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ABSTRACT 

Background: In pig-to-human xenotransplantation interactions between human natural killer (NK) cells 

and porcine endothelial cells (pEC) are characterized by recruitment and cytotoxicity. Protection from 

xenogeneic NK cytotoxicity can be achieved in vitro by the expression of the non-classical human 

leukocyte antigen-E (HLA-E) on pEC. Thus, the aim of the present study was to analyze NK cell 

responses to vascularized xenografts by using an ex vivo perfusion system of pig limbs with human 

blood.  

Methods: Six pig forelimbs per group, respectively, stemming from either wild-type (wt) or HLA-

E/hCD46 double transgenic (tg) animals, were perfused ex vivo with heparinized human blood for 12 h. 

Blood samples were collected at defined time intervals, cell numbers counted and peripheral blood 

mononuclear cells analyzed for phenotype by flow cytometry. Muscle biopsies were analyzed for NK 

cell infiltration. In vitro NK cytotoxicity assays were performed using pEC derived from wt and tg 

animals as target cells. 

Results: Ex vivo, a strong reduction of circulating human CD45 leukocytes was observed after 60 min 

of xenoperfusion in both wt and tg limb groups. NK cell numbers dropped significantly. Within the 

first 10 min, the decrease of NK cells was more significant in the wt limb perfusions as compared to tg 

limbs. Immunohistology of biopsies taken after 12 h showed less NK cell tissue infiltration in the tg 

limbs. In vitro, NK cytotoxicity against hCD46 single tg pEC and wt pEC was similar, while lysis of 
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double tg HLA-E/hCD46 pEC was significantly reduced. Finally, circulating cells of pig origin were 

observed during the ex vivo xenoperfusions. These cells expressed phenotypes mainly of monocytes, B 

and T lymphocytes, NK cells, as well as some activated endothelial cells. 

Conclusions: Ex vivo perfusion of pig forelimbs using whole human blood represents a powerful tool to 

study humoral and early cell-mediated rejection mechanisms of vascularized pig-to-human 

xenotransplantation, although there are several limitations of the model. Here we show that (1) 

transgenic expression of HLA-E/hCD46 in pig limbs provides partial protection from human NK cell-

mediated xeno responses, and (2) the emergence of a pig cell population during xenoperfusions with 

implications for the immunogenicity of xenografts. 

 

KEYWORDS: Xenoperfusion, limb perfusion, NK cells, HLA-E/hCD46, transgenic pigs, release of 

pig cells. 

ABBREVIATIONS: BL, base-line; FSC, forward-scatter; hCD45, human CD45 positive cells, 

hCD45neg, human CD45 negative cells; HLA, human leukocyte antigen; mAb, monoclonal antibody; 

MHC, major histocompatibility complex; NK, natural killer; pCD45, pig CD45 positive cells; 

pCD45neg, pig CD45 negative cells; pEC, porcine endothelial cells; PBS, phosphate buffered saline; 

PBMC, peripheral blood mononuclear cells; SLA, swine lymphocyte antigen; SSC, side-scatter; tg, 

transgenic; WBC, white blood cells; wt, wild-type. 

 

INTRODUCTION 

The use of porcine organs or cells to overcome the current shortage in transplantation medicine faces 

several challenges, including innate and adaptive immune responses. From the clinical point of view, 

adaptive responses might be controlled by immunosuppressive drugs currently used in 

allotransplantation; however, therapeutic approaches to control innate immunity remain to be 

developed. Cellular innate immunity causing early endothelial damage following xenotransplantation 

of vascularized organs is mediated by granulocytes, monocytes, and NK cells [1-4]. The activity of 

human NK cells is tightly regulated by a balance between activating and inhibiting NK cell receptors, 

the latter predominantly recognizing self MHC class I molecules [5]. In the pig-to-human setting, pig 

MHC class I, i.e. swine leukocyte antigen I (SLA-I), is poorly recognized by human inhibitory NK cell 
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receptors [6]. Indeed, overexpression of SLA-I on porcine endothelial cells (pEC) by stimulation with 

tumor necrosis factor reduced but did not fully abrogate human anti-pig NK cytotoxicity [7]. As a 

strategy to control xenogeneic human anti-pig NK cytotoxicity, we and others have previously shown 

that transgenic expression of various human leukocyte antigen (HLA) class-I molecules including 

HLA-A2, -B27, -Cw3, -Cw4, and HLA-G in pEC provides partial protection against NK cytotoxicity 

and reduces NK cell recruitment [8-15]. In contrast to the classical, highly polymorphic HLA-A/B/C 

alleles, HLA-E alleles are restricted to only two functional variants recognized by the ubiquitous 

inhibitory NK receptor CD94/NKG2A [16-18]. Consequently, transgenic expression of HLA-E in pig 

xenografts might inhibit a large majority of NK cells in human recipients, and avoids the introduction 

of potentially allogeneic HLA molecules. Thus, we and others have used different HLA-E constructs to 

transfect porcine endothelial cells, including a trimer consisting of mature human β2m; a canonical 

HLA-E binding peptide VMAPRTLIL; and mature HLA-ER heavy chain, E*0103 [19-23]. 

Subsequently, HLA-E and human β2m contained in two separated vectors were used to generate HLA-

E/β2m transgenic pigs as a strategy to regulate human anti-pig NK cell responses [24]. Whereas in 

vitro NK cytotoxicity against HLA-E expressing pEC was reduced, this strategy is only now being 

tested under more physiological conditions such as ex vivo perfusion systems. 

