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Abstract
Antibody glycosylation has received considerable attention in coronavirus disease 2019 (COVID-19) infections and recently 
also in vaccination. Antibody glycosylation and in particular immunoglobulin G1 fucosylation levels influence effector func-
tions and are therefore key parameters for assessing the efficacy and safety of severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) directed immune responses. This review article summarizes and interprets recent research into antibody 
glycosylation in COVID-19. Experimental approaches for analyzing the glycosylation of SARS-CoV-2-directed antibody 
responses are evaluated. The pronounced dynamics, effector functions, clinical utility, and regulation of antibody glycosyla-
tion in COVID-19 are assessed. Future research on the role of antibody glycosylation in COVID may cover the glycosylation 
of other antibody classes beyond immunoglobulin G, the regulation of antibody glycosylation, and the role of non-canonical 
antibody receptors in determining effector functions.
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Introduction

Antibodies are abundant soluble glycoproteins in the circula-
tion, various biofluids and mucosal layers playing essential 
roles in the adaptive immune response [1]. Beyond antigen 
binding and neutralization via the fragment antigen-binding 
(Fab) portion, their immune-regulatory role lays in steer-
ing diverse effector functions via their fragment crystalliz-
able (Fc) portion [1–3]. With their wide-spanning functions 
including antigen binding and neutralization, opsonization, 
mediating complement-dependent cytotoxicity (CDC) as 
well as antibody-dependent cellular cytotoxicity and phago-
cytosis (ADCC and ADCP, respectively), antibodies are 
front-line elements in host defense against infectious agents 
[3]. Immunoglobulin G (IgG) is the most abundant antibody 
in plasma and is comprised of four isotypes [4]. The Fc tails 
of IgG are co- and post-translationally modified by glyco-
sylation. The resulting N-glycan is an important structural 

component that fine-tunes effector functions [2]. Notably, 
adaptive diversification of this Fc-linked N-glycan may elicit 
qualitatively different immune responses by varying their 
potential to activate complement and by altering their bind-
ing to Fc receptors present on a range of immune cells [5].

During homeostasis hardly any intra-individual variation 
is observed in the composition of the plasma-derived total 
(or bulk) IgG glycome [5–7]. With various physiological 
and pathological changes, such as aging, pregnancy, hormo-
nal adjustments, and inflammatory and metabolic diseases, 
the IgG glycome is changing. Likewise, IgG glycosylation 
associates with body mass index (BMI) and smoking. In 
addition, IgG glycosylation is influenced by genetic and epi-
genetic determinants [5, 8].

Substantial alterations of IgG glycosylation are con-
comitant with various infectious diseases and vaccinations 
against those [5, 9–11]. These glycosylation alterations have 
mostly been studied on circulatory total IgG manifesting 
themselves systemically in an acute or chronic manner. 
However, these total IgG glycosylation changes may also 
partially be driven by buildup of skewed glycosylation of 
antigen-specific IgG [5, 8–14]. Fucose-deficient pathogen-
specific IgG has recently been identified as a general initial 
glyco-phenotypic response characteristic of viral infec-
tions such as human immunodeficiency virus (HIV), Den-
gue, and severe acute respiratory syndrome coronavirus 
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2 (SARS-CoV-2) – all being enveloped viruses that bud 
through cell membranes [15–18]. Similar afucosylated IgG 
has also been seen in antigen-specific responses to other for-
eign membrane antigens such as platelet and red blood cell 
alloantigens in pregnancy [19–21] and Plasmodium falci-
parium antigens on red blood cells [16]. Antibody fucosyla-
tion is of paramount importance, because the lack of core 
fucose amplifies affinity of IgG to its cognate Fcγ receptors 
(FcγR) thereby escalating ADCC [2, 22].

Recent studies have pointed towards associations between 
IgG1 glycosylation – especially fucosylation – and corona-
virus disease 2019 (COVID-19) severity, but study results 
are not directly comparable due to differences in cohorts, 
disease phases and methodologies. This encouraged us to 
concisely review the available evidence in order to identify 
commonalities and address discrepancies in methodologies 
and patient cohorts. Eventually, we provide a broader out-
look on IgG glycosylation patterns in SARS-CoV-2 mes-
senger ribonucleic acid (mRNA) vaccination and provide 
perspectives on the utility of antigen-specific IgG glycosyla-
tion analysis as a factor in assessing efficacy and safety of 
both pathogen- and vaccine-induced immune responses.

Antibodies and COVID‑19

SARS-CoV-2 infections show largely diverse disease 
courses, and it became evident during the ongoing pan-
demic, that an evoked robust anti-SARS-CoV-2 immune 
response, commonly considered as protective, can in fact 
lead to aggravated immunopathologies [23, 24]. Disease 
worsening in COVID-19 has been observed to be concurrent 
with seroconversion and activity of the adaptive immune 
system with IgG playing a major role [24, 25]. For this 
adverse reaction excessive FcγR activation by IgG antibod-
ies seems to be instrumental [15, 26–28]. Interestingly, since 
the early stages of the COVID-19 pandemic, it has been rec-
ognized that while some individuals develop life-threatening 
conditions, others control the infection with relatively mild 
symptoms [24]. Demographic factors and comorbidities are 
two of the predisposing factors of disease course [29], still, 
there is an urgent need for additional determinants and early 
biomarkers with higher specificity in predicting outcomes.

Methods for the assessment of antibody 
glycosylation in COVID‑19

An early study by Petrovic et al. applied ultrahigh-performance 
liquid chromatography with fluorescence detection (UPLC-
FLD) for analyzing total N-glycans of IgG, covering both Fc 
and Fab glycans alike of all IgG subclasses. This method may 
be considered the gold standard for antibody glycosylation 

analysis and features a particularly high precision. Petrovic 
et al. focused on total IgG glycosylation analysis, and no anal-
ysis of SARS-CoV-2 spike protein (S) specific antibodies or 
anti-SARS-CoV-2 receptor binding domain (RBD) antibodies 
was pursued [30].

In the studies of Larsen et al., Hoepel et al., Bye et al. and 
Pongracz et al., a common, liquid chromatography – mass 
spectrometry (LC–MS)-based method was employed to 
characterize total, anti-S, and to a limited extent anti-SARS-
CoV-2 nucleocapsid (N) IgG glycosylation following their 
affinity purification [15, 26, 27, 31]. This approach builds 
on microtitration plate-based adsorption of antibodies to 
viral proteins using a modification of enzyme-linked immu-
nosorbent assay (ELISA) antibody detection methods. Tryp-
tic Fc glycopeptide analysis is achieved using an LC–MS 
high-throughput bottom-up proteomics workflow followed 
by targeted data extraction and label-free quantification. The 
major advantage of this method besides its robustness is 
that it gives site-specific information, thereby providing a 
focus on Fc glycosylation while readily distinguishing IgG 
subclasses (Fig. 1) [32].

Similarly to the afore approach, Chakraborty et al. used 
LC–MS for the bottom-up analysis of IgG Fc glycosyla-
tion, albeit using multiple-reaction monitoring (MRM; 
on a triple quadrupole MS) for the target detection and 
quantification of pre-selected glycopeptides [28]. Farkash 
et al. detected glycopeptides by parallel reaction monitor-
ing (PRM) on Orbitrap MS [33].

An alternative MS-based method potentially useful for 
the assessment of IgG Fc glycosylation in COVID-19 is 
middle-up antibody analysis, as presented for anti-RBD 
IgG in a study by Melani et al. Even though this method 
is promising, the observed high complexity due to multi-
ple different amino acid sequences and glycan structural 
heterogeneity complicates Fc glycosylation analysis using 
this approach [34].

