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Seventy to ninety percentage of preformed xenoreactive antibodies in human serum
bind to the galactose-α(1,3)-galactose Gal epitope, and the creation of Gal knockout
(KO) pigs has eliminated hyperacute rejection as a barrier to xenotransplantation. Now
other glycan antigens are barriers to move ahead with xenotransplantation, and the
N-glycolyl neuraminic acid, Neu5Gc (or Hanganutziu-Deicher antigen), is also a major
pig xenoantigen. Humans have anti-Neu5Gc antibodies. Several data indicate a strong
immunogenicity of Neu5Gc in humans that may contribute to an important part in
antibody-dependent injury to pig xenografts. Pig islets express Neu5Gc, which reacted
with diet-derived human antibodies and mice deleted for Neu5Gc reject pancreatic
islets from wild-type counterpart. However, Neu5Gc positive heart were not rejected
in Neu5Gc KO mice indicating that the role of Neu5Gc-specific antibodies has to
be nuanced and depend of the graft situation parameters (organ/tissue, recipient,
implication of other glycan antigens). Recently generated Gal/Neu5Gc KO pigs eliminate
the expression of Gal and Neu5Gc, and improve the crossmatch of humans with the
pig. This review summarizes the current and recent experimental and (pre)clinical data
on the Neu5Gc immunogenicity and emphasize of the potential impact of anti-Neu5Gc
antibodies in limiting xenotransplantation in humans.

Keywords: sialic acid, xenotransplantation, anti-Neu5Gc, graft rejection, pig, human disease, animal model

INTRODUCTION

Organ transplantation is the treatment of choice for end-stage organ failure, but there are not
enough human donors to transplant everyone who could benefit. In the United States alone, today
more than 110,000 patients are on the United Network for Organ Sharing transplant waitlist, and
just over 39,000 patients are transplanted each year (1). In Europe, in 2017, more than 144,000
patients are on waiting list, while almost 43,000 patients are transplanted per year (2). Many patients
die before an organ becomes available, while others are never put on the list because they are too
sick to wait for a donor organ. Xenotransplantation using pig organs could solve this shortage,
but progress toward the clinic has been limited because humans possess antibodies to pig cells
that trigger rejection of the graft immediately following graft reperfusion. One major obstacle of

Abbreviations: ADCC, Ab-dependent cell-mediated cytotoxicity; AMR, antibody-mediated rejection; ATG, anti-thymocyte
globulin; CMAH, cytidine monophosphate N-acetylneuraminic acid hydroxylase; DSA, donor-specific antibodies; Gal,
galactose-α(1,3)-galactose; GGTA1, α-1,3-galactosyltransferase enzyme; KO, knockout; mya, million years ago; Neu5Gc,
N-glycolyl neuraminic acid; NHP, non-human-primate; NPCCs, Neonate pig pancreatic islets or islet-like cell clusters;
PBMCs, peripheral blood mononuclear cells; WT, wild-type.
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xenotransplantation is the rejection of the graft, often obtained
from pig, the major candidate for xenotransplantation, by
preformed and elicited anti-pig antibodies. The development
of cloning for pigs coupled with the advances in targeted
genome editing have made it possible to create pigs devoid of
xenoantigens to which the xenoreactive antibodies bind (3–6).

A newborn human has few xenoreactive antibodies at birth,
but by the first few months of age they have developed
a mature xenoreactive antibody repertoire (7, 8). The first
xenoantigen to be deleted in the pig was the α-1,3-gal
(Gal) glycoprotein epitope that was produced by the α-1,3-
galactosyltransferase enzyme (GGTA1) in pig cells (9). Since
humans (and Old World monkeys) have deleted this gene
during the course of evolution, they do not produce Gal
(10, 11), and so they produce antibodies against this epitope
when they encounter it during bacterial colonization of their
gut during infancy (12). It has been suggested that pathogen
bacteria, parasites, vector-borne pathogens and heat stable α-Gal-
containing proteins in mammalian meat are other source of
anti-Gal immunization in humans [reviewed in (13, 14)]. A Gal
antigen is also synthesized in the globosphingolipid metabolism
by the isoglobotrihexosylceramide 3 synthase (iGb3S, also called
alpha-1,3-galactosyltransferase 2 [gene name A3GALT2)]. This
enzyme is not functional in human (15). Both pig and mouse
express the glycolipid form of the Gal epitope, which is less
immunogenic and less recognized by human anti-Gal antibodies
than the glycoprotein form (16–18).

Roughly 70–90% of the antibodies that humans have
against the pig bind to the Gal epitope (19). The creation
of the Gal knockout (KO) pig was a real advance for
xenotransplantation, eliminating hyperacute rejection and
improving kidney transplant survival in the pig-to-non-human
primate (NHP) from hours to 6–16 days using clinically available
immunosuppression. Immunopathological analysis of the
rejected kidneys showed that AMR was still the cause of graft
failure, suggesting that there were other xenoantigens that
needed to be deleted to overcome the humoral barrier to clinical
application (20). Despite the addition of human complement
regulatory protein and thromboregulatory protein transgenes
into Gal KO pigs, graft failure is nearly always secondary to AMR,
suggesting that the humoral barrier will remain problematic
until such time that it is eliminated through genetic engineering
(21–23). Moreover, pre-existing antibodies present in human
serum bind to Gal KO pig cells or tissues (24), confirming that
non-Gal antigens have to be considered in the xenorejection
(25, 26). The N-glycolyl neuraminic sialic acid (Neu5Gc or
Hanganutziu-Deicher antigen) is a major sugar xenoantigen
contained in glycoproteins and ganglioside glycolipids. In 2002,
Alex Zhu et al. identified, using an hemagglutination array,
Neu5Gc, as a non-Gal crucial xenoantigen (27).

NEU5GC, A MAJOR NON-GAL GLYCAN
XENOANTIGEN

During the course of evolution [about 3 million years ago
(mya) (28)], humans have lost the expression of functional

CMAH, which is responsible for the hydroxylation of Neu5Ac
(the Neu5Acetylated form of the neuraminidic acid) to create
Neu5Gc. The theory is that absence of the CMAH conveyed
protective immunity to a prevailing strain of malaria several
million years ago (<3.5 mya), so that now humans do not
produce Neu5Gc, rather they have Neu5Ac exclusively (19, 29).
Consequently, Neu5Gc is seen as foreign by the human immune
system when exposure occurs. Contrary to Old World monkeys,
New World ones present also a CMAH gene inactivation 30
mya but independently from human beings (30). Thus, contrary
to Gal KO graft that is assessable in Old World NHP that
do not express the GGTA1 (20, 25, 31–33), and as only the
New World monkeys and humans exhibit a lack of CMAH
expression, the pig-to-NHP animal model is not conclusive to
study the immunogenicity and the deleterious effects of anti-
Neu5Gc antibodies on vascularized or cellular xenografts and
may not provide a direct translation to the clinic.

Exogenous Neu5Gc is incorporated into cell surface
lipooligosaccharides of non-typeable Haemophilus influenzae
in the nasopharynx of humans. Neu5Gc from food is taken up
by non-typeable Haemophilus influenzae, and humans form
antibodies against Neu5Gc as well as against non-typeable
Haemophilus influenzae (34). Other bacteria of the microbiota
have the capacity to take the Neu5Gc from food and to use it as
carbon source (35) but their role in inducing an anti-Neu5Gc
humoral response is not known. Other human main natural
exposure to Neu5Gc comes from diet directly (mammalian
meat, especially processed and industrial forms, milk, cheese
. . .). In this case, small quantities of ingested Neu5Gc seem to
be absorbed and deposited in low amounts on human epithelial
and endothelial cells (36, 37). After micro-pinocytosis by human
cells, Neu5Gc is integrated into various glycans and glycolipids,
and is then expressed on the cell surface (37–39).

In the context of xenotransplantation, Neu5Gc is largely
detected on non-human mammal epithelial cells and accumulates
on endothelial cells (38–41). Although the identification of the
Neu5Gc antigen has not been as detailed as in other animal
species such as mice, rabbits, sheep and cattle, pig expresses
the CMAH and Neu5Gc antigens. In wild-type (WT) pigs, the
Neu5Gc/Neu5Ac ratio varies in tissues depending on the CMAH
activity intensity, but Neu5Gc is thus present in pig heart, kidney,
spleen, lung, cornea and liver (42–45). The antigenicity of NPCCs
(46) and adult porcine islets (47–49) was also linked to the
expression of Neu5Gc epitopes and the presence of Gal antigen
(50). Neu5Gc is also largely detected in erythrocytes (51). Pig
leukocytes (mainly lymphocytes) released during the perfusion
of vascularized pig organ may contribute to xenograft recipient
immunization as these cells exhibit the major Neu5Gc-GM3
and -GD3 gangliosides together with Gal-terminated compounds
(52). Invalidation of the gene encoding for the GGTA1 seems to
increase the expression of Neu5Gc gangliosides and antigens (43,
53), and produces a raise and diversification of acidic glycolipid-
specific antibodies after transplantation of a Gal KO heart into
baboon (43). In this last study, these anti-acidic glycolipid
induced antibodies are very probably not specific for Neu5G since
the baboons express this antigen like the pig. However, we can
suspect that a large anti-acidic xenoantigen response including
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anti-Neu5Gc will increase in human in a similar situation.
Moreover, mutating the CMAH gene together with the GGTA1
gene reduces antibody binding of almost all human serum
tested compared to GGTA1 KO (54, 55). Finally, despite a high
concentration of Neu5Ac in the brain of vertebrates, Neu5Gc
is detected at very low level in mammal brain, concentrated in
endothelial cells but absent in neurons, probably in line with
a neuronal down regulation of the expression of the CMAH
encoding gene (56).

