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Introduction
Animal biological products offer possible clinical opportunities 

such as xenotransplantation in order to remedy to the frequent 
shortage of human organs. In the clinical arena, animal derived 
engineered tissues such as tendons [1], scaffolds [2], heart valves [3] or 
even polyclonal IgGs [4] have been designed and used. Although pigs 
have been considered as candidates of choice for these purposes, several 
immunological challenges still create obstacles to the grafting processes 
and cause potential concerns where animal derived products are used 
in humans. Indeed, a strong antibody-mediated response shortens the 
lifetime of xenografts [5], and this is also observed following grafting of 
engineered pig skin [6] or infusion of foreign immunoglobulins (IgGs) 
[7,8]. Genetically engineered donor pigs have thus been designed in 
order to eliminate the expression of xenogenic antigens α1,3 galactose 
(αGal) [9] and/or N-glycolylneuraminic acid (Neu5Gc) [10], found 
in glycoproteins and other glycoconjugates expressed in wild-type 
animals and considered as major xenoantigenic barriers [10]. A 
recent report showed that representative glycoproteins from wild-type 
pigs, IgGs, contain Neu5Gc, although no αGal was detected with the 
methods used [11].

Information specific to these IgGs is important, as clinical 
applications of xenotransplantation are not restricted to using organs or 
tissues but could also concern the use of specific molecules such as IgGs. 
It is expected that modifying the glycans on these antibodies can reduce 
the immunogenicity of polyclonal IgGs [8] which still can modify the 

course of Ebola infection in guinea pigs in passive immunotherapy [4]. 
Indeed, by knocking-out both the genes responsible for the expression 
of α-galactosyltransferase (GT) and cytidine monophosphate-A- 
acetylneuraminic acid hydroxylase (CMAH), the latter’s function 
being to add a glycolyl to N- acetylneuraminic acid (Neu5Ac) [12], it 
is highly likely that these IgGs will have a much lower immunogenic 
potential [10], despite the fact that they can still prolong survival of 
EBOV- infected guinea pigs as well as decrease the extent of EBOV 
replication in these animals [4]. 

Single α-galactosyltransferase knock-out (GTKO) pig models 
have also been used in different studies (reviewed in [13]). As there 
is still antibody-mediated xenograft rejection of organs from GTKO 
pig organs in non-human primates, this rejection can be directed to 
non-Gal pig proteins and carbohydrate antigens, a situation likely 
predictable if such grafts would have been done in humans. The analysis 
of glycans from pig GTKO tissues did not result in the identification 
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Abstract
For the first time, the N-glycosylation patterns of immunoglobulin G (IgGs) isolated from the serum of two 

varieties of knockout pigs (lacking N-glycolylneuraminic acid (Neu5Gc) and/or α 1,3 galactose) were examined for 
the presence of potential glycan xenoantigens and compared to N-glycosylation patterns obtained for wild-type (WT) 
pig IgGs. Glycopeptide analysis was chosen over glycan release, as protein-A eluates from pig serum may contain 
IgA and IgM as shown previously. The experiments focused on the analysis of tryptic glycopeptides EEQFNSTYR 
and AEQFNSTYR from IgGs, and excluded IgA and IgM, in which N-glycosylated peptides have different sequences 
and masses. WT pig IgG glycopeptides showed the presence of N-glycolylneuraminic acid (Neu5Gc) and absence 
of N-acetylneuraminic acid (Neu5Ac). Released glycans from the protein-A eluate, however, showed the presence 
of both types of sialic acids, allowing Neu5Ac to be attributed to IgA and/or IgM. The WT IgG samples also 
showed the presence of glycans that could by composition have been α-galactosylated, but treatments with α- 
and β-galactosidases produced inconclusive results as to the linkage nature of the terminal Gal residues. Single 
knockout (α-Gal transferase) pig IgG was shown to contain Neu5Gc residues, and there was a definite absence 
of α-Gal. Double knockout pigs (DKO for α-Gal transferase and cytidine monophosphate-A-acetylneuraminic acid 
hydroxylase (CMAH)) showed the definite absence of α-Gal and Neu5Gc. Instead of the latter, Neu5Ac residues 
were observed. Further investigation into the sialylation patterns of WT and DKO pig IgGs consisted of esterifying the 
glycopeptides to allow the detection and differentiation of α-2,3 and α-2,6 sialic acid-galactose linkages. Fucosylation 
levels were also compared between IgG species.
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of new antigens, however high levels of N-glycolylneuraminic acid 
(Neu5Gc) were detected in glycoproteins and glycolipids [13]. 

