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Abstract
Background—Anti-Galα1,3Galβ-R natural antibodies are responsible for hyperacute rejection
in pig-to-primate xenotransplantation. Although the generation of pigs lacking the
α1,3galactosyltransferase (GalT) has overcome hyperacute rejection, antibody-mediated rejection
is still a problem. It is possible that other enzymes synthesize antigens similar to Galα1,3Gal
epitopes that are recognized by xenoreactive antibodies. The glycosphingolipid
isoglobotrihexosylceramide (iGb3) represents such a candidate expressing an alternative
Galα1,3Gal epitope. The present work determined whether the terminal Galα1,3Gal disaccharide
is completely absent in Immerge pigs lacking the GalT using several different highly sensitive
methods.

Methods—The expression of Galα1,3Gal was evaluated using a panel of antibodies and lectins
by flow cytometry and fluorescent microscopy; GalT activity was detected by an enzymatic assay;
and ion trap mass spectroscopy of neutral cellular membranes extracted from aortic endothelial
was used for the detection of sugar structures. Finally, the presence of iGb3 synthase mRNA was
tested by RT-PCR in pig thymus, spleen, lymph node, kidney, lung, and liver tissue samples.
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Results—Aortic endothelial cells derived from GalT knockout pigs expressed neither
Galα1,3Gal nor iGb3 on their surface, and GalT enzymatic activity was also absent. Lectin
staining showed an increase in the blood group H-type sugar structures present in GalT knockout
cells as compared to wild-type pig aortic endothelial cells (PAEC). Mass spectroscopic analysis
did not reveal Galα1,3Gal in membranes of GalT knockout PAEC; iGb3 was also totally absent,
whereas a fucosylated form of iGb3 was detected at low levels in both pig aortic endothelial cell
extracts. Isoglobotrihexosylceramide 3 synthase mRNA was expressed in all pig tissues tested
whether derived from wild-type or GalT knockout animals.

Conclusions—These results confirm unequivocally the absence of terminal Galα1,3Gal
disaccharides in GalT knockout endothelial cells. Future work will have to focus on other
mechanisms responsible for xenograft rejection, in particular non-Galα1,3Gal antibodies and
cellular responses.

Keywords
α1; 3galactosyltransferase; isoglobotrihexosylceramide; knockout pigs; transplantation;
xenoantigen

Introduction
Natural antibodies (Ab) are responsible for hyperacute rejection in pig-to-primate
xenotransplantation [1,2]. The main target of these natural Ab is the disaccharide
Galα1,3Galβ-R (αGal), which is mainly synthesized by α1,3galactosyltransferase (GalT)
[3], an enzyme found in all mammals, except in higher primates and humans [4]. The
generation of pigs with disrupted GalT by knocking out the GalT gene (GalT KO) has
overcome the hurdle of hyperacute rejection [5,6]. However, after the generation of GalT
KO animals, there was a controversy about the complete elimination of αGal epitopes
coming from positive staining for αGal epitope in GalT KO and the discovery of a new
enzyme able to add αGal to lipids [7]. A possible explanation for the reported residual
expression of αGal on GalT KO pigs is provided by the findings in GalT KO mice and rats
of a second enzyme able to synthesize αGal, the isoglobotrihexosylceramide synthase
(iGb3S) [8,9]. The latter belongs to the family of ABO-blood group glycosyltransferases and
initiates the synthesis of isoglobo-series of glycosphingolipids [10]. In contrast to GalT,
iGb3S uses the common precursor lactosylceramide (LacCer) as substrate [9,10], suggesting
the possibility of alternative pathways for the synthesis of αGal epitopes and, therefore, their
expression in GalT KO pigs. The aim of the present work was to confirm the absence of the
terminal Galα1,3Gal disaccharide in GalT KO pigs in comprehensive methodological
approach using simultaneously different reagents, including a nearly complete panel of
available monoclonal anti-Gal antibodies, and highly sensitive techniques such as ion trap
mass spectroscopy (MS) to evaluate αGal expression, a novel enzymatic assay for GalT, and
RT-PCR for iGb3 synthase.

