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Editorial on the Research Topic

Immunoglobulin Glycosylation Analysis: State-of-the-Art Methods and Applications
in Immunology

Immunoglobulins (Igs) are critical in the ability of our immune system to recognize and eliminate
pathogenic antigens. Igs are co- and post-translationally modified by oligosaccharides (glycans) that
significantly impact their structural and functional properties. All five human Ig classes (IgG, IgA,
IgM, IgD, and IgE) are glycosylated; and the glycosylation of IgG, in particular, has been studied in
depth. Although IgG glycosylation varies between individuals, it is stable within an individual under
homeostasis. During disease, IgG glycans can dramatically change making them promising early
diagnostic and prognostic biomarkers for several inflammatory, infectious, and autoimmune
conditions. The goal of this Research Topic is to cover 1) advancements in analytical approaches
for Ig glycosylation analysis; 2) applications of state-of-the-art methodology/technology in
exploring aberrant glycosylation patterns during illness/disease; and 3) recent findings on the
functional relevance of Ig glycosylation in immunity during different physiological states.

Developmentof newanalytical approaches facilitates the expansionof our knowledgeof Ig glycosylation
– from its regulation and functional effects in healthy conditions to changes in glycosylation before/during
disease, their connection with disease progression, and success of therapeutic interventions. Sensitivity,
simplicity, and throughput are three key aims of current methodological development. The
GlycoFibroTyper platform of Scott et al. exemplifies this quest for robust methods using minute
amounts of sample to tackle large numbers in patients and/or longitudinal samples. The authors
combine an antibody capture slide array with direct detection by matrix-assisted laser desorption/
ionization (MALDI) (imaging) mass spectrometry (IMS) of PNGase F-released N-glycans – both
microarrays and MALDI-MS are well established in high-throughput glycomics. The minimal sample
preparation deviates from the dominant liquid chromatography (LC)-MS or LC-fluorescence approaches
(1). Though much method development is still focused on IgG, the current advances in sensitivity will
hopefully make the analysis of the remaining Ig isotypes more commonplace in the future (2).

IgG glycosylation depends on several demographic, genetic, and environmental factors (such as age,
sex, ethnicity, and exercise). Genetic studies provide information on glycosylation regulation. We still
know little due to the lack of a direct genetic template and the complexity of glycosylation. Li et al. aim at
filling this gap by providing an atlas of genetic regulatory loci related to IgG N-glycosylation with their
org May 2022 | Volume 13 | Article 92339314
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target genes within functionally relevant tissues. This work implies
that the IgGN-glycome is specific for individual tissues. Thereby, it
consistently goes beyond general genome-wide association studies
(GWAS) (3) in recognizing the impact of the B cell
microenvironment (4). The latter also seems (indirectly) affected
by estrogen. For example, Mijakovac et al. have explored estrogens
impact on IgG glycosylation in the context ofmenopausal changes.

Glycosylation of Igs is shown to change in various pathological
states and has been studied in different diseases. Nevertheless,
mechanisms of these changes are still largely unexplored. The
main question whether glycosylation changes are a cause or
consequence (or both) of disease mostly remains unanswered. IgG
glycosylation has been recently studied in the context of thyroid
autoimmunity, Hashimoto’s thyroiditis and Graves’ disease, by
Trzos et al., connecting IgG glycosylation and Hashimoto’s
thyroiditis severity as well as demonstrating an impact of
immunosuppressive methimazole therapy on the IgG N-glycome
in Graves’ disease. A further study in the parasitic disease lymphatic
filariasis by Adjobimey and Hoerauf demonstrates the broad
relevance of the IgG N-glycome. However, this fuels the need to
control for common comorbidities, for example with endemic
controls. Distinct glycan profiles have been observed in endemic
normal, asymptomatic individuals bearingmicrofilaria and patients
with chronic pathology. Most notably, agalactosylated and
afucosylated IgG distinguished chronic from asymptomatic
patients. Linking immune competence and IgG N-glycome
composition, detailed characterization on the level of individual
subclasses, or antigen-specific antibodies would provide even more
insight into these diseases and underlying mechanisms. The IgG
subclass-specific glycosylation signatures of liver fibrosis stages
obtained by Scott et al. may serve as an example. Demonstrating a
greaterdiagnosticperformance thanothernon-invasive liverfibrosis
tests, e.g. APRI, FIB4, their comparably simple workflow highlights
the potential attractiveness of IgG glycome analysis for future
clinical practice.

The functional relevance of IgG glycosylation is well established
and current knowledge of IgG glycosylation in different
physiological states is reviewed by Zlatina and Galuska. One of the
most established examples of functional effects of glycosylation is
core fucosylation at Asn297 of the IgG Fc fragment that results in
lower affinity toward Fcg receptor (FcgR) IIIa, decreasing antibody-
dependent cell-mediated cytotoxicity (ADCC)(Sun et al.). Various
Frontiers in Immunology | www.frontiersin.org 25
functions and pathways of Ig sialylation, another important
regulator of Ig effector functions, have been highlighted by
Vattepu et al. Consequently, glycoengineering has been developed
to improve the anti-inflammatory properties of intravenous
immunoglobulin (IVIg) often used as a treatment for different
inflammatory and autoimmune diseases (Vattepu et al.). IVIg
likely has many mechanisms of action although it’s often reduced
to sialylated IgG glycans that diminish the affinity of IgG for
activating FcgRs and promote recognition by DC-SIGN leading to
the expression of inhibitory FcgRIIb. Research by Mimura et al.
demonstrates that galactosylated nonfucosylated IgG, which has a
high affinity for FcgRIIIa, has a 20 times higher potency to inhibit
ADCC compared to native IgG. These findings indicate that IVIg
anti-inflammatory activity is partially mediated by blocking FcgRs
on immune cells preventing activation, for example by
autoantibodies. Glycoengineered recombinant Fc proteins may be
a more efficient alternative to plasma-derived IVIg in inflammatory
conditions, although binding to the low-affinity FcgRs is not entirely
independent of the antigen-binding fragment. Effects of antibody
glycoengineeringcouldbetestedone.g. rhesusmacaques, a common
non-human primatemodel. Thework of Crowley et al. expands our
knowledge on the preferences of macaque FcgRs to specific human
IgG1 glycovariants and demonstrates this model species’ suitability
for evaluation of FcgRs affinity glycoforms. While Ig(G)
glycosylation and its functionality are mostly studied in humans
andmice, analogous studies in other animals are still lacking, leaving
this area largely unexplored. Current knowledge on Ig glycosylation
in farm animals is reviewed by Zlatina and Galuska revealing that
there are notable differences in Ig glycosylation between animals.
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Glycans attached to immunoglobulin G (IgG) directly affect this antibody effector functions
and regulate inflammation at several levels. The composition of IgG glycome changes
significantly with age. In women, the most notable change coincides with the
perimenopausal period. Aiming to investigate the effect of estrogen on IgG
glycosylation, we analysed IgG and total serum glycomes in 36 healthy premenopausal
women enrolled in a randomized controlled trial of the gonadotropin-releasing hormone
analogue (GnRHAG) leuprolide acetate to lower gonadal steroids to postmenopausal levels
and then randomized to transdermal placebo or estradiol (E2) patch. The suppression of
gonadal hormones induced significant changes in the IgG glycome, while E2

supplementation was sufficient to prevent changes. The observed glycan changes
suggest that depletion of E2 primarily affects B cell glycosylation, while liver
glycosylation stays mostly unchanged. To determine whether previously identified IgG
GWAS hits RUNX1, RUNX3, SPINK4, and ELL2 are involved in downstream signaling
mechanisms, linking E2 with IgG glycosylation, we used the FreeStyle 293-F transient
system expressing IgG antibodies with stably integrated CRISPR/dCas9 expression
cassettes for gene up- and downregulation. RUNX3 and SPINK4 upregulation using
dCas9-VPR resulted in a decreased IgG galactosylation and, in the case of RUNX3, a
concomitant increase in IgG agalactosylation.

Keywords: immunoglobulin G glycosylation, estradiol, CRISPR, inflammation, Runx3
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INTRODUCTION

Most proteins in human serum are glycosylated by the covalent
addition of diverse glycan structures that fine-tune their function.
The regulatory role of glycans has been most extensively explored
on immunoglobulin G (IgG) antibodies, where different
glycoforms regulate the immune response on multiple levels (1).
Glycans attached to the Fc part of the IgG molecule affect
interactions with different Fc receptors, which is why changes in
glycosylation have direct effects on the immune system at multiple
levels (2). IgG glycosylation is altered in many diseases (3), and
glycan changes can even appear before the onset of disease
symptoms (4–6). In some cases, changes in IgG glycans were
shown to be a causative element contributing to the disease
development (7–9). IgG glycans that associate with age are
known functional effectors of inflammation, and changes in IgG
glycosylation seem to be an important factor contributing to
ageing at the molecular level (10–12) that can also be used as a
biomarker to track individual trajectories of biological ageing (13).

In women, the most prominent change of glycan age
coincides with the perimenopausal period (10). A recent
intervention study demonstrated that estrogen regulates IgG
glycosylation (14), which may explain why perimenopausal
females undergo significant changes in the IgG glycome
composition. Unfortunately, limitations of the glycoprofiling
method used in that study, i.e. only IgG galactosylation was
estimated from the total plasma glycome profile, prevented us
from the detailed characterization of the estrogen effect on IgG
glycosylation. In the present study, we aimed at a better
understanding of the estrogen role in the regulation of IgG
glycosylation, therefore we reanalyzed samples from the
previous intervention study (14) using state-of-the-art
glycoprofiling technologies (15). We first defined the
components of IgG glycome affected by estradiol (E2). We then
used data from our recent large genome-wide association study
(GWAS) of the IgG glycome (16) to identify candidate genes
possibly involved in mediating effects of E2 on IgG glycosylation.
We selected four gene loci, RUNX1–RUNX3, SPINK4, and ELL2,
involved in E2 downstream signaling mechanisms, assuming that
these loci represent a part of the molecular pathway linking E2 to
IgG glycosylation. In vitro system used in this study was based on
a FreeStyle 293-F (HEK-293FS) transient expression system
optimized for secreting a high quantity of native IgG
antibodies (16). The system was modified by stable integration
of CRISPR/dCas9 expression cassette containing either VPR (for
gene upregulation) or KRAB (for gene downregulation). Using
this system, we were able to demonstrate the effects of selected
genes on specific IgG glycans which were previously associated
with biological ageing.
METHODS

Institutional Approval
This study was conducted at the University of Colorado
Anschutz Medical Campus (CU-AMC). All procedures were
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performed in accordance with the ethical standards and
approved by the Colorado Multiple Institutional Review Board
(COMIRB) and the Scientific Advisory and Review Committee at
the University of Colorado Anschutz Medical Campus (CU-
AMC). The study was registered on ClinicalTrials.gov
(NCT00687739) on May 28, 2008.

Participants and Screening Procedures
Participants were healthy eumenorrheic premenopausal women
who volunteered to take part in the study. All volunteers
underwent screening procedures, as described previously (17).
The main inclusion criteria were age (25 to 49 years) and regular
menstrual cycle function [no missed cycles in the previous year,
cycle length 28 ± 5 days and confirmation of ovulatory status
(ClearPlan Easy, Unipath Diagnostics, Waltham, MA)].
Exclusion criteria were pregnancy or lactation, hormonal
contraception, oral glucocorticoids or diabetes medications,
smoking, and body mass index (BMI) >39 kg/m2. Following
the Declaration of Helsinki, all volunteers provided written
informed consent to participate, with the knowledge that the
risks of the study included menopause-like effects (e.g., weight
gain, bone loss, menopausal symptoms).

Experimental Design and Study
Procedures
The parental trial was a randomized, double-blinded, placebo-
controlled trial to determine the effects of estradiol (E2)
deficiency on body composition, bone mineral density,
components of energy expenditure and physical activity in
premenopausal women (17, 18). In short, all participants
underwent suppression of ovarian sex hormones with
gonadotropin-releasing hormone agonist therapy (GnRHAG,
leuprolide acetate 3.75 mg, Lupron; TAP Pharmaceutical
Products, Inc; Lake Forest, IL) in the form of monthly
intramuscular injections. A single injection of leuprolide
acetate produces an initial stimulation (for 1 to 3 weeks)
fo l lowed by a prolonged suppress ion of pi tu i tary
gonadotropins FSH and LH, while repeated monthly dosing
suppresses ovarian hormone secretion (19). A urine pregnancy
test confirmed the absence of pregnancy before each dosing.
After completing the screening procedures, eligible volunteers
underwent baseline testing during the early follicular phase (days
2 to 6 after the onset of menses) of the menstrual cycle. At the
beginning of the following menstrual cycle, participants began 5-
months of GnRHAG therapy to suppress ovarian function.
Participants were randomized to receive either transdermal
E2 0.075 mg/d (Bayer HealthCare Pharmaceuticals, Berkeley,
CA) or placebo patches (GnRHAG + E2, n = 15; GnRHAG + PL,
n = 21). The E2 regimen kept serum E2 concentrations in the
mid-to-late follicular phase range (100 to 150 pg/ml). To
reduce the risk of endometrial hyperplasia and minimize
exposure to progesterone, women randomized to E2 received
medroxyprogesterone acetate (5 mg/d, as a pill) for 12 days every
other month (end of months 2 and 4, and after completion of
follow-up testing). During these monthly visits, participants were
under supervision of the research nurse practitioner. Participants
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were asked to report health and medication use changes (e.g.,
doctor visits, hospitalizations), as well as any study-related
problems/concerns over the past 4 weeks.

Sample Collection
Blood samples were collected at three timepoints: during baseline
testing (T1), during week 20 of the hormonal intervention (T2),
and at the spontaneous recovery of the normal menstrual cycle
function, approximately 4-months after completion of the drug
intervention (T3). A single sample (~5 ml) was obtained in the
morning (~8 AM), after an overnight fast (at least 10 h). Baseline
samples were obtained immediately before the first GnRHAG

injection. Serum was separated from each collected sample upon
blood withdrawal and stored at −80°C until analysis.

Sex Hormone Concentration
Collected sera were analyzed for numerous sex hormones. Estrone
(E1), estradiol (E2) and progesterone (P) concentrations were
determined by radioimmunoassay (RIA, Diagnostic Systems Lab,
Webster, TX). Total testosterone (T) concentration was
determined by chemiluminescence immunoassay (Beckman
Coulter, Inc. Fullerton, CA), and sex hormone-binding globulin
(SHBG) concentration was determined by immunoradiometric
assay (Diagnostic Systems Laboratory).

Isolation of Immunoglobulin G, Release
and Labeling of N-Glycans From IgG
The whole procedure was performed according to the already
published protocol (20). In short, IgG was isolated from sera (100
ml) by affinity chromatography using a 96-well plate with protein
G coupled to a monolithic stationary phase (BIA Separations,
Slovenia). The isolated IgG was denatured with the addition of
SDS (Invitrogen, USA) and incubation at 65°C, after which the
excess of SDS was neutralized with Igepal CA-630 (Sigma-
Aldrich, USA). N-glycans were released from IgG with the
addition of PNGase F (Promega, USA) in a PBS buffer during
the overnight incubation at 37°C. The released glycans were
fluorescently labelled with 2-AB dye (Merck, Germany) in the
2 h incubation at 65°C. Free label and reducing agent were
removed from the samples by hydrophilic interaction liquid
chromatography solid phase extraction (HILIC-SPE). IgG N-
glycans were eluted with ultrapure water and stored at −20°C.

Release and Labeling of N-Glycans From
Total Serum Proteins
The whole procedure was performed as described previously (4).
In short, serum proteins (10 ml) were denatured by SDS and
incubated at 65°C. Excess SDS was neutralized by Igepal CA-630
(Sigma-Aldrich, USA). Serum proteins were deglycosylated by
PNGase F (Promega, USA) in a PBS buffer during the overnight
incubation at 37°C. Released glycans were fluorescently labelled
with 2-AB dye (Merck, Germany) in the 2h incubation time at
65°C. Excess of reagents and proteins from previous steps was
removed by hydrophilic interaction liquid chromatography solid
phase extraction (HILIC-SPE). Serum N-glycans were eluted
with ultra-pure water and stored at −20°C.
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Hydrophilic Interaction Chromatography
(HILIC)-UPLC Analysis of Labeled Glycans
Fluorescently labeled N-glycans were separated by ultra-
performance liquid chromatography (UPLC) on a Waters
Acquity UPLC H-Class Instrument consisting of a sample
manager, quaternary solvent manager, and a fluorescence
(FLR) detector set with excitation and emission wavelengths at
250 and 428 nm, respectively. The UPLC system was under the
control of Empower 3 software, build 3471 (Waters, USA).
Labeled N-glycans were separated on an amide ACQUITY
UPLC® Glycan BEH chromatography column (Waters, USA),
100 × 2.1 mm i.d. for IgG glycans and 150 × 2.1 mm for glycans
from total serum proteins, 1.7 mm BEH particles, with 100 mM
ammonium formate pH 4.4 as solvent A, and 100% acetonitrile
as solvent B. The separation method used a linear gradient of 75–
62% acetonitrile at a flow rate of 0.40 ml/min in a 27 min
analytical run for IgG glycans and a linear gradient of 70–53%
acetonitrile at a flow rate of 0.561 ml/min in a 23 min analytical
run for glycans from total serum proteins. Samples were kept at
10°C before injection onto the column. The separation
temperature of the column was 60°C for the IgG glycans and
25°C for glycans from serum proteins. Data processing included
an automatic integration method that was manually corrected to
maintain the same intervals of chromatographic integration
across all samples. Chromatograms were separated in the same
manner into 24 peaks for IgG N-glycans and 39 peaks for N-
glycans from total serum proteins. The abundance of glycans in
each chromatographic peak was expressed as a percentage of the
total integrated area (% area).

Plasmid Constructs
Plasmid constructs pORF-hp21 and pORF-hp27 used to enhance
protein production were obtained from Invivogen, while
p3SVLT was constructed by cloning a codon-optimized
version of the SV40 large T antigen coding region (16) in
pcDNA3 (Addgene). Unwanted BsaI restriction sites in IgG
heavy and light chain (kindly provided by Gestur Vidarsson,
Sanquin, Amsterdam) were removed using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent). IgG chains
were then cloned into pUK21gg for the subsequent Golden Gate
cloning step. Expression plasmids encoding gene-specific guide
RNA (gRNA) molecules were constructed in the multi-guide
system described by Josipović et al. (21). Three gRNA molecules
were cloned individually in a backbone plasmid pSgMx-A or
pSgMx-G (where x represents the order of gRNA molecules;
1,2,3 and A or G represents Cas9 ortholog (dSaCas9 or dSpCas9
respectively) it recognizes) (22) for each gene: RUNX1, RUNX3,
SPINK4 and ELL2. gRNA molecules for RUNX1, RUNX3, ELL2
and SPINK4 were then cloned in pSgx3 as modular “multiguide”
molecules. Two non-targeting gRNA molecules and one gRNA
molecule targeting B4GALT1 for dSaCas9 and dSpCas9 were
cloned in the same way described above. Together with modules
for antibody heavy chain (HC) and light chain (LC), Cbh
promoter and bGH terminator, single guide or multiguide
RNA molecules were cloned in a backbone pBackBone-BZ by
modular Golden Gate cloning method described in Josipović
May 2021 | Volume 12 | Article 680227

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mijakovac et al. Estradiol and IgG Glycosylation
et al. (21). Sequences of gRNAmolecules and details of plasmids/
modules used in Golden Gate cloning are given in
Supplementary Tables 6, 7.

Cell Culture and Transfections
Stable cell lines PB-dSaCas9-VPR-1 and PB-dSpCas9-KRAB-3
were established from FreeStyle™ 293-F cells (Gibco) with
piggyBac transposon system by limiting dilution method
(unpublished data) and maintained in FreeStyle™ 293
Expression Medium (Gibco) in 125 ml Erlenmeyer flasks
(Nalgene) and cultivated at 37°C in the atmosphere with 8%
CO2 on PSU-20i Multi-functional Orbital Shaker at 140 rpm
according to the protocol from Vink et al. (16). Transfections of
stable cell lines were done using 293fectin Transfection Reagent
(Gibco) according to the manufacturer’s protocol optimized for
2 ml per well. When cells reached ≥90 viability, they were plated
in non-treated 6-well plates at a concentration of 500,000 cells/
ml and were transfected with 2 mg of plasmids diluted in Opti-
MEM I Reduced Serum Medium (Gibco) to reach a volume of
80 ml. For enhanced expression of immunoglobulin G, cells were
transfected with a plasmid containing gRNA and IgG heavy and
light chain, p3SVLT, pORF-hp21 and pORF-hp27 in the ratio:
0.69/0.01/0.05/0.25 (16). Cells were collected 5 days after
transfection by centrifugation at 4,000g (5 min). The cell pellet
was used for gene expression profiling, while the supernatant was
used for glycan analysis.

Quantitative Real-Time PCR (qPCR)
For gene expression profiling, total RNA was extracted with
RNeasy Mini Kit (Qiagen) from cell pellets collected five days
after transfection. Reverse transcription was done on 50 ng of
total isolated RNA using the PrimeScript RTase (TaKaRa) and
random hexamer primers (Invitrogen) for TaqMan Gene
Expression Assay or on 5 ng of total isolated RNA (pretreated
with TURBO DNase (Invitrogen)) for SYBR Green Gene
Expression Assay. Both variants of RT-qPCR were performed
according to the manufacturer’s protocol using the 7500 Fast
Real-Time PCR System using TaqMan Gene Expression Master
Mix with the following assays: Hs01021970_m1 (RUNX1),
Hs00205508_m1 (SPINK4), Hs01023022_m1 (ELL2),
Hs00155245_m1 (B4GALT1) and Hs02800695_m1 (HPRT1)
or PowerUp SYBR Green Master Mix with primer sequences
listed in Supplementary Table 8. The mean value of 12 replicates
was normalized to the expression of the HPRT1 gene as
endogenous control and was analysed using the DDCt method
(23). Fold change (FC) was shown relative to gene expression in
cells transfected with a plasmid expressing non-targeting gRNA.

IgG Isolation From FreeStyle™ 293-F
Cells, N-Glycan Release, Labeling and
HILIC-UPLC Analysis
IgG was isolated from FreeStyle 293-F cell culture supernatants
using Protein G Agarose fast flow beads (Merck, Germany). The
beads were prewashed three times with 10× bead volume of 1×
PBS. In each washing step, beads were resuspended in 1× PBS,
centrifugated at 150×g for 10 s, and the supernatant was
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removed. After the last wash, prewashed beads were
resuspended in 1× PBS to make a 50:50 (v/v) beads slurry.
Approximately 2 ml of FreeStyle 293-F cell culture supernatant
were mixed with an equal volume of 1× PBS and 40 µl of
prepared 50% bead slurry in a 5 ml tube. The samples were
resuspended by pipetting action and incubated 1 h at room
temperature with gentle shaking to allow IgG to bind to the
beads. During the incubation period, the samples were
resuspended twice by pipetting action. After incubation, the
samples were centrifugated at 150×g for 10 s, and the
supernatants were then carefully removed and discarded. The
beads were washed three times with 300 µl of 1× PBS and three
times with 300 µl of ultrapure water to remove non-specifically
bound proteins. After washing steps, bound IgG was eluted by
incubating the beads in 100 µl of 0.1 M formic acid (Merck) for
15 min at room temperature with gentle shaking. Eluted IgG was
neutralised with 17 µl of 1M ammonium bicarbonate (Merck,
Germany). IgG concentration in the eluate was measured using
Nanodrop 8000 (Thermo Scientific, USA). Samples were
subsequently dried in a vacuum concentrator.

N-glycan release, glycan labeling, clean-up of glycans and
separation of glycans by HILIC-UHPLC were performed
according to a previously established protocol (20) with some
modifications. Briefly, dried IgG was denatured by SDS
(Invitrogen, USA) and heated at 65°C. The excess of SDS was
neutralised with Igepal CA-630 (Merck, Germany), and N-glycans
were released by 18 h of incubation with PNGaseF (Promega, USA).
The released glycans were fluorescently labeled with procainamide
in a two-step reaction. In the first step, 25 µl of freshly prepared
labeling solution, containing 172.8 mg/ml of procainamide
hydrochloride (Thermo Fisher Scientific, USA) in a mixture of
DMSO (Merck, Germany) and glacial acetic acid (Merck, Germany)
(70:30, v/v), was added to each sample followed by incubation for
1 h at 65°C. Then in the next step, 25 µl of freshly prepared solution,
containing 179.2 mg/ml of 2-picoline borane as a reducing agent in
a mixture of DMSO and acetic acid (70:30, v/v), was added to each
sample followed by incubation for 1.5 h at 65°C. Free label and
reducing agent were removed from the samples using hydrophilic
interaction liquid chromatography solid-phase extraction (HILIC-
SPE) on a 0.2 mmGHP filter plate (Pall Corporation, USA). Glycans
were eluted with ultrapure water and stored at −20°C until use.
Fluorescently labeled N-glycans were separated by hydrophilic
interaction chromatography on a Waters Acquity UPLC
instrument (Waters, USA) consisting of a quaternary solvent
manager, sample manager and FLR fluorescence detector set with
excitation and emission wavelengths of 310 and 370 nm,
respectively. The instrument was under the control of Empower 3
software, build 3471 (Waters, USA). Labeled N-glycans were
separated on a Waters BEH Glycan chromatography column, 100
× 2.1 mm i.d., 1.7 mm BEH particles, with 100 mM ammonium
formate, pH 4.4, as solvent A and ACN as solvent B. The separation
method used a linear gradient of 75–62%ACN (v/v) at a flow rate of
0.4 ml/min over 31 min. Samples were maintained at 10°C before
injection, and the separation temperature was 60°C. The system was
calibrated using an external standard of hydrolyzed and
procainamide-labeled glucose oligomers from which the retention
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times for the individual glycans were converted to glucose units
(GU). Data processing was performed using an automatic
processing method with a traditional integration algorithm, after
which each chromatogram was manually corrected to maintain the
same intervals of integration for all the samples. The
chromatograms were separated in the same manner as
chromatograms of human plasma/serum-derived IgG glycans into
24 peaks, and the abundance of glycans in each peak was expressed
as a percentage of the total integrated area. The structural
assignment of the glycans present in the chromatographic peaks
was done based on i) overlay with the chromatogram of human
plasma IgG glycans for which structures corresponding to each peak
had been previously determined (24) and ii) GU values of the glycan
peaks using the GlycoStore database (www.glycostore.org).

Statistical Analysis
The area under chromatogram peaks was normalized to total
chromatogram area, then each glycan peak was logit
transformed, and batch corrected using ComBat method (R
package ‘sva’) (25). Data were back transformed, and derived
glycan traits were calculated as a sum or ratio of selected directly
measured glycan peaks based on particular glycosylation features
(i.e. sialylation or fucosylation).

Mixed models were used to estimate the effect of the
intervention (R package ‘lme4’) (26). Hormone concentration
or particular glycan level was set as dependent variable and
timepoint (with levels: baseline, after intervention and after
recovery) nested within the treatment group (placebo and
estradiol) as independent variables. Also, the model was age-
adjusted, and the subject’s ID was included as a random intercept
to account for variation between the subjects.

Change in estradiol and change in glycan abundance were
calculated by subtracting values of consecutive timepoints.
Mixed models were used to estimate the relationship between
the change in glycans and the change in estradiol concentration.
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mixed models were used. The change in glycan abundance was
defined as a dependent variable, while the change in estradiol
concentration was defined as a fixed effect. Group and time
period nested within the group were defined as random factors.
Both change in glycan abundance and change in estradiol
concentration were transformed to a standard normal
distribution by inverse transformation of ranks to normality.

Prior modeling, glycan levels were transformed to a standard
normal distribution by inverse transformation of ranks to
normality (R package ‘GenABEL’) (27), while hormone
concentrations were log transformed. Based on fitted models,
changes of dependent variables after intervention or recovery
(relative to baseline) were compared between the groups
(placebo vs estradiol) using post-hoc t-test. False discovery rate
was controlled using the Benjamini–Hochberg method at a
significance level of 0.05.

Differences between groups for gene expression and glycan
levels following CRISPR/dCas9 manipulations were tested using
the non-parametric Mann–Whitney test. Results with p <0.05
were considered statistically significant. All statistical analyses
were performed in R programming software (version 3.6.3) (28).
RESULTS

IgG Glycome Is Affected by Estradiol
Thirty-six healthy premenopausal women were enrolled in a
randomized controlled trial of the gonadotropin-releasing
hormone analogue (GnRHAG) leuprolide acetate to lower
gonadal steroids to postmenopausal levels and then
randomized to transdermal placebo (PL) or estradiol (E2)
patch (Figure 1) (17). In order to analyse total serum and IgG
glycomes, serum samples were collected: at baseline (Sampling 1);
after five months of GnRHAG administration with concurrent
supplementation with either E2 or placebo (Sampling 2); and four
FIGURE 1 | Design of the study.
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months after the end of the intervention, when natural hormonal
cycling was restored (Sampling 3). Figure 2 shows representative
UHPLC chromatograms of the total serum (Figure 2A) and IgG
(Figure 2B) glycomes and the direction of glycan changes after the
suppression of gonadal hormones. IgG glycosylation analysis
revealed significant changes in IgG glycome composition after
gonadal hormone suppression (time point at the end of Phase 2),
while E2 supplementation was sufficient to prevent changes in the
IgG glycome composition (Figure 3, Table 1 and Supplementary
Table 1). After four months of the recovery period (Sampling 3 after
the end of Phase 3), the IgG glycome composition returned to
nearly pre-intervention values in the placebo group. Galactosylation
was the most affected IgG glycome feature, with a significant
decrease of digalactosylated glycans (G2) and an increase of
monogalactosylated (G1) and agalactosylated (G0) glycans. The
level of sialylated glycans (S) and the ratio of sialylation and
galactosylation (S/G) of IgG significantly decreased, while the
abundance of glycans with bisecting GlcNAc (B) increased. Only
the abundance of core-fucosylated (F) glycans did not change by
depletion of E2. IgG glycosylation traits related to galactosylation
and sialylation, which were particularly affected by the suppression
Frontiers in Immunology | www.frontiersin.org 612
of E2, are also the main components of the glycan age clock of the
biological age. This index has initially been developed to predict
chronological age (10) but was subsequently converted into the test
of biological age (29). Suppression of E2 resulted in a median
increase of GlycanAge by 9.1 years, which was completely
attenuated by E2 add-back (Supplementary Figure 1). At the
individual level, the extent of changes in hormone concentration
(Supplementary Table 2) correlated moderately with the extent of
changes in individual IgG glycans (Supplementary Table 3),
suggesting that other factors (beside gonadal hormones) also
strongly affect the composition of the IgG glycome.

To determine whether the effects of E2 on glycosylation were
restricted to IgG, we also analysed total serum protein N-glycome in
the same samples. Changes observed in the total serum N-glycome
(Figure 4) were restricted only to some neutral glycans and core-
fucosylated sialylated biantennary glycans known to originate nearly
exclusively from immunoglobulins (30). This suggests that
depletion of E2 affects B cell (IgG) glycosylation, while liver
glycosylation does not seem to be affected, at least not in a way
that would alter proportions of individual non-immunoglobulin N-
glycans in the total serum glycome (Figure 2A).
A

B

FIGURE 2 | Representative chromatograms of (A) the total serum glycome and (B) the IgG glycome. Glycans that decreased after the gonadal hormone
suppression with gonadotropin-releasing hormone analogue leuprolide acetate (GnRHAG) therapy are circled in red, and those that increased are circled in green.
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Downstream Signaling Mechanisms
Linking Estradiol With IgG Glycan Traits
Glycans are inherited as complex traits defined by multiple genes
(31, 32) which play a role in the synthesis and variation of individual
glycan structures. Through a series of GWAS papers in the last
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decade (32–35), we mapped an extensive network of genes that
potentially regulate the glycosylation of IgG. Using the Signalling
Pathways Project (SPP) web knowledgebase (36), we explored the
effects of E2 on GWAS hits for IgG galactosylation and sialylation
(35). Results presented in Supplementary Figure 2 indicate that E2
FIGURE 3 | Effects of gonadal hormone suppression on IgG glycosylation. Gonadotropin-releasing hormone analogue leuprolide acetate (GnRHAG) was used to
lower gonadal steroids to postmenopausal levels in healthy premenopausal women (n = 36) that were then randomized to transdermal placebo (n = 21) or estradiol
patch (n = 15). Changes in the IgG glycome composition after five months of GnRHAG (Intervention) with supplementation of E2 (transdermal estradiol
supplementation) or without supplementation of E2 (supplementation with placebo) and four months after the end of the intervention (Recovery) are shown on the
graph. G2, digalactosylated glycans; G1, monogalactosylated glycans; G0, agalactosylated glycans; S, sialylated glycans; S/G, ratio of sialylation and galactosylation;
B, glycans with bisecting GlcNAc; G, all glycans with galactose.
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TABLE 1 | Glycan abundances (%) of directly measured IgG glycan traits at the baseline and deviations from the baseline after intervention and after recovery timepoint.

Glycan Intervention Glycan Abundance (%) at Baseline
median (IQR)

Difference in glycan abundance (%) relative to baseline.
sampling after:

Intervention pI Recovery pR

median (IQR) median (IQR)

GP1 Placebo 0.049 0.010 1.95 × 10−1 0.002 1.48 × 10−1

(0.040–0.051) (0.008–0.012) (0.000–0.010)
Estradiol 0.069 0.009 −0.001

(0.041–0.091) (0.000–0.010) (−0.007–0.006)
GP2 Placebo 0.269 0.102 3.53 × 10−6 0.027 1.48 × 10−1

(0.199–0.654) (0.082–0.148) (−0.010–0.042)
Estradiol 0.361 −0.003 0.005

(0.261–0.495) (−0.047–0.031) (−0.026–0.028)
GP3 Placebo 0.059 0.011 4.08 × 10−4 0.003 7.56 × 10−2

(0.059–0.070) (0.009–0.013) (−0.001–0.011)
Estradiol 0.070 −0.006 −0.001

(0.061–0.096) (−0.010–0.004) (−0.008–0.003)
GP4 Placebo 14.0 3.08 2.46 × 10−8 0.869 6.58 × 10−2

(12.4–17.6) (2.35–3.93) (0.345–1.771)
Estradiol 17.3 −0.152 0.187

(14.0–19.2) (−1.003–1.031) (−0.374–0.847)
GP5 Placebo 0.158 0.021 2.56 × 10−4 0.009 3.22 × 10−2

(0.143–0.180) (0.011–0.028) (−0.004–0.015)
Estradiol 0.162 −0.004 −0.004

(0.155–0.194) (−0.010–0.006) (−0.013–0.005)
GP6 Placebo 3.44 0.673 1.17 × 10−7 0.200 1.48 × 10−1

(2.98–4.28) (0.567–0.824) (0.124–0.301)
Estradiol 3.71 0.067 0.126

(3.28–4.36) (−0.114–0.253) (−0.112–0.198)
GP7 Placebo 0.363 0.039 3.51 × 10−3 0.010 4.56 × 10−1

(0.240–0.466) (0.020–0.056) (−0.013–0.026)
Estradiol 0.394 −0.010 0.000

(0.289–0.435) (−0.029–0.019) (−0.016–0.014)
GP8 Placebo 18.5 0.990 2.22 × 10−5 0.139 4.91 × 10−1

(17.5–19.9) (0.604–1.246) (−0.189–0.474)
Estradiol 20.0 −0.030 0.032

(18.5–21.0) (−0.351–0.208) (−0.316–0.207)
GP9 Placebo 9.66 0.843 1.14 × 10−7 0.137 3.64 × 10−1

(8.31–10.73) (0.560–1.274) (−0.015–0.405)
Estradiol 9.69 −0.024 0.069

(9.09–10.31) (−0.285–0.221) (−0.050–0.313)
GP10 Placebo 4.99 0.177 5.28 × 10−1 0.087 3.50 × 10−1

(4.69–5.38) (0.127–0.358) (0.029–0.175)
Estradiol 4.65 0.125 −0.040

(4.37–5.52) (0.020–0.167) (−0.104–0.047)
GP11 Placebo 0.636 0.051 2.46 × 10−4 0.018 5.77 × 10−1

(0.587–0.696) (0.030–0.092) (0.000–0.031)
Estradiol 0.665 0.000 0.015

(0.555–0.715) (−0.020–0.036) (−0.004–0.030)
GP12 Placebo 1.010 −0.178 1.19 × 10−5 −0.021 9.52 × 10−1

(0.621–1.333) (−0.256 to −0.129) (−0.060–0.000)
Estradiol 0.781 0.000 −0.020

(0.596–0.984) (−0.095–0.020) (−0.062–0.010)
GP13 Placebo 0.249 −0.010 2.57 × 10−1 −0.009 4.90 × 10−1

(0.211–0.281) (−0.029–0.011) (−0.019–0.010)
Estradiol 0.230 0.008 0.001

(0.210–0.245) (−0.020–0.019) (−0.015–0.011)
GP14 Placebo 20.1 −2.95 4.71 × 10−7 −0.735 3.12 × 10−1

(16.6–21.9) (−3.93 to −2.11) (−1.383 to −0.315)
Estradiol 16.3 0.212 −0.469

(14.8–18.8) (−0.987–0.708) (−0.977–0.253)
GP15 Placebo 1.98 −0.250 5.39 × 10−7 −0.031 3.68 × 10−1

(1.76–2.39) (−0.337 to −0.129) (−0.107–0.018)
Estradiol 1.90 0.002 −0.041

(1.55–2.05) (−0.040–0.075) (−0.059–0.053)

(Continued)
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affects the expression of B4GALT1, glycosyltransferase which adds
galactose to IgG glycans, but also the genes which are not directly
involved in IgG glycosylation, such as the RUNX1–RUNX3 loci
(Runt-related transcription factor 1 and RUNX family transcription
factor 3, found in many promoters and enhancers, which can either
activate or suppress transcription) and the SPINK4 locus (serine
peptidase inhibitor, also known as PEC-60). These genes were
identified as GWAS hits for IgG galactosylation. In addition,
ELL2 (Elongation Factor for RNA Polymerase 2), another GWAS
hit for IgG glycosylation, more specifically sialylation, also appears
to be strongly regulated by E2. On the other hand, there were no
conclusive results on ST6GAL1, the enzyme that adds sialic acid
to IgG.

To determine the involvement of the RUNX1–RUNX3,
SPINK4, and ELL2 loci in downstream signaling mechanisms
linking E2 with IgG glycosylation, we directly manipulated their
transcriptional activity in the in vitro IgG expression system
Frontiers in Immunology | www.frontiersin.org 915
HEK-293FS using CRISPR/dCas9 molecular tools and
subsequently analysed IgG glycan phenotype. A recently
developed HEK-293FS transient system for IgG secretion with
stably integrated CRISPR/dCas9 expression cassette for gene
upregulation (dCas9-VPR) and downregulation (dCas9-KRAB)
was used for this purpose. These cells were transfected with a
plasmid containing genes for IgG heavy and light chains aiming
to induce the production and secretion of IgG antibodies.
Described plasmid also contains specifically designed gRNAs
targeting the appropriate fusion constructs (either dCas9-VPR or
dCas9-KRAB) to candidate genes RUNX1, RUNX3, SPINK4, and
ELL2. As a proof of concept (i.e., positive control), we targeted
dCas9-KRAB to the promoter region of the B4GALT1 gene,
coding for a glycosyltransferase responsible for IgG
galactosylation. We observed a significant decrease in the
B4GALT1 gene expression level and subsequent decrease in
galactosylated glycans, with a concomitant increase in
TABLE 1 | Continued

Glycan Intervention Glycan Abundance (%) at Baseline
median (IQR)

Difference in glycan abundance (%) relative to baseline.
sampling after:

Intervention pI Recovery pR

median (IQR) median (IQR)

GP16 Placebo 3.09 0.010 4.78 × 10−1 −0.019 7.14 × 10−2

(2.54–3.38) (−0.059–0.122) (−0.088–0.039)
Estradiol 3.05 0.041 0.026

(2.89–3.26) (−0.010–0.073) (−0.002–0.067)
GP17 Placebo 1.043 −0.100 2.75 × 10−5 −0.034 1.95 × 10−1

(0.835–1.086) (−0.177 to −0.060) (−0.060 to −0.011)
Estradiol 0.895 −0.010 0.008

(0.761–0.990) (−0.037–0.031) (−0.048–0.016)
GP18 Placebo 12.9 −2.42 9.92 × 10−9 −0.585 3.23 × 10−1

(10.3–14.1) (−2.99 to −1.92) (−1.129 to −0.156)
Estradiol 11.0 −0.009 −0.383

(10.1–12.3) (−0.717–0.823) (−0.513–0.248)
GP19 Placebo 1.87 0.062 9.19 × 10−3 −0.043 9.72 × 10−1

(1.72–1.99) (0.000–0.089) (−0.064–0.039)
Estradiol 1.88 0.000 −0.001

(1.61–2.18) (−0.034–0.050) (−0.065–0.017)
GP20 Placebo 0.418 −0.010 1.75 × 10−2 −0.014 3.68 × 10−1

(0.381–0.443) (−0.041–0.010) (−0.048–0.007)
Estradiol 0.389 0.010 0.006

(0.346–0.418) (−0.010–0.048) (−0.014–0.019)
GP21 Placebo 0.851 −0.029 3.98 × 10−1 −0.007 7.58 × 10−1

(0.762–0.974) (−0.051–0.022) (−0.062–0.073)
Estradiol 0.790 0.010 0.000

(0.725–0.815) (−0.032–0.036) (−0.034–0.027)
GP22 Placebo 0.12 0.001 2.81 × 10−1 −0.010 8.83 × 10−1

(0.11–0.16) (−0.020–0.010) (−0.010–0.001)
Estradiol 0.120 0.001 0.001

(0.111–0.135) (0.000–0.010) (−0.010–0.010)
GP23 Placebo 1.90 −0.178 5.17 × 10−3 −0.034 1.48 × 10−1

(1.70–2.09) (−0.218 to −0.100) (−0.157–0.028)
Estradiol 1.91 −0.032 0.028

(1.57–2.21) (−0.115–0.014) (−0.112–0.061)
GP24 Placebo 1.89 0.050 1.53 × 10−1 −0.060 6.09 × 10−1

(1.65–2.10) (−0.059–0.108) (−0.089–0.027)
Estradiol 1.92 −0.008 −0.020

(1.62–2.22) (−0.035–0.045) (−0.068–0.028)
M
ay 2021 | Volume 12 | Ar
p values describe statistical significance of difference between estradiol and placebo group after intervention (pI) and recovery (pR). p values smaller than 0.05 are bolded. IQR, limits of the
interquartile range (1st–3rd quartile); GP, glycan peak.
ticle 680227

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mijakovac et al. Estradiol and IgG Glycosylation
agalactosylated glycans, as expected (Figure 5A). Subsequently,
we upregulated RUNX1, RUNX3, and SPINK4 genes using
dCas9-VPR and downregulated RUNX1, RUNX3 and ELL2
genes using dCas9-KRAB. Using specific gRNA for our targets,
we found significant changes in the expression of RUNX1/VPR,
RUNX3/VPR, RUNX3/KRAB, and SPINK4/VPR. The changes in
gene expression were replicated in two independent sets of
experiments (Supplementary Table 4). However, only the
changes in RUNX3/VPR and SPINK4/VPR were accompanied
by significant change in IgG glycosylation profile, in both cases
related to the level of IgG galactosylation (Figure 5B). We found
a decrease in galactosylated glycans upon upregulation of
RUNX3 and SPINK4 and a concomitant increase in
agalactosylated glycans in the case of RUNX3 (Figure 5B). The
dataset for all glycan traits is available in Supplementary
Table 5.
DISCUSSION

The composition of IgG glycome is an essential aspect in the
regulation of the immune system (1). However, molecular
mechanisms contributing to changes of the IgG glycome
composition are only vaguely understood. Here we show that
estradiol is an important factor in regulating IgG glycosylation in
women and that its effects on N-glycosylation are limited
explicitly to B cells, as depletion of E2 did not cause N-
glycosylation changes of other serum proteins. Previous
analysis of the same cohort of patients demonstrated that
depletion of E2 decreases galactosylation of IgG (14), and here
we expand this finding to the decrease of sialylation and an
increase of bisecting GlcNAc. Particularly interesting is the
change in the ratio of sialylation and galactosylation (S/G,
Frontiers in Immunology | www.frontiersin.org 1016
Figure 3, Supplementary Table 1), suggesting that the
depletion of gonadal hormones directly affects sialylation and
that the decrease in sialylation is not just a reflection of decreased
galactose levels (needed for subsequent sialylation). It was
previously reported that estrogen affects the expression of the
ST6GAL1 gene in both mice and humans (37). Unfortunately, we
were not able to prove this using ours in vitro transient
expression system. Therefore mechanistic aspects of this
association remain to be demonstrated.

When mechanisms regulating protein glycosylation are
investigated, the focus is always on the expression of
glycosyltransferases, the enzymes that synthesize glycans (38).
Nevertheless, in general, there is a slight correlation between
glycosyltransferase expression levels and levels of glycans it
synthesizes (39), which indicates that regulatory mechanisms
may be more complex than a simple change in the expression of
glycosyltransferases. Indeed, in a series of GWAS studies
performed in the last decade, we identified a network of at
least 30 genes associated with and potentially involved in
regulating IgG glycosylation (32–35).

One of the potential mechanisms by which E2 could increase IgG
galactosylation is through direct activation of the B4GALT1
galactosyltransferase, which adds galactose to IgG. In vitro studies
showed that both overexpression of estrogen receptor (40) and
treatment of cells with E2 leads to increased expression of the
B4GALT1 gene (41, 42). Our study decreased B4GALT1 expression
using CRISPR/dCas9-KRAB fusion in a unique IgG-secreting
model cell system resulting in the expected change of the IgG
glycome composition. It confirmed the importance of this critical
biosynthetic enzyme for IgG galactosylation and proved the efficacy
of our FreeStyle 293-F cell system, containing stably integrated
dCas9-VPR and -KRAB and secreting IgG, for functional validation
of GWAS hits for IgG glycosylation.
FIGURE 4 | Effects of gonadal hormone depletion on total plasma glycans and IgG glycans. Gonadotropin-releasing hormone analogue leuprolide acetate (GnRHAG)
was used to lower gonadal steroids to postmenopausal levels in healthy premenopausal women (n = 36) that were then randomized to transdermal placebo (n = 21)
or estradiol patch (n = 15). Changes in the total plasma glycome and IgG glycome composition after five months of GnRHAG without supplementation of E2
(supplementation with placebo) are shown. Each dot is a change in a single individual. Changes that are statistically significant after correction for multiple testing are
shown in red (statistically significant decrease) or in green (statistically significant increase).
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By analysing the Signalling Pathways Project (SPP) web
knowledgebase (36), we found that several other GWAS hits
for the IgG glycosylation, which are not glycosyltransferases but
genes with other functions, such as transcription factors RUNX1
and RUNX3, as well as SPINK4 and ELL2, also seem to be
regulated by estradiol. However, the fact that these genes were
both involved in the regulation of IgG glycosylation and affected
by E2 is not strong enough to prove their direct involvement in B
cell IgG glycosylation because their effects could also be through
an indirect mechanism. Using CRISPR/dCas9 molecular tools,
we were able to increase the expression of RUNX3, which
resulted in lower levels of IgG galactosylation (Figure 5).

With this experiment, we confirmed that RUNX3 is involved
in regulating IgG glycosylation in our in vitro model system of B
cells (16). The first experimental validation of this GWAS hit
positions RUNX3 as a potential target for pharmacological
interventions. RUNX3 gene downregulation may improve IgG
galactosylation and sialylation and may have potential anti-
inflammatory effects. Activation of SPINK4 had similar effects
on the IgG glycome composition as activation of RUNX3.
However, because the basal expression of SPINK4 in HEK-
293FS cells was low, we could not confirm if its suppression
Frontiers in Immunology | www.frontiersin.org 1117
would have the opposite effect. Furthermore, SPINK4 is located
in relative proximity to B4GALT1 (i.e., 50 kb distance). Therefore,
although we did not observe a statistically significant change in
transcript levels at the time of analysis, we cannot exclude the
possibility that the binding of the dCas9-VPR fusion construct, used
for the activation of SPINK4 in the region between SPINK4 and
B4GALT1, negatively affected B4GALT1 expression. One putative
mechanism could be spurious upregulation of B4GALT1 antisense
RNA 1 (B4GALT1-AS1), which is also located in this region,
although we have not verified this hypothesis experimentally. We
did not observe any statistically significant effects of ELL2 on IgG
glycosylation. This was not surprising because ELL2 is a GWAS hit
for sialylation and our in vitro expression system produces IgG
antibodies with very low levels of sialic acid which presents a
difficulty for evaluation of effects on sialylation. Therefore, the role
of ELL2 in the regulation of IgG glycosylation by estrogen still needs
further exploration.

For the first time, the molecular mechanism through which
E2 could regulate IgG glycosylation has been identified and
functionally validated in the present study. Considering
multiple functional roles of IgG glycans in balancing the
immune system, this pathway may be a target for the future
FIGURE 5 | (A) Downregulation of the B4GALT1 gene by dCas9-KRAB induced changes in IgG galactosylation. Fold change (FC) between cells in which B4GALT1
was directly downregulated by dCas9/KRAB and control cells (containing non-targeting gRNA) was 0.31, and subsequent change was recorded in IgG glycan
phenotype: an increase of agalactosylated glycan structures appeared with a concomitant decrease in mono- and digalactosylated glycans (G1, G2). Corresponding
changes in glycan structures are given as a relative change with non-targeting gRNA glycan levels as a baseline. Agalactosylated glycan structures (G0) are
converted to galactosylated structures (G) by the enzymatic activity of B4GALT1. (B) Changes in IgG glycosylation resulting from upregulation of RUNX3 and SPINK4
by dCas9/VPR. FC values between cells in which RUNX3 and SPINK4 were directly upregulated by dCas9/VPR and control cells (containing non-targeting gRNA)
are given for the first experiment (indicated in black) and the replicate (indicated in gray). The resulting putative inhibition of B4GALT1 was confirmed indirectly by the
effect on the glycosylation profile. The indirect and speculative nature of RUNX3/SPINK4 effect on galactosylation is indicated by the dashed red line. Statistical
significance: *<0.05; **<0.01; ns, not significant.
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development of a new class of anti-inflammatory drugs acting
downstream of E2 and having only a subset of the molecular
consequences of hormone therapy.
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15. Hanić M, Lauc G, Trbojević-Akmačić I. N-Glycan Analysis by Ultra-Performance
Liquid Chromatography and Capillary Gel Electrophoresis With Fluorescent
Labeling. Curr Protoc Protein Sci (2019) 97:1–21. doi: 10.1002/cpps.95

16. Vink T, Oudshoorn-Dickmann M, Roza M, Reitsma JJ, de Jong RN. A Simple,
Robust and Highly Efficient Transient Expression System for Producing
Antibodies. Methods (2014) 65:5–10. doi: 10.1016/j.ymeth.2013.07.018

17. Shea KL, Gavin KM, Melanson EL, Gibbons E, Stavros A, Wolfe P, et al. Body
Composition and Bone Mineral Density After Ovarian Hormone Suppression
With or Without Estradiol Treatment. Menopause (2015) 22:1045–52.
doi: 10.1097/GME.0000000000000430

18. Melanson EL, Lyden K, Gibbons E, Gavin KM, Wolfe P, Wierman ME, et al.
Influence of Estradiol Status on Physical Activity in Premenopausal Women.
Med Sci Sports Exerc (2018) 50:1704–9. doi: 10.1249/MSS.0000000000001598
May 2021 | Volume 12 | Article 680227

https://www.frontiersin.org/articles/10.3389/fimmu.2021.680227/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.680227/full#supplementary-material
https://doi.org/10.1038/nrrheum.2017.146
https://doi.org/10.1038/nri2206
https://doi.org/10.1016/j.cellimm.2018.07.009
https://doi.org/10.2337/dc19-1507
https://doi.org/10.1016/j.bbadis.2018.03.018
https://doi.org/10.1002/art.27533
https://doi.org/10.1172/JCI89333
https://doi.org/10.1161/CIRCULATIONAHA.119.043490
https://doi.org/10.1002/art.40920
https://doi.org/10.1093/gerona/glt190
https://doi.org/10.1021/acs.jproteome.6b00038
https://doi.org/10.1016/j.jaci.2019.10.012
https://doi.org/10.1016/j.arr.2012.02.002
https://doi.org/10.1172/jci.insight.89703
https://doi.org/10.1002/cpps.95
https://doi.org/10.1016/j.ymeth.2013.07.018
https://doi.org/10.1097/GME.0000000000000430
https://doi.org/10.1249/MSS.0000000000001598
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mijakovac et al. Estradiol and IgG Glycosylation
19. Belchetz PE, Plant TM, Nakai Y, Keogh EJ, Knobil E. Hypophysial Responses
to Continuous and Intermittent Delivery of Hypothalamic Gonadotropin-
Releasing Hormone. Sci (80- ) (1978) 202:631–3. doi: 10.1126/science.100883
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Macaque Fc Gamma Receptors
Reveals Similar IgG Fc Glycoform
Preferences to Human Receptors
Andrew R. Crowley1, Nana Yaw Osei-Owusu1, Gillian Dekkers2, Wenda Gao3,
Manfred Wuhrer4, Diogo M. Magnani5, Keith A. Reimann5, Seth H. Pincus6,7,
Gestur Vidarsson2 and Margaret E. Ackerman1,8*

1 Department of Microbiology and Immunology, Geisel School of Medicine at Dartmouth, Dartmouth College, Hanover, NH,
United States, 2 Sanquin Research and Landsteiner Laboratory, Academic Medical Centre, Department of Experimental
Immunohematology, University of Amsterdam, Amsterdam, Netherlands, 3 Antagen Pharmaceuticals Inc., Boston, MA,
United States, 4 Center for Proteomics and Metabolomics, Leiden University Medical Center, Leiden, Netherlands,
5 Nonhuman Primate Reagent Resource, MassBiologics of the University of Massachusetts Medical School, Boston, MA,
United States, 6 Department of Microbiology, Immunology and Parasitology, Louisiana State University Health Sciences
Center, New Orleans, LA, United States, 7 Department of Chemistry and Biochemistry, Montana State University, Bozeman,
MT, United States, 8 Thayer School of Engineering, Dartmouth College, Hanover, NH, United States

Rhesus macaques are a common non-human primate model used in the evaluation of
human monoclonal antibodies, molecules whose effector functions depend on a
conserved N-linked glycan in the Fc region. This carbohydrate is a target of
glycoengineering efforts aimed at altering antibody effector function by modulating the
affinity of Fcg receptors. For example, a reduction in the overall core fucose content is one
such strategy that can increase antibody-mediated cellular cytotoxicity by increasing Fc-
FcgRIIIa affinity. While the position of the Fc glycan is conserved in macaques, differences
in the frequency of glycoforms and the use of an alternate monosaccharide in sialylated
glycan species add a degree of uncertainty to the testing of glycoengineered human
antibodies in rhesus macaques. Using a panel of 16 human IgG1 glycovariants, we
measured the affinities of macaque FcgRs for differing glycoforms via surface plasmon
resonance. Our results suggest that macaques are a tractable species in which to test the
effects of antibody glycoengineering.

