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M Check for updates

The glycosylation of IgG plays a critical role during human severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, activating
immune cells and inducing cytokine production. However, the role of IigM
N-glycosylation has not been studied during human acute viral infection. The
analysis of IgM N-glycosylation from healthy controls and hospitalized cor-
onavirus disease 2019 (COVID-19) patients reveals increased high-mannose
and sialylation that correlates with COVID-19 severity. These trends are con-
firmed within SARS-CoV-2-specific immunoglobulin N-glycan profiles. More-
over, the degree of total IgM mannosylation and sialylation correlate
significantly with markers of disease severity. We link the changes of IgM
N-glycosylation with the expression of Golgi glycosyltransferases. Lastly, we
observe antigen-specific IgM antibody-dependent complement deposition is
elevated in severe COVID-19 patients and modulated by exoglycosidase
digestion. Taken together, this work links the IgM N-glycosylation with COVID-
19 severity and highlights the need to understand IgM glycosylation and
downstream immune function during human disease.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and
the disease it causes (coronavirus disease 2019 (COVID-19)), killed
more than 14 million people between 2020-21". Once viral particles are
inhaled and enter the human airway, the spike (S) protein trimer
expressed on the surface of SARS-CoV-2 membranes binds and infects
cells via the angiotensin-converting enzyme 2 (ACE2) which is

abundant in airway epithelial and endothelial cells’. The resulting
infection consists of two overlapping phases. The first mainly consists
of viral replication associated with mild constitutional symptoms.
During the second phase, a combination of the host’s adaptive and
innate immune response can result in either the efficient clearance of
virus-infected cells or the induction of multi-organ system damage
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requiring intensive care’. Patients in this second phase with severe
COVID-19 often present with elevated D-dimer?, C-reactive protein
(CRP)Y’, IL-6°, acute kidney injury’, and heightened complement
deposition®’.

At the beginning of the pandemic, the Immunophenotyping
assessment in a COVID-19 cohort (IMPACC) study was designed as a
prospective longitudinal study. Hospitalized COVID-19 patients were
enrolled from May 2020 to March 2021, and detailed clinical, labora-
tory, and radiologic data were collected®". Biological samples
including blood, nasal swabs, and endotracheal aspirates were col-
lected at multiple time points during hospitalization. Patient trajec-
tories were defined by severity of illness over the first 28 days. These
patient trajectories were divided into 5 groups based on longitudinal
observation of ordinal scores reflecting the degrees of respiratory ill-
ness and the presence or absence of complications at discharge'.
Trajectory Group 1 was characterized by a brief hospital stay without
major complications. Trajectory 2 had an intermediate length of stay
with no complications upon discharge. Trajectory 3 was characterized
by an intermediate length of stay with limitations at discharge. The
most severe trajectory groups were 4 and 5. Trajectory 4 had a longer
length of stay (-28 days) with complications, while Trajectory 5 was
characterized by fatal illness by day 28. Thus, the curation and strati-
fication of these samples provided an opportunity to determine how
human IgM glycosylation relates to acute SARS-CoV-2 infection
severity.

The glycosylation of immunoglobulins plays an important role
during the adaptive immune response to infection and vaccination°,
IgG is the best example of how variations in immunoglobulin glyco-
sylation modulate downstream immune responses. The size and
charge of IgG N-glycans occupying Asn-297 site of the Fc heavy chain
can promote antibody-dependent cellular-cytotoxicity (ADCC),
antibody-dependent cellular phagocytosis (ADCP), Fc-gamma recep-
tor affinity”?, and complement activation’~****. In hospitalized
COVID-19 patients, the sialic acid and galactose content on total IgG
N-glycans was reduced compared to patients with mild cases of
COVID-19 and healthy controls®. Furthermore, anti-spike IgG isolated
from hospitalized COVID-19 patients contained lowered core-fucose
levels in severe patients** ', promoting macrophage release of IL-6 and
TNF-a and the destruction of endothelial barriers in vitro by binding
FcyR 1A and 1A%,

While much attention has been paid to the glycosylation of IgG,
less has been focused on IgM. IgM is the third most abundant circu-
lating immunoglobulin and is produced early during the adaptive
immune response to SARS-CoV-2 infection®, Moreover, IgM is a potent
immune protein. A single immune-complexed IgM can initiate the
complement cascade® and plays important roles during early immune
responses to clear bacteria, viruses, parasites, apoptotic cells, and is
likely involved in promoting immune tolerance®. The heavy chain of
IgM contains five separate N-glycosylation sites harboring complex-
type, hybrid, and highly-mannosylated N-glycans®***’. Complex type
N-glycans populate IgM at Asn-171, Asn-332, and Asn-395 while Asn-402
and Asn-563, located closer to the tail of the IgM heavy chain, are
populated with mannosylated N-glycans® . In cell lines treated with
tunicamycin to block glycosylation of IgM, secretion of IgM was
reduced by >95%'°, demonstrating N-glycan’s crucial role in the
secretion of IgM from B-cells. In vivo, increased IgM sialylation was
associated with heightened T cell inhibition*’. In addition, evidence
supports IgM N-glycans interacting with Clq in the classical comple-
ment pathway*? and the mannan-binding lectin (MBL) associated with
the lectin pathway of complement activation®**’, The recently dis-
covered IgM-specific receptor, FcpR, expressed on NK, B, and T cells
has implicated IgM in controlling cellular activation and antibody
production**. Additional receptors for IgM Fc include Fco/pR expres-
sed by germinal center follicular dendritic cells** and polymeric Ig
receptor (pIgR) requiring the J-chain pentamer of IgM for transcytosis

to mucosal surfaces*’. However, the function of IgM N-glycans inter-
acting with these receptors remains to be explored.

While the N-glycosylation of IgM has been characterized pre-
viously in healthy pooled human serum, during cancer’®**°, and in
recombinant IgM*~°, this is the first characterization of the IgM
N-glycosylation profile isolated from humans with an acute viral
infection. Here, we report significant differences in the total and
antigen-specific IgM N-glycan content from cohorts of hospitalized
COVID-19 patients separated by severity, contrast these findings with
patient’s IgG N-glycans, and identify potential functional con-
sequences of IgM N-glycosylation.

Results

IgM di-sialylation and mannosylation associate with COVID-19
severity

Plasma from patients admitted to the hospital after testing positive for
SARS-CoV-2 was analyzed 4- and 7-days following hospital admission.
Clinical characteristics of the patients are presented in Table 1 strati-
fied by trajectory 1-5, with 1 being a mild SARS-CoV-2 infection and 5
being death from complications of SARS-CoV-2 infection within
28 days. N-glycan profiles isolated from purified total IgM were ana-
lyzed (Fig. 1a), with N-glycan identities listed in Supplemental Table 1.
N-glycans ranging from mono-antennary to tri-antennary as well as
hybrid and mannosylated moieties were observed in all IgM samples.
The 36 individual IgM N-glycan peaks with identities confirmed by
mass-spectrometry from day 4 and day 7 are included in Supplemental
Figs. 1 and 2. To analyze general trends in the IgM N-glycan profile
across disease severity, glycans were grouped by size, charge, and type
into classes (GO, Gl1, G2, SI, etc.) as denoted below the IgM N-glycan
profile in Fig. 1a.

Protein glycosylation is impacted by factors including sex, age,
and body mass index (BMI)*"®%, Therefore, COVID-19 patient cohorts
from the IMPACC study were analyzed to determine if there were
statistically significant differences between mild (trajectories 1 and 2),
moderate (trajectory 3), and severe (trajectories 4 and 5) (Fig. 1b).
There was no statistically significant difference between cohorts based
on sex, age, BMI, the number of days of COVID-19 symptoms prior to
hospitalization, or viral load. Furthermore, we determined that there
was no statistically significant difference in the concentration of total
IgM isolated between each patient cohort (Supplemental Fig. 3). After
confirming that cohort characteristics were comparable, we analyzed
the IgM N-glycosylation profiles from day 4 and 7 hospitalized COVID-
19 IMPACC patients across illness severity (Fig. 1c). Di-sialylated (S2)
N-glycans on IgM increased significantly in the severe COVID-19 cohort
on day 4 of hospitalization compared to the mild and moderate
cohorts. In addition, total mannose, including hybrid N-glycans,
decreased significantly in the severe COVID-19 cohort on day 4 IgM. On
day 7, the severe cohort’s IgM N-glycosylation maintained the trends
observed on day 4, but lost significance likely due to the death of four
of the COVID-19 patients in the severe trajectories reducing the power
of the analysis. Taken together, the changes in IgM N-glycosylation
correlate with the severity of SARS-CoV-2 infection in humans.

