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Abstract
Intravenous immunoglobulin (IVIg) products from different pharmaceutical companies vary

in composition, in part because of the selected blood donors and production process. N-gly-
cosylation of the Fc-portion of IgG varies between blood donors and may influence both the

side-effects and therapeutic effectiveness of IVIg. At present, the variation in Fc N-glycosyl-
ation between IVIg products has not been defined. Utilizing mass spectrometry, we per-

formed relative quantitation of the Fc N-glycosylation of IgG, assessing a total of 154 unique

lot numbers of IVIg. Seven products showed comparable Fc N-glycosylation, with only one

product differing from the others in all glycosylation features (galactosylation, sialylation,

fucosylation and bisecting N-acetylglucosamine). However, the mean difference did not

exceed 3%. Within product variation was present to a minor degree, but largely indistin-

guishable from analytical variation. In conclusion, we expect that the minor variation in Fc

N-glycosylation between IVIg products has a small effect, if any, on the biological activity.

Introduction
Intravenous immunoglobulin (IVIg) is the mainstay treatment for a broad spectrum of
immune deficiencies and autoimmune diseases. In addition to the FDA approved indications,
IVIg is frequently used off-label for other (immune) disorders [1,2]. For years the world con-
sumption and costs of IVIg has been increasing, creating a billion dollar global market [3,4].
Only a select number of pharmaceutical companies (and local blood banks) market IVIg, and
these products differ with respect to the blood donor pool and production methods, leading to
variation in the product composition (e.g. IgG subclass distribution, stabilizers, sodium, IgA)
[5–8]. However, only a few studies have compared the clinical efficacy of different IVIg prod-
ucts used for high-dose immune-modulatory treatment [9]. Some studies found no differences
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between the IVIg products, while others reported a discrepancy in the occurrence of side-
effects, patient tolerability and even outcome [10–14].

Despite the extensive use of IVIg, remarkably little is known about the working mechanism,
pharmacokinetics, optimal dosages and regimens [1,15]. Multiple postulated working mecha-
nisms have been explored in animal models and human studies [16]. One of the more recent
proposed modes of action depends on the N-glycosylation of the Fc portion of the IgG [17–20].
Some studies indicate that the therapeutic effect of IVIg is based on a minor fraction of IgG,
with a specific glycoform in IVIg, implicating that enrichment of these IgG glycoforms in IVIg
might potentially lead to a more effective product [17–19,21]. While the WHO has formulated
minimum requirements for the production of IVIg for clinical use, monitoring of the IgG gly-
cosylation, to our knowledge, is not among them [22,23]. There are at present no comparative
studies published on the N-glycosylation of the Fc-part of IgG in IVIg, which is known to be
influenced by age, gender and the environment [24]. Therefore, since the population of blood
donors differs between products [25,26], the glycosylation of IVIg products may be influenced.

In the current study, we determined the variation in IgG Fc N-glycosylation between differ-
ent batches and brands of IVIg products available on the Western-European market for thera-
peutic use.

Results

Inter-products differences
The normalized relative intensities of the IgG1 Fc N-galactosylation. sialylation, fucosylation
and bisecting N-acetylglucosamine (GlcNAc) for all analyzed IVIg products and controls are
presented in Table 1 and Fig 1. Afucosylated species for IgG2/3 were below the limit of detec-
tion. In preparations #3 the mean galactosylation of IgG1 was slightly lower than in the other
products (3 vs 1B and 2B, P<0.001). The same was found for this IVIg preparation in IgG1 sia-
lylation and fucosylation and IgG2/3 galactosylation and sialylation, with significantly lower
levels than some of the other samples (ANOVA with post-hoc Tukey Test, S1 Table). Con-
versely the bisecting GlcNAc was significantly increased in preparation #3 (for IgG1 3 vs 1B,
P = 0.005, and for 3 vs 2B, 4, 5 P<0.001). Correlations between galactosylation and sialylation
within the respective subclasses were strong (IgG1 r = 0.804, IgG2/3 r = 0.909, P< 0.001 for
both), with no significant difference between the correlation coefficients of the tested products
(Fisher r-to-z transformation for correlation coefficients). The same was found for the correla-
tion between fucosylation and bisecting GlcNAc (IgG1 r = -0.844, P<0.001). While the minor
serum subclasses (IgG2/3) overall gave comparable patterns to IgG1 with respect to galactosy-
lation, sialylation and bisecting GlcNAc, absolute levels differ (e.g. a lower absolute level of
galactosylation for IgG2/3, Table 1 and S1 Fig); also there was only a weak to moderate correla-
tion between the subclasses (galactosylation IgG1 –IgG2/3 r = 0.217, P = 0.007; sialylation IgG1
–IgG2/3 r = 0.235, P = 0.003; and bisecting GlcNAc IgG1 –IgG2/3 r = 0.545, P<0.001).

