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The nature of the immune responses associated with COVID-19 pathogenesis and disease severity, as well as the
breadth of vaccine coverage and duration of immunity, is still unclear. Given the unpredictability for developing a
severe/complicated disease, there is an urgent need in the field for predictive biomarkers of COVID-19. We have ana-
lyzed IgG Fc N-glycan traits of 82 SARS-CoV-2+ unvaccinated patients, at diagnosis, by nano-LC-ESI-MS.We determined
the impact of IgG Fc glyco-variations in the induction of NK cells activation, further evaluating the association between
IgG Fc N-glycans and disease severity/prognosis. We found that SARS-CoV-2+ individuals display, at diagnosis, varia-
tions in the glycans composition of circulating IgGs. Importantly, levels of galactose and sialic acid structures on IgGs
are able to predict the development of a poor COVID-19 disease. Mechanistically, we demonstrated that a deficiency on
galactose structures on IgG Fc in COVID-19 patients appears to induce NK cells activation associated with increased
release of IFN-γ and TNF-α, which indicates the presence of pro-inflammatory immunoglobulins and higher immune
activation, associated with a poor disease course. This study brings to light a novel blood biomarker based on IgG Fc
glycome composition with capacity to stratify patients at diagnosis.
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Introduction

Coronavirus SARS-CoV-2 is the responsible agent for the global
pandemic of Coronavirus disease 2019 (COVID-19), that, as of the
March 8, 2022, has infected over 448 million people worldwide
[1,2]. As it is a highly selective disease, only some SARS-CoV-
2-infected individuals display symptoms and an unpredictable
percentage of patients may develop a severe pathology. Over
the last year, the knowledge regarding this disease has risen in
an unprecedented rate. However, there is still an urgent need
to improve the understanding of COVID-19’s pathophysiology,
foreseeing better clinical and therapeutic strategies for patients,
as well as an optimized management of health care resources
and vaccination strategy improvements. The available vaccines
against SARS-CoV-2 pose a great promise for the resolution of
the pandemic, but its long-term protection is still on trial, as
well as its distribution strategies [3–5]. A complete and thor-
ough understanding of immune responses to SARS-CoV-2 is still
lacking. Therefore, there is an urgent unmet need to identify
and characterize the immune responses associated with COVID-19
pathogenesis and severity, envisioning the identification of predic-
tive/prognostic biomarkers of this disease.

SARS-CoV-2 infection most often results in a mild DC, asso-
ciated with heterogeneous symptoms [6]. Research regarding
peripheral blood mononuclear cells (PBMCs) immune phenotyp-
ing of infected patients consistently revealed an immunological
dysregulation that characterizes the disease.

Antibodies play a central role in humoral immunity against
pathogens, as they are able to mediate immune responses to viral
infections, being Immunoglobulin G (IgG) the prevalent isotype
taking part in systemic antiviral immunity being a key effector
of the humoral immune system by triggering leukocyte activation
and inflammation [7].

IgG isolated from human serum is composed of multiple glyco-
forms, owing to the addition of a diverse type of glycans structures
in the IgG crystallizable fragment (Fc) and fragment antigen-
binding (Fab) region. Fc domain is responsible for modulating cel-
lular response through interaction with FcγRs in effector immune
cells. All IgG Fc domains contain a single, highly conserved, gly-
cosylation site in Asn297 that carries complex N-glycans [8].

A single complex biantennary N-linked glycan is attached to
each heavy chain in the Fc portion, being required for Fc receptor
binding. Although the IgG Fc N-glycans are restricted to two
antennae, the structures attached to the Fc domain of IgG are
known to be present in a multitude of forms, being essential
for the regulation of antibody effector functions [9]. Over 30
different glycan variations have been detected on circulating
IgG in healthy individuals [10], which reflects a tremendous
heterogeneity in IgG Fc N-glycome. In fact, the type of glycan
attached to IgGs Fc is critical for the proper effector functions
of all IgGs, regulating the binding to FcγRs and instructing
either a pro-inflammatory (through binding to activating FcγRs)
or an anti-inflammatory (through binding to inhibitory FcγRs)
response, associated with the pathogenesis of many inflammatory
diseases. For instance, increased levels of IgG fucosylation have

been observed in rheumatoid arthritis patients [11], which has
been associated with the fact that IgG-containing N-glycans that
lack core fucose have been implicated in enhanced antibody-
dependent cell-mediated cytotoxicity due to increase affinity for
FcγRIIIa [12]. Terminal sialylation of Fc glycans also modulates
FcγR binding. The presence of α2,6 sialic acid on the Fc glycan
significantly reduces FcγR binding affinity and is associated
with anti-inflammatory activity [10]. Accordingly, the glycoengi-
neering of intravenous immunoglobulin (IVIg) with increased
sialylation of Fc showed a 100-fold increase in anti-inflammatory
activity in a mouse model of arthritis [10], which further supports
the immunoregulatory potential of IgG Fc glycan structures. The
mechanistic role of specific glycans modifying Fc and effector
functions of IgG either through FcγRs binding or through other
mechanism are still controversial [13–15]. Recently, using the
glycoengineering of monoclonal IgG1 antibodies, further insights
into the regulatory role of IgG glycan moieties in the affinity for
FcγRIIIa in more complex scenarios have been generated [16,17].
Moreover, NK cells also express glycan binding receptors, such
as sialic acid-binding receptors (siglecs) and others, that can
modulate their functions [18].