Conversely to MS-based methods, Ankerhold et al. used 
a lectin-based assay to characterize anti-S and anti-N IgG 
fucosylation. The principle of this method lies in the pref-
erential binding of the lectin Aleuria aurantia to α1,6-
fucose linked to N-acetylglucosamine, which has been 
exploited to quantify corresponding fucosylation levels in 
an ELISA-setting [35].

The comparability of the results of the various assays 
has for a big part not been established. In particular, it 
would be of interest to see how the results of the MRM- 
based and PRM-based MS methods relate to established 
UPLC-FLD and LC–MS high-throughput glycomics 
approaches. For the latter two methods, very good com-
parability has been demonstrated for applications in a bio-
medical setting, providing a basis for the integration of 
data obtained with these methods [36].
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Dynamics and potential clinical utility of IgG 
Fc glycosylation in COVID‑19

High-throughput technological advances allowed to rou-
tinely analyze the IgG glycomes in large clinical cohorts, 
which contributed to our understanding on how IgG glyco-
sylation signatures associated with changes in health and 
disease [5, 37]. Recently, multiple related findings suggested 
that altered S protein-specific or receptor binding domain 
(RBD)-specific IgG1 Fc glycosylation is a promising can-
didate severity marker in COVID-19 (Table 1) [15, 26, 28, 
31, 35].

IgG1 Fc fucosylation is in the spotlight of most these 
studies, and high levels of afucosylated anti-S or anti-RBD 
IgG1 have been construed as a motif associated with exacer-
bated immunopathologies in COVID-19 [15, 26, 28, 31, 35]. 
Larsen et al. [15] and Chakraborty et al. [28] demonstrated 

proinflammatory, low-fucosylation signatures of anti-S and 
anti-RBD IgG1 in patients with severe respiratory compli-
cations, respectively. Intensive care unit (ICU)-admitted 
patients who developed acute respiratory distress syndrome 
(ARDS) were found to show lower anti-S IgG1 fucosyla-
tion as compared to outpatients with mild symptoms [15]. 
Chakraborty et al. looked at inpatients at both the ICU and 
non-ICU as well as outpatients and asymptomatic pediat-
rics, and found anti-RBD IgG1 fucosylation to be lower in 
the hospitalized groups as compared to the outpatients and 
pediatrics [28], which is largely in-line with the findings of 
Larsen et al. [15].

Of note, anti-S IgG1 fucosylation could not further dis-
criminate between the various hospitalized groups [28], 
which is in line with observations of Ankerhold et al. [35] 
and Pongracz et al. [31]. Specifically, the latter study found 
no differences in anti-S IgG1 fucosylation levels in patients 

Fig. 1   Representative MS spectra of anti-S (left) and total (right) 
IgG1 glycopeptides of a hospitalized COVID-19 patient at an early 
(top) and a late (bottom) timepoint. The early timepoint illustrates the 
glycosylation pattern at 14 days after symptom onset (around the time 
of seroconversion), while the late timepoint illustrates the glycosyla-

tion pattern 14 days later. Dotted lines indicate fucosylated (red line) 
and afucosylated (black line) glycoforms. All annotated glycopep-
tide species are triple protonated. Structural annotations are based on 
manual spectral interpretation and literature [5]

337Glycoconjugate Journal (2022) 39:335–344



1 3

Ta
bl

e 
1  

O
ve

rv
ie

w
 o

f s
tu

di
es

 o
f S

A
R

S-
C

oV
2 

an
tig

en
-s

pe
ci

fic
 a

nt
ib

od
y 

gl
yc

os
yl

at
io

n 
in

 C
O

V
ID

-1
9

St
ud

y
Se

tti
ng

St
ud

y 
po

pu
la

tio
n

A
nt

ig
en

 u
se

d 
fo

r 
af

fin
ity

-c
ap

tu
ri

ng
M

et
ho

d 
to

 a
na

ly
se

 
Ig

G
 g

ly
co

sy
la

tio
n

Fu
nc

tio
na

l o
r 

ot
he

r 
as

sa
ys

 u
se

d
Lo

ng
itu

di
na

l 
sa

m
pl

in
g

G
ly

co
sy

la
tio

n 
pa

tte
rn

La
rs

en
 e

t a
l. 

[1
5]

D
is

ea
se

1)
 n

on
-A

R
D

S 
(o

ut
pa

tie
nt

)
2)

 A
R

D
S 

(in
pa

tie
nt

)

sp
ik

e,
 n

uc
le

oc
ap

si
d

LC
–M

S
1)

 C
yt

ok
in

e 
re

le
as

e 
as

sa
y

2)
 A

nt
ib

od
y 

le
ve

ls

Ye
s

tra
ns

ie
nt

C
ha

kr
ab

or
tk

y 
et

 a
l. 

[2
8]

D
is

ea
se

1)
 n

on
-I

C
U

 (i
np

at
ie

nt
)

2)
 IC

U
 (i

np
at

ie
nt

)
3)

 o
ut

pa
tie

nt
4)

 p
ed

ia
tri

c 
(p

as
t 

in
fe

ct
io

n)

re
ce

pt
or

 b
in

di
ng

 
do

m
ai

n
LC

–M
S 

(M
R

M
)

1)
 F

cγ
R

II
IA

 b
in

di
g

2)
 N

K
 c

el
l 

de
gr

an
ul

at
io

n 
as

sa
y

3)
 M

on
oc

yt
e 

sti
m

ul
at

io
n 

an
d 

 
cy

to
ki

ne
 

m
ea

su
re

m
en

t

Ye
s, 

bu
t i

m
pr

op
er

ly
 

de
fin

ed
lo

ng
-la

sti
ng

H
oe

pe
l e

t a
l. 

[2
6]

D
is

ea
se

1)
 IC

U
 (i

np
at

ie
nt

)
2)

 S
A

RS
-C

oV
-2

 
ne

ga
tiv

e 
in

di
vi

du
al

s 
3)

 S
A

RS
-C

oV
-2

 
po

sit
iv

e 
bu

t s
pi

ke
 

pr
ot

ei
n 

ne
ga

tiv
e 

in
di

vi
du

al
s;

Sa
m

pl
es

 u
se

d 
he

re
in

 
w

er
e 

a 
su

bp
op

ul
at

io
n 

of
 b

as
el

in
e 

sa
m

pl
es

 
us

ed
 b

y 
La

rs
en

 e
t a

l. 
[1

5]

sp
ik

e
LC

–M
S

1)
 C

yt
ok

in
e 

re
le

as
e 

as
sa

y
2)

 A
nt

ib
od

y 
le

ve
ls

3)
 R

N
A

se
q

4)
 E

nd
ot

he
lia

l b
ar

rie
r 

fu
nc

tio
n

5)
 P

la
te

le
t a

dh
es

io
n

6)
 D

ru
g 

in
hi

bi
tio

n 
as

se
ss

m
en

t

-
-

B
ye

 e
t a

l. 
[2

7]
G

ly
co

en
gi

ne
er

ed
 m

on
oc

lo
na

l a
nt

ib
od

y-
ba

se
d 

stu
dy

LC
–M

S
1)

 T
hr

om
bu

s 
fo

rm
at

io
n 

as
sa

y
2)

 D
ru

g 
in

hi
bi

tio
n 

as
se

ss
m

en
t

-
-

A
nk

er
ho

ld
 e

t a
l. 