Material and methods
Cell lines and tissues

Porcine aortic endothelial cells isolated from wildtype (PAEC WT) and PAEC derived from
GalT knockout pigs (PAEC GalT KO) [11] were kindly provided by R.J. Hawley (former
Immerge Biotherapeutics, Cambridge, MA, USA). Thymus, spleen, lymph node, kidney,
lung, and liver tissues from both WT and GalT KO miniature swine were kindly provided by
D. Sachs and J. Hanekamp (Massachusetts General Hospital, Boston, MA, USA) [11]. Two
different samples from each organ were obtained from a WT animal (#16517, female, AA
haplotype, 2.5 yr old) and a GalT KO animal (#16183, female, DD haplotype, 3.5 yr old),
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respectively. Tissue samples were snap frozen in a RNA stabilization solution and stored at
−80 °C until RNA extraction and mRNA analysis. The human embryonic kidney cell line
E293 transfected with rat GalT was a kind gift from M.S. Sandrin (University of Melbourne
Department of Surgery, Austin Health, Heidelberg, Victoria, Australia). All cell lines were
cultured as previously reported [12,13].

Anti-αGal and H-type structures reagents
For the detection of αGal epitopes on the cell surface, the following antibodies and lectins
were used: (i) human polyclonal anti-αGal antibodies previously generated by affinity
purification and characterized in our laboratory [14]; (ii) mouse monoclonal Ab (mAb) anti-
αGal IgM M86 (Alexis Corporation, Lausen, Switzerland); (iii) FITC-conjugated isolectin
B4 from Bandeiraea simplicifolia (BS-IB4; Sigma, Buchs, Switzerland); (iv) four different
murine mAb: 15.101, 25.2, 24.7, and 22.121, which were a kind gift from M.S. Sandrin
[13,15] and thoroughly described previously [15]; (v) two different clones of murine mAb
clones GT4-31 and GT6-27, which were a kind gift from A.S. Chong (University of
Chicago, Chicago, IL, USA) [16]; and the murine mAb 4F10 that was a gift of A. Bendelac
(Howard Hughes Medical Institute and University of Chicago, Chicago, IL, USA).
Additionally, the FITC-conjugated Ulex europaeus (UEA-I) lectin (Sigma) was used for
flow cytometry.

Flow cytometry
Surface expression of the αGal epitope and blood group H-type structures on PAEC WT
and GalT KO cells was analyzed using a FACSCanto (Becton Dickinson, Basel,
Switzerland) by direct and indirect immunofluorescence using the above-mentioned
reagents. Cells were incubated for 30 min at 4 °C with saturating amounts of these reagents.
Goat anti-mouse IgM/IgG FITC-conjugated (BD-Pharmingen, Basel, Switzerland) was used
as a secondary Ab and the following isotype-matched mAb as controls: mouse IgG1
(Sigma); mouse IgG3; and mouse IgM (BD-Pharmingen). For lectin staining, cells were
incubated for 15 min at 4 °C. Propidium iodide staining was used to exclude dead cells. Data
were analyzed with FlowJo® (TreeStar Inc, Ashland, OR, USA). To compare the levels of
surface expression, the geometric mean fluorescence intensity ratios (MFIR) were calculated
by dividing the mean fluorescence intensity of each sample with the mean fluorescence
intensity of the isotype control mAb or staining buffer-only in the case of lectins.

Fluorescent microscopy
Both WT and GalT KO PAEC were grown in 96-well plates (Milian, Geneva, Switzerland)
coated with bovine fibronectin (Sigma-Aldrich, Buchs, Switzerland). After 24 h, the
monolayers were fixed with a cold acetone–ethanol solution (1: 2) for 10 min or with 80%
acetone for 5 min at room temperature, respectively. Then, the monolayers were incubated
with 50 μl of a buffer containing the different anti-αGal for 30 min at 37 °C; washed three
times with PBS; and incubated at 37 °C for 30 min with 50 μl of buffer containing the
respective secondary antibody. Finally, nuclei were counterstained with DAPI. After
extensive rinsing, coverslips were mounted on glass slides using Fluokeep (Argene,
Varilhes, France) and analyzed with a fluorescent IX71 microscope (Olympus, Hamburg,
Germany).

Detection of iGb3 by multistep ion trap mass spectroscopy
A total of 108 cells were used to isolate neutral glycolipid membrane fractions of WT and
GalT KO PAEC, which were permethylated as described by Li et al. [17]. The molecular ion
profiles were obtained by linear ion trap mass spectrometry using the electrospray ionization
mass spectroscopic method (LTQ-ESI-MS) as described [18]. Briefly, the iGb3 in isobaric
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mixture of Gb3 (Galα1,4Lac-Cer) and iGb3 standards was identified by comparing the
different patterns of MS4 product ions from the sodiated molecular ions via the glycan
fragment m/z 667 and the terminal disaccharide 1-ene ion m/z 445 (i.e., X → 667 → 445
→) of pure permethylated iGb3 standards via ESI-LIT-MS with those of permethylated Gb3.
Characteristic fragment ions at MS4, 211, and 371 were used as evidence for the presence of
iGb3.

