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Abstract
Animal bioprosthetic heart valves (BHV) are used to replace defective valves in patients with valvular heart disease.
Especially young BHV recipients may experience a structural valve deterioration caused by an immune reaction in
which α-Gal and Neu5Gc are potential target antigens. The expression of these and other carbohydrate antigens in
animal tissues used for production of BHV was explored. Protein lysates of porcine aortic and pulmonary valves,
and porcine, bovine and equine pericardia were analyzed by Western blotting using anti-carbohydrate antibodies and
lectins. N-glycans were released by PNGase F digestion and O-glycans by β-elimination. Released oligosaccharides
were analyzed by liquid chromatography – tandem mass spectrometry. In total, 102 N-glycans and 40 O-glycans
were identified in animal heart tissue lysates. The N- and O-glycan patterns were different between species. α-Gal
and Neu5Gc were identified on both N- and O-linked glycans, N,N´-diacetyllactosamine (LacdiNAc) on N-glycans
only and sulfated O-glycans. The relative amounts of α-Gal-containing N-glycans were higher in bovine compared to
equine and porcine pericardia. In contrast to the restricted number of proteins carrying α-Gal and LacdiNAc, the
distribution of proteins carrying Neu5Gc-determinants varied between species and between different tissues of the
same species. Porcine pericardium carried the highest level of Neu5Gc-sialylated O-glycans, and bovine pericardium
the highest level of Neu5Gc-sialylated N-glycans. The identified N- and O-linked glycans, some of which may be
immunogenic and remain in BHVs manufactured for clinical use, could direct future genetic engineering to prevent
glycan expression rendering the donor tissues less immunogenic in humans.
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Introduction

More than 250,000 heart valves are replaced worldwide each
year due to valvular heart disease [1]. Approximately 55% of
the valves are mechanical (MHV) and 45% are bioprosthetic
heart valves (BHV) [1]. MHV have long-term durability, but
patients with MHV require lifelong anticoagulation and suffer
from thereto associated risks of spontaneous bleedings, throm-
bosis and thromboembolism [1, 2].Whenever possible a BHV
is the preferred valve type because patients receiving BHV do
not need long-term anticoagulation. BHV are manufactured
from porcine valvular tissue or porcine, bovine or equine peri-
cardial tissue, which has been treated in a process that includes
glutaraldehyde treatment [1–3]. BHV are susceptible to struc-
tural valve deterioration (SVD), which is characterized by
valve thickening and calcification [4, 5] and occurs in >10%
of implanted BHVwithin 10 years [2] and can therefore not be
used in the younger patient cohort. The exact mechanism be-
hind this degeneration process is not known, but it is believed
to be due to a chemical process between the glutaraldehyde
preservative and free calcium ions present in the blood. In
addition, an immune response to the xenogeneic BHV tissue
may also contribute as it is mostly seen in young patients with
a robust immune system [1, 2, 6].

Although the immune response has been suggested to con-
tribute to SVD, devitalization of cells in the tissue renders the
response weaker than what is seen following exposure to liv-
ing xenogeneic tissue after which hyperacute or acute rejec-
tion ensues [3]. Residual cells or cell remnants devitalized by
glutaraldehyde treatment may initiate calcification and SVD
following binding of immunoglobulins to the valve matrix,
complement activation and subsequent recruitment of macro-
phages [7, 8]. Cell surface glycans linked to proteins or lipids
may act as targets for natural preformed antibodies [9–11].
The Galα1,3Galβ1,4GlcNAc-R (α-Gal) determinant
expressed on porcine, bovine and equine tissues is the pre-
dominant glycoantigen for antibodies mediating hyperacute
rejection of vascularized porcine xenografts in humans and
non-human primates [12]. The α-Gal determinant has been
demonstrated on fibrocytes interspersed in the connective tis-
sue of fixed and native porcine valves [13, 14] and patients
receiving porcine BHV exhibited a rise in cytotoxic anti-Gal
IgM antibodies [13]. A direct role of anti-Gal antibodies in the
calcification process has also been suggested [15]. In a recent
study by W. Lee et al, α-Gal was detected on the cells and
connective tissue of fresh and glutaraldehyde-fixed porcine
heart valve as well as pericardial tissue [8]. Using immuno-
histochemical techniques the authors did not find any signif-
icant difference in α-Gal expression between porcine valve
tissue (proximal, middle and distal parts) and pericardium
[8]. Other potential xenoantigens that may contribute to
SVD include glycans capped by the N-glycolylneuraminic
acid (Neu5Gc), which is lacking in humans because of a

deletion in the CMAH gene encoding the CMP-Neu5Ac hy-
droxylase [16]. Neu5Gc is expressed on native pig heart
valves and pericardium [8, 17, 18], including six commercial
valve types [19]. A detailed analysis of porcine, bovine and
equine pericardia glycolipids revealed several potentially im-
munogenic carbohydrate determinants such as α-Gal, blood
group A, Forssman and Neu5Gc [20]. Interestingly, Neu5Gc-
terminated glycosphingolipids could not be detected in the
ganglioside (acidic glycosphingolipids) fractions isolated
from native porcine aortic and pulmonary valve cusps [21].
Other non-α-Gal glycan determinants which humans may
have naturally occurring antibodies against include, but are
not limited to, Galβ1,3GalNAcα1-R (Thomsen-Friedenreich
antigen), Sid blood group (Sda)-like antigens, terminal α-
linked GalNAc, β3-linked Gal, sulfatide and the blood group
pk antigen [22].

This study expands our knowledge regarding N- and O-
glycan structures in animal tissues utilized to produce BHV
used in the clinic.Western blotting and liquid chromatography
– tandem mass spectrometry was used to investigate the N-
and O-glycomes in lysates of native porcine aortic and pul-
monary valves, and porcine, bovine and equine pericardia to
determine the representation of protein-linked glycans focus-
ing on defining the core chains carrying α-Gal and Neu5Gc
xenogeneic determinants, as well as potentially new xenoge-
neic carbohydrate determinants.

Experimental Procedures

Experimental design and statistical rationale Five different
animal heart tissues were characterized regarding their N- and
O-glycomes: pulmonary and aortic valve tissue from porcine
hearts (n=15 animals), and porcine (n=3), bovine (n=3) and
equine (n=1) pericardia. Animal tissues were obtained from
the slaughterhouse and transported in plastic bags on ice to
the laboratory. Selected tissues/valves were excised upon arriv-
al, rinsed four times with phosphate-buffered saline (PBS), and
stored at -80°C. Primary human aortic endothelial cells
(HAECs; Cascade Biologics, Portland, OR, U.S.A.), known
to lack the α-Gal and Neu5Gc determinants, were included
for comparison. HAECs at passages 10-15 were cultured in
endothelial cell growth medium (EBM-2; Lonza Group Ltd,
Basel, Switzerland) supplemented with 20% fetal bovine serum
(FBS; ThermoFischer Scientific, MA, U.S.A). Cells were
maintained in a humidified incubator at 37°C and 5.0% CO2.