Loss of terminal galactose (agalactosylation) on IgG1 Fc gly-
cans was also observed in patients suffering from rheumatoid
arthritis and appearing in circulation preceding disease onset
[12]. More recently, the glycosylation profile of IgG was found
to be different between ulcerative colitis and Crohn’s disease
patients and was associated with clinical severity of the dis-
ease [19,20]. In systemic lupus erythematosus, IgG fucosylation
was associated with kidney damage [21]. The variability of IgG
glycome composition among human population appears to be
influenced by genetic and environmental factors as well as age
[22,23].

In summary, this compelling body of evidence showing a
tremendous variation on IgG glycome among population that
have been linked to differential disease severities led us to
hypothesize that IgG glycome heterogeneity among SARS-CoV-2
infected patients can be used as a reliable and minimally invasive
biomarker to early identify those at risk of serious illness from
those who might be protected.

The glycoprofile of serum IgGs in COVID-19 patients has
received some attention. Chakraborty et al. showed that afuco-
sylated Fc N-glycans are enriched in anti-SARS-CoV-2 receptor
binding domain IgG1 from severe patients, which appears to con-
tribute to the enhancement in the production of pro-inflammatory
cytokines [24]. Consistently, Larsen et al. found that afucosylated
Fc N-glycans in SARS-CoV-2-spike protein-specific IgGs are more
prevalent in critically ill patients [25]. This afucosylated anti-
spike IgGs was demonstrated to induced a hyper-inflammatory
profile of human macrophages [25,26]. Moreover, total IgG N-
glycome (Fc and Fab glycans) analysis was also characterized by
us in three European cohorts of plasma samples from COVID-
19 patients, showing that IgG glycome composition is different
when comparing mild versus severe disease patients [27]. How-
ever, whether variations in circulating IgG Fc glycome compo-
sition among SARS-CoV-2-infected individuals, at diagnosis, are
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able to predict the development of a severe/complicated disease
remains unexplored. Therefore, in this study, the serum IgG N-
glycome composition was characterized in a longitudinal and
multicentric cohort of SARS-CoV-2-infected individuals, assessing
whether a serum IgG antibody glycosignature, analyzed at diag-
nosis, confers prognostic value as a predictive biomarker for the
development of a poor DC after 14 days postdiagnosis. In addi-
tion, we also demonstrated, at a mechanistic level, the biological
effects of a differential IgG glycome composition in the activation
of effector NK cells and in FcγIIIaR-Fc binding.

Results

Glycans variations in IgG Fc among COVID-19 patients
at diagnosis: Loss of galactosylation and sialylation in
total IgG Fc are observed in patients with a more
severe disease at diagnosis

Taking into consideration that there is still a gap in the knowledge
of humoral immune response in SARS-CoV-2 infection at early
timepoints, we set out to characterize the glycosylation profile
of serum total IgGs at time of diagnosis of SARS-CoV-2 infection
(up to 3 days upon PCR+ test) comparing with noninfected (non-
IF) controls. A total of 82 patients with PCR+ COVID-19 were
selected for plasma collection at diagnosis. Patients were classi-
fied at diagnosis as asymptomatic (n = 8), mild disease (n = 40),
and moderate/severe disease (n = 34), accordingly with WHO
clinical guidelines [28]. As controls, four non-IF individuals were
included (Supporting Information Table S1).

Total serum IgG was isolated and the glycosylation profile of
the Fc portion was determined by mass spectrometry (MS). Gly-
can structures were grouped by their traits in terms of galactosyla-
tion, sialylation, bisecting GlcNAc (Bis-GlcNAc), and fucosylation
(Fig. 1A). Specifically, total IgG Fc agalactosylation was found to
be significantly increased in the moderate/severe disease patients
when compared with non-IF and with mild ones (Fig. 1B), namely
in IgG1 (only between moderate/severe and mild severities) and
IgG4 isotypes (Fig. 1C). Given the fact that age might influence
IgG glycome composition [22,23], the data were adjusted for age
and the results showed that the increased IgG Fc agalactosylation
observed in moderate/severe disease patients compared with
mild disease was statistically significant after age correction
(indicated with §). Accordingly, digalactosylation is significantly
decreased in moderate disease patients compared with mild
disease group and to non-IF subjects (Fig. 1B, Supporting Infor-
mation Fig. S1B), specifically for IgG1 and IgG2&3 (only between
moderate/severe and mild severities) (Fig. 1C). The decrease
in total IgG Fc digalactosylation, and specifically in IgG2&3
sub-type, in moderate disease patients was statistically significant
after age correction, when compared to the mild group (indicated
with §). Moreover, asymptomatic patients present a decrease in
IgG1 digalactosylation (G2) relatively to non-IF and mild disease
group (Fig. 1C). Regarding terminal sialyation of IgGs, known to
be widely associated with anti-inflammatory properties of IgG, we

observed a significant decrease of this glycan trait, predominantly
in IgG2&3 sub-type, at diagnosis in the moderate disease group,
compared to the mild group (Fig. 1C), that remained statistically
significant after age correction (indicated with §). Distinctively,
the presence of Bis-GlcNAc is significantly increased in total
IgG Fc in moderate patients when compared to mild patients,
even after age correction (Fig. 1C). No differences were detected
in total IgG monogalactosylation and fucosylation at diagnosis
between groups (Supporting Information Fig. S1A). The glycan
traits that showed an association with severity, independently of
the age, have 24–26% power of explaining the overall differences
between mild and moderate patients.

