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Immunoglobulin G (IgG) antibodies play an important role in the immune
response against viruses such as SARS-CoV-2. As the effector functions of IgG
are modulated by N-glycosylation of the Fc region, the structure and possible
function of the IgG N-glycome has been under investigation in relation to
divergent COVID-19 disease courses. Through LC-MS analysis we studied both
total IgG1 and spike protein-specific IgG1 Fc glycosylation of 129 German and
163 Brazilian COVID-19 patients representing diverse patient populations. We
found that hospitalized COVID-19 patients displayed decreased levels of total
IgG1 bisection and galactosylation and lowered anti-S IgG1 fucosylation and
bisection as compared to mild outpatients. Anti-S IgGl glycosylation was
dynamic over the disease course and both anti-S and total IgG1 glycosylation
were correlated to inflammatory markers. Further research is needed to dissect
the possible role of altered IgG glycosylation profiles in (dys)regulating the
immune response in COVID-19.
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Introduction

The rapid spread of the infectious agent severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused
the first global pandemic in the 21° century that gave rise to
extensive hospitalizations and a significant economic burden.
While the majority of people infected with SARS-CoV-2 remain
asymptomatic, a minority of symptomatic infections require
hospitalization due to the development of severe coronavirus
disease 2019 (COVID-19). Severe COVID-19 is characterized by
a dysregulated immune response, of which the nature remains
incompletely understood (1). However, certain demographic
risk factors for severe COVID-19 have been identified
including higher age, male sex and ethnicity, as well as pre-
existing comorbidities such as type II diabetes, COPD and
hypertension (2-4). Moreover, both immune cell exhaustion
(5) and unusual phenotypes thereof (6), a pro-inflammatory
cytokine and chemokine milieu in various body fluids (7),
together with proteomics and metabolomics signatures (8)
have been shown to characterize severe COVID-19 (9).

The observed inflammatory environment is inherent to
severe respiratory viral infections (10), but the peculiar, and
often unexpected exacerbation of COVID-19 appears to coincide
with immunoglobulin G (IgG) seroconversion (11-13). IgGs
play an important role both in the neutralization of viral
antigens via the fragment antigen binding (Fab) portion, and
in mediating effector functions via its fragment crystallizable
(Fc) moiety (14). The effector functions of IgG are modulated by
its N-glycosylation. IgGs contain two conserved N-glycosylation
sites in the Fc region at Asn-297 in each of the constant heavy
chain 2 domains. At these sites oligosaccharides (glycans) are
attached that are made up of a pentasaccharide core of two N-
acetylglucosamine (GlcNAc) moieties and three mannose
residues. This core can be modified by the addition of a fucose
residue (fucosylation), a bisecting GIcNAc residue (bisection)
and elongated with up to two antennae, each consisting of a
GIcNAc and optionally a galactose (galactosylation), of which
the latter may be terminated by a sialic acid (sialylation). These
Fc region-associated N-glycans affect the affinity of the antibody
to its cognate receptors on immune cells and consequently
modulate the immune response (14, 15). For example, IgGl
with an afucosylated N-glycan attached to its Fc domain has,
compared to fucosylated IgG, a greatly increased affinity to the
Fcy-receptor IIla (FcyRIIla), which regulates antibody-
dependent cell-mediated cytotoxicity (ADCC) (16, 17). IgG
glycosylation has thus been under investigation for its
potential role in COVID-19 and its potential as an early
severity marker (17).

