

statistical analysis

Data are presented as mean ± standard error of the mean. Data in Gaussian 
distribution are analyzed by two-factor ANOVA followed by Tuckey post hoc analysis. 
All other data were analyzed using Mann-Whitney tests. Probabilities lower than P < 
0.05 were considered to be statistically significant.

results

phenotypes of cd34+ cells and cd14+ cells

CD34+ cells and CD14+ cells were isolated by magnetic bead isolation from buffy 
coats from healthy donors. Subsequently, CD34+ cells were further purified by MoFlo 
cell sorting and analyzed by flow cytometry. The CD34+ cells had an average purity 

During this incubation the intrinsic coagulation cascade is activated. Thereafter, the 
clotting cascade was further activated by addition of a mixture of 30 mM CaCl2 and 
phospholipids which results in the generation of thrombin. Samples were taken at 
regular intervals and added to ice-cold 25 mM TrisHCl to prevent any further thrombin 
generation. Finally, the diluted samples were incubated with 3 mM Thrombin substrate 
S2238. Thrombin releases p-nitroaniline chromophore from the substrate which results 
in a change of color. The change in color was measured at 405 nm with 540 nm as 
reference wavelength in a microtiter plate reader (BioRad, VA). A calibration curve 
of known thrombin concentrations was used to quantify the thrombin formation in 
the experimental samples. HUVEC and factor 3-positive vascular smooth muscle cells 
(VSMC) were used as negative and positive controls respectively.

The ability to form capillary-like sprouts was investigated using a Matrigel™ 
Sprouting Assay. After 21 days of culturing, monocultured and co-cultured cells were 
dissociated using accutase and plated on Matrigel (BD Biosciences, CA) coated wells at 
a density of 250 000 cells/cm2 and cultured in endothelial cell medium for an additional 
24 hours. The formation of capillary-like structures was analyzed using regular light 
microscopy.

cytokine and growth factor secretion

At day zero, three, seven and 21 of culture, culture medium was sampled. The 
concentration of cytokines ANG-2, IL-8, MCP-1, and TNFα as well as growth factors 
EGF, bFGF, HGF, TGFβ and VEGFa were determined using multiplex protein analysis by 
PerBio Sciences (Cramlington, UK). 

At day three, total RNA was isolated from CD34+ cell monocultures or CD14+ 
cell monocultures using a RNeasy Micro Kit (Qiagen, CA) following manufacturer’s 
instructions. RNA integrity was determined by gel electrophoresis and RNA purity and 
concentration were determined using Nanodrop ecuipment (Nanodrop Technologies, 
NC). Subsequently, 100 ng RNA was reverse transcribed using a First Strand cDNA 
synthesis Kit (Fermentas UAB, Lituania). One micro liter cDNA was used for amplification 
in 384-well microtiter plates in a TaqMan ABI7900HT cycler (Applied Biosystems, CA) 
in a final reaction volume of 10 μL containing 5 μL TaqMan universal PCR Master Mix 
(Applied Biosystems, CA) and 0.5 μL primer/probe mix. Applied Biosystems ‘assay 
on demand’ primer/probe sets were used to detect amplimers of β-2-Microglobulin 
(β2M; Hs99999907_m1), IL-8 (Hs00174103_m1), MCP-1 (Hs00234140_m1) and HGF 
(Hs00300159_m1). Cycle threshold (CT) values for individual reactions were determined 
using ABI Prism SDS 2.2 data processing software (Applied Biosystems, CA). To 
determine differences in gene transcripts between CD34+ cells and CD14+ cells CT-
values were normalized against β2M using the ΔCT-method (ΔCT(gene) = CT(gene) – CT(β2M)). 
To correct for interassay variance, ΔCT values were normalized against expression levels 
of an external calibrator (ΔΔCT(gene) = ΔCT(gene) – ΔCT(calibrator)). Fold variance in transcript 
levels between CD34+ cells and CD14+ cells were calculated as 2-(ΔΔΔCT), where ΔΔΔCT(gene) 
= ΔΔCT(gene;CD34) – ΔΔCT(gene;CD14). All cDNA samples were amplified in triplicate and RNA 
controls were included to test for primer binding to genomic DNA. Differences of a 
two-fold higher or greater were considered to be biologically relevant.

Table 1. Protein expression of adherent CD34+ or CD14+ cells (Day 1).

CD34 CD14

CD14
CD34
c-MET
VEGF-R2
CD31
vWF
CD144
eNOS

0.0
98.40 ± 1.20%

ND
1.60 ± 0.30%

0.0
0.0
0.0
0.0

99.80 ± 0.10%
0.96 ± 0.18%

88.21 ± 2.81%
85.60 ± 4.80%
87.28 ± 6.29%
0.91 ± 0.37%
1.32 ± 0.66%
1.20 ± 1.04%

Data is presented as mean % positive cells ± SEM of at least three 
independent experiments. ND = Not Determined.
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cells were almost never observed. Analysis of outgrowth endothelial colonies by 
transmission electron microscopy also showed co-localization and cell-cell contacts 
(arrows) of cells with progenitor cell morphology (Figures 1C & D; small-round cells) 
and cells with endothelial cell morphology (elongated cells). Cultured cells with an 
endothelial-like morphology, i.e. spindle-shaped cells, were quantified after 14 days 
(Figures 1E & F). By that time, the CFU-EC had disappeared. The frequency of spindle-
shaped cells was significantly higher in the CD14+ monocultures and in all CD34+/
CD14+ co-cultures than in the CD34+ monoculture (20 – 32% versus 0.5% respectively, 
p < 0.01). Spindle-shaped cells originated mainly from the CD14+ cell-fraction (over 
85%; Figure 1D; white bars), while the CD34+ cells (black bars) hardly contributed to 
the total amount of spindle-shaped cells. The number of spindle-shaped cells did not 
differ between the CD14+ monocultures and the CD34+/CD14+ cells in co-culture. 

endothelial cell marker expression

Protein expression of endothelial cell markers was determined by immunofluorescent 
stainings (Figures 2A & B) and FACS analysis for CD14, CD31, VEGFR-2, vWF, CD144 and 
eNOS (Figures 2C, D & Table 2). CD34+ cells in monoculture hardly ever expressed 
endothelial cell markers. Although over 30% of CD34+ cells did express CD31 (Table 
2), co-expression of CD31 and vWF was almost never observed. In fact, only 6-9% 
of the CD34+ cells showed signs of endothelial cell differentiation by the combined 
expression of either CD31 and vWF or CD144 and eNOS. In contrast, CD14+ cells in 
monoculture efficiently differentiated into an endothelial cell phenotype. CD14+ cell-
derived endothelial cells lost their expression of monocyte marker protein CD14, which 

of 98.4 ± 1.2%. The isolated CD34+ cells did not express CD14, but showed slight 
expression of KDR (1.6 ± 0.3%). The isolated CD14+ cells had an average purity of 99.8 ± 
0.1%. Part of the isolated CD14+ cells co-expressed of CD34 (0.96 ± 0.18%), KDR (85.6 ± 
4.8%), or the HGF receptor c-MET (88.2 ± 2.8%). Of the adherent CD34+ or CD14+ cells, 
neither cell fraction showed expression of endothelial cell specific proteins (Table 1).

colony forming unit-endothelial cells (cfu-ec)

Human peripheral blood mononuclear cells (MNC), containing fluorescently-
labeled CD34+ cells- and CD14+ cells were cultured under angiogenic conditions. 
Colonies had formed after seven days of culturing (Figure 1A). Examination of the CFU-
EC by immunofluorescence microscopy revealed that these CFU-EC consisted mainly 
of CD14+-derived cells (Figure 1B; red cells) and that CD34+-derived cells (green cell) 
co-localized with CD14+-derived cells in these CFU-EC (Figure 1B). Although CD34+-
derived cells were also found outside the CFU-EC, colonies lacking CD34+-derived 
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At day 14, spindle-shaped cells (D, arrows) originating from these CFU-EC are mainly derived from the CD14+ 
cells (E).

A B

C D

VE
-C

ad
he

rin
+ eN

O
S+  C

el
ls

 (%
)

CD
31

+ vW
F+  C

el
ls

 (%
)

100

75

50

25

0

100

75

50

25

0

HUVEC
CD34

CD14

CD34 (1
:10) C

D14

CD34 (1
:100) C

D14

CD34 (1
:1000) C

D14

HUVEC
CD34

CD14

CD34 (1
:10) C

D14

CD34 (1
:100) C

D14

CD34 (1
:1000) C

D14

*** *** ***** *** *** ******

Figure 2. Endothelial cell differentiation of CD14+ cells. Monocultured and co-cultured CD14+ cells expressed 
CD31, vWF, CD144 and eNOS after 21 days in culture. Immunofluorescent stainings show co-expression of CD31 
and vWF (A) as well as CD144 and eNOS (B) by cells in CD34 (1:100) CD14 co-culture. FACS analysis showed that 
co-cultured cells had increased percentages of cells that had acquired the CD31+vWF+ (C) and the CD144+eNOS+ 
phenotype (D). ** = p < 0.01 versus CD14, *** = p < 0.001 versus CD14
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while thrombogenic vascular smooth muscle cells (VSMC) showed a 10-fold increase in 
thrombin formation (733.6 ± 203.8 mU/mL, p < 0.01 versus HUVEC). Co-cultured CD34+ 
cells and CD14+ cells produced lower amounts of thrombin than VSMC (85-116 mU/mL, 
p < 0.01). More over, thrombin generation by co-cultured cells was not different from 
HUVEC. Although CD14+-derived endothelial cells in monoculture tended to generate 
more thrombin than HUVEC (175.5 ± 36.3 mU/mL, p < 0.10), no significant difference 
was found. Furthermore, the thrombin generation by CD14+ cells in monoculture was 
not different from the thrombin generation observed by the co-cultured cells.

Cells from CD14+ monocultures or CD34+/CD14+ co-cultures were plated on Matrigel-
coated wells plates in order to investigate their ability to form capillary like structures. 
Freshly isolated CD14+ cells did not form any capillary-like structures on Matrigel (data 
not shown). Both monocultured CD14+ cells as well as co-cultured CD34+/CD14+ cells 
formed branched structures on Matrigel (Figure 4B). There was no difference found 
in the number of branches between CD14+ cell monocultures or CD34+/CD14+ co-
cultures. Nor did addition of HGF potentiate the formation of capillary-like structures.

cytokine and growth factor secretion 

Culture medium from CD34+ cells and CD14+ cells in monoculture and the CD34 (1:100) 
CD14 co-culture were analyzed for the presence of epidermal growth factor (EGF), basic 
fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), transforming growth 
factor-beta (TGF-β1) and vascular endothelial growth factor-A (VEGF-A), as well as for 
the cytokines Angiopoietin 2 (ANG-2), interleukin-8 (IL-8), monocyte chemoattractant 
protein-1 (MCP-1) and tumor necrosis factor-α (TNFα). Basic FGF (189.9 ± 28.8 pg/mL), 
VEGFa (271.0 ± 40.2 pg/mL) were present in the culture medium. Background levels 
of TGF-β1 (2.38 ± 0.13 ng/mL) and TNFα (28.3 ± 9.8 pg/mL) were detected while EGF 
was not detected. Although the levels of these growth factors and cytokines varied 
slightly, no significant changes were detected in their protein levels during the 21-day 
culture period (Figure 5). ANG-2 was also not present in the culture medium, but a 
concentration of 33.8 ± 8.4 pg/mL was detected in the CD34 (1:100) CD14 co-culture 
at day three. At this time, concentration of ANG-2 was higher in the co-culture than 
in both monocultures (p < 0.001), where ANG-2 protein was not detected. Although 

decreased from 99.80 ± 0.10% (day 1) to 12.53 ± 2.54% (day 21; Table 2). Over 60% of 
the CD14+ cells had acquired a CD31+vWF+ phenotype and a CD144+eNOS+ phenotype 
(Figure 2C). Interestingly, endothelial cell differentiation was significantly increased in 
all the co-cultures, where over 85% of cells acquired the CD31+vWF+ phenotype (p < 
0.01 versus CD14+ cells) and over 90% of cells acquired the CD144+eNOS+ phenotype 
(p < 0.001 versus CD14+ cells). Expression of VEGFR-2 was present on the CD14+ cells at 
the start of culture and did not change during the mono- or co-culture time (Table 2). 
Expression of all endothelial cell markers by co-cultured cells was not different from 
HUVEC and was similar in all co-cultures (Figure 2C). 

cell proliferation

Proliferation of cultured cells was assessed by staining of nuclear antigen Ki67 at 
day 21 (Figures 3A & B). In the monocultures containing either CD34+ cells or CD14+ 
cells, no or limited proliferation was observed (Figure 3C). CD34+ monocultures did 
not proliferate at all, and only 1.13 ± 0.24% of the CD14+ cells in monoculture stained 
positive for Ki67. The co-cultured cells in the ratio of CD34 (1:100) CD14 and CD34 
(1:1000) CD14 showed significantly higher proliferation rates (10.70 ± 1.02% and 9.20 
± 1.14% respectively, p < 0.01) than the CD14+ cells in monoculture. The co-culture of 
CD34 (1:10) CD14 also showed higher proliferation rates (6.01 ± 1.37%, p < 0.05) than 
the CD14+ cells in monoculture did, but proliferation in the CD34 (1:10) CD14 co-culture 
was lower than in the other two co-cultures (p < 0.05). At no time, proliferation was 
observed in the monocultures (data not shown).

endothelial cell function

To assess the functionality of the cultured cells, their ability to prevent factor 
3-dependent thrombin formation was determined (Figure 4A). The formation of 
thrombin by human umbilical vein endothelial cells (HUVEC) was 73.5 ± 9.5 mU/mL, 
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Table 2. Protein expression of endothelial cell specific markers (Day 21).

HUVEC CD34a CD14 CD34 (1:10) CD14 CD34 (1:100) CD14 CD34 (1:1000) CD14

CD14

VEGF-R2
(rMFI)

CD31
(rMFI)

vWF
(rMFI)

CD144
(rMFI)

eNOS
(rMFI)

ND

88.27 ± 1.16
(100 ± 12.16)

98.96 ± 0.81c

(100 ± 53.04)

98.30 ± 0.37c

(100 ± 38.67)

98.04 ± 0.11
(100 ±  13.36)

99.22 ± 0.56c

(100 ± 18.16)

ND

ND

34.28
(362.47)

9.07
(93.83)

8.45
(320.45)

6.43
(182.71)

12.53 ± 2.54

94.00 ± 3.62
(91.86 ± 12.60)

63.84 ± 8.28b

(145.61 ± 66.41)

65.29 ± 7.09b

(93.48 ± 0.17)

78.96 ± 2.51
(219.33 ± 84.60)

61.24 ± 3.89b

(137.32 ± 28.79)

ND

87.27 ± 2.72
(102.01 ± 1.31)

90.01 ± 0.78c

(177.37 ± 13.38)

92.25 ± 0.02c

(56.07 ± 5.08)

94.99 ± 1.50
(114.33 ± 17.44)

95.25 ± 1.09c

(98.46 ± 9.06)

ND

88.74 ± 3.16
(105.61 ± 2.31)

95.10 ± 2.36c

(195.51 ± 36.74)

89.70 ± 8.51
(75.00 ± 39.15)

93.20 ± 9.76
(126.05 ± 23.76)

84.08 ± 10.80c

(108.50 ± 19.64)

ND

83.49 ± 3.94c

(89.99 ± 12.42)

96.39 ± 1.21c

(197.87 ± 8.85)

95.87 ± 1.77c

(64.72 ± 5.23)

91.65 ± 4.40
(112.19 ± 16.62)

82.93 ± 12.12c

(92.07 ± 8.81)

Data is presented as mean %-positive cells ± SEM of at least three independent experiments. Relative Mean Fluorescent 
Intensity (rMFI) was calculated as follows: rMFI = (MFIsample/MFIHUVEC)*100%. ND = Not Determined. an=1; bp < 0.05 versus 
HUVEC; cp < 0.05 vs CD14.

Figure 3. Cell proliferation of CD14+ cells. Cell proliferation was almost never observed in monocultured CD14+ 
cells (A), but was observed in co-cultured cells (CD34 (1:100) CD14; B). * = p < 0.05 versus CD14, ** = p < 0.01 versus 
CD14, and *** = p < 0.001 versus CD14.
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ANG-2 protein was detected in the CD34+ and CD14+ monocultures after seven days 
(6.7 ± 6.7 pg/mL and 3.7 ± 3.7 pg/mL respectively), ANG-2 concentration in the CD34 
(1:100) CD14 co-culture tended to be higher throughout the 21-day culture period (p 
< 0.10; Figure 5D).

Background levels of HGF (40.3 ± 5.8 pg/mL), IL-8 (289.9 ± 174.9 pg/mL) and MCP-1 
(105.4 ± 55.2 pg/mL) were detected at the start of culture. In contrast to the growth 
factors and cytokines described above, significant increases in the concentrations of 
these factors were observed (Figure 5B, H & I). The concentration of HGF increased 
most rapidly in the CD34+ monoculture, where HGF concentration reached 11 202 ± 
5 421 pg/mL (≈ 270-fold increase) at day three (Figure 5B). By then, the concentration 
of HGF protein in the CD34+ monoculture was significantly higher than in the CD14+ 
monoculture (405.9 ± 68.4 pg/mL, p < 0.05) and the CD34 (1:100) CD14 co-culture (408.7 
± 73.5 pg/mL, p < 0.05). Concentrations of HGF protein in the CD14+ monoculture and 
in the CD34 (1:100) CD14 co-culture also increased during culture. HGF concentration 
reached a maximum of over 10 000 pg/mL in all cultures at day 21. 

Concentrations of IL-8 and MCP-1 also showed a more rapid increase in the CD34+ 
monoculture compared to the CD14+ monoculture and the CD34 (1:100) CD14 co-
culture. At day three, the concentration of IL-8 in the CD34+ monoculture was 25 
277 ± 6 474 pg/mL (≈ 240-fold increase). Increases in IL-8 concentrations were also 
observed in the CD14+ cell monocultures and in the CD34 (1:100) CD14 co-cultures 
(Figure 5H). Although these increases started later than in the CD34+ monocultures, 
concentrations of IL-8 increased even further. At day seven, concentrations of IL-8 
did not differ between CD14+ monocultures and CD34 (1:100) CD14 co-cultures and 
reached concentrations of 788 455 ± 460 545 pg/mL (≈ 2700-fold increase). The MCP-1 
protein concentration in CD34+ monocultures was 32 853 ± 5 549 pg/mL (≈ 310-fold 
increase) at day three and tended to be higher than MCP-1 concentrations in the CD14+ 
monocultures (294.1 ± 34.0 pg/mL, p < 0.10) and CD34 (1:100) CD14 co-cultures (537.8 ± 
140.6, p < 0.10, Figure 5I). Similar to IL-8 protein concentration, the MCP-1 concentration 
in the CD14+ monocultures and the CD34 (1:100) CD14 co-cultures increased more 
slowly, but reached higher levels (108 211 ± 47 400 pg/mL and 152 132 ± 32 371 pg/mL 

A B

Thrombin Generation

0
50

100
150
200
250
500

750

1000

ND

Th
ro

m
b

in
 C

on
ce

n
tr

at
io

n
(m

U
/m

L)
CD34

CD14

CD34 (1
:10) C

D14

CD34 (1
:100) C

D14

CD34 (1
:1000) C

D14

HUVEC
VSMC
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Figure 5. Production and secretion of growth factors and cytokines by cells in CD14-, CD34 monoculture or CD34 
(1:100) CD14 co-culture. Concentrations of bFGF (A; 190.0 ± 50.0 pg/mL), VEGFa (C; 271.0 ± 69.7 pg/mL), and 
TGF-β1 (F; 2 376.9 ± 231.8 pg/mL) were detected in the culture medium. Background levels of TNFα (G; 28.4 ± 16.9 
pg/mL) were also detected and although the TNFα concentration increased in the CD14 monocultures and in 
the CD34 (1:100) CD14 co-cultures during the first seven days, TNFα concentrations decreased to the initial levels 
during the follwing 14 days. Both ANG-2 and EGF were not detected at the start of culture and EGF remained 
undetermined throughout the culture period. ANG-2 concentration was higher in the CD34 (1:100) CD14 co-
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expressed as mean ± SEM of three independent experiments.
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respectively). Concentrations of MCP-1 remained high in all cultures throughout the 
21-day culture period, but did not differ between the cultures at day 21. 