α1,3galactosyltransferase assay
The GalT enzymatic assay was performed as described elsewhere [19–22] with slight
modifications. Briefly, fresh cell extracts containing 1% Triton X-100 were prepared from
PAEC WT, GalT KO, and E293 cells; and protein concentrations were determined with a
BCA protein assay reagent (Pierce Chemical Co, Rockford, IL, USA). A typical reaction
mixture contained 100 mM Tris (pH 7.0), 20 mM MnCl2, 101 μM UDP-Gal ([sim] 5000
cpm/nmol), mixture of UDP-[U-14C]Gal (Amersham Biosciences, Arlington Heights, IL,
USA) and UDP-Gal (Calbiochem, Darmstadt, Germany), 500 mg asialofetuin, and 150 μg
of protein stemming from the cell lysates. Controls without acceptor were assayed in parallel
under the same conditions. After different incubation times at 37 °C, the enzymatic reaction
was stopped by adding ice-cold 5% phosphotungstic acid. The precipitates were collected by
suction filtration over GFA Whatman glass-microfiber filters (Millipore, Zug, Switzerland),
washed with absolute alcohol, and dried. Finally, 14C-radioactivity was quantified in a Tri-
Carb 2900TR liquid scintillation counter (Packard, Pangbourne, UK).

RT-PCR
Total RNA was isolated using Trizol (Invitrogen, Basel, Switzerland) and treated with
DNase (Qiagen, Hombrechtikon, Switzerland) during RNA extraction to avoid possible
genomic DNA contaminations. Before use, RNA quality was controlled on a 2100
Bioanalyzer (Agilent Technologies, Basel, Switzerland). Reverse transcription was achieved
using ImProm II Reverse Transcriptase (Promega, Wallisellen, Switzerland) following the
manufacturers protocol. Different sets of primers for pig iGb3S were tested, three primers
already published: 5′ GGCGCTGGCAGGAC 3′, 5′ CGGCCAGCGGTAGTG 3′, 5′
CAGTGCGCCGTCAG 3′, named K2, K3, and K4, respectively [23], and the primers 5′
TCTTAGGGCTGCTCCTGTTTGG 3′ and 5′ AATGGTGAGGTTCTGCTGGGTAG 3′,
named 67 and 68 correspondently, which were designed based on the iGb3S sequence
reported in the published patents WO 2002081688 and WO 2005047469, respectively. Pig
β2 microglobulin was used as housekeeping gene. All PCR products were visualized by
agarose gel electrophoresis and cloned into a pGEM Easy vector (Promega) for further
sequence analysis by using the flanking cloning site primers T7 and SP6. The sequence
analysis was performed by Microsynth according to standards operating procedure
(Microsynth, Balgach, Switzerland).

Results
Evaluation of αGal surface expression on pig endothelial cells

We first tested whether αGal was detectable on the cell surface of GalT KO PAEC using
two different lectins and a panel of mAb directed against αGal. In addition, polyclonal
human anti-αGal Abs were used as well as two mAb able to recognize iGb3 and the shared
Galα1,3Gal disaccharide xenoantigen. The mAb 4F10, which recognizes both αGal and
iGb3 (Fig. S1), unquestionably bound to WT but not to GalT KO PAEC, with a MFIR of
47.5 and 0.9, respectively (Fig. 1A). Similar results were obtained with the mAb 15.101,
which has been reported to bind iGb3 and globotriaosylceramide (Gb3) [24], with a MFIR of
9.8 and 1.0 for WT and GalT KO PAEC, respectively (Fig. 1B). In addition, staining with
M86; 25.2; 24.7; 22.121; GT4-31; and GT6-27 mAb, as well as polyclonal anti-αGal Ab
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isolated from human serum and the BSI-B4 lectin, confirmed the lack of αGal expression on
GalT KO PAEC (Fig. 1C–I).

Staining of PAEC with UEA-I lectin that has a high affinity for L-fucose structures showed
that GalT KO PAEC express higher levels of fucose structures in comparison with WT
PAEC (MFIR, 16.8 vs. 3.0, respectively, Fig. 1J). To further determine the cellular
distribution of the αGal epitope, fluorescent microscopic analysis was performed using the
4F10 and M86 mAb on PAEC cultured in 96-flat well plates. Figure 2 shows that there were
no traces of αGal in GalT KO PAEC, whereas a clear and uniform labeling of cell PAEC
WT staining was detected, thus confirming our flow cytometry results. In summary, the
αGal epitope was not detected by antibody or lectin binding in GalT KO PAEC, neither by
flow cytometry nor by fluorescent microscopy using a panel of seven different mAb,
polyclonal anti-αGal Ab, and two lectins.