Intra-products differences
Notably, the standard deviations for Fc-glycosylation did not differ significantly for the differ-
ent products (Brown-Forsythe test) or when compared to an IVIg control sample (i.e. account-
ing for analytical variation, F-test). Hence, it appeared to be similar in size or smaller than the
analytical variation. The observed variation was largest for preparation #1B IgG1, yet this may
for a large part be caused by analytical variation (Table 1). Incorporating outliers in prepara-
tion #1B yields a variation in IgG1 galactosylation of 53.5–59.7% (range, min–max), 13.5–
18.4% for IgG1 sialylation, 43.3–52.5% for IgG2/3 galactosylation, and 8.75–12.33% for IgG2/3
bisecting GlcNAc. Preparation #4 showed the largest variation for IgG1 Bisecting GlcNAc of
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13.30–18.52% (range, min–max), for fucosylation of 92.67–94.50% and for IgG2/3 sialylation
of 16.7–21.5%.

Discussion
This study showed that the seven IVIg products commonly used for treatment of patients in
The Netherlands have a similar IgG Fc N-glycosylation. Although some preparations showed
differences in mean IgG Fc galactosylation, sialylation, fucosylation and/or bisecting GlcNAc,
the absolute mean differences were not in excess of 3% apart from one preparation (#3). None-
theless, changes in fucosylation can have profound influence on antibody function [27]. But for
galactosylation, for example, these differences are within the range of natural variation of IgG
glycosylation between sexes as well as between individuals in general, and are smaller than age-
related changes associated with an age difference of a decade [28]. Notably, the differences
between IVIg preparations are approximately 1 order of magnitude smaller than the IgG glyco-
sylation changes observed with major inflammatory conditions such as rheumatoid arthritis
and osteoarthritis [29]. Since the spread in the control samples is comparable to those in the
IVIg products, within batch variation could mostly be attributed to analytical variation.

It was previously demonstrated that the LC–MS technique employed in this study is suitable
for the detection of minor, functionally relevant differences in IgG Fc N-glycosylation [30].
The quality of the data obtained for the samples as well as positive and negative controls,

Table 1. Overview of the IgG FcN-glycosylation of seven different IVIg products.

1A 1B 2A 2B 3 4 5 C S

(n = 3) (n = 64) (n = 24) (n = 11) (n = 22) (n = 16) (n = 14) (n = 3) (n = 6)