Several studies have found that severe COVID-19 is
associated with SARS-CoV-2 spike protein-specific (anti-S)
IgG afucosylation (18, 19). For example, it has been shown
that afucosylated anti-S IgG enriched from sera of severe
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COVID-19 patients stimulates pro-inflammatory cytokine
production by alveolar-like macrophages in vitro (11).
Furthermore, in an in vivo model, afucosylated IgG immune
complexes from COVID-19 patients have been shown to induce
inflammation and infiltration of the lungs by immune cells (20).
A similar afucosylated pathogen-specific antibody response has
likewise been observed in Dengue virus infection, malaria and
HIV, as well as in alloimmune settings (21-24). A hypothesis has
been proposed that the expression of foreign antigens on host or
viral membranes triggers such afucosylated IgG responses (18).
Interestingly, SARS-CoV-2 mRNA vaccination of SARS-CoV-2
naive individuals also induced a transient afucosylated IgG
response, yet to a lesser extent than in severely ill COVID-19
patients (25). Another study found anti-S IgG1 to be highly
fucosylated and enriched in sialylation following mRNA
vaccination against SARS-CoV-2, albeit this group has neither
investigated early timepoints nor longitudinal changes (20).

Besides these patterns of anti-S IgG glycosylation,
characteristic total IgG glycosylation signatures have been
observed as well. For example, severe COVID-19 patients have
been shown to display decreased bisection of the total IgG N-
glycome, compared to mild inpatients (26). Additionally, a case-
control study has shown that COVID-19 patients had decreased
levels of total IgG fucosylation, sialylation and galactosylation
compared to controls (27). Moreover, low levels of total IgG
galactosylation and sialylation at diagnosis of SARS-CoV-2
infection have been shown to be predictive of poor
prognosis (28).

In a previous longitudinal, prospective observational
cohort study of hospitalized COVID-19 patients (29), we
found skewed glycosylation patterns characterized by
increased bisection and decreased galactosylation and
sialylation of anti-S IgGl (normalized to total IgGl) to be
associated with increased COVID-19 severity as well as with
markers of inflammation, both at hospitalization and at highest
disease severity.

Here, we explored IgGl glycosylation in two
geographically distinct cohorts including outpatients and
negative controls through affinity purification of IgG from
plasma samples and tryptic digestion followed by liquid
chromatography mass spectrometry (LC-MS) analysis. We
were able to confirm and expand on previous findings
regarding both total and anti-S IgGl glycosylation in
COVID-19 patients in two cohorts that were diverse with
regards to geographical origin (Brazil and Germany), days
since symptom onset and disease severity. Both total and anti-
S IgG1 Fc glycosylation were correlated to inflammatory
markers. After correction for known confounders of IgGl
glycosylation using logistic regression analysis, we found that
decreased total IgG1 bisection and galactosylation as well as
decreased anti-S IgGl fucosylation and bisection were
associated with hospitalization.
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Materials and methods
Study cohorts

Samples from COVID-19 patients with varying disease
severity as well as controls included in this study originated
from Tibingen (Germany) and Sio Paulo (Brazil). The
Tibingen cohort consisted of 12 inpatients (COV-HCQ,
ClinicalTrials ID: NCT04342221), 10 outpatients
(COMIHY, ClinicalTrials ID: NCT04340544) and 107
outpatients that were sampled at a late timepoint (TiCoV)
(Table 1). In the COV-HCQ and COMIHY cohorts SARS-
CoV-2 infection was confirmed using reverse transcription
polymerase chain reaction (RT-PCR) tests, while in the
TuCoV patients infection was confirmed with either an RT-
PCR test or an enzyme-linked immunosorbent assay (ELISA)
against anti-S antibodies. The Sdo Paulo cohort was made up
of 73 inpatients (of which 68 were treated at Hospital Santa
Casa de Misericordia and 5 at Hospital Siao Paulo), 20
outpatients, 70 convalescent patients (post-hospitalization)
from the AEROBICOVID project (30) and 87 SARS-CoV-2
negative control subjects (Table 1). In most (>85%) of the
participants from the Sdo Paulo cohort SARS-CoV-2
infection was confirmed using RT-PCR tests (Biomol
OneStep Kit/COVID-19-Instituto de Molecular Biology of
Parana-IBMP Curitiba/PR, Brazil). In the remaining
participants serology-specific IgM and IgG antibodies tests
(SARS-CoV-2 antibody test®, Guangzhou Wondfo Biotech

10.3389/fimmu.2022.993354

Co., Ltd., Guangzhou, China) or immunochromatographic
tests were used. All clinical trials were performed according to
the principles of the Declaration of Helsinki. Ethical clearance
was obtained from the Ethical Committee of the University of
Tiibingen and the units of the University of Sdo Paulo
involved in this study. Written informed consent was
obtained for trial participation.

