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Abstract

Our immune system is critical for preventing and treating SARS-CoV-2 infections, but aberrant immune responses can have delete-
rious effects. While antibodies to glycans could recognize the virus and influence the clinical outcome, little is known about their
roles. Using a carbohydrate antigen microarray, we profiled serum antibodies in healthy control subjects and COVID-19 patients from
two separate cohorts. COVID-19 patients had numerous autoantibodies to self-glycans, including antiganglioside antibodies that can
cause neurological disorders. Additionally, nearly all antiglycan IgM signals were lower in COVID-19 patients, indicating a global dys-
regulation of this class of antibodies. Autoantibodies to certain N-linked glycans correlated with more severe disease, as did low levels
of antibodies to the Forssman antigen and ovalbumin. Collectively, this study indicates that expanded testing for antiglycan antibodies
could be beneficial for clinical analysis of COVID-19 patients and illustrates the importance of including host and viral carbohydrate
antigens when studying immune responses to viruses.

Significance Statement:

Antibody responses induced by SARS-CoV-2 infection can provide protection, but aberrant responses can be harmful. Since the
surface of the virus is heavily glycosylated, glycan-binding antibodies can be induced and may affect disease severity and clinical
outcome. To evaluate their roles, we used a glycan microarray to profile serum antiglycan antibodies in COVID-19 patients and
healthy control subjects. Overall, we uncovered striking differences, including global dysregulation of antiglycan IgM and induction
of numerous autoantibodies to glycans in COVID-19 patients, including some that cause neurological problems. The results provide
a deeper understanding of antibody responses, illustrate the importance of evaluating antibody responses to glycans, and indicate
that assessment of antiglycan antibodies could aid the clinical analysis of COVID-19 patients.

Introduction
COVID-19 is a respiratory disease caused by the severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2). Since emerging,
this virus has caused millions of deaths worldwide (1). An espe-
cially troubling issue is that some symptoms can last for months
beyond the primary infection, even in the absence of detectable
virus (2–4). It is unclear why some patients, often referred to as
“long haulers,” have prolonged effects. Beyond the severe impact
on human health, SARS-CoV-2 has caused major disruptions to
many aspects of life, including the economy, education, travel, and
personal life. As a result, an unprecedented global effort is un-
derway to develop effective methods to prevent and treat COVID-
19. Because this is a new infectious virus, our understanding of
the factors that influence clinical outcomes are limited. There-
fore, there is an urgent need to improve our basic understanding
of how the virus works, why it causes severe disease outcomes,
and how we can intervene to protect human life.

Our immune system plays a critical role in preventing, clear-
ing, and treating SARS-CoV-2. Therefore, understanding host im-
mune responses to SARS-CoV-2 is essential for developing effec-

tive therapies and vaccines to control this pandemic. While the
immune response can involve many elements of the innate and
adaptive arms of the immune system, antibody responses are one
of the most important features. Most patients develop a robust an-
tibody response to the virus (5–7), and neutralizing antibodies in
recovering patients may help prevent new infections through the
administration of convalescent serum (8–11). While often bene-
ficial, overly aggressive and/or aberrant antibody responses can
also be harmful in COVID-19 patients (12–14). For example, sev-
eral studies have shown that SARS-CoV-2 induces autoantibodies
(15–22). Alternatively, certain antibody responses can actually en-
hance infection (23). For these reasons, a thorough understanding
of antibody responses to SARS-CoV-2 is vital for prevention and
treatment of COVID-19.

Numerous groups have been studying antibody responses to
SARS-CoV-2 (12–15, 24–28), however, the vast majority of these
studies focus on antibodies that bind proteins. Several studies
have demonstrated that the SARS-CoV-2 spike protein is heav-
ily glycosylated, raising the possibility that pre-existing and/or
induced antibodies to carbohydrates may recognize the virus
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Figure 1. Average IgG and IgM antibody signals to all glycans. (A) Box and whisker plots of the average array signals (log-transformed base 2) to all
array components for IgG and IgM antibodies from control and COVID-19 serum samples. Mean IgG of control samples was 9.21 raw fluorescence
units (RFU) on a log2 scale. Mean IgG signal for the Raybiotech COVID-19 cohort was 9.30, and the mean of NIH COVID-19 cohort was 8.90. An
unpaired t test with Welch’s correction showed no significant difference between mean IgG values of the controls and Raybiotech cohort and a small
difference between the controls and NIH COVID-19 cohort IgG values (∗, P = 0.0250). Mean IgM of controls was 12.41. Mean IgM of Raybtioech
COVID-19 cohort was 11.21. Mean IgM of NIH COVID-19 cohort was 10.83. Unpaired t test with Welch’s correction for mean IgM values was significant
for both COVID-19 cohorts compared to controls (∗∗∗∗, P < 0.0001). (B) Box and whisker plots of the average array signals for IgM and IgG of a select age
range of patients. ns, not significant. Boxes depict quartiles and whiskers depict the min and max.

(29–34). A few studies have begun to address the roles of antigly-
can antibodies. For example, a recent study reported an inverse
relationship between COVID-19 disease severity and serum anti-
α-Gal antibodies (35). Low levels of antibodies to the Tn anti-
gen (GalNAcα-Ser/Thr) have also been observed in COVID-19
patients (36). A longitudinal study of four patients found antibod-
ies to several N-linked glycans in COVID-19 patients (37). Autoan-
tibodies to certain gangliosides have also been observed in sev-
eral case studies of COVID-19 patients with Guillain–Barre Syn-
drome (GBS) related symptoms (16, 17). Lastly, recent reports have
shown a small correlation with ABO blood type and susceptibility
to COVID-19, and this effect may involve pre-existing serum an-
tibodies to the blood group A (BG-A) and/or blood group B (BG-B)
carbohydrates (38–42). Collectively, these studies suggest that gly-
cans and antiglycan antibodies may play an important role in the
prevention, severity, and treatment of COVID-19.