To examine if differences in protein concentrations of HGF, IL-8 and MCP-1 were 
related to differences in gene expression between CD34+ cells and CD14+ cells in 
monoculture, we performed transcriptome analysis (Figure 5J). At day three of culture, 
CD34+ cells in monoculture had a higher gene transcript level for both MCP-1 (9-fold) 
and HGF (7-fold) compared to CD14+ cells in monoculture, but there was no biologically 
relevant difference in gene expression of IL-8 (< 2-fold).

conditioned medium cultures

To assess the effects of paracrine factors, CD14+ cells were cultured in the presence 
of conditioned culture media. Thereafter, expression of endothelial cell markers CD31, 
vWF, CD144 and eNOS was assessed by FACS analysis. Endothelial cell differentiation of 
monocultured CD14+ cells was approximately 63% (Figures 6A & B) and did not change 
by addition of conditioned medium from CD14+ cells. In fact, the co-expression of CD144 
and eNOS was decreased to approximately 40% (p < 0.01; Figure 6B). In contrast to the 
CD14+ cells conditioned medium, exposure to conditioned media from either CD34+ 
cells in monoculture, or CD34+/CD14+ co-cultures, significantly increased endothelial 
cell differentiation by CD14+ cells (Figures 6A & B). Co-expression of endothelial cell 
markers CD31 and vWF increased from 63% for CD14+ cells in monoculture to over 
95% in all the CD34+ cells-derived conditioned media (Figure 6A; p < 0.05). Similarly, 
the co-expression of endothelial cell markers CD144 and eNOS increased from 63% 
for CD14+ cells in monoculture to over 95% in all the CD34+ cells-derived conditioned 
media (Figure 6B; p < 0.001).

Neutralizing antibodies to HGF, IL-8 and MCP-1 were added to the conditioned 
medium in order to determine their influence on the increased endothelial cell 
differentiation. Neutralizing antibodies to HGF reduced the effect of the conditioned 
culture media by 30-60% (Figures 6C & D). Co-expression of endothelial cell markers 
CD31 and vWF was reduced by over 30% (p < 0.05) both in the CD34+- and in the 
CD14+ cells conditioned medium (Figure 6C). In contrast, HGF neutralizing antibodies 
added to CD14+ cell conditioned medium did not decrease co-expression of CD144 
and eNOS (p = 0.24). Co-expression of CD144 and eNOS, however, was reduced by 
approximately 50% when HGF neutralizing antibodies were added to CD34+/CD14+ 
cell conditioned media (p < 0.05; Figure 6D). A trend for decreased co-expression of 
CD144 and eNOS was found when HGF neutralizing antibodies were added to CD34+ 
cells conditioned media (p = 0.057), but did not reach statistical significance. Addition 
of neutralizing antibodies to either IL-8 or MCP-1 did not alter the co-expression of 
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Figure 6. CD34+ cell-derived conditioned medium augments endothelial cell differentiation of EPC. Culturing 
CD14+ cells in CD34-, or CD34/CD14 conditioned media resulted in increased co-expression of CD31 and vWF 
(A) and CD144 and eNOS (B) compared to CD14+ monocultures or CD14+ conditioned medium. The increase in 
endothelial marker expression was partially inhibited by neutralizing antibodies to HGF (C: CD31+vWF+ and 
D: CD144+eNOS+), but not by neutralizing antibodies to IL-8 (E: CD31+vWF+ and F: CD144+eNOS+) or MCP-1 (G: 
CD31+vWF+ and H: CD144+eNOS+). Phenotype data is expressed as mean ± SEM of positive cells by FACS analysis. 
The effects of neutralizing antibodies against HGF are expressed as the mean ± SEM percentage inhibition 
compared to mock IgG. All data were obtained from at least three independent experiments. ‡ = p < 0.10 versus 
CD14, * = p < 0.05 versus CD14, ** = p < 0.01 versus CD14, and *** = p < 0.001 versus CD14.
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combination with CD14+ cells and CD34+ cells form a microenvironment, i.e. the CFU, 
in which differentiation of primitive CD14+ cells towards an endothelial cell lineage is 
instructed. 

In agreement with our finding that co-cultivation of CD34+ cells and CD14+ cells 
results in increased endothelial cell differentiation in vitro (Figure 2), Yoon et al. 
showed increased endothelial cell differentiation in vitro and increased progenitor 
cell incorporation into the neovasculature when a mixture of CD14+ cells and CD34+ 
cells were co-injected into ischemic hind limbs of nude mice [202]. Similarly, in vivo 
co-localization of CD14+ cells and CD34+ cells at sites of active neovascularization and 
endothelial cell differentiation was reported by Anghelina et al. and Moldovan et al. 
[271;281;282]. 

Co-cultivation did not only resulted in increased expression of endothelial cell 
markers by CD14+ cells, but also in gain of endothelial cell functionality. In concurrence 
with the work of Smadja et al. who reported that umbilical cord EPC have anticoagulant 
effects [197], we show that CD14+ cell-derived endothelial cells actively inhibit 
thrombin formation in an in vitro coagulation assay (Figure 4) and thus can influence 
hemostasis.

Besides increased differentiation of functional endothelial cells, we show that 
co-cultivation of CD34+ cells and CD14+ cells results in increased proliferation of the 
CD14+ cells (Figure 3). In agreement with other studies, we found that monocultured 
CD14+ cells proliferate only scarcely [73;89;101;196;283]. However, when cultured in the 
presence of CD34+ cells, proliferation increased to approximately 10% at week three 
indicating differentiation of long-lived CD14+ cell-derived endothelial cells. Although 
higher levels of proliferation by CD14+ cells in pre-differentiation cultures have been 
described [88;90;284], only few reports describe the differentiation of a functional and 
proliferating endothelial cell population originating from CD14+ cells. Our finding that 
functional and proliferating endothelial cells can be differentiated from CD14+ cells, 
corroborates the findings of Elsheikh et al. and Romagnani et al. [75;285].

To assess whether the increase in endothelial cell differentiation and proliferation 
depends on cell-cell adhesions, we performed differentiation experiments using 
conditioned culture media from CD34+ and CD14+ monocultures. Although cell-cell 
adhesions were identified between cells with an endothelial cell- and with progenitor 
cell-morphology (Figure 1), CD34+ cells conditioned culture media displayed a similar 
increase in endothelial cell differentiation as seen in CD34+/CD14+ cells in co-culture 
(comparison Figures 2 and 6). Therefore, we conclude that CD34+ cells influenced 
the differentiation of CD14+ cells in a paracrine manner. This paracrine effect of 
CD34+ cells has been hypothesized previously. More precise, we and others have 
described the secretion of pro-angiogenic factors, such as MCP-1, IL-8, VEGF, and 
bFGF [65;100;122;267;268;274-276], by CD34+ cells both in vitro and in vivo, rather than 
endothelial cell differentiation and incorporation into the neovasculature by that same 
cell type.

Analysis of conditioned culture media revealed large increases in secreted IL-8, 
MCP-1 and HGF during a three week culture period. Notably, the gene transcripts of 
these factors were present at a higher level in CD34+ cells than in CD14+ cells, and 
the extracellular concentrations of these pro-angiogenic factors increased faster in 
the CD34+ cells culture media than in CD14+ cell conditioned media or the CD34+/

 
CD31 and vWF and CD144 and eNOS (Figures 6E-H).

Addition of recombinant human HGF to CD14+ cells in monoculture increased 
endothelial cell differentiation of CD14+ cells, as determined by co-expression of CD31 
and vWF (Figure 6I). The increase in endothelial cell differentiation caused by the 
addition of HGF was dose-dependent and had an EC50 of 11.09 ± 2.12 ng/mL.

discussion

Current gold standard cardiovascular therapies, such as percutaneous angioplasty 
and stenting, focus on the prevention of acute and ongoing tissue damage by relieve 
of the ischemia, rather than on tissue regeneration. Therefore, tissue regeneration by 
stem cell therapy is a promising new treatment strategy to treat ischemic diseases, 
such as myocardial infarction. However, cell therapy strategies that use peripheral 
blood derived progenitor cells as a source of endothelial progenitor cells have been 
hampered by low cell numbers, lack of cell proliferation and the absence of cellular 
contribution to the neovasculature. In this study, we have shown that (1) culturing 
human MNC under angiogenic conditions the formation of colony forming unit-
endothelial cells (CFU-EC) in which CD34+-derived cells and CD14+-derived cells co-
localize, (2) the interaction between CD34+-derived cells and CD14+-derived cells 
results in increased endothelial cell differentiation of the CD14+-derived cells in a 
paracrine and HGF-dependent manner, and (3) results in the generation of a functional 
and proliferating endothelial cell population in vitro.

Although the CD34+ stem cell has been regarded as the archetype endothelial 
progenitor cell (EPC), its cellular incorporation into the neovasculature is hardly 
observed [71;266;267]. In fact, there is a growing body of literature showing that 
endothelial-like cells of monocytic (i.e. CD14+) origin influence neovascularization 
[87;202;268;271-273]. We have previously shown that monocyte depletion results 
in reduced neovascularization of ischemic areas after myocardial infarction [270]. 
Furthermore, data from both animal experiments and clinical trials suggests that 
the CD34+ cell augments neovascularization and endothelial cell differentiation 
in a paracrine manner, rather than by incorporation into the neovasculature 
[65;100;122;267;268;274-276]. In addition, Bonello et al. reported increased numbers of 
circulating CD14+ cells after angioplasty-induced endothelial cell damage [277]. These 
circulating CD14+ cells may be mobilized by increased levels of HGF after angioplasty 
[278] and help to repair the injured endothelium [87;279] by mechanisms described 
here. 

Here we aimed to investigate the interaction between CD34+ cells and CD14+ cells 
in vitro. We have shown that the culture of MNC results in a co-localization of CD34+-
derived cells and CD14+-derived cells (Figure 1). Similarly, Yoon et al. showed that early 
endothelial cell outgrowth colonies comprised of CD14+ monocytic cells and CD14- 
cells [202]. As shown in Figure 1, we postulate that the CD14- cells observed by Yoon 
et al., are in fact CD34+-derived cells. Complementary, Rohde et al. in a recent study 
showed that interaction of CD14+ cells with T-lymphocytes was accountable for the 
formation of these CFU-EC in vitro [280].  However, the influence of T-lymphocytes 
on endothelial cell differentiation was not investigated. This suggests that T-cells, in 
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CD14+ co-culture media (Figure 5). This suggests that these factors are actively taken 
up by the CD14+ cells and used during downstream signaling cascades. Therefore, 
we investigated the effects of these factors on endothelial cell differentiation by 
CD14+ cells using neutralizing antibodies against IL-8, MCP-1 and HGF. IL-8 and MCP-1 
have been described as angiogenic cytokines. In this context, IL-8 and MCP-1 were 
associated with the recruitment and migration of CD14+ cells [268;281;286-289], CD14+ 
cell adhesion [87], growth factor secretion [290-292] and endothelial cell proliferation 
[293]. Although IL-8 and MCP-1 are involved in the induction of angiogenesis and cell 
recruitment, we did not observe inhibition of endothelial cell differentiation by IL-8 nor 
MCP-1 neutralizing antibodies in vitro (Figure 6). This suggests that IL-8 and MCP-1 act 
at a different level on CD14+ cells during neovascularization, other than endothelial cell 
differentiation. In contrast, neutralizing antibodies to HGF did decrease endothelial cell 
differentiation by CD14+ cells and addition of HGF to CD14+ cells in monoculture did 
increased endothelial cell differentiation of these cells in a dose-dependent manner 
(Figure 6). Our observation in vitro appears to be supported by in vivo data of Cai et 
al. who showed that HGF is an obligatory molecule for revascularization of ischemic 
tissue [294]. Furthermore, Bordoni et al. have shown that hepatocyte-conditioned 
medium was able to influence endothelial cell differentiation by EPC in vitro [295]. 
These findings support our finding that indeed HGF is involved in endothelial cell 
differentiation by CD14+ cells. 

conclusion

In summary, we show that co-cultivation of CD34+ cells and CD14+ cells results in 
increased differentiation of human CD14+ cells towards functional and proliferating 
endothelial cells in vitro. The increased differentiation and proliferation were 
dependent on paracrine signaling through HGF, rather than on cell-cell contacts. 
Taken together, the combination of CD14+ cells and CD34+ cells yields a proliferating 
population of endothelial cells that may be a suitable cell source that can be applied as 
cell therapeutic for treatment of cardiovascular diseases, and can augment therapeutic 
neovascularization in various disease models.
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abstract

Therapeutic neovascularization by autologous endothelial progenitor cells represents 
a novel treatment for ischemic injuries; however incorporation of CD34+ cells is debated. 
Recent reports indicate that CD14+ cells can also differentiate into endothelial cells following 
ischemic injury. We examined whether combined implantation of CD34+ cells and CD14+ 
cells would augment therapeutic neovascularization in a nude mouse model. Human 
CD34+ and CD14+ cells were isolated from peripheral blood and implanted subcutaneously 
into nude mice using Matrigel as carrier. There was no differential gene expression for IL-8, 
MCP-1, BFGF, HGF and VEGFa, but stimulating CD14+ cells with CD34+ conditioned medium 
(CM) amplified protein secretion of MCP-1 and BFGF. In vitro, mouse-derived monocytes 
migrated towards CD34+ and CD14+ CM, which was abrogated by neutralizing antibodies 
to IL-8 or MCP-1. Also, proliferation of mouse-derived endothelial cells increased by CD34+ 
and CD14+ CM in a HGF-dependent manner. Combined implantation of human CD34+ and 
CD14+ cells resulted in superior cell recruitment and neovascularization, compared to either 
cell type alone and was abrogated by neutralizing antibodies to IL-8 or MCP-1. Neutralizing 
antibodies to HGF reduced neovascularization without affecting cell recruitment. Combined 
implantation of human CD34+ and CD14+ cells induced superior neovascularization 
compared to either cell type alone. Neovascularization did not result from human cell 
incorporation but relied on amplified paracrine pro-angiogenic signaling.

introduction

Cell therapy is considered to be a new treatment for ischemic diseases such as 
coronary artery disease and myocardial infarction. Endothelial progenitor cells (EPC) 
contribute to neovascularization [46;296], and therefore have therapeutic potential in 
regeneration of the ischemic heart. We have previously demonstrated that CD34+ cells 
are superior to CD133+ and KDR+ cells with regard to the induction of neovascularization 
and inflammatory cell recruitment [100], and these CD34+ cells are currently evaluated 
in clinical trials [297]. 

However, the mechanism by which CD34+ cells contribute to neovascularization is 
still unclear. Differentiation into endothelial cells and incorporation of CD34+ cells into 
the neovasculature, albeit in low numbers, has been described [199;274]. We, and others, 
have demonstrated a paracrine function of CD34+ cells, inducing neovascularization 
by the formation of an angiogenic microenvironment [100;199;268;274]. Additionally, 
human CD34+ cells secrete IL-8 and MCP-1 in vivo, which recruits monocytes [100;268]. In 
an angiogenic microenvironment, these monocytes contribute to neovascularization 
by the further secretion of angiogenic factors [64;202] or may differentiate into 
endothelial cells [101;113] and incorporate into the neovasculature [73;282]. 

Previously, we have demonstrated that co-cultivation of human CD34+ and CD14+ 

cells results in an increased differentiation of CD14+ cells into functional endothelial 
cells in vitro [113]. The enhanced differentiation was attributed to the secretion of 
HGF by CD34+ cells, since neutralizing antibodies to HGF inhibited the endothelial 
differentiation of the CD14+ cells for up to 60%. Furthermore, addition of HGF to 
CD14+ cells replaced the paracrine effect of co-cultured CD34+ cells [113]. Hence, we 
hypothesized that combined subcutaneous implantation of CD34+ and CD14+ cells 
would result in neovascularization with higher efficacy than either cell type alone. To 
this end, we investigated the CD34+ cell-induced neovascularization in our established 
model of Matrigel implants [100;268]. Furthermore, we dissected the contribution of 
human CD14+ cells to neovascularization through the secretion of paracrine factors or 
by incorporation into the neovasculature in vivo. 

animals and methods

animals

Male, athymic nude mice (Harlan, the Netherlands), 8-10 weeks of age, were held 
under specific pathogen-free conditions in individual ventilated cages and received 
sterile food and water ad libitum. Animal experimentation was approved by the local 
Ethical Committee on Animal Experiments (DEC4186) and was conducted according to 
governmental and institutional guidelines on animal experimentation.
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complex (all DakoCytomation, Denmark). 3-Amino-9-ethylcarbazole (Sigma-Aldrich, 
MO) was used as a substrate.

gene transcript and protein production analyses

Human CD34+ cells and CD14+ cells were cultured on fibronectin-coated (1 μg/
cm2; Harbor Bio-Products, MA) in RPMI1640, supplemented with 20% fetal bovine 
serum (both BioWhittaker, Belgium), 5 U/mL heparin (LeoPharma, Denmark), 2 mM 
L-glutamine (GIBCO/Invitrogen, CA) and 1% Penicillin/Streptomycin (Sigma-Aldrich, 
MO) for 48 hours. CD14+ cells were cultured in CD34+ cell conditioned medium 
(CD34+ CM) in triplicate, in order to determine CD34+ cell-induced changes in CD14+ 
cell gene expression. Thereafter, total RNA was isolated using a RNeasy Microprep 
Kit (Qiagen, CA) following manufacturer’s protocol. RNA integrity was determined 
by gel electrophoresis and RNA purity and concentration by spectrophotometry 
(Nanodrop Technologies, NC). Aliquots of 100 ng total RNA were reverse transcribed 
using the First Strand cDNA Synthesis Kit (Fermentas UAB, Lithuania) and 1 μL of 
cDNA was used for amplification in 384-well microtiter plates in a TaqMan ABI7900HT 
cycler (Applied Biosystems, CA) in a final reaction volume of 10 μL containing 5 μL 
TaqMan universal PCR Master Mix (Applied Biosystems, CA) and 0.5 μL primer/probe 
mix. Applied Biosystems ‘assay on demand’ primer/probe sets were used to detect 
amplimers of β-2-Microglobulin (β2M; Hs99999907_m1), MCP-1 (Hs00234140_m1), 
IL-8 (Hs00174103_m1), BFGF (basic FGF; Hs00960934_m1), HGF (Hs00300159_m1), and 
VEGFa (Hs00900055_m1). Cycle threshold (CT) values for individual reactions were 
determined using ABI Prism SDS 2.2 data processing software (Applied Biosystems, 
CA). To determine differences in gene transcripts between CD34+ cells and CD14+  or 
between CD14+ cells and stimulated CD14+ cells, CT-values were normalized against β2M 
using the ΔCT-method (ΔCT(gene) = CT(gene) – CT(β2M)). To correct for interassay variance, ΔCT 
values were normalized against expression levels of an external calibrator (ΔΔCT(gene) = 
ΔCT(gene) – ΔCT(calibrator)). Fold variance in transcript levels between CD34+ cells and CD14+ 
cells, and between CD14+ cells and stimulated CD14+ cells, were calculated as 2-(ΔΔΔCT), 
where ΔΔΔCT(gene) = ΔΔCT(gene;CD34) – ΔΔCT(gene;CD14). All cDNA samples were amplified 
in triplicate and RNA controls were included to test for primer binding to genomic 
DNA. Differences of a two-fold higher or greater were considered to be biologically 
relevant.

For the analysis of protein production by human CD34+ cells, human CD14+ cells 
and CD34+ cell conditioned medium-stimulated CD14+ cells, cells were cultured as 
described above in RPMI1640 supplemented with 2% fetal bovine serum, 1% penicillin/
streptomycin and 2 mM L-glutamine for 48 hours. Concentrations of growth factors 
and cytokines were determined using multiplex protein analysis by PerBio Sciences 
(Carmlington, UK).

migration assays

Human CD34+ cells and CD14+ cells were cultured as described above in RPMI1640 
supplemented with 2% fetal bovine serum, 1% penicillin/streptomycin and 2 mM 
L-glutamine. After 48 hours, the ‘conditioned’ culture medium was removed and 

isolation of human cd34+ cells and human cd14+ cells

Human CD34+ cells and CD14+ cells were isolated from buffy coats of 0.5L peripheral 
blood (Sanquin, The Netherlands) as described previously [113]. Flow cytometric 
analysis using PE-conjugated mouse antibodies to human CD34 (BD Biosciences, CA) 
or CD14 (IQ Products, The Netherlands) revealed average purities of 99.17 ± 0.21% for 
isolated CD34+ cells (n=9) and 97.56 ± 1.07% for isolated CD14+ cells (n=9).

subcutaneous injection of cell-loaded matrigel plugs

Mice were anesthetized with a mixture of isofluorane (Forene/Abbott BV, The 
Netherlands) and oxygen. Isolated human CD34+ cell and CD14+ cells were mixed to 
ratios from 0:0, 1:0, 0:1, 1:10, 1:100 and 1:1000 (CD34 to CD14, respectively) and were 
labeled fluorescently using CM-DiI (Molecular Probes/Invitrogen, CA) according to 
manufacturer’s protocol. Aliquots of 10 000 cells were added to 200 μL Matrigel (BD 
Biosciences, CA) and injected subcutaneously into the flanks of the animals. In some 
cases, neutralizing goat antibodies to human HGF, IL-8, MCP-1 or Mock (3 μg/mL; all 
R&D System, MA) were added to the cell-loaded Matrigels. To investigate the influence 
of paracrine factors on neovascularization, some Matrigels were supplemented with 
recombinant human VEGFa (10 ng/mL), bFGF (10 ng/mL), HGF (20 ng/mL), IL-8 (10 ng/
mL) and MCP-1 (10 ng/mL; all Peprotech, CA) without the addition of cells. At 14 days 
after implantation, the mice were anesthetized and terminated by cervical dislocation 
after explantation of the Matrigels. Matrigels were fixed in either 2% glutaraldehyde 
(in 0.1M sodium phosphate buffer) or Zinc fixative (0.1M Tris buffer, pH 7.4 with 0.5g 
CaCH2COO, 5g (CH2COO)2Zn•2H2O and 5g ZnCl2 per liter; MERCK, Germany) for further 
tissue processing.

