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Abstract
The glycosylation of IgG plays a critical role during human SARS-CoV-2, activating immune cells and
inducing cytokine production. However, the role of IgM N-glycosylation has not been studied during acute
viral infection in humans. In vitro evidence suggests that the glycosylation of IgM inhibits T cell
proliferation and alters complement activation rates. The analysis of IgM N-glycosylation from healthy
controls and hospitalized COVID-19 patients reveals that mannosylation and sialyation levels associate
with COVID-19 severity. Speci�cally, we �nd increased di- and tri-sialylated glycans and altered mannose
glycans in total serum IgM in severe COVID-19 patients when compared to moderate COVID-19 patients.
This is in direct contrast with the decrease of sialic acid found on the serum IgG from the same cohorts.
Moreover, the degree of mannosylation and sialylation correlated signi�cantly with markers of disease
severity: D-dimer, BUN, creatinine, potassium, and early anti-COVID-19 amounts of IgG, IgA, and IgM.
Further, IL-16 and IL-18 cytokines showed similar trends with the amount of mannose and sialic acid
present on IgM, implicating these cytokines' potential to impact glycosyltransferase expression during
IgM production. When examining PBMC mRNA transcripts, we observe a decrease in the expression of
Golgi mannosidases that correlates with the overall reduction in mannose processing we detect in the
IgM N-glycosylation pro�le. Importantly, we found that IgM contains alpha-2,3 linked sialic acids in
addition to the previously reported alpha-2,6 linkage. We also report that antigen-speci�c IgM antibody-
dependent complement deposition is elevated in severe COVID-19 patients. Taken together, this work links
the immunoglobulin M N-glycosylation with COVID-19 severity and highlights the need to understand the
connection between IgM glycosylation and downstream immune function during human disease.

1. Introduction
SARS-CoV-2 (COVID-19) has impacted the world signi�cantly since its outbreak in late 2019, killing more
than 14 million between 2020-21 [1]. 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) abundant in airway epithelial and endothelial cells [2]. The
resulting infection consists of two overlapping phases. The �rst 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 e�cient clearance of virus-infected cells or
the induction of multi-organ system damage requiring intensive care [3]. Patients in this second phase
with severe COVID-19 often present with elevated D-dimer [4], C-reactive protein (CRP) [5], IL-6 [6], acute
kidney injury [7], and heightened complement deposition [8, 9].

Immunophenotyping assessment in a COVID-19 cohort (IMPACC) was designed at the beginning of the
pandemic with the intent to enroll hospitalized patients with COVID-19 to collect detailed clinical,
laboratory and radiography data with the intent of turning this into a prospective longitudinal study [10].
Biological samples including blood, nasal swabs, and endotracheal aspirates were collected at multiple
time points during hospitalization. Five trajectory time points were identi�ed previously based on clinical
data from the entire IMPACC cohort. Patient trajectories were divided into 5 groups based on longitudinal
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observation of ordinal scores re�ecting the degrees of respiratory illness and presence or absence of
complications at discharge [11]. Trajectory Group 1 was characterized by a brief hospital stay of 3–5
days without major complications. Trajectory 2 had a longer length of stay (7–14 days) with no
complications upon discharge. Trajectory 3 was characterized by an intermediate length of stay (10–14
days) with limitations at discharge. The most severe trajectory groups are 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�cation of these samples provided an opportunity to determine
how human glycosylation relates to acute COVID-19 infection severity.

The glycosylation of immunoglobulins plays an important role during the adaptive immune response to
infection and vaccination [12–15]. IgG is the best example of how variations in immunoglobulin
glycosylation 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 receptor a�nity [16–21], and
complement activation [20, 22, 23]. 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 [17–19]. Furthermore, anti-spike IgG isolated from hospitalized COVID-19 patients
contained lowered core-fucose levels in severe patients [24–28], promoting macrophage release of IL-6
and TNF-α and the destruction of endothelial barriers in vitro by binding FcγR IIA and IIIA [29].

While much attention has been paid to the glycosylation of IgG, less has been focused on IgM. IgM is the
third most abundant circulating immunoglobulin and is produced early during the adaptive immune
response to COVID-19 infection [30]. Moreover, IgM is a highly potent immune protein. A single immune-
complexed IgM can initiate the complement cascade [31] and plays important roles during early immune
responses to clear bacteria, viruses, parasites, apoptotic cells, and are likely involved in promoting
immune tolerance [32]. The heavy chain of IgM contains �ve separate N-glycosylation sites containing
both complex-type, hybrid N-glycans, and highly-mannosylated N-glycans [33, 34]. 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 mannose N-glycans [34, 35]. In cell lines treated with
tunicamycin to block glycosylation of IgM, secretion of IgM fell by > 95% [36], demonstrating N-glycan’s
crucial role in the secretion of IgM from B-cells. The distinct regions of complex-type and mannose-rich N-
glycosylation on the heavy chain of IgM have been reported to occupy different ‘faces’ or sides of IgM
with the complex-type N-glycans participating in binding antigens. In vivo, increased IgM sialylation was
associated with heightened T cell inhibition [37]. In addition, evidence supports IgM N-glycans
participating in both the classical and lectin complement pathways [38, 39]. The recently discovered IgM-
speci�c receptor, FcµR, expressed on NK, B, and T cells has implicated IgM in controlling cellular
activation and antibody production [40]. Additional receptors for IgM Fc include Fcα/µR expressed by
germinal center follicular dendritic cells [41] and pIgR requiring the J-chain pentamer of IgM for
transcytosis into mucosal surfaces [42]. However, the function of IgM N-glycans interacting with these
receptors remains to be explored.
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While the N-glycosylation of IgM has been characterized previously in healthy pooled human serum,
during cancer [35, 43–45], and in recombinant IgM [34, 46], this is the �rst characterization of the IgM N-
glycosylation pro�le isolated from humans infected with an acute viral disease. Here, we report
signi�cant differences in the IgM N-glycan content from cohorts of hospitalized COVID-19 separated by
severity trajectory. Total mannosylation decreased while di-sialylation (S2) increased on IgM – opposing
the trend detected in the same cohorts of reduced IgG sialylation. Moreover, glycosylation of IgM
correlates with circulating immune cell glycosyltransferase expression of ST3GAL4 and MAN1A2,
previously reported clinical markers of COVID-19 severity, and elevations in cytokines IL-16 and IL-18.
Lastly, we report an increased antibody-dependent complement deposition induced by IgM from the
severe COVID-19 cohort.

