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Abstract 

Endothelial damage is a critical step in the development of (xeno)transplantation-related 

and cardiovascular pathology. In humans, the amount of circulating endothelial cells (CEC) 

correlates to disease intensity and functions as a valuable damage marker. While (xeno)

transplantation and cardiovascular research is regularly performed in porcine models, the 

paucity of antibodies against porcine endothelium epitopes hinders the use of CEC as 

damage marker.

 This study aimed to develop a method for porcine CEC detection using anti-

human antibodies against porcine endothelium epitopes.

 Human umbilical vein endothelial cells (HUVEC, control) and their swine equivalent 

(SUVEC) were used to assess the cross-species immunoreactivity of fl uorescently labeled 

anti-human CD31/ CD51/ CD54/ CD62E/ CD105/ CD106/ CD144/ CD146/ PAL-E/ lectin-1/ 

vWF antibodies by isotype-controlled FACS and confocal microscopy. Next, reactivity was 

ascertained with mature porcine kidney-derived endothelial cells (PKEC) and a FACS-

based whole blood CEC quantifi cation method was employed using osmotic erythrolysis 

and CD105 and CD146 double staining after CD45 exclusion.

 Of the 21 assayed antibodies, the MEM-229 clone of CD105 and P1H12 clone 

of CD146 showed immunoreactivity with SUVEC and PKEC. Double staining showed 

baseline porcine CEC count of 673.1 ± 551.4 CEC/ mL, while the fi rst 7.5 mL of drawn blood 

(representative of vascular damage) contained 1118 ± 661.4 CEC/ mL (n= 14, p= 0.04). A 

second experiment (n= 5) including CD45 exclusion identifi ed only 14.5 ± 10.8 events/ mL 

double positive CD105-146 events per mL blood.

 Porcine endothelium can be specifi cally labeled using anti-human CD146 and 

CD105 antibodies. These antibodies can therefore be used for the identifi cation and 

quantifi cation of CEC in porcine whole blood by FACS after osmotic erythrolysis.
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Introduction

Disruption of endothelial integrity and decreased endothelial function play a pivotal role 

in the development of vascular disorders1 and the outcome of (xeno)transplantation.2 

The number of desquamated, circulating endothelial cells (CEC) has been shown to 

correlate with plasma markers such as von Willebrand factor (vWF) and E-selectin in 

a plethora of endothelial injuries; e.g., kidney graft injury, anti-neutrophil cytoplasmic 

antibody-associated vasculitis, and cerebrovascular events.3-10 Furthermore, endothelial 

disease intensity corresponds with the number of CEC found in the blood. The use of CEC 

as endothelial injury marker instead of vWF, E-selectin, or P-selectin off ers the advantage 

of being independent of the endothelial activation state. This independence enables 

diff erentiation between endothelial dysfunction and damage11-13 and would allow graft 

monitoring after (xeno)transplantation.

 The isolation and quantifi cation of CEC has mainly been enabled by the 

development of antibodies against CD146 (MCAM), an endothelium cell surface 

receptor responsible for outside-in signaling, cell-cell cohesion, and actin cytoskeleton 

rearrangement.14-16 Anti-CD146 antibodies can be used for immunomagnetic separation 

of CEC or detection and sorting of CEC by fl uorescence-activated cell sorting (FACS). In 

fact, anti-CD146 antibodies are predominantly employed for CEC detection in human 

blood.17-19

 A signifi cant proportion of information on endothelium-related diseases 

is obtained from animal models owing to their comparability with human anatomy 

and physiology20-25 and pigs are considered the best donors for future clinical 

xenotransplantation. It is therefore crucial to develop protocols with which CEC can be 

quantifi ed in the respective animal species. However, the absence of published studies 

on the detection of CEC in porcine whole blood and the paucity of antibodies specifi cally 

targeted against porcine endothelium26,27 limit the use of this valuable marker.

 The aim of this study was therefore, to develop a detection and quantifi cation 

protocol for porcine CEC for use in whole blood analysis using commercially available 

anti-human endothelial antibodies. First, we screened 11 diff erent antibodies (21 clones) 

against human endothelial surface epitopes for cross-species immunoreactivity with 

swine endothelial cells by FACS and confocal microscopy. For these purposes, human 

umbilical vein endothelial cells (HUVEC) and swine umbilical vein endothelial cells (SUVEC) 

were used. Next, the endothelial markers that exhibited cross-species immunoreactivity 

with SUVEC were validated in mature porcine kidney endothelial cells (PKEC). Finally, 
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quantifi cation of CEC was performed in porcine whole blood using FACS to provide a 

baseline reference for future applications.