The purpose of this article is to characterize the N-glycosylation of 
IgGs isolated from the serum of double KO pigs (DKO, GT+CMAH 
KO) and GTKO pigs. This has not been reported before. Mass 
spectrometry is used as the main detection method, after extensive 
sample preparation as discussed herein. Although Burlak and co-
workers profiled the serum N-glycome of these same two types of KO 
pigs [14], information specific to IgGs is also of primary importance 
given their potential utilisation in clinical applications, as mentioned 
above [4]. For whole serum N-glycomes, it was highlighted that 
DKO pig glycoproteins had more mannosylated, xylosylated, core-
fucosylated and truncated N-glycans than domestic WT pigs [14]. 
Reflection of these findings on IgGs isolated from pig serum may 
bring further insight on the immunogenic properties of these modified 
antibodies.

Experimental
Materials

Wild-type pigs of the strain Landrace × Large White of 25 kg were 
used (EARL du Pont Romain, Surzur, France) and were housed at the 
Large Animal Facility of the INSERM UMR1064 (Nantes University 
Hospital, France, agreement number: D44011). Whole blood was 
sampled, and serum was stored at -80°C until use for purification. Blood 
samples (100 mL) were also obtained from male GTKO and DKO pigs 
(14 months, weighing about 102 kg) [8]. All animal procedures were 
approved by the local ethic committee and carried out in accordance to 
DGL 116/92 for the Italian regulation. Trypsin Gold (MS Grade) was 
purchased from Promega (Madison, WI). Ammonium bicarbonate, 
trifluoroacetic acid (TFA), 2,5-dihydroxybenzoic acid (DHB), 
dithiothreitol (DTT) and iodiacetamide (IA) were purchased from 
Sigma-Aldrich (St. Louis, MO). Acetic acid (AcOH) was purchased 
from Fisher Scientific (Ontario, Canada), acetonitrile (ACN) was 
bought from EMD Millipore (Dermstadt, Germany) and ethanol 
(EtOH) was purchased from Commercial Alcohols (Ontario, Canada). 
C-18 cartridges were purchased from Phenomenex (Torrance, CA). 
Galactosidase α1-3,4,6 was obtained from New England Biolabs 
(Whitby, ON) and galactosidase β from bovine testes was obtained 
from Sigma-Aldrich. 

Purification of porcine IgG: IgGs were purified from blood on a 
Protein-A column (high performance Sepharose™ (GE Healthcare)) 
using a low pressure chromatograph and 280 nm UV detection. The 
chromatograph allowed to record pH and conductivity. The IgGs 
were eluted with a solution of 0.1 M citric acid (pH 3), followed by 
immediate pH neutralization of the eluate to pH 7 - 7.4 with a solution 
of 1 M TRIS at pH 8. IgGs were then dialyzed against PBS 1X and their 
amount was assessed by UV spectrophotometry at 280 nm. In each case 
the final IgG amount was about 800 mg.

Tryptic digestion of IgGs: Digestion was conducted without prior 
reduction and alkylation. The Ab (75 µg) was reconstituted in 200 μL 
of 50 mM ammonium bicarbonate. Trypsin (1.5 μg) was added and 
digestion proceeded at 37°C for ~18 h.

HPLC fractionation of tryptic digestion mixtures: The digestion 
mixtures were injected on a Synergi C18 polar column (Phenomenex, 
Torrance, CA), and eluted with a gradient from 0 to 30% of acetonitrile 
in water at a flow rate of 0.25 mL/min. The HPLC system used was a 
Waters1525 binary pump equipped with a Waters 2707 autosampler 
and a Waters 2998 photodiode array detector. Fractions (2-min each) 

were collected, dried and resuspended in 3:7 ACN-water with 0.1% 
TFA for MALDI-MS analysis.