(immuno)histochemical analyses

For histochemical analyses, glutaraldehyde-fixed explants were dehydrated, resin 
(Technovit 7100, Heraeus Kulzer, Germay) embedded, sectioned at 2 μm and stained 
using toluidine blue according to standard procedures. Toluidine blue-stained sections 
were randomized and evaluated for cellular and capillary density. Photomicrographs of 
the whole tissue section were taken using a Leica DC300F camera mounted on a Leica 
DMLB microscope (Leica Microsystems, Germany). The cellular density was calculated 
by counting all nucleated cells and dividing their number by the total area of Matrigel. 
The vascular structures that were scored contained capillaries (tubular structures 
formed by a single-spindle-shaped cell) and small vessels (tubular structures consisting 
of 2-4 endothelial cells) as described previously [100;268]. The capillary density was 
calculated as the total number of vascular structures per unit area of Matrigel.

For immunohistochemical analysis, 4 μm sections were prepared from zinc-
fixed, paraffin-embedded explants, which were dewaxed before staining. Murine 
endothelium was detected with rat antibodies to mouse CD31 (BD Pharmingen, 
CA), murine monocytes/macrophages were detected with rat antibodies to mouse 
MoMa-2 (Serotec, UK). Additionally, sections were incubated with biotinylated rabbit 
antibodies to rat IgG and horse radish peroxidase-conjugated streptavidin-ABC-
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results

cd34+ cell induced neovascularization

CD34+ cell-loaded Matrigels and bare Matrigel controls were subcutaneously 
implanted in nude mice. After 14 days, Matrigels were explanted and processed for 

filtered through a 0.2 μm filter to remove any cell debris. To generate CD34+/CD14+ 
cell conditioned medium, conditioned medium from CD34+ cell cultures was added to 
CD14+ cells and cultured for an additional 48 hours.

Migration assays were performed in triplicate for pooled CD34+ cell conditioned 
medium, CD14+ cell conditioned medium and CD34+/CD14+ cell conditioned 
medium using a 48-well micro-chemotaxis chamber (Neuroprobe, MD) according 
to manufacturer’s instructions. RAW264.7 responder cells (a murine monocyte/
macrophage cell line) were used to study migration towards the conditioned media. 
Spontaneous migration of RAW264.7 responder cells was used as negative control and 
migration towards 10 μM histamine (Sigma-Aldrich, MO) was used as positive control. 
The migratory capacity was tested using conditioned media which was supplemented 
with neutralizing antibodies to human IL-8, MCP-1 and HGF or Mock IgGs (5 μg/
mL; all R&D Systems, MN). The RAW264.7 responder cells were allowed to migrate 
at 37°C, 5% CO2 in 100% humidity for 4 hours. Thereafter, the chemotaxis chamber 
was disassembled and the filter (8 μm pore size) was fixed and stained using Diff-
Quik (Medion Diagnostics, Switzerland). The filter was mounted on a glass slide and 
photomicrographs were taken on a 100x lens magnification. The migration towards 
10 μM histamine was set at 100% and the migration towards conditioned media was 
calculated accordingly.

endothelial cell proliferation assays

To study the effect of conditioned culture media on the proliferation of endothelial 
cells, H5V cells (a murine endothelial cell line) were cultured on gelatin-coated (10 
μg/cm2; Sigma-Aldrich, MO) wells plates. H5V endothelial cells were a kind gift of Dr. 
Annunciata Vecchi (Istituto Clinico Humanitas, Rozzano, Italy). Before analysis, H5V cells 
were serum-starved by reducing the fetal bovine serum from 10% to 2% for 48 hours. 
Thereafter, culture medium was replaced by either CD34+ cell conditioned medium, 
CD14+ cell conditioned medium or CD34+/CD14+ cell conditioned medium and the 
H5V cells were cultured for an additional 48 hours. RPMI1640 containing 10% or 2% 
fetal bovine serum were used as positive and negative controls respectively.

To analyze cell proliferation, H5V cells were fixed using ice-cold methanol:acetone 
(1:1) and post-fixed using 2% paraformaldehyde (in 0.1M sodium phosphate buffer), 
rehydrated and stained using rabbit polyclonal antibodies to Ki67 (Monosan, UK), 
followed by fluorescein-conjugated donkey antibody fragments to rabbit IgGs (Jackson 
ImmunoResearch, UK). Nuclei were visualized using 4’,6-diamidino-2-phenylindole 
(DAPI; Sigma-Aldrich, MO) and image analysis was performed on a Leica DMRXA 
fluorescence microscope (Leica Microsystems, Germany).

statistical analysis

All data are expressed as mean ± standard error of mean. The Mann-Whitney 
U-test was used to detect statistical differences between cell-loaded Matrigels and 
bare Matrigel controls. For multiple comparisons testing, one-way ANOVA followed by 
Bonferroni post hoc analyses were performed. Probabilities (p) of less than 0.05 were 
considered to be statistically significant.
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Figure 1. Human CD34+ cell-induced neovascularization. CD34+ cell-loaded Matrigel explants were highly 
vascularized (A), whereas hardly any vessel was detected in bare Matrigel controls (B). Erythrocytes in the lumen 
of some neovessels indicate functional coupling to the murine vasculature (A, insert). Neovessels were of murine 
origin and stained positive for murine CD31 (C). CD34+ cell-loaded Matrigel explants showed increased capillary 
density (D) and recruitment of monocyte/macrophages (E,F) that lined the neovasculature (arrows). The influx 
of monocyte/macrophages correlated positively with the amount of neovascularization (G). MG = Matrigel, **= 
p < 0.01.
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chemoattractants IL-8 and MCP-1, and the growth factors BFGF, HGF and VEGFa. 
The concentration of IL-8 was higher in the culture supernatant from CD34+ cells 
than in the supernatant from naive CD14+ cells (3.14 ± 0.29 versus 2.02 ± 0.05 ng/mL, 
respectively; p < 0.05), but was similar to CD34+/CD14+ CM (3.14 ± 0.29 versus 2.61 ± 
0.21 ng/mL, respectively; Figure 3C). Similar amounts of MCP-1 were found in the 
culture supernatants of CD34+ cells and CD14+ cells (3.94 ± 0.34 versus 3.03 ± 0.04 ng/
mL, respectively). MCP-1 concentration in the CD34+/CD14+ CM was higher compared 
to both the CD34+ cell supernatant (~2-fold; p < 0.001) and CD14+ cell supernatant 
(~2.5-fold; p < 0.001; Figure 3D). The concentration of bFGF was higher in the CD34+ 
cell supernatants than in the CD14+ cell supernatants (2.11 ± 0.17 versus 0.85 ± 0.04 ng/
mL, respectively; p < 0.001) and was even higher in the CD34+/CD14+ CM (3.30 ± 0.11 
ng/mL; p < 0.01 versus CD34+ cells and p < 0.001 versus CD14+ cells, respectively; Figure 
3E). The concentration of HGF was also higher in the CD34+ cell culture supernatants 
than in the CD14+ cell supernatants (4.17 ± 0.27 versus 1.8 ± 0.29 ng/mL, respectively; p 
< 0.001), and tended to be higher than in the CD34+/CD14+ CM (4.17 ± 0.27 versus 3.16 ± 
0.18 ng/mL, respectively; p < 0.10), indicating consumption of this growth factor (Figure 
3F). The protein concentration of VEGFa was also higher in CD34+ cell supernatants 
than in the CD14+ cell supernatants (1.26 ± 0.14 versus 0.43 ± 0.06 ng/mL, respectively; 
p < 0.01), but did not differ from the VEGFa concentration in the CD34+/CD14+ CM (1.26 
± 0.14 versus 0.93 ± 0.02 ng/mL, respectively; Figure 3G).

 

(immuno-)histochemical analysis. Similar to our previous findings [100;268], we found 
vascularization of the cell-loaded Matrigel implants (Figure 1A), while vascularization 
was hardly observed in bare Matrigel controls (Figures 1B & D; p < 0.01). Some neovessels 
were functionally coupled to the host vasculature, indicated by the presence of 
erythrocytes in the lumen (Figure 1A, insert). Neovessels were of murine origin (Figure 
1C) and did not contain human cells (data not shown).

Neovascularization was accompanied by recruitment of monocytes/macrophages, 
which aligned the capillary-like structures (Figures 1E & F). Furthermore, the amount of 
neovascularization correlated positively with the influx of monocytes/macrophages (r 
= 0.59, p = 0.007; Figure 1G).

cd34+/cd14+ cell induced neovascularization

We investigated the neovascularization efficacy of CD34+ and CD14+ cells either 
implanted alone or in mixed ratios varying from 1:10-1:1000 (CD34:CD14). All cell-
loaded Matrigel implants showed higher capillary formation than bare Matrigel 
controls (p < 0.05). CD34+ cells induced the formation of, erythrocyte-filled, functional 
small-sized vessels in the Matrigel implants (Figure 2A). CD14+ cell-loaded Matrigels 
also induced neovascularization, although at a lower density compared to CD34+ cells 
(56.5 ± 7.4 versus 71.0 ± 8.7 capillaries/mm2, respectively). The capillary-like structures 
in the CD14+ cell-loaded Matrigel implants were void of erythrocytes (Figure 2B). Vessel 
formation in Matrigels loaded with both CD34+ and CD14+ cells (1:10 ratio) was superior 
to either cell type alone (p < 0.05; Figures 2C & F). This effect was dose-dependent and 
was no longer observed when CD34+ cells were mixed with CD14+ cells in a ratio of 
1:100 or more (Figure 2E). Erythrocytes in the lumen of these blood vessels indicated 
functional coupling to the host vasculature. Contrary to vessel formation in CD34+ cell-
loaded Matrigels, human cells were identified in capillary-like structures (Figure 2D, 
arrow), albeit at low numbers. 

production of an angiogenic niche by cd34+ cells and cd14+ cells

We investigated the production of two chemoattractants of inflammatory cells, 
interleukin-8 (IL-8) and monocyte chemotactic protein-1 (MCP-1), and three angiogenic 
growth factors, fibroblast growth factor-2 (bFGF), hepatocyte growth factor (HGF) and 
vascular endothelial growth factor-a (VEGFa), by human CD34+ and CD14+ cells both 
on gene transcript level and on secreted protein level. CD34+ cells had a higher gene 
transcript level for MCP-1 (~9-fold) than human CD14+ cells. In contrast, no difference 
in gene expression was found between the CD34+ cells and the CD14+ cells for IL-8 
(Figure 3A). The transcripts for BFGF (~8-fold), HGF (~7-fold) and VEGFa (~4-fold) were 
expressed more in the CD34+ cells compared to the naive CD14+ cells (Figure 3A). 
Surprisingly, when CD14+ cells were incubated with conditioned medium from CD34+ 
cell cultures (CD34+ CM), expression of MCP-1 (~8-fold), bFGF (~7-fold), HGF (~6-fold) 
and VEGFa (~8-fold) increased (Figure 3B). No alteration in gene expression of IL-8 
observed after stimulation of naive CD14+ cells with CD34+ CM (Figure 3B).

Culture supernatants from CD34+ cells, naive CD14+ cells and from CD34+ 
CM-stimulated CD14+ cells (CD34+/CD14+ CM) were analyzed for the presence of 
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Figure 2. Neovascularization following co-implantation of human CD34+ and CD14+ cells. Capillaries formed 
in the CD34+ cell-loaded Matrigel implants (A) and in the CD14+ cell-loaded Matrigel implants (B). Erythrocytes 
were found in the lumen of CD34+ cell-loaded Matrigel implants, but were absent in the CD14+ cell-loaded 
Matrigels. Matrigel implants loaded with both CD34+ cells and CD14+ cells (CD34(1:10)CD14; C) showed increased 
capillary formation, compared to either cell type alone (F). In the CD34(1:10)CD14 implants, human, DiI-positive 
cells aligned the vessel-like structured (D). MG = Matrigel, *= p < 0.05, **= p < 0.01, ***= p < 0.001.
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Figures. 4A & B). RAW264.7 migration towards CD34+ CM was higher than the CD14+ 
CM (p < 0.05). The CD34+/CD14+ CM had the highest recruiting effect on RAW264.7 
cells (p < 0.05 versus CD34+ CM and p < 0.001 versus CD14+ CM). Migration towards 
the CM-gradients decreased to baseline when either neutralizing antibodies against 
IL-8 or MCP-1 were added to the CM. Neutralizing antibodies to HGF did not affect 
RAW264.7 migration (Figures 4A-C).

We further analyzed if the conditioned media could affect proliferation of H5V 
cells, a mouse endothelial cell-line. All conditioned media increased proliferation 
of H5V cells (Figures 4D-F) but with different efficiencies. CD34+ CM increased H5V 
proliferation by 30% compared to 2% FBS controls, while CD14+ CM increased H5V 
proliferation by only 14%. CD34+/CD14+ CM induced the highest proliferation rates 
(p < 0.001 versus CD34+ CM and p < 0.001 versus CD14+ CM). H5V proliferation was 
increased by 47% compared to controls. Neutralizing antibodies to IL-8 or MCP-1 did 
not affect proliferation but neutralizing antibodies to HGF decreased H5V proliferation 
in all media tested (Figure 4F).

in vitro effects of cd34+ cell and cd14+ cell-derived paracrine factors

The conditioned media from CD34+ cells (CD34+ CM) and CD14+ cells (CD14+ CM) 
had a recruiting effect on the RAW264.7 monocytes (p < 0.001 versus spontaneous; 
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Figure 3. Production of an angiogenic niche by CD34+ and CD14+ cells. CD34+ cells had higher gene transcription 
for MCP-1, FGF-2, HGF and VEGFa compared to naive human CD14+ cells (A). Stimulating naive CD14+ cells with 
CD34+ cell conditioned medium (CD34+ CM) for 48 hours, increased gene transcription of MCP-1, bFGF, HGF and 
VEGFa by CD14+ cells (B). Protein concentrations of IL-8 (C) and VEGFa (G) were higher in CD34+ cell cultures than 
in CD14+ cell cultures, but similar to CD34+ cell-stimulated CD14+ cells (C and G). MCP-1 protein concentration 
was similar in CD34+ cell and CD14+ cell cultures, but was increased in the CD34+ cell-stimulated CD14+ cell 
medium (D). The concentrations of bFGF (E) and HGF (F) were higher in medium from CD34+ cells, compared to 
CD14+ cells (E-F). The concentration of bFGF was higher in the CD34+ cell-stimulated CD14+ cell cultures (E), while 
the HGF concentration tended to be lower in the CD34+ cell-stimulated CD14+ cell cultures (F). * = p < 0.05, ** = 
p < 0.01, *** = p < 0.001.
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Figure 4. Influences of paracrine factors in vitro. RAW264.7 responder cells showed high migratory activity 
towards all conditioned media samples (A). Migration was decreased by addition of neutralizing antibodies to 
IL-8 or MCP-1, but not to HGF (A). Proliferation of H5V endothelial cells was analyzed by Ki67 expression (B-D). H5V 
proliferation was increased by all conditioned media and inhibited by the addition of neutralizing antibodies 
to human HGF (D). Representative pictures of H5V cells incubated with CD34(1:10)CD14 conditioned media are 
presented with (C) or without (B) the addition of HGF neutralizing antibodies. CM = conditioned media, Nabs = 
neutralizing antibodies, § = p < 0.10, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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MCP-1 and HGF (Figure 6D). The addition of the cytokine/growth factor pentet to the 
Matrigels induced similar cell recruitment and capillary formation as the cell-loaded 
Matrigels (Figures 6E-F). Addition of neutralizing antibodies to the cytokine/growth 
factor-loaded Matrigels reduced cell recruitment and capillary formation to the level 
of bare Matrigel controls (Figures 6E-F).

discussion

Current cell therapy strategies that use peripheral blood-derived CD34+ progenitor 
cells are hampered by low cell numbers and the low cellular incorporation into the 
neovasculature. Hence, the use of CD34+ progenitor cells to treat ischemic diseases is 
under debate. We dissected the function CD34+ cells in our subcutaneous model for 
therapeutic neovascularization [100;268] and show that (1) CD34+ cells contribute to 
neovascularization through paracrine signaling, which involves recruitment of (CD14+) 
monocytes and secretion of angiogenic growth factors, (2) combined implantation 
of CD34+ and CD14+ cells increases neovascularization through amplified paracrine 
signaling, and (3) that neovascularization of Matrigel implants depends primarily on 
paracrine signaling through  IL-8, MCP-1 and HGF by both cell types.

CD34+ cells have been regarded as the archetype endothelial progenitor cell [46], 
however incorporation of CD34+ cells into the neovasculature is rarely observed and 

neovascularization through paracrine signaling of cd34+/cd14+ cells

We investigated the effect of IL-8, MCP-1 and HGF on CD34(1:10)CD14 cell-induced 
neovascularization. Implantation of CD34(1:10)CD14 cell-loaded Matrigels into nude 
mice led to recruitment of host-derived cells (617.7 ± 45.3 cells/mm2 Matrigel) and 
the formation of capillary-like structures (100.2 ± 15.0 capillaries/mm2 Matrigel). The 
addition of Mock IgGs (Figure 5A) to the cell-loaded Matrigel had no effect on cell 
recruitment and neovascularization, but the addition of neutralizing antibodies to IL-8 
(Figure 5B) decreased cell recruitment and capillary formation by ~35% (p < 0.05) and 
~57% (p < 0.001), respectively. Similarly, neutralizing antibodies to MCP-1 (Figure 5C) 
showed a reduction in cell recruitment of ~42% (p < 0.01) and capillary formation of 
~68% (p < 0.001) compared to IgG controls. Neutralizing antibodies to HGF (Figure 5D) 
had no effect on cell recruitment to the cell-loaded Matrigel implants (Figure 5E), but 
highly reduced capillary formation (~72% reduction; p < 0.001; Figure 5F) compared to 
Mock IgG controls.

neovascularization through paracrine factors

To analyze the dependence of neovascularization of Matrigels on paracrine 
signaling by human cells, Matrigels were loaded either with CD34(1:10)CD14 cells 
(Figure 6B) or with a pentet of chemokines and growth factors (IL-8, MCP-1, bFGF, HGF 
and VEGFa), solely (Figure 6C) or with the addition of neutralizing antibodies to IL-8, 
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Figure 5. CD34(1:10)CD14-induced neovascularization depends on paracrine signaling. CD34(1:10)CD14 cell-
loaded Matrigel implants show recruitment of host-derived cells and capillary formation after subcutaneous 
implantation (A,E-F). Cell recruitment and capillary formation decreased by the addition of neutralizing 
antibodies to IL-8 (B,E-F) or MCP-1 (C,E-F), but not by neutralizing antibodies to HGF (D-E). The addition of HGF 
neutralizing antibodies did decrease capillary formation (D&F). Nabs = neutralizing antibodies, * = p < 0.05, ** 
= p < 0.01, *** = p <0.001.
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Figure 6. Paracrine factors induce neovascularization. CD34(1:10)CD14 cell-loaded Matrigels induced more 
host-cell recruitment and capillary formation compared to bare Matrigel controls (A-B,E-F). Bare Matrigels 
supplemented with a pentet of growth factors and chemokines (IL-8, MCP-1, bFGF, HGF and VEGFa; C) induced 
host cell recruitment and capillary formation similar to CD34(1:10)CD14 cell-loaded Matrigels (E-F). The addition 
of neutralizing antibodies to IL-8, MCP-1 and HGF tot the growth factor/cytokine pentet (D) reduced host cell 
recruitment and capillary formation to the level of bare Matrigel controls (E-F). MG = Matrigel, GFs = growth 
factor/cytokine pentet (IL-8, MCP-1, bFGF, HGF and VEGFa), Nabs = neutralizing antibodies, ** = p < 0.01, *** = 
p < 0.001.
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Proliferation of mouse endothelial cells was increased by paracrine factors in the 
CD34+/CD14+ CM and this increase was abrogated by the addition of HGF neutralizing 
antibodies. This indicates that HGF may contribute to neovascularization by increasing 
sprouting angiogenesis [301]. This was confirmed in vivo where HGF neutralizing 
antibodies reduced capillary formation without affecting cell recruitment. These 
data indicate a role for HGF in either sprouting angiogenesis, or endothelial cell 
differentiation and capillary formation by recruited monocytes. Supporting the latter, 
we have previously reported a major role for HGF in the endothelial differentiation of 
CD14+ cells [113]. Supporting the former, others reported HGF-dependence in capillary 
sprout formation [302].

