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Abstract 38 

Background 39 

Validated animal models form the cornerstone of in vivo clinical trials. Rabbits, for instance, 40 

have been widely used in musculoskeletal research, but there is a lack of knowledge regarding 41 

endothelial progenitor cells (EPCs) obtained from their peripheral blood (PB). Further, there is 42 

an ambiguity regarding the origin of EPCs in blood. The present study aimed to isolate and 43 

compare rabbit EPCs with human EPCs and explore the origin of EPCs in PB.  44 

Methods 45 

Mononuclear cells (MNCs) were isolated from the PB of rabbits and humans by density 46 

centrifugation. Different parameters, such as seeding density,  type of medium, and technique 47 

(Depletion v/s Hills technique) were standardized for the emergence of EPCs. Homogenous 48 

rEPCs and hEPCs were isolated by double sorting with fluorescence-activated cell sorting 49 

(FACS) using CD34CD133 or CD34VEGFR-2 antibody. Expanded CD34+CD133+ EPCs from 50 

both rabbits and humans were compared using growth curve, acetylated low-density 51 

lipoprotein (acLDL) uptake, lectin binding, flow cytometry, immunofluorescence  (IF), 52 

tubulogenic assay, and NO production.  53 

Results 54 

Initial seeding density of MNCs at 1´106 cells/cm2 with EGM-2MV supplemented with 5% 55 

FBS using depletion technique (40% as compared to 20% by Hill's technique) was found to be 56 

optimal for culturing EPCs. Further, depletion technique yielded cobblestone EPCs in 28% of 57 

rabbit samples as compared to 40% of human blood specimens in three different patterns blood-58 

island like cell culture (central lEPCs and peripheral early EPCs), biphasic EPCs (early EPCs 59 

and late EPCs), and de novo EPCs (late EPCs only). Homogenous rEPCs and hEPCs were 60 
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sorted using CD34+CD133+ and CD34+VEGFR-2+ antibody. Further, with FACS analysis, 61 

rCD34+CD133+EPCs were found to be one third (3%) as compared to human 62 

CD34+CD133+EPCs (12%). These CD34+CD133+ rEPCs/hEPCs were double-positive for 63 

acLDL uptake,  ULEX binding, CD34, CD309, and CD31; whereas negative for CD133, CD14 64 

and CD45. Also, EPCs from both species demonstrated functional characterization.  65 

Conclusions 66 

 rCD34+CD133+EPCs in general, were mostly similar to human CD34+CD133+EPCs in 67 

proliferative potential, functional characterization, and phenotypic identity. However, the 68 

rEPCs appeared to be larger, expressed higher phenotype expression, higher NO production, 69 

and had a significantly thicker junctional area, tube thickness, and longer tubule length 70 

(P<0.05). 71 

Keyword: Endothelial progenitor cells, Blood, VEGFR-2, CD34, ULEX,  AcLDL 72 

wordcount: 344  73 
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Background 74 

Blood has been the center stage for assessing the pathophysiological functions of the human 75 

body for many decades. The reporting of EPCs has triggered a mammoth investigation by 76 

clinical researchers globally [1]. Encouraging results in human and experimental trials 77 

expanded the role of EPCs in physiological and pathophysiological angiogenesis for 78 

therapeutic use in various diseases such as diabetes [2], cancer [3], cardiovascular disorders 79 

[4]. Concomitant with their potential for vascularization, EPCs have also been used extensively 80 

in tissue engineering. Tissue-engineered grafts pre-vascularized with EPCs can minimize cell 81 

death and improve integration that can enhance graft survival [5]. 82 

EPCs, a type of mononuclear cells with low density in blood, have been described based upon 83 

their isolation methods [1, 6, 7]. Correspondingly, phylogenetic origin and phenotype of these 84 

putative endothelial cells have shrouded a laudable controversy. Asahara et al. described 85 

"Blood-island" like morphologic pattern in the emergence of these EPCs and broadly classified 86 

them into early EPCs (eEPCs) and late EPCs (lEPCs) [1, 8-10]. eEPCs and lEPCs are also 87 

known as circulating angiogenic cells (CACs) [11] and endothelial outgrowth cells (ECFCs) 88 

[12] or endothelial colony-forming cells (ECFCs) [13],  respectively.  Although both share 89 

some standard features like the expression of CD31, CD34, DiIacLDL (1,1′-dioctadecyl-90 

3,3,3′,3′-tetramethyindocarbocyanide-labeled low-density lipoprotein) uptake, and UEA-1 91 

lectin (Ulex Europaeus Agglutinin-1) binding, they also have distinct attributes concerning 92 

their morphology, proliferative potential, tubulogenic potential in vitro and mechanism of 93 

neovascularization in vivo [8-12, 14-18]. 94 

In translational research, EPCs were isolated and characterized from various animals such as 95 

rats [19], rhesus monkeys [20], broiler chickens [21], baboons [22], and pigs [23]. Although in 96 

35% of the musculoskeletal research [24] rabbits were used,  rEPCs were only isolated and 97 
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partially characterized as a prerequisite for their use in the experiments [25, 26]. Studies 98 

comparing EPCs of rabbits with the human were lacking. 99 

To our knowledge, this is the first study to characterize rabbit EPCs in the full spectrum. 100 

Further, we hypothesized that the rEPCs were similar to hEPCs regarding the proliferative 101 

potential, functional characterization, and the expression of surface markers. Hence, rEPCs 102 

could provide an excellent research model for translational research in medicine. Additionally, 103 

an in-depth understanding of the origin of EPC will be beneficial to researchers and the 104 

scientific community.  105 
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Methods 106 

Blood sampling 107 

Rabbit blood sampling 108 

The committee on the use of live animals in teaching and research (CULATR: 3558-15) of The 109 