[3
5]

D
is

ea
se

1)
 se

ve
re

 (i
np

at
ie

nt
)

2)
 c

rit
ic

al
 (i

np
at

ie
nt

)
sp

ik
e,

 re
ce

pt
or

 b
in

di
ng

 
do

m
ai

n,
 n

uc
le

oc
ap

sid
Le

ct
in

-b
as

ed
 a

ss
ay

1)
 F

cγ
R

II
Ia

 a
ct

iv
at

io
n 

as
sa

y;
2)

 N
eu

tra
liz

at
io

n 
as

sa
y

N
o

-

Po
ng

ra
cz

 e
t a

l. 
[3

1]
D

is
ea

se
1)

 n
on

-I
C

U
 (i

np
at

ie
nt

)
2)

 IC
U

 (i
np

at
ie

nt
)

sp
ik

e
LC

–M
S

1)
 C

yt
o-

 a
nd

 
ch

em
ok

in
e 

le
ve

ls
 

(L
um

in
ex

)
2)

 A
nt

ib
od

y 
le

ve
ls

Ye
s

tra
ns

ie
nt

Fa
rk

as
h 

et
 a

l. 
[3

3]
Va

cc
in

at
io

n 
an

d 
di

se
as

e
1)

 v
ac

ci
ne

es
2)

 c
on

va
le

sc
en

t
3)

 m
ild

 (i
np

at
ie

nt
)

4)
 se

ve
re

 (i
np

at
ie

nt
)

sp
ik

e
LC

–M
S 

(P
R

M
)

1)
 A

nt
ib

od
y 

le
ve

ls
2)

 F
cγ

R
II

Ia
 b

in
di

ng
3)

 C
1q

 b
in

di
ng

Ye
s

tra
ns

ie
nt

338 Glycoconjugate Journal (2022) 39:335–344



1 3

stratified for different disease severities or ICU admission. 
Ankerhold et al. argue that circulating multimeric immune 
complexes – not monomeric IgG – potentially enriched in 
low-fucosylated IgG drive immunopathology in COVID-19 
[35]. The study was performed a lectin-based assay to quan-
tify anti-S, anti-RBD and anti-N IgG fucosylation levels, 
in contrast to the LC–MS based methods used by the other 
groups (Table 1), with the lectin assay not differentiating 
IgG isotypes. Also, the antigen-specificity of the IgGs in the 
immune complexes remained undetermined, therefore the 
suggested involvement of low-fucosylated anti-S IgG in the 
described immune complex formation would need further 
confirmation [35].

Next to fucosylation, also galactosylation, sialylation 
and bisection of anti-S IgG1 showed pronounced dynamics 
in COVID-19, with initially high levels of galactosylation 
and sialylation as well as low levels of bisection [31]. After 
hospitalization, anti-S IgG1 galactosylation, sialylation and 
bisection became more similar to total IgG1 glycosylation, 
with galactosylation and sialylation dropping, whilst bisec-
tion was increasing [31]. Anti-S IgG1 bisection, galactosyla-
tion and sialylation correlated with disease severity as well 
as a broad range of inflammatory and clinical parameters 
[31].

Bisection of IgG was found to be low in severe COVID-
19, as shown both for total IgG [30] and anti-S IgG1 [15]. 
Another study likewise showed low anti-S bisection rela-
tive to total IgG1, but intriguingly, bisection was positively 
associated with ICU admission, disease severity and survival 
[31], unlike in a similar study, where bisection on anti-RBD 
IgG1 did not show discriminative potential between ICU 
and non-ICU patients [28]. Remarkably, a pronounced skew-
ing of bisection, galactosylation and sialylation of anti-S 
IgG1 as compared to bulk IgG1 glycosylation was observed 
for COVID-19 patients that did not need to be admitted to 
ICU [31]. Conversely, a very limited skewing of these IgG1 
glycosylation traits characterized the ICU patients. Of note, 
these glycosylation differences were already apparent with 
hospitalization, evincing their potential as promising sever-
ity marker in COVID-19. Further studies are needed, also 
assessing anti-S IgG1 glycosylation in patients prior to hos-
pitalization to establish the prognostic value of these signa-
tures regarding the development of disease severity and the 
need of different treatment regimens [31].

Some of the above studies found remarkably dynamic gly-
cosylation patterns as exemplified for one patient in Fig. 1. 
Intriguingly, the pronounced dynamics characterizing anti-
S fucosylation [15, 31] were found to be extremely stable 
in previous studies assessing fucosylation levels to various 
antigens in alloimmune and infectious diseases, persist-
ing over a decade [16, 20, 38, 39]. Transient dynamics of 
the anti-S glycosylation were likewise found with respect 
to bisection, galactosylation and sialylation. Although the 

observed dynamics in these studies were also found for total 
IgG1 – albeit to a lesser extent – it is unknown whether 
total IgG1 glycosylation changes are largely caused by anti-
S and other SARS-CoV-2-specific antibody neo-production 
with skewed glycosylation – or whether antibodies of other 
specificities are contributing [15, 31]. On the contrary, in 
the study of Chakraborty et al. a long-lasting, unchanged 
glycosylation pattern was observed for anti-RBD antibodies, 
which may be due to later sampling [28], as the afucosylated 
IgG was only observed in the first week after seroconver-
sion [15]. Of note, the comparability of anti-S and anti-RBD 
glycosylation profiles has not been demonstrated yet, and 
antigen-specific differences in the IgG1 fucosylation patterns 
could therefore explain part of the different dynamics. Inter-
estingly, anti-S and anti-RBD antibodies showed differential 
performance in in vitro functional assays [40], providing an 
incentive to sort out possible differential Fc modification 
and receptor engagement of these SARS-CoV-2-directed 
antibody subpopulations.

Regulation of IgG Fc glycosylation

IgG glycosylation is influenced by demographic factors 
such as age and sex [5]. Furthermore, IgG glycosylation is 
influenced by (epi)genetic factors, pregnancy, hormones, 
menopause, lifestyle factors such as smoking and BMI, and 
environmental factors [5]. On the cellular level, IgG glyco-
sylation is considered to be largely determined during bio-
synthesis in plasma cells, with key factors being the expres-
sion levels of glycosyltransferases, Golgi topology and pH, 
availability of monosaccharides, protein production kinetics 
and transport mechanisms [8]. Infectious disease-associated 
shifts occurring on pathogen-specific antibodies have been 
broadly described, suggesting a controlled modulation of the 
immune response by adjusted IgG glycosylation, as sum-
marized elsewhere [5, 8, 11].

In SARS-CoV-2, it has been hypothesized that the antigen 
context gives rise to IgG afucosylation, with host membrane-
associated antigen presentation as a pre-requisite for the 
induction of low-fucose responses. This led to the postula-
tion of a signal at the viral protein-displaying host plasma 
membrane that would trigger afucosylated IgG responses 
in B cells, yet the nature of this signal remains elusive [15]. 
Furthermore, age and sex have been associated not only 
with total, but also with anti-S and anti-RBD IgG1 bisec-
tion, galactosylation and sialylation, and it has therefore 
been suggested to account for demographic besides tempo-
ral confounders more mindfully in future studies [28, 31]. 
Overall, the dynamics of anti-S IgG1 glycosylation early on 
in infection and vaccination may be due to a rapid increase in 
antibody production, which is paralleled by a rapid increase 
in antibody concentrations during a phase when a rapid 
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expansion of clonal B cells and formation of new plasma 
blasts and plasma cells is occurring [15]. An early, largely 
afucosylated IgG1 response with still relatively low antibody 
concentrations may within a few days or weeks be followed 
by a much higher production of largely fucosylated IgG1. 
While all available evidence suggest that IgG glycosylation 
is governed by the secretion machinery in B cells, in par-
ticular for fucosylation which can be vastly different from 
the bulk IgG, it has to be stressed that further research is 
needed to investigate possible post-secretion glycosylation 
processing. It will be important to identify and character-
ize SARS-CoV-2 specific B cell populations and their loca-
tion in lymphoid tissues for developing an understanding 
of the pronounced dynamics of antibody glycosylation in 
COVID-19.