Keywords: nonhuman primate, IgG, Fc gamma receptor, N glycan, rhesus macaque, ADCC - antibody dependent
cellular cytotoxicity, phagocytosis, complement dependent cytotoxicity
INTRODUCTION

Like many proteins destined for secretion, human immunoglobulin G (IgG) is subject to a variety of
post-translational modifications as it migrates through the secretory pathway of plasma cells. A
prominent modification is the attachment of an N-linked glycan to both heavy chains in the
crystallizable fragment (Fc) portion (1). While the amino acid sequon is conserved, the precise
identity of the specific N-linked glycoform incorporated is not genetically encoded.
org October 2021 | Volume 12 | Article 754710120
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Among glycosylated IgG Fc domains, there exist a variety of
observed glycoforms – 36 in total for humans (2), eight of which
account for 90% of all IgG in normal sera (3). The frequency of
IgG Fc glycoforms within the distribution of the total glycan
repertoire tends to be predictable in healthy individuals (4), with
some variation due to factors such as age, sex, and pregnancy (5–
11). In general, this profile consists of high levels of fucosylation
(95%), low levels of bisecting GlcNAc (15%), intermediate levels
of galactose (45%), and low sialylation (10%) (3). This balance
can be perturbed by a heightened immune response however (12,
13), and distinct antigen-specific antibody fractions may differ
from each other and from the average serum IgG Fc glycan
profile within a given individual (14–16).

Occupancy of this conserved glycosylation site is critical to
the ability of an IgG molecule to interact with human Fcg
receptors (FcgR), as the absence or removal of the N-glycan
produces an antibody with dramatically diminished or outright
eliminated affinity for FcgR and no detectable effector function
(17, 18). Slight changes in the composition of the Fc glycan can
impart changes to the Fc-FcgR dynamic that may resonate all the
way to the severity of clinical presentation (19–27). More
specifically, an increase in galactose content has been
associated with increased propensity of the Fc domain to
hexamerize (28), as well as with a slight (≤2 fold) increase in
affinity for most of the low affinity (i.e., not FcgRI) FcgRs (29, 30),
while the absence of a fucose molecule branching from the
asparagine-proximal N-acetylglucosamine (GlcNAc) has been
credited with up to an astounding 50-fold increase in affinity for
FcgRIIIa/b (31–33). This increase in affinity translates to
improvement in antibody-dependent cellular cytotoxicity by
FcgRIIIa-bearing natural killer (NK) cells (34, 35), which has
made it an attractive tool for enhancing the efficacy of
therapeutic monoclonal antibodies (mAbs) (36, 37).

Pre-clinical animal models serve as an important bridge for
such glycoengineered mAbs migrating from the lab to the clinic.
Like that of humans, macaque IgG features a conserved N-linked
glycan motif, which is necessary for binding to macaque FcgR
(38, 39). Despite having a degree of homology to humans that
makes them a tractable and popular animal model for biomedical
research, like all models, macaques can be sufficiently
immunologically distinct that care should be exercised when
attempting to extrapolate observations in non-human primates
to humans (40). Whereas the macaque IgG subclasses are more
functionally monolithic than those in humans (39), genetic
diversity among FcgR is significantly greater among macaques
than in humans, particularly for FcgRII (41). Additionally,
macaques do not express an equivalent of the GPI-linked
human FcgRIIIb, and the clinically-relevant functional
differences in high and low FcgRIIIa binding affinity allotypes
observed in humans are not reflected among frequent alleles in
macaques (42). These characteristics help to set expectations and
guide design and interpretation of experiments conducted in
these models. Yet, other aspects of antibody immunobiology
have yet to be fully investigated; the impact of antibody
glycosylation on receptor binding is one such area of concern.
Macaque IgG is more likely to feature a bisecting GlcNAc residue
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and shows greater variability in galactose content than human
IgG Fc (43, 44). Furthermore, human IgG Fc sialylation is carried
out with N-acetylneuraminic acid (NANA) whereas macaques
use N-glycolylneuraminic acid (NGNA) (43). The most striking
effect of glycovariation in human IgG is very clearly the “fucose
effect” for FcgRIII, which has been proposed to be mediated by
disruption of glycan-glycan contacts (45, 46) or via altered
conformational sampling (47). Regardless of mechanism, this
effect is readily observed from mice to humans (48), and the
receptor glycosylation site associated with it is conserved in
rhesus macaques (38). The available data suggest that the effect
of afucosylation on macaque FcgRIIIa affinity is also conserved
(49), although perhaps with more modest fold-change increases
in affinity than what has been observed in humans.

Using a panel of glycoengineered human IgG1 antibodies, we
report the affinities of the low affinity rhesus macaque (RM) Fcg
receptors for each of 16 glycoforms, and further validate our
observations by analysis of relationships between rhesus serum
IgG Fc glycan profiles and FcgR binding levels. This work
provides a more complete picture of the glycopreferences of
macaque FcgRs, allowing for more confident design of
experiments and interpretation of data when engineered
human antibodies are tested in non-human primate models.
RESULTS AND DISCUSSION

A panel of 16 previously described IgG Fc glycovariants
generated via a series of chemical and genetic methods that
alter the dominant species of glycan within production runs of an
anti-trinitrophenol (TNP) human IgG1 monoclonal antibody
(mAb) (50, 51) was used to investigate the glycopreferences of
rhesus macaque FcgR recognition (Supplemental Table 1).
Briefly, these tools selectively achieved a greater than nine-fold
reduction in the amount of core fucose (from 95% to 10%), a
ten-fold or greater increase in the frequency of bisected species
(from 5% to >50%), and terminal sialylation (3% to >40%), as
previously reported in greater detail (51). Variation in galactose
content ranged from 10% to 80%. Collectively, this panel of
variants represents well the diversity of glycan changes that exist
within human serum and in recombinant expressed and
glycoengineering monoclonal antibodies.

The affinity of the low affinity macaque FcgRs for these
variable glycoforms was measured using a multiplexed surface
plasmon resonance (SPR) approach in which the glycovariants
were covalently linked to a sensor chip and the FcgRs were the
analyte in solution. Some of the differences imparted by
modulating the Fc glycan were readily apparent from raw
sensorgrams (Figure 1). While all the interactions exhibit a
fast-on association dynamic, the off-rate was noticeably slower
in the case of the higher affinity FcgRIIIa. This observation was
particularly striking for interactions with afucosylated IgG
wherein dissociation was not always complete by the end of
the 5-minute step.

Equilibrium dissociation constants (KD) were fitted to the
responses at steady state to define binding affinities for each
October 2021 | Volume 12 | Article 754710
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receptor and IgG Fc glycoform variant in two separate
experiments that compared the set of glycovariants with each
modification to the set without (Figure 2). Among glycan
modifications, reduction in core fucose of human IgG1
resulted in the most dramatic change in receptor binding
affinity — improving the affinity of rhesus macaque FcgRIII as
compared to Fc glycoforms without intentionally reduced fucose
content (Figure 2A). While there was some variability in the
magnitude and statistical confidence in the effect of reduced
fucose between experimental runs and across the major FcgR
allotypes (Figure 3), these results were generally consistent with
a prior report of the sensitivity of RM FcgRIIIa to IgG Fc
fucosylation (49).
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In contrast, the presence or absence of bisecting GlcNAc did
not have a statistically significant effect on the binding affinity of
any RM FcgR tested (Figures 2B, 3). While a prior study
suggested that the presence of bisecting GlcNAc resulted in
improved effector function in the context of human FcgR (52),
other work has suggested that these observations were instead
driven by variable fucosylation (51, 53). The observation that
bisected glycans cannot subsequently become fucosylated
appears to have resulted in some confounding of cause and
effect with respect to the role of bisection (54).

Nor was there an impact associated with variable terminal sialic
acid content (Figures 2C, 3). Again, while some studies have
suggested that sialic acid influences receptor binding affinity
FIGURE 1 | Exemplary sensor data of FcgR-IgG interactions. Sensorgams depicting the association and dissociation of FcgR from IgG over time for prevalent FcgRII
(2 and 3) and FcgRIII (1 and 3) allotypes (rows) and differentially glycosylated IgG (columns). The equilibrium dissociation constants reported in this work were
calculated using the response measured at the end of the association phase when interactions had achieved steady state. Each receptor was evaluated over a three
order of magnitude concentration range.
A B DC

FIGURE 2 | Affinity of rhesus macaque FcgRs for a panel of human IgG1 glycovariants. Equilibrium dissociation constants (KD) of rhesus macaque alleles having unique
extracellular domains observed in two independent experiments (rows). Within each experiment, glycovariants were printed in replicate and each replicate is
plotted. Results are presented such that each panel emphasizes a different category of glycomodification, including variable fucosylation (F) (A), bisecting N-Acetylglucosamine
(B) (B), sialylation (S) (C), and galactosylation (G) (D). A natively glycosylated preparation (black) is plotted along with variants with (+) or lacking (-) the glycan
emphasized in that panel. Statistically significant differences were tested using an unpaired t test comparing glycovariants with (+) and without (-) the modification (*p <
0.05, ***p < 0.0005, ****p < 0.0001).
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(55, 56), others have reported contradictory results (30, 57). Using
this same well-characterized panel of glycovariants, variation in
sialic acid content between 12-64% appeared to have essentially no
general effect on binding affinity across diverse human FcgR (51).

Further mirroring their human counterparts, rhesus macaque
FcgRs hadmarginally, but often statistically significantly, heightened
affinities for IgG with increased levels of galactosylation
(Figures 2D, 3). To address these differences with improved
resolution, analysis of the effect of variable galactosylation when
fucose, sialic acid, and bisecting GlcNAc were held constant were
analyzed in paired comparisons (Figure 4). As in the global data
analysis, both experimental data sets showed a small but
reproducible improvement to FcgRII binding affinity with
increasing galactose content when other glycan attributes such as
extent of fucosylation or bisection were held constant. These results
are consistent with the phenotype observed in humans, where
increasing galactose content improved affinity in a small but
consistent manner among the low affinity FcgRs (30, 51). Similar
Frontiers in Immunology | www.frontiersin.org 423
paired analysis of fucose, bisecting GlcNAc, and sialic acid showed a
small but statistically significant enhancement of binding affinity to
FcgRII among otherwise matched but variably bisected variants
when data from all FcgRII receptors and both experiments were
considered (Supplemental Figure 1). However, this relationship
was not observed to hold in both individual experimental replicates.

Because the effect of variable fucose content is of clinical relevance
in both natural immune responses (19–24) and in optimization of
antibody therapy (31, 53), we further probed this aspect of RM
receptor binding profiles with additional antibody specificities.
Rhesusized antibody to CD20 engineered to lack fucose
(Supplemental Figure 2) showed improved binding affinity to RM
FcgRIII, as did a Dual Variable Domain (DVD) format bispecific
(Figure 5) that was similarly modified to reduce fucose content
(Supplemental Figure 3). These experiments show that fucose effect
is consistent across both rhesus and human IgG1 Fc domains in the
contextofdistinct antibody specificities andeven formats. Indeed, the
slowed dissociation rate of afucosylated IgG Fc forms was apparent
across data collected in this study, including theexperiment forwhich
that effect was obscured by concomitant changes to the association
rate for FcgRIIIa-3 that appeared to affect the equilibrium affinities
reportedhere. Importantly, the functional consequences of improved
FcgRIII binding affordedby afucosylation arewell established inmice
and humans, where improvements in ADCC activity are readily
observed to result [summarized in (58)].While it appears that similar
observations have yet to be reported in assays conducted with
macaque effecter cells, whose receptor expression profiles are
poorly defined and genetic diversity in receptors is extensive, the
sameglycosylation site associatedwith this phenotype is conserved in
rhesus FcgRIII allotypes. The lack of this glycosylation site in other
FcgR (e.g.: FcgRI and FcgRII) explains the receptor-specific nature of
the “fucose effect”.

Lastly, to begin to further generalize these observations about
glycan binding preferences beyond the human IgG1 backbone, we
analyzed serum IgG glycoprevalences among a small set of healthy
RM, and investigated relationships between galactose and fucose
content and binding to RM FcgR. Though confidence in correlative
relationships between glycan profiles and receptor binding signals
are limited by small sample size and the potential effect of differing
FIGURE 3 | Summary of receptor affinity differences. Statistical significance of differences in affinity associated with variable glycosylation. Glycan modifications are
tabulated by row and receptors by column, for each of the two independent experimental runs. Confidence in differences is indicated in color. Crosshatches indicate
missing data. The effect of varying (+ versus -) sialic acid, bisecting GlcNAc, and fucose were evaluated by unpaired t test, and for galactose [+G, unmodified (base),
and -G] with an ordinary one-way ANOVA corrected for multiple comparisons.
FIGURE 4 | Increased galactosylation is associated with improved affinity for
FcgRII. The effect of increased and decreased galactose content on binding to
FcgRII variants among IgG Fc glycotypes for which other glycan characteristics
(e.g., fucosylation, sialylation, bisection) were held constant. Statistically
significant differences were tested using a mixed effect model with Tukey’s test
of multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001). ns, not significant.
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levels of serum IgG between animals, increased binding of serum
samples with greater levels of Fc galactosylation was observed across
diverse FcgRII and FcgRIII allotypes, as was the effect of reduced
fucosylation for FcgRIII (Figure 6). Collectively, these observations
support further generalization of the effects these glycoprofiles have
on FcgR binding to polyclonal pools of mixed specificity, light chain
usage, and subclasses of rhesus macaque IgG.
CONCLUSIONS

This work establishes that the low affinity Fcg receptors of RM
demonstrate preferences for glycoforms of human IgG1 that
largely mirror that of their human equivalents. Rhesus macaques
therefore likely serve as an appropriate model for the evaluation
of glycoengineered human antibodies. While the panel of
glycovariants focused on human IgG1, this subclass is
overwhelmingly represented among therapeutic monoclonal
antibodies, and where evaluated, the glycan preferences appear
to hold across human IgG subclasses (32, 59). We show here that
the effect of fucose on RM FcgRIII recognition is generalizable
across both human and rhesus monoclonal antibodies with
distinct variable domains, a dual variable domain bispecific
construct, and to polyclonal rhesus serum IgG. These results
have important implications for the use of RM to study
recombinant glycoengineered antibodies in preclinical and
mechanistic studies of antibody therapies, as well as in
attempting to relate antibody glycotypes raised in response to
vaccination (60–62) or via vectored antibody delivery (63), to in
vitro effector activities or in vivo outcomes.
METHODS

Protein Expression and Purification
The engineering and characterization of the variably glycosylated
panel of anti-TNP human IgG1s (50, 51) and rhesusmacaque FcgRs
(38) have been described previously. These modifications include
Frontiers in Immunology | www.frontiersin.org 524
manipulation of fucose (F), bisecting GlcNAc (B), sialic acid (S), and
galactose (G) content (Supplemental Table 1). Unmodified anti-
CD20 [anti-CD20 (2B8R1), Nonhuman Primate Reagent Resource
Cat# PR-2287, RRID: AB_2716323] and afucosylated anti-CD20
[anti-CD20 (2B8R1F8), Nonhuman Primate Reagent Resource
Cat# PR-8288, RRID: AB_2819341] were derived from rituximab
and grafted into rhesus variable regions. Representative mass
spectrometry-based glycoprofiles of these reagents are shown in
Supplemental Figure 2. Unmodified and afucosylated forms of an
HIV-specific double variable domain bispecific Ab that binds to
both gp120 and gp41 of the envelope protein through fusion of CD4
(d2) with gp41-specific 7B2 monoclonal antibody linked through
the H4 linker CD4 (d2)-H4-7B2 (64, 65) were constitutively
expressed in either wild type or fucosyl-transferase Fut8-/- CHO
cells. Unmodified and afucosylated DVDs showed equivalent
binding to antigen by ELISA, but differential interaction with
biotinylated fucose-specific Lens culinaris lectin, and the human
CD16-expressing KHYG-1 Natural Killer cells (66) (kindly
provided by Dr. David Evans, Wisconsin National Primate
Research Center) (Supplemental Figure 3).

Surface Plasmon Resonance
Antibodies were covalently coupled to a carboxymethyldextran-
functionalized sensor (CMD200M, Xantec Bioanalytics) using
carboiimide chemistry. A Continuous Flow Microspotter (CFM)
(Carterra) allowed the complete panel, with replicates, to be printed
on a single sensor chip. The sensor surface was activated by a
mixture of 10.4 mM EDC (ThermoFisher, 77149) and 2.8 mM
sulfo-N-hydroxysuccinimide (ThermoFisher, A39269) formulated
in 10 mMMES (pH 5.0). Antibodies formulated in 10 mM sodium
acetate (pH 5.0) at 50 and 100 nM were applied to the activated
regions for 10 minutes. The regions were then washed with sodium
acetate for 5 minutes. Unreacted substrate was capped using 1 M
ethanolamine (Sigma-Aldrich, 15014-100ML) applied by the flow
cell of the imaging-based surface plasmon resonance instrument
(SPRi) (MX96, IBIS Technologies). Remaining ligand was removed
and the overall capacity of the sensor tested using successive
injections (5 rounds in total) of 25 mg/mL anti-human Fc and
10 mM glycine (pH 3.0).
A B

FIGURE 5 | The fucose effect is generalizable across antibodies but not receptors. (A) Representative sensorgrams showing association and dissociation profiles
of RM FcgRIIIa-3 from unmodified and afucosylated forms of a rhesusized version of rituximab. (B) Equilibrium binding affinities of CDR grafted CD20-specific
antibodies with rhesus IgG1 Fc domains (left), and a dual variable domain (DVD) bispecific antibody (right) in unmodified and afucosylated forms, and in comparison
to an unmodified rhesus IgG1 antibody of a differing specificity (control).
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The Fc receptor analytes were formulated at 20 mM in a running
buffer consisting of 1x phosphate buffered saline containing 0.05%
Tween 20. Each receptor was tested over an 8-point series of 1:3
dilutions, running from the lowest concentration to the highest.
Association was measured over a 5-minute period before switching
the flow cell to running buffer to capture 5 minutes of dissociation.
Two blank injections of the running buffer following each receptor
series were sufficient to completely dissociate these low-affinity
analytes and prepare the sensor for the next receptor.

Raw data was processed using SprintX (IBIS Technologies).
The background signal of the nearest unconjugated interspot was
subtracted from the adjacent regions of interest to account for
bulk shift and non-specific binding. The blank injection
immediately preceding each series of receptor was also
subtracted from each concentration of receptor. Equilibrium
affinity values (KD) for each receptor-glycovariant pair were
calculated in Scrubber 2 (BioLogic Software) using the average
signal during a ten-second window at the end of the association
phase when the system had reached equilibrium. The maximum
response (Rmax) predicted for a saturated system was calculated
for each region of interest. Regions with an Rmax of less than 25
were discarded for insufficient signal.

Rhesus Serum IgG Receptor Binding and
Glycan Analysis
Serumsamples fromsevenhealthy rhesusmacaqueswereprofiled for
binding to rhesusFcgR-conjugatedfluorescentbeads inamultiplexed
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assay (67). Briefly, recombinant rhesus FcgRwere covalently coupled
to uniquelyfluorescently codedmagneticmicrospheres, incubated in
dilute serum, and bound antibodywas detectedwith a phycoerythin-
conjugated anti-IgGdetection antibody prior to data acquisition on a
Luminex FlexMap. Median fluorescent intensities were reported for
each sample for each FcgR.

For glycan analysis, rhesus macaque IgG was purified from
serum via Melon Gel (manufacturer), followed by digestion with
both SpeB and IdeA enzymes (Genovis), and purification of
cleaved Fc domains by Protein A affinity chromatography (GE
Life Sciences), each according to the manufacturer ’s
recommendations. IgG glycan analysis was performed as
described previously (68). Briefly, purified Fc was treated with
PNGase F (New England Biolabs). Subsequently, protein was
precipitated with ethanol and released glycans were evaporatively
concentrated prior to fluorescent labeling with 2-aminobenzamide.
After washing and removal of excess dye, glycans were analyzed
using HILIC HPLC on a 150 3 2-mm TSKgel Amide-80 column
(Tosoh Bioscience) with 3-mm packing material on a 1200 series
HPLC (Agilent Technologies). Peak identities were confirmed via
use of a glycan standard (Ludger). Quantification by area-under-
the-curve analysis was performed with ChemStation software
(Agilent Technologies).

Statistical Analysis
Statistical analysis was performed in Graphpad Prism version 9.
Global comparisons (Figure 2) of glycovariants with (+) and
A B

FIGURE 6 | Similar FcgR binding glycopreferences are observed for RM serum IgG. (A) Correlations of receptor binding signal in multiplex assay and glycan species
prevalence in rhesus macaque serum IgG for each allotypic variant of RM FcgRIIa and FcgRIIIa. Unadjusted Spearman correlation coefficient (RS) strength and
direction are indicated in color, and confidence (p value) in size. (B) Exemplary scatter plots of relatively stronger correlative relationships between relative galactose
and fucose content (% peak area) in relation to FcgR binding median fluorescent intensity (MFI). Correlation coefficients and exact p values are indicated in inset.
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without (-) fucose, bisecting GlcNAc, and sialic acid modifications
were evaluated for each individual receptor allotype by t test.
Galactose content, which was alternatively increased, unmodified,
or decreased, was evaluated by one-way ANOVA adjusted for
multiple comparisons according to the procedure of Benjamini,
Krieger, and Yekutieli. Paired comparisons (Figure 4 and
Supplemental Figure 1) of glycovariants with and without fucose,
bisecting GlcNAc, and sialic acid modifications but for which other
glycan modifications were held constant (i.e.: for fucose content, +G
was paired with -F+G, and +G+S was paired with -F+G+S) were
evaluated by paired t test across of FcgRII types and allotypes and
FcgRIII allotypes. Paired comparisons evaluating the effect of
variable galactosylation were evaluated using a mixed effect model
with Tukey’s test of multiple comparisons, comparing the effect of
each galactose characteristic (+G, unmodified G, and -G) when
other modifications (F, B, and S)) were held constant. Strength and
direction of relationships between Fc glycoform prevalences in
rhesus serum IgG and FcgR binding signals were evaluated by
Spearman’s rank correlation coefficient and statistic.
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The function of antibodies, namely the identification and neutralization of pathogens, is
mediated by their antigen binding site (Fab). In contrast, the subsequent signal
transduction for activation of the immune system is mediated by the fragment
crystallizable (Fc) region, which interacts with receptors or other components of the
immune system, such as the complement system. This aspect of binding and interaction
is more precise, readjusted by covalently attached glycan structures close to the hinge
region of immunoglobulins (Ig). This fine-tuning of Ig and its actual state of knowledge is
the topic of this review. It describes the function of glycosylation at Ig in general and the
associated changes due to corresponding glycan structures. We discuss the functionality
of IgG glycosylation during different physiological statuses, like aging, lactation and
pathophysiological processes. Further, we point out what is known to date about Ig
glycosylation in farm animals and how new achievements in vaccination may contribute to
improved animal welfare.

Keywords: immunoglobulin, antibody, glycosylation, Fc receptor, pregnancy, lactation, vaccination
INTRODUCTION

Immunoglobulins (Ig) are essential players in the immune system. They recognize foreign molecules
via their antigen binding sites, which are located in the variable domain of the antigen binding
fragment (Fab) (Figure 1A). The recognition and binding of foreign molecules can induce several
different defense strategies. For instance, soluble molecules such as toxins can be agglutinated and/
or neutralized (Figure 1B). Furthermore, opsonization by Ig is an important process to counteract
the invasion of pathogens. The recognition of antigens on the surface of pathogens subsequently
initiate antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular
phagocytosis (ADCP), or a complement-dependent cytotoxicity (CDC) (Figure 1B). Each of
these three mechanisms is driven by an interaction of the fragment crystallizable (Fc) region
with receptors of an effector cell or members of the complement system.

Remarkably, such interactions with the Fc region are influenced by its glycosylation status. For
this reason, the detailed analysis of the glycosylation patterns of Igs during physiological and
pathophysiological processes and the knowledge of the glycan-dependent functionality of Igs in
mice and humans are increasingly being explored. However, very little is known about the
org October 2021 | Volume 12 | Article 753294129
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glycosylation patterns of Igs in other mammals, such as farm
animals. This is surprising given that an optimal functioning
adaptive immune system is essential to ensure the health and
welfare of animals.

This review gives a general overview of Ig glycosylation and
its effect on the mechanisms of the adaptive immune system with
the aim to demonstrate how Ig glycosylation has the potential to
support the health and welfare of farm animals.
GLYCOSYLATION OF IG

In eukaryotes, the majority of extracellular proteins is
glycosylated (1). This post-translational modification of
proteins is important to initiate cellular processes, such as
recognition, communication, differentiating and binding
events. Remarkably, the glycosylation status of proteins
depends on several aspects. Firstly, within the animal kingdom,
significant differences in the glycosylation machinery exist; for
example, enzymes that are necessary for the synthesis and
utilization of monosaccharides are species dependent, so that
one and the same protein can be decorated with various glycan
structures. Furthermore, the cell type, its differentiation state,
and its metabolism status have an impact on the glycosylation
patterns. Therefore, different physiological and pathological
conditions frequently come with an altered glycosylation
status. The most prominent forms of protein-glycosylations are
the N- and the O-glycosylation.

In the case of N-glycosylation, a precursor structure is co-
translational transferred to an asparagine (Asn) residue of the
nascent protein in the endoplasmic reticulum. The Asn must be
Frontiers in Immunology | www.frontiersin.org 230
part of the amino acid sequon Asn-X-Ser/Thr, whereby X can be
any amino acid with the exception of proline. Thereafter, N-
glycan processing starts, which includes numerous possible
trimming and elongation events in the endoplasmic reticulum
and Golgi apparatus (see Supplemental Figure S1 for more
information). Approximately 70% of all proteins carry one or
more potential N-glycosylation sites (1). Further, Igs have several
N-glycosylation sites (2). The number and positions differ
between the individual Ig-classes and subtypes (Figure 2). For
example, all IgG molecules are generally N-glycosylated in the Fc
region at the conserved Asn297 (Figure 2A). Approximately 15-
25% are additional N-glycosylated at the Fab region. However,
no conserved N-glycosylation site exists in the Fab region (3).
Altogether, N-glycans approximately account for 2-3% of their
molecular weight. In contrast to IgG, the Ig-classes IgM, IgD and
IgE contain significantly more conserved N-glycosylation sites
and are much more N-glycosylated (~12-14% of the molecular
weight) (2).

Besides N-glycans, Igs can also contain O-glycans (Figure 2).
O-glycans are attached to the oxygen atom of serine (Ser) or
threonine (Thr) residues. In contrast to N-glycosylation sites, no
specific sequon exists and, thus, O-glycosylation sites are difficult
to predict. To date, little is known about the impact of O-glycans
on the functionality of Igs. For this reason, the review is focused
on the structure and mode of action of N-glycans on Igs.

Commonly, Igs are primarily decorated with complex N-
glycans, but oligomannose and hybrid N-glycans can also be
present (Figure 3A). In Figure 3B, for example, common N-
glycans at Asn297 of human IgG are displayed, which frequently
contain core fucose, bisecting N-acetylglucosamine (GlcNAc),
galactose (Gal), and N-acetylneuraminic acid (Neu5Ac) residues.
A B

FIGURE 1 | Immunoglobulin: schematic structure and how they activate the immune system. (A) A common IgG structure consisting of two heavy chain (dark blue)
with three constant (Cg1-3) and one variable domain (VH) and two light chain (light blue) with one constant (CL) and one variable domain (VL). The heavy and light
chains are covalently connected by disulfide bonds. The IgG is further subdivided in the antigen binding fragment (Fab) and fragment crystallisable (Fc). (B) Activation
of the immune system by antibodies. Left column: Ig can neutralize soluble molecules, e.g. bacteria toxins, to protect endogenous cells. Middle column: The binding
of Ig to virus or bacteria antigens is called opsonisation. Right column: Ig bound to pathogens can activate the complement. Complement factors C1q recognize Ig
and induce the complement cascade; a membrane attack complex (MAC) is formed in the end. In the end, macrophages or neutrophils phagocytose the complex of
Ig with either soluble molecules or bacteria or, additionally, with the components of the complement. Created with BioRender.com.
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Oligomannose structures are mainly located in the Fab region of
IgG (5). Overall, it appears that the heterogeneity of the glycan
structures is higher in the Fab region (5).

Glycans not only contribute to an altered molecular weight
but also change the structural conformation (Figure 4). The
presence of glycans at Asn297 within CH2 of Fc entails an “open”
conformation (Figure 4A top), while enzymatic deglycosylation
leads to a “closed” structure instead (6). Further, it is being
explored whether distinct sugars, like sialic acid, induce
additional conformational changes of the CH2 of Fc (7–9).
Sondermann et al. described that the addition of sialic acid
leads to a more “closed” Fc structure as compared to the
Frontiers in Immunology | www.frontiersin.org 331
presence of other glycan species or desialylated glycans
(bottom in Figure 4A). Similar results were obtained by
Ahmed et al. (8). In this review, the PDB structures used by
Sondermann et al. and those generated by Ahmed et al. were
aligned in order to compare the structural conformation. Five Fc
regions are overlaid in Figure 4B, and their structures are related
depending on the conformation between “open” and “closed”.
Their glycans, which were present and obtained during the
structural characterization, are given below the corresponding
PDB entry. This comparison shows that the presence of sugar
residues, like sialic acid and fucose, lead to closer Fc
conformation. However, it has to be mentioned that, in fluids,
FIGURE 2 | Overview of glycosylation sites of different Ig: IgA, IgG. IgM, IgD, and IgE in individual colors. The bright color illustrates the light chain, the dark color the
heavy chain. The grey lines indicate disulphide bridges. Created with BioRender.com.
A B

FIGURE 3 | N-Glycans. (A) general types of N-glycans; all of them have a common core structure, highlighted with a square (1). (B) Commonly abundant glycans of
human IgG, grouped by glycan affiliation. The N-glycans were created using GlycoWorkbench 2.1 (4) and arranged with BioRender.com.
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molecules are flexible and glycans significantly increase
structural variations, which cannot be completely reproduced
when the crystal structures are obtained. Therefore, molecular
dynamic tools have to be applied. Frank et al. analyzed Fc
structures using such a strategy and observed high flexibility of
both the glycans and the CH2 of Fc (10). Nevertheless, whether
and to what extent different glycan patterns contribute not only
to structural changes but also to the functionality of IgGs is
under discussion.

The Impact of Glycosylation on the
Functionality of Igs
Among other mechanisms of the immune system, Igs mediate an
immune response through the complement system. The classical
pathway of the complement system is activated when the C1-
complex molecule C1q binds to IgGs or IgM, which recognize an
antigen on the cell membrane. The Ig/C1q complex induces a
cascade of enzymatic reactions, leading to the formation of the
membrane attack complex (MAC) and, thus, perforation of
cellular membranes. Remarkably, the interaction with C1q is
modulated by N-glycans of IgG1 at Asn297 (11). For instance,
terminal galactose increases the binding to C1q (examples for
different N-glycans are shown in Figure 3A). The observed effects
might be the result of a changed 3D structure of the Fc region, as
displayed inFigure4. Thus,N-glycans seems to influenceone of the
key mechanisms of the classical complement pathway.

Moreover, the lectin complement pathway can be induced if
agalactosylated N-glycans are present on IgG. Typically, this
pathway is initiated by the binding of mannan-binding protein
Frontiers in Immunology | www.frontiersin.org 432
(MBP) to oligomannose on the cell surface of pathogens. Via the
MBP associated serine protease (MASP) an activation of the
complement system is initiated. Malhotra et al. observed that
agalactosyl N-glycans on IgG are also recognized by MBP,
leading to an activation of the lectin complement pathway (12)
(Figure 5A). Interestingly, these same glycan structures
(mannose or GlcNAc residues) are also recognized by the
mannose binding receptor (CD 206). This receptor is
expressed in macrophages and dendritic cells (13). The binding
of CD 206 to agalactosylated IgGs results in their uptake.

Further immunomodulatory interaction partners of Igs are
their related Fc receptors (FcR). The major classes of Fc receptors
are Fc-gamma receptors (FcgR), FcaR, FcϵR, and FcmR, which
bind IgG, IgA, IgE, and IgM, respectively. FcmR recognize IgA
molecules in addition to IgM, although with a lower affinity.
Besides the extracellular Ig binding domain, Fc receptors may
intracellularly have an activating or inhibitory motif, namely the
immunoreceptor tyrosine-based activation motif (ITAM) (e.g.
FcgRI, FcgRIIa, FcgRIIc, FcgRIIIa) or the immunoreceptor
tyrosine-based inhibitory motif (ITIM) (e.g. FcgRIIb).
Interestingly, the removal of N-glycans from the Fc region of
IgG significantly reduces their binding to FcgR and, thus, their
effector functions (14–16) (Figure 5B). However, further
structural changes alter the IgG/FcgR interplay. For instance,
removal of core fucose enhance the monocyte, macrophages,
granulocyte, and natural killer cells mediated ADCC (17–19).
Moreover, defucosylated IgGs have a higher affinity to FcgRIIIa,
resulting in improved effector functions (18, 20, 21) (Figure 5A).
FcgRIIIa and FcgRIIIb are also glycoproteins, and their N-
A B

FIGURE 4 | Glycosylation-induced conformational changes. (A) Schematic model of the IgG Fc structure with or without glycans. Top: Glycan structures by self-
induce conformational changes, resulting in an “open” structure. The de-glycosylated Fc have a “closed” structure instead. Bottom: Suggested model for individual
glycan-induced conformational changes. Different glycan structures are discussed to influence the distance between the Cg2 domains. E.g., sialylated (G2FS2) glycans
lead to a sterically closer conformation of Cg2 to each other. Created with BioRender.com (B) Superpose of different Fc structures. The PDB entries correspond to the
colour code in the cartoon- and tube-styled structures; additionally, their glycan structures are given. The structures were classified as “open” and “closed” conformation.
The structures were superimposed using YASARA. The N-glycans were created using GlycoWorkbench 2.1 (4).
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glycans at Asn162 are involved in binding with IgG via an direct
interaction with N-glycans of the IgG at the Fc Asn297 (22). It
seems that a core fucose at the Fc Asn297 inhibit this glycan-
glycan interaction and reduces the affinity toward FcgRIIIa (23).

Also, sialic acid plays a key role in FcR mediated signaling.
Terminal a2,6-linked Neu5Ac has an anti-inflammatory
function (24). The presence of Neu5Ac reduces the binding to
activating FcgR, and this interaction subsequently leads to
increased expression of inhibitory FcgRIIb (25, 26)
(Figure 5C). It is under debate whether the interaction of FcgR
is reduced to sialylated IgG and the binding of CD23/DC-SIGN
to IgG is increased instead (27, 28). A recent study investigated
the binding of human sialylated IgG to cells expressing CD23 or
DC-SIGN (29). It could not verify the binding of Fc- or Fab-
sialylated IgG to one of the proteins. Crispin et al. could also not
verify the binding of IgG Fc to DC-SIGN (9, 30). The impact of
sialylation was also investigated in the case of IgM. For instance,
sialic acid residues on glycans of IgM induce its internalization in
T cells and a subsequent suppression of T-cell responses (31).
This effect could be counteracted by desialylation and might be
the result of a reduced binding affinity of FcmR for asialylated
IgM (Figure 5D). Furthermore, the activity of IgE is influenced
by its sialylation status (32). This type of Ig plays a crucial role in
type 1 hypersensitivity. After exposure to allergens, cross-linked
IgE activate basophil and/or mast cells, leading to their activation
and the release of inflammatory mediators, such as histamine
Frontiers in Immunology | www.frontiersin.org 533
(33). Interestingly, the amount of IgE present seems to be less
important than the grade of IgE-sialylation to the extent of
reaction (32). There are hints that the activation of FceRI is
less efficient when asialylated IgE is bound. However, the exact
mechanism is still not fully understood (Figure 5E).

These examples demonstrate that the N-glycan structures of
Igs significantly influence their immunomodulatory capacities,
which explains the rapidly growing interest in glycan-mediated
mechanisms in different areas of life sciences and medicine
during the last decade.

Aging
One of these scientific fields is aging, since the adaptive immune
systems undergoes several changes during aging. Newborn
mammals receive their first Igs from their mother. In humans
and other mammals with a hemochorial placenta, such as
rodents and primates, IgG can pass through the placenta
barrier. As a consequence, offsprings are already equipped with
IgG during pregnancy. Since, during pregnancy, IgG Fc N-
glycans become significantly more galactosylated, sialylated,
and less bisected (34), comparable glycosylation patterns can
be observed in newborns (Figure 6). This glycosylation status of
IgGs relates to the anti-inflammatory character of IgG (24). The
increase of anti-inflammatory Igs might be necessary to suppress
possible immune reactions between the unborn baby and the
mother during pregnancy (35). When children begin to produce
A B

D E

C

FIGURE 5 | Overview of selected properties of Ig that are affected by glycosylation. (A) Mannan-binding protein (MBP) binds G0 glycan structures of IgG and
induces the lectin complement pathway. (B) FcgR bind better to glycosylated Fc as compared to de-glycosylated Fc. (C) Sialylated IgG has an anti-inflammatory
effect. (D) Sialylated IgM are internalized by T-cells, leading to a reduced T-cell response. (E) Un-sialylated IgE activates FcϵR less efficient than sialylated IgE.
Created with BioRender.com.
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endogenous IgG, an altered glycosylation can be observed
(Figure 6). Digalactosylated N-glycans decrease, but the level
of monogalactosylated structures remains stable (35). Thus, in
sum, the ratio of N-glycans with at least one galactose residue
stays constant. In contrast, the status fucosylation and sialylation
decreases and that of bisecting N-glycans increase (35). However,
from the age of 40, the level of IgG galactosylation decreases
(36, 39).

Moreover, the glycosylation of the Fab region was
investigated in this context. Interestingly, during pregnancy,
the glycosylation status of the IgG Fab region changes as well
(5). These alterations were much more heterogeneous and
different as compared to Fc glycosylation. For example, the
percentage of monosialylated structures at Fc increases slightly
during pregnancy and decreases after delivery. The opposite was
observed at the Fab. Here, the monosialylated structures stay
nearly at the same level during pregnancy and their amount
increases after delivery. This fine-tuning of the glycosylation
seems to regulate the effectiveness of IgGs during different
physiological conditions, such as pregnancy or childhood.

Ig Glycosylation Status During Lactation
As mentioned above, in species with a hemochorial placenta,
such as rodents, primates, and humans, IgG can pass through the
placenta barrier to equip offspring with Ig, whereas species with
an epitheliochorial placenta, like ruminants, horses and pigs, are
not able to transfer Ig via the umbilical cord. In these animals,
the source of the first Igs is the colostrum. For instance, the gut of
calves and piglets allows an unselective transition of proteins into
blood circulation, approximately within the first 12-36 h
postpartum. Calves and piglets that do not receive colostrum
within the first 12 h have, for instance, reduced weight and
increased mortality rates (40), and the administration of
colostrum to calves within the first weeks of life reduces
diarrheic disease (41). Thus, colostrum represents an essential
Frontiers in Immunology | www.frontiersin.org 634
source for Igs in farm animals, such as pigs and cows. However,
Igs in matured milk also are important biomolecules to prevent
pathogen invasion and to support the health of calves and piglets
during their suckling period. This is also the case in species with a
hemochorial placenta, such as humans. The major classes of Ig in
milk are IgG, the secretory IgA (sIgA), and IgM. Their
concentration varies during the lactation period (see Table 1)
and is species and probably also breed-specific.

There are several examples showing the importance of Ig
glycans for the prevention of pathological bacteria in human.
The members of the family Enterobacteriaceae, for instance, have
Type 1 fimbriae on their surface with an adhesin that possesses
mannose-specific lectin-like properties. This allows the bacteria
to adhere to nasopharynx or colonic epithelial cells. After
adhesion, they subsequently spread in the blood stream. The
incubation of these bacteria with isolated secretory IgA (sIgA)
from human milk leads to their agglutination, thus, their ability
to bind to epithelial cells is inhibited (44). This is possible
because glycans at the sIgA-Fc contain glycan structures with
terminal mannose residues, which can bind using their fimbriae.
Figure 7 displays a schematic illustration of sIgA. Its specific
joining chain (~16 kDa) connects the IgA dimers, and sIgA is
associated with the secretory component (~75 kDa) that is
additionally involved in the transport of IgA across epithelial
cells. This transport is important to allow a transfer from the
blood into milk. Usually, the secretory component shields these
truncated glycan structures. However, acidic conditions in the
digestive tract can disrupt the interaction between the secretory
component and sIgA and enable the presentation of these sIgA
glycans to bacteria (45) (Figure 7).

Furthermore, the S-fimbriated E. coli adhere to terminal
Neu5Ac(a2,3)Gal at buccal epithelial cells and can induce
neonate meningitis and sepsis. This interaction can be
competitively inhibited by soluble glycans or glycoproteins,
including sIgA from the human colostrum, which reduces the
FIGURE 6 | Changes of glycosylation status of IgG at Fc during ontogenesis. A schematic illustration of the relative ratios of various glycan structures and their
changes over different ages are shown. For glycan structures examples and color codes, see Figure 3B. Further details are given in the main text. 1 (35), ² (36, 37),
³ (38). UC – samples from umbilical cord. Created with BioRender.com.
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binding of E. coli to the host cells (47). The motif Neu5Ac(a2,3)
Gal is also a common terminal structure of N-glycan on IgG.
Thus, these antibodies might also act as competitors against
bacterial adherence via their glycans. Moreover, Hanisch et al.
demonstrated a strong interaction of S-fimbriae with N-
glycolylneuraminic acid (Neu5Gc) (48). This sialic acid is
usually not found in humans but in farm animals, like
donkeys, cows, and pigs, and might prevent bacterial
adherence and, thereby, an infection in their offspring.

Interestingly, a recent study detected Neu5Gc on glycans of
sIgA in donkey milk (46). The milk sample was from an animal
in the mid-lactating stage. They detected 5 N-glycosylation sites
at the secretory component (N83LT, N135GT, N291QT, N423GT,
and N530LT), two sites at the heavy chain of IgA (N139AS,
N338VS [according to UniProt: N134AS, N333VS]), and one at
the joining chain (N72IS). Furthermore, several O-glycans were
present at the hinge region. The detected N-glycans were very
heterogenic and included several fucosylated and sialylated
structures with Neu5Ac as well as Neu5Gc. In addition,
oligomannose N-glycans were present at the Fc region on
Asn291 (46). It would be interesting if comparable inhibitory
results can be achieved in relation to the adhesion of bacteria, as
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shown for sIgA from human milk. With the remarkable
exception of Neu5Gc containing N-glycans, several of the
glycan structures are comparable.

In bovine milk, primarily, the glycosylation status of IgG was
analyzed, representing the main Ig class in bovine milk (Table 1)
(42, 43, 49, 50). In two studies, the composition of glycans from
bovine milk at different time points of lactation period were
examined. Feeney et al. investigated the IgG specific glycans by
lectin-array assays at day 1, 2, 3, and 10 after birth (50). Takimori
et al. determined the amount of IgG and its glycosylation status
at the 1st day and 1st, 2nd 3rd as well as 4th week postpartum using
MALDI-TOF MS (49). In this way, the short and longer term
changes can be characterized. The biggest difference was
observed in the sialylation of glycans (Figure 8) (50). The
highest amount of sialylated glycans was detected in the
colostrum, which rapidly decreases within the first three days
(50). After 10 days, Neu5Ac is no longer detectable and only
minor amounts of Neu5Gc are present. These results are in line
with those of Takimori et al., who found that 50% of all IgG-
glycans in the colostrum were sialylated. After 7 days, these
sialylated structures were almost absent (49). Interestingly, the
sialylated structures were only located at the Fc but not at the Fab
TABLE 1 | Species dependent Ig amounts in colostrum and milk.

Species Ig Colostrum [mg/ml] Mature milk [mg/ml] Reference

H. Sapiens (human) IgG 0.4 0.04 (42)
IgM 0.3 0.03 (42)
IgA 6-40 0.26-1.8 (42)

B. taurus (cattle) IgG 15-180 0,5 (42)
IgM 3-5 0.04 (42)
IgA 1-6 0.05 -0.1 (42)

O. aries (sheep) IgG 94-162 1 (43)
IgM 1.3-21.2 0.2 (43)
IgA 3.5 0.2 (43)

E. ferus (horse) IgG1/IgG2 (IgGa) 82 0.2 (43)
IgG4/IgG5 (IgGb) 183 0.3 (43)
IgG3/IgG5 [IgG[T)] 44 0.1 (43)

IgM 2.3 0.07 (43)
IgA 9 0.7 (43)

S. scofa d. (pig) IgG 618 1.6 (43)
IgM 3.8 1.5 (43)
IgA 11.3 4.3 (43)
October 2021 | Volume 12 | Art
FIGURE 7 | Schematic representation of a human secretory IgA subtype 2 (sIgA2). All components and possible glycosylation sites of sIGA2 as well as the changes
occurring under acidic conditions are shown. The IgA dimer compose of four heavy chains (orange and yellow Ca1-3 and VH), four light chains (red and pastel-red), and
a joining chain (J chain in dark blue) that connects dimers and a secretory component (blue I-V) by disulfide bridges (brown line) (45, 46). Created with BioRender.com.
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fragment. Further, they investigated the glyosidic linkage
between Neu5Ac and Gal using MALDI-TOF MS, which was
in most cases a2,6-linkages. Feeney et al. used lectins to
determine the linkage. The lectin MAA (from Maackia
amurensis) detects mainly a2,3-linked Neu5Ac, whereas SNA
(from Sambucus nigra) preferentially binds a2,6-linked Neu5Ac
residues. The signal intensity using SNA indicated a higher
abundance of a2,6-linked Neu5Ac residues, which is also in
line with the results of Takimori et al. (49, 50) and suggest that,
during first days of lactation, higher amounts of anti-
inflammatory IgGs are present in bovine milk (24, 51, 52). In
contrast to the sialylation status, the amounts of fucose and
galactose residues at IgG stay constant within the first three days
of lactation and slightly increase at day 10 (Figure 8) (50).
GlcNAc and Man are stable throughout the first 10 days. The
roles of individual glycan structures on IgG in milk are unknown.
In Takimnori et al.’s study, the glycosylation status does not
influence the binding to FcRn (49).

The results of Feeney et al. were obtained using the milk of
Holstein Frisian cows representing high-performance dairy cows
(50). The breed used by Takimori et al. was unfortunately not
named. Breeds with lower level of milk production might have
another glycosylation status during lactation. The few existing
studies on buffalo milk could provide a first clue here. Two
studies analyzed the glycan patterns of IgG in buffalo (Bubalus
bubalis) milk at one single time point during lactation. The work
of Bhanu et al. investigated a colostrum sample, and the work of
Jineshet analyzed milk 14 days after parturition (53, 54). Bhanu
et al. identified 54 different N-glycans, including oligomannose,
neutral complex, and hybrid N-glycans, in addition to sialylated
N-glycans (Neu5Ac and Neu5Gc). More than 20 of these glycans
were fucosylated and the oligomannose N-glycans represented
only a marginal ratio. However, the amount of sialylated N-
glycans outweighed that of neutral structures. The high amount
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of sialylated and low amounts of fucosylated N-glycans are
comparable to the results of Feeney et al. using bovine
colostrum (50). The analysis of buffalo IgG glycans in mature
milk (from day 10 of lactation) revealed the following
distribution: 14% sialylated, 19% bisecting and 34% fucosylated
glycans (54). However, in contrast to mature bovine milk, in
which Neu5Ac was not detectable and only minor amounts of
Neu5Gc were present, in buffalo milk, significant amounts of
Neu5Ac and Neu5Gc were also detectable on day 14 of lactation
(54). Thus, the dramatic loss of sialylated N-glycans does not
take place in buffalo milk. Whether this glycosylation allows a
broader panel of immunomodulatory mechanism is unknown so
far. Nevertheless, the studies demonstrate that striking
differences between various animal species exist.
RELATION BETWEEN IGG
GLYCOSYLATION AND
PATHOPHYSIOLOGY

Notably, the glycosylation patterns of Igs change also during
pathophysiological processes. Previous studies indicate that
glycosylation patterns alter during inflammatory processes like
alloimmune thrombocytopenia (55) and active infections with
pathogens such as HIV (56) or tuberculosis (57). On the other
hand, changed glycosylation patterns can be detected in patients
with chronic diseases like inflammatory bowl disease (58);
autoimmune diseases like rheumatoid arthritis (RA) (59) and
systemic lupus erythematosis (60); and neurological disorders
such as multiple sclerosis (61, 62), Alzheimer’s disease (63), or
Myasthenia gravis (64). In chronic diseases, it is mostly unknown
where these changes come from and what their cause is. It is
important to investigate whether pathological effects lead to an
altered glycosylation or an altered glycosylation leads to
FIGURE 8 | Monosaccharide composition during lactation from day 1-10. 1 mg IgG were analyzed at each time point. The monosaccharides ratios were calculated
to 1 mol Man. Values are from (50).
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pathological effects. In the latter case, it would be necessary to
examine the cause for a changed glycosylation. This knowledge
would be helpful to treat the diseases properly.

However, in some cases, such as RA, first insights have been
described. About 0.5-1% percent of adults are affected by RA
(65). Women are affected three times as often as men (66).
Increased incidences of agalactosylated antibodies were earlier
associated with higher disease activity (67). In 75-90% of
patients, the disease activity reduces during pregnancy and
increases again after delivery (68). As described above,
pregnancy comes with changes in the glycosylation of
antibodies. One study determining the glycosylation status
during pregnancy revealed altered galactosylation and
sialylation at the Fc of IgG (69). Furthermore, significant
changes in bisecting N-glycans and fucosylation were observed
for several IgG subclasses (69). Other studies have investigated
the N-glycans of proteins from the whole serum and observed,
for instance, decreased bisection N-glycans but an increase of
galactosylation (70, 71). Reduced levels of pro-inflammatory
bisection N-glycans, for instance, suggest an association with
the reduced disease activity of RA patients during pregnancy.

In sum, a number of examples demonstrate that, in humans,
sialylated N-glycans on IgG lead to immunosuppressive effects,
whereas high levels of IgG without terminal sialic acid, galactose,
and fucose residues but carrying bisecting N-glycans enhance
inflammatory disorders and their severity. Thus, it is surprising
that, with farm animals, studies investigating potential alteration
in the glycosylation status of Ig during various physiological and
pathophysiological processes are rare or completely missing so
far. Knowledge about such glycan-dependent mechanisms might
help develop novel strategies to increase welfare of farm animals.

Vaccination Induced Immunization and Its
Impact on Glycosylation of Ig
Since lack of terminal sialic acid, galactose, and fucose residues
on N-glycans of the Fc region and higher amounts bisecting N-
glycans increases the inflammatory capacity of IgGs, such
glycosylation patterns are preferred after vaccination against
pathogens (72). Bartsch et al. (73) recently examined how
adjuvants influence the glycosylation of IgG with a special
focus on sialic acid and galactose residues. In this study, mice
were immunized for the first time with 100 µg ovalbumin (Ova)
with different adjuvants and boosted second time with an Ova-
PBS solution. The applied adjuvants included, among others,
incomplete Freund adjuvant (IFA), complete Freund adjuvant
(CFA), and alum. Interestingly, remarkable differences were
found concerning the glycosylation of IgG. The application of
eCFA (enriched CFA), IFA, and Montanide led to a significant
reduction of galactosylation and sialylation. This effect was
noticeably weaker when the adjuvants Alum, Adju-Phos,
AddaVax, LPS, MPLA, R848, Poly (I:C) were applied. It should
be noted that the stronger effectors - eCFA, IFA and Montanide -
are “water in oil adjuvants”. The highest impact of all tested
adjuvants were observed when eCFA was used. CFA was
enriched with heat-killed Mycobacterium tuberculosis (Mtb).
The effects might be mediated by the cord factor (glycolipid
trehalose dimycolate) in Mtb extracts (57, 74). Whether
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comparable effects can be also achieved in farm animals
is unknown.

Glycoengineered Monoclonal Antibodies
Monoclonal antibodies (mAb) are an important and growing
group of biotherapeutics for the treatment of cancer and chronic
diseases. The Food and Drug Administration (FDA) approved
more than 60 different mAbs and fusion molecules in the last few
decades, which target in the most cases cancer cells (75). An
optimized glycosylation has also already moved into the focus for
therapeutic treatments with mAb. As mentioned above, the
glycosylation status depends on many physiological conditions
within an organism. Consequently, the glycosylation status is
significantly influenced by the incubation and growing
conditions of the IgG-producing cells and their genotype. To
get a defined glycosylation pattern, the glycosylation-machinery
of a cell lines can be manipulated using knock-out or knock-in
strategies. For example, to obtain mAbs with nonfucosylated
glycan structures, it is possible to knock out the a-1,6-
fucosyltransferase (FUT8) (76) or overexpress b1,4-N-
acetylglucosaminyltransferase III (GnTIII) (77). GnTIII
catalyzes the addition of bisecting GlcNAc, which subsequently
inhibits core-fucosylation. In both cases, the unfucosylated mAbs
would enhance the ADCC, for example (17–19). Another option
is to treat the mAbs in vitro using glycosidases. For instance,
sialidases and galactosidases can be used to release sialic acid and
galactose residues to obtain proinflammatory sets of antibodies
(78). Consequently, the glycoengineering of therapeutic Abs is a
powerful strategy to significantly improve their targeted
application, such as with passive immunization.

Avian Egg Yolk Antibodies (IgY)
A further interesting type of antibody is the avian IgY. These Igs
are of importance in various scientific fields. The number of
publications l isted on PubMed under the keyword
“immunoglobulin y” increased steadily in the last years (see
Figure 9A). Among others, it is gaining great interest for its
application as a potential tool in diagnostic, therapeutic and
biotechnology, since IgYs formed in poultry are very specific
against mammalian proteins and have a high binding affinity.
This is based on the phylogenetic distance between birds and
mammals, thus, immunization works very well (79–82). The
production of IgY is a further advantage. IgY can be easily
isolated from the egg yolks of one and the same chicken. This
is a non-invasive method and no blood has to be taken from
the animals.

