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Abstract

Xenotransplantation is a promising approach to reduce organ shortage, while genetic

modification of donor pigs has significantly decreased the immunogenic burden of

xenotransplants, organ rejection is still a hurdle. Genetically modified pig organs are

used in xenotransplantation research, and the first clinical pig-to-human heart trans-

plantation was performed in 2022. However, the impact of genetic modification has

not been investigated on a cellular level yet. Endothelial cells (EC) and their sugar-

rich surface known as the glycocalyx are the first barrier encountering the recipient’s

immune system, making them a target for rejection. We have previously shown that

wild type venous but not arterial ECwere protected against heparan sulfate (HS) shed-

ding after activation with human serum or human tumor necrosis factor alpha (TNF𝛼).

Using a 2Dmicrofluidic systemwe investigated the glycocalyx dynamics of genetically

modified porcine arterial and venous EC (Gal𝛼1,3 Gal knock-out, transgenic for human

CD46 and thrombomodulin, GTKO/hCD46/hTM) after activation with human serum

or human TNF𝛼. Interestingly, we observed that GTKO/hCD46/hTM arterial cells,

additionally to venous cells, do not shed HS. Unscathed HS on GTKO/hCD46/hTM EC

correlated with reduced complement deposition, suggesting that protection against

complement activation contributes tomaintaining an intact glycocalyx layer on arterial

EC. This protection was lost on GTKO/hCD46/hTM cells after simultaneous perfu-

sion with human serum and human TNF𝛼. HS shedding on arterial cells and increased

complement deposition on both arterial and venous cells was observed. These find-

ings suggest that GTKO/hCD46/hTMEC revert to a proinflammatory phenotype in an

inflammatory xenotransplantation setting, potentially favoring transplant rejection.
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1 INTRODUCTION

A crucial advance in xenotransplantation research was the devel-

opment of genetically modified donor pigs lacking surface sugar

xenoantigens as well as expressing different human genes such

as thrombomodulin1 or CD39 which regulate the plasma cascade

systems.2 These pigs were created to reduce organ rejection and

improve transplant acceptance, and their organs have indeed proven

to be more successful than non-modified pig organs.3,4 Nonetheless,

rejection of xenografts eventually still occurs.5 An important player in

xenograft rejection is the vasculature, and more precisely endothelial

cells (EC). Both cellular andhumoral immune responses canbedirected

against graft EC and trigger different types of rejection.6 Hyperacute

rejection starts minutes after transplantation and is characterized by

complement activation mediated by deposition of preformed xenore-

active antibodies. These antibodies recognize carbohydrate antigens

expressed on the EC surface of all mammals except higher primates

and humans.7 Different xenoantigens such as the sugars Gal𝛼1,3 Gal

(𝛼Gal), N-Glycolylneuraminic acid (Neu5Gc) and SDa blood group anti-

gen have been identified, and knock-out pigs have been created to

overcome hyperacute rejection.8,9 Furthermore, additional expression

of human complement regulatory proteins such as CD46, CD55 or

CD59 on porcine EC reduces complement activation and prolongs

xenograft survival.10 However, although hyperacute rejection can be

managed, xenotransplantation is still characterized by coagulopathies

that eventually lead to organ failure and graft loss.11,12

Endothelial surface glycans and proteins that make up the

glycocalyx13 are also known to influence organ rejection. It was

shown that damage to the endothelial glycocalyx during liver, lung

and kidney transplantation correlated with reduced organ survival

and early graft rejection.14–16 Furthermore, in xenotransplanta-

tion, complement activation is linked to glycocalyx shedding which

correlates with xenograft rejection.17,18 While removing carbohy-

drate xenoantigens from EC is crucial to improve xenograft survival,

this also manipulates the endothelial glycan synthesis. In fact,

knocking out alpha galactosyltransferase or N-acetylneuraminic

acid hydroxylase has been shown to induce expression of novel

carbohydrate epitopes19–21 which could elicit additional immune

reactions.