Alpha- and beta galactosidase digestions: For α1-3,4,6 
galactosidase digestion, glycopeptides from HPLC fractionation (250 
ng) were dried and resuspended in 15 μL of water, to which were added 
3 μL of sodium phosphate buffer at pH 6, 3 μL of 1 mg/mL bovine 
serum albumin solution, and 3 μL of the enzyme solution provided by 
the manufacturer. The mixture was incubated for 17 h at 37°C, and 
digestion products were cleaned by HPLC using the method described 
above. For digestion with β-galactosidase, glycopeptides (250 ng) were 
resuspended in 13 μL of water, to which were added 12 μL of 100 
mM sodium citrate/phosphate buffer at pH 4 and 6 μL of the enzyme 
solution provided by the manufacturer. The incubation time was 17 h 
at 37°C. Digestion products were cleaned by HPLC.

PNGase digestion: This procedure was initiated by the reduction 
and alkylation of 100 μg of antibody protein-A eluate. The protein 
sample was reconstituted in 10 μL of 50 mM ammonium bicarbonate 
buffer (pH 7.8). Dithiothreitol (DTT, 50 μL, 10 mM in buffer) was 
added and reduction was allowed to proceed at 50-60°C for 1 h. After 
cooling, iodoacetamide (IA, 40 μL, 10 mM in water) was added and the 
mixture was stored in the dark for 30 min for alkylation. The sample was 
then cleaned and desalted on a C18 cartridge, which was conditioned 
with 5 × 1 mL of ACN, then 5 × 1 mL of H2O. The protein sample was 
loaded and desalted with 5 × 1 mL of H2O. The protein was then eluted 
with 1.5 mL of 50:50 ACN:H2O+0.1% TFA, collected in an Eppendorf 
tube, and reconstituted in 40 μL of buffer. For PNGase F digestion, 
the enzyme (4 μL, at 10 units/μL) was added, and digestion proceeded 
37°C for 18 h. Following the digest, the glycans were separated from the 
deglycosylated protein on a C18 cartridge. The column was conditioned 
with 5 × 1 mL of ACN+0.1% TFA and then with 5 × 1 mL of H2O+0.1% 
TFA. The sample was loaded and glycans were eluted with 3 mL of 
H2O+0.1% TFA and collected in two fractions. The glycan samples 
were resuspended in 20 μL of H2O.

Preparation of samples for MALDI-MS analysis: Fractions in 0.1% 
TFA in 30:70 ACN:water mixed with DHB matrix saturated solution in 
the same solvent at a 1:1 ratio. This mixture (1 μL) was spotted onto the 
stainless steel target and allowed to dry. It was estimated that for 100 
µg of antibody, a maximum of 1.8 µg of glycopeptides was obtained, 
divided in 10 fractions, giving an average of ca. 0.18 µg per fraction.

Mass spectrometry: All MS analyses were performed on an 
UltrafleXtremeTM mass spectrometer (Bruker Daltonics, Bremen, 
Germany) equipped with LID-LIFTTM technology for tandem MS (MS/
MS) experiments. The following peptide calibration mixture was used 
(American Peptide Company, Vista, Ca): Bradykinin(1-7) 757.3992; 
angiotensin II 1046.542; angiotensin I 1296.685; substance P 1346.735; 
bombesin 1619.822; ACTH clip (1-17) 2093.086; ACTH clip (18-39) 
2465.198; ACTH (1-39) 4539.267, where ACTH=adrenocorticotropic 
hormone and numbers are calculated m/z values of [M+H]+ ions. For 
sample preparation of this calibrant, 1 µL of a solution containing 0.125 
µg/µL was mixed in the MALDI target with the sample volume of DHB 
matrix saturated solution. All experiments presented in this report 
were conducted in positive ionization reflector mode. As this study 
focuses on qualitative profiling, the mass accuracy was of the order of 
150-200 ppm.

Results and Discussion
A previous study of IgG heavy chain glycosylation in WT pigs 

[11] revealed the presence of Neu5Gc on Fc glycans, whereas no 
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α-galactosylated residues were identified, using a glycopeptide-based 
approach. The Asn-297 site tends to be frequently designated as the 
only glycosylation site in IgGs, however in as least 10-15% of polyclonal 
antibodies the variable region is also glycosylated [15]. Some studies 
have shown even higher glycosylation rates in the variable portion of 
polyclonal IgGs with up to to 30-40% [16,17]. Plomp et al. recently 
reported the detection of O-glycans in the hinge region of human IgG3 
[18], and previous IgG glycopeptide studies (e.g., Ref. [11,19]) have 
found evidence of N-glycosylation in the variable region. Particular to 
pig IgG, no O-glycosylation was found in a 2014 study [20], and no 
detectable O- glycopeptides were listed in heavy chain tryptic digestion 
products [11]. As the N-linked glycans of serum proteins are thought 
to reflect organism-wide glycosylation patterns [14], the present study 
focuses on the characterization of only the Fc N-glycans of two KO pig 
models as compared to WT.