Compared to the mammalian IgG the avian IgY has one more
constant domain in the heavy chain (CH3) and no hinge region.
Further, there are two potential N-glycosylation sites. One at the
CH2 and one at CH3 domain (83) (see Figure 9B). The analysis of
the glycosylation status of IgY revealed mainly two types of N-
glycans: oligomannose and complex type (see Figure 3A) with
37.2% and 62.8% respectively (83). Other studies detected also
few hybrid glycans types at IgY (84, 85). The main structures,
which were detected, in addition to their distribution are listed in
Table 2. The CH3 domains contain only oligomannose structures,
and the CH2 domain only complex-type structures (83).
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Further studies confirmed these results (85). For instance, Gilgunn
et al. find on IgY originating from serum mainly complex, bi-, tri-
and tetra-antennary glycans, which were partially bisected,
fucosylated and sialylated. Besides these complex and high
mannose structures, also hybrid structures were detected.
Surprisingly, the impact of the glycosylation status on the
activation of the host immune system and regulatory as well as
signalling pathways have not been investigated so far and might
represent a novel immunomodulatory tool improve animal
welfare in poultry farming.
CONCLUSION AND OUTLOOK

The outlined importance of N-glycans for the structure of Igs
and the resulting immunomodulatory capacities explain the
rapidly growing interest in glycan-mediated mechanisms
during the last decade and the application of highly defined
glycoengineered Ig in human medicine (75–77). Thus, it is even
more surprising that, in veterinary medicine, such studies are still
limited or completely missed.

It would be interesting to determine, whether feeding, social
environment and vaccination have an impact on the Ig
glycosylation status, since these factors influence the general
metabolism of the animals. In addition, the knowledge of the
relationship and influence of different adjuvants on vaccination
success might increase the protection of farm animals against
pathogens. Moreover, in the case of maternal vaccination, the
offspring would be better protected during lactation, when milk
Frontiers in Immunology | www.frontiersin.org 1038
IgGs contain optimized glycosylation patterns. The offspring of
species with a hemochorial placenta, like humans, primates and
rodents benefit during the pregnancy by a passive immunization,
because here IgG can pass the blood-placenta barrier and protect
the offspring. Species with an epitheliochorial placenta, like
ruminants, including cattle, pigs, goat and sheep, but also
horses, whales, and lower primates are not able to immunize
their offspring passively through the placenta. Newborns of these
species especially depends on a passive immunization from milk.
Therefore, it would be interesting to examine if the glycosylation
pattern of Ig changes during its transport from dams blood into
the milk, and further through the stomach and gut of the
offspring, until it reaches the blood system (Figure 10). This
aspect is under present investigation in our lab. The knowledge
about this could promote the development of vaccines and
adjuvants to shift glycan structures to increase the efficiency of
the immunisation. It would also promote the development and
application of Ig with specific glycan patterns. In conventional
farming it is common that calves are not suckled by their
mothers. The colostrum given is usually from a colostrum
pool, frozen colostrum or commercially available colostrum
powder. At this point, glycoengineered antibodies could be
additionally supplemented.

In sum, farm animals would benefit from a more detailed
knowledge about all these aspects. Furthermore, animals in
zoological gardens or species whose population sizes are small
could have better chances of survival for their offspring. Thus, we
propose that the glycosylation of Abs might represent a powerful
target or tool to develop novel strategies to support the health
and welfare of animals.
A B

FIGURE 9 | Avian egg yolk antibodies. (A) Entries of publications in PubMed with the keyword “immunoglobulin y” since 1990. (B) Structure of IgY. Shown are the
domains of IgY with the two heavy chains (light blue) containing four constant domains (CH1-4) and one variable domain (VH), and two light chains (light grey) with
one constant (CL) and one variable domain (VL). The heavy and light chains are covalently connected by disulfide bonds. The IgY is further subdivided in the antigen
binding fragment (Fab) and fragment crystallisable (Fc). On the right the glycosylation sites are indicated with the detected glycan types. M9 is depicted as a
representative of oligomannose type. Representative glycans for complex types are listed in Table 2 and depicted in Figure 3B. Created with BioRender.com.
TABLE 2 | Distribution of glycan types, calculated due to the molar basis of total N-glycans (83).

Oligomannose type Monoglucosylated 26.8% Others 10.5%
Complex type Neutral 29.9% Monosialylated, 29.3% Disialylated 3.7%
Structures corresponding Figure 3B G1F; G1b; G1Fb; G2Fb G1S1Fb, G2S1Fb, G2FS G2S2Fb
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Genome-wide association studies (GWAS) have identified over 60 genetic loci associated
with immunoglobulin G (IgG) N-glycosylation; however, the causal genes and their
abundance in relevant tissues are uncertain. Leveraging data from GWAS summary
statistics for 8,090 Europeans, and large-scale expression quantitative trait loci (eQTL)
data from the genotype-tissue expression of 53 types of tissues (GTEx v7), we derived a
linkage disequilibrium score for the specific expression of genes (LDSC-SEG) and
conducted a transcriptome-wide association study (TWAS). We identified 55 gene
associations whose predicted levels of expression were significantly associated with
IgG N-glycosylation in 14 tissues. Three working scenarios, i.e., tissue-specific,
pleiotropic, and coassociated, were observed for candidate genetic predisposition
affecting IgG N-glycosylation traits. Furthermore, pathway enrichment showed several
IgG N-glycosylation-related pathways, such as asparagine N-linked glycosylation, N-
glycan biosynthesis and transport to the Golgi and subsequent modification. Through
phenome-wide association studies (PheWAS), most genetic variants underlying TWAS
hits were found to be correlated with health measures (height, waist-hip ratio, systolic
blood pressure) and diseases, such as systemic lupus erythematosus, inflammatory
bowel disease, and Parkinson’s disease, which are related to IgG N-glycosylation. Our
study provides an atlas of genetic regulatory loci and their target genes within functionally
relevant tissues, for further studies on the mechanisms of IgG N-glycosylation and its
related diseases.
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INTRODUCTION

Glycosylation is one of the most ubiquitous and essential
posttranslational modifications (PTM) for extracellular proteins in
eukaryotes, with the addition of linear or branched oligosaccharide
sidechains called glycans to the backbones of proteins (1). According
to the glycans covalently attached to asparagine, threonine, or serine
side chains, they are named either “N-linked” or “O-linked” (2).
Based on thewell-known asparagine (Asn)-X-Serine (Ser)/threonine
(Thr) sequon, a given eukaryotic glycoproteinmay have one ormore
N-linked glycosylation (N-glycosylation) sites (3). In terms of the
relatively clear functional domains and the highly conserved
glycosylation site at the equivalent position of Asn-297 of each
heavy chain across mammalian species, immunoglobulin G (IgG)
has been regarded as an ideal N-glycoprotein model for researching
N-glycosylation (4, 5).

N-Glycan is initially synthesized from a lipid-linked,
oligosaccharide moiety (Glc3Man9GlcNAc2-P-P-dol) on the
lumen side of the endoplasmic reticulum (ER) and transferred
to the nascent polypeptide chains in the ER. N-glycan is then
conservatively trimmed to a core moiety (Man5GlcNAc2-Asn) by
a series of exoglycosidases in the ER before transfer to the Golgi
apparatus for the following optional glycan assembly (6).
Assembly of the glycan-extended tree is controlled by multiple
exoglycosidases and the Golgi-localized glycosyltransferases,
resulting in a wide variety of oligosaccharide structures showing
high species specificity (7). At present, almost 200 glycosylation-
related genes have been identified in the human genome
(summarized in GlycoGene Database (GGDB, https://acgg.asia/
ggdb2/) (8), representing approximately 1% of all human genes.
However, glycan branching in the Golgi is highly dependent on
microenvironment, such as tissue-specific regulation of the
expression of glycoenzymes along the Golgi assembly line. Due
to the lack of N-glycan profiling data for particular tissues, even to
the best-known glycoprotein, human IgG, it remains unclear
whether its N-glycosylation is regulated differentially across
multiple tissues and how tissue-specific regulation contributes to
its diverse N-glycosylation.

GWAS have identified over 60 susceptibility loci associated
with the alternative N-glycan peaks (N-GPs) of IgG, which is the
qualification and quantification of enzymatically released N-
glycans by ultra-performance liquid chromatography (UPLC)
after the IgG is isolated from plasma (9–12). Four of the 200
glycogenes (8) are located in these identified GWAS loci,
including FUT6, FUT8, B4GALT1, and MGAT3, implying their
contribution to the alternative IgG N-glycosylation. However,
over 90% of identified GWAS hits are difficult to characterize
biologically due to the pitfalls of GWAS approach, e.g., very small
effect size, within the noncoding region, pleiotropic, and/or
noncausative (13). Thus, a large number of functionally
relevant genes underpinning these GWAS associations of IgG
N-glycosylation remain unidentified.

Furthermore, immune cells, e.g., plasma cells which
synthesize and secrete IgG, are highly motile between blood
and lymphatic circulation, traveling around the lymphoid nodes
and mucosa-associated lymphoid tissues (MALTs), a diffuse
lymphoid tissue system found in submucosal parts of the body
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(e.g., gastrointestinal tract, nasopharynx, thyroid, breast, lung,
salivary glands, and skin), throughout the body to reach a site of
inflammation (14). On amount of the existence of tissue-specific
gene expression (15) and the limitation that only plasma IgG has
been investigated in population-based studies for the genetic
effect of IgG N-glycosylation, it is still unclear whether or not the
N-glycosylation of IgG is regulated differentially among multiple
MALTs. Likewise, how the genetic susceptibility of quantitative
trait loci (QTL) identified by GWAS affects IgG N-glycosylation
through the tissue-specific regulation of gene expression remains
unknown. Recent genomic/transcriptomic-based statistical
approaches (16, 17) may help to shed light on the complicated
mechanisms of IgG N-glycan biosynthesis, especially concerning
tissue-specific regulation.

In the present study, to identify genetically regulated genes
associated with IgG N-glycosylation traits across the multitude of
tissues, we leveraged the data of GWAS on IgG N-glycosylation
from 8,090 participants of European ancestry (11) and the data
from a large-scale expression QTL (eQTL) study, i.e., Genotype-
Tissue Expression of 53 types of tissue (GTEx v7) (18). We first
conducted a linkage disequilibrium scores for the specific
expression of genes (LDSC-SEG) (16) to filtrate which tissues are
most likely to be enriched with each specific IgG N-GPs having
significantGWAS results (20 out of 23 GPs have significant GWAS
hits). To avoid the tissue bias in following transcriptome-wide
association study (TWAS), we selected corresponding tissue types
in expression panels of functional summary-based imputation
(FUSION), matched with the LDSC-SEG screening tissues and
the LDSC-SEG significant IgG N-GPs for TWAS analyses (17). To
investigate whether the significance of TWAShits resulted from the
regulation of gene expression or a genetically associated effect, we
conducted joint and conditional analyses on each TWAS hit. We
next explored the biological pathways of candidate genes from
TWAS and accessed the network of corresponding gene sets by
protein-protein interaction (PPI) analysis within IgG N-
glycosylation-related tissues. At last, we retrieved the single
nucleotide polymorphisms (SNPs) underlying the TWAS hits in
phenome databases to discover the complex traits and diseases
sharing genetic susceptibility with IgG N-glycosylation. A
schematic analysis plan of our study can be found in Figure 1.

The study aimed to characterize the genetic predispositions of
IgG N-glycosylation in their enriched tissues, thus extending our
understanding of the genetic regulation of IgG N-glycosylation-
related gene expression in the corresponding tissues and to
determine their association with susceptibility genes for IgG N-
glycosylation-related traits and diseases.
MATERIALS AND METHODS

GWAS Dataset of IgG N-Glycosylation
The IgG N-glycosylation GWAS summary statistics used in
LDSC-SEG and TWAS were acquired from the NHGRI-EBI
GWAS Catalog (19) for study GCST009860, the most recent
large-scale GWAS meta-analysis (8,090 participants of European
ancestry) (11). The GWAS summary statistics were downloaded
November 2021 | Volume 12 | Article 741705
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from https://datashare.is.ed.ac.uk/handle/10283/3238/ on May
27, 2020. Information about IgG N-glycosylation peaks (IGPs)
is given in Supplementary Table 1 by both Edinburgh code and
Zagreb code. Additional details on the quantification of IGPs and
genotyping can be found in previous studies (9, 10).
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To be consistent with our previous studies, we used the Zagreb
code (GP1–GP24) for naming eachGPprofiled byUPLC in the IgG
N-glycome. Detailed naming and compositional information of
GPs were given in a previous report (9, 20) and are listed in
Supplementary Table 2. Meanwhile, being consistent with public
FIGURE 1 | A schematic analysis plan in the study. Leveraging IgG N-glycosylation genome-wide association studies (GWAS), summary statistics, and gene
expression datasets: (1) to filtrate the tissues enriched in IgG N-glycosylation signal, (2) to identify the genes most significantly associated with IgG N-glycosylation
features, and (3) to investigate the diseases or phenotypes involved with IgG N-glycosylation.
November 2021 | Volume 12 | Article 741705
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data fromGTEx, we used the same tissue names as those in GTEx.
Of the total 24GPs, significantGWAS summary statistics of 20GPs
were investigated by LDSC-SEG.Whereas the remaining four GPs
(GP1, GP3, GP5, and GP21) were excluded due to a lack of GWAS
statistical significance.

Transcriptomic Dataset for Linkage
Disequilibrium Score Regression of
Specifically Expressed Genes in
LDSC-SEG
Integrating GWAS with large-scale functional genomic data has
been proposed as an effective approach to characterize the
functional effects of associated genetic variants, especially for
cross-tissue study (21). LDSC-SEG provides a solid
bioinformatics tool for discerning which tissues or cell types
are most relevant to a particular disease or health phenotype
(16). Therefore, LDSC-SEG is able to perform the tissue
enrichment analyses for a specific phenotype by integrating
stratified linkage disequilibrium score regression from GWAS
summary statistics with tissue-specifically expressed gene sets in
a huge volume of gene expression data (22).

Data for LDSD-SEG analysis were prepared as described in a
previous study (https://alkesgroup.broadinstitute.org/
LDSCORE/) (16). A total of 53 multitissue samples from GTEx
v7 were included in this LDSC-SEG analysis (https://github.com/
bulik/ldsc) (18).

Transcriptomic Panels for TWAS
in FUSION
TWAS (23) combine genetically predicted gene expression levels
with GWAS results on a specific phenotype, to discover genes
whose cis-regulated expressions are associated with that phenotype
(17, 24–27). The above approach has been successfully performed
on pathogenesis studies of neurodegenerative disorder
(Parkinson’s disease) (28), psychiatric disorders (schizophrenia,
attention deficit hyperactivity, autism spectrum, and bipolar
disorder) (29–31), and also cancer studies (pancreatic, breast,
prostate, and ovarian cancers) (32–36).

Through TWAS analysis, the relationships between SNPs and
gene expression levels were first obtained to build-up reference
panels composed of predictive models. These models were then
used to predict trait-associated gene expressions, via the
statistically significant SNPs from the GWAS summary
statistics of an interesting trait based on a large independent
cohort (17, 25).

The FUSION method was performed to estimate heritability,
build predictive models, and identify transcriptome-wide
associations. By FUSION, the associations between the IgG N-
GPs and the expression levels of candidate genes in
corresponding tissues were identified via the coassociated
genetic variants (as SNPs) which are identified as statistically
significant in GWAS (as QTLs) and also in GTEx (as eQTLs).

Transcriptomic imputation (TI) in FUSION method was
conducted using eQTL reference panels which were derived
from tissue-specific gene expression coupled with genotypic
data. In the current study, 27 tissues were identified as relevant
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with IgG N-glycosylation by LDSC-SEG, while three tissues were
unavailable in FUSION. Hence, 24 tissue panels were used as TI
reference panels, while the 1,000 Genomes v3 LD panel (http://
ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/) was
hired as an LD reference. A Bonferroni-corrected study-wise
threshold was calculated by p = 0.05/number of genes in each
panel (Supplementary Table 2). As previous GWAS on IgG N-
GPs reported that immune tissues are relevant to IgG N-
glycosylation (10, 11), we employed three immune tissues, i.e.,
spleen, whole blood, and Epstein-Barr virus (EBV)-transformed
lymphocytes as a complementary strategy of expression panel
selection in FUSION, along with 20 GWAS-significant IgG N-
GPs to conduct a parallel TWAS analysis.

Identification of IgG N-Glycosylation
Relevant Tissues by LDSC-SEG
The linkage disequilibrium score for the specific expression of
genes (LDSC-SEG) is a computational approach to identify
phenotype-relevant tissues using stratified LD score regression
(https://alkesgroup.broadinstitute.org/LDSCORE/) (16). In a
given tissue, if there is an enrichment of the highest specific
expression in the regions surrounding the heritability of a
disease/phenotype, it will support the likely correlation
between this disease/phenotype and this tissue (16). By this
approach, we investigated 53 tissues from the GTEx project
(http://gtexportal.org/) (18), to designate the tissues relevant to
IgG N-glycosylation features. All procedures follow the tutorial
in Github (https://github.com/bulik/ldsc).

Performing TWAS on IgG N-Glycosylation
GWAS Dataset
TWAS has been proposed as a robust tool to integrate GWAS
summary statistics, cis-SNP-expression effect sizes, and LD
reference panels to evaluate the association between the cis-
genetic element of expression and disease/phenotype (28, 30, 31).
Thus, using the colocalized SNPs between GWAS statistics and
eQTL data as linkers, TWAS is able to identify the candidate
genes for the potential mechanism underlying the variant-
disease/phenotype associations, which are challenging for
GWAS approach.

In the present study, we conducted FUSION tool (http://
gusevlab.org/projects/fusion/) (17) for each transcriptome
reference panel designated by an LDSC-SEG approach. Briefly,
to estimate the heritability of each gene expression, we first
conducted a robust version of Genome-wide Complex Trait
Analysis-Genome-based restricted maximum likelihood
(GCTA-GREML). This step generated the heritability estimates
of expression for each gene with the p of the likelihood ratio test.

FUSION has created five different models to calculate the
predictive weights of expression or intron usage: best linear
unbiased prediction (blup), Bayesian sparse linear mixed
model (bslmm), LASSO regression (lasso), Elastic Net (enet),
and top SNPs (topl). After weighting, the cross-validation for
each of the desired models was performed. The model gaining
the best cross-validation prediction accuracy was chosen and the
corresponding predictive expression or intron usage was
November 2021 | Volume 12 | Article 741705
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correlated to IgG N-glycosylation GWAS summary statistics to
conduct TWAS and filtrate significant associations. The
significance for heritability estimates of the genes or intron
usage at a Bonferroni-corrected p < 0.05 were reported as
TWAS hits. Accounting for more suggestive information on
gene coexpression, we also applied an FDR of 5% within each
expression reference panel to obtain a bigger risk gene set for
pathway analysis.

Joint and Conditional Testing GWAS
Signal Analysis
Using the postprocess module in FUSION (http://gusevlab.org/
projects/fusion/), joint and conditional testing methods were
performed to determine the contribution of gene expression
association in each significant TWAS hit. After the weight of
gene expression was removed, the residual TWAS signal was
recalculated and evaluated with genome-wide Bonferroni
correction. The testing region was defined by the transcribed
region of the genes. In each testing, every association of GWAS
was conditioned upon the joint gene model by one SNP.

Colocalization Analyses and
Functional Annotation
Using coloc approach (37), the colocalization analyses were
conducted to strengthen the detection of candidate genes at IgG
N-glycosylation GWAS loci by hunting the evidence of shared
causal variants between functional eQTL traits and GWAS traits.
The colocalization test converts correlation statistics to effect size
based on the sample size of the study for a given function, i.e., gene
expression. Then, under the assumption that the standard error
approximation is inversely proportional to the square root of the
sample size, the approximate colocalization effect size is calculated.
The statistics of posterior probability (PP) were presented for the
five hypotheses (PP.H0: unrelated; PP.H1: only functionally
relevant; PP.H2: only GWAS relevant; PP.H3: independent
function/GWAS related; and PP.H4: colocalized function/
GWAS related). The current study mainly concerned the PP.H4,
which represents the posterior probability that GWAS significant
signal and eQTL locus are the same locus, ranging from 0 to 1,
where 0 means 0% probability and 1 means 100% probability.
Colocalization is declared if the posterior PP.H4 for the model
with a shared causal variant exceeded 0.750.

The online tool, HaploReg v4.1 (https://pubs.broadinstitute.
org/mammals/haploreg/haploreg.php) (38) was used to annotate
the potential functions of the best eQTLs which were identified
by FUSION and coloc, for dbSNP function, promoter and
enhancer activity regions, DNAse, protein-binding regions, and
transcription factor-binding motifs.

Gene-Set Analyses
Agnostic analyses were performed in STRING portal (http://
string-db.org/) (39), according to Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and Reactome
databases to identify pathways relevant to IgG N-glycosylation.
Gene clustering was conducted using the GeneNetwork v2.0
(https://genenetwork.nl) (40), which was based on RNA
sequencing database (n = 31,499).
Frontiers in Immunology | www.frontiersin.org 546
Phenome-Wide Association Studies and
Genetic Correlation Investigation
To identify more diseases/phenotypes associated with the most
significant eQTL of each TWAS gene, we performed a phenome-
wide association study (pheWAS) on each leading SNP, by
leveraging the public data in the GWASAtlas (https://atlas.ctglab.
nl) (41). Based on p-values, the top 5 phenotypes (excluding IgG
N-glycosylation and repeated phenotypes) were presented. The
genetic correlation between the diseases/phenotypes identified by
pheWAS was determined by LDSC, using available data in the
GWASAtlas. We utilized the most recent GWAS data (i.e., until
2020) for analysis. A Bonferroni correction was utilized to adjust
the significance threshold with the number of tested traits.
RESULTS

Identification of IgG N-Glycosylation-
Relevant Tissues by Heritability
Enrichment of Expressed Genes
Tobetter comprehend howperipheric tissues affect IgGN-GPs and
to avoid tissue bias in following TWAS, we conducted a tissue
enrichment analysis using the LDSC-SEG method to leverage the
newest IgG N-glycosylation GWAS summary statistics (11) and
eQTL data from the GTEx consortium (v7) (15, 18). The study
comprised 48 tissue types (n = 80 to 491, Supplementary Table 1)
with a 5% false discovery rate (FDR) threshold.

SeventeenGPswere enriched in 27of the 53 types of tissue in the
geneexpressionpanelsofGTExv7at a5%FDRthreshold (-log10p>
1.32) (Supplementary Table 3, Figure 2; Supplementary Figure
1).These17GPsand27 relevant tissueswere therefore chosenas the
primary strategy for geneexpressionpanel selection in the following
TWAS analysis.

For the three immune tissues selected as the complementary
strategy, only three GPs including FA2[6]G1 glycan (GP8), FA2[6]
BG1 glycan (GP10), and FA2G2S1 glycan (GP18) were enriched in
spleen and whole blood, but no enrichment was found in EBV-
transformed lymphocytes (Supplementary Table 3). These results
indicated that genetic effects of IgGN-GPs on the regulation of gene
expression are tissue selective, andmore likely to be enrichednotonly
in the tissues of immune organs but also broadly inmultipleMALTs
across peripheral organs, such as skin, lung, breast mammary tissue,
small intestine, esophagus muscularis, testis, and uterus.

Constructing a List of Tissue-Dependent
Associations Between Genes and IgG
N-Glycan Traits
To identify the cis-regulated genes associated with IgG N-GPs
within their functionally relevant tissues, we conducted a TWAS
analysis using the FUSION method (see URLs in the Data
Availability Statement), in terms of the same IgG N-
glycosylation GWAS summary statistics (11) and the reference
transcriptome panels derived from GTEx v7 (15, 18). In total,
116,076 features of tissue-specific gene expression were tested
(see details in Supplementary Table 1). Based on the primary
strategy of expression panel selection by LDSC-SEG (24 tissue
November 2021 | Volume 12 | Article 741705
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reference panels out of 27 tissue types enriched by LESC-SEG are
available in GTEx v7), 90 sets of IgG N-GP/SNP/gene expression
association reached the threshold of Bonferroni-corrected
significance within each tissue reference panel. After gene
annotation by querying in the Metascape portal (42) (see URLs
in the Data Availability Statement), 55 genes were confirmed as
TWAS results, being significantly associated with 11 IgG N-GPs
across 14 tissues (Figure 3 and Table 1).

According to the three immune tissues selected by the
complementary strategy, 22 statistically significant TWAS hits
were obtained with the threshold of Bonferroni correction, nine
of which were also identified in the 55 TWAS hits based on the
primary strategy. The LDSC-SEG strategy obtained more
information from candidate genes in the more functionally
relevant tissues and covered the majority result from the three
immune tissue strategy (OR is not estimable, p < 1.0E−05,
Fisher’s exact test). Furthermore, in terms of hiring the most
mechanistically related tissue reference panels in TWAS analysis
that could reduce the reference bias (21), we therefore chose the
results from a primary strategy based on tissue enrichment as the
final TWAS result for further analyses. Of the 55 candidate genes
identified by TWAS, 12 genes in eight regions (B4GALT1:
9p21.1; COG7: 16p12.2; FUT8: 14q23.3; GPANK1: 6p21.33;
GSDMB: 17q21.1; HLA-C: 6p21.33; HLA-DRA: 6p21.32;
KDELR2: 7p22.1; MGAT3: 22q13.1; ORMDL3: 17q21.1; RPL3:
22q13.1; and TAB1: 22q13.1) are in known IgG N-glycosylation
Frontiers in Immunology | www.frontiersin.org 647
GWAS susceptibility loci (9–11). Forty-three genes at 10 novel
regions and six known regions were for the first time associated
with IgG N-glycosylation (Table 1).

Based on the results from 27 IgG N-GP-enriched tissue types
and 17 corresponding GPs, TWAS eventually identified 14
tissues significantly specific to 11 IgG N-GPs, and meanwhile
the expressions of 55 genes were linked to their corresponding
IgG N-GPs (Figure 4). Checking for the IgG N-glycan traits
based on the chemical and structural properties of glycans
(detailed chemical and structural information of GPs was given
in previous reports (9, 20) and is presented in Supplementary
Table 2), all 14 types of specific tissue and 45 genes contributed
to galactosylation, including eight tissues and 31 genes
contributing to monogalactosylation, and 8 tissues and
17 genes contributing to digalactosylation; 13 of 14 tissues and
39 genes were identified as involved in fucosylation; 9 tissues
and 30 genes affected sialylation, including 7 tissues and 28 genes
to monosialylation, and 3 tissues and 3 genes to disialylation.
Only 5 tissues and 14 genes were significantly associated with
bisecting GlcNAc (Table 1 and Supplementary Table 2).

From the confirmed 90 sets of “GP-SNP-gene expression”
associations, three scenarios of genetic variants affecting IgG N-
glycosylation traits were observed: (1) A single SNP is within or
associated with a single gene and a single GP within one
corresponding tissue, showing the tissue-specific effect of the
genetic variant for a certain GP. In this scenario, 40 associations
FIGURE 2 | Enrichment of tissues in IgG N-glycosylation. Significantly enriched tissues of IgG N-glycosylation were identified by linkage disequilibrium score
regression in a specifically expressed gene (LDSC-SEG) approach. A total of 53 types of tissue obtained from the Genotype-Tissue expression project (GTEx v7) are
grouped into nine domains with different colors. Twenty IgG N-glycan peaks (GPs) with significant GWAS results are enriched in all 53 types of tissue. Twenty-seven
tissues are highly enriched for IgG N-glycosylation GWAS signals among 53 types of tissues, with a FDR significant at 5% (red dotted line).
November 2021 | Volume 12 | Article 741705
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were observed (Table 1 SNPs with asterisks). (2) A single SNP is
within or associated with a single gene or multiple genes and
simultaneously associated with a single or multiple GPs within
multiple corresponding tissues. This suggests pleiotropic effects
of the genetic variants for different GPs or genes among multiple
tissues (accounting for 44 observed associations, Table 1 SNPs
with daggers). (3) A single SNP is associated or located in a single
gene but associated with multiple GPs within only one tissue,
indicating that the genetic variant is coassociated with these two
GPs while they were highly correlated with each other via
coassociation with the same gene (accounting for six observed
associations, Table 1 SNPs with section symbols). For example,
rs761830 is correlated with A2 glycan (GP2) (Z = −11.70, p =
1.34E−31) and FA2G2 glycan (GP14) (Z = 4.52, p = 6.22E−06),
linked with FUT8 gene in skeletal muscle in two reverse
directions. In such a case, the corresponding SNP is likely to
regulate its target genes in two opposite directions to influence
these two GPs (Table 1).
IgG N-Glycosylation TWAS Hits Are Driven
by Genetic Regulation on Gene Expression
As multiple TWAS hits overlapped with the significant results of
previous IgG N-glycosylation GWAS, we conducted joint and
conditional analyses to address how much GWAS signal remains
after the association of the functional annotation is removed. The
postprocess module in FUSION was performed to report the
statistics for the jointly significant genes.

Our results demonstrated that all known IgG N-glycosylation
GWAS susceptibility loci could be explained entirely ormostly by the
Frontiers in Immunology | www.frontiersin.org 748
expression of corresponding genes identified in TWAS, supporting
the concept that these TWAS hits were mainly driven by the genetic
regulation of gene expression in these loci (Supplementary Table 4
and Supplementary Figure 2). For instance, association analysis
conditioning on the expression of FUT8, which depended on the
associations between expression SNPs (eSNPs) andA2 glycan (GP2)
in skeletal muscle, showed expression-driven signals in a previously
implicated GWAS locus and explained 59.1% of the variance
(rs761830 lead SNPGWAS p = 1.32E−54, conditional lead SNPGWAS

p=2.49E−23) (Figure5A). By the associations of eSNPswithFA2G2
glycan (GP14) in skeletal muscle, the expression level of FUT8
explained 94.7% of the variances at this locus (rs761830 lead
SNPGWAS p = 6.83E−06, conditional lead SNPGWAS p = 3.00E−01)
was observed (Figure 5B). The joint and conditional analyses for
WNT3 completely explained the variance of the locus by 100% on
chromosome 17 through the associations of eSNPs with FA2[6]BG1
glycan (GP10) in the small intestine terminal ileum (rs199438 lead
SNPGWASp=1.3E−07, conditional leadSNPGWASp=1) (Figure5C).

Similarly, we performed joint and conditional analyses on the
remaining 43 novel IgG N-glycosylation TWAS hits with the
expression of corresponding genes. The result showed
that the majority of these TWAS hits were also mostly driven by
the regulatory effect of genetic variants on the expression levels of
targeted genes (Supplementary Figure 3 and Supplementary Table
5). For example, association analysis conditioning on the expression
of EVI5which depended on the associations between eQTLs andA2
glycan (GP2) in the skeletal muscle panel, demonstrated that
expression-driven signals in this novel IgG N-glycosylation locus
explained 49.9% of the variance (rs169201 lead SNPGWAS p = 5.17E
−10, conditional lead SNPGWAS p = 1.09E10-05) (Figure 5D).
FIGURE 3 | Miami plot of the transcriptome-wide association study for IgG N-glycosylation (n = 8,090) using gene expression models in 24 tissues. Each point
refers to a single gene tested, with the physical position plotted on the x-axis, and a Z-score of association between gene expression and IgG N-glycan peaks
plotted on the y-axis. Bonferroni-adjusted significant genes within corresponding transcriptome panels are labeled in multiple colors according to different tissue
categories and tissue types.
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TABLE 1 | Significant TWAS genes for IgG N-glycosylation original.

Tissue types in GTEx Cytogenetic
band

TWAS identified
gene

IgG N-glycosylation
feature

Lead QTL Best eQTL TWAS
Z-score

TWAS
p-value

COLOC
PP.H4

Muscle_Skeletal 1p22.1 EVI5 GP2 rs11800409 rs2893226* 4.53 5.93E−06 0.193
6p21.33a C4A GP16 rs3130923 rs497309† 5.61 2.05E−08 0.075
6p21.33a C4B GP16 rs1800629 rs3130484† −5.21 1.90E−07 0.936
6p21.33a CYP21A2 GP16 rs1800629 rs3101018† −5.15 2.59E−07 0.946
6p21.33a GPANK1 GP16 rs3130923 rs3130484† 5.50 3.87E−08 0.682
6p21.33a GPANK1 GP19 rs2523591 rs3130484† −5.03 4.81E−07 0.645
6p21.33a HLA-Cb GP16 rs2516408 rs2523578† −5.18 2.26E−07 0.000
6p21.33a MICB GP16 rs3130923 rs2516408† −6.13 9.04E−10 0.993
6p21.33a PRRC2A GP16 rs3130923 rs2515919* 5.53 3.23E−08 0.230
9p21.1a B4GALT1b GP18 rs10813951 rs1411609* −5.53 3.23E−08 0.000
14q23.3a FUT8b GP2 rs11847263 rs761830§ −11.70 1.34E−31 0.098
14q23.3a FUT8b GP14 rs11158593 rs761830§ 4.52 6.22E−06 0.908
14q23.3a MAX GP2 rs11847263 rs1953230* −11.34 8.37E−30 0.532
16p12.2a COG7b GP18 rs250555 rs250583* 5.05 4.46E−07 0.721
16p12.2 EARS2 GP18 rs250555 rs4967958* −4.93 8.11E−07 0.447
17q12 ERBB2 GP2 rs907091 rs2102928* −5.00 5.76E−07 0.103
17q12 PGAP3 GP2 rs907091 rs907089* −5.36 8.14E−08 0.000
17q12 PNMT GP2 rs907091 rs2271308* −4.62 3.90E−06 0.009
17q21.1 GSDMA GP2 rs907091 rs8065126* 5.76 8.62E−09 0.000
17q21.31 KANSL1 GP14 rs169201 rs169201† 5.02 5.22E−07 0.987
17q25.3a C17orf89b GP18 rs2659007 rs883884* 5.40 6.52E−08 0.050
22q13.1a MGAT3b GP19 rs5757678 rs1005522§ −5.71 1.12E−08 0.988
22q13.1a MGAT3b GP24 rs5750830 rs1005522§ −4.58 4.55E−06 0.981
22q13.1a TAB1b GP19 rs738289 rs5757650* 4.95 7.35E−07 0.543

Small_Intestine_Terminal_Ileum 5q31.1 SLC22A5 GP2 rs11746555 rs2073643* −4.41 1.03E−05 0.042
6p21.33a C4A GP16 rs3130923 rs3101018† 7.01 2.46E−12 0.655
6p21.33a CCHCR1 GP16 rs3130923 rs1265087† −4.91 9.04E−07 0.000
6p21.33a CYP21A1P GP16 rs1800629 rs3101018† 5.19 2.08E−07 0.950
6p21.33a FLOT1 GP16 rs3130557 rs3094220* −4.46 8.08E−06 0.731
6p21.33a HLA-Cb GP16 rs2516408 rs1265098* −5.62 1.88E−08 0.120
6p21.33a HLA-S GP16 rs3130923 rs2844623† 4.60 4.22E−06 0.068
6p21.33a VARS2 GP16 rs3130557 rs3130557† 4.49 7.21E−06 0.954
17q12 PGAP3 GP2 rs907091 rs903502* −5.41 6.38E−08 0.122
17q21.1 GSDMA GP2 rs907091 rs3859192* 4.89 9.88E−07 0.065
17q21.1 GSDMBb GP2 rs907091 rs9303281* −7.76 8.21E−15 0.967
17q21.31 ARL17B GP2 rs415430 rs17698176* 4.59 4.53E−06 0.021
17q21.31 DND1P1 GP10 rs17689471 rs17689471† 5.33 1.00E−07 0.990
17q21.31 KANSL1 GP10 rs17689471 rs169201† 5.19 2.07E−07 0.922
17q21.31 KANSL1-AS1 GP10 rs17689471 rs17689471† 5.29 1.21E−07 0.990
17q21.31 LRRC37A2 GP10 rs7224296 rs169201† 5.05 4.48E−07 0.972
17q21.31 LRRC37A4P GP10 rs17689471 rs17689471† −5.29 1.19E−07 0.972
17q21.31 RPS26P8 GP10 rs17689471 rs17689471† 5.32 1.07E−07 0.822
17q21.31-
q21.32a

WNT3b GP10 rs7224296 rs199438* 4.68 2.88E−06 0.373

Skin_Sun_Exposed_Lower_leg 6p21.33a APOM GP16 rs3130923 rs1150755* 4.65 3.28E−06 0.021
6p21.33a C4A GP16 rs3130923 rs1150753† 4.99 5.99E−07 0.090
6p21.33a C4B GP16 rs1800629 rs3101018† −6.11 1.02E−09 0.940
6p21.33a C6orf15 GP16 rs3130923 rs1265093* −5.11 3.25E−07 0.001
6p21.33a CYP21A2 GP16 rs1800629 rs1150753† −5.01 5.33E−07 0.931
6p21.33a HLA-Cb GP16 rs2516408 rs2523578† −5.73 9.93E−09 0.000
6p21.32a HLA-DRAb GP16 rs1150752 rs2858867* 4.71 2.48E−06 0.146
6p21.33a MICB GP16 rs3130923 rs2516408† −6.69 2.17E−11 0.993
6p21.33a PSORS1C2 GP16 rs3130923 rs1265099* 5.24 1.65E−07 0.027
6p21.33a SAPCD1 GP16 rs3130923 rs1144709* 4.75 2.05E−06 0.791

Spleen 17q21.31 CRHR1-IT1 GP10 rs17689471 rs17689471† 5.20 2.04E−07 0.990
17q21.31 DND1P1 GP10 rs17689471 rs17689918† 5.29 1.20E−07 0.989
17q21.31 KANSL1-AS1 GP10 rs17689471 rs17689918† 5.31 1.11E−07 0.988
17q21.31 LRRC37A4P GP10 rs17689471 rs17689918† −5.25 1.55E−07 0.989
17q21.31-
q21.32a

WNT3b GP10 rs7224296 rs199520* 4.58 4.74E−06 0.858

19p13.11 TM6SF2 GP10 rs7257072 rs2916074* −4.55 5.37E−06 0.056
Heart_Atrial_Appendage 6p21.32 HLA-DMA GP16 rs209473 rs2854275* −4.86 1.19E−06 0.214
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Association analysis conditioning on the expression of SLC22A5
which depended on the associations between eQTLs and A2 glycan
(GP2) in the small intestine terminal ileum panel, showed
expression-driven signals in this novel locus that explained 55.7%
of the variance (rs738288 lead SNPGWAS p = 2.16E−22, conditional
lead SNPGWAS p = 9.19–11) (Figure 5E). For a novel locus of IgGN-
glycosylation identified by TWAS in 21q22.2, conditioning on
PSMG1 explained 95.1% of the variance (rs8065126 lead
SNPGWAS p = 1.63E−05, conditional lead SNPGWAS p = 3.42E
−01) (Figure 5F).

Colocalization of TWAS Signals Provides
Evidence of Causality
To strengthen the detection of candidate genes as potential
causal genes, the colocalization analyses were conducted
between total 90 TWAS hits and all corresponding GTEx v7
eQTLs (15), using “coloc” package (37).

The colocalization results for this current study, the posterior
probability for the fifth hypothesis (colocalized function/GWAS
Frontiers in Immunology | www.frontiersin.org 950
related), are given in the last column of Table 1. Using 0.750 as
the cutoff value here, 38 out of a total 90 TWAS hits obtained
significant possibilities for the colocalization shared between
GWAS association and eQTL association (Table 1). It is
particularly important for the TWAS hits in the extended
patterns of LD regions, such as HLA region on chromosome 6.
Only 14 out of 40 TWAS hit in HLA region had the significant
possibilities for colocalization, hinting that the extended patterns
of LD regions are still challenging for TWAS approaches. Half of
TWAS hits in nonextended patterns of LD regions were declared
as shared causal variants with supportive posterior possibilities.

Functional Annotation
WeusedHaploReg v4.1 toperform the functional analysis of a total of
18 lead eQTLs showing the best colocalized associationswith IGPs in
both TWAS and GWAS results. Among them, rs2297256 was in the
3′-UTR, while rs2516412, rs2534680, rs3101018, rs761830, and
rs1005522 were located in the upstream transcript regions, and the
remaining 12 lay in the intronic regions (Supplementary Table 6).
TABLE 1 | Continued

Tissue types in GTEx Cytogenetic
band

TWAS identified
gene

IgG N-glycosylation
feature

Lead QTL Best eQTL TWAS
Z-score

TWAS
p-value

COLOC
PP.H4

6p21.33a C4A GP16 rs3130923 rs497309† 5.26 1.42E−07 0.174
6p21.33a CCHCR1 GP16 rs3130923 rs1265087† −4.75 2.08E−06 0.000
6p21.33a HLA-Cb GP16 rs2516408 rs1265087† −4.45 8.54E−06 0.098
6p21.33a MICB GP16 rs3130923 rs2516412† −6.52 7.05E−11 0.992
6p21.33a PPP1R18 GP16 rs3130557 rs3094663* 4.67 3.04E−06 0.740

Lung 6p21.33a C4A GP16 rs3130923 rs1150753† 6.13 8.59E−10 0.122
6p21.33a CCHCR1 GP16 rs3130923 rs1265087† −5.54 2.95E−08 0.000
6p21.33a FLOT1 GP16 rs3130557 rs3130557† −5.80 6.74E−09 1.000
6p21.33a HLA-Cb GP16 rs2516408 rs2844623† −4.76 1.89E−06 0.000
6p21.33a LINC00243 GP16 rs3130557 rs3130557† −5.04 4.57E−07 0.922
6p21.33a MICB GP16 rs3130923 rs2516412† −5.63 1.83E−08 0.992

Testis 7p22.1 KDELR2 GP4 rs17198191 rs17198191* 4.82 1.41E−06 0.999
9p21.1a B4GALT1b GP4 rs10813951 rs17247766§ 6.51 7.69E−11 0.006
9p21.1a B4GALT1b GP14 rs10813951 rs17247766§ −6.16 7.48E−10 0.000
17q21.32 LRRC37A17P GP14 rs415430 rs169201† −4.58 4.73E−06 0.980

Minor_Salivary_Gland 6p21.33a C4A GP9 rs2516408 rs3101018† 4.37 1.26E−05 0.231
6p21.33a MICB GP9 rs2516408 rs2516412† −6.59 4.46E−11 0.939
11q12.2 MYRF GP9 rs174576 rs449397* −4.35 1.35E−05 0.097

Brain_Cerebellar_Hemisphere 17q21.31 ARL17A GP14 rs415430 rs169201† 4.44 8.87E−06 0.982
17q21.32 FAM215B GP14 rs415430 rs199439* 4.49 7.17E−06 0.974
17q21.31 KANSL1 GP14 rs169201 rs17692129* 4.48 7.59E−06 0.731

Brain_Cerebellum 17q21.31 ARL17A GP14 rs415430 rs199443* 4.66 3.09E−06 0.977
17q21.32 FAM215B GP14 rs415430 rs169201† 4.78 1.74E−06 0.981
17q21.31 LRRC37A2 GP14 rs415430 rs169201† 4.49 7.14E−06 0.982

Breast_Mammary_Tissue 17q21.1 ORMDL3b GP7 rs4795400 rs25645* 5.12 3.02E−07 0.028
22q13.1a MIEF1 GP23 rs909674 rs738288* 7.50 6.37E−14 0.501

Adipose_Visceral_Omentum 22q13.1a MGAT3b GP23 rs909674 rs5750830* 7.96 1.74E−15 0.729
22q13.1a RPL3 GP23 rs1005522 rs139393* 5.52 3.43E−08 0.098

Brain_Hypothalamus 21q22.2 PSMG1 GP19 rs7282582 rs2297256* 5.02 5.12E−07 0.799
Brain_Substantia_nigra 6p21.33a VARS GP19 rs2523591 rs2523500* 4.86 1.17E−06 0.097
Novembe
r 2021 | V
olume 12 |
Detailed naming and compositional information of GPs was given in previous reports and in Supplementary Table 1.
GP, IgG N-glycan peak; GP1-24, Zagreb code for the names of GPs in the qualification and quantification of enzymatically released IgG N-glycans by ultra-performance liquid
chromatography (UPLC); Lead QTL, SNP with the strongest association in the locus in GWAS analysis; Best eQTL, SNP with the strongest association in the locus in TWAS analysis;
COLOC PP.H4, the posterior probability of hypothesis 4 in COLOC approach.
aRegions have been implicated in previous IgG N-glycosylation GWAS.
bGenes have been implicated in previous IgG N-glycosylation GWAS.
*The tissue-specific SNP.
†The coassociated SNPs.
§The tissue-sharing SNPs.
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FIGURE 4 | The atlas of TWAS statistically significant genes regulating IgG N-glycosylation within specific tissues. The left column lists the candidate genes of IgG
N-glycosylation. The middle column comprises the tissues enriched to the candidate genes of IgG N-glycosylation. The various types of brain tissue from the GETx
consortium (v7) were allocated to the “brain” tissue group to reduce FDR. The right column indicates the IgG N-glycosylation traits associated with candidate genes
within relevant tissues. F, core (if the first letter) or antennary fucose; A2, biantennary; B, bisecting N-acetylglucosamine; Gx, galactose; Sx, sialic acid; x, number of
galactoses or sialic acids in a glycan structure. Detailed naming and compositional information of GPs was given in previous reports (9, 20) and is listed in
Supplementary Table 1. The solid lines with arrows show the positive effects of the expression of candidate genes on the specific IgG N-glycosylation trait,
whereas the dotted lines with arrows show negative effects.
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According to the data from the Encyclopedia of ENA
Elements (ENCODE) project (43), 16 out of the total 18 lead
eQTLs (except rs169201 and rs199520) were identified in strong
promoter or/and enhancer activity regions; 15 of the total 18
(except rs1144709, rs169201, and rs199520) in DNAse
hypersensitivity site regions; rs2516421, rs2534680, rs3101018,
and rs17198191 in transcription factor-binding regions; 14 of the
total 18 (except rs3130484, rs761830, rs9303281, and
rs17689471) in the regulatory motifs (Supplementary Table 6).

Gene Set Enrichment and PPI
Network Analysis
To investigate how many biological pathways may be potentially
relevant with the genes identified by TWAS, enrichment analyses
for GO, KEGG pathways, and Reactome were performed using
Frontiers in Immunology | www.frontiersin.org 1152
the STRING database (see URLs in the Data Availability
Statement). A total of 55 candidate genes identified by TWAS
were significantly enriched in 42 gene sets focusing on three
functional processes: glycosylation (10 gene sets), immune
response (23 gene sets), and protein translation (9 gene
sets) (Table 2).

The ten significantly enriched glycosylation-relevant gene sets
were mainly involved in the pathways of N-glycan biosynthesis,
e.g., N-glycan biosynthesis, complex type (Mann-WhitneyU test,
p = 4.59E−06), transport to the Golgi and subsequent
modification (p = 4.00E−05), N-glycan antennae elongation in
the medial/trans-Golgi (p = 2.10E−05), and asparagine N-linked
glycosylation (p = 4.07E−04). Twenty-one out of the 24 immune
response-related gene sets were mainly enriched with infections,
such as Staphylococcus aureus infection (p = 1.40E−05), allograft
A B

E F

C D

FIGURE 5 | Regional association of TWAS hits. (A) Chromosome 14 regional association plot for GP3 in skeletal muscle. (B) Chromosome 14 regional association plot
for GP14 skeletal muscle. (C) Chromosome 17 regional association plot for GP10 in the small intestine terminal ileum. (D) Chromosome 1 regional association plot for
GP3 in skeletal muscle. (E) Chromosome 5 regional association plot for GP3 in the small intestine terminal ileum. (F) Chromosome 21 regional association plot for GP19
in brain hypothalamus. The top panel in each plot highlights all genes in this 1-Mb window. The marginally significant genes identified by TWAS are colored in orange,
and the jointly significant genes are highlighted in green. The bottom panel shows a Manhattan plot of the GWAS data before (grey) and after (blue) conditioning on the
predicted expression of the green genes.
November 2021 | Volume 12 | Article 741705

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. IgG N-Glycosylation Tissue Specificity
rejection (p = 5.60E−04), graft-versus-host disease (p = 5.60E
−04), and several specific immunological diseases, e.g., systemic
lupus erythematosus (SLE) (p = 1.66E−04), autoimmune thyroid
disease (AHD) (p = 1.82E−04), viral myocarditis (p = 2.50E−04),
and leishmaniasis (p = 5.50E−04). At last, nine gene sets were
related to protein translation, e.g., tRNA aminoacylation (p =
9.05E−05), amino acid activation (p = 1.44E−04), and tRNA
metabolic process (p = 7.47E−03) (Table 2).

GO enrichment on TWAS hits strengthened several pathways
which are biologically relevant to IgG N-glycosylation. The known
glycosyltransferase genes (8) in our TWAS hits, including FUT8,
B4GALT1, MGAT3, KDELR2, and COG7 were enriched in the
processes of asparagine N-linked glycan biosynthesis, transport to
the Golgi and subsequent modification, and N-glycan antennae
elongation in themedial/trans-Golgi glycosylation.These processes
have been implicated in the physioregulation of IgG N-
glycosylation (44, 45). By KEGG pathway analysis, six genes, i.e.,
C4A,C4B, FCGR2A,HLA-DMA,HLA-DRA, andHLA-DRB1, were
enriched as the top 2 significant results in the pathways of
Staphylococcus aureus infection (KEGG term hsa05322, FDR =
1.42E−05) and systemic lupus erythematosus (KEGG term
hsa05150, FDR = 2.00E−04). Three of these genes (HLA-DMA,
HLA-DRA, and HLA-DRB1) were enriched in the pathways of
several autoimmune and inflammatory diseases, i.e., autoimmune
thyroid disease, IBD, RA, and asthma (KEGG terms in Table 2),
demonstrating their core functions in the pathways.

Through these core genes, these pathways are highly associated
with cytokine-cytokine receptor interaction (hsa04060), antigen
processing and presentation (hsa04612), T-cell receptor signaling
pathway (hsa04660), B-cell receptor signaling pathway (hsa04662),
and leukocyte trans-endothelial migration (hsa04670). These
pathways play crucial roles in the appropriate functioning of all
immunoglobulins, especially for themost abundant type in plasma,
i.e., IgG. From Reactome (see URLs in the Data Availability
Statement) enrichment, three gene sets are enriched into three N-
glycosylation pathways, i.e., asparagine N-linked glycosylation
(HSA-446203), transport to the Golgi and subsequent
modification (HSA-948021), and N-glycan antennae elongation
in the medial/trans-Golgi (HSA-975576).

To validate whether these TWAS-identified candidate genes
associated with IgG N-glycosylation were inclined to be
coexpressed within corresponding tissues, we measured the
protein-protein interaction (PPI) network for the connectivity
of the genes by GeneNetwork v2.0 (see URLs in the Data
Availability Statement). The genes were clustered based on
their coexpression of public RNA-seq data (n = 31,499). Most
genes identified by TWAS within each specific tissue reference
panel demonstrated coexpression (Supplementary Figure S4).
For example, skeletal muscle contributed the most numerous
significant TWAS hits across all tissues by 24 candidate genes,
while 20 genes were clustered into one network with ERBB2,
PGAP3, and PNMT demonstrating strong coexpression
(Supplementary Figure 4). In small intestine terminal ileum,
all 18 genes identified by TWAS show coexpression, in which
PGAP3, GSDMB, HLA-S, CCHCR1, VARS2, and KANSL1 are
intensively coexpressed (Supplementary Figure 4). Therefore,
Frontiers in Immunology | www.frontiersin.org 1253
the coexpressed gene sets within corresponding tissues could
support the result of IgG N-glycosylation TWAS analyses based
on tissue enrichment by LDSC-SEG.

Phenome-Wide Association Study and
Genetic Correlation Analysis
To identify other phenotypes which are likely to be associated or
comorbid with IgG N-glycosylation, we conducted a pheWAS
for each IgG N-glycosylation eQTL in the GWAS database based
on a European population (41). Since all eQTLs are associated
with IgG N-glycosylation, we chose to exclude and remove the
duplicated phenotypes related to the same eQTL from the result
list, in order to emphasize the remaining top 5 phenotypes
ranked by p for each eQTL. In total, nearly 100 phenotypes
were identified as significantly associated with these eQTLs,
including anthropometric health measurements (weight,
height, blood pressure, and blood cell count), immune and
metabolic diseases (SLE, inflammatory bowel disease (IBD),
rheumatoid arthritis (RA), primary sclerosing cholangitis
(PSC), and type 2 diabetes (T2D)), and neurological and
psychiatric disorders (Parkinson’s disease (PD), schizophrenia,
and bipolar disorder) (Supplementary Table 7).

To reconfirm the pheWAS results, we investigated the genetic
correlations between these phenotypes using the most recent
GWAS data from the UK Biobanks by Multi-marker Analysis of
GenoMic Annotation (MAGMA), and SNP heritability, and
genetic correlation with LDSC (41). Most of these disease-
related phenotypes were implicated in previous GWAS studies
(46–51). By analyzing the genes assigned to each significant SNP
within a 1-kb window from both sides with default parameters
(SNP-wise mean model) (52) and the gene set defined by
MSigDB v.6.1 (53), the MAGMA results showed strong
correlations between height, waist-hip ratio (WHR), systolic
blood pressure (SBP), PD, and IBD with IgG N-glycosylation
(p < 2.5E−06) (Figure 6A). Through the calculation of the SNP
heritability and pairwise genetic correlations by LDSC (22),
genetic correlations were calculated between the GWAS of
disease-related phenotypes. The results showed strong positive
correlations between IgG N-glycosylation, SBP, triglyceride
cholesterol (TC), T2D, IBD, PSC, Crohn’s disease (CD), and
ulcerative colitis (UC), consistent with the above pheWAS
results (Figure 6B).
DISCUSSION

In this study, we conducted a systematic transcriptome-wide
association study, combining the analysis of LDSC-SEG and
TWAS to gain insight into the tissue specificity and tissue-
dependent genetic effect of IgG N-glycosylation, based on
summary statistics of the most recent IgG N-glycosylation
GWAS on 8,090 individuals of European ancestry. In so doing,
we addressed fundamental questions regarding the heritable
tissue enrichment of IgG N-glycosylation and constructed an
atlas of tissue-dependent associations between genes and IgG N-
glycan traits.
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TABLE 2 | Significant pathways of TWAS genes identified through gene network analysis.