Therefore, carbohydrate remodeling due to genetic manipulation

of porcine EC could also lead to changes in the glycocalyx composi-

tion and -function, and thereby impact xenograft survival. Here we

analyzed the impact of genetic modifications such as alpha galacto-

syltransferase knockout and transgenic expression of human CD46

and thrombomodulin (GTKO/hCD46/hTM) on endothelial glycocalyx

composition and -function in a xenotransplantation setting using a 2D

microfluidic system.

2 MATERIAL AND METHODS

2.1 Endothelial cell isolation

Arterial (Aorta thoracica) and venous (Vena cava) EC from wild type

and GTKO/hCD46/hTM male and female juvenile landrace pigs were

isolated mechanically (arterial) or enzymatically (venous) from fresh

vessel pieces. Shortly, EC from thoracic aorta were harvested by scrap-

ing the vessel lumen with a humidified sterile cotton swab. EC from

vena cava were isolated by incubation of vessel pieces for 10 min at

37◦Cwith a collagenase II solution (Worthington LS004174, 1.88U/mL

final concentration) and subsequent centrifugation of the collage-

nase II solution to obtain an EC pellet. Isolated cells were maintained

in complete cell culture medium (DMEM GlutaMAX, Gibco 21885-

025; 10% heat inactivated fetal bovine serum, Sigma F7542 and

1% penicillin/streptomycin, Gibco 15140-122) supplemented with 1%

endothelial growth medium 2 supplement mix (PromoCell C-39216).

Endothelial phenotype was confirmed by staining EC markers VE-

Cadherin or CD31 and von Willebrand Factor while alpha smooth

muscle actin staining was used to exclude contamination with fibrob-

lasts or smooth muscle cells (Figure S1). Fibroblast and smooth muscle

cell growth was monitored by light microscopy and contaminating

cells were removed mechanically from the EC culture. Additionally,

transgene expression was evaluated on both arterial and venous iso-

lated GTKO/hCD46/hTM EC by staining for hCD46 (Hycult Biotech

HM2103, dilution 1:100) and hTM (Abcam ab6980, dilution 1:100). To

confirmknockout of 𝛼Gal cellswere also stainedwith griffonia simplici-

folia isolectin B4 (GSI B4, Sigma L-2140, dilution 1:100) (Figure S2). EC

from at least 2 different pig donors were used between passages 3–5

to avoid phenotypic drift.

2.2 Microfluidic experiments

Ibidi μ-Slides (Ibidi μ-Slide VI 0.4, Cat. 80606) were used to study EC

in vitro under physiological flow conditions. μ-Slides were coated with
12.5 𝜇g/mL fibronectin (Merck FC010) before cell seeding. All differ-

ent cell types were seeded at a density of 1 million cells/mL in flow

medium (complete cell culture medium containing 4% dextran, Sigma

31390-100G, and 1% bovine serum albumin, Sigma A7030-100G) and

left to adhereovernight at 37◦C inahumidified incubatorwith5%CO2.

For the perfusion, the μ-Slides were connected via silicon tubing to a

microfluidic pump (Gilson minipuls 3) and falcon tubes containing flow

medium. μ-Slides were perfused for 72 h with 10 dyn/cm2 shear stress

(viscosity of medium 2.1 mPa*s) and medium was changed every 24 h

to assure constant nutrient supply. To activate the cells, μ-Slides were
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perfused under flow with FBS-depleted flow medium containing 10%

pooled normal human serum (xenogeneic activation), 10% heat inacti-

vated pooled normal human serum for 2 h or 100 ng/mL recombinant

human TNF𝛼 (rhTNF𝛼, R&D 201-TA) for 4 h. To evaluate complement

deposition and HS shedding during rhTNF𝛼 activation (4 h), channels

wereperfusedwith10%pooledhumanorporcine serum for the last 2h

of activation. After activation, cells were fixed with 4% formaldehyde

solution (Sigma252549-500MLstock solution37%) for 15min at room

temperature before immunofluorescence staining was performed.