University of Hong Kong approved  25 healthy New Zealand white male rabbits (≈ 9-month-110 

old and weighing ≈ 4 kg) for the study. Under topical anesthesia, 30-100 ml of blood was 111 

extracted from the marginal ear vein of the rabbit [27, 28], followed by heparinization with 112 

heparin sodium (150 IU/ml; Leo pharma, Denmark). The first 5ml of collected blood 113 

contaminated with mature endothelial cells (ECs) was discarded. After selection, sample 114 

collection, and initial processing in the laboratory animal unit (LAU, The University of Hong 115 

Kong, Hong Kong), the samples were transferred to the centralized research laboratory 116 

(Faculty of Dentistry, Prince Phillip Dental Hospital, Hong Kong) in a cold storage box for 117 

subsequent experimentation. 118 

Human blood sampling  119 

The study was approved by the Institutional review board (IRB: UW 18-222) of The University 120 

of Hong Kong. Following written informed consent, 30 ml of blood was withdrawn by 121 

venepuncture technique from 10 randomly selected adults of the Faculty of dentistry, Prince 122 

Philip Dental Hospital, The University of Hong Kong). The exclusion criteria included subjects 123 

with any prevailing medical conditions and smoking habits. Also, 5 ml of first-pass blood was 124 

discarded to prevent contamination by the mature endothelial cells.  125 

Isolation of mononuclear cells (MNCs)  126 

Rabbit mononuclear cells (MNCs) were isolated by density gradient centrifugation using dual 127 

Histopaque (Histopaque 11191 & Histopaque 18031, Sigma-Aldrich, Shanghai, China) 128 
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according to the manufacturer instructions [29]. Briefly, undiluted blood was carefully layered 129 

on Histopaque 11191 and Histopaque 1803 [Ratio: 1(Undiluted blood): 0.5(Histopaque 11191) 130 

+ 0.5(Histopaque 1803)]. The layered column was centrifuged at 700×g for 30 mins. 131 

Subsequently, the buffy coat containing rabbit MNCs at the interface was carefully withdrawn. 132 

On the other hand, Ficoll-Paque Premium (GE Healthcare Biosciences, PA, USA) was used 133 

according to the manufacturer's instructions to isolate MNCs from human blood. Briefly, the 134 

blood was first diluted with PBS (1:1 ratio). The diluted blood (4 ml) was then carefully layered 135 

over Ficoll-Paque Premium (3 ml), followed by centrifugation at 400 × g for 40 mins. These 136 

MNCs (buffy coat) at the interface were then carefully withdrawn and processed further.  137 

Culturing of rabbit and human MNCs  138 

The MNCs from the rabbit and human PB were washed twice with PBS at 100×g to remove 139 

separating media and platelets. These MNCs were then plated at three different densities of 140 

0.5´106 cells, 1´106 cells/cm2 and 5´106 cells/cm2 (n=3) in the custom coated six-well plates 141 

(2.5 µg/cm2, human plasma fibronectin, Gibco; ThermoFisher Scientific, MA, USA) [1] in the 142 

medium X [EGM-2 or EGM-2MV; Lonza, Basel, Switzerland)]. The MNCs were cultured 143 

according to the depletion technique or the re-plating technique (Hills technique)  in either 144 

EGM-2 or EGM-2MV supplemented with an additional 8%, and 5% fetal bovine serum (FBS) 145 

respectively. acLDL uptake and lectin binding were used to test the efficacy of the protocols 146 

or the type of medium in EPCs yield. After the first medium change, the cells were carefully 147 

monitored under a microscope every day for 14 days.  148 

Isolation of homogenous EPCs by FACS 149 

After testing appropriate culture conditions, second and subsequent media was changed 150 

accordingly. At 70-80 % confluency, EPCs were passaged to obtain a sufficient number for 151 
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double sorting (CD34+CD133+ or CD34+VEGFR-2+) with FACS. The protocol was described 152 

later in this section, along with the analysis of surface markers.  153 

Culturing and expansion of sorted CD34+CD133+ or CD34+VEGFR-2+EPCs 154 

Both sorted CD34+CD133+ or CD34+ VEGFR-2+ EPCs were cultured, expanded, and evaluated 155 

for their characteristic morphology by microscopic examination. The EPCs which maintained 156 

their morphology over subsequent passaging were used for analysis and comparison. 157 

Growth curve 158 

The proliferative potential of EPCs was determined by the CCK-8 assay (Sigma-Aldrich). In 159 

brief, rCD34+CD133+EPCs and hCD34+CD133+EPCs (r/h CD34+CD133+EPCs) at P5 passage 160 

were seeded in 96-well plates at a density of 1000 cells/well and cultured in medium X at 37°C 161 

in a humidified atmosphere containing 5% CO2. The Optical density (OD) was measured every 162 

two days for two weeks. On the day of evaluation, medium X was replaced by a phenol red-163 

free culture medium containing 5% FBS, 1% P/S (working medium), and 10μL of CCK-8. The 164 

plates were measured for absorbance at 460 nm (OD) by a microplate reader after incubating 165 

for 2 hrs at 37°C. The experiment was performed in triplicate, with each set having three wells. 166 

The negative control consisted of the working medium and 10 μL of the CCK-8 solution. The 167 

OD of both experimental groups at each time point was calculated by subtracting the mean of 168 

negative control values from the values of the experimental group at that time point. The 169 

population doubling time (PDT) in the logarithmic growth phase of both r/h 170 

CD34+CD133+EPCs was also calculated. 171 

Flow cytometry 172 

After obtaining the homogeneous CD34+CD133+/CD34+VEGFR-2+ EPCs by FACs, the 173 

percentage of cell surface markers, such as CD34, CD133, CD31, VEGFR-2, CD45, and CD14 174 
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were evaluated by expanding the respective cell population. 1.5-3.0×106 cells and 0.5-1.0×106 175 

cells were used for sorting and analysis, respectively. The cells were simultaneously blocked 176 