In order to exclude the eventual confounder effect of anti-
SARS-CoV-2-specific IgGs in this analysis, we analyzed the levels
of anti-Spike IgGs. We showed that seropositivity in our cohort
is very low compared with vaccinated individuals, in which only
40% of mild patients and 33% of moderate/severe groups display
presence of anti-Spike IgG with similar levels (Supporting Infor-
mation Fig. S1C). This is in accordance with the fact that serum
was collected as early as up to 72-h postdiagnosis and therefore a
complete antibody response to the virus had not occurred yet in
the majority of the patients. To rule out the contribution of anti-
Spike IgG glycosylation in our findings, we performed an ELISA
using the ECA lectin to determine if the galactosylation pattern
of these antigen-specific IgGs was following the total IgG behav-
ior. We observed that in symptomatic seropositive patients (mild,
moderate, and severe) the galactosylation levels of anti-Spike IgG
decreased when compared to asymptomatic ones, with no differ-
ences between mild, moderate, and severe (Supporting Informa-
tion Fig. S1D). Moreover, total IgG ECA binding, from the same
set of seropositive patients, followed the same decrease in terms of
galactosylation levels (Supporting Information Fig. S1E), as previ-
ously observed in the bigger cohort of samples (Fig. 1B). Overall,
these results suggest that the galactosylation pattern of anti-Spike
IgG is not a confounder in this study.

Overall, our data show that total IgG glycome composition is
correlated with disease severity at diagnosis. A pro-inflammatory
IgG glycosignature characterized by loss of galactosylation and
loss of sialylation was correlated with patients that exhibit a mod-
erate disease at diagnosis when compared with those presenting
a mild disease.

Serum IgG glycosylation profile at diagnosis predicts
COVID-19 prognosis

In order to explore the prognostic potential of serum IgG gly-
cosylation profile as a biomarker for COVID-19 disease course
(DC) prediction, we have tested for a correlation between IgG
Fc N-glycome composition at diagnosis and a worse DC at day 14
postdiagnosis. Briefly, patients were grouped, according to their
disease severity, 14 days postdiagnosis in terms of the presence
of symptoms (no symptoms > good prognosis; presence of at
least one of the criteria: pneumonia and/or need for oxygen ther-
apy > poor prognosis) (Supporting Information Table S2). Our
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Figure 1. SARS-CoV-2 infection drives IgG Fc glycosylation alterations. (A) Schematic representation of analyzed IgG glycan traits. (B) Relative abun-
dance of total IgG Fc agalactosylation (G0), digalatosylation (G2), sialylation (S), and Bis-GlcNAc (Bis) in different COVID-19 severities (asymptomatic
n = 8, mild n = 40, moderate n = 31, and severe n = 3) and non-IF individuals (n = 4). (C) Relative abundance of isotype-specific IgG Fc glycan traits
in different COVID-19 severities and non-IF individuals. Each data point represents the data from a single patient/subject isolated IgGs in a single
LC-MS analysis (one replicate). Kruskal–Wallis test, *p-value < 0.05; **p-value < 0.005; ***p-value < 0.001. The data were corrected for age effect and
linear regression model for age correction was used, §p-value < 0.05.
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data showed that patients with a poor DC were those who dis-
played a pro-inflammatory IgG glycoprofile at diagnosis. Specifi-
cally, patients that, at day 14 postdiagnosis, did not improve the
symptomatology (having thereby a poor disease prognosis) exhib-
ited, at diagnosis, an increased agalactosylation (mainly in IgG1)
and Bis-GlcNAc in total IgGs, together with a decrease of digalac-
tosylation (mainly in IgG2) and decreased sialylation (in IgG2),
with no major differences in monogalactosylation and fucosyla-
tion (Fig. 2A and B, Supporting Information Fig. S2A). Consider-
ing the age of patients as a possible confounder effect, the results
were adjusted for age (indicated with § in Fig. 2A and B). We
showed that changes in IgG Fc galactosylation have survived,
highlighting the biological relevance of total IgG Fc digalactosyla-
tion (mainly IgG2&3 subtypes) as well as IgG1 Fc agalactosylation
as independent predictors of COVID-19 prognosis.

In order to further determine the predictive performance of
serum IgG glycosignature in predicting COVID-19 prognosis, and
to validate the predictive potential of serum IgG glycan traits
in stratifying patients at diagnosis regarding good versus poor
disease prognosis, receiver operating characteristic curve analy-
sis was performed. Total IgG digalactosylation (AUC = 0.722; p-
value = 0.002), IgG1 agalactosylation (AUC = 0.714; p-value =
0.002), and IgG2&3 digalactosylation (AUC = 0.705; p-value =
0.003) were found to, independently, be able to stratify patients
according with prognosis. Remarkably, the combined values (age-
corrected) of these IgG glycan traits (AUC = 0.729; p-value <

0.001) significantly improved the prediction capacity (at diag-
nosis) in terms of likelihood of developing a good versus a poor
COVID-19 DC (Fig. 2C). As IgG Fc N-glycosylation has been asso-
ciated with several health conditions, we tested their association
with the presence of comorbidities in the patients of our cohort
(Supporting Information Fig. S2B). We detected no significant
associations, concluding that IgG Fc N-glycan traits are able to
predict good and poor prognosis of COVID-19, independently of
the presence of comorbidities.

Taken together, we demonstrate that the composition of gly-
cans of total IgG, in terms of presence/absence of galactose, sialic
acid, and Bis-GlcNAc structures in IgG Fc domain, analyzed at
diagnosis of COVID-19, has prognostic capacity in predicting a
poor DC (up to 14 days postdiagnosis).