Mass spectroscopy analysis of αGal or iGb3 in cellular membranes of GalT KO PAEC
Next, we applied a highly sensitive MS technique to search for the presence of αGal
carbohydrate structures in cellular membranes derived from PAEC. The mass spectroscopy
1 (MS1) analysis of neutral glycolipid fractions stemming from WT PAEC showed the
presence of molecular ions located at 1664; 1748; and 1774 m/z, which correspond to
fragments belonging to the terminal Galα1,3Gal disaccharide (specifically,
Galα1,3Galβ1,4GlcβNAcβ1,3Galβ1,4Glc-Cer) (Fig. 3A). On the contrary, these ions were
totally absent in GalT KO PAEC (Fig. 3B). In addition, the molecular ions of Gb4 (1460;
1486; 1514; 1544; and 1570 m/z); the Gb3 (1215; 1299, and 1325 m/z); and the precursor of
iGb3, LacCer (1012 and 1120 m/z) were present in WT and GalT KO PAEC (Fig. 3).
Because differences between Gb3 and iGb3 cannot be detected by MS1, sequential
“breakdown” of the MS1 ions was performed by ion trap MS4 analysis (Fig. S2) [18]
confirming that only Gb3 is present in both WT and GalT KO cells (data not shown).
Additionally, we found the presence of a fucosylated-iGb3 structure in both WT and GalT
KO PAEC, using the 841 m/z fragment by precursor ion mapping method (Fig. 4).
However, the exact position of fucose in the tetrasaccharideceramide structure remains to be
determined. Candidate structures are Galα1, 3(Fucα1,2)Galβ1,4Glc-Cer, or Fucα1,2Galα1,
3Galβ1, 4Glc-Cer. In addition, the precursor of the fucosylated- iGb3 (fucosylated LacCer)
was found in WT PAEC (Fig. S3). Taken together, only WT PAEC cellular membranes
express αGal bound to lipids, whereas Gb3 and its precursor LacCer are present in both WT
and GalT KO PAEC, iGb3 is absent. A fucosylated-iGb3-type of structure was found in WT
and GalT KO PAEC, but the position of fucose remains undetermined due its low
abundance.

α1,3galactosyltransferase activity in pig endothelial cell lysates
Hitherto, analysis of the GalT enzymatic activity in cells derived from GalT KO pigs has not
been reported. Theoretically, other enzymes originally unable to compete against GalT for
UDP-Gal in WT cells could be active in GalT KO cells. Thus, we analyzed the enzymatic
activity in freshly prepared cell lysates from WT and GalT KO PAEC by measuring the
transfer of 14C-labeled UDP-Gal residues into the acceptor molecule asialofetuin. As shown
in Table 1, a minimum (0.0018 mU/g), if not null, enzymatic activity was found in GalT KO
PAEC lysates after 1 h, and this activity stayed the same during the 3 h of observation. On
the contrary, WT PAEC clearly produced a labeled adduct at 1 h (0.0263 mU/g), which
increased over time (0.0364 mU/g). Used as positive control, human E293 cells transfected
with rat GalT, also showed an increase in αGal-asialofetuin formation over time, although
the enzymatic activity detected was lower (0.0031 and 0.0061 mU/g at 1 and 3 h,
respectively) than in WT PAEC lysates. Finally, 0.7 μg of commercially available purified
human βGal1,4GalT with an enzymatic activity of 250 pmol/min/μg was tested under the
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same conditions to analyze whether βGal1,4GalT enzymatic activity could account for the
results obtained in the above-mentioned assays. We detected 1.03 nmol of UDP-Gal/1 h
under saturating conditions, while the expected activity of β1,4GalT was nearly 10 times
higher (10.5 nmol/h/0.7 μg). In conclusion, GalT enzymatic activity was detected in WT
PAEC and not in GalT KO PAEC.