(0.1% BSA) and incubated with the antibody (Supplementary Table 1) for 45 mins in an icebox 177 

with gentle shaking. After washing twice with cold PBS for 5 mins, the sample was further 178 

incubated with the secondary or conjugated antibody for 45 mins and washed. For isolation, 179 

dual antibody CD34/CD133 or CD34/VEGFR-2 were used, whereas, for quantitative analysis 180 

of surface markers, the single stem cell marker was used. Regarding the control groups, 181 

unstained cells served as the negative control, whereas cells with isotype of the corresponding 182 

antibody served as an isotype control. The isotype control was also incubated for 30-45 mins 183 

followed by washing thrice for 5 mins in PBS. All samples were strained with a 70 μm filter 184 

to obtain singlets. BD SORP (BD Biosciences) and BD LSR Fortessa (BD Biosciences) were 185 

used for sorting and analysis, respectively, using the markers described above. Minimum 1% 186 

of cells were collected after sorting, whereas a minimum of 20,000 events were recorded for 187 

analysis. The data were analyzed by FlowJo Version 10.0 (FlowJo, LLC, Ash- land, OR, USA).  188 

Immunofluorescence (IF)  189 

r/h CD34+CD133+EPCs  at P4-P6 were seeded in 6-well plates at a density of 15000 cells/well 190 

where three wells were used as treatment group while the other three wells were used as an 191 

isotype control group. The experiment was performed in triplicate. At 60-70 % confluency 192 

cells were washed twice with PBS for 2 mins and fixed in cold 4% PFA for 30 mins. The cells 193 

were then blocked with 1% bovine serum albumin (BSA) (Sigma-Aldrich) for 1 hr, followed 194 

by overnight incubation with antibodies. For secondary antibody (CD34), two additional steps 195 

were performed, first washing the primary antibody twice for 5 mins and secondly, incubating 196 

with the secondary antibody for another 45 mins. The cells were then counterstained with DAPI 197 

(Sigma-Aldrich) and analyzed with a fluorescent microscope.  198 
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Functional characterization 199 

Tubulogenic assay 200 

r/h CD34+CD133+EPCs at P5 were evaluated for their ability to form tube formation by 201 

Matrigel (BD Biosciences) assay. Briefly, 200 μl of thawed (1.5 ml, overnight at 4°C) Matrigel 202 

was carefully added (avoid any air bubbles) into six wells (n=3) of prechilled 96 well plate and 203 

incubated at 37°C for 30 mins. 2×105 cells/ml single-cell suspension of EPCs was prepared in 204 

EGM-2MV. 100 μl of cell suspension was added to the gel gently without disturbing the gel 205 

surface. The plate was incubated at 37°C with 5% CO2 and left undisturbed for 1 hr, after which 206 

tube formation was examined every 5 hrs beginning at 1 hr till 25 hrs under an inverted 207 

microscope at 4X. Eight randomly selected areas from both the Fig.s of r/h 208 

CD34+CD133+EPCs were chosen and quantitatively analyzed. 209 

acLDL uptake and lectin binding  210 

Expanded r/h CD34+CD133+EPCs at P5 were assessed for acLDL uptake [30] and lectin 211 

binding [31]. Briefly, first ECs at day 7 (P0) (for qualitative confirmation of ECs in EGM-2 or 212 

EGM-2MV) or expanded r/h CD34+CD133+ (P5) EPCs were incubated with DiI-ac-LDL 213 

(Molecular Probes, Invitrogen, Carlsbad, CA, USA) at 2.4 μg/ml for 4 hrs in the medium at 214 

37°C. These EPCs were then washed three times with PBS and fixed with 4% 215 

paraformaldehyde (PFA) for 30 mins at room temperature. Subsequently, the ECs were 216 

counterstained with 200 μL of mouse anti-human UEA-1 antibody-conjugated with fluorescein 217 

isothiocyanate (FITC) (Sigma, St. Louis, USA) at 4°C for 1 hr and then washed three times 218 

with PBS. The fluorescent images were captured under a laser scanning confocal microscope 219 

(Olympus IX81, Japan). DAPI (4′,6-diamidino-2-phenylindole) at a concentration of 0.1 µg/ml 220 

was used as negative control. 221 

eNOS assay  222 
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Nitric oxide (NO) production by endothelial nitric oxide synthase (eNOS) in r/h 223 

CD34+CD133+EPCs was assessed by using 4,5 diamino-fluorescein diacetate (DAF 2-DA) 224 

[32]. Briefly, EPCs were cultured overnight in a black clear-bottom 96-well plate without 225 

serum and growth factors. The next day, medium in 96-well plates was replaced by the reaction 226 

mixture of 200 μl containing DAF-2 DA, 0.1mM L arginine, and reaction buffer with b 227 

NADPH (induction group) or without b NADPH (positive control and blank respectively). 228 

After incubating for 2 hrs at room temperature, fluorescence was measured (Ex/Em 490/520 229 

nm) using a fluorimeter (VersaFluor Fluorometer, BioRad). Experiments were performed in 230 

quadruplicate in which rEPCs and hEPCs were seeded together with control, blank, and 231 

experimental groups together in 96 well plates. Relative fluorescence intensity (RFI) for each 232 

group at different concentrations was calculated by subtracting the values of the blank group 233 

from treatment group (AFI, Actual fluorescence intensity) as well as the control group followed 234 

by dividing the AFI treatment group by AFI control group. 235 

Statistical Analysis 236 

The growth of r/h CD34+CD133+EPCs was evaluated by analyzing the difference in the mean 237 