Functional consequences of altered Fc 
glycosylation

Altered pathogen-specific antibody glycosylation has been 
reported to impact their inflammatory potential and function-
ality [3, 5, 11, 41]. For example, persistent accumulation of 
agalactosylated gp120-specific IgG has been reported in HIV 
independently from disease state [42]. Similarly, pathogen-
directed antibodies in the active phase of Mycobacterium 
tuberculosis infection showed largely agalactosylated gly-
cosylation patterns, unlike in latent tuberculosis [43]. IgG 
sialylation has been linked to anti-inflammatory activity 
[44], with the underlying molecular mechanisms remaining 
obscure. The most well-characterized and understood gly-
can modification appears to be afucosylation, which directly 
enhances antibody functionality with increased FcγRIII affin-
ity and elevated ADCC [2, 22]. For example, afucosylated 
non-neutralizing IgG antibodies were found in Dengue infec-
tion showing enhanced binding to FcγRIIIa in vitro and trig-
gered platelet reduction in vivo. These afucosylated IgG1 
were postulated to contribute to the immunopathology via 
antibody-dependent enhancement (ADE) [17].

Larsen et  al. used an in vitro cytokine release assay 
to demonstrate that glycoengineered monoclonal anti-S 
IgG1 carrying afucosylated glycans – when incorporated 
in immune complexes with recombinantly expressed spike 
protein – induced elevated interleukin (IL)-6 release in 
monocyte-derived macrophages (expressing FcγRIIIa), as 
compared to its normally fucosylated counterpart. However, 
it is worth to note that fucosylation levels of the used glyco-
engineered anti-S IgG1 were way below those observed in 
patients. Accordingly, the onset of low-fucosylated anti-S 
IgG1 in critically ill patients was accompanied by a rise in 
IL-6 (together with C-reactive protein and D-dimer) upon 
longitudinal sampling [15].

Consistent with these observations, Chakraborty et al. 
showed that the affinity and dissociation constant of patient 
sera, and of both isolated patient-derived and glycoengi-
neered anti-RBD IgG1 for recombinant FcγRIIIa was pro-
portional to the degree of IgG1 afucosylation. Additionally, 
the same study used in vitro stimulation assays to quantify 
NK cell degranulation as well as cytokine production by 
primary monocytes. Using both of these assays employing 
immune complexes formed with patient-derived IgG1 or 
glycoengineered anti-RBD IgG1 immune complexes, they 
found that low-fucosylated anti-RBD IgG1 indeed impacted 
ADCC as exemplified by increased IL-6, tumor necrosis fac-
tor and IL-1β production, when compared to normally fuco-
sylated alternatives [28].

Hoepel et al. identified the combination of high titers and 
low fucosylation of anti-S IgG1 as the potential predisposing 
factor of severe COVID-19. Using an array of techniques, 
they likewise found increased cytokine release, a pro-
inflammatory ribonucleic acid sequencing profile as well as 
disrupted endothelial barrier function and platelet adhesion 
associating with anti-S IgG1 afucosylation. Using the same 
glycoengineered anti-S IgG1 as Larsen et al., they found 
the proinflammatory cytokine production by macrophages 
(including IL-6) was blocked by FcγRIIIa-blocking antibod-
ies (but curiously also with FcγRIIa-blocking antibodies, 
perhaps suggesting synergism in signaling between these 
redundant receptor pairs). In addition, this was also inhib-
ited by small molecule drug fostamatinib to counteract afu-
cosylated anti-S IgG1-induced inflammatory responses in 
vitro by blocking ADCC-associated, which is of therapeutic 
interest in COVID-19 [26].

Bye et al. reported on the association of anti-S IgG1 afu-
cosylation with prothrombotic platelet activation using in 
vitro models and highlighted the role of a platelet-specific 
Fc receptor FcγRIIa [27]. This finding is remarkable, as 
the FcγRIIa is not known to prefer afucosylated IgGs [2], 
and molecular insights as to how afucosylation contributes 
to prothrombotic platelet activation are lacking. Further 
research is needed to evaluate the potential contribution of 
afucosylated IgG responses to thrombotic complication in 
COVID-19.

Using a cell-based reporter system, Ankerhold et  al. 
showed that serum pools originating from COVID-19 
patients right upon hospitalization were potent in FcγRIIIa 
activation, after normalizing to antigen-specific IgG titers, 
although the findings were independent of clinical manifes-
tation and could not be used for the differentiation between 
severe and critical cases [35].

Together, these findings consistently revealed a marked, 
proinflammatory fucosylation signature on plasma-
derived anti-S IgG1 originating from severely ill, SARS-
CoV-2 infected inpatients [15, 26, 28, 31, 35]. Most stud-
ies additionally provide convincing multi-angle in vitro 
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functional evidence associating anti-S IgG1 afucosylation 
with enhanced immune cell activation [15, 26, 28, 35] or 
blood clotting abnormalities [27]. Interestingly however, 
the observed low-fucosylation signatures in hospitalized 
patients did not show the same associations with cytokines, 
chemokines and acute phase proteins as shown in in vitro 
assays [31].

Vaccination

By vaccination with foreign antigens representing parts or 
even whole attenuated or killed infectious agents, immune 
responses are evoked, including induction of pathogen-
specific neutralizing antibody and long-lived memory B 
cell production, that are jointly capable of alleviating and/
or eliminating the infections during a later encounter. Vac-
cination provides a highly interesting setting where in vivo 
Fc glycosylation and dynamics thereof can be followed in a 
relatively well controlled model, given that for example the 
time between a primer and a booster shot is largely compa-
rable between vaccinees [11]. Hitherto, limited efforts have 
been made to monitor the pathogen-specific antibody gly-
cosylation repertoire in human [10, 45], even though a well-
defined glyco-phenotype has been suggested to be important 
for vaccine efficacy and safety [11, 41].

A recent study by Farkash et al. investigated anti-RBD 
antibody glycosylation patterns longitudinally, as elicited by 
the mRNA vaccine BNT162b2. Dynamic Fc compositions 
and immune receptor engagement were found, different from 
those in the setting of a natural infection or in convalescents. 
These antibodies were characterized by high fucosylation 
and low bisection [33]. While this study provides interesting 
insights into vaccine-induced IgG glycosylation responses, it 
featured relatively low sample numbers and in particular low 
time resolution (2 weeks between booster and sampling), 
and further studies are needed to unravel antibody glycosyla-
tion dynamics for commonly used mRNA and vector-based 
COVID-19 vaccines in antigen-naive persons versus those 
with a (previous) COVID-19 infection.

Conclusions and future perspectives

Initiation of the adaptive immune response against SARS-
CoV-2 is indispensable to fight the infection. It appears that 
IgG antibodies are key components in protection against 
COVID-19 with an important role for glycosylation and 
resulting Fc-mediated effector functions. Recent studies 
have collectively indicated that a distinct, pro-inflammatory, 
low-fucosylation glycosylation phenotype marks circula-
tory IgG produced against the SARS-CoV-2 spike protein 
in hospitalized patients. This response has been suggested to 

characterize IgG responses against host-membrane embed-
ded antigens, albeit the underlying mechanisms revealing 
this await further elucidation. While anti-S IgG1 afucosyla-
tion marks high COVID-19 disease severity and associ-
ates with numerous inflammatory markers in vitro, other 
glycosylation features including bisection, galactosylation 
and sialylation show promising associations with disease 
severity pointing towards their clinical biomarker potential. 
The regulation of antibody glycosylation is poorly under-
stood, and further research is needed to provide a mecha-
nistic understanding of antibody glycosylation at the cel-
lular and systemic level, to design intervention strategies 
targeting antibody glycosylation in COVID-19 as well as 
other diseases.