We subsequently hypothesized that endothelial progenitor cell-induced 
neovascularization of Matrigel implants relied, for the major part, on the actions of 
IL-8, MCP-1, bFGF, HGF and VEGFa. Hence, we investigated neovascularization by 
incorporating this pentet of chemokines and growth factors into Matrigel and found 
similar cell recruitment and capillary density as in endothelial progenitor cell-induced 
neovascularization. 

conclusion

Taken together, combined implantation of CD34+ and CD14+ cells induces superior 
neovascularization compared to either cell type alone. Neovascularization is initiated 
through the production of angiogenic factors including IL-8 and MCP-1, for the active 
recruitment of monocytes, and growth factors bFGF, HGF and VEGFa, which induce 
sprouting angiogenesis and/or endothelial cell differentiation by recruited cells (Figure 
7). These data provide new insights on neovascularization by cell transplantation and 
may contribute to cell therapeutic strategies for treatment of ischemic diseases.

only in low numbers [274]. However, clinical trials suggest a positive contribution of 
CD34+ cells in the prevention of tissue damage and restoration of the vasculature 
after myocardial infarction [297;298], suggesting a paracrine function for CD34+ 
cells in tissue revascularization. We dissected the paracrine role of CD34+ cells in 
our subcutaneous model for neovascularization and found that CD34+ cell-induced 
neovascularization is accompanied by influx of (CD14+) monocytes that spatially 
associate with the neovasculature. Previously, we demonstrated the importance of 
monocytes in neovascularization by showing that monocytes can act as endothelial 
precursors and differentiate into mature endothelial cells [101;113]. We furthermore 
showed that CD14+ cell-depletion decreases neovascularization following myocardial 
infarction in mice [270]. These findings are corroborated by recent reports that show 
induction of neovascularization following the injection CD14+ cells into mouse hearts 
after myocardial infarction or into ischemic hind limbs [64;299].

We questioned if the addition of CD14+ cells to the Matrigel implants would increase 
neovascularization and implanted Matrigel implants loaded with CD34+ and CD14+ 
cells subcutaneously into nude mice. Combined implantation of CD34+ cells and CD14+ 
cells increased neovascularization, in a dose-dependent manner, by ~41% compared 
to CD34+ cell-induced neovascularization. Furthermore, CD14+ cells could be detected 
in close proximity to the neovessels, albeit in low numbers. We contemplated that 
increased neovascularization, without the incorporation of CD14+ cells, could only be 
caused by differential or amplified paracrine signaling. Hence, we investigated the 
cytokine/growth factor secretion of both CD34+ cells and CD14+ cells in vitro. 

CD34+ cells and CD14+ cells both contribute to a pro-angiogenic microenvironment 
by the production and secretion of several chemokines and growth factors. CD34+ 
cells produced IL-8, MCP-1, BFGF, HGF and VEGFa. Notably, we found an additive effect 
in the amount of MCP-1 and BFGF secretion and a small decrease HGF and VEGFa 
secretion when naive CD14+ cells were incubated with conditioned medium from 
CD34+ cells. This decrease may indicate consumption of CD34+ cell-derived HGF and 
VEGFa by CD14+ cells. Although we did not find differential secretion of chemokines and 
growth factors, Yoon et al. reported differential expression of matrix metalloproteinase 
(MMP)-2 and MMP-9 by CD14+ and CD34+ cells. In combination, these cells contributed 
to enhanced neovascularization [202], and corroborate our findings that interaction 
between CD34+ and CD14+ cells results in the formation of an enhanced angiogenic 
microenvironment, which is superior to the product of either cell type alone.

Neovascularization of Matrigel implants by host-derived cells may be caused by 
recruitment of mouse monocytes and their subsequent differentiation into endothelial 
cells [300], or by sprouting angiogenesis from the pre-existing vasculature [199]. We 
therefore examined the ability of paracrine signals to recruit mouse monocytes and to 
influence proliferation of mouse endothelial cells in vitro. 

Migration of monocytes was increased by the conditioned media of CD34+ cell-
stimulated CD14+ cells (CD34+/CD14+ CM) compared to either conditioned media 
alone. Notably, migration of mouse monocytes decreased after the addition of 
neutralizing antibodies to IL-8 and MCP-1, reflecting the importance of these factors in 
cell recruitment prior to neovascularization [290;293]. In vivo, neutralizing antibodies 
to IL-8 and MCP-1 decreased the recruitment of host-derived cells and consequently 
neovascularization of the Matrigel implants was reduced. 

VEGF, bFGF,
HGF

1. CD34+ Cell
2. (CD14+) Monocyte recruitment

3b. Endothelial cell di�erentiation

4b. de novo neovascularization

3a. (enhanced) Paracrine signaling
4a. Sprouting angiogenesis

MCP-1
IL-8

MCP-1
IL-8

MCP-1
IL-8
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Figure 7. Schematic representation of CD34+ and CD14+ cell-induced neovascularization. CD34+ and CD14+ cells 
induce neovascularization through two distinct mechanisms and with different efficiencies. Implanted human 
CD34+ cells secrete IL-8 and MCP-1 (1) which leads to the recruitment of monocytes (2). These monocytes also 
produce IL-8 and MCP-1 and contribute to a fast-forward loop (3a). Furthermore, the interaction between CD34+ 
cells and CD14+ cells amplifies the production and secretion of angiogenic growth factors bFGF, HGF and VEGFa 
(3a), which results in sprouting angiogenesis by host endothelial cells (4a). Alternatively, bFGF, HGF and VEGFa 
induce endothelial cell differentiation of the recruited monocytes (3b). These newly formed endothelial cells 
arrange into de novo vessels (4b) and anastomose to the host vasculature.
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abstract

Ischemic cardiovascular events are the major cause of death globally. Endothelial 
progenitor cell (EPC)-based therapies result in improvement of vascular perfusion and 
may offer clinical benefit. However, discrepancy between functional improvement and the 
paucity of long-term EPC engraftment raises controversy on their mechanism-of-action. 
We and others hypothesized that following ischemic injury, EPC induce neovascularization 
through the secretion of cytokines and growth factors which act in paracrine fashion and 
induce sprouting angiogenesis by the surrounding endothelium. In this concise review, 
we address the (patho)physiology of EPC-induced neovascularization and focus on the 
paracrine signals secreted by EPC and the effects they elicit. In future therapy, clinical 
administration of these paracrine modulators using slow-release depots may induce 
neovascularization and holds promise for vascular regenerative medicine. 

ischemic cardiovascular disease and neovascularization

Cardiovascular pathologies, such as myocardial infarction and ischemic diseases, 
are the number one cause of death globally. In 2005, an estimated 17.5 million people 
died from cardiovascular diseases, representing approximately 30% of all global deaths 
(www.who.org). Vascular occlusions, resulting in tissue ischemia, are the main cause of 
cardiovascular events such as myocardial infarction. Hence, current standard treatments 
focus on the relief of ischemia, predominantly by restoring vascular perfusion in order 
to prevent ongoing tissue damage, but fail to induce tissue regeneration. Therefore, 
the search for new therapies that induce tissue regeneration is warranted, although 
also these therapies do not abolish the underlying causes of cardiovascular disease. 

Immediately after ischemic damage, such as myocardial infarction, a local 
inflammatory response is mounted which is important for the clearance of cell debris 
and to form the scar that preserves tissue integrity [269;270]. Tissue perfusion plays 
an important role during this inflammatory reaction and scar formation [303;304]. 
Preservation of the vasculature, or even induction of vascularization in the ischemic 
region may decrease the lesion size, prevent loss of cells through apoptosis [305] and 
eventually may inhibit the development of organ failure [306]. Hence, (progenitor) cell 
therapy for the induction of neovascularization is currently assessed in clinical trials 
(Table 1).

Adult neovascularization, or the de novo formation of blood vessels, is classically 
regarded to be a consequence of angiogenesis, rather than vasculogenesis. 
Angiogenesis, the process whereby new blood vessels are formed from pre-existing 
vessels (reviewed in [307;308]). Sprouting angiogenesis encompasses an increase 
of vasopermeability, leading to extravagation of plasma proteins that function as 
temporal scaffold for migrating endothelial cells (EC). Matrix metalloproteases, 
secreted by the endothelium, break down the vascular basement membrane and 
allows migration of EC. Proliferation and subsequent migration of newly-formed EC 
results in the formation of a solid endothelial cord. Lumen formation and stabilization 
are the final processes of sprouting angiogenesis (Figure 1A). 

Vasculogenesis, the generation of new blood vessels by stem/progenitor cells 
(Figure 1B), was long-time regarded to be confined to embryogenesis. However the 
discovery of endothelial progenitor cells (EPC) in adult bone marrow and peripheral 
blood has challenged this theory [46]. Endothelial progenitor cells contribute to repair 
of vascular damage in vivo [61;309]. 

Physiological, EPC-induced neovascularization is initiated by hypoxia. In short, 
EPC-driven neovascularization starts with mobilization of EPC from the bone marrow 
to the circulation in response to stress- and/or damage signals, e.g. VEGF, SDF-1 and 
MCP-1 [310;311], migration of EPC through the blood stream and extravasation of 
EPC through the endothelium and migration towards the site of neovascularization 
where they contribute to the formation of the neovessels. Since EPC contribute to 
adult neovascularization, these progenitor cells make appropriate candidates as cell 
therapeutic for the treatment of various ischemic diseases. Herein, EPC are isolated 
from the peripheral blood and implanted into the ischemic tissue where they are 
involved in restoration of vascular perfusion (reviewed in [312]). However, controversy 
exists on the mechanism by which human EPC induce neovascularization in such a 
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regenerative medicine for they are involved in vascular homeostasis and repair [99], 
neovascularization [70;71] and in various cardiovascular diseases [313;314].

Although there is controversy on the phenotype of EPC and EPC subtypes (reviewed 
in [312] and [170]), in general, two types of EPC can be discriminated based on their 
surface antigen expression, proliferation potential and time of emergence in cell 
culture [62]. Commonly, these EPC emerge from peripheral blood MNC, typically adhere 
to gelatin and fibronectin, take up acetylated LDL, bind lectins from Ulex europaeus, 
and express marker proteins of the EC lineage, e.g. CD31, CD144 (VE-Cadherin) von 
Willebrand Factor (vWF) and endothelial cell Nitric Oxide Synthase (eNOS), after cell 
culture [315;316].

‘Early outgrowth EPC’ [62], also known as ‘colony forming unit-EC’ [63], ‘endothelial-like 
cell’ [101] or ‘CD14+ EPC’ [113], are derived from the monocytic (CD14+) cell lineage (Figure 
2A) and form clusters from which cells with a spindle-shaped morphology originate as 
early as 7 days of culture. CD14+ EPC possess transient proliferative potential in vitro 
[101;113], cannot be passaged and display overlap between endothelial- and monocyte/
macrophage cell markers and functions, i.e. phagocytosis [63;196], antithrombogenic 
activity [113;197], and the production of vasoactive substances [113;317].

‘Late outgrowth EPC’, also known as ‘endothelial colony forming cells’ [47;63] or 
‘CD34+ EPC’ [100;268], are thought to originate from the CD34+ hematopoietic stem 
cell (Figure 2B) [47;63] and exclusively expresses markers of the endothelial cell 
lineage after cell culture. CD34+ EPC emerge after 14-28 days in culture as colonies 

therapeutic setting. Hence, this concise review further focuses on the mechanisms of 
human EPC-induced neovascularization; in particular their pro-angiogenic effects, and 
offers new therapeutic approaches to induce neovascularization therapeutically.

endothelial progenitor cells, cell therapies and current (clinical) 
outcome

Adult EPC were first described by Asahara et al. [46]. In their landmark paper, the 
differentiation of cells bearing EC markers from peripheral blood mononuclear cells 
(MNC) enriched for expression of glycoprotein CD34 or vascular endothelial growth 
factor receptor-2 (VEGFR-2) was described. These EPC contributed to revascularization 
and the salvage of ischemic hind limbs [46]. Ever since, EPC are at the center of 

A. Sprouting Angiogenesis B. Vasculogenesis

1

2

3

4

5

1

2

3

4

Figure 1. Mechanisms of angiogenesis (A) and vasculogenesis (B). Sprouting angiogenesis encompasses the 
secretion of matrix metalloproteases that break down the vascular basement (A2) membrane and allows 
migration of EC (A3). Proliferation and subsequent migration of newly-formed EC results in the formation of a 
solid endothelial cord (A4). Lumen formation and stabilization are the final processes of sprouting angiogenesis 
(A5). Vasculogenesisbegins with the formation of a primary vascular plexus by EPC (B2). Matrix deposition (B3) 
and lumen formation (B4) by EPC result in the formation of immature capillaries.
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Figure 2. Origin and fate of endothelial progenitor cells. CD14+ EPC originate from the myeloid cell lineage and 
coexpress marker proteins from the myeloid- and endothelial cell lineage. CD34+ progenitor cells originate 
directly from the hemotopoietic stem cell and exclusively express markers from the endothelial cell lineage.
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proteins, such as VEGF [329;330], SDF-1 [331;332], MCP-1) [333], angiopoietins [334] 
and erythropoietin [335], amongst others, which actively recruit both CD14+ EPC and 
CD34+ EPC from the bone marrow into the circulation, towards the site of hypoxia 
(Figure 3A).

vascular permeability, extravasation and tunneling by cd14+ epc. 

Vascular permeability increases as a response to hypoxia-induced factors, especially 
VEGF and MCP-1 (reviewed in [336]). Increased VEGF signaling, through its receptor 

of cobblestone-appearance that resemble microvascular EC and display an almost 
indefinite proliferation potential [47;318]. In contrast to CD14+ EPC, CD34+ EPC do not 
exhibit functional overlap with cells of other lineages.

Although CD14+- and CD34+ EPC come from distinct origins and behave 
functionally different in vitro, both CD14+ EPC and CD34+ EPC contribute to in vivo 
neovascularization in several disease models [319-321], albeit their mechanism-of-
action remains controversial. 

Phase I and II clinical trials have aimed to restore blood flow to the ischemic 
areas using various subsets of EPC (Table 1). Placebo-controlled trials studying acute 
myocardial infarction and chronic ischemic heart disease represent the majority of 
current clinical trials (Table 1; reviewed in [312] and [322]) Although controversy exists 
on the recovery of ventricular function [323], implantation of any given EPC-type was 
reported to increase ventricular ejection fraction, reduce the infarct size, and improve 
myocardial perfusion in the majority of trials. Of particular interest, patients receiving 
EPC implantation concomitantly showed a reduction of cardiovascular symptoms and 
increased exercise capacity [324;325].

Although a clear beneficial effect of EPC implantation is observed is clinical trials, 
recent results in animal studies raise controversy on their mechanism of action [65] 
(Table 1). The original hypothesis that EPC would differentiate into EC that subsequently 
build up the neovasculature [200;296], is challenged by recent observations that 
implanted EPC can be traced only shortly after implantation and do not associate 
with the neovasculature [262;274]. Accordingly, we and others hypothesized that EPC 
induce therapeutic neovascularization though paracrine signaling, i.e. the secretion of 
pro-angiogenic factors [100;274]. Therefore, the next part of this review will focus on 
the physiological role of EPC after ischemic injury and the paracrine signals they exert 
during neovascularization in vivo.

physiological neovascularization by endothelial progenitor cells 

relies on paracrine signaling events

endothelial progenitor cells and response to injury. 

Obstruction of peripheral or coronary arteries, either acutely or chronically, reduces 
blood blow and as a consequence the delivery of oxygen and nutrients. The natural 
response of the tissue in states of hypoxia is to increase production and secretion of 
factors that stimulate inflammation and neovascularization in order to alleviate the 
hypoxia [326].

Of particular interest herein is the family of hypoxia-inducible transcription factors 
(HIF) and its primary member HIF-1. HIF-1 is a heterodimeric transcription factor 
composed of two subunits HIF-1α and HIF-1β that are constitutively expressed in 
most cell types [327]. In a normoxic environment, HIF-1α protein levels decay rapidly 
through ubiquitin-proteasome degradation [328]. However, in a hypoxic environment 
HIF-1α protein is stabilized and induces the transcription of multiple pro-angiogenic 

Table 1. Clinical trials and animal models for EPC-based therapy during cardiovascular disease

Disease (Model) Cell Source Delivery Site Outcome
EPC engraftment 

in vasculature?

Myocardial Infarction
Ahmadi et al. [374]

BOOST trials [375;376]
HEBE [377;378]

REPAIR-AMI [379;380]
TOPCARE-AMI [298;381]

Intractable Angina
Losordo et al. [297]

Critical Limb Ischemia
Tateishi-Yuyama et al. [382]

Van Huyen et al. [383]

Zhang et al. [384]

Animal models for human 
disease
Myocardial Infarction
Botta et al. [200]

Jackson et al. [266]

Ma et al. [267]

Ott et al. [385]

Sondergaard et al. [386]
Urbrich et al. [368]

Critical Limb Ischemia
Asahara et al. [46]
Koponen et al. [387]

Ziegelhoeffer et al. [274]

CD133+ EPC

Unselected BMC
Unselected BMC

CD14+ EPC & CD34+ 
EPC

CD14+ EPC

CD34+ EPC

Unselected BMC

Unselected  BMC

Unselected BMC

CD34+ EPC

CD34lowcKIT+Sca1+ EPC

Unselected UCBC

Cultured CD34+ EPC

CD34+ EPC
CD14+ EPC

CD34+ EPC
CD34+ EPC

Unselected BMC

Intramyocardial

Intracoronary
Intracoronary

Intracoronary
Intracoronary

Intramyocardial

Intramuscular

Intramuscular
I

ntramuscular

Intramyocardial

Intravenous

Intravenous

Intramyocardial

Intramyocardial
Intramuscular

Intramuscular
Intramuscular

Bone marrow 
trasplant

Effective: ↓ WMSI, ↑ myocardial 
viability, ↑ myocardial perfusion 

 at 6 months
Ineffective at 18 months

Effective: ↑ LVEF, ↓ Infarct size at 4 
months

Effective: ↑ LVEF, ↑ CBF at 12 months
Effective: ↑ LVEF, ↓ LEV at 12 months

Inconclusive

Effective: ↑ Exercise ability, ↑ ABI,  
↓ rest pain at 6 months

Effective: ↑ tissue perfusion  
at 6 months

Effective: ↑ tissue perfusion, ↑ 
capillary density, ↑ ABI, ↓ rest pain, 

↑ exercise ability at 1 month

Effecrive: ↑ LVEF, ↓ infarct size,  
↑ myocardial perfusion

Effective: ↑ myocardial viability,  
↑ myocardial perfusion

Effective: ↓ infarct size, ↑ myocardial 
perfusion

Effecrive: ↑ LVEF, ↓ infarct size,  
↑ myocardial perfusion

Ineffective
Unknown

Effecrive: ↑ Limb perfusion
Effecrive: ↑ Limb perfusion,  

↓ necrotic area
Effective: ↑ Limb perfusion

Unknown

Unknown
Unknown

Unknown
Unknown

Unknown

Unknown

Inconclusive

Unknown

Unknown

3.3%

Yes, limited

Yes, high

None
Yes, limited

Yes, high
None

None

ABI = Ankle-brachial index; AMI = Acute myocardial infarction; BMC = bone marrow cells; CBF = coronary blood flow; CHD 
= Coronary heart disease; LVEF = Left ventricular ejection fraction; LEV = Late enhancement volume; WMSI = Wall motion 
score index;
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VEGFR-2, increases vascular permeability by destroying the endothelial adherens 
junctions. Herein, VEGF/VEGFR-2-dependent phosphorylation of VE-Cadherin results 
in its internalization [337], thus decreasing the endothelial cell-cell contacts. MCP-1 
signaling through its receptor CCR2, amplifies this VEGF-dependent increase in 
permeability. MCP-1/CCR2 signaling in EC results in downstream phosphorylation 
and degradation of claudins and occludins, the major constituents of tight junctions 
[338;339]. Hence, the vascular permeability is further increased, facilitating progenitor 
cell extravasation (Figure 3B).

Extravasation of progenitor cells is orchestrated by cell-cell adhesion between 
the progenitor cells, chemotactic gradients, and vascular permeability. In response to 
pro-inflammatory stimuli, released from hypoxic tissues (e.g. IL-1β, IL-8 and MCP-1), EC 
increase expression of cell-cell adhesion molecules, such as E-selectin, ICAM-1, VCAM-
1 and the β1-integrins [340]. Circulating CD14+ EPC initiate weak cell-cell interactions 
with the endothelium, which induces an increase in expression these similar adhesion 
molecules by the CD14+ EPC [341;342]. Increased expression of adhesion molecules 
facilitates the formation of firm cell-cell adhesions between CD14+ EPC and the 
endothelium, hence initiating the multi-step process of adhesion and transendothelial 
migration (Figure 3B). 