Loss of galactosylation in total IgGs from
SARS-CoV-2-infected patients promotes increased
FcγRIIIa binding and NK cell activation associated
with poor prognosis

In order to gain mechanistic insights on the impact of a differen-
tial IgG glycoprofile, detected at diagnosis, in immune cell acti-
vation and function, we evaluated the potential of isolated IgGs
to activate NK cells in vitro. We started by assessing the binding
capacity of isolated total IgGs to FcγRIIIa, one of the major tar-
gets for IgG-mediated NK cell activation; thus, we used a subset
of patients and analyzed the binding potential by surface plasmon
resonance (SPR). Our results showed a 30% increase in FcγRIIIa

binding of the IgGs from SARS-CoV-2-infected subjects, com-
pared to non-IF (Supporting Information Fig. S3A). Accordingly,
patients that developed a poor prognosis revealed an increased
binding of IgG Fc to FcγRIIIa when compared to patients with
good prognosis (Supporting Information Fig. S3B).

NK cells recognize a multitude of targets with a vast reper-
toire of membrane-expressed receptors. Among them, there is the
FcγRIIIa, as mentioned, but also glycan-binding receptors, such
as siglecs. We asked if the increased binding between FcγRIIIa
and patient-derived IgG, and/or their differential glycosylation
profiles could have an impact in NK cell activation. To tackle
this hypothesis, NK cells were cultured with purified IgGs from
patients with different disease severities, and NK cells’ activa-
tion were evaluated through the expression of the activation
marker CD69 (Supporting Information Fig. S3C). Interestingly,
we observed that NK cell activation was increased in infected and
asymptomatic patients, when compared to non-IF and mild ones.
Moreover, in symptomatic patients, we have observed that mod-
erate patients-derived IgGs (low galactosylation and sialylation)
induced increased CD69 expression when compared to mild ones
(high galactosylation and sialylation) (Fig. 3A).

Importantly, from the clinical point of view, we found that
IgG, isolated at diagnosis, from patients that developed a poor
prognosis, enriched in agalactosylated and asialylated N-glycans,
induced a higher activation of NK cells, when compared to IgG
from patients with a good prognosis (Fig. 3B). To further charac-
terize isolated IgG-mediated NK cell activation, we have analyzed
the production of pro-inflammatory cytokines (IFN-γ and TNF-α),
which showed increased production, in line with CD69 expression
between the severity groups and prognosis (Fig. 3C). These evi-
dence highlight the pro-inflammatory role of agalactosylated total
IgG in COVID-19 disease.

To further validate the role of the IgGs Fc glycosylation
composition, specifically the galactosylation levels, in defining
immune cell activation and disease prognosis, we have glyco-
engineered the galactose levels of IgGs to assess its impact in
NK cell activation. In fact, IgG agalactosylation has been widely
described as imposing a pro-inflammatory function to IgGs in
different immune-mediated diseases [20,29,30]. In accordance
with our results on COVID-19, lack of galactosylation in the Fc
portion has been shown to promote FcγR binding and activa-
tion of innate cellular response [31]. Total IgGs isolated from
patients that displayed a good versus poor prognosis were digested
with β-galactosidase (β-gal; which removes the terminal galac-
tose residues). The removal of galactose from IgGs was confirmed
by lectin blot analysis with Erythrina cristagalli agglutinin (ECA)
lectin, which recognizes terminal galactose, showing a reduction
in the reactivity to this lectin in IgG treated with β-gal (Fig. 3D).
This reduction in ECA staining was more pronounced in IgGs from
patients with a good prognosis compared to poor prognosis, as the
latter have already low levels of galactosylation (Fig. 3D). The
glycoengineered IgGs were tested for NK cell activation, where
the removal of galactose from IgG isolated from patients who
displayed a good DC (and high IgG Fc galactosylation levels)
increased NK cells activation, which was not observed in patients
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Figure 2. Specific glycosignature of IgG Fc associates with COVD-19 prognosis. (A) Relative abundance of total IgG Fc agalactosylation (G0), digalato-
sylation (G2), sialylation (S), and Bis-GlcNAc (Bis) in good (asymptomatic at day 14, n = 51) and poor (symptomatic at day 14, n = 26) prognosis (Px)
of COVID-19 disease. (B) Relative abundance of isotype-specific IgG Fc glycan traits (GT) in good and poor prognosis. (C) Significant associations
between IgG glycan traits and disease outcome (FDR < 0.1). (D) Receiver operating characteristic (ROC) curve plotted for the IgG Fc glycan traits
levels of COVID-19 patients (n = 77), either separated or combined. Each data point represents the data from a single patient/subject isolated IgGs in
a single LC-MS analysis (one replicate). Kruskal–Wallis test, *p-value < 0.05; **p-value < 0.005. Binomial logistic regression model for age correction,
§p-value < 0.05.
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Figure 3. Loss of IgG galactosylation in patients with poor prognosis
leads to increased NK cell activation. (A) NK cell activation quantified
by the fold change of CD69 expression (compared to basal NK cells) after
culture with coated IgGs from COVID-19 patients with different severi-
ties (asymptomatic n= 9;mild n= 46;moderate n= 21; severe n= 5) and
(B) prognosis (good prognosis n = 26; poor prognosis n = 39). (C) Quan-
tification of pro-inflammatory cytokine, IFN-γ and TNF-α, production by
IgG-activated NK cells. (D) ECA lectin (recognizing terminal galactose)
blot and band intensity quantification of different patients’ IgGs (each
patient is exhibited in paired lanes) upon β1-4-galactosidase S digestion
(+βgal) or not (-βgal, native), n = 8. (E) NK cell activation quantified by
the fold change of CD69 expression (compared to basal NK cells) after
culture with coated IgGs digested with β-galactosidase S (+βgal) or not
(native) from COVID-19 patients. Results shown from at least two inde-
pendent experiments. Each data point represents data from a single
patient/subject. Mann–Whitney t-test *p-value < 0.05; **p-value < 0.005.

with poor prognosis that already display low levels of IgG Fc
galactosylation (Fig. 3E). These results support the specific role
of IgG galactosylation as a chief glyco-determinant for the modu-
lation of NK cells activation, associated with COVID-19 prognosis.