2. Methods
Human samples

Patient enrollment and consent

The IMPACC is a collaborative project developed by the NIAID and investigators from the Human
Immunology Project Consortium (HIPC), the Asthma and Allergic Diseases, and the Cooperative Disease
Research Centers (AADCRC). Drexel University collected 106 patient samples to be included in the
IMPACC through the Tower Health Hospital network. Participants are enrolled within 48 hours of
hospitalization where demographics, detailed medical history, and clinical data were taken. Consenting
participants are enrolled within 48 hours of hospitalization under the IRB Protocols 2004007753 and
2102008337. Upon enrollment, demographics, COVID-19 symptom onset, detailed medical history
(including comorbidities), and medical records were all recorded. Patients were con�rmed positive with a
SARS-CoV-2 polymerase chain reaction (PCR). Extensive clinical labs are taken during intake- and
biological samples including blood, nasal swab, and endotracheal aspirates are collected. Clinical data
and samples from days 4 and 7, representing patient admission to the hospital, were examined.

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 [10]. Whole blood,
nasal swabs, peripheral blood mononuclear cells (PMBCs), and plasma collected from each patient was
processed at Drexel University and sent to IMPACC core facility sites for further analysis as previously
reported [10, 11]. PBMCs were used to identify immune cell populations and changes in cell populations,
gene expression, and activation markers. Plasma was used to characterize antibody titers, anti-RBD titers,
antibody isotype, proteomics, and metabolomics. At Drexel, plasma was additionally used for ELISA
antibody abundance analysis, Luminex cytokine and chemokine assays, and glycomic analysis. Whole
blood was used in genome-wide association study (GWAS) and cytometry by the time-of-�ight (CyTOF)
and bulk RNA transcriptomics. Nasal Swabs were used for bulk RNAseq and viral load quantitaion.
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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 DPBS (Ca+ 2Mg+ 2 free) and slowly
pipetted into a 50mL SepMate-50 tube (with 15mL Lymphoprep below the insert). Samples were spun at
800 x g for 20 minutes at 20ºC 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 20mL EasySep Buffer, then
spun again at 300 x g for 10 minutes at room temperature. For RNASeq, cells were resuspended at
5 million per mL, and 50uL was aliquoted into CRYSTAL Gen tubes. Cells were spun at 500 x g for 5
minutes at room temperature and the excess media was removed. 200uL QIAGEN RLT Buffer with (BME)
was added and vortex until the pellet was fully dissolved. Samples were stored at -80ºC for shipment. The
remaining PBMCs were frozen down in FBS + 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 speci�c IgA, IgG and IgM antibodies at Drexel’s IMPACC site. These kits 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, IgG or IgM labeled antibodies
were added. After a second incubation and wash, reagent substrate is added to produce a measurable
color through the reaction with enzyme and hydrogen peroxide. After the addition of a stop substrate,
absorbance was read in each well at 450nm 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 (Invitrogen™). This kit was used to determine the levels of 65 cytokines,
chemokines, 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 (CXCL8), 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 (CCL11), Eotaxin-2
(CCL24), Eotaxin-3 (CCL26), Fractalkine (CX3CL1), Gro-alpha (CXCL1), 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 de�ned in the protocol and analyzed using Belysa Curve Fitting Software
(Sigma Aldrich). Standard curves were generated, and sample concentrations were calculated in pg/mL.

Nasal viral PCR, host transcriptomics, and metagenomics

RNA preparation
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Inferior nasal turbinate swabs were collected and placed in 1ml of Zymo-DNA/RNA shield reagent (Zymo
Research). RNA was extracted from 250 µL of sample and eluted into a volume of 50ul using the
KingFisher Flex sample puri�cation system (ThermoFisher) and the quick DNA-RNA MagBead kit (Zymo
Research) following the manufacturer’s instructions. Each sample was extracted twice in parallel. The 2
eluted RNA samples were pooled and aliquoted into 20 µL aliquots using a Rainin Liquidator 96 pipettor
for downstream RT-qPCR, 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 µL was dispensed in each well of a 384-reaction plate (Thermo�sher) CoV2 was quantitated using
the CDC qRT-PCR assay (primers and probes from IDT). Brie�y, this comprises two reactions targeting the
CoV2 nucleocapsid gene (N1 and N2) and one reaction targeting RPP30 (RP). Each batch included
positive controls 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_N1-F GAC CCC AAA ATC AGC GAA AT, 2019-nCOV_N1-R TCT GGT TAC TGC CAG TTG
AAT CTG, 2019-nCOV_N1-P ACC CCG CAT TAC GTT TGG TGG ACC, 2019-nCOV_N2-F TTA CAA ACA TTG
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 AGA TTT 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 µL per sample.
Plates were centrifuged for 30 seconds at 500 x g, 4C. The quantitative polymerase chain reaction was
performed using a Quantstudio5 (Thermo Fisher) with cycling conditions: 1 cycle 10 min at 50°C,
followed by 689 3 min at 95°C, 45 cycles 3 sec at 95°C, followed by 30 sec 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 performed using the Total Stranded RNA
Prep with Ribo-Zero Plus kit, following the manufacturer’s instructions (Illumina). 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 quanti�ed using the Quant-it dsDNA 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 Scienti�c,
cat# AM7832) were compared to expected results to ensure that batch-to-batch variability was
minimized. Successful libraries were normalized to 10nM for sequencing.