IgG and IgM N-glycans responses differ during COVID-19

We next compared the glycosylation of total IgM and IgG isolated from
COVID-19 patients to characterize the general plasmablast glycosyla-
tion response to viral infection. Patients were sorted into nonsevere
(trajectories 1-3) and severe (trajectories 4 and 5) cohorts to compare
the change in immunoglobulin N-glycosylation by glycan class. First,
IgG N-glycans from healthy control, nonsevere, and severe COVID-19
cohorts were analyzed as grouped classes as described in Supple-
mental Fig. 4. IgG in both severe and nonsevere COVID-19 exhibited
reduced di-galactosylation (G2) and mono-sialylation (S1) while aga-
lactosylation (GO) significantly increased compared to healthy con-
trols in the severe COVID-19 cohort (Fig. 2a). Interestingly, the 1gG
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Table 1| Drexel IMPACC Cohort

1 2 3 4 5 1-3 Nonsevere  4-5 Severe
Trajectory (n) total (n=1) (n=5) (n=6) (n=2) (n=8) (n=12) (n=10)
(n=22)
Age Mean Years (+/- S.D) 61.6 (15.5) 34 55(17.4) 64.5(14.7) 65.5(19.1) 66 (13) 58 (17) 65.9 (13.1)
Sex # Male (%) 13 (60) 1(100) 3 (60) 3 (50) 1(50) 5 (63) 7 (58) 6 (60)
Race White 19 (86) (o] 5 (100) 5 (83) 1(50) 8 (100) 10 (83) 9 (90)
Black 1(5) 0 0 0 1(50) 0 0 1(10)
Unknown 2(9) 1(100) O 1(17) 0 0 2(17) 6]
Ethnicity, No. (%) Non-Hispanic 15 (68) 1(100) 2 (40) 5(83) 1(50) 6 (75) 8 (67) 7 (70)
Hispanic 7(32) 0 3(60) 1(17) 1(50) 2 (25) 4 (34) 3(30)
Comorbidities, No. (%) None 5 (23) 1(100) 2(40) 1(17) 0 1(13) 4 (34) 1(10)
Hypertension 10 (45) 0 1(20) 4 (67) 1(50) 4 (50) 5 (42) 5 (50)
Diabetes 8 (36) 0 1(20) 2(33) 1(50) 4 (50) 3(25) 5 (50)
Chronic Lung Disease 5 (23) 0 2 (40) 0 1(50) 2 (25) 2(17) 3(30)
Asthma 4(18) 0 2 (40) 1(17) 0 1(13) 3(25) 1(10)
Chronic Cardiac Disease 4 (18) 0 0 0 1(50) 3(38) 0 4 (40)
Chronic Kidney Disease 3(14) 0 0 1(17) 0 2 (25) 1(8) 2 (20)
Chronic Neurological 1(5) 0 0 0 1(50) 0 0 1(10)
Disorder
Autoimmune Disease 3(14) 0 1(20) 0 0 2 (25) 1(8) 2 (20)
Malignancy 1(5) 0 0 0 0 1(13) 0 1(10)
Smoking (Current) 4 (18) 0 0 0 0 4 (50) 0 4 (40)
Smoking (Former) 6 (27) (o] 2 (40) 2(33) 1(50) 1(13) 4 (34) 2 (20)
Body Mass Index (BMI) Overweight (25.1-29.9) 7(32) 1(100) 1(20) 1(17) 0 4 (50) 3 (25) 4 (40)
Class | (30-39.9) 10 (45) (0] 4 (80) 4 (67) 1(50) 1(13) 8 (67) 2 (20)
Class Il (40+) 5 (23) 0 0 1(17) 1(50 3(38) 1(8) 4(40)
Symptom Onset to <3 days 8 (36) 0 3 (60) 0 1(50) 4 (50) 3 (25) 5 (50)
Hospitalization 4107 days 4(18) 0 0 3 (50) 0 1013) 3(25) 1010)
8 to 14 days 4(18) 1(100) 1(20) 1(17) 0 1(13) 3(25) 1(10)
>14 days 1(5) 0 0 0 0 1(13) 0 1(10)
Level of respiratory sup- Mechanically ventilated 4 (18) 0 0 0 2 (100) 2 (25) 0 4 (40)
port (%) High Flow Nasal 02 3 (14) 0 0 2(33) 0 1013) 2(17) 1010)
Supplemental Oxygen 10 (45) 0 3 (60) 4 (67) 0 3(38) 7 (58) 3(30)
SOFA Score Mean (+/- S.D.) 2(3.9) o] 0.2(0.4) 0.3(0.8) 10.5(21) 2.6(0.6) 0.3 (0.6) 4.2 (5.1)
Remdesivir #, (%) 7(32) 1(100) 2(40) 2 (33) 1(50) 1(13) 5 (42) 2 (10)
D-Dimer Mean (+/- S.D.) 3(4.2) 0.8 0.7(0.3) 1(0.4) 12.7(0.9) 3.2(3.6) 0.9 (0.4) 5.3(5.2)
BUN Mean (+/- S.D.) 26.7 (16.3) n 14 (9) 18 (7.4) 50 (2.8) 36.3(14.7) 15.5(7.8) 39 (14.2)
Creatinine Mean (+/- S.D.) 1.1(0.5) 1 0.8(0.2) 0.8(0.2) 2(0.4) 1.3(0.5) 0.8(0.2) 1.4 (0.6)

Hospitalized COVID-19 patient plasma cohorts are sorted into trajectories 1-5 based on symptom severity assessed by the IMPACC study definition with demographic and clinical parameters, and into

cohorts of nonsevere (trajectory 1, 2, and 3) and severe (trajectory 4 and 5).

N-glycosylation of the severe and nonsevere cohorts exhibited sig-
nificant differences for the G2 and SI classes. In contrast, the IgM
N-glycosylation from the same patients revealed multiple significant
changes between severe and nonsevere cohort N-glycan classes
(Fig. 2b). GO and mono-galactosylated (G1) N-glycans significantly
decreased in severe patients compared to the nonsevere cohort. Fur-
ther, the increase in S2 remained significant while tri-sialylated (S3)
content also increased significantly in the severe COVID-19 cohort. In
comparison, the S2 sialylation of severe patient IgG N-glycans
remained lowered or unchanged on day 4 compared to healthy con-
trols (Fig. 2a), aligning with previous studies of IgG N-glycosylation in
hospitalized COVID-19 patients®**°, Lastly, the decrease in mannose
remained significant in severe trajectory patients compared to non-
severe patients on day 4 of hospitalization.

The decrease in total mannose content required further inter-
rogation because 11 hybrid and mannosylated N-glycans contribute
to the overall decrease observed in IgM during severe COVID-19
(Fig. 2¢). The decrease in total mannose was predominantly due to

lowered levels of the smaller hybrid moieties: M4Gl, FM4Al, and
M5AL1 in combination with the mannosylated moieties: M5 and the two
isoforms of M6. Mannosylated structures or co-eluting peaks larger
than M6 did not significantly decrease, while M9 significantly
increased in the severe COVID-19 cohort. Next, mannose and hybrid
structures ranging from M4-Mé6 were compared to mannose structures
M7-M10, revealing a potential reduction in the degree of mannose
processing by Golgi-bound mannosidases during IgM production.
Taken together, the glycosylation pattern of IgM was consistently
altered in the severe COVID-19 cohort, with major classes of IgM
N-glycans trending in opposite directions compared to the IgG
N-glycan classes.

Glycosyltransferase expression correlates with IgM
N-glycosylation

The observed changes in IgM N-glycosylation likely result from gly-
cosyltransferase expression within the Golgi of B cells or plasmablasts.
While plasmablast-specific transcriptomics were not available,
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a. Total IgM N-glycan Profile
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IMPACC study collaborators at Emory University provided glycosyl-
transferase and glycosidase transcript expression data isolated
from peripheral blood mononuclear cells (PBMCs) collected on day O
of patient hospitalization. After normalizing the data by total read
count and transforming by log2 for comparability, expression profiles
were compared between the severe and nonsevere COVID-19
trajectories.
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The expression of the mannosidases MANIA2 and MAN2Al
decreased significantly in the severe cohort compared to the non-
severe cohort (Fig. 3a). These mannosidases are responsible for pro-
cessing high mannose structures into smaller mannose moieties®. The
decrease in mannosidase expression aligns with data in Fig. 2c where
we observe less mannosidase-processed M5 and M6 content in
the severe COVID-19 cohort IgM. In addition, IgM total mannose
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Fig. 1| IgM N-glycosylation analysis reveals differences in COVID-19 patients
stratified by trajectory. a IgM N-glycans labeled with the RapiFluor (RFMS) were
profiled with UPLC-FLR-ESI-MS. The resulting N-glycans were identified using mass
spectrometry and retention time data. Please see Supplementary Table 1 for a
complete list of N-glycans. Dashed lines represent N-glycans without confirmed
mass identities due to the limitation of the RFMS label in the QDa mass spectro-
meter. IgM monomer is displayed with the 5 conserved glycosylation sites labeled,
created using BioRender. GP = glycan peaks. b Cohort demographics: Sex, age,
body mass index (BMI), time from symptom onset to hospital admission, and viral
load expressed as the delta-delta change between SARS-CoV-2 nucleocapsid pro-
tein 1 (N1) and the house keeping gene RNP via RT qPCR are presented stratified
across trajectory 1-2 (n=6), 3 (n=6), and 4-5 (n=10) data are presented at mean
values +/- S.D. Data was analyzed for significance using a one-way ANOVA with