Discussion

In this study, we have demonstrated that IgGs Fc domain from
SARS-CoV-2-infected patients display different glycosylation pro-
files (glycan variations) that can be detected at diagnosis and
with potential to predict COVID-19 prognosis. We found that
COVID-19 patients that display a poor DC at day 14 post-PCR+

test (exhibiting either pneumonia and/or need for oxygen ther-
apy), had at diagnosis, IgGs with a deficiency in galactosyla-
tion and sialylation, and increased levels of Bis-GlcNAc struc-
tures. This specific plasma IgG glycosignature can be detected
within the first 72 h upon diagnosis. Despite having a small
fraction of seropositive patients (anti-Spike IgG) in our cohort,
we have shown that the glycosylation pattern of anti-Spike IgG
does not constitute a confounding issue. Some mechanisms have
been pointed out as possible drivers of IgG glycosylation changes
such as those occurring through the action of extracellular gly-
cosidases/glycosyltransferases enzymes [32]. The presence of
extracellular sialidases, responsible for the removal of terminal
sialic acid, secreted by endothelial cells may also represent a
player for the extracellular modulation of sialylation in circu-
lating IgGs [33]. Recently, we also proposed that SARS-CoV-2
infection appears to impose a glycan switch on T cells associated
with COVID-19 severity [34]. Moreover, age, gender, lifestyle,
and pathologies may implicate in the steady state of an inherited
IgG glycosylation profile [23]. Importantly, several studies have
shown that afucosylation of SARS-CoV-2-specific IgGs was asso-
ciated with overall poor prognosis, namely in hospitalized versus
outpatients [24], infected subjects with or without acute respi-
ratory distress syndrome [25], and patients that progressed to a
severe disease [35]. Therefore, many causes have been proposed
to explain glycan-variations of IgG Fc among population, however
the mechanisms underlying the glycoalterations in IgGs associ-
ated with SARS-CoV-2 infection is a topic that needs to be further
investigated.

Levels of IgG galactosylation are one of the most prominent
glycosylation alteration observed in several chronic inflammatory
and autoimmune diseases [36]. In fact, galactosylation of total
IgGs has been described to affect activation thresholds of immune
cells. Karsten et al. showed in mice that the anti-inflammatory
property of high galactosylation of IgG immune complexes is due
to the promotion of its association with FcγRIIB and dectin-1,
which blocks the pro-inflammatory effector functions [37]. There-
fore, this suggests that individuals with higher levels of immune
activation would have more pro-inflammatory antibodies, as they
have lower levels of IgG galactosylation/sialylation. In accordance
with our study, a seminal report from Larsen et al., where the N-
glycome of total IgG and SARS-CoV-2 specific IgGs were studied,
from patients with or without acute respiratory distress syndrome,
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it was described that the levels of galactosylation and sialyla-
tion are decreased in the higher severity group [25]. Our results
showing the loss of galactose in IgGs from COVID-19 patients can
be thereby the reflection of a general pro-inflammatory humoral
immune response that we found to be associated with a poor prog-
nosis. This decrease of galactosylated IgGs was independent of the
age of the subjects, and was accompanied by decreased sialyla-
tion. In fact, we demonstrated that patients with low galactosyla-
tion of IgGs display increased activation potential of NK cells, with
production of pro-inflammatory cytokines such as IFN-γ and TNF-
α. These basal pro-inflammatory antibodies defined by glycans
composition appear to underlie an exaggerated immune response
that may foster the “cytokine storm” associated with poor prog-
nosis of COVID-19. The mechanism underlying NK cell activation
by IgG Fc-glycosylation still needs further research, namely the
involvement of other molecules besides FcγRs, such as the case of
glycan binding receptors.

In accordance, previous studies on IgG Fc glycosylation
demonstrated that terminal sialylation also reduces FcγR binding
[10]. Our results suggest that loss of sialylation and decreased
galactosylation in IgG Fc N-glycans from patients diagnosed with
COVID-19 is consistent with an immunological misfiring, asso-
ciated with NK cell activation, that defines severity and poor
prognosis of COVID-19. These evidence suggest that the degree
of plasma IgG galactosylation and sialyation can be used as a
biomarker for immune activation and thus as a biomarker for
COVID-19 prognosis. Moreover, we cannot exclude the potential
contribution of increased Bis-GlcNAc in the immunological misfir-
ing we propose, given that it has been suggested that Bis-GlcNAc
in the Fc domain increases the affinity of IgG1 for FcγRIIIa bind-
ing, independent of fucosylation and galactosylation [17].

Our study was conducted during the first wave of COVID-19
(March–July 2020) and had a limitation in terms of sample size,
undefined day 0 of infection, and limited biological material that
explain the fact that differential FcγR binding between the groups
did not present major differences, indicating the need to validate
these promising observations in larger and well-characterized
multicentric cohorts as well as analyzing the impact of other
SARS-CoV-2 variants in total IgG N-glycosylation. Moreover, NK
cell-IgG interactions are far from being fully understood, and
IgG-glycans should be a major focus of research. Therefore, the
identification of the precise molecular mechanism of IgG-glycan-
mediated NK cell activation needs to be further explored.