RNA-sequencing Clustering and Sequencing

Barcoded libraries were pooled using liquid handling robotics prior to loading. Massively parallel
sequencing-by-synthesis with �uorescently labeled, reversibly terminating nucleotides was carried out on
the NovaSeq 6000 sequencer using S4 �owcells with a target depth of 50 million 100 base-pair paired-
end reads per sample (25 million read pairs).
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Total IgG isolation

Total IgG was isolated from 20µL of plasma using a Protein G spin plate as described by the
manufacturer (ThermoFisher, MA). Four 200µL 1X PBS washes removed unbound plasma protein using a
vacuum manifold apparatus. Next, IgG was eluted by incubating 150µL of 0.1M glycine HCl pH 2–3 for 5
minutes at room temperature. The eluate was collected into a 96-well 2mL collection plate pre-loaded
with 15µL 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 315µL of the neutralized eluate was concentrated
and buffer-exchanged to 20µL 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.

Total IgM isolation

Total IgM was isolated from plasma by incubating 80µL of goat anti-IgM agarose-conjugated agarose
beads (A9935, Millipore Sigma, MA) with 80µL plasma and 100µL 1X PBS for 2 hours at room
temperature. Following the incubation, the solution was transferred to a 1.2um MultiScreen HTS 96-well
�lter plate. Four 200µL 1X PBS washes removed unbound plasma protein using a vacuum manifold
apparatus. Next, IgM was eluted by incubating 150µL of 0.1M glycine HCl pH 2–3 for 5 minutes at room
temperature. The eluate was collected into a 96-wel 2mL collection plate pre-loaded with 15µL 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 315µL of the neutralized eluate was concentrated and buffer-exchanged
to 20µL 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

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 [47]. Brie�y, samples were denatured using
the RapiGest reagent for 5 minutes 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 RapiFluor 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
ANSI plate capped with a PFTE 96-well membrane top for high-throughput N-glycan analysis. An
ACQUITY Premier UPLC System was used following the setting and protocol described previously [47].
Brie�y, a ACQUITY UPLC BEH Amide Column, 130Å, 1.7 µm, 2.1 mm X 50 mm column (Waters, MA) was
used to chromatographically separate N-glycans during the 18.3 min run employing a gradient of 50mM
Ammonium Formate pH 4.4 (Waters) made with LC-MS Water (Millipore), LC-MS ACN (VWR, Honeywell)
25%-75% gradient transitioning over 12 min to 60%-40%. N-glycans separated by charge and
stereochemistry were quantitated using Waters AQUITY Fluorescent detector set to 265/425 em/ex, 10Hz
using Empower 3 software. Lastly, N-glycan identity was con�rmed using a Waters AQUITY QDa Mass
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spectrometer. The resulting UPLC �uorescent 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 [47]. Pooled N-glycans labeled with the RapiFluor tag were digested with Neuraminidase S
(New England BioLabs, MA, P0743L) or Neuraminidase (New England BioLabs, MA, P0720S) for 12 hours
at 32°C following the manufacturer’s instructions. Digested N-glycans were cleaned up using Water’s SPE
kit and analyzed using the UPLC detailed above.

Antigen-speci�c complement deposition assay

Antibody-speci�c complement deposition against the RBD and Spike S1 antigens were assayed following
the previously developed protocol [48]. Brie�y, 20µL FluoSpheres™ NeutrAvidin™-Labeled Microspheres
(ThermoFisher) were incubated with 20µg RBD (aa319-541, Invitrogen) (biotinylated in-house using the
EZ-Link™ Sulfo-NHS-LC-Biotinylation Kit) or 20µg biotinylated SARS-CoV-2 (2019-nCoV) Spike S1-His
Recombinant Protein, Biotinylated (SinoBiological) antigen for 4 hours at 37°C. After washing twice with
200µL 1X PBS, the antigen-bound beads were blocked with 200µL 5% BSA in 1X PBS for 1 hour at 37°C.
Next, the beads were washed twice with 500µL of 0.1% BSA in 1X PBS and diluted 1:100 in 1X PBS. A
subset of plasma and puri�ed IgM samples were treated with either a Mannosidase (New England
BioLabs, MA, P0768S) or Neuraminidase (New England BioLabs, MA, P0720S) for 12 hours at 32°C prior
to antigen-speci�c complement deposition analysis following the manufacturer’s instructions. Next, 15µL
of the 1:100 bead solution was transferred to low-binding 1.5mL tubes (Corning) and incubated with
20µL of 1:10 1X PBS diluted pooled severe or nonsevere plasma or 5µg 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 Mg2+ & Ca2+ (GVB++) at 37°C. The complement deposition was halted with
two washes of 200µL 15mM EDTA. Next, 50µL of a 1:100 diluted FITC labeled Goat anti-Guinea pig
Complement C3 antibody (MP Biomedicals, 085538) was incubated for 30 minutes with the immune-
complexed beads. Lastly, two 200µL 1X PBS washes removed unbound FITC labeled anti-C3 antibody.
Washed samples were re-suspended in 100uL and analyzed using a Fortessa Flow Cytometer (BD).
Beads were gated for the presence or absence of the FITC antibody, and the 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 con�rm 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 [49–51]. Data analysis was performed using R and
GraphPad Prism 8. COVID-19 trajectory groups were categorized as “1–3” and “4–5” for the averages of
measured transcriptomic, proteomic, Luminex, and clinical data. Gender and COVID-19 trajectory group
categories were summarized as counts and percentages, continuous variables were summarized as the
median and interquartile range (IQR) overall and by trajectory group category. For transcriptomic data,
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raw counts were normalized to counts per million (CPM), then values were log2 transformed for
statistical analysis. A pseudo-count of 2 was added to all count data prior to log transformation because
zero cannot be ‘logged’ [52–54]. Mann-Whitney U test was used to test the signi�cance of continuous
variables between trajectory group categories. A chi-square test was used to test the association between
gender and trajectory group category. Associations between IgM Mannosylated or total S2 and other
variables were tested using simple linear regression. Raw trajectory group values were used in simple
linear regression. Coe�cient of determination R2 was obtained from linear regression. p < 0.05 was
considered statistically signi�cant for all tests.