After transendothelial migration, progenitor cells encounter the endothelial 
basement membrane and the extracellular matrix (ECM). CD14+ EPC secrete matrix 
metalloproteinases (MMP) and matrix metalloelastases (MME), which locally degrade 
the endothelial basement membrane and ECM [281]. Of particular interest, matrix 
degradation and migration of CD14+ EPC towards sites of hypoxia puts down a network 
of tunnels that may act as template for capillary formation (Figure 3C). Using transgenic 
mice that express β-galactosidase under the control of the endothelium-specific 
Tie-2 promoter, Moldovan and coworkers showed that CD14+ EPC drilled tunnels in 
the ischemic myocardium in a MCP-1-dependent manner [271;281]. Furthermore, the 
authors showed that tunneling by CD14+ EPC was achieved through asymmetrical 
degradation of the ECM following secretion of MMP-12 or MME [281]. The branched 
tunnels contained erythrocytes, indicating functional coupling to the vasculature, but 
were devoid of the commonly used endothelial marker Tie-2. However, the absence 
of clotting suggests that the CD14+ EPC lining the capillary-like tunnels did assume 
the morphological appearance of the endothelium and endothelial functionalities 
such as antithrombogenicity. These characteristics are in line with the (early) CD14+ 
EPC phenotype, which is reported by us and others to exert antithrombogenic 
behavior, but does not express all common EC markers [62;113;197]. In a later phase of 
neovascularization, these CD14+ EPC are replaced by either CD34+ EPC or mature EC, as 
is described below. The CD14+ EPC however act as ‘architects of vessel development’ 
assisting in neovascularization of ischemic tissues. Corroboratory, depletion of CD14+ 
cells from the peripheral blood did decreases neovascularization in a mouse model for 
myocardial infarction [270].

recruitment of cd34+ epc. 

Another interesting postulation by Anghelina et al. is that the CD14+ EPC-derived 
tunnels are subsequently colocalized by Tie-2+ bone marrow-derived progenitor 
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* Disruption of Endothelial Cell-Cell Adhesions
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Figure 3. Mechanisms of physiological neovascularization. (A) Hypoxia induces the secretion of pro-angiogenic 
factors that mobilization of EPC in the bone marrow and recruits them to the site of hypoxia. (B) Recruited EPC 
adhere to the endothelium and start transendothelial migration. (C) Degradation of the endothelial basement 
membrane and tunneling of CD14+ EPC creates a (temporal) capillary-like scaffold for the neovasculature. (D) 
Paracrine signaling by CD14+ EPC and CD34+ EPC results in the production of an angiogenic microenvironment 
that stimulates the nearby endothelium to proliferate and cover the capillary-like tunnel walls. Subsequent 
sprouting angiogenesis efficiently transforms the capillary-like tunnels into functional and mature capillaries.
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Taken together, physiologic neovascularization results from interplay between the 
mature endothelium and EPC. Herein, two distinct EPC-types can be distinguished, 
the CD34+ EPC and the CD14+ EPC, with distinct and overlapping functions. The CD14+ 
EPC tunnels towards the site of hypoxia, generating a template for capillary formation. 
Furthermore, through the secretion of pro-angiogenic factors, these CD14+- and CD34+ 
EPC generate a pro-angiogenic environment. The preexisting endothelium reacts 
by sprouting angiogenesis and ensures the conversion of capillary-like tunnels into 
mature capillaries using the capillary-like tunnels as a neovascularization template 
(Figure 3).

Although both EPC and the preexisting endothelium add to neovascularization, 
controversy remains on their relative contribution to neovascularization in various 
disease states. This issue has to be elucidated prior to large-scale application of EPC-
based cardiovascular therapies.

towards clinical application

The biology of EPC is complex and currently deserves further dissection. However, 
considering that EPC were discovered only a mere decade ago, huge progress has 
been made in understanding the significance of phenotypic variations in progenitor 
cell types (reviewed in [312] and [170]) and to use them to our advantage for vascular 
regenerative medicine (reviewed in [346]). Popa et al., among others, described that 
the engraftment of bone marrow-derived EPC in neovascularization is determined by 
the local microenvironment [169]. Hence, incorporation of EPC into the neovasculature 
can be found in one setting, while in other cases no such contribution is found 
[63;343]. However, the EPC may interpret these molecular clues and is able to change 
that same microenvironment for the better. For one, the secretion of pro-angiogenic 
factors by EPC can induce sprouting angiogenesis and thus improve tissue perfusion 
after ischemic injury. Also, EPC literally pave the way for vessel development by drilling 
tunnels in damaged tissues which later develop into the neovasculature. 

As in most biological processes, EPC are influenced by a plethora of systemic and 
local factors, which influence experimental outcome. Understanding these processes 
therefore opens new possibilities for therapeutic intervention and will continue to 
be the focus of future research. Current insight in the mechanism of EPC-induced 
neovascularization, for instance its dependence on VEGF, has led to the use of VEGF 
gene therapy in clinical trials [347] and the development of protein-release systems 
for the delivery of growth factors [348]. Similarly, in cancer therapies, insights in the 
process of neovascularization have led to the development and use of neutralizing 
antibodies to the paracrine mediators of neovascularization [349]. 

Obviously, mimicking the natural release of pro-angiogenic molecules by EPC is 
difficult to achieve using conventional drug-delivery systems, which generally show 
burst-release. In contrast to burst-release, dosing and timing of pro-angiogenic 
factors is of major importance during neovascularization. Therefore, a huge research 
effort has been undertaken in order to mimic these release patterns in vascular 
regenerative medicine. It is likely that the optimal treatment will involve multiple 
agents as neovascularization is a complex process involving a large variety of factors. 

cells [282], which phenotypically represent the CD34+ EPC. We therefore postulate 
that these bone marrow-derived Tie-2+ progenitors are CD34+ EPC. The capillary-like 
tunnels, formed by CD14+ EPC, undergo a process of complex cellular organization 
that comprises robust vasculogenesis [271;282]. CD34+ EPC are actively recruited to 
the capillary-like tunnels and these immature EC replaced the CD14+ EPC cells lining 
the lumen. Although Anghelina et al. provided firm evidence for colonization of the 
capillary-like tunnels by EPC [271;282], the underlying mechanisms remain to be 
elucidated. Secretion of chemokines by CD14+ EPC, such as IL-8, GM-CSF, HGF, SDF-1 
or SCF, may be an important determinant for CD34+ EPC recruitment and has been 
described previously [64;73]. Furthermore, the conversion of capillary-like tunnels 
formed by CD14+ EPC into capillaries lined by CD34+ EPC explains the transient 
existence of CD14+ EPC-derived capillaries and may account for the wide-spread idea 
that solely CD34+ EPC engraft into the neovasculature [62;63;343].

production of a pro-angiogenic niche and induction of endothelialization and sprouting  
angiogenesis. 

CD14+ EPC and CD34+ EPC secrete high amounts of proangiogenic cytokines under 
hypoxic conditions. Of note, several research groups have described the secretion 
of proangiogenic factors HGF, IGF-1, bFGF and VEGF by both EPC-types [64;276;344]. 
Moreover, interaction between CD34+ EPC and CD14+ EPC has been described to 
differentially and synergistically increase the secretion of these proangiogenic 
mediators by several research groups [64;113;202]. We therefore contemplated that, 
during neovascularization, interaction between the CD14+ EPC and the CD34+ EPC 
in the capillary-like tunnels results in the formation of a proangiogenic niche which 
favors the conversion the capillary-like tunnels into mature and functional capillaries.

Sprouting angiogenesis can be initiated by EPC and is currently believed to be the 
major contributor to the neovasculature [65;274]. In response to the proangiogenic 
stimuli secreted by either CD34+ EPC or CD14+ EPC, the surrounding endothelium 
starts to proliferate and invade the capillary-like tunnels (Figure 3D). In corroboration, 
conditioned media from EPC cultures was shown to induce proliferation and migration 
of EC both in vitro as well as in vivo [330;345].

As previously mentioned, the differentiation of EPC into mature and functional 
EC may also contribute to the conversion of the capillary-like tunnels into functional 
capillaries. We have recently shown that endothelial cell differentiation by CD14+ EPC 
increased after exposure to HGF produced by CD34+ EPC [113]. Furthermore, Yoon and 
coworkers and Awad and coworkers reported increased endothelial differentiation 
and increased neovascularization after combined administration of CD34+ and CD14+ 
EPC into ischemic hind limbs [64;202]. Although synergism between CD34+ EPC and 
CD14+ EPC increases endothelial cell differentiation in vitro and neovascularization 
in vivo, the number of chimeric EPC/host-vessels remains low (Krenning & Harmsen, 
unpublished data) [64;202], suggestive of a major contribution from the surrounding 
endothelium through sprouting angiogenesis.
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Another potential difficulty is the status of the affected endothelium in the ischemic 
region. Compromised endothelium will not migrate nor proliferate as well as healthy 
endothelium, therefore potentially limiting the extent of neovascularization induced 
by such therapies. These impairments pose new challenges for vascular regenerative 
medicine and strategies to overcome these impairments need to be addressed in 
future research.

Lastly, the ischemic microenvironments may differ between tissues and organs. 
Therefore, standardized protein-based therapy for the induction of neovascularization 
may not be the most promising option, and future research will have to elucidate the 
molecular microenvironment of each ischemic disease in order to achieve the most 
suitable treatment. Even more so, it is most likely that each individual patient will 
behave differently to ischemic damage and minor adjustments to the protein-based 
therapies will have to be made in order to achieve the highest clinical benefit. This 
form of personalized medicine, although in future perspective, will in our opinion 
ensure the best regenerative therapy.

concluding remarks

Neovascularization by EPC is a complex process that is initiated by local hypoxia, 
modulated by EPC, and results in the de novo formation of blood vessels. In this concise 
review we have shown that administration of EPC, either systemically or locally into 
ischemic tissues, results in increased vascular perfusion and clinical benefit (Table 1) 
not by incorporation into the neovasculature, but by drilling capillary-like tunnels and 
stimulating sprouting angiogenesis through paracrine signals (Figure 3). First, EPC are 
actively recruited to sites of neovascularization where they form capillary-like tunnels 
mimicking robust vasculogenesis. Second, the frequency of chimeric human/mouse 
blood vessels is too low to explain the significant increase in vascular perfusion. 
Third, human EPC secrete a plethora of factors which act as chemoattractants and 
mitogens on surrounding endothelial cells. Four, sprouting angiogenesis by the host 
endothelium is always observed after EPC-induced neovascularization in animal 
models of ischemic disease.

The demonstration that human EPC secrete paracrine signals that induce 
neovascularization offers great therapeutic potential. For one, protein-based therapies 
may be more easily translated into a clinical setting. In this respect, knowledge on 
EPC-mediated neovascularization has led to the development of biologicals which 
influence or mimic the soluble mediators of neovascularization (e.g. VEGFa and bFGF), 
and clinical administration of such pro-angiogenic factors has shown promising results. 
However, the beneficial paracrine signals secreted by EPC remain partly unidentified. 

The development of ‘on-demand release’ depots, containing multiple pro-
angiogenic factors that are secreted in temporal distinct or cell-dependent patterns 
will mimic paracrine signaling events during neovascularization more closely, however 
the development of such release depots is still in its early days and the clinical efficacy 
of such protein-based therapies need to be elucidated in clinical trials. However, if 
these hurdles can be overcome, protein-based therapy will hold great promise for 
vascular regenerative medicine.

Administration of a single factor may therefore be insufficient. Current investigations 
on growth factor delivery platforms focus on the sequential delivery of multiple pro-
angiogenic factors, mimicking the in vivo behavior of EPC. For example, Hao et al. have 
described the sequential release of VEGF and PDGF-BB in a mouse model of myocardial 
infarction and described increased vascularization and improved vessel maturation 
compared to either factor alone [350]. Likewise, we have recently supplemented 
Matrigel implants with not just a duplet, but a pentet of growth factors and cytokines 
(Krenning & Harmsen, unpublished data). This pentet of factors, containing the 
chemokines MCP-1, IL-8 and growth factors HGF, bFGF and VEGF, was able to induce 
neovascularization at a level comparable to neovascularization induced by EPC.

Since therapeutic neovascularization can be induced by the administration of a 
multiplex of growth factors and cytokines, this protein-based therapy offers a great 
potential for therapeutic application. New classes of biomaterials with slow-release 
capability may be created to house these pro-angiogenic factors. Hence, such materials 
will offer an ‘off-the-shelf’ therapeutic for the induction of neovascularization by the 
recruitment of EPC or by inducing sprouting angiogenesis from the endothelium 
nearby.

However, these materials would have to incorporate some form of biological 
responsiveness to their environment, since previous attempts to induce 
neovascularization through burst release of growth factors or gene therapy also 
caused serious complications as blood vessel overgrowth, i.e. hemagiomas [58]. 

A highly interesting development is the generation of ‘release-on-demand’ 
platforms that use the principles of enzyme-mediated growth factor release. 
Physiologically, growth factors are stored in the extracellular matrix from which they 
are released by degrading enzymes secreted from invading or growing cells [351]. This 
enzyme-mediated release guarantees a time and location restricted action of these 
growth factors. For therapeutic neovascularization, it was shown that only the proper 
and timely delivery of vessel-inducing factors (i.e. VEGF and bFGF) and blood vessel 
maturating factors (i.e. PDGF and TGF-β) were able to form functionally mature vessels 
of EC and smooth muscle cells in vivo [352]. Obviously, mimicking such complicated 
series of events is challenging, but several release systems have been successfully 
established [258;259;353]. 

A potential difficulty in the clinical success of growth factor-delivery systems is the 
availability and functionality of the EPC. In this review we have illustrated the function 
of EPC in orchestrating neovascularization and the potential of growth factor-delivery 
for vascular regenerative medicine. However, the numbers and function of these EPC 
may be affected as a result of the disease. We and others have described functional 
impairment of EPC in various diseases, including inflammatory diseases [108], 
renal diseases [354] and cardiovascular diseases [261]. Corroboratory, Kränkel and 
coworkers recently described decreased migratory activity of EPC from patients with 
cardiovascular disease [355]. However, in their experiments the cells that did migrate 
showed no reduction in their angiogenic capacity. These data suggest that although 
there is a numerical dysfunction of EPC in patients with cardiovascular diseases, there 
are remaining EPC with proper angiogenic function. Hence, mobilization of these 
EPC by statin treatment may overcome current limitation observed in EPC-mediated 
therapy. However, this remains to be elucidated in future research.
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vascular regenerative medicine

Regenerative medicine strives to regenerate viable and long-lasting tissues and 
tissue replacements after acute or chronic tissue injury [356]. Vascular regenerative 
medicine is a multidisciplinary research field comprising developmental biology, 
material science and biomedical engineering, amongst others. As such it aims to 
yield clinical benefit for patients suffering from vascular diseases by the generation 
of novel therapies, aimed to maintain, restore or replace vascular perfusion. One 
important approach is the generation of ‘designer’ blood vessels, i.e. vascular tissue 
engineering, which is the in vitro creation of replacement blood vessel conduits by 
combing vascular cells, i.e. endothelial cells (EC) and smooth muscle cells (SMC), and 
degradable materials. Another important approach, yet conceptually distinct, is (stem) 
cell therapy which aims to improve tissue perfusion by the delivery of cells capable of 
inducing neovascularization in vivo (chapter 1). 

EC are of prime interest to vascular regenerative medicine because of their 
inherent antithrombogenic potential and vessel-forming ability. However, the 
limited accessibility and longevity of mature EC [44] hampers development of such 
applications. Endothelial progenitor cells (EPC) exert the capacity to differentiate into 
cells of the endothelial lineage, i.e. endothelial outgrowth cells (EOC), and possess 
longevity. Therefore, EPC may add to the repair capacity of the vasculature by 
regenerating damaged endothelium [357]. 

EPC originate from the hematopoietic stem cell lineage in the bone marrow [296]. 
There are two known populations of circulating EPC, which can be distinguished based 
on the expression of marker proteins CD34 and CD14 [64], time of appearance of their 
progeny EOC in culture [62], and clonogenic behavior [63]. Typically, EPC adhere to 
gelatin or fibronectin, take up acetylated LDL, bind lectins from Ulex europaeus, and 
express marker proteins of the endothelial cell lineage, e.g. CD31, VE-Cadherin (CD144), 
von Willebrand Factor and endothelial cell Nitric Oxide Synthase, after cell culture 
[315;316].

The current thesis investigates the use of human EPC for both in vitro tissue 
engineering of ‘designer blood vessels’ (part I) and for in vivo cell therapy for therapeutic 
neovascularization of ischemic tissues (part II). The research described in this thesis 
particular focuses on the biological mechanisms behind vascular progenitor cell 
plasticity, since knowledge on these cellular processes will aid regenerative medicine 
approaches in the near future.

part i: engineering ‘designer blood vessels’

generating endothelial monolayers on (degradable) biomaterials

Vascular tissue engineering aims at the creation of small-diameter replacement 
blood vessel conduits by differentiating autologous EPC on degradable biomaterials. 
Besides suturability and mechanical strength, the biomaterial ideally supports cell 
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of vascular SMC which were functionally indistinguishable from genuine vascular 
SMC [165]. Furthermore, to establish proof-of-concept for vascular tissue engineering, 
we analyzed if EnMT could be performed in the context of 3D (degradable) collagen 
scaffolds. Indeed, EnMT occurred in the 3D collagen scaffolds where transdifferentiated 
cells bound the collagen bundles with hemidesmosomes, adhered to other cells 
through tight junctions and formed an extensive actin cytoskeleton, resembling the 
cytoskeleton of true vascular SMC (chapter 4).

We next investigated the ability of human EOC, i.e. human CD14+ EPC and CD34+ 

EPC-derived progeny, to form SMC through EnMT (chapter 5). The addition of TGF-β1 
and PDGF-BB to EOC cultures resulted in diminishment of marker proteins of the EC 
lineage, i.e. CD31, CD144, eNOS, vWF, VEGFR-2 and Tie-2, and increased expression of 
marker proteins of the SMC lineage, i.e. SM22α, αSMA, calponin, and SM-MHC2. EOC-
derived SMC exhibited functional contractile capacity similar to genuine vascular SMC. 
Longevity, indicated by telomerase activity and a hallmark for stem- and progenitor 
cells like EOC, however was reduced during EnMT (chapter 5). 

towards ‘designer blood vessels’

Tissue engineering of small-diameter vascular conduits is more than differentiating 
the proper cell types (chapter 6). A natural blood vessel contains an intima of vascular 
cells and basement membrane and an outer adventitia of extracellular matrix which 
provides strength to the conduit. In chapter 6, we have summarized developmental 
principles that underlie EPC differentiation into EC and SMC and reviewed the current 
progress in material sciences that aid the in vitro creation of a small-diameter tissue 
engineered blood vessel. The biomaterial has to comply with several biological 
principles; (1) the biomaterial has to resemble tissue architecture (e.g. porosity, 
directionality), (2) the biomaterial must mimic tissue strength and dynamics, (3) the 
biomaterial must allow for cell adhesion, (4) the biomaterial must be able to instruct 
cell differentiation or maintenance, and (5) the biomaterial needs to degrade properly 
in order to become remodeled in time.

For every biological modality distinct biomaterials have been developed (chapter 
6), however, the current biomaterial challenge in vascular tissue engineering is 
to combine these modalities into a new tissue engineering paradigm. From a 
developmental biology viewpoint, the molecular modalities that govern progenitor 
cell differentiation and plasticity have been identified (chapters 2, 4, 5 and 7), while 
in parallel advances in biomaterial research have enabled us to incorporate these 
factors, i.e. VEGFa, bFGF, TGF-β1 and PDGF-BB, within ‘smart’ materials (chapter 6), 
thus facilitating the creation of biologically-active small-diameter vascular conduits 
that contain the aptitude to regulate their own tissue development.

part ii: therapeutic neovascularization

Therapeutic neovascularization uses the inherent angiogenic capacity of human 
EPC for the treatment of tissue ischemia. In theory, implantation of human EPC 

adhesion, cell differentiation and growth. Degradation of the biomaterial, together 
with the generation of a new basement membrane by (seeded) EC and SMC, converts 
the implantable vessel into a fully functional native vessel in vivo.

Since the CD14+ EPC is more abundant in the peripheral blood than the CD34+ EPC 
(10-20% versus 0.01-0.1% of the mononuclear cell fraction, respectively); the CD14+ EPC 
seems more appropriate as EOC-source to engineer large tissues such as replacement 
vessels. We have explored the ability to isolate large quantities of CD14+ EPC from 
peripheral blood of healthy volunteers and investigated their differentiation behavior 
on different biodegradable scaffolds (chapter 2).

In vitro, the majority (>70%) of CD14+ EPC acquired an endothelial phenotype 
during the 21-day culture period, as was indicated by expression of EC specific proteins 
CD31, VE-Cadherin, von Willebrand Factor and endothelial cell Nitric Oxide Synthase 
on these cells. A minor fraction of CD14+ EPC (~15%) differentiated into macrophages 
in time (chapter 2).