IgG1 Mean 55.90 56.17 55.30 56.59 54.72 55.51 55.85 56.75 56.5

Galactosylation SD 1.14 1.05 1.10 1.15 1.56 0.92 1.39 0.21 0.92

CV (%) 2.04 1.87 1.98 2.03 2.85 1.65 2.49 0.38 1.63

IgG1 Mean 16.17 16.26 16.24 16.63 15.50 16.53 16.48 16.67 16.98

Sialylation SD 0.44 0.84 1.01 0.52 1.06 0.77 0.84 0.66 0.62

CV (%) 2.71 5.19 6.20 3.13 6.84 4.63 5.09 3.93 3.64

IgG1 Mean 93.97 93.84 94.19 94.59 93.57 94.68 94.45 93.82 94.89

Fucosylation SD 0.34 0.30 0.35 0.29 0.37 0.20 0.45 0.19 0.16

CV (%) 0.37 0.32 0.3 0.31 0.4 0.22 0.48 0.2 0.17

IgG1 Mean 14 13.97 13.88 12.41 14.97 12.58 13.01 14 13.41

Bisecting SD 0.77 0.69 0.78 0.78 1.12 0.55 1.01 0.61 0.76

GlcNAc CV (%) 5.49 4.97 5.62 6.28 7.51 4.39 7.75 4.38 5.68

IgG2/3 Mean 49.41 46.88 46.43 48.09 46.09 47.85 47.65 47.77 46.63

Galactose SD 0.82 0.20 0.31 0.65 0.32 0.35 0.28 0.52 0.56

CV (%) 2.87 3.43 3.31 4.49 3.23 2.92 2.23 1.88 2.93

IgG2/3 Mean 18.12 16.73 17.03 17.41 16.09 17.93 17.52 17.39 16.61

Sialic acid SD 0.54 0.13 0.24 0.40 0.26 0.28 0.22 0.23 0.49

CV (%) 5.21 6.28 6.92 7.62 7.53 6.17 4.66 2.27 7.21

IgG2/3 Mean 11.44 11.53 11.65 10.85 11.97 10.88 11.07 11.47 11.77

Bisecting SD 0.43 0.53 0.47 0.57 0.35 0.35 0.43 0.31 0.32

GlcNAc CV (%) 3.75 4.63 4.04 5.24 2.92 3.24 3.87 2.67 2.73

Data presented as mean, standard deviation (SD) and coefficient of variation (CV), numbers in the first row are the seven different IVIg products, (C)

denotes an IVIg batch triplicate, and (S) an internal IgG standard.

doi:10.1371/journal.pone.0139828.t001
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confirm the suitability of the platform for the analysis of biopharmaceutical formulations. In
addition, we did not find any obvious analytical biases: there was no significant correlation,
neither per sample nor per formulation, of the different glycosylation trades with spectral
intensity or position in the analysis sample queue (and consequently the plate position). Thus,
it is likely that the observed differences in glycosylation are actual product differences. A caveat
to be made is the unequal number of samples available for analysis of each preparation. Also,
the products analyzed were derived from the Western-European market. Therefore, we cannot
extrapolate our findings to all IVIg markets.

In the current study, we have focused on the main categories of glycosylation instead of
individual glycoforms, although specific glycoforms may differ between individuals and influ-
ence the effects of IgG [31,32]. A study in patients with multiple myeloma has shown that each
IgG paraprotein in serum may exhibit a unique oligosaccharide profile [31]. The glycosylation
of IgG appeared to be influenced by the local environment since the polyclonal IgG in serum
from these patients may reflect the glycoform of the IgG paraproteins. IVIg as a polyvalent
product pooled from (ten) thousands of healthy individuals, is expected to contain the full
range of known human IgG Fc-glycoforms in healthy blood donors. With the technique used
in the current study we were able to assign unambiguously 26 separate IgG glycoforms. These
glycoforms may differ substantially between the individual blood donors, in part influenced by
demographic factors (e.g. age of the donor), but the sheer size of the mixed donor pool of IgG
in IVIg likely masks these inter-individual differences and contributes to the similar glycoform
distribution observed in the IVIg preparations. In addition, the impact of individual glycoforms
on IgG function is, hitherto, largely unknown, and therefore we focused on derived glycosyla-
tion traits.

To our knowledge no other extensive studies were published on the variation in Fc N-glyco-
sylation of IVIg. However, the results presented here can be compared to the serum IgG Fc N-
glycosylation of healthy controls (which IVIg is derived from, albeit as a mixture of thousands
of healthy donors), measured previously by our group with the same technique [30]. In general,
the mean galactosylation, sialylation and fucosylation of all IVIg preparations combined appear
slightly higher than in healthy controls (IgG1 mean galactosylation 55.8% (SD 1.8), IgG1 sialy-
lation 16.2% (SD 0.9) and IgG1 fucosylation 94,0% (SD 0.5) in this work, compared to that of
91 previously tested healthy controls of 53.4% (SD 8.1), 14.5% SD (3.7) and 93.0% (SD 3.0),
respectively). The level of bisecting GlcNAc was lower in the IVIg preparations (for IgG1
13.8%, SD 1.1) than in the previously tested serum IgG from healthy controls (19.4%, SD 4.0).
These differences may be due to a possible lower mean age of the blood donors used to produce
IVIg compared to the healthy control group used in the previous study [30]. Note, the relatively
small standard deviations of IVIg relative to the healthy controls as well as to the other studies
mentioned earlier [28,29]. Thus, intra- and inter-product variation are, in any case, signifi-
cantly lower than normal biological variation. The correlations between galactosylation–sialy-
lation and fucosylation–bisecting GlcNAc in IVIg were similar to that of IgG directly obtained
from human serum, as described previously [24,33]. The sialylation, deemed important for the
anti-inflammatory effects, appeared not to be greatly influenced by the IVIg manufacturing