Total protein extraction and quantification Tissues frommul-
tiple animals where pooled and homogenized with a polytron
in 1:20 (w/v) of tissue to T-PER (Tissue-Protein Extract
Reagent), pH 7.6 (ThermoFischer Scientific), in the presence
of a protease inhibitor cocktail that inhibits serine, cysteine,
aspartic and metalloproteases (Sigma-Aldrich, St Louis, MO,
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U.S.A). According to manufacturer instructions, tissue debris
was pelleted at 10,000g for 5 minutes at 4°C and the lysate
collected. For HAEC protein extraction, cells in culture flasks
were washed three times in PBS and removed by scraping.
Cells were collected by centrifugation at 200g for 5 minutes.
T-PER was added to the cell pellet and was gently shaken for
10 minutes. The cell debris was removed by centrifugation
10,000g for 10 minutes at 4°C and the lysate collected.
Protein concentrations were determined using the BCA pro-
tein assay kit (PierceTM, ThermoFischer Scientific) according
to the manufacturer’s instructions. Protein lysates were stored
frozen at -80oC until analyzed.

Antibodies, lectins, neoglycoproteins and recombinant
mucin-type fusion proteins Affinity-purified chicken IgY
anti-Neu5Gc (BioLegend, San Diego, CA, USA), human
anti-α-Gal antibodies (mainly IgG and IgM) purified from
human AB serum (Sigma-Aldrich) by using an affinity matrix
f u n c t i o n a l i z e d w i t h
Galα1,3Galβ1,4GlcNAcβ1,3Galβ1,4Glc (ELICITYL,
Crolles, France), mouse anti-LacdiNAc (anti-LDN, IgM,
clone SMLDN1.1; generously provided by Prof Richard D
Cummings, Harvard University), mouse anti-Sda (IgM,
KM694; Tokyo Research Laboratories, Tokyo, Japan), mouse
anti-Lewisa (Lea; IgG1, clone KM231; Calbiochem, San
Diego, CA, USA), mouse anti-Lewisb (Leb; IgM, T218;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-sialyl-Lewisx (sLex; anti-CD15s, IgM, CSLEX1; BD
PharMingen, San Diego, CA, USA), mouse anti-Lex (CD15
antibody; IgM; Santa Cruz Biotechnology), and mouse anti-
Lewisy (Ley; IgM F3; ThermoFischer Scientific) were used as
primary antibodies. Peroxidase-conjugated donkey anti-
chicken IgY (Jackson ImmunoResearch, Westgrove, PA,
USA), goat anti-human IgG (Sigma-Aldrich), goat anti-
human IgM (Sigma-Aldrich), goat anti-mouse IgM (Sigma-
Aldrich), and goat anti-mouse IgG F(ab)’2 (Sigma-Aldrich)
were used as secondary antibodies.

BiotinylatedMaackia amurensis lectin (MAL-1 andMAL-
2) and Sambucus nigra bark lectin (SNA) were from Vector
laboratories (Burlingame, CA, U.S.A.) as was the peroxidase-
conjugated avidin D.

Purified recombinant mucin-type fusion protein, CP-55,
produced in CHO-K1 cells stably transfected with the
PSGL-1/mIgG2b plasmid and carrying mono- and
disialylated core 1 O-glycans [23] was used as a negative
control (Table 1) for the Western blotting. Lea-BSA, Leb-
BSA and sLex-BSA (Dextra Laboratories, Reading, UK) were
used as positive controls for the respective Lewis antibody
staining. For other antibody and lectin stainings, recombinant
mucins decorated with different glycan determinants and de-
scribed in previous publications, were used as positive con-
trols. They included C-PGC2, carrying terminal α-Gal [24,
25]; CP-C3, predominantly substituted with core 3 O-glycans Ta
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carrying the type 2 chain (Galβ1,4GlcNAc) [26]; CP-ext C1
decorated with extended core 1 O-glycans terminated with
α2,3-linked sialic acid [27]; and CP-ext C1-ST6 carrying ex-
tended core 1 O-glycans terminated with α2,6-linked sialic
acid [28]. CP-LDN carrying the LacdiNAc determinant on
core 2 O-glycans of PSGL-1/mIgG2b was produced by co-
expressing the human B4GALNT3 encoding β1,4-N-
acetylgalactosaminyltransferase 3, GCNT1 encoding β1,6-
N-acetylglucosaminyltransferase 1 and PSGL-1/mIgG2b
cDNA in CHO-K1 cells (unpublished result). The CP-
Neu5Gc fusion protein expressing a higher ratio of ter-
minal Neu5Gc to Neu5Ac on PSGL-1/mIgG2b was pro-
duced by culturing CHO-K1 cells stably transfected
w i t h P S G L - 1 / m I g G 2 b , h u m a n β 1 , 3 - N -
acetylglucosaminyltransferase 3 (B3GNT3) and β-
galactoside α-2,6-sialyltransferase 1 (ST6GAL1)
cDNAs in Neu5Gc-supplemented medium (unpublished
result). CP-Lex, carrying Lewis x determinants, was pro-
duced in CHO-K1 cells by co-expressing the human
α1,3-fucosyltransferase 4 (FUT4), the B3GNT3, and
the PSGL-1/mIgG2b cDNA. CP-Ley, carrying Lewis Y
determinants, was produced by co-expressing PSGL-1/
m IgG2b , human B3GNT3 , t h e human α1 , 2 -
fucosy l t r ans fe r ase 1 (FUT1) and the α1 ,3 /4 -
fucosyltransferase 3 (FUT3) in CHO-K1 cells [26].

SDS-PAGE and Western blotting Total protein lysates from
heart valve and pericardial tissues were dissolved in 2 ×
l i th ium dodecy l su l fa t e (LDS) sample buf fe r
(ThermoFischer Scientific) and incubated at 70°C for
10 minutes. SDS-PAGE was done under non-reducing
conditions using 3-8% Tris-acetate gradient gels and
Tris-acetate SDS running buffer (ThermoFischer
Scientific). Proteins were visualized using SYPRO®
Ruby protein gel stain (ThermoFischer Scientific). To
detect glycosylated proteins, the SDS-PAGE protein gels
were stained using the Pro Q Emerald 300 glycoprotein
detection kit (ThermoFischer Scientific). The Candycane
precision standard (ThermoFischer Scientific) was ap-
plied as a reference for protein molecular weight deter-
mination in the Ruby and Pro-Q gels. For antibody and
lectin staining, precision protein standard (Hi-MarkTM,
ThermoFischer Scientific) was applied as reference for
protein molecular weight determination. These gels were
visualized in an imaging system (MF-ChemiBIS 2.0,
DNR Bio-Imaging Systems Ltd, Jerusalem, Israel).

For Western blotting, separated proteins were electro-
phoretically blotted onto nitrocellulose membranes
( T h e rmoF i s c h e r S c i e n t i f i c ) u s i n g a n i B l o t
(ThermoFischer Scientific). For antibody staining (ex-
cept in the case of anti-Neu5Gc Ab staining), mem-
branes were blocked with 3% BSA in PBS with 0.2%
Tween 20 (PBS-T). For Neu5Gc staining, membranes

were blocked with 0.5% gelatin from cold water fish
skin (Sigma-Aldrich) in PBS-T. For lectin staining,
membranes were blocked with Carbo-Free Blocking so-
lution (Vector laboratories, Burlingame, CA, USA) for 1
hr. The membranes were then incubated at room tem-
perature for 2 hours with primary antibodies or biotinyl-
ated lectins (Table 1) diluted in PBS-T. After washing
with PBS-T, membranes were incubated for 1 hour at
room temperature with peroxidase-conjugated secondary
antibodies or avidin (Table 1) diluted in PBS-T. After
each incubation, membranes were washed five times
with PBS-T. Bound antibodies and lectins were visual-
ized by chemiluminescence using the ECL kit according
to the manufacturer’s instructions (GE Healthcare,
Uppsala, Sweden).