GO Category Description p-value Hits

hsa_M00075 KEGG pathway N-Glycan biosynthesis, complex type 4.59E−06 FUT8|B4GALT1|MGAT3
R-HSA-
975576

Reactome gene
sets

N-Glycan antennae elongation in the medial/trans-Golgi 2.10E−05 FUT8|B4GALT1|MGAT3

R-HSA-
948021

Reactome gene
sets

Transport to the Golgi and subsequent modification 4.00E−05 FUT8|B4GALT1|MGAT3|
KDELR2|COG7

hsa00510 KEGG pathway N-Glycan biosynthesis 1.44E−04 FUT8|B4GALT1|MGAT3
R-HSA-
446203

Reactome gene
sets

Asparagine N-linked glycosylation 4.07E−04 FUT8|B4GALT1|MGAT3|
KDELR2|COG7

GO:0006487 GO biological
processes

Protein N-linked glycosylation 5.69E−04 FUT8|B4GALT1|MGAT3

GO:0043413 GO biological
processes

Macromolecule glycosylation 2.08E−03 FUT8|B4GALT1|MGAT3|COG7

GO:0006486 GO biological
processes

Protein glycosylation 2.08E−03 FUT8|B4GALT1|MGAT3|COG7

GO:0070085 GO biological
processes

Glycosylation 2.41E−03 FUT8|B4GALT1|MGAT3|COG7

GO:0009101 GO biological
processes

Glycoprotein biosynthetic process 5.97E−03 FUT8|B4GALT1|MGAT3|COG7

hsa05150 KEGG pathway Staphylococcus aureus infection 5.51E−06 C4A|C4B|HLA-DMA|HLA-DRA
hsa05330 KEGG pathway Allograft rejection 6.69E−05 HLA-C|HLA-DMA|HLA-DRA
hsa05332 KEGG pathway Graft-versus-host disease 8.42E−05 HLA-C|HLA-DMA|HLA-DRA
hsa04940 KEGG pathway Type I diabetes mellitus 9.72E−05 HLA-C|HLA-DMA|HLA-DRA
hsa05322 KEGG pathway Systemic lupus erythematosus 1.66E−04 C4A|C4B|HLA-DMA|HLA-DRA
hsa05320 KEGG pathway Autoimmune thyroid disease 1.82E−04 HLA-C|HLA-DMA|HLA-DRA
hsa05416 KEGG pathway Viral myocarditis 2.50E−04 HLA-C|HLA-DMA|HLA-DRA
hsa05140 KEGG pathway Leishmaniasis 4.69E−04 HLA-DMA|HLA-DRA|TAB1
hsa04612 KEGG pathway Antigen processing and presentation 5.48E−04 HLA-C|HLA-DMA|HLA-DRA
hsa05168 KEGG pathway Herpes simplex infection 5.83E−04 HLA-C|HLA-DMA|HLA-DRA|

TAB1
hsa05145 KEGG pathway Toxoplasmosis 1.66E−03 HLA-DMA|HLA-DRA|TAB1
hsa05166 KEGG pathway HTLV-I infection 1.94E−03 HLA-C|HLA-DMA|HLA-DRA|

WNT3
GO:0002250 GO biological

processes
Adaptive immune response 2.68E−03 C4A|C4B|HLA-C|HLA-DMA|

HLA-DRA|MICB
hsa04514 KEGG pathway Cell adhesion molecules (CAMs) 3.31E−03 HLA-C|HLA-DMA|HLA-DRA
GO:0002253 GO biological

processes
Activation of immune response 3.75E−03 C4A|C4B|HLA-DRA|MICB|

FLOT1|TAB1
hsa04145 KEGG pathway Phagosome 4.00E−03 HLA-C|HLA-DMA|HLA-DRA
GO:0045807 GO biological

processes
Positive regulation of endocytosis 4.00E−03 C4A|C4B|FLOT1

GO:0002478 GO biological
processes

Antigen processing and presentation of exogenous peptide antigen 5.71E−03 HLA-C|HLA-DMA|HLA-DRA

GO:0002449 GO biological
processes

Lymphocyte-mediated immunity 6.08E−03 C4A|C4B|HLA-C|MICB

GO:0019884 GO biological
processes

Antigen processing and presentation of exogenous antigen 6.36E−03 HLA-C|HLA-DMA|HLA-DRA

GO:0002460 GO biological
processes

Adaptive immune response based on somatic recombination of immune
receptors built from immunoglobulin

6.71E−03 C4A|C4B|HLA-C|MICB

GO:0048002 GO biological
processes

Antigen processing and presentation of peptide antigen 7.16E−03 HLA-C|HLA-DMA|HLA-DRA

hsa05169 KEGG pathway Epstein-Barr virus infection 8.35E−03 HLA-C|HLA-DRA|TAB1
R-HSA-
379724

Reactome gene
sets

tRNA aminoacylation 9.05E−05 VARS|VARS2|EARS2

GO:0006418 GO biological
processes

tRNA aminoacylation for protein translation 1.11E−04 VARS|VARS2|EARS2

GO:0043039 GO biological
processes

tRNA aminoacylation 1.35E−04 VARS|VARS2|EARS2

GO:0043038 GO biological
processes

amino acid activation 1.44E−04 VARS|VARS2|EARS2

hsa00970 KEGG pathway Aminoacyl-tRNA biosynthesis 3.48E−04 VARS|VARS2|EARS2
R-HSA-
72766

Reactome gene
sets

Translation 3.07E−03 RPL3|VARS|VARS2|EARS2

(Continued)
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By the enrichment of 17 IgG N-GPs in 27 biologically relevant
tissues in our study, we have obtained strong genetic evidence
that most MALTs, e.g., skin, lung, breast mammary tissue, small
intestine, esophagus muscularis, testis, and uterus, are enriched
to specific IgG N-glycan traits (Figure 2). It has been established
that the IgG secreting cells (i.e., plasma cells) mature from B
lymphocytes and are translocated from primary lymphoid tissue
(bone marrow) to secondary lymphoid tissue which consists of
the lymph nodes, spleen and MALT for secreting IgG and
initiating adaptive immune responses (14). However, previous
studies measured the N-glycosylation of IgG in humans mainly
isolated from plasma, obtaining the average profile of whole IgG
N-glycome, and therefore a lack of information about the
functionally relevant tissues. A wet experiment on laboratory
animals provided evidence to support the assumption that IgG
against commensal gut bacteria can be synthesized and deposited
locally within MALTs in organ-cultured pig small intestinal
mucosal explants (54).

Using IgG as a model glycoprotein, our study demonstrates
the evidence of genetically regulated gene expression for the
Frontiers in Immunology | www.frontiersin.org 1455
tissue selectivity of protein N-glycosylation in eukaryotes.
Eukaryotic N-glycosylation in the ER and Golgi apparatus is
highly complicated, due to a variety of exoglycosidase and
glycosyltransferase reactions. The tissue-selective manifestation
of protein N-glycosylation has been observed in recent studies,
e.g., between paired tumorigenic and adjacent nontumorigenic
colon tissues in humans (55), and between sites within the same
proteins from liver and brain tissues in the mouse (56). As a
simple glycoprotein, IgG usually contains only one N-
glycosylation site in the constant heavy chain region and the
N-glycan moieties of IgG have no more than two antennae. But,
in fact, hundreds of forms of glycans have been observed at this
single N-glycosylation site. Due to the limitation of sampling
from diverse human health tissues for N-glycosylation profiling,
there is still a lack of evidence from the N-glycome level for the
tissue specificity of IgG N-glycosylation. The results of tissue
enrichment in our study have bridged the gap and exhibited
tissue-selective manifestation for IgG N-glycosylation, leading to
the next hypothesis that certain N-glycans of IgG may
specifically be modified within some tissues and be affected by
TABLE 2 | Continued

GO Category Description p-value Hits

GO:0006399 GO biological
processes

tRNA metabolic process 7.47E−03 VARS|VARS2|EARS2

GO:0055088 GO biological
processes

Lipid homeostasis 3.79E−03 TM6SF2|APOM|ORMDL3

GO:0006612 GO biological
processes

Protein targeting to membrane 8.46E−03 ERBB2|RPL3|MIEF1
November 202
A B

FIGURE 6 | Multimarker analysis and genetic correlation. (A) Multi-marker Analysis of GenoMic Annotation (MAGMA) genes overlap. Each cell represents the
proportion of overlapped significant genes (p-value <2.5E−06) between the two GWAS on the number of significant genes in both GWAS on the rows and columns
and divided by the number of significant genes in each GWAS. Rectangles next to the trait labels are colored based on the domain of the trait. (B) Genetic
correlation. An asterisk in the box indicates the correlation passes the Bonferroni significance threshold (p < 0.05). Rectangles next to the trait labels are colored
based on the domain of the trait. Phenotypes are clustered into 24 domains and derived from public genome-wide association study summary statistics.
1 | Volume 12 | Article 741705

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Li et al. IgG N-Glycosylation Tissue Specificity
tissue-specific environments. Consequently, the current study
advances the knowledge of tissue specificity on human IgG N-
glycosylation and in turn increases the statistical power for the
following TWAS analysis of candidate gene prioritization (21).

In this current study, we demonstrated that the TWAS
approach is able to discover more IgG N-glycosylation-related
genes without any prior information. We identified 12 candidate
genes in eight regions are in known susceptibility loci reported by
previous IgG N-glycosylation GWAS (9–11). Furthermore, we
discovered 43 genes at 10 novel regions and six known regions
for the first time to be associated with IgG N-glycosylation. For
the known genome loci, TWAS discovered more candidate genes
whose expressions in specific tissue are likely related to IgG N-
glycosylation by integrating GWAS signals with eQTL
knowledge, for example, C4A, C4B, CYP21A2, and GPANK1 in
6p21.33 for FA2G1S1 glycan (GP16) in skeletal muscle. In
addition, TWAS explored candidate genes in novel genomic
loci, e.g., EVI5 in 1p22.1 and PGAP3, ERBB2, PNMT, and
GSDMA in 17q12 for A2 glycan (GP2) in skeletal muscle.
These results provided more genomic context, including
candidate genes, regulatory variants, and relevant tissues for
future functional studies of IgG N-glycosylation.

A gene expressed specifically in a tissue type or cell type usually
reflects the biological processes in which the gene is involved and its
biological functions (57). In the current study, we demonstrate that
associations along IgG N-GP/SNP/gene expression in a tissue-
specific SNP scenario appear to be dependent on using expression
data derived from N-GP-enriched tissue. For instance, FA2G1S1
glycan (GP16) is positively associated with the expression of
PSORS1C2 in sun-exposed lower leg skin via a single eSNP
rs1265099 (Z = 5.24, p = 1.65E−07) but is not associated with any
other genes or tissues. PSORS1C2 encodes a keratinocyte
cornification-associated protein, which is specifically expressed in
two skin tissue types evaluated by GTEX v7 (Supplementary Figure
5). The protein product of this gene plays a primary role in the
terminal differentiation of keratinocytes (58). Recent studies have
shown that PSORS1C2 is strongly upregulated in peeling skin
disease (59) and is also associated with autoimmune skin diseases
including vitiligo (60) and psoriasis (61) by GWAS analyses. Also,
aberrant IgG FA2G1S1 glycan (GP16) has been observed to be
associated with SLE (62) and colorectal cancer (63). Our finding
that this IgG FA2G1S1 glycan (GP16) genetic predisposition
(rs1265099) may have tissue-specific effects on the expression of
PSORS1C2 within skin tissue thus supports the hypothesis that skin
tissue can contribute to the regulation of IgG FA2G1S1 glycan
biosynthesis and/or have the potential to serve as a proxy for several
skin-related autoimmune diseases. In total, four genes (PSORS1C2,
HLA-DRA, APOM, and SAPCD1) were significant in sun-exposed
lower leg skin TWAS models. Broadly, half of the significant genes
show tissue specificity on IgGN-glycosylation in other TWAS tissue
models. These tissue-specific candidate gene sets are a promising
source for further investigations into genetic effects underlying the
interactions between highly diverse IgG N-GPs and tissue-specific
genetic expression within corresponding tissues.

In contrast, genetic variants that affect gene expression levels in
multiple tissues are more likely to affect multiple complex traits
Frontiers in Immunology | www.frontiersin.org 1556
(64). The pleiotropic gene findings in this study can confirm that
IgG N-glycosylation TWAS genes expressed inmultiple tissues are
more likely to have a wide range of downstream phenotypic
consequences (i.e., diverse N-glycosylation modification). As an
example in the present study, 19 genes are identified as IgG N-
glycosylation candidate genes in the small intestine terminal ileum
with 10 pleiotropic and 9 tissue-specific genes. Within the ten
pleiotropic genes, C4A, FLOT1, HLA-C, and WNT3 perform
important roles in N-glycosylation-related biological processes,
while the remaining nine tissue-specific genes are associated with
intestine-related functions, e.g., FLOT1 is responsible for encoding
flotillin 1 and is ubiquitously expressed across all tissue types
evaluated by GTEx v7 (Supplementary Figure 6). Flotillin 1
localizes to the caveolae and plays a role in several super
pathways, e.g., the angiopoietin-like protein 8 regulatory
pathway, cytoskeletal signaling, regulation of lipid metabolism
and beta-adrenergic signaling. As a tissue-specific gene, GSDMB
was reported to be expressed exclusively in the epithelium of the
gastrointestinal tract in a highly tissue-specific manner (65).
SLC22A5 was reported as being responsible for carnitine
transport across apical membranes of intestinal epithelial cells
(66). Pleiotropic genes and eSNPs account for almost half of the
other significant TWAS hits. Most of these hits have previously
been reported in the three core N-glycosylation-related biological
processes, including N-glycosylation, immune response, and
protein translation, while tissue-specific genes are mainly
annotated as being involved in the physiological activities of
corresponding tissues. This result partially explains why plasma
IgG N-glycosylation demonstrates a relatively stable holistic
pattern on each monosaccharide glycan although based on such
complicated branching patterns. The pleiotropic candidate genes
maintain the primary patterns of N-glycosylation in most related
tissues for a house-keeping N-glycosylated level, whereas the
tissue-dependent candidate genes regulate tissue-specific IgG N-
glycan patterns to adopt local inflammation, maintaining
homeostasis during physiology and pathophysiology processes.

By the evidence of the coassociations among eSNP and IgG N-
GPs, our results shed considerable light on the regulatory
mechanism of the equilibrium between some pairs of IgG N-
glycosylation. For example, in terms of Z-score in TWAS results,
rs761830 simultaneously correlated with A2 glycan (GP2) (Z =
−11.70, p = 1.34E−31) and FA2G2 glycan (GP14) (Z = 4.52, p =
6.22E−06) and linked them with FUT8 gene in skeletal muscle in
two reverse directions (Supplementary Table 2 and Figure 2).
This linked association provides two layers of meaning. Firstly, in
IgG N-glycosylation GWAS statistics, the effect allele (rs761830-
A) at the FUT8 locus is associated with a decreased level of GP2
(rs761830, p = 4.08E−38) but an increased level of GP14
(rs761830, p = 6.83E−06). The finding indicates that these two
GPs share identical heritability, being associated antagonistically
in the IgG N-glycome. Conversely, increasing A2 glycan (GP2)
and decreasing FA2G2 glycan (GP14) are consistent with the
changing of certain IgG N-GPs which have been observed in
association studies on chronic diseases (Supplementary Table 8),
such as dyslipidemia (DL) (67), SLE (62), RA (68), and chronic
kidney disease (CKD) (69). Secondly, eQTL statistics of GTEx v7
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shows the effect allele rs761830-A is responsible for increased
changes in gene expression of FUT8 in skeletal muscle (rs761830,
p = 2.60E−06). Hence, the genetic predisposition tagged by SNP
rs761830 whose allelic regulation on the expression of FUT8 gene
in skeletal muscle may contribute to the equilibrium of IgG N-GP
regulations, such as the above-mentioned two types of N-GPs.

By GO pathway enrichment and pheWAS investigation, our
study provides additional evidence for the involvement of IgG N-
glycosylation in several IgG N-GP-related diseases. Since the
establishment of UPLC-based high-throughput IgG N-glycomic
profiling (70), certain specific IgG N-GPs differed significantly
from the average patterns and were indicative of clinical
conditions, such as the level of monosialylated glycans which
was most strongly correlated with MetS-related risk factors,
especially with systolic blood pressure (SBP) (71). Further
research in other independent cohorts confirmed the existence
of a similar relationship between selective IgG N-glycan patterns
and signs of autoimmunity, e.g., IBD (49, 72), SLE (62), and RA
(73), neurological disorders, e.g., Parkinson’s disease (4) and
dementia (74), and vascular diseases, e.g., ischemic stroke (75)
and cancers (63), as previously mentioned (Supplementary
Table S7). The consistency of candidate genes, combined with
the coexpression of IgG N-glycosylation-related genes within
multiple tissues, GO enrichment gene sets, and the pheWAS
investigation on TWAS eSNPs implies that IgG N-glycosylation
may be the mediated phenotype sharing genetic correlations with
its related diseases. The allelic regulatory genetic variants of IgG
N-glycosylation within certain tissues may be involved in the
pathophysiological processes of its related diseases via regulation
of their target genes in tissue-specific modes.

Efforts to generate ever-larger sets of tissue-specific genetic
effects data will facilitate data mining opportunities for
investigating the regulatory mechanisms underlying trait and
gene associations (76). Although the current study has been
restricted to the use of eQTL data and GWAS data generated
from independent subpopulations of European ancestry with
limited sample sizes, future functional genomic endeavors of
tissue-specific regulation on IgG N-glycosylation will benefit
from a larger replication cohort simultaneously having IgG N-
glycosylation features, genotype data, and gene expression profiles
from different tissues. A recent study showed that targeted sialic
glycan degradation reinforces the anticancer immune response in
an animal experiment as evidenced by the sialylation effect on the
surface of cancer cells (77). The construction of in vitro and in vivo
models for IgG N-glycosylation are therefore urgently needed for
providing more solid experiment-based evidence to confirm the
hypothesis generated from the current study. We also note that
our study utilized eQTLs as genetic predictors of gene expression.
Nevertheless, pleiotropic effects on both gene expression and
phenotype could not be ruled out without further analyses.
Probabilistic fine-mapping approaches and transcription factor
enrichment analyses (78–80) can positively exclude spurious
results. Furthermore, a gene may have regulatory characteristics
other than cis-regulation, e.g., trans-regulation, or that does not
pass through eQTLs, but still could have downstream effects on
expression (81). In theory, beyond the current knowledge of
Frontiers in Immunology | www.frontiersin.org 1657
regulatory models, there could be other novel regulatory
elements and underlining mechanisms. However, based on
allelic cis-regulation, we have been able to successfully prioritize
a potential causal gene set of 55 genes for IgG N-glycosylation and
its related complex traits and diseases.

In summary, we have performed the first comprehensive
analysis so far to identify the most relevant tissues for IgG N-
glycosylation and to detect a large number of genetic variants
which may regulate their target genes and further contribute to
IgG N-glycosylation within corresponding tissues. This
knowledge provides a starting point for further mechanistic
work on IgG N-glycosylation, which would advance our
understanding of IgG N-glycosylation biology and guide the
design of future functional studies to explore the specific variants
and the heritable regulation of IgG N-glycosylation. More
importantly, our approach of combining LDSC-SEG and
TWAS is widely applicable to complex traits for which GWAS
summary statistics are available and helps our understanding of
the molecular basis of the trait at multiple omics levels.
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Intravenous immunoglobulin (IVIG) is used as an immunomodulatory agent in the
treatment of various autoimmune/inflammatory diseases although its mechanism of
action remains elusive. Recently, nonfucosylated IgG has been shown to be
preferentially bound to Fcg receptor IIIa (FcgRIIIa) on circulating natural killer cells;
therefore, we hypothesized that nonfucosylated IVIG may modulate immune responses
through FcgRIIIa blockade. Here, homogeneous fucosylated or nonfucosylated
glycoforms of normal polyclonal IgG bearing sialylated, galactosylated or
nongalactosylated Fc oligosaccharides were generated by chemoenzymatic
glycoengineering to investigate whether the IgG glycoforms can inhibit antibody-
dependent cellular cytotoxicity (ADCC). Among the six IgG glycoforms, galactosylated,
nonfucosylated IgG [(G2)2] had the highest affinity to FcgRIIIa and 20 times higher potency
to inhibit ADCC than native IgG. A pilot study of IVIG treatment in mice with collagen
antibody-induced arthritis highlighted the low-dose (G2)2 glycoform of IVIG (0.1 g/kg) as
an effective immunomodulatory agent as the 10-fold higher dose of native IVIG. These
preliminary results suggest that the anti-inflammatory activity of IVIG is in part mediated via
activating FcgR blockade by galactosylated, nonfucosylated IgG and that such
nonfucosylated IgG glycoforms bound to FcgRs on immune cel ls play
immunomodulatory roles in health and disease. This study provides insights into
improved therapeutic strategies for autoimmune/inflammatory diseases using
glycoengineered IVIG and recombinant Fc.

Keywords: glycoengineering, antibody-dependent cellular cytotoxicity, intravenous immunoglobulin, autoimmune
disease, natural killer cell, Fcg receptor, oligosaccharide
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INTRODUCTION

IVIG is a therapeutic preparation of normal polyclonal IgG derived
from pooled plasma of thousands of healthy donors and is
administered at a high dose for the treatment of autoimmune/
inflammatory disorders, including immune thrombocytopenia
(ITP), Kawasaki Disease and Guillain-Barré syndrome (1–4). The
anti-inflammatory activity of IVIG is shown to reside in the Fc
portionof IgG froma clinical study on the treatment of ITPwith the
Fc fragments (5). Although various mechanisms of action of IVIG
have been proposed, including blockade of activating FcgRs (6–8),
expansion of regulatory T cells (9–11), and upregulation of
inhibitory FcgRIIb via sialylated IgG binding to type II lectin
receptors (12, 13), the precise mechanism of action of IVIG in
autoimmune diseases remains inconclusive (2, 3, 14).

A possible differential role has been proposed for Fc
oligosaccharides of IgG to influence the immunomodulatory
effect of IVIG (3, 15, 16). The oligosaccharide attached at
Asn297 residue of each CH2 domain of IgG-Fc is essential for
optimal expression of biological activities mediated through
FcgRs (FcgRI, FcgRIIa/b/c, FcgRIIIa/b) and the C1q component
of complement (17–20). The Fc oligosaccharides of serum-
derived IgG are highly heterogeneous due to variable addition
and processing of outer-arm sugar residues [sialic acid, galactose
and bisecting N-acetylglucosamine (GlcNAc)] and fucose onto
the core diantennary heptasaccharide (GlcNAc2Mannose3
GlcNAc2, designated G0) (Supplementary Figure 1 and
Supplementary Table 1) (21). The differentially glycosylated
species (glycoforms) of IgG-Fc express unique biological
activities, modulating antibody effector functions including
ADCC and complement-dependent cytotoxicity (17, 18, 20,
22). In particular, nonfucosylation of IgG-Fc increases FcgRIIIa
binding and ADCC ~50-fold (23, 24), which has been exploited
for the development of therapeutic recombinant monoclonal
antibodies for treatment of cancers, inflammatory and infectious
diseases (25–28). On the other hand, biological significance of
naturally occurring nonfucosylated glycoforms present at 5 – 10%
of serum IgG (or IVIG) remains unclear. Recently, the majority of
IgG antibodies bound to FcgRIIIa on circulating natural killer cells
have been shown to be nonfucosylated, in contrast to those in the
sera of the same subjects which are mostly fucosylated (29). Here,
we hypothesized that nonfucosylated IgG in serum can saturate
FcgRIIIa on immune cells due to its high affinity and modulate
immune responses. We demonstrate that nonfucosylated
glycoforms of normal polyclonal IgG can markedly inhibit ADCC
compared with the fucosylated glycoforms. Notably, the
galactosylated, nonfucosylated (G2)2 glycoform exhibits a
significant therapeutic efficacy in vivo at a low dose and is
comparable to the 10-fold higher dose of native IVIG. These
results provide improved therapeutic strategies for autoimmune
diseases using IVIG. The anti-inflammatory activity of the (G2)2
Abbreviations: 2-AB, 2-aminobenzamide; ADCC, antibody-dependent cellular
cytotoxicity; CAIA, collagen antibody-induced arthritis; CRP, C-reactive protein;
ENGase, endoglycosidase; FcgR, receptor for Fc portion of IgG; GlcNAc, N-
acetylglucosamine; HILIC, hydrophilic interaction liquid chromatography; ITP,
immune thrombocytopenia; IVIG, intravenous immunoglobulin; SGP,
sialylglycopeptide; UPLC, ultraperformance liquid chromatography.
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glycoform sheds light on the association between glycosylation
changes of total serum IgG and the pathophysiology of certain
autoimmune diseases.
METHODS

Expression of EndoS, EndoS D233Q
and a-L-Fucosidase AlfC
Expression vectors pET-30a(+)-ndoS D233Q and pET28a(+)-a-
L-fucosidase encoding EndoS D233Q from Streptococcus
pyogenes and a-L-fucosidase AlfC from Lactobacillus casei,
respectively, were generously provided by Dr. Wei Huang (30,
31). Expression vector encoding EndoS wildtype was prepared by
site-directed mutagenesis using pET-30a(+)-ndoS D233Q,
Quickchange Lightning site-directed mutagenesis kit (Agilent),
forward primer 5′-GGCCTGGACGTTGACGTGGAACAC
GATAGCATTCCGAAAGTG-3′, and reverse primer 5′-TTCC
ACGTCAACGTCCAGGCCATCCAGGTTGTACTTGTACAC-
3′. The vectors were transformed into BL21(DE3) competent
cells (Novagen), and the enzymes were expressed and purified as
previously described (30, 31).

Preparation of Glycan Oxazolines
The glycan donors sialoglycan oxazoline (S2G2-Ox), galactosylated
glycan oxazoline (G2-Ox), and nongalactosylated glycan oxazoline
(G0-Ox) were prepared from sialylglycopeptide (SGP) (Tokyo
Chemical Industry Co. Ltd.) in a modified version of the
previously described method (32). Briefly, SGP (20 mg) dissolved
in 100 ml of 50 mM phosphate (pH 6.0) was digested at 37°C for 8 h
with EndoS-coupled Sepharose-4 that had been prepared by
coupling EndoS to CNBr-activated Sepharose-4 (GE Healthcare)
to release sialoglycan, according to the manufacturer’s instruction.
For G2-Ox and G0-Ox preparation, SGP (40 mg) was digested with
EndoS-coupled Sepharose-4 and neuraminidase (2 U, Roche)
overnight and the supernatant containing the desialylated glycan
was divided into two aliquots, with one for preparation of G2-Ox
and the other for G0-Ox. For the latter, the galactosylated glycan was
digested with b (1-3,4)-galactosidase (Agilent) at 37°C for 48 h. The
glycan in each aliquot (~100 µl) was converted to glycan oxazoline by
the addition of 2-chloro-1,3-dimethylimidazolinium chloride (23.4
mg) and triethylamine (47.2 ml) on ice for 1 h. The reaction was
diluted with 4 ml of butanol:ethanol:water (4:1:1, v/v/v) and purified
on cellulose column (2 ml in a Poly-Prep Chromatography Column,
Bio-Rad) equilibrated with the same solution (33). After washing the
column with 12 ml of the solution and 2 ml of absolute ethanol,
glycan oxazoline was eluted with distilled water. The glycan-
containing fractions were detected with anthrone/sulfuric acid and
dried under vacuum.

Preparation of Homogeneous Glycoforms
of Normal IgG
A series of fully sialylated and the truncated glycoforms of normal
IgG were prepared by chemoenzymatic glycoengineering,
according to the previously described method (30). Briefly,
commercial IVIG (Gammagard, Shire Japan) dissolved at ~40
January 2022 | Volume 13 | Article 818382
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mg/ml in 50 mM acetate, 5 mM CaCl2 (pH 5.5) was
deglycosylated with EndoS-coupled Sepharose-4 at 37°C for 8 h
to prepare IgG bearing Fuc-GlcNAc at Asn297 (Fuc-GlcNAc-
IgG), then dialyzed against 50 mM Tris-HCl (pH 7.4). To prepare
IgG bearing GlcNAc (GlcNAc-IgG) it was further digested with a-
L-fucosidase AlfC at 37°C for 48 h. For transglycosylation, either
GlcNAc-IgG or Fuc-GlcNAc-IgG at ~25 mg/ml was incubated
with 0.6 mg/ml EndoS D233Q in the presence of 3 mM glycan
oxazoline at 30°C for 4 h. The completion of transglycosylation
was confirmed by SDS-PAGE and the remodeled IgG glycoforms
were purified on protein G-Sepharose 4 Fast flow column
(GE Healthcare).

Glycan Analysis of Homogeneous
IgG Glycoforms
IgG (1 mg) was digested with papain (20 mg) in 0.1 M phosphate,
0.15 M NaCl, 2 mM EDTA (pH 7.0) at 37°C overnight, then
treated with 50 mM iodoacetamide for 30 min on ice, and
dialyzed against 10 mM phosphate buffer (pH 8.0). The Fab
and Fc were separated by diethylaminoethyl-cellulose anion
exchange chromatography (DE52; Whatman Biosystems,
Chalfont St Giles, UK) equilibrated with the same buffer. The
dialyzed papain digest was applied to the column, and the Fab
was obtained in the fall-through fractions. After washing the
column with five column volumes of 10 mM phosphate (pH 8.0),
10 mM phosphate-buffered saline (pH 7.4) (PBS) was added to
elute the Fc (21). The oligosaccharides were released with
peptide-N-glycosidase F from the Fc of an individual IgG
glycoform in the SDS-PAGE gel bands and labeled with 2-
aminobenzamide (2-AB) by using Signal 2-AB plus labeling kit
(Agilent) as previously described (34). The fluorescently labeled
oligosaccharides were separated by using aWaters ACQUITYH-
class Bio ultraperformance liquid chromatography (UPLC)
system on a sub-2 mm hydrophilic interaction based stationary
phase with a Waters ACQUITY UPLC Glycan BEH Amide
column (2.1 × 150 mm i.d., 1.7 mm BEH particles) as
previously described (35). The oligosaccharide peaks were
assigned in accordance with the previous study (36).

Fcg Receptor (FcgR) Binding Assays
The binding of the IgG glycoforms to FcgRs was analyzed as
previously described (37). Briefly, recombinant human FcgR
proteins (FcgRIIIa V158/F158 and FcgRIIa R131/H131) (R&D
Systems) at 2.5 – 5 mg/ml in PBS were coated on high-binding
microtiter plates (Corning 3690High BindingHalf Area) overnight
at 4°C. The FcgR-coated plates were washed with PBS containing
0.05% Tween 20 (PBS-T) three times and blocked with PBS
containing 1% bovine serum albumin for 1 h at room
temperature. Serially diluted IgG glycoforms were added to the
FcgRIIIa-coated plates and allowed to bind for 2 h at 37°C. After
washing with PBS-T three times, the bound IgG was detected with
goat F(ab’)2 anti-human IgG F(ab’)2-peroxidase conjugate
(Abcam). After incubation for 2 h at 37°C, the plates were washed
five times with PBS-T and developed with 50 ml of 3,3′,5,5′-
tetramethylbenzidine substrate per well, which was stopped by
the addition of 12.5 ml of 12.5% H2SO4 per well. Absorbance was
measured at 450 nm on aMultiskan™microplate reader (Thermo
Frontiers in Immunology | www.frontiersin.org 363
Fisher Scientific). The concentration of IgG corresponding to half-
maximal binding on the ELISA binding curve was considered as an
apparent affinity to the respective FcgR and was compared between
the IgG glycoforms.

ADCC Reporter Bioassay
ADCC reporter bioassay mediated by FcgRIIIa V158 or F158 was
performed, according to themanufacturer’s instruction (Promega).
Briefly, CD20-expressing Raji cells grown in RPMI1640 cell culture
medium supplemented with 10% heat-inactivated fetal bovine
serum (Gibco), 2 mM glutamine, 100 mg/ml penicillin and 100 U/
ml streptomycin (10% RPMI) were plated after washing once with
PBS and resuspended in RPMI1640 medium containing 4% fetal
bovine serum, ultra-low IgG (Life Technologies) at 12,500 cells/25
ml/well in white opaque tissue culture plates (BD Falcon 353296),
followed by the addition of 25 ml of rituximab (anti-CD20 IgG) that
was 4-fold serially diluted from the starting concentration of 10 mg/
ml with the same medium. An individual normal IgG glycoform
dissolved in PBS was added to each well (7.5 ml/well). Jurkat cells
stably expressing human FcgRIIIa V158 (or F158) and NFAT-
luciferase reporter in 10%RPMIwere added at 75,000 cells/17.5 ml/
well to rituximab-opsonized Raji cells at 37°C, 5% humidified CO2

for 6 h. BioGlo luciferase assay reagent was added (75 ml/well), and
chemiluminescencewasmeasuredwitha luminometer (Fluoroskan
Ascent FL, Thermo Fisher Scientific). Inhibition of ADCC was
examined with increasing concentrations of native IgG (0 – 10mg/
ml), with various fucosylation levels of sialylated IgG or
galactosylated IgG (0%, 25%, 50%, and 100%) at 0.2 mg/ml, and
with the six individual IgG glycoforms at 0.1 mg/ml. Additionally,
titration of the IgG glycoforms (0 – 2 mg/ml) was performed to
compare the ADCC inhibitory capability at 0.1 mg/ml rituximab.

Statistical Analysis
The ELISA data for the IgG glycoforms–FcgR interactions and the
ADCC reporter bioassay data were fitted to sigmoidal dose-
response curves (GraphPad Prism v6). The differences in the
concentration of rituximab that gave 50% of the maximal
response (EC50) in the presence or absence of the glycoforms of
IgGwere tested by the extra sumof squaresF-test (GraphPadPrism
v6). Likewise, thedifferences in50% inhibitory concentration (IC50)
of the IgG glycoforms for inhibition of the ADCC reporter activity
were tested. p<0.05 was considered statistically significant.
RESULTS

Remodeling of IgG Glycosylation by
Chemoenzymatic Glycoengineering
A glycoform of normal polyclonal IgG bearing homogeneous
oligosaccharide chains (S2G2)2, (S2G2F)2, (G2)2, (G2F)2, (G0)2,
or (G0F)2 was prepared by transfer of the glycan donor S2G2-Ox,
G2-Ox or G0-Ox to fucosylated or nonfucosylated GlcNAc
residues of IgG with EndoS D233Q. Complete transfer of the
respective glycans was confirmed by SDS-PAGE (Figure 1A) and
the structures of the glycans released with peptide-N-glycosidase
F from the Fc fragments were analyzed by HILIC-UPLC,
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exhibiting a single peak of each glycoform, in contrast to
heterogeneous peaks of native IgG (Figure 1B, Supplementary
Figure 1, and Supplementary Table 1).

Binding of IgG Glycoforms to
Human FcgRs
Binding to FcgRIIa (H131 or R131) or FcgRIIIa (V158 or F158)was
compared between the six IgG glycoforms andnative IgG byELISA
(Figure 2). All the IgG glycoforms exhibited comparable FcgRIIa
binding profiles to native IgG, which confirms no adverse effect of
the glycoengineeringprocesseson theFcgRbinding capabilityof the
remodeled IgG glycoforms (Figure 2A). Galactosylation had
positive influence on FcgRIIa binding (Figure 2A) while the
nongalactosylated glycoforms [(G0)2 and (G0F)2] had generally
lower affinity, with the differences in the apparent affinity between
the (G2)2 and the (G0F)2 being ~2-fold for both FcgRIIa H131 and
R131 variants. On the other hand, nonfucosylation had profound
influence on FcgRIIIa binding, with the differences in the apparent
affinity between the nonfucosylated glycoforms and the fucosylated
counterparts being 30– 70-fold for theV158 variant and 4– 30-fold
for the F158 variant (Figure 2B). Notably, the (G2)2 glycoform had
the highest affinity to both FcgRIIIa V158 and F158 variants while
the sialylated, fucosylated (S2G2F)2 glycoform had the lowest
affinity to FcgRIIIa (Figure 2B).

The (G2)2 Glycoform of Normal IgG
Potently Inhibits ADCC
The influence of normal polyclonal IgG on ADCC was examined
with increasing concentrations of normal IgG in rituximab (anti-
CD20 antibody)-mediated, FcgRIIIa-based ADCC reporter
bioassay. Inhibition of ADCC was observed in a dose-
Frontiers in Immunology | www.frontiersin.org 464
dependent manner for both FcgRIIIa V158 and F158 variants
where the EC50 values progressively increased in a range of 0.1–1
mg/ml of normal IgG (Figure 3).

The influence of fucosylation of normal IgG on ADCC
inhibition was examined by titration of the fucosylation levels
of sialylated or galactosylated IgG at 0.2 mg/ml (Figure 4A).
Decrease in the fucosylation levels resulted in progressive
increases in the inhibitory activity for both sialylated and
galactosylated IgG. This result clearly indicates that the
glycoform of normal IgG is important for modulation of ADCC.

Inhibition of ADCC was further examined using the six IgG
glycoforms at 0.1 mg/ml (Figure 4B). ADCC was markedly
inhibited with non-fucosylated IgG [(S2G2)2, (G2)2 and (G0)2]
as compared with the fucosylated IgG counterparts [(S2G2F)2,
(G2F)2 and (G0F)2]. Additionally, titration of these IgG
glycoforms was performed to compare the IC50 for ADCC
inhibition between the IgG glycoforms (Figure 4C). The IC50

values obtained for (G2)2, (S2G2)2, (G0)2, and native IgG were 0.1,
0.16, 0.28 and 2.0 mg/ml, respectively. This indicates that the
inhibitory capacities of the (G2)2, (S2G2)2, and (G0)2 glycoforms
are 20, 12.5, and 7-fold higher than that of native IgG, respectively.
Notably, galactosylation and nonfucosylation of normal IgG
resulted in the most potent inhibition of ADCC (Figures 4B, C),
which is explained by its enhanced affinity for FcgRIIIa (Figure 2B).
In contrast, sialylation or nongalactosylation of IgG had a subtle but
negative impact on the inhibition of ADCC (Figures 4B, C), which
corresponds to the decreased affinities to FcgRIIIa (Figure 2B).

On the other hand, FcgRIIa-mediated antibody-dependent
cellular phagocytosis (ADCP) was inhibited by normal IgG at >1
mg/ml (Supplementary Figure 2A); however, ADCP was not
modulated by IgG glycoforms (Supplementary Figure 2B).
A B

FIGURE 1 | Homogeneous glycoforms of normal polyclonal IgG prepared by chemoenzymatic glycoengineering. (A) SDS-PAGE of the glycoforms of IgG. All the
IgG glycoforms including the native protein used in this study were purified by protein G affinity chromatography. (B) HILIC-UPLC analysis of glycans released from
the Fc fragments of IgG glycoforms. The peaks of the oligosaccharides of native IgG are listed in Supplementary Table 1.
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(G2)2 IVIG Attenuates Collagen Antibody-
Induced Arthritis in Mice
Whether the IgG glycoforms exert anti-inflammatory effects was
examined in mice with collagen antibody-induced arthritis
(CAIA) (Supplementary Figure 3). Low-dose (0.1 g/kg) IgG
glycoforms [(G2)2, (S2G2)2, (S2G2F)2, native] and high-dose (1
g/kg) native IgG as positive control were administered to the
mice, and the group receiving the (G2)2 glycoform had the lowest
Frontiers in Immunology | www.frontiersin.org 565
arthritis score and serum interleukin-6 levels among the groups
(Supplementary Figure 3).

DISCUSSION

A rationale for the use of IVIG, at a high dose, and its mechanism
of action in the treatment of autoimmune/inflammatory
diseases remain to be elucidated. We have shown robust
A

B

FIGURE 2 | Binding of IgG glycoforms to FcgRs. (A) FcgRIIa H131 and R131 variants. (B) FcgRIIIa V158 and F158 variants. All data points represent the calculated
mean of two independent measurements from a total of at least two experiments. The data were fitted to a sigmoidal dose-response curve (GraphPad Prism).
FIGURE 3 | Normal polyclonal IgG inhibits ADCC in a dose-dependent manner. Note that activation of FcgRIIIa V158 or F158 variant was inhibited by normal IgG
at >0.1 mg/ml. Error bars, mean ± S.E. (n = 3).
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immunomodulatory activity of the galactosylated, non-fucosylated
(G2)2 glycoform of human normal IgG as a minor but active
component of IVIG. High affinity-binding of galactosylated,
nonfucosylated IgG to FcgRIIIa that can modulate immune
responses including ADCC is a novel mechanism of action of IVIG
(Figure 5). This study provides insights into improved therapeutic
strategies forautoimmunediseasesandthe involvementofendogenous
galactosylated, nonfucosylated IgG in immune homeostasis.

The immunomodulatory effect of IVIG was Fc glycoform-
dependent. The (G2)2 glycoform of IVIG at a low dose (0.1 g/kg)
Frontiers in Immunology | www.frontiersin.org 666
was as protective as the 10-fold higher dose of native IVIG in
mice with collagen antibody-induced arthritis (Supplementary
Figure 3). The robust anti-inflammatory activity of the (G2)2
glycoform is consistent with the highest affinity to FcgRIIIa (38–
40) and the strongest ADCC inhibitory activity among the six
IgG glycoforms examined (Figures 2B, 4B, C). The mice in the
(S2G2)2 and (S2G2F)2-treated groups were not protected
(Supplementary Figure 3), which is consistent with previous
reports that the anti-inflammatory activity of IVIG is
independent of Fc sialylation (41–43) but not with the report
A

B

C

FIGURE 4 | Inhibition of ADCC with normal IgG is glycoform-dependent. (A) Influence of fucosylation of normal IgG on inhibition of ADCC was examined by titration
of fucosylation levels of sialylated glycoforms (left) and galactosylated glycoforms (right) at the final concentration of 0.2 mg/ml. Error bars, mean ± S.E. (n = 3).
(B) Influence of the IgG glycoforms on inhibition of ADCC was examined at 0.1 mg/ml of each IgG glycoform. Error bars, mean ± S.E. (n = 3). Note that the
differences in EC50 between the (G2)2 and other glycoforms were significant (asterisks) for both FcgRIIIa V158 and F158 (p < 0.01) as determined by extra sum of
squares F-test. (C) Titration of the IgG glycoforms for comparison of the ADCC inhibitory capability at 0.1 mg/ml rituximab. Error bars, mean ± S.E. (n = 3). *p < 0.05.
January 2022 | Volume 13 | Article 818382

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mimura et al. (G2)2 IVIG With Therapeutic Potential
by Washburn et al. about enhanced anti-inflammatory effects of
hyper-sialylated Fc (44). However, the difference in the outcome
between these studies might be attributed to different sialylated
IgG/Fc preparations and experimental protocols.

Galactosylation and nonfucosylation influence FcgRIIIa
binding independently because the a(1-6)-arm galactose
interacts with the amino acid residues at the CH2/CH3 domain
interface while core fucose is proximal to the lower hinge region.
Lack of core fucose of IgG-Fc increases oligosaccharide–
oligosaccharide and oligosaccharide–protein interactions
between FcgRIIIa and IgG-Fc, thereby stabilizing complex
formation (45, 46). On the other hand, the galactose residue(s)
contribute to the stability of IgG-Fc structure, as evidenced by
increased enthalpy for the unfolding of the galactosylated CH2
domains (40, 47), increased mobility of the Fc oligosaccharide by
removal of galactose (48), and lowered deuterium uptake in the
hydrophobic surface of the galactosylated CH2 domain spanning
Phe241 to Met252 (49). By crystallographic analysis, the a(1-6)-
arm galactose makes 27 non-covalent contacts with the protein
structure of the CH2 domain including a minimum of 2 hydrogen
bonds (50). Additionally, the two CH2 domains of the (G2F)2
glycoform adopts an open conformation of the horseshoe-shaped
Fc, which is favorable for FcgRIII binding (51, 52). In contrast,
sialylation of the Fc had a minor but negative impact on FcgRIIIa
Frontiers in Immunology | www.frontiersin.org 767
binding, resulting in lowered ADCC inhibitory activity as
compared with the (G2)2 glycoform (Figures 2B, 4B, C) (39, 40).
Crystallographic studies of disialylated Fc reveal open and closed
conformations (PDB ID codes: 4Q6Y and 5GSQ) (53, 54), and its
closed conformation would be unfavorable for FcgR binding.
Degalactosylation had further negative impact on FcgRIIIa
binding and ADCC inhibition (Figures 2B, 4B, C), due to the net
loss of stabilizing oligosaccharides/protein interactions as revealed
by elevated B-factor of the nongalactosylated Fc glycoform (52).

Naturally occurring galactosylated, nonfucosylated IgG in
serum may be involved in immune homeostasis. Galactosylation
andnonfucosylationof IgGenhanceFcgRIIIa bindingby twoorders
of magnitude (Figure 2B) (23, 24, 45, 46, 55), which explains why
the (G2)2 glycoform of serum IgG bound to FcgRIIIa is not
displaced by autoantibody–antigen complexes (Figures 2B, 5). In
the ADCC reporter bioassay, ADCC was inhibited with the (G2)2
glycoform of IgG at as low as 0.1 mg/ml (~0.6 mM) in vitro
(Figure 4B). As the proportion of the G2 oligosaccharide released
from IgG-Fc of the IVIG preparation was ~1% (Figure 1B,
Supplementary Figure 1 and Supplementary Table 1), the
serum level of IgG bearing at least one G2 oligosaccharide chain
is estimated to be up to 0.2 mg/ml (~1.3 mM), which is higher than
the IC50 of the (G2)2 glycoform for ADCC inhibition (Figure 4C)
and theKd for the binding of the (G2)2 glycoformof IgG toFcgRIIIa
FIGURE 5 | Summary of the mechanism of immunomodulation by the (G2)2 glycoform of IgG. In autoimmune/inflammatory state, hypogalactosylated, fucosylated
serum IgG cannot compete with high-avidity multimeric IgG immune complexes on a target cell for FcgRIIIa binding, resulting in the activation of an effector cell (left).
Increased levels of galactosylated, nonfucosylated serum IgG by administration of the (G2)2 glycoform of IVIG result in saturation of FcgRIIIa with the (G2)2 glycoform,
inhibiting the activation of an effector cell (right). E, effector cell. Tg, target cell. Gal, galactose. Fuc, fucose.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mimura et al. (G2)2 IVIG With Therapeutic Potential
V158 (1.98 nM) and F158 (24.6 nM) as reported previously (56). It
is likely that the equilibrium of the interaction between the (G2)2
glycoformof serumIgGandFcgRIIIa on immune cells shifts toward
association in vivo. In fact, the FcgRIIIa molecules isolated from
circulating NK cells were shown to preferentially bind
nonfucosylated IgG1 bearing G2, monosialylated G2, G1, and
bisected G1 oligosaccharides while serum IgG is largely
fucosylated in the same subjects (29). The imbalance of the IgG
glycoform distribution between serum and FcgRIIIa on NK cells
indicates that circulating galactosylated, nonfucosylated IgG
glycoforms represents the tip of the iceberg. Thus, the majority of
endogenous nonfucosylated IgG glycoforms are likely bound to
FcgRIIIa, modulating immune cell responses in healthy conditions.

Under autoimmune and inflammatory conditions, it is
conceived that circulating galactosylated, nonfucosylated IgG
glycoforms decrease due to the binding to FcgRIIIa on expanding
immune cells. In rheumatoid arthritis (RA), elevated
hypogalactosylated IgG levels associate with disease activity (57,
58), and during pregnancy its galactosylation level can return to
normal with disease symptoms being improved (58). The
involvement of hypogalactosylation of serum IgG in the
pathophysiology of RA remains uncertain probably because in
early studies the impact of core fucosylation was not appreciated
orquantitated (17). Importantly, the fucosylation level of serumIgG
in RA was recently found to be elevated as compared with healthy
control (58, 59), indicating a decrease of galactosylated and/or
nonfucosylated IgG in serum. It should be noted that due to the
asymmetry of the Fc–FcgRIIIa interaction nonfucosylation of one
heavy chain is sufficient for tight binding (45, 46). Therefore, IgG
bound to FcgRIIIa on immune cells may bear a pair of fucosylated
and nonfucosylated oligosaccharides in the Fc portion, which may
explain why a decrease of not only nonfucosylated but fucosylated
oligosaccharides is observed in oligosaccharide profiles of serum
IgG in RA (48). It has been reported in Guillain-Barré syndrome
that the responses to IVIG therapy correlate with IgG glycosylation
profiles where patients who failed to respond to IVIG were
characterized by hypogalactosylation of serum IgG before and
after the treatment (60). Thus, a better understanding of the
relationship between glycosylation changes of IgG and disease
activity will be helpful in the treatment and management of
certain autoimmune diseases with IVIG and its (G2)2 glycoform
via the saturation of FcgRIIIa, blocking FcgRIIIa-mediated
ADCC (Figure 5).

To conclude, elucidation of the mechanism of action of IVIG is
essential to establish its clinical indication, asover 200metric tonsof
IVIG per year are consumed worldwide for treatment of
autoimmune and inflammatory diseases including off-label
purposes (14, 61). Considering the prioritized use of IVIG for
primary immunodeficiency, the Fc fragments should suffice for
immunomodulatory therapy, which suggests clinical application of
glycoengineered recombinant Fc proteins as an alternative to
plasma-derived IVIG. Various recombinant Fc multimers have
been designed to block effector molecules including FcgRs, C1q
and neonatal Fc receptor (FcRn), and some Fcmultimers including
GL-2045 and M230 have been under clinical evaluation (62, 63).
Recombinant Fc multimers are shown to block multiple effector
Frontiers in Immunology | www.frontiersin.org 868
moleculeswhile glycoengineeredFcmonomersmaynotbeuseful to
targetC1q or FcRndue to low affinity toC1q (Ka= 5 x 104M-1) (64)
and lack of the impact of Fc glycosylation on FcRn binding (40).
Although recombinant Fc multimers are promising therapeutics,
their broad immunomodulatory effects and unnatural antibody
formats might be associated with potential risks during the long-
term use in autoimmune diseases. On the other hand,
galactosylated, nonfucosylated IgG glycoforms bearing human-
type oligosaccharides are naturally occurring and likely devoid of
immunogenicity in vivo. Further studies are needed to evaluate the
efficacy of the (G2)2 glycoform of IVIG and recombinant Fc in a
range of autoimmune diseases and severe infections including
coronavirus disease 2019 (Covid-19) (65, 66). The disease
severities of certain viral infections including SARS-CoV-2 and
dengue viruses have been reported to associate with elevated levels
of nonfucosylated IgG against the pathogens (67–70); therefore, the
(G2)2 glycoformof IVIGandFcarepromising immunomodulatory
agents for attenuation of antibody-dependent enhancement of
infection via competition with antiviral nonfucosylated IgG.
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Our group has recently developed the GlycoTyper assay which is a streamlined antibody
capture slide array approach to directly profile N-glycans of captured serum glycoproteins
including immunoglobulin G (IgG). This method needs only a few microliters of serum and
utilizes a simplified processing protocol that requires no purification or sugar modifications
prior to analysis. In this method, antibody captured glycoproteins are treated with peptide
N-glycosidase F (PNGase F) to release N-glycans for detection by MALDI imaging mass
spectrometry (IMS). As alterations in N-linked glycans have been reported for IgG from
large patient cohorts with fibrosis and cirrhosis, we utilized this novel method to examine
the glycosylation of total IgG, as well as IgG1, IgG2, IgG3 and IgG4, which have never
been examined before, in a cohort of 106 patients with biopsy confirmed liver fibrosis.
Patients were classified as either having no evidence of fibrosis (41 patients with no liver
disease or stage 0 fibrosis), early stage fibrosis (10 METAVIR stage 1 and 18 METAVIR
stage 2) or late stage fibrosis (6 patients with METAVIR stage 3 fibrosis and 37 patients
with METAVIR stage 4 fibrosis (cirrhosis)). Several major alterations in glycosylation were
observed that classify patients as having no fibrosis (sensitivity of 92% and a specificity of
90%), early fibrosis (sensitivity of 84%with 90% specificity) or significant fibrosis (sensitivity
of 94% with 90% specificity).

Keywords: glycosylation, immunoglobulin, fibrosis, cirrhosis, biomarker
INTRODUCTION

Cirrhosis is the result of chronic liver injury and leads to replacement of the normal liver
architecture by fibrotic scar tissue, and is associated with a concomitant decline of liver function
and devastating clinical complications (1). Many different underlying processes cause cirrhosis:
chronic viral infection by hepatitis B virus (HBV) and/or hepatitis C virus (HCV) have been
org February 2022 | Volume 13 | Article 797460171
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historically among the most common etiologies, but non-
alcoholic fatty liver disease and ethanol are currently emerging
as the leading causes of chronic liver disease worldwide.

For HBV and/or HCV infected patients, treatment decisions
are based upon a variety of factors, including elevated levels of
hepatic transaminases which may reflect the degree of hepatic
inflammation and perhaps fibrosis when combined with other
features such as platelet count (2, 3). Historically, in individuals
with HBV or HCV, advanced fibrosis and cirrhosis are considered
justifications to begin antiviral therapy (2, 4, 5). More importantly,
the determination of hepatic fibrosis is critical to stage the severity
of the liver disease and has been associated with prognosis (6).
Therefore, it is extremely important to determine the presence of
significant fibrosis and cirrhosis. Although liver biopsy has been
historically the gold standard for assessment of fibrosis (7)
noninvasive assessment of fibrosis is less intrusive and will allow
for routine clinical monitoring.