Materials and Methods

Preparation of umbilical vein endothelial cells

 Swine umbilical cords were collected after farrowing (van Beek SPF 

Varkenfokkerij, Lelystad, The Netherlands) and a maximum of two cords were immediately 

transferred into 90 mL ice-cold transport buff er (140 mM NaCl, 0.52 mM Na2HPO4, 4.0 

mM KCl, 0.15 mM KH2PO4, 11.0 mM glucose (Sigma-Aldrich, St. Louis, MO), 900 units of 

heparin (Leo Pharma, Breda, The Netherlands), 1 ml Penicillin-Streptomycin-Amphotericin 

B Mixture (Lonza, Verviers, Belgium), pH= 7.4, and 0.2-µm sterile fi ltered) in sterile cups 

(Sarstedt, Etten-Leur, The Netherlands). Human umbilical cords were collected at 

the obstetrics department of our institution, placed in the transport buff er at room 

temperature, and like the porcine cords processed within 36 h. The acquisition of HUVEC 

by these means is exempt from medical ethics committee approval at our institution. 

 Under sterile conditions, the umbilical veins were cannulated and subsequently 

fl ushed with Ca2+-free medium (142 mM NaCl, 6.7 mM KCl, and 3.36 mM Hepes, ingredients 

from Sigma-Aldrich) followed by phosphate buff ered saline (PBS, Sigma-Aldrich) until the 

effl  uent was clear. Next, at the opposite end of the umbilical cord, the veins were dissected 

free, ligated, and fi lled with 3 to15 mL 0.04 % Liberase (Roche, Basel, Switzerland) via the 

cannula, depending on cord length. The porcine and human cords were incubated for 

10 and 30 min, respectively, at 37 °C in a sterile petri dish, after which the ligated end was 

opened and fl ushed with 20 % fetal calf serum (FCS, Lonza)-enriched endothelial cell 

growth medium (ECGM, Promocel, Heidelberg, Germany). The effl  uent was collected in a 

sterile tube and centrifuged at 400× g for 10 min at 4 °C. The supernatant was discarded, 

the cell pellet suspended in ECGM, and two cord isolates were pooled into a culture fl ask 

(T25 Primaria, BD Biosciences, Franklin Lakes, NJ). After reaching confl uence, the cells were 

incubated with 1 mL Accutase (Innovative Cell Technologies, San Diego, CA), collected, 

washed in PBS (400× g, 10 min, 4 °C), resuspended in Williams medium E (WE, Lonza) 

containing 20 % FCS, to which an equal volume of WE containing 20 % fresh DMSO was 

slowly added. Aliquots of 1.8 mL cell suspension were placed in a cryocontainer (Nalgene 

Cryo-1, Thermo Fisher Scientifi c, Waltham, MA), kept at -80 °C overnight, and stored in 

liquid nitrogen for at least four days before further use.

 Prior to each experiment, an aliquot was thawed in a 37 °C water bath, 18 mL of 
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20 % FCS-enriched WE was added to the 1.8-mL cell suspension, and cells were washed 

twice (400× g, 10 min, 4 °C). Finally, the cell pellet was resuspended in 5 mL ECGM and 

cultured in a T25 Primaria fl ask at 37 °C and an atmosphere of 95 % oxygen and 5 % carbon 

dioxide. Third passage cells were used for each experiment.

Isolation of porcine kidney endothelial cells

 Mature porcine endothelial cells isolated from kidneys (PKEC) were used to 

investigate whether the expression of the surface antigens was similar to SUVEC. PKEC 

were isolated from porcine kidneys harvested from 30 kg male Landrace pigs that had 

been used for cardiac excision. Following maximally 5 min of warm ischemia, a midline 

laparotomy was performed with bilateral opening of the retroperitoneum, the kidneys 

were dissected free, the renal vein and artery cannulated, after which the kidneys were 

fl ushed via the renal artery with room temperature-equilibrated histidine-tryptophan-

ketoglutarate (HTK, Dr F Köhller-Chemie, Bensheim, Germany) at 100-cm hydrostatic 

pressure. When the effl  uent was clear, the kidneys were brought to the cell culture 

laboratory within 60 min of procurement in a sterile bag containing 200 mL HTK and 

subsequently fl ushed with PBS to remove the HTK. After arterial infusion of 10 mL Liberase 

0.04 % in PBS at room temperature, the renal vein was closed, an additional 3 to 5 mL 

Liberase in PBS was added, the artery was closed, and the kidney was incubated at 37 °C 

for 26 min under standard culture conditions. Next, the kidney was fl ushed with 20 % FCS-

enriched ECGM and the PKEC were isolated and processed as described for SUVEC in the 

section ‘Preparation of umbilical vein endothelial cells’.

