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Introduction: Immunoglobulin G (IgG) glycosylation affects its effector functions and is essential in many steps of the inflammatory
cascade. Therefore, it may be an important parameter for assessing the body’s immune response during the course of COVID-19
(Coronavirus disease 2019).

Methods: The N- and O-glycosylation of serum IgG in severe COVID-19 patients (n=87), convalescents (n=50), and healthy subjects
(n=65) were examined using a modified lectin-ELISA method with specific biotinylated lectins. The obtained data were analyzed using
STATISTICA 13.3PL software.

Results: We showed significantly higher expression of Lewis™ oligosaccharide structures in severe COVID-19 patients than in the
other two groups. Moreover, significantly lower expression of Lewis” sugar structures in IgG glycans was observed in the
convalescents when compared with COVID-19 patients and healthy subjects. The lowest expression of highly branched N-glycans
in cases of severe COVID-19 indicates that the development of the disease is associated with the presence of typical IgG biantennary
N-glycans. The lack of significant differences in the expression of Tn antigen in IgG between studied groups and the significantly
lower expression of T antigen in convalescents compared to the patients with severe COVID-19 and healthy subjects indicates
a decrease in the content of the T antigen in IgG O-glycans in subjects recovered from COVID-19. Substantially higher reactivities of
IgG O-glycans with Jacalin observed in COVID-19 patients and convalescents in comparison to the control group were most probably
caused by increased expression of core 3 O-glycans in IgG.

Conclusion: Severe COVID-19 is accompanied by the expression in serum IgG of sialylated biantennary and highly branched
N-glycans, decorated by fucose of Lewis® and Lewis” structures. The higher reactivity of IgG O-glycans with Jacalin in severe
COVID-19 patients and convalescents indicates that the disease development and the recovery process are most probably accompanied
by increased expression of the core 3 O-glycans.
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Introduction

Coronaviruses most often cause mild to moderate upper-respiratory tract illnesses in humans. Coronavirus
disease 2019 (COVID-19) is an infectious disease caused by the SARS-CoV-2 virus (Severe Acute Respiratory
Syndrome Coronavirus 2). Like other coronaviruses, SARS-CoV-2 has four structural proteins, known as the
S (spike), E (envelope), M (membrane), and N (nucleocapsid) proteins. The N protein holds the RNA genome;
together, the S, E, and M proteins create the viral envelope.' Patients with SARS-CoV-2 infection can experience
a range of clinical manifestations, from no symptoms, a mild infection similar to a cold, through flu-like

symptoms, to pneumonia requiring hospitalization until death.? In the first few days after infection with SARS-
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CoV-2, most patients are asymptomatic and may develop mild upper respiratory symptoms and/or systemic flu-
like illness. Severe COVID-19 usually develops at least one week after infection, which may suggest a greater
role for a dysregulated immune response than a direct viral cytopathic effect.” Immunoglobulin G (IgG)
constitutes about 75% of human blood serum immunoglobulins, mediating key cellular functions during viral
and bacterial infections. In addition to their neutralizing effect, IgG antibodies have the ability to bind to foreign
antigens, forming immune complexes (ICs), which can influence the pathogenesis of disease, especially those
with an inflammatory background. This is characteristic of some autoimmune and infectious diseases, where the
ICs produced cause a hyper-inflammatory reaction that damages host tissues.* Glycoproteins’ glycosylation plays
an essential role in regulating inflammation and immune response in infectious diseases. IgG in its constant
domain (Fc) has one biantennary N-linked glycan, which is attached to asparagine 297 (Asn 297),>° composed
of a constant core structure containing three mannose residues and four N-acetylglucosamine (GIcNAc) residues,
and may contain additional core fucose, as well as bisecting GIcNAc. The branching arms (0-6 and a-3) may
vary in their glycosylation patterns consisting of terminal sialic acid (SA), galactose, and fucose.”’ The second
N-glycosylation site is found in the VH and VL (heavy and light chain of variable regions, respectively) and has
been detected in 15-25% of all serum IgG. Glycans present in the IgG Fab region increase the stability of the
antibody and modulate the binding of IgG to antigens.® The presence or absence of one sugar residue in the
oligosaccharide structure of N-glycan may result in stimulation or suppression of the immune response. Changes
in IgG Fc glycosylation are known to be involved in the pathogenesis of rheumatoid arthritis (RA), Crohn’s
disease, and lupus erythematosus, where reduced galactosylation and sialylation of IgG activates effector cells
and initiates the inflammatory response.” It has been documented for serum IgG that galactosylation of conserved
N-glycans (Asn-297) in the heavy chain CH2 domains is reduced in patients with rheumatoid arthritis, and that
IgG agalactosylation level is proportional to disease severity.'® It has also been reported that more than 85% of
IgG is fucosylated.!' In mammals, core fucosylation (al,6-fucosylation) involves the attachment of fucose to the
innermost GIcNAc at the reducing end of N-glycans by al,6-fucosyltransferase. The lack of core fucose in IgGl
glycans is directly related to increased binding affinity to FcyRIIla and FcyRIIIb resulting from glycan—glycan
interactions between FcyRIII glycans attached to Asnl162 and IgG glycans attached to Asn297, which increase
cellular cytotoxicity.'> '* Fucosylated glycans are involved in various physiological processes and/or pathologies,
including tissue development, cell adhesion, fertilization, angiogenesis'®> as well as cancer metastasis.'®
Alterations in glycoprotein glycans’ fucosylation were observed in various inflammatory conditions, including
RA,'72! chronic pancreatitis,”> Crohn’s disease,” and sclerosing cholangitis.”** Besides N-glycans present in the
Fab and Fc regions, the presence of O-linked glycans was also observed in the hinge region of the IgG
molecule.””*® Similarly to N-glycosylation, O-glycosylation is a post-translational modification that occurs
after protein synthesis and involves the attachment of a sugar molecule to the oxygen atom of the serine (Ser)
or threonine (Thr) residues of the polypeptide chain.?’*® The most common and well-known type of protein
O-glycosylation is mucin-type glycosylation (GalNAc type), a diverse form of post-translational modification that
can occur in any protein and is initiated by a family of up to 20 GalNAc polypeptide transferases that decorate
proteins with GalNAc residues (GalNAcal-O-Ser/Thr, called the Tn antigen).>”*° Tn antigen formation is the
initial step of the O-glycosylation pathway and can be further extended in three different ways: (1) by adding
a2,6-linked sialic acid (forming the sialyl-Tn antigen), (2) by adding galactose and forming the oligosaccharide
structure called T antigen (core 1), or (3) by adding galactose to N-acetylglucosamine linked directly to Ser/Thr
(core 3).%°