Analysis of disease associated changes in total N-glycan
compositions of serum and plasma in large patient cohorts has
been previously reported (8, 9). There has also been extensive
evaluation of disease-associated alterations of immunoglobin G N-
linked glycans in large sample cohorts in patients with rheumatoid
arthritis, digestive diseases, heart disease, cancer and liver fibrosis
(10–34). In the case of liver fibrosis, two analytical methods have
identified alterations in N-linked glycosylation on both total IgG
populations and on specific IgG molecules. Both methods can
detect cirrhosis with a high degree of accuracy and are also able to
detect intermediate levels of fibrosis (11, 16). However, both
analytical methods have drawbacks. One approach utilizes a
capillary electrophoresis-based analysis of N-linked glycans on
total serum following release of glycans using PNGase F, labeling
of the released glycans using a fluorescent dye, and electrophoresis
of the released glycans for peak identification (11). While this
method works well, it is both time and labor intensive. Another
method for liver fibrosis identification from serum utilizes a plate-
based ELISA format to detect altered glycosylation using a sugar
binding protein called a lectin (16). This test is hampered by the
poor specificity of lectins and the limited readout (i.e. binding
or not). Both of these methods require specialized sample
handling resources, extensive processing and purification
prior to analysis, and are expensive in regard to reagents
and processing.
Frontiers in Immunology | www.frontiersin.org 272
Our group has recently developed the GlycoTyper, a
streamlined antibody capture slide array approach to directly
profile N-glycans of captured serum glycoproteins like IgG. The
method needs only a few microliters of serum and utilizes
simplified processing workflows that requires no purification or
sugar derivatizations as a part of the analysis. In this method, N-
linked glycans are released from antibody captured glycoproteins
and are directly analyzed byMALDI IMS, building on the utility of
MALDIMS glycan imaging developed in our laboratories (35–48).
Here, we have used the GlycoTyper to demonstrate its ability to
measure changes in the N-linked glycans on IgG subtypes and
serve as a surrogate marker of liver disease.
MATERIALS AND METHODS

Patients
Samples were from two main sources. The first was from the
University of California at San Diego and the second from the
Medical University of South Carolina. In both cases, the study
protocol was approved by the appropriate Institutional Review
Board and written informed consent was obtained from each
subject. Demographic and clinical information was obtained, and
a blood sample was collected from each subject. All liver biopsies
were graded using the METAVIR scoring system (49). The
etiology of the liver disease for the patients without viral
infection was determined as previously described (50) and
cirrhosis was determined based on histologic and/or clinical
findings (i.e., clinical features of portal hypertension, with no
alternative cause of portal hypertension). Details on all patients
are provided in Table 1. A group of individuals with no history of
liver disease, alcohol consumption less than 40 g a week, and no
risk factors for viral hepatitis were utilized as controls. All
subjects in this control group were documented to have
normal liver biochemistry and negative HCV antibodies or HBV.

Antibody Array Preparation
The serum assay used a 24-well slide module (Grace -Bio Labs,
Bend, OR) that was mounted to a nitrocellulose-coated
microscope slides (Grace-Bio Labs, Bend, OR). Antibodies: anti-
human (IgG (Bethyl Labs, Montgomery, TX) anti-IgG1 (Abcam,
Cambridge, UK), anti-IgG2, anti IgG-3, and anti-IgG 4 (Bio-Rad,
TABLE 1 | Description of control patients and those with liver fibrosis.

Stage of Fibrosis (METAVIR)1

Variables Controls 0 1 2 3 4

Sample Size 38 3 10 18 6 37
Age2 51 ± 11 56 ± 7 50 ± 6 51 ± 4 51 ± 7 55 ± 8
% NHW/AA/H/Asian3 NA 100/0/0/0 98/1/1/0 96/2/1/1 100/0/0/0 98/0/1/0
ALT (IU/mL)4 NA 75 ± 7 71 ± 11 78 ± 9 72 ± 12 85 ± 26
AST (IU/mL)5 NA 73 ± 5 69 ± 8 77 ± 10 78 ± 13 108 ± 24
Total Bilirubin (mg/dL) NA 0.3 ± 0.2 0.3 ± 0.4 0.5 ± 0.4 0.9 ± 1.2 1.2 ± 1.3
February 2
022 | Volume 13 | Artic
1Fibrosis staging based upon METAVIR scoring system. 2Mean age in years. 3NHW, non-Hispanic White; AA, African American; H, Hispanic; 4ALT, alanine aminotransferase; 5AST,
aspartate aminotransferase.
NA, not applicable.
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Hercules, CA), were diluted in PBS and manually spotted in wells
at 200 ng per 1.5 mL spot. Spots were then left to adhere overnight
at 4°C in a humidity chamber made from cell culture dishes lined
with a Wypall X 60 paper towel and two rolled KimWipes
saturated with distilled water. Slides were then placed in a
vacuum desiccator to dry at room temperature and rinsed for 1
minute with 200 µL 0.1% octyl-b-D- glucopyranoside in PBS
(referred to as PBS-OGS) per well to remove any unbound protein
from the slide. More detail on slide preparation and the general
GlycoTyper method can be found in (41, 42).

Sample Capture and N-Glycan Release
Antibody spots were blocked with 200 mL of 2% BSA (prepared in
PBS-OGS) per well for 1 h with gentle shaking, washed with 200
mL PBS (3 min × 2) and 200 mL double distilled water (1 min × 1)
per well and dried in a desiccator. Pure protein (0.5mg in 100 mL)
or serum samples (diluted 1:100 in PBS to a total volume of 100
µL) were added to wells and incubated at room temperature for 2
hours in a humidity chamber with gentle shaking. Pure proteins:
human IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA), human IgG1, IgG2, IgG3 and IgG4 (Abcam, Cambridge,
UK). Wells were then serially washed with 200 mL of PBS-OGS (1
min ×2), 200mL PBS (3 min ×2), 200 mL double distilled water (1
min ×2), and dried. The well module was removed, and slides were
dried in a vacuum desiccator. PNGase F Prime PRIME-LY (N-
Zyme Scientifics, Doylestown, PA) (0.1 mg/mL in HPLC grade
water) was applied to the slides using an automated sprayer (M5
TM-Sprayer, HTX Technologies, Chapel Hill, NC). Spatial
localization to each capture spot was accomplished using
spraying parameters of 15 passes at 45°C, 10 psi, flow rate of 25
mL/min, and 1200 mm/min velocity. Slides were incubated
overnight at 37°C in humidity chambers made in cell culture
dishes with Wypall X 60 paper towels and two rolled KimWipes
saturated with distilled water.

MALDI MS Preparation and Imaging
MALDI matrix a-cyano-4-hydroxycinnamic acid (CHCA, 7 mg/
mL in 50% acetonitrile/0.1% trifluoroacetic acid) (Cayman
Chemical, Ann Arbor, MI) was applied to slides using the
same automated sprayer. Matrix was sprayed for two passes at
77°C, 10 psi, 1300 mm/min velocity, and flow rate of 100 mL/
min. MALDI IMS data were acquired on a solariX Legacy 7T FT-
ICR mass spectrometer (Bruker, Billerica, MA) equipped with a
SmartBeam II laser operating at 2000 Hz and pixel dimension of
25 mm. Images were collected using a smartwalk pattern at a 300
mm raster with 200 laser shots per pixel. Samples were analyzed
in positive ion with a mass range of 500−5000 m/z using a 512k
word time domain. An on-slide resolving power of 58,000 at m/z
1501 was calculated.

Data Analysis
N-Glycan localization and intensity were visualized using
FlexImaging v5.0 (Bruker), with data imported at a 0.98 ICR
reduction noise threshold. Images were normalized to total ion
current, and N-glycan peaks were selected manually based on
their theoretical mass values. For quantification of peaks at
individual spots, spectra were imported into SCiLS Lab
Frontiers in Immunology | www.frontiersin.org 373
software 2017a (Bruker). Each spot was designated a unique
region, and area under monoisotopic peak values were exported
from each region and quantified by mean peak intensity. In all
cases, glycan peaks (specific m/z values) were given a relative
percentile of the total glycan profile. Glycan names are provided
using the Oxford Nomenclature (51).

Statistical Analysis
Patients were grouped as those: i) without any liver disease
(healthy and stage 0), ii) with early to moderate fibrosis (stage 1
&2), and iii) with advanced fibrosis or cirrhosis (stage 3&4).
One-way ANOVA and Post hoc tests were applied to inference
any statistical difference among these three stages. Glycans with
no statistical difference among stages (p>0.05, F-test) were
discarded from further model development.

Subsequently, we applied the supervised learning algorithm
random forest to determine the relative importance of the
remaining features (glycans). Simultaneously, we applied
variable clustering to perform a hierarchical cluster analysis,
which is based on the similarity matrix that contains pairwise
Hoeffding D statistics (52). From the variable clustering output,
the most highly correlated two features were identified. These
two features’ relative importance were derived from random
forest analysis. We discarded one of these pairs with lower
importance. Then we utilized the remaining features in
Apparent Cross-Validation, Leave-One-Out Cross-Validation,
3-Fold Random Subsampling Cross-Validation, and Repeated
3-Fold Cross-Validation to valuate predictive performance of the
current random forest model (simulation 200 times for 3-Fold
Random Subsampling Cross-Validation and Repeated 3-Fold
Cross-Validation). Predictive accuracy (%), related sensitivity,
specificity, positive predictive value (PPV), and negative
predictive value (NPV) were criteria of model selection. The
entire procedure (random forest, variable clustering; cross-
validations) was iterated until the removal of any additional
features resulted in the predictive ability of the model to
consistently and dramatically deteriorated. The final model had
the best predictive ability with the fewest features and was
composed of glycans (features) from four of the IgG subtypes.
These were A2G2F and A2BG0F on IgG, A2G1F and A2G2S1 on
IgG1, A2G1F and A2G0F on IgG2 and A2BG1F on IgG3.

Finally, we evaluated our final model’s discriminating ability
between the following groups: no fibrosis vs moderate fibrosis,
moderate vs later fibrosis, and no fibrosis vs later fibrosis. Four
Cross-Validations listed above was applied and the corresponding
AUCs (area under the curve), specificities, sensitivities, PPVs, and
NPVs were derived.

More detail on feature selection, cross validation and model
development can be found in the Supplementary Evidence File.
RESULTS

The basic GlycoTyper workflow for the glycan analysis of
antibody captured glycoproteins is shown in Figure 1.
Briefly, the first step is the creation of the antibody array
using the desired antibodies immobilized on nitrocellulose
February 2022 | Volume 13 | Article 797460
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coated slides (Figure 1A). Subsequently, the antibody array is
incubated with either diluted serum or pure protein as shown
in Figure 1B. Slides are washed after protein capture using a
mass spectrometry compatible detergent before glycans are
released by application of a thin coating of recombinant
PNGase F PRIME™ to the slide (Figure 1C). This step is
identical to what is performed in tissue glycan imaging (35, 42).
Lastly, MALDI matrix is applied to the slide and is imaged
using a MALDI Mass Spectrometer (Figures 1D, E).
Importantly, the spatial localization provided by the IMS
data link the detected glycans to their corresponding
captured glycoproteins.

In initial studies, we examined the glycans on IgG, IgG1, IgG2,
IgG3 and IgG4 captured via antibody from pure proteins spiked
into PBS or from healthy serum diluted in PBS. As Figure 2
shows for all proteins, the glycan observed from the pure protein
was similar to that observed from captured human serum, with
little difference in the glycosylation observed on the pure protein
and that observed from the serum captured protein (with a single
exception). The major exception was a glycan at m/z 1976.7822,
which matches by accurate mass to a bi-antennary glycan with a
single sialic acid (A2G2S1). In all cases, the level of this glycan was
lower in the pure protein than that observed in human serum. In
addition, a glycan at a glycan at m/z 1809.73273, which matches
by accurate mass to a bi-antennary glycan with a single fucose
residue was also varied in IgG2 and IgG3. Supplementary Table
S1 shows all the glycans found associated with IgG, IgG1, IgG2,
Frontiers in Immunology | www.frontiersin.org 474
IgG3 or IgG4 and Supplementary Figure S1 shows a column
chart of the data in Figure 1.

The major glycan observed for each immunoglobulin subtype
was a fucosylated biantennary glycan with single or double
galactose residues, with or without a bisecting N-acetyl
glucosamine (Figure 2). It is noted that the glycan profile
observed from both samples was consistent with the glycan
profile observed by other methods for these proteins (16, 53–59).
Simultaneous Analysis of the Glycans on
IgG, IgG1, IgG2, IgG3 and IgG4 in Patients
With Liver Fibrosis
As previously reported, the glycosylation of IgG is altered with the
development of liver fibrosis and cirrhosis and therefore can be
used as a non-invasive measure of liver disease (11, 16, 18, 20, 30).
Thus, the GlycoTyper method described in Figure 1 was used for
the analysis of a cohort of patients with biopsy confirmed fibrosis
(Table 1). In total, 38 healthy individuals with no evidence of liver
disease, 3 patients with stage 0 fibrosis (METAVIR), 10 patients
with stage 1 fibrosis (METAVIR), 18 patients with stage 2 fibrosis
(METAVIR), 6 patients with stage 3 fibrosis (METAVIR) and 37
patients with stage 4 fibrosis (METAVIR) were analyzed using
this method. Because of the limited patient number, we grouped
samples into three categories: i) those who are healthy with no
fibrosis (healthy & METAVIR stage 0; n=41), ii) those with early
to moderate fibrosis (METAVIR stages 1&2, n=28), and iii) those
FIGURE 1 | GlycoTyper workflow for the glycan analysis of antibody captured glycoproteins. The first step is the creation of the antibody array using the desired
antibodies immobilized on nitrocellulose coated slides (A). Subsequently, the antibody array is incubated with either diluted serum or any other protein mixture (B).
Slides are washed after protein capture using a mass spectrometry compatible detergent before glycan are released by application of a thin coating of recombinant
PNGase F to the slide (C). MALDI matrix is applied to the tissue and the slide imaged using a MALDI-Mass spectrometer (D, E).
February 2022 | Volume 13 | Article 797460
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with severe fibrosis and cirrhosis (METAVIR stage 3&4; n=43).
Table 2 lists those glycans that were statistically different (p<0.05)
between the three patient groups. Glycans are classified as those
that were altered in early-stage fibrosis only (as compared to
healthy or stage 0 fibrosis) and do not alter further with fibrosis
progression, glycans which alter only with the progression to
significant fibrosis, and those glycans that are altered with both
the development of early fibrosis and again with more significant
fibrosis. Figure 3 shows examples of three glycans that were
altered on IgG, IgG1 and IgG3. One of the glycans with the
greatest changes included a core fucosylated agalactosylated bi-
antennary glycan with a bisecting N-acetyl glucosamine
(A2BG0F, Figures 3A, B). As Figure 3A shows, this glycan was
found at low levels in either healthy patients or patients with stage
0 fibrosis but increased dramatically in those with cirrhosis
(Figure 3B). A2BG0F was found to increase in abundance in
those patients with significant fibrosis/cirrhosis (Group 2), on
both total IgG (Figures 3A, B) and to a lesser degree IgG1 and
IgG3 (data not shown). In contrast, the A2G1F, a core fucosylated
bi-antennary glycan with a single galactose residue found on
IgG1, decreased in those patients with fibrosis (Figures 3C, D).
Similarly, A2BG1F, a core fucosylated bi-antennary glycan with a
single galactose residue and a bisecting N-acetyl glucosamine,
found on IgG3 also decreased in those patients with fibrosis
TABLE 2 | Glycans that differentiate either early fibrosis from healthy, late fibrosis
from early fibrosis or both.

Early Late Early and Later

G4.A2G0F G4.A2BG2F G4.A2BG0F
G4.A2G1 G.A2BG2F G.A2G0F
G4.A2G1F G1.A2G0F G.A2BG0F
G4.A2G2F G3.A2G2F G.A2BG2F
G. A2BG0F G1.A2BG0F
G1.A2G2F G3.A2BG0F
G2.A2G0F
G2.A2G0F
G2.A2G1
G2.A2G1F
G2.A2G2F
G2.A2BG1F
G2.A2BG2F
G3.A2G0F
G3.A2G1F
G3.A2G2F
For glycan names, the Oxford notation is used (51). All N-glycans have two core
GlcNAcs and three mannose residues that make up the trimannosyl core; F indicates a
core fucose; Ax, where x- number of antenna (GlcNAc) on the trimannosyl core; Gx,
where x- number of linked galactose on antenna; Sx, where x- number of sialic acids
linked to galactose. Using the G4.A2BG0F glycan as an example, G4 refers to IgG4, A2
indicates a bi-antennary glycan, the G0 indicates zero galactose residues, B represents
the presence of a bisecting N-acetylglucosamine (GlcNAc), and the F indicated the
presence of a fucose.
FIGURE 2 | Glycan analysis of antibody captured IgG, IgG1, IgG2, IgG3 and IgG4 from either purchased purified protein (top) or from normal human serum (bottom).
Glycans are presented as a function of the total glycan profile. For glycans, the Oxford notation is based on building up N-glycan structures and it can be used to denote
all glycans (51). All N-glycans have two core GlcNAcs and three mannose residues that make up the trimannosyl core; F indicates a core fucose; Ax, where x- number of
antenna (GlcNAc) on the trimannosyl core; Gx, where x- number of linked galactose on antenna; Sx, where x- number of sialic acids linked to galactose.
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(Figures 3E, F). As Figures 3E, F demonstrate, this glycan was
found at high levels in either healthy patients or patients with
stage 0 fibrosis but was reduced dramatically in those with
cirrhosis (Figure 3F).

The expression levels of both of these glycans also varied
within the larger patient groups. In the case of IgG, the A2BG0F
glycan increased from Group 1 to Group 2 and was the highest in
Group 3, showing increased levels with increased fibrosis
(Figure 3G). In contrast, IgG1 associated A2G1F glycan was
reduced in patients with both limited and severe fibrosis and did
not correlate with the state offibrosis (Figure 3H). Other glycans
such as the A2BG1F glycan on IgG3, was only reduced in
patients with more significant fibrosis (Group 3, Figure 3I). A
complete list of glycans that were altered in both those with mild
to moderate fibrosis and those glycans altered with more
significant fibrosis are shown in Table 2.

Development of a Model to Determine the
Level of Liver Fibrosis in Individuals Based
Upon the IgG Glycan Profile
Based on our previous algorithm development work for the early
detection of HCC (34, 60–62), we developed a random forest
algorithm that could be used to differentiate individuals with early
fibrosis (Group 2) from healthy controls (Group 1) as well as
identify late fibrosis patients (Group 3) from those with early
Frontiers in Immunology | www.frontiersin.org 676
fibrosis (Group 2). Supplementary Table S2 shows the glycans
that were found to be associated with IgG, IgG1, IgG2, IgG3 or
IgG4 in all patient groups along with the results following
ANOVA analysis. Although there were 50 glycans on the five
subtypes of IgG that were altered with the development of liver
fibrosis, many of these were associated and thus, only seven
glycans on four glycoproteins were used to build and test the
model. These are shown in Supplementary Tables S3, S4 and
include, A2G2F and A2BG0F on IgG, A2G1F and A2G2S1 on
IgG1, A2G1F and A2G0F on IgG2 and A2BG1F on IgG3.
Figure 4A shows the AUC (area under the curve) of the model
following leave one out cross validation (LOOCV) when
differentiating Group 1 (healthy and stage 0) from those with
early or moderate fibrosis (Group 2; METAVIR stage 1 or 2). The
AUC was 0.9530 (95%CI: 0.9008-1.0) for differentiating these two
groups with a sensitivity of 94% at 90% specificity. Similar results
were obtained using three-fold cross validation (3CV) (data not
shown). When we compared those with early to moderate fibrosis
(stage 1&2) to those with severe fibrosis or cirrhosis (stage 3 & 4),
the AUC was 0.9377 (95%CI: 0.8819-0.9935) with a sensitivity of
84% at 90% specificity (Figure 4B). A further comparison was
made to demonstrate that the AUC for differentiating those with
no liver disease from those with significant fibrosis/cirrhosis
(Figure 4C) and in this case, the AUC was 0.9745 (95%CI:
0.9415-1) with 98% sensitivity at 90% specificity. The
A B

C D

E F

G H I

FIGURE 3 | Glycan alterations on immunoglobulins correlate with the level of liver fibrosis. Panels A and B show the imaging analysis for the A2BG0F glycan on IgG
from either Group 1 patients (A) or Group 3 patients (B). (C, D) show the imaging analysis for the A2G1F glycan on IgG1 from either Group 1 patients (C) or Group
2 patients (D). (E, F) show the imaging analysis for the A2BG1F glycan on IgG3 from either Group 1 patients (E) or Group 3 patients (F). Panels G, H, and I show
box and whiskers plots of the IgG A2BG0F glycan (G), the IgG1 A2G1F glycan (H), or the IgG3 A2BG1F (I) glycan in all patients from all three groups.
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sensitivity, specificity, positive and negative predictive values of
the assay for differentiating the different groups are shown in
Supplementary Tables S5–S7. In addition, a comparison between
our assay and other noninvasive assays for the detection of liver
fibrosis is shown in Supplementary Table S8. It is noted that in
Supplementary Table S8 the assay performance for the detection
of ≥2 fibrosis or ≥4 fibrosis is compared, as these are the data most
often presented for other markers.

We also examined the ability of these glycans (Supplementary
Figure S1) to differentiate different groups of patients, specifically,
those with no or early fibrosis (healthy and stage 0&1) from those
with moderate to significant fibrosis (stage 2&3) and those with
cirrhosis (stage 4) from those with moderate to significant fibrosis
(stage 2&3). The AUC was 0.8464 (95%CI: 0.7576- 0.9352) for
differentiating those with no or early fibrosis (healthy versus stage
0&1) from those with moderate to significant fibrosis (stage 2&3)
but 0.9673 (95%CI: 0.93-1.0) when differentiating cirrhosis from
moderate to significant fibrosis. These findings highlight that
changes in IgG glycosylation can be observed via the
GlycoTyper method and used to determine the level of liver
fibrosis in individuals with liver disease.
DISCUSSION

The GlycoTyper is an imaging mass spectrometry platform for the
multiplexed detection of N-glycans from individual glycoproteins.
This method is suitable for the analysis of immunoglobulin
molecules from a wide variety of biological samples. The
development of this technique was based on a well-established
protocol for enzymatic release of N-glycans from tissue sections for
MALDI IMS (63). In this platform, antibodies are essential for the
specific capture of glycoprotein targets from a complex biological
mixture, similar to an ELISA. However, unlike an ELISA, no
secondary antibody or lectin is needed for this methodology as
mass spectrometry provides sensitive and molecular specific
detection of distinct N-glycans. Antibody capture also negates the
Frontiers in Immunology | www.frontiersin.org 777
need for sample cleanup prior to MS analysis, which can be
extensive (64).

We applied the GlycoTyper platform to the analysis of IgG
glycans from patients with liver disease. As stated, changes in the
glycosylation of immunoglobulins have been associated with
liver fibrosis and cirrhosis previously and in many cases, those
changes were detected with lectins or other indirect or laborious
methods (16, 56). The results presented here show that these
changes can be observed via the GlycoTyper method and
furthermore, that these can be used to determine the level of
liver fibrosis in individuals with liver disease. One of the major
changes observed was an increase in the level of IgG associated
glycans devoid of terminal galactose residues (Figure 3). This is a
change that has been observed before and exploited with lectins
(16). However, this was only one of numerous subtype specific
glycan changes that were observed (Figure 3). These subtype
specific glycan changes were used to create a diagnostic
algorithm that could classify the level of fibrosis in individuals
with high accuracy and specificity. It is noted that other
glycoproteins have altered glycans in liver fibrosis and the
methods described here could easily be applied to the analysis
of those glycoproteins as well (65–69).

Our study was limited in part by the relatively small number
of patients with histologically proven early stage liver disease
(Table 1). This required clustering multiple patient groups
together for further analysis. Consequently, patients were
grouped into those with no fibrosis (Group 1), those with early
to moderate fibrosis (Group 2) or late-stage fibrosis or cirrhosis
(Group 3). We also attempted to classify patients into those with
no to early fibrosis (healthy, stage 0&1), moderate to severe
fibrosis (stage 2&3) and cirrhosis (stage 4). However, as shown in
Supplementary Figure S2, diagnostic performance was poor in
differentiating those with zero to early fibrosis from those with
moderate to severe fibrosis. This was primarily the result of the
stage 1 patients having an immunoglobulin glycan profile that
was more similar to stage 2 patients than to stage 0 or healthy
patients. This is an important point and clearly indicates that the
A B C

FIGURE 4 | A Diagnostic algorithm based upon IgG glycans can identify the degree of fibrosis in patients with liver disease. AUROC for the differentiation of (A)
group 1 (no fibrosis) versus group 2 (early to moderate fibrosis); (B) group 2 versus group 3 (significant fibrosis or cirrhosis); or (C) group 1 versus group 3.
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changes in glycosylation observed on immunoglobulins occurs
early in fibrosis development. It is also noted that excellent
discriminatory ability was observed between those with
moderate to severe fibrosis and cirrhosis. However, this is most
likely driven by the small number of patients with severe fibrosis
(n=6) and the large glycan difference observed in patients with
cirrhosis and moderate fibrosis. Larger, more diverse studies that
include patients with different types of clinical liver diseases and
a direct comparison to other non-invasive tests for cirrhosis
required (3, 11, 70–73)

In conclusion, this study establishes a clinical rationale for
integrating direct analysis of IgG glycans for the active
management of people with liver disease. The diagnostic
performance of this method was dramatically greater than other
non-invasive tests for liver fibrosis (Supplementary Table S8),
such as FIB4, APRI and even tests that look at IgG glycans (11, 16,
74). One reason for this is the ability to not just look at total IgG but
also the specific IgG sub-classes, which has not been performed
before, as such studies were not technically feasible for large patient
cohorts. Thus, the methods described here are not only useful as a
research tool for the analysis of protein specific glycosylation but
also represents a new diagnostic platform that will allow for the true
diagnostic potential of N-linked glycans to be developed.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants was reviewed and
approved by the University of South California at San Diego
and Medical University of South Carolina Review Board. The
patients/participants provided their written informed consent to
participate in research studies.
Frontiers in Immunology | www.frontiersin.org 878
AUTHOR CONTRIBUTIONS

DS was involved in performance of assay, assay design, data
analysis and writing of manuscript. MW was responsible of
statistics and algorithm development. SG and SP were involved
in performance of assay. AB was responsible for experimental
design and assay development. PA, RD, and SC were involved in
conceptualization of assay, data analysis and writing of
manuscript. YK and DR provided samples for patient analysis,
data analysis, editing of manuscript. AM was involved with
conceptualization of assay design, data analysis and writing of
manuscript. All authors contributed to the article and approved
the submitted version.
FUNDING

NIH/NIDDK: R41 DK124058. The goal is to develop a mass
spectrometry based method for the detection of liver fibrosis.
NIH/NCI: U01 CA242096. The goals of the grant are to develop
rapid glycan analysis workflows using basic MALDI-TOF MS
instrumentation common to most institutions. Slide-based
analysis of N-glycans from immunoglobulin classes, immune
cells and cells grown in culture on slides is emphasized. NIH/
NCI: R01CA237659. The goal of this grant is to develop and
validate a promising biomarker for the early detection of
hepatocellular carcinoma. NIH/NCI: U01 CA226052. The goals
are to determine the genetic basis of alterations in N-linked
glycosylation observed (fucose or tetra-antennary glycan) in liver
cancer typed by genetic classifications, and determine serum
glycoproteins that directly reflect these changes for use as
cancer biomarkers.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.797460/
full#supplementary-material
REFERENCES

1. Rockey DC, Bell PD, Hill JA. Fibrosis–a Common Pathway to Organ Injury
and Failure. N Engl J Med (2015) 372:1138–49. doi: 10.1056/NEJMra1300575

2. Fung SK, Lok AS. Management of Hepatitis B Patients With Antiviral
Resistance. Antivir Ther (2004) 9:1013–26.

3. Sterling RK, Lissen E, Clumeck N, Sola R, Correa MC, Montaner J, et al.
Development of a Simple Noninvasive Index to Predict Significant Fibrosis in
Patients With HIV/HCV Coinfection. Hepatology (2006) 43:1317–25. doi:
10.1002/hep.21178

4. Kweon YO, Goodman ZD, Dienstag JL, Schiff ER, Brown NA, Burchardt E,
et al. Decreasing Fibrogenesis: An Immunohistochemical Study of Paired
Liver Biopsies Following Lamivudine Therapy for Chronic Hepatitis B.
J Hepatol (2001) 35:749–55. doi: 10.1016/S0168-8278(01)00218-5

5. Sherman M. Hepatocellular Carcinoma: Epidemiology, Risk Factors, and
Screening. Semin Liver Dis (2005) 25:143–54. doi: 10.1055/s-2005-871194

6. Liaw YF. Results of Lamivudine Trials in Asia. J Hepatol (2003) 39(Suppl 1):
S111–5. doi: 10.1016/S0168-8278(03)00155-7
7. Rockey DC, Caldwell SH, Goodman ZD, Nelson RC, Smith ADAmerican
Association for the Study of Liver, D. Liver Biopsy. Hepatology (2009)
49:1017–44. doi: 10.1002/hep.22742

8. Mehta A, Block TM. Fucosylated Glycoproteins as Markers of Liver Disease.
Dis Markers (2008) 25:259–65. doi: 10.1155/2008/264594

9. Gudelj I, Lauc G, Pezer M. Immunoglobulin G Glycosylation in Aging and
Diseases. Cell Immunol (2018) 333:65–79. doi: 10.1016/j.cellimm.2018.07.009

10. Callewaert N, Schollen E, Vanhecke A, Jaeken J, Matthijs G, Contreras R.
Increased Fucosylation and Reduced Branching of Serum Glycoprotein N-
Glycans in All Known Subtypes of Congenital Disorder of Glycosylation I.
Glycobiology (2003) 13:367–75. doi: 10.1093/glycob/cwg040

11. Callewaert N, VanVlierbergheH, VanHecke A, LaroyW, Delanghe J, Contreras
R. Noninvasive Diagnosis of Liver Cirrhosis Using DNA Sequencer Based Total
Serum Protein Glycomics. Nat Med (2004) 10:429–34. doi: 10.1038/nm1006

12. Block TM, Comunale MA, Lowman M, Steel LF, Romano PR, Fimmel C, et al.
Use of Targeted Glycoproteomics to Identify Serum Glycoproteins That
Correlate With Liver Cancer in Woodchucks and Humans. Proc Natl Acad
Sci USA (2005) 102:779–84. doi: 10.1073/pnas.0408928102
February 2022 | Volume 13 | Article 797460

https://www.frontiersin.org/articles/10.3389/fimmu.2022.797460/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.797460/full#supplementary-material
https://doi.org/10.1056/NEJMra1300575
https://doi.org/10.1002/hep.21178
https://doi.org/10.1016/S0168-8278(01)00218-5
https://doi.org/10.1055/s-2005-871194
https://doi.org/10.1016/S0168-8278(03)00155-7
https://doi.org/10.1002/hep.22742
https://doi.org/10.1155/2008/264594
https://doi.org/10.1016/j.cellimm.2018.07.009
https://doi.org/10.1093/glycob/cwg040
https://doi.org/10.1038/nm1006
https://doi.org/10.1073/pnas.0408928102
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Scott et al. GlycoFibrotyper Method for IgG Glycan Analysis
13. Marrero JA, Romano PR, Nikolaeva O, Steel L, Mehta A, Fimmel CJ, et al.
GP73, a Resident Golgi Glycoprotein, Is a Novel Serum Marker for
Hepatocellular Carcinoma. J Hepatol (2005) 43:1007–12. doi: 10.1016/
j.jhep.2005.05.028

14. Comunale MA, Lowman M, Long RE, Krakover J, Philip R, Seeholzer S, et al.
Proteomic Analysis of Serum Associated Fucosylated Glycoproteins in the
Development of Primary Hepatocellular Carcinoma. J Proteome Res (2006)
5:308–15. doi: 10.1021/pr050328x

15. Liu XE, Desmyter L, Gao CF, Laroy W, Dewaele S, Vanhooren V, et al.
N-Glycomic Changes in Hepatocellular Carcinoma Patients With Liver
Cirrhosis Induced by Hepatitis B Virus. Zhonghua gan zang Bing Za Zhi =
Zhonghua Ganzangbing Zazhi = Chin J Hepatol (2008) 16:74–5. doi: 10.1002/
hep.21855

16. Mehta AS, Long RE, Comunale MA, Wang M, Rodemich L, Krakover J, et al.
Increased Levels of Galactose-Deficient Anti-Gal Immunoglobulin G in the
Sera of Hepatitis C Virus-Infected Individuals With Fibrosis and Cirrhosis.
J Virol (2008) 82:1259–70. doi: 10.1128/JVI.01600-07

17. Norton PA, Comunale MA, Krakover J, Rodemich L, Pirog N, D’amelio A,
et al. N-Linked Glycosylation of the Liver Cancer Biomarker GP73. J Cell
Biochem (2008) 104:136–49. doi: 10.1002/jcb.21610

18. Blomme B, Van Steenkiste C, Callewaert N, Van Vlierberghe H. Alteration of
Protein Glycosylation in Liver Diseases. J Hepatol (2009) 50:592–603. doi:
10.1016/j.jhep.2008.12.010

19. Comunale MA, Wang M, Hafner J, Krakover J, Rodemich L, Kopenhaver B,
et al. Identification and Development of Fucosylated Glycoproteins as
Biomarkers of Primary Hepatocellular Carcinoma. J Proteome Res (2009)
8:595–602. doi: 10.1021/pr800752c

20. Vanderschaeghe D, Laroy W, Sablon E, Halfon P, Van Hecke A, Delanghe J,
et al. Glycofibrotest Is a Highly Performant Liver Fibrosis Biomarker Derived
From DNA Sequencer-Based Serum Protein Glycomics. Mol Cell Proteomics:
MCP (2009) 8:986–94. doi: 10.1074/mcp.M800470-MCP200

21. Wang M, Long RE, Comunale MA, Junaidi O, Marrero J, Di Bisceglie AM,
et al. Novel Fucosylated Biomarkers for the Early Detection of Hepatocellular
Carcinoma: A Publication of the American Association for Cancer Research,
Cosponsored by the American Society of Preventive Oncology. Cancer
Epidemiol Biomarkers Prev (2009) 18:1914–21. doi: 10.1158/1055-9965.EPI-
08-0980

22. Comunale MA, Rodemich-Betesh L, Hafner J, Wang M, Norton P, Di
Bisceglie AM, et al. Linkage Specific Fucosylation of Alpha-1-Antitrypsin in
Liver Cirrhosis and Cancer Patients: Implications for a Biomarker of
Hepatocellular Carcinoma. PloS One (2010) 5:e12419. doi: 10.1371/
journal.pone.0012419

23. Debruyne EN, Vanderschaeghe D, Van Vlierberghe H, Vanhecke A,
Callewaert N, Delanghe JR. Diagnostic Value of the Hemopexin N-Glycan
Profile in Hepatocellular Carcinoma Patients. Clin Chem (2010) 56:823–31.
doi: 10.1373/clinchem.2009.139295

24. Vanderschaeghe D, Szekrenyes A, Wenz C, Gassmann M, Naik N, Bynum
M, et al. High-Throughput Profiling of the Serum N-Glycome on
Capillary Electrophoresis Microfluidics Systems: Toward Clinical
Implementation of Glycohepatotest. Anal Chem (2010) 82:7408–15. doi:
10.1021/ac101560a

25. Blomme B, Van Steenkiste C, Grassi P, Haslam SM, Dell A, Callewaert N, et al.
Alterations of Serum Protein N-Glycosylation in Two Mouse Models of
Chronic Liver Disease Are Hepatocyte and Not B Cell Driven. Am J Physiol
Gastrointest Liver Physiol (2011) 300:G833–42. doi: 10.1152/ajpgi.00228.2010

26. Comunale MA, Wang M, Rodemich-Betesh L, Hafner J, Lamontagne A, Klein
A, et al. Novel Changes in Glycosylation of Serum Apo-J in Patients With
Hepatocellular Carcinoma. Cancer Epidemiol Biomarkers Prev (2011)
20:1222–9. doi: 10.1158/1055-9965.EPI-10-1047

27. Blomme B, Francque S, Trepo E, Libbrecht L, Vanderschaeghe D, Verrijken A,
et al. N-Glycan Based Biomarker Distinguishing Non-Alcoholic
Steatohepatitis From Steatosis Independently of Fibrosis. Dig Liver Dis
(2012) 44:315–22. doi: 10.1016/j.dld.2011.10.015

28. Mehta A, Norton P, Liang H, Comunale MA, Wang M, Rodemich-Betesh L,
et al. Increased Levels of Tetra-Antennary N-Linked Glycan But Not Core
Fucosylation Are Associated With Hepatocellular Carcinoma Tissue. Cancer
Epidemiol Biomarkers Prev (2012) 21:925–33. doi: 10.1158/1055-9965.EPI-11-
1183
Frontiers in Immunology | www.frontiersin.org 979
29. Comunale MA, Wang M, Anbarasan N, Betesh L, Karabudak A, Moritz E,
et al. Total Serum Glycan Analysis Is Superior to Lectin-FLISA for the Early
Detection of Hepatocellular Carcinoma. Proteomics Clin Appl (2013) 7:690–
700. doi: 10.1002/prca.201200125

30. Lamontagne A, Long RE, Comunale MA, Hafner J, Rodemich-Betesh L, Wang
M, et al. Altered Functionality of Anti-Bacterial Antibodies in Patients With
Chronic Hepatitis C Virus Infection. PloS One (2013) 8:e64992. doi: 10.1371/
journal.pone.0064992

31. Vanderschaeghe D, Debruyne E, Van Vlierberghe H, Callewaert N, Delanghe
J. CE Analysis of Gamma-Globulin Mobility and Potential Clinical Utility.
Methods Mol Biol (2013) 919:249–57. doi: 10.1007/978-1-62703-029-8_22

32. Betesh L, Comunale MA, Wang M, Liang H, Hafner J, Karabudak A, et al.
Identification of Fucosylated Fetuin-a as a Potential Biomarker for
Cholangiocarcinoma. Proteomics Clin Appl (2017) 11:9–10. doi: 10.1002/
prca.201600141

33. Verhelst X, Vanderschaeghe D, Castera L, Raes T, Geerts A, Francoz C, et al. A
Glycomics-Based Test Predicts the Development of Hepatocellular
Carcinoma in Cirrhosis. Clin Cancer Res (2017) 23:2750–8. doi: 10.1158/
1078-0432.CCR-16-1500

34. Wang M, Sanda M, Comunale MA, Herrera H, Swindell C, Kono Y, et al.
Changes in the Glycosylation of Kininogen and the Development of a
Kininogen-Based Algorithm for the Early Detection of HCC. Cancer
Epidemiol Biomarkers Prev (2017) 26:795–803. doi: 10.1158/1055-9965.EPI-
16-0974

35. Powers TW, Neely BA, Shao Y, Tang H, Troyer DA, Mehta AS, et al. MALDI
Imaging Mass Spectrometry Profiling of N-Glycans in Formalin-Fixed
Paraffin Embedded Clinical Tissue Blocks and Tissue Microarrays. PloS One
(2014) 9:e106255. doi: 10.1371/journal.pone.0106255

36. Powers TW, Holst S, Wuhrer M, Mehta AS, Drake RR. Two-Dimensional N-
Glycan Distribution Mapping of Hepatocellular Carcinoma Tissues by
MALDI-Imaging Mass Spectrometry. Biomolecules (2015) 5:2554–72. doi:
10.3390/biom5042554

37. Drake RR, Powers TW, Jones EE, Bruner E, Mehta AS, Angel PM. MALDI
Mass Spectrometry Imaging of N-Linked Glycans in Cancer Tissues. Adv
Cancer Res (2017) 134:85–116. doi: 10.1016/bs.acr.2016.11.009

38. Drake RR, Powers TW, Norris-Caneda K, Mehta AS, Angel PM. In Situ
Imaging of N-Glycans by MALDI Imaging Mass Spectrometry of Fresh or
Formalin-Fixed Paraffin-Embedded Tissue. Curr Protoc Protein Sci (2018) 94:
e68. doi: 10.1002/cpps.68

39. Drake RR, West CA, Mehta AS, Angel PM. MALDI Mass Spectrometry
Imaging of N-Linked Glycans in Tissues. Adv Exp Med Biol (2018) 1104:59–
76. doi: 10.1007/978-981-13-2158-0_4

40. West CA, Wang M, Herrera H, Liang H, Black A, Angel PM, et al. N-Linked
Glycan Branching and Fucosylation Are Increased Directly in Hcc Tissue as
Determined Through in Situ Glycan Imaging. J Proteome Res (2018) 17:3454–
62. doi: 10.1021/acs.jproteome.8b00323

41. Black AP, Angel PM, Drake RR, Mehta AS. Antibody Panel Based N-Glycan
Imaging for N-Glycoprotein Biomarker Discovery. Curr Protoc Protein Sci
(2019) 98:e99. doi: 10.1002/cpps.99

42. Black AP, Liang H, West CA, Wang M, Herrera HP, Haab BB, et al. A Novel
Mass Spectrometry Platform for Multiplexed N-Glycoprotein Biomarker
Discovery From Patient Biofluids by Antibody Panel Based N-Glycan
Imaging. Anal Chem (2019) 91:8429–35. doi: 10.1021/acs.analchem.9b01445

43. Scott DA, Casadonte R, Cardinali B, Spruill L, Mehta AS, Carli F, et al.
Increases in Tumor N-Glycan Polylactosamines Associated With Advanced
HER2-Positive and Triple-Negative Breast Cancer Tissues. Proteomics Clin
Appl (2019) 13:e1800014. doi: 10.1002/prca.201800014

44. Scott DA, Norris-Caneda K, Spruill L, Bruner E, Kono Y, Angel PM, et al.
Specific N-Linked Glycosylation Patterns in Areas of Necrosis in Tumor
Tissues. Int J Mass Spectrom (2019) 437:69–76. doi: 10.1016/j.ijms.2018.01.002

45. Blaschke CRK, Black AP, Mehta AS, Angel PM, Drake RR. Rapid N-Glycan
Profiling of Serum and Plasma by a Novel Slide-Based Imaging Mass
Spectrometry Workflow. J Am Soc Mass Spectrom (2020) 12:2511–20. doi:
10.1021/jasms.0c00213

46. Drake RR, Mcdowell C, West C, David F, Powers TW, Nowling T, et al.
Defining the Human Kidney N-Glycome in Normal and Cancer Tissues Using
MALDI Imaging Mass Spectrometry. J Mass Spectrom (2020) 55:e4490. doi:
10.1002/jms.4490
February 2022 | Volume 13 | Article 797460

https://doi.org/10.1016/j.jhep.2005.05.028
https://doi.org/10.1016/j.jhep.2005.05.028
https://doi.org/10.1021/pr050328x
https://doi.org/10.1002/hep.21855
https://doi.org/10.1002/hep.21855
https://doi.org/10.1128/JVI.01600-07
https://doi.org/10.1002/jcb.21610
https://doi.org/10.1016/j.jhep.2008.12.010
https://doi.org/10.1021/pr800752c
https://doi.org/10.1074/mcp.M800470-MCP200
https://doi.org/10.1158/1055-9965.EPI-08-0980
https://doi.org/10.1158/1055-9965.EPI-08-0980
https://doi.org/10.1371/journal.pone.0012419
https://doi.org/10.1371/journal.pone.0012419
https://doi.org/10.1373/clinchem.2009.139295
https://doi.org/10.1021/ac101560a
https://doi.org/10.1152/ajpgi.00228.2010
https://doi.org/10.1158/1055-9965.EPI-10-1047
https://doi.org/10.1016/j.dld.2011.10.015
https://doi.org/10.1158/1055-9965.EPI-11-1183
https://doi.org/10.1158/1055-9965.EPI-11-1183
https://doi.org/10.1002/prca.201200125
https://doi.org/10.1371/journal.pone.0064992
https://doi.org/10.1371/journal.pone.0064992
https://doi.org/10.1007/978-1-62703-029-8_22
https://doi.org/10.1002/prca.201600141
https://doi.org/10.1002/prca.201600141
https://doi.org/10.1158/1078-0432.CCR-16-1500
https://doi.org/10.1158/1078-0432.CCR-16-1500
https://doi.org/10.1158/1055-9965.EPI-16-0974
https://doi.org/10.1158/1055-9965.EPI-16-0974
https://doi.org/10.1371/journal.pone.0106255
https://doi.org/10.3390/biom5042554
https://doi.org/10.1016/bs.acr.2016.11.009
https://doi.org/10.1002/cpps.68
https://doi.org/10.1007/978-981-13-2158-0_4
https://doi.org/10.1021/acs.jproteome.8b00323
https://doi.org/10.1002/cpps.99
https://doi.org/10.1021/acs.analchem.9b01445
https://doi.org/10.1002/prca.201800014
https://doi.org/10.1016/j.ijms.2018.01.002
https://doi.org/10.1021/jasms.0c00213
https://doi.org/10.1002/jms.4490
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Scott et al. GlycoFibrotyper Method for IgG Glycan Analysis
47. West CA, Liang H, Drake RR, Mehta AS. New Enzymatic Approach to
Distinguish Fucosylation Isomers of N-Linked Glycans in Tissues Using
MALDI Imaging Mass Spectrometry. J Proteome Res (2020) 19(8):2989–96.
doi: 10.1021/acs.jproteome.0c00024

48. Delacourt A, Black A, Angel P, Drake R, Hoshida Y, Singal A, et al. N-Glycosylation
Patterns Correlate With Hepatocellular Carcinoma Genetic Subtypes. Mol Cancer
Res (2021) 19(11):1686–77. doi: 10.1158/1541-7786.MCR-21-0348

49. Goodman ZD. Grading and Staging Systems for Inflammation and Fibrosis in
Chronic Liver Diseases. J Hepatol (2007) 47:598–607. doi: 10.1016/
j.jhep.2007.07.006

50. Marrero JA, Fontana RJ, Su GL, Conjeevaram HS, Emick DM, Lok AS.
NAFLD may be a Common Underlying Liver Disease in Patients With
Hepatocellular Carcinoma in the United States. Hepatology (2002) 36:1349–
54. doi: 10.1002/hep.1840360609

51. Harvey DJ, Merry AH, Royle L, Campbell MP, Dwek RA, Rudd PM. Proposal
for a Standard System for Drawing Structural Diagrams of N- and O-Linked
Carbohydrates and Related Compounds. Proteomics (2009) 9:3796–801. doi:
10.1002/pmic.200900096

52. Hoeffding W. A Non-Parametric Test of Independence. AnnMath Stat (1948)
19:546–57. doi: 10.1214/aoms/1177730150

53. Malhotra R, Wormald MR, Rudd PM, Fischer PB, Dwek RA, Sim RB.
Glycosylation Changes of Igg Associated With Rheumatoid Arthritis can
Activate Complement via the Mannose-Binding Protein. Nat Med (1995)
1:237–43. doi: 10.1038/nm0395-237

54. Wormald MR, Rudd PM, Harvey DJ, Chang SC, Scragg IG, Dwek RA.
Variations in Oligosaccharide-Protein Interactions in Immunoglobulin G
Determine the Site-Specific Glycosylation Profiles and Modulate the
Dynamic Motion of the Fc Oligosaccharides. Biochemistry (1997) 36:1370–
80. doi: 10.1021/bi9621472

55. Saphire EO, Stanfield RL, Crispin MD, Morris G, Zwick MB, Pantophlet RA,
et al. Crystal Structure of an Intact Human IgG: Antibody Asymmetry,
Flexibility, and a Guide for HIV-1 Vaccine Design. Adv Exp Med Biol
(2003) 535:55–66. doi: 10.1007/978-1-4615-0065-0_4

56. Saldova R, Royle L, Radcliffe CM, Abd Hamid UM, Evans R, Arnold JN, et al.
Ovarian Cancer Is Associated With Changes in Glycosylation in Both Acute-
Phase Proteins and IGG. Glycobiology (2007) 17:1344–56. doi: 10.1093/
glycob/cwm100

57. Bones J, Mittermayr S, O’donoghue N, Guttman A, Rudd PM. Ultra
Performance Liquid Chromatographic Profiling of Serum N-Glycans for
Fast and Efficient Identification of Cancer Associated Alterations in
Glycosylation. Anal Chem (2010) 82:10208–15. doi: 10.1021/ac102860w

58. Pucic M, Knezevic A, Vidic J, Adamczyk B, Novokmet M, Polasek O, et al.
High Throughput Isolation and Glycosylation Analysis of Igg-Variability and
Heritability of the IGG Glycome in Three Isolated Human Populations. Mol
Cell Proteomics (2011) 10:M111 010090. doi: 10.1074/mcp.M111.010090

59. Coss KP, Byrne JC, Coman DJ, Adamczyk B, Abrahams JL, Saldova R, et al.
Igg N-Glycans as Potential Biomarkers for Determining Galactose Tolerance
in Classical Galactosaemia.Mol Genet Metab (2012) 105:212–20. doi: 10.1016/
j.ymgme.2011.10.018

60. Wang M, Block TM, Marrero J, Di Bisceglie AM, Devarajan K, Mehta A.
(2012). Improved Biomarker Performance for the Detection of Hepatocellular
Carcinoma by Inclusion of Clinical Parameters. Proc IEEE Int Conf
Bioinformatics Biomed (2012) 10.1109/BIBM.2012.6392612. doi: 10.1109/
BIBM.2012.6392612

61. Wang M, Mehta A, Block TM, Marrero J, Di Bisceglie AM, Devarajan K. A
Comparison of Statistical Methods for the Detection of Hepatocellular
Carcinoma Based on Serum Biomarkers and Clinical Variables. BMC Med
Genomics (2013) 6:S9. doi: 10.1186/1755-8794-6-S3-S9

62. Wang M, Devarajan K, Singal AG, Marrero JA, Dai J, Feng Z, et al. The
Doylestown Algorithm: A Test to Improve the Performance of AFP in the
Detection of Hepatocellular Carcinoma. Cancer Prev Res (Phila) (2016) 9:172–
9. doi: 10.1158/1940-6207.CAPR-15-0186

63. Powers TW, Jones EE, Betesh LR, Romano PR, Gao P, Copland JA, et al.
Matrix Assisted Laser Desorption Ionization Imaging Mass Spectrometry
Workflow for Spatial Profiling Analysis of N-Linked Glycan Expression in
Tissues. Anal Chem (2013) 85:9799–806. doi: 10.1021/ac402108x
Frontiers in Immunology | www.frontiersin.org 1080
64. Ruhaak LR, Huhn C, Waterreus WJ, De Boer AR, Neususs C, Hokke CH,
et al. Hydrophilic Interaction Chromatography-Based High-Throughput
Sample Preparation Method for N-Glycan Analysis From Total Human
Plasma Glycoproteins. Anal Chem (2008) 80:6119–26. doi: 10.1021/
ac800630x

65. Shirabe K, Bekki Y, Gantumur D, Araki K, Ishii N, Kuno A, et al. Mac-2
Binding Protein Glycan Isomer (M2bpgi) Is a New Serum Biomarker for
Assessing Liver Fibrosis: More Than a Biomarker of Liver Fibrosis.
J Gastroenterol (2018) 53:819–26. doi: 10.1007/s00535-017-1425-z

66. Cao X, Shang QH, Chi XL, Zhang W, Xiao HM, Sun MM, et al. Serum N-
Glycan Markers for Diagnosing Liver Fibrosis Induced by Hepatitis B Virus.
World J Gastroenterol (2020) 26:1067–79. doi: 10.3748/wjg.v26.i10.1067

67. Higashi M, Yoshimura T, Usui N, Kano Y, Deguchi A, Tanabe K, et al. A
Potential Serum N-Glycan Biomarker for Hepatitis C Virus-Related Early-
Stage Hepatocellular Carcinoma With Liver Cirrhosis. Int J Mol Sci (2020)
21:8913–25. doi: 10.3390/ijms21238913

68. Ogawa K, Kobayashi T, Furukawa JI, Hanamatsu H, Nakamura A, Suzuki K,
et al. Tri-Antennary Tri-Sialylated Mono-Fucosylated Glycan of Alpha-1
Antitrypsin as a Non-Invasive Biomarker for Non-Alcoholic Steatohepatitis:
A Novel Glycobiomarker for Non-Alcoholic Steatohepatitis. Sci Rep (2020)
10:321. doi: 10.1038/s41598-019-56947-1

69. Verhelst X, Dias AM, Colombel JF, Vermeire S, Van Vlierberghe H,
Callewaert N, et al. Protein Glycosylation as a Diagnostic and Prognostic
Marker of Chronic Inflammatory Gastrointestinal and Liver Diseases.
Gastroenterology (2020) 158:95–110. doi: 10.1053/j.gastro.2019.08.060

70. Myers RP, Ratziu V, Imbert-Bismut F, Charlotte F, Poynard T. Biochemical
Markers of Liver Fibrosis: A Comparison With Historical Features in Patients
With Chronic Hepatitis C. Am J Gastroenterol (2002) 97:2419–25. doi:
10.1111/j.1572-0241.2002.05997.x

71. Myers RP, Benhamou Y, Imbert-Bismut F, Thibault V, Bochet M, Charlotte F,
et al. Serum Biochemical Markers Accurately Predict Liver Fibrosis in HIV
and Hepatitis C Virus Co-Infected Patients. Aids (2003) 17:721–5. doi:
10.1097/00002030-200303280-00010

72. Myers RP, De Torres M, Imbert-Bismut F, Ratziu V, Charlotte F, Poynard T.
Biochemical Markers of Fibrosis in Patients With Chronic Hepatitis C: A
ComparisonWith Prothrombin Time, Platelet Count, and Age-Platelet Index.
Dig Dis Sci (2003) 48:146–53. doi: 10.1023/A:1021702902681

73. Rossi E, Adams L, Prins A, Bulsara M, De Boer B, Garas G, et al. Validation of
the Fibrotest Biochemical Markers Score in Assessing Liver Fibrosis in
Hepatitis C Patients. Clin Chem (2003) 49:450–4. doi: 10.1373/49.3.450

74. Younes R, Caviglia GP, Govaere O, Rosso C, Armandi A, Sanavia T, et al.
Long-Term Outcomes and Predictive Ability of Non-Invasive Scoring
Systems in Patients With Non-Alcoholic Fatty Liver Disease. J Hepatol
(2021) 75:786–94. doi: 10.1016/j.jhep.2021.05.008

Conflict of Interest: DS, SC, and SP all work for GlycoPath Inc, who have licensed
technology from AM, PA, and RD for the glycan analysis of antibody captured
glycoproteins.