Tukey’s multiple comparisons test. ¢ IgM N-glycans are grouped by class: GO refers
to core diantennary N-glycans lacking galactose, Gl refers to core diantennary
N-glycans with a single galactose, G2 refers to core diantennary N-glycans with two
galactoses, S1 refers to diantennary N-glycans with a single sialic acid, S2 refers to
di- and tri-antennary N-glycans with two sialic acids, S3 refers to triantennary
N-glycans with three sialic acids, Mannose refers to M4-M10 and hybrid-type N-
glycans, Bisecting refers to any N-glycan with a bisecting GIcNAc moiety, Fucosy-
lated refers to any N-glycan with a core-fucose. Healthy Control (n =2), Day 4
Trajectory 1&2 (n = 6), Day 7 Trajectory 1&2 (n = 5), Day 4 Trajectory 3 (n=6), Day 7
Trajectory 3 (n=5), Day 4 Trajectory 4&S5 (n=10), Day 7 Trajectory 4&S5 (n=6).
N-glycan classes are graphed as mean values +/- S.D. Statistical significance was
determined using a one-way ANOVA with Tukey’s multiple comparisons test
*p<0.05, **p < 0.001. Source data are provided as a Source Data file.

correlated with MAN1A2, the o-mannosyltransferase TMTC2, and the
«-2,3 sialyltransferase ST3GAL4 (Fig. 3b).

The expression of the «-2,3 sialyltransferase ST3GAL4 and the
O-glycan a-2,6 sialyltransferase ST6GALNAC2 were significantly ele-
vated in the severe COVID-19 cohort (Fig. 3a). Interestingly, the
ST6GALL1 did not significantly differ between COVID-19 severity sug-
gesting that a portion of the increased sialylation on IgM is due to the
a-2,3 sialyltransferase ST3GAL4 (Supplemental Table 7). When IgM
N-glycans were digested with the exoglycosidase neuraminidase S,
specifically cleaving a-2,3-linked sialic acids, we detect a significant
reduction in the A3G3S3 glycan species and an increase in the A3G3S2
abundance (Supplemental Fig. 5). Because ST6GALNAC2 adds an «-2,3
linked sialic acid to the O-glycans expressed on leukocyte cell surfaces,
it is unlikely to add sialic acid to IgM®. However, the increased
ST6GALNAC2 expression in the severe COVID-19 cohort PBMCs may
reflect a reduced propensity for leukocytes to migrate into tissues due
to sialic acid blocking P-/L-selectin ligand affinity®. Lastly, we report
that a summation of all the sialic acids (S1, S2, and S3) from IgM
positively correlated with the expression of ST3GAL4 (Fig. 3b). This
finding suggests a potential role for ST3GAL4 adding sialic acid to IgM,
but future studies will need to confirm this phenomenon specifically in
plasmablast transcriptomic studies. In comparison to IgM N-glycans,
IgG N-glycan agalactosylation, di-galactosylation, and mono-sialylation
correlated to MAN1A2, but not ST3GAL4 or ST6GAL1 expression
(Supplemental Tables 5, 6). All in all, the PBMC transcriptomic data
support our observations of IgM glycosylation within the severe
COVID-19 cohort.

Clinical markers of COVID-19 severity correlate with IgM
glycosylation

Next, we sought to determine if the changes in IgM N-glycosylation
were associated with clinical laboratory data and additional cytokine
panels collected in the Drexel University cohort with the IMPACC
study'®. These data were analyzed for correlations to IgM total
mannose and S2 content using a linear regression model (Supple-
mental Tables 2 and 3). The reduction of IgM mannose in severe
COVID-19 patients negatively correlated with increased D-dimer, blood
urea nitrogen (BUN), creatinine, and potassium (K+) (Fig. 4a). In
addition, the increased IgM S2 content positively correlated with the
same clinical measurements--except for a nonsignificant correlation
with potassium, p =0.186 (Fig. 4b). In contrast, levels of agalactosyla-
tion, di-galactosylation, and mono-sialylation from total IgG correlated
with the clinical laboratory values of D-dimer, but not BUN, creatinine,
or potassium (Supplemental Tables 4-6).

The severity of COVID-19 has also been associated with higher
anti-SARS-CoV-2 IgG and IgA antibody abundance at the time of hos-
pital admission®. Therefore, we sought to correlate IgM glycosylation
with the relative abundance of anti-SARS-CoV-2 nucleocapsid (anti-N)
immunoglobulins (see Supplemental Table 7 for all comparisons of
anti-N immunoglobulin abundances between severe and nonsevere
cohorts). Anti-N IgA relative abundance negatively correlated with IgM

mannose content, while the increase in IgM S2 content positively
correlated with anti-N titers of IgA, IgM, and IgG relative abundance
(Fig. 4¢). This correlation could suggest IgM glycosylation reflects a
specific plasmablast phenotype during severe COVID-19 that differs
from the nonsevere cohort. On the other hand, levels of IgG aga-
lactosylation, di-galactosylation, and mono-sialylation did not corre-
late with anti-N antibody abundance (Supplemental Tables 4-6).
Last, we examined data from a 32-plex cytokine panel to deter-
mine if circulating cytokines were associated with the glycosylation
changes observed on IgM. Cytokines previously demonstrated to alter
glycosyltransferase activity such as IFN-y, TNF-a, IL-6, IL-17A, or IL-
10%7%® did not significantly correlate with IgM mannose or S2 content
(Supplemental Tables 2 and 3). The only cytokine to increase sig-
nificantly in the severe cohort compared to the nonsevere cohort was
IL-18 (Supplemental Table 7). This cytokine nearly correlated
(p=0.057) to the IgM mannosylation levels (Supplemental Table 3).
Taken together, IgM N-glycosylation correlates to other known mar-
kers of COVID-19 severity, but the factors inducing the changes to IgM
N-glycosylation during severe COVID-19 have yet to be elucidated.

SARS-CoV-2 spike S1-specific immunoglobulin N-glycan profiles
To further characterize the differences observed between the severe
and nonsevere COVID-19 cohort, we analyzed N-glycan profiles from
SARS-CoV-2 spike Sl-specific immunoglobulins. These N-glycan pro-
files represent pooled plasma from 12 nonsevere and 10 severe COVID-
19 patients. The heavy chain of spike S1-specific IgG from the severe
cohort contained more FA1GO (4.9-fold, GP1), FA2GO (2-fold, GP3), and
FA2G1 (1.7-fold, GP7) compared to the nonsevere cohort (Fig. 5a,
Supplemental Table 8). Meanwhile, the A2G2S2 (GP21) N-glycan was
over 2-fold more abundant in the nonsevere cohort spike S1-specific
IgG heavy chain. These findings align with the severe versus nonsevere
COVID-19 total IgG N-glycan profile analysis and previous reports of
spike S1-specific IgG N-glycosylation®.

We next analyzed the N-glycans associated with the spike SI-
specific heavy chain of IgM. Here, spike S1-specific IgM from the severe
cohort contained more FA2BGlI (1.6-fold, GP9), FA2G2 (1.6-fold, GP13),
FA2G2S1 (1.4-fold, GP18), FA2G2S2 (1.2-fold, GP24), and total S3 (1.3-
fold, GP30-33) N-glycan species compared to the nonsevere cohort
(Fig. 5b, Supplemental Table 9). In comparison to the total IgM
N-glycan profile, there was higher relative abundance in the A2G2S2
(GP23) species in both the severe and nonsevere cohorts.