3. Results
IgM di-sialylation and mannosylation associate with COVID-19 severity

Plasma from patients admitted to the hospital after testing positive for COVID-19 was analyzed 4- and 7-
days post-admission. Clinical characteristics of the patients are presented in Table 1 strati�ed by
trajectory 1–5, with 1 being a mild COVID-19 infection and 5 being death from complications of COVID-19
infection. N-glycan pro�les isolated from puri�ed total IgM were analyzed (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 con�rmed 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 pro�le across disease severity,
glycans were grouped by size, charge, and type into classes (G0, G1, G2, S1, ect.) as denoted below the
IgM N-glycan pro�le in Fig. 1A.

Protein glycosylation is impacted by factors including sex, age, and BMI [55–66]. Therefore, COVID-19
patient cohorts from the IMPACC study were analyzed to determine if there were statistically signi�cant
differences between mild (trajectories 1 and 2), moderate (trajectory 3), and severe (trajectories 4 and 5)
(Fig. 1B). There was no statistically signi�cant 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
there was no statistically signi�cant difference in the concentration of total IgM isolated between each
patient cohort (Supplemental Fig. 3). After con�rming that cohort characteristics were comparable, we
analyzed the IgM N-glycosylation pro�les from day 4 and 7 hospitalized COVID-19 IMPACC patients
across mild, moderate, and severe cohorts (Fig. 1C). Di-sialylated (S2) N-glycans on IgM increased
signi�cantly 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 signi�cantly 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 signi�cance 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 COVID-19 infection in humans.

IgG and IgM N-glycans responses differ during COVID-19
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We next compared the glycosylation of bulk IgM and IgG isolated from COVID-19 patients to characterize
the plasma blast glycosylation 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 (G0, G1, G2 ect.) as described in Supplemental Fig. 4. IgG in
both severe and nonsevere COVID-19 exhibited reduced di-galactosylation (G2) and mono-sialylation (S1)
while agalactosylation (G0) signi�cantly increased compared to healthy controls in the severe COVID-19
cohort (Fig. 2A). Interestingly, the IgG N-glycosylation of the severe and nonsevere cohorts did not exhibit
statistically signi�cant differences between one another. In contrast, the IgM glycosylation from the same
patients revealed statistically signi�cant changes between severe and nonsevere cohorts (Fig. 2B).
Agalactosylated (G0) and mono-galactosylated (G1) N-glycans signi�cantly decreased in severe patients
compared to the nonsevere cohort. Further, the increase in S2 remained signi�cant while tri-sialylated (S3)
content also increased signi�cantly in the severe COVID-19 cohort. In comparison, the sialyation of severe
patient IgG N-glycans remained lowered or unchanged on day 4 compared to healthy controls (Fig. 2A),
aligning with previous studies of IgG N-glycosylation in hospitalized COVID-19 patients [24, 27, 28].
Lastly, the decrease in mannose remained signi�cant in severe trajectory patients compared to nonsevere
patients on day 4 of hospitalization.

The decrease in total mannose content required further interrogation because 11 hybrid and
mannosylated N-glycans contribute to the overall decrease observed in the IgM during severe COVID-19
(Fig. 2C). The decrease in total mannose was predominantly due to lowered levels of the smaller hybrid
moieties: M4G1, FM4A1, and M5A1 in combination with the mannosylated moieties: M5 and the two
isoforms of M6. Mannosylated structures or co-eluting peaks larger than M6 did not signi�cantly
decrease, while M9 signi�cantly increased in the severe COVID-19 cohort. Next, mannose and hybrid
structures ranging from M4-M6 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 glycosyltransferase expression within the
Golgi of plasmablasts. The IMPACC study collaborators at Emory University provided 61
glycosyltransferase and glycosidase transcript expression data isolated from peripheral blood
mononuclear cells (PBMCs) collected on day 0 of patient hospitalization. After normalizing the data by
total read count and transforming by log2 for comparability, expression pro�les were compared between
the severe and nonsevere COVID-19 cohorts.

The expression of the mannosidases MAN1A2 and MAN2A1 decreased signi�cantly in the severe cohort
compared to the nonsevere cohort (Fig. 3A). These mannosidases are responsible for processing high
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mannose structures into smaller mannose moieties [67]. 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 correlated with MAN1A2, the o-mannosyltransferase
TMTC2, and the α-2,3 sialyltransferase ST3GAL4 (Fig. 3B).