Neu5Gc IMMUNOGENICITY

Diet-Derived Anti-Neu5Gc in Humans
At least 80% of humans possessed anti-Neu5Gc antibodies in a
similar level of anti-Gal antibodies (27, 57). Following exposure
to dietary Neu5Gc, anti-Neu5Gc IgG and IgM develop in infants
(34). As anti-Gal (58), anti-Neu5Gc antibodies are of the IgA,
IgM and IgG isotypes (59) but with a predominance of IgG for
anti-Neu5Gc antibodies (27, 59). Contrary to anti-Gal antibodies
that are detected at high level in all individuals, anti-Neu5Gc
antibodies are found at variable levels (59, 60) and undergo
affinity maturation during life (61). These differences could be
in line with the putatively lower antigenicity of Neu5Gc than
this of Gal. Indeed, in contrast with anti-Gal antibodies that
are produced similarly to humans by Ggta1−/− mice (62), even
if at lower levels (63), and by GGTA1−/− pigs (64–66), anti-
Neu5Gc are not detected in Cmah−/− mice even feed with
Neu5Gc carrying food, and could be induced only by a strong
immunization with Neu5Gc-loaded non-typeable Haemophilus
influenza (34), non-microbial Neu5Gc (67) or Neu5Gc positive
xenogeneic cells (68), suggesting that anti-Neu5Gc induced
in Cmah−/− mice are more related to elicited antibodies
than diet-derived ones. Besides, many Neu5Gc epitopes on
various glycoproteins and glycolipids (69) are targeted by anti-
Neu5Gc antibodies, which was not the case of anti-Gal ones
that recognized a dominant Gal (Galα1-3Galα1-(3)4GlcNAc-R)
epitope on glycoproteins (70). Also, contrary to Gal glycolipids,
Neu5Gc glycolipids are recognized by human xenoreactive
antibodies (16, 17).

High Titers of Anti-Neu5Gc Antibodies
Elicited in Humans by Animal-Derived
Medical Antibody and Biodevice
Exposure
The xenograft survival can depend not only on the presence
of diet-derived anti-Neu5Gc antibodies, but also and more
particularly on the presence of anti-Neu5Gc antibodies elicited
at high titers previously in the same patient by animal-derived
therapies prior to xenotransplantation. Indeed, beside bacteria
and diet, animal-derived biodevices and immunotherapies
expose humans to a larger amount of Neu5Gc and produce high
titers of anti-Neu5Gc antibodies. Anti-Neu5Gc antibodies were
first identified in patients who had been exposed to animal serum,
identifying Neu5Gc as a xenoantigens prior to its evaluation
as a barrier to clinical xenotransplantation. Purified animal

immunoglobulins express Gal and Neu5Gc in the variable Fab
region and linked to Asn297 of their Fc domain (71). Rabbit
IgG display Neu5Gc, but no Neu5Ac (57). Anti-Neu5Gc IgM
and IgG quantified by ELISA toward a large panel of Neu5Gc
epitopes (72) increase significantly with a peak at 1 month
post-treatment in the serum of non-immunosuppressed patients
treated with rabbit polyclonal ATG (73) (Table 1). However,
all these patients do not exhibit anti-Neu5Gc antibodies and
anti-Neu5Gc IgG were induced vigorously in about 20% of the
patients. Glycan microarray shows that pre-existing anti-Neu5Gc
IgG rapidly diversify their repertoire of recognition of Neu5Gc
epitopes on glycoproteins and glycolipids including new Neu5Gc
epitopes not recognized before rabbit ATG administration (74)
(Table 1). In immunosuppressed patients, Neu5Gc on rabbit
ATG is also antigenic and elicits a higher and diversified anti-
Neu5Gc humoral response within the first year post-kidney
allotransplantation (57, 75) (Table 1).

Another potential sources of Neu5Gc can come from
treatments with biologicals (including monoclonal antibodies,
recombinant virus and proteins) produced in CMAH-expressing
cells such as CHO cells or other non-human mammalian cells
(76). The Cetuximab humanized murine antibody has been
implicated in anti-Gal IgE dependent anaphylaxis in some
treated patients (77) and exhibit Neu5Gc epitopes that induce
anti-Neu5Gc antibodies in the Cmah−/− mouse (78). Neu5Gc
glycosylations are also detected in Erythropoietin produced
in CHO (79, 80). In addition, Neu5Gc derived from animal
components and present in the medium can also be incorporated
into glycans present on recombinant products.

Pig (and bovine) prosthetic heart valves that are devitalized
and decellularized to be less immunogenic for clinical use
can have long-term successful function in humans. However,
despite the cleaning by glutaraldehyde of all pig cells in these
devices, residual Gal and Neu5Gc antigens are detected by using
immunohistochemistry, HPLC and mass spectrometry (81–83).
Anti-Gal (84) and anti-Neu5Gc IgG detected by using sialoglycan
microarrays are elicited after implantation of these valves in
humans (81, 85, 86). In this way, these anti-Neu5Gc antibodies
bind to pig and bovine valves and commercial valves (81). Valves
from GGTA1/CMAH KO pigs have a reduced human IgM and
IgG binding compared to WT pig valves (85). Anti-Gal antibodies
have been shown to mediate an inflammatory calcification of
bioprosthetic heart valves (87, 88) and have been implicated in
their deterioration (89, 90). It is possible that anti-Neu5Gc that
recognized various epitopes on bioprosthetic heart valves could
participate to their deterioration too.

The study of anti-Neu5Gc humoral response in patients
treated with engineered porcine skin dressings confirms the high
immunogenicity of Neu5Gc in humans (91, 92) (Table 1). Linda
Scobie et al. examined the serum of 220 burn patients who
received pig skin grafts for dermal coverage and found that,
beside a moderate enhancement of anti-Gal antibodies, Neu5Gc
glycans appear to be major non-Gal xenoantigens recognized by
anti-Neu5Gc IgM and IgG that remained elevated in patient’s
serum for years (34 years was the longest follow up) (92).
Serum from burn patients did not show significant binding to
Neu5Ac glycans but exhibit a large preference to N-linked glycans
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TABLE 1 | Anti-Neu5Gc antibody in Neu5Gc non-concordant xenosituation.

Anti-Neu5Gc
detection method

Delay post-graft Anti-Neu5Gc pathogenic
potential impact

References

Animal-to-Human

Pig fetal islet–like cell clusters Glycan array 1 to 12 months N/A (101)

Pigskin ELISA, glycan array Up to 34 years N/A (92)

Equine, Rabbit anti-thymocyte globulin ELISA, glycan array Cytokine release syndrome
and serum sickness

(57, 73–75, 113, 119)

Pig-to-Neu5Gc KO mouse

Neonate pig islet in the Cmah−/− mouse Flow cytometry 7 days N/A (102)

Rodent-to-Neu5Gc KO mouse

Neu5Gc+ thymocytes in the Cmah−/− mouse Flow cytometry 1 to 4 weeks In vitro cytotoxicity (68)

(Neu5Gcα2-6LacNAc/Lac) and to a lesser extent to O-linked
glycans (Neu5Gcα2-3Core1).

All these results confirm that induced anti-Neu5Gc antibody
represents a major immune response in xenotransplantation.

LESSONS FROM XENOGRAFTS IN
HUMAN PATIENTS

In addition to the treatment with animal immunoglobulins and
dressings with pig skin, xenografts have been done in humans and
represent situations of mismatch for Neu5Gc.

NHP-to-Human
Early modern attempts at clinical xenotransplantation used non-
human primates as donors of kidney, heart and liver. NHP and
humans have both lost the capacity to synthetize Gal. NHP graft
in humans are then fully concordant for Gal. Since NHP have a
functional CMAH gene contrary to humans and produce Neu5Gc
(93), humans have a positive crossmatch to the NHP (55) and
it is possible that anti-Neu5Gc antibodies were contributors to
graft loss. A (hyper)acute or chronic antibody mediated rejection
associated with a transplant dysfunction was described as the
cause of graft failure in some few NHP-to-Human cases (94–
99). However, the antibody studies in the human recipients of
NHP xenografts are rather scant and data for antibodies specific
for Neu5Gc are lacking, making the role of these antibodies
somewhat speculative in these NHP-to-Human graft failures.
In the NHP kidney-to-Human situation precisely analyzed by
Apolline Salama and Jean-Paul Soulillou in a recent review (29),
most (19 among 21) of the NHP kidneys grafted in humans are
functional for at least 10 days and until 9 months, suggesting that,
pre-existing in recipients, anti-Neu5Gc antibodies, if implicated
in rejection, have a less detrimental effect on the vasculature of
the graft than the anti-Gal antibodies could have had in the Pig-
to-Human situation but which could not be directly involved in
NHP-to-Human situation.

Pig Pancreatic Islet Xenotransplantation
In the context of pig islet xenografts in humans, donors and
recipients are not concordant for both Gal and Neu5Gc. Gal
antigen is weakly expressed by adult porcine pancreatic islets, but

exhibits a high level of expression on newborn pig islets (50),
justifying the editing of the GGTA1 gene at least for the use of
NPCCs in future clinical trials. The expression of the Neu5Gc
antigen is detectable in neonatal and adult pig islets (46, 47,
100). The detection of anti-Neu5Gc antibodies in human serum
is subject to specific difficulties including the diet, the molecular
diversity of Neu5Gc epitopes, and the individual variability in
anti-Neu5Gc isotypes and antigen recognition patterns (29).
This could explain why no increase in anti-Neu5Gc antibody
levels in humans following transplantation with fetal islet-like
cell clusters has been detected when a unique Neu5Gc-GM3
antigen was used in the anti-Neu5Gc array (40). However, when
a broad spectrum of glycan antigens was tested using a glycan
array covering a lot of Neu5Gc different epitopes, anti-Neu5Gc
antibodies could be clearly detected in some patients grafted
with fetal islets but in a less extent than anti-Gal antibodies
(101) (Table 1). Pig islet Neu5Gc and sialic acid antigens were
implicated in vitro in complement-dependent injury of islets by
human antibodies and contributed clearly to the antigenicity of
pig islets (46, 47). In one study (100), the absence of Neu5Gc
expression on isolated islet cells obtained from CMAH KO pig
did not reduce human antibody binding. However, recent results
indicated clearly that anti-Neu5Gc antibodies were produced in
the humanized Cmah−/− mouse model following WT and Gal
KO neonatal islet grafts (102) (Table 1).

DIET-DERIVED AND ELICITED
ANTI-NEU5GC ANTIBODIES, A
DIFFERENT CONCERN FOR THE PIG
XENOGRAFTS IN HUMANS?