One aspect that needs to be explored should be the poten-
tial effect of COVID-19 vaccination in the levels of total IgG
galactosylation and in IgG glycome composition in general. Curi-
ously, influenza and tetanus vaccination modulates the galactosy-
lation of antigen-specific IgG1 associated with increase on anti-
body titers [38]. Whether COVID-19 vaccine modulates levels of
galactosylation in total (non- and antigen-specific) IgGs as a way
of assessing vaccine efficacy and development of neutralizing anti-
bodies needs to be investigated.

Taken together, this study brings to light a novel risk screen-
ing system based on the serum IgG Fc N-glycome signature (as a
minimally invasive blood biomarker) able to discriminate at diag-

nosis high-risk individuals of progressing to a severe/complicated
disease from those with low/no risk. This new knowledge has the
potential to improve and optimize the allocation and management
of health care resources and vaccination strategies in COVID-19.

Materials and Methods

Cohort description and patient’s selection criteria

The present study integrates a total of 82 patients diagnosed with
SARS-CoV-2 between from three individual Portuguese cohorts
(May to July 2020): 20 patients from Infectious Disease Depart-
ment, Centro Hospitalar Universitário do Porto (CHUP), Porto,
Portugal; 17 patients from Infectious Disease Department, Centro
Hospitalar de Vila Nova de Gaia/Espinho (CHVNG), Vila Nova de
Gaia, Portugal; and 45 patients from Internal Medicine Depart-
ment of Hospital Beatriz Ângelo (HBA), Loures, Portugal. The
total cohort includes patients of both genders and age between
19 and 99 years old. Blood was collected for plasma at the time
of diagnosis, within 72 h of the PCR SARS-CoV-2+ test. The eligi-
bility criteria for inclusion in this study were a confirmed SARS-
CoV-2 infection (by RT-PCR) in a nasopharyngeal swab, with-
out evidence of previous infection, irrespectively of symptoms
(asymptomatic or symptomatic) or disease severity (mild, moder-
ate/severe). Asymptomatic patients (n = 8) were defined as posi-
tive for the SARS-CoV-2 PCR test, but with no signs of disease. The
following criteria were used to stratify symptomatic SARS-CoV-2
patients in terms of severity, accordingly with WHO guidelines
[28]; 1-MILD (n = 40): individuals without evidence of pneumo-
nia; 2-MODERATE/SEVERE (n = 34): individuals with evidence
of pneumonia and need of supplemental oxygen and/or individu-
als with need of invasive mechanical ventilation and of admission
to hospital intensive care unit. Patients’ demographic and relevant
clinical data are summarized in Supporting Information Table S1.
Additionally, disease progression was evaluated at day 14 post-
diagnosis and patients were grouped according to their severity:
presence of symptoms at day 14 postdiagnosis (poor prognosis)
(n = 51) versus absence of symptoms (good prognosis) (n = 26)
(Supporting Information Table S2). Diagnosis of pneumonia and
need of oxygen therapy were the clinical criteria used to define
presence/absence of symptomatology at day 14 postdiagnosis.

Healthy controls (n = 7) are represented by individuals with
no history of recent or active infectious diseases.

Informed consent was obtained from all included patients and
the research protocols were previously approved by the institu-
tional ethics committee of CHUP, CHVNG, and HBA.

Isolation of IgG from human plasma

All human plasma samples (100 μL) were defrosted and cen-
trifuged at 1620 g for 10 min. Afterwards, the plasma samples
were diluted 8× with PBS (1×) and filtered through 0.45 μm
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Supor AcroPrep 96-well filter plates. Plasma samples were applied
to the protein G plate and instantly washed three times with 10
column volume (CV)× PBS (1×) to remove unbound proteins.
IgG was eluted from the protein G using 5 CV of 0.1 M formic acid
(pH 2.5), into a 96-deep-well plate (Waters, Milford, MA) and
immediately neutralized to pH 7.0 with 1 M ammonium bicar-
bonate to maintain the IgG stability. Preparation and analysis of
Fc N-glycans is described in the Supporting Information.

Glycopeptide preparation

To 20 mg of IgG sample, 0.2 μg of TPCK-treated trypsin (Promega,
Madison, WI) was added, followed by an overnight incubation
at 37°C. Tryptic digests were purified using a solid-phase extrac-
tion on C18 beads (Chromabond, MACHEREY-NAGEL, Düren,
Germany). Note that 10 μg of C18 beads was applied to each
well of an OF1100 96-well polypropylene filter plate (Orochem,
Naperville, IL). The RP stationary phase was activated three times
with 200 μL of 80% ACN and conditioned with three times
with 200 μL 0.1 % TFA (Sigma-Aldrich/Merck, Darmstadt, Ger-
many). The IgG digests were diluted with 0.1% TFA (Sigma-
Aldrich/Merck, Darmstadt, Germany), loaded onto the C18 beads,
and washed with three times 200 μL 0.1% TFA. The entire proce-
dure was performed on a vacuum manifold under pressure reduc-
tion of 2 inches of mercury. IgG glycopeptides were eluted into an
ABgene PCR 96 well plate (Thermo, Waltham, MA) with 200 μL
of 20% ACN by centrifugation at 105 g for 5 min. Eluates were
dried by vacuum centrifugation and stored at –20°C until analysis
by MS.