Immunolabeling and fl ow cytometry of HUVEC, SUVEC, and PKEC

 Confl uent post-cryopreservation cultures at their third passage were washed 

in 5 mL PBS, incubated with 1 mL Accutase for 15 min, harvested and washed in 5 mL PBS 

containing 10 % FCS (400× g, 10 min, 4 °C), and resuspended in 10 mL PBS containing 1 % 

FCS (PBS+). For assays with cell activation-dependent markers, additional endothelial cells 

were incubated with interleukin-1α (IL-1α, 5 ηg/ mL, product # I2778, Sigma-Aldrich) for 4 

h prior to harvest to determine activation-dependent epitope-binding.

 Harvested cells were washed in PBS and divided in three aliquots of which 

one was used as an unstained reference for autofl uorescence, one was incubated with 

matched isotype controls (i.e., host species, immunoglobulin class, and fl uorophore), 

and the third was used for staining with the anti-human endothelium antibodies. In case 

of polyclonal antibodies, only the Fab-fragment with matching fl uorophore was used 
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(Roche). Unconjugated CD146 (clone P1H12) antibodies were fl uorescently labeled with 

Alexa-Fluor 647 (AF647, Alexa-Fluor 647 protein labeling kit, product # A20173, Molecular 

Probes, Eugene, OR) to allow staining of cells in combination with commercially available 

R-phycoerythrin (PE)-conjugated anti-CD105 (clone MEM-229). Cells were incubated 

with the antibodies (Table 1) or isotypes for 30 min at 4 °C after an initial FACS-based 

determination of the optimal dilution factor in PBS+. Stained cells were washed and at 

least 10.000 events were measured on a FACS Canto 2 fl ow cytometer (BD Biosciences).

 Results were processed using FlowJo software (Tree Star Inc., Olten, Switzerland) 

and the amount of immunostained cells corrected for the matched isotype-controls. 

Of the antibodies exhibiting cross-species immunoreactivity, activation-independent 

endothelial markers were preferred for CEC detection. 

Confocal microscopy

 Cells were cultured on fi bronectin-coated (product # F1141, Sigma-Aldrich), 

coverglass bottom dishes (product # PAA100350, PAA, Linz, Austria) and washed three 

times with 3 mL PBS+. Hereafter, the cells were stained with 100 μL PBS containing 

CD146-AF647 (dilution 1:10), CD105-PE (1:50), or Lectin-1-FITC (1:100) incubated for 20 min 

at room temperature in the dark. The isotype controls were treated similarly but incubated 

with 100 μL PBS containing IgG1-allophycocyanin (APC, control for CD146-AF647, 1:10) or 

IgG2a-PE (1:50). The slides were then washed three times with PBS and imaged by confocal 

microscopy (model SP2, Leica, Heidelberg, Germany). Images were processed using Leica 

Application Suite software. 

Porcine whole blood CEC quantifi cation

 Following approval of the institute’s animal ethics committee, whole blood 

was obtained through an 18-G ear vein cannula in 50 kg female Landrace pigs (n= 14). 

The blood was drawn directly after the pigs, used for surgical training purposes, were 

anesthetized by intramuscular premedication as described previously, before any surgical 

procedures were carried out.28 The fi rstly drawn 7.5 mL of blood was used as positive 

control for endovascular damage8, after which the directly following 5 ml was collected 

in an EDTA tube (BD Biosciences) for baseline CEC quantifi cation.29 Subsequently, osmotic 

erythrolysis was induced by incubation on ice for 10 min with a 4-times greater volume 

of lysis buff er (155 mM NH4Cl, 99 mM KHCO3, and 103 mM Na-EDTA in 1 L demineralized 

water, ingredients from Sigma-Aldrich). The mixture was washed twice (400× g, 10 min, 4 

°C) in PBS and the pellet resuspended in 40 μL PBS+. The samples were processed for FACS 



163Characterization and quanti# cation of porcine circulating endothelial cells 

8

within 2 hours after collection and analyzed as described in the section ‘Immunolabeling 

and fl ow cytometry of HUVEC, SUVEC, and PKEC’. The CD146-AF647 (clone P1H12) and 

CD105-PE (clone MEM-229) double positive events were corrected for the drawn blood 

volume after FACS analysis and expressed as events/mL whole blood.

