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The essential role of immunoglobulin G (IgG) in immune system regulation and combatting infectious
diseases cannot be fully recognized without an understanding of the changes in its N-glycans attached
to the asparagine 297 of the fragment crystallizable (Fc) domain that occur under such circumstances.
These glycans impact the antibody stability, half-life, secretion, immunogenicity, and effector functions.
Therefore, in this study, we analyzed and compared the total IgG glycome—at the level of individual gly-
can structures and derived glycosylation traits (sialylation, galactosylation, fucosylation, and bisecting N-
acetylglucosamine (GlcNAc))—of 64 patients with influenza, 77 patients with coronavirus disease 2019
(COVID-19), and 56 healthy controls. Our study revealed a significant decrease in IgG galactosylation, sia-
lylation, and bisecting GlcNAc (where the latter shows the most significant decrease) in deceased COVID-
19 patients, whereas IgG fucosylation was increased. On the other hand, IgG galactosylation remained
stable in influenza patients and COVID-19 survivors. IgG glycosylation in influenza patients was more
time-dependent: In the first seven days of the disease, sialylation increased and fucosylation and bisect-
ing GlcNAc decreased; in the next 21 days, sialylation decreased and fucosylation increased (while bisect-
ing GlcNAc remained stable). The similarity of IgG glycosylation changes in COVID-19 survivors and
influenza patients may be the consequence of an adequate immune response to enveloped viruses, while
the observed changes in deceased COVID-19 patients may indicate its deviation.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Epidemics caused by respiratory viruses contribute significantly
to the global health and socioeconomic burden and consequently
affect the lives of millions of people [1,2]. Both severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2) and influenza
viruses can cause severe respiratory infections with significant
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mortality [3]. However, mortality due to SARS-CoV-2 is strongly
skewed toward people older than 70 years, unlike the 1918 and
2009 influenza pandemics [4]. Also, it has been observed that most
coronavirus disease 2019 (COVID-19) patients with a severe form
of the disease become critically ill 8–9 days after the onset of
symptoms [5,6], which correlates with the time of activation of
the adaptive immune response [7]. In this regard, antibodies can
be considered a possible candidate of the adaptive immune system
that could be responsible for the observed deterioration in the
clinical course during SARS-CoV-2 infection.

Humoral immunity is required for the prevention of influenza
infection through the neutralization of free infective particles
[8,9]. One of the pivotal antibodies in this process is immunoglobu-
lin G (IgG), which is the most abundant class of antibodies in the
blood circulation [10]. The IgG molecule consists of two regions:
the antigen-binding fragment (Fab) region and the fragment crys-
tallizable (Fc) region. The Fab region is responsible for recognizing
the antigens of various pathogens, while the Fc region has an effec-
tive function that determines the immune system response to the
presence of pathogens. Within the Fc IgG region, there is a highly
evolutionary conserved N-glycosylation site whose N-glycans
affect antibody stability and modulate IgG effector functions [11–
13]. Changes in Fc glycosylation can alter the Fc conformation
and affect the binding to Fc receptors, both on the surface of innate
immune cells and through interactions with the complement cas-
cade [14–17]. Thus, core fucose removal from the N-glycan of the
Fc region makes IgG 50-fold more effective in initiating antibody-
dependent cellular cytotoxicity (ADCC) and consequently increases
its antiviral activity [17,18]. Also, afucosylated antigen-specific IgG
may be an important element in the defense against SARS-CoV-2
[19]. On the other hand, the fucosylation of anti-spike IgG nega-
tively correlates with the macrophage production of proinflamma-
tory cytokines interleukin-6 (IL-6) and IL-8, thereby promoting
inflammation in patients with severe COVID-19 [20].

Interestingly, both SARS-CoV-2 and influenza viruses are envel-
oped viruses with glycoproteins on their membrane. Indeed, the
immune responses to various enveloped viruses—but not to non-
enveloped ones—exhibit one common finding: the afucosylation
of antigen-specific IgG [5]. Similarly, afucosylated IgG has been
found in people infected with human immunodeficiency virus
(HIV) [21], dengue virus [22], cytomegalovirus (CMV), measles
virus, mumps virus, hepatitis B virus, and SARS-CoV-2 [19], but
not in cases of influenza virus. Interestingly, these changes were
not observed after vaccination, indicating that the afucosylated
IgG response requires membrane context [23]. Therefore, findings
of IgG glycosylation alterations after vaccination cannot be directly
transferred to glycosylation changes in natural infections, which
further confirms the need to study glycosylation under different
conditions. Therefore, the aim of this study was to perform in-
depth profiling of the IgG N-glycans purified from adult patients
infected with SARS-CoV-2 and influenza viruses using
hydrophilic-interaction liquid chromatography–ultra-high-perfor-
mance liquid chromatography (HILIC–UHPLC).
2. Materials and methods

