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Abstract

Genetic engineering of donor pigs to eliminate expression of the dominant xenogeneic antigen 

galactose α1,3 galactose (Gal) has created a sea change in the immunobiology of xenograft 

rejection. Antibody mediated xenograft rejection of GGTA-1 α-galactosyltransferase (GTKO) 

deficient organs is now directed to a combination of non-Gal pig protein and carbohydrate 

antigens. Glycan analysis of GTKO tissues identified no new neo-antigens but detected high levels 

of N-acetylneuraminic acid (Neu5Gc) modified glycoproteins and glycolipids. Humans produce 

anti-Neu5Gc antibody and in very limited clinical studies sometimes show an induced anti-

Neu5Gc antibody response after challenge with pig tissue. The pathogenicity of anti-Neu5Gc 

antibody in xenotransplantation is not clear however as non-human transplant models, critical for 

modelling anti-Gal immunity, do not produce anti-Neu5Gc antibody. Antibody induced after 

xenotransplantation in non-human primates is directed to an array of pig endothelial cells proteins 

and to a glycan produced by the pig B4GALNT2 gene. We anticipate that immune suppression 

will significantly affect the T-cell dependent and independent specificity of an induced antibody 

response and that donor pigs deficient in synthesis of multiple xenogeneic glycans will be 

important to future studies.

Introduction

Xenotransplantation using pig organs has in recent years made significant advances in 

vascularized graft survival with median pig-to-baboon heterotopic cardiac xenograft survival 

beyond 6 months and individual survival in excess of 1 year (1). Increased cardiac xenograft 

survival is based on progressive improvements in genetically engineered donor organs and 

improvements in chronic immune suppression (2). Antibody mediated rejection (AMR) is 
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the predominant form of vascularized xenograft rejection in which terminal galactose α1,3 

galactose (Gal) saccharide is the dominant xenogeneic antigen. Humans and Old World non-

human primates (NHP) do not make Gal but instead produce high levels of anti-Gal 

antibody (3) resulting in hyperacute rejection (HAR). HAR can be prevented by depletion or 

blocking anti-Gal antibody prior to transplant (4, 5). Pigs were engineered with a mutation 

in the GGTA-1 alpha-galactosyltransferase gene (GalT-KO pigs) to eliminate the Gal 

antigen. Extensive biochemical studies of GalT-KO porcine glycolipids and glycoproteins 

(6–9), the loss of tolerance and spontaneous expression of anti-Gal antibody in GalT-KO 

pigs (10), and the absence of an induced anti-Gal antibody response after GalT-KO organ 

xenotransplantation (11) all support the full elimination of the Gal antigen from GalT-KO 

pigs. The advent of GalT-KO pigs did not completely eliminate AMR but instead revealed 

the significance of a less abundant and more diverse set of antibody which mediates GalT-

KO xenograft rejection by binding to “non-Gal” pig antigens. This review summarizes our 

current understanding of non-Gal antibodies (NGal-Ab) and antigens in NHP, the major 

xenotransplantation model, and in humans.

Non-Gal Antibody and Antigen: Definition

NGal-Ab has been defined based on the technologies available at the time. Lam et al (12) 

first identified a pathogenic role for NGal-Ab by correlating the emergence of non-Gal IgM 

and IgG with humoral cardiac xenograft rejection. Their analysis identified NGal-Ab by 

immunoabsorbing serum using Gal-coated Sepharose beads. Prior to the availability of 

GalT-KO pigs similar strategies of immune absorption, soluble Gal competition, or antigen 

depletion were commonly used to measure serum NGal-Ab (13–15). These studies were 

unable to fully eliminate the possibility of residual anti-Gal reactivity, however, their 

observations accurately presaged the role of NGal-Ab mediated graft rejection confirmed in 

later GalT-KO donor organ studies (11, 16–18). For this review NGal-Ab is defined as 

human and NHP antibody which binds to GalT-KO pig cells (19).