As IgG expression is closely associated with some viral infections, in our study, we set out to characterize the
profile and degree of IgG N- and O-glycosylation in sera of severe COVID-19-infected patients as well as verify
whether there are any differences in IgG glycosylation between patients with severe COVID-19, convalescents,
and healthy subjects. Our research goals were also focused on searching for sufficiently sensitive and specific

diagnostic glyco-biomarkers, usable in the monitoring of disease progression and/or the recovery process.
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Materials and Methods
Study Groups

The research was conducted in accordance with the Helsinki-II declaration, and the protocol was approved by the Bioethics
Committee of the Medical University of Bialystok (Permission No. APK.002.26.2021, APK-002.171.2023) and Bioethics
Human Research Committee of Wroclaw Medical University (Permission No. KB-36/2023, KB-89/2023). Informed consent
was obtained from each study participant. The study group consisted of 87 patients with a SARS-CoV-2 infection diagnosis,
confirmed using a polymerase chain reaction (PCR) test, who were admitted to the Emergency Department of the University
Clinical Hospital in Bialystok between January and November 2021. We enrolled patients in stages 3 (n=75) and 4 (n=12), based
on the Modified Early Warning Score (MEWS) classification. They required intensive treatment because of pneumonia, with or
without acute respiratory distress syndrome (ARDS), or due to multiple organ dysfunction syndrome (MODS).*' None of the
patients from the COVID-19 group were in the 1st or 2nd stage of the disease (exclusion criteria). The MEWS score is
recommended by the Polish Society of Epidemiology and Infectious Diseases and relies on the following parameters: blood
pressure, heart rate, respiratory rate, body temperature, and neurological symptoms.®' Four stages of COVID-19 progression were
described based on the above parameters: 1) asymptomatic and mildly symptomatic infection, 2) symptomatic infection with
pneumonia, without symptoms of ARDS, 3) symptomatic infection with pneumonia and symptoms of ARDS, 4) symptomatic
infection with MODS (Table S1, Supplementary Materials). The project included SARS-CoV-2 infected patients who were
conscious and able to make decisions about participation in the study. Table 1 presents the characteristics of severe COVID-19

patients. The participants of the remaining two study groups included in the project had to meet the criteria described below. The
convalescents group consisted of 50 convalescents (19 males/31 females, age 28—75) whose blood was positive for IgG antibodies
of SARS-CoV-2, who had suffered from SARS-CoV-2 infection in the last 3—4 weeks before recruitment to the study, did not take
any medications, for whom the course of the disease was mild (fatigue, increased temperature, loss of taste and smell, muscle pain

Table | Characteristics of Patients with Severe
COVID-19

COVID-19 Patients

n=87

Parameters n (%)

Age (years)

<55 21 (24%)

56-75 28 (32%)

276 38 (44%)
Sex

Male 35 (40%)

Female 52 (60%)

Length of hospital stay (days)

<10 41 (47%)

I1-20 32 (37%)

221 14 (16%)
Comorbidities

Absent 36 (41%)

Present 51 (59%)
Hypertension 42 (48%)
Coronary artery disease 33 (38%)
Diabetes mellitus 28 (32%)
Obesity 11 (13%)
Other (haematological, cancer) 4 (5%)

(Continued)
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Table 1 (Continued).