To better understand the roles of glycans in the immune re-
sponse to SARS-CoV-2, we compared serum antiglycan IgG and
IgM antibody repertoires of uninfected control subjects with two
different cohorts of COVID-19 patients. To monitor a large and di-
verse assortment of antibody populations, we profiled each serum
sample using a carbohydrate antigen microarray with over 800
components. These studies revealed that COVID-19 patients had
substantial differences in antiglycan antibodies, including un-
usual antibodies to a variety of self-glycans.

Results
Study design
Serum from 40 SARS-CoV-2-infected patients from Raybiotech,
70 SARS-CoV-2-infected patients from the National Institutes of
Health (NIH), and 38 uninfected, healthy individuals (hereafter, re-
ferred to as “controls”) were used in the study (Table 1). All control
serum samples were collected before the outbreak of SARS-CoV-2
began. All COVID-19 patients had a positive antibody test for IgG,
IgM, or both to the spike protein receptor binding domain. Infor-
mation about patient symptoms and outcomes were not available
for the Raybiotech cohort. Blood type was not available for any of

the COVID-19 patients. The differences in age between the con-
trol group and the COVID-19-positive groups were statistically sig-
nificant and may have some influence on the results (see below).
Samples from the two COVID-19 cohorts were collected at differ-
ent times, in different countries, and as part of different studies,
helping to ensure that any observed antibody responses or differ-
ences were consistent in COVID-19 patients.

To assess the antiglycan repertoires of patients with COVID-19,
we profiled IgG and IgM from serum samples on a carbohydrate
antigen microarray containing 816 components. The microarray
included a diverse collection of N- and O-linked glycans, glycans
from glycolipids, glycopeptides, bacterial and fungal glycans, and
some natural glycoproteins. This set of glycans allows for rapid
profiling of a broad range of antiglycan antibody populations in
serum including those to both foreign and self-antigens (for desig-
nations of self/nonself, see Supporting Information and Support-
ing Excel file). Antibody signals from each Raybiotech COVID-19
patient were compared to the control set to identify signals with
statistically different averages. These initial hits were further eval-
uated using the NIH COVID-19 patients as a validation set.

Global dysregulation of serum antiglycan IgM in
SARS-CoV-2-positive patients
We started by evaluating mean IgG and IgM signals of all the ar-
ray components for each patient to assess global differences in
antiglycan antibody levels in control and COVID-19 patient sam-
ples and to provide context for individual differences (Fig. 1A).
For nearly every glycan, the mean IgM signals to glycans were 2-
to 4-fold lower in both cohorts of SARS-CoV-2-positive patients
compared to controls, while the total mean IgG signals were sim-
ilar. Across the entire array, the average IgM signals in the control
group were 2.3-fold higher than COVID-19 patients. To determine
if this effect was specific to carbohydrate-binding IgM or due to
differences in total serum IgM levels, we measured the total IgM
in the Raybiotech cohort and a subset of control samples. The av-
erage total IgM levels in the COVID-19 patient samples were 30%
lower than the average total IgM in the control samples (Figure
S1, Supplementary Material). Thus, differences in total IgM only
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Table 1. Demographics of cohorts.

Control group Raybiotech COVID-19 NIH COVID-19

Total 38 40 70
Sex (M/F) 22/16 20/20 33/37
Average age (range) 38 (18–65) 64 (41–92)∗ 53 (0–83)∗

Country of sample collection United States United States Italy
Disease severity—no. (%)

Asymptomatic or mild na 35 (50%)
Severe or critical na 35 (50%)

Comorbidities—no. (%)
Any na na 37 (59%)
Diabetes na na 5 (8%)
Obesity na na 5 (8%)
Cardiovascular disease na na 14 (22%)

Treatment—no. (%)
Hydroxychloroquine only na na 13 (19%)
Dexamethasone only na na 2 (3%)
Hydroxychloroquine and dexamethasone na na 12 (17%)

Median days from onset of symptoms to
sample collection (range)

na 33 (1–34) 18 (2–80); P = 0.19

na = not available; ∗P < 0.05.

partially explain the substantially lower IgM signals observed on
the array in SARS-CoV-2-positive patients. In addition, when com-
paring signals from a subset of patients of similar ages [30 to 50;
average = 40.5 for controls, 43.7 for Raybiotech (P = 0.32 versus
controls), and 41.3 for NIH (P = 0.66 versus controls) cohorts],
there was still a considerable difference in IgM signals (Fig. 1B).
Thus, age and total IgM only partially explain the lower overall
IgM signals in COVID-19 patients. Since we observed this differ-
ence in cohorts from different countries, the effect does not ap-
pear to be due to variations in location. Also, COVID-19 patients
and controls were randomized, so it does not appear to be due to
technical issues with the arrays or assay. Average IgM signal in the
NIH cohort did not correlate with titers to nucleocapsid, titers to
spike protein, or comorbidities, including diabetes, obesity, or car-
diovascular disease. Many (39%) of the COVID-19 patients in the
NIH cohort were treated with hydroxychloroquine and/or dexam-
ethasone, both of which are immunosuppressive; however, we did
not observe a correlation between the average IgM signal on the
array and treatment with either drug. Average IgM signal in the
NIH cohort was not correlated with the presence of a secondary
infection. For IgG, there was a small but statistically significant
different in average signals between the controls and the NIH co-
hort. This difference was not significant when comparing the sub-
set of patients ages 30 to 50.

Differences in antiglycan antibodies based on
disease status
Next, we evaluated potential differences in the mean signals be-
tween the COVID-19 and control cohorts for each of the carbohy-
drate antigens on the array. We used the Raybiotech cohort as a
discovery set and the NIH cohort as an independent confirmation
set. Overall comparisons of the Raybiotech cohort and controls
are illustrated in Fig. 2(A). Given the large, systematic differences
in IgM signals for COVID-19 patients and control subjects, we de-
cided to focus on individual array components for IgG. Signals for
a subset of 19 array components displayed statistically significant
differences with consistent directionality in both cohorts relative
to the control group (see Materials and Methods for details). A to-
tal of nine of these glycans were LacNAc derivatives; six were gly-
coproteins, glycopeptides, or peptides; three were single glycans;

and one was a nonhuman xylose derivative (Fig. 2B; Supplemen-
tary Excel file; Figure S2, Supplementary Material).