Release of N- and O-glycans from solubilized proteins The
tissue extracts (100 μl) of porcine valve tissues (pulmonary 3
μg/ml, aortic 2.4 μg/ml), pericardia (porcine 2.9 μg/ml, bovine
1.6 μg/ml and equine 2.6 μg/ml), and HAECs (1 μg/ml) were
diluted in 7 M urea to a final volume of 200 μl. The release of
glycans was performed as described previously with a few
modifications [29]. The protease inhibitors included in the ly-
sate buffer were removed by spinning through a 30 kDa spin
column (Millipore, Bedford, MA, USA) at 11,000 rpm for 5
min. About 60 μl of sample was incubated with 25 mM DTT
and sequencing grade trypsin (1% w/w; Promega, Nacka,
Sweden) at 37°C overnight. Tryptic peptides were precipitated
with 80% (v/v) acetone. The dried pellet was washed with cold
50% methanol. The dried pellet was incubated over night at
37°C with 5 units of PNGase F (Prozyme, Hayward, CA,
USA) in 50 mM NH4HCO3, pH 8.4.

Released N-glycans were separated from peptides on
a Sep-Pak C18 cartridge (Waters, Milford, MA), pre-
washed with 100% methanol. After loading the sample,
the C18 cartridge was rinsed with 0.1% trifluoroacetic
acid (TFA). The flow-through and wash fractions
contained released N-glycans. Peptides and O-glycopep-
tides were eluted with 80% acetonitrile containing 0.1%
TFA. Fractions containing N-glycans and peptides/O-
glycopeptides, respectively, were dried in a SpeedVac.
Released N-glycans were reduced by 0.5 M NaBH4 in
10 mM NaOH at 50°C over night. O-glycans were re-
leased by reductive β-elimination using 50 M NaBH4 in
50 mM NaOH at 50°C over night. Reactions were
quenched with glacial acetic acid, and samples were
desalted and dried as previously described [30].

Released glycans were analyzed by LC-MS using an
in-house prepared, 10 cm × 150 μm I.D. column contain-
ing 5 μm porous graphitized carbon particles (Thermo
Scientific, Waltham, MA, USA). Glycans were eluted
using a linear gradient of 0–40% acetonitrile in 10 mM
NH4HCO3 over 40 min at a flow rate of 10 μl/min. Eluted
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glycans were detected using a LTQ ion trap mass spec-
trometer (Thermo Scientific) in negative ion mode with an
electrospray voltage of 3.5 kV, a capillary voltage of -
33.0 V and a capillary temperature of 300°C. Air was
used as sheath gas and mass ranges were defined depen-
dent on the specific structure to be analyzed. The data
were processed using the Xcalibur software (version
2.0.7, Thermo Scientific). Glycans were identified from
their MS/MS spectra by manual annotation. For structural
annotation, the biosynthesis of N- and O-glycans was as-
sumed to follow the classical pathways. Diagnostic frag-
mentation ions for N- and O-glycans were investigated as
described [31]. Terminal Hex2 units were presumed to be
αGal and terminal HexNAc2 determinants were presumed
to be LacdiNAc. Chain elongation was expected to be
mediated by the addition of N-acetyllactosamine units.
The annotated structures are submitted to the UniCarb-
DB database (http://unicarb-dr.biomedicine.gu.se/
references/343) and will be included in the next release.

For comparison of glycan abundances between sam-
ples, individual glycan structures were quantified rela-
tive to the total content by integration of the extracted
ion chromatogram peak area. The area under the curve
(AUC) of each structure was normalized to the total
AUC and expressed as a percentage.

Results

Protein expression patterns and total N- and O-glycan
repertoires in animal heart tissues

Proteins solubilized from porcine, bovine and equine heart
tissues were detected by SYPRO Ruby A (Fig. 1a). Proteins
solubilized from human aortic endothelial cells were stained
for comparison as negative control. Two major protein com-
ponents with an apparent molecular weight of between 82 and
97 kDa and approximately 19 kDawere detected in all porcine
tissues. The latter was seen also in bovine and equine pericar-
dium, while a component of similar size to the former was
detected in bovine and weakly in equine pericardium. These
components were not detected in the human aortic endothelial
cellprotein lysate, which exhibited a distinctively different
Ruby staining pattern from the animal tissues. Detection of
glycosylated proteins by the Pro Q Emerald staining (Fig. 1b),
revealed a less consistent staining pattern between the differ-
ent tissues (compare porcine valve tissue and pericardium)
and between tissues of different species (compare the pericar-
dial tissues of different species). The Pro Q Emerald staining
of the porcine pulmonary and aortic valve tissues appeared
similar even though the pulmonary valve lysate stained stron-
ger than the aortic valve lysate (Fig. 1b).

Fig. 1 SDS-PAGE analysis of
protein extracts from porcine
pulmonary (P. Pulm) and aortic
(P. Aortic) heart valve tissue,
porcine (P. Percd), bovine (B.
Percd) and equine (E. Percd)
pericardium. A human aortic
endothelial cell lysate was used as
negative control. Gels were
stained with Ruby (a) and Pro Q
Emerald (b). N- and O-glycans
from these samples were
characterized by PGC LC-MS/
MS. The number of characterized
N- (no brackets) and O-glycans
(brackets) of different species (c)
and different porcine tissues (d)
are shown
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In total, LC-MS/MS analysis revealed 102 N-glycans, 40
O-glycans and 2 linker regions of proteoglycans in the protein
lysates of porcine (valves and pericardium), bovine and
equine heart tissues combined (Table S1). Bovine pericardium
displayed the highest number of N- and O-glycans (61 and
23), followed by the porcine (53 and 22) and equine (53 and
12) pericardia. Only 23 N-glycans out of the total 93 and 9 O-
glycans out of the total 29 were detected in all species (Fig.
1c). This suggests that most N- and O-glycans from porcine,
equine and bovine heart tissues are structurally different.
There was also structural glycan diversity between the differ-
ent porcine tissues (Fig. 1d); only 30 out of 64 N-glycans and
15 out of 38 O-glycans were detected in all porcine heart
tissues. N- and O-glycan structures common between species
were predominant, but tissue-specific structures were also de-
tected. N- and O-glycans carrying established and putative
xenogeneic carbohydrate determinants are characterized in
detail below.

Distribution of the α-Gal determinant

The presence of α-Gal determinants on proteins solubilized
from the tissues was assessed by Western blot using anti-α-
Gal antibodies purified from human AB serum. Even though
anti-α-Gal IgG (Fig. 2a) and IgM (Fig. 2b) exhibited distinctly
different binding patterns based on molecular weight, α-Gal
staining was similar between species and between different
porcine heart tissues (Fig. 2a and b). As expected, anti-α-
Gal antibodies did not react with the human aortic endothelial
cellprotein lysate (Fig. 2a and b).

In line with the Western blot results, terminal Hex-Hex
sequences (assumed to be α-Gal-containing glycans) were
detected by LC-MS/MS in the porcine, bovine and equine
pericardia. In total, α-Gal terminals were identified in 18 N-
glycans and 6 O-glycans (Table S1). The relative amount (as
determined by measuring the area under the curve for α-Gal
containing glycans divided by the total area under the curve)
was used to display differences of α-Gal containing N-gly-
cans, acknowledging the fact that the low number of animals
prevented statistical comparison. In bovine pericardium 36%
of the intensity constituted tentative α-Gal N-glycans and was
found to be higher compared to equine (24%) and porcine
(16%) pericardia (Fig. 2c and Table 2). In all the samples,
the relative amounts of α-Gal containing O-glycans were
low (2-3%, Fig. 2c and Table 2) compared to N-glycans. O-
glycans containing α-Gal structures were not detected on
equine pericardium proteins.