COVID-19 Patients
n=87
Parameters n (%)
Symptoms
Cough
Absent 9 (10%)
Present 78 (90%)
Fever
Absent 13 (15%)
Present 74 (85%)
Dyspnea
Absent 14 (16%)
Present 73 (84%)
Respiratory failure
Absent 7 (8%)
Present 80 (92%)

and headache). None of the patients required hospitalization, and they were SARS-CoV-2 negative at the time of collecting
biological material for the present study. Convalescents qualified for the study did not receive any anti-inflammatory drugs at the
time of blood collection for the study. The control group was composed of 65 healthy subjects (27 males/38 females, aged 30-74),
who did not suffer from SARS-CoV-2, and whose blood was free from specific IgG antibodies against this virus. Participants with
comorbidities, both convalescents and healthy subjects from the control group, were excluded from participation in the study.

Material

In all groups of participants, venous blood (5.5 mL) was collected in test tubes without anticoagulants
(S-Monovette, SARSTEDT, Germany). Within 30 min after collection, blood was centrifuged for 20 min at
1000xg to obtain serum, which was further stored at —75°C at the Department of Clinical Laboratory Diagnostics
Medical University of Bialystok. Until the start of the research, all blood sera were transported from the Medical
University of Bialystok and stored at (—86) degrees Celsius at the Wroclaw Medical University Biobank.

Methods

IgG concentration values in sera, necessary for the calculation of the amount of IgG for the lectin-ELISA test, were estimated
using the turbidimetric method, as described previously.>> The profile and degree of IgG N- and O-glycosylation were
determined using a modified solid-phase lectin-ELISA, as previously described in detail.****>* The research methodology
used was developed at the Department of Laboratory Diagnostics, under the supervision of Ewa Maria Kratz, during the
realization of previous research on IgG glycosylation, the results of which were published in 2021-2022.2°*33% The lectin-
ELISA method used is based on the reactivity of IgG glycans with specific biotinylated lectins (Vector Laboratories Inc.,
Burlingame, CA, USA). In short: the microtiter plates (Maxisorp, Dako, Denmark) were incubated with 0.01 mg/mL protein
G (Abcam, Boston, MA, USA) solution in 10 mM TBS pH=7.4 for 2 h at 37°C, and then at 4°C overnight. In the next step, 50 pL
solution with 500 ng of IgG for N-glycans analysis and 800 ng of IgG for O-glycans analysis, diluted with 10 mM TBS-T (TBS
with 0.1% Tween20, pH=7.4), was applied to each well of the ELISA plate and incubated for 3 h at 37°C. Then reduction with
dithiothreitol (DTT) was carried out for 70 min at 37°C. After washing (10 mM TBS-T, pH=7.4), the plates were incubated for 90
min at 37°C with biotinylated lectins appropriately diluted with 10 mM TBS-T as follows: RCA-I 1:500, GSL-II 1:400, MAA
1:250, SNA 1:2000, AAL and LCA 1:2000, LTA 1:100, UEA and PHA-L 1:250, VVL and MPL 1:1000, and Jacalin 1:5000.
Later, the microtiter plates were incubated at 37°C with phosphatase-labelled ExtrAvidin (Sigma Chemical Co., St. Louis, MO,
USA). The plate wells were washed extensively using 10 mM TBS-T, pH=7.4 after each incubation step. Next, the phosphatase

1416 "= Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Sotkiewicz et al

reaction was developed with a substrate, p-nitrophenyl phosphate. The reaction was stopped with 100 uL of 1 M NaOH per well,
and the absorbance was read at 405 nm (reference filter 630 nm) with a Mindray-96A microplate reader (Shenzhen Mindray Bio-
Medical Electronics Co., Shenzhen, China). All samples were tested in duplicate. Blank tests were included in each series of
determinations in which all reagents were present, but the biological sample was replaced with 10 mM TBS-T. The relative
reactivities of IgG glycans with lectins were expressed in absorbance units (AU). For the specificity of lectins, see Table 2.