To further evaluate these results, we next compared the 19 hits
to antibody signals measured previously by our group in sepa-
rate studies. One study included 220 healthy subjects (43), and
the other study included 27 HIV-positive patients approximately
1 year after diagnosis (44). In both cases, the version of the mi-
croarray used in those studies had about half as many array com-
ponents as the current microarray, so only some of the signals
could be compared. Nevertheless, the analysis provides additional
context in those cases where it is possible. For example, LacNAc
related components, such as LacNAc (array component #238) and
LacNAc (dimeric; array component #311; also known as the i anti-
gen) were significantly lower in our COVID-19 patients than in our
prior/historical healthy control set and the HIV-positive patients.
These results indicate that low IgG to these components is con-
sistent when compared to a larger cohort of healthy controls and
that low IgG to LacNAc-related glycans is not a general feature of
viral infection.

We also evaluated several potential covariates. Signals for the
19 hits did not correlate with age or sex in any of the individual co-
horts. We have previously found no differences in antiglycan IgG
profiles based on age or sex in healthy subjects (43), so the data
reported in this study are consistent with the prior results. We did
not have sufficient information to analyze potential correlations
with race. IgG signals to LacNAc-related glycans did not correlate
with anti-SARS-CoV2 spike or nucleocapsid titers. Within the NIH
cohort, these IgG did not correlate with any comorbidities, includ-
ing diabetes, obesity, or cardiovascular disease, nor did they corre-
late with treatment with hydroxychloroquine or dexamethasone.

Potential correlations of antibodies to ABH blood
group antigens, alpha-Gal, and the Tn antigen
Prior studies have reported altered levels of antibodies to blood
group antigens, the alpha-Gal antigen, and the Tn antigen in
COVID-19 patients. Therefore, we evaluated each of these in more
detail. For each of these antigens, we have many structural vari-
ants on our array, including different carrier glycan chains, dif-
ferent linkers, and different densities on the array surface. For
the Tn antigen, GalNAc alpha-linked to serine or threonine of a
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Figure 2. Differences between COVID-19 patients and controls. (A). Volcano plots with the fold change (log2) for the average Raybiotech COVID-19
patient signal relative to the controls on the x-axis and the negative P-value (log10) on the y-axis. Dots above the dashed line were statistically
significant using a false discovery rate of 20%. (B) Box and whisker plots of the average array signals (log-transformed base 2) to LacNAc glycan array
components for IgG antibodies from control and Raybiotech and NIH COVID-19 serum samples. Also, plotted are the data from a previous studies
analyzing healthy control samples and patients with HIV infection. See Materials and Methods for the method of discovery and statistical analysis.
Each row was analyzed individually, without assuming a consistent SD. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; and ∗∗∗∗, P < 0.0001; ns, not significant.
Glycan structures were created using GlycoGlyph (45). Boxes depict quartiles and whiskers depict the min and max.

peptide chain, we have many different peptide sequences as well
as sequences with multiple Tn residues. These variations allow
us to evaluate different antibody subpopulations that may have
unique recognition requirements for capture on the array surface.

A previous study by Urra et al. reported an inverse corre-
lation for IgG and IgM antibodies to alpha-Gal [Galα1–3Galβ1–
3(4)GlcNAc] and COVID-19 disease severity; those with the most
severe outcomes had the lowest levels of alpha-Gal antibodies
(35). In their study, COVID-19 patients as a group had lower an-
tibody levels than healthy subjects. For our study, the alpha-Gal
antigen displayed inconsistent directionality. For the Raybiotech
COVID-19 cohort, COVID-19 patients had higher IgG to alpha-Gal
than controls, whereas the NIH COVID-19 cohort had lower IgG
to alpha-Gal relative to the controls. Given the inconsistent direc-
tionality of the differences, antibodies to the alpha-Gal antigen
were not considered further in this study. For IgM, we observed
strong correlations with disease status when evaluating both the
discovery set and the NIH set. In both cohorts, COVID-19 patients
had substantially lower IgM signals than controls. The effect was
quite large, with the median value of the NIH cohort being as
much as 60-fold lower than that of the controls. While consistent,
lower IgM signals were also observed for numerous other glycan

antigens and appear to be a general, overall effect rather than a
specific difference for certain antigens.

There have been several studies that have shown a correlation
between blood type and SARS-CoV-2 infection rate (38–41). In par-
ticular, individuals with blood type A have a slightly higher infec-
tion rate than those with blood type O. Since serum antibodies
to blood group antigens are highly correlated with blood type, we
next examined this family of antibodies. Thus, we might have ex-
pected to see lower antibody signals to blood group A antigens.
Instead, none of the blood group A or B antigens on our array
displayed a significant correlation with disease status in our ini-
tial discovery phase for IgG. Similar to the alpha-Gal antigen and
many other glycans, we observed significantly lower IgM to blood
group A and B antigens in COVID-19 patients versus controls.

For the Tn antigen, a prior study reported lower antibody lev-
els in COVID-19 patients relative to controls (36). This study mea-
sured combined signals from IgG, IgM, and IgA. In our study, none
of the various Tn peptides displayed a significant correlation with
disease status for IgG. For IgM, many Tn peptides showed very
strong correlations with disease status in both the discovery co-
hort and the NIH cohort. In some cases, the median value for
COVID-19 patients was as much as 8-fold lower than the control
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Figure 3. Abnormally high IgG signals for selected glycan families. (A) Heat map depicting the abnormally high IgG signals for selected self-glycans.
Glycans in rows, and patients in columns. Blue boxes represented high signals. (B) Bar graphs comparing the number of abnormally high IgG signals
for self-glycans among the three cohorts. (C) Bar graphs comparing the number of abnormally high IgG signals for nonself glycans among the three
cohorts. ∗, P < 0.05; ∗∗, P < 0.01; and ∗∗∗, P < 0.001; ns, not significant. Boxes depict quartiles and whiskers depict the min and max.

subjects. While large in magnitude and consistent, this appears to
be a general effect for IgM.