OD by 2-way repeated-measures ANOVA for testing the difference in mean growth between 238 

two groups at the same time point as well as between different time points within the same 239 

group. Similarly, in eNOS assay, the difference in the mean relative fluorescence intensity was 240 

analyzed by 2-way repeated-measures ANOVA for testing the difference in mean RFI between 241 

2 groups (rEPCs and hEPCs) at the same concentrations as well as between different 242 

concentrations within the same group. The Bonferroni correction was used for adjusting the 243 

pairwise comparison. The above tests were performed as the two-sided tests at the 0.05 244 

significance level using IBM SPSS Statistics 24 (IBM Corp. Armonk, NY, USA). 245 
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Results 246 

Rabbit and human blood sampling 247 

Both the rabbit and human blood were successfully withdrawn. However, extracting rabbit 248 

blood was technically challenging and required extended time as compared to removing human 249 

blood (Fig. 1.A). After centrifugation, the buffy coat of MNCs (Fig. 1.B.1) was carefully 250 

pipetted and transferred into sterile tubes (Fig. 1.B.2). However, while withdrawing the MNCs, 251 

if any blood contamination occurred, the pipettes were discarded immediately.  252 

Culturing of MNCs and emergence of EPCs 253 

We found that MNCs at 1.0´106 cells/cm2  yielded optimal results. No ECs were obtained at  254 

0.5´106 cells, whereas at 5.0´106 cells/cm2, cell clumping, and cell death occurred (Fig. 2.A). 255 

In our preliminary experiments, the Hills technique was found to be ineffective and was only 256 

successful in 20% of cases (1/5 blood samples) tested, whereas the depletion technique yielded 257 

EPCs in 40% of cases (2/5 blood samples). Both EGM-2 and EGM-2MV gave positive results, 258 

but EPCs in EGM-2MV emerged earlier and greater in number as observed microscopically 259 

(Fig. 1.B). acLDL uptake and lectin binding confirmed the emergence of EPCs (Fig. 3). In the 260 

depletion technique, the first medium was changed on the fourth day for both rabbit and human 261 

MNC's culture. From day 5 to day 7, 28% (7/25) of rabbit blood samples (rBS) and 40% (4/10) 262 

of human blood samples (hBS) yielded cobblestone EPCs in three different patterns; blood 263 

island-like cell clusters, biphasic EPCs, and de novo EPCs (Fig. 3). Spindle-shaped cells (Fig. 264 

3A) occurred in the rest of the cases (referred to as eEPCs) and died within 1-2 weeks, whereas 265 

blood island-like cell clusters (Fig. 3B) and biphasic EPCs  (Fig. 3C) contained a mixture of 266 

eEPCs and lEPCs (ECFCs). De novo EPCs (Fig. 3D) were essentially the lEPCs (ECFCs) only.  267 

Isolation, culturing and expansion of EPCs  268 
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Both rEPCs and hEPCs were successfully sorted with CD34+CD133+/CD34+VEGFR-2+ using 269 

FACS. However, the percentage of CD34+CD133+ rEPCs was one-third (3%) (Fig. 5A) as 270 

compared to the hEPCs (12%). On the other hand, the percentage of CD34+VEGFR-2+ EPCs 271 

was significantly higher in both rabbits (39.7%), and humans (43.4%) as compared to 272 

CD34+CD133+ sorted EPCs. 273 

rEPCs and hEPCs were successfully cultured and expanded. However, after P7/P8, 274 

CD34+VEGFR-2+EPCs began to lose their characteristic cobblestone appearance and 275 

proliferative potential, whereas both of the properties were intact in CD34+CD133+EPCs. 276 

Therefore, for subsequent analysis and comparison, CD34+CD133+EPCs were used. It was also 277 

observed that rEPCs appeared to be larger than hEPCs (Fig. 5B). 278 

Growth curve  279 

The growth curve (Fig. 5C, Table 2) revealed a statistically significant difference in overall 280 

time points (P<0.05) as wells as between time points (P<0.05) and groups (P<0.05). 281 

Significant growth was observed from day 2 to day 8 (P<0.05). PDT for rEPCS was 21.18 hrs, 282 

whereas, for hEPCs, it was 20.01 hrs. Overall, both rEPCs and hEPCs revealed a similar growth 283 

pattern. 284 

Flow cytometry and immunofluorescence 285 

FACS analysis demonstrated similar expression for r/h CD34+CD133+EPCs. Both rEPCs and 286 

hEPCs were strongly positive for CD34, CD31, and VEGFR-2. However, rEPCs had a higher 287 

percentage of these markers as compared to hEPCs (Fig. 6).  CD45, a pan leukocytic cell 288 

marker, and CD14, a monocytic lineage marker, were absent in both cell populations. Further, 289 

it was noteworthy that expanded CD34+CD133+ lacks CD133+ expression (Fig. 6). IF results 290 

substantiated the findings from FACS analysis. Both rEPCs and hEPCs were positive for 291 

CD34, CD31, and VEGFR-2, whereas negative for CD133, CD45, and CD14 (Fig. 7).  292 
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Functional characterization 293 

Tubulogenic assay 294 

The tubulogenic assay revealed that r/h CD34+CD133+EPCS formed a characteristic tubule on 295 

Matrigel. In general, the tubules in hEPCs were more uniform and hence could sustain for a 296 

comparatively longer time as compared to rEPCs (Fig. 8A). However, quantitative analysis of 297 

selected areas revealed that rCD34+CD133+EPCS had a significantly thicker junctional area, 298 

tube thickness, and longer tubule length (P<0.05) at 5 hrs as well as 8 hrs as compared to 299 

hCD34+CD133+EPCs (Fig. 8B). 300 

acLDL uptake and lectin binding  301 

Both r/h CD34+CD133+EPCs demonstrated specific acLDL binding and uptake of UEA-1 with 302 

no observable difference observed between rEPCs or hEPCs (Fig. 9A). 303 

eNOS assay  304 

A significantly increased NO production in both r/h CD34+CD133+EPCs was observed with 305 