Pre-existing antibodies present at transplantation (i.e., antibodies
following diet exposure and those previously elicited by
another Neu5Gc contribution than xenotransplantation,
like animal immunoglobulin treatment, skin or devitalized
biodevices) would be expected to trigger, together with anti-Gal
antibodies, the rejection of a WT pig xenotransplant. The high
titer of anti-Neu5Gc circulating antibodies generated by the
xenotransplantation in an individual (probably similar to those
elicited by prior medical treatments) is likely (1) to drastically
reduce the survival of the graft containing Neu5Gc and (2)
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to increase the risk in recipient of chronic inflammation and
of associated diseases such as carcinomas and atherosclerotic
vascular disease.

Diet-Derived Anti-Neu5Gc Antibodies
Antibodies specific for Neu5Gc are the majority among non-
Gal-specific antibodies that could impact xenotransplantation
(27, 54, 55, 59, 60, 103). Pre-existing anti-Neu5Gc IgG exhibit
cell- and/or complement-dependent cytotoxicity toward human
cells in vitro (104) and ADCC of Neu5Gc positive cells (105).
Human sera exhibiting high-titer of general anti-Neu5Gc (and
not those without) have been described to lead to endothelial
cell activation, complement deposition, E-selectin expression,
increased pro-inflammatory cytokine secretion, and altered
monocytes functions (103, 106). Diet-derived antibodies specific
for Neu5Gc may contribute to aggravate lesions caused by anti-
Gal antibodies following a pig xenograft in humans (29).

In vascularized xenografts, similarly to (106) that used
human endothelial cells exhibiting high Neu5Gc concentrations
to describe the vascular effect of diet-induced anti-Neu5Gc
antibodies, Neu5Gc positive endothelium from WT pig could
be targeted immediately by diet-derived anti-Neu5Gc antibodies
that could induce the degradation of the xenograft function (103).
In line with this data, anti-Neu5Gc antibodies described to be able
of ADCC reactions (107) may participated to the immediate lyse
of WT pig endothelial cells (108). Anyway, the production of anti-
Neu5Gc antibodies induced by the WT xenograft will quickly
take over the effects of diet-derived anti-Neu5Gc antibodies.
For Neu5Gc KO xenograft, however, we cannot exclude local
inflammation of the graft after colonization by the endothelial
cells of the human recipient loaded by diet-derived Neu5Gc.

Elicited Anti-Neu5Gc Antibodies
Evoked anti-Neu5Gc antibodies (Table 1), which persist for
a long time and are characterized by a diversification of
their recognition repertoire, could mediate biological effects
different from pre-existing antibodies. The transcriptome of
human endothelial cells exhibiting “physiological” amounts of
Neu5Gc is differentially affected by diet-derived and elicited
anti-Neu5Gc antibodies (109). Of note, the involvement in
xenotransplantation of elicited antibodies specific for Neu5Gc
will be probably different depending on the individual as animal
products, cells, tissues and organs do not induce anti-Neu5Gc
antibodies in all treated humans and these antibodies show an
individual-related variable affinity and specificity for the multiple
Neu5Gc-containing antigens (74, 75, 92, 101, 110).

In vitro, anti-Neu5Gc antibodies from immunized Cmah−/−

mice are implicated in the complement-mediated lysis
and ADCC of Neu5Gc positive cells (68) (Table 1). The
loss of Neu5Gc during evolution promoting inflammatory
macrophages and phagocytosis (111), can thus impacts xeno-
tissue and -organ rich in macrophages such as the lung.
“Humanized” Cmah−/− mouse model that develops elicited
anti-Neu5Gc antibodies following Neu5G-positive thymocyte
immunization rejects WT Neu5Gc-positive syngeneic islets
(68). Since the only difference between donor and recipient

was the absence of the Cmah gene in the recipient, anti-
Neu5Gc antibodies were participants in early graft failure
in the murine recipient, allowing to anticipated that it will
be the same in humans as almost all-human IgG that bind
non-Gal pig antigens are shown to be anti-Neu5Gc and
responsible for determinant injury to Gal KO cells and
organs (54).

Surprisingly, Neu5Gc KO mice do not reject a murine Neu5Gc
positive heart while a Gal KO mouse rejects a mouse heart
expressing Gal, suggesting that, in some situations such as
perhaps a vascularized graft, the anti-Neu5Gc may add to the
anti-Gal response in the hyperacute rejection but is not sufficient
alone (68). Today, further investigations on the role of anti-
Neu5Gc antibodies are necessary to allow a better comprehension
of their potential deleterious role in xenograft survival. It is not
clear whether anti-Neu5Gc antibodies could be always implicated
in delayed xenograft rejection neither in NHP that express
Neu5Gc, nor in humans because of the difficulty to establish a
cause-and-effect relationship.

In human recipients, we can suspect that elicited anti-Neu5Gc
antibodies may induce or participated to chronic inflammatory
phenomena such as chronic vascular inflammation (xenosialitis)
and tumor progression (37), owing to the presence of diet-derived
Neu5Gc epitopes on endothelial cells (57, 106) and some epithelia
(37, 112), creating thus a condition of in situ immune complex
disease (57). Even in the presence of immunosuppression, anti-
Neu5Gc antibodies are evoked and may have deleterious effects
(57, 75) but their presence in (non-immunosuppressed) ATG-
treated patients does not seem to produce clinical sign of vascular
injury (113). As the patterns of glycosylation differ between
normal and tumor cells, Neu5Gc incorporated into tumor cells
will be perceived as foreign neo-antigens by humans (114, 115),
however, their contribution is discussed and appears complex
(115, 116). Anti-Neu5Gc induced by animal biodevices and/or
xenotransplants may also activate the recipient endothelium and
provoke chronic lesions of the recipient own vasculature in
several organs and tissues following binding of anti-Neu5Gc on
endothelial cells and complement activation (106). Compared
to sera without anti-Neu5Gc, human sera containing high titer
of ATG-elicited anti-Neu5Gc antibodies induce an increase
in transcripts (qRT-PCR) encoding for IL-1β, IL-6, and IL-8
pro-inflammatory cytokines in human endothelial cells (57).
However, elicited anti-Neu5Gc antibodies do not seem to induce
an inflammatory transcriptomic profile in human endothelial
cells loaded with a “physiological” Neu5Gc concentration similar
to this obtained from diet (109). It has been also described
that Neu5Gc and anti-Neu5Gc antibodies may contribute to
exacerbate atherosclerotic cardiovascular disease mediated by
xenosialitis (37, 106, 117), infectious mononucleosis (118), early
serum sickness disease (57, 113, 119), and autoimmunity (120).
This last acceptation may depend of the autoimmune disease
considered, as multiple sclerosis seems to be more associated
to the decrease of anti-Gal antibodies than to an altered titer
in anti-Neu5Gc (121). The repertoire shift of elicited anti-
Neu5Gc antibodies and their recognition with higher affinities
of new epitopes and new Neu5Gc-containing glycans, may
be more related to their deleterious implications than their
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global titer increase (122) in local inflammation or serum
sickness disease.

ELIMINATING NEU5GC AS A PROBLEM
IN XENOTRANSPLANTATION

New nuclease-based genome editing tools, especially
CRISPR/Cas9 have made it very straightforward to
delete genes in pig cells to provide a direct evaluation
of candidate xenoantigen (5, 123–125). Genes thought to
produce xenoantigens can be deleted in an immortalized
pig cell line and screened for the presence or absence
of xenoreactive antibody binding (126). Neu5Gc was
the first such xenoantigen to be tested and validated as a

xenoantigens using the nuclease-based genome editing approach
(54, 55).

Today, Gal KO pig hearts expressing human CD46 and
thrombomodulin exhibit with success a more than 6 months
orthotopic function in baboons (127). Immunofluorescence
staining of the myocardium and plasma levels of non-Gal
xenoantibodies does not indicate humoral rejection of the
graft. The translation to the Pig-to-Human clinic situation may
probably require the KO of Neu5Gc in donor pig, as the
expression of CD46 may be insufficient even if it regulates
complement molecules such as c3b and c4b that could be
activated by the anti-Neu5Gc response (60).

Zing Finger and then Tale Nucleases were used to perform the
first series of multiplex edits in pigs by deleting both GGTA1 and
CMAH before using somatic cell nuclear transfer to create new

FIGURE 1 | Analysis of carbohydrate epitopes in genetically modified pigs (54). Confocal microscopy of 2-month-old WT, 8-month-old GGTA1 KO, and 2-day-old
GGTA1/CMAH double-KO porcine tissues stained with (A) anti-Neu5Gc chicken IgY (cyan, Sialix, Vista, CA, United States) and (B) IB4 lectin (red). (C) Flow
cytometric analysis of PBMCs labeled with anti-Neu5Gc antibody (blue) and IB4 lectin (red). Unstained PBMCs were the negative controls for IB4 lectin, and an
isotype negative control was used in the anti-Neu5Gc staining. Although shown, the negative controls are difficult to see in some panels because of overlap with the
experimental group.
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pigs (54, 102, 128–130). These pigs were important for progress
in xenotransplantation, and particularly in the evaluation of
Neu5Gc as a barrier to clinical implementation. The first finding
that was important for xenotransplantation is that multiple
engineering could be performed in pigs without compromising
viability. This means that it is possible to make multiple
modifications in a given pig so that it now takes 6 months to
create a pig with many targeted gene edits using nuclease-based
technology, as compared to 3 years to create a single homozygous
edit to a single gene using homologous recombination and
breeding (54, 55). Now with the development of CRISPR/Cas,
multiplex engineering has become even simpler (5, 125, 131).
The second finding that was just as critical was that the
deletion of CMAH eliminated Neu5Gc in all pig tissues. Neu5Gc
was expressed in all commonly transplanted tissues; heart,

kidney, liver, pancreas, and lung (Figure 1). These pigs made it
simple to definitively answer the question of whether Neu5Gc
was a significant xenoantigen. Crossmatch results performed
using human serum and GGTA1/CMAH KO pig cells in flow
cytometric crossmatching assays demonstrated that the deletion
of Neu5Gc reduced the serum content of IgG and IgM that bound
to pig cells significantly. The reduction was significant enough
that the crossmatch showed that the binding of xenoreactive
antibodies to PBMCs was lower in the GGTA1/CMAH KO pigs
than it was to chimpanzees (55) (Figure 2).