Autoantibodies to self-carbohydrates in
SARS-CoV-2-positive patients
One striking difference between serum samples from COVID-19
patients and healthy controls were unusually high antibody sig-
nals to self-carbohydrates (Fig. 3). “Unusually high” was defined
as a signal that was greater than 5 SD above the mean of the con-
trol group and a signal of at least 1,500 RFU, which is 10-fold above
the floor value for our assay. In those cases where data were avail-
able, we also required that the signals be at least 3 SD above the
mean for our prior study of 220 healthy subjects (43). For individ-
ual instances, unusually high signals were typically observed in 1
to 5 patients, with the most frequent instance occurring in 11/110
patients. For IgG, the instances were distributed over many differ-
ent patients, with 56% of the patients having at least one unusu-
ally high signal to a self-glycan and 32% having at least two. For
IgM, most of the unusually high antibody signals to self-glycans
occurred in three patients, accounting for 71% of the instances.
About 17% of patients had at least one unusually high IgM signal
and 7% had at least two.

The glycan family most frequently targeted by abnormally high
antibodies were gangliosides and other glycolipids (Fig. 3; Figure
S3, Supplementary Material). While very uncommon in healthy
individuals, antiganglioside antibodies are often found in patients
with autoimmune diseases and other nervous system dysfunc-
tions (46). For example, antibodies to asialo-GM1, GM1a, GD1a,

and GD1b are frequently observed in patients with GBS. We ob-
served unusually high IgG antibodies to several GBS glycans in
certain patients (Fig. 4A). Large IgG signals were also observed
to several other gangliosides/glycolipids not associated with GBS,
such as GD3, fucosyl-GM1, Gb5, stage-specific embryonic antigen
4 (SSEA-4), and GM3 (Fig. 4B). In many cases, such as for GM1a,
GM3, fucoysl-GM1, and 9-O-acetylated GD3, the largest signal in
the COVID-19 patients was > 10-fold higher than the highest sig-
nal in the controls and > 10-fold higher the average signal from
the prior/historical cohort of 220 patients plus 3 SD. High signals
to gangliosides were not observed in HIV-infected patients, with
the exception of anti-GT2 antibodies (Figure S4, Supplementary
Material). No abnormally high signals were observed for neutral
glycolipids and relatively few were observed for other sialylated
glycans, indicating a selective response to gangliosides.

In addition to the antibodies to gangliosides/glycolipids, we
also observed unusually large IgG and IgM signals to various N-
linked glycans and oligomannose substructures found in N-linked
glycans (Fig. 5; Figure S5, Supplementary Material). N-linked gly-
cans are abundant in the human body, and they also cover the
spike proteins of SARS-CoV-2. The most remarkable examples
were four patients with abnormally high IgG antibodies to NGA4
a complex, tetraantennary N-glycan with the following sequence:
GlcNAcβ1–2(GlcNAcβ1–6)Manα1–6[GlcNAcβ1–2(GlcNAcβ1–
4)Manα1–3]Manβ1–4GlcNAcβ. The highest COVID-19 patient
signal was > 20-fold higher than the controls from this study
as well as 20-fold higher than the mean of our prior/historical
220 healthy subjects plus 3 SD (and 10-fold higher than the
highest signal for all 220 subjects). For three of the four patients,
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Figure 4. High antibody signals to select ganglioside glycans in COVID-19 patient serum. Violin plots showing high IgG signals to various
gangliosides/glycolipids for COVID-19 patients from Raybiotech and NIH versus controls, with each point representing data from an individual patient.
Where available, graphs also include data from a prior study analyzing antiglycan antibodies of HIV-infected patients (44). To compare high signals to
a larger subset of healthy controls, the dashed lines represent 3 SD above the mean of 220 control samples from a previous study (43). (A)
GBS-associated ganglioside and (B) other gangliosides/glycolipids. Glycan structures were created using GlycoGlyph (45).

the anti-NGA4 antibodies were highly selective for NGA4; they
did not cross-react with any other related N-glycans structures
on our array, including NGA3 (GlcNAcβ1–2Manα1–6[GlcNAcβ1–
2(GlcNAcβ1–4)Manα1–3]Manβ1–4GlcNAc), a closely related
triantennary N-glycan, NGA3B (GlcNAcβ1–2Manα1–6[GlcNAcβ1–
2(GlcNAcβ1–4)Manα1–3](GlcNAcβ1–4)Manβ1–4GlcNAc), and
NA4 (Galβ1–4GlcNAcβ1–2(Galβ1–4GlcNAcβ1–6)Manα1–6[Galβ1–
4GlcNAcβ1–2(Galβ1–4GlcNAcβ1–4)Manα1–3]Manβ1–4GlcNAcβ.
These results indicate a specific response to NGA4, rather than
a nonspecific or polyreactive response. The fourth patient’s
antibodies reacted with NGA3 and NGA4, but no other N-linked
glycans. Monoclonal antibodies to N-linked glycans (PGT121,
PGT126, and PGT128) bound to the spike protein but did not

neutralize the virus (Supplementary Figures S6 and S7, Supple-
mentary Material).