Ex vivo perfusion models have been used in xenotransplantation for many years to test early xenograft 

events and more recently to evaluate the potential of genetic modifications in pigs. Preferential 

recruitment of human NK cells, to rat hearts perfused with human peripheral blood lymphocytes, was 

reported in a seminal paper by Inverardi et al. in 1992 [25]. A predominance of perivascular xenograft 

infiltration by NK cells was also demonstrated by Khalfoun et al. during pig kidney xenoperfusions 

with human peripheral blood lymphocytes [26], and by Ramos et al. in a short report [27]. Using a pig 

lung xenoperfusion model Laird et al reported recently that transgenic expression of HLA-E limited 

endothelial damage by preventing NK-cell activation and cytotoxicity resulting in improved pig lung 

survival and function [28]. This finding was corroborated in the Munich heart model showing reduced 

tissue infiltration by NK cells in HLA-E transgenic pig hearts perfused with human blood, as recently 

reported in abstract form [28-31] . 

During the past years our collaborative group has established a novel model of ex vivo xenoperfusion 

with human blood using porcine forelimbs of genetically modified pigs [32]. In the current work, a 

combined strategy to reduce humoral and cellular innate xenoresponses by overexpression of HLA-E 

and hCD46, respectively, was used to study interactions between human NK cells and the porcine 
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vascular system. While HLA-E expression, tissue damage and  the effects on complement activation 

and coagulation all have been reported in detail elsewhere [33-36], we describe here the effect of 

combined HLA-E/hCD46 expression on NK cell recruitment and tissue infiltration. Additionally, the 

release into the circulating blood of an important population of pig cells was observed during these 

xenoperfusions and further characterized. 

MATERIAL AND METHODS 

Animals and pig limb perfusion model. Ex vivo perfusion was performed as described in detail 

elsewhere [35]. Six HLA-E/hCD46 double transgenic (tg) [24] and six wild-type (wt) pig forelimbs 

were perfused with heparinized whole human blood (xenoperfusion). Animal care was performed 

according to the Swiss National Guidelines and the Guide for the Care and Use of Laboratory Animals 

(NIH Publication No. 85-23, revised 1996). The local animal experimentation committee of the Canton 

Bern approved this study (permission # BE45/11). Serial blood samples of 10 ml were collected from 

the perfusion system at predefined intervals, starting at base-line (BL) before the blood was added to 

the perfusion system, and after 10, 60, 180 and 720 min of perfusion. Muscle biopsies were obtained 

for analysis of cellular tissue infiltration before perfusion and at the end-point (720 min).  

White blood cell counts. Complete hemograms including white blood cell (WBC) counts were 

performed on each blood sample by using an analyzer (Sysmex Europe GmbH, Norderstedt, Germany). 

Human and pig cell isolation from perfused blood. Peripheral blood mononuclear cells (PBMC) 

were isolated from xenogeneic and autologous perfused blood samples by gradient centrifugation using 

Ficoll-Paque (GE Healthcare, Glattbrugg, Switzerland) the morning following the end of the perfusion, 

typically at midnight. Thereafter, the cells were extensively washed with PBS, counted and split for 

flow cytometry staining. A sample was stained with LIVE/DEAD® Fixable Aqua Dead Cell Stain 

according to manufacturer’s instructions (Life Technologies, Basel, Switzerland). In some samples 

reduced PBMC numbers or a high degree of hemolysis was noted (Supplementary Table 1). 

Estimates of cell number changes. Absolute numbers of total viable hCD45 cells, hCD45 

lymphocytes, and NK cells (CD3-CD56+) were calculated using the amount of PBMC (cells/ml of 

blood) purified from each blood sample (Supplemental Table 1) and the corresponding cell 

percentages obtained by flow cytometry and gating of the respective cell population. The absolute cell 
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numbers were used to determinate the relative percentage of the drop of cell numbers compared to base 

line (BL) values. 

Cell surface phenotype analysis by flow cytometry. The characteristics of the antibodies used for 

flow cytometry analysis are listed in Table 1. For staining, cells were incubated for 30 min at 4°C with 

saturating amounts of directly fluorochrome-labeled antibodies in PBS containing 1% bovine serum 

albumin. Secondary polyclonal goat anti-mouse antibody was used for indirect staining (IgG-PE, 

Poly4053, Biolegend). All analyses were performed using isotype-matched control antibodies. The 

Attune (Life Technologies) flow cytometer was used for data acquisition, and FlowJo software, version 

X.0.7 (TreeStar Inc, Ashland, OR, USA) for data analysis. Gating strategy for human cell populations 

is depicted in Supplementary Figure 1. For the characterization of pig cells a panel of anti-pig 

antibodies was used (Table 1). Of note, some but not all of the anti-monocyte/macrophage pig markers 

were cross-reactive with human cells (Supplementary Figure 3). However, since the key pan-

leukocyte marker CD45 was clearly species-specific, misinterpretation of data was excluded. 