A difference in the number of structures and amounts of α-
Gal containing N-glycans was observed in porcine tissues with
a more diverse repertoire detected in the pericardium. This is
consistent with the findings from another investigation of por-
cine heart tissue [32]. The dominantα-Gal containing family of
N-glycans in all the tissues were core α1,6-fucosylated bi-

antennary with or without terminal sialylation. This type of
structures is exemplified in Fig. 2d by an N-glycan structure
with two terminalα-Gal residues ([M-2H]2- ion ofm/z 1055.54,
Fig. 2d and Table S1). The majority of α-Gal containing
O-glycans had the determinant on the C6 branch of core 2
(i.e., Galβ1,3(Galα1,3Galβ1,4GlcNAcβ1,6)GalNAcol; Fig.
2e and Table S1).

Distribution of Neu5Gc determinants

Western blot analyses of the animal heart tissue protein lysates
using anti-Neu5Gc Abs revealed positive staining of several
proteins from all species (Fig. 3a). In contrast to the staining
pattern of α-Gal-containing proteins that was similar for all
species analyzed, staining of proteins carrying Neu5Gc-
determinants varied between species and between tissues of
the same species (Fig. 3a). A large variation of the mass dis-
tribution of proteins between samples was also seen following
MAL-2 (α2,3-linked sialic acid) staining, while staining with
SNA (α2,6-linked sialic acid) showed less mass variability
(Fig. 3a). The lectin staining patterns of porcine aortic and
pulmonary valve tissues were very similar, while a distinct
difference was found for the valve and pericardial tissues
and for the pericardia of different species (Fig. 3a).

Regarding sialic acid-terminating glycans, LC-MS/MS
analysis revealed Neu5Gc-containing glycans in all animal
tissues (Fig. 3b-d, Table 2 and S1) consistent with the
Western blot results. Neu5Ac-containing saccharides domi-
nated (39 N-glycans and 17 O-glycans), while 32 Neu5Gc-
containing glycans were identified (19 N-glycans and 13 O-
glycans). Unlike the relatively high proportion (67% or 12 out
of 18) of α-Gal-containing N-glycans common between the
three species, only 21% (4 out of 19) of the Neu5Gc-
containing N-glycans and 5% (2 out of 39) of the Neu5Ac-
containing N-glycans were common for all three species indi-
cating a larger heterogeneity among the sialylated N-glycans.
The proportion of common sialylated O-glycans in all three
species was higher, 31% (4 out of 13) for Neu5Gc-containing
and 24% (4 out of 17) for Neu5Ac-containing O-glycans.

The sialylation level in the animal tissues differed consid-
erably. High levels of O-glycan Neu5Ac-sialylation were
found in porcine aortic (94%) and pulmonary (85%) valve
tissue (Table 2). Porcine pericardium on the other hand
showed the lowest degree of Neu5Ac-sialylation ofO-glycans
(44%), but the highest level of Neu5Gc-sialylation (65%)
compared to the relative amounts of Neu5Ac- and Neu5Gc-
containingO-glycans in bovine and equine pericardium (78%
and 67% versus 16% and 15%, respectively). The fraction of
neutral O-glycans in equine pericardium (25%) was larger
than in the other pericardial and valvular tissues (around 5-
9% in all other tissues). The fraction of neutral N-glycans in
the pericardial tissues was close to 30% (Fig. 3b and Table 2).
Porcine aortic and pulmonary valve N-glycans had the lowest

490 Glycoconj J (2020) 37:485–498



Table 2 The relative amount of
αGal-containing, sialylated and
sulfated glycans identified in
porcine, bovine and equine
tissues

Species Tissues/
Cells

αGal (%) Neu5Gc (%) Neu5Ac (%) Sulfate
(%)

N-
glycan

O-
glycan

N-
glycan

O-
glycan

N-
glycan

O-
glycan

O-glycan

Bovine Percd 36 2 42 16 45 78 12

Equine Percd 24 ND 14 15 65 67 11

Porcine Percd 16 3 13 65 67 44 9

Pulm valve 6 2 8 8 83 85 41

Aortic valve 6 2 12 7 82 94 32

Fig. 2 Western blot analysis of
protein extracts from animal heart
valves and pericardia using
affinity-purified human anti-α-
Gal IgG (a) and IgM (b). A hu-
man aortic endothelial cell lysate
was used as negative control. The
positive control was a recombi-
nant mucin-type fusion protein
(C-PGC2) carrying terminal α-
Gal residues. The relative
amounts of individual structures
are given in percentage (%) of the
total sum of integrated peak areas
in the LC-MS chromatograms.
Relative amounts of α-Gal-
containing N- and O-glycans in
these samples are shown (c). MS/
MS spectra of the predominant α-
Gal-containing N- and O-glycan,
respectively, with masses corre-
sponding to structures having the
following saccharide composi-
tions: Hex7HexNAc4dHex1
([M-2H]2- of m/z 1055) and
Neu5Ac1Hex3HexNAc2 ([M-H]-

of m/z 1202), are shown in d and
e, respectively
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fraction of neutral structures (16%-17%), the largest fraction
of Neu5Ac-sialylated N-glycans (82-83%), and the smallest
fraction of Neu5Gc-containing N-glycans (≤12%). Porcine
pulmonary epithelium has previously been reported to contain
low (3%) levels of Neu5Gc-terminated N-glycans [32]. The
fraction of Neu5Ac- and Neu5Gc-sialylated N-glycans in por-
cine and equine pericardium were similar, 66% and 14% re-
spectively. N-glycans released from bovine pericardium had
similar proportions of Neu5Ac- and Neu5Gc-sialylation (45%
and 42%, respectively). Seven sialylated O-glycans were
found to be sulfated (Table S1). MS/MS spectra of these

structures revealed dominant Y ions (e.g. m/z 464 and 829 in
Fig. 3c and d) suggesting loss of sialic acid and B/C ions (e.g.
m/z 241 and 462 in Fig. 3c and d) suggesting sulfate-
containing fragment ions.