Glycoproteomic approach

Study of N-glycopeptides from the Fc portion: Figure 1 shows 
a comparison between WT, GKO and DKO IgG N-glycans measured 
using glycopeptide profiling. The polyclonal nature of these IgG 
samples reflects itself in the observation of two main peptide chains 
bearing the N-glycans, EAQFNSTYR (1) and EEQFNSTYR (2), for 
which all equivalent glycoforms (letters referring to Figure 2) are 
separated by 58 m/z units, i.e., the difference between aspartic acid E 
and alanine A. These chains had been identified and sequenced in a 
previous report [11]. The relative abundances of these two chains will 
not be discussed, as it was shown that within the same race of WT 
pigs, different animals produced different ratios of EAQFNSTYR 
(subtype IgG6a) and EEQFNSTYR (subtypes IgG1a, IgG1b, IgG2a, 
IgG4a, IgG4b, IgG5a, IgG6b) in their IgG [11,21]. IgG subtypes and the 
deficiency/proficiency of, as well as their immunogenic and binding 
properties have been well characterized in humans [15], but not in pigs. 
Two other isobaric amino acid sequences could have been expected in 
this sample, i.e., EGQFNSTYR for subtype IgG2b and EEQFNSSYR for 
IgG 5b [21], however they were not observed. 

In Figure 1a, the main glycoforms observed are peptides bearing 
biantennary fucosylated glycans labelled 1D, 2D, 1F, 2F, 1G and 2G, 
with the number referring to the peptide chain and the letters, to the 
structures of Figure 2. Some minor glycoforms include xenoantigen 
Neu5Gc: 1J-2J, 1L-2L, and 2O. The latter (2O) could potentially 
include αGal, as well as glycoform 2H. These structures had not been 
reported in a first study [11] most possibly due to sample preparation 
procedures. The IgG chains had been first separated on gel followed 
by in-gel tryptic digestion, whereas in the present study the whole 
protein-A IgG eluate was directly subjected to tryptic digestion in 
solution. This method allowed to recover more material and hence 
the observation of these signals. However, repeated digestions with α- 
galactosidase did not modify species 2H and 2O. With β-galactosidase, 
both 2H and 2O were partially hydrolyzed to lower glycoforms, but 
the same situation was observed for peptides bearing F and G. Figure 
S1 shows the spectra before and after galactosidase treatments. These 
experiments with exoglycosidases therefore remained inconclusive. 
Other minor glycoforms found in Figure 1a are glycopeptides with 
truncated glycans A and B, and afucosylated glycans C and E. 

Figure 1b shows the N-glycoforms obtained from the IgG of a 
GTKO pig. There is no significant variation in ions observed, for 
instance 1E and 2E are not as abundant as in Figure 1a, and species 
containing Neu5Gc are also in lower abundance. Peptides with glycans 
H and O were not detected.

The last spectrum (Figure 1c) corresponds to the tryptic N 
glycopeptides from the IgG of DKO pigs. A third peptide is also 
observed with sequence PKEEQFNSTYR (3), i.e., formed from a 
tryptic cleavage before proline, which is not common but has been 
reported [22]. Peaks corresponding to glycoforms of this peptide 
appear at m/z 2843 and 3005 and are labelled 3D and 3F. Of interest 
was that in the absence of Neu5Gc, replacement by Neu5Ac verified 
that no CMAH enzyme was available to convert Neu5Ac into Neu5Gc. 
This validated the DKO model, and indicated that no potentially diet 
derived Neu5Gc were present on the IgG from a classical pig diet. The 
spectrum emphasizes the sialylation of glycoforms, in this case 1I-2I, 
1K-2K and 2M when referring to Figure 2.