2.3 Immunofluorescence staining

Ibidi μ-Slides were blocked for 1 h at room temperature with PBS-

3% BSA and subsequently incubated with anti-HS antibody (Amsbio

370-255-1, clone F58-10E4, dilution 1:200), wheat germ agglutinin

(WGA) lectin-FITC (Sigma L4895-2MG, dilution 1:100) to stain N-

Acetylglucosamine (GlcNAc) and sialic acid (Sia), anti-complement

C3b/c antibody (DAKO A0062, dilution 1:500) and anti-E-selectin

antibody (Sigma S9555, dilution 1:100) over night at 4◦C. Samples

were then incubated with the following secondary antibodies (dilution

1:500) for 1.5 h at room temperature under agitation: goat anti-mouse

IgM AlexaFluor568 (Invitrogen A21043) for HS, goat anti-rabbit IgG

AlexaFluor633 (Invitrogen A21071) for C3b/c and goat anti-mouse

AlexaFluor488 (InvitrogenA21121) for E-selectin. Nucleiwere stained

withDAPI (Sigma, 32670-20MG-F). All antibodieswere diluted in PBS-

1%BSA-0.05% Tween (Tween 20, AppliChem A4974,0250). Images

were acquired with a Zeiss LSM980 confocal microscope and analyzed

using Image J (version 2.9.0/1.53q). HS, C3b/c and E-selectin cover-

age was quantified according to a method adapted from Cheng et al.22

Briefly, a black and white mask was created from images of HS, C3b/c

or E-selectin staining fromwhich the percentage of coveragewasmea-

sured compared to the channel area. Coverage was normalized to the

cell number.

2.4 Statistical analysis

GraphPad Prism 9 software was used to analyze quantification of HS,

C3b/c andE-selectin coverage, p< .05was considered significant.One-

way ANOVA followed by multiple comparisons using pairwise Tukey t-

test was performed for statistical analysis.

3 RESULTS

3.1 Galactosyltransferase knockout and
transgenic expression of hCD46 and hTM influences
heparan sulfate expression on venous but not arterial
porcine endothelial cells

To investigate whether genetic modification could influence the gly-

cocalyx composition and sulfation of porcine EC, we evaluated the

expressionof non-sulfated (GlcNAc/Sia) and single sulfated sugars (HS)

on arterial and venous GTKO/hCD46/hTM EC compared to wild type

EC. For this, cells were grown in Ibidi μ-Slides for 72 h under static

conditions or with laminar shear stress (10 dyn/cm2).

As shown in Figure 1, GlcNAc/Sia was mainly observed on the

cell surface of EC under laminar shear stress (Figure 1A–F) but was

absent under static conditions (Figure 1A–C). While wild type arte-

rial EC expressed significantly higher GlcNAc/Sia coverage than wild

type venous EC (Figure 1F dark grey bars, 70% and 45%, respectively),

GlcNAc/Sia coverage on arterial and venous GTKO/hCD46/hTM EC

was comparable, with a mean value of 55% (Figure 1F light grey bars).

This suggests that this specific genetic modification does not influence

GlcNAc/Sia expression or coverage.

Next, we evaluated the expression of HS, a sulfated glycocalyx com-

ponent that mediates fundamental functions such as binding of com-

plement regulatory and anticoagulant proteins to EC.23 As expected,

HS was observed on the cell surface of arterial cells mainly under

laminar shear stress (Figure 1J) while in contrast, wild type venous

cells also express HS under static conditions24 (Figure 1H, I). Surpris-

ingly, GTKO/hCD46/hTM venous cells show a different HS expression

pattern than wild type venous cells. HS was only observed upon

shear stress (Figure 1K). Furthermore, venous GTKO/hCD46/hTM EC

expressed higher HS coverage than arterial GTKO/hCD46/hTM EC

(Figure 1L light grey bars) whereas no differences were observed for

wild type EC (Figure 1L dark grey bars). This indicates that genetic

modification of venous EC affects the expression of sulfated glycocalyx

components.