While the role of IgG1 afucosylation in steering effector 
functions via FcγRIII interaction is receiving due attention, 
the role of other glycosylation features such as galactosyla-
tion, sialylation and bisection is poorly understood. For  
anti-SARS-CoV-2 antibody galactosylation and sialylation, 
further research is needed on its role in effector functions 
and complement activation [46] and possible contribution 
to disease pathology. Likewise, antibody glycosylation-
dependent effects such as FcγRIIa-mediated prothrom-
botic platelet activation [27] must be investigated further 
to comprehend the glycosylation-dependent interaction of 
antibodies with receptors. In addition, future studies should 
investigate glycosylation of other clinically relevant immu-
noglobulin classes such as IgA as well as tissue-specific  
antibody glycosylation patterns that may reflect the inflam-
matory state during the disease course more accurately.

In view of the observed glycosylation signatures in 
COVID-19, we believe that pathogen-specific antibody 
glycosylation is an important determinant of effector func-
tions, that could be a promising severity marker for infec-
tion induced as well as efficacy marker for vaccine induced 
antibodies in the future.

Abbreviations  ADCC:  Antibody-dependent cellular cytotoxicity; 
ADCP: Antibody-dependent cellular phagocytosis; ADE: Antibody-
dependent enhancement; CDC: Complement-dependent cytotoxic-
ity; COVID-19: Coronavirus disease 2019; ELISA: Enzyme-linked 
immunosorbent assay; Fab: Fragment antigen-binding; Fc: Fragment 
crystallizable; FcγR: Fcγ receptors; HIV: Human immunodeficiency 
virus; ICU: Intensive care unit; IgG: Immunoglobulin G; LC-MS: Liq-
uid chromatography – mass spectrometry; MRM: Multiple reaction 
monitoring; mRN: Messenger ribonucleic acid; N: Nucleocapsid; 
PRM: Parallel reaction monitoring; RBD: Receptor binding domain; 
S: SARS-CoV-2 spike protein; SARS-CoV-2: Severe acute respiratory 
syndrome coronavirus 2; UPLC-FLD: Ultrahigh-performance liquid 
chromatography with fluorescence detection

Contributions  T.P. and M.W. conceptualized the article and performed 
the literature search. T.P. made the figures and drafted the original man-
uscript. G.V. proofread and provided critical input on the manuscript. 
All authors were involved in the critical revision of the manuscript and 
have given approval to the final version of the manuscript.

341Glycoconjugate Journal (2022) 39:335–344



1 3

Funding  T. P. was supported by the European Union’s Horizon 2020 
Research and Innovation programme, under H2020-MSCA-ITN grant 
agreement number 721815.

Data availability  Data used on Fig. 1 originated from data generated 
during a previous study by Pongracz et al., which is available on request 
from the corresponding author [31].

Compliance with ethical standards 

Competing interests  The authors have no competing interests to 
declare that are relevant to the content of this article.

Ethics approval  Data shown on Fig. 1 originates from a patient enrolled 
into the BEAT-COVID-19 cohort study established at Leiden Univer-
sity Medical Center. In this study, informed consent was obtained from 
the patient or his/her relatives, the Medical Ethics Committee Leiden-
Den Haag-Delft (NL73740.058.20) approved the study, the trial was 
registered in the Dutch Trial Registry (NL8589) and altogether the 
study complied with the latest version of the Declaration of Helsinki 
[31].

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Vidarsson, G., Dekkers, G., Rispens, T.: IgG subclasses and allo-
types: from structure to effector functions. Front. Immunol. 5, 520 
(2014). https://​doi.​org/​10.​3389/​fimmu.​2014.​00520

	 2.	 Dekkers, G., Treffers, L., Plomp, R., Bentlage, A.E.H., de Boer, 
M., Koeleman, C.A.M., Lissenberg-Thunnissen, S.N., Visser, R., 
Brouwer, M., Mok, J.Y., Matlung, H., van den Berg, T.K., van 
Esch, W.J.E., Kuijpers, T.W., Wouters, D., Rispens, T., Wuhrer, 
M., Vidarsson, G.: Decoding the Human Immunoglobulin 
G-Glycan Repertoire Reveals a Spectrum of Fc-Receptor- and 
Complement-Mediated-Effector Activities. Front. Immunol. 8, 
877 (2017). https://​doi.​org/​10.​3389/​fimmu.​2017.​00877

	 3.	 Lu, L.L., Suscovich, T.J., Fortune, S.M., Alter, G.: Beyond binding: 
antibody effector functions in infectious diseases. Nat. Rev. Immu-
nol. 18(1), 46–61 (2018). https://​doi.​org/​10.​1038/​nri.​2017.​106

	 4.	 Rispens, T., Vidarsson, G.: Human IgG Subclasses. In: Antibody 
Fc. pp. 159–177 (2014). https://​doi.​org/​10.​1016/​B978-0-​12-​
394802-​1.​00009-1

	 5.	 Gudelj, I., Lauc, G., Pezer, M.: Immunoglobulin G glycosylation 
in aging and diseases. Cell. Immunol. 333, 65–79 (2018). https://​
doi.​org/​10.​1016/j.​celli​mm.​2018.​07.​009

	 6.	 de Haan, N., Reiding, K.R., Driessen, G., van der Burg, M., 
Wuhrer, M.: Changes in Healthy Human IgG Fc-Glycosylation 
after Birth and during Early Childhood. J. Proteome Res. 15(6), 
1853–1861 (2016). https://​doi.​org/​10.​1021/​acs.​jprot​eome.​6b000​38

	 7.	 Knezevic, A., Gornik, O., Polasek, O., Pucic, M., Redzic, I., 
Novokmet, M., Rudd, P.M., Wright, A.F., Campbell, H., Rudan, I., 
Lauc, G.: Effects of aging, body mass index, plasma lipid profiles, 
and smoking on human plasma N-glycans. Glycobiology 20(8), 
959–969 (2010). https://​doi.​org/​10.​1093/​glycob/​cwq051

	 8.	 Jennewein, M.F., Alter, G.: The Immunoregulatory Roles of Anti-
body Glycosylation. Trends Immunol. 38(5), 358–372 (2017). 
https://​doi.​org/​10.​1016/j.​it.​2017.​02.​004

	 9.	 Irvine, E.B., Alter, G.: Understanding the role of antibody gly-
cosylation through the lens of severe viral and bacterial diseases. 
Glycobiology 30(4), 241–253 (2020). https://​doi.​org/​10.​1093/​
glycob/​cwaa0​18

	10.	 Selman, M.H., de Jong, S.E., Soonawala, D., Kroon, F.P., Adegnika, 
A.A., Deelder, A.M., Hokke, C.H., Yazdanbakhsh, M., Wuhrer, M.: 
Changes in antigen-specific IgG1 Fc N-glycosylation upon influenza 
and tetanus vaccination. Mol. Cell Proteomics 11(4), M111 014563 
(2012). https://​doi.​org/​10.​1074/​mcp.​M111.​014563

	11.	 Alter, G., Ottenhoff, T.H.M., Joosten, S.A.: Antibody glycosyla-
tion in inflammation, disease and vaccination. Semin. Immunol. 
39, 102–110 (2018). https://​doi.​org/​10.​1016/j.​smim.​2018.​05.​003