Last, we sialidase-digested the severe and nonsevere spike SlI-
specific IgM N-glycans Because sialylated complex-type N-glycans
elute at similar retention times as the high-mannose species M7-M10.
By removing the sialylated species from the IgM N-glycan profile, we
observed an increased abundance of high-mannose species M7 (1.1-
fold, GP13-14), M8 (1.5-fold, GP16-19), M9 (1.3-fold, GP20-21), and M10
(2.1-fold, GP22) in the severe cohort (Fig. 5¢c, Supplemental Table 10).
The increased abundance of M7-M10 N-glycans in the severe COVID-19
cohort concurs with the total IgM N-glycan profiles and the Golgi
mannosidase expression data from the severe COVID-19 cohort. As
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jectory COVID-19 patients. a IgG N-glycans from healthy control (n=2), day 4
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Fig. 3 | Changes in IgM N-glycosylation correlate with PBMC glycosyltransfer-
ase/glycosidase mRNA expression. a COVID-19 trajectory 1-3 (nonsevere, n =12
biologically independent samples) and trajectory 4 and 5 (severe, n =10 biologically
independent samples) expression of glycosyltransferases were significantly dif-

ferent between MAN1A2 (p = 0.007), MAN2AL (p = 0.025), ST3GAL4 (p = 0.018), and
ST6GALNAC2 (p =0.025). Data are presented as mean values +/- S.D. The role of
each glycosidase and glycosyltransferase are depicted below. b Total mannose on
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IgM positively correlated with MAN1A2 and TMTC3 expression while negatively
correlating with ST3GAL4 expression. The summation of sialic acids on IgM posi-
tively correlated with ST3GAL4 expression. mRNA expression is graphed as mean
+/- S.D. Statistical significance was determined using a two-sided Kruskal-Wallis
test with *p <0.05 and **p < 0.01. Associations between IgM N-glycosylation and
mRNA expression were determined using simple linear regression analysis. Source
data are provided as a Source Data file.

indicated in the illustration of IgM heavy chains in Fig. 5b, c, these high-
mannose structures likely occupy the Asn-563 and Asn-402 close to the
C-terminus of the IgM constant domain and could participate in
complement deposition. Taken together, the N-glycan trends from
total plasma IgG and IgM are confirmed within the respective spike S1-
specific immunoglobin G and M N-glycan profiles and offer new
insights into the acute viral response.

Increased IgM-dependent ADCD in severe COVID-19 patients
We next sought to interrogate the differences in complement
deposition rates initiated by SARS-CoV-2 circulating plasma antibodies
in general, and IgM specifically. We adapted an antibody-dependent
complement deposition (ADCD) assay employing fluorescent beads
conjugated to a biotinylated antigen to compare complement
deposition rates with SARS-CoV-2 antigens: receptor binding domain
(RBD), and spike S1°. After incubating either diluted plasma or purified
IgM with antigen-coated beads, deposition of guinea pig complement
was detected using flow cytometry (Fig. 6a). In nonsevere and severe
plasma, RBD induced low ADCD, aligning with previously reported
ADCD trends™®”" (Fig. 6b). Further, purified IgM incubated with RBD
did not induce complement deposition above the PBS background
control.

We next assayed ADCD with the spike S1 antigen because others
had detected higher levels of complement deposition by using the
whole length of the spike S1 rather than the RBD™. Plasma from severe

and nonsevere COVID-19 cohorts incubated with spike S1 deposited
levels of complement above background, with the severe cohort
depositing slightly higher levels (Fig. 6¢). We postulate that the IgG in
these plasma samples is the major determinant of complement
deposition due to its antigen affinity, and the higher relative abun-
dance of IgG in plasma’. Nevertheless, when equal amounts of purified
total IgM were incubated with spike S1 from the severe and nonsevere
COVID-19 cohorts, we observed a 2.8-fold higher rate of IgM-
dependent complement deposition in the severe COVID-19 cohort
(68.5%) versus the nonsevere cohort (24.3%) (Fig. 6c). Of note, the
abundance of anti-spike S1 IgM from the pooled severe COVID-19
cohort was 1.7-fold higher than the nonsevere cohort as indicated by
LC-MS/MS analysis of the Coomassie-stained Sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) of spike Sl-specific
immunoglobulins (Supplemental Figs. 6¢ and d). This suggests the
higher relative abundance of anti-spike S1 IgM and the N-glycans
populating IgM responding to severe SARS-CoV-2 infection both pro-
mote higher complement deposition rates.

To explore the role N-glycans play during complement deposi-
tion, plasma and purified IgM were digested with a non-specific siali-
dase (S) and assayed for spike S1-specific ADCD (Fig. 6d). Plasma spike
S1 ADCD remained unaffected following sialidase digestion; suggest-
ing the predominant immunoglobulin in plasma, IgG, does not require
sialic acid to promote complement deposition. In contrast, sialidase
digestion of spike S1-specific IgM from the severe COVID-19 cohort

Nature Communications | (2024)15:404



Article

https://doi.org/10.1038/s41467-023-44211-0

@® Day 4 Trajectory 1+2

Day 4 Trajectory 3 @ Day 4 Trajectory 4+5

a.

IgM Mannose:

BUN

R?=0.32
P-value: 0.0075

D-Dimer
R2 = 0.224
o ° P-value: 0.0405
L]

15 80

Creatinine ... Potassium
* * R2=0299 - R? = 0.317
20 0 Pevalue:0.0103 45 -2°° Pvalue: 0.008

N
-!‘.

Creatinine

[}
£ -~
5 5 1.0 ° . \\\\.
a 20 05 e 38 ° .
0 ) ° - L]
T
15 20 25 S 30 | . . . . 0.0+ T T T ; 3.0 T T T 1
. Total Mannose 10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
- Total Mannose Total Mannose Total Mannose
IgM S2: D-Dimer BUN Creatinine Potassium
2 = 80 2= 5.0 2=
15 R2=0.350 R2=0.209 25 R2 = 0.295 R2=0.09 .
P-value: 0.0076 . P-value: 0.036 P-value: 0.011 ° P-value: 0.186
60 2.0 s . // 4.5
10 @
£
g 34 £ & a0
£ 5 3
? L 1.0
a 20 © 35
o . 05
40 °
1 T T T T 1 o4 , , , , . 3.0 T T T T 1
5 Total S2 15 20 25 30 35 40 45 20 25 30 35 40 15 20 25 30 35 40
Total S2 Total S2 Total S2
C. IgM Mannose IgM S2
Anti-N IgA _ Anti-N IgA Anti-N IgM Anti-N IgG
S w g ¥ 2 10 R?= 027 S 607 R2=0.267
Z. w0 R2 = 0.254 £ 60 R2 = 0.438 e B P al_go 820 ° ¥ P-value: 0.016 .
ts P-value: 0.019 S35 P-value: 0.001 £ g -value: 0. £540
2 > 8 2
2w £ g™
22 £% 2s 2z
€ % gz 3 g 58 o
23 %32 L €3
3z , 28  EF s B8 0
z Z J 3B 2 z
= s T Total S2 =
s -2 Total Mannose § 20 Total S2 £ £ 20 Total S2
©

Fig. 4 | Changes in IgM N-glycosylation Associate with Clinical Markers of
COVID-19 Severity. a Total mannose content (summation of M4-M10 and hybrid N-
glycans) was correlated to hospital laboratory measurements of D-dimer, Blood
urea nitrogen (BUN), creatinine, and potassium measured on day 4 of hospitali-
zation using simple linear regression analysis. R* and p-values are reported for each
comparison, estimated by simple linear regression, with bolded p-values con-
sidered statistically significant. b Total di-sialylated (S2) N-glycans were correlated
with hospital laboratory measurements of D-dimer, BUN, creatinine, and potassium
using simple linear regression. R? and p-values are reported for each comparison,

&
3

estimated by simple linear regression, with bolded p-values considered statistically
significant. ¢ Anti-nucleocapsid protein (anti-N) IgA, IgM, and IgG detected from
patient plasma donated at the time of hospital admission (Day 0) were correlated to
IgM mannose content and S2 content. Green dots identify day 4 Trajectory 1+2,
yellow dots identify day 4 trajectory 3, and red dots identify day 4 trajectory 4 +5
hospitalized COVID-19 cohorts. R? and p-values are reported for each comparison,
estimated by simple linear regression, with bolded p-values considered statistically
significant. Source data are provided as a Source Data file.

reduced complement deposition by 50% compared to the undigested
severe cohort IgM. The remaining 34.7% complement deposition in
the sialidase-digested severe IgM could be related to the increased
M7-M10 content associated with severe COVID-19. Taken together,
we report that severe COVID-19 cohort IgM induces higher levels
of antigen-specific complement deposition - which could be
glycosylation-dependent.

Discussion
IgG N-glycosylation and effector function have been well characterized
during acute SARS-CoV-2 infection®*°. However, IgM antibodies also
play vital roles during immune responses, promote affinity maturation,
maintain hemostasis at mucosal sites including the gut and lung, and
induce significantly higher levels of complement deposition compared
to IgG”. We suggest that IgM N-glycosylation has been overlooked
during the acute COVID-19 immune response. Within the subset of the
IMPACC cohort enrolled at Drexel University (n = 22), we find that host
IgM N-glycosylation correlates with disease severity and may promote
antigen-specific complement deposition.