Chemicals, reagents and enzymes

Disodium hydrogen phosphate dihydrate, potassium
dihydrogen phosphate, sodium chloride and trifluoroacetic
acid were obtained from Merck (Darmstadt, Germany). From
Sigma-Aldrich (Steinheim, Germany) ammonium
bicarbonate, formic acid, potassium chloride and
tolylsulfonyl phenylalanyl chloromethyl ketone-treated
trypsin from bovine pancreas were purchased. The
Visucon-F pooled healthy human plasma standard was
obtained from Affinity Biologicals (Ancaster, Canada).
HPLC-supra-gradient acetonitrile originated from Biosolve
(Valkenswaard, The Netherlands). From GE Healthcare
(Uppsala, Sweden) protein G Sepharose 4 Fast Flow beads
were purchased. Recombinant trimerized S protein was
prepared as described previously (31). An ELGA Purelab
Ultra system (Elga LabWater, High Wycombe, United
Kingdom) was used to produce type I Ultrapure Water that
was used in solutions throughout.

TABLE 1 Patient characteristics. The patient characteristics can be viewed separately for each cohort in supplementary materials (Tables S2, S3).

Negative controls

(n=87) (n =70)

Age

median (1st quartile - 3rd 35 (28 - 46) 50 (41 - 55)

quartile)

BMI

median (1st quartile - 3rd
quartile)

26 (23 - 28) 30 (27 - 33)
Days since onset of

symptoms - -
median (1st quartile - 3rd

quartile)

Date of sample
collection 04/05/2020 - 07/08/2020 -
min - max

Male

n (%) 35 (40%)
Female

n (%) 52 (60%)
Sao Paulo

n (%) 87 (100%)

26 (37%)
44 (63%)
70 (100%)

Tiibingen
n (%) 0 (0%) 0 (0%)

Convalescent patients*

Outpatients Inpatients  Outpatients (late timepoints)
(n =30) (n = 85) (n =107)
44 (33 - 52) 62 (55 - 76) 31 (24 - 53)
27 (25 - 30) 28 (25 - 32) 24 (22 -27)
15 (10 - 19) 11 (8 - 15) 121 (106 - 141)

29/04/2020 - 25/ 08/04/2020 - 21/ 28/05/2020 - 04/09/2020

06/2020 01/2021

15 (50%) 52 (61%) 41 (38%)
66 (62%)

15 (50%) 33 (39%)

20 (67%) 73 (86%) 0 (0%)

10 (33%) 12 (14%) 107 (100%)

*Convalescent patients are patients that had been hospitalized, but at the time of sample collection were recovering at home.
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Sample preparation

Anti-S IgG was captured through affinity purification with
recombinant trimerized S protein-coated Maxisorp NUNC-
Immuno plates (Thermo Fisher Scientific, Roskilde, Denmark)
(18), while total IgG was enriched using protein G Sepharose
Fast Flow 4 beads (32). A 100 mM formic acid solution was used
for antibody elution, followed by sample drying through vacuum
centrifugation and reconstitution in 25 mM ammonium
bicarbonate. The purified antibodies were subjected to tryptic
digestion to obtain glycopeptides, as described previously (29,
32). For the samples from Brazil, a minimum of 2 Visucon-F
standards, 4 pooled anti-S IgG samples and 2 blanks were
included per plate. For the German samples at least 1
Visucon-F standard and 1 blank was included on each plate.