Beyond gangliosides/glycolipids and N-linked glycans, we also
observed abnormally high antibody signals to a variety of other
self-glycans (Fig. 6; Figures S8 and S9, Supplementary Material).
Several of these antibodies targeted Lewis/blood group antigens
such as Lewis A (LeA), Lewis X (LeX), Sialyl Lewis X (SLeX), and
blood group H (BG-H1 and Globo H-related glycans). Several pa-
tients had unusually high IgG and IgM to malto-oligosaccharides
such as maltoheptaose; these glycans are substructures found in
glycogen. We also observed several patients with unusually high
antibodies to hyaluronic acid oligosaccharides, although this does
not appear to be specific for COVID-19 as antibodies to hyaluronic
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Figure 5. High IgG and IgM signals to select N-linked glycans in COVID-19 patient serum. Violin plots show high antibody signals to select N-linked
glycan array components for serum from COVID-19 patients compared to baseline signals seen in serum from controls, with each point representing
data from an individual patient. Where available, graphs also include data from a prior study analyzing antiglycan antibodies of HIV-infected patients
(44). To compare high signals to a larger subset of healthy controls, the dashed lines represent 3 SD above the mean of 220 control samples from a
previous study (43). (A) IgG. (B) IgM. See symbol legend in Fig. 4. Glycan structures were created using GlycoGlyph (45).

acid were also observed in HIV-infected patients (Figure S4, Sup-
plementary Material).

Antiglycan antibodies correlate with disease
severity in SARS-CoV-2-positive patients
We next evaluated potential differences in antiglycan antibod-
ies based on the disease severity. This information was available
for the NIH COVID-19 cohort but not Raybiotech. The average
age of patients with severe/critical disease was 57 (range = 23
to 83), versus 49 (range = 0 to 82) for patients with asymp-
tomatic/mild/moderate disease. The difference in age was sta-
tistically significant (P = 0.0323). There were 17 females and 18
males in the severe/critical group, and there were 19 females and
16 males in the asymptomatic/mild/moderate cohort. There was
no statistically significant difference in the sexes.

To identify potential relationships between antiglycan antibod-
ies and disease severity, we looked for significant differences be-
tween groups that also displayed consistent trends with the level
of severity (e.g. asymptomatic < mild < moderate < severe < crit-
ical). After identifying potential correlates, we also compared sig-
nals for healthy controls from this study, as well as from our
prior/historical healthy controls, to provide additional perspective
for the trends.

For IgG, antibody signals to the glycoprotein ovalbumin and its
periodate-treated variant were the only components that corre-
lated with disease severity, with lower signals associated with in-
creasing disease severity (see Fig. 7A). The differences were largely
driven by especially low signals in critical patients. Since sodium
periodate treatment degrades the glycans on glycoproteins, the re-
lationship does not appear to be glycan-dependent. Since no other

antiglycan IgG antibodies displayed this type of relationship, low
signals do not appear to be due to a general effect such as a weak-
ened immune system of critical patients. Antiovalbumin IgG did
not correlate with sex, age, titers to nucleocapsid, titers to spike
protein, or any comorbidities, such as diabetes, obesity, or cardio-
vascular disease. They also did not correlate with treatment with
hydroxychloroquine or dexamethasone, or with the presence of
secondary infection.

For IgM signals, several antiglycan antibody populations dis-
played significant correlations with disease severity (Fig. 7B; Fig-
ure S10, Supplementary Material). For maltotriose and the N-
linked glycan NA2, higher signals were associated with more se-
vere disease, especially in critical patients. The relationship was
especially notable for NA2, where signals were significantly higher
than the controls from this study and our prior/historical con-
trols, despite the fact that the most IgM signals on the array were
decreased in COVID-19 patients relative to controls. A total of
three patients had IgM signals for NA2 that met our strict cri-
teria for “abnormally high,” and several others had high signals
that were high but did not quite meet the criteria. Strong correla-
tions were also observed for antiglycan antibodies that target the
Forssman disaccharide (Forssman Di), iso-Forssman (iFs), and a
core 5 glycopeptide [Ac-Ser-(GalNAcα1–3GalNAcα1-)Ser-Ser-Gly],
glycans sharing the same terminal disaccharide motif, GalNAcα1–
3GalNAc. In these cases, however, lower signals were associated
with more severe disease. (Fig. 7B). IgM signals to core 5, Forss-
man antigen, iso-Forssman antigen, NA2, and maltotriose did not
correlate significantly with sex, age, titers to nucleocapsid, titers
to spike protein, or comorbidities, nor did they correlate with the
presence of a secondary infection. IgM to iFs and maltotriose
displayed a significant correlation (P < 0.05) to treatment with
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Figure 6. High antibody signals to self-glycans in COVID-19 patient serum. Violin plots show high antibody signals to select self glycans for serum
from COVID-19 patients compared to baseline signals seen in serum from control donors, with each point representing data from an individual
patient. Where available, graphs also include data from a prior study analyzing antiglycan antibodies of HIV-infected patients (44). To compare high
signals to a larger subset of healthy controls, the dashed lines represent 3 SD above the mean of 220 control samples from a previous study (43). (A)
IgG. (B) IgM. See symbol legend in Fig. 4. Glycan structures were created using GlycoGlyph (45).

hydroxychloroquine. However, this association was largely driven
by the difference in treatment between mild patients (only 1/35
received hydroxychloroquine; 0/35 received dexamethasone) and
severe/critical patients (24/35 received hydroxychloroquine and
9/35 received dexamethasone). If one only includes severe/critical
patients, IgM signals to these glycans no longer correlate with hy-
droxychloroquine treatment, indicating that antibodies to these
glycans were not caused by treatment. In addition, the average
IgM signals did not decrease with the use of hydroxychloroquine
(or dexamethasone), so there does not appear to be a general ef-
fect on IgM levels. The average IgM signals across the microarray
did not correlate with disease severity.

Long term follow up was available for 22 patients from the NIH
cohort. A total of four of 22 patients with 6 months follow up in-
formation experienced paresthesia, a common symptom of GBS.
In total, one of these patients had IgG autoantibodies to several

gangliosides, including Fuc-GM1, GD1b, GM1, and GM2. A second
patient had high IgG to Fuc-GM1. In total, one patient with nu-
merous IgM autoantibodies experienced prolonged skin peeling
and hair loss. Additional studies will be needed to evaluate these
relationships in more detail.