Table 2 Specificity of the Lectins Used in the Study

Lectin

Specificity for Sugar of N-Glycan Structures

MAA (Maackia amurensis agglutinin)

SA 02,3-linked*®

SNA (Sambucus nigra agglutinin)

SA ¢2,6-linked®®

RCA-I (Ricinus communis agglutinin 1)

) 36
Terminal Gal

GSL-II (Griffonia simplicifolia lectin 1)

GlcNAc, galactosylated tri-/tetra-antennary glycans®®

AAL (Aleuria aurantia lectin)

Fucose al,6-linked to the core GlcNAc of N-glycans and with lower affinity to fucoses of the outer

arms al,2-, al,3- and al,4-linked”

LCA (Lens culinaris agglutinin)

. - ] - 38
Recognize sequences containing fucosylated tri-mannose N-glycan core sites

LTA (Lotus tetragonolobus agglutinin)

Specifically react with fucose al,3-linked to antennary GlcNAC*’

UEA (Ulex europaeus agglutinin)

Recognize antennary fucose al,2-linked to Gal and al,3-linked to GIcNAC*

PHA-L (Phaseolus vulgaris lectin)

Recognize B1,6 branches of tri- and tetra-antennary oligosaccharides of N-glycans*'

Lectin

Specificity for sugar of O-glycan structures

MPL (Maclura pomifera lectin)

T (Galp1,3GalNAc) and Tn antigen (single GalNAc)*

VVL (Vicia villosa lectin)

Tn antigen (single GaINAc)*¥**

Jacalin (Artocarpus integrifolia lectin)

T antigen (GalB1,3GalNAc), Tn antigen (single GalNAc),

ST antigen (NeuAco2,6Galp|,3GalNAc)*

Abbreviations: SA, sialic acid; Gal, galactose; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; NeuAc, N-acetylneuraminic acid.

Statistical Analysis

All data were analyzed using STATISTICA 13.3PL software (StatSoft Inc., Tulsa, USA). Due to the lack of
confirmation of a normal distribution, as assessed with the Shapiro—Wilk test, nonparametric methods were used
(ANOVA one-way analysis of variance with post hoc test and Bonferroni correction). Statistical significance was
established at the level of p<0.05. The results of experimental data were presented as means and standard
deviations (SD), and the distribution of the values within analyzed groups was presented as box-whisker plots
with median and interquartile (25-75th percentile) ranges. The correlations with a 95% confidence interval were
estimated according to the Spearman rank test. A two-tailed p-value of less than 0.05 was considered significant.

Results

The concentrations of serum IgG and its relative reactivities with lectins used are presented in Table 3 as mean
absorbance values and standard deviations (SD) for each analyzed group. There were no significant differences in
the results obtained for each of the parameters we analyzed between COVID-19 patients in stages 3 and 4 of the
disease (Table S2, Supplementary Materials), and therefore both groups were combined and analyzed as one in

further analyses. The distributions and median values of IgG relative reactivities with lectins tested, measured for

Journal of Inflammation Research 2024:17 hetps: 1417
Dove


https://www.dovepress.com/get_supplementary_file.php?f=439005.docx
https://www.dovepress.com/get_supplementary_file.php?f=439005.docx
https://www.dovepress.com
https://www.dovepress.com

Sotkiewicz et al

Dove

Table 3 The Concentrations of IgG in Sera and Relative Reactivities of IgG Glycans with Specific Lectins

Group COVID-19 Convalescents Control
Parameter n=87 n=50 n=65
IgG (mg/dL) 920.7+354.8 996.6+173.4 906.9+214.4
LECTINS Relative reactivities with lectins (AU)
N-glycans RCA-I 1.067+0.471 0.989+0.342 1.036+0.418
GSL-II 0.171£0.319 0.095+0.090 0.145£0.213
MAA 0.152+0.342 0.081+0.093 0.128+0.198
SNA 0.503+0.20| 0.464+0.133 0.475+0.171
AAL 0.420+0.228 0.268+0.100 0.360+0.150
p*=0.00001 | p®=0.020789
LCA 1.15520.166 1.100£0.127 1.13720.187
LTA 0.602+0.285 0.380+0.12| 0.485+0.173
p”=0.000000 p"=0.004358
p®=0.035550
UEA 0.404+0.366 0.210+0.145 0.438+0.338
p*=0.001990 p®=0.000508
PHA-L 0.266+0.348 0.286+0.212 0.414+0.397
p"=0.025066
O-glycans VVL 0.098+0.122 0.097+0.05 | 0.087+0.095
MPL 0.867+0.180 0.761+0.163 0.821+0.190
p”=0.003029
Jacalin 1.3270.124 1.3780.131 1.1980.136
p*=0.000000
p®=0.000000

Notes: The concentrations of immunoglobulin G (IgG) in sera (mg/dL) and relative reactivities of serum IgG glycans with lectins (AU -
absorbance units) are presented as mean values + standard deviation (SD). Significant differences versus subjects with “COVID-19 and
BConvalescents. For lectins’ specificity see Table 2 in the Materials and Methods section. Significant differences were accepted for a two-tailed

p-value (probability value) of less than 0.05.