We report a significant decrease in total IgM mannose in patients
with severe COVID-19 (trajectories 4 and 5) compared to those with

nonsevere COVID-19 (trajectories 1-3). By examining the mannose and
hybrid structures contributing to this decrease, we conclude IgM
contains fewer (M4-M6) mannose structures during severe COVID-19.
Instead, IgM in severe COVID-19 contains larger mannose structures.
The observation of increased levels of high-mannose M7-M10 were
confirmed when analyzing Spike Sl-specific IgM. These findings are
supported by decreased mannosidase MAN2A1 and MAN1A2 expres-
sion within patient PBMC mRNA glycosyltransferase (GT) expression
responsible for trimming high-mannose content in the Golgi. Pre-
viously, MAN1A2 genetic variability was identified as a potential cor-
relate with susceptibility to SARS-CoV-2 infection’ and is regulated by
miRNA during influenza’>’¢. More work into the regulation of man-
nosidase expression is required to confirm if the changes observed in
PBMC mRNA are maintained within the plasmablast cell population.
Considering the increased sialic acid content on total and spike S1-
specific IgM from patients with severe COVID-19, one publication
reported higher levels of sialic acid detected in IgM isolated from
cancer patients*. During severe COVID-19, increased sialylation is
likely presented on IgM glycosylation sites: Asn-395, Asn-332, and Asn-
171 which could participate in immunomodulatory signaling. Multiple
receptors on immune cells may interact with IgM presenting increased
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Fig. 5 | Assessment of Day 4 SARS-CoV-2 spike S1-specific immunoglobulin G
and M heavy chain N-glycosylation. a Fluorescent N-glycan traces are overlaid
from day 4 pooled severe (red line) and day 4 nonsevere (black line) anti-SARS-CoV-
2 spike S11gG heavy chain (50 kDa) isolated from SDS-PAGE gel plugs b Fluorescent
N-glycan traces are overlaid from day 4 pooled severe (red line) and day 4 non-
severe (black line) anti-SARS-CoV-2 spike S11gM heavy chain (75 kDa) isolated from
SDS-PAGE gel plugs. c Sialidase digested fluorescent N-glycan traces are overlaid
from day 4 pooled severe (red line) and day 4 nonsevere (black line) anti-SARS-CoV-

9 10 11 12

2 spike S11gM heavy chain (75 kDa) isolated from SDS-PAGE gel plugs. Glycan peak
(GP) number and Glucose units (GU) are indicated under each immunoglobulin
heavy chain trace. N-glycosylation sites of IgG and IgM are presented in the upper
right corner of each panel, created using BioRender. Green bars indicate high-
mannose content while yellow bars indicate complex-type glycosylation sites on
the IgM heavy chain. N-glycans with visible differences between severe and non-
severe cohort N-glycan profiles are displayed.
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Fig. 6 | Antigen-specific complement deposition (ADCD) induced by plasma
and IgM from severe and nonsevere COVID-19 cohorts. a Gating strategy for the
detection of complement deposition on fluorescent beads using flow cytometry.
b ADCD assay using the RBD antigen assayed two times with pooled day 4 tra-
jectory 1-3 (n=1 biologically independent sample) and pooled day 4 trajectory
4&5 (n=1biologically independent sample) plasma or IgM. Data are presented as
mean values +/- S.D. ¢ SARS-CoV-2 spike S1 antigen was assayed for ADCD with
pooled day 4 trajectory 1-3 (n = 1 biologically independent sample) and pooled day
4 trajectory 4&S5 (n =1 biologically independent sample) plasma six times. Spike S1
antigen was assayed for ADCD with pooled day 4 trajectory 1-3 (n =1 biologically
independent sample) and pooled day 4 trajectory 4&5 (n =1 biologically

5 g IgM

independent sample) IgM five times. Data are presented as mean values +/- S.D.
d Plasma and IgM samples from pooled day 4 trajectory 1-3 (n =1 biologically
independent sample) and pooled day 4 trajectory 4&S5 (n =1 biologically inde-
pendent sample) remained undigested (U) before assaying for ADCD six times for
plasma and five times for IgM. Samples of plasma and IgM from day 4 trajectory 1-3
(n =1 biologically independent sample) and pooled day 4 trajectory 4&5 (n=1
biologically independent sample) were digested with sialidase (S) before assaying
for ADCD two times. Data are presented as mean values +/- S.D. Dotted horizontal
lines refer to background binding by FITC anti-C3 antibody in PBS-only samples.
Statistical significance was determined using a two-sided unpaired t-test. Source
data are provided as a Source Data file.

sialic acid content, resulting in functional consequences for the
humoral immune response. For example, sialic acid-binding Ig-type
lectin G (Siglec G or CD22) expressed on B-cells has been reported to
bind IgM”’.

When we examined the PBMC sialyltransferase mRNA expression
data, we did not observe significant changes in the ST6GAL1 mRNA

levels between severe and nonsevere COVID-19 cohorts. However, we
detected increased ST3GAL4 mRNA expression in the severe COVID-19
cohort, which positively correlated with the summation of all sialic
acid content on IgM. We observed the presence of a-2,3 sialylation on
IgM, suggesting some of the increased sialylation on IgM isolated from
severe COVID-19 patients could be attributed to ST3GAL4 activity. A
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previous high-throughput glycomic analysis of COVID-19 patients
identified increased a-2,6 and «-2,3 sialylation in total plasma, lung,
and liver tissue’®; associating the increased sialylation of complement
proteins with heightened rates of complement deposition during
severe COVID-19. Therefore, the increase in ST3GAL4 during severe
COVID-19 may be exerting proinflammatory effects during severe
COVID-19 pathogenesis through IgM and other glycoproteins.

In severe and nonsevere COVID-19 cohorts, we observed sig-
nificant increases in the agalactosylated N-glycans on IgG with con-
comitant decreases of G2 and S1. These findings were confirmed in the
spike Sl-specific IgG N-glycan profile, with higher levels of agalacto-
sylation in the severe COVID-19 cohort. In contrast, the IgM N-glycan
profile decreased GO and Gl content, instead increasing S2 and
S3 sialic acid as well as acquiring larger, unprocessed mannose con-
tent. These trends were observed in the spike Sl-specific IgM sub-
population. The differences in glycosylation detected between IgG and
IgM from the same COVID-19 patients suggest that IgG and IgM are
processed in the Golgi in different manners during severe COVID-19.
Because IgG contains nearly all a-2,6 sialic acid”® and ST6GALI tran-
scripts remain unchanged between severe and nonsevere COVID-19
cohorts, the upregulation of ST3GAL4 may contribute to the increased
sialylation observed on IgM in severe COVID-19 patients. Glycosyl-
transferase expression is regulated by multiple cytokine and chemo-
kine factors during an immune response, but these regulatory factors
are not fully elucidated®. Taken together, the differences in total and
antigen-specific immunoglobulin G versus M glycosylation require
further investigation and may reveal more details about the humoral
response to severe viral infections.

To understand the factors promoting COVID-19 severity, markers
of severe COVID-19 were correlated with IgM N-glycans from severe
and nonsevere COVID-19 cohorts. Elevated D-dimer, blood urea
nitrogen (BUN), creatinine, potassium, and the abundance of anti-
nucleocapsid antibodies® correlated with mannose and S2 IgM
N-glycosylation. Elevations in potassium, BUN, and creatinine reflect
acute kidney injury®*®* while elevated D-dimer indirectly reflects cir-
culatory thrombosis often observed in severe COVID-19 patients*®. In
contrast, IgG N-glycans from severe and nonsevere cohorts correlated
with the elevation in D-dimer but no other clinical parameters. In the
future, it would be fascinating to examine IgM and IgG N-glycosylation
in patients with long-COVID in the post-acute setting, building off
work indicating total IgM and IgG3 signatures predict post-acute
COVID-19 syndrome®®. Allin all, IgM N-glycans correlated with multiple
markers of COVID-19 severity and may play a role in severe COVID-19
pathogenesis.

Overactivation of complement has been associated with mortality
and morbidity from COVID-19 in severe cases’>**°. Of note, a recent
multi-omic analysis of over 500 COVID-19 patients from the IMPACC
study identified complement activation as a contributor to the main-
tenance of a severe inflammatory response to SARS-CoV-2". Because
IgM is highly effective at inducing complement, and the N-glycans on
IgM were significantly altered in severe vs nonsevere COVID-19 tra-
jectories, we sought to determine if the N-glycans on IgM impact SARS-
CoV-2 antigen-specific complement deposition. The RBD antigen
complement deposition was low, likely due to the lower levels of
specific anti-RBD antibody abundance during the first 10 days in
COVID-19 naive patients lacking previous vaccinations". When we
assayed ADCD with the spike S1 antigen, we observed higher com-
plement deposition in the plasma of the severe COVID-19 cohort
compared to the nonsevere cohort. We next observed that purified
IgM from the severe COVID-19 cohort led to significant complement
deposition when incubated with the spike S1 antigen. Of note, purified
IgM has been previously assayed for complement deposition using
guinea pig complement® % Compared to IgM from the nonsevere
COVID-19 cohort, the severe cohort IgM induced significantly higher
levels of spike S1 ADCD. Because IgM interacts with complement

Cl1q***®, we hypothesize that the sialic acid and high-mannose N-gly-
cans associated with the severe cohort spike S1-specific IgM impact the
rate of antigen-specific complement deposition.