Immunofluorescence. Snap-frozen biopsies from six wt and six HLA-E/hCD46 transgenic limbs were 

collected before and at the end of the perfusions (720 min) (a total of 24 biopsies), cut into 5-µm thick 

sections, air-dried, and stored at -80°C until analysis. After fixation with acetone and re-hydration, the 

sections were stained with anti-human NKp46 (2 µg/ml, clone 195314, R&D Systems, Zug, 

Switzerland), a marker previously shown to identify human NK cells in frozen biopsies [37], by 

indirect immunofluorescence using goat anti-mouse IgG conjugated with Alexa Fluor®546 (Molecular 

Probes, Carlsbad, CA, USA) as secondary antibody. Nuclei were stained using 4′,6-diamidino-2-

phenylindole (DAPI, Boehringer, Ingelheim, Germany). The slides were analyzed using a DMI4000 B 

fluorescence microscope (Leica, Heerbrugg, Switzerland) in different fields. At BL one field was 

analyzed in 5 wt and 6 CD46/HLA-E tg limb biopsies. Whereas at the end point, 1-3 fields per biopsy 

from independent wt perfusions and two fields per biopsy in the case of CD46/HLA-E tg limb 

perfusions were acquired. In summary, at BL five fields were obtained from five different wt animals; 

and six fields from six different CD46/HLA-E animals; whereas at the end point a total of 11 fields 

were analyzed from 6 different wt biopsies and 12 fields from six different CD46/HLA-E tg limps. 

Fluorescence intensity quantification was measured as raw integrated density by Image J software 

(version 10.2, National Institutes of Health) on non-manipulated TIFF images [38,39]. 

Cells. Primary pEC were derived from pigs of different genetic background (wild-type, wt; hCD46; 

and HLA-E/hCD46 double transgenic animals; respectively, see Weiss et al. [24]). Cells were cultured 
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in DMEM/GlutaMAX™ medium (Gibco-BRL, Basel, Switzerland) supplemented with 10% heat 

inactivated fetal calf serum (Sigma, Buchs, Switzerland), 100 U/ml Penicillin, 100 µg/ml Streptomycin 

(Gibco-BRL), and 0.8% endothelial cell growth medium II supplement mix (PromoCell, Baar, 

Switzerland) in a humidified atmosphere, at 37°C and 5% CO2. Polyclonal human NK cells were 

purified from four different healthy donors by negative magnetic bead selection according to the 

manufacturer’s instructions (Miltenyi, Bergisch Gladbach, Germany), and expanded in the presence of 

100U/mL IL2 as previously described [8]. 

Direct NK cytotoxicity. Cytotoxicity was analyzed using the non-radioactive Delfia assay (Perkin 

Elmer, Schwerzenbach, Switzerland) according to the manufacturer’s instructions [40]. IL2-expanded 

human NK cell lines were used as effector cells. Target cells consisted of primary pEC derived from 

human CD46 (hCD46) tg, HLA-E/hCD46 double tg or wt pigs. Labeling of cells with the non-

radioactive BAFTA was previously optimized. Specific target cell lysis was calculated by subtracting 

background lysis (spontaneous lysis) of target cells in the absence of effector cells and the maximum 

release (100%) induced by detergent (triton X-100) according to the following formula:  

                                                                       

Different effector to target ratios (E:T) were examined in 2 hours assay. 

Statistical analysis. Analysis was performed using GraphPad software, version 6 (GraphPad, La Jolla, 

CA, USA). Two-way ANOVA (considering pig genetic background and perfusion time as analysis 

factors) followed by multiple comparisons, was performed in time course experiments. For in vitro 

functional assays, a one-way ANOVA was used. Sidak’s multiple comparison post-test was applied 

comparing groups at given perfusion time points. Significance is indicated by: *** extremely 

significant, p<0.001; ** very significant, p<0.01; * significant, p<0.05; and ns not significant, p≥0.05.  

 

RESULTS 

Total white blood cell counts do not decrease during xenoperfusion. Perfusion of wt pig limbs with 

human blood did not induce significant changes of total WBC counts (Figure 1A). In contrast, when 

human blood was used to perfuse HLA-E/hCD46 tg pig limbs we noted a significant increase of WBC 

counts after 720 min (from 4.9×103 to 11.6×103/µl, p<0.05). A small albeit statistically significant 
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difference in WBC counts was detected between wt and tg limbs (p=0.0388). Control autologous 

perfusions with pig blood did not show an increase of total WBC counts, although the blood of tg 

animals contained higher levels of WBC at BL (Supplementary Figure 2).  

Rapid consumption of circulating human leukocytes during xenoperfusion. To directly address the 

question whether human leukocytes decreased and were replaced by porcine cells during 

xenoperfusions, PBMC obtained from serial blood samples were analyzed by flow cytometry. The 

percentages of hCD45 cells in the viable PBMC gate revealed a striking drop over time (p<0.001) with 

a small, albeit statistically significant difference (p=0.0229) between limbs from wt and HLA-E/hCD46 

pigs (Figure 1B, left plot). At base-line (BL), nearly 90% of the viable cells stained positive for 

hCD45, whereas after 720 min the percentage of hCD45 PBMC was below 14%. This decrease became 

highly significant compared to BL after 60 min of perfusion of HLA-E/hCD46 tg pig limbs (p<0.001), 

in contrast the difference was already highly significant after only 10 min of perfusion of wt limbs 

(p<0.001). Next, we compared the absolute numbers of hCD45 cells over time (Figure 1B, middle 

plot), and calculated the relative drop of total hCD45 cells compared to BL (Figure 1B, right plot). 

For the relative drop of total hCD45 cells no differences were found at any time-point between 

xenoperfusions of limbs from wt or HLA-E/hCD46 tg pigs. Moreover, human lymphocytes defined as 

SSClow/hCD45 PBMC declined in a similar manner as hCD45 cells (Figure 1C). Plotting of hCD45 

versus SSC illustrated the presence of more granular human cell populations including monocytes, 

contaminating neutrophils, and presumably early apoptotic cells, as well as cells of non-human origin 

appearing during xenoperfusions (Figure 1D). The quality of several blood samples, especially after 

many hours of perfusion, was compromised and showed signs of hemolysis and cell aggregates. 