2.1. Study population

2.1.1. Influenza patients
Sixty-four adult patients (� 18 years of age) with laboratory-

confirmed influenza were recruited during three consecutive win-
ter seasons (2017/2018, 2018/2019, and 2019/2020) among
patients hospitalized at the Department for Acute Respiratory
Infection of the University Hospital for Infectious Diseases, Croatia,
due to acute febrile illness. Blood samples for IgG isolation were
55
collected at three time points, on the 1st, 7th, and 28th day after
admission. Demographic, epidemiological, clinical, laboratory,
microbiological, and other data regarding severity and outcome
were also collected. The patients included in the study were hospi-
talized for acute febrile illness with or without respiratory symp-
toms lasting for � 7 days, etiologically confirmed influenza with
or without pneumonia, and laboratory-confirmed influenza in a
naso/pharyngeal swab by single reverse transcription-polymerase
chain reaction (RT-PCR). Patients excluded from the study included
those younger than 18 years of age; patients treated with transfu-
sions, intravenous immunoglobulins, or other blood derivatives in
the past six months; and those who met one or more of the
following criteria: acute febrile illness lasting for more than
seven days, acute febrile illness without etiological evidence of
influenza infection, etiologically confirmed other viral respiratory
infection and/or bacterial co-infection, healthcare-associated infec-
tion, immunodeficiencies (e.g., malignant disease, chemotherapy,
irradiation, solid organ and stem cell transplantation, asplenia,
autoimmune disease, and immunosuppressive drugs), pregnancy,
HIV infection, and tuberculosis.
2.1.2. COVID-19 patients
Seventy-seven adult patients with polymerase chain reaction

(PCR)-confirmed SARS-CoV-2 infection from University Hospital
Dubrava, Croatia, were included. University Hospital Dubrava
was organized as a dedicated SARS-CoV-2 hospital from November
2020 to June 2021 and kept a prospective database of all patients
hospitalized with SARS-CoV-2 with different levels of severity:
①mild: individuals with no evidence of pneumonia but with other
important acute comorbidities; ② moderate: individuals with evi-
dence of pneumonia, yet without a need for invasive mechanical
ventilation; ③ severe: individuals with evidence of bilateral pneu-
monia, a need for admission to the hospital intensive care unit, and
a need for invasive mechanical ventilation; and ④ critical: individ-
uals with a need for immediate invasive mechanical ventilation
and admission to the hospital intensive care unit, or a need for
extracorporeal circulation, or deceased during hospitalization. This
study included patients with mild, moderate, severe, and critical
illness, in addition to clear evidence of SARS-CoV-2 infection that
was the main reason for hospitalization. For this study, patients
with moderate and severe illness were first merged into a single
group and then later divided into two groups depending on sur-
vival (Table S1 in Appendix A). Blood was collected for plasmamul-
tiple times during hospitalization, and samples were collected
between November and December 2020.
2.1.3. Healthy controls
This group included 56 volunteers recruited from the City of

Zagreb and Zagreb County between June 2018 and February 2020
who were without clinical signs/symptoms or laboratory-
suspected infectious disease and who were matched by age and
sex to the patients. Blood samples for IgG isolation were collected
on three occasions: on the 1st, 7th, and 28th day from inclusion in
the study. Further characteristics of the study cohort are shown in
Table 1.

For all samples, venous blood samples were collected in vac-
uum blood-collection tubes containing ethylenediaminetetraacetic
acid (EDTA). The samples were allowed to rest for an hour and
were then centrifuged at 1620g (1g = 9.8 m�s–2) for 10 min. Ali-
quots of plasma were then transferred to a 2 mL tube and cen-
trifuged at 2700g for 10 min; after that, they were immediately
stored at –20 �C until the analyses were performed.



Table 1
Study cohorts: number of samples and population characteristics.