Levels of isoglobotrihexosylceramide synthase mRNA in WT and GalT KO pigs
As we could not find iGb3 in WT and GalT KO PAEC, we wondered whether the enzyme
that catalyzes the production of iGb3 is actually expressed in pig cells. To this purpose, the
mRNA levels of iGb3S were analyzed not only in PAEC but also in different tissues derived
from WT and GalT KO animals. We used three different sets of primers to detect iGb3S:
K2/K3, K2/K4, and 67/68, respectively (Fig. 5A). The products were inserted into the
cloning site of the pGEM-T expression vector and sequenced. Whereas the K2/K4 and 67/68
amplified products presented homology to a predicted pig alpha-centractin and other DNA
sequences present in pig chromosomes 4, 7, 17, and 18, respectively, only the K2/K3
amplified product matched the known sequence of Sus scrofa iGb3S (patent WO
2005/047469). Due to the fact that the K2/K3 primer set spans exclusively exon 5 of the
iGb3S gene, negative controls without reverse transcriptase were always included to rule out
genomic DNA contaminations. Both WT and GalT KO PAEC expressed iGb3S mRNA. In
accordance, all pig tissues tested expressed considerable amounts of mRNA for exon-5
iGb3S regardless of their anatomical origin or their GalT status (Fig. 5B). Of note, kidney
tissue showed the highest levels of iGb3S mRNA, whereas liver tissue exhibited clearly
lower levels of expression. No apparent differences were found between thymus and spleen
iGb3S mRNA expression. Although these results are not quantitative, β2 microglobulin
mRNA was equivalent among all samples tested. In summary, iGb3S mRNA was broadly
expressed in all pig tissues tested whether derived from WT or GalT KO animals.

Discussion
The discovery of iGb3S that is able to form terminal Galα1,3Gal disaccharides on lipids has
been a source of discussion regarding the theoretical alternative expression of αGal epitopes
on GalT KO pig cells [10]. This work simultaneously tested all available Ab anti-αGal
including polyclonal human Ab, seven different mAb anti-αGal, and two lectins as well as
highly sensitive MS techniques to confirm that αGal is not present in GalT KO PAEC, at
least not in GalT KO pigs generated by Immerge [11]. Moreover, we report GalT enzymatic
activity and iGb3S gene transcription in WT and GalT KO cells and tissues.

None of the above-mentioned reagents used to determine αGal expression provided positive
staining of GalT KO PAEC using flow cytometry and immunofluorescence microscopy,
strongly suggesting that at least at this level of detection, there is no αGal expression on the
surface of the Immerge GalT KO cells. Noteworthy, flow cytometry of WT PAEC using the
15.101 mAb yielded positive staining in our hands, whereas GalT KO PAEC were not
stained by 15.101. This antibody was initially reported to be specific for iGb3 using human
embryonic kidney cells (E293) transfected with rat iGb3S, and Chinese hamster ovary cells
(CHO) transfected with mouse iGb3S [8,13]. However, subsequently, the 15.101 mAb was
demonstrated by Diswall et al. [25] to cross-react to Gb3 and to stain porcine WT intestinal
cell extracts in thin-layer chromatography plates while GalT KO tissue remained negative.
Taken together, these results suggest that controversial reports regarding the specificity of
the 15.101 mAb might depend on discrepancies of the techniques used to demonstrate
binding and that the 15.101 mAb might also bind to αGal. Hence, the data obtained with this
mAb should be interpreted very carefully.
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With regard to the other mAb tested, we did not have access to the mAb GT-21-1-G1.6 and
GT-21-1-G1.8 that were reported to stain positive for αGal expression on pig GalT KO
fibroblasts by Sharma et al. [26]. The latter mAb (GT-21-1-G1.6 and GT-21-1-G1.8) were
subsequently shown to have a lower affinity for the αGal disaccharide in comparison with
other IgG mAb developed by the same group, necessitating at least eight disaccharides
conjugated to proteins for recognition [27]. However, we obtained the mAb GT4-31 and
GT6-27 described in the same study, which both stained exclusively WT PAEC. Thus, to
finally reconcile the discrepancy of the specificity of these mAb, we suggest them to be
assayed by the “Consortium of Functional Glycomics” (http://
www.functionalglycomics.org) to clarify whether they specifically recognize the αGal
epitope or also other saccharide chains. In conclusion, it is important to mention that if there
is no detectable antibody binding to pig-derived cells/tissues, the risk of antibody-mediated
rejection in pig-to-primate xenotransplantation is expected to be negligible.