Distribution of the LacdiNAc determinant

The anti-LacdiNAc antibody showed a clear reaction with a
few glycoprotein species in the animal heart tissue lysates
while only weakly stained components were found in the hu-
man aortic endothelial cellprotein lysate. The lectin, MAL-1,

Fig. 3 Western blot analysis of
protein extracts from animal heart
valves and pericardia using
chicken IgY anti-Neu5Gc, and
MAL-2 and SNA lectins (a).
Recombinant mucin-type fusion
proteins – CP-Gc carrying
Neu5Gc structures, CP-ext C1
carrying extended core 1 O-gly-
cans terminated with α2,3-linked
sialic acid and CP-ext C1-ST6
carrying extended core 1 O-gly-
cans terminated with α2,6-linked
sialic acid – were used as positive
controls for anti-Neu5Gc, MAL-2
and SNA staining, respectively.
The C-P55 fusion protein lacking
Neu5Gc was used as negative
control for Neu5Gc staining. A
human aortic endothelial cell ly-
sate was used as negative control
in all panels. Relative amounts of
individual structures are given in
percentage (%) of the total sum of
integrated peak areas in the LC-
MS chromatograms. Relative
amounts of Neu5Gc-containing
N- and O-glycans in the animal
tissue samples are shown in (b).
MS/MS spectra of two sulfated
Neu5Gc-containing O-glycans
with masses corresponding to a
Neu5Gc1Hex1HexNAc1Sul1
([M-H]- of m/z 771) and a
Neu5Gc1Hex2HexNAc2Sul1
([M-H]- ofm/z 1136) structure are
shown in c and d, respectively
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recognizes the type 2 chain (Galβ1,4GlcNAc or LacNAc)
with or without α2,3-linked sialic acid. In contrast to the
anti-LacdiNAc reactivity, MAL-1 stained multiple proteins
in both the animal lysates as well as the human aortic endo-
thelial celllysate. As for theMAL-2 and SNA staining (Fig. 3),
the staining pattern of MAL-1 was similar in the por-
cine aortic and pulmonary valve tissues but varied

between different porcine heart tissues and between the
pericardia of different species (Fig. 4b).

The presence of sequences consistent with the LacdiNAc
determinant was confirmed by LC-MS/MS (Fig. 4c-e) and
found exclusively on N-glycans (10 structures identified).
The presence of LacdiNAc was confirmed by the presence
of fragment ions at m/z 405 and 423 (B2 and C2 ions) as well

Fig. 4 Western blot analysis of
protein extracts from animal heart
valves and pericardia using an
anti-LacdiNAc antibody (a) and
the MAL-1 lectin (b). A recom-
binant mucin-type fusion protein
carrying terminal LacdiNAc de-
terminants (CP-LDN) and puri-
fied from CHO-K1 cells
transfected with plasmids
encoding human B4GALNT3
and GCNT1 was used as a posi-
tive control. Positive control for
MAL-1 staining was a mucin-
type fusion protein carrying core
3 O-glycans extended with type 2
outer chains (CP-C3). A human
aortic endothelial cell lysate was
used as negative for LacdiNAc
staining. MS/MS spectra of three
LacdiNAc-containing N-glycans
with masses corresponding to
Hex4HexNAc4 ([M-2H]2- of m/z
739), Hex3HexNAc6 ([M-2H]2-

of m/z 861), and
Neu5Ac1Hex5HexNAc5deHex1
([M-2H]2- ofm/z 1140) are shown
in c, d and e, respectively
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as cross-ring fragmentation giving rise to the ion at m/z 465
(1,3A3, Fig. 4c and d). Interestingly, an N-glycan with
sialylated LacdiNAc was detected in porcine aortic valve tis-
sue (Fig. 4e). In the MS2 spectrum of this structure (Fig. 4e),
fragment ions at m/z 876 and 858 (C4α and B4α) suggested a
terminal Neu5Ac1Hex1HexNAc2 structure. The B3α and C2α

ions atm/z 696 and 511 indicated that the terminal Neu5Ac was
linked to the LacdiNAc determinant. The fragment ion at m/z
1029 ([M-2H]2-) suggests a loss of 221 Da from the parent ion.
It was interpreted as a typical cross-ring (0,2XNeu5Ac) fragmen-
tation of α2,6-linked Neu5Ac [33]. Thus, this structure was
deduced to be a core fucosylated bi-antennary N-glycan with
α-Gal on one branch and sialylated LacdiNAcwithα2,6-linked
Neu5Ac on the other branch. However, it is not clear whether
sialylated LacdiNAc would react with the anti-LacdiNAc anti-
body or sialic acid-binding lectins such as SNA.

Expression of Lewis blood group antigens

The expression of blood group Lewis (Lea and Leb) and sim-
ilar antigens (Lex, Ley and sLex) on glycoproteins in the ly-
sates of porcine, bovine and equine heart tissue was analyzed
by Western blotting. Lea determinants were detected in por-
cine and bovine heart tissue glycoproteins but not in equine
pericardium and human aortic endothelial cells (Fig. 5a). No
glycoproteins carrying Leb determinants were detected in any
of the tissues (Fig. 5b). sLex determinants were expressed on
glycoproteins of all tissue protein lysates (Fig. 5c), while Lex

expression pattern was similar but weaker (Fig. 5d). Protein
bands with an estimated molecular weight of approximately
55 kDa were exclusively stained with sLex (Fig. 5c). Ley ex-
pression was restricted to components of equine pericardium
and human aortic endothelial cells (Fig. 5e).

Only two N-glycans with terminal fucose, in addition to core
fucosylation, were detected by LC-MS/MS. One was only de-
tected in human aortic endothelial cells (m/z 2589 with a com-
position of NeuAc1Hex6HexNAc5deHex2, data not shown);
while the other at m/z 2752 (NeuAc1Hex7HexNAc5deHex2)
was detected in bovine and porcine pericardium (m/z 2752 in
Table S1). This suggests that the overall presence of Lea/Lex-
containing species were low in all samples. In addition, no se-
quences consistent with blood group AB(O)H antigens were
detected in the protein lysates of animal heart tissues (Table S1).

Expression of sulfated O-glycans

All sulfated glycans identified were found to be O-linked. One
third of allO-glycans (14 out of 40) were sulfated, including two
structures with two sulfate groups (Hex2HexNAc2Sul2 and
Hex3HexNAc3Sul2 in Table S1). In contrast, sulfated O-glycans
were not detected on glycoproteins in the HAEC lysate. Porcine,
bovine and equine pericardia lysates had similar levels of sulfated
O-glycans (9%, 12% and 11%, respectively, Table 2), while
porcine pulmonary and aortic valve tissue had high levels of
sulfated O-glycans (41 and 32%, respectively, Table 2).

Fig. 5 Western blot analysis of
protein extracts from animal heart
valves, pericardia and HAECs
using anti-Lea (a), anti-Leb (b),
anti-sialyl Lex (c), anti-Lex (d),
and anti-Ley (e) antibodies.
Positive control samples were
Lea-, Leb- and sLex-BSA
neoglycoconjugates. For Lex and
Ley staining, recombinant mucin-
type fusion proteins carrying Lex

(CP-Lex) or Ley determinants
(CP-Ley) were used as positive
controls, while C-P55 was the
negative control
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Discussion

It has been hypothesized that an immune response contributes
to SVD [3]. Binding of immunoglobulins to antigens in the
valve matrix, subsequent complement activation and recruit-
ment of macrophages may be events triggering SVD [7, 8].
Identifying the targets for BHV-reactive antibodies may facil-
itate strategies to genetically alter the antigen expression, es-
pecially if it is of carbohydrate nature [34–37]. Most of the
work done to characterize the repertoire of xenogeneic carbo-
hydrate determinants such as α-Gal, Neu5Gc and others, on
animal donor tissue for BHV has been performed using im-
munohistochemistry [8, 13, 18, 19]. Recognition of carbohy-
drate determinants by biological reagents is core chain-
dependent [38–40]. Therefore, assessing antigen expression
only by immunostaining has limitations. We used a combina-
tion ofWestern blotting and LC-MS/MS to characterize theN-
and O-glycomes of protein lysates of porcine, bovine and
equine heart tissues. Not only did this enable us to assess the
representation of known xenogeneic determinants in the re-
spective glycomes of the different tissues, but we could also
identify which type of glycan and core chain carried a partic-
ular determinant and whether it was structurally modified.
Since both α-Gal and Neu5Gc determinants have been iden-
tified in commercial valves used in the clinic (8, 25), it is a
reasonable assumption that additional carbohydrate determi-
nants identified on native tissues used for BHVmanufacturing
may be present following tissue processing, including glutar-
aldehyde fixation. It can also be anticipated that protein- com-
pared to lipid-linked glycans are more likely to remain in the
BHVs following processing.