Abbreviations: Control; healthy subjects; n, number of participants; RCA-I, Ricinus communis agglutinin I; GSL-Il, Griffonia simplicifolia lectin II;
MAA, Maackia amurensis agglutinin; SNA, Sambucus nigra agglutinin; AAL, Aleuria aurantia lectin; LCA, Lens culinaris agglutinin; LTA, Lotus
tetragonolobus agglutinin; UEA, Ulex europaeus agglutinin; PHA-L, Phaseolus vulgaris lectin; VVL, Vicia villosa lectin; MPL, Maclura pomifera lectin;
Jacalin, Artocarpus integrifolia lectin.

COVID-19, convalescents, and control groups, are presented in Figure 1. The Spearman rank correlations,

analyzed between relative reactivities of lectins used with IgG glycans, are shown in Table 4. The ROC

(receiver’s operating characteristics) curve analysis was made for all examined parameters. The Youden index

method was used for the determination of cut-off points for each relative reactivity of IgG glycans with lectins

used. The verification of the clinical value of the laboratory test was based on the value of the areca under the
curve (AUC) and can be defined as zero — 0-0.5, limited — 0.5-0.7, moderate — 0.7-0.9, and high >0.9.%¢ Table 5
and Figure 2 presented the results of the ROC curve analysis only for parameters for which AUC was higher

than 0.700.
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Figure | Relative reactivities of serum IgG N-glycans (A), and O-glycans (B) with specific lectins. Significant differences between patients with “COVID-19, BConvalescents,
and healthy subjects (control). The relative reactivities with lectins RCA-I: Ricinus communis agglutinin |, GSL-II: Griffonia simplicifolia lectin I, MAA: Maackia amurensis
agglutinin, SNA: Sambucus nigra agglutinin, AAL: Aleuria aurantia lectin, LCA: Lens culinaris agglutinin, LTA: Lotus tetragonolobus agglutinin, UEA: Ulex europaeus agglutinin, PHA-
L: Phaseolus vulgaris lectin, VVL: Vicia villosa lectin, MPL: Maclura pomifera lectin, Jacalin: Artocarpus integrifolia lectin were expressed in absorbance units (AU). A two-tailed
p-value (probability value) of less than 0.05 was considered significant.
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Table 4 The Correlations Between Relative Reactivities of IgG Glycans

with Lectins

Correlations Between Lectins’
Relative Reactivity

Spearman Rank Coefficient (r)

RCA-I vs MAA r=0.142; p=0.043503
RCA-I vs SNA r=0.625; p=0.000000
UEA vs MAA r=0.726; p=0.000000
UEA vs SNA r=0.243; p=0.000506
LTA vs MAA r=0.492; p=0.000000
LTA vs SNA r=0.249; p=0.000361
AAL vs MAA r=0.308; p=0.000008
AAL vs SNA r=0.244; p=0.00046 |
AAL vs LTA r=0.288; p=0.000032

PHA-L vs MAA

r=0.299; p=0.000015

PHA-L vs SNA

r=0.166; p=0.018177

PHA-L vs UEA

r=0.224; p=0.001331

Jacalin vs MPL

r=0.410; p=0.000000

MPL vs VVL

r=0.218; p=0.001815

Notes: In the table are presented the significant correlations for which a two-tailed p-value
(probability value) was less than 0.05. For lectins’specificity see Table 2 in the Materials and

Methods section.

Abbreviations: RCA-|, Ricinus communis agglutinin I; MAA, Maackia amurensis agglutinin; SNA,
Sambucus nigra agglutinin; UEA, Ulex europaeus agglutinin; LTA, Lotus tetragonolobus agglutinin;
AAL, Aleuria aurantia lectin; PHA-L, Phaseolus vulgaris lectin; Jacalin, Artocarpus integrifolia lectin;
MPL, Maclura pomifera lectin; VVL, Vicia villosa lectin.