In order to create a small-diameter vascular conduit that is viable, remodelable in 
time and self-reparative after damage, cells need to hold the potential of longevity 
or self-renewal. The transient proliferation of CD14+ EPC (chapter 2) therefore may 
pose a major threat to the integrity of a small-diameter bioartificial vascular conduit 
created using these cells. However, in chapter 7 we have found that after co-culture of 
human CD34+ EPC and human CD14+ EPC, the proliferation of CD14+ EPC was no longer 
transient, but constitutive. In fact, around 12% of all cells displayed expression of cell 
proliferation marker Ki67 after 21 days in culture.

Since vascular tissue engineering aims to generate autologous small-diameter 
replacement vessels, we investigated the availability and functionality of EPC in patients 
affected by vascular disease. In chapter 3, we describe the numerical impairment 
of EPC in patients that suffer from chronic kidney disease and are at increased risk 
for cardiovascular complications. Furthermore, EPC from patients with increased 
cardiovascular risk did not only show numerical, but also functional impairment as was 
indicated by their relative inability to prevent thrombus formation in vitro (chapter 3). 
These impairments pose a new challenge for vascular tissue engineering and strategies 
to overcome such impairments have to be addressed in future research. 

generating smooth muscle cells in (degradable) biomaterials

Next to the luminal EC lining, a ‘designer blood vessel’ needs to incorporate an 
outer layer of vascular SMC that provides stability and contractility. These SMC can be 
isolated from blood vessel biopsies and may even be differentiated from circulating 
smooth muscle progenitors [139;181;358]. Sata and colleagues discovered that 
hematopoietic stem cells, the precursors of human EPC and their progeny EOC, can 
differentiate into SMC [359] through endothelial-to-mesenchymal transdifferentiation 
(EnMT). EnMT is a process wherein EC loose their EC phenotype and adopt the cellular 
phenotypes of cells from the mesenchymal lineage. This concept encouraged us to 
investigate the possibility of EnMT by EOC and its progeny EC (chapters 4 and 5).

As proof-of-principle, in chapter 4 we have shown that neonatal human umbilical 
vein endothelial cells (HUVEC) can transdifferentiate into vascular SMC via TGF-β1-
dependent mechanisms. EnMT resulted in the emergence of a proliferating population 
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could induce microvessel formation by the sole application of these paracrine factors. 
Therefore we implanted Matrigel carriers, loaded with a pentet of pro-angiogenic 
factors, i.e. IL-8, MCP-1, HGF, VEGF and bFGF, subcutaneously into nude mice. Confirming 
our hypothesis, microvessel formation was induced by this pentet of factors (chapter 
8).

Taken together, therapeutic neovascularization is a multifactorial process which is 
orchestrated by human EPC through paracrine signaling events. Microvessel formation 
is initiated through the production of angiogenic factors, i.e. IL-8, MCP-1 bFGF, HGF and 
VEGFa, by both the human CD34+ EPC and human CD14+ EPC that induce sprouting 
angiogenesis by the surrounding endothelium.

conclusions

The concept of vascular regenerative medicine has been around for three decades, 
however, the discovery of the EPC a mere decade ago, has provided new insights into 
the developmental processes that orchestrate EC differentiation, neovascularization 
and vascular repair. Understanding the significance of phenotypic variations in 
progenitor cell types and their plasticity enables us to use them to our advantage for 
vascular regenerative medicine. 

For one, the concept of vascular tissue engineering has evolved from a technical era, 
in which we aimed to replicate the blood vessels gross anatomy, into an era in which we 
can apply nature’s developmental processes for the creation of genuine natural vessel. 
In this thesis we describe that human EPC contain the intrinsic capacity to differentiate 
into both mature and functional EC and SMC on degradable biomaterials. These EC 
and SMC can be employed to tissue engineer ‘designer blood vessels’ that contain the 
ability to respond to its environment, have self-renewal capacity and thus the ability 
to regenerate when damaged. 

Also, in studying the role of human EPC in neovascularization, we have elucidated 
the natural processes that govern microvascular formation and are now able to mimic 
these processes using slow-release depots that release pro-angiogenic factors like 
VEGFa, bFGF, HGF, MCP-1 and IL-8 (chapter 9). The induction of neovascularization in 
a clinical setting, may therefore find its future not in (stem) cell therapy, but in the 
use of ‘smart-release’ depots, containing multiple pro-angiogenic factors that are 
released in temporal distinct patterns and mimic the paracrine signaling events of EPC 
during neovascularization. Such materials can be made according to the ‘off the shelf’ 
principle, which is highly desirable for clinical application. 

improves the body’s capacity to repair the injured microvessels and may even aid in 
the induction of new microvessel formation. 

We and others have attempted to induce the formation of a microvascular network 
in vivo by injection of human CD34+ EPC into nude mice [100;268;360;361]. Although 
microvascular density is increased following human CD34+ EPC implantation, proof 
of active engraftment of these human EPC into the murine neovessels is scarcely 
observed [100;268]. However, recruitment of murine CD14+ EPC is commonly observed 
after implantation of human CD34+ EPC. We therefore wondered if human CD34+ EPC 
could augment the angiogenic capacity of CD14+ EPC in an in vitro assay.

in vitro endothelial cell differentiation

In chapter 7, we discovered apparent cell-cell contacts between human CD34+ 

EPC and human CD14+ EPC following angiogenic stimulation in vitro. We therefore 
contemplated that these cell-cell contacts may influence EC differentiation and 
proliferation of these cells. Using various in vitro assays, we discovered that indeed 
the human CD34+ EPC and the human CD14+ EPC interact during EC differentiation. 
However, contradictory to our hypothesis, the interaction does not rely on cell-cell 
contacts, but rather on paracrine signaling by the human CD34+ EPC (chapter 7).

The human CD34+ EPC is able to produce a large variety of growth factors and 
cytokines which can be pro-angiogenic [276]. We identified that human CD34+ EPC 
produce high amounts of the pro-angiogenic growth factor HGF, which innervates 
its receptor cMET on the CD14+ EPC. Following such innervation, EC differentiation 
by the CD14+ EPC increased from 65% to 95% of all adhered CD14+ EPC. Moreover, 
proliferation of CD14+ EPC increased approximately 10-fold (chapter 7). Thus, co-
cultivation of human CD34+ EPC and CD14+ EPC leads to superior EC differentiation in 
vitro than either cell type alone. Hence, co-administration of human CD34+ EPC and 
human CD14+ EPC may be a promising approach to induce in vivo neovascularization.

in vivo neovascularization 

We next investigated if neovascularization could be amplified by simultaneous 
transplantation of human CD34+ EPC and human CD14+ EPC subcutaneously into 
nude mice using Matrigel as a carrier. Indeed, mice receiving both human CD34+ EPC 
and human CD14+ EPC formed more neovessels than mice receiving either cell type 
alone. Furthermore, human CD14+ EPC aligned with the neovasculature, albeit in low 
numbers. Hence, cellular incorporation of CD14+ EPC into the neovessels could not 
account for the increased neovascularization (chapter 8).

We therefore analyzed if human CD34+ EPC and human CD14+ EPC secrete pro-
angiogenic factors that induce microvessel formation. In our in vitro co-culture system, 
both the human CD34+ EPC and human CD14+ EPC contributed to the formation of an 
angiogenic niche by producing angiogenic factors like VEGF, IL-8 and HGF. Furthermore, 
when co-cultured these EPC showed amplified production and secretion of MCP-1 and 
bFGF (chapter 8). 

Since neovascularization by human CD34+ EPC and human CD14+ EPC seemed to 
be influenced solely through paracrine signaling events, we hypothesized that we 
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outcome of this thesis

The ability to restore vascular perfusion at sites of ischemic damage is essential 
for tissue regeneration [362]. However, current therapies aimed to restore vascular 
perfusion are only successful when the large-diameter blood vessels (internal diameter 
(ID) > 6 mm) are affected [66;363]. Hence, novel therapies such as tissue engineering 
of ‘designer’ blood vessels and (stem) cell therapy for therapeutic neovascularization 
are warranted. In this thesis we have investigated the cellular plasticity of endothelial 
progenitor cells (EPC) and explored its applicability for vascular regenerative medicine. 
In part I, we have found that human EPC contain the intrinsic capacity to differentiate 
into both mature and functional endothelial cells (EC) and smooth muscle cells (SMC) 
on degradable biomaterials. These EC and SMC can be employed to tissue engineer 
bioartificial autologous small-diameter blood vessels (Figure 1A). Furthermore, in part II, 
we have identified a paracrine function of EPC during (therapeutic) neovascularization 
by the secretion of pro-angiogenic growth factors and cytokines (Figure 1B). 

Thus, the EPC offers enormous potential for tissue engineering of ‘designer’ blood 
vessels as well as in (stem) cell therapy. Hence, in future perspective, EPC-based 
therapies will enable true tissue regeneration therapies and pose great possibilities 
for autologous therapies. In this chapter we will discuss the cellular plasticity of EPC 
and how that can be used to alleviate the pitfalls of current (cardio)vascular therapies. 
Also, we discuss future challenges for vascular regenerative medicine that originate 
from this thesis.

current (cardio)vascular therapies

Ischemic cardiovascular diseases are the main cause of death globally (www.who.
org). In 2005, an estimated 44 000 people died of ischemic cardiovascular diseases in the 
Netherlands alone, representing approximately 32% of all annual deaths [1]. Although 
current treatments focus on the restoration of vascular perfusion of the large-diameter 
blood vessels, e.g. by bypass surgery or angioplasty, these treatments cannot be used to 
restore perfusion by the small-diameter blood vessels and microvasculature. Clinically 
used synthetic replacement vessels, such as pFTE, are thrombogenic and cause blood 
clotting  in the low-flow conditions of the small-diameter blood vessels [364;365]. 
Considerable research efforts are being made to develop synthetic graft materials 
with favorable blood compatibility, however, at present no true anti-thrombogenic 
material has been produced [364]. 

If the microvasculature is affected, vascular perfusion can be induced by different 
therapies. Ischemic episodes, resulting from decreased perfusion in the myocardial 
or peripheral tissues, evoke the formation of neovessels from the preexisting vascular 
branches by a process termed angiogenesis [4]. Yet, in adults suffering from vascular 
disease, the natural processes of neovascularization may be dysfunctional and 
insufficient to restore tissue vascularization. Animal studies and clinical trials are focused 
on the in vivo induction of human EPC-mediated microvessel formation through the 
delivery of pro-angiogenic factors like VEGFa, bFGF or HGF. Administration of these 
factors occurs either through bolus injection, from drug-release platforms or by gene 
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therapy [366]. Although such pro-angiogenic therapies have shown promising results, 
bolus administration of pro-angiogenic factors is hampered by its temporal nature, 
while sustained-release of single factors is insufficient to support both the formation 
and sustainability of the microvessels. Hence, the in vivo administration of the cells 
that augment microvessel formation, i.e. the autologous EPC, may prove a better 
therapeutic option.

Thus, there is a great clinical need for therapies that result in the generation of, 
on the one hand anti-thrombogenic replacement vessels for bypass surgery based 
on autologous progenitor cells, and on the other hand progenitor cell therapies that 
aid the natural processes of microvessel formation in ischemic tissues; such therapies 
concern the tissue engineering of ‘designer blood vessels’ (part I) and therapeutic 
neovascularization through (stem) cell therapy (part II).

part i: engineering ‘designer’ blood vessels

Vascular tissue engineering utilizes a multidisciplinary approach to generate 
autologous bioartificial small-diameter replacement vessel for the restoration of 
vascular perfusion. Principally, a tissue engineered blood vessel resembles its native 
counterpart and must be able to withstand physiological pressure changes. Hence, 
degradable biomaterials are under study as temporal scaffold that provides the tissue 
engineered conduit with initial mechanical strength, and favors the attachment 
of cells. In theory, after implantation, (seeded) cells start to produce their native 
extracellular matrix (ECM) while degrading the biomaterial. Thus, the bioartificial 
vessel is remodeled in vivo into a fully functional native vessel over time. 

EPC hold great promise for vascular tissue engineering. EPC are immature cells 
present in the bone marrow and peripheral blood that can differentiate into mature 
and functional endothelial cells (EC) for tissue engineering purposes [46]. In this thesis, 
we have shown that human EPC can be easily obtained from peripheral blood and in 
vitro differentiated into mature and functional EC by use of several pro-angiogenic 
factors, i.e. bFGF, VEGFa, HGF and IGF-1. Moreover, EPC differentiation into functional 
EC can be achieved on various degradable biomaterials (chapter 2), thus providing 
proof-of-principle for autologous vascular tissue engineering. 

Since EC have intrinsic anti-thrombogenic properties [364], endothelializing 
biomaterials may prevent thrombus formation on the biomaterial upon blood contact. 
However, in current vascular tissue engineering approaches, the limited lifespan of 
these mature EC, causes cell death and detachment of the EC resulting contact between 
the thrombogenic material and the blood which  subsequently forms blood clots 
[367]. In this thesis we have shown that human EPC exert longevity and self-renewal 
potency (chapter 5). An EPC-based tissue engineered small-diameter vessel may thus 
self-repair when damaged and may alleviate current challenges in EC retention.

A small-diameter blood vessel not only comprises a structural component and anti-
thrombogenic EC, but also needs smooth muscle cells (SMC) providing mechanical 
strength and extracellular matrix (ECM) -forming ability. Since the EC and SMC share 
a common origin during embryogenesis [159], we have hypothesized that EPC retain 
the cellular plasticity to transdifferentiate into functional SMC through endothelial-
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Figure 1. Endothelial cell plasticity in vascular regenerative medicine. Circulating EPC have the plasticity to 
differentiate into EC and SMC. These specialized cells are seeded onto  a degradable tubular biomaterial in 
order to generate a tissue engineered bypass graft (A). Another feature of EPC plasticity is the secretion of pro-
angiogenic factors. In response to tissue ischemia, human EPC start to produce and secrete pro-angiogenic 
cytokines and growth factors which induce sprouting angiogenesis by the surrounding endothelium, relieving 
the ischemia.
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and may even aid in the induction of new microvessel formation.  Hence, cell therapy 
for neovascularization poses a highly interesting treatment option for diseases wherein 
the microvasculature is affected [46].

However, discrepancy between improved vascular perfusion (induction of 
microvessel formation) and actual engraftment of human EPC into the neovasculature 
has raised controversy on the mechanisms of action of these EPC after implantation 
[65;274]. We and others therefore hypothesized that EPC contain an additional level 
of plasticity, that is the secretion of pro-angiogenic factors that favor spouting 
angiogenesis by the surrounding endothelium (chapter 8)[263;368].

The human peripheral blood contains two distinct types of EPC, which can be 
discriminated based on expression of either CD14 or CD34 [62]. In this thesis, we 
have investigated the relative capacity of these two EPC-types to EC differentiation in 
vitro (chapter 7) and on in vivo neovascularization (chapter 8). In vitro, the CD34+ EPC 
produces high amounts of the pro-angiogenic growth factors VEGFa, bFGF and HGF. 
These factors subsequently induced EC differentiation of CD14+ EPC in a paracrine 
fashion. 

We contemplated that the interaction between CD34+ and CD14+ EPC would thus 
lead to increased neovascularization in vivo and incorporation of the CD14+ EPC into 
the neovessels. Although we were able to show that combined administration of 
CD34+ and CD14+ EPC indeed amplifies the paracrine signaling events, we did not find 
engraftment of human EPC into the neovessels in nude mice (chapter 8). Therefore, 
we concluded that neovascularization was solely derived from mouse EC lining the 
vessels, initiated by pro-angiogenic signals secreted by administered human EPC. 
Hence, clinical administration of these factors, i.e. IL-8, MCP-1, bFGF, HGF and VEGFa, 
from slow-release depots may replace human EPC administration and holds promise 
in the treatment of ischemic diseases by the induction of microvessel formation.

On the other hand, it may be possible that engraftment of human EPC into the 
neovasculature depends not on the functional capacity of EPC, but rather by the 
stimulus provided. In this respect, Popa et al. have described that the efficacy of 
EPC-induced neovascularization is not generally warranted, but dependable on 
the molecular microenvironment [169]. Their data indicate that in a pro-angiogenic 
and hypoxic environment EPC engraft into the neovasculature, while in a pro-
inflammatory environment no engraftment was observed. Controversially, sprouting 
angiogenesis was present in both models to a similar extent. Thus, human EPC react to 
their molecular environment and change it accordingly. In a ‘friendly’ pro-arteriogenic 
microenvironment (e.g. limb ischemia) EPC are actively involved in neovessels 
formation, while in a ‘hostile’ inflammatory environment EPC secrete pro-angiogenic 
factors in order to change the environment and induce neovascularization. Hence, 
human EPC engraftment can be found in animal models for arteriogenesis [61], while 
it is absent in models for angiogenesis [274].

Taken together, in this thesis we have shown that human EPC have the ability 
for sense their ischemic environment and secrete pro-angiogenic factors, i.e. IL-8, 
MCP-1, bFGF, HGF and VEGFa, which induce the formation microvessels and result 
in diminishment of ischemia (Figure 1B). Hence, the clinical administration of pro-
angiogenic factors from slow-release depots may pose an interesting treatment option 
that aids the body to regenerate itself.

to-mesenchymal transdifferentiation (EnMT). Indeed, in chapters 4 and 5 we showed 
that SMC can be derived from circulating human EPC. EnMT by these EPC could be 
evoked in degradable biomaterials and thus used for future small-diameter vascular 
tissue engineering. Hence, we have generated a new tissue engineering paradigm 
that utilizes a single human progenitor cell type for the generation of both EC and 
SMC (chapter 6).

Although the differentiation of EC and SMC from a single human progenitor cell 
type on degradable biomaterials is a huge step towards the generation of a viable long-
lasting blood vessel replacement, it is merely one step in vascular tissue engineering. 

One of the challenges that need to be addressed in an interdisciplinary approach 
is the biofunctionalization of the degradable biomaterials. Since, the differentiation 
of EC and SMC from EPC is guided by external factors, such as ECM components and 
growth factors, these molecular clues need to be incorporated into biomaterials such 
that differentiation is dictated by these materials and maintained in vivo. Although 
biomaterials research has focused on the incorporation of some of these molecular 
clues, a biomaterial capable of presenting multiple clues simultaneously still needs to 
be developed (chapter 6). Hence, future research should focus more on the integration 
of the biological principles described in this thesis into the biomaterials sciences. 

A second challenge is to determine the influence of flow on the behavior and 
plasticity of human EPC. Physiologically, EPC need to function under site-specific fluid 
shear- and tensile stress exerted by the blood on the vessel wall. At present, most EPC 
differentiation and functional studies are performed in static cell cultures. While these 
cultures do provide insight into the molecular mechanisms behind EPC differentiation 
into EC and SMC, they do not mimic the physiological circumstances under which 
these cells need to function in vivo. 

A third challenge will be to modulate the delicate balance between biomaterial 
degradation and the build-up of the cells natural ECM. Ideally, in vivo degradation of a 
biomaterial occurs at a similar rate as ECM deposition by the seeded and surrounding 
cells. Desynchronizing these processes would lead to changes in mechanical strength 
and possibly malfunction of the tissue engineered vascular construct. 

Taken together, this thesis has added to the feasibility of small-diameter vascular 
tissue engineering by revealing that human EPC contain the cellular plasticity to 
form both EC and SMC on degradable biomaterials (Figure 1A). Hence the cellular 
components for tissue engineered ‘designer blood vessels’ can be derived out of one 
human progenitor cell type. Future challenges lie in the integration of these molecular 
clues into smart biomaterials and in exploring the behavior of engineered bioartificial 
small-diameter blood vessel in an in vivo environment. Only if the progenitor cell-
based tissue engineered vessel can be fully remodeled into a native vessel in vivo, 
vascular tissue engineering can be utilized as true regeneration therapy.

part ii: therapeutic neovascularization

Therapeutic neovascularization utilizes the endogenous angiogenic capacity 
of human EPC for the treatment of tissue ischemia. In theory, administration of the 
vessel-forming EPC improves the body’s capacity to repair the injured microvessels 
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concluding remarks

In this thesis we showed that human EPC have the intrinsic capacity to differentiate 
into EC and SMC and are long-lived. This finding suggests that human autologous 
EPC may be used in vascular tissue engineering as source for both EC and SMC with 
inherent self-regenerating capacity (chapters 2, 4-6). Furthermore, we have shown 
that administered human EPC can sense their ischemic environment and induce 
microvessel formation by the secretion of pro-angiogenic factors that induce sprouting 
angiogenesis (chapters 7-9). The plasticity of human EPC, therefore, renders them a 
valuable tool for vascular regenerative medicine. 