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Scott, Wang, Grauzam, Pippin, Black, Angel, Drake, Castellino,
Kono, Rockey and Mehta. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2022 | Volume 13 | Article 797460

https://doi.org/10.1021/acs.jproteome.0c00024
https://doi.org/10.1158/1541-7786.MCR-21-0348
https://doi.org/10.1016/j.jhep.2007.07.006
https://doi.org/10.1016/j.jhep.2007.07.006
https://doi.org/10.1002/hep.1840360609
https://doi.org/10.1002/pmic.200900096
https://doi.org/10.1214/aoms/1177730150
https://doi.org/10.1038/nm0395-237
https://doi.org/10.1021/bi9621472
https://doi.org/10.1007/978-1-4615-0065-0_4
https://doi.org/10.1093/glycob/cwm100
https://doi.org/10.1093/glycob/cwm100
https://doi.org/10.1021/ac102860w
https://doi.org/10.1074/mcp.M111.010090
https://doi.org/10.1016/j.ymgme.2011.10.018
https://doi.org/10.1016/j.ymgme.2011.10.018
https://doi.org/10.1109/BIBM.2012.6392612
https://doi.org/10.1109/BIBM.2012.6392612
https://doi.org/10.1186/1755-8794-6-S3-S9
https://doi.org/10.1158/1940-6207.CAPR-15-0186
https://doi.org/10.1021/ac402108x
https://doi.org/10.1021/ac800630x
https://doi.org/10.1021/ac800630x
https://doi.org/10.1007/s00535-017-1425-z
https://doi.org/10.3748/wjg.v26.i10.1067
https://doi.org/10.3390/ijms21238913
https://doi.org/10.1038/s41598-019-56947-1
https://doi.org/10.1053/j.gastro.2019.08.060
https://doi.org/10.1111/j.1572-0241.2002.05997.x
https://doi.org/10.1097/00002030-200303280-00010
https://doi.org/10.1023/A:1021702902681
https://doi.org/10.1373/49.3.450
https://doi.org/10.1016/j.jhep.2021.05.008
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
David Falck,

Leiden University Medical Center,
Netherlands

Reviewed by:
Eleonore Fröhlich,

Medical University of Graz, Austria
Markus Biburger,

Friedrich-Alexander-University
Erlangen-Nürnberg, Germany

*Correspondence:
Ewa Pocheć
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The N-glycome of immunoglobulin G (IgG), the most abundant glycoprotein in human
blood serum, reflects pathological conditions of autoimmunity and is sensitive to
medicines applied in disease therapy. Due to the high sensitivity of N-glycosylation, the
IgG N-glycan profile may serve as an indicator of an ongoing inflammatory process. The
IgG structure and its effector functions are strongly dependent on the composition of N-
glycans attached to the Fc fragment, and the binding of antigens is regulated by Fab sugar
moieties. Because of the crucial role of N-glycans in IgG function, remodeling of its N-
oligosaccharides can induce pathological changes that ultimately contribute to the
development of autoimmunity; restoration of their physiological structure is critical to
the reduction of disease symptoms. Our recently published data have shown that the
pathology of autoimmune thyroid diseases (AITDs), including Hashimoto’s thyroiditis (HT)
and Graves’ disease (GD), is accompanied by alterations of the composition of IgG N-
glycans. The present study is a more in-depth investigation of IgG glycosylation in both
AITDs, designed to determine the relationship between the severity of thyroid
inflammation and IgG N-glycan structures in HT, and to assess the impact of
immunosuppressive therapy on the N-glycan profile in GD patients. The study material
consisted of human serum samples collected from donors with elevated anti-thyroglobulin
(Tg) and/or anti-thyroperoxidase (TPO) IgGs without symptoms of hypothyroidism (n=68),
HT patients characterized by high autoantibody titers and advanced destruction of the
thyroid gland (n=113), GD patients with up-regulated IgG against thyroid-stimulating
hormone receptor (TSHR) before (n=62) and after (n=47) stabilization of TSH level as a
result of methimazole therapy (study groups), and healthy donors (control group, n=90).
IgG was isolated from blood serum using protein G affinity chromatography. N-glycans
were released from IgG by PNGase F digestion and analyzed by ultra-performance liquid
org March 2022 | Volume 13 | Article 841710181
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chromatography-mass spectrometry (UPLC-MS) after 2-aminobenzamide (2-AB)
labeling. UPLC-MS chromatograms were integrated into 25 peaks (GP) in the Waters
UNIFI Scientific Information System, and N-glycans were assigned based on the glucose
unit values and mass-to-charge ratios (m/z) of the detected ions. The Kruskal-Wallis non-
parametric test was used to determine the statistical significance of the results (p<0.05).
The obtained results suggest that modifications of IgG sialylation, galactosylation and
core-fucosylation are associated with the severity of HT symptoms. Methimazole therapy
implemented in GD patients affected the IgG N-glycan profile; as a result, the content of
the sialylated and galactosylated oligosaccharides with core fucose differed after
treatment. Our results suggest that N-glycosylation of IgG undergoes dynamic changes
during the intensification of thyroiditis in HT, and that in GD autoimmunity it is affected
significantly by immunosuppressive therapy.
Keywords: immunoglobulin G (IgG), N-glycosylation, Graves’ disease (GD), Hashimoto’s thyroiditis (HT),
immunosuppressive therapy, ultraperformance liquid chromatography - mass spectrometry (UPLC-MS)
1 INTRODUCTION

Class G immunoglobulins (IgGs), produced by plasma cells and
B cells, are the most abundant human serum glycoproteins. They
are an essential component of humoral immune responses and
are involved in the recognition, neutralization, and elimination
of pathogens and toxic antigens (1). The antigen-binding
fragment (Fab) of IgG binds specifically antigens, while the
crystallizable fragment (Fc) is responsible for mediating the
antibody effector functions. Due to its great importance in
immune response, IgG is one of the best-studied glycoproteins,
i.e. proteins modified post-translationally by covalent
attachment of various oligosaccharide structures, called glycans
(2, 3).

Oligosaccharides represent up to 15% of IgG molecular
weight (4). They are attached to both Fc and Fab fragments
and belong to the N-glycans characterized by the presence of an
N-glycosidic bond linking an N-acetylglucosamine (GlcNAc) in
sugar structure with asparagine (Asn) within the Asn-X-Ser/Thr
amino acid sequence. Each IgG molecule has two highly
conserved N-glycosylation sites located at Asn297 within the
CH2 domains of the Fc fragment (5–7). Mature IgG Fc
glycoforms possess mainly diantennary complex-type
structures differing in the number of monosaccharides building
the antennae, namely GlcNAc, galactose (Gal), and sialic acid
(SA) as well as in the number of bisecting GlcNAc residue, and
the presence of core fucose (Fuc) (8, 9). Fab fragments have also
been found to be N-glycosylated but only in 10-30% of IgGs (7,
10, 11). It has been demonstrated that altering the
oligosaccharide composition in the IgG Fc region affects its
secretion, tertiary structure, half-life, and effector functions (10,
12–15). Interestingly, a complete deletion of Fc N-glycans results
in loss of pro- and anti-inflammatory IgG activity (16).

The composition of the IgG glycome is influenced by both
genetic and environmental factors, making it an excellent
biomarker of overall human health. It seems likely that the IgG
N-glycosylation process in healthy individuals undergoes little
org 282
change during homeostasis, while its disruption may be
influenced by sex hormones, age, and stress (6, 17, 18).
Furthermore, changes in IgG N-oligosaccharide patterns have
been implicated in disease progression and remission,
representing both predisposition and functional mechanisms
involved in the pathogenesis of diseases, including
autoimmune diseases (6, 19). Some of the most common
autoimmune disorders are autoimmune thyroid diseases
(AITDs), which include Graves’ disease (GD) and Hashimoto’s
thyroiditis (HT) (20).

The development of AITD follows a loss of immune tolerance
and reactivity to thyroid autoantigens, leading to infiltration of
thyroid gland by T cells and B cells that produce characteristic
antibodies. An activity of autoantibodies against thyrotropic
hormone receptor (TSHR) expressed on thyroid follicular cells
(thyrocytes) initiates the development of GD. Intense
stimulation of TSHR by anti-TSHR antibodies (TRAb) leads to
increased secretion of thyroid hormones, thyroxine (T4) and
triiodothyronine (T3), resulting in hyperthyroidism. As a result,
GD-associated autoimmunity can cause goiter, ophthalmopathy
or thyroid dermopathy. TSHR activation by anti-TSHR can also
stimulate the growth of thyrocytes and causes the development
of thyroid vascularization (21). In the HT immune tolerance to
thyroid self-antigens is lost, resulting in the destruction of
thyrocytes by activated T lymphocytes which leads to
hypothyroidism. HT is diagnosed based on the elevated levels
of circulat ing antibodies against thyroid antigens :
thyroperoxidase (TPO) and thyroglobulin (Tg), and is
supported by the decreased thyroid echogenicity on ultrasound
(22). In HT patients, a Th1 immune response predominates,
promoting cellular immunity and thyroid follicular apoptosis
(23, 24). Proapoptotic ligands and death receptors such as FasL,
TNF and TRAIL, present on thyrocytes, remain inactive under
physiological conditions (23). Fas/FasL expression induced in
Th1 response by infiltration of pro-inflammatory cytokines
TNF-a and IL-1b activates thyroid follicular cell apoptosis in
HT (24). In GD, the predominance of Th2 cells promotes a
March 2022 | Volume 13 | Article 841710
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humoral response, with increased production of TRAb
antibodies by B cells. The presence of autoantibodies and the
increased level of cytokines produced by Th2 lymphocytes,
inhibits Fas/FasL expression and results in the activation of
anti-apoptotic molecule Bcl-2, which protects thyroid cells
from apoptosis, but increases the death of T cells infiltrating
the gland tissue (25, 26). Apart from apoptosis, thyroid cells are
destroyed by anti-TPO IgG, present in serum of about 80-95% of
patients (27). Anti-TPO IgG is involved in thyrocyte destruction
through antibody-dependent cellular cytotoxicity (ADCC) (28,
29) and complement-dependent cytotoxicity (CDC) (29).
Environmental factors, mainly nuclear radiation, iodine,
smoking, infections, stress, alcohol and drugs, contribute
approximately to 20% of all AITDs (30). Genetic factors are
also implicated in the development of diseases. Studies
conducted over many years have identified several genes and
chromosome regions that are associated with the development of
GD and HT (30, 31).

Changes in IgG N-glycans have been demonstrated in chronic
inflammation, including autoimmune diseases. The altered N-
glycan profile of IgG has been proven to be a valuable indicator of
systemic lupus erythematosus (SLE) and rheumatoid arthritis
(RA) (32, 33). Reduced galactosylation of IgG in RA, described
for the first time by Parekh et al. (1985), has been repeatedly
confirmed in subsequent analyses by numerous research groups
(32, 34, 35). Currently it is the best-characterized modification of
IgG glycosylation, used as a serum glycomarker of RA progression
and remission (36). Alteration of a1,6-fucosylation is, after
agalactosylation, one of the most common modifications of IgG
N-glycans observed in inflammatory diseases (37). The vast
majority of human IgG Fc glycoforms (over 90%) are core
fucosylated (6, 34), and this modification plays a crucial role in
the modulation of IgG biological activity. Up-regulation of N-
glycans with core Fuc on IgG heavy chains has been demonstrated
in RA patients compared to healthy individuals (38) and the
higher exposure of Fuc residues on IgG N-oligosaccharides has
been shown in the blood of SLE donors than in healthy people
(19). Reduced a1,6-fucosylation has been observed in SLE IgG
during remission compared to patients with acute SLE (19). The
further study performed with the use of the UPLCmethod showed
a decreased galactosylation, sialylation, and core fucosylation of
IgG accompanied by an increase of bisecting GlcNAc in IgG N-
glycans from three independent populations of SLE patients in
comparison to healthy donors (39). Our recent study performed
on three European cohorts revealed a reduced core fucosylation of
IgG in AITD patients compared to a population of healthy donors
and a correlation of this IgG modification with anti-TPO serum
titer (40). Terminally located sialic acid is another monosaccharide
building IgGN-glycans that fundamentally regulates the activity of
this glycoprotein. Down-regulation of IgG sialylation, which is
usually followed by agalactosylation in inflammatory conditions,
significantly promotes the pro-inflammatory potential of
antibodies (6, 36).

The mechanisms underlying the impact of IgG Fc N-glycan
fucosylation and sialylation on this protein physiological
property have been widely described. Several studies have
Frontiers in Immunology | www.frontiersin.org 383
demonstrated for example the higher cytotoxicity in antibody-
dependent cell-mediated (ADCC) and complement-dependent
cytotoxicity (CDC) mediated by IgG with reduced sialylation and
fucosylation (41–43). Attachment of SA to glycans affects the
structure of the Fc fragment in IgG and leads to a 10-fold
reduction in the affinity of antibodies for FcgR, thereby
impairing their effector functions (44). Increased sialylation
reduces cytotoxic activity in ADCC (45). The inhibitory effect
of sialic acid in IgG N-oligosaccharides on ADCC may be due to
reduced binding of IgG to its receptor as a result of impaired
antigen binding caused by the lack of flexibility of the IgG hinge
region (46). Fucosylation of the core of IgG N-glycans is also
crucial for the control of ADCC, as IgG lacking a1,6-linked Fuc
on Fc has been found to have up to 100-fold increased ADCC
activity (42).

Until recently, it was thought that each step of N-
glycosylation could only occur intracellularly in the rough
endoplasmic reticulum (RER) and Golgi apparatus (GA).
However, it has been found that a2,6-sialylation can also occur
in the bloodstream in a reaction catalyzed by b-galactoside a2,6-
sialyltransferase 1 (ST6Gal1) which transfers sialic acid from
nucleotide sugar donor cytidine monophosphate (CMP)-SA,
secreted by platelet a granules, to Gal in IgG N-glycan and
creates between them a2,6-glycosidic bond. ST6Gal1 is produced
by hepatic central veins and secreted into the bloodstream. This
discovery sheds new light on the process of IgG sialylation and
may explain the great dynamics of inflammatory processes
mediated by antibodies (47).

N-glycans on IgG are rebuilt not only during disease
development and progression, but their composition is also
sensitive to medications used during the treatment of patients,
including immunosuppressive drugs. Up-regulation of IgG
galactosylation was observed in patients with RA who have
been treated with methotrexate (48–50) and infliximab
(chimeric anti-tumour necrosis factor a monoclonal
antibodies, anti-TNFa IgG) (51). Moreover, restoration of N-
glycan galactosylation correlated with significant clinical
improvement following infliximab therapy (51). Nonsteroidal
anti-inflammatory drugs (NSAIDs), i.e. aspirin, and also
glucocorticosteroids, were shown to influence the glycosylation
of human plasma proteins. NSAIDs and corticosteroids reduced
core-fucosylation of di- and triantennary complex-type
structures, together with oligomannose oligosaccharide levels
in plasma N-glycome (52).

Our recently published study showed the changes of IgG N-
glycome are characteristic for AITD patients (40). The present
study aimed to investigate the IgG N-glycosylation in thyroid
autoimmunity in more depth by determining the relationship
between thyroiditis severity and IgG N-glycan structure in HT
and by evaluating the effect of methimazole therapy on the N-
oligosaccharide profile in GD patients. A comparative analysis of
the IgG N-glycome was performed by ultra-performance liquid
chromatography combined with mass spectrometry (UPLC-
MS). We also examined B-cell independent a2,6-sialylation of
IgG in AITD blood sera considering it as a particularly
interesting mechanism of N-glycan modification.
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2 MATERIALS AND METHODS

2.1 Bioethical Statement
The study was conducted in accordance with the Declaration of
Helsinki and approved by the Bioethics Committee of the
Jagiellonian University in Krakow, Poland (1072.6120.99.2021).
All individuals donating blood for the experiment signed
informed consent. Blood samples were collected between May
2014 and March 2021.

2.2 Characteristics of the Study Groups
The study was conducted in cooperation with the Department of
Endocrinology of the Jagiellonian University Hospital in
Krakow. Recruitment of adult patients with AITDs without
any other concomitant autoimmune diseases, and healthy
volunteers was performed by an endocrinologist based on
thyrotropic hormone (TSH) and thyroid autoantibody levels,
thyroid gland ultrasonography and medical history of donors.
Patients with AITD affected by other diseases, taking other drugs
than those associated with AITD, donors suffering from
alcoholism and taking other stimulants as well as pregnant
women were excluded.

Human serum samples were collected from donors with the
elevated IgG anti-thyroglobulin (TgAb) and/or anti-
thyroperoxidase (anti-TPO) levels without symptoms of
hypothyroidism (HT1, n=68), from Hashimoto’s thyroiditis
patients characterized by the high autoantibody titers, advanced
thyroid destruction andwith the stabilized TSH level as a result of L-
thyroxine treatment (HT2, n=113), GD patients with the elevated
thyrotropic hormone receptor IgG (TRAb) levels before (GD, n=62)
and after (GD/T, n=47) stabilization of TSH level as a result of the
treatment with methimazole (1-methyl-2-mercaptoimidazole), an
anti-thyroid agent with immunosuppressive activity. Healthy
donors with the serum titers of TSH and autoantibodies within
the normal range constituted a control group (CTR, n=90). The
control group was age-matched to the study groups. Table 1
contains the demographic and clinical characteristics of donors
with AITDs and healthy volunteers, and Figure 1 shows a graphical
comparison of TSH and autoantibody (anti-TPO, TgAb, and
TRAb) levels between the groups.
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2.3 Collection of Serum Samples
Blood samples were collected by venipuncture into the tubes
containing a clotting activator (S-Monovette, Sarstedt,
04.1934.001), left for 5 h at room temperature (RT) for blood
clotting, and centrifuged at 2500 rpm for 10 min at 4°C
(Heraeus). Serum samples were stored at -80°C until
IgG isolation.

2.4 IgG Purification
IgGs were isolated by affinity chromatography with G-protein
conjugated to the deposit grains. Serum samples (100 µl) were
diluted 1:1 with a binding buffer (0.1 M Na2HPO4, 0.15 M NaCl,
pH 7.2), applied to 96-well Protein G Spin Plates (Thermo Fisher
Scientific, 45204), and incubated for 30 min at RT on an orbital
shaker (Biosan). After incubation, the plates were centrifuged
(1000 rpm, 1 min, RT) and the fraction containing IgG-depleted
serum was discarded. Agarose resin was washed with the binding
buffer until the ballast proteins were removed which was
monitored by measuring the protein absorbance at 280 nm
against the binding buffer (NanoDrop 2000, Thermo Fisher
Scientific). Then IgGs were eluted with 200 µl of 0.1 M glycine,
pH 2.5 into the collection plates containing 20 µl per well of a
neutralization buffer (1 M Tris). IgG concentration was
determined at 280 nm against a reagent blank (NanoDrop
2000, Thermo Fisher Scientific). IgG samples were stored at
-80°C for further analyses.

The efficiency of IgG isolation from human serum was
evaluated by SDS-PAGE. Purified IgG (10 µl) was separated on
10% gels under reducing conditions and then stained with
colloidal Coomassie Brilliant Blue G-250 (CBB) (Sigma-
Aldrich, B2025) according to the manufacturer’s protocol. The
molecular masses of the light (25 kDa) and heavy chains (50
kDa) were verified using PageRuler™ Prestained Protein Ladder
(Thermo Fisher Scientific, 26616).

2.5 Sample Preparation for UPLC-MS
Analysis
2.5.1 Buffer Exchange After IgG Isolation
Before deglycosylation, the glycine buffer was exchanged for
ammonium formate (AmF) buffer using an Acroprep Advance
TABLE 1 | Characteristics of healthy donors (CTR, control group) and patients with elevated TgAb and/or anti-TPO levels without symptoms of hypothyroidism (HT1),
patients with Hashimoto’s thyroiditis (HT2) and patients with Graves’ disease before (GD) and after (GD/T) TSH normalization (study groups).

status age sex TSH TRAb anti-TPO TgAb
(F/M) 0.27-4.20 µIU/ml 0.0-1.0 IU/ml <34.0 IU/ml <115.0 IU/ml

CTR 18-64 67/8 2.22±1.04 0.47±0.26 19.60±18.54 10.63±1.55
34±8.75

HT1 18-66 53/2 3.10±1.93 0.63±0.36 140.78±174.24 310.22±358.76
35±10.55

HT2 20-62 88/0 2.46±2.34 1.49±4.61 294.57±605.09 233.32±231.21
36±10.17

GD 22-55 46/15 0.01±0.02 8.47±5.90 207.33±175.61 311.37±270.29
35±9.08

GD/T 23-56 33/13 3.29±2.18 8.27±15.31 146.26±149.66 170.12±184.02
37±9.46
March 2022 | Volume 13
Mean ± SD is given for age, TSH and antibody levels. anti-TPO, anti-thyroperoxidase antibodies; TgAb, thyroglobulin antibodies; TSH, thyrotropic hormone; TRAb, antibodies directed
against the receptor for thyrotropin; F, female; M, male.
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96 10 MWCO filter plate (Pall Corporation). The membrane of
the plate was prewashed three times with 100 µl of deionized
water (Milli-Q, Millipore) by filtration on a microplate vacuum
manifold (Waters). After the last wash, 50 µg or 100 µg of IgG
was applied to the wells followed by the addition of 100 µl of 100
mM AmF buffer pH 7.5, and the solution was filtered to a
minimum volume. The plate was then washed three times with
100 µl of AmF buffer by filtration. Finally, 25 µl AmF buffer was
added to the wells and the samples were transferred by pipetting
to a PCR plate (Thermo Fisher Scientific), which was repeated twice
Frontiers in Immunology | www.frontiersin.org 585
for each well to maximize the recovery of the IgGs. Finally, the
samples were lyophilized to dryness (Labconco) and stored at -80°C.

2.5.2 Enzymatic De-N-Glycosylation of IgG
Samples after lyophilization were resuspended in 19 µl of Rapid
PNGase F buffer (New England Biolabs). They were then
denatured for 15 min at 80°C. After cooling the plate to RT,
0.9 µl of Rapid PNGase F (New England Biolabs, P0710S) was
added to each well and the plate was incubated for 25 min at
50°C. After deglycosylation, samples were diluted with 100 µl
A

B

FIGURE 1 | The levels of thyrotropic hormone (TSH) and autoantibodies: against the receptor for thyrotropin (TRAb); anti-thyroperoxidase (anti-TPO); thyroglobulin
antibodies (TgAb) within (A) Graves’ disease groups: before (GD) and after (GD/T) TSH normalization, and (B) Hashimoto’s thyroiditis groups: the donors with the
elevated TgAb and/or anti-TPO (HT1), Hashimoto’s thyroiditis patients (HT2) relative to the control group (CTR). Statistically significant differences were determined at
p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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Milli-Q. IgG-released N-glycans were desalted by solid-phase
extraction on HyperSepTM Hypercarb™ SPE 96-Well Plates
with 10 mg bed weight (Thermo Fisher Scientific, 60302-606).
The plate was prewashed three times with 400 µl of 80%
acetonitrile (AcN) with 0.1% trifluoroacetic acid (TFA) and
then three times with 400 µl of Milli-Q, on the vacuum
filtration manifold. The samples were then applied and the
columns were washed three times with 400 µl of Milli-Q. In
the next step, N-oligosaccharides were eluted with 25% AcN +
0.05% TFA into a 96-well Sample Collection Plate (Waters,
186005837). The collected fractions were dried-down by
lyophilization (Labconco).

2.5.3 Fluorescent Labeling of N-Glycans
N-glycan labeling with 2-aminobenzamide (2-AB) was
performed according to the procedure previously described by
Link-Lenczowski et al. (53). Briefly, the labeling solution
consisting of 2-AB (60 mg/mL, Sigma-Aldrich, A89804) and
sodium cyanoborohydride (60 mg/mL, Fluka, 156159) in acetic
acid:DMSO (3:5) was added to the lyophilized N-glycan samples
and incubated for 3 h at 65°C. After cooling the plate to RT, the
excess dye was removed on a BioZen N-Glycan Clean-Up
Microelution Plate (Phenomenex, 8M-S009-NGA) according to
the manufacturer’s instructions. Elution of labeled sugar
structures was performed using 200 mM ammonium acetate in
AcN:water (5:95). Eluted glycan samples were lyophilized
(Labconco) and stored at -80°C for further analysis.

2.5.4 UPLC-MS Analysis
2-AB labe l ed N -g lycans were ana lyzed by l iqu id
chromatography-mass spectrometry (LC-MS) on Aquity I-
Class Plus UPLC system with an in-line fluorescent detector
coupled through electrospray ion source to the Vion® IMS-
QToF high-resolution mass spectrometer (Waters). N-glycans
were loaded in 50% AcN and separated by HILIC-UPLC on
ACQUITY UPLC Glycan BEH Amide Column, 130Å, 1.7 µm,
2.1 mm X 150 mm (Waters) at 60°C with the following gradient
conditions: solvent A was 50 mM ammonium formate pH 4.4,
solvent B was 100% acetonitrile (Chemsolv), time = 0 min (t =
0.0), 25% A, 0.4 mL/min; t = 35.0, 46% A, 0.4 mL/min; t = 36.0,
100% A, 0.2 mL/min; t = 39.5, 100% A, 0.2 mL/min; t = 43.5, 25%
A, 0.2 mL/min; t = 47.6, 25% A, 0.4 mL/min; t = 55.0, 25% A, 0.4
mL/min. The fluorescence detector was set at Exl 330 nm and
Eml 420 nm and for electrospray ionization the following
parameters were used: capillary voltage: 3.0 kV, source
temperature: 120°C, desolvation temperature 350°C,
desolvation gas flow: 800 L/h. The mass spectrometer was
operated in positive ion ToF MS mode and the ions from m/z
600 to m/z 2000 were registered with the mass correction by
sampling the reference mass standard once every 60 seconds.
The UPLC runs were externally calibrated with a 2-AB-labeled
glucose homopolymer standard (Waters, 186006841). The
resulting chromatograms were automatically integrated with
manual correction into 25 peaks to which glycans were
assigned based on glucose unit (GU) values and exact mass.
The chromatographic and mass data were analyzed with the use
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of the Waters UNIFI scientific information system with the
integrated Waters Glycan GU Scientific Library.

2.6 Statistical Analysis
Based on the relative intensity of the glycan peaks (GPs),
expressed as percent (%) of the total area of all GPs, statistical
analysis was performed using the Kruskal-Wallis nonparametric
test with significance at p<0.05. All statistical interpretations of
the results were performed in Origin Pro 2021b software
(Origin Lab).

2.7 Evaluation of Serum ST6Gal1 Activity
Using Desialylated IgG
To assess the catalytic activity of serum ST6Gal1, desialylated IgG
heavy chains immobilized on PVDFmembranewere incubatedwith
human sera from control and study groups according to the protocol
by Jones et al. (47) with the minor modifications. The purified IgGs
were digested with Arthrobacter ureafaciens sialidase with a wide
specificity (ABS, 1 U in 100 mL, Roche, 10269611001) to remove
sialic acid (SA) from the antibody N-glycans. IgG samples (0.5 mg)
were incubatedwith 1ml ofABS in 8ml of 50mMsodiumacetate, pH
5.2 overnight at 37°C (Biosan thermoblock). Desialylated and
untreated IgG samples were separated under reducing conditions
on 10% gels in SDS-PAGE, electrotransferred onto a PVDF
membrane (Millipore, 88518), which was cut into small pieces
containing IgG heavy chains based on PageRuler™ Prestained
Protein Ladder (Thermo Fisher Scientific, 26616), and blocked
overnight in 1% BSA (Sigma-Aldrich, A7906) at 4°C. The selected
PVDF sectionswere incubatedwithhuman sera fromeach study and
control group diluted 1:1 with TBST (50 mM Tris-HCl, 150 mM
NaCl, and 10% Tween) overnight at 4°C. Then themembranes were
probed 1 h at RTwith biotinylated Sambucus nigra agglutinin (SNA,
Vector Lab., B-1305) diluted 1:4000 inTBS containing0.1mMCaCl2
and 0.01mMMgCl2 or with SNA preincubated with 1M acetic acid
as a negative control to check nonspecific binding of SNA viaprotein
domains but not to a2,6-sialylated N-glycans. After washing three
times with TBST, alkaline phosphatase (AP)-conjugated avidin
(Sigma-Aldrich, E2636) diluted 1:4000 in TBST was applied for 1 h
atRT. IgGheavy chainwasvisualizedbyacolorimetric reactionusing
5-bromo-4-chloro-3-indolylphosphate (BCIP, Roche, 11383221001)
and nitro-blue-tetrazolium (NBT, Roche, 11383213001).

ABS re-digestion of IgG N-glycans sialylated by serum
ST6Gal1 on PVDF membrane was used as an additional
control. Membrane fragments with IgG heavy chains sialylated
by serum ST6Gal1 were placed in 4-well plates (Nunc, 176740),
and incubated with 3 ml of ABS in 27 ml of 50 mM sodium
acetate, pH 5.2 overnight at 37°C (Forma Steri-Cycle i160 CO2

incubator, Thermo Fisher Scientific). Then the membranes have
been subjected to incubation with SNA and visualized by
colorimetric reaction as described above.
3 RESULTS

The analysis of N-glycosylation was performed on IgG purified
from human serum samples according to standard protocol with
March 2022 | Volume 13 | Article 841710
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agarose-linked protein G as a ligand for IgG capturing. IgG was
isolated from the sera of patients with Graves’ disease before and
after normalisation of TSH level as the result of thyrostatic
therapy, the donors with the elevated antithyroid Abs without
hypothyroidism, and the patients with Hashimoto’s thyroiditis
(GD, GD/T, HT1, and HT2 respectively). The control group
consisted of healthy individuals (CTR). The characteristic of
healthy donors and patients with AITDs is shown in Table 1 and
Figure 1. As expected, TSH level was significantly down-
regulated in GD patients in relation to CTR and normalised
during methimazole therapy. TRAb serum level, an
immunological marker of Graves’ disease, was markedly
increased in GD and partially normalized during therapy. GD
donors showed also enhanced anti-TPO and TgAb titers, which
remained elevated during treatment (Table 1 and Figure 1A).
The level of TSH was significantly higher in HT1 than CTR, but
still within the normal range and these donors recruited to HT1
group did not show hypothyroidism, like the patients with
Hashimoto’s thyroiditis. Anti-TPO and TgAb levels were
significantly up-regulated in both HT1 and HT2 donors
(Table 1 and Figure 1B).

To verify the efficiency of IgG isolation, the eluted samples
were resolved on SDS-PAGE under reducing conditions and IgG
chains were visualised by CBB staining. CBB profiles showed the
highest intensity of the bands corresponding to IgG heavy chain
of ca. 50 kDa and a light chain of about 25 kDa. The staining
revealed also the presence of a small portion of other proteins in
the eluates, but with much weaker staining intensities than IgG
chains, indicating their non-specific binding to the G protein
which was also previously shown by Croce et al., who estimated
IgG purity to be higher than 90% (54). CBB staining of the eluted
proteins is shown in Supplementary Figure 1.

The structure and the amount of N-glycans released
enzymatically from IgG molecules were analysed by the UPLC-
MS method. PNGase F digested N-glycans were fluorescently
labeled with 2-AB. The obtained resulting chromatograms were
integrated into 25 glycan peaks. N-oligosaccharide structures
were assigned based on the GU values and m/z ratios using
Waters UNIFI scientific information system software (Figures 2,
3 and Supplementary Table 1). The chromatographic pattern of
resolved glycans with dominant GP3 was similar for all analysed
groups. The identified N-glycans were predominantly partially
core-fucosylated diantennary complex-type species, and
sialylated structures, some of them with bisecting GlcNAc
residue. Based on the relative peak intensity, expressed as a
percentage of the area of a given GP, statistical analysis was
performed using the Kruskal-Wallis nonparametric test with a
significance level of p<0.05.

3.1 Immunosuppressive Treatment Affects
IgG N-Glycosylation in Graves’ Disease
The statistically significant differences in IgG N-glycan profiles
between patients with Graves’ disease before and during
immunosuppressive therapy and healthy donors were
demonstrated for the twelve out of 25 GP-matched N-glycan
structures (Figure 2). A content of agalactosylated structures
Frontiers in Immunology | www.frontiersin.org 787
with proximal fucose (F(6)A1, F(6)A2, F(6)A2B) and
oligomannose (M5) increases in GD (all structures) and GD/T
(F(6)A2B and M5) compared with CTR. Statistically significant
quantitative differences were also found in galactosylated (A2G
(4)2) and fucosylated (F(6)A2[6]BG(4)1) N-oligosaccharides
with their up-regulation in GD/T patients compared to GD. In
contrast to the above-mentioned changes in the case of N-
glycans with a bisecting GlcNAc (A2BG(4)2), a1,6-fucosylated
(F(6)A2BG(4)2), monosialylated (A2G(4)2S1 and F(6)A2G(4)
2S1), and disialylated (A2G(4)2S2) structures we observed their
statistically significant down-regulation in GD (all structures)
and GD/T (A2G(4)2S2) relatively to CTR.

The effect of N-glycosylation on the development of AITD
compared with CTR after UPLC-MS analysis was further verified
by performing statistical analysis with the Kruskal-Wallis test for
glycan groups (non-sialylated, monosialylated, disialylated, non-
fucosylated, fucosylated, nongalactosylated, galactosylated,
monoantennary, and diantennary). The results showing
statistically significant differences are presented in Figure 4. Non-
sialylated and monoantennary glycans showed an increase in both
GD groups compared with healthy volunteers, whereas diantennary
structures showed an increasing trend in GD compared with CTR.
Statistically significant decreases were shown for monosialylated (in
GD and GD/T), and disialylated (in GD) glycans compared with
healthy subjects. The relative content of galactosylated structures
was lower in GD while in GT/T this group of glycans normalized
partly which was related to a decline of agalactosylated structures.
The reduced IgG galactosylation was accompanied by an increase of
agalactosylated structures in GD (Figure 4A).

3.2 The Severity of Inflammation in
Hashimoto’s Thyroiditis Is Accompanied
by Changes of IgG N-Glycosylation
Statistically significant quantitative differences were also found for 8
N-oligosaccharide structures between patients without
hypothyroidism, patients with HT after L-thyroxine treatment, and
healthy volunteers (Figure 4). For agalactosylated (F(6)A1, A2, F(6)
A2), mono- (A2G(4)2S1) and disialylated (A2BG(4)2S2) structures,
an increase was shown inHT2 compared to CTR (A2, A2BG(4)2S2)
and HT1 (other structures). In contrast, some fucosylated (F(6)A2G
(4)2) andmonosialylated (F(6)A2G(4)2S1) structureswere increased
in HT1 relative to HT2. HT1 also indicated a statistically significant
decrease in oligomannose-type N-glycan (M5) compared to CTR.

A statistically quantitative increase in the content of
monoantennary oligosaccharides was observed in HT2
compared to HT1. The amount of diantennary sugar structures
was significantly higher in HT1 compared to HT2 and CTR. We
identified also a relationship between the alterations of
galactosylated and agalactosylated N-glycans in HT patients,
parallel with the lowering of galactosylation, agalactosylated
structures increased in HT2 vs. HT1 donors (Figure 4B).

3.3 ST6Gal1 Is Active in AITD Patients’
Sera and Can Modify IgG Sialylation
Due to the changes of mono- and disialylated IgG N-glycans in
both HT and GD sera detected by UPLC-MS analysis (Figure 4),
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we evaluated an activity of ST6Gal1 in sera of AITD patients and
healthy individuals using SNA lectin blotting method described
by Jones et al. (47) with some modifications. We observed a
positive reaction of a2,6-sialylated N-glycans on the heavy chain
with SNA for IgG isolated from control and AITD sera.
Desialylation of IgG using the neuraminidase with a wide
specificity resulted in an almost complete attenuation of the
reaction with SNA (Figure 5A). A weak signal observed for
neuraminidase + samples (Figure 5A) was a result of non-
specific SNA binding to IgG polypeptides as determined by the
reaction with SNA preincubated with acetic acid which abolishes
SNA binding to SA (Figure 5D). Incubation of desialylated IgG
heavy chain with human sera restored SNA-positive reaction
which resulted from re-sialylation of IgG by ST6Gal1 present in
donor sera (Figure 5B). To verify reversibility of this sialylation
on PVDF membrane-bound IgG heavy chain we used again
neuraminidase to remove SA attached by serum ST6Gal1 which
led to an almost complete loss of the reaction with
SNA (Figure 5C).
Frontiers in Immunology | www.frontiersin.org 888
The detailed characteristic of IgG N-glycome obtained by
UPLC-MS showed the statistically significant quantitative
d i ff e r ence s in sugar s t ruc tu re s in the cour se o f
immunosuppressive treatment of GD patients, and during the
development of thyroiditis. The obtained results allow us to
support the previous observation that IgG N-glycosylation is a
particularly dynamic process, reflecting the course of the
diseases, and conclude that IgG N-glycan alterations
accompany the inflammatory processes in AITD and the
applied therapy. The changes occur early in the development
of the disease when the synthesis of autoantibodies is triggered,
and the thyroid structure has not yet undergone the destruction
that accompanies chronic inflammation at later stages of the
disease. Methimazole therapy significantly changes the structure
of the IgG glycome in patients with GD.We have also shown that
ST6Gal1, responsible for the attachment of a2,6-SA, is active in
the sera of AITD patients and healthy donors and has the
potential to modify IgG sialylation independently from the
classical pathway of cellular glycosylation.
FIGURE 2 | The changes in the content of IgG N-glycans from patients with Graves’ disease before (GD, n = 62) and after (GD/T, n = 47) stabilization of TSH level
as a result of the treatment with methimazole, and the control group (CTR, n = 90). The chromatograms obtained by UPLC-MS from the separation of IgG N-glycans
were manually integrated into 25 glycan peaks (GPs) and N-oligosaccharide structures were assigned based on GU values and m/z ratios using Waters UNIFI
scientific information system software. N-glycan structures in Oxford notation were drawn in Sugar Bind software (https://sugarbind.expasy.org/). GPs with
statistically significant differences in the content of sugar structures between the study groups (GD, GD/T) and the control group (CTR) are indicated in blue.
Statistical analysis was performed using the Kruskal-Wallis non-parametric test, p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). A1-2, number of antennas; B,
bisecting N-acetylglucosamine; F, fucose; G, galactose, M, mannose; S, sialic acid.
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4 DISCUSSION

The research area that has been little addressed so far is the
glycoimmunobiology of AITDs. Changes in N-glycosylation of
immune system molecules in AITDs have only been analyzed
concerning serum proteins present in the context of differences
betweenhealthy controls andpatients (40, 55, 56),while the impact
of treatment and the severity of thyroiditis onprotein glycosylation
has never been focused on. Previous studies have shown that the
sialylation and core fucosylation of TgAb N-glycans in
Hashimoto’s thyroiditis patients were lowered compared to GD
donors (56), but elevated in HT compared to healthy individuals
(57). Also, oligomannose type structures in TgAb antibodies were
increased in HT versus the control group (57). In contrast, our
recent study has demonstrated the reduced core fucosylation of
IgG in AITD patients compared to healthy donors which
Frontiers in Immunology | www.frontiersin.org 989
correlated of the reduced Fuc content with serum anti-TPO titers
(40). On the other hand, the study of Zab̨czyńska et al. revealed the
up-regulation of disialylated, diantennary complex N-glycans and
monosialylated, triantennary structures in IgG-depleted sera from
patients with HT compared to healthy donors (55).

To explore the glycoimmunology of AITD more deeply, in
the present study, we focused on changes in IgG N-glycan
structures in donors with Graves’ disease before (GD) and
after (GD/T) TSH normalization as the result of thyrostatic
and immunosuppressive therapy, patients with the elevated
titer of antithyroid autoantibodies (HT1), and subjects with
Hashimoto’s thyroiditis treated with L-thyroxine (HT2) in
comparison to healthy volunteers (CTR).

Ourpresent results are partially in accordancewith theprevious
onebyMartin et al. (40).Obtaining full compliance of the results of
glycosylation analysis seems to be impossible, because of diverse
FIGURE 3 | The changes in the content of IgG N-glycans from patients with Hashimoto’s thyroiditis patients (HT2, n = 113) and the donors with the elevated IgG
anti-thyroglobulin (TgAb) and/or anti-thyroperoxidase (anti-TPO) levels without symptoms of hypothyroidism (HT1, n = 68), and the control group (CTR, n = 90). The
chromatograms obtained by UPLC-MS from the separation of IgG N-glycans were manually integrated into 25 glycan peaks (GPs) and N-oligosaccharide structures
were assigned based on GU values and m/z ratios using Waters UNIFI scientific information system software. N-glycan structures in Oxford notation were drawn in
Sugar Bind software (https://sugarbind.expasy.org/). GPs with statistically significant differences in the content of sugar structures between the study groups (HT1,
HT2) and the control group (CTR) are indicated in blue. Statistical analysis was performed using the Kruskal-Wallis non-parametric test, p < 0.05 (*) and p < 0.01 (**).
A1-2, number of antennas; B, bisecting N-acetylglucosamine; F, fucose; G, galactose, M, mannose; S, sialic acid.
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monosaccharide composition, asymmetric glycosylation in both
Fc glycosylation sites,N-glycosylation of Fab variable regions, and
variant glycosylation of IgG1-4 subclasses, which result in a huge
heterogeneity of IgG glycome in a given person (4). It means that
drawing reliable conclusions requires verification of the results for
various populations and analysis for large study groups.

4.1 Methimazole Therapy Impact on IgG
N-Glycosylation in Graves’ Diseases
The effect of immunosuppressive drugs used in the treatment of
autoimmune diseases on N-glycosylation of IgG and other serum
proteins has been demonstrated in previous studies. This issue has
been themost explored in RA, the autoimmune disorders with the
best characterized IgGN-glycan alterations. It is well documented
that one of the effects of immunosuppressive agents administrated
in RA is the altered IgG glycosylation reversing the antibody
activity towards the anti-inflammatory response (48–51, 58).

GD patients recruited to our study were treated with
methimazole (1-methyl-2-mercaptoimidazole; Polish brand
names: Thyrozol or Metizol), which affects thyroid hormone
Frontiers in Immunology | www.frontiersin.org 1090
synthesis as thyrostatics. Methimazole was shown also to have an
immunosuppressive effect resulting from a decrease of TRAb
serum level, triggering of intrathyroidal T cell apoptosis,
reduction of HLA class II expression as well as up-regulation
of circulating Tregs and reduction of the number of Th cells, NK,
and activated intrathyroidal T cells (59–61). TRAb concentration
in the sera of methimazole-treated GD patients was partly
reduced (Table 1 and Figure 1A), which confirms the
immunosuppressive activity of this antithyroid agent. Taking
into account that the blood was taken in the relatively short term
after stabilization of TSH levels, it can be assumed that in the
longer term TRAb titer was further stabilized.

The normalisation of TRAb level in GD/T (Table 1 and
Figure 1A) was accompanied by the altered intensity of the
individual UPLC-MS peaks to which agalactosylated (F(6)A2),
monogalactosylated (F(6)A2(5)BG(4)1), and digalactosylated
(A2G(4)2, F(6)A2G(4)2 and F(6)A2BG(4)2) glycans were
assigned. The amount of both digalactosylated N-glycans was
up-regulated while the content of agalactosylated structure was
reduced as the result of methimazole therapy in GD patients
A

B

FIGURE 4 | IgG N-glycosylation changes in sera of (A) the patients with Graves’ disease before (GD, n = 62) and after (GD/T, n = 47) stabilization of TSH level, (B)
the subjects with the elevated IgG anti-thyroglobulin (TgAb) and/or anti-thyroperoxidase (anti-TPO) levels (HT1, n = 68), Hashimoto’s disease patients (HT2, n = 113)
(study groups) relative to the healthy donors (CTR, control group, n = 90). Quantitative comparison of derived glycan traits (nonsialylated, monosialylated, disialylated,
galactosylated, agalactosylated, monoantennary, diantennary) between control and study groups was performed by Kruskal-Wallis test assuming a significance level
for p < 0. 05 (*), p < 0.01 (**), and p < 0.001 (***).
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(Figures 2, 4A). This part of our observations is following the
previous experiments on IgGN-oligosaccharides fromRApatients
undergoing treatment with methotrexate and infliximab. In
addition to suppressing inflammatory processes confirmed by a
reduced level of C-reactive protein (CRP) (58), both antirheumatic
drugs were shown to enhance IgG galactosylation (48–51, 58). In
turn, in immune thrombocytopenia galactosylation of IgG1 and
IgG4 subclasses in the blood of anti-CD20 monoclonal antibody
(rituximab)-treated patients was slightly reduced, while IgG1,
IgG2/3, and IgG4 showed the higher content of N-glycans with
bisected GlcNAc (62). Therefore we can conclude that the effect of
immunosuppressive therapy on N-glycosylation depends on the
applied therapeutic agent and autoimmune disorder.

Apart from the significantly increased galactosylation of N-
glycans in inflammatory arthritis patients treated with anti-TNF
IgG, Collins et al. observed an up-regulation of N-glycan core-
fucosylation (58), which is well known to contribute to IgG anti-
inflammatory activity (6). Our study demonstrated that the
amount of IgGs with core-fucosylated structures F(6)A2(6)BG
(4)1, F(6)A2G(4)2, and F(6)A2BG(4)2 is higher in GD patients
after TSH normalization as the result of methimazole therapy
(GD/T) in relation to the untreated donors (Figure 2) which can
also contribute to attenuating of the immune response.

According to the literature data, reduced sialylation favors the
pro-inflammatory properties of IgG (63, 64). Our UPLC-MS
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analysis showed that the sialylation status of IgG was not affected
by methimazole treatment. The intensity of the sialylated N-
g l y c an s wa s no t a l t e r ed i n GD pa t i e n t s du r i n g
immunosuppressive therapy in relation to the state before this
drug implementation (GD/T vs. GD) (Figure 2). However, the
entire pool of IgG monosialylated and disialylated N-
oligosaccharides was significantly reduced in both GD groups in
comparison to healthy donors (Figure 4A). Sialic acid is terminally
linked toGal residues in IgGN-glycans, and its attachment requires
the presence of galactosylated structures. We presently show that
galactosylation of IgG is normalized during methimazole
administration (Figure 4A) while N-glycans are still
undersialylated in relation to healthy donors (Figure 2), which
can be an effect of too short drug administration. To resolve this,
studies on a long-term treatment cohort would be necessary.

Methimazole therapy partially reversed the changes of IgG N-
glycosylation by the up-regulation of galactosylation and
reduction of agalactosylation (Figure 4A). Down-regulated
galactosylation is well known to promote the proinflammatory
potential of IgG (34). Without detailed functional studies, we can
only speculate that this effect of anti-inflammatory treatment
may reduce clinical symptoms of the disease also by affecting
galactosylation of antibodies in GD.

Due to the documented activity of serum ST6Gal1 from
AITD patients on desialylated IgG N-glycans (Figure 5), we
A C DB

FIGURE 5 | The activity of serum ST6Gal1 assessed by SNA lectin blotting on IgG heavy chain N-glycans. IgGs isolated from the sera of the patients with Graves’
disease before (GD) and after (GD/T) TSH normalization, the subjects with the elevated anti-thyroglobulin (TgAb) and/or anti-thyroperoxidase (TPO) antibodies (HT1),
Hashimoto’s thyroiditis patients (HT2), and healthy volunteers (CTR, control group) were used. (A) IgG heavy chain sialylated (neuraminidase -) and desialylated by
neuraminidase from Arthrobacter ureafaciens (neuraminidase +), both untreated with serum, (B) IgG heavy chain sialylated by serum ST6Gal1 from control and study
groups after desialylation by neuraminidase, (C) IgG heavy chain redesialylated after serum ST6Gal1 sialylation performed to verified the reversibility of ST6Gal1
sialylation, (D) control of SNA binding specificity verified by lectin blotting with SNA preincubated with 1 M acetic acid. More details are described in the section
Materials and Methods.
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suppose that this serum sialyltransferase may contribute to IgG
sialylation in the bloodstream in thyroid autoimmunity. SNA
lectin blotting used in our study to assess ST6Gal1 activity
provided the qualitative data but did not allow for quantitative
analysis and determination of possible differences between
groups. A quantitative assessment of the effects of ST6Gal1
activity would be interesting to interpret the UPLC-MS results,
and is worth pursuing in future studies. Anti-inflammatory
activity of IgG sialylation is also considered as a therapeutic
strategy in terms of the usage of intravenous immunoglobulins
(IVIGs) for the treatment of autoimmune diseases (65, 66).
Pagan et al. used the mechanism of extracellular sialylation to
target IgGN-glycan remodeling. They confirmed the attaching of
SA by the extracellular enzyme to Fc of IgGs deposited at sites of
inflammation. The act ivi ty of recombinant human
galactosyltransferase B4GALT1 and ST6Gal1 on a single Fc
fragment of IgG1 attenuated inflammation in a K/BxN arthritis
model. The increased IgG sialylation resulted from in vivo
administration of a soluble ST6GAL1 converted IgG activity
into anti-inflammatory in autoimmune disease (67).

In the previous study, we have also demonstrated the altered
glycosylation on human leukocytes activated in vitro in a two-
way mixed leukocyte reaction (MLR) in the presence of two
immunosuppressive agents commonly used to induce immune
tolerance after organ transplantation: cyclosporin A (CsA), an
inhibitor of calcineurin, and rapamycin (Rapa), which blocks
mammalian target of rapamycin mTOR. Oligomannose/hybrid-
type N-glycans on human leukocytes in MLR model were
significantly down-regulated by CsA, while the synergistic
action of both immunosuppressive drugs enhanced the amount
of these structures on leukocyte proteins (68).

Based on the previous literature data and the presently
obtained results, it seems that immunosuppressive agents-
triggered changes of glycosylation are a wider phenomenon,
which can concern drugs with various mechanisms of action,
and different targeted proteins. Functional consequences of the
observed changes in IgG N-glycosylation isolated from
methimazole-treated patients for Graves’ disease course need
further study.

4.2 Altered IgG N-Glycosylation in
Autoimmune Thyroiditis May Contribute to
Thyroid Destruction
The crucial role of Asn297-linked N-glycans attached to IgG Fc
fragment in ADCC and CDC has been demonstrated on various
research models (69), and was shown to be important in
autoimmune disease development (70, 71), including thyrocyte
destruction in Hashimoto’s thyroiditis (72). Forming of immune
complexes of IgG autoantibodies with self-antigens gathers
innate immune effector cells, like NK and myeloid cells, which
express Fcg receptors (FcgR) and/or recruits complement
proteins. Activation of effector cells and complement cascade
results in target cell apoptosis and finally tissue damage (34, 73).

Martin et al. detected the reduced level of core Fuc in IgG N-
glycans from AITD subjects and depletion of antenna
fucosylation in peripheral blood mononuclear cells (PBMCs)
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isolated from the whole blood of HT patients (40). The current
analysis showed that the content of two core-fucosylated IgG
structures (F(6)A2G(4)2 and F(6)A2G(4)2S) was decreased in
Hashimoto’s thyroiditis patients, while the level of F(6)A2 N-
glycan assigned the most abundant UPLC peak was up-regulated
in these patients (HT2) compared to the donors with the higher
level of anti-Tg/anti-TPO (HT1) (Figure 3). In effect, the group
analysis did not show statistically significant changes in the
whole pool of core-fucosylated N-glycans between the patients
with thyroiditis at different stages of the disease severity and
healthy subject (Figure 4). Taking into account the significantly
different number of the recruited participants in both studies, not
complete reproducibility of the obtained results seems to
be understandable.

Core-fucosylation of immune system proteins, including IgG,
plays an important role in their activity. Alterations in IgG core-
fucosylation are, right after galactosylation, one of the most
common modifications detected in inflammatory diseases,
including autoimmune diseases (37). Based on the previous
results which demonstrated that core-fucosylation impeded
FcgRIIIA binding and inhibited ADCC (47), we can speculate
that the reduced core-fucosylation of IgG N-glycans in AITD
described by Martin et al. (40), and the currently observed
decrease of the two core-fucosylated structures in HT2
(Figure 3) may contribute to inflammation and thyroid tissue
damage in the course of Hashimoto’s thyroiditis.

Sialic acid is a component of glycans crucially important in
the regulation of immune glycoprotein function, due to its
negative charge, and terminal localization in oligosaccharide
structures. Autoimmunity is usually accompanied by down-
regulation of IgG sialylation (74, 75). The reduced sialylation
of IgG1 and IgG2 occurs in granulomatosis with vasculitis (GPA)
(64). Kemna et al. showed that the level of total IgG sialylation
has a prognostic value in GPA relapse, as the SA content of IgG1
in patients with granulomatosis decreased during relapse and
remains unchanged in remission (63). Collins et al.
demonstrated a decrease in sialylated triantennary N-glycans in
inflammatory arthritis patients, strongly correlated with reduced
CRP level in the silenced inflammatory process (73).

Our recent study has demonstrated more intensive thyrocyte
lysis in the presence of IgG isolated from HT patients than from
healthy donors, which resulted from the higher anti‐TPO
content in the whole IgG pool of HT donors and the altered
IgG N-glycosylation in HT autoimmunity (72). The present
analysis demonstrated that the content of F(6)A2G(4)2S1
structure, the most intensely sialylated N-glycan in IgG
glycoprofile, was lowered in Hashimoto’s thyroiditis in
comparison to HT1 group (Figure 3), which may explain the
results obtained in the previous functional analysis performed
with IgG from HT patients in the in vitro model (72). The study
by Zab̨czyńska et al. indicated also that IgGs with desialylated N-
glycans were more potent to induce ADCC in human
thyrocytes (72).