The immediate question is whether the additional reduction
in xenoreactive antibody binding afforded by deleting CMAH
on the GGTA1 KO background has reduced the humoral barrier
to the point where clinical implementation is appropriate.
Evaluation of the crossmatches from patient serum with the

FIGURE 2 | Comparison of human antibody binding to human, porcine or chimpanzee cells (55). PBMCs isolated from humans, chimpanzees and GGTA1/CMAH
KO pigs incubated with 25% serum collected from five humans. Levels of IgM or IgG binding were detected using fluorescently labeled anti-human IgM or IgG
antibodies followed by flow cytometry analysis. Histogram profiles of human IgM and IgG antibody binding are shown for three humans (filled gray), three
chimpanzees (black) and three GGTA1/CMAH KO pigs (red). Histogram profiles of PBMCs incubated with fluorescently labeled anti-human IgM or IgG antibodies in
the absence of human serum are shown to indicate background fluorescence (2◦ only). CMAH, cytidine monophosphate-N-acetylneuraminic acid hydroxylase;
GGTA1, galactosyltransferase.
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GGTA1/CMAH KO pig PBMCs showed that xenoreactive
antibody binding, while greatly reduced, was still significant
enough that further xenoantigen reduction would be necessary
(54, 55). The cellular dependent cytotoxic crossmatches were
still positive, indicating that some degree of early AMR
would be expected in the absence of any pre-transplant
immunomodulatory therapy. Recently, the immunodominant
glycan of the Sda antigen group (β1-4-linked GalNAc) has been
identified as a significant xenoantigen in humans as well as
Old World monkeys (132, 133). The B4GalNT2 gene encodes
for the β1,4 N-acetylgalactosaminyltransferase that catalyzes the
terminal addition of GalNAc to a sialic acid modified Gal,
producing thus the Sda antigens [reviewed in (134)]. Considering
that the B4GalNT2 gene remains functional in all humans
excepted only in about 4% to 5% of humans that are Sda-negative,
and that only about half of these Sda-negative individuals exhibit
anti-human Sda antibodies especially of the IgM isotype (135–
137), it was first predicted that GalNAc would not be an
important xenoantigen in the Pig to-Human combination. Once
GGTA1/CMAH/B4GalNT2 KO pigs were created, it was clear that
the Sda antigen was a xenoantigen. GGTA1/CMAH/B4GalNT2
triple KO in pig reduce human antibody binding to pig
PBMCs in a flow cytometry crossmatch to clinically acceptable
transplant levels (MFI > 5000) in 80% of waitlist patients,
59% of waitlist patients have a complete negative crossmatch
to IgG (MFI > 2000), and 31% of patients have a complete
negative crossmatch to both IgG and IgM (MFI > 2000) (138).
Accurate identification of donor specific pre-existing antibodies
in recipient serum is critical to achieve the best post-transplant
outcomes. Human IgM and IgG binding to Gal/Neu5Gc/GalNAc
KO kidney endothelial pig cells was also significantly reduced
compared to cells from Gal and Neu5Gc-deficient pig cells (124,
126). Immunofluorescent staining of Gal/Neu5Gc/GalNAc KO
tissues incubated with human serum confirmed a decrease of
human IgG and IgM binding in heart, lung and kidney tissues
compared to WT pigs contrary to liver, spleen and pancreas of
triple KO pigs that linked comparably human immunoglobulins
than WT (42). However, in this semi-quantitative study, no
comparison with Gal and Neu5Gc KO pig tissue was provided.
Finally, anti-Sda IgM and IgG are elicited following blood
transfusion of Sda-positive human erythrocytes (139) and may
interfere with xenotransplantation.

CONCLUSION AND PROSPECTS

Naturally occurring anti-Neu5Gc are present in nearly all
humans, and creation of Gal/Neu5Gc KO pigs has reduced

human antibody binding to the point where the pig has
a better crossmatch (fewer antibodies) than the Human-to-
Chimpanzee combination. Anti-Neu5Gc (i.e., pre-existing diet-
derived antibodies present at transplantation and those elicited by
other Neu5Gc contribution than xenotransplantation like animal
immunoglobulin treatment, skin or devitalized biodevices) may
participate, together with anti-Gal antibodies, to the humoral
rejection of the WT pig xenotransplant. Anti-Neu5Gc antibodies
elicited by a WT pig graft contribute to the AMR of the graft and
may aggravate inflammatory processes in the human recipient
caused by the presence of diet-derived Neu5Gc on human cells.

Anti-Neu5Gc antibodies elicited by challenges with
xenogeneic tissues or animal-derived immunoglobulins are
able to reject pancreas islets in an experimental setting in the
mouse. Elicited responses to newly recognized Neu5Gc antigens
could be higher detrimental than the diet-derived anti-Neu5Gc
responses, suggesting that xenografts lacking Neu5Gc would
be safer for the transplant and for the human recipient. The
consequences of long-standing exposure to high levels of elicited
anti-Neu5Gc antibodies are not well documented and need
today to be evaluated. Pig lines have been developed KO for the
expression of Gal and Neu5Gc and now also including the KO
for GalNAc, in order to eliminate the humoral barrier to clinical
xenotransplantation for a great number of people.
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14. Cabezas-Cruz A, Hodžić A, Román-Carrasco P, Mateos-Hernández L,
Duscher GG, Sinha DK, et al. Environmental and molecular drivers of the
α-Gal syndrome. Front Immunol. (2019) 10:1210. doi: 10.3389/fimmu.2019.
01210

15. Christiansen D, Milland J, Mouhtouris E, Vaughan H, Pellicci DG,
McConville MJ, et al. Humans lack iGb3 due to the absence of functional
iGb3-synthase: implications for NKT cell development and transplantation.
PLoS Biol. (2008) 6:e172. doi: 10.1371/journal.pbio.0060172

16. Tahiri F, Li Y, Hawke D, Ganiko L, Almeida I, Levery S, et al.
Lack of iGb3 and isoglobo-series glycosphingolipids in pig organs used
for xenotransplantation: implications for natural killer T-Cell biology. J
Carbohydr Chem. (2013) 32:44–67. doi: 10.1080/07328303.2012.741637

17. Puga Yung GL, Li Y, Borsig L, Millard AL, Karpova MB, Zhou D, et al.
Complete absence of the αGal xenoantigen and isoglobotrihexosylceramide
in α1,3galactosyltransferase knock-out pigs. Xenotransplantation. (2012)
19:196–206. doi: 10.1111/j.1399-3089.2012.00705.x

18. Shao A, Xu L, Wu X, Liu S, Lu Y, Fan C. Gal epitope expression and
immunological properties in iGb3S deficient mice. Sci Rep. (2018) 8:15433.
doi: 10.1038/s41598-018-33032-7

19. Galili U. Natural anti-carbohydrate antibodies contributing to evolutionary
survival of primates in viral epidemics? Glycobiology. (2016) 26:1140–50.
doi: 10.1093/glycob/cww088

20. Chen G, Qian H, Starzl T, Sun H, Garcia B, Wang X, et al. Acute rejection
is associated with antibodies to non-Gal antigens in baboons using Gal-
knockout pig kidneys. Nat Med. (2005) 11:1295–8. doi: 10.1038/nm1330

21. Higginbotham L, Mathews D, Breeden CA, Song M, Farris AB III, Larsen
CP, et al. Pre-transplant antibody screening and anti-CD154 costimulation
blockade promote long-term xenograft survival in a pig-to-primate kidney
transplant model. Xenotransplantation. (2015) 22:221–30. doi: 10.1111/xen.
12166

22. Kim SC, Mathews DV, Breeden CP, Higginbotham LB, Ladowski J, Martens
G, et al. Long-term survival of pig-to-rhesus macaque renal xenografts is
dependent on CD4 T cell depletion. Am J Transplant. (2019) 19:2174–85.
doi: 10.1111/ajt.15329

23. McGregor CG, Ricci D, Miyagi N, Stalboerger PG, Du Z, Oehler EA,
et al. Human CD55 expression blocks hyperacute rejection and restricts
complement activation in Gal knockout cardiac xenografts. Transplantation.
(2012) 93:686–92. doi: 10.1097/TP.0b013e3182472850

24. van der Windt DJ, Marigliano M, He J, Votyakova TV, Echeverri GJ, Ekser
B, et al. Early islet damage after direct exposure of pig islets to blood: has
humoral immunity been underestimated? Cell Transplant. (2012) 21:1791–
802. doi: 10.3727/096368912X653011

25. Byrne GW, Stalboerger PG, Davila E, Heppelmann CJ, Gazi MH, McGregor
HC, et al. Proteomic identification of non-Gal antibody targets after pig-to-
primate cardiac xenotransplantation. Xenotransplantation. (2008) 15:268–76.
doi: 10.1111/j.1399-3089.2008.00480.x

26. Zhu A. Binding of human natural antibodies to nonalphaGal xenoantigens
on porcine erythrocytes. Transplantation. (2000) 69:2422–8.

27. Zhu A, Hurst R. Anti-N-glycolylneuraminic acid antibodies identified in
healthy human serum. Xenotransplantation. (2002) 9:376–81.