In addition to the terminal α-Gal-determinant (generated
by the GGTA1 gene product), Neu5Gc (generated by the
CMAH gene product), and the Sda-like antigen (generated
by the activity of the B4GALNT2 transferase) are believed
to be immunogenic xenoantigens in humans and therefore
may initiate an immune-mediated destruction of the BHVs
[41, 42]. We showed that N- as well as O-glycans of porcine,
bovine and equine heart tissues frequently carried terminal α-
Gal and Neu5Gc determinants. The representation of α-Gal-
and Neu5Gc-containing glycans varied between species. The
highest representation of α-Gal- (36%) and Neu5Gc-
containing (42%) glycans was found among the N-glycans
of bovine pericardium. In contrast to the N-glycans, the rela-
tive amount of α-Gal-containing O-glycans was very low
(<4%) in all pericardial tissues. Concordant with previous
studies [32], the largest fraction of Neu5Gc-containing O-gly-
cans was detected in porcine pericardium (65%). LC-MS/MS
is a powerful method to establish tentative sequences of gly-
cans carrying a certain determinant in a glycan mixture.
However, to make a quantitative statement on absolute
amounts of a particular glycan is more problematic.
Structural diversity among glycans carrying xenogeneic

determinants may not be the most important determinant of
immunogenicity. Instead, factors such as the density of the
xenogeneic determinant on the cell surface and the nature of
the protein carrying the determinant may be just as important
for the immunogenicity of the tissue.

We made two interesting observations regarding the reper-
toire of glycoproteins in the lysates carrying α-Gal (Fig. 2a
and b). First, human IgM and IgG affinity-purified from hu-
man blood group AB serum pools on beads carrying the
Galα1,3Gal-determinant exhibited distinct binding patterns
on the lysates in Western blotting. Second, glycoprotein spe-
cies carrying α-Gal appeared conserved between species and
between tissues of the same species. In contrast, the binding
pattern of sialic acid-specific lectins and anti-Neu5Gc antibod-
ies on glycoproteins solubilized from the different pericardial
tissues was different (Fig. 3a). Even though their binding pat-
tern on proteins from porcine aortic and pulmonary valve
tissue was similar, it was distinct from the reactivity on pro-
teins from porcine pericardium (Fig. 3a). When a specific
carbohydrate determinant, like for example α-Gal, is carried
by a limited number of protein species that appears to be
conserved between species and tissues, it is tempting to as-
sume that it has a particular role to play on that very protein.
However, it may only reflect a sub-compartmentalization of
the secretory pathway such that a restricted number of proteins
encounter the glycosyltransferases required to make the deter-
minant in question.

There were no proteins in the lysates stained with the anti-Sda

antibody (KM469; not shown) in any of the animal heart tissues
even though this epitope has been detected in other tissues in pig,
such as the large intestine [43]. The absence of Sda was also
confirmed by LC-MS/MS. Instead, the LacdiNAc determinant
was identified in all animal heart tissues by bothWestern blot and
LC-MS/MS. The number of proteins carrying LacdiNAc was
low based on Western blotting after SDS-PAGE and appeared
conserved between species and tissues (Fig. 4a). LacdiNAc is the
product of B4GALNT3 in man and mouse [44]. The
B4GALNT3 analogues in other species have not been well char-
acterized so far. Both LacdiNAc and Sda, the latter one being the
product of B4GALNT2, are recognized by theDolichos biflorus
agglutinin (DBA) [45]. Even though the expression levels of
LacdiNAc on proteins solubilized from primaryHAEC appeared
to be low (Fig. 4a), the expression in composite human heart
tissues is still unknown. LacdiNAc has been identified in human
tissues [46]. Both LacdiNAc and Sda carry a terminal β1,4-
linked GalNAc. Another potential xenoantigen, the Forssman
(GalNAcα1,3GalNAcβ) antigen, which is carried by complex
glycolipids and expressed in horse, sheep, mouse, ham-
ster, chicken, and guinea pig, may be immunogenic in
Forssman-negative species such as pigeon, rat, ox, rab-
bit and man [47–50]. Whether terminal GalNAc on N-
and O-glycans in general are potential xenoantigens in
man remains to be shown.
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We also observed a high level (about 10% of the total
amounts of O-glycans) of sulfated O-glycans on proteins
solubilized from porcine, bovine and equine pericardi-
um, and even higher levels on proteins from porcine
pulmonary and aortic valve tissue (41 and 32%, respec-
tively). Sulfated glycans are involved in many biological
processes including cell adhesion, signaling, and growth
factor presentation [51]. For example, sulfated and
sialylated Lewis epitopes on O-glycans of high endothe-
lial venules are ligands for L-selectin on lymphocytes
essential for homing of lymphocytes to HEV [52, 53].
In a recent study, 330 different N- and O-glycans as
well as glycopeptides and glycoproteins were screened
for binding to IgG and IgM in serum from 135 healthy
individuals. No increased binding activity to sulfated
structures was detected [54]. However, only four sulfat-
ed structures were included in this array. It is unclear if
the sulfated O-glycans we identified are experienced as
non-self of the human immune system.

One N-glycan with sialylated LacdiNAc was detected in the
porcine aortic valve tissue. Neu5Acα2,6GalNAcβ1,4GlcNAc has
previously only been found on a limited number of peptide hor-
mones such as the prolactin/growth hormone family members in
pregnant rats [55] and in bovine milk glycoproteins such as
lactoferrin [56]. Whether sialylated LacdiNAc is immunogenic
in humans is not known.

In this study, glycan profiles of porcine, bovine and equine
pericardium, and porcine pulmonary and aortic valve tissues
were characterized to explore the distribution of known xeno-
geneic determinants such as α-Gal and Neu5Gc, but also to
identify additional potential xenogeneic glycans.
Identification of such potential xenogeneic glycans may allow
future genetic engineering of livestock to prevent their expres-
sion rendering the donor tissue less immunogenic in humans.

Acknowledgments This work was supported by the EU FP7
Collaborative Project “TRANSLINK” (contract nr HEALTH-F4-2013-
603049) to J.H. and M.E.B., the Swedish Research Council (621-2010-
5322 to N.G.K.) and the Swedish state under an agreement between the
Swedish government and the county council of Västra Götaland, the
ALF-agreement, to J.H. [ALFGBG-725381]. The mass spectrometer
was obtained by a grant from the Swedish Research Council (342-
2004-4434).

Funding Information Open access funding provided by University of
Gothenburg.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All animal tissues were obtained from the local slaugh-
terhouse and therefore approval by the Regional Animal Research Ethical
Board is not required.