	12.	 Cobb, B.A.: The history of IgG glycosylation and where we are 
now. Glycobiology 30(4), 202–213 (2020). https://​doi.​org/​10.​
1093/​glycob/​cwz065

	13.	 Guo, N., Liu, Y., Masuda, Y., Kawagoe, M., Ueno, Y., Kameda, 
T., Sugiyama, T.: Repeated immunization induces the increase in 
fucose content on antigen-specific IgG N-linked oligosaccharides. 
Clin. Biochem. 38(2), 149–153 (2005). https://​doi.​org/​10.​1016/j.​
clinb​iochem.​2004.​10.​002

	14.	 Lastra, G.C., Thompson, S.J., Lemonidis, A.S., Elson, C.J.: 
Changes in the galactose content of IgG during humoral immune 
responses. Autoimmunity 28(1), 25–30 (1998). https://​doi.​org/​10.​
3109/​08916​93980​89938​42

	15.	 Larsen, M.D., de Graaf, E.L., Sonneveld, M.E., Plomp, H.R., 
Nouta, J., Hoepel, W., Chen, H.J., Linty, F., Visser, R., Brinkhaus, 
M., Sustic, T., de Taeye, S.W., Bentlage, A.E.H., Toivonen, 
S., Koeleman, C.A.M., Sainio, S., Kootstra, N.A., Brouwer, 
P.J.M., Geyer, C.E., Derksen, N.I.L., Wolbink, G., de Winther, 
M., Sanders, R.W., van Gils, M.J., de Bruin, S., Vlaar, A.P.J., 
Amsterdam, U.C., biobank study, g., Rispens, T., den Dunnen, J., 
Zaaijer, H.L., Wuhrer, M., Ellen van der Schoot, C., Vidarsson, 
G.: Afucosylated IgG characterizes enveloped viral responses and 
correlates with COVID-19 severity. Science 371(6532) (2021). 
https://​doi.​org/​10.​1126/​scien​ce.​abc83​78

	16.	 Larsen, M.D., Lopez-Perez, M., Dickson, E.K., Ampomah, P., Tuikue  
Ndam, N., Nouta, J., Koeleman, C.A.M., Ederveen, A.L.H., 
Mordmuller, B., Salanti, A., Nielsen, M.A., Massougbodji, A., van 
der Schoot, C.E., Ofori, M.F., Wuhrer, M., Hviid, L., Vidarsson, 
G.: Afucosylated Plasmodium falciparum-specific IgG is induced 
by infection but not by subunit vaccination. Nat. Commun. 12(1), 
5838 (2021). https://​doi.​org/​10.​1038/​s41467-​021-​26118-w

	17.	 Wang, T.T., Sewatanon, J., Memoli, M.J., Wrammert, J., Bournazos, 
S., Bhaumik, S.K., Pinsky, B.A., Chokephaibulkit, K., Onlamoon, 
N., Pattanapanyasat, K., Taubenberger, J.K., Ahmed, R., Ravetch, 
J.V.: IgG antibodies to dengue enhanced for FcgammaRIIIA 
binding determine disease severity. Science 355(6323), 395–398 
(2017). https://​doi.​org/​10.​1126/​scien​ce.​aai81​28

	18.	 Ackerman, M.E., Crispin, M., Yu, X., Baruah, K., Boesch, A.W., 
Harvey, D.J., Dugast, A.S., Heizen, E.L., Ercan, A., Choi, I., 
Streeck, H., Nigrovic, P.A., Bailey-Kellogg, C., Scanlan, C., Alter, 
G.: Natural variation in Fc glycosylation of HIV-specific antibod-
ies impacts antiviral activity. J. Clin. Invest. 123(5), 2183–2192 
(2013). https://​doi.​org/​10.​1172/​JCI65​708

	19.	 Wuhrer, M., Porcelijn, L., Kapur, R., Koeleman, C.A., Deelder, 
A., de Haas, M., Vidarsson, G.: Regulated glycosylation patterns 
of IgG during alloimmune responses against human platelet 

342 Glycoconjugate Journal (2022) 39:335–344

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2014.00520
https://doi.org/10.3389/fimmu.2017.00877
https://doi.org/10.1038/nri.2017.106
https://doi.org/10.1016/B978-0-12-394802-1.00009-1
https://doi.org/10.1016/B978-0-12-394802-1.00009-1
https://doi.org/10.1016/j.cellimm.2018.07.009
https://doi.org/10.1016/j.cellimm.2018.07.009
https://doi.org/10.1021/acs.jproteome.6b00038
https://doi.org/10.1093/glycob/cwq051
https://doi.org/10.1016/j.it.2017.02.004
https://doi.org/10.1093/glycob/cwaa018
https://doi.org/10.1093/glycob/cwaa018
https://doi.org/10.1074/mcp.M111.014563
https://doi.org/10.1016/j.smim.2018.05.003
https://doi.org/10.1093/glycob/cwz065
https://doi.org/10.1093/glycob/cwz065
https://doi.org/10.1016/j.clinbiochem.2004.10.002
https://doi.org/10.1016/j.clinbiochem.2004.10.002
https://doi.org/10.3109/08916939808993842
https://doi.org/10.3109/08916939808993842
https://doi.org/10.1126/science.abc8378
https://doi.org/10.1038/s41467-021-26118-w
https://doi.org/10.1126/science.aai8128
https://doi.org/10.1172/JCI65708


1 3

antigens. J. Proteome. Res. 8(2), 450–456 (2009). https://​doi.​org/​
10.​1021/​pr800​651j

	20.	 Kapur, R., Della Valle, L., Sonneveld, M., Hipgrave Ederveen, A., 
Visser, R., Ligthart, P., de Haas, M., Wuhrer, M., van der Schoot, 
C.E., Vidarsson, G.: Low anti-RhD IgG-Fc-fucosylation in preg-
nancy: a new variable predicting severity in haemolytic disease of 
the fetus and newborn. Br. J. Haematol. 166(6), 936–945 (2014). 
https://​doi.​org/​10.​1111/​bjh.​12965

	21.	 Kapur, R., Kustiawan, I., Vestrheim, A., Koeleman, C.A., Visser, R., 
Einarsdottir, H.K., Porcelijn, L., Jackson, D., Kumpel, B., Deelder, 
A.M., Blank, D., Skogen, B., Killie, M.K., Michaelsen, T.E., de 
Haas, M., Rispens, T., van der Schoot, C.E., Wuhrer, M., Vidarsson, 
G.: A prominent lack of IgG1-Fc fucosylation of platelet alloanti-
bodies in pregnancy. Blood 123(4), 471–480 (2014). https://​doi.​org/​
10.​1182/​blood-​2013-​09-​527978

	22.	 Ferrara, C., Grau, S., Jager, C., Sondermann, P., Brunker, P., 
Waldhauer, I., Hennig, M., Ruf, A., Rufer, A.C., Stihle, M., 
Umana, P., Benz, J.: Unique carbohydrate-carbohydrate interac-
tions are required for high affinity binding between FcgammaRIII 
and antibodies lacking core fucose. Proc. Natl. Acad. Sci. U. S. 
A. 108(31), 12669–12674 (2011). https://​doi.​org/​10.​1073/​pnas.​
11084​55108

	23.	 Oran, D.P., Topol, E.J.: Prevalence of Asymptomatic SARS-
CoV-2 Infection : A Narrative Review. Ann. Intern. Med. 173(5), 
362–367 (2020). https://​doi.​org/​10.​7326/​M20-​3012

	24.	 Tay, M.Z., Poh, C.M., Renia, L., MacAry, P.A., Ng, L.F.P.: The 
trinity of COVID-19: immunity, inflammation and intervention. 
Nat. Rev. Immunol. 20(6), 363–374 (2020). https://​doi.​org/​10.​
1038/​s41577-​020-​0311-8