Figure 3 compares the tandem mass spectra obtained from the 
[M+H]+ precursor ions of glycoforms 2K and 2L. The prevalent feature 
of each spectrum is the loss of sialic acid (-307 for Neu5Gc, -291 for 
Neu5Ac). Otherwise, characteristic P+84 ions (where P=bare peptide) 
give access to the mass of the peptide [23] and thus to the mass of glycan 
component. These MS/MS spectra help confirm the presence of NeuGc 
in WT pig IgG and of NeuAc in DKO pig IgG. It was not possible to 
perform MS/MS for the GTKO pig IgG sample due to weakness of the 
signal.

Although Burlak et al. observed both Neu5Ac and Neu5Gc in the 
glycome of domestic pigs, the present study and previous work [11] 
show that it is not the case for IgG by itself. Burlak’s study also reported 
mostly Neu5Ac in DKO pigs with one instance of Neu5Gc being present 
[14]. In this study of glycopeptides, IgG from DKO pigs is shown to 
contain Neu5Ac exclusively. In humans, it has been shown that anti-
Neu5Gc antibody is produced and that anti- Neu5Gc antibody response 
is induced after WT pig tissue grafts [13]. There is still uncertainty 
however about the pathogenicity of the human anti-Neu5Gc antibody 
xenografts using pig organs. Non-human primates used as models for 
such transplantations have shown anti-Gal immunity but, as expected, 
no production of anti-Neu5Gc antibodies [13]. In these models, post-
transplantation antibody induction is rather directed to pig endothelial 
cells proteins and to a glycan due to the pig B4GALNT2 gene [24]. If 
this type of glycan is to be found in pig IgG, it would be on an O-site, 
in the hinge or Fab region, which were not specifically studied in this 
report. A more detailed study of Fab glycans, using papain to cleave the 
antibodies into two distinct portions [25] is underway and will be the 
object of a future manuscript. 

Levels of fucosylation were compared in triplicate between WT and 
DKO samples. They were determined to be 14 ± 4% (WT) and 9 ± 1% 
(DKO), which could be determinant in explaining the observed higher 
toxicity dependence of DKO pig IgG vs WT [26,27]. On the other 
hand, DKO pig IgG has shown a higher complement (C1q) binding 
than WT pig IgG using BiacoreTM technology [27] which, according 
to the template of interactions proposed by Butler et al. [21], could 
relate to a higher IgG3 content in DKO samples. This could not be 
determined in this current glycopeptide study, however experiments 
using quantitative markers are underway to determine IgG3 in WT and 
DKO IgG samples. 

There was thus no major variation in the predominant glycan 
structures observed in IgGs from WT, GTKO and DKO pigs in that 
they were mostly biantennary, core-fucosylated oligosaccharides. No 
significant increased abundance of mannosylated species was detected, 
as signaled by Burlak et al. in the glycome of DKO pig serum [14]. High 
mannose species (Man)5, monitored at m/z 2331 and 2389 for Peptides 
1 and 2, were not observed in Figure 1a, but close inspection of an 
exploded view of the spectrum in (c) revealed a trace presence of these 
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Figure 1: Linear, positive mode MALDI-TOF-MS N-glycopeptide profiles for wild-type pig IgG (a), GTKO pig IgG (b), and DKO pig IgG (c). Peptide numbering: 
1: EAQFNSTYR; 2: EEQFNSTYR; 3: PKEEQFNSTYR. Letters refer to glycans shown in Figure 2.

glycoforms. Glycoforms Man6 to Man9 were not observed at all in all 
spectra of Figure 1. As for truncated glycan forms noted by Burlak et al. 
in GTKO and DKO glycomes [14], they were not detected in this study, 
nor were xylose residues.

Another interesting aspect of terminal sialic acids is the linkage 
patterns to distal galactoses in the α2,3- or α2,6- position [28]. Sialylation 
has often been shown to enhance the half-lifes of glycoproteins, as sialic 
acid caps terminal galactose residues that are otherwise recognized 
by hepatic asialoglycoprotein receptors (ASGPR) [29]. It has been 
suggested that α 2,3 sialylation provides better half-life extension, as 
ASGPR recognizes Sia α 2,6Gal and Sia α 2,6GalNAc residues as well 

as Gal and GalNAc moieties [30,31]. In IgG samples, esterification 
of sialylated glycopeptides has allowed to differentiate these types of 
linkages [32,33], and this method was applied to asialylated pig IgG 
glycopeptides in a previous study [11], although the main purpose was 
to establish that peptides chains were EEQFNSTYR and EAQFNSTYR, 
E being reactive to esterification but not A. Glycopeptides from WT 
and DKO porcine IgG were subjected to this reaction and results are 
shown in Figure 4. Non-sialylated glycopeptides corresponding to 
Sequence 1 (EAQFNSTYR) saw their masses go up by 10 units (+28 for 
ethyl substitution, -18 for loss of H2O) [11,32]. Those corresponding 
to Sequence 2, EEQFNSTYR, showed an increment of 38 units (+(2 