Fig 1. IgG Fc-glycosylation of IVIg preparations available on theWestern-Europeanmarket for
therapeutic use. In total 154 unique IVIg batches produced by 5 different companies (1 to 5) were analyzed,
consisting of 7 products (1a n = 3, 1b n = 64, 2a n = 24, 2b n = 11, 3 n = 22, 4 n = 16, 5 n = 14, with the capital
S denoting the IgG standard (n = 6) and the capital C denoting an IVIg triplicate of the same batch).
Galactosylation for IgG1 presented as A) mean (SD) per product, and B) individual results for all tested
batches per product (bold line denoting the median). The same is shown for the other glycosylation features;
C and D for sialylation, E and F for fucosylation and G and H for bisecting GlcNAc.

doi:10.1371/journal.pone.0139828.g001
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process. Some studies showed that the anti-inflammatory effects of Fc-sialylation in IVIg may
not occur in all disease models, indicating that IVIg may have different modes of action in dif-
ferent diseases [34,35]. For further comparison, a previous study, assessing therapeutic mono-
clonal antibodies (IgG based recombinant production), found acceptable intra-product
variation in Fc-glycosylation [36]. It is therefore likely that the even smaller variations in Fc N-
glycosylation for IVIg reported here are also acceptable.

In conclusion there are small differences between IVIg products with respect to the func-
tionally relevant Fc-N-glycosylation of IgG. We expect that these minor differences will only
have a small or no effect on the biological activity of the IVIg preparations.

Materials and Methods
In total 154 unique samples were collected of seven different IVIg products from five pharmaceu-
tical companies (#1–5, with 1a/b and 2a/b representing different products produced by the same
manufacturer, for lot-numbers see S2 Table). In addition, three replicates of a single IVIg sample
and an IgG standard (Human Plasma Immunoglobulin G, Athens Research and Technology)
were included in the analysis in order to assess analytical variation. Small volume aliquots from
the remaining IVIg in the flask after infusion were stored at -80°C until use. The majority of sam-
ples were collected from December 2012 until September 2013, complemented by additional sam-
ples collected prior to this period. FcN-glycosylation was measured by mass spectrometric
analysis of glycopeptides according to Selman et al. [37], but without the protein A affinity purifi-
cation step, which was not required since all IVIg products consisted of>95% IgG. Partial dena-
turation of IgG was achieved by 15 min incubation at room temperature in 75 mM formic acid
followed by drying via vacuum centrifugation. Thereafter, IVIg samples were reconstituted in
40 μl 50 mM ammonium bicarbonate (pH 8.0) containing 2 μg TPCK-treated trypsin (Sigma-
Aldrich, Schnelldorf, Germany). After approximately 18 h of tryptic digestion, IgG Fc glycopep-
tides were analysed by liquid chromatography–mass spectrometry (LC–MS). IgG subclasses 1 and
4 yield unique glycopeptides while subclasses 2 and 3 share the same peptide backbone for the gly-
copeptides preventing there distinction by LC–MS [38]. Therefore, summed profiles are given for
IgG2 and 3. The method used can even account for potential IgG allotypic variation within the
glycopeptide sequence [39,40]. IgG4 was excluded as the low abundance of its glycopeptides pre-
vented an analysis of sufficient quality. Normalization to the sum of glycopeptide intensities per
subclass yielded relative intensity profiles from which the levels of glycosylation features (galacto-
sylation, sialylation, fucosylation and incidence of bisecting GlcNAc) were calculated similarly to
the previously described procedure [30]. However, due to different and varying sample concentra-
tions, the extracted features and, consequently the derived trade calculations were different. For
galactosylation, sialylation, fucosylation and bisecting GlcNAc, we used the following formulas,
respectively: Galactosylation = 0.5�(G1F+G1FN+G1FS)+(0.5�G1)IgG1only+G2F+G2FN+G2FS
+(G2+G2S)IgG1only; Sialylation = G1FS+G2FS+(G2S)IgG1only; Fucosylation = G0F+G1F+G2F
+G0FN+G1FN+G2FN+G1FS+G2FS; Bisecting GlcNAc = G0FN+G1FN+G2FN. Glycosylation
levels of the respective IVIg brands were compared using ANOVA and the post-hoc Tukey test
(accounting for multiple testing). Variance within the batches was tested with the Brown-Forsythe
test (group-wise) and the F-test compared to the variance of the three IVIg replicates (versus each
product). Coefficient of variation (CV, defined as the standard deviation divided by the mean)
was used to describe within-batch variation. Two-sided p-values<0.05 were considered to be sta-
tistically significant and all statistics were performed with GraphPad Prism (6.0) and SPSS statis-
tics (21.0).
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Supporting Information
S1 Fig. IgG Fc-glycosylation of IVIg preparations available of IgG2/3. Comparable to Fig 1,
the 154 unique IVIg batches produced by 5 different companies (1 to 5) were analyzed, consist-
ing of 7 products (1a n = 3, 1b n = 64, 2a n = 24, 2b n = 11, 3 n = 22, 4 n = 16, 5 n = 14, with the
capital S denoting the IgG standard (n = 6) and the capital C denoting an IVIg triplicate of the
same batch). Galactosylation for IgG1 presented as A) mean (SD) per product, and B) individ-
ual results for all tested batches per product (bold line denoting the median). The same is
shown for the other glycosylation features; C and D for sialylation, E and F for bisecting
GlcNAc.
(TIF)