Consequently, the numbers and purity of the recovered cells after Ficoll isolation revealed significant 

variations of neutrophil contaminations and apoptotic cells (Supplementary Table 1 and data not 

shown).  

Recruitment of NK cells during xenoperfusion. One of the major aims of this study was to 

investigate whether the expression of HLA-E protects the endothelium of the perfused limbs from NK 

cell recruitment and NK cell-mediated damage, as previously demonstrated in vitro [24]. Therefore, 

NK cell percentages, defined by CD3-CD56+ expression in the viable lymphocyte gates, and absolute 

NK cell numbers, calculated as described in the material and methods section, were analyzed during 

pig limb perfusions and compared to the BL values. Due to the random assignment of the blood, HLA-

E/hCD46 tg pig limb perfusions were in most cases performed with a higher initial percentage and 
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overall higher numbers of NK cells (Figure 2A). The percentage of NK cells revealed a striking drop 

over time (Figure 2B, left plot). Next, we analyzed the absolute numbers of NK cells during perfusion 

(Figure 2B, middle plot), and calculated the relative drop of NK cells compared to BL (Figure 2B, 

right plot). These data showed a significant difference in the early consumption of circulating NK cells 

between wt and HLA-E/hCD46 tg limbs 10 min after xenoperfusion (p<0.001). At 720 min an almost 

complete absence of human NK cells was noted, without any difference between wt and HLA-

E/hCD46 tg limb perfusions. Similar results were obtained when the absolute NK cells numbers were 

estimated using the results of WBC counts obtained by Sysmex system (data not shown). In brief, NK 

cells disappeared quickly from the circulation, slightly more rapidly during xenoperfusions of wt as 

compared to HLA-E/hCD46 tg pig limbs. 

Reduced recruitment of human NK cells into HLA-E/hCD46 transgenic pig muscle tissue. To 

determine the fate of the human NK cells which disappeared from the circulation during 

xenoperfusions, snap-frozen muscle biopsies taken at BL and the end-point at 720 min were analyzed 

by immunohistochemistry using the NK cell marker NKp46. As compared to CD56, NKG2A, and 

NKG2D, NKp46 (NCR1) is by far the best tissue NK cell marker reported in the literature. Whereas 

BL samples revealed only background staining, infiltrating NK cells were demonstrated after 720 min 

of perfusion (Figure 3A). Quantification of these NKp46 positive cells at 720 min using Image J 

software indicated lower recruitment of NK cells into HLA-E/hCD46 tg limbs as compared to wt pig 

limbs (p<0.05), however, more damaged wt tissue might have given rise to higher unspecific 

background staining (Figure 3B). 

Human NK cytotoxicity against pig endothelial cells derived from HLA-E/hCD46 double and 

hCD46 single transgenic pigs. To evaluate the relative effect of HLA-E and hCD46 expression on 

xenogeneic NK cytotoxicity, lysis of primary pEC isolated from pigs of different genetic background 

was tested. A representative experiment and pooled data from 3 independent experiments performed at 

E:T ratios from 40:1 to 5:1 are shown (Figure 4). No differences were observed between the lysis of wt 

and hCD46 single tg pEC, however, HLA-E/hCD46 double tg pEC were partially protected from NK 

cytotoxicity. Overall, the difference of NK cytotoxicity found between pEC targets of wt versus HLA-

E/hCD46 tg origin was highly significant, with 64.3% less NK cytotoxicity compared to wt (p<0.001), 

whereas lysis of hCD46 tg pEC did not differ from lysis of wt pEC. Thus, hCD46 expression on pEC 

did not alter human anti-pig xenogeneic NK cytotoxicity, whereas expression of HLA-E in 
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combination with hCD46, reduced the lysis of pEC equally to HLA-E expression alone, as previously 

shown [19-24].  

Emergence of pig cells into the circulation during perfusion. Next, hCD45neg cells of non-human 

origin were analyzed in blood samples taken at BL and 180 min by staining with a panel of antibodies 

directed at pig surface markers. Indeed, after 180 min of xenoperfusion, pig CD45 positive (pCD45) 

PBMC were detected, as shown in a representative experiment in Figure 5A. To further characterize 

the phenotype of these cells, viable PBMC were gated as shown in Figure 5B. Three pCD45 cell 

populations, all of them negative for hCD45, were defined and distinguished according to their cellular 

granularity: (A) low granularity cells corresponding to pig lymphocytes (48%); (B) intermediate 

granularity cells corresponding to pig monocytes (33%); (C) and high granularity cells corresponding 

to pig granulocytes (14%), respectively. The phenotyping results of these populations are presented as 

percentages of expression in Table 2.  

Population A, strongly resembling lymphocytes according to pCD45 versus SSC plotting, was 

predominantly positive for pig MHC class I (SLA-I, 88%), and expressed variable amounts of 

lymphocyte subset markers corresponding to T cells (CD3a+, 21%), NK cells (pCD16+CD172a-, 10%) 

[41], and a B-cell subpopulation (CD1a+, 9%). There was a modest contamination of myeloid cells, 

monocytes and granulocytes, respectively (CD14+, 2.7%; CD11R3+, 2.7%; pCD172a+, 13%). However, 

this analysis did not account for approximately 40% of the cells present in population A. 

Population B, strongly resembling monocytes based on pCD45 versus SSC plotting, was 

predominantly positive for pig MHC class I (SLA-I, 83%), the myeloid markers CD11R3 (76%), 

pCD14 (84%), and exhibited double expression of pCD16 and CD172a (82%). In addition, this 

population contained small numbers of circulating porcine endothelial cells which were double positive 

for pCD106 and CD31 (8.6%).  