Discussion
Understanding immune responses to SARS-CoV-2 infection is crit-
ical for preventing and treating the disease. For example, SARS-
CoV-2 can trigger an overly aggressive immune response leading
to excessive damage to the patient, and uncovering this prob-
lem has led to the use of the anti-inflammatory agent dexam-
ethasone as an effective treatment for COVID-19 (47). While there
is considerable information being reported on various aspects
of the response (5, 12–14, 28, 48, 49), very little is known about
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Figure 7. Antiglycan IgG and IgM antibody signals that correlate with disease severity. (A) Box and whisker plots of the average IgG signals
(log-transformed base 2) to ovalbumin for controls, NIH COVID-19 patients designated as either asymptomatic/mild, moderate/severe, or critical, and
controls from a prior study. (B) Box and whisker plots of the average array IgM signals (log-transformed base 2) to iso-Forssman, the Forssman
disaccharide, and NA2 for controls, NIH COVID-19 patients designated as either asymptomatic/mild, moderate/severe, or critical, and controls from a
prior study. Method of discovery is ANOVA using the step-up method of Benjamini and Hochberg with a false discovery rate (FDR) = 0.05 to account for
multiple comparisons, and demonstration of consistent trends with increasing disease severity. ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001; and ∗∗∗∗, P
< 0.0001. See symbol legend in Fig. 4. Glycan structures were created using GlycoGlyph (45). Boxes depict quartiles and whiskers depict the min and
max.

immune responses to carbohydrates. Since the SARS-CoV-2 spike
protein is heavily glycosylated and enveloped viruses can also in-
corporate host glycolipids and glycoproteins into their envelope
(29–34), pre-existing or induced antiglycan antibodies could po-
tentially recognize the virus and influence disease progression.
To address these possibilities, we used a large carbohydrate anti-
gen microarray to profile serum antiglycan IgG and IgM anti-
body repertoires in two separate COVID-19 patient cohorts versu
s controls.

COVID-19 patients displayed unique antiglycan antibody pro-
files relative to healthy controls. One of the most prominent differ-
ences was a global dysregulation of antiglycan IgM in COVID-19
patients. The vast majority of antiglycan IgM signals were sub-
stantially lower than in healthy controls, while no general alter-
ations were observed for antiglycan IgG. Many antiglycan IgM an-
tibodies are produced by B1 cells, and this subset has been re-
ported to be decreased in COVID-19 patients (50). Antibodies pro-
duced by B1 cells are critical for protection from infections and
for clearing debris derived from dead cells in the body (51). The
low levels of antiglycan IgM could render COVID-19 patients more
susceptible to secondary infections and/or disrupt the proper re-
moval of cell debris.

A second striking difference in COVID-19 patients relative to
controls were autoantibodies to numerous self-carbohydrates, in-
cluding gangliosides, N-linked glycans, and Lewis antigens, in cer-
tain patients. In some cases, the antibody signals observed in
COVID-19 patients were > 20 times higher than the largest sig-
nal in the control group. Antibodies to a small subset of ganglio-
sides have been reported previously in several COVID-19 patients
(16, 52, 53). Our study provides further support of those obser-
vations and uncovers antibodies to a much larger assortment of
gangliosides/glycolipids than previously reported. These antibod-
ies could arise via recognition of gangliosides/glycolipids incorpo-
rated into the SARS-CoV-2 envelope. In addition, the detection of
abnormally high antibodies to N-linked glycans, Lewis antigens,
and other self-carbohydrates has not been previously reported in
COVID-19 patients. These antibodies could be induced by glycans
on the spike protein or host glycans incorporated into the enve-
lope. Taken together, our results demonstrate much more exten-

sive development of autoantibodies to glycans in COVID-19 pa-
tients than previously known.

Several lines of evidence indicate that the autoantibodies ob-
served in COVID-19 patients are unique and specific to SARS-CoV-
2 infection. We have investigated antiglycan antibody repertoires
in numerous human serum samples previously, including over
200 healthy subjects and over 100 cancer patients before and after
treatment with various cancer vaccines (44, 54–58). Based on our
prior work, abnormally high antibodies to human gangliosides, N-
linked glycans, and other self-glycans are uncommon. Some in-
stances where we have observed high antibodies to some of the
glycans are HIV-infected patients (antibodies to Man9, GT2, and
GT3) (44) and cancer patients immunized with a whole cell can-
cer vaccine (antibodies to GM2, GM3, Gb5, and sialyl Lewis X) (57).
In these cases, antibodies to self-glycans were present in fewer pa-
tients and for fewer glycans than what we observed in COVID-19
patients. In prior studies, we found that serum IgG and IgM levels
to nearly all glycans on our array are stable over time frames of up
to 3 years (44, 58), indicating that high signals in certain patients
are not simply due to high variability or random fluctuations over
time. Lastly, our prior studies on healthy subjects of varying age
indicate that these high antibody populations are not merely due
to increasing age.

Antibodies to self-glycans could be clinically relevant for a
variety of reasons. Autoantibodies to self-glycans are associated
with a variety of autoimmune disorders (46, 59–61). For exam-
ple, antibodies to gangliosides are often linked to neurological
disorders such as GBS and Miller Fisher Syndrome. Gangliosides
are expressed at high levels on nerve cells, and antibodies to
these glycans can have a variety of effects, including destruction
of the neuromuscular junction of nerve cells and disruption of
the blood–nerve barrier and/or blood–brain barrier (62, 63). Gan-
gliosides also play roles in immune tolerance, signal transduc-
tion, and cell adhesion, and antibodies to gangliosides can disrupt
these processes as well (64). From a clinical perspective, antibod-
ies to GM1, GD1a, GM1b, and GalNAc-GD1a are linked to acute
motor axonal neuropathy, and antibodies to GQ1b, GT1a, GD1b,
and GD3 are associated with cranial, bulbar, and sensory variants
of GBS (60, 61, 65). Much less is known about clinical effects of
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antibodies to N-linked glycans and other self-glycans, but these
glycans are present on numerous cells in the human body.