28. Irie A, Suzuki A. CMP-N- Acetylneuraminic acid hydroxylase is exclusively
inactive in humans. Biochem Biophys Res Commun. (1998) 248:330–3. doi:
10.1006/bbrc.1998.8946

29. Salama A, Evanno G, Harb J, Soulillou JP. Potential deleterious role of
anti-Neu5Gc antibodies in xenotransplantation. Xenotransplantation. (2015)
22:85–94. doi: 10.1111/xen.12142

30. Springer SA, Diaz SL, Gagneux P. Parallel evolution of a self-signal: humans
and new world monkeys independently lost the cell surface sugar Neu5Gc.
Immunogenetics. (2014) 66:671–4. doi: 10.1007/s00251-014-0795-0

31. Thompson P, Badell IR, Lowe M, Cano J, Song M, Leopardi F, et al.
Islet xenotransplantation using gal-deficient neonatal donors improves
engraftment and function. Am J Transplant. (2011) 11:2593–602. doi: 10.
1111/j.1600-6143.2011.03720.x

32. Bottino R, Wijkstrom M, van der Windt DJ, Hara H, Ezzelarab M, Murase N,
et al. Pig-to-monkey islet xenotransplantation using multi-transgenic pigs.
Am J Transplant. (2014) 14:2275–87. doi: 10.1111/ajt.12868

33. Le Bas-Bernardet S, Tillou X, Branchereau J, Dilek N, Poirier N, Châtelais
M, et al. Bortezomib, C1-inhibitor and plasma exchange do not prolong the
survival of multi-transgenic GalT-KO pig kidney xenografts in baboons. Am
J Transplant. (2015) 15:358–70. doi: 10.1111/ajt.12988

34. Taylor RE, Gregg CJ, Padler-Karavani V, Ghaderi D, Yu H, Huang S, et al.
Novel mechanism for the generation of human xeno-autoantibodies against
the nonhuman sialic acid N-glycolylneuraminic acid. J Exp Med. (2010)
207:1637–46. doi: 10.1084/jem.20100575

35. McDonald ND, Lubin JB, Chowdhury N, Boyd EF. Host-derived sialic acids
are an important nutrient source required for optimal bacterial fitness in vivo.
mBio (2016) 7:e02237-15. doi: 10.1128/mBio.02237-15

36. Amon R, Reuven EM, Leviatan Ben-Arye S, Padler-Karavani V. Glycans
in immune recognition and response. Carbohydr Res. (2014) 389:115–22.
doi: 10.1016/j.carres.2014.02.004

37. Samraj AN, Pearce OM, Läubli H, Crittenden AN, Bergfeld AK, Banda
K, et al. A red meat-derived glycan promotes inflammation and cancer
progression. Proc Natl Acad Sci USA. (2015) 112:542–7. doi: 10.1073/pnas.
1417508112

38. Tangvoranuntakul P, Gagneux P, Diaz S, Bardor M, Varki N, Varki A, et al.
Human uptake and incorporation of an immunogenic nonhuman dietary
sialic acid. Proc Natl Acad Sci USA. (2003) 100:12045–50. doi: 10.1073/pnas.
2131556100

39. Bardor M, Nguyen DH, Diaz S, Varki A. Mechanism of uptake and
incorporation of the non-human sialic acid N-glycolylneuraminic acid into
human cells. J Biol Chem. (2005) 280:4228–37. doi: 10.1074/jbc.M412040200

40. Kobayashi T, Yokoyama I, Suzuki A, Abe M, Hayashi S, Matsuda H, et al.
Lack of antibody production against Hanganutziu-Deicher (H-D) antigens
with N-glycolylneuraminic acid in patients with porcine exposure history.
Xenotransplantation. (2000) 7:177–80.

41. Bouhours D, Hansson GC, Bouhours JF. Structure and genetic polymorphism
of blood group A-active glycosphingolipids of the rat large intestine. Biochim
Biophys Acta. (1995) 1255:131–40.

42. Wang RG, Ruan M, Zhang RJ, Chen L, Li XX, Fang B, et al. Antigenicity
of tissues and organs from GGTA1/CMAH/β4GalNT2 triple gene knockout
pigs. J Biomed Res. (2018) 33:235–43. doi: 10.7555/JBR.32.20180018

43. Diswall M, Angström J, Karlsson H, Phelps CJ, Ayares D, Teneberg S, et al.
Structural characterization of alpha1,3-galactosyltransferase knockout pig
heart and kidney glycolipids and their reactivity with human and baboon
antibodies. Xenotransplantation. (2010) 17:48–60. doi: 10.1111/j.1399-3089.
2009.00564.x

Frontiers in Immunology | www.frontiersin.org 9 April 2020 | Volume 11 | Article 622

https://doi.org/10.1111/xen.12131
https://doi.org/10.1016/j.jss.2012.06.035
https://doi.org/10.1111/j.1432-2277.2007.00546.x
https://doi.org/10.1126/science.1078942
https://doi.org/10.1111/j.1600-065x.1994.tb00871.x
https://doi.org/10.1111/j.1600-065x.1994.tb00871.x
https://doi.org/10.1111/j.1440-1711.2005.01366.x
https://doi.org/10.1084/jem.160.5.1519
https://doi.org/10.1111/imm.12110
https://doi.org/10.1111/imm.12110
https://doi.org/10.3389/fimmu.2019.01210
https://doi.org/10.3389/fimmu.2019.01210
https://doi.org/10.1371/journal.pbio.0060172
https://doi.org/10.1080/07328303.2012.741637
https://doi.org/10.1111/j.1399-3089.2012.00705.x
https://doi.org/10.1038/s41598-018-33032-7
https://doi.org/10.1093/glycob/cww088
https://doi.org/10.1038/nm1330
https://doi.org/10.1111/xen.12166
https://doi.org/10.1111/xen.12166
https://doi.org/10.1111/ajt.15329
https://doi.org/10.1097/TP.0b013e3182472850
https://doi.org/10.3727/096368912X653011
https://doi.org/10.1111/j.1399-3089.2008.00480.x
https://doi.org/10.1006/bbrc.1998.8946
https://doi.org/10.1006/bbrc.1998.8946
https://doi.org/10.1111/xen.12142
https://doi.org/10.1007/s00251-014-0795-0
https://doi.org/10.1111/j.1600-6143.2011.03720.x
https://doi.org/10.1111/j.1600-6143.2011.03720.x
https://doi.org/10.1111/ajt.12868
https://doi.org/10.1111/ajt.12988
https://doi.org/10.1084/jem.20100575
https://doi.org/10.1128/mBio.02237-15
https://doi.org/10.1016/j.carres.2014.02.004
https://doi.org/10.1073/pnas.1417508112
https://doi.org/10.1073/pnas.1417508112
https://doi.org/10.1073/pnas.2131556100
https://doi.org/10.1073/pnas.2131556100
https://doi.org/10.1074/jbc.M412040200
https://doi.org/10.7555/JBR.32.20180018
https://doi.org/10.1111/j.1399-3089.2009.00564.x
https://doi.org/10.1111/j.1399-3089.2009.00564.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00622 April 13, 2020 Time: 19:54 # 10

Tector et al. Anti-Neu5Gc Antibodies in Xenotransplantation

44. Cohen D, Miyagawa Y, Mehra R, Lee W, Isse K, Long C, et al. Distribution
of non-gal antigens in pig cornea: relevance to corneal xenotransplantation.
Cornea. (2014) 33:390–7. doi: 10.1097/ICO.0000000000000069

45. Lee W, Miyagawa Y, Long C, Ekser B, Walters E, Ramsoondar J, et al.
Expression of NeuGc on Pig corneas and its potential significance in pig
corneal xenotransplantation. Cornea. (2016) 35:105–13. doi: 10.1097/ICO.
0000000000000635

46. Omori T, Nishida T, Komoda H, Fumimoto Y, Ito T, Sawa Y, et al.
A study of the xenoantigenicity of neonatal porcine islet-like cell
clusters (NPCC) and the efficiency of adenovirus-mediated DAF (CD55)
expression. Xenotransplantation. (2006) 13:455–64. doi: 10.1111/j.1399-3089.
2006.00335.x

47. Komoda H, Miyagawa S, Kubo T, Kitano E, Kitamura H, Omori T, et al. A
study of the xenoantigenicity of adult pig islets cells. Xenotransplantation.
(2004) 11:237–46. doi: 10.1111/j.1399-3089.2004.00121.x

48. Maeda A, Ueno T, Nakatsu S, Wang D, Usui N, Takeishi S, et al. A lectin
microarray study of glycoantigens in neonatal porcine islet-like cell clusters.
J Surg Res. (2013) 183:412–8. doi: 10.1016/j.jss.2012.12.037

49. McKenzie IF, Koulmanda M, Mandel TE, Sandrin MS. Pig islet xenografts are
susceptible to “anti-pig” but not Gal alpha(1,3)Gal antibody plus complement
in Gal o/o mice. J Immunol. (1998) 161:5116–9.

50. Rayat GR, Rajotte RV, Hering BJ, Binette TM, Korbutt GS. In vitro and in vivo
expression of Galalpha-(1,3)Gal on porcine islet cells is age dependent. J
Endocrinol. (2003) 177:127–35.

51. Wang ZY, Burlak C, Estrada JL, Li P, Tector MF, Tector AJ. Erythrocytes
from GGTA1/CMAH knockout pigs: implications for xenotransfusion and
testing in non-human primates. Xenotransplantation. (2014) 21:376–84. doi:
10.1111/xen.12106

52. Magnusson S, Månsson JE, Strokan V, Jussila R, Kobayashi T, Rydberg L, et al.
Release of pig leukocytes during pig kidney perfusion and characterization
of pig lymphocyte carbohydrate xenoantigens. Xenotransplantation. (2003)
10:432–45.

53. Park JY, Park MR, Bui HT, Kwon DN, Kang MH, Oh M, et al.
α1,3-galactosyltransferase deficiency in germ-free miniature pigs increases
N-glycolylneuraminic acids as the xenoantigenic determinant in pig-human
xenotransplantation. Cell Reprogram. (2012) 14:353–63. doi: 10.1089/cell.
2011.0083

54. Lutz AJ, Li P, Estrada JL, Sidner RA, Chihara RK, Downey SM,
et al. Double knockout pigs deficient in N-glycolylneuraminic acid and
galactose α-1,3-galactose reduce the humoral barrier to xenotransplantation.
Xenotransplantation. (2013) 20:27–35. doi: 10.1111/xen.12019

55. Burlak C, Paris LL, Lutz AJ, Sidner RA, Estrada J, Li P, et al. Reduced binding
of human antibodies to cells from GGTA1/CMAH KO pigs. Am J Transplant.
(2014) 14:1895–900. doi: 10.1111/ajt.12744

56. Davies LR, Varki A. Why is N-Glycolylneuraminic acid rare in the vertebrate
brain? Top Curr Chem. (2015) 366:31–54. doi: 10.1007/128_2013_419

57. Couvrat-Desvergnes G, Salama A, Le Berre L, Evanno G, Viklicky O, Hruba
P, et al. Rabbit antithymocyte globulin-induced serum sickness disease and
human kidney graft survival. J Clin Invest. (2015) 125:4655–65. doi: 10.1172/
JCI82267

58. Galili U. Discovery of the natural anti-Gal antibody and its past and future
relevance to medicine. Xenotransplantation. (2013) 20:138–47. doi: 10.1111/
xen.12034

59. Padler-Karavani V, Yu H, Cao H, Chokhawala H, Karp F, Varki N,
et al. Diversity in specificity, abundance, and composition of anti-
Neu5Gc antibodies in normal humans: potential implications for disease.
Glycobiology. (2008) 18:818–30. doi: 10.1093/glycob/cwn072

60. Gao B, Long C, Lee W, Zhang Z, Gao X, Landsittel D, et al. Anti-Neu5Gc
and anti-non-Neu5Gc antibodies in healthy humans. PLoS One. (2017)
12:e0180768. doi: 10.1371/journal.pone.0180768

61. Lu Q, Padler-Karavani V, Yu H, Chen X, Wu SL, Varki A, et al. LC-
MS analysis of polyclonal human anti-Neu5Gc xeno-autoantibodies
immunoglobulin G Subclass and partial sequence using multistep
intravenous immunoglobulin affinity purification and multienzymatic
digestion. Anal Chem. (2012) 84:2761–8. doi: 10.1021/ac2030893

62. Thall AD, Murphy HS, Lowe JB. alpha 1,3-Galactosyltransferase-deficient
mice produce naturally occurring cytotoxic anti-Gal antibodies. Transplant
Proc. (1996) 28:556–7.