We digested plasma and IgM with a non-specific sialidase to
explore the role sialic acids play in ADCD. Spike S1 ADCD from plasma
digested with a sialidase remained high, indicating the predominant
plasma immunoglobulin, IgG, does not require sialic acid to induce
complement deposition’. However, spike S1 ADCD was reduced when
IgM from severe COVID-19 was digested with a non-specific sialidase.
This suggests sialylated IgM N-glycans are required for optimal com-
plement deposition, and the remaining complement deposition could
be associated with the high-mannose content detected on IgM from
the severe COVID-19 cohort. It is intriguing to see that IgM glycosyla-
tion could be in part responsible for promoting complement deposi-
tion during severe COVID-19 pathogenesis. We hypothesize that
complement deposition by IgM in conjunction with IgG, could pro-
mote acute respiratory distress syndrome (ARDS) or acute kidney
injury (AKI) observed in severe COVID-19 patients. In the future, larger
sets of individual severe and nonsevere COVID-19 patient cohorts
should be assayed for ADCD to confirm these findings.

This report analyzed patients from Drexel University’s portion of
the IMPACC study. Larger sample sets collected from multiple hospital
sites should confirm these findings. Furthermore, this cohort was
collected early in 2020 when COVID-19 was predominantly driven by
the ancestral SARS-CoV-2 strain. Patients at this time lacked access to
life-saving vaccines, antiviral medications, and rapid testing. There-
fore, newer variants of the virus, more effective treatments, and vac-
cination may alter the characteristics of severe COVID-19 patient IgM
N-glycosylation. In addition, one extraneous source of N-glycans is the
IgM pentamer J-chain. Yet, only one out of the ~60 N-glycans per IgM
pentamer is associated with the J-chain and thus this potential N-glycan
contribution was ignored during data analysis. Lastly, antigen-specific
IgM glycopeptide analysis would provide more information about the
site-specific glycosylation response to severe infections.

In conclusion, IgM N-glycosylation changes in interesting and
unexpected ways compared to IgG N-glycans in severe COVID-19
patients. The identification, quantification, and correlation of the IgM
N-glycan profile within a well-characterized cohort provided oppor-
tunities to learn more about how the human immune system responds
to an acute viral infection. We align glycosyltransferase expression to
the increased mannose complexity and sialic acid content on IgM and
contrast these findings to what is canonically observed in IgG N-glycan
profiles from patients with severe COVID-19. Spike S1-specific IgG and
IgM N-glycan profiles confirmed our observations from total immu-
noglobulin N-glycan analysis. We correlate the IgM N-glycan profile to
markers of disease severity and report that spike S1 specific comple-
ment deposition driven by IgM may contribute to severe COVID-19
pathophysiology. A better understanding of IgM N-glycosylation could
one day result in novel therapeutics to reduce the severity of acute
infectious diseases in humans. Taken together, this data opens the field
for immunoglobulin M N-glycans to be characterized during other
infectious disease states.

Methods

Human samples

Ethics. NIAID staff conferred with the Department of Health and
Human Services Office for Human Research Protections (OHRP)
regarding the potential applicability of the public health surveillance
exception [45CFR46.102(1I) (2)] to the IMPACC study protocol. OHRP
concurred that the study satisfied criteria for the public health sur-
veillance exception, and the IMPACC study team sent the study pro-
tocol, and participant information sheet for review, and assessment to
institutional review boards (IRBs) at participating institutions. Twelve
institutions elected to conduct the study as public health surveillance,
while 3 sites with prior IRB-approved biobanking protocols elected to
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integrate and conduct IMPACC under their institutional protocols
(University of Texas at Austin, IRB 2020-04-0117; University of Cali-
fornia San Francisco, IRB 20-30497; Case Western Reserve University,
IRB STUDY20200573) with informed consent requirements. Partici-
pants enrolled under the public health surveillance exclusion were
provided information sheets describing the study, samples to be col-
lected, and plans for data de-identification, and use. Those that
requested not to participate after reviewing the information sheet
were not enrolled. In addition, participants did not receive compen-
sation for study participation while inpatient, and subsequently were
offered compensation during outpatient follow-ups.

Patient enrollment and consent. IMPACC is a collaborative project
developed by NIAID and investigators from the Human Immunology
Project Consortium (HIPC), the Asthma and Allergic Diseases, and the
Cooperative Disease Research Centers (AADCRC) and other NIAID-
funded investigators. Drexel University collected patient samples to be
included in the IMPACC through the Tower Health Hospital network
from May 2020 to March 2021. During this enrollment period, COVID-
19 vaccines were not widely available. Participants were enrolled within
72hours of hospitalization under the public health surveillance
exception. Upon enrollment, demographics, COVID-19 symptoms,
detailed medical history (including comorbidities), clinical laboratory
data, and imaging data were collected. Patients were confirmed with a
positive SARS-CoV-2 polymerase chain reaction (PCR). Biological
samples including blood, nasal swab, and endotracheal aspirates
(when available) were collected. Clinical data and samples from days 4
and 7, representing patient admission to the hospital, were
examined'. Table 1 provides information on patient sex, age, and
demographics sorted by trajectory collected from medical records.
This cohort was not powered to perform sex or gender analysis.

Biological sample processing. Blood samples and nasal swabs were
collected at each timepoint and processed at Drexel University within
6 hours of collection according to the IMPACC standardized operating
procedure and analyzed at Drexel under the IRB protocols
2004007753 and 2102008337'°. Whole blood, nasal swabs, peripheral
blood mononuclear cells (PBMCs), and plasma collected from each
patient were processed at Drexel University and sent to IMPACC core
facility sites for further analysis as previously reported'®’>. PBMCs were
used to identify immune cell populations and changes in cell popula-
tions, gene expression, and activation markers. Plasma was used to
characterize antibody titers, anti-RBD titers, antibody isotype, pro-
teomics, and metabolomics. At Drexel, plasma was additionally used
for enzyme-linked immunosorbent assay (ELISA) antibody abundance
analysis, Luminex cytokine and chemokine assays, and glycomic ana-
lysis. Whole blood was used in a genome-wide association study
(GWAS) and cytometry by time-of-flight (CyTOF) and bulk RNA tran-
scriptomics. Nasal Swabs were used for bulk RNAseq and viral load
quantitation. Patient plasma used in this study were selected prior to
the start of analysis to ensure a balanced sex, age, and BMI across
trajectories.

PBMC isolation. Patient blood samples were spun down at 1000 x g for
10 minutes at room temperature, and plasma was aliquoted. The
remaining blood was diluted 1:2 with Dulbecco’s phosphate-buffered
saline (DPBS, Ca*’Mg* free) and slowly pipetted into a 50 mL SepMate-
50 tube (with 15 mL Lymphoprep below the insert). Samples were spun
at 800 x g for 20 minutes at 20 °C with brakes off. The top layer with
PBMCs was transferred to a new tube and cells were washed at 400 x g
for 5 minutes. Cells were resuspended in 20 mL EasySep Buffer, then
spun again at 300 x g for 10 minutes at room temperature. For RNA-
Seq, cells were resuspended at 5 million per mL, and 50uL was ali-
quoted into CRYSTAL Gen tubes. Cells were spun at 500 x g for
5 minutes at room temperature and the excess media was removed.

200 uL QIAGEN RLT Buffer with (BME) was added and cells were vor-
texed until the pellet was fully dissolved. Samples were stored at
-80 °C for shipment. The remaining PBMCs were frozen down in fetal
bovine serum (FBS) and dimethyl sulfoxide (DMSO) for storage at
Drexel University.

Anti-SARS-CoV-2 nucleocapsid IgA, IgG, and IgM quantitation
Monobind AccuBind® ELISA Anti-SARS-CoV-2 kits were used as a
qualitative determination of Anti-SARS-CoV-2 specific IgA, IgG and IgM
antibodies at Drexel's IMPACC site. These Kkits utilize a sequential
sandwich ELISA method. This test utilizes recombinant nucleocapsid
protein (rNCP) from SARS-CoV-2 coated on microwells to capture
antibodies in human plasma. Patient plasma was diluted 1:100 and
added directly to the ELISA plate. Following incubation and washing,
IgA, 1gG or IgM labeled antibodies were added. After a second incu-
bation and wash, reagent substrate was added to produce a measur-
able color through the reaction with enzyme and hydrogen peroxide.
After the addition of a stop substrate, absorbance was read in each well
at 450 nm within 15 minutes of adding the stop solution.