However, for future autologous application, the plasticity of patient-derived EPC 
needs to be addressed. In this thesis we have shown that patients with increased risk 
for cardiovascular disease also have numerical and functional impaired EPC (chapter 
3). These limitations challenge the use of autologous EPC for vascular regenerative 
medicine. Hence, in future research it would be interesting to determine the molecular 
basis of EPC dysfunction in patients with vascular diseases.
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hart- en vaatziekten

Hart- en vaatziekten, zoals hartinfarcten en perifeer vaatlijden, zijn de voornaamste 
doodsoorzaak wereldwijd en in Nederland. In 2005 stierven naar schatting 44.1 duizend 
mensen in Nederland aan hart- en vaatziekten [1]. Verstopping van de bloedvaten, en 
de hiermee gepaard gaande ischemie, leiden tot schade van de omliggende weefsels. 
Huidige chirurgische therapieën zijn gericht op het hestel van de doorbloeding, 
waardoor de ischemie wordt verholpen, maar zijn niet gericht op het voorkomen van 
ontsteking [2;3] of het induceren van weefsel regeneratie. Hetgeen onderzoek naar 
nieuwe therapieën noodzakelijk maakt.

Herstel van de doorbloeding van ischemische of beschadigde weefsels is essentieel 
voor regeneratie. Ischemische episodes in het hart of de perifere weefsels leiden tot 
de nieuwvorming van bloedvaten (neovascularizatie) vanuit het reeds bestaande 
vaatbed via angiogenese [4] of de vorming van coronaire arteriën via artheriogenese 
[5]. Beide processen worden gestuurd door een scala aan cytokines en groeifactoren, 
mechanische stimuli en circulerende cellen, zoals endotheelvoorlopercellen (EPC).

Echter, in patiënten die lijden aan hart- en vaatziekten kan deze natuurlijke 
vaatnieuwvorming disfunctioneel zijn en onvoldoende om de weefseldoorbloeding te 
herstellen (hoofdstuk 3). Dus, hoewel de complexe processen achter vaatnieuwvorming 
continue worden verduidelijkt, blijft er een klinische behoefte aan therapieën die het 
natuurlijke proces van vaatnieuwvorming ondersteunen en/of vervangen. Dit soort 
therapieën biedt vasculaire regeneratieve geneeskunde in het tissue engineeren van 
‘designer bloedvaten’ (deel I) en ‘therapeutische vaatnieuwvorming’ door middel van 
stamceltherapie (deel II).

vasculaire regeneratieve geneeskunde

Regeneratieve geneeskunde richt zich op de regeneratie van vitale en duurzame 
weefsels na acute of chronische schade [356]. Vasculaire regeneratieve geneeskunde 
is een multidisciplinair onderzoeksveld dat onder andere ontwikkelingsbiologie, 
‘biomedical engineering’ en de chemische wetenschappen beslaat en zich richt 
op het verbeteren van de klinische problematiek van patiënten met vasculaire 
aandoeningen. Hierin richt vasculaire regeneratieve geneeskunde zich op het creëren 
van nieuwe therapieën die specifiek gericht zijn op de inductie of het herstel van 
de doorbloeding. Een belangrijke benadering hierin is het genereren van ‘designer 
bloedvaten’ (of bloedvat tissue-engineering) door in vitro endotheelcellen (EC) en 
gladde spiercellen (SMC) te combineren met afbreekbare biomaterialen. Een tweede, 
conceptueel verschillende, benadering is de in vivo inductie van neovascularizatie 
door stamcel therapie.

EC zijn van vitaal belang binnen de vasculaire regeneratieve geneeskunde. 
EC bevatten natuurlijke antistolling- en vaatvormende eigenschappen. Echter, de 
beperkte beschikbaarheid en korte levensduur van EC [44] zijn limiterend binnen de 
vasculaire regeneratieve geneeskunde. Endotheelvoorlopercellen (EPC) kunnen zich 
ontwikkelen naar EC en hebben een lange levensduur (hoofdstuk 5). Daarom kunnen 
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chronische nierziekten beschrijven we numerieke en functionele disfunctie van EPC; 
deze disfuncties vormen een nieuwe uitdaging binnen bloedvat tissue-engineering 
en strategieën om deze disfuncties te overkomen zullen in de toekomst moeten 
worden onderzocht.

de generatie van gladde spiercellen in (degradeerbare) biomaterialen

Een ‘designer bloedvat’ bestaat niet enkel uit een biomateriaal met een laag EC, 
maar dient een laag van gladde spiercellen (SMC) te bevatten. Deze SMC zorgen 
voor stabiliteit van het bloedvat en zijn contractiele eigenschappen. SMC kunnen 
uit vaatbiopten worden geisoleerd en mogelijk ook uit circulerende voorlopercellen 
[139;181;358]. Sata en collegae hebben beschreven dat de hematopoëtische stamcel, 
de voorloper van de EPC, via endotheel-naar-mesenchym transdifferentiatie (EnMT) 
kunnen differentiëren naar SMC [359]. EnMT is een proces waarin EC hun phenotype 
verliezen en het phenotype van mesenchymale cellen tot expressie gaan brengen. Dit 
concept heeft geleid tot de hypothese dat ook EPC EnMT kunnen ondergaan en dus 
een bron van SMC kunnen zijn voor tissue-engineering (hoofdstukken 4 en 5).

Als ‘proof-of-principle’ hebben we in hoofdstuk 4 laten zien dat neonatale EC 
(HUVEC) EnMT kunnen ondergaan en transdifferentieren naar SMC via TGF-β1-
afhankelijke mechanismen. EnMT van HUVEC resulteert in het onstaan van een delende 
populatie vasculaire SMC die functioneel niet verschillen van natuurlijke SMC [165]. 
Daar tissue-engineering gebruik maakt van 3D scaffolds voor de creatie van een TEBV, 
is in hoofdstuk 4 onderzocht of EnMT geïnduceerd kan worden in deze 3D scaffolds. 
EnMT in de 3D scaffolds verliep eender als in de celkweken.

Vervolgens is in hoofdstuk 5 onderzocht of EPC EnMT kunnen ondergaan. De 
toevoeging van TGF-β1 en PDGF-BB aan EPC kweken resulteerde in verminderde 
expressie van EC-markers, i.e. CD31, CD144, eNOS, vWF, VEGFR-2 en Tie2, en toegenomen 
expressie van SMC-markers, i.e. SM22α. αSMA, calponine en SM-MHC2. EPC-afkomstige 
SMC hadden een gelijke contractiele functie als ‘echte’ vasculaire SMC. Echter, 
telomerase expressie, een characteristiek kenmerk van stam- en voorlopercellen, ging 
verloren gedurende het transdifferentiatie proces (hoofdstuk 5). 

richting ‘designer bloedvaten’

Tissue engineeren van klein-diameter bloedvaten is meer dan het differentieren 
van de juiste celtypen (EC & SMC). Een natuurlijk bloedvat bevat een intimae 
bestaande uit vasculaire cellen en hun basaal membraam, en een buitenste adventitia 
bestaande uit extracellulaire matrix en fibroblasten. Deze adventitia is belangrijk voor 
de mechanische sterkte van het bloedvat. In hoofdstuk 6, worden de mechanismen 
die achter EPC differentiatie naar EC en transdifferentiatie naar SMC schuilgaan 
samengevat en wordt de huidige ontwikkelingen in biomateriaal design beschouwd 
die bijdragen aan de creatie van een TEBV. Deze biomaterialen moeten aan een aantal 
biologische principes voldoen; (1) het biomaterial moet de architectuur van het weefsel 
(e.g. poreusiteit) weerspiegelen, (2) het biomateriaal moet de sterkte van het weefsel 
en zijn dynamische eigenschappen evenaren, (3) het biomateriaal moet celhechting 
bevorderen, (4) het biomateriaal moet in staat zijn om celdifferentiatie en celgroei te 

EPC een bijdrage leveren aan de regeneratieve capaciteit van de bloedvaten door de 
beschadigde EC te regenereren [357].

EPC ontstaan in het beenmerg uit de hematopoetische stamcel [296]. Er zijn twee 
beschreven populaties EPC die onderscheden kunnen worden op basis van expressie 
van de eiwitten CD34 en CD14 [64], de tijd van ontstaan in celkweek [62] en de potentie 
tot klonale expansie [63]. Gemeenschappelijk hechten EPC aan de extracellulaire 
matrixcomponenten gelatine en fibronectine, kunnen EPC geacetyleerd low-density 
lipoprotein opnemen en binden EPC lectines van Ulex europaeus. Daarnaast brengen 
EPC, na celkweek, eiwitten tot expressie die kenmerkend zijn voor EC, zoals CD31, VE-
Cadherin (CD144), von Willebrand Factor en eNOS [315;316].

In dit proefschrift is onderzoek gedaan naar de mogelijkheid om EPC te gebruiken 
voor in vitro tissue-engineering van ‘designer bloedvaten’ (deel I) en ‘therapeutische 
neovascularizatie’ (deel II). Het onderzoek beschreven in dit proefschrift richt zich op 
de (moleculair) biologische mechanismen die plasticiteit en differentiatiecapaciteit 
van EPC waarborgen, omdat kennis van deze processen de klinische implementatie 
van regeneratieve geneeskunde bevorderen.

deel i: tissue-engineering van ‘designer bloedvaten’

het genereren van een endotheelcellaag op (afbreekbare) biomaterialen

Tissue-engineering van bloedvaten richt zich op de creatie van klein-diameter 
bloedvaten door EPC te differentiëren op (degradeerbare) biomaterialen. Naast 
hechtbaarheid en mechanische versteviging, dient het biomateriaal celadhesie, 
celdifferentiatie en groei te ondersteunen. Degradatie van het biomateriaal, tezamen 
met de generatie van een nieuwe extracellulaire matrix door de cellen, converteert 
het tissue-engineered bloedvat (TEBV) naar een volledig natief bloedvat in vivo.

Omdat de CD14+ EPC in een hogere frequentie in de circulatie aanwezig is dan de 
CD34+ EPC (respectievelijk 10-20% versus 0.01-0.1% van de witte bloedcellen); lijkt de 
CD14+ EPC een geschikte bron van EC om ‘grote weefsels’, zoals een bloedvat, te tissue 
engineeren. In hoofdstuk 2 hebben wij onderzocht of CD14+ EPC uit de circulatie van 
gezonde vrijwilligers kunnen differentiëren naar EC op degradeerbare biomaterialen. 
Het merendeel (>70%) CD14+ EPC differentieerde naar EC in vitro en had expressie van 
EC-specifieke eiwitten, als CD31, VE-Cadherin, von Willebrand Factor en eNOS. 

Om een vitaal klein-diameter bloedvat te creëren dat zelfhelende capaciteit bevat 
zijn cellen nodig met een hoge proliferative capaciteit en dus een lange levensduur. 
De kortstondige proliferatie, en dus beperkte levensduur, van CD14+ EPC (hoofdstuk 
2) kan de integriteit van een TEBV dus negatief beïnvloeden. Echter, in hoofdstuk 7 is 
aangetoond dat in combinatie met CD34+ EPC, de proliferatie van CD14+ EPC niet meer 
kortstondig is, maar constitutief. Hiermee is kan dan ook de integriteit van een TEBV 
worden gewaarborgd.

Omdat bloedvat tissue-engineering zich richt op de creatie van autologe TEBV 
hebben we in hoofdstuk 3 onderzocht of EPC in patiënten met verhoogd risico 
op cardiovasculaire aandoeningen zijn aangetast door ziekte. In patiënten met 
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induceren en te sturen, en (5) het biomateriaal moet degraderen zodat het TEBV door 
het lichaam omgezet kan worden naar lichaamseigen weefsel. 

Voor elk van deze biologische principes zijn afzonderlijke biomaterialen gefabriceerd 
(hoofdstuk 6). Echter, de huidige uitdaging voor ontwikkelaars van biomaterialen is 
om deze biologische principes te verenigen in een biomateriaal en tissue-engineering 
paradigma. Vanuit een biologisch perspectief zijn de moleculen en mechanismen 
waaruit EPC differentiatie en plasticiteit ontstaat geïdentificeerd (hoofdstukken 2, 
4, 5 en 7), terwijl ontwikkelingen in biomateriaal design de mogelijkheid bieden om 
deze moleculen, i.e. VEGFa, bFGF, TGF-β1 en PDGF-BB, te integreren in nieuwe ‘slimme 
biomaterialen’ (hoofdstuk 6). Deze beide ontwikkelingen leiden tot de mogelijkheid 
een biologisch-actief-, klein-diameter vaatconstruct te creëren dat de mogelijkheid 
bevat zijn eigen ontwikkeling te reguleren (Figuur 1A).

deel ii: therapeutische neovascularizatie

Therapeutische neovascularizatie benut de inherente angiogene capaciteit van 
humane EPC voor de behandeling van weefselischemie. In theorie leidt implantatie 
van humane EPC tot een verhoogde herstelcapaciteit na vaatschade, en mogelijk tot 
de inductie van neovascularizatie. Wij en anderen hebben getracht om de vorming 
van microvasculaire netwerken te induceren in vivo, door CD34+ EPC te implanteren bij 
muizen [100;268;360;361]. Hoewel het implanteren van CD34+ EPC leidt tot de vorming 
van een microvasculair netwerk, is er weinig bewijs voor actieve incorporatie van 
CD34+ EPC in deze netwerken (hoofdstuk 8) [274]. Wel wordt actieve rekrutering van 
(muis-afkomstige) CD14+ EPC waargenomen, hetgeen de suggestie wekt dat CD34+ 
EPC endotheelceldifferentiatie van CD14+ EPC beïnvloed.

in vitro endotheelcel differentiatie

In hoofdstuk 7 wordt de interactie tussen humane CD34+ EPC en CD14+ EPC 
geanalyseerd. Na angiogene stimulatie vormen deze cellen cel-cel contacten, hetgeen 
de suggestie dat deze cel-cel contacten van invloed zijn op de EC differentiatie en 
mogelijk proliferatie van deze EPCs. Met behulp van verscheidene in vitro experimenten, 
hebben wij aangetoond dat human CD34+ EPC inderdaad de EC differentiatie door 
CD14+ EPC beïnvloeden (hoofdstuk 7). Echter, in tegenstelling tot onze hypothese was 
deze interactie niet afhankelijk van cel-cel contacten tussen de CD34+ en de CD14+ 
EPC, maar berustte deze interactie op paracrine mediatoren die door de CD34+ EPC 
worden gemaakt en uitgescheiden (hoofdstuk 7).

De humane CD34+ EPC kan een scala aan groeifactoren en cytokines produceren 
met een pro-angiogene functie [276]. In hoofdstuk 7 beschrijven wij dat de humane 
CD34+ EPC een hoge productie van de pro-angiogene groeifactor HGF hebben. HGF 
kan zijn receptor cMET innerveren op het celmembraam van de CD14+ EPC. Deze 
innervatie leidde tot een toename van EC differentiatie door CD14+ EPC van 65% 
tot 95% van alle adherente CD14+ EPC. Daarnaast steeg de proliferatie van CD14+ 
EPC 10-voudig (hoofdstuk 7). Dus, co-cultivatie van humane CD34+ EPC en humane 
CD14+ EPC leidt tot superieure endotheelcel differentiatie in vitro in vergelijking tot 
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Figure 1. Plasticiteit van endotheelvoorlopercellen in vasculaire regeneratieve geneeskunde. Circulerende 
EPC bezitten de plasticiteit om te differentieren naar EC en SMC. Deze gespecializeerde celtypen worden om 
tubulaire degradeerbare biomaterialen uitgezaaid om een getissue engineered bloedvat te verkrijgen (A). Een 
andere voorbeeld van EPC plasticiteit is de secretie van pro-angiogene factoren. In reactie op ischemie beginnen 
humane EPC pro-angiogene cytokines en groeifactoren te produceren en uit te scheiden. Deze pro-angiogene 
cytokines en groeifactoren induceren sprouting angiogenese van het omliggende endotheel waardoor de 
ischemie verholpen wordt.
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EC en SMC kunnen vervolgens gebruikt worden in het tissue engineeren van een 
‘designer bloedvat’ dat het vermogen bezit om te reageren op zijn omgeving, zelf-
vernieuwende capaciteit bezit en dus zichzelf kan herstellen na schade.

Daarnaast, in het bestuderen van de functie van EPC in neovascularizatie, hebben 
we het natuurlijke proces van neovascularizatie ontrafeld, en zijn nu in staat dit proces 
te induceren met behulp van ‘slow-release’ depots die pro-angiogene mediatoren, 
i.e. IL-8, MCP-1, HGF, VEGFa en bFGF, afgeven (hoofdstuk 9). De inductie van 
neovascularizatie in een klinische setting kan hierdoor zijn toekomst vinden niet in 
stamcel therapie, maar in het gebruik van ‘smart-release’ depots die pro-angiogene 
mediatoren afgeven. Dit soort materialen kunnen via het ‘off-the-shelf’ principe 
worden gefabriceerd, hetgeen zeer gewenst is voor klinische applicatie.

beide celtypen in monoculture. Daarom kan de hypothese zorden gesteld dat co-
implantatie van humane CD34+ EPC en humane CD14+ leidt tot effectieve inductie van 
in vivo neovascularizatie.

in vivo neovascularizatie

In hoofdstuk 8 is onderzocht of neovascularizatie kan worden verhoogd door de 
gecombineerde implantatie van humane CD34+ EPC en humane CD14+ EPC in muizen. 
Muizen die deze gecombineerde celimplantatie kregen vertoonde inderdaad een 
hogere neovascularizatie dan muizen die een van beide celtypen ontvingen. Tevens 
werd integratie van CD14+ EPC in deze nieuwe capillairen geobserveerd, echter in 
lage aantallen. De cellulaire incorporatie van CD14+ EPC kan dus niet de toegenomen 
vaatnieuwvorming veroorzaken (hoofdstuk 8).

CD34+ EPC en CD14+ EPC kunnen beide pro-angiogene factoren produceren en 
uitscheiden , e.g. VEGFa, IL-8 en HGF. Daarom hebben wij in het tweede deel van 
hoofdstuk 8 onderzocht of in co-cultures van CD34+ EPC en CD14+ EPC de productie 
van deze factoren is veranderd en beschrijven we de geamplificeerde productie van 
MCP-1 en bFGF.

Omdat neovascularizatie enkel beïnvloedbaar leek te zijn via paracrine mediatoren, 
hebben wij gehypothetiseerd dat neovascularizatie geïnduceerd kan worden enkel 
door de administratie van deze factoren. Daarom hebben we in naakte muizen 
Matrigel-carriers subcutaan geïmplanteerd die geladen waren met een pentet aan pro-
angiogene factoren, i.e. IL-8, MCP-1, HGF, VEGF en bFGF. Dit pentet aan groeifactoren 
was inderdaad in staat om neovascularizatie te induceren (hoofdstuk 8).

Samenvattend, therapeutische neovascularizatie is een multifactoriaal process 
dat georkestreerd wordt door humane EPC via paracrine mediatoren (Figuur 1B). De 
vorming van microvasculatuur wordt geïnitieerd door de productie van pro-angiogene 
groeifactoren en cytokines, i.e. IL-8, MCP-1, HGF, VEGFa and bFGF, door human CD34+ 
EPC en CD14+ EPC. Deze factoren induceren sprouting angiogenese van het resident 
endotheel hetgeen de nieuwe bloedvaten vormt.

conclusies

Het concept van vasculaire regeneratieve geneeskunde bestaat reeds drie 
decennia. Echter, de ontdekking van de EPC slechts 12 jaar geleden heeft nieuwe 
inzichten tot stand gebracht aangaande de ontwikkelingsprocessen die ten grondslag 
liggen aan EC differentiatie, neovascularizatie en herstel van het vaatstelsel na schade. 
Het begrijpen van de fenotypische variatie tussen EPC en hun functionele plasticiteit 
heeft ertoe geleid dat we EPC kunnen gebruiken voor regeneratieve therapieën.