Characteristics Samples

2018 2019 2020

Influenza (n = 13) Control (n = 35) Influenza (n = 38) Control (n = 0) Influenza (n = 13) Control (n = 21) COVID-19 (n = 77)

Sex (male) 11 12 29 — 8 4 57
Age (year, median (IQR)) 55 (51–69) 39 (32–51) 56(49–66) — 41 (34–61) 77 (45–82) 72 (64–77)
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2.2. IgG isolation, glycan release, and labeling

In brief, IgGs were isolated from the plasma samples using a
protein G 96-well monolithic plate (BIA Separations, Slovenia)
[24]. For the influenza patients and healthy controls, the isolated
IgGs were denatured with the addition of sodium dodecyl sulfate
(SDS) (Invitrogen, USA) and by incubation at 65 �C. The excess
SDS was neutralized with Igepal-CA630 (Sigma-Aldrich, USA),
and the N-glycans were released following the addition of PNGase
F (Promega, USA) in phosphate-buffered saline (PBS). The released
N-glycans were labeled with 2-aminobenzamide (2-AB). Free label
and reducing agent were removed from the samples using
hydrophilic-interaction liquid chromatography solid-phase extrac-
tion (HILIC-SPE). For the samples from the first two influenza sea-
sons, a 0.2 lm AcroPrep GH Polypro (GHP) filter plate (Pall, USA)
was used for the HILIC-SPE step; for the last season, an AcroPrep
Advance 1 mL 0.2 lm wwPTFE plate (Pall) was used. Glycans were
eluted with ultrapure water and stored at –20 �C until use.

For COVID-19 samples, glycan release, and labeling, a
GlycoWorks RapiFluor-MS N-Glycan Kit (Waters, USA) was used.
The protocol for this analysis has been described in detail by Deriš
et al. [25]. In brief, dried IgG eluate (with an average mass of 15 lg)
was resuspended in ultrapure water and 5% RapiGest SF solution
(Waters). To denature the IgG, samples were incubated at 99 �C
for 3 min. The N-glycans from the samples were enzymatically
released from the proteins using GlycoWorks Rapid PNGase F
(Waters) and incubated at 50 �C for 5 min. The released
N-glycans were labeled with RapiFluor-MS Solution (Waters), and
the plate was left at room temperature for 5 min. After labeling,
the samples were mixed with acetonitrile (ACN; Honeywell, USA)
and immediately transferred to a GlycoWorks HILIC lElution Plate
(Waters) prior to the clean-up procedure by means of HILIC-SPE.
The wells were prewashed with ultrapure water and ultrapure
water/ACN (15:85, v/v) and then vacuumed to waste using a
multi-well plate vacuum manifold (Pall). Glycans were eluted with
3� 30 lL of SPE Elution Buffer and 200 mmol�L–1 of ammonium
acetate/ACN (95:5, v/v) at pH 7 (Waters), and then diluted with
310 lL of sample diluent, dimethylformamide (DMF)/ACN
(32:68, v/v) (Waters). For each sample, 40 lL was transferred to
a vial for HILIC–UHPLC analysis, while the remaining samples were
stored at –20 �C.

2.3. HILIC–UHPLC analysis

Fluorescently labeled N-glycans were separated by means of
HILIC on an Acquity UPLC instrument (Waters) consisting of a qua-
ternary solvent manager, sample manager, and an fluorescence
(FLR) detector. The instrument was under the control of Empower
3 software, build 3471 (Waters). Samples were maintained at
10 �C before injection, and the separation temperature was 60 �C.
2-AB-labeled N-glycans were separated on aWaters glycan ethylene
bridged hybrid (BEH) amide chromatography column (100 mm � 2.
1 mm; inner diameter (i.d.), 1.7 lm BEH particles), with
100 mmol�L–1 ammonium formate at pH 4.4 as solvent A and ACN
as solvent B. The separation method used a linear gradient of 25%–
38% solvent A (v/v) at a flow rate of 0.40 mL�min�1 in a 27-min ana-
lytical run. Excitation and emissionwavelengths were set to 250 and
56
428 nm, respectively. The chromatograms were all separated in the
same manner into 24 peaks, as previously reported [24].