The glycosphingolipid iGb3 has been described as a possible source of the αGal epitope in
mice and rats [8,9]. It is synthesized by the enzyme iGb3S using LacCer as precursor [28,29]
and characterized by the presence of the αGal in the terminal part [10]. In the second part of
our study, we attempted to demonstrate iGb3 expression in WT and GalT KO PAEC using
sophisticated MS techniques. The MS analysis was performed on the neutral membrane
extracts of GalT KO PAEC because it is in this fraction where iGb3 can be found and not in
the acidic fractions or membrane proteins as reported by others [30,31]. Nevertheless, the
highly sensitive ion trap MS analysis identified the presence of Gb3 at a fmol level [18] and
confirmed the lack of the αGal epitope in the lipidic fraction of GalT KO PAEC.
Furthermore, iGb3 was neither detected in WT nor GalT KO PAEC using as much as 100
million cells for the analysis, despite the presence of its precursor LacCer. Similar findings
were reported by Diswall et al. [32] analyzing heart and kidney material stemming from
Immerge’s GalT KO pigs by MS and proton nuclear magnetic resonance (NMR) where
neither terminal αGal nor iGb3 were found in the neutral lipidic fractions. In our analysis of
the neutral glycosphingolipids membrane fractions, we detected αGal in the form of
Galα1,3Galβ1,4GlcβNAcβ1,3-LacCer in WT, but not in GalT KO PAEC. Similar
conclusions were reported after analyzing lipidic fractions of small intestine and pancreas of
GalT KO Revivicor animals using thin-layer chromatography and proton NMR by Diswall
et al. [33,34]. In conclusion, if there is any iGb3 expression in WT and GalT KO PAEC, it
escapes detection using highly sensitive methods and should, therefore, not be relevant for
transplantation.

Regarding the iGb3-fucosylated structure identified in both cells types, we do not know
whether the fucose is terminal or not. From the original work in pig stomach mucosa [35]
and later findings of Diswall et al. [33], we presume that Fuc-iGb3 most likely corresponds
to the glycolipid Fucα1,2Galα1,3Galβ1,4Glcβ1,1-Cer, which was also found in both WT
and GalT KO pig intestine [33,35]. The fact that the 4F10 mAb does not recognize the
Galα1,3(Fuc α1,2)Galβ1,4Glc glycans (Fig. S1) did not help us to directly define the
precise position of the fucose, because the level of Fuc-iGb3 present in PAEC is under the
detection limit for mAb determinations. On the other hand, the recognition of terminal
fucosylated structures in PAEC by UEA-I lectin cannot be explained by the low abundance
of the Fuc-iGb3 (MS signal of 1389 m/z). The increased blood group H-type structures
revealed by UEA-I staining in GalT KO PAEC has previously been reported and is possibly
related to the unmasking of fucose epitopes in the absence of GalT [36]. An alternative
pathway leading to a branched fucose epitope in which the fucose is attached to the internal
galactose (Galα1,3(Fucα1,2)Galβ1,3Glc-Cer) is independent of the iGb3 pathway. In this
case, LacCer fucosylated by a fucosyltransferase I, a structure that was found in low
abundance in WTPAEC membranes (Fig. S3) by MS, might serve as a substrate for
additional transferases. In conclusion, the structural characterization of the fucosylated iGb3
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structure which we observed was incomplete, and we can only speculate that it might be
synthesized by different fucosyltransferase enzymes such as Fut7 (EC 2.4.1.65) or Fut1 and/
or Fut2 (EC 2.4.1.69).

Another point we addressed was the GalT enzymatic activity of PAEC. We used an
enzymatic assay based on the incorporation of radioactive UDP-Gal residues into the
asialofetuin acceptor substrate [20–22]. GalT acts on βgalactosyl1,4 N-acetylglucosaminyl
termini, asialo- α1-acid glycoprotein, N-acetyllactosamine, and non-reducing terminal N-
acetyllactosamine residues of glycoproteins but not on 2′-fucosylated-N-acetyllactosamine
[37]. Our results clearly show that GalT activity is not present in cell lysates from GalT KO
PAEC when asialofetuin was used as a substrate. As asialofetuin bears the terminal
galactose (Gal β4GlcNAc) in N-glycans, we were assaying the α1,3GalT activity toward the
terminal galactose. We think that the low and constant activity registered in PAEC WT is
due to background because in the case of E293 transfected with rat GalT, the enzymatic
activity doubled after 3 h, which is not the case for PAEC WT.