IgG Fc glycosylation analysis

The obtained glycopeptides were detected with an Impact
HD quadrupole time-of-flight mass spectrometer (Bruker
Daltonics, Billerica, MA) following separation using an
Ultimate 3000 high-performance liquid chromatography
(HPLC) system (Thermo Fisher Scientific, Waltham, MA), as
described (29, 32). IgG1 glycoforms were assigned on the basis of
accurate mass and specific migration positions in liquid
chromatography. Other glycoforms were excluded from
analysis to circumvent interference of IgG3- with IgG2- and
IgG4-glycopeptides due to the potential overlap in the amino
acid sequences of allotypic variants (14).

Cytokine quantification

All cytokines (IL-6, IL-8, IL-1b, IL-10, and TNF) were
quantified in heparinized plasma using the BD Cytometric
Bead Array Human Inflammatory Kit (BD Biosciences, San
Jose, CA) according to the manufacturer’s instructions. Briefly,
after sample processing, the cytokine beads were counted using a
flow cytometer (FACSCanto II; BD Biosciences, San Jose, CA),
and analyses were performed using FCAP Array (3.0) software
(BD Biosciences). The concentrations of cytokines were
expressed as pg/ml. Cytokines were measured in samples
collected at the same timepoint as the samples used in this
study for determining IgGl Fc N-glycosylation profiles and
infection status for SARS-CoV-2.

Data processing
Liquid chromatography-mass spectrometry (LC-MS) data

were converted into mzXML files. Alignment and targeted
extraction of the raw data was performed using the in-house
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developed software LacyTools (33). LacyTools was first used to
align the runs based on the average retention time of a minimum
of three abundant IgGl glycoforms, and second, to perform
targeted data extraction. The extraction list consisted of analytes
in 2% and 3" charge states (Table S1) (29). Repeatability was
assessed by measuring a pre-COVID-19 plasma pool (Visucon-
F) and, in the case of the Brazilian samples, pooled anti-S IgG
samples from patients present in replicates on each plate. Spectra
were excluded from further analysis if their sum intensity was
below the average sum intensity plus three times the standard
deviation of the anti-S IgGl signal of negative controls. Signals
were integrated by covering a minimum of 95% of the area of the
isotopic envelope of glycopeptide peaks. Isotopic peaks of a
glycopeptide that may have overlapped with contaminants were
excluded from integration (Table S1).

Statistical analysis

Total area normalization of IgG1 Fc glycopeptides was applied
to calculate the relative abundance of each glycoform. The relative
abundances of related glycopeptide species were summarized for
calculating the glycosylation traits fucosylation, bisection,
galactosylation and sialylation, as described previously (29). To
compare the anti-S and total IgGl Fc glycosylation profiles
Wilcoxon signed-rank tests were performed (Figure 1).
Spearman’s correlations were computed to assess the effects of
the days since onset of symptoms and of body mass index (BMI)
on IgGl glycosylation and to explore correlations with
inflammatory markers (Figures 3, S3, 6, S6). The comparisons
between different biological groups for both total and anti-S IgG1
glycosylation were performed using logistic regression (Figures 4,
5, $4, S5). For each glycosylation trait a model was built to predict
for example whether a patient was hospitalized or not. Age, sex,
BMI, the cohort and the interaction between age and sex were
included as covariates in all the logistic regression models to adjust
for potential confounding effects, whereas the days since symptom
onset was included when applicable (Figures 5, $4, S5). The p-
values of the coefficients corresponding to the glycosylation traits
were used to determine whether that particular glycosylation trait
was a significant predictor of for example hospitalization and were
shown as significance levels in Figures 4, 5, S4 and S5. Odd ratios
with 95% confidence intervals can be found in Tables S6, S7. To
explore the confounding effect of the cohort on IgG1 glycosylation
Wilcoxon rank sum tests were performed (Figure S1).

Results

In this study, anti-S and total IgG1 Fc glycosylation profiles
were characterized of 163 COVID-19 infected patients from a
Brazilian and 129 COVID-19 patients from a German cohort.
Both cohorts comprised hospitalized (inpatients), convalescent
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FIGURE 1

10.3389/fimmu.2022.993354

Comparison of anti-S to total IgG1 glycosylation in four patients groups for glycosylation traits bisection (A), galactosylation (B), sialylation (C)
and fucosylation (D). Significance levels shown are based on the p-values from Wilcoxon signed-rank tests. *, **, *** “****: 5_yalue < 0.05, 0.01,
0.001, 0.0001, respectively and ns, not significant (p-value > 0.05)
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as well as non-hospitalized patients (outpatients). In addition, 87
negative control subjects were included in the Brazilian cohort.
The characteristics of the study groups are summarized
in Table 1.