The expression of the α-2,3 sialyltransferase ST3GAL4 and the O-glycan α-2,6 sialyltransferase
ST6GALNAC2 were signi�cantly elevated in the severe COVID-19 cohort (Fig. 3A). Interestingly, the
ST6GAL1 did not signi�cantly differ between COVID-19 severity suggesting that a portion of the
increased sialylation on IgM is due to the α-2,3 sialyltransferase ST3GAL4 (Supplemental Table 4). When
IgM N-glycans were digested with the exoglycosidase Neuraminidase S, speci�cally cleaving α-2,3-linked
sialic acids, we detect a signi�cant reduction in the A3G3S3 glycan species and a concomitant increase
in the A3G3S2 abundance (Supplemental Fig. 5). Because ST6GALNAC2 adds an α-2,3 linked sialic acid
to the O-glycans expressed on leukocyte cell surfaces, it is unlikely to add sialic acid to IgM [68]. However,
the increased ST6GALNAC2 expression in the severe COVID-19 cohort PBMCs may re�ect a reduced
propensity for leukocytes to migrate into tissues due to sialic acid blocking P-/L-selectin ligand a�nity
[69]. 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 �nding suggests a potential role for ST3GAL4
adding sialic acid to IgM, but future studies will need to con�rm this phenomenon speci�cally in plasma
blast transcriptomic studies. All in all, the PBMC transcriptomic data aligned with our observations of IgM
glycosylation alterations within the severe COVID-19 cohort.

Clinical markers of disease 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 by Drexel’s IMPACC study [10, 11]. After omitting
clinical parameters with less than 90% complete datasets [70], the remaining data were analyzed for
correlations to IgM total mannose and S2 content using a linear regression model (Supplemental
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
nonsigni�cant correlation with potassium, p = 0.186 (Fig. 4B).

The severity of COVID-19 has also been associated with higher anti-SARS-CoV-2 IgG and IgA antibody
abundance at the time of hospital admission [71]. Therefore, we sought to correlate IgM mannose and S2
glycosylation with the relative abundance of anti-SARS-CoV-2 nucleocapsid (anti-N) IgA, IgM, and IgG.
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. 4C).

Lastly, we examined Luminex data from a 32-plex cytokine panel to determine if circulating cytokines
were associated with the glycosylation changes observed on IgM. Interestingly, cytokines previously
demonstrated to alter glycosyltransferase activity such as IFN-γ, TNF-α, IL-6, IL-17A, or IL-10 [72, 73] did
not signi�cantly correlate with either IgM mannose or S2 content (Supplemental Tables 2 and 3).
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Moreover, only the cytokine IL-18 was signi�cantly higher between the nonsevere and severe hospitalized
COVID-19 cohorts (Fig. 4D). While not statistically signi�cant, IL-18 and IL-16 correlated positively with
IgM S2 (p = 0.099 and p = 0.0538 respectively). IgM mannose content correlated negatively with IL-18 and
IL-16 (p = 0.057 and p = 0.059 respectively). Taken together, the IgM glycosylation pro�le closely
correlates with COVID-19 severity on clinical and serological parameters and the cytokines IL-16 and IL-18
may play a role in controlling downstream glycosyltransferase expression in plasma blasts during COVID-
19.

Antibody-dependent complement deposition is increased in severe COVID-19 patients

After examining clinical factors and cytokines associated with IgM N-glycosylation changes, we sought
to interrogate the differences in complement deposition rates initiated by SARS-CoV-2 circulating plasma
antibodies in general, and IgM speci�cally. We adapted an antibody-dependent complement deposition
(ADCD) assay employing �uorescent beads conjugated to a biotinylated antigen to compare complement
deposition rates with SARS-CoV-2 antigens: receptor binding domain (RBD), and Spike S1 (Fig. 5A) [48].
After incubating either diluted plasma or puri�ed IgM with antigen-coated beads, deposition of guinea pig
complement was detected using �ow cytometry (Fig. 5B). RBD induced low ADCD in diluted nonsevere
and severe plasma, aligning with previously reported ADCD trends [74, 75] (Fig. 5C). Further, puri�ed IgM
did not induce complement deposition above the PBS background control (dotted line). However, the
spike S1 antigen induced signi�cantly higher ADCD in both plasma and puri�ed IgM assay cohorts
(Fig. 5D). Plasma from severe patients deposited higher levels of complement compared to nonsevere
COVID-19 plasma, but not to a signi�cant degree. However, IgM from the severe COVID-19 cohort induced
signi�cantly higher levels of complement deposition compared to the nonsevere cohort IgM. Next, plasma
and IgM samples were digested with a mannosidase (M) or sialidase (S) and assayed for ADCD (Fig. 5E).
Mannosidase treatment signi�cantly reduced the deposition of complement on Spike S1 antigen in both
plasma and IgM samples. However, the treatment with a sialidase only reduced the deposition of
complement in the severe cohort IgM. Taken together, we report that severe COVID-19 cohort IgM induces
higher levels of antigen-speci�c complement – which could be related to the alteration in the
glycosylation of its mannose or sialic acid content.

4. Discussion
IgG N-glycosylation and effector function have been well characterized during acute COVID-19 infection
[17–19][24–28]. However, IgM antibodies also play vital roles during immune responses, promote a�nity
maturation, maintain hemostasis at mucosal sites including the gut and lung, and induce signi�cantly
higher levels of complement deposition compared to IgG [76]. We suggest that IgM has been overlooked
as a key player during the acute COVID-19 immune response. Within the IMPACC cohort enrolled at Drexel
University, we �nd host IgM N-glycosylation correlates with disease severity.

IgM N-glycosylation
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We report a signi�cant decrease in total IgM mannose in patients with severe COVID-19 (trajectory 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. These
conclusions are supported by decreased mannosidase MAN2A1 and MAN1A2 expression within patient
PBMC mRNA glycosyltransferase (GT) expression datasets. Previously, MAN1A2 genetic variability was
identi�ed as a potential correlate with susceptibility to COVID-19 infection [77]. During severe in�uenza,
MAN1A2 was also downregulated and predicted to be highly regulated by miRNA [78, 79]. More work into
the regulation of mannosidase expression is required to con�rm if the changes observed in PBMC mRNA
are maintained within plasma blast cell population mRNA expression, or if SARS-CoV-2 infection of
PBMCs is the main factor inducing these changes in GT expression. Furthermore, the majority of IgM
mannosylation is site-speci�c, populating the C-terminus of IgM on the Asn-563 and Asn-402 amino acids
[80]. These two glycosylation sites are positioned to potentially interact with the C1q component, and
impact complement activation rates in mice and humans [81, 82]. When IgM binds to an antigen target, it
converts from a “planar” to a hexagonal “dome” or “staple” con�guration [83]. Based on in situ cryo-
structures, the antigen-bound IgM con�rmation binds to complement C1q close to where the IgM C-
terminus mannose structures are present. More work is required to determine if human IgM
mannosylation impacts the a�nity of C1q binding due to steric hindrance or by interacting with the
mannose-binding lectin or H-�colin [84].