	25.	 Merad, M., Martin, J.C.: Pathological inflammation in patients 
with COVID-19: a key role for monocytes and macrophages. Nat. 
Rev. Immunol. 20(6), 355–362 (2020). https://​doi.​org/​10.​1038/​
s41577-​020-​0331-4

	26.	 Hoepel, W., Chen, H.J., Geyer, C.E., Allahverdiyeva, S., Manz, 
X.D., de Taeye, S.W., Aman, J., Mes, L., Steenhuis, M., Griffith, 
G.R., Bonta, P.I., Brouwer, P.J.M., Caniels, T.G., van der Straten, 
K., Golebski, K., Jonkers, R.E., Larsen, M.D., Linty, F., Nouta, J., 
van Roomen, C., van Baarle, F., van Drunen, C.M., Wolbink, G., 
Vlaar, A.P.J., de Bree, G.J., Sanders, R.W., Willemsen, L., Neele, 
A.E., van de Beek, D., Rispens, T., Wuhrer, M., Bogaard, H.J., van 
Gils, M.J., Vidarsson, G., de Winther, M., den Dunnen, J.: High 
titers and low fucosylation of early human anti-SARS-CoV-2 IgG 
promote inflammation by alveolar macrophages. Sci. Transl. Med. 
13(596) (2021). https://​doi.​org/​10.​1126/​scitr​anslm​ed.​abf86​54

	27.	 Bye, A.P., Hoepel, W., Mitchell, J.L., Jegouic, S.M., Loureiro, S., 
Sage, T., Vidarsson, G., Nouta, J., Wuhrer, M., de Taeye, S.W., van 
Gils, M., Kriek, N., Cooper, N., Jones, I., den Dunnen, J., Gibbins, 
J.M.: Aberrant glycosylation of anti-SARS-CoV-2 IgG is a pro-
thrombotic stimulus for platelets. Blood 138(16), 1481–1489 (2021). 
https://​doi.​org/​10.​1182/​blood.​20210​11871

	28.	 Chakraborty, S., Gonzalez, J., Edwards, K., Mallajosyula, V., Buz-
zanco, A.S., Sherwood, R., Buffone, C., Kathale, N., Providenza, 
S., Xie, M.M., Andrews, J.R., Blish, C.A., Singh, U., Dugan, H., 
Wilson, P.C., Pham, T.D., Boyd, S.D., Nadeau, K.C., Pinsky, 
B.A., Zhang, S., Memoli, M.J., Taubenberger, J.K., Morales, T., 
Schapiro, J.M., Tan, G.S., Jagannathan, P., Wang, T.T.: Proin-
flammatory IgG Fc structures in patients with severe COVID-
19. Nat. Immunol. 22(1), 67–73 (2021). https://​doi.​org/​10.​1038/​
s41590-​020-​00828-7

	29.	 Weisberg, S.P., Connors, T.J., Zhu, Y., Baldwin, M.R., Lin, 
W.H., Wontakal, S., Szabo, P.A., Wells, S.B., Dogra, P., Gray, 
J., Idzikowski, E., Stelitano, D., Bovier, F.T., Davis-Porada, J., 
Matsumoto, R., Poon, M.M.L., Chait, M., Mathieu, C., Horvat, B., 
Decimo, D., Hudson, K.E., Zotti, F.D., Bitan, Z.C., La Carpia, F., 
Ferrara, S.A., Mace, E., Milner, J., Moscona, A., Hod, E., Porotto, 
M., Farber, D.L.: Distinct antibody responses to SARS-CoV-2 

in children and adults across the COVID-19 clinical spectrum. 
Nat. Immunol. 22(1), 25–31 (2021). https://​doi.​org/​10.​1038/​
s41590-​020-​00826-9

	30.	 Petrovic, T., Alves, I., Bugada, D., Pascual, J., Vuckovic, 
F., Skelin, A., Gaifem, J., Villar-Garcia, J., Vicente, M.M., 
Fernandes, A., Dias, A.M., Kurolt, I.C., Markotic, A., Primorac, 
D., Soares, A., Malheiro, L., Trbojevic-Akmacic, I., Abreu, 
M., Sarmento, E.C.R., Bettinelli, S., Callegaro, A., Arosio, 
M., Sangiorgio, L., Lorini, L.F., Castells, X., Horcajada, J.P., 
Pinho, S.S., Allegri, M., Barrios, C., Lauc, G.: Composition of 
the immunoglobulin G glycome associates with the severity of 
COVID-19. Glycobiology 31(4), 372–377 (2021). https://​doi.​
org/​10.​1093/​glycob/​cwaa1​02

	31.	 Pongracz, T., Nouta, J., Wang, W., van Meijgaarden, K.E., Linty, 
F., Vidarsson, G., Joosten, S.A., Ottenhoff, T.H.M., Hokke, C.H., 
de Vries, J.J.C., Arbous, S.M., Roukens, A.H.E., Wuhrer, M.: 
Immunoglobulin G1 Fc glycosylation as an early hallmark of 
severe COVID-19. medRxiv (2021). https://​doi.​org/​10.​1101/​2021.​
11.​18.​21266​442

	32.	 Falck, D., Jansen, B.C., de Haan, N., Wuhrer, M.: High-
Throughput Analysis of IgG Fc Glycopeptides by LC-MS. Meth-
ods Mol. Biol. 1503, 31–47 (2017). https://​doi.​org/​10.​1007/​
978-1-​4939-​6493-2_4

	33.	 Farkash, I., Feferman, T., Cohen-Saban, N., Avraham, Y., Morgenstern, 
D., Mayuni, G., Barth, N., Lustig, Y., Miller, L., Shouval, D.S., Biber, 
A., Kirgner, I., Levin, Y., Dahan, R.: Anti-SARS-CoV-2 antibodies 
elicited by COVID-19mRNA vaccine exhibit a unique glycosylation 
pattern. Cell Rep. 37 (2021). https://​doi.​org/​10.​1016/j.​celrep.​2021.​
110114

	34.	 Melani, R.D., Des Soye, B.J., Kafader, J.O., Forte, E., Hollas, 
M., Blagojevic, V., Negrao, F., McGee, J.P., Drown, B., Lloyd-
Jones, C., Seckler, H.S., Camarillo, J.M., Compton, P.D., LeDuc, 
R.D., Early, B., Fellers, R.T., Cho, B.K., Mattamana, B.B., Goo, 
Y.A., Thomas, P.M., Ash, M.K., Bhimalli, P.P., Al-Harthi, L., Sha, 
B.E., Schneider, J.R., Kelleher, N.L.: Next-Generation Serology 
by Mass Spectrometry: Readout of the SARS-CoV-2 Antibody 
Repertoire. J. Proteome Res. (2021). https://​doi.​org/​10.​1021/​acs.​
jprot​eome.​1c008​82

	35.	 Ankerhold, J., Giese, S., Kolb, P., Maul-Pavicic, A., Voll, R.E., 
Göppert, N., Ciminski, K., Kreutz, C., Lother, A., Salzer, U., 
Bildl, W., Welsink, T., Morgenthaler, N.G., Grawitz, A.B., Huzly, 
D., Schwemmle, M., Hengel, H., Falcone, V.: Circulating multi-
meric immune complexes drive immunopathology in COVID-19. 
bioRxiv (2021). https://​doi.​org/​10.​1101/​2021.​06.​25.​449893