Table 5 Summary of the Results of the ROC Curves Analysis of the Relative Reactivities of Serum IgG Glycans with

Lectins
Lectin AUC AUC with 95% Cut-Off Point | Sensitivity | Specificity p-value
Confidence Interval
COVID-19 vs Convalescents
AAL 0.814 0.741-0.887 0.361 0.667 0.840 0.000000
LTA 0.791 0.716-0.866 0.473 0.701 0.800 0.000000
UEA 0.724 0.637-0.810 0.251 0.598 0.820 0.000000
Convalescents vs Control
LTA 0.703 0.606—-0.799 0.347 0.540 0.815 0.000000
UEA 0.809 0.728-0.891 0.244 0.820 0.738 0.000000
Jacalin 0.835 0.763-0.908 1.227 0.880 0.708 0.000000
COVID-19 vs Control
Jacalin 0.770 0.691-0.849 1.219 0.805 0.708 0.000000

Notes: In the table are presented only the results of the ROC curve analysis for which the value of area under the curve (AUC) was higher than 0.700.
Significant differences were accepted for a two-tailed p-value (probability value) of less than 0.05.
Abbreviations: AAL, Aleuria aurantia lectin; LTA, Lotus tetragonolobus agglutinin; UEA, Ulex europaeus agglutinin; Jacalin, Artocarpus integrifolia lectin.
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Figure 2 ROC curve analysis of IgG glycans’ relative reactivities with lectins for patients with COVID-19 and convalescents (A—C), convalescents and control (healthy
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Discussion

Antibodies are extremely important in the protective immune response across many infectious diseases, and their
function is mostly determined by their isotype and subclass. The biological activity of the immunoglobulins is tuned
at the genomic, subclass, and post-translational level by glycosylation.*” Immunoglobulin G is involved in the pathogen-
esis and progression of many diseases and can activate a variety of effector mechanisms, such as complement-dependent
cytotoxicity, antibody-dependent cellular cytotoxicity, and phagocytosis.**** To the best of our knowledge, this is the
first study assessing the profile and degree of IgG N- and O-glycosylation using a lectin-based ELISA test in patients
with severe COVID-19, convalescents from SARS-CoV-2, and healthy subjects. It has been proven that the complex
clinical phenotypes of SARS-CoV-2 infection are related to changes in the degree and profile of IgG N-glycosylation.
Decreases in sialylation and galactosylation play a role in COVID-19 pathogenesis via the activation of the lectin-
initiated alternative complement pathway. In severe cases, low IgG sialylation contributes to the ADCC-regulated
enhancement of inflammatory cytokines.”®>! In the present study, no significant differences between studied groups in
the expression of sialic acid, galactose, and N-acetylglucosamine were observed. On the other hand, a high positive
correlation was found between IgG glycans reactivities with RCA-I recognizing the non-reducing terminal
B1,4-D-galactose (GalB1,4) and the expression of SNA-reactive a2,6-linked SA. RCA-I has a preference for terminal
Galp1,4 rather than Galf1,3 or Galp1,6. However, there seems to be no specific requirement for the sub-terminal residue,
and GalB1,4GlcNAc, Galp1,4Glc, and Galp1,4Man have shown similar reactivities with this lectin. What is important,
the presence of SA at the 3-O or 6-O positions modifies the terminal Gal, significantly reducing the binding affinity to
RCA-L.>? Taking the above-mentioned information into account, it seems possible that the lack of differences in Galf1,4
reactivity with lectin may result from the modification of the chemical structure of Galf1,4 by terminal sialic acid present
in IgG glycans, which decreases the availability of this sugar moiety for RCA-I. It should also be noted that there were no
differences between the study groups in the expression of agalactosylated N-glycans in IgG, which may indicate that, in
this case, the acute inflammation accompanying SARS-CoV-2 infection is not manifested by an increase in the
expression of agalactosylated IgG glycans, as may occur in some diseases accompanied by chronic inflammation, eg
rheumatoid arthritis.'®>® Approximately 85% of the serum IgG pool is fucosylated, and the degree of IgG fucosylation
remains relatively constant throughout most of a person’s life. The mechanisms that control IgG core fucosylation remain
unclear. However, it is known that lack of core fucosylation in IgG initiates enhanced antibody-dependent cellular
cytotoxicity through increased affinity for the Fc receptor FcRIIla, which is present on monocytes, macrophages, and NK
cells, and can enhance cell activation, pro-inflammatory cytokine production, and cytotoxic effector cell activity.'*>*>
Afucosylated IgG is produced in response to various viral infections, including cytomegalovirus (CMV),>® human
immunodeficiency virus (HIV),?” and dengue virus,”® which all target surface-exposed, membrane-embedded proteins.
COVID-19 patients with severe symptoms have decreased levels of anti-SARS-CoV-2 IgG fucosylation compared with
patients with mild disease.”® No significant differences were observed between the study groups in the relative reactivity
of IgG glycans with LCA, a lectin specific to core fucose. On the other hand, we showed that the relative reactivity with
another lectin specific to core fucose, AAL, was significantly lower in convalescents than in the group of healthy subjects
and patients with COVID-19. The observed discrepancies in the relative reactivities of fucosylated IgG glycans with
AAL and LCA may result from differences in the specificity of both lectins, because not only is AAL reactive with
al,6-linked core fucose, but also, unlike LCA, it can also detect al,3-linked antennary fucose of the Lewis* and/or
Lewis” oligosaccharide structures, which most probably have an impact on the results obtained. Fucose, in addition to
binding to the first GIcNAc residues in the core part of N-glycan, can also be bound to the terminal Gal residues of the
glycan antennas,®® which was documented in the present study via the reactivity of IgG glycans with LTA and UEA,
lectins specific to antennary fucose of Lewis® and Lewis” structures, respectively. Larsen et al’® and Chakraborty,®' in
their studies using nano-LC-MS and nano-LC-MS/MS for glycosylation analysis, respectively, showed the reduction of
core fucose content in IgG in patients with COVID-19. The authors found that severe COVID-19 was associated with an
increased abundance of non-neutralizing, afucosylated IgG antibodies that were not present in patients with milder
disease. In the present study, we showed a significantly decreased reactivity of IgG glycans with AAL specific to core
fucose in the group of convalescents in comparison to patients with severe COVID-19 or healthy subjects, along with no
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significant differences in IgG concentrations between examined groups. Interestingly, the expression of antennary LTA-
and UEA-reactive fucose is also significantly lower in the convalescents than in the other two groups. Additionally,
higher reactivity of IgG glycans with LTA significantly differentiates SARS-CoV-2 infected patients from healthy
subjects. The high expression of LTA-reactive fucose of Lewis™ structure in eg some acute phase glycoproteins is typical
for many inflammatory diseases, thus the results obtained here were unsurprising. We found no reports by other authors
that could serve as reference points for our research, both in terms of the characteristics of the study groups and the
methodology, therefore it is difficult to relate the results of the IgG fucosylation analysis to those obtained by other
researchers. From our point of view, the glycosylation analysis using lectin-based methods is especially interesting
because it mimics the availability of naturally occurring glycans for endogenic ligands. In the early stage of SARS-CoV-2
infection, IgM antibodies are produced, and react quickly, establishing a short-term response; only later is IgG produced,
prolonging the immune response.®® To check the utility of the results obtained for the differentiation of studied groups of
participants in a way that reflects their clinical characteristics, using ROC curve analysis, we analyzed the relative
reactivities of IgG glycans with used fucose-specific lectins. For the COVID-19 patients and convalescents, the cut-off
point for AAL reactivity was 0.361 AU (AUC 0.814) with a sensitivity of 66.7% and specificity of 84.0%, respectively,
which indicates that this parameter has a high clinical value for differentiation of above-mentioned groups. The ROC
curve analysis also shows that the expression of LTA- and UEA-reactive fucose differentiate COVID-19 patients and
convalescents (AUC 0.791, cut-off point 0.473 AU and AUC 0.724, cut-off point 0.251 AU, respectively) with
a sensitivity of 70.1% and 59.8% and a specificity of 80.0% and 82.0%, respectively, which indicates that both of
these parameters have moderate clinical value. In conclusion, the expression of fucose of Lewis™ and Lewis” oligosac-
charide structures in IgG may be considered a marker of recovery from severe COVID-19.