Because no studies of human IgM N-glycosylation during human viral infections have been completed,
we sought to compare reports of IgM N-glycan pro�les characterized during other human disease states.
In ovarian cancer patients, the IgM N-glycans M7 and M8 decreased on glycosite N439 (Asn563) with
concomitant increases of mono- and di-sialylated N-glycans occupying N209 (Asn332) [43]. However, the
group determined that the IgG and IgA N-glycan pro�les predicted patients with ovarian cancer with
higher accuracy than IgM N-glycans. In contrast, we observe signi�cant differences in IgM N-
glycosylation stratifying COVID-19 disease severity with decreases only in the processed M5 and M6 N-
glycans. Another group reported higher levels of sialic acid detected in IgM protein fraction isolated from
cancer patient sera compared to non-cancer patients [45] while another study reported no signi�cant
glycomic response associated with either IgG or IgM N-glycan pro�les following tumor ablation therapy
[44]. Our �ndings expand upon the previous reports of a general increase in sialic acid content on IgM.
These sialylated IgM N-glycans likely populate the Asn-395, Asn-332, and Asn-171 glycosylation sites and
could play roles in immunomodulatory signaling. When we examined the PMBC sialyltransferase mRNA
expression data, we did not observe signi�cant changes in the ST6GAL1 mRNA levels. However, we did
detect increased ST3GAL4 mRNA expression, which positively correlated with the summation of all sialic
acid content on IgM.

A previous high-throughput glycomic analysis of COVID-19 patients identi�ed increased α-2,6 and α-2,3
sialylation in the total plasma, lung, and liver tissues [85]. The group associated this change with the
increase in α-2,6 sialylation of the complement proteins and heightened rates of complement deposition
during severe COVID-19. However, α-2,3 sialylation also has been demonstrated to modulate immune
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responses. Increased ST3GAL4 expression responding to the NF-κB pathway resulted in sialylated CD44
expression, exacerbating osteoarthritis in a mouse model [86]. Further, human primary chondrocytes
treated with IL-1β or TNF-α increased ST3GAL4 expression and increased cellular α-2,3 sialic acid content
which resulted in cartilage homeostasis disruption [87]. ST3GAL4 activity has been associated with
adding the α-2,3 sialic acid required for recognition by the Siglec-3, -8, and − 9 [88] and ST3GAL4
expression regulates the synthesis of E-, P- and L-selectin ligands vital for neutrophil adhesion by
increasing the binding avidity of the surface antigen sialyl-LewisX [89]. Taken together, the increase in
ST3GAL4 during COVID-19 may be exerting proin�ammatory downstream effects during disease
pathogenesis.

While the receptor FcµR for IgM was demonstrated to bind IgM in a glycan-independent manner [90], IgM
has been separately demonstrated to impair T cell proliferation in a sialic acid-dependent manner [91].
For example, the inhibitory sialic acid-binding Ig-type lectin G (Siglec G or CD22) expressed on B-cells and
the human Galetcin-9 receptor expressed on the surface of APCs have been reported to bind sialylated
IgM [92, 93]. Therefore, multiple receptors on immune cells may interact with IgM with increased sialic
acid content, resulting in functional consequences of the humoral immune response. More work is
required in this area to better understand how the changes in IgM N-glycosylation are associated with
immune signaling, effector cell function, and the adaptive immune response during severe disease.

Comparing N-glycans from IgM to N-glycans from IgG

Both IgG and IgM are glycosylated by a set of highly regulated glycosyltransferases and glycosidases
(GTs) within the Golgi of plasma blast cells. GT expression is regulated by multiple cytokine and
chemokine factors during an immune response, and the regulatory factors are not fully elucidated [94].
During COVID-19, we observed signi�cant increases in the agalactosylated N-glycans on IgG with
concomitant decreases of G2 and S1. In contrast, the IgM N-glycan pro�le lost G0 and G1 content,
instead gaining S2 and S3 sialic acid as well as acquiring larger, unprocessed mannose content. The
differences in glycosylation observed between IgG and IgM from the same COVID-19 patients suggest
that ST3GAL4 could add sialic acid to IgM. Because IgG contains nearly all α-2,6 sialic acid [95] and
ST6GAL1 transcripts remain unchanged, the upregulation of ST3GAL4 could explain how only IgM gains
sialic acid while IgG does not. This is supported by our observation that α-2,3 linked sialic acids are
released from IgM A3G3S3 isomers when enzymatically digested with neuraminidase S.