Abbreviations BHV, Bioprosthetic heart valves;; B. Percd, Bovine peri-
cardium;; E. Percd, Equine pericardium; HAEC, Primary human aortic
endothelial cell;; LacdiNAc, N, N´-diacetyllactosamine; MAL, Maackia
amurensis lectin;; MHV, Mechanical heart valves;; P. Aortic, Porcine
aortic valve;; P. Percd, Porcine pericardium;; P. Pulm, Porcine pulmonary
valve;; Sda, Sid blood group antigen;; SNA, Sambucus nigra lectin;;
SVD, Structural valve deterioration

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Siddiqui, R.F., Abraham, J.R., Butany, J.: Bioprosthetic heart
valves: modes of failure. Histopathology. 55(2), 135–144 (2009)

2. Manji, R.A., Ekser, B., Menkis, A.H., Cooper, D.K.: Bioprosthetic
heart valves of the future. Xenotransplantation. 21(1), 1–10 (2014)

3. Manji, R.A., Lee, W., Cooper, D.K.C.: Xenograft bioprosthetic
heart valves: Past, present and future. Int. J. Surg. 23(Pt B), 280–
284 (2015)

4. Manji, R.A., Menkis, A.H., Ekser, B., Cooper, D.K.: Porcine
bioprosthetic heart valves: The next generation. Am. Heart J.
164(2), 177–185 (2012)

5. Pibarot, P., Dumesnil, J.G.: Prosthetic heart valves: selection of the
optimal prosthesis and long-term management. Circulation. 119(7),
1034–1048 (2009)

6. Carpentier, A., Lemaigre, G., Robert, L., Carpentier, S., et al.:
Biological factors affecting long-term results of valvular hetero-
grafts. J. Thorac. Cardiovasc. Surg. 58(4), 467–483 (1969)

7. Dahm,M., Husmann,M., Eckhard,M., Prufer, D., et al.: Relevance
of immunologic reactions for tissue failure of bioprosthetic heart
valves. Ann. Thorac. Surg. 60(2 Suppl), S348–S352 (1995)

8. Lee, W., Long, C., Ramsoondar, J., Ayares, D., 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. 23(5),
370–380 (2016)

9. Amon, R., Reuven, E.M., Leviatan Ben-Arye, S., Padler-Karavani,
V.: Glycans in immune recognition and response. Carbohydr. Res.
389, 115–122 (2014)

10. Ezzelarab, M., Ayares, D., Cooper, D.K.: Carbohydrates in xeno-
transplantation. Immunol. Cell Biol. 83(4), 396–404 (2005)

11. Cooper, D.K., Koren, E., Oriol, R.: Oligosaccharides and discor-
dant xenotransplantation. Immunol. Rev. 141, 31–58 (1994)

12. Huai, G., Qi, P., Yang, H., Wang, Y.: Characteristics of alpha-Gal
epitope, anti-Gal antibody, alpha1,3 galactosyltransferase and its
clinical exploitation. Int. J. Mol. Med. 37(1), 11–20 (2016)

13. Konakci, K.Z., Bohle, B., Blumer, R., Hoetzenecker, W., et al.:
Alpha-Gal on bioprostheses: xenograft immune response in cardiac
surgery. Eur. J. Clin. Investig. 35(1), 17–23 (2005)

14. Naso, F., Gandaglia, A., Bottio, T., Tarzia, V., et al.: First quantifi-
cation of alpha-Gal epitope in current glutaraldehyde-fixed heart
valve bioprostheses. Xenotransplantation. 20(4), 252–261 (2013)

496 Glycoconj J (2020) 37:485–498

http://creativecommons.org/licenses/by/4.0/


15. Lila, N., McGregor, C.G., Carpentier, S., Rancic, J., et al.: Gal
knockout pig pericardium: new source of material for heart valve
bioprostheses. J. Heart Lung Transplant. 29(5), 538–543 (2010)

16. Varki, A.: Multiple changes in sialic acid biology during human
evolution. Glycoconj. J. 26(3), 231–245 (2009)

17. Jeong, H.J., Adhya, M., Park, H.M., Kim, Y.G., et al.: Detection of
Hanganutziu-Deicher antigens in O-glycans from pig heart tissues
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. Xenotransplantation. 20(6), 407–417 (2013)

18. Lee, W., Hara, H., Cooper, D.K., Manji, R.A.: Expression of
NeuGc on pig heart valves. Xenotransplantation. 22(2), 153–154
(2015)

19. Reuven, E.M., Leviatan Ben-Arye, S., Marshanski, T.,
Breimer, M.E., et al.: Characterization of immunogenic
Neu5Gc in bioprosthetic heart valves. Xenotransplantation.
23(5), 381–392 (2016)

20. Barone, A., Benktander, J., Whiddon, C., Jin, C., et al.:
Glycosphingolipids of porcine, bovine, and equine pericardia as
potential immune targets in bioprosthetic heart valve grafts.
Xenotransplantation. 25(5), e12406 (2018)

21. Barone, A., Benktander, J., Teneberg, S., Breimer, M.E.:
Characterization of acid and non-acid glycosphingolipids of por-
cine heart valve cusps as potential immune targets in biological
heart valve grafts. Xenotransplantation. 21(6), 510–522 (2014)

22 . Cooper , D .K. : Xenoan t igens and xenoan t i bod i es .
Xenotransplantation. 5(1), 6–17 (1998)

23. Liu, J., Holgersson, J.: Recombinant Galalpha1,3Gal-substituted
mucin/immunoglobulin chimeras: a superior absorber of anti-pig
antibodies. Transplant. Proc. 32(5), 859 (2000)

24. Liu, J., Gustafsson, A., Breimer, M.E., Kussak, A., et al.: Anti-pig
antibody adsorption efficacy of {alpha}-Gal carrying recombinant
P-selectin glycoprotein ligand-1/immunoglobulin chimeras in-
creases with core 2 {beta}1, 6-N-acetylglucosaminyltransferase ex-
pression. Glycobiology. 15(6), 571–583 (2005)

25. Liu, J., Weintraub, A., Holgersson, J.: Multivalent Galalpha1,3Gal-
substitution makes recombinant mucin-immunoglobulins efficient
absorbers of anti-pig antibodies. Xenotransplantation. 10(2), 149–
163 (2003)

26. Lofling, J., Diswall, M., Eriksson, S., Boren, T., et al.: Studies of
Lewis antigens andH. pylori adhesion in CHO cell lines engineered
to express Lewis b determinants. Glycobiology. 18(7), 494–501
(2008)

27. Liu, J., Jin, C., Cherian, R.M., Karlsson, N.G., et al.: O-glycan
repertoires on a mucin-type reporter protein expressed in CHO cell
pools transiently transfected with O-glycan core enzyme cDNAs. J.
Biotechnol. 199, 77–89 (2015)

28. Cherian, R.M., Jin, C., Liu, J., Karlsson, N.G., et al.: A Panel of
Recombinant Mucins Carrying a Repertoire of Sialylated O-
Glycans Based on Different Core Chains for Studies of Glycan
Binding Proteins. Biomolecules. 5(3), 1810–1831 (2015)

29. Jensen, P.H., Karlsson, N.G., Kolarich, D., Packer, N.H.: Structural
analysis of N- and O-glycans released from glycoproteins. Nat.
Protoc. 7(7), 1299–1310 (2012)

30. Schulz, B.L., Packer, N.H., Karlsson, N.G.: Small-scale analysis of
O-linked oligosaccharides from glycoproteins and mucins separat-
ed by gel electrophoresis. Anal. Chem. 74(23), 6088–6097 (2002)

31. Everest-Dass, A.V., Abrahams, J.L., Kolarich, D., Packer, N.H.,
et al.: Structural feature ions for distinguishing N- and O-linked
glycan isomers by LC-ESI-IT MS/MS. J. Am. Soc. Mass
Spectrom. 24(6), 895–906 (2013)