Anti-S 1gG1 glycosylation differs from
total 1gG1 glycosylation

To explore how the obtained results align with previous
studies, we first compared anti-S IgGl glycosylation of the
patient groups to their total IgG1 glycosylation in a paired
manner (Figure 1). In all patient groups, glycosylation of anti-S
IgGl was skewed towards low bisection (Figure 1A), high
galactosylation (Figure 1B) and high sialylation (Figure 1C)
when compared to total IgGl. Anti-S IgG1 was skewed towards
low fucosylation in outpatients and in inpatients. In contrast,
slightly increased fucosylation characterized the late timepoints
of outpatients (Figure 1D). In addition, anti-S IgG1 galactosylation
at the late timepoints of outpatients (days since onset of symptoms
>= 41, median = 121) was similar to total IgG1 galactosylation
(Figure 1B). No significant difference was found between the anti-S
and total IgG1 fucosylation profiles of convalescent patients.

Interestingly, the level of IgGl galactosylation seemed to be
higher overall in patients from the German cohort compared to
those from the Brazilian cohort (Figure 1B). Upon further
examination, we found that there was a significant difference in
both anti-S and total IgG1 galactosylation, as well as in total IgG1
bisection and anti-S IgG1 fucosylation between the Brazilian and
German patients (Figure S1). Because of these observations, we
decided to adjust our later analyses not only for the confounding
effects of age, sex and BMI, but also for the cohort.

Anti-S 1gG1 glycosylation is dynamic

Various studies have described IgG glycosylation to be
dynamic over the course of COVID-19 (11, 18, 29), suggesting
that the days since symptom onset could be an important factor
in the association of IgG glycosylation with disease severity.
Therefore, we studied longitudinal samples of 35 patients to
assess the dynamics of IgG1 glycosylation over the COVID-19
disease course. Anti-S IgG1 fucosylation appeared to increase
with time (Figure 2A). In contrast, total IgG1 glycosylation did
not appear to be dynamic over the disease course in these
cohorts (Figures 2A-D).

To further explore the potential confounding effect of the
sampling day we assessed the Spearman’s correlations between
the days since onset of symptoms and the levels of glycosylation
traits in baseline samples (Figure 3). In the inpatients and
outpatients combined, anti-S IgG1 fucosylation was positively
correlated to the days since onset of symptoms (Figure 3A). In
the outpatients a positive correlation was found between the
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days since onset of symptoms and total IgG1 fucosylation
(Figure 3A). Therefore, we concluded that the days since onset
of symptoms is an additional confounder of IgG1 fucosylation
and therefore decided to include it as an additional covariate for
later analyses.

IgG1 glycosylation profiles differ between
patient groups and negative controls

Total IgG1 Fc glycosylation profiles of both inpatients and
outpatients were compared to those of negative controls through
logistic regression analysis. For each glycosylation trait three
logistic regression models were built. The first two models
predicted the probability of a patient being an outpatient or a
hospitalized patient, respectively, rather than a negative control.
The third model served to predict the probability of a patient
being a hospitalized patient rather than an outpatient. In each
model the patients’ age, sex, BMI and the cohort were included as
covariates to account for possible confounding effects. Increased
BMI is known to be associated with decreased IgG galactosylation
(34), which was reflected in these cohorts (Figure S3). The
differences in the levels of the various glycosylation traits
between the patient groups and negative controls are visualized
in Figure 4. The significance levels shown are based on the p-
values of the glycosylation traits’ coefficients in the regression
models (Table S6). These p-values give an indication of whether
the glycosylation trait has predictive value of the patient group,
while taking confounding factors of glycosylation into account.
Inpatients were characterized by decreased total IgG1 bisection
(Figure 4A) and galactosylation (Figure 4B) as compared to
outpatients and negative controls. In contrast, outpatients were
not significantly different from negative controls with regards to
their total IgG1 glycosylation (Figures 4A-D).