Finally, although we could not detect iGb3 in the glycolipid neutral fractions by
spectrometry, iGb3S mRNA was present in all pig tissues and cells tested, regardless
whether derived from WT or GalT KO animals. The possibility that iGb3 was further
converted into other elongated isoglobo-series glycosphingolipids, such as iGb4, iGb5 and
iGb6 glycosphingolipids [38], was excluded by mass spectrometry (data not shown). The
mechanism responsible for the absence of the iGb3S protein in the presence of its mRNA
remains to be clarified. It is possible that the iGb3S lacks a cofactor for enzymatic activity or
that there are genetic differences between the source animals. Unpublished data from
Christiansen et al. (M. Sandrin, personal communication) support the latter notion as they
found differences in iGb3S exon 5 sequences in different pig sources, revealing a stop codon
in exon 5 of iGb3S in Immerge’s breed animals. Importantly, the primer set K2/K3 that
proved iGb3S mRNA expression is located before this stop codon. The discrepancy between
our results and Kiernan et al. who did not detect iGb3S by RT-PCR testing the same animal
source material [23] might stem from the different amplification conditions used, in
particular the annealing temperature that differed by 7 °C. Nevertheless, the sequence of our
amplification products obtained with the K2/K3 primer pair matched the pig iGb3S gene.

In summary, this work confirms previously published evidence and concludes the earlier
controversy about the expression of the terminal αGal disaccharide on the cell surface of
GalT KO animals. Neither αGal nor iGb3 were detected in Immerge’s GalT KO breed
animals using a panel of different antibodies and a highly sensitive MS method. Most
importantly, the lack of αGal antigen recognition by polyclonal human anti-Gal antibodies
on GalT KO cells, not even at trace levels, indicates that antibody-mediated delayed
xenograft rejection is not related to residual αGal expression. Thus, the xenoantigens
responsible for delayed xenograft rejection need to be identified and addressed by novel
preventive strategies [7,23,39–44].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

αGal Galα1,3Gal disaccharide

Fuc fucose

Gal galactose

GalT α1,3galactosyltransferase

Gb3 globotrihexosylceramide 3 (Galα1,4-Galβ1,4Glcβ1-ceramide)

iGb3 isoglobotrihexosylceramide 3 (Galα1,3- Galβ1,4Glcβ1-ceramide)

iGb3S isoglobotrihexosylceramide 3 synthase

LacCer lactosylceramide (Galβ1,4Glcβ1-ceramide)