S2 Fig. Differences between IVIg preparations.
(PDF)

S1 Table. Differences between IVIg preparations.
(DOCX)

S2 Table. IVIg lot-numbers.
(DOCX)

S3 Table. Overview of all glycoforms for the tested IVIg preparations.
(XLSX)

Acknowledgments
The authors would like to thank Dr. Govind Chavada (Department of Neurology, University
of Glasgow, Glasgow, United Kingdom), and the nursing staff of departments of Neurology
and Clinical Immunology (Erasmus Medical Center, Rotterdam, The Netherlands) for their
contribution to sample collection.

Author Contributions
Conceived and designed the experiments: WJRF MW BCJ. Performed the experiments: DF
TCMS. Analyzed the data: WJRF DF TCMS. Contributed reagents/materials/analysis tools:
WJRF RHMW.Wrote the paper: WJRF DF TCMS RHMW BCJ.

References
1. Schwab I, Nimmerjahn F (2013) Intravenous immunoglobulin therapy: how does IgGmodulate the

immune system? Nat Rev Immunol 13: 176–189. doi: 10.1038/nri3401 PMID: 23411799

2. Leong H, Stachnik J, Bonk ME, Matuszewski KA (2008) Unlabeled uses of intravenous immune globu-
lin. Am J Health Syst Pharm 65: 1815–1824. doi: 10.2146/ajhp070582 PMID: 18796422

3. Sewell WA, Kerr J, Behr-Gross ME, Peter HH (2014) European consensus proposal for immunoglobu-
lin therapies. Eur J Immunol 44: 2207–2214. doi: 10.1002/eji.201444700 PMID: 24975475

4. Darba J, Restovic G, Kaskens L, de Agustin T (2012) Direct medical costs of liquid intravenous immu-
noglobulins in children, adolescents, and adults in Spain. J Clin Pharmacol 52: 566–575. doi: 10.1177/
0091270011399575 PMID: 21593279

5. Mark SM (2011) Comparison of Intravenous Immunoglobulin Formulations: Product, Formulary, and
Cost Considerations. Hospital Pharmacy 46: 668–676.

6. Hooper JA (2008) Intravenous immunoglobulins: evolution of commercial IVIG preparations. Immunol
Allergy Clin North Am 28: 765–778, viii. doi: 10.1016/j.iac.2008.06.002 PMID: 18940573

7. Beck OE, Kaiser PE (1981) Distribution of human IgG subclasses in commercial intravenous immuno-
globulin preparations. A rate nephelometric method. Vox Sang 41: 79–84. PMID: 7331283

8. Martin TD (2006) IGIV: contents, properties, and methods of industrial production—evolving closer to a
more physiologic product. Int Immunopharmacol 6: 517–522. PMID: 16504913

N-Glycan Comparison of IVIg

PLOS ONE | DOI:10.1371/journal.pone.0139828 October 12, 2015 7 / 9

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139828.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139828.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139828.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139828.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0139828.s005
http://dx.doi.org/10.1038/nri3401
http://www.ncbi.nlm.nih.gov/pubmed/23411799
http://dx.doi.org/10.2146/ajhp070582
http://www.ncbi.nlm.nih.gov/pubmed/18796422
http://dx.doi.org/10.1002/eji.201444700
http://www.ncbi.nlm.nih.gov/pubmed/24975475
http://dx.doi.org/10.1177/0091270011399575
http://dx.doi.org/10.1177/0091270011399575
http://www.ncbi.nlm.nih.gov/pubmed/21593279
http://dx.doi.org/10.1016/j.iac.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18940573
http://www.ncbi.nlm.nih.gov/pubmed/7331283
http://www.ncbi.nlm.nih.gov/pubmed/16504913