0.5µM of b NADPH. Further, at different concentrations of b NADPH, it was found that the 306 

rEPCs released higher but statistically insignificant (P>0.05) NO as compared to hEPCs (Fig. 307 

9B, Table 3).  308 
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Discussion 309 

As blood is the source of EPCs, the foremost question was how much blood could be withdrawn 310 

from an animal/human? A rule of thumb is the 10 percent-10 percent rule. Accordingly, safe 311 

sampling volume is 10 percent of the total blood volume, which is estimated to be 10 percent 312 

of the animal's body weight. In other words, safe sampling volume is 1% of total body weight 313 

[27]. Therefore, 30 ml of blood was withdrawn from the rabbit of approximately 3 kg, whereas 314 

in humans, a standard 30 ml of blood was collected. It was also observed that the greater the 315 

amount of blood, the higher were the chances of isolating EPCs because only 0.05-0.2 316 

lEPCs/ml are present in the blood [33]. Various studies had also collected a similar amount of 317 

blood (30-100 ml) for isolating EPCs [9, 13, 34, 35]. 318 

If lEPCs are difficult to isolate, the next question was, how many cells should be seeded/cm2 319 

of the culture ware? There were two essential considerations; firstly, efficient MNC recovery, 320 

and secondly, appropriate seeding density. MNCs were isolated by various techniques, such 321 

as; magnetic bead separation, FACS, and density gradient centrifugation. However, density 322 

gradient centrifugation with Ficoll-Paque is the most widely used technique. For isolation of 323 

hMNCs, we adhered to Ficoll-Paque Premium. However, for isolation rMNCs, we used a dual 324 

Histopaque technique because the density of rabbit MNCs is higher as compared to humans, 325 

and that could give the highest and purest mononuclear cell recovery [29]. As the density of 326 

solution increases, the osmotic shock is reduced in Histopaque as compared to Ficoll-Paque, 327 

thereby reducing cell death and increasing cell recovery [29].  328 

 329 

We also found that only 1.0´106 MNCs/cm2 yielded EPCs. In another study, 1.5´106 cells/cm2 330 

was used as the initial seeding density. However, researchers did not test the minimum cell 331 

concentration required for EPCs isolation [34]. Another important consideration is whether the 332 
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coating of culture ware can improve the efficiency of EPCs isolation? We used custom made 333 

fibronectin-coated dishes instead of collagen because morpho-differentiation and proliferation 334 

of EPCs were found to be significantly higher in fibronectin-coated dishes/flasks as compared 335 

to the collagen-coated dishes [1]. 336 

Culture media is decisive for defining cell characteristics. In literature, there is a discrepancy 337 

in the type of media used for the isolation of EPCs from PBMNCs [9, 35-37]. In our study, we 338 

found that EPCs emerged on day six in EGM-2MV as compared to day 9 in EGM-2. Further, 339 

uptake of acLDL and UEA-1 uptake was higher in EGM-2MV as compared to EGM-2, 340 

indicating that they were more metabolically active in EGM-2MV than EGM-2. Our results 341 

were in correspondence with another study in which EGM-2MV increased colony count, cell 342 

differentiation, adhesion, tubulogenic potential, and NO production of EPCs cells, particularly 343 

lEPCs [38]. 344 

The EPCs have been traditionally classified into eEPCs and lEPCs based on the appearance in 345 

the culture media and their phenotypic expression (CD34, CD 45, CD14, CD31, VEGFR-2, 346 

and CD133). Both early and late EPCs express CD34. CD31/PECAM-1 (platelet endothelial 347 

cell adhesion molecule) is strongly expressed in lEPC but weakly expressed (focal expression) 348 

in eEPC [9, 14, 39]. On the other hand, Flk-1 (VEGFR-2 in mouse, or KDR human homolog 349 

of VEGFR-2), is expressed weakly in eEPCs but strongly expressed in lEPCs [9, 10, 14, 15, 350 

39]. Regarding CD45 and CD14, these can be found only on eEPCs but not on lEPCs [9, 14, 351 

16]. CD133, a member of 5 transmembrane glycoproteins, is expressed on both hematopoietic 352 

stem and progenitor cells (HSCs). It is a transitional marker found variably on circulating 353 

endothelial cells, eEPCs, and lEPCs, but not on mature and differentiated endothelial cells [40]. 354 

In this study, we were able to successfully isolate CD34+CD133+ from the heterogenous EPC 355 

population and expand EPCs. However, when the expanded r/hCD34+CD133+EPCs 356 
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populations were further analyzed, CD133 was found to absent from both cell populations. The 357 

results confirmed that CD133 is an early marker, and when sorted CD34+CD133+ were 358 

expanded, they transformed into mature cells and lost their CD133 expression. The results were 359 

supported by another study where the authors found that EPCs differentiated into mature cells 360 

having cobblestone appearance (lEPCs), which were CD34+ VEGRF-2+ but CD133- [17]. In 361 

another study, researchers were able to generate endothelial cells (lEPCs) from CD133+ cells 362 

[18]. In sharp contrast, some researchers were neither able to detect VEGFR-2 transcripts in 363 

CD133+cells nor generate lEPCs from CD133+cells. They hypothesized that CD34+VEGFR-364 

2+CD133-cells within the heterogenous CD34+fraction might be the origin of the lEPCs [16]. 365 