Preformed non-Gal Antibody: Abundance and Pathogenicity

Cytotoxic NGal-Ab is present in both human and NHP serum. Rood et al (20) surveyed 

human, baboon and cynomologus monkey serum for antibody binding and cytotoxicity to 

conventional Gal-positive (GalT+) and GalT-KO pig peripheral blood mononuclear cells 

(PBMNCs) and showed approximately 50% of human and baboon serum samples and 75% 

of cynomologus monkey serum exhibited significant cytotoxicity to GalT-KO PBMNCs. 

NGal-Ab cytotoxicity to porcine aortic endothelial (PAEC) and liver sinusoidal endothelial 

cells (LSEC) has also been reported (21, 22).

In NHPs pre-existing NGal-Ab is clearly pathogenic. In a comparison of GalT-KO and 

GalT-KO:CD55 donor organs Byrne et al (23) reported a case of HAR for a GalT-KO pig-

to-baboon heterotopic cardiac xenograft. Rejection occurred after 90 minutes with 

widespread intramyocardial haemorrhage, vascular antibody and complement deposition. 

While HAR of GalT-KO organs is rare, early immune injury has been reported (24, 25) and 

interim biopsies 7 days post transplant detect vascular antibody and complement deposition 

presaging myocardial injury (17).
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The very limited number of clinical xeno-studies, performed several years ago, have all used 

GalT+ pig kidneys (26, 27), livers (28–30) or porcine hepatocytes (31). Therefore, no 

information regarding the contribution of NGal-Ab to the extensive tissue injury is available.

Baboon non-Gal antibodies

Two general approaches have been used to identify potential non-Gal antigens, profiling 

serum antibody reactivity to identify immunoreactive porcine antigens and biochemical 

studies comparing the antigenic profile of GalT-KO porcine and human tissues. Biochemical 

studies have largely focused on identifying porcine specific carbohydrate antigens.

Sensitized baboon sera, obtained after xenotransplantation of various pig GalT+ or GalT-KO 

organs, has been used to profile the specificity of NGal-Ab (6, 15, 25, 32–34). An early 

study used Gal-specific immune absorption to measure NGal-Ab binding to GalT+ pig red 

blood cells (RBCs). The induced NGal-Ab level was about 4% the level of induced anti-Gal 

antibody and non-Gal binding to RBCs was not diminished after treating cells with α-

galactosidase or other exoglycosidases. This suggested that the NGal-Ab was mainly 

directed to pig proteins. Yeh et. al. (32) used an ELISA assay to measure antibody reactivity 

to a series of neo-glycoconjugates representing suspected glycan antigens (Forssman, A/B-

blood group tri-saccharides, Lewis antigens, P1, Pk, Gal, α and β lactosamine and sulphated 

lactosamine). Naïve human and baboon serum reacted primarily with blood group A/B 

antigens, Gal, α-lactosamine, Forssman, P1 and Pk antigens. Highly sensitized baboon 

serum showed significantly higher IgG binding to GalT-KO cells, but did not show 

increased reactivity to any of the neo-glycoconjugates. These results demonstrated that some 

prospective glycans (Forssman, and lactosamine) were unlikely NGal-Ab targets and further 

supported a predominantly protein directed NGal-Ab response in baboons.

A glycan reactive NGal-Ab response was initially reported by Diswall et al (6) after GalT-

KO cardiac xenotransplantation. Post transplant baboon serum showed increased binding to 

a trace, acidic glycolipid extracted from GalT-KO heart tissue. In a recent study a complex 

induced NGal-Ab response to both neutral and acidic glycolipids was reported after GalT-

KO kidney xenotransplantation (Figure 1) (25). Control non-immunosuppressed recipients 

showed the strongest induction of NGal-Ab evidenced by binding to GalT-KO PAECs and 

to neutral and acidic glycolipids. While NGal-Ab from these recipients appeared to show 

proportionate reactivity to GalT-KO cells and glycolipids, there remained a high level of 

individual variability in the diversity and intensity of antibody response. This limits the 

general conclusions about immunogenicity that can be drawn from a limited number of 

cases.