Next, anti-S IgG1 glycosylation of inpatients was compared
to that of outpatients (Figure 5 and Table S7). The levels of anti-S
IgG1 fucosylation (Figure 5A) and bisection (Figure 5B) were
slightly decreased in inpatients compared to outpatients.
Additionally, anti-S IgG1 glycosylation was compared between
patients that had been admitted to an intensive care unit (ICU)
and patients that had not been admitted to an ICU (non-ICU)
(Figure S5). However, no difference was found between the anti-
S IgGl1 glycosylation of ICU and non-ICU patients in this study.

Associations between IgG1 glycosylation
and cytokine levels

The concentrations of various cytokines including several
interleukins (ILs) and tumor necrosis factor alpha (TNFo) at
baseline were available for 57 inpatients and 20 outpatients from
the Brazilian cohort. We studied the associations between IgG1
Fc glycosylation and cytokine levels using Spearman’s
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Days since onset of symptoms

Total and anti-S IgG1 glycosylation in patients over time. For the glycosylation traits fucosylation (A), bisection (B), galactosylation (C) and sialylation
(D) both anti-S (left) and total (right) IgG1 glycosylation are plotted against the days since onset of symptoms. To illustrate the dynamics in each
cohort, cubic polynomial curves fitted to the data are shown as lines with 95% confidence intervals shown in orange and purple for the Sao Paulo
(15 inpatients) and the Tubingen (10 inpatients and 10 outpatients) cohort, respectively. Datapoints per individual patient can be viewed in

supplementary Figure S2.

correlations (Figures 6, S6; Table S8). The concentration of the
proinflammatory cytokine IL-6 was negatively correlated to anti-
S and total IgG1 galactosylation and sialylation as well as to total
IgGl1 bisection. The cytokine IL-8 showed a similar pattern of
correlations to that of IL-6, except for a lack of significant
correlation with anti-S IgGl sialylation. In addition, the
concentration of the proinflammatory cytokine IL-1f
correlated negatively with anti-S IgG1 galactosylation.

Discussion

In this study we determined both the total and anti-S IgG1
Fc glycosylation profiles of 163 Brazilian and 129 German
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COVID-19 patients. This cohort represents the full spectrum
of COVID-19 disease severities, comprising inpatients with
varying disease severity, large groups of outpatients at different
times during and after their illness as well as convalescent
patients. The reliability of our results was bolstered by
adjusting for known confounders of glycosylation including
age, sex (and their interaction) and BMI, as well as for the
cohort (country of residence) and time since symptom onset, of
which the latter was found to be a major confounder of anti-S
IgG1 glycosylation in line with a previous study (29). Of note,
adjustment for these confounding factors has been lacking in
most preceding studies (18-20, 26, 27), despite their strong
association with glycosylation. We observed that anti-S IgG1
glycosylation profiles diverged from those of total IgGl in all
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patient groups, largely in line with previous reports (18, 29). We
found that both the anti-S and total IgG1 glycome of COVID-19
infected individuals reflected disease course and severity.