IgM N-glycan correlation with markers of severity and cytokines

Predicting COVID-19 severity continues to be important to appropriately distribute healthcare resources.
Markers of severe COVID-19 infection include elevated D-dimer, blood urea nitrogen (BUN), creatinine, and
circulating potassium. These markers of severity signi�cantly correlated with the IgM N-glycosylation:
mannose and S2 content. It is likely that the potassium, BUN, and creatinine re�ect acute kidney injury
often observed in severe COVID-19 patients [96]. In previous COVID-19 studies, mild hyperkalemia is
associated with COVID-19 severity and acute kidney injury due to severe COVID-19 [97] and altered
potassium levels are associated with a poorer prognosis for COVID-19 survival [98]. BUN levels obtained
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upon emergency room evaluation signi�cantly correlated with COVID-19 disease severity [99]. D-dimer
indicates recent coagulation cascade activation by providing a marker of clot �brinolysis, thus indirectly
re�ecting circulatory thrombosis [100]. During COVID-19, D-dimer has commonly been found to be
elevated in severe COVID-19 patients [4]. In addition, increased titers of IgA and IgG have been associated
with a more severe COVID-19 [101]. IgM N-glycan's signi�cant correlation with anti-nucleocapsid (N)
antibodies suggests that the mechanism of severity in part correlates with IgM N-glycosylation
alterations. Taken together, the signi�cant correlations between IgM N-glycosylation pro�le and markers
of severity suggest a potential role or response to the pathogenesis of severe COVID-19.

Of the measured cytokines in the Luminex assays performed at Drexel’s IMPACC site, only IL-16 and IL-18
were correlated with the changes in total mannose and S2 content of IgM. Most cytokines elevated in
COVID-19 are proin�ammatory [102] and IL-16 and IL-18 are no exception. IL-16 has previously been
associated with promoting asthma severity by increasing the release of other proin�ammatory cytokines
[103] and promoting T cell activation by acting as a T-cell chemoattractant after being released by
monocytes [104]. No studies of COVID-19 have reported IL-16 elevation associated with the severity of the
disease. However, IL-18 is known to be elevated in patients with acute respiratory distress syndrome
(ARDS) resulting from in�uenza virus infections [105]. One study correlated the level of IL-18 determined
from a genome-wide association study (GWAS) was protective against severe COVID-19, and the authors
suggested that IL-18 could participate in producing IFN-γ [106]. We postulate that the glycosylation of
IgM could be a downstream response to the increased levels of IL-18 and IL-16 because
glycosyltransferase expression can respond to cellular stimuli such as cytokine signaling [72].

Antigen-speci�c complement deposition

Overactivation of complement has been associated with mortality and morbidity from COVID-19 in severe
cases [74, 107–110]. Because IgM is highly effective at inducing complement, and the N-glycans on IgM
were signi�cantly altered in severe vs nonsevere COVID-19 patients, we sought to determine if we could
con�rm the previously reported increases of SARS-CoV-2 antigen-speci�c complement deposition. The
RBD antigen complement deposition was low, likely due to the lower levels of anti-RBD antibodies present
during the �rst 10 days of COVID-19 naïve patients lacking previous vaccinations. Thus, we assayed
ADCD with the spike S1 antigen and observed higher complement deposition in the severe COVID-19
cohort. Next, we sought to determine if puri�ed IgM could activate complement for these SARS-CoV-2
antigens. Puri�ed IgM has been previously measured for complement deposition using Guinea pig
complement [111, 112], but not using COVID-19 antigens. Similar to total plasma, low levels of
complement deposition were detected with puri�ed IgM from COVID-19 patients in the RBD antigen ADCD
assay. However, the Spike S1 antigen complexed with IgM from the severe cohort induced signi�cantly
higher levels of complement deposited compared to IgM from the nonsevere COVID-19 cohort. IgM
interacts with complement C1q via conformational shift on the IgM antigen binding face [83, 113], thus
we hypothesize that the mannose or sialic acid N-glycans could impact the rate of complement
deposition. We digested plasma and IgM with a mannosidase or a sialidase and determined that the
ADCD for the Spike S1 antigen was signi�cantly reduced when IgM from severe COVID-19 was treated
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with either a mannosidase or a sialidase. It is intriguing to see that the severe patient IgM glycosylation
could be in part responsible for promoting complement deposition during COVID-19 pathogenesis. We
hypothesize that complement deposition by IgM could, in turn, promote acute respiratory distress
syndrome (ARDS) or acute kidney injury (AKI) observed in severe COVID-19 patients.

5. Limitations
This report analyzed relatively small cohorts from Drexel’s IMPACC study. Larger studies are required to
con�rm these �ndings. Furthermore, this cohort was collected early in 2020 when COVID-19 was
predominantly driven by the Wuhan strain. Patients at this time lacked access to life-saving vaccines,
antiviral medications, and rapid testing. Therefore, newer variants of the virus, more effective treatments,
and vaccination may alter the characteristics of severe COVID-19 patient IgM N-glycosylation. One
extraneous source of N-glycans is the IgM pentamer J-chain, however, 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. We have also not determined the ratio of hexamers and pentamers of IgM,
however, this ratio could confound the reported increased complement activity. We also analyzed total
IgM, limited by our detection method requiring at least 4µg of IgM to obtain adequate �uorescent and
mass spectrometry signal-to-noise ratios for N-glycan identi�cation. Antigen-speci�c glycopeptide
mapping of IgM N-glycans using an LC-MS/MS platform would provide more accurate information about
the speci�c immune response to severe COVID-19 infections.

6. Conclusion
IgM N-glycosylation changes in interesting and unexpected ways compared to IgG N-glycans in severe
COVID-19 patients. The identi�cation, quanti�cation, and correlation of the IgM N-glycan pro�le within a
well-characterized cohort provided opportunities to learn more about how the human immune system
responds to acute viral infections. We align glycosyltransferase expression to the increased mannose
complexity and sialic acid content on IgM and contrast these �ndings to what is canonically observed in
IgG N-glycan pro�les from patients with severe COVID-19. We correlate the IgM N-glycan pro�le to
markers of disease severity and report that spike S1 speci�c complement 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 �eld for immunoglobulin M to be characterized during other infectious
disease states.