Cytokine and chemokine analysis

Patient plasma was analyzed for chemokine/cytokine levels using the
human immune monitoring 65-Plex ProcartaPlex™ Panel (Invitro-
gen™). This kit was used to determine the levels of 65 cytokines, che-
mokines, growth factors, and soluble receptors produced at the
designated time points at the Drexel IMPACC site. The following
human chemokine/cytokine premixed panel was used according to the
manufacturer’s protocol: G-CSF (CSF-3), GM-CSF, IFN alpha, IFN-g, IL-
1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8 (CXCLS), IL-9, IL-10, IL-12p70,
IL-13, IL-15, IL-16, IL-17A (CTLA-8), IL-18, IL-20, IL-21, IL-22, IL-23, IL-27,
IL-31, LIF, M-CSF, MIF, TNF-a, TNF-b, TSLP, BLC (CXCL13), ENA-78
(CXCL5), Eotaxin (CCLI11), Eotaxin-2 (CCL24), Eotaxin-3 (CCL26),
Fractalkine (CX3CL1), Gro-alpha (CXCLI), IP-10 (CXCL10), I-TAC
(CXCL11), MCP-1 (CCL2), MCP-2 (CCL8), MCP-3 (CCL7), MDC
(CCL22), MIG (CXCL9), MIP-1a (CCL3), MIP-1b (CCL4), MIP-3a (CCL20),
SDF-1a (CXCL12), FGF-2, HGF, MMP-1, NGF-b, SCF, VEGF-A, APRIL,
BAFF, CD30, CD40L (CD154), IL-2R (CD25), TNF-RII, TRAIL (CD253),
TWEAK. Data was acquired on a Luminex™ FLEXMAP 3D™ System
using bead regions defined in the protocol and analyzed using Belysa
Curve Fitting Software (Sigma Aldrich). Standard curves were gener-
ated, and sample concentrations were calculated in pg/mL.

Nasal viral PCR, host transcriptomics, and metagenomics

Nasal viral PCR, host transcriptomics, and metagenomics were per-
formed as detailed in Diray-Arce et al. 2023". The ImmPort accession
for the study data is SDY1760. Brief descriptions of each method are
listed below.

RNA preparation. Inferior nasal turbinate swabs were collected and
placed in 1 ml of Zymo-DNA/RNA shield reagent (Zymo Research). RNA
was extracted from 250 pL of sample and eluted into a volume of 50ul
using the KingFisher Flex sample purification system (ThermoFisher)
and the quick DNA-RNA MagBead kit (Zymo Research) following the
manufacturer’s instructions. Each sample was extracted twice in par-
allel. The 2 eluted RNA samples were pooled and aliquoted into 20 pL
aliquots using a Rainin Liquidator 96 pipettor for downstream RT-
gPCR, RNA-sequencing, and viral sequencing.

RealTime quantitative polymerase chain reaction. Master mixes
containing nuclease-free water, combined primer/probe mixes, and
One-Step RT675 qPCR ToughMix (Quantabio) were prepared on ice,
and 15 pL was dispensed in each well of a 384-reaction plate (Thermo
Fisher) SARS-CoV-2 genome was quantitated using the CDC qRT-PCR
assay” (primers and probes from IDT). Briefly, this comprised two
reactions targeting the SARS-CoV-2 nucleocapsid gene (N1and N2) and
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one reaction targeting RPP30 (RP). Each batch included positive con-
trols of plasmids containing N1/N2 and RP target sequence (2019-
nCoV_N_Positive Control and Hs_RPP30 Positive Control, IDT) to allow
quantitation of each transcript. Primer/probe sequences were: 2019-
nCOV_NI-F GAC CCC AAA ATC AGC GAA AT, 2019-nCOV_N1-R TCT
GGT TACTGC CAG TTG AAT CTG, 2019-nCOV_N1-P ACC CCG CAT TAC
GTT TGG TGG ACC, 2019-nCOV_N2-F TTA CAAACATTG GCC GCA AA,
2019-nCOV_N2-R GCG CGA CAT TCC GAA GAA, 2019-nCOV_N2-P ACA
ATT TGC CCC CAG CGC TTC AG, RP-F AGATTT GGA CCT GCG AGC G,
RP-R GAG CGG CTG TCT CCA CAA GT and RP-P TTC TGA CCT GAA
GGC TCT GCG CG. After RNA extracts were gently vortexed and added
5 pL per sample. Plates were centrifuged for 30 s at 500 x g, 4 C. The
quantitative polymerase chain reaction was performed using a
Quantstudio5 (Thermo Fisher) with cycling conditions: 1 cycle 10 min
at 50 °C, followed by 3 min at 95 °C, 45 cycles 3 s at 95 °C, followed by
30s at 55.0 °C.

RNA-sequencing cDNA library production. From each nasal RNA
sample, 10ul was aliquoted to a library construction plate using the
Perkin 692 Elmer Janus Workstation (Perkin Elmer, Janus II). Ribosomal
depletion, cDNA synthesis, and library construction steps were per-
formed using the Total Stranded RNA Prep with Ribo-Zero Plus kit,
following the manufacturer’s instructions (Illlumina). All steps were
automated on the Perkin Elmer Sciclone NGSx Workstation to reduce
batch-to-batch variability and increase sample throughput. Final cDNA
libraries were quantified using the Quant-it dsSDNA High Sensitivity
assay, and library insert size distribution was checked using a fragment
analyzer (Advanced Analytical; kit ID DNF474). Samples, where adapter
dimers constituted more than 4% of the electropherogram area, were
failed before sequencing. Technical controls (K562, Thermo Fisher
Scientific, cat# AM7832) were compared to expected results to ensure
that batch-to-batch variability was minimized. Successful libraries were
normalized to 10 nM for sequencing.

RNA-sequencing clustering and sequencing. Barcoded libraries
were pooled using liquid handling robotics prior to loading. Mas-
sively parallel sequencing-by-synthesis with fluorescently labeled,
reversibly terminating nucleotides was carried out on the NovaSeq
6000 sequencer using S4 flowcells with a target depth of 50 million
100 base-pair paired-end reads per sample (25 million read pairs).

Total IgG isolation

Total 1gG was isolated from 20 pL of plasma using a protein G spin
plate as described by the manufacturer (ThermoFisher, MA). Four 200
KL 1X PBS washes removed unbound plasma protein using a vacuum
manifold apparatus. Next, IgG was eluted by incubating 150 pL of 0.1 M
glycine HCI pH 2-3 for 5 minutes at room temperature. The eluate was
collected into a 96-well 2 mL collection plate pre-loaded with 15 pL of
1.5M Tris pH 8 to neutralize the glycine elution buffer. The wash
process was repeated a second time to ensure a high yield of IgG. The
resulting 315 pL of the neutralized eluate was concentrated and buffer-
exchanged to 20 pL of 1X PBS using Amicron Ultra-0.5 centrifugal Filter
10 kDa MWCO (Millipore) following the manufacturer’s instructions.
NanoDrop 1000 spectrophotometer readings monitored protein yield
through the isolation process. Coomassie-stained SDS-PAGE gel and
anti-IgG western blot confirmed IgG isolation during method devel-
opment (Supplemental Fig. 6A) using Goat anti-human IgG IR68OLT
(LiCor, 926-68032, Lot #: D00421-13) following the protocol described
previously®.

Total IgM isolation

Total IgM was isolated from plasma by incubating 80 pL of goat anti-
IgM agarose-conjugated agarose beads (Sigma, A9935-5ML, Lot#:
0000188278) with 80 pL plasma and 100 pL 1X PBS for 2 hours at room
temperature. Following the incubation, the solution was transferred to

a 1.2 pm MultiScreen HTS 96-well filter plate. Four 200 pL 1X PBS
washes removed unbound plasma protein using a vacuum manifold
apparatus. Next, IgM was eluted by incubating 150 pL of 0.1 M glycine
HCI pH 2-3 for 5minutes at room temperature. The eluate was col-
lected into a 96-well 2 mL collection plate pre-loaded with 15 pL of
1.5M Tris pH 8 to neutralize the glycine elution buffer. The wash
process was repeated a second time to ensure a high yield of IgM. The
resulting 315 pL of the neutralized eluate was concentrated and buffer-
exchanged to 20 pL of 1X PBS using Amicron Ultra-0.5 centrifugal Filter
10 kDa MWCO (Millipore) following the manufacturer’s instructions.
NanoDrop 1000 spectrophotometer readings monitored protein yield
through the isolation process. Coomassie-stained SDS-PAGE gel and
anti-IgM western blot confirmed IgM isolation during method devel-
opment (Supplemental Fig. 6B), using 1:5,000 Anti-Human IgM (p-
chain specific) antibody produced in goat (Sigma, 12386-1IML, Lot #:
118M4782V) detected by 1:10,000 Donkey anti-Goat IgG IRSOOCW
(LiCor, 926-32214, Lot# B70416-02) following the protocol described
previously’.