9. Buehler AM, Flato UP, Ferri CP, Fernandes JG (2015) Is there evidence for recommending specific
intravenous immunoglobulin formulations? A systematic review of head-to-head randomized controlled
trials. Eur J Pharmacol 747: 96–104. doi: 10.1016/j.ejphar.2014.11.033 PMID: 25496751

10. Feldmeyer L, Benden C, Haile SR, Boehler A, Speich R, French LE et al. (2010) Not all intravenous
immunoglobulin preparations are equally well tolerated. Acta Derm Venereol 90: 494–497. doi: 10.
2340/00015555-0900 PMID: 20814625

11. Siegel J (2005) The product: All intravenous immunoglobulins are not equivalent. Pharmacotherapy
25: 78S–84S. PMID: 16229678

12. Gelfand EW (2006) Differences between IGIV products: impact on clinical outcome. Int Immunophar-
macol 6: 592–599. PMID: 16504921

13. Manlhiot C, Yeung RS, Chahal N, McCrindle BW (2010) Intravenous immunoglobulin preparation type:
association with outcomes for patients with acute Kawasaki disease. Pediatr Allergy Immunol 21: 515–
521. doi: 10.1111/j.1399-3038.2010.00987.x PMID: 20546528

14. Lin MC, Fu YC, Jan SL, Lai MS (2013) Comparative effectiveness of intravenous immunoglobulin for
children with Kawasaki disease: a nationwide cohort study. PLoS One 8: e63399. doi: 10.1371/journal.
pone.0063399 PMID: 23650564

15. Bonilla FA (2008) Pharmacokinetics of immunoglobulin administered via intravenous or subcutaneous
routes. Immunol Allergy Clin North Am 28: 803–819, ix. doi: 10.1016/j.iac.2008.06.006 PMID:
18940575

16. Tjon AS, van Gent R, Geijtenbeek TB, Kwekkeboom J (2015) Differences in Anti-Inflammatory Actions
of Intravenous Immunoglobulin between Mice and Men: More than Meets the Eye. Front Immunol 6:
197. doi: 10.3389/fimmu.2015.00197 PMID: 25972869

17. Kaneko Y, Nimmerjahn F, Ravetch JV (2006) Anti-inflammatory activity of immunoglobulin G resulting
from Fc sialylation. Science 313: 670–673. PMID: 16888140

18. Raju TS (2008) Terminal sugars of Fc glycans influence antibody effector functions of IgGs. Curr Opin
Immunol 20: 471–478. doi: 10.1016/j.coi.2008.06.007 PMID: 18606225

19. Karsten CM, Pandey MK, Figge J, Kilchenstein R, Taylor PR, Rosas M, et al. (2012) Anti-inflammatory
activity of IgG1 mediated by Fc galactosylation and association of FcgammaRIIB and dectin-1. Nat
Med 18: 1401–1406. PMID: 22922409

20. Sudo M, Yamaguchi Y, Spath PJ, Matsumoto-Morita K, Ong BK, Sharizalia N, et al. (2014) Different
IVIG Glycoforms Affect In Vitro Inhibition of Anti-Ganglioside Antibody-Mediated Complement Deposi-
tion. PLoS One 9.

21. Washburn N, Schwab I, Ortiz D, Bhatnagar N, Lansing JC, Medeiros A, et al. (2015) Controlled tetra-Fc
sialylation of IVIg results in a drug candidate with consistent enhanced anti-inflammatory activity. Proc
Natl Acad Sci U S A 112: E1297–1306. doi: 10.1073/pnas.1422481112 PMID: 25733881

22. (1983) IUIS/WHO notice. Appropriate uses of human immunoglobulin in clinical practice. Clin Exp
Immunol 52: 417–422. PMID: 6861378

23. Radosevich M, Burnouf T (2010) Intravenous immunoglobulin G: trends in production methods, quality
control and quality assurance. Vox Sang 98: 12–28. doi: 10.1111/j.1423-0410.2009.01226.x PMID:
19660029