Citation: Buist M, Komatsu E, Lopez PG, Girard L, Bodnar E, et al. (2016) Features of N-Glycosylation of Immunoglobulins from Knockout Pig Models. 
J Anal Bioanal Tech 7: 333. doi: 10.4172/2155-9872.1000333

Page 5 of 10

Volume 7 • Issue 5 • 1000333
J Anal Bioanal Tech, an open access journal
ISSN: 2155-9872

 

 

A

B

C

D

E

F

G

H

I

J

K

L

M

N

O

P

Figure 2: N-glycans detected on tryptic digest glycoforms of pig IgGs discussed in this study. Letters are used as labels in Figures 1, 4 and 5.

× 28)-18) [11,32]. Sialylated glycopeptides showed either an extra 
increment of 28 (335 instead of 307 for Neu5Gc, 319 instead of 291 for 
Neu5Ac) due to esterification of the carboxyl group or a loss of H2O 
(273 instead of 291 for Neu5Ac, 289 instead of 307 for Neu5Gc) due 
to lactonization. These mass differences are indicated by red numbers 
on the spectra. Some studies have pointed out that lactonization (-18) 
occurs for Sia α 2,3Gal linkages, while esterification takes place for Sia 
α 2,6Gal linkages, based on methods relying on methyl- and ethyl- 
esterification of carboxyl groups in glycans released from glycoprotein 
[28,32-35]. From this approach, used here for the first time with 
demonstrated lactonization of NeuGc, it can be observed in Figure 4 
that IgGs from WT and DKO pigs exhibit both α 2,3 and α 2,6 linkages, 
for Neu5Gc (WT) and Neu5Ac (DKO). It is possible to assign semi-
quantitative figures to the abundances of each type by comparing peak 
areas. Overall for WT the α 2,6 to α 2,3 ratio was 1.7 and for DKO, 1.3, 

showing a small predominance of α 2,6 linkages. The half-life of the 
DKO pig IgG has been measured as normal (170 h) vs. WT IgG [27], 
which is consistent with these MS results.

These types of linkages were found to be important with respect 
to cell infectivities of human parainfluenza virus type 1 and type 3: 
Type 1 recognized only α2,3 sialic acid linkages as viral receptors, while 
type 3 recognized both α2,3 and α2,6 sialic acid linkages [36]. As the 
terminal and only (negatively) charged residue in Fc glycans, it has 
been suggested that sialic acids have the most effect on the Fc domain 
structure [15,37].

Glycomic approach

Study of N-glycans released from protein-A eluate: At the 
glycomic level, mass spectra of native glycans detached from full 
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Figure 3: MALDI-TOF-MS/MS spectra of precursor ions of monosialylated glycopeptides. Top: m/z 3249 ions from wild-type pig IgG, and bottom m/z 3233 ions 
from double knockout pig IgG. Abbreviation legend: P=bare peptide; GlcNAc=N-acetylglucosamine; Fuc=Fucose; Gal=Galactose. Symbols refer to Figure 2.

antibodies (WT and DKO) with PNGaseF are shown in Figure 5. 
These glycans were detached from the whole protein-A eluate, which 
also contains IgM and IgA [11], and thus are not uniquely related to 
the heavy chains of IgG. In Figure 5, neutral glycans are detected as 
[M+Na]+ ions, whereas monosialylated species produce [M-H+2Na]+ 
signals, and disialylated, [M-2H+3Na]+ [38]. The observation of glycans 
containing Neu5Ac in the WT (m/z difference of 313), not detected on 
specific IgG glycopeptides from the same antibody sample (Figure 1a), 
suggests that these glycans are foreign to the heavy chain of IgG. A 
study by Marco-Ramell et al. reported the presence of Neu5Ac in IgA 
glycans, but also in IgG [20], possibly released from the IgG Fab light 
chain portion. Fab vs. Fc glycans in the same antibody encompass some 
differences, especially in increased levels of bisection, galactosylation, 
and thereby sialylation [39,40]. For instance disialylation is rarely 
observed in Fc glycans but more frequently in Fab glycans. Reduced 
levels of fucosylation have also been observed from Fab to Fc glycans 