In summary, N-glycans are involved in fundamental cellular
and molecular processes that stimulate and inhibit immune
system pathways. Detailed characterization of the IgG
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N-glycans obtained by UPLC-MS revealed statistically significant
quant i ta t ive di fferences in sugar structure during
immunosuppressive treatment of GD patients and during the
development of Hashimoto’s thyroiditis. The results show that
changes in IgG N-oligosaccharides contribute to the
development of inflammation in autoimmune thyroid diseases.
These changes begin in the early stages of the disease, where
autoantibodies are overproduced, but hypothyroidism and
thyroid gland destruction, which are associated with later
stages of pathology, are not observed. The use of
immunosuppressive therapy significantly alters the process of
N-glycosylation in patients with Graves’ disease. Further studies
are needed to evaluate the changes in IgG N-glycosylation in
AITD to see how relevant it is to determine the contribution of
altered oligosaccharide content to antibody-mediated
autoimmunity in these autoimmune diseases. It is also worth
noting, that similarly as in the case of vast majority of glycomic
studies of this kind, we compare only relative quantities of glycan
structures in tested samples. By its nature, the relative content of
a given sugar structure in a sample depends not only on the
increase or decrease in its expression, but also on the
simultaneous quantitative changes of other glycans. Being
aware of these limitations, we used this approach in the
described studies and we believe that it is, however, a specific
description of the phenotype of the patients and enables
comparative analysis. On the one hand, it gives less room for
interpretation of the biological contexts and mechanisms causing
the observed changes, but on the other hand, when applied
according to the same criteria for all analysed samples, it can be a
useful parameter for patient stratification.
5 CONCLUDING REMARKS

N-glycosylation of immune proteins fundamentally affects their
structure, half-life, activity and interaction with protein partners
on other cells or soluble ones present in body fluids (76). For a
long time the sugar part of glycoproteins has been considered
only as an insignificant decoration, until the results of
glycoanalysis obtained for IgG showed, how essential sugar
structures are for the proper biochemical properties, and
biological activity of this molecule. Thanks to the development
of new research technologies, we are increasingly aware of the
great role played by glycans under physiological conditions. In
turn, determining how structure of oligosaccharides is remodeled
in human pathologies, and what the consequences of these
changes are for the course of disease has not been well studied
(8, 9, 12). N-glycosylation of IgG in AITDs was relatively poorly
studied, although HT and GD are among the most common
autoimmune diseases. Our present study provides new data on
IgG remodeling in the course of AITD. The questions are how
the observed changes of IgG N-glycosylation affect its activity,
and what consequences these oligosaccharide modifications have
for the development of the disease or, in the case of treatment, for
the recovery or the reduction of symptoms, remain to be
answered in further studies.
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35. Gińdzieńska-Sieśkiewicz E, Klimiuk P, Kisiel D, Gindzieński A, Sierakowski S.
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Lymphatic filariasis presents a complex spectrum of clinical manifestations ranging from
asymptomatic microfilariaemic (MF+) to chronic pathology (CP), including lymphedema
and elephantiasis. Emerging evidence suggests a link between the physiopathology of
filarial infections and antibody properties. Post-translational glycosylation has been shown
to play a key role in the modulation of antibodies’ effector functions. Here, we investigated
the link between total IgG-N-glycosylation patterns and the physiopathology of human
lymphatic filariasis using UPLC-FLD/ESI-MS comparison of N-glycan profiles of total IgG
purified from endemic normals (EN), MF+, and CP patients. We detected a total of 19
glycans released from all IgG samples. Strikingly, agalactosylated glycan residues were
more prominent in EN, whereas sialylation and bisecting GlcNac correlated with
asymptomatic infections. While IgG from all three clinical groups expressed high levels
of fucosylated residues, significantly lower expressions of afucosylated IgG were seen in
MF+ individuals compared to EN and CP. Our data reveal distinct N-linked IgG glycan
profiles in EN, MF+, and CP and suggest that IgG galactosylation and sialylation are
associated with chronic pathology, whereas agalactosylation correlates with putative
immunity. The results also indicate a role for sialylation, fucosylation, and bisecting GlcNac
in immune tolerance to the parasite. These findings highlight the link between N-
glycosylation and the physiopathology of lymphatic filariasis and open new research
avenues for next-generation therapeutic formulations against infectious diseases.

Keywords: IgG, filariasis, UPLC-FLD/ESI-MS, N-glycosylation, galactosylation, fucosylation, sialylation, GlcNac
Abbreviations: EN, endemic normals; MF, microfilariae; CP, chronic pathology; IgG, immunoglobulin G; GlcNac, N-
Acetylglucosamine; CFA, circulating microfilaria antigen; UPLC-FLD/ESI-MS, ultra-performance liquid chromatography-
fluorescence detector/electrospray ionization-mass spectrometry.
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Adjobimey and Hoerauf IgG N-Glycosylation in Lymphatic Filariasis
INTRODUCTION

Lymphatic filariasis, commonly known as elephantiasis, is a
neglected tropical disease caused by vector-borne filarial
parasites Wuchereria bancrofti, Brugia malayi, and Brugia
timori (1). Recent estimations of the WHO indicate that
859 million people in 50 countries live in areas requiring
chemotherapy to stop the spread of the infection. The global
baseline estimate of people affected by lymphatic filariasis is 25
million men with hydrocele and over 15 million people with
lymphoedema (2). In endemic areas, most infected individuals
remain asymptomatic, showing no external signs of the infection
while bearing microfilaria (MF+) and contributing to the
transmission of the parasite (2). In contrast, putatively immune
individuals, also known as endemic normals (EN), remain
infection-free despite continuous exposition to the vector (3).
In some of the exposed individuals, the infection develops into
chronic pathology (CP), manifesting as lymphoedema (tissue
swelling), elephantiasis (skin/tissue thickening) of limbs, or
hydrocele (scrotal swelling). Besides morbidity and its
economic drawbacks, the disfiguring sequels of LF often lead
to social stigma and considerable psychological burden (4). The
clinical outcomes of the infection are tightly linked to the host’s
immune reactivity. Typically, alongside classical parasite-
induced Th2 immune responses, asymptomatic patients
present a strong immune-regulated profile with high levels of
regulatory cells, anti-inflammatory cytokines. This immune-
regulated environment is associated with elevated levels of the
non-cytolytic antibody IgG4 (3, 5, 6). It is well established that
antibodies play a key role in protection and pathology across
infectious diseases. While the antibody variable domain
facilitates antibody binding to antigens and the blockade of
infection, the constant, crystallizable fragment (Fc) mediates
cross-talk with the innate immune system. The biological
activity of the Fc region is controlled genetically via class
switch recombination, resulting in the selection of distinct
antibody isotypes and subclasses (7). In helminth infections,
the IgG4 subclass was seen to be associated with tolerance of the
parasite, whereas IgG1 and IgG3 are associated with parasite
clearance and or pathology (5). New pieces of evidence suggest a
second level of control via post-translational changes in antibody
glycosylation. Fc glycans were shown to be critical for
maintaining both the proinflammatory and the anti-
inflammatory effector functions of IgG (8). Indeed N-glycan
moieties of IgG-Fc were shown to significantly impact antibody
stability and effector functions (7, 9). All four human IgG
subclasses exhibit two variable bi-antennary glycans in their Fc
region, attached at the conserved Asn297 site (10). The Fc
glycans in the IgG molecule are bi-antennary glycans with
varying fucose content, bisecting N-acetylglucosamine
(GlcNac), galactose (Gal), and sialic acid; most IgG molecules
are fucosylated. These glycan structures have profound impacts
on antibody functions and thereby on health. Agalactosylated
and asialylated IgG glycoforms, for example, were seen to be
particularly abundant in chronic inflammatory diseases such as
rheumatoid arthritis, systemic lupus erythematosus,
inflammatory bowel disease (IBD), HIV, and mycobacterial
Frontiers in Immunology | www.frontiersin.org 297
infections (11–16). Global immune activation studies reveal
that IgG1 galactose deficiency correlated with parasitic
infections or asthma (17). Conversely, sialylation has been
associated with anti-inflammatory properties and has, for
example, been seen to reduce pathogenic properties of IgG
autoantibodies (18). Recent data from our group have
suggested that helminths modulate both the quantity and the
function of antibodies secreted in their host (19). This qualitative
modulation of antibodies’ properties may have a profound
impact on the ability of the host to tolerate or eliminate
adult worms and microfilaria. Here we analyzed the link
between different antibody-glycosylation patterns and the
physiopathology of human lymphatic filariasis using mass
spectrometry. Ultimately, this work provides critical new
insights into the functional roles of antibody glycosylation and
lays initial foundations for leveraging antibody glycosylation to
drive prevention and control across diseases.
MATERIALS AND METHODS

Study Population and Ethic Statement
The present study used archived material from previous projects.
Patients and endemic controls’ samples were collected between
2009 and 2010 in the Nzema East District in the western region
of Ghana endemic for LF. No other human filarial species were
endemic in the region. Written informed consent was obtained
from all participants. Exclusion criteria included abnormal
hepatic and renal enzyme levels (g-glutamyltransferase > 28 U/L,
glutamyl pyruvic transaminase > 30 U/L, creatinine > 1.2 mg/
100 mL) assessed by dipstick chemistry, alcohol, drug abuse, or
antifilarial therapy in the past 10 months. The participants in the
study were examined by a clinician using physical methods and a
portable ultrasound machine (180 Plus; SonoSite, Bothell, WA)
as described previously (20). Ethical clearance was given by the
Committee on Human Research Publication and Ethics at the
University of Science and Technology in Kumasi and the Ethics
Committee at the University Hospital Bonn. Microfilaremia was
determined by microscopic examination of fingerprick night
blood samples as published (20). Endemic normals (EN) were
defined as residing in the endemic region but free of infection
(CFA-, MF-, n=10), clinically asymptomatic microfilaraemic
(CFA+, MF+, n=10) chronic pathology patients (CP) with
lymphedema or elephantiasis (n=10), negative for filarial
antigen. Since IgG-glycosylation patterns can be affected by
aging and estrogens levels (21, 22), only middle-aged males
(41-48 years) were included in the analysis (Table 1). Patients
receiving any other medical treatments were excluded from
the analysis.

IgG Isolation by Protein G Agarose Beads
Complete plasma samples (500mg-1mg) were diluted in 0.4 mL
of PBS (Fisher Scientific) and filtered with Amicon ultrafiltration
filters (1.5mL, 30 kDa cutoff) at 12.500 r.p.m. (Allegra bench
centrifuge) for 3 minutes at 25°C to remove buffer and
stabilization media. This washing was repeated twice. Filtered
March 2022 | Volume 13 | Article 790895
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plasma solutions in PBS were incubated with 30mL of protein G
beads solutions for 60 minutes for antibody immobilization by
IgG-G protein binding. After binding, the solution containing
the beads was centrifuged at 12.500 r.p.m. (Allegra bench
centrifuge) for 3 minutes at 25°C to remove any unbound
excess protein. Centrifugation was repeated three times with
200uL of PBS. Subsequently, the IgG fraction (150uL in PBS) was
released from the protein G beads by incubation with 200mL of
HCL 100 mM solution (acidic conditions) for 15 minutes. The
samples were centrifuged again, and the supernatant containing
the IgG was recovered. Each purified IgG solution was
neutralized with 40mL of a NaOH 500 mM solution, and the
resulting solutions were analyzed by SDS-PAGE for assessing the
Frontiers in Immunology | www.frontiersin.org 398
purification yield (Figure 1). IgG samples were then used directly
for the next deglycosylation step.

Deglycosylation and Glycan Isolation
IgG samples (25mg-200mg) were diluted in 300mL ultrapure
water and filtered with Amicon® Ultra 0.5mL Centrifugal
filters (10,000 NMWL) at 4,500 r.p.m on an AllegraTM X-22R
Benchtop Centrifuge for 12 minutes at 25°C to remove
metabolites from media. The protein samples were
concentrated to 150mL and immediately denatured using
150mL of 1% SDS and under heating at 60°C for 30 minutes.
The solutions of denatured IgG were diluted with 350mL of
deionized water and concentrated, using Amicon® Ultra 0.5mL
FIGURE 1 | SDS-PAGE analysis of IgG purity from plasma with Protein G resin and acidic elution. Numbers 1-30 indicated the position of the corresponding
sample. M, molecular weight marker. SDS-PAGE results to determine the purity of purified IgG showed a distinct band of 50 kDa. Molecular weight marker position
corresponds to Ab heavy chain, and the band in 25 kDa position corresponds to IgG light chain.
TABLE 1 | Clinical characteristics of patients and controls.

N° Age in years Gender MF/10 ml CFA LE/Hy Antifilarial antibody titer Clinical classification

1 45 M 0 - - - EN
2 48 M 0 – – – EN
3 43 M 0 - - - EN
4 44 M 0 – – – EN
5 42 M 0 - - - EN
6 40 M 0 – – – EN
7 41 M 0 - - - EN
8 43 M 0 – – – EN
9 45 M 0 - - - EN
10 43 M 0 – – – EN
11 47 M 1101 + - + MF+
12 46 M 2710 + – + MF+
13 44 M 4264 + - + MF+
14 41 M 2182 + – + MF+
15 44 M 5166 + - + MF+
16 46 M 1182 + – + MF+
17 40 M 271 + - + MF+
18 42 M 3864 + – + MF+
19 46 M 354 + - + MF+
20 44 M 608 + – + MF+
21 48 M 0 - + + LE
22 46 M 0 – + + LE
23 47 M 0 - + + LE
24 43 M 0 – + + LE
25 41 M 0 - + + LE
26 45 M 0 – + + Hy
27 41 M 0 - + + Hy
28 46 M 0 – + + Hy
29 47 M 0 - + + Hy
30 40 M 0 – + + Hy
March 2022 | Volu
M, Male; MF, Microfilaria; CFA, Circulating Filarial Antigen; EN, Endemic Normal; LE, Lymphedema; Hy, Hydrocele.
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Centrifugal filters as described above to remove SDS. The
concentrated/denatured protein solutions were treated with
4mL of PNGase F and incubated for 90 minutes at 60°C. After
deglycosylation, released N-glycans were isolated from the
protein fraction by filtration using Amicon Ultra-0.5 mL
Centrifugal fi lters (10,000 NMWL) at 12,500 r.p.m.
(AllegraTM X-22R Benchtop Centrifuge) for 5 minutes at
25°C. The filtrate solutions containing released N-glycans
were lyophilized on a TELSTAR LyoQuest Plus -55 freeze
dryer (TELSTAR, Terrassa, Spain). The retained fractions were
recovered by inverting the filter and transferred by centrifugation
(at 1,500 r.p.m. for 1 minute at 25°C) to a second receiver vial
and stored at -20°C.

Procainamide Labeling
Recent reports on LC-FLR/MS reveal glycans labeling with
procainamide (4-amino-N- (2-diethylaminoethyl) benzamide) as
an effective method to improve MS ionization efficiency without
compromising LC separation (23). A procainamide labeling
solution was prepared following the Waters Application Note.
UPLC/FLR/QTof (MS Analysis of Procainamide-Labeled
N-glycans). Briefly, 12mg of procainamide and 6mg of sodium
cyanoborohydride were dissolved in 0.5mL of a dimethyl sulfoxide
(DMSO)/Acetic acid (7/3) mixture. The lyophilized N-glycan
samples were reconstituted in 10mL of ultrapure water. The
obtained solutions were treated with 50 mL of procainamide
labeling solution at 65°C for 3 hours under gentle shaking on a
Thermomixer (Eppendorf). After labeling, the labeling solutions
were diluted with 200mL Acetonitrile and directly analyzed
by UPLC-FLD/ESI-MS under standard conditions (Waters,
Application Note. UPLC/FLR/QTof MS Analysis of
Procainamide-Labeled N- glycans).

UPLC-FLD/MS Analysis of Procainamide
Labeled N-Glycans
Profiles of procainamide-labeled fluorescent N-glycans from
isolated IgG samples were obtained by HILIC UPLC-FLD/ESI-
MS. Labeled glycans were separated by UPLC on a HILIC
(hydrophilic interaction liquid chromatography) column, and
labeled glycans were detected by online fluorescence and ESI-
TOF mass detection. Fluorescence detection allowed us to
quantify the uniformly labeled glycans peaks with very high
sensitivity. In contrast, mass detection was employed to provide
structural data for the assignment of peaks to glycan structures
based on mass. For quantification, peaks areas were integrated
and converted into relative percentages of the total glycan
amount defined as the sum of all peaks and normalized to
100%. The UPLC analysis was performed following the
standard procedures from Waters (Application Note. UPLC/
FLR/QTof MS Analysis of Procainamide-Labeled N-glycans).

Peak Assignment - Methodology
Mass distribution spectrum assigned to the glycan; ESI-MS
spectrum confirming the mass found; and the fluorescence
chromatogram of the sample, containing all peaks, with their
corresponding retention times, total integration, and relative
Frontiers in Immunology | www.frontiersin.org 499
abundance. As an example, Figure 2 shows the chromatogram
of sample 30 for G0 glycan with a retention time of 20.9 and ESI+
mass 768.8.

Statistical Analysis
All statistical analyses were performed using Prism 5.03 software
(GraphPad Software, Inc., La Jolla, USA). Comparative analyses
among groups were conducted using the Kruskal-Wallis test with
a Dunn’s nonparametric posthoc test (> 2 groups). Significance
was accepted when p < 0.05.
RESULTS

Characterization of Glycans of IgG
We detected a total 19 glycans released from IgG purified from
all tested samples. Table 2 summarizes the proposed structures
for all 19 glycans and the code used. The identified IgG-
glycoforms can be separated according to the presence or not
of a galactose residue. 3 glycans were agalactosylated (G0). 6 were
monogalactosylated (G1), 8 glycans digalactosylated (G2) and 13
were fucosylated (F), and 6 were afucosylated. 4 glycans were
monosialylated (A1), 3 glycans were disialylated (A2), whereas
12 were asialylated. 7 glycans had a bisecting GlcNAc arm (bG0F,
bG1Fa, bG1Fb, bG2, bG2F, bG2A1F, bA2F).

Higher Heterogeneity in Antibody
Glycosylation Patterns in Chronic
Pathology Patients
To determine whether the level of complexity in glycosylation
patterns of total IgG differed between EN, CP, and MF+ donors,
N-linked glycosylation patterns of total IgG were compared
between the different groups. The data suggest that CP patients
presented significantly more glycan residues compared to MF+
and EN. No significant difference was seen between EN and MF+
individuals regarding the number of IgG-N-linked glycan
residues (Figure 3). This higher number of glycan residues
may be linked with a more pronounced inflammatory state
observed in CP patients.

Agalactosylation Correlates With
Putative Immunity
Fc-galactosylation is known to improve binding to C1q in
human IgG without affecting antigen-binding affinities (24). To
determine the importance of IgG-N-linked galactose residues in
the physiopathology of lymphatic filariasis, we analyzed the
importance of lack of galactose residue on IgG of EN, MF+,
and CP. Our data indicate that IgG from EN presented the
highest numbers of agalactosylated residues (Figure 4A). This
trend is confirmed when the most abundant agalactosylated
residue G0F is considered (Figure 4B). However, the second
most abundant agalactosylated residue (bG0F) was predominant
in IgG of MF+ individuals (Figure 4C). No substantial difference
was seen when considering other agalactosylated residues.
March 2022 | Volume 13 | Article 790895
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Galactosylation Correlates With
Chronic Pathology (CP)
Next, we analyzed the importance of IgG-N-linked mono and
bigalactosylated residues in the physiopathology of lymphatic
filariasis. The relative abundance of mono (G1, G1Fa, G1Fb,
bG1Fb, G1A1F) and bigalactosylated (G2, bG2, G2F, bG2F,
G2A1, G2A1F, G2A2) residues was therefore investigated on
IgG of EN, MF+, and CP. The results indicate that IgG from CP
patients presented the highest levels of both mono- and
bigalactosylated residues. This trend was confirmed when the 3
most abundant bi and monogalactosylated residues, G2F, G1Fa,
G1Fb are considered (Figures 5B, E). MF+ individuals generally
expressed significantly higher levels of galactosylated residues
compared to EN (Figures 5A, D), suggesting that galactosylation
of IgG is primarily associated with the infection. However, IgG
from MF+ individuals expressed slightly lower levels of G1Fb, a
less abundant glycomer of G1Fa, compared to EN. In contrast,
the afucosylated and asialylated, bigalactosylated residue G2 was
found to be more abundant of IgG of MF+ individuals compared
to EN and CP.
Frontiers in Immunology | www.frontiersin.org 5100
Lower Level of Afucosylation in IgG of
Asymptomatic Microfilaremic (MF+)
IgG fucosylation in the Fc domain has been attributed anti-
inflammatory properties. To investigate the role of IgG-
fucosylation in the physiopathology of lymphatic filariasis, we
analyzed the relative abundance of fucose residues in EN, MF+,
and CP individuals. Interestingly, even though high levels of
fucosylated glycans were found on IgG of all groups, significantly
lower amounts of afucosylated residues (and higher amounts of
fucosylated residues) were found in MF+ individuals. (Figure 6).

Higher Level of Sialylated
Residues in IgG of Asymptomatic
Microfilaremic Individuals
We next analyzed the expression of IgG-N-linked sialic acid residues
on IgG of EN, MF+, and CP. Interestingly, MF+ individuals
expressed the highest amounts of sialic acid-containing residues.
This increased amount is mainly due to abundant residues
like G1A1F, G2A1, G2A1F, bG2A1F. All these residues are
galactosylated, and apart of G2A1, are fucosylated (Figure 7).
FIGURE 2 | Peak assignment strategy. Profiles of procainamide-labeled fluorescent N-glycans from isolated IgG samples were obtained by HILIC UPLC-FLD/ESI-
MS. Peaks were assigned according to the retention times. The graph displays a representative ESI-TOF mass spectra, a peak selection at 768.8 m/z (upper panel),
the corresponding extracted Single Ion chromatogram (SIC), and full FLR trace chromatogram (middle and lower panel).
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Bisecting GlcNac Is Predominant in
Asymptomatic Microfilaremic
Individuals (MF+)
Attachment of bisecting GlcNac to the Fc glycan was shown to
play a critical role in antibody-dependent cell-mediated
cytotoxicity (ADCC). To determine the role of IgG-N-linked
bisecting GlcNac residues in the physiopathology of lymphatic
filariasis, we analyzed the presence of bisecting GlcNac residues
on IgG of EN, MF+, and CP. Surprisingly, MF+ patients
expressed the highest amounts of bisecting GlcNac containing
residues (Figure 8). This predominance is mainly due to the
most abundant residue with bisecting arm bG0F. However, the
same trend is observed when bG1F, a monogalactosylated
residue with the same core structure, is considered (Figure 8C).
Frontiers in Immunology | www.frontiersin.org 6101
DISCUSSION

The composition of the Fc N-glycan modulates the magnitude of
antibodies’ effector functions, such as the antibody-dependent cell-
mediated cytotoxicity (ADCC) and the complement-dependent
cytotoxicity (CDC) (9). Our data suggest a higher expression in
antibody glycosylation in CP patients compared to the EN andMF+
individuals. This higher level of glycosylation might be associated
with the well-known pronounced inflammatory state in CP patients
(19). This finding is in line with previous investigations reporting an
association between the levels of Fc and Fab immunoglobulin-G-
related glycosylation with inflammation (25, 26).

The present study also demonstrates that IgG-galactosylation
patterns significantly differ from one lymphatic filariasis clinical
TABLE 2 | Detected glycan structures.

N-glycan Structure Ret. Time ESI +

GO 20.9 768.8

GOF 22.29 841.8

bGOF 23.65 943.4

G1 24.1 849.8

G1Fa 25.05 922.9

G1Fb 25.44 922.9

bG1Fa 26.02 1024.4

bG1Fb 26.41 1024.4

G2 26.82 930.9

G2F 27.11 1032.5

bG2 27.95 1003.8

bG2F 28.54 1105

G1A1F 29.05 1068.5

G2A1 30.18 1076.5

G2A1F 31.12 1149

bG2A1f 31.84 1251

G2A2 32.56 1222

A2F 33.85 1295

bA2F 34.23 1396.6
March 2022 | Volume 13 | Article
GlcNac, Fucose (F), Galactose (G), Mannose, sialic acid (A).

19 different glycan structures were detected in all tested IgG samples. 3 were agalactosylated (G0), 6 were monogalactosylated (G1), 8 were digalactosylated (G2). 13 were fucosylated (F),
and 6 afucosylated. 4 glycans were monosialylated (A1), 3 glycans were disialylated (A2) whereas 12 were asialyated. 7 glycans had a bisecting GlcNac arms (b...).
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group to the other. Indeed, IgG-agalactosylation correlates with
putative immunity, whereas galactosylation was associated with
chronic pathology. These data are in line with those obtained in a
canine filaria infection model, where IgG N-galactosylation was
increased as a result of infection with Dirofilaria immitis, a
filarial nematode closely related to Onchocerca volvulus,
Wuchereria bancrofti, and Brugia malayi (27). Even though
our results converge with part of the literature, they differ from
those obtained by O’Regan et al. in India, who demonstrated that
IgG N-galactosylation was similar in EN, CP, and
asymptomatically infected donors (28). This divergence might
be associated with different factors, including the nature of the
pathogens and the study population. Indeed, LF is caused in
Africa mainly byWuchereria bancrofti, whereas Brugia Malayi is
the causative agent in India, Malaysia, and other parts of
Southeast Asia (29). Whether these two main LF parasites have
Frontiers in Immunology | www.frontiersin.org 7102
different impacts on antibody galactosylation remains to be
clarified. Nevertheless, additional investigations with larger and
multiregional cohorts are required to precisely define the
relationship between galactosylation and the physiopathology
of helminth infections. In addition, it is well established that large
variability in IgG glycome exists across multiple geographical
locations (30).

Higher IgG-galactosylation linked with inflammation was
also seen in patients with ankylosing spondylitis, a rare form of
arthritis that primarily affects the spine. In this model, the ratio
of galactosylated IgG was seen to be twice higher in patients than
in controls (31). The presence of terminal galactose on
recombinant monoclonal antibodies was reported to enhance
their capacity to induce complement-dependent cytotoxicity
(CDC) by affecting their affinity to C1q (32). CDC being a key
mechanism associated with the killing of microfilaria (33), the
A

B

C

D

FIGURE 3 | Higher IgG-Glycan heterogeneity in CP patients. (A–C) Representative electropherograms from a CP (A), MF+ (B), and EN (C) indicating all structures
present in the Fc region of IgG. (D) Relative abundance of IgG molecules carrying different glycan residues in total IgG purified from EN, MF+, and CP patients. Dots
represent individual donors. Bars represent means ± SEM. The indicated p-values refer to the significance level among all groups according to Kruskal-Wallis test.
Indicated p values reflect the level of differences after Dunn’s multiple comparisons test. Significance is accepted when P < 0.05.
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predominance of galactosylated IgG molecules in CP may
explain the absence of microfilaria in this clinical group.

Regarding fucosylation, our data suggest that fucosylation
was high in all clinical groups. However, when considering the
Frontiers in Immunology | www.frontiersin.org 8103
relative abundance of afucosylated residues, CP patients
expressed significantly higher levels of afucosylated IgG
compared to both EN and MF+. Interestingly, MF+
individuals, known to have a more pronounced regulatory
A B C

FIGURE 4 | Higher levels of agalactosylated residues in EN. Graphs represent the relative abundance of all IgG-bound glycan structures lacking galactose molecules
(A), agalactosylated and fucosylated (B) or agalactosylated, fucosylated with a bisecting GlcNAc residue (C) in IgG purified from EN, MF+, and CP patients. Dots
represent individual donors. Bars represent means SEM. The indicated p-values refer to the significance level among all groups according to the Kruskal-Wallis test
and Dunn’s multiple comparisons test. Significance is accepted when P < 0.05.
A B C

D E F

FIGURE 5 | Elevated IgG- galactosylation correlates with chronic pathology. Graphs represent the relative abundance of IgG-bound glycan structures with one
(A–C) or two galactose molecules (D–F) in IgG purified from EN, MF+, and CP patients. Dots represent individual donors. Bars represent means ± SEM. Statistical
analyses were performed using the Kruskal–Wallis nonparametric test with Dunn’s multiple comparison post-test. Significance is accepted when P < 0.05.
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immune profile, presented the lowest levels of afucosylated IgG
compared to EN and CP. While little data exist on IgG
fucosylation in filarial infections, similar results were seen in
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections, where recent investigations suggest that afucosylated
IgG responses promote the exacerbation of COVID-19 (34, 35).
Hyperreactive immune responses being the hallmark of CP, our
data confirm that excessive immune reactivity in both helminth
Frontiers in Immunology | www.frontiersin.org 9104
and viral infections might be associated with elevated amounts of
afucosylated IgG.

Our results also showed a significantly higher expression of
sialylation in total IgG of MF+ individuals. Sialylated IgG Fc
domains were shown to have the ability to increase the activation
threshold of innate effector cells to immune complexes by
stimulating the upregulation of the inhibitory Fc-gamma-RIIb
(36, 37). MF+ individuals being well known to have more
A B

FIGURE 6 | Higher levels of afucosylated IgG are associated with CP. Graphs represent the relative abundance of IgG-bound glycan structures without (A) or with
(B) fucose residues (A) in total IgG purified from EN, MF+, and CP patients. Dots represent individual donors. Bars represent means ± SEM. Statistical analyses
were performed using the Kruskal–Wallis nonparametric test with Dunn’s multiple comparison post-test. Significance is accepted when P < 0.05.
A B C

FIGURE 7 | Higher levels of IgG-sialylation are associated with asymptomatic infection during LF. Graphs represent the relative abundance of IgG-bound glycan
structures with sialic acid residues in total IgG purified from EN, MF+, and CP patients (A–C). Dots represent individual donors. Bars represent means ± SEM.
Statistical analyses were performed using the Kruskal–Wallis nonparametric test with Dunn’s multiple comparison post-test. Significance is accepted when P < 0.05.
March 2022 | Volume 13 | Article 790895

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Adjobimey and Hoerauf IgG N-Glycosylation in Lymphatic Filariasis
pronounced anti-inflammatory profiles, the higher expression of
sialylated-IgG fits with the immune-regulated milieu in MF+
individuals (5). Our data confirmed previous findings suggesting
that total IgG sialylation may be involved in asymptomatic
infection during bancroftian filariasis (28).

When it comes to bisecting GlcNac, our data suggest that this
feature is more pronounced in MF+ individuals compared to EN
and CP. The impact of bisecting GlcNac on antibody functions is
not well documented. Nonetheless, the combination of bisecting
GlcNac on G0 was seen to enhance antibodies’ capacity to induce
ADCC (38). ADCC being a proinflammatory process, the higher
expression of IgG with bisecting GlcNac in MF+ individuals
seems on the first sight to be controversial. However, the most
abundant IgG glycoforms with bisecting GlcNac in MF+
individuals in our settings were also fucosylated. These
findings suggest that IgG-fucosylation may interfere with the
proinflammatory properties conferred by bisecting GlcNac in
MF+ individuals. Indeed, branching fucose residues at the core of
the biantennary glycan structure was shown to inhibit the
binding affinity of the IgG-Fc to the proinflammatory receptor
Fc-gamma-RIIIa (10), known to play a key role in the induction
of ADCC (39).

Our data highlighted the link between immune reactivity in
lymphatic filariasis and IgG glycosylation. However, the main
limitation of the present study is the fact that investigations were
done at total IgG level. Indeed, the glycan-mediated fine-tuning
of IgG functions at subclasses and antigen-specific levels may
have a more direct impact on clinical outcomes of the infection.
In addition, since Fc and Fab fragments were not purified in our
settings, our results encompass glycosylation patterns of both Fc
and Fab fragments. It can therefore not be excluded that Fab and
Fc glycosylation have distinct effects on the physiopathology of
lymphatic filariasis. Recent data suggest that Fab glycan patterns
Frontiers in Immunology | www.frontiersin.org 10105
are variable and play key roles in inflammation and immune
regulation (26, 40). The present study focuses solely on N-
glycosylation. However, in addition to N-glycosylation, O-
glycosylation is also known to impact antibody effector
functions (41). Given the delicate balance of protective versus
pathological IgG glycosylation profiles across infectious diseases,
further investigations are required to better define the
implication of antibody Fab and Fc N and O-glycosylation
profiles in disease outcomes. Technical limitations might also
influence the results. Indeed, lower intensities were observed in
some of the chromatograms. This is likely associated with the
intrinsic quality of the samples. In addition, the amounts of
protein obtained after protein G purification of sample 6 (EN)
and 13 (MF+) were much lower compared to the other samples.
For these two samples, 25 and 150 µg of protein were used
respectively for deglycosylation and glycan isolation, whereas
200µg was used for all other samples. Nonetheless, excluding
these two samples would have no impact on the overall outcome.

Ultimately, the present study has identified clear differences
in IgG glycan profiles between CP, MF+ individuals, and EN and
suggests that IgG glycome alterations might potentially be useful
as biomarkers for disease severity prediction in lymphatic
filariasis. A better understanding of the impact of antibody
glycosylation may also provide critical insights for next-
generation therapeutic formulations and vaccines.
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FIGURE 8 | Higher levels of N-linked GlcNac are associated with asymptomatic infection during LF. Graphs represent the relative abundance of IgG bound glycan
structures with bisecting GlcNac, total (A), or in combination with fucose (B) or a galactose and fucose molecule (C). Dots represent individual donors. Bars
represent means ± SEM. Statistical analyses were performed using the Kruskal–Wallis nonparametric test with Dunn’s multiple comparison post-test. Significance is
accepted when P < 0.05.
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Most of the membrane molecules involved in immune response are glycosylated. N-
glycans linked to asparagine (Asn) of immune molecules contribute to the protein
conformation, surface expression, stability, and antigenicity. Core fucosylation catalyzed
by core fucosyltransferase (FUT8) is the most common post-translational modification.
Core fucosylation is essential for evoking a proper immune response, which this review
aims to communicate. First, FUT8 deficiency suppressed the interaction between mHC
and l5 during pre-BCR assembly is given. Second, we described the effects of core
fucosylation in B cell signal transduction via BCR. Third, we investigated the role of core
fucosylation in the interaction between helper T (TH) cells and B cells. Finally, we showed
the role of FUT8 on the biological function of IgG. In this review, we discussed recent
insights into the sites where core fucosylation is critical for humoral immune responses.

Keywords: core fucosylation, pre-B cell, BCR, IgG, humoral immune response
INTRODUCTION

Humoral immune response relies on intrinsic B cell development. The gradual stages of B
lymphocyte differentiation are marked by the arrangement and expression of immunoglobulin
(Ig) genes in the bone marrow (BM) (1). Early B lymphocytes are produced in the BM, in which
there is a stepwise subgroup from hematopoietic stem cells (HSC) to immature B cells. The middle
steps are composed of pro-B cells and pre-B cells. The V(D)J rearrangement of the m-heavy chain
(mHC) gene occurs in pro-B cells, and the gene rearrangement of light chains begins in the pre-B cell
stage. Once a light chain gene is assembled and a completed IgM is expressed on the surface of
immature B cells, the B cells differentiate further to become mature B cells expressing IgD and IgM.
The mature B cells recirculate through secondary lymphoid tissues, where they may encounter
foreign antigens (Ags). Ag-binding B cells are trapped in the T-cell zone of lymphoid tissue and
activated by encounter with helper T (TH) cells, and differentiated into plasma cells, which secret
large amounts of antibodies (Abs) to provide lasting protective immunity (2, 3).

Almost all of the immunological molecules are glycosylated (4, 5). Glycosylation is one of the most
common post-translational modifications of eukaryotic proteins. The glycans attached to these
proteins can be classified into two major types: O-linked glycosylation, whose glycan chains are
linked to the oxygen atom of serine or threonine residues in the Golgi, and N-linked glycosylation,
whose glycan chains are covalently linked to the amide nitrogen of asparagine (Asn) residues of an
org March 2022 | Volume 13 | Article 8444271108
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Asn-X-Ser/Thr sequence (where X is not proline) by an N-
glycosidic bond in the endoplasmic reticulum (ER). Despite
their microheterogeneity, most N-glycans share a common
N-glycan precursor, 14 monosaccharide residues (i.e.,
Glc3Man9GlcNAc2) that is pre-assembled on the ER membrane
before it is transferred to protein. After the attachment of the N-
glycan precursor to Asn-X-Ser/Thr in a protein, a series of
processing reactions trim the N-glycan in the ER. After
sequential trimming of the terminal monosaccharide residues
(glucose and mannose), the glycoproteins exiting the ER en route
to the Golgi carry N-glycans with a Man8GlcNAc2 isomer. Then,
the glycoprotein undergoes further sugar chain elongation and
“glycan maturation” (e.g., fucosylation, galactosylation, and
terminal sialylation) by a suite of glycosyltransferases (6). The
glycosyltransferases that assemble monosaccharide moieties of a
simple nucleotide sugar donor substrate (e.g., UDP-Gal, GDP-
Fuc, or CMP-Sia) into the acceptor substrate (linear and branched
glycan chains). The ER-Golgi pathway harbors many glycan-
modifying enzymes in eukaryotic cells. In the medial-Golgi, the
N-glycan has two branches, which are initiated by the addition of
two-terminA006C N-acetylglucosamine (GlcNAc) residues by N-
acetylglucosaminyltransferase-I (GnT-I) and GnT-II. Additional
branches can be initiated at C-4 of the core mannose a1,3 (by
GnT-IV) and C-6 of the core mannose a1,6 (by GnT-V) to yield
tri- and tetra-antennary N-glycans. N-glycans may carry a
“bisecting” GlcNAc residue that is catalyzed by GnT-III.
Further sugar additions, such as galactosylation by
galactosyltransferases (GalT), fucosylation by fucosyltransferases
Frontiers in Immunology | www.frontiersin.org 2109
(FUTs), and sialylation by sialyltransferases (STs), mostly occur in
the trans-Golgi. FUTs consist of 13 members, including FUT1 to
FUT11, protein O-fucosyltransferase 1 (POFUT1), and POFUT2.
Core fucosylation is catalyzed by core fucosyltransferase (FUT8).
Figure 1 depicts a bisecting N-GlcNAc on a tetra-antennary N-
glycan, which may be present in all of the more highly branched
structures. Glycosylation regulates several glycoprotein functions,
including half-life on the membrane, sorting to specific
subcellular sites, and folding in the ER (7).

We have been devoted to the study that core fucosylation is an
essential segment in the early B cell differentiation (8, 9), B cell
activation (10, 11), Ab production (11, 12), systemic lupus
erythematosus (SLE) development (11), infection (12, 13) and
antitumor activity (14). The critical physiological function of the
fucosylation is characterized by leukocyte adhesion deficiency II,
which emphasizes the physiological significance of the
fucosylation due to immunodeficiency caused by fucosylation
deficiency (15). This review focuses on the unique roles of core
fucosylation in adaptive humoral immune responses.
CORE FUCOSYLATION AND
ITS FUNCTION

In mammalian cells, the core fucosylation catalyzed by FUT8 is a
common post-translational modification (Figure 2) (16, 17).
FUT8 is the only glycosyltransferase that catalyzes the transfer
FIGURE 1 | Glycosyltransferases involving in the biosynthesis of branching N-glycans. a2,6 sialyltransferases (ST6) and/or a2,3 sialyltransferases (ST3) that act on
galactose, b1,4 galactosyltransferases (b1,4GalT) and/or b1,3 galactosyltransferases (b1,3GalT) that act on N-acetylglucosamine (GlcNAc), and the family of
N-acetylglucosamine transferases (GnT-I, GnT-II, GnT-III, GnT-IV, GnT-V and so on) that participate in GlcNAc synthesis. Fucosyltransferases (FUT3, FUT4, FUT5,
FUT6, FUT7, FUT8, FUT9) can attach fucose in either a1,3/a1,4 or a1,6 linkage. These enzymes act sequentially, so that the product of one enzyme yields a
preferred acceptor substrate for the subsequent action of another. Different proteins may have different subsets of N-glycans, which is referred to as
microheterogeneity. All N-glycans share a common core sugar sequence, Mana1–6(Mana1–3) Manb1–4GlcNAcb1–4GlcNAcb1.
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of fucose from GDP-fucose to the inner GlcNAc of N-glycans
through a1,6-linkage (core fucosylation) in the Golgi apparatus.
There are two different pathways for producing GDP-fucose,
namely the salvage and de novo pathways. The salvage pathway
utilizes free fucose derived from dietary sources. The de novo
pathway (the major way) synthesizes GDP-fucose from GDP-
mannose through oxidation, epimerization, and reduction
catalyzed by two enzymes, including GDP-mannose 4,6-
dehydratase (GMD) and GDP-4-keto-6-deoxy-mannose-3,5-
epimerase-4-reductase (FX). Then, the GDP-fucose transporter
(GFT) transfers the GDP-fucose from the cytosol into the
Golgi apparatus.

Previous studies have observed relationships between protein
structures and the N-glycan repertoires (18). The underlying
pentasaccharide (mannosyl-chitobiose: Man3GlcNAc2) core
structure of all eukaryotic N-glycans serves as scaffolding. The
flexible glycosidic linkages are often found in the pentasaccharide
Frontiers in Immunology | www.frontiersin.org 3110
core structure of the N-glycans. The antenna flexibility could
play a specific role in directing precise recognition in
carbohydrate-protein interactions. N-linked glycosylation does
not induce any secondary structure of proteins but that it does
alter their conformational preferences in the vicinity of the
glycosylation site, increasing the probability of more compact
conformations (19). These effects seem to involve only the
monosaccharide units of the N-glycan and are probably
mediated by steric and hydrophobic or hydrophilic
interactions between the N-glycan and the neighboring amino
acid sidechains (20). Most glycoproteins are expressed on the cell
surface. Each interaction between such proteins involved in cell-
cell recognition events are frequently weak. Strong cell-cell
interactions are obtained from many of these interactions
occurring simultaneously on cell surface molecules. The
N-glycans on these molecules influence their orientation and
their packing of glycoproteins on the cell surface.
FIGURE 2 | Core fucosylation modification in mammalian N-glycans is catalyzed by FUT8. The ER-Golgi pathway harbors many glycan-modifying enzymes in
eukaryotic cells. The glycosyltransferases that operate in the ER are woven into the ER membrane. In contrast, the glycosyltransferases in Golgi compartments are
generally type II membrane proteins with a small cytoplasmic amino-terminal domain, a single transmembrane domain, and a large lumenal domain that has an
elongated stem region and a globular catalytic domain. FUT8 is a typical type II membrane protein and a Golgi apparatus–resident glycosyltransferase to catalyze the
transfer of a fucose from GDP-fucose to the inner GlcNAc of N-glycans through a1,6-linkage (core fucosylation). There are two different pathways for producing
GDP-fucose, namely salvage pathway and de novo pathway. The GDP-fucose is transferred from the cytosol into the Golgi apparatus by GDP-fucose transporter
(GFT). The sugar additions, such as galactosylation by GalT, fucosylation by FUTs and sialylation by STs, mostly occurring in the trans-Golgi.
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It has been reported that the core fucose influences the
conformational flexibility of the core-fucosylated biantenna of
N-glycans (21). The core fucose also plays a crucial role in the
binding of an N-glycan to a plant lectin (22). As shown in the
Table 1, core fucosylation regulates the conformation, stability
and expression of immune molecules, such as pre-BCR, BCR,
IgG, T cell receptor (TCR), CD276(B7H3), CD14, CD41a,
hemagglutinin (HA), PD-1 and VLA-4. The association
between an N-glycan and its Asn sidechain is relatively rigid
and planar, with a tendency to extend the core sugar structure
(24). Conversely, core fucosylation is strongly influenced by the
structure of the proteins. The glycosylation sites of the proteins
and their subcellular location determine whether the conjugated
N-glycans will be modified by core fucosylation. It is reasonable
to propose that core fucosylation could affect the glycosidic
linkage flexibility and conformation of proteins, resulting in
modification of protein interactions or assembly. Core
fucosylation is ubiquitously expressed in mammalian tissues
and participate in the regulation of numerous biological events
of physiological and pathological conditions (25), including cell
growth (8, 26), cell signal transduction (9, 10), protein-protein
interaction (9, 10), cell-cell interaction (11, 12) and
tumorigenesis (23, 27, 28). FUT8 knockout (FUT8-/-) mice
exhibit early postnatal death (29), retardant growth (26, 30),
emphysema-like changes (29, 31), schizophrenia-like phenotype
(32) and so on.
CORE FUCOSYLATION REGULATES
PRE-BCR ASSEMBLY

During early B cell differentiation, the formation of pre-BCR
complex allows progression from the pro-B cell stage to pre-B
cell stage (33). The assembly of the pre-BCR on the cell
membrane is a critical checkpoint for B cell growth and
differentiation in humans and mice (34–38). Suppression of
pre-BCR complex formation inhibits the transition of B
lymphocyte development from pro-B cell stage to pre-B cell
stage (39, 40). The functional pre-BCR complex consists of
immunoglobulin (Ig) mHC, surrogate light chain (SLC), and
Iga/Igb (CD79a/CD79b) (41). The mHCs assembled with SLC
are classically obligatory for pre-BCR trafficking to the surface
(42). The mHC (GI:90956) comprises the variable region of Ig
Frontiers in Immunology | www.frontiersin.org 4111
mHC (VH) and the constant portion of the Ig mHC (CH). The l5
(GI:54887631) and Vpre-B are non-covalently associated to form
SLC. In a pre-BCR complex, l5 binds to the CH1 domain of mHC,
while Vpre-B interacted with the VH domain. Vpre-B is
stabilized by a salt bridge between Glu106 residue of Vpre-B
and Arg59 residue of VH (33). The N-glycans on mHC are of the
high-mannose type (43). Ubelhart et al. (44) also discovered that
mHC of mouse and human Igs contains the N-linked
glycosylation site N46 and that a conserved N46-glycan at the
CH1 domain of mHC was necessary for the interaction of mHC
and l5, followed by the formation of pre-BCR. There are no N-
glycosylated sites on l5, and it is covalently coupled to the CH1

domain of mHC via a carboxyl-terminal cysteine (42). Only pre-
B cells that express the pre-BCR complex undergo the following
clonal expansion.

In FUT8-/- BM, we found a profound and selective
suppression in pre-B cell generations without a concomitant
change in the pro-B cell population (8). To address the
impairment of the pre-B cell population in FUT8-/- mice, we
investigated the role of FUT8 in pre-BCR assembly. Indeed, mHC
is a core fucosylated protein, and loss of core fucosylation of mHC
reduces the binding affinity between mHC and l5. Consistent
with this result, the formation of pre-BCR is down-regulated in
the FUT8 knockdown pre-B cell line (70Z/3-KD cells) and has
been recovered in 70Z/3-KD-re cells (9). Indeed, the
subpopulation of mHC+l5+ cells is lower in FUT8-/- BM than
in FUT8+/+ BM. Early pre-B cells expressing both mHC and SLC
are in the BM and fetal liver; one produces SLC-pairing mHC,
and the other produces SLC-nonpairing mHC (36). Only half of
the in-frame rearranges mHCs pair correctly with SLCs (45).
Subsequently, mHCs that bind poorly to SLCs are subsequently
poorly represented among mHC families (46). The mHC
undergoes glycosylation modification and is transported to the
cell surface. The newly synthesized membrane form of mHC is
Endo H-resistant, which reaches the cell surface, while
the secretory form is Endo H-sensitive (47). Since FUT8
expression is significantly increased during the transition from
pro-B to pre-B cell development (8), and since the core
fucosylation is required for pre-BCR complex assembly (9), it
is conceivable that FUT8 controls the core fucosylation of mHC,
followed by pre-BCR complex assembly. There are no N-
glycosylation sites in l5, Vpre-B, and VH domains of mHC.
When the binding of VH of mHC to Vpre-B is a protein-protein
TABLE 1 | Core fucosylated immune molecules and their crucial functions.

Immune molecules Functions References

pre-BCR Loss of core fucosylation of mHC reduced the binding affinity between mHC and l5. (13, 14)
BCR Loss of core fucosylation reduced the lipid raft formation of B cells. (15)
IgG Loss of core fucosylation promotes the ADCC of nature killer cells. (6–8)
TCR Core fucosylation of the TCR is necessary for T-cell of nature killer cells. (3–5)
CD276(B7H3) FUT8-B7H3 axis is a promising strategy for improving anti-tumor immune responses. (9)
CD14 Core fucose is critical for CD14-dependent Toll-like receptor 4 signaling. (1)
CD41a The enzyme activity of FUT8 is involved in the megakaryocytes differentiation. (16)
Hemagglutinin (HA) Loss of core fucosylation reduces the binding of influenza A virus HA to IgE. (12)
PD-1 Loss of core fucosylation enhanced the PD-1 expression in CD8+ cytotoxic T lymphocytes. (23)
VLA-4 Loss of core fucosylation decreased binding between pre-B cells and stromal cells. (13)
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interaction by ionic bonding between Glu106 of Vpre-B and
Arg59 residue of VH region, and the binding of CH1 of mHC to l5
is a protein-glycoprotein interaction. It is reasonable to propose
that the FUT8 regulated the interaction between CH1 of mHC and
l5, but did not influence the interaction between Vpre-B and
mHC during pre-BCR assembly (Figure 3). The pre-BCR tunes
pre-B cell repertoire by driving the preferential differentiation
and expansion of cells with a higher quality of mHC (37). Thus,
we propose a mechanism in which core fucosylated mHC has a
higher potential to assemble with SLC and amplify the pre-B
cell repertoire.

Pre-BCR expression is sufficient and required for constitutive
cell signaling (48). Mutations of genes associated with the pre-
BCR signal pathway culminate in agammaglobulinemia (35–38,
49). Core fucosylation is required for the appropriate binding of
mHC to l5, as well as pre-BCR assembly (9). Except for the signal
transduction via pre-BCR, integrins bind to vascular adhesion
molecule-1 (VCAM-1), thereby facilitating signaling with
stimulation of IL-7 from stromal cells, which plays a significant
Frontiers in Immunology | www.frontiersin.org 5112
role in the generation of B cell precursors (50). Integrins on pre-B
cells, together with pre-BCR and galectin-1, could form a
homogeneous lattice at the contact area between pre-B cells
and stromal cells (51). FUT8 ablation reduces binding affinity
between very late antigen 4 (VLA-4, a4b1 integrin) on pre-B
cells and VCAM-1 on stromal cells, which impaired the colony
expansion of pre-B cells in FUT8-/- BM (8).
CORE FUCOSYLATION REGULATES THE
SIGNAL TRANSDUCTION VIA BCR

Upon B cell activation, B cells recognize both soluble and
membrane-associated Ags by B-cell receptor (BCR), and
respond to them (3). After the recognition of Ags, BCRs on B
cells trigger signaling that eventually induced B cell activation
and Abs production (52). First identified in 1970 (53), the BCR
and Ab consisted of two heavy (H) chains and two light (L)
FIGURE 3 | Core fucosylation regulates the assembly of pre-BCR. The early B cells growth depends on the assembly of pre-BCR. The conserved
N46-glycosylation site on CH1 domain of mHC played a critical role in modulation of the interaction of mHC and l5 before the formation of pre-BCR. Removal
of core fucose of mHC impaired the interaction between mHC and l5, and pre-BCR assembly, which is necessary and sufficient for signal transduction via
pre-BCR and early B cell proliferation.
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chains, which are linked by disulfide bonds. Each H chain is
composed of an N-terminal variable domain (VH) and three
constant domains (CH1, CH2, CH3); the L chains consist of an N-
terminal variable domain (VL) and one constant domain (CL).
The ‘‘fragment antigen-binding’’ (Fab) domains, which mediates
antigen recognition, contain the complementarity determining
regions (CDRs), located in the N-terminal region of CH and CL,
which define the antigen-specificity. The “ fragment
crystallizable’’ (Fc) of the C-terminal regions is composed of
the two CH (CH2, CH3), which bind to the immune effector
molecules, including Fc receptors. The BCR complex contains a
membrane-bound immunoglobulin (mIg) with a small
cytoplasmic domain and a disulfide-linked heterodimer Iga–
Igb (CD79a-CD79b), which contains the immunoreceptor
tyrosine-based activation motif, ITAMs (54, 55).

There are glycosylation sites at Asn297 of the Fc region but not
in the VH of IgG-BCR. Microheterogeneity of N-glycans on IgG
is detected by the linkage of galactose–sialic acid or galactose at
one or both of the terminal GlcNAc or linkage of a third GlcNAc
arm. The profile of N-glycans at Asn297 on BCR is of the complex
type (51). Furthermore, BCR is a highly core fucosylated
glycoprotein, and the core fucosylation regulates the function
of BCR to distinguish Ag (10). Indeed, FUT8 ablation impaired
the binding affinity of IgG-BCRs to their ligands. Since core
fucosylation could modulate the conformation and ligand affinity
of the membrane receptors (8–11, 26, 29) and could influence the
flexibility of N-glycans antenna (21), it is suggested that core
fucosylation could control the axial rotation of the Fab arms and
the recognition of BCR to Ag. Core fucosylation of mHC
impaired the interaction between mHC and l5 of the SLC.
However, FUT8 gene knockout/knockdown does not influence
the BCR expression on the cell surface. It is conceivable that the
difference of N-glycan in heavy chains is attributed to the distinct
assembly between pre-BCR and BCR.

Lipid rafts are heterogeneous, dynamic and transient
plasma membrane entities enriched in saturated phosho-,
sphingo- and glycolipids, cholesterol, lipidated proteins and
glycosylphosphatidylinositol (GPI)-anchored proteins (56). The
BCR is found in detergent-soluble membrane fractions in resting
cells, but is acquired in detergent-resistant membrane fractions
(raft domains) after receptor activation (57–59). Fluorescence
resonance energy transfer confocal microscopy revealed that the
association of BCR with lipid raft occurred within seconds,
resulting in the cross-linking of BCR (60). Upon Ag
stimulation, core fucosylation influences the binding of BCR to
Ag peptide at 30 seconds, the formation of lipid raft at 3 min, and
signal transduction via BCR after 5 min (10). FUT8 ablation
suppresses the together with BCR, Lyn, and GM1 or caveolin-1
in lipid raft domains. Except for their role in signaling molecules
concentrating, lipid rafts play a significant role in protein
internalization through the endocytic pathway (60). The FUT8
gene disruption significantly reduces the Ag endocytosis of B
cells (10). Several mechanisms may contribute to the reduced
lipid raft formation by FUT8 ablation. First, because of the
conformation with an increasing affinity for lipid rafts caused
by Ag-driven oligomerization of the BCR (58), the failed
Frontiers in Immunology | www.frontiersin.org 6113
oligomerizations of BCR by afucosylation result in reduced
lipid raft formation. Second, caveolin-1 is a scaffolding protein
of cholesterol-rich caveolae lipid rafts (57), the inhibited
recruitment of caveolin-1 by FUT8 ablation influences the
efficient coalescing of the lipid raft in the plasma membrane.
Third, the depletion of core fucose increased the hydrophilicity
of immune molecules and impaired lipid raft formation (61)
(Figure 4). Core fucosylation controls several parameters
associated with B cell activation, including Ag recognition,
BCR oligomerization, signal transduction via BCR, and lipid
raft cluster formation.
CORE FUCOSYLATION REGULATES THE
TH-B CELL INTERACTION

Upon Ag engagement by BCR, B cells process and present the Ag
peptide in association with the major histocompatibility complex
class II (MHC-II) molecules via BCR-mediated endocytosis (3).
Then, the peptide-loaded MHC-II complex (pMHC-II) on B cells
can be recognized by Ag-specific armed TH cells via T cell receptor
(TCR) (62). During TH–B cell interaction, activated TH cells
produce cytokines for the B lymphocytes clonal expansion and
differentiate into Ab-secreting cells (58). Several studies revealed the
contribution of glycosylation in the TH-B cell interaction (20). Loss
of GlcNAcT-V glycosyltransferase (GnT-V), for example, could
promote the recruitment of TCR to the synapse and enhance TCR
internalization (63). FUT1 overexpressed T cells enhance the
signaling pathway via TCR and apoptosis required for thymocyte
maturation arrest (64). The a2,6-sialyltransferase (ST6Gal-1) is
required for the development of humoral immunity (65, 66). The
removal of N-glycan in T cells improves the functional avidity of
TCR to Ag recognition (67). Notably, the most immune molecules
participated in T and B cell activation are core-fucosylated
glycoproteins. To assess the function of FUT8 in the T–B cell
interactions, we obtained FUT8+/+OT-II and FUT8-/-OT-II mice by
crossing FUT8+/- mice with OT-II mice (these transgenic mice
express CD4+ TCR specific for chicken ovalbumin 323-339,
OVA323–339). Most key proteins associated with Ag recognition
and the orchestration including MHC-I and MHC-II, are
glycosylated (68). Although I-Ad has a single N-glycan (69), core
fucosylation cannot change the OVA323–339 presentation abilities of
MHC-II (11, 12). However, compared to FUT8+/+OT-II cells, the
communication of T–B cells (MHC-II+ TCRb+ cells) is significantly
decreased in FUT8-/-OT-II cells (11). Also, ZAP-70 and Syk
phosphorylation was significantly reduced in FUT8-/-OT-II cells
with interaction by OVA323–339-loaded B cells. Given that the
pMHC on B cells induces a particular conformational change of
TCR on T cells (70, 71), and the core fucose is expressed on the cell
surface of T and B cells and could affect the flexibility and the
conformation of proteins (21). It is reasonable to propose that core
fucosylation would influence the conformational stability and
geometry of any TCR–pMHC clusters in the TH–B cell
interactions. Alternatively, a diverse range of glycan-binding
proteins, such as galectins and siglecs, bind to the sugar chains on
these glycoproteins, thereby modulating cell signaling and cell-cell
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interactions (21). Galectin-1-/- mice show abnormal thymocyte
selection, causing alteration in T cell responses (72). CD22
selectin, which recognizes a2,6-linked sialylated glycans, is a B cell
co-receptor that decreases the signaling via BCR (73). Fucose-
specific lectins (74) enable to participate the events in the
interactions between T and B cells.