The observed differences in anti-S IgG1 glycosylation
compared to total IgG1 glycosylation were similar to what has
previously been reported for inpatients (18, 29) and for a small
cohort of outpatients (18). Moreover, we found comparable
differences in convalescent patients, except regarding
fucosylation, which remained unchanged. Similar to previous
reports, we found anti-S IgG1 skewing towards low fucosylation
in inpatients to be transient (18, 29). This temporary nature is
underlined by the absence of skewing of anti-S IgG1 towards
afucosylation in convalescent patients, suggesting that the low
levels of anti-S IgG1 fucosylation act as an early inflammatory
signal in the transition of mild-to-severe COVID-19 (18, 20).
Indeed, we found that anti-S IgGl afucosylation was
significantly increased in inpatients relative to outpatients.
Anti-S IgG1 afucosylation has been associated with COVID-19
severity in a number of studies (11, 18-20, 29) and reports using
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both in vitro (11) and in vivo (20) experiments have shown that
afucosylated anti-S IgG can stimulate pro-inflammatory
cytokine production. However, in line with our previous
report on anti-S IgG1l Fc glycosylation (29), we observed no
negative correlations between anti-S IgG1l fucosylation and
inflammatory markers in patients’ plasma, which may merely
be due to the fact that fucosylation of the studied circulatory
anti-S IgG1 does not represent the fucosylation of IgG in lung
tissues in the form of immune complexes with the S protein, that
potentially evoke inflammation at an earlier stage of the disease.
In contrast to Hou et al. (27), we observed no increase in total
IgG1 fucosylation in COVID-19 patients compared to controls,
nor did we observe an association between total IgGl
fucosylation and disease severity. Alterations of total IgG
glycosylation profiles are largely influenced by anti-S levels, a
potential additional source of biological variation that may
contribute to this contrasting observation in our study.

When compared to outpatients, inpatients were
characterized by decreased anti-S and total IgG1 bisection,
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FIGURE 4

Comparison of total IgG1 glycosylation between patient groups. For the derived glycosylation traits bisection (A), galactosylation (B) and
sialylation (C) and fucosylation (D) total IgG1 glycosylation was compared between negative controls (n = 81) and patients at home (n = 30), and
between negative controls and inpatients (n = 73). Study participants of whom the BMI was unknown were not included in this analysis. The
significance levels shown are based on the p-values of the coefficients for the glycosylation traits in the logistic regression models with
adjustment for the effects of age, sex, BMI, the cohort and the interaction between age and sex. *, **, *** ****: 5_yvalue < 0.05, 0.01, 0.001,
0.0001 and ns: not significant (p-value > 0.05). Differences in bisection and galactosylation between outpatients and inpatients remained

significant after correction for days since disease onset (Figure S4).

in agreement with our previous study (29) and with Petrovic
et al., who reported that total IgG bisection was associated
with COVID-19 severity (26). Additionally, in a
longitudinal observational study total IgG bisection
decreased over the COVID-19 disease course in severe, but
not in mild and asymptomatic patients (35). A recent study
has indicated that bisection may increase the affinity of
monomeric IgG to FcyRIIIa (36), albeit little is known
about the functional implications of bisection of IgG
antibodies in vivo.
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Contrasting findings surround the functional effect of IgG
galactosylation. Decreased IgG galactosylation has been
associated with many autoimmune and infectious diseases and
has been linked to inflammation via several mechanisms (37). In
addition, agalactosylated IgG has been suggested to play a role in
the activation of complement via the alternative pathway and the
mannose-binding lectin pathway (37). On the other hand,
galactosylation of IgG1 immune complexes has been described
to stimulate dectin-1-mediated signaling that leads to
phosphorylation of FcyRIIb which inhibits the pro-
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FIGURE 5

Comparison of anti-S IgG1 glycosylation of inpatients and outpatients for the glycosylation traits fucosylation (A), bisection (B), galactosylation
(C) and sialylation (D). The significance levels shown are based on the p-values of the coefficients for the glycosylation traits in the logistic
regression models with adjustment for the effects of age, sex, BMI, the days since onset of symptoms, the cohort and the interaction between
age and sex. Study participants of whom the BMI was unknown were not included in this analysis (number of inpatients = 73, number of

outpatients = 30). *p-value < 0.05 and ns, not-significant (p-value > 0.05).