SARS-CoV-2 specific immunoglobulin isolation

Streptavidin Agarose Resin (Thermo Scientific, 20347) was incubated
1:1 with SARS-CoV-2 (2019-nCoV) spike S1-His Recombinant Protein,
Biotinylated (SinoBiological) for 1hour at room temperature. The
agarose resin was washed twice with 1X PBS and incubated with 1X
CarboFree Block (Vector Laboratory) for 1 hour at room temperature
followed by two 1X PBS washes. Next, 600 L of pooled plasma from
day 4 nonsevere and severe cohorts were diluted 1:5 in 1X PBS and
incubated with aliquots of the spike S1-conjugated resin in a Multi-
Screen HTS 96-well 0.2 um filter plate for 3 hours at room tempera-
ture. Six 200 pL 1X PBS washes removed unbound plasma proteins
using a vacuum manifold apparatus. Next, spike Sl-specific immu-
noglobulins were eluted by incubating 150 pL of 0.1 M glycine HCI pH
2-3 for 5 min at room temperature. The eluate was collected into a 96-
well 2 mL collection plate pre-loaded with 15 pL of 1.5M Tris pH 8 to
neutralize the glycine elution buffer. The wash process was repeated a
second time to ensure a high yield of spike S1-specific immunoglo-
bulins. The resulting neutralized eluate was concentrated and buffer-
exchanged to 20 pL of 1X PBS using Amicron Ultra-0.5 centrifugal Filter
10 kDa MWCO (Millipore) following the manufacturer’s instructions.
NanoDrop 1000 spectrophotometer readings monitored protein yield
through the isolation process. SARS-CoV-2 spike Sl1-specific immu-
noglobulin classes were isolated using 1D gel electrophoresis, visua-
lized with Coomassie stain, and the 75kDa (IgM) and 50 kDa (IgG)
heavy chain bands were excised. Following de-staining, the glycans
from each gel band were enzymatically removed and fluorescently
labeled following standard in-gel PNGase F and labeling protocols as
previously described””. The predominant proteins in the spike S1-
specific 75kDa and 50kDa gel plugs were confirmed by trypsin
digestion followed by LC-MS/MS peptide identification (Supplemental
Figs. 6C and 6D).

Immunoglobulin N-glycan analysis

N-glycans from IgG and IgM were released, labeled, and analyzed as
described previously using the Waters GlycoWorks RapiFluor MS kit,
adapted for PCR tubes®®. Briefly, samples were denatured using the
RapiGest reagent for 5minutes at 95°C using a PCR thermocycler.
Next, glycoprotein samples were deglycosylated using PNGase F for
6 minutes at 60 °C using a PCR thermocycler. Afterward, samples were
labeled with the RapiFluor mass spectrometry label (RFMS) for
5 minutes at room temperature. A solid-phase extraction (SPE) clean-
up module isolated RFMS labeled N-glycans which were then eluted
into a 96-well 2mL Waters American National Standards Institute
(ANSI) plate capped with a Polytetrafluoroethylene (PFTE) 96-well
membrane top for high-throughput N-glycan analysis. An ACQUITY
Premier Ultra Performance Liquid Chromatography (UPLC) System
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was used following the setting and protocol described previously®®.
Briefly, an ACQUITY UPLC ethylene bridged hybrid (BEH) Amide Col-
umn, 130 A, 1.7 pm, 2.1 mmx50 mm column (Waters, MA) was used to
chromatographically separate N-glycans during the 18.3min run
employing a gradient of 50 mM Ammonium Formate pH 4.4 (Waters)
made with LC-MS Water (Millipore), LC-MS ACN (VWR, Honeywell)
25%-75% gradient transitioning over 12min to 60-40%. N-glycans
separated by charge and stereochemistry were quantitated using
Waters AQUITY Fluorescent detector set to 265/425 em/ex, 10 Hz using
Empower 3 software. Lastly, N-glycan identity was confirmed using a
Waters AQUITY QDa Mass spectrometer. The resulting UPLC fluor-
escent trace was analyzed with Empower v3.3.1 software, UPLC trace
percent-area was combined with collected MS-spectra to identify
eluted peaks as described previously’®. Pooled N-glycans labeled with
the RapiFluor tag were digested with Neuraminidase S (New England
BioLabs, MA, PO743L) or Neuraminidase (New England BioLabs, MA,
P0720S) for 12 hours at 32°C following the manufacturer’s instruc-
tions. Digested N-glycans were cleaned up using Water’s SPE kit and
analyzed using the UPLC detailed above.

Antigen-specific complement deposition assay

Antibody-specific complement deposition against the RBD and spike
S1 antigens were assayed following the previously developed
protocol®. Briefly, 20 pL FluoSpheres™ NeutrAvidin™-Labeled Micro-
spheres (ThermoFisher) were incubated with 20 pg RBD (aa319-541,
Invitrogen) (biotinylated in-house using the EZ-Link™ Sulfo-NHS-LC-
Biotinylation Kit) or 20 pg biotinylated SARS-CoV-2 (2019-nCoV) spike
S1-His Recombinant Protein, Biotinylated (SinoBiological) antigen for
4 hours at 37 °C. After washing twice with 200 pL 1X PBS, the antigen-
bound beads were blocked with 200 pL 5% BSA in 1X PBS for 1 hour at
37 °C. Next, the beads were washed twice with 500 pL of 0.1% BSA in 1X
PBS and diluted 1:100 in 1X PBS. A subset of plasma and purified IgM
samples were treated with a nonspecific neuraminidase (New England
BioLabs, MA, P0720S) for 12 hours at 32 °C prior to antigen-specific
complement deposition analysis following the manufacturer’s
instructions. Next, 15 pL of the 1:100 bead solution was transferred to
low-binding 1.5 mL tubes (Corning) and incubated with 20 pL of 1:10 1X
PBS diluted pooled severe or nonsevere plasma or 5 pg of IgM isolated
from pooled severe or nonsevere plasma for 2 hours at 37 °C. Next, the
immune-complexed beads were incubated for 15 minutes with freshly
resuspended guinea pig complement (Cedarlane, CL4051) and diluted
1:50 in gelatin veronal buffer with Mg?* & Ca*" (GVB + +) at 37°C. The
complement deposition was halted with two washes of 200 pL 15 mM
Ethylenediamine tetraacetic acid (EDTA). Next, 50 pL of a 1:100 diluted
fluorescein isothiocyanate (FITC) labeled Goat anti-Guinea pig Com-
plement C3 antibody (MP Biomedicals, 55385, lot #:08077) was incu-
bated for 30 minutes with the immune-complexed beads. Lastly, two
200 pL 1X PBS washes removed unbound FITC labeled anti-C3 anti-
body. Washed samples were re-suspended in 100uL and analyzed
using a Fortessa Flow Cytometer (BD). Beads were gated for the pre-
sence or absence of the FITC antibody, and the mean fluorescence
intensity (MFI) of the bead content was divided by the total number of
beads to determine the rate of complement deposition in each sample.
The gating strategy is displayed in Fig. 4B. Flow Minus One (FMO)
control samples were run with the same protocol to confirm a low
background signal and inform the gating cut-off strategy.

Statistical analysis

A biomarker was removed from analysis if its overall number of
missing values was greater than 3 (13.6% of 22 patients) to reduce
potential bias®*"'%". Data collection and analysis were performed using
the software: Microsoft Excel v16.66.1, Waters Empower v3, R Studio
v4.2.3, FacsDiva v9.0, and FlowJo v10.9. COVID-19 trajectory groups
were categorized as nonsevere (trajectories 1-3) and severe (trajec-
tories 4-5) cohorts for the measured transcriptomic, proteomic,

Luminex, and clinical data. Sex and COVID-19 trajectories were sum-
marized as counts and percentages. Continuous variables were sum-
marized as the median and interquartile range (IQR) overall and by
severity cohorts. For transcriptomic data, raw counts were normalized
to counts per million (CPM) and then values were log2 transformed for
statistical analysis. A pseudo-count of 2 was added to all CPM data
prior to log transformation because zero cannot be ‘logged”***. A
Kruskal-Wallis test was used to test the significance of continuous
variables between severe and nonsevere cohort clinical and laboratory
data. Two-sided unpaired t-tests were used to compare two indepen-
dent groups. One-way ANOVA with Tukey’s multiple comparisons test
was used to compare multiple group means. Associations between IgM
mannosylated or total S2 and other variables were tested using simple
linear regression. The coefficient of determination R? was obtained
from linear regression. p < 0.05 was considered statistically significant
for all tests.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All IMPACC data including those generated in this study have been
deposited in the Immunology Database and Analysis Portal (ImmPort),
a NIAID Division of Allergy, Immunology and Transplantation funded
data repository under accession code SDY1760 (immport.org). All raw
and processed data are available under restricted access to comply
with the NIH public data sharing policy for IRB-exempted public health
surveillance studies, Access can be obtained via Acces-
sClinicalData@NIAID (https://accessclinicaldata.niaid.nih.gov/study-
viewer/clinical_trials). Additional guidelines for access are outlined
on ImmPort (https://docs.immport.org/home/impaccslides). The
source data generated in the figures are provided as a Source Data
file. Source data are provided with this paper.
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