63. Ohdan H, Swenson KG, Kitamura H, Yang YG, Sykes M. Tolerization of Gal
alpha 1,3Gal-reactive B cells in pre-sensitized alpha 1,3-galactosyltransferase-
deficient mice by nonmyeloablative induction of mixed chimerism.
Xenotransplantation. (2001) 8:227–38. doi: 10.1034/j.1399-3089.2001.00006.
x

64. Dor FJ, Tseng YL, Cheng J, Moran K, Sanderson TM, Lancos CJ,
et al. alpha1,3-Galactosyltransferase gene-knockout miniature swine produce
natural cytotoxic anti-Gal antibodies. Transplantation. (2004) 78:15–20. doi:
10.1097/01.tp.0000130487.68051.eb

65. Fang J, Walters A, Hara H, Long C, Yeh P, Ayares D, et al. Anti-gal antibodies
in α1,3-galactosyltransferase gene-knockout pigs. Xenotransplantation.
(2012) 19:305–10. doi: 10.1111/j.1399-3089.2012.00710.x

66. Galili U. α1,3Galactosyltransferase knockout pigs produce the natural anti-
Gal antibody and simulate the evolutionary appearance of this antibody
in primates. Xenotransplantation. (2013) 20:267–76. doi: 10.1111/xen.
12051

67. Frei R, Ferstl R, Roduit C, Ziegler M, Schiavi E, Barcik W, et al. Exposure to
nonmicrobial N-glycolylneuraminic acid protects farmers’ children against
airway inflammation and colitis. J Allergy Clin Immunol. (2018) 141:382-
90.e7. doi: 10.1016/j.jaci.2017.04.051

68. Tahara H, Ide K, Basnet NB, Tanaka Y, Matsuda H, Takematsu H, et al.
Immunological property of antibodies against N-glycolylneuraminic acid
epitopes in cytidine monophospho-N-acetylneuraminic acid hydroxylase-
deficient mice. J Immunol. (2010) 184:3269–75. doi: 10.4049/jimmunol.
0902857

69. Padler-Karavani V, Varki A. Potential impact of the non-human sialic acid
N-glycolylneuraminic acid on transplant rejection risk. Xenotransplantation.
(2011) 18:1–5. doi: 10.1111/j.1399-3089.2011.00622.x

70. Macher BA, Galili U. The Galalpha1,3Galbeta1,4GlcNAc-R (alpha-Gal)
epitope: a carbohydrate of unique evolution and clinical relevance. Biochim
Biophys Acta. (2008) 1780:75–88. doi: 10.1016/j.bbagen.2007.11.003

71. Wormald MR, Rudd PM, Harvey DJ, Chang SC, Scragg IG, Dwek RA.
Variations in oligosaccharide-protein interactions in immunoglobulin G
determine the site-specific glycosylation profiles and modulate the dynamic
motion of the Fc oligosaccharides. Biochemistry. (1997) 36:1370–80. doi:
10.1021/bi9621472

72. Padler-Karavani V, Tremoulet AH, Yu H, Chen X, Burns JC, Varki A. A
simple method for assessment of human anti-Neu5Gc antibodies applied
to Kawasaki disease. PLoS One. (2013) 8:e58443. doi: 10.1371/journal.pone.
0058443

73. Salama A, Evanno G, Lim N, Rousse J, Le Berre L, Nicot A, et al. Anti-
Gal and Anti-Neu5Gc responses in nonimmunosuppressed patients after
treatment with rabbit antithymocyte polyclonal iggs. Transplantation. (2017)
101:2501–7. doi: 10.1097/TP.0000000000001686

74. Amon R, Ben-Arye SL, Engler L, Yu H, Lim N, Berre LL, et al.
Glycan microarray reveal induced IgGs repertoire shift against a dietary
carbohydrate in response to rabbit anti-human thymocyte therapy.
Oncotarget. (2017) 8:112236–44. doi: 10.18632/oncotarget.23096

75. Rousse J, Salama A, Leviatan Ben-Arye S, Hruba P, Slatinska J, Evanno G,
et al. Quantitative and qualitative changes in anti-Neu5Gc antibody response
following rabbit anti-thymocyte IgG induction in kidney allograft recipients.
Eur J Clin Invest. (2019) 49:e13069. doi: 10.1111/eci.13069

76. Croset A, Delafosse L, Gaudry JP, Arod C, Glez L, Losberger C, et al.
Differences in the glycosylation of recombinant proteins expressed in HEK
and CHO cells. J Biotechnol. (2012) 161:336–48. doi: 10.1016/j.jbiotec.2012.
06.038

77. Chung CH, Mirakhur B, Chan E, Le QT, Berlin J, Morse M, et al. Cetuximab-
induced anaphylaxis and IgE specific for galactose-alpha-1,3-galactose. N
Engl J Med. (2008) 358:1109–17. doi: 10.1056/NEJMoa074943

78. Ghaderi D, Taylor RE, Padler-Karavani V, Diaz S, Varki A. Implications
of the presence of N-glycolylneuraminic acid in recombinant therapeutic
glycoproteins. Nat Biotechnol. (2010) 28:863–7. doi: 10.1038/nbt.1651

79. Shahrokh Z, Royle L, Saldova R, Bones J, Abrahams JL, Artemenko NV,
et al. Erythropoietin produced in a human cell line (Dynepo) has significant
differences in glycosylation compared with erythropoietins produced in
CHO cell lines. Mol Pharm. (2011) 8:286–96. doi: 10.1021/mp100353a

80. Wang Q, Yang G, Wang T, Yang W, Betenbaugh MJ, Zhang H.
Characterization of intact glycopeptides reveals the impact of culture media

Frontiers in Immunology | www.frontiersin.org 10 April 2020 | Volume 11 | Article 622

https://doi.org/10.1097/ICO.0000000000000069
https://doi.org/10.1097/ICO.0000000000000635
https://doi.org/10.1097/ICO.0000000000000635
https://doi.org/10.1111/j.1399-3089.2006.00335.x
https://doi.org/10.1111/j.1399-3089.2006.00335.x
https://doi.org/10.1111/j.1399-3089.2004.00121.x
https://doi.org/10.1016/j.jss.2012.12.037
https://doi.org/10.1111/xen.12106
https://doi.org/10.1111/xen.12106
https://doi.org/10.1089/cell.2011.0083
https://doi.org/10.1089/cell.2011.0083
https://doi.org/10.1111/xen.12019
https://doi.org/10.1111/ajt.12744
https://doi.org/10.1007/128_2013_419
https://doi.org/10.1172/JCI82267
https://doi.org/10.1172/JCI82267
https://doi.org/10.1111/xen.12034
https://doi.org/10.1111/xen.12034
https://doi.org/10.1093/glycob/cwn072
https://doi.org/10.1371/journal.pone.0180768
https://doi.org/10.1021/ac2030893
https://doi.org/10.1034/j.1399-3089.2001.00006.x
https://doi.org/10.1034/j.1399-3089.2001.00006.x
https://doi.org/10.1097/01.tp.0000130487.68051.eb
https://doi.org/10.1097/01.tp.0000130487.68051.eb
https://doi.org/10.1111/j.1399-3089.2012.00710.x
https://doi.org/10.1111/xen.12051
https://doi.org/10.1111/xen.12051
https://doi.org/10.1016/j.jaci.2017.04.051
https://doi.org/10.4049/jimmunol.0902857
https://doi.org/10.4049/jimmunol.0902857
https://doi.org/10.1111/j.1399-3089.2011.00622.x
https://doi.org/10.1016/j.bbagen.2007.11.003
https://doi.org/10.1021/bi9621472
https://doi.org/10.1021/bi9621472
https://doi.org/10.1371/journal.pone.0058443
https://doi.org/10.1371/journal.pone.0058443
https://doi.org/10.1097/TP.0000000000001686
https://doi.org/10.18632/oncotarget.23096
https://doi.org/10.1111/eci.13069
https://doi.org/10.1016/j.jbiotec.2012.06.038
https://doi.org/10.1016/j.jbiotec.2012.06.038
https://doi.org/10.1056/NEJMoa074943
https://doi.org/10.1038/nbt.1651
https://doi.org/10.1021/mp100353a
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00622 April 13, 2020 Time: 19:54 # 11

Tector et al. Anti-Neu5Gc Antibodies in Xenotransplantation

on site-specific glycosylation of EPO-Fc fusion protein generated by CHO-GS
cells. Biotechnol Bioeng. (2019) 116:2303–15. doi: 10.1002/bit.27009

81. Reuven EM, Leviatan Ben-Arye S, Marshanski T, Breimer ME, Yu H, Fellah-
Hebia I, et al. Characterization of immunogenic Neu5Gc in bioprosthetic
heart valves. Xenotransplantation. (2016) 23:381–92. doi: 10.1111/xen.12260

82. Jeong HJ, Adhya M, Park HM, Kim YG, Kim BG. Detection of
hanganutziu-deicher antigens in O-glycans from pig heart tissues by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
Xenotransplantation. (2013) 20:407–17. doi: 10.1111/xen.12045

83. Naso F, Gandaglia A, Bottio T, Tarzia V, Nottle MB, d’Apice AJ, et al. First
quantification of alpha-Gal epitope in current glutaraldehyde-fixed heart
valve bioprostheses. Xenotransplantation. (2013) 20:252–61. doi: 10.1111/
xen.12044

84. Mangold A, Szerafin T, Hoetzenecker K, Hacker S, Lichtenauer M,
Niederpold T, et al. Alpha-Gal specific IgG immune response after
implantation of bioprostheses. Thorac Cardiovasc Surg. (2009) 57:191–5. doi:
10.1055/s-0029-1185395

85. Zhang R, Wang Y, Chen L, Wang R, Li C, Li X, et al. Reducing
immunoreactivity of porcine bioprosthetic heart valves by genetically-
deleting three major glycan antigens, GGTA1/β4GalNT2/CMAH. Acta
Biomater. (2018) 72:196–205. doi: 10.1016/j.actbio.2018.03.055

86. Lee W, Long C, Ramsoondar J, Ayares D, Cooper DK, Manji RA, et al. Human
antibody recognition of xenogeneic antigens (NeuGc and Gal) on porcine
heart valves: could genetically modified pig heart valves reduce structural
valve deterioration? Xenotransplantation. (2016) 23:370–80. doi: 10.1111/
xen.12254

87. Byrne GW, McGregor CG. First quantification of alpha-Gal epitope in
current glutaraldehyde-fixed heart valve bioprosthesis (by Naso et al.).
Xenotransplantation. (2014) 21:11–2. doi: 10.1111/xen.12072

88. Human P, Zilla P. Inflammatory and immune processes: the neglected
villain of bioprosthetic degeneration? J Long Term Eff Med Implants. (2001)
11:199–220.