Population C, with the highest granularity, was positive for pig granulocyte markers including CD11R3 

(75%); pCD172a (99%); only subsets of these granulocytes expressed pCD16+ (54%) and pCD14+ 

(65%), respectively. Intriguingly, 43% of the cells were SLA-I negative, indicating either the presence 

of MHC class I negative granulocytes, the loss or low expression of this marker, or technical staining 

artifacts. Furthermore, staining for circulating pCD106+CD31+ porcine endothelial cells was detected 

on 7% of the cells.  
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In conclusion, the large majority of the pig cells emerging during limb perfusions expressed various 

lymphocyte subsets and myeloid markers, whereas only a small percentage represented endothelial 

cells.  

DISCUSSION 

The primary aim of the current study was to test the potential of transgenic HLA-E expression on pig 

endothelial cells to control human NK cell recruitment during ex vivo pig limb xenoperfusions. Early 

studies with rat and pig hearts perfused with human blood or lymphocytes demonstrated recruitment of 

human NK cells into the xenoperfused hearts [25,42], and were supported later by the findings of 

xenoperfused pig kidneys [26,27]. Of note, the current xenoperfusion model is performed on pig limbs 

expressing alpha-Gal xenoantigen. To control xenoantibody-mediated endothelial damage via 

complement activation, pigs transgenic for human CD46 in addition to HLA-E were usedas previously 

reported [35]. In the latter experiments, xenoperfusions of HLA-E/hCD46 double tg limps were 

characterized by less complement deposition and endothelial cell activation, as shown by E-selectin 

and VCAM-1 expression; and preserved endothelial integrity, as shown by heparin sulfate 

proteoglycan and VE-cadherin staining. Compared to wt limps, HLA-E/hCD46 tg porcine tissue was 

partially protected from tissue damage and xenoperfusion-induced apoptosis, as demonstrated in 

muscle biopsies at the end-point (720 min). Furthermore, the release of inflammatory porcine 

cytokines, including IL1β, IL6, IL8, and thrombin antithrombin complexes, into the plasma, was lower 

when HLA-E/hCD46 limbs were perfused [35].  

In the present study we show that the numbers of circulating hCD45 cells rapidly decreased during 

xenoperfusions. Further characterization of the fate of hCD45 subpopulations by flow cytometry 

revealed a faster removal of NK cells from the circulation at early time points during perfusion of wt 

limbs, as compared to HLA-E/hCD46 tg limb perfusions. These findings were corroborated by the 

analysis of end-point muscle biopsies, demonstrating a lower density of NK cell infiltration in HLA-

E/hCD46 tg limbs. In the latter experiments the cellular marker to characterize human NK cells 

infiltrating pig tissues was carefully chosen. The conventional NK cell marker CD56 was immediately 

discarded as it is expressed in muscle tissue and there might be cross-reactivity between species. 

NKp46 (NCR1) is by far the best tissue NK cell marker reported in the literature [43], and a protocol to 

stain snap frozen tissue is available. In general, all NK cells express NKp46; at least 80% are 

NKp46bright and the other 20% NKp46dull. As to NKG2A and NKG2D, tissue staining protocols have 
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not been established and they are less specific for NK cells since also expressed on CD8 T cells. 

Double tissue staining, although of potential interest, were not envisioned for this study due to a lack of 

established protocols. Finally, a small number of NKp46 positive cells were detected in pig heart 

biopsies stemming from healthy hearts or myocardial infarction experiments and muscle biopsies taken 

at the end point of pig limbs perfused with autologous blood in areas of tissue damage but not in 

healthy tissues. The anti-NKp46 antibody clone 195314 used for tissue staining demonstrated cross-

reactivity with porcine lymphocytes (data not shown). However, the intensity of NKp46+ staining on 

damaged tissue was much lower than after xenoperfusions and the numbers of circulating pig NK cells 

did not differ between wt and tg perfusions (table 2 and data not shown). Thus, our observation in 

xenoperfusion experiments of significantly lower numbers of NKp46+ NK cells in muscle biopsies 

from hCD46/HLA-E transgenic limbs perfused with human blood compared to wt-limbs indicates that 

hCD46/HLA-E expression inhibits human NK cell infiltration predominantly directly and to a minor 

degree due to the prevention of tissue damage and consequent non xeno-related pig/human NK cell 

infiltration. Taken together, HLA-E expression slightly delayed the recruitment, and ultimately 

decreased tissue infiltration of human/porcine NK cells into pig limb tissues after 12 h of perfusion.   

There are several limitations of the current study including the lack of hCD46 single transgenic 

forelimb perfusions as controls. However, in vitro data by us and others did not show any effect of 

CD46 expression on NK cytotoxicity against pEC. Importantly, a recently published ex vivo pig lung 

xenoperfusion study by Laird et al corroborates our findings by clearly showing physiologically 

meaningful protection from NK cell-mediated damage by GalTKO.hCD46.HLA-E expression using 

GalTKO.hCD46 lungs as control [28]. In addition reduced NK cell recruitment was also observed in 

the Munich heart model [29,30]. Moreover, due to the restricted volume of blood donations, we could 

not perfuse both wt and HLA-E/hCD46 tg pig limbs in parallel with blood obtained from the same 

donor. Since the proportion of NK cells within the lymphocyte population (0.61–16.87%) varies 

enormously among healthy donors [44], we analyzed the relative drop of NK cell numbers. For the 

same reason quantitative analysis of tissue infiltration by NK cells was difficult to interpret. However, 

despite the fact that HLA-E/hCD46 tg pig limbs were in general perfused with blood containing higher 

numbers of NK cells, we observed less NK cell tissue infiltration using NKp46 staining of frozen 

sections, although the software used quantifies fluorescence intensity, rather than counting individual 