The tubulogenic assay is a specific assay for endothelial cells. In the present study, 366 

characteristic tubules were formed on Matrigel. eEPCs failed to create a tube-like structure, 367 

whereas lEPCs did, indicating an inferior endothelial function of eEPCs in vitro. lEPCs 368 

expressed FLK-1 which might be responsible for VEGF mediated tube formation [9]. In the 369 

current study, both rCD34+CD133+EPCs and hCD34+CD133+EPCs did form a tubular 370 

network, as seen on microscopic examination, but the junctional area, tubule thickness, and 371 

length of tubules were larger in rEPCs as compared to hEPCs. It might explain why rabbits are 372 

called as potential healers as compared to humans. 373 

The selectivity of endothelial cells can also be demonstrated by the ability to bind with DiI 374 

acLDL [30] and UEA-1 uptake [31]. The distinct advantages of Dil-ac-LDL assay include its 375 

reproducibility, uniform labeling without any permeabilization or fixing, non-sensitivity to 376 

trypsinization, and no effect on the growth rate of endothelial cells. On the other hand, lectin 377 

binds specifically to L-fructose residues on endothelial cells [41]. Both types of EPCs bind 378 

with acLDL and uptake UEA-1, but the level of binding and uptake in eEPCs was less as 379 

compared to lEPCs suggesting higher metabolic activity in lEPCs [9]. Our results revealed the 380 
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same that the uptake and binding intensity in the primary culture of EPCs were significantly 381 

less than that in homogenous and sorted CD34+CD133+EPCs. 382 

The detection of the release of NO is another functional assay to characterize EPCs. NO is 383 

generated in vivo through the conversion of L-arginine to L-citrulline by NO synthase (NOS). 384 

It mediates many physiological and pathophysiological processes in the human body [42]. 385 

DAF-2DA is a highly sensitive, specific, and a membrane-permeable fluorescent probe where 386 

DAF-2 reacts rapidly and irreversibly in solution with NO and NO-derived reactive species in 387 

a concentration-dependent manner to produce the highly fluorescent product 388 

triazolofluorescein (DAF-2T) [32]. We measured the RFI of CD34+CD133+EPCs by using b 389 

NADPH as it is one of the co-factors in the pathways of NO production [43]. We found no 390 

significant difference in the production of NO in either human or rabbit EPCs. 391 

The other exciting finding in the present study, apart from the similarities between rEPCs and 392 

hEPCs, was the emergence of two distinct colonies of EPCs. Classically, EPCs were suggested 393 

to grow from blood-island cell-like clusters that have round cells in the center and spindle shape 394 

cells in the periphery. The spindle-shaped cells are traditionally classified as eEPCs because 395 

they appear earlier in culture, whereas lEPCs, emerged later in the culture. We found two other 396 

patterns apart from blood-island like structures, biphasic EPCs, and de novo late EPCs. In 397 

"biphasic EPCs", lEPCs did not need to emerge after eEPCs. In fact, both eEPCs and lEPCs 398 

were simultaneously growing together, and because early EPCs have a short life span, they 399 

eventually die, allowing lEPCs to proliferate and increase in number. The corresponding 400 

presence of both eEPCs and lEPCs in our study, proved previous studies stipulating lEPCs 401 

arise from cells other than eEPCs [9, 15, 35]. On the other hand, "de novo lEPCs" are termed 402 

so because these lEPCs emerge without any significant eEPCs in a culture. The said pattern is 403 

reminiscent of endothelial colony-forming cells (ECFCs) described in various studies [13, 33, 404 

44]. Therefore, the appearance of biphasic EPCs and de novo lEPCs suggested that some lEPCs 405 
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might emerge from cells different from eEPCs and they do not form a typical colony. In the 406 

rest of the cultures, spindle-shaped cells were observed, and even after culturing over an 407 

extended period, these were not able to give cobblestone appearance, a hallmark of true EPCs. 408 

We concluded that these are early EPCs and the appearance of these cells was an indicator of 409 

failure to isolate true EPCs. 410 

To explain the above results, an overview of studies on EPCs and monocytes is imperative. 411 

Initial studies revealed that eEPCs are a heterogeneous population of CD14+ and CD14- and 412 

lEPCs originate from CD14- cells [8, 9, 15]. A decade later, gene expression, microarray, and 413 

proteomic analysis confirmed that eEPCs have a monocytic phenotype [39]. Further, eEPCs 414 

were found to be positive for CD16, where CD16+CD14- population generated more CFU-Hill 415 

colonies than CD16+CD14+. However, only these two populations were able to produce eEPCs 416 

but not the CD16-CD14+ or CD16-CD14- [45]. Parallelly, monocytes were classified into 417 

classical monocytes (CD14++, CD16-), intermediate monocytes (CD14++, CD16+), and non-418 

classical monocytes (CD14-, CD16+) [46]. Additionally, it was also found out that some cells 419 

from intermediate monocytes expressed several surface markers associated with pro-420 

angiogenesis, including endoglin (ENG), TEK tyrosine kinase (Tie2, CD202b) and KDR 421 

(VEGFR-2) [47]. If we correlate the two parallel themes of studies in the hematopoietic 422 

domain, early EPCs might probably arise from intermediate monocytes, whereas lEPCS are 423 

true endothelial cells. This hypothesis can be supported by various studies in which endothelial 424 

cells could transform the phenotype and function of monocytes [48, 49]. 425 

There were several limitations in the present study. We compared only 426 

CD34+CD133+population because these cells can be passaged to higher generations, unlike 427 

CD34+VEGFR-2+ cells. Another limitation was the unavailability of anti CD133 and VEGFR-428 

2 rabbit antibodies in the market. The development of anti CD133 and VEGFR-2 rabbit 429 
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antibodies might shed more light on rabbit EPCs and its analogy to human EPCs. Additionally, 430 

we did not evaluate the neovascularization potential of rCD34+CD133+ by an in vivo study 431 

because our next research goal will be to determine the potential of rabbit periodontal ligament 432 

cells (rPDLCs) [50] with rCD34+CD133+ in neoosteogenesis in an irradiated rabbit model, in 433 

which rPDLCs will function as bone-forming cells and rCD34+CD133+ will take part in 434 

neovascularization.  435 
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Conclusions 436 