A third difference between COVID-19 patients and healthy
subjects was significantly lower than normal IgG antibodies to
the i antigen (Galβ1–4GlcNAcβ1–3Galβ1–4GlcNAc; also known as
dimeric LacNAc) and other LacNAc-containing structures. The i
antigen is expressed at high levels on fetal red blood cells and
tissues as well as in B cells, T cells, monocytes, and macrophages.
Most adults have weak autoantibodies to these antigens that bind
in a temperature dependent manner (66). They are often referred
to as “cold agglutinins” because they will agglutinate red blood
cells at lower temperatures, but not at 37◦C. In most people, they
do not cause any clinical symptoms, but they can cause anemia
in some patients, especially elderly individuals susceptible to cold
temperatures in their extremities.

The effects of low levels of IgG to the i antigen and other Lac-
NAc glycans have not been well-studied. In the context of COVID-
19, several possibilities are conceivable. LacNAc-terminal glycans
are expressed on the SARS-CoV-2 spike protein on both N-linked
and O-linked glycans (29–34, 67), so antibodies that target Lac-
NAc could bind to the virus helping to provide immune protection.
People with lower levels of these antibodies would have reduced
binding and, therefore, reduced protection from infection. Alter-
natively, low levels may be observed because SARS-CoV-2 causes
considerable cell death. Antibodies that recognize cell debris may
be depleted and/or complexed with cellular materials rendering
them unable to bind on our array.

Several serum antiglycan antibody populations were correlated
with disease severity. Lower than normal IgM levels to the Forss-
man antigen, iso-Forssman antigen, and core 5 were all correlated
with more severe disease. Anti-Forssman antibodies are typically
very abundant in human serum, and they are thought to provide
protection against infections from a variety of viruses and bac-
teria (68). The presence of autoantibodies to the N-linked glycan
NA2 were correlated with more severe disease as well. This glycan
is found on numerous human glycoproteins, and antibodies to it
could contribute to autoimmune-like features of COVID-19. Lastly,
although not a carbohydrate, we also found that low levels of IgG
to ovalbumin correlated with more severe disease. Ovalbumin is
an abundant protein in chickens, and 90% of adults have serum
IgG to ovalbumin (69). Exposure to ovalbumin can occur via diet
or via immunization with common flu vaccines. Flu vaccination
is associated with a lower risk of severe disease in COVID-19 pa-
tients (70), so low IgG to ovalbumin in our study may be related to
whether patients have received a flu vaccine.

Our study has several important implications for understand-
ing and treating COVID-19. A substantial proportion of COVID-
19 patients experience neurological symptoms, such as reduced
sense of smell, headaches, muscle pain and spasms, and pares-
thesia (71, 72). Antibodies to gangliosides are known to cause
similar neurological symptoms in individuals with GBS. While
several case reports have identified antiganglioside antibodies in
COVID-19 patients, testing for these autoantibodies is not rou-
tinely carried out. Our results indicate that these antibodies are
more widespread than previously known and that testing for anti-
ganglioside antibodies should be expanded in COVID-19 patients,
especially those with acute or prolonged neurological symptoms.
If detected, treatments commonly used for GBS like IVIG may be
beneficial. Second, convalescent plasma therapy has been granted
emergency use authorization (10, 73), and anticoronavirus hyper-
immune intravenous immunoglobulin (hIVIG) has entered Phase
III clinical trials (74). Our results indicate that convalescent sera
may contain autoantibodies to glycans, and that screening for po-

tential autoantibodies may be important to minimize potential
complications.

Several limitations of this study should be mentioned. First, our
glycan microarray only contains a small portion of the glycans
found in the human glycome. Thus, there may be other important
antiglycan antibody populations that were not detected. Second,
the overall number of patients and healthy subjects in the study
is relatively small, and we only had information about disease
severity for one of the COVID-19 cohorts. We attempted to mini-
mize false positive correlations by including two separate COVID-
19 cohorts when comparing COVID-19 patients to healthy sub-
jects, using a conservative statistical threshold for evaluating re-
lationships with disease severity, and comparing antibody signals
to our prior, historical data where possible. Nevertheless, follow up
studies will be useful to further evaluate the results of this study.
Also, longitudinal samples were not evaluated in this study. There-
fore, additional studies will be needed to determine how long the
autoantibodies and other alterations persist. Third, the screening
was carried out at a single dilution which precludes determina-
tion of titers. From our prior studies, we know that > 95% of the
signals are not saturated (in terms of the capacity of the spot to
capture antibody). However, some of the abnormally high signals
may be saturated and could be even higher than what we mea-
sured at a dilution of 1:50. Fourth, our cohorts contained samples
collected at a variety of times after the initial onset of symptoms.
As a result, we are likely to only identify differences that are rel-
atively persistent and may have missed important changes that
occurred early after infection. Lastly, we only measured IgG and
IgM isotypes. Since IgA are often produced in response to mucosal
infections, analysis of antiglycan IgA could reveal additional au-
toantibodies and relevant responses in the future.

Overall, our study highlights the importance of studying im-
mune responses to carbohydrates. Glycans are one of the major
families of antigens found on SARS-CoV-2 and other viruses, but
responses to these antigens are often difficult to study. By profil-
ing serum antibodies with a large and diverse carbohydrate anti-
gen microarray, we were able to rapidly identify substantial dif-
ferences in antiglycan antibodies between COVID-19 patients and
healthy subjects as well as antibodies that correlate with disease
severity. These results provide new insight into the immune re-
sponse to SARS-CoV-2 and illustrate the importance of studying
antibodies to host antigens in addition to viral antigens. The re-
sults also provide a more complete understanding of the risks as-
sociated with SARS-CoV-2 infection, which is critical for making
informed health decisions.