The baboon NGal-Ab response was also analysed using proteomic technologies and by 

expression library screening. Sensitized baboon IgG exhibited variable but proportionate 

binding to GalT-KO PAECs in flow cytometry and to a limited set of immunodominant 

antigens in 1D western blots suggesting IgG binding was to a similar or overlapping set of 

GalT-KO PAEC membrane antigens.(34). Furthermore, 2D- western blots identified 40 

immunoreactive proteins of which 16, directed to fibronectin, stress response and 

inflammation associated proteins, were considered likely candidates to contribute to graft 
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rejection. Subsequently this group screened a retrovirus encoded PAEC cDNA expression 

library which could only identify porcine cDNA encoded antigens expressed on the surface 

of library transduced humans embryonic kidney (HEK) cells (33). They identified 5 pig 

endothelial cell membrane proteins involved in complement regulation and haemostasis 

(Table 1). Antibody reactivity to these pig proteins, expressed on HEK cells, was most likely 

primarily directed to immunogenic polypeptides and not to carbohydrate epitopes. The 

exception to this was the recovery of the pig β1,4 N-acetylgalactosaminyltransferase 

(B4GALNT2) gene. B4GALNT2 is a glycosyltransferase which catalyzes the terminal 

addition of N-acetylgalactosamine to a sialic acid modified lactosamine to produce 

GalNAcβ4[Neu5Acα2,3]Gal β4GlcNAcβ3Gal, the Sda blood group antigen. This terminal 

trisaccharide is also present on the GM2 gangliosides found in human organs. Porcine 

B4GALNT2 expression in human HEK cells (HEK-B4T) resulted in increased reactivity 

with anti-Sda antibody and increased sensitivity to complement mediated lysis (35). Induced 

NGal-Ab, detected by binding to GalT-KO PAECs correlates with NGal-Ab which 

preferentially bound to HEK-B4T cells suggesting that induced antibody to this glycan is 

frequent in pig-to-baboon cardiac xenotransplantation (Table 2). Most humans produce low 

levels of antibody to Sda (36). It remains to be determined if the porcine B4GALNT2 

produced antigen will be immunogenic in humans.

Human non-Gal antibodies

Human serum contains autoreactive antibody which may contribute to immune surveillance, 

regulation and clearance of cellular debris (37). These autoreactive B-cells may be a 

reservoir of potential NGal-Ab reactivity to the cognate pig antigens. Human serum also 

contains antibody which binds to a complex array of sialic acid modified glycans carrying 

N-glycolylneuraminic acid (Neu5Gc) (38). Neu5Gc and the related N-acetylneuraminic acid 

(Neu5Ac) are the most common form of sialic acid in mammalian tissue, however humans 

are unique in that they are deficient in cytidine monophosphate-N-acetylneuraminic acid 

hydroxylase (CMAH) required to synthesize Neu5Gc. As a consequence humans do not 

make Neu5Gc, although they do incorporate it from dietary sources, but they do make anti-

Neu5Gc antibody. Anti-Neu5Gc antibody is responsible for inducing serum sickness in 

patients treated with multiple doses of animal serum (39) but its pathogenicity in 

xenotransplantation is less clear as baboons do not produce this antibody. CMAH−/− 

knockout mice make anti-Neu5Gc antibody, and inhibit engraftment of low doses of 

isogenic CMAH+/+ islets. Inhibition is overcome however with a larger dose of islets and 

isogenic CMAH+/+ hearts are not rejected by CMAH−/− recipients.(40) Under similar 

conditions GalT-KO mice reject isogenic GalT+ mouse hearts (41) suggesting that the 

pathogenicity of anti-Neu5Gc antibody may be less then anti-Gal antibody.