 In a following experiment, the protocol above was performed on whole blood 

taken from an additional fi ve pigs, but in combination with CD45-FITC (clone K252.1E430) 

staining of leukocytes. This allowed analysis of the degree of binding specifi city of the 

CD146 and CD105 antibodies for CEC and revealed the extent of non-specifi c labeling 

of blood cells. To this end, CD146 and CD105 double positive cells were quantifi ed in the 

CD45 positive and negative fractions, corrected for drawn blood volume, and expressed as 

events/ mL whole blood.

Results

Immunolabeling and fl ow cytometry of HUVEC, SUVEC, and PKEC

 Using HUVEC and SUVEC, the cross-species immunoreactivity of 11 anti-human 

antibodies (21 clones) against endothelial surface markers was determined by FACS (Table 

1). The isotype-controls did not show aspecifi c antibody binding and unstained cells did 

not exhibit any notable autofl uorescence. Only six antibodies were able to stain HUVEC as 

well as SUVEC: CD105-PE (clone MEM-229), CD106-FITC (clone 1.G11B1, IL-1α-activated), 

CD146-PE and CD146-AF647 (clone P1H12), UEA-1-FITC, and vWF-FITC (clone F8VWF) 

(Figure 1). Due to the activation-dependent character of CD106 and vWF, these antibodies 

were excluded. UEA-1 displayed a change in the side-scatter channel (cellular granularity) 

during FACS in the presence of whole blood and was therefore excluded for CEC detection 

and quantifi cation but included for confocal microscopy. The CD105-PE (MEM-229) and 

CD146-AF647 (P1H12) immunostaining resulted in 78.3 % and 85.0 % positive events, 

respectively, in SUVEC. These antibodies were therefore used in all following experiments.

 PKEC immunostaining with the CD146-AF647 and CD105-PE antibodies resulted 

in 90.0 % and 85.0 % positivity, respectively. A CD105–CD146 double immunostaining 

yielded 77.4 % double-positive events, indicating that these antibodies can be used to 

immunostain and subsequently quantify mature porcine endothelial cells. 
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Table 1. Immunostaining results

Antibody Name Clone Host Species Fluorophore Isotype

CD 31 PECAM-1 AC128 Mouse APC IgG1

  WM59 Mouse PE IgG1

CD 51 Integrin alpha-V AMF7 Mouse FITC IgG1

CD 54 ICAM-1 84H10 Mouse FITC IgG1

  HA58 Mouse PE IgG1

CD 62-E E-Selectin HAE-1f Mouse PE IgG1

CD 105 Endoglin SN6 Mouse FITC IgG1

  43A4E1 Mouse PE IgG1

  2H6F11 Mouse PE IgG1

  43A3 Mouse APC IgG1

  MEM-229 Mouse PE IgG2a

CD 106 VCAM-1 1.G11B1 Mouse FITC IgG1

  1.G11B1 Mouse PE IgG1

CD 144 VE-Cadherin aa 1-258 Rabbit FITC Ig-rec

  TEA 1/31 Mouse PE IgG1

CD 146 Mel-Cam 541-10B2 Mouse FITC IgG1

  P1H12 Mouse FITC IgG1

  P1H12 Mouse PE IgG1

  SHM-57 Mouse PE IgG2a

  P1H12 Mouse Alexa Fluor 647 IgG1

PAL - E Discontinued 8853 Mouse PE IgG2a

  8086 Mouse PE IgG2a

UEA - 1 Ulex europaeus -1 natural sources  FITC

vWF F8VWF - Sheep FITC Polyclonal
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Table 1. Continued