inflammatory activation of complement (38). Contrary to this, it
has recently been shown that galactosylation of IgG promotes
hexamerization and thereby enhances complement activation
(39). In the context of COVID-19, and in line with previous
findings (27, 28), we found that hospitalized COVID-19 patients
had decreased levels of total IgG1 galactosylation compared to
control subjects and outpatients. Hou et al. reported decreased
total IgG galactosylation in COVID-19 cases compared to
controls (27). Moreover, Vicente et al. reported that decreased
total IgG galactosylation at diagnosis indicates poor prognosis,
and is accompanied by higher NK cell activation (28). These
observations and the link between IgG galactosylation and
inflammation suggest that decreased galactosylation of IgG
may play a role in the inflammation observed in severe
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COVID-19. In contrast to previous studies (18, 29), we found
no association between anti-S IgG1 galactosylation and COVID-
19 severity. This discrepancy might partly be explained by our
more thorough adjustment for confounding factors. Moreover,
in contrast to Vicente et al., we did not find a sialylation
signature associated with COVID-19 severity or hospitalization
of COVID-19 patients.

Cytokines and chemokines play an important role in
inflammatory settings such as COVID-19. For example, IL-6
has been shown as an important marker of COVID-19 severity
(7, 40). In addition, IL-8 is a chemoattractant for neutrophils and
can induce the generation of neutrophil extracellular traps
(NETs), which have been suggested to contribute to organ
damage in severely ill COVID-19 patients (41). We observed

frontiersin.org


https://doi.org/10.3389/fimmu.2022.993354
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Siekman et al.

IL-1B IL-10 IL-12 IL-6

IgG1 bisection

IgG1 fucosylation

IgG1 galactosylation

IgG1 sialylation

FIGURE 6

10.3389/fimmu.2022.993354

IL-8 TNF

o
Total =

@
Anti-S 3

& 0.0
Total §
Ant-S &

©

= -0.2
Total 2

8
Anti-S

5
Total £ gl 0.4

®
Anti-S @

%)

Heatmap of Spearman’s correlations between inflammatory markers and IgG1 glycosylation traits at baseline. Anti-S IgG1 glycosylation is shown
on the bottom part of each panel and total IgG1 glycosylation on the top for 57 inpatients and 20 outpatients from the Sdo Paulo cohort.
Cytokines were measured in samples collected at the same timepoint as the samples used for determining IgG1 Fc N-glycosylation profiles and
infection status for SARS-CoV-2. The significance levels indicated with grey asterisks are based on the p-value of the Spearman’s correlation

coefficient (R). *, **, ****: p-value < 0.05, 0.01, 0.0001, respectively.

negative correlations between the pro-inflammatory markers IL-
6, IL-8 and IL-1B and IgG1 glycosylation traits galactosylation,
bisection and sialylation, in line with our previous study (29).

Glycosylation has been described to be influenced by both
genetic and environmental factors (37). Accordingly, glycosylation
of IgG varies between different populations, with the largest
variations being in the level of galactosylation (42). For example,
individuals living in developing countries were shown to have
decreased IgGl galactosylation, which has been associated with
immune activation (43), indicating that environmental factors and
immune activation may be another plausible cause for the
differences in glycosylation, besides genetics (37, 42). Likewise, we
observed differences between the Brazilian and German patients
with regard to galactosylation, justifying the addition of the cohort
as a covariate in our logistic regression model.

In conclusion, this study explored both total and anti-S IgG1
glycosylation profiles of inpatients and outpatients at various
times during and after their COVID-19 disease course.
Inpatients when compared to outpatients and SARS-CoV-2-
negative control subjects were characterized by low total IgG1
galactosylation and bisection as well as low anti-S IgGl
fucosylation and bisection. Anti-S IgGl glycosylation was
dynamic over the disease course, in contrast to total IgGl
glycosylation, but both were correlated with markers of
inflammation. This study included large cohorts from two
continents, supporting the general validity of our results.
Furthermore, we were able to replicate some of the previously
reported IgG glycosylation patterns in COVID-19, which we
believe to be a valuable step towards possible clinical translation,
with the added value of thoroughly accounting for known
confounders of both anti-S and total IgG1 glycosylation, while
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furthering our understanding of the potential role of IgGl
glycosylation in COVID-19 progression.
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