RapiFluor-MS-labeled N-glycans were separated on a Waters
glycan BEH amide chromatography column (100 mm � 2.1 mm;
i.d., 1.7 lm BEH particles), with 50 mmol�L–1 ammonium formate
at pH 4.4 as solvent A and ACN as solvent B. The separation method
used a linear gradient of 75.0%–61.5% ACN (v/v) at a flow rate of
0.4 mL�min�1 in a 42-min analytical run. Excitation and emission
wavelengthswere set to 256 and425nm, respectively. The obtained
chromatograms were separated into 22 peaks, regarding which the
glycan structures have been described by Keser et al. [26].

In both cases, data processing was performed using an auto-
matic processing method with a traditional integration algorithm,
after which each chromatogram was manually corrected to main-
tain the same intervals of integration for all the samples. The
amount of glycans in each peak was expressed as a percentage of
the total integrated area.

2.4. Data analysis

Normalization and batch correction were performed on the
UHPLC glycan data as described previously in order to remove
experimental variation from the measurements. Depending on
the fluorescent label used (i.e., 2-AB or RapiFluor-MS), the chro-
matograms were integrated into 24 or 22 directly measured glycan
structures, and six derived traits were calculated from the directly
measured glycans according to the following formulas:

� For glycans labeled with 2-AB (GP): For agalactosylated
G0 = GP1 + GP2 + GP3 + GP4 + GP6, with one galactose G1 =
GP7 + GP8 + GP9 + GP10 + GP11, with two galactoses G2 =
GP12 + GP13 + GP14 + GP15, with a bisecting GlcNAc B =
GP3 + GP6 + GP10 + GP11 + GP13 + GP15 + GP19 + GP22 +
GP24, with a core fucose F = GP1 + GP4 + GP6 + GP8 +
GP9 + GP10 + GP11 + GP14 + GP15 + GP16 + GP18 + GP19 +
GP23 + GP24, and sialylated glycans S = GP16 + GP17 +
GP18 + GP19 + GP20 + GP21 + GP22 + GP23 + GP24; for each
derived trait, the obtained sum was divided by the sum of all
the peaks and multiplied by 100.

� For glycans labeled with RapiFluor-MS (RFGP): For agalac-
tosylated G0 = RFGP1 + RFGP2 + RFGP3 + RFGP4, with one
galactose G1 = RFGP5 + RFGP6 + RFGP7 + RFGP8 + RFGP9 +
RFGP10, with two galactoses G2 = RFGP11 + RFGP12 +
RFGP13, with a bisecting GlcNAc B = RFGP4 + RFGP9 +
RFGP10 + RFGP13 + RFGP17 + RFGP20 + RFGP22, with a core
fucose F = RFGP1 + RFGP3 + RFGP4 + RFGP7 + RFGP8 + RFGP9 +
RFGP10 + RFGP12 + RFGP13 + RFGP14 + RFGP16 + RFGP17 +
RFGP21 + RFGP22, and sialylated glycans S = RFGP14 +
RFGP15 + RFGP16 + RFGP17 + RFGP18 + RFGP19 + RFGP20 +
RFGP21 + RFGP22; for each derived trait, the obtained sum
was divided by the sum of all the peaks and multiplied by
100.

These derived traits average the particular glycosylation fea-
tures across different individual glycan structures; consequently,
they are closely related to individual enzymatic activities and
underlying genetic polymorphisms.

A longitudinal analysis of the patient samples through their
observation period was performed by implementing a linear
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mixed-effects model in which glycan measurement was a depen-
dent variable and time was modeled as a fixed effect; moreover,
individual identification (ID) was included in a model as a random
intercept, with age and gender included as additional covariates.
For each cohort (i.e., healthy controls (C2018 and C2020) and
patients with influenza (I2018, I2019, and I2020)), two longitudi-
nal linear mixed model (LMM) analyses were performed: T1–T2
and T2–T3 analyses. Analyses were first performed for each cohort
separately and then combined using a random-effects meta-
analysis approach. Two separate meta-analyses were performed—
one using the C2018 and C2020 results and another using the
I2018, I2019, and I2020 results. Prior to the analyses, glycan vari-
ables were all transformed to a standard normal distribution
(mean = 0, standard deviation (SD) = 1) by the inverse transforma-
tion of ranks to normality (R package ‘‘GenABEL,” function rntrans-
form). Using rank-transformed variables in the analyses made the
estimated effects of different glycans in different cohorts compara-
ble, as transformed glycan variables have the same standardized
variance. The false discovery rate was controlled using the
Benjamini–Hochberg procedure (function p.adjust(method =
‘‘BH”)). Data was analyzed and visualized using R programming
language (version 4.0.2).
3. Results