24. Pucic M, Knezevic A, Vidic J, Adamczyk B, Novokmet M, Polasek O, et al. (2011) High throughput iso-
lation and glycosylation analysis of IgG-variability and heritability of the IgG glycome in three isolated
human populations. Mol Cell Proteomics 10: M111 010090. doi: 10.1074/mcp.M111.010090 PMID:
21653738

25. Lattimore S, Wickenden C, Brailsford SR (2015) Blood donors in England and North Wales: demogra-
phy and patterns of donation. Transfusion 55: 91–99. doi: 10.1111/trf.12835 PMID: 25178387

26. Veldhuizen IJ, Doggen CJ, Atsma F, De Kort WL (2009) Donor profiles: demographic factors and their
influence on the donor career. Vox Sang 97: 129–138. doi: 10.1111/j.1423-0410.2009.01201.x PMID:
19508703

27. Shields RL, Lai J, Keck R, O'Connell LY, Hong K, Meng YG, et al. (2002) Lack of fucose on human
IgG1 N-linked oligosaccharide improves binding to human Fcgamma RIII and antibody-dependent cel-
lular toxicity. J Biol Chem 277: 26733–26740. PMID: 11986321

28. Bakovic MP, Selman MH, Hoffmann M, Rudan I, Campbell H, Deelder AM, et al. (2013) High-through-
put IgG fc N-glycosylation profiling by mass spectrometry of glycopeptides. J Proteome Res 12: 821–
831. doi: 10.1021/pr300887z PMID: 23298168

29. Parekh RB, Dwek RA, Sutton BJ, Fernandes DL, Leung A, Stanworth D, et al. (1985) Association of
rheumatoid arthritis and primary osteoarthritis with changes in the glycosylation pattern of total serum
IgG. Nature 316: 452–457. PMID: 3927174

N-Glycan Comparison of IVIg

PLOS ONE | DOI:10.1371/journal.pone.0139828 October 12, 2015 8 / 9

http://dx.doi.org/10.1016/j.ejphar.2014.11.033
http://www.ncbi.nlm.nih.gov/pubmed/25496751
http://dx.doi.org/10.2340/00015555-0900
http://dx.doi.org/10.2340/00015555-0900
http://www.ncbi.nlm.nih.gov/pubmed/20814625
http://www.ncbi.nlm.nih.gov/pubmed/16229678
http://www.ncbi.nlm.nih.gov/pubmed/16504921
http://dx.doi.org/10.1111/j.1399-3038.2010.00987.x
http://www.ncbi.nlm.nih.gov/pubmed/20546528
http://dx.doi.org/10.1371/journal.pone.0063399
http://dx.doi.org/10.1371/journal.pone.0063399
http://www.ncbi.nlm.nih.gov/pubmed/23650564
http://dx.doi.org/10.1016/j.iac.2008.06.006
http://www.ncbi.nlm.nih.gov/pubmed/18940575
http://dx.doi.org/10.3389/fimmu.2015.00197
http://www.ncbi.nlm.nih.gov/pubmed/25972869
http://www.ncbi.nlm.nih.gov/pubmed/16888140
http://dx.doi.org/10.1016/j.coi.2008.06.007
http://www.ncbi.nlm.nih.gov/pubmed/18606225
http://www.ncbi.nlm.nih.gov/pubmed/22922409
http://dx.doi.org/10.1073/pnas.1422481112
http://www.ncbi.nlm.nih.gov/pubmed/25733881
http://www.ncbi.nlm.nih.gov/pubmed/6861378
http://dx.doi.org/10.1111/j.1423-0410.2009.01226.x
http://www.ncbi.nlm.nih.gov/pubmed/19660029
http://dx.doi.org/10.1074/mcp.M111.010090
http://www.ncbi.nlm.nih.gov/pubmed/21653738
http://dx.doi.org/10.1111/trf.12835
http://www.ncbi.nlm.nih.gov/pubmed/25178387
http://dx.doi.org/10.1111/j.1423-0410.2009.01201.x
http://www.ncbi.nlm.nih.gov/pubmed/19508703
http://www.ncbi.nlm.nih.gov/pubmed/11986321
http://dx.doi.org/10.1021/pr300887z
http://www.ncbi.nlm.nih.gov/pubmed/23298168
http://www.ncbi.nlm.nih.gov/pubmed/3927174


30. FokkinkWJ, Selman MH, Dortland JR, Durmus B, Kuitwaard K, Huizinga R, et al. (2014) IgG Fc N-gly-
cosylation in Guillain-Barre syndrome treated with immunoglobulins. J Proteome Res 13: 1722–1730.
doi: 10.1021/pr401213z PMID: 24533874