89. Hawkins RB, Frischtak HL, Kron IL, Ghanta RK. Premature bioprosthetic
aortic valve degeneration associated with allergy to galactose-alpha-1,3-
galactose. J Card Surg. (2016) 31:446–8. doi: 10.1111/jocs.12764

90. Platts-Mills TAE, Li RC, Keshavarz B, Smith AR, Wilson JM. Diagnosis and
management of patients with the α-Gal syndrome. J Allergy Clin Immunol
Pract. (2019) 8:15–23.e1. doi: 10.1016/j.jaip.2019.09.017

91. Yamamoto T, Iwase H, King TW, Hara H, Cooper DKC. Skin
xenotransplantation: historical review and clinical potential. Burns. (2018)
44:1738–49. doi: 10.1016/j.burns.2018.02.029

92. Scobie L, Padler-Karavani V, Le Bas-Bernardet S, Crossan C, Blaha J,
Matouskova M, et al. Long-term IgG response to porcine Neu5Gc antigens
without transmission of PERV in burn patients treated with porcine skin
xenografts. J Immunol. (2013) 191:2907–15. doi: 10.4049/jimmunol.1301195

93. Chou HH, Takematsu H, Diaz S, Iber J, Nickerson E, Wright KL, et al. A
mutation in human CMP-sialic acid hydroxylase occurred after the Homo-
Pan divergence. Proc Natl Acad Sci USA. (1998) 95:11751–6.

94. Starzl T, editor. Baboon renal and chimpanzee liver heterotransplantation. In:
Hardy MA editor. Xenograft 25. New York, NY: Excerpta Medica. (1989).

95. Porter KA. Clinical renal transplantation. Int Rev Exp Pathol. (1972)
11:73–176.

96. Hume DM. Discussion of the paper from Reemtsma et al. Ann Surg. (1964)
160:409–10. doi: 10.1016/j.envint.2018.06.037

97. Giles GR, Boehmig HJ, Amemiya H, Halgrimson CG, Starzl TE. Clinical
heterotransplantation of the liver. Transplant Proc. (1970) 2:506–12.

98. Porter KA, Marchioro TL, Starzl TE. Pathological changes in six treated
baboon-to-man renal heterotransplants. Br J Urol. (1965) 37:274–84.

99. Starzl TE, Marchioro TL, Terasaki PI, Porter KA, Faris TD, Herrmann TJ,
et al. Chronic survival after human renal homotransplantation. Lymphocyte-
antigen matching, pathology and influence of thymectomy. Ann Surg. (1965)
162:749–87. doi: 10.1097/00000658-196510000-00016

100. Lee W, Hara H, Ezzelarab MB, Iwase H, Bottino R, Long C, et al. Initial
in vitro studies on tissues and cells from GTKO/CD46/NeuGcKO pigs.
Xenotransplantation. (2016) 23:137–50. doi: 10.1111/xen.12229

101. Blixt O, Kumagai-Braesch M, Tibell A, Groth CG, Holgersson J.
Anticarbohydrate antibody repertoires in patients transplanted with fetal

pig islets revealed by glycan arrays. Am J Transplant. (2009) 9:83–90. doi:
10.1111/j.1600-6143.2008.02471.x

102. Salama A, Mosser M, Lévêque X, Perota A, Judor JP, Danna C, et al. Neu5Gc
and α1-3 GAL xenoantigen knockout does not affect glycemia homeostasis
and insulin secretion in pigs. Diabetes. (2017) 66:987–93. doi: 10.2337/db16-
1060

103. Saethre M, Baumann BC, Fung M, Seebach JD, Mollnes TE. Characterization
of natural human anti-non-gal antibodies and their effect on activation of
porcine gal-deficient endothelial cells. Transplantation. (2007) 84:244–50.
doi: 10.1097/01.tp.0000268815.90675.d5

104. Rodríguez-Zhurbenko N, Martínez D, Blanco R, Rondón T, Griñán T,
Hernández AM. Human antibodies reactive to NeuGcGM3 ganglioside have
cytotoxic antitumor properties. Eur J Immunol. (2013) 43:826–37. doi: 10.
1002/eji.201242693

105. Basnet NB, Ide K, Tahara H, Tanaka Y, Ohdan H. Deficiency of
N-glycolylneuraminic acid and Galα1-3Galβ1-4GlcNAc epitopes in
xenogeneic cells attenuates cytotoxicity of human natural antibodies.
Xenotransplantation. (2010) 17:440–8. doi: 10.1111/j.1399-3089.2010.00610.
x

106. Pham T, Gregg CJ, Karp F, Chow R, Padler-Karavani V, Cao H, et al.
Evidence for a novel human-specific xeno-auto-antibody response against
vascular endothelium. Blood. (2009) 114:5225–35. doi: 10.1182/blood-2009-
05-220400

107. Padler-Karavani V, Hurtado-Ziola N, Pu M, Yu H, Huang S, Muthana S, et al.
Human xeno-autoantibodies against a non-human sialic acid serve as novel
serum biomarkers and immunotherapeutics in cancer. Cancer Res. (2011)
71:3352–63. doi: 10.1158/0008-5472.CAN-10-4102

108. Schaapherder AF, Daha MR, te Bulte MT, van der Woude FJ, Gooszen HG.
Antibody-dependent cell-mediated cytotoxicity against porcine endothelium
induced by a majority of human sera. Transplantation. (1994) 57:1376–82.
doi: 10.1097/00007890-199405150-00016

109. Le Berre L, Danger R, Mai HL, Amon R, Leviatan Ben-Arye S, Bruneau
S, et al. Elicited and pre-existing anti-Neu5Gc antibodies differentially
affect human endothelial cells transcriptome. Xenotransplantation. (2019)
26:e12535. doi: 10.1111/xen.12535

110. Breimer ME, Holgersson J. The structural complexity and animal tissue
distribution of N-Glycolylneuraminic acid (Neu5Gc)-terminated glycans.
implications for their immunogenicity in clinical xenografting. Front Mol
Biosci. (2019) 6:57. doi: 10.3389/fmolb.2019.00057

111. Okerblom JJ, Schwarz F, Olson J, Fletes W, Ali SR, Martin PT, et al.
Loss of CMAH during human evolution primed the monocyte-macrophage
lineage toward a more inflammatory and phagocytic state. J Immunol. (2017)
198:2366–73. doi: 10.4049/jimmunol.1601471

112. Hedlund M, Padler-Karavani V, Varki NM, Varki A. Evidence for a
human-specific mechanism for diet and antibody-mediated inflammation
in carcinoma progression. Proc Natl Acad Sci USA. (2008) 105:18936–41.
doi: 10.1073/pnas.0803943105

113. Gitelman SE, Gottlieb PA, Rigby MR, Felner EI, Willi SM, Fisher LK, et al.
Antithymocyte globulin treatment for patients with recent-onset type 1
diabetes: 12-month results of a randomised, placebo-controlled, phase 2 trial.
Lancet Diabetes Endocrinol. (2013) 1:306–16. doi: 10.1016/S2213-8587(13)
70065-2

114. Padler-Karavani V. Aiming at the sweet side of cancer: aberrant glycosylation
as possible target for personalized-medicine. Cancer Lett. (2014) 352:102–12.
doi: 10.1016/j.canlet.2013.10.005

115. Paul A, Padler-Karavani V. Evolution of sialic acids: implications in
xenotransplant biology. Xenotransplantation. (2018) 25:e12424. doi: 10.1111/
xen.12424

116. Soulillou JP, Süsal C, Döhler B, Opelz G. No increase in colon cancer risk
following induction with Neu5Gc-bearing rabbit anti-T Cell IgG (ATG) in
recipients of kidney transplants. Cancers (Basel). (2018) 10:324. doi: 10.3390/
cancers10090324

117. Kawanishi K, Dhar C, Do R, Varki N, Gordts PLSM, Varki A. Human species-
specific loss of CMP-. Proc Natl Acad Sci U S A. (2019) 116:16036–45. doi:
10.1073/pnas.1902902116

118. Morito T, Kano K, Milgrom F. Hanganutziu-deicher antibodies in infectious
mononucleosis and other diseases. J Immunol. (1982) 129:2524–8.