For the convalescents and control group of healthy subjects, the cut-off point for ROC curve analysis of relative
reactivities of IgG glycans with LTA was 0.347 AU (AUC 0.703, which shows a moderate clinical value) with
a sensitivity of 54.0% and specificity of 81.5%. Additionally, the relative reactivity of fucose with UEA also has
moderate clinical value (AUC 0.809, cut-off point 0.244 AU, sensitivity 82.0%, specificity 73.8%), which indicates that
the observed differences between subjects never infected with SARS-CoV-2 and healthy past COVID-19 patients may be
differentiated based on the expression of UEA-reactive fucose in IgG. The expression of highly branched IgG N-glycans
reacting with PHA-L was significantly lower in patients with severe COVID-19 in comparison to healthy subjects. This
may indicate that the development of the disease is most likely associated with the presence of typical biantennary
N-glycans in the IgG molecule. IgG glycan reactivities with PHA-L were also visibly lower in convalescents than in
healthy subjects. However, the observed differences were not significant. The observed positive correlations between the
relative reactivities of IgG glycans with lectins specific to sialic acid (MAA and SNA) and the expression of antennary
fucose of Lewis™ and Lewis” structures indicate an increase both in antennary fucosylation of IgG N-glycans and in their
sialylation. In addition, the observed positive correlations between the expression of sialic acid and UEA-reactive fucose
as well as the relative reactivity of IgG glycans with PHA-L indicate that the expression of highly branched IgG
N-glycans may be accompanied by higher expression of sialic acid and al,2-linked antennary fucose. The elevated
expression of highly branched glycans in some glycoproteins, such as eg those directly associated with acute phase
response, is associated with the progression of many diseases with accompanying acute inflammation, including
cancer.®>** As far as we know, there is a lack of scientific reports on the expression of highly branched N-glycans in
IgG during SARS-CoV-2 infection.