31. Farooq M, Takahashi N, Arrol H, Drayson M, Jefferis R (1997) Glycosylation of polyclonal and parapro-
tein IgG in multiple myeloma. Glycoconj J 14: 489–492. PMID: 9249147

32. Jefferis R (2012) Isotype and glycoform selection for antibody therapeutics. Arch Biochem Biophys
526: 159–166. doi: 10.1016/j.abb.2012.03.021 PMID: 22465822

33. Selman MH, McDonnell LA, Palmblad M, Ruhaak LR, Deelder AM, Wuhrer M (2010) Immunoglobulin
G glycopeptide profiling by matrix-assisted laser desorption ionization Fourier transform ion cyclotron
resonance mass spectrometry. Anal Chem 82: 1073–1081. doi: 10.1021/ac9024413 PMID: 20058878

34. von Gunten S, Shoenfeld Y, Blank M, Branch DR, Vassilev T, Käseramann F, et al. (2014) IVIG pluripo-
tency and the concept of Fc-sialylation: challenges to the scientist. Nat Rev Immunol 14: 349. doi: 10.
1038/nri3401-c1 PMID: 24762829

35. Schwab I, Lux A, Nimmerjahn F (2014) Reply to—IVIG pluripotency and the concept of Fc-sialylation:
challenges to the scientist. Nat Rev Immunol 14: 349.

36. Schiestl M, Stangler T, Torella C, Cepeljnik T, Toll H, Grau R (2011) Acceptable changes in quality attri-
butes of glycosylated biopharmaceuticals. Nat Biotechnol 29: 310–312. doi: 10.1038/nbt.1839 PMID:
21478841

37. Selman MH, Derks RJ, Bondt A, Palmblad M, Schoenmaker B, Koeleman CA, et al. (2012) Fc specific
IgG glycosylation profiling by robust nano-reverse phase HPLC-MS using a sheath-flow ESI sprayer
interface. J Proteomics 75: 1318–1329. doi: 10.1016/j.jprot.2011.11.003 PMID: 22120122

38. Einarsdottir HK, Selman MH, Kapur R, Scherjon S, Koeleman CA, Deelder AM, et al. (2013) Compari-
son of the Fc glycosylation of fetal and maternal immunoglobulin G. Glycoconj J 30: 147–157. doi: 10.
1007/s10719-012-9381-6 PMID: 22572841

39. Wuhrer M, Stam JC, van de Geijn FE, Koeleman CA, Verrips CT, Dolhain RJ, et al. (2007) Glycosyla-
tion profiling of immunoglobulin G (IgG) subclasses from human serum. Proteomics 7: 4070–4081.
PMID: 17994628

40. Zauner G, Selman MH, Bondt A, Rombouts Y, Blank D, Deelder AM, et al. (2013) Glycoproteomic anal-
ysis of antibodies. Mol Cell Proteomics 12: 856–865. doi: 10.1074/mcp.R112.026005 PMID: 23325769

N-Glycan Comparison of IVIg

PLOS ONE | DOI:10.1371/journal.pone.0139828 October 12, 2015 9 / 9

http://dx.doi.org/10.1021/pr401213z
http://www.ncbi.nlm.nih.gov/pubmed/24533874
http://www.ncbi.nlm.nih.gov/pubmed/9249147
http://dx.doi.org/10.1016/j.abb.2012.03.021
http://www.ncbi.nlm.nih.gov/pubmed/22465822
http://dx.doi.org/10.1021/ac9024413
http://www.ncbi.nlm.nih.gov/pubmed/20058878
http://dx.doi.org/10.1038/nri3401-c1
http://dx.doi.org/10.1038/nri3401-c1
http://www.ncbi.nlm.nih.gov/pubmed/24762829
http://dx.doi.org/10.1038/nbt.1839
http://www.ncbi.nlm.nih.gov/pubmed/21478841
http://dx.doi.org/10.1016/j.jprot.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22120122
http://dx.doi.org/10.1007/s10719-012-9381-6
http://dx.doi.org/10.1007/s10719-012-9381-6
http://www.ncbi.nlm.nih.gov/pubmed/22572841
http://www.ncbi.nlm.nih.gov/pubmed/17994628
http://dx.doi.org/10.1074/mcp.R112.026005
http://www.ncbi.nlm.nih.gov/pubmed/23325769