Concentration Dilution HUVEC SUVEC PKEC Supplier

Not specifi ed 1 : 10 98.1 6.0 - Miltenyi

0.5 mg/ mL 1 : 10 98.0 2.4 - Biolegend

0.2 mg/ mL 1 : 10 99.6 19.5 - ImmunoTech

1 mg/ mL 1 : 10 76.9 24.8 - ImmunoTech

0.5 mg/ mL 1 : 10 70.0 3.6 - BD Bioscience

0.5 mg/ mL 1 : 100 8.2 2.9 - Ancell

  84.8 29.7 - Ancell + IL-1α

0.1 mg/ mL 1 : 100 99.9 12.6 - AbD Serotec

Not specifi ed 1  : 10 99.8 2.6 - Miltenyi

Not specifi ed 1 : 10 82.3 65.5 - Abcam

Not specifi ed 1 : 10 98.5 0.7 - Biolegend

1 mg/ mL 1 : 50 98.5 78.3 85.0 Abcam

Not specifi ed 1 : 10 91.6 50.3 - Cabiochem

 1 : 10 93.8 84.2 - Calbiochem + IL-1α

0.1 mg/ mL 1 : 10 1.3 3.3 - Southern Biotech

1 mg/ mL 1 :10 76.1 27.2 - Alexis

0.2 mg/ mL 1 : 10 28.7 3.0 - Coultier

Not specifi ed 1 : 10 99.7 4.1 - Miltenyi

1 mg/ mL 1 : 100 99.5 63.0 - Abcam

0.5 mg/ mL 1 :10 99.6 81.6 - BD Bioscience

Not specifi ed 1 : 10 98.8 2.2 - Biolegend

0.8 mg/ mL 1 : 10 100.0 85.0 90.0 Abcam

0.4 mg/ mL 1 : 100 97.6 38.7 - Abcam 

0.015 mg/ mL 1 : 100 99.3 25.0 - Abcam

1 mg/ mL 1 : 100 99.9 96.2 - Sigma-Aldrich

Not specifi ed  1 : 50 100.0 99.6 - AbD Serotec

FITC, fl uorescein isothiocyanate; PE, R-phycoerythrin; APC, allophycocyanin;  -, not applicable
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Confocal microscopy

 Confocal microscopy was used to visualize the binding sites of the antibodies 

CD105, CD146, and UEA-1. Binding of UEA-1 to the endothelial cell membrane was 

heterogeneous in SUVEC (Figure 2), whereas the CD146-AF647 and CD105-PE antibody 

staining exhibited a comparable, homogeneous staining of the cell membrane in HUVEC, 

SUVEC, and PKEC (Figure 3). 

Figure 1.

Bland-Altman plot depicting the extent of cross-species immunoreactivity between anti-human 

antibodies and HUVEC or SUVEC (x-axis) as well as the diff erence in positive staining between HUVEC 

and SUVEC, as determined by FACS (y-axis). See Appendix 1, page 211 for the color image.
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Porcine whole blood CEC quantifi cation

 None of the animals in the fi rst (n= 14, 52.0 ± 7.3 kg) or second (n= 5, 48.8 ± 1.3 

kg) CEC experiment showed any signs of disease (regarding temperature, respiratory, or 

hemodynamic aberrations) prior to blood collection or thereafter. In the fi rst experiment, 

the fi rstly drawn 7.5 - mL of blood, a validated representative of vascular injury from the 

venous puncture8, contained a CEC count of 1,118.0 ± 661.4 per mL (Figure 4A). The 

directly following 5 ml, considered to be reliable as baseline, resulted in a signifi cantly 

lower CEC count of 673.1 ± 551.4 per mL (two-tailed paired t-test, p= 0.04). 

 In the second experiment, the 5 mL of whole blood drawn subsequent to the 

discarded 7.5 mL contained 551.3 ± 456.3 CD45 negative but CD105 and CD146 double 

positive events per mL (Figure 4B). The excluded CD45 positive events contained 14.5 ± 

10.8 CD105 and CD146 double positive events per mL whole blood.

Figure 2.

Immunostaining of porcine 

endothelial cells with UEA-1-FITC 

imaged by confocal microscopy, 

showing heterogeneous 

distribution of the fl uorescently 

labeled antibody on the endothelial 

membrane as well as intracellular 

localization (63× oil objective). See 

Appendix 1, page 212 for the color 

image.
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Figure 3.

Visualization of immunostained HUVEC, SUVEC, and PKEC with CD146-AF647 (shown in yellow green) 

and CD105-PE (shown in red) by confocal microscopy (63× oil objective). See Appendix 1, page 213 

for the color image.

Discussion

 Our goal was to develop a method to detect and quantify CEC in porcine whole 

blood. Using SUVEC and PKEC, we identifi ed anti-human CD146 (clone P1H12) and CD105 

(clone MEM-229) antibodies as having cross-species immunoreactivity with porcine 

endothelial cell surface epitopes. The results were verifi ed using confocal microscopy and 

confi rmed with PKEC. The CEC count in porcine whole blood without CD45 exclusion was 

673.1 ± 551.4 events per mL whole blood. With CD45 exclusion, the baseline CEC count 

was 551.3 ± 456.3 events per mL whole blood.