The PNGase F-released IgG N-glycans from 64 patients with
influenza, 77 patients with COVID-19, and 56 healthy controls
were fluorescently labeled and analyzed using HILIC–UHPLC. The
obtained chromatograms were integrated into peaks, which mostly
contained individual N-glycan structures (Fig. S1 in Appendix A)
[24]. From the obtained peaks, derived glycan traits were calcu-
lated to represent the portion of structurally similar glycan struc-
tures that share common biosynthetic pathways. The statistical
analysis was conducted only on the derived traits, and we did
not observe any significant changes in the IgG glycome in the
healthy controls (Figs. 1 and 2, and Figs. S2 and S3 and Table S2
in Appendix A).

3.1. Galactosylation

The derived traits that represent the level of galactosylation are
G0 (all glycans without a galactose), G1 (all glycans with one galac-
tose), and G2 (all glycans with two galactoses). The galactosylation
of IgG seems to be very susceptible to COVID-19 (Fig. 1 and Table 2,
and Table S3 in Appendix A). All the galactosylation-associated
traits changed significantly in the COVID-19 patients, and these
changes were dependent on COVID-19mortality (Fig. 3 and Table 3,
and Table S4 in Appendix A). Thus, G0 increased while G1 and G2
decreased in the deceased COVID-19 patients. In contrast, IgG
galactosylation remained relatively stable in the COVID-19 sur-
vivors. Similarly, galactosylation stayed stable in the group of
patients with influenza infection (only the increase of G1 between
the second and third time points remained statistically significant
after correction for multiple testing) (Fig. 2 and Table 4, and Fig. S3
and Table S5 in Appendix A).

3.2. Sialylation

Extensive and statistically significant changes in the addition of
the terminal sialic acid to IgG N-glycans were observed in all
groups of patients (Figs. 1 and 2). The presence of sialic acid in
the IgG glycome steadily decreased in COVID-19 patients (Table 2
and Table S3 in Appendix A). However, during influenza infection,
an increase in sialylation was observed between the first and sec-
ond time point in all three analyzed seasons (this change did not
57
reach statistical significance; see Fig. S3). Between the second
and third time points, the proportion of sialylated glycan struc-
tures significantly decreased (Table 4 and Table S5).

3.3. Fucosylation

The presence of a core fucose changed extensively between all
the time points in influenza patients. The level of core fucose
decreased in the influenza patients between the first and second
time points, but increased between the second and third time
points (Fig. 2 and Table 4, and Fig. S4 and Table S5 in Appendix
A). However, in the COVID-19 patients, fucosylation steadily
increased with disease progression, and the increase was depen-
dent on disease mortality (Figs. 1 and 3); the increase in fucosyla-
tion was more pronounced in the group of patients who died from
COVID-19 (Fig. 3 and Table 3, and Table S4).

3.4. Presence of bisecting GlcNAc

Unlike fucosylation, the presence of bisecting GlcNAc signifi-
cantly decreased in both diseases (Figs. 1 and 2). In the influenza
patients, the decrease was statistically significant between the first
and second time points, while the presence of bisecting GlcNAc
remained stable between the second and third time points (Fig. 2
and Table 4, and Table S5). The decrease in the presence of bisect-
ing GlcNAc was the most prominent change in IgG glycosylation in
the COVID-19 patients, and was present regardless of the disease
mortality (Figs. 1 and 3 and Table 3, and Table S4).
4. Discussion