NK cells.  
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By all means, our findings beg the question: where are these NK cells which disappeared completely 

from the circulation after 720 min of perfusion? In contrast to HLA-G, HLA-E does not affect adhesion 

of human NK cells to pEC, as shown in static and dynamic adhesion assays [13,23,28]. In addition, we 

have previously reported that transmigration of human NK cells through pig endothelium depends on 

hCD49d-pCD106 interactions [45], and on hCD99 interactions with so far unknown ligands expressed 

by pEC [46]. In the light of reduced endothelial cell activation during HLA-E/hCD46 tg compared to 

wt pig limb xenoperfusion [35], which was associated with lower expression of pCD106, we 

hypothesize that human NK cells might adhere to the vascular lining of HLA-E/hCD46 tg pig limbs, 

but transmigrate to a lesser extent into these tissues. Finally, the relative percentages of human B- and 

T-lymphocytes showed no major differences between wt and HLA-E/hCD46 tg xenoperfusions (data 

not shown), with a reduction of B-cells after three hours of perfusion, as reported previously in a model 

of short-term kidney xenoperfusion [26].  

Although there are major differences in terms of endothelial damage during short term xenoperfusions 

reported in the literature, in part because different pig organs were employed [47-51], and the exact 

contribution of NK cells is unknown, the expression of HLA-E might reduce endothelial damage by 

preventing NK cell activation. We cannot directly support this hypothesis with experimental data from 

our model, since the functional assays originally planned with circulating NK cells obtained during 

xenoperfusions could not be performed due to very low NK cell numbers. However, in agreement with 

previous work [19,20,22,24,28], human anti-pig NK cytotoxicity assays, performed in vitro using pEC 

derived from tg animals as targets, confirmed that HLA-E provided partial protection, whereas the 

expression of hCD46 had no effect. Furthermore, since NK cells are able to perform FcR-mediated 

ADCC and neutrophils/macrophages eliminate antibody-coated cells, differences in xenoreactive 

antibody levels in the blood donors and differential binding to the tg endothelium might have 

influenced the results. Previous data of the same study have shown that overall human IgM and IgG 

natural xenoreactive antibodies bind equally to the endothelia of both, wt and hCD46/HLA-E pig limps 

after 12 hours of perfusion [33]. However, since the levels of natural xenoantibodies in the donor blood 

samples were not measured we cannot exclude that differences might have had an impact on NK cell-

mediated ADCC and tissue damage. 

To date most studies have focused on the tissue recruitment of human leukocytes in ex vivo 

xenoperfusion models. Perfusion of pig lungs with human blood, for instance, showed a quick drop in 

WBC counts [52,53], in particular for monocytes and neutrophils; both in wt animals [51,54], but also 
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using genetically modified animals [53]. Similar finding were reported for kidney and liver 

xenoperfusions [26,49,55-58]. In contrast, scarce information is available concerning the release of pig 

cells. An early publication indicated that porcine leukocytes, mainly lymphocytes, were released from 

pig kidneys during buffered-saline perfusion [59]. In addition, an increase in WBC counts was also 

observed during perfusions of pig hearts, although the nature of this rise was not further characterized 

[60]. At last, perfusion of pig lungs with different perfusion solutions showed the release of pig T- and 

B-lymphocytes as well as monocytes, macrophages and dendritic cells [61]. In summary, the nature of 

porcine cells released during xenoperfusion of different organs remains poorly characterized. 

In our model of pig limb perfusion the total circulating leukocyte counts did not decrease as measured 

by Sysmex not distinguishing between cells of human and pig origin. In contrast, hCD45 PBMC 

disappeared rapidly from the circulation, presumably due to recruitment and tissue infiltration. Thus, 

we hypothesized that pig cells were released into the circulation. Indeed, cells of pig origin were 

detected in the circulation using species-specific cell markers. First, we speculated that these pig cells 

might correspond to pEC released upon damage of the endothelium during xenoperfusion. Nonetheless, 

only a small percentage of these cells were of endothelial origin as shown by pCD106+CD31+ 

expression. Instead, the large majority of the emerging pig cells expressed various lymphocyte and 

myeloid markers (CD172a, SIRPα, SWC3). Moreover they were highly positive for SLA-I and pCD45, 

indicating that they belonged to the leukocyte lineage [62-64]. Despite flushing of the pig limbs for 5 

min with hydroxyethyl starch before perfusion, these pig cells might have been released from the 

marginal vascular pool into the bloodstream by detachment from the endothelial lining. Alternatively, 

pCD45 cells might have been released from the pig bone marrow, since in contrast to organ perfusions; 

several bones are present in the pig forelimb model (humerus, radius, ulna and metacarpals). Lineage 

negative immature bone marrow cells might also explain the presence in the lymphocyte gate of 

approximately 40% SLA-I+ pig cells that are not accounted for by staining with our antibody panel. In 

conclusion, the release of pig cells needs further investigation in xenoperfusion models of organs 

foreseen for clinical transplantation, e.g. heart, kidney or lung. Depending on the phenotype and 

antigen-presenting properties of these cells, even the release of much lower numbers into the 

circulation following transplantation has major implications for the development of acquired immune 

xenoresponses and/or tolerance [65-67]. The protocols for flushing pig organs prior to perfusion or 

transplantation in order to remove cells might have to be optimized to minimize xenorejection. 
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In conclusion, the current work showed that HLA-E/hCD46 double tg pig limb perfusion is 

characterized by slightly delayed NK cell recruitment and reduced tissue infiltration. In addition, we 

describe and characterize a cell population of pig origin that was released into the circulation during the 

limb perfusions. 