3.2 Arterial and venous GTKO/hCD46/hTM
endothelial cells are resistant to heparan sulfate
shedding after xenogeneic activation

Endothelial dysfunction and antibody-mediated complement deposi-

tion are drivers of glycocalyx shedding, eventually promoting graft

failure in xenotransplantation.17,18 Our lab has previously shown that

GTKO/hCD46/HLA-E cells are protected against complement depo-

sition in a xenotransplantation setting.25 However, whether reduced

complement deposition also protects against HS shedding from the

endothelial surface is unknown.

To investigate HS dynamics of GTKO/hCD46/hTM EC in an in

vitro xenotransplantation setting, both arterial and venous porcine

GTKO/hCD46/hTM cells were perfused with 10% human serum

and HS shedding was evaluated. In agreement with our previous

findings,24 HS shedding from arterial (Figure 2A, B) but not venous

wild type cells (Figure 2C,D)was observed after activationwith human

serum. Interestingly, analysis of HS dynamics on the cell surface of

GTKO/hCD46/hTM cells revealed that both arterial and venous cells

are protected from HS shedding, with an average HS coverage of 11%

and 23%, respectively (Figure 2B, D). This was comparable to per-

fusion with heat inactivated serum, where complement activation is

impeded by heat, and therefore served as a control. Other glycoca-

lyx components such as the non-sulfated sugars GlcNAc/Sia remained

intact on the cell surface after perfusion with human serum (data not

shown).
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(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

(J) (K) (L)

F IGURE 1 Coverage of GlcNAc/Sia andHS onwild type and GTKO/hCD46/hTM arterial and venous porcine EC. Representative confocal
images of EC fromwild type and GTKO/hCD46/hTM pigs grown in Ibidi μ-Slides. Cells were kept 72 h under static or 10 dyn/cm2 shear stress
conditions (flow). Cells were stained for (A, B, D, E) N-Acetylglucosamine/Sialic acid (GlcNAc/Sia) in green and (G, H, J, K) heparan sulfate (HS) in
red. Nuclei are shown in blue (DAPI). All images were acquired with a confocal microscope (Zeiss LSM980). Scale bar: 50 μm. Coverage of
GlcNAc/Sia (C, F) and HS (I, L) for each condition (four images/experiment) was calculated as percentage area positive for the respective staining
normalized to the cell count. Dark grey bars represent data fromwild type ECwhile light grey bars represent data fromGTKO/hCD46/hTMEC.
Data are from four or more independent experiments and at least two different porcine EC donors. One-Way ANOVAwithmultiple comparisons
was used for statistical analysis.

To determine whether GTKO/hCD46/hTM EC are also protected

against endothelial activation, E-selectin expression was evaluated.

E-selectin is an adhesion molecule expressed on activated EC which

mediates binding of inflammatory cells to the cell surface.26 Sur-

prisingly, as shown in Figure 2(E–H), E-selectin expression was

increased on the cell surface of GTKO/hCD46/hTM and wild type

EC after human serum perfusion, while no E-selectin was observed

on EC perfused with heat inactivated serum which was used as

control.

To further assess endothelial activation, we analyzed complement

C3b/c deposition onGTKO/hCD46/hTM cells. C3b is themain opsonin

deposited on the cell surface which propagates activation of the com-

plement cascade.27 In agreement with our previous findings, both

arterial (Figure 3A, B) and venous (Figure 3C, D) GTKO/hCD46/hTM

cells showed a 75%–85% reduction in complement deposition com-

pared to wild type cells after perfusion with human serum. Inter-

estingly, while there was no complement deposition on the surface

of arterial GTKO/hCD46/hTM cells, a C3b/c coverage of 8% was

observed on venous GTKO/hCD46/hTM cells. As expected, no com-

plement depositionwas observed after perfusionwith heat inactivated

human serum (Figure 3B, D). Taken together our data suggest that

although HS remains intact on the cell surface of both arterial and

venousGTKO/hCD46/hTMECand complement deposition is reduced,

endothelial activation still occurs.
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(A) (B)