In this study, we systematically examined IgG glycosylation
changes in influenza infection during three seasons and compared
them with changes observed in COVID-19 patients. This study is
the first to explore IgG glycosylation differences between SARS-
CoV-2 and influenza infections, and within influenza infection in
general, with the aim of deepening our knowledge of the immune
response to enveloped viruses. The most prominent IgG glycosyla-
tion feature associated with the immune response to enveloped
viruses is core fucosylation. Although the absence of core fucosyla-
tion in IgG N-glycans has been known to increase ADCC for two
decades [17], a decrease in core fucose level was just recently asso-
ciated with the immune response to enveloped viruses and viral
infection severity [19]. Thus, COVID-19 severity is associated with
lower antigen-specific IgG fucosylation, while the total IgG fucosy-
lation remains relatively stable [19]. Total IgG fucosylation stability
in COVID-19 and its increase in more severe COVID-19 patients
were observed in our study, as well as in a recently published study
by Petrović et al. [27]. However, this is the first time that a decrease
in IgG fucosylation during influenza infection has been observed at
the level of total IgG, rather than only on antigen-specific IgG, as
was recently suggested for enveloped viruses [19]. This brings
our results closer to a recent study that associated the fucosylation
level of both antigen-specific and total IgG with disease severity in
secondary dengue infection [28]. Thus, these results indicate that—
contrary to the abovementioned recently published study [19]—
changes in fucosylation may also be observed on the total IgG for
some enveloped viruses such as influenza and dengue virus. There-
fore, these differences in IgG fucosylation are probably driven by
different molecular mechanisms involved in the systematic
immune response to different viral infections. Indeed, the cytokine
milieu has been shown to differ between influenza and SARS-CoV-
2 infections [29]. Influenza infection has been shown to trigger the
release of myriad different cytokines, with interferon-a (IFNa)
being one of the most prominent [30]. IFNa has already been



Fig. 1. IgG glycan composition changes during one season of COVID-19 normalized to the first point.
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associated with the lower core fucosylation of IgG glycans, increas-
ing IgG Fc affinity to Fcc receptors, FccRIIIA and FccRIIIB, activating
Fcc receptors, consequently resulting in natural killer (NK) cell
activation, and therefore significantly reinforcing ADCC [14,31].
On the other hand, it seems that the Type I and Type II IFN cascade
is dysregulated in SARS-CoV-2 infections [29], which may poten-
tially be a cause of an antigen-specific glycosylation regulation.

In contrast to fucosylation, galactosylation seems to be stable in
influenza and COVID-19 survivors but significantly changed in
deceased COVID-19 patients, resulting in a higher abundance of
agalactosylated IgG molecules. The loss of galactose in the IgG N-
glycome has already been associated with higher proinflammatory
IgG function by triggering complement activation via the alterna-
tive pathway and/or the lectin pathway after binding to
mannose-binding lectin [14]. However due to the high proportion
of N-glycans without a core fucose during influenza infection,
unchanged IgG galactosylation may act as a control mechanism,
58
since it may initiate the anti-inflammatory signaling cascade
through binding to the inhibitory receptor FccRIIB [14].

Similarly, the presence of bisecting GlcNAc in the IgG glycome is
associated with its proinflammatory activity [14] and was found to
decrease in both of the infectious diseases studied here. In the
COVID-19 patients, its decrease in the IgG glycome can be at least
partially explained by the presence of the core fucose, which has an
inhibitory effect on the addition of bisecting GlcNAc [32]. In con-
trast, in influenza infection, we observed a decrease in both core
fucosylation and addition of bisecting GlcNAc in the IgG N-
glycome, even though they were expected to shift in the opposite
directions [14]. However, our observations—despite being hard to
explain—are in accordance with the antigen-specific IgG glycosyla-
tion changes observed after influenza vaccination [33,34].

Moreover, an increase in sialylation in influenza patients
between the first and second time point, albeit not statistically sig-
nificant, is probably driven by the synthesis of antigen-specific IgG



Fig. 2. IgG glycan composition changes during three seasons of influenza infection normalized to the first point. T: time point.
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[33]. Those sialylated IgG antibodies are one of the factors influenc-
ing the quality of the response to an influenza antigen by binding
to CD23, a Type II Fc receptor (C-type lectin), which elevates the
expression of FccRIIB, an inhibitory Type I Fc receptor, on activated
B cells [33]. Furthermore, sialic acid is necessary for the successful
attachment of the influenza virus to cells; therefore, increased sia-
lylation of IgG’s Fab region may block that attachment by mimick-
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ing sialylated receptors [35]. The initial increase in sialylation was
followed by its decrease between the second and third time point
in influenza disease, whereas it was found to continuously
decrease in COVID-19 disease. This shift toward a more proinflam-
matory IgG glycome profile could be a consequence of an adaptive
mechanism during prolonged infection through the activation of
Type I Fcc receptors [14,33]. In the case of influenza, it could also



Table 2
Association of COVID-19 disease with changes in IgG N-glycome-derived traits.