Frontiers in Immunology | www.frontiersin.org 11 April 2020 | Volume 11 | Article 622

https://doi.org/10.1002/bit.27009
https://doi.org/10.1111/xen.12260
https://doi.org/10.1111/xen.12045
https://doi.org/10.1111/xen.12044
https://doi.org/10.1111/xen.12044
https://doi.org/10.1055/s-0029-1185395
https://doi.org/10.1055/s-0029-1185395
https://doi.org/10.1016/j.actbio.2018.03.055
https://doi.org/10.1111/xen.12254
https://doi.org/10.1111/xen.12254
https://doi.org/10.1111/xen.12072
https://doi.org/10.1111/jocs.12764
https://doi.org/10.1016/j.jaip.2019.09.017
https://doi.org/10.1016/j.burns.2018.02.029
https://doi.org/10.4049/jimmunol.1301195
https://doi.org/10.1016/j.envint.2018.06.037
https://doi.org/10.1097/00000658-196510000-00016
https://doi.org/10.1111/xen.12229
https://doi.org/10.1111/j.1600-6143.2008.02471.x
https://doi.org/10.1111/j.1600-6143.2008.02471.x
https://doi.org/10.2337/db16-1060
https://doi.org/10.2337/db16-1060
https://doi.org/10.1097/01.tp.0000268815.90675.d5
https://doi.org/10.1002/eji.201242693
https://doi.org/10.1002/eji.201242693
https://doi.org/10.1111/j.1399-3089.2010.00610.x
https://doi.org/10.1111/j.1399-3089.2010.00610.x
https://doi.org/10.1182/blood-2009-05-220400
https://doi.org/10.1182/blood-2009-05-220400
https://doi.org/10.1158/0008-5472.CAN-10-4102
https://doi.org/10.1097/00007890-199405150-00016
https://doi.org/10.1111/xen.12535
https://doi.org/10.3389/fmolb.2019.00057
https://doi.org/10.4049/jimmunol.1601471
https://doi.org/10.1073/pnas.0803943105
https://doi.org/10.1016/S2213-8587(13)70065-2
https://doi.org/10.1016/S2213-8587(13)70065-2
https://doi.org/10.1016/j.canlet.2013.10.005
https://doi.org/10.1111/xen.12424
https://doi.org/10.1111/xen.12424
https://doi.org/10.3390/cancers10090324
https://doi.org/10.3390/cancers10090324
https://doi.org/10.1073/pnas.1902902116
https://doi.org/10.1073/pnas.1902902116
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00622 April 13, 2020 Time: 19:54 # 12

Tector et al. Anti-Neu5Gc Antibodies in Xenotransplantation

119. Higashi H, Naiki M, Matuo S, Okouchi K. Antigen of “serum sickness”
type of heterophile antibodies in human sera: indentification as gangliosides
with N-glycolylneuraminic acid. Biochem Biophys Res Commun. (1977)
79:388–95.

120. Varki A. Are humans prone to autoimmunity? Implications from
evolutionary changes in hominin sialic acid biology. J Autoimmun. (2017)
83:134–42. doi: 10.1016/j.jaut.2017.07.011

121. Le Berre L, Rousse J, Gourraud PA, Imbert-Marcille BM, Salama A, Evanno
G, et al. Decrease of blood anti-α1,3 Galactose Abs levels in multiple sclerosis
(MS) and clinically isolated syndrome (CIS) patients. Clin Immunol. (2017)
180:128–35. doi: 10.1016/j.clim.2017.05.006

122. Mai HL, Treilhaud M, Ben-Arye SL, Yu H, Perreault H, Ang E, et al.
Poor patient and graft outcome after induction treatment by antithymocyte
globulin in recipients of a kidney graft after nonrenal organ transplantation.
Transplant Direct. (2018) 4:e357. doi: 10.1097/TXD.0000000000000772

123. Butler JR, Skill NJ, Priestman DL, Platt FM, Li P, Estrada JL, et al.
Silencing the porcine iGb3s gene does not affect Galalpha3Gal levels or
measures of anticipated pig-to-human and pig-to-primate acute rejection.
Xenotransplantation. (2016) 23:106–16. doi: 10.1111/xen.12217

124. Estrada JL, Martens G, Li P, Adams A, Newell KA, Ford ML, et al.
Evaluation of human and non-human primate antibody binding to pig cells
lacking GGTA1/CMAH/beta4GalNT2 genes. Xenotransplantation. (2015)
22:194–202. doi: 10.1111/xen.12161

125. Perota A, Galli C. -Glycolylneuraminic acid (Neu5Gc) null large animals by
targeting the CMP-Neu5Gc hydroxylase (CMAH). Front Immunol. (2019)
10:2396. doi: 10.3389/fimmu.2019.02396

126. Wang ZY, Li P, Butler JR, Blankenship RL, Downey SM, Montgomery
JB, et al. Immunogenicity of renal microvascular endothelial cells from
genetically modified pigs. Transplantation. (2016) 100:533–7. doi: 10.1097/
TP.0000000000001070

127. Längin M, Mayr T, Reichart B, Michel S, Buchholz S, Guethoff S, et al.
Consistent success in life-supporting porcine cardiac xenotransplantation.
Nature. (2018) 564:430–3. doi: 10.1038/s41586-018-0765-z

128. Miyagawa S, Matsunari H, Watanabe M, Nakano K, Umeyama K, Sakai R,
et al. Generation of α1,3-galactosyltransferase and cytidine monophospho-
N-acetylneuraminic acid hydroxylase gene double-knockout pigs. J Reprod
Dev. (2015) 61:449–57. doi: 10.1262/jrd.2015-058

129. Beaton BP, Kwon DN, Choi YJ, Kim JH, Samuel MS, Benne JA, et al. Inclusion
of homologous DNA in nuclease-mediated gene targeting facilitates a higher
incidence of bi-allelically modified cells. Xenotransplantation. (2015) 22:379–
90. doi: 10.1111/xen.12194

130. Gao H, Zhao C, Xiang X, Li Y, Zhao Y, Li Z, et al. Production of α1,3-
galactosyltransferase and cytidine monophosphate-N-acetylneuraminic acid
hydroxylase gene double-deficient pigs by CRISPR/Cas9 and handmade
cloning. J Reprod Dev. (2017) 63:17–26. doi: 10.1262/jrd.2016-079

131. Perota A, Lagutina I, Duchi R, Zanfrini E, Lazzari G, Judor JP,
et al. Generation of cattle knockout for galactose-α1,3-galactose and
N-glycolylneuraminic acid antigens. Xenotransplantation. (2019) 26:e12524.
doi: 10.1111/xen.12524

132. Byrne GW, Stalboerger PG, Du Z, Davis TR, McGregor CG.
Identification of new carbohydrate and membrane protein antigens
in cardiac xenotransplantation. Transplantation. (2011) 91:287–92.
doi: 10.1097/TP.0b013e318203c27d

133. Byrne GW, Du Z, Stalboerger P, Kogelberg H, McGregor CG. Cloning and
expression of porcine β1,4 N-acetylgalactosaminyl transferase encoding a
new xenoreactive antigen. Xenotransplantation. (2014) 21:543–54. doi: 10.
1111/xen.12124

134. Zhao C, Cooper DKC, Dai Y, Hara H, Cai Z, Mou L. The Sda and
Cad glycan antigens and their glycosyltransferase, β1,4GalNAcT-II, in
xenotransplantation. Xenotransplantation. (2018) 25:e12386. doi: 10.1111/
xen.12386

135. Byrne GW, Du Z, Kolgelberg H, McGregor C. Porcine B4GALNT2 a source
of new xenogenic glycan. J Heart Lung Transplant. (2015) 34:S150–1. doi:
10.1016/j.healun.2015.01.405

136. Morton JA, Pickles MM, Terry AM. The Sda blood group antigen in tissues
and body fluids. Vox Sang. (1970) 19:472–82.

137. Renton PH, Howell P, Ikin EW, Giles CM, Goldsmith KLG. Anti-Sda, a new
blood group antibody. Vox Sang. (1967) 13:493–501. doi: 10.1111/j.1423-
0410.1967.tb03796.x

138. Martens GR, Reyes LM, Li P, Butler JR, Ladowski JM, Estrada JL, et al.
Humoral reactivity of renal transplant-waitlisted patients to cells from
GGTA1/CMAH/B4GalNT2, and SLA Class I knockout pigs. Transplantation.
(2017) 101:e86–92. doi: 10.1097/TP.0000000000001646

139. Spitalnik S, Cox MT, Spennacchio J, Guenther R, Blumberg N. The
serology of Sda effects of transfusion and pregnancy. Vox Sang. (1982)
42:308–12.

Conflict of Interest: AT is the founder of Makana Therapeutics and MT now
works for that company. J-MB is a co-founder of the Xenothera start-up.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Tector, Mosser, Tector and Bach. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 12 April 2020 | Volume 11 | Article 622

https://doi.org/10.1016/j.jaut.2017.07.011
https://doi.org/10.1016/j.clim.2017.05.006
https://doi.org/10.1097/TXD.0000000000000772
https://doi.org/10.1111/xen.12217
https://doi.org/10.1111/xen.12161
https://doi.org/10.3389/fimmu.2019.02396
https://doi.org/10.1097/TP.0000000000001070
https://doi.org/10.1097/TP.0000000000001070
https://doi.org/10.1038/s41586-018-0765-z
https://doi.org/10.1262/jrd.2015-058
https://doi.org/10.1111/xen.12194
https://doi.org/10.1262/jrd.2016-079
https://doi.org/10.1111/xen.12524
https://doi.org/10.1097/TP.0b013e318203c27d
https://doi.org/10.1111/xen.12124
https://doi.org/10.1111/xen.12124
https://doi.org/10.1111/xen.12386
https://doi.org/10.1111/xen.12386
https://doi.org/10.1016/j.healun.2015.01.405
https://doi.org/10.1016/j.healun.2015.01.405
https://doi.org/10.1111/j.1423-0410.1967.tb03796.x
https://doi.org/10.1111/j.1423-0410.1967.tb03796.x
https://doi.org/10.1097/TP.0000000000001646
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Possible Role of Anti-Neu5Gc as an Obstacle in Xenotransplantation
	Introduction
	Neu5Gc, a Major Non-Gal Glycan Xenoantigen
	Neu5Gc Immunogenicity
	Diet-Derived Anti-Neu5Gc in Humans
	High Titers of Anti-Neu5Gc Antibodies Elicited in Humans by Animal-Derived Medical Antibody and Biodevice Exposure

	Lessons From Xenografts in Human Patients
	NHP-to-Human
	Pig Pancreatic Islet Xenotransplantation

	Diet-Derived and Elicited Anti-Neu5Gc Antibodies, a Different Concern for the Pig Xenografts in Humans?
	Diet-Derived Anti-Neu5Gc Antibodies
	Elicited Anti-Neu5Gc Antibodies

	Eliminating Neu5Gc as a Problem in Xenotransplantation
	Conclusion and Prospects
	Author Contributions
	Funding
	Acknowledgments
	References