nano-LC-ESI-MS of IgG N-glycopeptides

Purified tryptic IgG glycopeptides were analyzed on Waters
ACQUITY M-Class UPLC system (Waters, Milford, MA), consist-
ing of binary pump, auxiliary pump, autosampler maintained at
10°C, and column oven compartment set at 30°C. Note that 10
mL of sample was applied to a PepMap 100 C18 (5 mm × 300
μm id, 5 μm; Thermo, Waltham, MA) solid-phase extraction trap
column conditioned with 0.1% TFA (mobile phase A) for 1 min at
40 μL/min. After sample loading, the trap column was switched
in-line with the gradient and C18 nano-LC column (150 mm x
100 μm id, 2.7 μm HALO fused core particles; Advanced Mate-
rials Technology, Wilmington, DE) for 9.5 min. Trap column was
cleaned with two full loop injections containing 20 μL of 95%
ACN and 50% ACN in IPA, respectively. C18 nano-LC column was
equilibrated with 100% mobile phase A (0.1% TFA) for 2 min.
IgG glycopeptides were reconstituted in 80 μL of ultrapure water
before injection. Separation was achieved at 1 mL/min using the
following gradient of mobile phase A and mobile phase B (80%
ACN and 20% 0.1% TFA, respectively): 0.5 min 12% B, 0.5–4 min
12% B–17% B, and 4–5 min 17% B. The ACQUITY M-Class system
was coupled with a Compact mass spectrometer (Bruker Dalton-
ics, Bremen, Germany) equipped with Captive Spray ion source

and nanoBooster for introduction of acetonitrile vapor into the
source. A nitrogen was used as a drying gas (4 L/min) and neb-
ulizer (0.4 bars). Quadrupole and collision energies were set to 4
eV. Spectra were recorded from m/z 800 to 2000 with two aver-
aged scans at a frequency of 0.5 Hz. Acquity M-class UPLC system
was operated under MassLynx software 4.1 while Bruker Compact
Q-TOF-MS was operated under HyStar software version 4.1.

Glycan traits were grouped accordingly: agalactosylated—
G0 (H3N4, H3N4F1, H3N5F1, H3N5), monogalactosylated—
G1 (H4N4, H4N4F1, H4N4F1S1, H4N5F1, H4N5F1S1, H4N5),
digalactosylated—G2 (H5N4, H5N4F1, H5N5F1, H5N5F1S1,
H5N4F1S1, H5N4S1), sialylated—S (H4N4F1S1, H4N5F1S1,
H5N5F1S1, H5N4F1S1, H5N4S1), bisecting—Bis (H3N5F1,
H3N5, H4N5F1, H4N5F1S1, H4N5, H5N5F1, H5N5F1S1),
and fucosylated—F (H3N4F1, H3N5F1, H4N4F1, H4N4F1S1,
H4N5F1, H4N5F1S1, H5N4F1, H5N5F1, H5N5F1S1, H5N4F1S1).

NK cells isolation

Peripheral blood mononuclear cells (PMBCs) were obtained from
buffy coats from healthy donors. The separation of PMBCs was
achieved by density centrifugation using Lymphoprep (density
1.077 g/mL) (Stem Cell Technologies, Vancouver, Canada). NK
cells were purified by negative selection from freshly PBMCs
using EasySep Human NK Cell Isolation Kit, according to the
manufacturer’s instructions (Stem Cell Technologies). The purity
(>94%) of NK cells was determined by flow cytometry analysis
on FACSCanto II system (BD Biosciences, San Jose, CA). Mono-
clonal antibodies used for staining of NK cells were Pacific Blue
anti-human CD3 (OKT3), PE anti-human CD56 (HCD56), and
Brilliant Violet 421 anti-human CD16 (3G8) (all from BioLe-
gend, San Diego, CA). Cells were cryopreserved in freeze medium
(90% of fetal bovine serum [FBS] and 10% of dimethyl sulfox-
ide [DMSO] [Scienova, Jena, Thuringia, Germany]) at –80°C.
After defrosting, cryo-preserved PBMCs and cryo-preserved NK
cells were maintained in complete culture medium, RPMI 1640
Medium, GlutaMAX Supplement, HEPES (Thermo Fisher Scien-
tific, Waltham, MA, USA), supplemented with 10% of FBS, 1%
penicillin/streptomycin, and 0.1% gentamicin at 37°C in an incu-
bator with a humidified atmosphere with 5% of CO2, overnight in
order to recover and settle.

SPR analysis for FcγRIIIa-IgG Fc binding analysis

Due to the limited amount of total IgG available, for each sample
of patients and healthy controls, a traditional affinity assay was
not feasible, hence we opted for the binding assay format.

SPR interaction analysis was performed on a Biacore X100
system (Cytiva). For interaction analysis of FcγRIIIa and the Fc
fragment of IgG isolated from COVID-19 patients and healthy
controls, FcγRIIIa (R&D Systems) was immobilized with standard
amine coupling (Cytiva) on a CM5 chip (Cytiva) at a density of
233 resonance units (RU) using a solution of 10 μg/mL in sodium
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acetate buffer 10 mM at pH 4.5. IgG samples were diafiltered
for buffer exchange into the SPR running buffer (HBS-EP buffer:
10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, and 0.005%
Tween-20) using Amicon Ultra-2 Centrifugal Filter Units (Merck)
and then were injected at a concentration of 250 nM in triplicate
and a flow rate of 30 μL/min for 240 s (association time). The
dissociation phase was monitored for 600 s. Regeneration was
carried out with two 30 s-injections of 3.6 M MgCl2, 20 mM
2-(N-morpholino)ethanesulfonic acid (MES), pH 6.6. For the
evaluation (Biacore X100 evaluation software 2.0.3), a report
point has been set before injection of the analyte and another
at the end of the association phase. The differences between
these two report points were used for the evaluation of relative
differences in binding.