The clinical antibody response to GalT+ pig tissues has been examined for evidence of 

NGal-Abs. Induced antibody from diabetic patients treated with porcine fetal islets was 

initially reported to be only anti-Gal antibody (42). Subsequent studies initially failed to find 

evidence for a general induced anti-Neu5Gc response (43) but more recently have detected 

induced anti-Neu5Gc specific antibody in some patients (44). A dominant anti-Gal immune 

response was also seen in the two patients participating in an ex vivo pig kidney perfusion 

trial (45) and one individual produced anti-ganglioside antibodies (46). Burn patients treated 
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with whole pig skin showed a moderate increased in anti-Gal antibody but a sustained 

increase in anti-Neu5Gc antibody reactivity (47). These limited studies suggest that the 

human immune response is primarily directed to oligosaccharide antigens. However, direct 

exposure of humans to GalT-KO tissues has not been reported and the duration of exposure 

in these studies, especially for vascularized organs, was limited.

Burlak et al (48) have reported a detailed proteomic study of naïve human antibody 

reactivity to GalT-KO porcine LSEC membrane antigens. They identified 19 NGal-Ab 

targeted LSEC membrane proteins. Some of these, α-enolase, CD9, and fibronectin were 

previously identified as non-Gal antigens recognized by baboon (33, 34). Naïve human 

antibody binding to GalT-KO porcine fibronectin is in part due to anti-Neu5Gc antibody 

reactivity (49).

Non-Gal Pig Antigens

An alternative method to identify putative non-Gal pig antigens is to compare the antigenic 

profile of pig and human tissues to identify unique porcine antigens. At the protein level 80 

million years of separate evolution has led to a high level of polypeptide diversity between 

pigs and humans (Table 2). Non-Gal antigens identified in pig-to-baboon transplants and 

common endothelial cell proteins show variable amino acid identity to their cognate human 

proteins. This high degree of peptide diversity is not likely to be alleviated by gene 

replacement so will require chronic immune suppression or systemic tolerance induction to 

prevent an induced NGal-Ab response.

The GalT-KO glycome has been screened for unique antigens which may have arisen as a 

result of the GGTA-1 mutation. Detailed comparisons of glycolipids from GalT+ and GalT-

KO pig tissues (6, 7) find no evidence of the Gal antigen in GalT-KO samples but do detect 

increased amounts of lactosamine (Galβ4GlcNAc) the immediate precursor for both Gal and 

blood group H (O) antigen. Increased levels of P1 and x2 glycolipids have also been 

detected but these are also normal human glycans. Mass spectroscopy analysis of N-linked 

kidney glycans confirmed the abundance of Gal, present in up to 50% of complex glycans, 

and detected Neu5Gc containing oligosaccharides (50). Neu5Gc was also reported on O-

linked pig heart glycans (51). Lectin microarrays have been used to capture fluorescent 

labelled glycoproteins derived from GalT+ and GalT-KO pig as well as human tissues (52). 

In addition to elimination of the Gal antigen from GalT-KO cells, GalT-KO EC showed 

reduced expression of terminal αGalNAc and Galβ3GalNAc containing oligosaccharides 

and modest increases in α2,3 and α2,6 silaic acid containing glycans. Similar results were 

reported for porcine islets (53). In no instance was a new oligosaccharide detected in GalT-

KO samples (6, 7), suggesting the GGTA-1 mutation resulted in only moderate quantitative 

changes in the pig glycome.