(D)(C)

(E) (F)

(G) (H)

F IGURE 2 Cell surface expression of HS and E-selectin onwild type and GTKO/hCD46/hTM porcine arterial and venous EC after xenogeneic
activation. Representative confocal images of Ibidi μ-slide channels containing (A, E) arterial and (C, G) venous EC fromwild type and
GTKO/hCD46/hTM pigs. Cells were continuously perfused for 72 h under 10 dyn/cm2 shear stress conditions and subsequently either left
untreated (–) or activated with 10% human serum or 10% heat-inactivated human serum (HI human serum) during 2 h. (A, C) Heparan sulfate (HS)
is shown in red, (E, G) E-selectin in green and nuclei are shown in blue (DAPI). Scale bar: 50 𝜇m. All images were acquired with a confocal
microscope (Zeiss LSM980). (B, D, F, H) coverage of HS and E-selectin was calculated for each image (3–4 images/condition/experiment) as
percentage of area positive for the respective staining normalized to the cell count. Data are from three ormore independent experiments and at
least two different porcine EC donors. One-way ANOVAwithmultiple comparisons was used for statistical analysis.
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(B)(A)

(C) (D)

F IGURE 3 Deposition of complement C3b/c on the surface of wild type and GTKO/hCD46/hTMporcine arterial and venous EC after
xenogeneic activation. Representative confocal images of Ibidi μ-Slide channels containing (A) arterial and (B) venous EC fromwild type and
GTKO/hCD46/hTM pigs. Cells were continuously perfused for 72 h under 10 dyn/cm2 shear stress conditions and subsequently either left
untreated (–) or activated with 10% human serum or 10% heat-inactivated human serum (HI human serum) during 2 h. C3b/c is shown in yellow,
and nuclei are shown in blue (DAPI). Scale bar: 50 𝜇m. All images were acquired with a confocal microscope (Zeiss LSM980). (B, D) Coverage of
C3b/c was calculated for each image (four images/condition/experiment) as percentage of area positive for C3b/c normalized to the cell count.
Data are from four or more independent experiments and at least two different porcine EC donors. One-way ANOVAwithmultiple comparisons
was used for statistical analysis.

3.3 Inflammation in a xenogeneic setting induces
an inflammatory phenotype on arterial and venous
GTKO/hCD46/hTM endothelial cells

Inflammation plays an important role in xenotransplantation, it pro-

motes coagulation and activates the immune response which is detri-

mental to xenograft survival.28 Proinflammatory cytokines such as

TNF𝛼 were shown to increase in plasma after xenotransplantation and

contribute to xenograft rejection.29

To investigate the effect of TNF𝛼 on HS expression and endothe-

lial activation, both arterial and venous GTKO/hCD46/hTM EC were

activated with rhTNF𝛼 and then perfused with human serum to

mimic an inflammatory xenotransplantation environment. Interest-

ingly, shedding of HS (80%) from the cell surface of arterial but not

venous GTKO/hCD46/hTM EC was observed after rhTNF𝛼 activa-

tion and perfusion with human serum but not after rhTNF𝛼 activation

alone (Figure 4A, B). Again, venous GTKO/hCD46/hTM EC showed

no HS shedding (Figure 4C, B). As a control, ECs were treated with
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(A)

(B)

(C)

(D)

(F)

(E)

(G) (H)

(I) (J)