Ab production is one of the major events in the adaptive
humoral immune response. The titer of anti-OVA IgG is
markedly decreased after the OVA immunization in FUT8-/-

mice (11). Moreover, compared to FUT8+/+ SPLs, the number of
IgG-producing cells is obviously decreased in FUT8-/- SPLs.
During S. typhimurium infection, the production of IgG and
sIgA specific for bacteria is also decreased in FUT8-/- mice with
attenuated the TH–B cell interactions, but not in communication
between T cells and DCs (12), indicating that core fucosylation is
essential for the efficient Ab production. Ig class-switching
recombination generates an isotype-switched Abs, which are
essential for mediating effective humoral immunity (75). The
isotype switching of a mature B cell via its BCR from one class to
Frontiers in Immunology | www.frontiersin.org 7114
another depends upon the interaction of Ag-stimulated B cells
with TH cells. To assess FUT8 function in Ig class-switching,
IgGs of different subclasses (class-switched) and IgM (non-
switched) are measured in the sera of FUT8-/- mice. The
amounts of IgG subclasses, IgG1, IgG2a, IgG2b, and IgG3 are
significantly reduced in FUT8-/- mice due to low levels of
cytokines, such as IL-4, IL-5, IL-6, IFNg, and TGF secreted by
FUT8-/-TH cells, while amounts of IgM are relatively normal
(11). Core fucosylation plays a crucial role in all steps required
for Abs production. First, in the TH-B cell interactions, core
fucosylation regulates the geometry and conformation of TCR-
pMHC clusters in lipid rafts. Second, in cytokine production,
core fucosylation controls the expression level of TH2-type
cytokines (IL-4, IL-6) associated with the activation of TH and
B cells (12). Third, in B cell generation, FUT8 affects the
population of CD19+ B cells.

Several studies have been reported that aberrant cues of
glycosylation contribute to autoimmune disease (AD)
pathogenesis (76–78). For example, the low levels of sialylated
FIGURE 4 | Core fucosylation regulates the signal transduction via BCR. Upon Ag engagement, BCRs on the surface of B cells associated with lipid rafts and
triggers signal transductions required for the activation of B cells. Core fucosylation promoted B cells to form a highly efficient lipid raft domain, thereby regulating
signal transduction via BCR.
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IgG are detected in the sera of rheumatoid arthritis and Wegener’s
granulomatosis patients, while the sialylated IgG is increased during
remission (78, 79). Galactosylated IgG1 is significantly reduced in
the sera of rheumatoid arthritis patients (77). GnT-V ablation
induces the coclustering of TCRs at the cell surface, reducing the
threshold for T cell activation and causing multiple sclerosis (63).
SLE is a typical autoimmune disease whose characteristics are
inflammatory disorders and autoantibodies production (80). The
level of core fucosylated IgG is significantly increased in the sera of
SLE patients (11, 76, 81). Indeed, TH cell activation in the peripheral
blood of SLE patients plays a crucial role in SLE pathogenesis, and
the hyperactivity of B cells is TH cell-dependent in SLE (82, 83). The
remarkable differences of glycosylation on TH cells have been
observed in active SLE patients (84). Core fucosylation is required
for TCR activation in TH cells (61). Increased-core fucosylation
induces TH cell hyper-activation and contributes to the SLE severity
and pathogenesis.
CORE FUCOSYLATION REGULATES THE
FUNCTION OF IGGS

Glycosylation occurs normally in human IgGs, and plays a
significant role in IgG function (85–87). Structural evidence
Frontiers in Immunology | www.frontiersin.org 8115
proved that each IgG molecule has a highly conserved N-
glycan at Asn297 in the CH2/CH3 domain of Fc regions, and
plays a crucial role in sustaining the conformation of Fc domain
of IgGs. Multiple sugar chain moieties extend from Fc domains
toward each other into the interchain region of IgG, and then
they stabilize the IgG framework (88). Differences in the sugar
chains determine the variances in the orientation of the protein
surface (88).

Several functions of IgGs are mediated through Fcg receptors
(FcgRs) on the effector cells. Because the N-glycan at Asn297 on
the Fc domain is located next to the FcgRs binding interface,
glycosylation controls the biological function of IgGs (88). The
Fc domain sialylation triggers conformational changes in IgG1
that enable interactions with type II FcgRs, while core fucose
alters type I FcgRs binding of IgG1 by modulating the Fc’s affinity
for FcgRIIIa. Core fucosylated N-glycans attached to the Fc
region is a critical determinant of antibody-dependent cell-
mediated cytotoxicity (ADCC), as the deletion of core fucose
from the Fc region enhances its binding affinity to the FcgRs and
significantly improves ADCC (Figure 5) (89–92). The highly
de-fucosylated (∼60%) IgG1 exhibits 100-fold ADCC compared
to hyper fucosylated (∼10% defucosylated) IgG1, without any
difference for Ag binding. Dengue virus infection increases the
afucosylation level of IgG1, and the level of afucosylated IgG1

could predict the severity of dengue disease (93). Moreover,
FIGURE 5 | De-fucosylated IgG-Fc domain enhanced the induction of ADCC. ADCC is a specific effector mechanism of natural killer (NK) cells. ADCC refers to the
killing of a target cell, which is coated with Abs by NK cells of the immune system. When the antibodies bind to the target Ag (tumor Ag), the IgG Fc is recognized by
NK cells via FcgRs on their surfaces. Following recognition, the NK cells release chemicals, which then lyse and kill the target cell bound to the Ab. The removal of
core fucosylation at Asn297 on IgG1 results in a 50~100-fold enhancement of ADCC.
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afucosylated IgG1 plays a critical role in immune responses to
enveloped viruses, including COVID-19 (94). Also, afucosylated
IgG efficiently induced FcgRs-dependent natural killer (NK) cell
degranulation in malaria (95). As a result of these advances, Ab
“glycoengineering” is currently gaining attention as an approach
to enhance the effects of therapeutic Abs for tumor and virus
infection (96).

In human serum, FUT8 is derived in about 95% from blood
platelets (97). Platelets release the FUT8 with components of
vesicles during blood coagulation (98). Serum IgG contains more
than 30 different N-glycan profiles, and all of the major N-
glycans were core fucosylated (99). Core fucosylated glycans is
increased on the IgG of SLE patients (81). The hyper-core
fucosylation frequently occurs in the sera of epithelial ovarian
cancer patients with cisplatin resistance (23) and lung
adenocarcinoma patients (14), but the core fucosylation level is
down-regulated in the sera of patients with cervical cancer (100).
Core fucosylation is also increased in intestinal tissues of patients
with inflammatory bowel disease (61).
CONCLUSION AND PERSPECTIVES

Appropriate B cell responses are critical for adaptive humoral
immunity. Early B cell differentiation, activation and population
of B cells, TH-B cell interaction and Ab production are processes
carefully orchestrated by a complex network of immune
molecules. During B cell development, approximately 90% of B
cells are eliminated due to the greatly restricting mature immune
repertoire of BCR available for Ag recognition (101). Hence, the
mechanisms regulating B cell development are crucial in treating
of ADs and improving vaccination strategies.

FUT8 can modify multiple proteins, and core fucosylation of
N-glycans of the immune molecules could significantly alter their
functions (14). Based on our previous study, core fucosylation is
not only associated with pre-BCR assembly and Ag recognition
of BCR but also plays a crucial role in effective lipid raft
formation, TH–B cell interaction, and Ab production in
guiding B lymphopoiesis to shape humoral immunity. It is
worth noting that the loss of FUT8 inhibits effective Ab
production, while hyper-activation of these cells results in SLE
pathogenesis. There are 2937 single-nucleotide polymorphisms
Frontiers in Immunology | www.frontiersin.org 9116
(SNPs) in the FUT8 gene region, and the FUT8 gene rs35949016
SNP could affect FUT8 expression (51, 102). Given that the
balance between specific and degenerate immune responses
holds a vital illumination for protective immunity versus
autoimmunity, the relevance of FUT8 SNPs with immune
regulatory activity will be considered. Several core fucosylated
immune molecules have been identified thus far, and their
significance in immune responses is becoming clear. However,
the following points seem to be limitations of the research on
core fucosylation. First, because FUT8 could regulate multiple
glycoproteins, the widespread changes in core fucosylated
proteins in FUT8-/- cells make it difficult to discern the role of
core fucosylation in individual core fucosylated proteins. Second,
very few core fucosylated glycoproteins crystallize for the entire
N-glycan due to glycan microheterogeneity and flexibility. Third,
due to the potential of flexibility in glycosidic linkages, the
conformational requirements for efficient binding of core
fucosylated N-glycans to proteins are difficult to analyze. The
future ability to determine the sugar chains of immune receptors
combined with the ability to selectively modulate cellular
glycomes is expected to offer exciting chances to regulate
adaptive immune responses. With a better understanding of
how FUT8 regulates the adaptive immune system, its use in
therapy for autoimmunity proves to be a helpful intervention
from glycoimmunological aspects.
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Antibodies play a critical role in linking the adaptive immune response to the innate
immune system. In humans, antibodies are categorized into five classes, IgG, IgM, IgA,
IgE, and IgD, based on constant region sequence, structure, and tropism. In serum, IgG is
the most abundant antibody, comprising 75% of antibodies in circulation, followed by IgA
at 15%, IgM at 10%, and IgD and IgE are the least abundant. All human antibody classes
are post-translationally modified by sugars. The resulting glycans take on many divergent
structures and can be attached in an N-linked or O-linked manner, and are distinct by
antibody class, and by position on each antibody. Many of these glycan structures on
antibodies are capped by sialic acid. It is well established that the composition of the N-
linked glycans on IgG exert a profound influence on its effector functions. However, recent
studies have described the influence of glycans, particularly sialic acid for other antibody
classes. Here, we discuss the role of glycosylation, with a focus on terminal sialylation, in
the biology and function across all antibody classes. Sialylation has been shown to
influence not only IgG, but IgE, IgM, and IgA biology, making it an important and
unappreciated regulator of antibody function.

Keywords: antibody, glycosylation, sialylation, in vitro glycoengineering, in vivo glyco engineering, sialic
acid, Immunoglobulins
INTRODUCTION

Antibodies are critical mediators of to host defense and homeostasis. Further, the therapeutic potential of
antibodies has been fundamental in advancing basic immunology and biotechnology. Antibodies have
two unique functions that are responsible for their biological function. They can recognize specific
structures with high affinity and specificity, and simultaneously engage with cells of the innate immune
system. Antibodies can be passively transferred across individuals or species, which gives them therapeutic
utility. Indeed, polyclonal IgG from tens of thousands of healthy individuals, intravenous immunoglobulin
(IVIG), is administered as IgG replacement therapy to immunocompromised individuals, and as an anti-
inflammatory agent to some patients suffering from inflammatory and autoimmune diseases (1–3).
Hybridoma technologies enable generation of monoclonal antibody preparations. The molecular biology
revolution following the invention of PCR enabled cloning and recombinant production of monoclonal
antibodies. Currently, there are 100 monoclonal antibodies (mAbs) approved by the FDA and
monoclonal antibodies are the fastest growing class of therapeutics (4).

The monomeric structures of antibodies are composed of two identical heavy chains and two
identical light chains connected by disulfide bonds (5, 6). In humans, antibodies are categorized into
org April 2022 | Volume 13 | Article 8187361120

https://www.frontiersin.org/articles/10.3389/fimmu.2022.818736/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.818736/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:robert.anthony@mgh.harvard.edu
https://doi.org/10.3389/fimmu.2022.818736
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.818736
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.818736&domain=pdf&date_stamp=2022-04-07


Vattepu et al. Effector Function, Glycoengineering, Immunoglobulins and Sialic Acid
five classes: IgG, IgM, IgA, IgE, and IgD, based on constant
region structure, properties, and oligomerization (Figure 1A)
(7). In serum, IgG is the most abundant antibody comprising
75% of all antibodies in circulation, followed by IgA at 15%, IgM
at 10%, and IgD and IgE are the least abundant (6, 8). These
antibodies are structurally different and elicit different effector
functions through interactions between their fragment
crystallizable (Fc) portion and different Fc receptors (6).

Therapeutic antibodies currently used in the clinic belong
only to the IgG class because of their functional characteristics
such as long half-life, strong antigen binding, and effector
functions such as antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC).
There is interest in developing therapeutic IgM, IgE, and IgA
antibodies to explore novel targets and harness the effector
functions of different immune cells. In contrast to IgG
antibodies, IgM antibodies do not bind to Fc gamma receptors
(FcgRs), but do bind the Fc mu receptor (FcmR) and can trigger
potent CDC activity by binding to C1q (9). Currently, there are
some IgM antibodies in clinical development (9). Further, IgE-
based therapeutic antibodies are being evaluated in different
studies (10). Advantages of using IgE include higher affinity
interactions with the Fc epsilon receptor I (FcϵRI), longer tissue
residence time, and abil i ty to infi l trate the tumor
microenvironment (10). Similarly, the development of IgA
therapeutics poses advantages such as the ability to recruit
neutrophils to kill tumors cells, targeting IgA interactions with
the Fc alpha receptor FcaRI, and mucosal applications (11).
However, there are numerous challenges in the expression,
purification, and characterization of IgE, IgM, and IgA,
including heterogeneous products and low yields following
Frontiers in Immunology | www.frontiersin.org 2121
production, due in part to complex structures and multiple
glycosylation sites (9, 11–13).

Studies over the last several years have revealed that
glycosylation, both N-linked and O-linked, can play profound
roles in modifying the effector functions for each antibody class.
This ranges from maintaining the structure, tuning effector
functions, engaging co-receptors and co-factors, improving
their stability, and modifying antigenicity (14, 15). In this
review, we will focus on the impact of glycosylation across the
antibody classes, with a particular focus on the impact of
sialic acid.
ANTIBODY N-LINKED AND O-LINKED
GLYCOSYLATION

Glycosylation of antibodies is initiated in the endoplasmic
reticulum (ER) of antibody-producing cells and further
trimming and remodeling steps are processed by glycosidases
and glycosyltransferases in the Golgi apparatus (16). N-linked
glycosylation occurs on the amino acid asparagine within the
consensus sequence of Asn-X-Ser/Thr, where X is any amino
acid except proline. The glycosylation process starts with the
transfer of the preassembled, lipid-linked glycan precursor,
triglucosylated high-mannose-type tetradecasaccharide, to the
asparagine residue by oligosaccharyl transferase in the ER (17).
The glycan precursor undergoes further processing by
glycosidases, which remove the glucose residues, one mannose
residue, and three N-acetylglucosamine (GlcNAc) residues. Once
the antibody is translocated into the cis-Golgi, the glycan
undergoes further trimming by glycosidases and further
April 2022 | Volume 13 | Article 818736
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FIGURE 1 | Schematic representations of human antibody structures and attached glycans. (A) Human immunoglobulin structures with corresponding glycosylation
sites (human numbering) are shown. Each antibody isotype is comprised identical heavy chains (gray) and light chains (white), forming the antigen-binding fragment (Fab)
and fragment crystallizable region (Fc). While monomeric structures are shown, IgM typically multimerizes into a pentamers or hexamers, and IgA1 and IgA2 can form
dimers. Blue hexagons denote sites occupied by complex-type N-glycans. Green triangles indicate sites occupied by oligomannose N-glycans. Yellow circles mark sites
occupied by O-linked glycans. The N383 site on human IgE is unoccupied, and N207 on human IgA2 is present only in specific allotypes. (B) Structures of N- and O-
linked glycans found on human antibodies are represented. N-linked glycans are attached to asparagine residues containing the consensus sequence N-X-S/T. N-linked
glycans can form complex, high-mannose, or hybrid types. Blue squares; GlcNAc. Yellow circles; galactose. Green circles; mannose. Red triangles; fucose. Yellow
squares; GalNAc. Purple diamonds; sialic acid. Dashed lines indicate core structures, and sugar residues outside the core are variable additions.
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remodeling is performed by the glycosyltransferases in the
median Golgi.

Based on their composition, glycans are classified into three
types: oligomannose, hybrid, and complex (Figure 1B) (16–18).
Oligomannose glycans contain 5 to 9 branching mannose
residues which are not further cleaved during processing.
Complex glycans possess a core structure composed of two
inner GlcNAc residues, three mannose residues, and two outer
GlcNAc residues each b-1,2-linked to the a-3 and the a-6
mannose residues, forming two antennae (19). The innermost
GlcNAc can be further modified by addition of an a-1,6 linked
fucose, which is catalyzed by a-1,6 fucosyltransferase (FUT8)
(16, 20). One galactose residue may be added to each of the b-1,2
GlcNAc by b -1,4 galactosyl transferase-1, and this addition can
be further extended by the addition of sialic acid by a-2,6
sialyltransferase (16, 21). Hybrid type glycans are a
combination of the high-mannose and complex types, with one
antenna possessing only mannose residues and the other arm
including one GlcNAc residue with further addition of galactose
and then sialic acid. Variations in antibody glycosylation depend
on substrate availability, steric hindrance, and expression level of
glycosyltransferases (22). This leads to heterogeneity in
glycosylation, which the immune system uses to fine-tune
immune responses, and certain glycosylation patterns can be
used as biomarkers for certain diseases.

O-linked glycosylation is present in the hinge region of IgA1,
IgG3, and in the Fc portions of human IgD (23–25). O-linked
glycosylation occurs on serine and threonine residues, but the
consensus sequence for this modification has not yet been
identified, the regulation of O-linked glycosylation is less well
understood compared to the N-linked pathways, and it occurs
exclusively in the Golgi. In the first step, GalNAc is attached to
serine or threonine by UDP-N-acetylgalactosaminyl transferase
2 (GalNAc-T2) in the cis-Golgi. Next, the addition of galactose is
catalyzed by b1,3-galactosyltransferase (C1GalT1), an enzyme
which also requires the molecular chaperone COSMC for
stability and function. O-linked glycans are further extended
by the addition of sialic acid to the GalNAc and/or galactose
residues by a2,6-sialyltransferase (ST6GalNAc-I)or a2,3-
sialyltransferase (ST3Gal-1), respectively (26–29) in medial-
and trans-Golgi.
ANTIBODY STRUCTURE,
GLYCOSYLATION ACROSS CLASSES
AND SUBCLASSES

IgG Antibodies
The monomeric structures of all antibodies, including IgG,
contain two functional domains. The antigen-binding region
(Fab) is involved in the recognition of antigens and the fragment
crystallizable region (Fc) interacts with FcgRs and other effector
proteins, including complement component C1q to mediate
effector functions. The Fab region is composed of one variable
and one constant domain (CH1) of both the heavy and light
chains, while the Fc domain is a homodimer consisting of the
Frontiers in Immunology | www.frontiersin.org 3122
heavy chain constant domains (CH2 and CH3). A flexible hinge
region connects the Fab and Fc domains.

The four subclasses of IgG antibodies are numbered based on
their prevalence in the serum: IgG1, IgG2, IgG3, and IgG4 (30–
32). These four IgG subclasses share more than 90% sequence
similarity, but each subclass has a distinct functional profile in
mediating effector function, complement activation, half-life,
and placental transport (33, 34). The Fc domain of each
subclass carries a conserved N-linked glycosylation site at
asparagine 297 (N297) in the CH2 domain. The glycan
occupying this site has a complex biantennary structure.
Several studies have shown roles for Fc glycosylation in
mediating immune effector functions, including anti-
inflammatory responses, ADCC, CDC, and antibody-
dependent cell-mediated phagocytosis (ADCP) (34–38).
Structural studies showed Fc glycans play a crucial role in
maintaining an open conformation of the Fc domain and
mediating interaction with FcgRs and C1q (39, 40). Removal of
this glycosylation site abrogates effector functions and abolishes
binding to FcgRs and C1q (41–43). Intriguingly, IgG Fc glycans
are highly heterogeneous with more than 30 distinct glycoforms
detected on IgG in healthy individuals (44, 45). The composition
of the IgG Fc glycan has been demonstrated to significantly
impact effector functions, pharmacokinetics, immunogenicity,
stability, and aggregation (46–48).

IgG Sialylation
In a healthy individuals, approximately 10-15% of serum IgG are
sialylated, with the majority of those possessing monosialylated
glycoforms (49). Indeed, this percentage is reduced during
inflammation and autoimmune disease flares (49, 50). IVIG is
a therapeutic preparation of monomeric IgG pooled from the
plasma of thousands of donors. It is administered as an IgG-
replacement to immunocompromised individuals at 400-600mg/
kg. Paradoxically, it is used to treat autoimmune and
inflammatory diseases such as Myasthenia gravis (MG),
immune thrombocytopenia (ITP), multiple sclerosis (MS),
systemic lupus erythematosus (SLE), chronic inflammatory
demyelinating neuropathy, and Kawasaki disease at a high
dose of 1-2g/kg (51–53). Multiple studies support a-2,6
sialylated IgG as the biologically active component of
immunomodulatory high dose IVIG (Figure 2) (36, 37, 54,
55). A series of mechanistic studies revealed that the
immunomodulatory and anti-inflammatory activity of IVIG
requires the inhibitory receptor FcgRIIB, and that FcgRIIB
surface expression is increased on macrophages, dendritic cells,
and B cells following IVIG infusion (56–58).

Further studies revealed terminal a-2,6 sialic acid on the IgG
Fc glycans were required for anti-inflammatory activity, and C
type lectins Specific ICAM-3 Grabbing Non-Integrin-Related 1
(SIGN-R1) and Dendritic Cell-Specific ICAM-3 Grabbing Non-
Integrin (DC-SIGN) in mice and humans, respectively, were also
required (36, 37, 39, 54). Administration of sialylated IgG Fc
induces IL-33 production, which in turn triggers the expansion
of IL-4-producing basophils and T regulatory cells, culminating
in upregulation of FcgRIIB expression on effector cells (59, 60).
While functional models support a role for DC-SIGN in the anti-
April 2022 | Volume 13 | Article 818736
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inflammatory activity of sialylated IgG, whether there is a direct
interaction between these entities is under debate (61, 62).
Insertion of additional N-linked glycosylation sites in the hinge
region of IgG1 Fc via mutants D221N/N297A/N563A and
D221N/N563A increases sialyation 75% and 44% respectively,
resulting in increased binding to Siglec-1 (Sialoadhesion), and
these mutants also inhibited demyelination by anti-MOG
antibodies in an ex vivo model when multimerized (63–65).
Another study demonstrated that sialylated IVIG mediates anti-
inflammatory activity by induction of T regulatory cells through
engagement of the dendritic cell immunoreceptor (DCIR) (66).

IgG sialylation is emerging as a therapeutic option to treat
autoimmune diseases. A phase 1/2 clinical trial (NCT03866577)
reported sialylated IVIG offered protection to patients with ITP
(67). Confirmation of previous murine studies came following
IVIG infusion in chronic inflammatory demyelinating
polyneuropathy (CIDP) patients, which led to increased
surface expression of FcgRIIB (68, 69). Further, IL-33 has been
detected in the serum following IVIG infusion (70). Finally,
sialylated IgG attenuated IgG-mediated anaphylaxis in murine
models, but additional experiments are required to determine
Frontiers in Immunology | www.frontiersin.org 4123
whether sialylated IgG is a viable therapeutic for allergic disease
(71, 72).

While sialylation conveys anti-inflammatory activity to
monomeric IgG, it imparts unique functions to antigen-specific
IgG. Indeed, increased antigen-specific IgG was detected
following vaccination to Streptococcus pneumonia and SARS-
CoV-2, and administration of sialylated IgG immune complexes
led to an enhanced breadth of IgG responses in a FcϵRII (CD23)-
dependent manner (73–75). IgG sialylation appears to have little
impact on ADCC, or FcgRI and FcgRIIIA binding, and a only
small enhancement of binding to FcgRIIA (76). Some functional
studies have reported that sialylation impairs IgG-mediated
ADCC and CDC (77–80). Consistently, asialylated IgG1
displayed enhanced C1q binding and CDC activity compared
to sialylated IgG1 (80). In fact, a randomized clinical trial of
patients with CIDP receiving high dose IVIG showed increased
IgG sialyation and significantly lower levels of complement
activation associated with disease remission (80). One
contrasting study reported IgG1 Fc sialylation resulted in
increased C1q binding (81). Further characterization of the
role of IgG Fc sialylation and other glycoforms in FcgR
FIGURE 2 | The impact of N- and O-linked sialylation across antibody classes. Antibody schematics are shown, along with skeleton sialylated (terminating in
purple diamonds) or asialylated N-linked glycans. O-glycans and IgA1 are comprised of GalNAc (Yellow squares), galactose (yellow circles), and sialic acid
(purple diamonds).
April 2022 | Volume 13 | Article 818736
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binding, C1q binding, and functional assays is needed to resolve
some of these discrepancies.

IgG Fucosylation, Galactosylation,
and Bisecting GlcNAc
It is well-established that non-sialic acid sugars also exert
important and profound influence over IgG effector functions,
as has been reviewed extensively elsewhere (82–85). Briefly, more
than 90% of IgG glycans in human serum contain a fucose
residue attached to the innermost GlcNAc core structure (86).
Antibody fucosylation is catalyzed by FUT8 in the medial/trans-
Golgi. Several studies have demonstrated that removal of the core
fucose residue increases IgG binding affinity to the human
FcgRIIIA receptor expressed on macrophages, dendritic cells,
and natural killer cells, resulting in enhanced ADCC (87, 88).
This generated tremendous interest in the roles of IgG
glycosylation in Fc receptor binding and antibody function.
Afucosylated therapeutic antibodies, including anti-HER2 and
anti-CD20 IgG1, show 100-fold higher ADCC compared to
fucosylated anti-HER2 antibodies (89). Thus, there is a huge
potential in immunotherapy for afucosylated antibodies with
increased ADCC activity (90–92). Further, the severity of viral
diseases caused by Dengue virus and SARS-CoV-2 are associated
with the percentage and titers of viral-specific afucosylated IgG
(93, 94).

The IgG N-glycan may be agalactosylated (G0F), mono-
galactosylated (G1F), or di-galactosylated (G2F), and the
effector functions of each glycoform can vary significantly. In
the serum of a healthy individual, G0F, G1F, and G2F each
account for approximately 35%, 35%, and 15% of IgG
glycoforms, respectively (49, 95). A decrease in IgG
galactosylation in human serum is associated with chronic
inflammatory and autoimmune diseases, such as SLE, MS,
rheumatoid arthritis (RA), auto-immune vasculitis, active
spondyloarthropathy, Crohn’s disease, inflammatory bowel
disease, and psoriatic arthritis (49, 96–100). IgG galactosylation
level also decreases with age and inflammation, but the rate of
change is faster during the development of inflammatory
conditions compared to typical aging (49). Galactosylated IgG1
immune complexes showed anti-inflammatory activity in mice
through interactions with FcgRIIB and the receptor Dectin-1
(101). Galactosylated IgG have also been shown to bind
complement effectively (102).

In healthy individuals, only a small fraction (10-15%) of
antibodies contain bisecting GlcNAc (biGlcNAc) (49). In the
Golgi, b-1,4-N-acetylglucosaminyltransferase III (GnT-III)
catalyzes the addition of biGlcNAc to the internal mannose
residue. Recombinant IgG Fcs with biGlcNAc possess an
increase in ADCC activity and FcgRIIIA binding (103).
However, the addition of biGlcNAc inhibits the addition of a
core fucose residue due to steric hinderance, and increased
ADCC is also attributed to the inhibition of fucose
attachment (83).

IgE Antibodies
In comparison with other antibodies, IgE is the least abundant
antibody in serum with a concentration of 50–100 ng/ml, and a
Frontiers in Immunology | www.frontiersin.org 5124
half-life of only two to three days; binding to the high affinity
receptor FcϵRI expressed on mast cells extends tissue half-life to
three weeks (104). IgE is involved in triggering allergic reactions
to food and pollen, and is involved in atopic diseases such as
asthma and atopic dermatitis. The incidence of allergic disease is
significantly increasing worldwide, with an estimated of 30-40%
of the population having one or more allergic diseases. Thus,
there has been significant interest in developing IgE-targeted
therapeutic antibodies to treat IgE-mediated allergies. For
example, Xolair (Omalizumab) is an FDA approved
monoclonal antibody to treat IgE-mediated allergic disease. On
the other hand, IgE antibodies also provide a defense against
parasite infections and insect venoms (105–107).

IgE is composed of two identical heavy chains and two light
chains. Each heavy chain consists of a single variable domain and
four constant domains, and the light chain is composed of one
variable and one constant domain. IgE is a heavily glycosylated
monomeric antibody, with seven N-linked glycosylation sites
spread across the four constant domains of the heavy chain.
N394 is a conserved glycosylation site with an oligomannose
glycan, N383 is unoccupied, and the other five sites (N140, N168,
N218, N265, N371) are occupied by complex type biantennary
glycans (108–111). The major structural differences of IgE
compared to IgG are a shorter hinge region, the presence of an
extra constant region, and an increased number of
glycosylation sites.

Similar to IgG, the constant region of IgE mediates various
effector functions through binding to the high-affinity and low-
affinity receptors expressed on innate immune cells. The IgE high
affinity receptor FcϵRI is expressed on mast cells and basophils
shows a significantly high binding affinity, approximately 1011

M−1 (112). The binding of an allergen to IgE followed by
crosslinking the FcϵRI receptors triggers cellular degranulation
and symptoms of allergic inflammation (113). The low-affinity
IgE receptor, FceRII (CD23), has a binding affinity coefficient of
106 M-1. Interactions with FceRI or FceRII depend on IgE’s Fc
conformation. In the open conformation, IgE binds to FcϵRI at
the CH3 domain, while in the closed conformation IgE binds to
FceRII at both the CH3 and CH4 domains (114, 115). Binding to
the high affinity and low affinity receptors is mutually exclusive;
conformation changes upon binding to one receptor hinder the
binding to another receptor (116).

IgE Sialylation
With the emergence of glycosylation’s role in regulating IgG
structure and function, there is growing interest in the role of
glycosylation across other antibody classes. Initial work indicated
that IgE glycosylation is critical for FcϵRI binding and effector
functions (117–119). Subsequently, other studies showed that
aglycosylated IgE produced in E. coli binds to FcϵRI and can
trigger effector functions, suggesting a null effect of glycosylation
(120–122). However, studies coupling in vitro, cell-based, and
mice model experiments have shown an important role for IgE
glycosylation. The point mutation N384Q in murine IgE (mIgE),
equivalent to human N383Q, abolished binding to FcϵRI in ear
mast cells and cell-based assays, and similar results were also
observed with the enzymatic treatment of mIgE using PNGaseF
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to remove all N-glycans (123). These results suggest an absolute
requirement of mIgE N384 glycosylation for the initiation of
anaphylaxis. Further, circular dichroism results showed
enzymatic removal of N-linked glycans altered the secondary
structure of IgE and abrogated binding to FcϵRI (123). These
results highlight the role of glycosylation in binding to the high-
affinity receptor similar to the role of IgG glycosylation in FcgR
binding. This also suggests that IgE produced in E. coli might
adopt a different conformation when refolding than a
glycosylated IgE and thus can still result in FcϵRI binding.

Disease-specific IgE glycosylation patterns have been
characterized in allergic and atopic cohorts (111). Between the
two cohorts, mannose, fucose, and biGlcNAc content in complex
bi-antennary type glycans were largely similar. However,
terminal galactose was enriched on atopic total IgE while
increased sialylation was observed in allergic IgE. Functional
experiments revealed increased mast cell degranulation was
observed after sensitization with peanut-allergic IgE compared
to the atopic IgE. The role of IgE sialylation was further
confirmed by the passive cutaneous anaphylaxis model. Indeed,
sialylated IgE increased anaphylaxis compared to asialylated IgE
(111). The emerging patterns of the effects of antibody sialylation
are intriguing; IgG sialylation mediates anti-inflammatory
activity, but IgE sialyation promotes allergy (Figure 2).

IgM Antibodies
There are generally thought to be two types of IgM produced,
called natural IgM and immune IgM. Natural IgM antibodies are
produced spontaneously and act as the first line of defense
during microbial infections, prior to the adaptive immune
response; its repertoire is largely unaffected by external
antigens (124, 125). In humans, natural IgM antibodies are
produced by B1 cells without exposure to exogenous antigens,
are polyreactive, and constitute the majority of circulating IgM in
serum (126, 127). Natural IgM antibodies can recognize specific
neoepitopes on apoptotic cells to remove them selectively and to
maintain tissue homeostasis. Antigens recognized by natural
IgM include specific carbohydrates, phospholipids, and double-
stranded DNA (128–130). The other IgM class, immune IgM, is
produced after exposure to external antigens (131). While the
source of the two IgM classes is different, the differences in their
structural and functional properties are minimal (132).

IgM antibodies are found in a pentamer or hexamer format,
in which each monomer is composed of a heavy chain with one
variable region and four constant regions (CH1, CH2, CH3,
CH4), and a light chain (133). In contrast to IgG, the molecular
structure of IgM possesses a short hinge region, similar to IgE. A
short peptide sequence of 18 amino acids, called a tailpiece, is
essential for IgM multimerization. The tailpiece of each heavy
chain forms disulfide bonds with each heavy chain monomer to
form IgM and another disulfide bond between C414 residues in
the CH3 region of each heavy chain is involved in the formation
of the multimer (134, 135). Tailpiece multimerization has also
been successfully used to form IgG hexamers (136, 137). IgM also
contains a J chain in the pentameric structure which is involved
in the transportation of IgM through binding to specific
receptors (9, 138, 139).
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Apart from multimerization, glycosylation sites add further
complexity to the IgM structure. IgM is heavily glycosylated in
comparison with IgG; it has five N-linked glycosylation sites in the
heavy chain (N171 (CH1), N332 (CH2), N395, N402 (both in
CH3)), one in the tailpiece (N563), and one on the J chain (140,
141). The N-linked glycosylation pattern of IgM includes complex
type and high-mannose type glycans; as shown in Figure 1A,
N171, N332, and N395 are occupied by complex type glycans and
N402 and N563 contain high-mannose type glycans (141, 142).
Similar to IgG, IgM complex type glycans also may contain
terminal sialic acid.

IgM Sialylation
Natural anti-T lymphocyte IgM antibody levels are increased in
patients with inflammatory conditions, HIV infections, and SLE
compared to healthy individuals (143, 144). These antibodies
mediate the inhibitory effects on anti-CD3–induced T cell
activation but for a time the mechanism was not completely
understood (145, 146). A recent study by Colucci et al. shows that
IgM’s inhibitory effects depend on antibody glycosylation (147).
Five different IgM antibodies purified from healthy donors (n=2)
or myeloma patients (n=3) were incubated with human PBMCs.
Results showed that the IgM antibody from healthy donors
(IgMh) bound to the T cells and were then internalized and
inhibited T cell proliferation. Meanwhile, IgM from myeloma
patients (IgMm) remained on the surface and did not inhibit T
cell proliferation. Glycosylation analysis of these antibodies
showed only the IgMh, which mediated the inhibitory effects,
contained sialic acid but the IgMm antibodies did not.
Furthermore, removal of sialic acid using neuraminidase
enzyme completely abrogated internalization of IgM and this
asialylated IgM did not inhibit T-cell proliferation. The proposed
mechanism is that both sialylated and asialylated IgM bind to
FcmR, but only the sialylated antibody is internalized and triggers
the inhibitory pathways (147, 148).

IgA Antibodies
In the serum, IgA is the second most prevalent circulating
antibody after IgG and it is the predominant antibody found
in external secretions such as those that bathe mucosal surfaces
(8). Interestingly, the molecular form of IgA varies between the
serum and mucosal surfaces. In the serum IgA exists in the
monomeric form, but on mucosal surfaces IgA exists as a dimer
called secretory IgA (SIgA). SIgA contains two IgA molecules
joined by a J chain, similarly to IgM, to form a dimer, and this
complex is also bound to a secretory component (149). Serum
IgA contains two heavy chains composed of one variable region
and three constant regions, and two light chains.

Based on its structure, IgA is divided into subclasses IgA1 and
IgA2. IgA1 contains a hinge region with six O-linked
glycosylation sites and two N-Linked glycosylation sites on
each heavy chain as shown in Figure 1A. In contrast, IgA2
lacks O-linked glycosylation due to a shortened hinge region and
has two N-linked glycosylation sites per heavy chain. The
glycosylation pattern of the O-linked glycans may vary, but the
majority of the O-linked glycans contain GalNAc and galactose
with one or two sialic acids (11, 26).
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IgA blocks the entry of pathogens through antigen-binding
sites and the IgA-specific receptor FcaRI mediates the clearance
mechanism (150). The SIgA molecule, with its multiple antigen-
binding sites, provides high avidity to cross-link antigens in a
highly efficient manner, which can block pathogen activity. Both
serum IgA and secretory SIgA bind to the FcaRI receptor with
similar binding affinity but cause divergent downstream effects.
To evade the immune system, pathogenic bacteria such as
Staphylococcus aureus produce IgA binding proteins to inhibit
IgA and FcaRI (151). In another strategy, pathogenic bacteria
produce specific bacterial proteases against IgA, which
specifically cleaves inside the hinge region of IgA leading to the
inefficient clearance of pathogens (11, 150).

Several studies have shown that variations in IgA1 O-linked
glycosylation play a crucial role in the pathogenesis of IgA
Nephropathy (IgAN) and kidney failure (152). Analysis of
IgAN patient samples showed a galactose deficiency in
O-linked glycans, resulting in immune complex formation
stimulated by anti-IgA1 IgG antibodies specific for this
O-linked glycan. The large immune complexes escape
clearance mechanisms and deposit in the renal mesangium,
leading to glomerular injury (26, 152–154). As mentioned
previously, glycosylation patterns are driven by the availability
of substrate and enzyme expression during biosynthesis. In the
case of a IgAN, there is deficiency in the galactosyltransferase
enzyme C1GALT1, resulting in IgA1 with galactose-deficient O-
linked glycosylation in the hinge region (26).

IgA Sialylation
Recent studies have shown IgA subclasses isolated from serum
display different effector functions (Figure 2). IgA2 elicits pro-
inflammatory effects on macrophages and neutrophils, but this is
not observed with IgA1. These differences are attributed to
variations in N-linked glycosylation, where IgA2 has 25% less
sialylation compared to IgA1. These results were further
confirmed by the enzymatic removal of total sialic acid using
neuraminidase and the complete removal of N-linked glycans
using PNGaseF, both of which resulted in increased pro-
inflammatory activity (155). Another study showed IgA
mediates anti-viral activity through sialic acid from the
complex N-linked glycan at N459, where sialic acid interfered
with cell surface attachment of influenza A (156).
GLYCOENGINEERING

Monoclonal antibody (mAb) based therapeutics are the fastest-
growing group of therapeutics for several clinical indications
including oncology, autoimmune diseases, inflammatory disease,
and bacterial and viral infections. This field is dominated by IgG-
based therapeutics. However, IgE has been developed as an
immunotherpeautic agent for cancer, and IgA-based
therapeutics have been proposed for treatment of bacterial and
viral infections, and as anti-inflammatory and anti-tumor agents
(10, 11, 150, 157). More testing is needed to determine the best
suited glycoforms for these antibody classes. Much of the
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glycoengineering focus thus far has revolved around generation
of afucosylated IgG, which is reviewed extensively elsewhere (82,
92, 158, 159).

Mammalian host expression systems are used for the
production of antibodies to maintain mammalian antibody
glycosylation patterns and minimize immunogenicity.
However, there are differences in glycosylation patterns
between endogenous antibodies produced in humans and
mammalian cell lines. Antibody glycosylation is influenced by
the host cell, glycosyltransferase expression, and cell culture
conditions, such as low dissolved oxygen concentration and a
reduced culture reduction potential (160, 161). Glycoforms of
therapeutic mAbs produced in CHO, HEK293, mouse myeloma
NS0, and Sp2/0 cell lines are heterogeneous with a predominance
of the G0F glycoform produced, along with limited
galactosylated and sialylated glycoforms. Therapeutic mAbs
produced in CHO cells are less galactosylated compared to
mAbs produced in mouse myeloma cell lines (162). The rat
hybridoma cell line YB2/0 has low a-1,6 fucosyltransferase
activity; therefore, this cell line is used for the production of
mAbs with lower fucosylation levels. Specific glycosylation
patterns, such as the absence of fucose, bisecting GlcNAc, and
the presence of high mannose glycans increase ADCC, while
galactose increases CDCC and sialic acid increases anti-
inflammatory activity (163–167). Since different antibody
glycoforms have distinct effects on biological activity, the
production of homogenous glycoforms is necessary to improve
therapeutic outcomes and maintain treatment quality.
Enrichment of specific glycoforms and separation of said
glycoforms using chromatography is challenging. Alternatively,
two strategies have been employed to generate homogenous
glycoforms with tailor-made sugar residues to modify antibody
function. Host cell glycosylation pathway manipulation, called
mammalian cell l ine glycoengineering, and in vitro
glycoengineering are widely used to produce homogeneously
glycosylated antibodies (91, 92, 158).

Mammalian Cell Line Engineering
Biosynthetic pathways in mammalian cell lines can be
manipulated to produce afucosylated antibodies (Figure 3A).
This strategy has focused on non-sialylated glycoforms by
overexpression of different enzymes, generating gene knockout
lines, and using monosaccharides as inhibitors (82, 92, 158).
Recombinant glycoproteins and antibodies produced in CHO
cells only produce a-2,3 sialylated glycans due to lack of
ST6GAL1 gene expression. To increase sialylation, different
strategies have been developed, including overexpression of the
CMP-sialic acid transporter, overexpression of sialyltransferases,
and knock out of genes (168–171). Production cell lines
engineered to overexpress trans-Golgi enzymes B4GALT1 and
ST6GAL1 have been described to generate IgG with enriched
~70% biantennary sialylated glycoforms (169). Co-expression of
B4GALT1 and ST6GAL1 with IgG increased the amount
of sialylation to 32% (170). Using gene editing technology,
a CHO-Mgat2/-Stgal4/-Stgal6/+B4GALT1/+ST6GAL1 clone was generated
by knocking out the ST3GAL4, ST3GAL6, and Mgat2 genes to
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FIGURE 3 | Glycoengineering methods in production cell lines (A), in vitro (B), and in vivo (C). (A) Various genetic manipulations have been performed in
production cells to produce differentially fucosylated antibodies. In some cell lines, such as GMD and FX knockouts, fucosylation can be rescued by the addition
of substrates such as L-fucose. (B) In vitro methods of glycoengineering and sialylation include step-wise enzymatic building of glycans and chemoenzymatic
engineering. (C) In vivo glycoengineering involves administration of enzymes, and have had success in some pre-clinical animal models and on human cells.
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inhibit a-2,3 sialylation and knocked in the B4GALT1 and
ST6GAL1 genes to increase a-2,6 sialylation (171).

Antibody fucosylation is decreased by overexpression of
GnT-III. GnT-III is expressed in the Golgi and catalyzes the
addition of biGlcNAc on to a b-linked mannose residue of an N-
linked glycan. The addition of biGlcNAc increases steric
hindrance, inhibits the addition of fucose, and produces hybrid
type N-glycans. Although CHO cells do not express GnT-III,
overexpression of it in CHO cells resulted in reduced antibody Fc
fucosylation due to the addition of biGlcNAc (103, 172). This
method is further improved by co-expression of GnT-III and
Golgi a-mannosidase II, which results in a 70% decrease in core
fucosylation (103, 173).

Gene knock out cell lines were developed by targeting specific
genes involved in core fucosylation. The FUT8 gene encoding a-
1,6 fucosyltransferase catalyzes the addition of a-1,6 fucose to
the innermost GlcNAc. In the CHO-DG44 cell line, small
interfering RNAs (siRNAs) targeting FUT8 reduced mRNA
expression levels to 20%. Coupling this method with Lens
culinaris agglutinin (LCA) selection produced 60% afucosylated
antibodies with a resulting 100-fold increase in ADCC (174).

Afucosylated antibodies can also be generated by
manipulation of GDP-fucose biosynthetic pathways (175).
GDP-mannose 4,6-dehydratase (GMD) and GDP-4-keto-6-
deoxymannose-3,5-epimerase-4-reductase (FX) catalyze the
conversion of GDP-mannose into GDP-fucose. In knockout
lines for each of these enzymes, core fucosylation is absent due
to a lack of GDP-fucose but can be rescued by addition of L-
fucose to the media (176, 177). Alternatively, overexpression of
the bacterial GDP-6-deoxy-D-lyxo-4-hexulose reductase (RMD)
enzyme reduces core fucosylation by depleting the intermediate
GDP-4-keto-6-deoxy-D-mannose used in the synthesis GDP-
fucose (175, 178, 179). An additional strategy to generate
afucosylated IgG involves the addition of fucose analogs
2-fluorofucose and 5-alkynylfucose to inhibit the biosynthetic
pathway of fucosylation (180).

In Vitro Glycoengineering
There is a tremendous improvement in the generation of
glycoengineered antibodies through biosynthetic pathways and
genetic manipulations in mammalian and non-mammalian cells.
However, these methods require complex protocols and special
cell line development for each type of glycan addition or deletion.
These problems can be overcome by using in vitro
glycoengineering, where trimming or extending of antibody
glycans is performed using substrates, glycosyltransferases, and
glycosidases (Figure 3B). These approaches have been successfully
applied to antibodies generated in both mammalian and non-
mammalian cells. There are two types of in vitro glycoengineering
methods: enzymatic and chemoenzymatic.

In the enzymatic method, the antibody of interest is treated
with uridine diphosphate galactose (UDP-Gal) and b-1,4
galactosyltransferase-1 (B4GalT1) to generate the G2F
glycoform, which is further modified by treating the product
with cytidine 5′ mono-phospho-N-acetyl neuraminic acid
(CMP-NANA) and a 2,6 sialyltransferase (ST6Gal1) to
produce the G2S2F glycoform (55). This method can also be
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applied to remove sialic acid and galactose by treatment with
neuraminidase and b-1,4 galactosidase. In early studies, lectin
enrichment was used to prepare sialylated Fc, but later studies
used enzymatic glycoengineering methods to add galactose
followed by sialic acid (36, 37). Several studies have shown
sialylated IgG1 Fc and sialylated IVIG protect mice from
induced arthritis at lower doses compared to IVIG (37, 55).
This data is further supported by the use of sialylated IgG Fc
clinical trials for the successful treatment of ITP (67). This
method is limited by the stepwise addition of sugars.

Chemoenzymatic glycoengineering of IgG antibodies is a
two-step process, consisting first of deglycosylation of N-linked
glycans using native endoglycosidases followed by the addition of
homogenous N-linked glycans using mutant endoglycosidases.
This strategy was improved by the discovery of the novel
endoglycosidase endo-b-N-acetylglucosaminidase (EndoS)
mutants D233A and EndoS D233Q, which allowed the
addition of N-linked glycans to GlcNAc or core-fucosylated
GlcNAc (181). This is a very robust method that allows for the
addition of the entire glycan complex at one time. Using the
chemoenzymatic method, Rituximab has been glycoengineered
to prepare homogenous G2, S2G2, G2F, and S2G2F glycoforms.
Results from in vivo and in vitro studies have shown that only
afucosylated glycoforms increased FcgRIIIA binding and
elevated ADCC compared to the G2F and G2S2F glycoforms
(77). Enzymatic glycoengineering and biosynthetic pathway
manipulation are limited to the addition of complex
biantennary type glycans, but the chemoenzymatic method
allows selective addition of branched glycans. The D165A and
D165Q mutants of the bacterial endoglycosidase Endo-F3 allow
selective addition of bi- and triantennary N-glycans to the fucose
core (182). The Endo-F3 D165A and Endo-S D233A allow site-
specific glycoengineering of the Fab and Fc domains,
respectively (183).

Currently, antibody glycoengineering efforts are exclusively
focused on the Fc-core due to its role in mediating effector
functions (63, 77, 82), but it should be noted that the antibody
Fab domain also undergoes glycosylation for antigen recognition
and other functions (184–186). The therapeutic antibody
Cetuximab undergoes glycosylation in the Fab domain at N88
and in the Fc at N297. Glycoengineered Cetuximab without
fucose at the Fc core and with sialic acid at Fab region showed
increased binding affinity to FcgRIIIA and increased ADCC
(183). Other applications of chemoenzymatic methods include
bioconjugation, site specific labelling, and the synthesis of
antibody-drug conjugates.

In Vivo Glycoengineering
Biosynthetic pathway manipulation of cell lines requires more
time to establish knock out cell lines but is faster once the cell line
is established, whereas in vitro glycoengineering methods require
more time and effort in the purification steps. Another emerging
strategy is glycoengineering circulating IgG antibodies in vivo
using glycosidases and glycosyltransferases (Figure 3C). The first
time deglycosylation of circulating IgG antibodies was shown
was by in vivo administration of EndoS from the human
pathogen Streptococcus pyogenes (187). EndoS selectively
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catalyzes the hydrolysis of the glycosidic bond between the first
two N-acetylglucosamine residues of the of the N-linked glycan
on the Fc of each IgG subclass (IgG1-4). In the collagen-induced
arthritis mouse model, pretreatment of antibodies with EndoS
enzyme inhibited the advancement of arthritis, abolished IgG
binding to Fc receptors, and disturbed immune complex
formation (188). Furthermore, the administration of EndoS
has shown a protective effect in a mouse model of IgG-driven
ITP (189). However, repeated administration of EndoS triggers
an immune response, and using bacterial enzymes in a
therapeutic setting raises a safety concern. Alternatively, the
bacterial protease IdeS was successful in a trial targeting IgG
mediated autoimmune conditions (190–192)

In another strategy of in vivo sialylation, human
glycosyltransferases B4GalT1 and ST6Gal1 have been fused to
IgG Fc to glycoengineer pathogenic antibodies (193). This
approach recapitulates sialylated IVIG or IgG anti-
inflammatory activity by converting pathogenic antibodies into
sialylated, non-pathogenic antibodies. Interestingly, Fc-fused
enzymes specifically sialylated pathogenic antibodies only at
sites of inflammation, but not the antibodies or other
glycoproteins in circulation (193). This specificity of in vivo
glycoengineering is due to platelets releasing sugar donors, sialic
acid and galactose, at sites of inflammation. This strategy has
been successfully demonstrated in murine autoimmune disease
models, in which Fc-fused enzymes attenuated auto-antibody
inflammation by converting autoantibodies into anti-
inflammatory mediators (193). By fusing glycoenzymes to IgG
Fc, the enzymes’ stability and half-life is increased. In vivo
sialyation has the potential to be applied to those diseases
currently treated using IVIG and offers a potential therapeutic
strategy for autoimmune and inflammatory conditions.

Removing sialic acid from IgE is an appealing therapeutic
strategy for allergic disease. With that in mind, a bacterial
neuraminidase enzyme was fused to the IgE Fc Cϵ2–4 domains
(NEUFcϵ), thereby targeting neuraminidase to IgE-bearing cells
(111). Administration of this enzyme fusion during murine
models of allergic inflammation resulted in attenuation of
anaphylaxis (111). However, further testing of modulating
antibody sialic acid content in vivo is needed.
CONCLUSIONS

Endogenous antibody glycosylation is heterogeneous and varies
with age and pathophysiological conditions. Harnessing
antibody glycosylation is in its infancy, but applications that
Frontiers in Immunology | www.frontiersin.org 10129
are engaged in this endeavor include the development of biologic
therapeutics and using certain glycosylation patterns as
biomarkers. Therapeutic antibodies are a rapidly growing class
for the treatment of cancer, autoimmune diseases, infectious
diseases, and other conditions. Glycosylation of therapeutic
antibodies is very sensitive to cell culture and other production
conditions and variations in glycosylation impacts the quality of
the product. Therapeutic antibody glycosylation is a critical
quality attribute because of its impact on effector functions and
half-life. In depth understanding of IgG glycosylation has
revealed the role of each glycan in modulating IgG function
and resulted in the development of therapeutic afucosylated and
sialylated antibodies.

Glycosylation across antibody classes regulates the structure
and function of antibodies. Several studies have shown that sialic
acid has divergent functions in antibody classes. For instance,
sialylated IgG1 mediates anti-inflammatory activity, sialylated
IgE is associated with allergic pathogenicity, sialylated IgA shows
anti-viral activity, and sialylated IgM shows inhibitory effects on
T-cell proliferation. For most antibody classes, sialylation exerts
profound influence over the effector functions. There are
multiple, non-mutually exclusive reasons for this, including
influencing receptor binding and introducing addition
receptors and co-factors. Further studies are required to
characterize specific mechanisms of antibody activity and the
involvement of additional receptors. Also, the role of sialylation
across all antibody subclasses is in need of more examination. In
vitro sialylation of IgG markedly enriches sialylated glycoform
for desire effector functions. This method has been successfully
applied to generate sialylated antibodies to mediate anti-
inflammatory activity. Indeed, glycoengineering has
applicability across antibody classes is a major advantage.
More understanding of the role and regulation of antibody
sialylation and glycosylation will likely uncover additional
applications for glycoengineering.
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