Conclusions

The use of GalT-KO donor pigs has shifted the immune biology of xenograft rejection from 

a single dominant antigen to potentially many different non-Gal antigens. The baboon is 

now a less effective immune model since baboons do not produce a major human NGal-Ab 
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specificity, anti-Neu5Gc. None-the-less the baboon shows NGal-Ab responses to both 

protein and glycan antigens and similar induced NGal-Ab responses are likely in humans. It 

is essential however to define the precise human NGal-Ab response in future clinical trials 

using GalT-KO tissues. Further, we expect that induction of T-dependent antibody to 

polypeptides would be diminished or blocked with co-stimulation based immune 

suppression (1) while synthesis of heterophile germline encoded antibody to glycans may 

not. In that regard it is notable that pigs engineered with mutations that block synthesis of 

the known xenogeneic glycans, GGTA-1 (Gal), CMAH (Neu5Gc) and B4GALNT2 (Sda) 

show the lowest level of antibody reactivity in both human and baboon serum (54). Future 

preclinical studies should incorporate transgenes for complement and haemostasis regulation 

into this minimally antigenic triple KO background to minimize donor immunogenicity and 

the potential chronic effects of heterophile xenoreactive antibody.
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Highlights

• Pigs deficient in the synthesis of the major xenogeneic antigen Gal (GTKO) 

have significantly altered antibody mediated xenograft rejection which is now 

directed to non-Gal antigens.

• Data evaluating clinical human non-Gal antibody responses to pig tissue is rare, 

but, where available shows variable induction of anti-Neu5Gc antibody.

• Nonhuman primates do not make anti-Neu5Gc antibody so the pathogenicity of 

this specificity remains unknown.

• Nonhuman primates induce antibody to pig EC proteins and an Sda-like glycan 

made by porcine B4GALNT2.
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Figure 1. 
Antibody responses to GalT-KO PAECs and glycolipids after pig-to-baboon GalT-

KO:CD55/59/39/H-transferase kidney xenotransplantation. Left: Binding of serum IgM and 

IgG to GalT-KO donor PAECs (left) A; Control not immune suppressed recipients. B; 
Immune suppressed recipients. C; Immune suppressed recipient further treated with 

plasmapheresis (arrows). Right: The corresponding antibody (IgG + IgM) reactivity for 

each of these recipients to neutral and acidic glycolipids from GalT+) and GalT-KO (KO) 

pig individuals separated on thin-layer chromatography plates. Glycolipids from different 

pig kidneys were applied (lanes K and Ka) and pig hearts (lanes H) together with reference 

Galα3nLc4 glycolipid (lane R3). Anti-PAEC profiles for the individual animals tested in the 

TLC immmunostainings are indicated by asterix to the left. Recipients V9910C (A) and 

PA956E (B) show a strong to moderate increase in nonGal IgM and IgG while recipient 

K921F (C) shows minimal induction of anti-nonGal antibody. Adapted from Le Bas-

Bernardet et al. (25).

Byrne et al. Page 11

Int J Surg. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Byrne et al. Page 12

Table 1

Amino acid diversity of endothelial cell proteins

Specific non-Gal antigens* Gene name Amino acid identity (%)

NM_214006.1 CD9*; tetraspanin 89.5

NM_213888.1 CD46*; MCP 47.4

NM_214170.1 CD59*; protectin 48.0

NM_001163406 PROCR*; EC protein C receptor 71.2

NM_001005726 ANAX2* 98.2

NM_001244330.1 B4GALNT2 75.8

Common endothelial cell proteins

NM_213816 CD54; ICAM-1 53.6

NM_213891 CD106; VCAM 54.9

NM_001001631 CD102; ICAM-2 56.1

NM_214268 CD62E; E-selectin 58.2

NM_214086 CD34 64.7

NM_213907 CD31; PECAM 71.5

NM_001001649 CDH5; VE-Cadherin 78.9

XM_003358192 SCARF1; acetylated-LDL receptor 79.3

XM_005667691 CD36 83.0

NM_001083932 CD51; ITGAV, Vitronectin receptor 95.0

The percent amino acid identity of the porcine protein compared to the human sequence was calculated using the European Molecular Biology 
Laboratory EMBOSS WATER pairwise protein sequence alignment algorithm. On average these porcine genes show only 71% amino acid identity 
to the human homolog.

*
An induced antibody response has been reported to these endothelial cell membrane products after pig-to-baboon heterotopic cardiac 

xenotransplantation (33).
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