Ten eerste, het concept van bloedvat tissue-engineering is geëvolueerd van een 
technisch tijdperk, waarin men trachtte de grove anatomie van een bloedvat te 
recreëren, naar een tijdperk waarin we de natuurlijke ontwikkelingsprocessen kunnen 
gebruiken om een vitaal en natuurlijk bloedvat te creëren. In dit proefschrift hebben 
wij beschreven dat humane EPC de intrinsieke capaciteit bezitten om te differentiëren 
naar functionele EC en SMC op degradeerbare biomaterialen. Deze EPC-afkomstige 
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aFGF
ANGPT1
ANG-2
αSMA
β2M
bFGF
BM 
BMI
BSA
BVTE
CD
CD1a
CD14
CD31
CD34
CD45
CD68
CD105
CD133
CD163
cDNA
CFU-EC
CKD
CM
CT
CVD
DAPI
DGEA
DNA
e.g.
EC
EC50
ECM
ECM
EDTA
EGF
eGFR
ELC
EnMT
eNOS
EOC
EPC
ESRD
FACS

acidic FGF
angiopoietin-1
angiopoietin-2
alpha smooth muscle actin
beta-2-microglobulin
basic fibroblast growth factor
basal medium
body mass index
bovine serum albumin
blood vessel tissue engineering
cluster of differentiation
HTA-1
LPS-receptor
platelet endothelial cell adhesion molecule-1
glycoprotein 105-120
leukocyte common antigen
macrosialine
endoglin
prominin-1
scavenger receptor M130
copy DNA
colony forming unit-endothelial cell
chronic kidney disease
conditioned medium
cycle threshold
cardiovascular disease
4’,6-diamidino-2-phenylindole
collagen type I-mimic (aspartic acid-glycine-glutamic acid-alanine)
deoxyribonucleic acid
exempli gratia (for example)
endothelial cell
half maximal effective concentration
endothelial cell medium (chapter 4)
extracellular matrix
ethylenediaminetetraacetic acid 
epidermal growth factor
estimated gromerular filtration rate
endothelial-like cell
endothelial-to-mesenchymal transdifferentiation
endothelial cell nitric oxide synthase
endothelial outgrowth cell
endothelial progenitor cell
end-stage renal disease
fluorescence activated cell sorting

abbreviations FBS
FCS
FITC
Fn
GA
GAPDH
GM-CSF
GRGDS
HDL
HEPES
HGF
HUVEC
i.e.
Id
ID
IGF-1
IgG
IKVAV
IL-4
IL-8
LDL
mAb
MACS
MCP-1
M-CSF
MDM
MLC
MME
MMP
MNC
MαH
NAbs
PBS
PC
PCLdiUPy
PDGF-BB
PE
PECAM-1
PFA
PHSRN

postHD
preHD
pTFE
PU
RAAS

fetal bovine serum
fetal calf serum
fluorescein isothyocyanide
fibronectin
glutar aldehyde
glyceraldehyde 3-phosphate dehydrogenase 
granulocyte-macrophage colony stimulating factor
fibronectin-mimic (glycine-aginine-glycine-aspartic acid-serine)
high density lipoprotein
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
hepatocyte growth factor
human umbilical cord endothelial cell
id est (that is)
inhibitor-of-DNA-binding-proteins
internal diameter
insulin-like growth factor-1
immunoglobilin g
laminin-mimic (isoleucine-lysine-valine-alanine-valine)
interleukin 4
interleukin 8
low density lipoprotein
monoclonal antibodies
magnetic activated cell sorting
monocyte chemoattractive protein-1
macrophage colony stimulating factor
mesenchymal differentiation medium
macrophage-like cells
matrix metalloelastases
matrix metalloproteinases
mononuclear cell
mouse monoclonal antibodies to human
neutralizing antibodies
phosphate buffered saline
progenitor cell
UPy-functionalized oligocaprolaction
platelet-derived growth factor-bb
phycoErythrin
platelet endothelial cell adhesion molecule-1
paraformaldehyde
fibronectin-synergy site (proline-histidine-serine-arginine-
asparagine)
after hemodialysis
before hemodialysis
polytetrafluorethylene
polyurethane
renin-angiotensin-aldosterone system
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relative differentiation inhibition
fibronectin-mimic (arginine-glycine-aspartic acid)
relative mean fluorescence intensity
ribonucleic acid 
room temperature
reverse transcript polymerase chain reaction
rabbit polyclonal antibodies to human
stromal-derived factor-1
smooth muscle protein 22α
smooth muscle cell
Smoothelin
soluble Tie-2
collagen type IV-mimic (threonine-alanine-glycine-serine-
cysteine-leucine-arginine-lysine-phenylalanine-serine-threonine-
methionine)
tissue engineering
tissue engineered blood vessel
thrombin generation assay
transforming growth factor-beta
tetrahydrofuran
tumor necrosis factor-alpha
umbilical cord endothelial-to-mesenchymal transdifferentiated cells
umbilical cord endothelial outgrowth cells
ureido-pyrimidione
vascular endothelial cadherin
vascular endothelial growth factor
vascular endothelial growth factor receptor-2
vascular smooth muscle cell
von willebrand factor
laminin-mimic (tyrosine-isoleucine-glycine-serine-arginine)

RDI
RGD
rMFI
RNA
RT
(RT-) PCR
RαH
SDF-1
SM22α
SMC
SMTH
sTie-2
TAGSCLRKFSTM

TE
TEBV
TGA
TGF-β
THF
TNFα
UC-EnMT
UC-EOC
UPy
VE-Cadherin
VEGF
VEGFR-2
VSMC
vWF
YIGSR
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curriculum vitae

De auteur van dit proefschrift, Guido Krenning, werd geboren op 15 juli 1980 te 
Nijmegen. In 1998 begon hij aan de studie Biologie aan de 
Rijksuniversiteit Groningen. In 2003, verbonden aan de vakgroep 
voor ‘Biomedical Engineering’ schreef hij zijn assay getiteld 
‘Bone defects - will tissue engineering be the future?’, waarinhet 
essentiele belang  van neovascularizatie voor herstel van 
kritische botdefecten en in het creëren van getissue engineered 
botweefsel beschreven wordt. Deze neovascularizatie kan 
worden geinduceerd door in het tissue engineering proces niet 
alleen osteoblasten (botvormende cellen), maar ook endotheel 
voorlopercellen (EPC) te gebruiken. De auteur zette zijn onderzoek 

naar EPC voort aan de afdelingen ‘Biomedical Engineering’ en ‘Medische Biologie’. In 
zijn eerste doctoraal onderzoek richtte hij zich op de mogelijkheid om CD34+ EPC uit 
perifeer bloed te isoleren en te laten uitgroeien tot mature endotheelcellen. Tijdens 
zijn tweede doctoraal onderzoek bij de ‘Stamcel & Tissue Engineering onderzoeksgroep’ 
richtte hij zich het gebruik van CD14+ EPC in bloedvat tissue engineering. Begin 2005 
ontving de auteur met veel genoegen zijn graad in de Biologie aan de Rijksuniversiteit 
Groningen alsook de uitnodiging zijn onderzoek naar de cellulaire plasticiteit van EPC 
voort te zetten als AIO binnen de ‘Stamcel & Tissue Engineering Onderzoeksgroep’. Na 
zijn promotie zal hij zijn onderzoek aan de moleculaire & epigenetische mechanismen 
achter EPC (dis)functie tijdens hart- en vaatziekten voortzetten. 

 

 
 
 
The author of this dissertation, Guido Krenning, was born on July 15th in Nijmegen 
(The Netherlands). In 1998, he started to study Biology at the University of Groningen. 
In 2003, affiliated to the ‘Department of Biomedical Engineering’ he wrote an assay 
entitled ‘Bone defects - will tissue engineering be the future?’. This assay discusses the 
essence of neovascularization in the repair of critical size bone defects and in bone 
tissue engineering. Neovascularization can be achieved in tissue engineering by the 
incorporation of not only osteoclasts, but also endothelial progenitor cells (EPC) into 
tissue engineered bone constructs. The author continued his EPC research at the 
departments of ‘Biomedical Engineering’ and ‘Medical Biology’. During his first doctoral 
research, he focussed on the possibility to isolate CD34+ EPC from peripheral blood 
and to differentiate them into mature endothelial cells in vitro. His second doctoral 
research project, at the ‘Stem Cell & Tissue Engineering Research Group’, focussed on 
the use of circulating CD14+ EPC for blood vessel tissue engineering. Early in 2005, 
the author received his university degree in biology at the University of Groningen. 
Also, the author was invited to join the ‘Stem Cell & Tissue Engineering Research Group’ 
in order to continue his research as PhD-student. After obtaining his PhD, he will 
continue his research on the molecular & epigenetic basis of EPC (dys)function during 
cardiovascular disease. 
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dankwoord

‘HET IS KLAAR!!!’... zijn waarschijnlijk de meest geschreven woorden aan het begin 
van een dankwoord. Echter zou ik liever zeggen: ‘NU BEGINT HET PAS ECHT!’. 

De totstandkoming van een proefschrift is een langdurig proces, dat je zeker niet 
alleen doet. Daarom wil ik in dit laatste (en meest gelezen) deel van dit proefschrift 
mijn dank betuigen aan de steun, inzet en interesse van velen. Zonder jullie was het 
zeker niet gelukt!

Allereerst wil ik mijn dank uitspreken aan mijn promotor en copromotor Prof. dr. 
MJA van Luyn en Dr. MC Harmsen. Lieve Marja en Marco… wat had het zonder jullie 
moeten worden? Marja, de afgelopen jaren heb ik je leren kennen als een kritisch 
en stimulerend persoon. Je hebt mij opgenomen in jullie club en de mogelijkheden 
geboden om mijzelf te ontplooien. En, hoewel we het niet altijd met elkaar eens zijn 
geweest, heb ik me altijd door jou gesteund, gestimuleerd en gewaardeerd gevoeld. 
Dank hiervoor! Marco,… wat moet ik zeggen… Als ‘jonge hond’ nodigde je mij uit op 
jullie lab. Vol ideeën, theorieën maar zonder veel ervaring. Als een ware mentor heb 
je mij richting gegeven, geleerd te denken, kritisch te zijn, maar bovenal de vrijheid 
geboden om aan de nieuwsgierigheid in mijzelf gehoor te geven… kortom, je bent 
een inspiratiebron! Dankbaar ben ik voor de kansen die je voor mij hebt geschapen en 
het vertrouwen dat je mij schenkt. Ik hoop dat onze samenwerking nog jaren zo mag 
blijven doorlopen.

Natuurlijk wil ik mijn dank uitspreken aan de beoordelingscommissie, Prof. dr. AH 
Zisch, Prof. dr. AJ van Zonneveld en Prof. dr. MH Post, die de zware taak toebedeeld 
hebben gekregen om dit proefschrift te beoordelen. Bedankt voor jullie inzet!

Dan mijn twee beste maatjes en paranimfen, Jan-Renier Moonen (alias Primus) 
en Alfred van der Heiden (alias Nympho). Beste Jan-Renier, we hebben aardig wat 
avonturen beleefd de afgelopen paar jaar. Of het nu laat werd op het lab, bij de Fiat, 
of gewoon na het werk in de kroeg... laat zou het worden! Met veel plezier kijk ik terug 
op de momenten die ik met jou heb mogen meemaken en waarop er zeker nog velen 
zullen volgen. Je onophoudend enthousiasme voor de wetenschap hebben geleid tot 
een samenwerking waar menigeen jaloers op mag zijn. Als twee handen op een buik 
hebben we samen nieuwe onderzoeken gestart, waarvan hoofdstuk 4 & 5 slechts een 
voorbeeld zijn... ‘the best is yet to come’ zal ik maar zeggen. Ik kijk nu al uit naar jouw 
proefschrift! Lieve Alfred, ik kan me geen tijd herinneren dat je geen deel uitmaakte 
van mijn leven. Vanaf de brugklas trekken we samen op. Dansles, Café Jan de Winter, 
zeilen in de zomer en de diverse vakanties... of het nu skieen is of lekker luieren aan het 
strand, voor mij zijn het allemaal kado’tjes! Ondanks dat onze levens een totaal andere 
richting hebben gekregen (en we elkaar daardoor helaas te weinig kunnen zien) voel 
ik me nog altijd vereerd met jouw vriendschap en ben ik blij dat je als paranimf deze 
dag met mij wilt meemaken!

Het kiezen van een carrière is moeilijk. Wat wil je onderzoeken na je afstuderen, 
waar kun je dat doen en hoe gaat het dan verder? In mijn geval viel toevallig alles op 
zijn plek... met een beetje hulp van Prof. dr. R. Koole. Beste Ron, wie had ooit kunnen 
denken dat een goed gesprek op een zomerse zondag in Hulshorst zou leiden tot dit 
proefschrift! Ondanks het feit dat je je niet met de inhoud hebt kunnen bemoeien de 
afgelopen 4 jaar, ben ik je meer dan dankbaar. Je hebt mij kennis laten maken met de 
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komt vragen of het al klaar is! Marja, onze blotkoningin, zonder jouw bijdrage waren 
Jan-Renier en ik nog steeds aan het klooien met hoofdstuk 5!

Dan de studenten die ik tijdens cursussen, afstudeer projecten of andere 
aangelegenheden heb mogen begeleiden, bedankt! Jullie hebben allemaal 
bijgedragen aan dit proefschrift! Wouter Karthaus, het spijt me dat we niet samen een 
manuscript hebben kunnen schrijven... ik had het je graag gegeven. Bedankt voor je 
inzet en memorabele momenten die je mij gegeven hebt. Ik hoop dat je over een paar 
jaar zelf je naam onder een proefschrift kunt zetten! Wim Drouven, bedankt voor je 
hulp met hoofdstuk 3! Ondanks dat je slechts 3 maanden onderzoek zou komen doen, 
ben je gebleven tot aan het eind. Dat getuigt van discipline en inzet... ik ben trots op 
je!

Dr. C.F.M. Franssen en Dr. F. Waanders. Beste Casper en Femke, ik wil jullie 
bedanken voor jullie inzet, advies en voornamelijk de fijne samenwerking die wij bij 
het totstandkomen van hoofdstuk 3 hebben gehad. Hoe had ik ooit een klinisch stuk 
kunnen schrijven zonder de inzet van deze zeer betrokken artsen?

De afdeling Gynaecologie van het Medisch Centrum Leeuwarden wil ik bedanken 
voor hun inzet en het verzamelen van donormateriaal. Zonder de inzet van deze 
mensen zou er niet veel te onderzoeken zijn!

Familie en vrienden zijn van essentieel belang tijdens een promotie. Niet omdat 
zij je kunnen helpen met het schrijven van artikelen of wel even je proefjes voor je 
willen inzetten, maar om ervoor te zorgen dat je met beide benen op de grond blijft 
staan, om de verhalen aan te horen en voor de hoognodige afleiding. Ik ben gezegend 
met een landelijk netwerk van lieve vrienden. De club uit Groningen (Bram & Sabina, 
Joris & Ingrid, Miriam & Marten, Emily & Yvonne, Tom), bedankt voor alle etentjes, 
wijnproeverijen, tenniswedstrijden, feestjes en alle andere bijeenkomsten die de 
laatste paar jaren mijn hoofd bij het werk hebben weggehouden.

De club uit Utrecht (Mich, Siets & Mijs, Quispel, Daan & Jolein, Alfred & Nanette, 
Douwe, Duncan & Hilde, Renate & Jur), bedankt voor alle feestje, koniginnedagen, 
smartlappen, vakanties, verjaardagen en andere vreemde bijeenkomsten die het 
leven kleur geven!

De ‘geneeskunde club’ (Wouter, Anina, Jetteke & Hugo, Marijn, Rene, Remco, 
Tineke & Bauke), bedankt voor alle avonturen, gala’s en etentjes die er de afgelopen 
jaren geweest zijn... ik hoop dat er nog veel mogen volgen. Hugo, bedankt voor al je 
hulp met de layout van dit proefschrift... als je mij m’n gang had laten gaan zouden alle 
letters scheef hebben gestaan!

Traditioneel komen de belangrijkste mensen als laatst... en hier is dat niet anders. 
Lieve pappa, voor jou geen volzinnen op papier. Wij hebben het belangrijkste al 
gezegd. Een ding staat voor mij boven water; Ja, wij weten het!

Lieve mamma, bedankt voor alle mooie momenten die de mij gegeven hebt en nog 
altijd geeft. Ondanks de moeilijke periodes de we hebben gekend, sta je altijd voor 
mij, m’n broertje en zusje klaar. Jij bent ons thuis! Als ware doorzetter heb je je door 
een zware periode heen gesleept en iedereen laten zien dat als je jezelf opraapt en 
dwingt door te gaan, de zon altijd weer gaat schijnen (een ander zonnetje misschien, 
maar toch). Je bent een inspiratie en een voorbeeld voor mij. Ik hou van je.

Lieve Cinny en Lenno, ik ben trots op jullie en op wie jullie zijn. De passie waarmee 
jullie je leven organiseren en het plezier dat we samen mogen beleven is mij meer 

wereld die ‘tissue engineering’ heet, en de onderzoeker in mij wakker geschud! Tevens 
moet ik hier mijn dank uitspreken naar Ben en Nieke; nog bedankt voor de gezellige 
verjaardag!

Ook wil ik graag de pro-decaan onderzoek, Prof. dr. L.F.M.H. de Leij, hier even 
memoreren. Beste Lou, ondanks dat je niet direct betrokken bent geweest bij de 
uitvoering van het onderzoek dat in dit proefschrift beschreven staat, ben je toch een 
enorme drijfveer voor mij geweest. Aan het einde van mijn eerste presentatie binnen 
de Medische Biologie over de endotheeldifferentiatie van monocyten, sloot jij af met 
de mededeling ‘ik geloof het niet’. De frustratie die deze mededeling heeft opgeroepen 
heeft mij gemotiveerd om harder te werken en kwalitatief beter onderzoek te doen... 
kortom, ik zal jou aan het einde van het traject bekeerd krijgen. Ik hoop dat dat gelukt 
is!

Een promotie zit vol met pieken, dalen, en soms ook persoonlijke frustratie. Gelukkig 
zijn er op het MB-Z lab, de basis van de Stamcel & Tissue Engineering Onderzoeksgroep’, 
talloze goedgemutste collegae die deze emoties willen delen. Mijn kamergenoten 
(Machteld, Martine, Monika, Maike, Miriam, Jan-Renier, Sander en Nynke) wil ik 
bedanken voor alle vrolijke dagen die ze mij geschonken hebben. Alle kopjes koffie, 
sausijzen uit de oven, discussies, ongein en persoonlijke geprekken staan mij nog 
vers in het geheugen en deze hebben allemaal bijgedragen aan de totstandkoming 
van dit proefschrift. Bedankt daarvoor! Ook de AIOs van de andere kamer (Diana 
(alias Ploegert), Merel, Qingsong, Ewa, Carolien, Daniel en Susanne) bedankt voor alle 
leuke momenten die we samen hebben mogen meemaken, jullie interresse, inzet 
enzovoort... ik hoop dat jullie er net zo van genoten hebben als ik!

De Post-Docs (Barry, Eliane, Patricia, Jasper B, Alida, Annemarie en Anna Rita) 
waarmee ik de afgelopen jaren heb mogen werken, discussieren, geinen en filosoferen 
wil ik bedanken voor hun advies en entousiasme. Lieve Patricia, al sinds die memorabele 
dag op het bankje in Eindhoven (ergens in 2004) hebben wij een bijzondere band. 
De toeweiding en enthousiasme waarmee jij je hobby uitvoert is voor mij zowel een 
voorbeeld als inspiratie geweest. Ik dank je voor alle discussies die we hebben mogen 
voeren, ze hebben van mij een ander mens gemaakt. Daarnaast dank ik je natuurlijk 
ook voor de ‘Joepies’ die essentieel waren in de hoofdstukken 2 & 3 van dit proefschrift. 
Barry, samen hebben we een hoop meegemaakt... zowel op, als buiten de werkvloer. 
Ik dank je voor al deze dierbare momenten. Helaas heeft de oorspronkelijke titel van 
hoofdstuk 7 (‘I told you so, I told you so, I told you so’) het veld moeten ruimen voor een 
serieuzer exemlaar. Toch is de gedachte er niet minder om. Ik dank je voor alle hulp 
bij hoofdstukken 7 & 8, en voor de glans die je aan de (lange) dagen op het lab hebt 
gegeven. Binnenkort nog wel even die beloofde sigaar roken, toch? 

De analisten (Martin, Xavier, Linda, Marja B, Josée, Jasper K, Corien, Jelleke (alias 
mevrouw Dokter), Ali, Hester, Henriette, Alice, Jelle, en Roelof-Jan) die op MB-Z 
rondlopen (of liepen) zijn bijzonder. Ik denk dat er maar weinig laboratoria zijn waar 
men op zo’n manier met elkaar werkt. Bedankt! Xavier, bedankt voor al het kweek-, 
kleur- en telwerk dat je in verscheidene studies en pilots hebt verricht. Zonder jouw 
inzet was dit boekje een stuk dunner geweest! Martin, bedankt voor alle kleuringen, 
coupes, foto’s en voornamelijk lol. Ik denk dat er maar weinig analisten zijn die in 2 
weken tijd 11 000 foto’s willen maken van coupes terwijl een ongeduldige AIO elk uur 
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waard dan wat dan ook. Cinny, bedankt voor alle aandacht die je mij en Lenno schenkt. 
Ook bedankt voor het spelen van onze secretaresse... want wie houd er anders alle 
verjaardagen bij? Je bent een stoere en succesvolle vrouw geworden die weet wat ze 
wil en waar haar hart ligt. Houd dat zo. Ik hou van je.

 Lenno, wie had ooit kunnen raden dat je, in plaats van piloot, medisch bioloog 
zou gaan worden? Ik ben trots op je openheid, zelfstandigheid en betrokkenheid. Je 
reizen zijn iedere keer weer een bron van inspiratie en jaloezie. Je bent een mooi mens 
geworden.

Dan de allerlaatste, Karin, mijn steun en toeverlaat. Als er iemand benadeeld  is 
door de totstandkoming van dit proefschrift, dan ben jij het. Sorry. Mijn dank is groot 
voor al je, steun, zorgen, begrip en vooral liefde tijdens de totstandkoming van dit 
proefschrift! Nu zijn jij, en jouw boekje aan de beurt en wordt het mijn taak om te 
zorgen. Je bent rustpunt, mijn maatje, maar bovenal mijn lieve vriendinnetje. Ik beloof 
dat er in de toekomst meer tijd voor ons zal zijn!

Guido Krenning
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