[39,40]. Comparing the glycans detected in Figure 5 with heavy chain-
specific glycoforms of Figure 1 leads to the observation of disialylated 
(di-NeuAc, species M) glycans in the WT sample of Figure 5, which 
were not present in Figure 1. Glycans M were present in both Figures 
1 and 5 in the case of the DKO sample. Significant changes in the WT 
sample between relative abundances of glycoforms/glycans suggest 
that a significant proportion of released glycans came from either the 
Fab domain, or IgM/IgA. There was more consistency for the DKO 
samples analyzed in Figures 1 and 5.

MS/MS spectra were recorded to verify the presence of both 
Neu5Ac and Neu5Gc in the sample, as Figure S2 indicates. The 
mass selection tool of the UltraFleXtreme instrument was not able 
to completely isolate each of the m/z 2212 and 2228 precursor ions, 
resulting in overlapping MS/MS spectra which however show the 
respective loss of 313 (Neu5Ac+Na) and 329 (Neu5Gc+Na) from these 
two precursor masses.
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Figure 4: MALDI-TOF-MS spectra of ethyl-esterified tryptic glycopeptide HPLC fractions from a) and b) WT pig IgG and c) from DKO pig IgG. Peak labels refer to 
Figure 2. Numbers in red refer to mass differences between glycoforms: 162=hexose, 203=N-acetylhexosamine, 273=lactonized NeuAc, 289=lactonized NeuGc, 
319=esterified NeuAc, 335=esterified NeuGc, 314=Undetermined.

 

Overall, results from the PNGase experiment help to emphasize the 
importance of glycosylation site specificity of analysis when studying 
glycopeptides. Where porcine IgG species contain variations of the Fc 
tryptic sequence EEQFNSTYR, IgA and IgM produce different tryptic 
peptides, according to UniprotKB accession numbers K7ZJP7 (IgM) 
and K7ZRK0 (IgA). The constant portion of porcine IgM has four 
consensus sequences for N-glycosylation which would be included in 
tryptic peptides ESLNISWTR and TSIVFSEIYANGTFGAR and two 
other longer peptides, whereas IgA’s conserved part would produce a 
peptide of sequence LAGKPTHVNVSVVMAEAEGICY.

Conclusions
This report gathers important information specific to polyclonal 

IgGs from KO pig species and makes the parallel with IgG from 
WT pigs. Modified glycans on these antibodies can modulate their 
immunogenicity in passive immunotherapy treatments. Knocking-out 
the gene responsible for αGal resulted in IgGs where in N-glycosylation 
no α Gal residues were found, and where Neu5Gc residues were present. 
Knocking-out both the genes for αGal and Neu5Gc produced IgGs in 
which no αGal is detected, and where Neu5Ac residues were detected. In 
WT and DKO pig IgG, an esterification reaction allowed to determine 
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Figure 5: MALDI-MS spectra of glycans released from protein-A eluate of porcine serum. a) WT; c) detailed view of WT glycans; b) DKO; d) detailed view of 
DKO glycans. Neutral glycans are observed as [M+Na]+ ions, sialylated glycans as [M-nH+(n+1)Na]+, where n=number of sialic acids. Numbers in red: 146=fucose; 
162=hexose; 313=NeuAc+Na; 329=NeuGc+Na.e 1.
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the binding pattern of sialic acids, which showed a greater proportion 
of α2,6 binding over α2,3, which could have important biological 
implications. The fucosylation level was also higher in the WT than in 
DKO IgG, which could be significant for toxicity dependence levels. 
Finally, this study emphasizes the specificity of using a glycoproteomic 
rather than strictly glycomic approach in the characterization of these 
antibodies, as N-glycans released from whole protein-A eluates showed 
compositions varying from those measured on IgG N-glycopeptides. 
Future work will focus on Fab N- and O-glycans.
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