32. Choi, S.Y., Jeong, H.J., Lim, H.G., Park, S.S., et al.: Elimination of
alpha-gal xenoreactive epitope: alpha-galactosidase treatment of
porcine heart valves. J. Heart Valve Dis. 21(3), 387–397 (2012)

33. Thomsson, K.A., Holmen-Larsson, J.M., Angstrom, J., Johansson,
M.E., et al.: Detailed O-glycomics of the Muc2 mucin from colon
of wild-type, core 1- and core 3-transferase-deficient mice

highlights differences compared with human MUC2.
Glycobiology. 22(8), 1128–1139 (2012)

34. Gock, H., Nottle, M., Lew, A.M., d'Apice, A.J., et al.: Genetic
modification of pigs for solid organ xenotransplantation.
Transplant Rev. (Orlando). 25(1), 9–20 (2011)

35. Butler, J.R., Martens, G.R., Estrada, J.L., Reyes, L.M., et al.:
Silencing porcine genes significantly reduces human-anti-pig cyto-
toxicity profiles: an alternative to direct complement regulation.
Transgenic Res. 25(5), 751–759 (2016)

36. Le Bas-Bernardet, S., Anegon, I., Blancho, G.: Progress and pros-
pects: genetic engineering in xenotransplantation. Gene Ther.
15(18), 1247–1256 (2008)

37. Klymiuk, N., Aigner, B., Brem, G., Wolf, E.: Genetic modification
of pigs as organ donors for xenotransplantation. Mol. Reprod. Dev.
77(3), 209–221 (2010)

38. Holgersson, J., Rydberg, L., Breimer, M.E.: Molecular deciphering
of the ABO system as a basis for novel diagnostics and therapeutics
in ABO incompatible transplantation. Int. Rev. Immunol. 33(3),
174–194 (2014)

39. Gustafsson, A., Holgersson, J.: A new generation of carbohydrate-
based therapeutics: recombinant mucin-type fusion proteins as ver-
satile inhibitors of protein-carbohydrate interactions. Expert Opin.
Drug Discovery. 1(2), 161–178 (2006)

40. Lofling, J., Holgersson, J.: Core saccharide dependence of sialyl
Lewis X biosynthesis. Glycoconj. J. 26(1), 33–40 (2009)

41. Byrne, G.W., Du, Z., Stalboerger, P., Kogelberg, H., et al.: Cloning
and expression of porcine beta1,4 N-acetylgalactosaminyl transfer-
ase encoding a new xenoreactive antigen. Xenotransplantation.
21(6), 543–554 (2014)

42. Estrada, J.L., Martens, G., Li, P., Adams, A., et al.: Evaluation of
human and non-human primate antibody binding to pig cells lack-
ing GGTA1/CMAH/beta4GalNT2 genes. Xenotransplantation.
22(3), 194–202 (2015)

43. Malagolini, N., Dall'Olio, F., Guerrini, S., Serafini-Cessi, F.:
Identification and characterization of the Sda beta 1,4,N-
acetylgalactosaminyltransferase from pig large intestine.
Glycoconj. J. 11(2), 89–95 (1994)

44. Sato, T., Gotoh, M., Kiyohara, K., Akashima, T., et al.: Differential
roles of two N-acetylgalactosaminyltransferases, CSGalNAcT-1,
and a novel enzyme, CSGalNAcT-2. Initiation and elongation in
synthesis of chondroitin sulfate. J. Biol. Chem. 278(5), 3063–3071
(2003)

45. Klisch, K., Contreras, D.A., Sun, X., Brehm, R., et al.: The
Sda/GM2-glycan is a carbohydrate marker of porcine pri-
mordial germ cells and of a subpopulation of spermatogonia
in cattle, pigs, horses and llama. Reproduction. 142(5), 667–
674 (2011)

46. Kenny, D.T., Skoog, E.C., Linden, S.K., Struwe, W.B., et al.:
Presence of terminal N-acetylgalactosaminebeta1-4N-
acetylglucosamine residues onO-linked oligosaccharides from gas-
tric MUC5AC: involvement in Helicobacter pylori colonization?
Glycobiology. 22(8), 1077–1085 (2012)

47. Yeh, P., Ezzelarab, M., Bovin, N., Hara, H., et al.: Investigation of
potential carbohydrate antigen targets for human and baboon anti-
bodies. Xenotransplantation. 17(3), 197–206 (2010)

48. Wu, G.D., Fujii, G., Johnson, E., Swensson, J., et al.: Failure of
anti-Forssman antibodies to induce rejection of mouse heart xeno-
grafts. Xenotransplantation. 6(2), 90–97 (1999)

49. Sadahira, Y., Yasuda, T., Kimoto, T.: Regulation of Forssman an-
tigen expression during maturation of mouse stromal macrophages
in haematopoietic foci. Immunology. 73(4), 498–504 (1991)

50. Leduc, E.H., Tanaka, N.: A study of the cellular distribution of
Forssman antigen in various species. J. Immunol. 77(3), 198–212
(1956)

51. Brockhausen, I.: Sulphotransferases acting onmucin-type oligosac-
charides. Biochem. Soc. Trans. 31(2), 318–325 (2003)

497Glycoconj J (2020) 37:485–498



52. Galustian, C., Lubineau, A., le Narvor, C., Kiso, M., et al.:
L-selectin interactions with novel mono- and multisulfated
Lewisx sequences in comparison with the potent ligand 3'-
sulfated Lewisa. J. Biol. Chem. 274(26), 18213–18217
(1999)

53. Mitsuoka, C., Sawada-Kasugai, M., Ando-Furui, K., Izawa, M.,
et al.: Identification of a major carbohydrate capping group of the
L-selectin ligand on high endothelial venules in human lymph
nodes as 6-sulfo sialyl Lewis X. J. Biol. Chem. 273(18), 11225–
11233 (1998)

54. Muthana, S.M., Gildersleeve, J.C.: Factors Affecting Anti-Glycan
IgG and IgM Repertoires in Human Serum. Sci. Rep. 6, 19509
(2016)

55. Manzella, S.M., Dharmesh, S.M., Cohick, C.B., Soares, M.J., et al.:
Developmental regulation of a pregnancy-specific oligosaccharide

structure, NeuAcalpha2,6GalNAcbeta1,4GlcNAc, on select mem-
bers of the rat placental prolactin family. J. Biol. Chem. 272(8),
4775–4782 (1997)

56. Coddeville, B., Strecker, G., Wieruszeski, J.M., Vliegenthart, J.F.,
et al.: Heterogeneity of bovine lactotransferrin glycans.
Characterization of alpha-D-Galp-(1–>3)-beta-D-Gal- and alpha-
NeuAc-(2–>6)-beta-D-GalpNAc-(1–>4)- beta-D-GlcNAc-
substituted N-linked glycans. Carbohydr. Res. 236, 145–164
(1992)

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

498 Glycoconj J (2020) 37:485–498


	Identification...
	Abstract
	Introduction
	Experimental Procedures
	Results
	Protein expression patterns and total N- and O-glycan repertoires in animal heart tissues
	Distribution of the α-Gal determinant
	Distribution of Neu5Gc determinants
	Distribution of the LacdiNAc determinant
	Expression of Lewis blood group antigens
	Expression of sulfated O-glycans

	Discussion
	References