LTQ-ESI-MS linear ion trap electrospray ionization mass spectroscopy

mAb monoclonal antibody

MFIR mean fluorescence intensity ratio

MS mass spectroscopy

PAEC pig aortic endothelial cells

RFU relative fluorescence unit
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Fig. 1.
Lack of iGb3 and αGal expression on pig aortic endothelial cells derived from
α1,3galactosyltransferase knockout pigs analyzed by flow cytometry. The epitopes iGb3 and
αGal were tested in PAEC cells by indirect flow cytometry. Two mAb recognizing iGb3:
clone 4F10 (A) with specificity for both αGal and iGb3 and clone 15.101 (B) were assayed
in addition to the commercial mAb clone M86 (C); polyclonal purified anti-αGal from
human serum (D); others mAb anti-αGal as the clone GT4-31 (E); clone GT6-27 (F); clone
25.20 (G); and clone 24.7 (H). Lectin staining with BSI-B4 (I) which binds to terminal α-D-
galactosyl residues present in αGal and the UEA-I (J) which has with affinity for L-Fuc are
also shown. Gray-shaded histograms show the staining for the different mAb, human serum,
and lectins. Open histograms show the matching isotype controls when mAb were tested,
human anti-αGal depleted serum for human serum, and cells incubated only with staining
buffer for lectins staining. MFIR are shown in the upper right corner. Representative
experiments from 3 to 5 different stainings are shown. BSI-B4, Bandeiraea simplicifolia
lectin; GalT KO, α1,3galactosyltransferase knockout; iGb3, isoglobotrihexosylceramide 3;
mAb, monoclonal antibodies; MFIR, Mean fluorescence intensity ratio; PAEC, pig aortic
endothelial cell; UEA-I, Ulex europaeus lectin.
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Fig. 2.
Uniform distribution of αGal in wild-type pig aortic endothelial cells. PAEC WT (left
column) and GalT KO (right column) were grown directly in 96-well plates; fixed/
permeabilized before staining with the 4F10 and M86 mAb or matching isotype controls:
IgM and IgG3, respectively, as indicated in the top-right corner of the figures; and analyzed
by Olympus fluorescent IX71 microscope fluorescent microscope. Overlay pictures of
Evans blue channel in violet and DAPI channel in blue. Bar corresponds to 50 μm.
Representative images of four different staining with the different pig cell lines. GalT KO,
α1,3galactosyltransferase knockout; mAb, monoclonal antibodies; PAEC, pig aortic
endothelial cell; WT, wild-type.
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Fig. 3.
Absence of αGal and iGb3 in pig aortic endothelial cell derived from
α1,3galactosyltransferase knockout pigs analyzed by electrospray ionization mass
spectroscopy. Neutral glycosphingolipids membranes from PAEC were extracted,
permethylated, and analyzed by MS. MS was carried out in positive ion mode on a linear ion
trap mass spectrometer using a nano-electrospray source. MS1 neutral glycolipid fractions of
WT (A) and GalT KO (B) PAEC were extracted and analyzed. Molecular ions containing
αGal epitope (Galα3nLc4, Galα3Galβ4GlcNAcβ3Galβ4Glc-Cer) are only seen in WT
PAEC (1664; 1748; and 1774 m/z). The molecular ions representing regioisomers of
trihexosyceramides (Gb3/iGb3, 1215, 1299, and 1325 m/z) present in PAEC were further
subjected to MS4 analysis by ion trap mass spectrometry excluding the presence of iGb3
[17]. The Gb3/iGb3 precursor, LacCer (1012 and 1120 m/z), is present in both PAEC
Spectra correspond to x-axe in m/z and y-axe relative absorbance. Gb3,
globotriaosylceramide also known as Pk antigen; iGb3, isoglobotrihexosylceramide; LacCer,
lactosylceramide; PAEC, pig aortic endothelial cells; MS, mass spectroscopy.
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Fig. 4.
Wild-type and α1,3galactosyltransferase knockout neutral pig aortic endothelial cell
membranes contain a fucosylated form of iGb3. Neutral glycosphingolipids membranes from
WT and GalT KO PAEC were extracted, permethylated, and analyzed by MS. Molecular
ion profiles of neutral glycolipid membrane fractions of WT (A) and GalT KO (B) PAEC
obtained by linear ion trap mass spectrometer using the electrospray ionization mass
spectroscopic method (LTQ-ESI-MS) are shown. The presence of fucosylated iGb3 structure
was found by precursor ion mapping method (using 841 as the product ion). Candidate
structures for the ion are Galα1,3(Fucα1,2) Galβ1,4Glc-Cer, and/or
Fucα1,2Galα1,3Galβ1,4Glc-Cer. Spectra x-axe in m/z. Cer, ceramide; GalT KO,
α1,3galactosyltransferase knockout; Gb3, globotrihexosylceramide 3, iGb3, isoglobotrihexo
sylceramide; MS, mass spectrometry; PAEC, pig aortic endothelial cells; WT, wild-type.
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Fig. 5.
Expression of mRNA levels of the isoglobotrihexosylceramide 3 synthase in pig aortic
endothelial cells and pig tissues. Different tissues were isolated from just sacrificed animals
and snap frozen for RNA extraction and analysis. The mRNA levels for iGb3S were checked
with three different set of primers. Location of primers is shown using the patented WO
2005/047469 sequence as reference (A). Pig β2-microglobulin was used as a housekeeping
gene. RT-PCR products of K2/K3 primers set were run in 2% agarose gel electrophoresis
(B). Two different samples from each organ were obtained from a WT animal (#16517,
female, AA haplotype, 2.5 yr old) and a GalT KO animal (#16183, female, DD haplotype,
3.5 yr old), respectively. e, exon; GalT KO, α1,3galactosyltransferase knockout; iGb3S,
isoglobotrihexosylceramide 3 synthase; mRNA, messenger ribonucleic acid; PAEC, pig
aortic - endothelial cells.
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Table 1

α1,3galactosyltransferase activity detected in cell lysates

1 h 3 h

nmol/60 min/150 μg mU/g nmol/180 min/150 μg mU/g

PAEC WT 0.243 0.0263 0.3278 0.0364

PAEC GalT KO 0.014 0.0018 0.0154 0.0017

E293 rat GalT 0.032 0.0031 0.0546 0.0061

GalT, α1,3galactosyltransferase; KO, knock-out; PAEC, pig aortic endothelial cells; WT, wild-type.

One hundred and fifty micrograms of cell lysates from pig aortic endothelial cells from WT and GalT KO animals were incubated in the presence

of UDP14[C]-Gal and asialofetuin at 37 °C. Enzymatic reactions were stopped after 1 and 3 h and radioactivity incorporation was quantified. As
positive control, human kidney embryonic cells (E293) transfected with rat GalT were used.
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