FIGURE LEGENDS 

Figure 1. Time-course of circulating human CD45 positive leukocytes during perfusion. Blood 

samples were taken at predefined time points during ex vivo xenoperfusions. (A) Pooled data of total 

WBC counts as quantified by the Sysmex system during 6 wt and 6 HLA-E/hCD46 tg pig limb 

xenoperfusions are shown. The difference of total WBC counts in xenoperfusions between wt and 

HLA-E/hCD46 tg pig limbs was slightly significant, p<0.0388, when tested by 2-ways ANOVA. (B) 

For flow cytometry, PBMC were isolated and stained for viability followed by monoclonal antibody 

staining. The gating strategy for the analysis of viable human CD45+ (hCD45) PBMC is shown in 

Supplementary Figure 1. Pooled data of the percentages of hCD45 PBMC (left plot); of the absolute 

numbers of hCD45 cells (middle plot); and the percentages of the drop of hCD45 cells numbers 

compared to base line values (right plot) are shown over time. (C) Pooled data of the percentages of 

human lymphocytes (left plot); of the absolute numbers of human lymphocytes (middle plot); and the 

percentages of the drop of human lymphocytes numbers compared to base line values (right plot) are 

shown over time. Data are shown as mean+SEM of 6 wt and 5 HLA-E/hCD46 pig limb perfusions. 

Wild-type (wt) limbs are shown with open circles (○), whereas HLA-E/hCD46 with filled circles (●). 

Differences between wt and HLA-E/hCD46 tg were obtained using 2-way ANOVA analysis. Sidak’s 

multiple comparison post-test was applied comparing groups at given perfusion time points. 

Significance is indicated by: *** extremely significant, p<0.001; ** very significant, p<0.01; * 

significant, p<0.05. (D) Representative hCD45 and side scatter (SSC) flow cytometry plots during a 

HLA-E/hCD46 tg pig limb xenoperfusion are shown. Thick lined rectangles indicate total hCD45 cells, 

ovals lymphocytes; the respective percentages are given as numbers.  

Figure 2. Human NK cells are quickly removed from the circulation during xenoperfusion. Blood 

samples were taken at predefined time points during ex vivo xenoperfusions. PBMC were isolated and 

stained for viability followed by monoclonal antibody staining. (A) The percentages (left plot) and 

absolute numbers (right plot) of CD3-CD56+ NK cells at base-line (BL) of wt (open diamonds, 欣) and 

HLA-E/hCD46 tg (filled diamonds, 斤) xenoperfusions are shown, indicating the variability among 
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different blood donors. The difference was tested by t-test (p=0.052). (B) Pooled data of the 

percentages of NK cells (left plot); of the absolute numbers of NK cells (middle plot); and the 

percentages of the relative drop of NK cell numbers compared to BL values (right plot) are shown 

over time. Pooled data are shown from 4 and 3 xenoperfusions for wt and HLA-E/hCD46 pig limbs, 

respectively. Data shown as mean + SEM. Wild-type (wt) limbs are shown with open circles (○), 

whereas HLA-E/hCD46 with filled circles (●). Differences between wt and HLA-E/hCD46 tg were 

obtained using 2-way ANOVA analysis. Sidak’s multiple comparison post-test was applied comparing 

groups at given perfusion time points. Significance is indicated by: *** extremely significant, p<0.001; 

** very significant, p<0.01. 

 

Figure 3. Recruitment of human NK cells in pig muscle tissue. Muscle biopsies from wt and HLA-

E/hCD46 tg pig limbs were obtained at BL and at the end-point (720 min) of the xenoperfusions and 

snap-frozen until analysis. NK cells were stained using the specific NK cell surface marker NKp46 

followed by secondary goat anti-mouse Alexa Fluor® 546 (red), whereas nuclei were revealed with 

DAPI (blue). (A) Representative images from biopsies taken at BL and end-point in wt and HLA-

E/hCD46 double tg limbs are shown. White bars correspond to 75 µm. (B) Quantification of 

fluorescence intensity of integrated density (y-axe) analyzed by Image J software on non-manipulated 

raw TIFF images (11 different fields for each type of limbs, wt and tg, at end-point and 5 different 

fields at BL). Data shown as mean + SEM, and two-way ANOVA analysis followed by multiple 

comparisons showed * significant differences p <0.05 between groups. 

 

Figure 4. HLA-E expression but not hCD46 expression on pig endothelial cells provides partial 

protection against xenogeneic human NK cytotoxicity in vitro. (A) Porcine endothelial cells (pEC) 

derived from wt; hCD46 and HLA-E/hCD46 tg animals were labeled and used as target cells in 2 h 

non-radioactive Delfia cytotoxicity assays using polyclonal human NK cell lines as effector cells. Data 

of one representative experiment are presented at different effector to target (E:T) ratios showing mean 

values ± SD of triplicates. Specific target cell lysis was calculated by subtracting background lysis of 

target cells in the absence of effector cells and the maximum release (100%) induced by detergent 

(triton X100) according to the formula provided in the material and methods. (B) Pooled data from 

three independent experiments with mean + SEM are shown; one-way ANOVA analysis revealed a 
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*** highly significant difference, p<0.005, of the relative inhibition of NK lysis against HLA-E/hCD46 

tg pEC target cells as compared to wt pEC.  