CD34+CD133+ EPCs were isolated, expanded, and characterized from human and rabbit 437 

peripheral blood. In general, although rCD34+CD133+EPCs were similar to 438 

hCD34+CD133+EPCs in proliferative potential, functional characterization, and phenotypic 439 

identity. However, the rEPCs appeared to be larger, expressed higher phenotype expression, 440 

higher NO production, and had a significantly thicker junctional area, tubule thickness, and 441 

longer tubule length.  442 
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Figure legends 624 

Fig. 1. Extract and isolation of MNCs. A. Extraction of blood from 1) Rabbit 2) Human B. 625 

Isolation of MNCs by density centrifugation 1) Buffy coat formation after density 626 

centrifugation at 700×g for 30 mins for rabbit samples and 400×g for 40 mins for human 627 

samples 2) Buffy coat was carefully transferred without RBC contamination and re-centrifuged 628 

for culturing of acquired MNCs. 629 

Fig. 2. Culturing of EPCs. A. Rabbit MNCs were seeded in 3 different densities with 630 

representative images taken on day 6 1) 0.5´106 cells/cm2 2) 1.0´106 cells/cm2 3) 5.0´106 631 

cells/cm2 (n=3, 10X, Pixel size: 0.9 µm, Scale bar: 100 μm) B. Influence of culture medium. 632 

Emergence of rEPCs on day 6 after culturing 1.0´106 cells/cm2 in different mediums. 633 

Representative images (n=3, 10X, Pixel size: 0.9 µm, Scale bar: 100 μm) in 1) EGM-2 medium 634 

2) EGM-2MV medium.  635 

Fig. 3. acLDL binding and UEA-1 uptake. The emergence of EPCs was confirmed by acLDL 636 

binding and UEA-1 uptake assay. Rabbit MNCs cultured in EGM-2MV revealed a higher 637 

number of EPCs as compared to EGM-2. Representative images of staining of rEPCs with 638 

DAPI, UEA-1, acLDL, and merged from the three experiments (n=3, 4X, Pixel size: 2.22 µm, 639 

Scale bar: 500 μm). 640 

Fig. 4. Variations in the emergence of EPCs. Both rabbit (n=25 rBS) and human MNCs 641 

(n=10 hBS) cultured at 1.0´106 cells/cm2 of the 6-well plate in EGM-2MV medium revealed 4 642 

different types of appearance from day 5 - day 7. A. Spindle-shaped cells (eEPCs) (n=18 rBS 643 

+ 6 hBS) B. Blood-island like cell clusters (eEPCs at the periphery and central round cells) 644 

(n=3 rBS + 2 hBS)  C. Biphasic EPCs (mixed eEPCs and lEPCs) (n=2 rBS + 1 hBS) D. de 645 

novo lEPCs (ECFCs) (n=2 rBS + 1 hBS) (4X, Pixel size: 2.22 µm, Scale bar: 500 μm). 646 
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Fig. 5. Isolation and expansion of CD34+CD133+EPCs. Homogenous r/h 647 

CD34+CD133+EPCs were isolated  from the primary culture  of EPCs  by double sorting with 648 

CD34 and CD133 antibody. A. Representative scatter plots of r/h CD34+CD133+EPCs 649 

population (n=3). B. Microscopic examination of expanded rCD34+CD133+EPCs (60-70% 650 

confluency) and hCD34+CD133+EPCs (80-90% confluency) (n=3, 4X, Pixel size: 2.22 µm). 651 

C. Growth curve of expanded CD34+CD133+EPCs with statistically significant differences 652 

between human and rabbit group on day 2, 4, 6 and 8 (P<0.05). 653 

Fig. 6. Flow cytometric analysis of r/h CD34+CD133+EPCs. The expression of CD34, 654 

CD133, CD31, VEGFR-2, CD45, and CD14 surface antigens by rCD34+CD133+EPCs and 655 

hCD34+CD133+EPCs were quantitatively analysed by flow cytometry. Histograms were 656 

representative of at least three separate experiments, each with a minimum of 20,000 events.  657 

Fig. 7.  Immunofluorescence assay r/h CD34+CD133+EPCs.. Both r/h CD34+CD133+EPCs 658 

at P4-P6 were seeded in 6-well plates at a density of 15000 cells/well and qualitatively analyzed 659 

at 60-70 % confluency. Representative images of both rEPCs and hEPCs were positive for 660 

CD34, CD31, and VEGFR-2, whereas negative for CD133, CD45, and CD14 (n=3, 60X, Pixel 661 

size: 0.25 µm, Scale bar: 100 μm). 662 

Fig. 8. Tubulogenic assay. A. Time course of the tubulogenic assay. 100μl of 2×104 r/h 663 

CD34+CD133+EPCs/well were seeded in 96-well microplate. Representative images of tube 664 

formation in Matrigel at a 5 hr interval up to 25 hrs (n=3, 4X, Pixel size: 2.22 µm, Scale bar: 665 

500 μm). B. Quantitative analysis of tubule formation. Mean (μm ±SD) tube thickness, and 666 

tubule length, whereas, mean (μm2 ±SD) junctional area were analyzed in eight randomly 667 

selected areas at 5 hrs as well as 10 hrs. The mean surface area of rEPCs was significantly 668 

higher than the mean surface area of hEPCs (P<0.05) at both 5 hrs and 10 hrs. rCD34+CD133+ 669 
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had a significantly thicker junctional area, tubule thickness, and a longer tubule length (P<0.05) 670 

as compared to hCD34+CD133+EPCs. 671 

Fig. 9. Other functional characterization essays. A. acLDL binding and UEA-1 uptake. 672 

r/h CD34+CD133+EPCs cultured in EGM-2MV demonstrated characteristic acLDL binding 673 

and UEA-1 uptake (DAPI was used as a negative control) (n=3, 20X, Pixel size: 0.44 µm, Scale 674 

bar: 100 μm). B. eNOS assay. DAF 2-DA did not reveal a significant difference (P>0.05) in 675 