F IGURE 4 Expression of HS, complement C3b/c deposition and E-selectin coverage on the cell surface of GTKO/hCD46/hTM porcine arterial
and venous EC in an inflammatory xenogeneic environment. Representative confocal images of Ibidi μ-slide channels containing (A, D, G) arterial
(C, F, I) venous GTKO/hCD46/hTMEC. Cells were continuously perfused for 72 h under 10 dyn/cm2 shear stress conditions and subsequently
either perfused with only human serum or simultaneously perfused with rhTNF𝛼 and human or porcine serum. To evaluate E-selectin expression,
channels were perfused with rhTNF𝛼 alone during 4 h (A, C) Heparan sulfate (HS) is shown in red, (D, F) complement C3b/c in yellow, (G, I)
E-selectin in green and nuclei are shown in blue (DAPI). Scale bar: 50 𝜇m. All images were acquired with a confocal microscope (Zeiss LSM980). (B,
E, H, J,) Coverage of HS, C3b/c and E-selectin was calculated for each image (3–4 images/condition/experiment) as percentage of area positive for
the respective staining normalized to the cell count. Data are from three ormore independent experiments and at least two different porcine EC
donors. One-way ANOVAwithmultiple comparisons was used for statistical analysis.
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rhTNF𝛼 and then perfused with porcine serum to mimic an allo-

genic environment. As expected, HS was not shed from the cell

surface (Figure 4A–C). The coverage of the non-sulfated components

GlcNAc/Sia on GTKO/hCD46/hTM EC was not affected by these

inflammatory conditions (data not shown).

Next, we evaluated the effect of rhTNF𝛼 on complement activa-

tion. As observed in Figure 4(D–F), C3b/c deposition increased by 83%

and 75% on both arterial and venous GTKO/hCD46/hTM EC, respec-

tively, when compared to cells perfused with human serum alone.

While complement deposition on arterial cells correlated with HS

shedding, no correlation was observed for venous cells where comple-

ment deposition occurred even with an intact HS layer. This finding is

in agreement with our previous studies on wild type EC where venous

cells showedan inflammatoryphenotypewithoutHS shedding.24 Com-

plement deposition was not increased in an allogenic environment

after activation with rhTNF𝛼 and porcine serum (Figure 4F).

To establish whether rhTNF𝛼 activates GTKO/hCD46/hTM EC

and potentially contributes to an inflammatory cell phenotype, we

investigated the expression of E-selectin on arterial and venous

GTKO/hCD46/hTM EC after activation with rhTNF𝛼. Interestingly,

GTKO/hCD46/hTM EC were not protected against E-selectin expres-

sion. An increase of 50% compared to non-stimulated cells was

observed for both cell types (Figure 4G–J).

Taken together our findings suggest that both arterial and venous

GTKO/hCD46/hTM EC revert to an inflammatory phenotype when

proinflammatory cytokines, such as TNF𝛼, are present during xeno-

transplantation, thus favoring graft rejection.

4 DISCUSSION

Organs from genetically modified pigs are currently used for pre-

clinical cardiac xenotransplantation experiments,3 and inflammatory

reactions leading to graft rejection have been studied on a systemic-

and organ level. However, knowledge on the immune response of dif-

ferent EC and their glycocalyx contained within such xenografts is still

lacking. Carbohydrate remodeling following genetic modification, par-

ticularly afterGGTA1-KO/CMAH-KO, has been shown,19–21 but it is not

clear to which extent it changes the inherent cell surface composition

or function of the endothelial glycocalyx. Such changes could poten-

tially impact the ability of EC to regulate vascular homeostasis. Here

we show that wild type and GTKO/hCD46/hTM EC have distinct HS

dynamics. While the expression of HS on GTKO/hCD46/hTM venous

cells is flowdependent,wild typevenous cells expressHSalreadyunder

static conditions.24 Furthermore, venous GTKO/hCD46/hTM EC have

a higher HS coverage than arterial GTKO/hCD46/hTM EC, thus differ-

ing from wild type arterial and venous EC which instead have a similar

HS coverage. This suggests that geneticmodification of porcine EC cor-

relateswithmodifications in glycan expression on theEC surface.Next,

we investigated whether this could impact endothelial function in a

xenotransplantation setting.