IgG O-glycosylation is a poorly understood process with little information available. Plomp et al* estimated that, in blood
serum, about 10% of IgG3 polyclonal antibodies and about 13% of IgG3 monoclonal antibodies contain O-glycans. In 2022,

Solkiewicz et al*®

confirmed the presence of O-glycans in serum IgG in patients with advanced endometriosis and women with
other gynaecological diseases. The present study showed no significant differences between studied groups in IgG glycans
reactivity with VVL specific to truncated O-glycans (Tn antigen).**** On the other hand, the expression of MPL-reactive
complete O-glycans (T antigen) in IgG was significantly higher in sera of COVID-19 patients and visibly higher in healthy
subjects (although insignificant) when compared with convalescents. In addition, significantly higher relative reactivities of
IgG O-glycans with Jacalin were observed in the group of COVID-19 patients and convalescents when compared to healthy

subjects, which is most probably caused by increased expression of core 3 O-glycans reacting with Jacalin rather than by the
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expression of core 1 O-glycans, which also react with MPL but do not enable differentiation between the above mentioned
groups. It seems that the increased reactivity of IgG O-glycans with Jacalin is associated with the inflammation development
that accompanies severe COVID-19. The open question is whether the (chronic?) inflammatory condition may also
accompany the recovery process and, if so, how long it can persist. Ryan et al®> showed persistent changes in the peripheral
immune system of SARS-CoV-2 convalescents up to at least 6 months after infection. These changes may have an impact on
how patients recovered from SARS-CoV-2 infection respond to other infections encountered during this period. Additional
persistent activation of the immune system may also exacerbate other chronic conditions. The results of ROC curve analyses
for IgG O-glycan relative reactivities with Jacalin showed that reactivity with this lectin can be used to distinguish a group of
severe COVID-19 patients and convalescents from healthy subjects. The cut-off point for IgG O-glycan reactivities with
Jacalin was 1.219 AU (AUC 0.770) with a sensitivity of 80.5% and specificity of 70.8% for differentiation COVID-19 patients
and healthy subjects, and 1.227 AU (AUC 0.835) with a sensitivity of 88.0% and specificity of 70.8% for differentiation
between convalescents and healthy subjects. This parameter has a moderate and high clinical value, respectively, and can be
used as a marker of complete recovery after SARS-CoV-2 infection.

Conclusions

COVID-19 remains a global health challenge. To the best of our knowledge, this work is the first to analyse the profile
and degree of N- and O-glycosylation of human serum IgG using a selected panel of specific biotinylated lectins in the
context of severe SARS-CoV-2 infection. The applied lectin-ELISA method mimics the in vivo interactions between
glycoprotein glycans and their endogenous ligands, including the availability of sugar moieties, additionally enabling us
to deepen our understanding of the molecular mechanisms of these interactions. Based on the obtained results, we
showed that the development of this viral infection is accompanied by the presence of biantennary N-glycans typical for
IgG as well as highly branched N-glycans, decorated with LTA- and UEA-reactive fucose and sialylated. The observed
higher reactivity of IgG O-glycans with Jacalin in severe COVID-19 patients and convalescents than in the healthy group
indicates that the development of the disease and the recovery process are most probably accompanied by increased
expression of core 3 O-glycans.

Strength of the Study

e The analysis of IgG glycosylation was provided in three independent groups: patients with severe COVID-19,
convalescents, and a group of healthy subjects who had no contact with SARS-CoV-2, as confirmed by the lack of
antibodies directed against this virus.

e The expression of fucose of Lewis™ and Lewis” oligosaccharide structures in IgG N-glycans may be considered
a convalescent marker indicative of patients’ recovery from SARS-CoV-2 infection.

e The reactivity of serum IgG with Jacalin and the probable expression of core 3 O-glycans appear effective markers
for distinguishing healthy subjects who never were infected with SARS-CoV-2 from patients with severe COVID-
19 and convalescents in recovery from infection.

e The use of the lectin-based method for IgG glycan analysis enables in vitro study of the reactions taking place
in vivo, which reflect the bioavailability of IgG glycans for their naturally occurring ligands.

Limitations of the Study
e The use for glycoprotein glycosylation analysis of highly specific lectins, with specificity limited to one oligosac-
charide structure or sugar residue, would certainly allow for more spectacular conclusions to be drawn. This will
hopefully be enabled by the appearance of recombinant lectins in the scientific world.
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