169Characterization and quanti# cation of porcine circulating endothelial cells 

8

 The reported number of CEC in human clinical trials varies greatly and depends 

on the applied detection method and exclusion parameters.31-33 The application of 

antibody-coated metal beads used for microscopic evaluation was fi rst applied for the 

quantifi cation of CEC.31 With the introduction and widespread implementation of FACS, 

the determination of multiple cellular characteristics on living cells using fl uorescently 

labeled antibodies became possible. However, a discrepancy in the number of CEC 

between microscopic and FACS analysis constituted a serious issue, as CEC read-outs by 

FACS were up to a 1,000-fold higher than those obtained by microscopic assessment.34 This 

is due to the fact that microparticles, platelets, endothelial cell debris, and autofl uorescent 

cells cannot be ubiquitously excluded or distinguished by FACS analysis.17

Figure 4A

CEC counts in the fi rst 

experiment (n= 14) in which 

Tube 1 represents the fi rstly 

drawn 7.5 mL of whole 

blood. Tube 2 represents the 

subsequently drawn 5 mL of 

whole blood. The bars represent 

the mean ± SD values and are 

signifi cantly diff erent (p= 0.04).

Figure 4B

CEC counts in the second 

experiment (n= 5) that includes 

diff erentiation on the basis 

of CD45 positivity. Both bars 

represent data from the 5 mL 

whole blood drawn after the 

initially discarded 7.5 mL. 
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 Diff erent seperation techniques were attempted to further purify the whole 

blood sample prior to FACS analysis. Positive selection magnetic cell separation (MACS, 

Miltenyi Biotech, Bergisch Gladbach, Germany) using CD105 and CD146 double staining, 

conducted by Miltenyi, resulted in a lower CEC count of 30 to 79 events/ mL whole blood. 

However, the negative elution solution (obtained from the second 5-mL whole blood 

aliquot) displayed 5 to 52 events/ mL, making it, at the moment, an unreliable method to 

use with these antibodies. Using density gradient centrifugation (Ficoll-Paque PLUS, GE 

Healthcare, London, UK) with or without erythrolysis resulted in an equal CEC count as 

found with erythrolysis alone. Therefore, as none of the methods or combinations resulted 

in improved CEC detection over erythrolysis via ammonium chloride-induced osmotic 

shock, we used this method for further studies.

 Application of CEC as a marker for endothelial injury has been shown to 

have advantages over endothelium activation-dependent markers like vWF, P-selectin, 

and E-selectin.12 Besides in cardiovascular research, an important application may lie in 

the follow-up of vasculopathy in (xeno)grafts from porcine donors35-37, regardless of 

the origin of vascular injury (donor or graft) or procedural step involved (preservation, 

transplantation, perfusion). Anti-galactose-α-1,3-galactose antibodies would allow the 

diff erentiation of porcine and baboon/human origin of the CEC.2, 37 However, in order for 

xenotransplants to survive, it is important to use knockout α-1,3-galactosyl transferase 

pigs. Therefore, the next step for CEC-detection would be the inclusion of a species-specifi c 

diff erentiation marker. Furthermore, the rapid discovery of monoclonal anti-porcine 

antibodies should be monitored to facilitate further enhancement of the CEC detection 

protocol. Suitable markers include endothelial markers such as CD31 (PECAM-1), CD34 

(hematopoietic progenitor cells), CD45 (pan-lymphocytic), CD133 (hematopoietic stem 

cells), CD144 (VE-Cadherin), CD146, and, more recently, mRNA levels have been used in 

humans.18, 19, 33 Unfortunately, CD105 and CD146 are also both expressed on a subset of 

human lymphocytes and vascular pericytes.14,38 With the low number of CD45-positive 

events (14.5 ± 10.8 events/ mL) identifi ed in the baseline CEC counts and the validated 

blood collection method, this diff erence is most likely attributable to FACS artifacts rather 

than other causes, as mentioned above.

 In conclusion, we have shown that the quantifi cation of CEC in porcine blood 

is possible with the use of anti-human antibodies against endothelial surface ligands 

and simple laboratory techniques. The monoclonal anti-human antibodies CD105 (clone 

MEM229) and CD146 (clone P1H12) exhibited strong cross-species immunoreactivity with 

SUVEC and PKEC. The ability to determine porcine CEC counts might prove benefi cial for 
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research on organ (xeno)transplantation-related conditions and cardiovascular diseases 

performed in porcine models. To increase specifi city, the protocol could be amended 

with the inclusion of exclusion markers against additional porcine cells if these become 

available, in conformity with those markers that are currently being used in human CEC 

detection methods.
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