	36.	 Huffman, J.E., Pucic-Bakovic, M., Klaric, L., Hennig, R., Selman, 
M.H., Vuckovic, F., Novokmet, M., Kristic, J., Borowiak, M., Muth, 
T., Polasek, O., Razdorov, G., Gornik, O., Plomp, R., Theodoratou, 
E., Wright, A.F., Rudan, I., Hayward, C., Campbell, H., Deelder, 
A.M., Reichl, U., Aulchenko, Y.S., Rapp, E., Wuhrer, M., Lauc, 
G.: Comparative performance of four methods for high-throughput 
glycosylation analysis of immunoglobulin G in genetic and epi-
demiological research. Mol. Cell. Proteomics 13(6), 1598–1610 
(2014). https://​doi.​org/​10.​1074/​mcp.​M113.​037465

	37.	 de Haan, N., Falck, D., Wuhrer, M.: Monitoring of immunoglobu-
lin N- and O-glycosylation in health and disease. Glycobiology 
30(4), 226–240 (2020). https://​doi.​org/​10.​1093/​glycob/​cwz048

	38.	 Sonneveld, M.E., Natunen, S., Sainio, S., Koeleman, C.A., Holst, 
S., Dekkers, G., Koelewijn, J., Partanen, J., van der Schoot, C.E., 
Wuhrer, M., Vidarsson, G.: Glycosylation pattern of anti-platelet 
IgG is stable during pregnancy and predicts clinical outcome in 
alloimmune thrombocytopenia. Br. J. Haematol. 174(2), 310–320 
(2016). https://​doi.​org/​10.​1111/​bjh.​14053

	39.	 Kapur, R., Della Valle, L., Verhagen, O.J., Hipgrave Ederveen, 
A., Ligthart, P., de Haas, M., Kumpel, B., Wuhrer, M., van der 
Schoot, C.E., Vidarsson, G.: Prophylactic anti-D preparations 

343Glycoconjugate Journal (2022) 39:335–344

https://doi.org/10.1021/pr800651j
https://doi.org/10.1021/pr800651j
https://doi.org/10.1111/bjh.12965
https://doi.org/10.1182/blood-2013-09-527978
https://doi.org/10.1182/blood-2013-09-527978
https://doi.org/10.1073/pnas.1108455108
https://doi.org/10.1073/pnas.1108455108
https://doi.org/10.7326/M20-3012
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1126/scitranslmed.abf8654
https://doi.org/10.1182/blood.2021011871
https://doi.org/10.1038/s41590-020-00828-7
https://doi.org/10.1038/s41590-020-00828-7
https://doi.org/10.1038/s41590-020-00826-9
https://doi.org/10.1038/s41590-020-00826-9
https://doi.org/10.1093/glycob/cwaa102
https://doi.org/10.1093/glycob/cwaa102
https://doi.org/10.1101/2021.11.18.21266442
https://doi.org/10.1101/2021.11.18.21266442
https://doi.org/10.1007/978-1-4939-6493-2_4
https://doi.org/10.1007/978-1-4939-6493-2_4
https://doi.org/10.1016/j.celrep.2021.110114
https://doi.org/10.1016/j.celrep.2021.110114
https://doi.org/10.1021/acs.jproteome.1c00882
https://doi.org/10.1021/acs.jproteome.1c00882
https://doi.org/10.1101/2021.06.25.449893
https://doi.org/10.1074/mcp.M113.037465
https://doi.org/10.1093/glycob/cwz048
https://doi.org/10.1111/bjh.14053


1 3

display variable decreases in Fc-fucosylation of anti-D. Transfu-
sion 55(3), 553–562 (2015). https://​doi.​org/​10.​1111/​trf.​12880

	40.	 Adeniji, O.S., Giron, L.B., Purwar, M., Zilberstein, N.F., Kulkarni, 
A.J., Shaikh, M.W., Balk, R.A., Moy, J.N., Forsyth, C.B., Liu, 
Q., Dweep, H., Kossenkov, A., Weiner, D.B., Keshavarzian, A., 
Landay, A., Abdel-Mohsen, M.: COVID-19 severity is associated 
with differential antibody Fc-mediated innate immune functions. 
mBio 12(2) (2021). https://​doi.​org/​10.​1128/​mBio.​00281-​21

	41.	 Gunn, B.M., Alter, G.: Modulating antibody functionality in infec-
tious disease and vaccination. Trends. Mol. Med. 22(11), 969–982 
(2016). https://​doi.​org/​10.​1016/j.​molmed.​2016.​09.​002

	42.	 Moore, J.S., Wu, X., Kulhavy, R., Tomana, M., Novak, J., Moldoveanu,  
Z., Brown, R., Goepfert, P.A., Mestecky, J.: Increased levels of galac-
tose-deficient IgG in sera of HIV-1-infected individuals. AIDS 19(4), 
381–389 (2005). https://​doi.​org/​10.​1097/​01.​aids.​00001​61767.​21405.​
68

	43.	 Lu, L.L., Das, J., Grace, P.S., Fortune, S.M., Restrepo, B.I., Alter, 
G.: Antibody Fc glycosylation discriminates between latent and 
active tuberculosis. J. Infect. Dis. 222(12), 2093–2102 (2020). 
https://​doi.​org/​10.​1093/​infdis/​jiz643

	44.	 Kaneko, Y., Nimmerjahn, F., Ravetch, J.V.: Anti-inflammatory 
activity of immunoglobulin G resulting from Fc sialylation. Sci-
ence 313(5787), 670–673 (2006). https://​doi.​org/​10.​1126/​scien​ce.​
11295​94

	45.	 Johnson, M., Stockdale, L., de Haan, N., Wuhrer, M., Nouta, J., 
Koeleman, C.A.M., Clarke, J., Marinou, S., Shakya, M., Colin-
Jones, R., Theiss-Nyland, K., Voysey, M., Jin, C., Pant, D., Jones, 
E., Kelly, S., Dongol, S., Karkey, A., Shrestha, S., Basnyat, B., 
Hill, J., Pollard, A.J.: Association of antibody-dependent neutro-
phil phagocytosis with distinct antibody glycosylation profiles fol-
lowing typhoid vaccination. Front. Tropical Dis. 2 (2021). https://​
doi.​org/​10.​3389/​fitd.​2021.​742804

	46.	 van Osch, T.L.J., Nouta, J., Derksen, N.I.L., van Mierlo, G., van 
der Schoot, C.E., Wuhrer, M., Rispens, T., Vidarsson, G.: Fc 
galactosylation promotes hexamerization of human IgG1, leading 
to enhanced classical complement activation. J. Immunol. 207(6), 
1545–1554 (2021). https://​doi.​org/​10.​4049/​jimmu​nol.​21003​99

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

344 Glycoconjugate Journal (2022) 39:335–344

https://doi.org/10.1111/trf.12880
https://doi.org/10.1128/mBio.00281-21
https://doi.org/10.1016/j.molmed.2016.09.002
https://doi.org/10.1097/01.aids.0000161767.21405.68
https://doi.org/10.1097/01.aids.0000161767.21405.68
https://doi.org/10.1093/infdis/jiz643
https://doi.org/10.1126/science.1129594
https://doi.org/10.1126/science.1129594
https://doi.org/10.3389/fitd.2021.742804
https://doi.org/10.3389/fitd.2021.742804
https://doi.org/10.4049/jimmunol.2100399

	Antibody glycosylation in COVID-19
	Abstract
	Introduction
	Antibodies and COVID-19
	Methods for the assessment of antibody glycosylation in COVID-19
	Dynamics and potential clinical utility of IgG Fc glycosylation in COVID-19
	Regulation of IgG Fc glycosylation
	Functional consequences of altered Fc glycosylation
	Vaccination
	Conclusions and future perspectives
	References