Glycan trait Effecta Standard error P value Adjusted P valueb

G0 0.0504 0.0120 0.0002 0.0003
G1 –0.0320 0.0128 0.0195 0.0195
G2 –0.0546 0.0128 0.0001 0.0003
F 0.0459 0.0105 0.0001 0.0003
B –0.0857 0.0092 2.4 � 10–13 1.4 � 10–12

S –0.0433 0.0109 0.0005 0.0006

a Effect: model coefficient (slope) representing the change in a glycan trait (expressed in SD units) per unit of time.
b Adjustment for multiple testing using the Benjamini–Hochberg procedure.

Fig. 3. IgG glycan composition changes in COVID-19 survivors (No) and deceased COVID-19 patients (Yes).
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be the result of a shift in IgG production from plasmablasts to
memory B cells, as has been observed three weeks after influenza
vaccination [33].

Taken together, these IgG glycome alterations show that IgG
glycosylation is a dynamic and strictly regulated process that
enables fine-tuning of the immune response to a specific pathogen.
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Thus, in influenza infection, it can be regulated in a manner that
increases cellular toxicity by lowering its fucosylation, while
higher sialylation can neutralize virus infection and promote the
production of high-affinity and broadly neutralizing IgGs. On the
other hand, this study shows that the total IgG glycome is prone
to changes during COVID-19 infection and that those glycome



Table 3
Association of COVID-19 mortality with changes in IgG N-glycome-derived traits.

Glycan trait Effecta Standard error P value Adjusted P valueb

G0 0.0774 0.0237 0.0025 0.0038
G1 –0.0845 0.0263 0.0023 0.0038
G2 –0.0839 0.0247 0.0016 0.0038
F 0.0704 0.0223 0.0025 0.0038
B –0.0371 0.0200 0.0676 0.0677
S –0.0467 0.0231 0.0558 0.0669

a Effect: difference between two model coefficients (slopes), where each coefficient represents the group-specific change in the glycan trait (expressed in SD units) per unit
of time.

b Adjustment for multiple testing using the Benjamini–Hochberg procedure.

Table 4
Association of influenza disease with changes in IgG N-glycome-derived traits between three time points.

Glycan trait Time Effecta Standard error P value Adjusted P valueb

G0 T1–T2 –0.1534 0.0919 0.0950 0.2012
T2–T3 0.0555 0.0726 0.4446 0.6402

G1 T1–T2 0.1388 0.0594 0.0195 0.0502
T2–T3 0.1707 0.0674 0.0113 0.0314

G2 T1–T2 0.1223 0.0769 0.1120 0.2123
T2–T3 0.0695 0.0620 0.2626 0.4491

S T1–T2 0.2952 0.1687 0.0801 0.1803
T2–T3 –0.4720 0.0681 4.2 � 10–12 5.0 � 10–11

F T1–T2 –0.2266 0.0707 0.0013 0.0049
T2–T3 0.4932 0.0768 1.3 � 10–10 1.2 � 10–9

B T1–T2 –0.3693 0.0627 3.8 � 10–9 2.7 � 10–8

T2–T3 0.0006 0.0637 0.9926 0.9926

a Effect: model coefficient (slope) representing the change in a glycan trait (expressed in SD units) per unit of time.
b Adjustment for multiple testing using the Benjamini–Hochberg procedure.
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alterations are not necessarily the same as those observed in
antigen-specific IgG. Also, some IgG glycosylation traits in
COVID-19, such as fucosylation, do not follow the IgG glycosylation
pattern observed in influenza patients. However, there was a
higher overlap in IgG glycosylation dynamics between influenza
patients and COVID-19 survivors than between the former and
deceased COVID-19 patients, which exhibited a more pronounced
proinflammatory character of IgG glycosylation. This finding may
be an indicator that the immune response in COVID-19 survivors
is somewhat similar to the general immune response to other
enveloped viruses, whereas the immune response in deceased
COVID-19 patients becomes more deviant. Therefore, these differ-
ences may be used as a potential biomarker of an abnormal
immune response during viral infections. Nevertheless, further
experiments are needed to completely illuminate the molecular
mechanisms behind the glycosylation changes observed in this
study.
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[24] Pucić M, Knezević A, Vidič J, Adamczyk B, Novokmet M, Polašek 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(10):010090.
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[26] Keser T, Pavić T, Lauc G, Gornik O. Comparison of 2-aminobenzamide,
procainamide and RapiFluor-MS as derivatizing agents for high-throughput
HILIC-UPLC-FLR-MS N-glycan analysis. Front Chem 2018;6:324.
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