Antibody-dependent NK activation

In order to evaluate the impact on IgG effector functions, the acti-
vation of NK cells was evaluated. Briefly, a pre-coating of 96-wells
cell culture plate, flat bottom, tissue culture treated, polystyrene
(Orange Scientific) was performed with 3 μg/mL of native IgGs
and 3 μg/mL of IgGs treated with β-galactosidase. Coated 96-
well plate was maintained at 37°C in an incubator with a humid-
ified atmosphere with 5% of CO2 overnight. Afterwards, purified
NK cells were washed once with culture medium, suspended in
complete RPMI medium supplemented with IL-2 (100 U/mL) and
adjusted to a final concentration of 2 × 105 cells per well in a
coated 96-well plate. Cells were maintained at 37°C in an incu-
bator with a humidified atmosphere with 5% of CO2. Following
24 h of incubation, cells were stained with PE anti-human CD69
(FN50) (Thermo Fisher Scientific), as marker of activated NK cells
(Supporting Information Fig. S2). Posteriorly, cells were analyzed
by flow cytometry on a FACSCanto II (BD, Biosciences) using the
FACSDiva software (BD), compensated and analyzed in FlowJo
v10.4. (Tree Star, Inc.). Data acquisition and analysis adhered to
the general guidelines for flow cytometry [39].

Degalactosylation of human IgG

Total IgGs from each patient (1 μg) were incubated for 1 h at 37°C
with 1 μL β1-4 Galactosidase S (New England BioLabs). The effi-
ciency of sugar removal was confirmed by lectin blotting. Briefly,
100 ng of IgG was subjected to 10% SDS-PAGE electrophoresis
and membranes were blocked with BSA 4% before incubation
with Erythrina cristagalli (ECA) lectin, which recognizes termi-
nal galactose residue. Bands were then visualized using the Vec-
torstain Elite ABC kit (Vector Labs) and the detection was per-
formed using ECL reagent (GE Healthcare, Life Sciences).

Anti-Spike and total IgG ELISA and ECA lectin ELISA

Detection of lectin-binding motifs in the serum total IgG and anti-
Spike IgG from COVID-19 seropositive patients was performed by

a lectin ELISA adapted from Ref. [40]. Briefly, serum anti-Spike
IgG was captured using SARS-CoV-2 ELISA kit plates (Immunos-
tep). Blocking was performed with Carbo-free blocking solution
(Vector Labs) for 1 h at RT. Plates were washed five times with
PBS + 0.05% Tween 20 (PBST) before COVID-19 samples, diluted
1:50 in PBS containing 1% Carbo-free blocking solution (diluent
solution) (Vector Labs), were added, and incubated by shaking at
200 rpm for 2 h at RT. After washing as described above, galacto-
sylation by incubating captured IgG with biotinylated ECA lectin
(Vector Labs) diluted 1:2000 in diluent solution (Vector Labs)
and incubated for 1 h shaking at 200 rpm at RT. Bound lectin
was detected using an HRP-conjugated streptavidin (DuoSet R&D
Systems) incubated for 20 min, and tetramethylbenzidine sub-
strate (DuoSet R&D Systems) was incubated for 20 min protected
from dark. Reaction was stopped using H2SO4 and the amount of
bound lectin was measured at 450 nm using a μQuant Microplate
Reader (BioTek, Agilent).

Total IgG galactosylation was detected by coating microtiter
plates (Maxisorp, Nunc) with 1:50 isolated IgGs (as described
above) from seropositive patients. The procedure afterwards was
performed as described above for anti-Spike IgG.

Serum IgG antibodies against recombinant SARS-CoV-2 spike
protein (S) were analyzed from vaccinated healthy donors (n =
4), noninfected individuals (n = 4), asymptomatic-infected indi-
viduals (n = 8), mild disease (n = 10), and moderate/severe
disease patients (n = 12) using a chemiluminescence method
(Immunostep) according to the manufacturer’s instructions. An
antibody level of ≥1 signal was considered positive and a level of
<0.8 was considered negative.

Cytokine quantification

Supernatants from 24-h-cultured NK cells were analyzed by
flow cytometry using the BD Cytometric Bead Array Human
Th1/Th2/Th17 Cytokine Kit (BD Biosciences) following the man-
ufacturer’s instructions.

Statistical analysis

Data visualization and statistical analysis were done using Graph-
Pad Prism 9 and SPSS software. For the age correction analysis
between the association of IgG glycan traits and disease sever-
ity, logarithm of IgG glycan traits abundance was used in a linear
regression model. For the age correction analysis between IgG gly-
can traits and prognosis, logarithm of IgG glycan traits abundance
was used in a binary logistics regression model.
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27 Petrović, T.,Alves, I.,Bugada,D.,Pascual, J.,Vučković, F.,Skelin,A.,Gaifem,

J. et al., Composition of the immunoglobulin G glycome associates with

the severity of COVID-19. Glycobiology 2020. 31: 372–377.

28 WHO. COVID-19 Clinical management: living guidance [Internet].

https://www.who.int/publications/i/item/WHO-2019-nCoV-clinical-

2021–1
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