Materials and Methods
Serum samples
Publicly available, deidentified serum samples from 40 individ-
uals with SARS-CoV-2 infections and 10 healthy controls were
purchased from Raybiotech, Inc. (Peachtree Corners, GA). All in-
dividuals with samples collected by Raybiotech and designated
to be infected with SARS-CoV-2 were symptomatic. These sam-
ples were collected on-site at multiple Raybiotech locations within
the United States approximately 3 to 4 weeks after initial symp-
toms. Among the Raybiotech COVID-19-positive samples, 10 were
IgM positive, 10 were IgG positive, and 20 were not specified as
either IgM or IgG positive. Deidentified serum samples from 70
individuals with SARS-CoV-2 infections were obtained from the
NIH COVID-19 repository. These samples were collected in Bres-
cia, Italy, approximately 1 to 10 weeks after initial symptoms.
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Information about patient enrollment, sample collection, and eth-
ical approval (Comitato Etico Provinciale, Brescia, protocol NP
4000, CORONAlab) have been published previously (75). Of these
samples, three were characterized as asymptomatic, 30 were mild,
one was moderate, nine severe, and 26 critical. A total of 28 addi-
tional healthy control samples were obtained from Valley Biomed-
ical Products and Services (Winchester, VA). All non-COVID-19
samples were collected prior to the SARS-CoV-2 pandemic. The
“reference serum” used to normalize data was pooled from 10
samples purchased from Valley Biomedical Products and Services.
Samples were stored at −70◦C prior to use. All COVID-19 samples
were collected in March through May of 2020. None of the patients
or controls in this study received a COVID-19 vaccine. Given the
early stage of the pandemic, we have assumed it was the first in-
fection for each patient.

Microarray fabrication and assay
The glycan microarrays were fabricated as previously described
(76, 77). The microarray contained 816 array components and in-
cluded a variety of human glycans (N-linked glycans, O-linked gly-
cans, and glycan portions of glycolipids), nonhuman glycans, gly-
copeptides, and glycoproteins. Each array component was printed
in duplicate to produce a full array, and eight copies of the full
array were printed on each slide. Prior to each experiment, each
microarray slide was scanned in an InnoScan 1100 AL fluores-
cence scanner to check for any defects and missing print spots.
The slides were fitted with an 8-well module (Sigma-Aldrich) to
allow eight independent assays on each slide. In the assay, arrays
were blocked with 3% BSA in PBS buffer (400 μL/well) overnight at
4◦C, then washed six times with PBST buffer (PBS with 0.05% v/v
Tween 20). Serum samples diluted at 1:50 in 3% BSA and 1% HSA in
PBST were added onto each slide (100 μL/well). To minimize tech-
nical variations, all samples were assayed in duplicate on separate
slides. A mix of COVID-19 and control samples were run on each
slide to minimize effects of day-to-day or slide-to-slide variabil-
ity. Raybiotech and control samples were evaluated in a random-
ized order, and the NIH samples were assayed in a randomized
order with all information blinded to the operator. After agitation
at 100 rpm for 4 hours at 37◦C, slides were washed six times with
PBST (200 μL/well). The bound serum antibodies were detected by
incubating with Cy3 antiHuman IgG (Cy3 AffiniPure Goat AntiHu-
man IgG, Fcγ fragment specific; Jackson ImmunoResearch; cat-
alog #109–165–098) and DyLight 647 antihuman IgM (Alexa Fluor
647 AffiniPure Goat AntiHuman IgM, Fc5μ fragment specific; Jack-
son ImmunoResearch; catalog #109–605–129) at 3 μg/mL in PBS
buffer with 3% BSA and 1% HSA (100 μL/well) under agitation at
37◦C for 2 hours in the dark. Based on our prior analysis and data
for our IgG, IgA, and IgM control spots, the secondary reagents
provide selective recognition of the appropriate isotype (78). Af-
ter washing with PBST eight times (200 μL/well), the slides were
removed from the modules and soaked in PBST for 5 minutes
prior to being dried by centrifugation at 1,000 rpm (112 × g) for
10 minutes. Slides were then scanned with an InnoScan 1100 AL
(Innopsys) at 5-μm resolution. The photomultiplier tube (PMT)
settings were the same for all experiments to limit unintentional
signal variation. Slides were scanned at “high” and “low” PMT set-
tings (for the 532 nm laser, high PMT = 5 and low = 1; for the
635 nm laser, high = 25 and low = 9) to increase the dynamic
range and appropriately scale-saturated components. Signal in-
tensities ≤ 50,000 RFU were used directly from the high PMT set-
ting; intensities above 50,000 RFU were corrected using the low
PMT scans and the algorithm of Lyng et al. (79, 80). The fluores-

cence intensity of each array spot was quantified with GenePix
Pro 7 software (Molecular Devices). Any features marked as miss-
ing or defective in the prescan were excluded from further anal-
ysis. The local background corrected median was used for data
analysis, and spots with intensity lower than 150 RFU (a value
that is ∼50% of the typical IgM background) were set to 150. The
signals for replicate spots on duplicate wells were averaged and
log-transformed (base 2) for future analysis. See Figure S11 (Sup-
plementary Material) for representative preassay and postassay
array images.

Biostatistical analyses were carried out using Partek Genomics
Suite (St. Louis, MO). Controls were not included in the analysis.
Also, if no patient signals were > 10 (log2) RFU for a particular
glycan, then that glycan was removed from statistical analyses so
as not to overinterpret variations of weak signals. After remov-
ing these components, 752 remained. To identify differences be-
tween COVID-19 patients and controls, we used a two-phase ap-
proach. In the discovery phase, we identified 57 IgG signals that
were statistically different using ANOVA and the false discovery
rate (FDR) method of Benjamini and Hochberg with an FDR of 20%
(P-value < 0.0144; Supporting Excel file). This subset of compo-
nents was then evaluated within the NIH cohort to assess con-
sistency of P-values and directionality. In the second phase, 19
out of 57 IgG signals were found to have statistically significant P-
values and consistent directionality in both cohorts relative to the
controls. For analysis of potential correlations with disease sever-
ity, we used ANOVA using the step-up method of Benjamini and
Hochberg with a FDR = 0.05 to account for multiple comparisons,
and demonstration of consistent trends with increasing disease
severity.
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