 

Figure 5. Pig cells are released into the circulation during xenoperfusion. Whole blood samples 

were taken at different time points during xenoperfusion; peripheral blood mononuclear cells (PBMC) 

were isolated and stained for viability followed by monoclonal antibody staining. (A) Representative 

plots of pig CD45 (pCD45) and human CD45 (hCD45) versus side scatter (SSC) are shown for the 

analysis of PBMC coming from the same experiment isolated at two different time points: base-line 

(BL) and 180 min after starting the xenoperfusion of a HLA-E/hCD46 forelimb. (B) Gating strategy 

used for flow cytometry analysis of pig marker expression during xenoperfusion at time-point 180 min. 

Cells were first gated for viability by plotting forward scatter (FCS) versus LIVE/DEAD® Fixable 

Aqua Dead Cell stain (left plot). Viable cells were next plotted for hCD45 versus pCD45 to discard 

cell conjugates and cellular debris, and select only pCD45 single positive cells (middle plot). Finally, 

pCD45 versus SSC plot was generated and pig cells populations defined on the base of their cytometric 

properties, referred to as population A, B, and C, respectively (right plot), from which different pig 

markers were further analyzed as shown in Table 2. 
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Table 1. Antibodies used in phenotype analysis by flow cytometry  

Specificity Marker Clone Fluorochrome* Source† 
Pig CD1a 76-7-4 PE SouthernBiotech 

CD3a BB23-8E6 PE Novus Biologicals 
CD11b (CD11R3) 2F4/11 FITC AbDSerotec 
CD14 MIL2 FITC AbDSerotec 
CD16 G7 PE AbDSerotec 
CD45 K252-IE4 FITC, DyLight405 AbDSerotec 
CD106 10.2C7 Purified, PE Home made 
CD172a (SWC3) BL1H7 FITC AbDSerotec 
SLA-I SCR3 Purified, PE Home-made 
SLA-I 74-11-10 Purified VMRD 

Pig and human CD31 LCI-4 FITC AbDSerotec 
Human CD45 HI30 PerCP-Cy5.5 Biolegend 

CD3 UCTH1 AF405 LifeTechnologies 
CD56 HCD56 BV605 Biolegend 
CD19 LT FITC Miltenyi 

 

Abbreviations: AF405, Alexa Fluor®405; BV605, Brilliant Violet™605; FITC, fluorescein 
isothiocyanate; PE, R-phycoerythrin; PerCP-Cy5.5, peridinin chlorophyll protein-cyanine 5.5  

*Directly labeled monoclonal antibodies were used for staining unless otherwise indicated. For indirect 
staining secondary polyclonal goat anti-mouse antibody was used (IgG-PE, Poly4053, Biolegend). 

†Addresses of antibody distributors are as follows: AbDSerotec (Puchheim, Germany); Biolegend 
(Luzern, Switzerland); Life Technologies (Basel, Switzerland); Miltenyi (Bergisch Gladbach, 
Germany); Novus Biologicals (Cambridge, UK); Southern Biothech (Allschwil, Switzerland); VMRD 
(Pullman, WA, USA). 
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Table 2. Phenotypic characteristics of the pig cell populations appearing during xenoperfusion. 

Marker Associated phenotype, alternative 
name 

Population 
Positive cells, % 

(SD) 
A B C 

pCD45+ vs SSC Pig leukocytes, LCA 47.7 
(14.8) 

32.8 
(10.0) 

14.3 
(8.9) 

SLA-I+ Pig cells* 87.6 
(18.8) 

82.6 
(18.7) 

57.2 
(21.9) 

CD11R3+ Monocyte/granulocyte, possibly CD11b 2.7 
(1.5) 

77.5 
(10.0) 

74.5 
(27.7) 

pCD172a+ Myeloid linage†, SIRPα or SWC3 13.1 
(4.3) 

88.7 
(5.2) 

99.4 
(0.6) 

pCD16+ FcγR3A 12.2 
(12.3) 

83.3 
(7.0) 

53.5 
(30.2) 

pCD14+ Monocyte/granulocyte  2.7 
(0.8) 

84.3 
(7.0) 

64.6 
(24.4) 

pCD3a+ T cell‡ 21.3 
(41.6) 

2.9 
(4.0) 

1.6 
(1.8) 

pCD1a+ Fraction of B cells‡ 9.1 
(3.1) 

7.0 
(2.6) 

4.6 
(1.8) 

pCD16+pCD172a- NK cells‡ 9.7 
(10.9) 

1.3 
(0.0) 

0.16 
(0.0) 

pCD16+pCD172a+ Monocytes 2.6 
(1.6) 

82.0 
(6.6) 

53.5 
(30.1) 

pCD106+CD31+ Endothelial cells§ 2.1 
(0.6) 

8.6 
(6.5) 

7.1 
(4.7) 

 
Flow cytometry analysis of PBMC isolated after 180 min of human blood xenoperfusion. Cell 
populations were gated as described in Figure 5B and percentage of positive cells shown as % 
(SD). Data obtained from 4 independent experiments (2 wt and 2 tg pig legs). 
 
*Pig cells are SLA-I positive with the exception of red blood cells and platelets 
†When surface marker is looked up in large and complex populations 
‡When surface marker is looked up in the lymphocyte gate 
§When surface markers are looked up in large and complex populations  
LCA: leukocyte common antigen  
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