NO production by r/h CD34+CD133+EPCs after induction with b NADPH. 676 



Figures

Figure 1

Extract and isolation of MNCs. A. Extraction of blood from 1) Rabbit 2) Human B. Isolation of MNCs by
density centrifugation 1) Buffy coat formation after density centrifugation at 700×g for 30 mins for rabbit
samples and 400×g for 40 mins for human samples 2) Buffy coat was carefully transferred without RBC
contamination and re-centrifuged for culturing of acquired MNCs.



Figure 2

Culturing of EPCs. A. Rabbit MNCs were seeded in 3 different densities with representative images taken
on day 6 1) 0.5 ́106 cells/cm2 2) 1.0 ́106 cells/cm2 3) 5.0 ́106 cells/cm2 (n=3, 10X, Pixel size: 0.9 μm,
Scale bar: 100 μm) B. In�uence of culture medium. Emergence of rEPCs on day 6 after culturing 1.0 ́106
cells/cm2 in different mediums. Representative images (n=3, 10X, Pixel size: 0.9 μm, Scale bar: 100 μm)
in 1) EGM-2 medium 2) EGM-2MV medium.



Figure 3

acLDL binding and UEA-1 uptake. The emergence of EPCs was con�rmed by acLDL binding and UEA-1
uptake assay. Rabbit MNCs cultured in EGM-2MV revealed a higher number of EPCs as compared to
EGM-2. Representative images of staining of rEPCs with DAPI, UEA-1, acLDL, and merged from the three
experiments (n=3, 4X, Pixel size: 2.22 μm, Scale bar: 500 μm).



Figure 4

Variations in the emergence of EPCs. Both rabbit (n=25 rBS) and human MNCs (n=10 hBS) cultured at
1.0 ́106 cells/cm2 of the 6-well plate in EGM-2MV medium revealed 4 different types of appearance from
day 5 - day 7. A. Spindle-shaped cells (eEPCs) (n=18 rBS + 6 hBS) B. Blood-island like cell clusters (eEPCs
at the periphery and central round cells) (n=3 rBS + 2 hBS) C. Biphasic EPCs (mixed eEPCs and lEPCs)
(n=2 rBS + 1 hBS) D. de novo lEPCs (ECFCs) (n=2 rBS + 1 hBS) (4X, Pixel size: 2.22 μm, Scale bar: 500
μm).



Figure 5

Isolation and expansion of CD34+CD133+EPCs. Homogenous r/h CD34+CD133+EPCs were isolated
from the primary culture of EPCs by double sorting with CD34 and CD133 antibody. A. Representative
scatter plots of r/h CD34+CD133+EPCs population (n=3). B. Microscopic examination of expanded
rCD34+CD133+EPCs (60-70% con�uency) and hCD34+CD133+EPCs (80-90% con�uency) (n=3, 4X, Pixel



size: 2.22 μm). C. Growth curve of expanded CD34+CD133+EPCs with statistically signi�cant differences
between human and rabbit group on day 2, 4, 6 and 8 (P<0.05).

Figure 6

Flow cytometric analysis of r/h CD34+CD133+EPCs. The expression of CD34, CD133, CD31, VEGFR-2,
CD45, and CD14 surface antigens by rCD34+CD133+EPCs and hCD34+CD133+EPCs were quantitatively



analysed by �ow cytometry. Histograms were representative of at least three separate experiments, each
with a minimum of 20,000 events.

Figure 7

Immuno�uorescence assay r/h CD34+CD133+EPCs.. Both r/h CD34+CD133+EPCs at P4-P6 were seeded
in 6-well plates at a density of 15000 cells/well and qualitatively analyzed at 60-70 % con�uency.



Representative images of both rEPCs and hEPCs were positive for CD34, CD31, and VEGFR-2, whereas
negative for CD133, CD45, and CD14 (n=3, 60X, Pixel size: 0.25 μm, Scale bar: 100 μm).

Figure 8

Tubulogenic assay. A. Time course of the tubulogenic assay. 100μl of 2×104 r/h
CD34+CD133+EPCs/well were seeded in 96-well microplate. Representative images of tube formation in
Matrigel at a 5 hr interval up to 25 hrs (n=3, 4X, Pixel size: 2.22 μm, Scale bar: 500 μm). B. Quantitative
analysis of tubule formation. Mean (μm ±SD) tube thickness, and tubule length, whereas, mean (μm2
±SD) junctional area were analyzed in eight randomly selected areas at 5 hrs as well as 10 hrs. The mean
surface area of rEPCs was signi�cantly higher than the mean surface area of hEPCs (P<0.05) at both 5



hrs and 10 hrs. rCD34+CD133+ had a signi�cantly thicker junctional area, tubule thickness, and a longer
tubule length (P<0.05) as compared to hCD34+CD133+EPCs.

Figure 9

Other functional characterization essays. A. acLDL binding and UEA-1 uptake. r/h CD34+CD133+EPCs
cultured in EGM-2MV demonstrated characteristic acLDL binding and UEA-1 uptake (DAPI was used as a
negative control) (n=3, 20X, Pixel size: 0.44 μm, Scale bar: 100 μm). B. eNOS assay. DAF 2-DA did not



reveal a signi�cant difference (P>0.05) in NO production by r/h CD34+CD133+EPCs after induction with b
NADPH.