Most in vitro research using genetically modified EC has been per-

formed with arterial cells,30,31 therefore, to address inter-vascular

heterogeneity, we analyzedHS shedding fromboth arterial and venous

GTKO/hCD46/hTM EC in a xenotransplantation environment. We

have demonstrated previously that HS was shed from arterial but

not venous wild type porcine EC after perfusion with human serum

or rhTNF𝛼.24 Here, we show that HS remains intact on both arterial

and venous GTKO/hCD46/hTM cells after xenogeneic activation with

human serum, and correlates with reduced complement C3b/c deposi-

tion. While reduced complement deposition on single transgenic arte-

rial EC has been shown,30 little is known for venous cells. Surprisingly,

C3b/c was still significantly increased after human serum perfusion

of venous GTKO/hCD46/hTM cells compared to non-stimulated cells.

This suggests that genetically modified venous cells are more prone to

complement deposition than arterial cells, where no increase in com-

plement deposition upon human serum perfusion was detected. The

mechanism behind the resistance of venous EC to HS shedding is not

known. Shedding of HS and other glycocalyx components is mainly

mediated by heparanase, an enzyme which processes carbohydrates,

and endopeptidases belonging to the family of matrix metallopro-

teases (MMPs). Such enzymes are upregulated during inflammation

and physiologically regulated by inhibitory proteins.32,33 We therefore

hypothesize that venous cells show either less activation of sheddases

or better protection through regulatory factors; however, we did not

observe any changes in the gene expression of MMP2 and its inhibitor

(data not shown). Further research is needed to elucidate possible

protectivemechanisms in venous EC.

As inflammation plays an important role in xenotransplantation,28

we also investigated the synergistic effect of human serumand rhTNF𝛼

on HS shedding and complement activation on GTKO/hCD46/hTM

EC. HS shedding was observed only on arterial but not venous

GTKO/hCD46/hTM EC. However, complement deposition was

observed on both cell types. This indicates that GTKO/hCD46/hTM

EC in an inflammatory xenogeneic environment have the same inflam-

matory phenotype as wild type EC after xenogeneic stimulation.24

Increased complement deposition can occur due to changes in the

expression of complement regulatory proteins, such as hCD46.

Other groups working with EC in vitro have shown either minimal

or no changes in the expression of various complement regulatory

molecules upon EC activation with different cytokines.34,35 However,

no data exists on simultaneous activation with multiple inflammatory

stimuli. Synergistic stimulation could impair CD46 expression and

favor complement activation and needs to be further investigated in

GTKO/hCD46/hTM EC after activation with inflammatory stimuli in a

xenogeneic setting.

Interestingly, we also observed a comparable increase in E-selectin

expression for wild type and GTKO/hCD46/hTM EC in all experimen-

tal conditions, suggesting that galactosyltransferase knock-out and

transgenic expression of human CD46 and thrombomodulin does not

prevent E-selectin expression. However, additional genetic modifica-

tions, such as removing three xenoantigens and two swine-leukocyte

antigen I chains, were shown to lead to a reduction of endothelial

E-selectin expression.36

Taken together, our findings suggest that GTKO/hCD46/hTM

EC revert to a proinflammatory phenotype similar to that of wild

type EC in an inflammatory xenotransplantation setting. This

could contribute to transplant rejection, and strategies to reduce
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inflammation are essential to prolong xenograft survival. Indeed, EC

from genetically modified pigs expressing a human anti-apoptotic and

anti-inflammatory gene (hA20) were shown to be protected against

TNF𝛼-mediated apoptosis.37 Further studies could therefore focus

on investigating the HS dynamics of such EC as they might be better

protected than GTKO/hCD46/hTMEC during xenotransplantation.

While we have focused on HS, representing one type of sulfated

sugar, heterogeneity should be further investigated by analyzing the

glycocalyx with the use of sulfation-specific phage-derived antibod-

ies, which recognize different sulfated sugars.38 It would be important

to investigate differences in sulfation not only after xenogeneic acti-

vation, but also under non-inflammatory conditions to understand

inherent diversity betweenwild type- and genetically modified EC.
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