Declarations
Acknowledgments

We acknowledge the patients who donated samples this study, medical students Brett Cohen, Nick
Semenza, Brandon Rogowski, Sarah Furukawa, Kristen Ulring, Nataliya Melnyk, and the Monobind



Page 18/35

AccuBind® ELISA Anti-SARS-CoV-2 IgG/IgM/IgA development team: Dr. Frederick Jerome, Christian
Ayoub, Matthew Nguyen, and Anthony Shatola. The study was funded by the United States National
Institutes of Health through the following grants: 5U19AI128910-05, 5R01AI135803-03, 5U19AI118608-
04, 5U19 AI128910-04, 4U19AI090023-11, 4U19AI118610-06, R01AI145835-01A1S1, 5U19AI062629-17,
5U19AI057229-17, 5U19AI125357-05, 5U19AI128913-03, 3U19AI077439-13, 5U54AI142766-03,
5R01AI104870-07, and 3U19AI089992-09.

Competing Interests

The authors have no competing interests to declare.

IMPACC Steering Committee:

Clinical & Data Coordinating Center (CDCC); Precision Vaccines Program, Boston Children’s Hospital:
Al Ozonoff, PhD, Joann Diray-Arce, PhD.

Benaroya Research Institute: Matthew C. Altman, MD.

The University of Texas at Austin: Lauren I. R. Ehrlich, PhD, Esther Melamed, MD, PhD.

Icahn School of Medicine at Mount Sinai: Ana Fernandez Sesma, PhD, Viviana Simon, MD, PhD.

Stanford University: Bali Pulendran, PhD, Kari C. Nadeau, MD, PhD, Mark M Davis, PhD.

Case Western Reserve University and University Hospitals of Cleveland: Grace A. McComsey, MD,
Ra�ck Sekaly, PhD.

Drexel University/Tower Health Hospital: Charles B. Cairns, MD, Elias K. Haddad, PhD.

Boston Clinical Site: Precision Vaccines Program, Boston Children's Hospital, Brigham and Women’s
Hospital, and Harvard Medical School: Lindsey R. Baden, MD, Ofer Levy, MD, PhD.

David Geffen School of Medicine at the University of California Los Angeles: Joanna Schaenman,
MD, PhD, Elaine F. Reed, PhD.

Yale School of Medicine, and Yale School of Public Health: Albert C. Shaw, MD, PhD, David A. Ha�er,
MD, Ruth R. Montgomery, PhD, Steven H. Kleinstein, PhD.

Emory University: Nadine Rouphael, MD.

MyOwnMed, Inc. Bethesda, MD

National Institute of Allergy and Infectious Diseases/National Institutes of Health: Patrice M. Becker,
MD, Alison D. Augustine, PhD.

University of California San Francisco School of Medicine: Carolyn S. Calfee, MD, David J. Erle, MD.

Baylor College of Medicine, and the Center for Translational Research on In�ammatory Diseases,
Michael E. DeBakey VA Medical Center: David B. Corry, MD, Farrah Kheradmand, MD.

University of Florida/University of South Florida: Mark A. Atkinson, PhD, Scott C. Brakenridge, MD.

Oklahoma University Health Sciences Center: Nelson I Agudelo Higuita, MD, Jordan P. Metcalf, MD.

Oregon Health & Science University: Catherine L. Hough, MD, William B. Messer, MD, PhD.



Page 19/35

University of Arizona: Monica Kraft, MD, Chris Bime, MD.

La Jolla Institute for Immunology: Bjoern Peters, PhD.

Centre for Heart Lung Innovation, Providence Research, St. Paul’s Hospital, and the PROOF Centre of
Excellence.

Clinical & Data Coordinating Center (CDCC) (Precision Vaccines Program, Boston Children’s Hospital)

Al Ozonoff, PhD, Carly E. Milliren, MPH, Joann Diray-Arce, PhD, Caitlin Syphurs, MPH, Kerry McEnaney, BS,
Brenda Barton, BSN, RN, Claudia Lentucci, PhD, Mehmet Saluvan, PhD, Ana C. Chang, MS, Annmarie
Hoch, BA, Marisa Albert, BSN, RN, Tanzia Shaheen, MS, MPH, Alvin T. Kho, PhD, Shanshan Liu, MS, MPH,
Sanya Thomas, MBBS, Jing Chen, PhD, Maimouna D. Murphy, Mitchell Cooney, BA, Arash Nemati Hayati,
PhD, Robert Bryant, BA, James Abraham, MS.

IMPACC Data Analysis Group:

Clinical & Data Coordinating Center (CDCC); Precision Vaccines Program, Boston Children’s Hospital:
Al Ozonoff, PhD, Joann Diray-Arce, PhD.

Benaroya Research Institute: Naresh Doni Jayavelu, PhD, Matthew C. Altman, MD, Scott Presnell,
PhD, Tomasz Jancsyk, MS.

The University of Texas at Austin: Cole Maguire, BS.

Icahn School of Medicine at Mount Sinai: Jingjing Qi, MS, Brian Lee, BS.

Stanford University.

Case Western Reserve University and University Hospitals of Cleveland: Slim Fourati, PhD.

Drexel University/Tower Health Hospital: Charles B. Cairns, MD.

Precision Vaccines Program, Boston Children's Hospital, Brigham and Women’s Hospital, and
Harvard Medical School.

David Geffen School of Medicine at the University of California Los Angeles.

Yale School of Medicine, and Yale School of Public Health: Denise A. Esserman, PhD, Leying Guan,
PhD, Steven H. Kleinstein, PhD, Jeremy Gygi, BS, Shrikant Pawar, PhD, Anderson Brito, PhD

Emory University.

MyOwnMed, Inc. Bethesda, MD

National Institute of Allergy and Infectious Diseases/National Institutes of Health.

University of California San Francisco School of Medicine: Gabriela K. Fragiadakis, PhD, Ravi Patel,
PhD.

Baylor College of Medicine, and the Center for Translational Research on In�ammatory Diseases,
Michael E. DeBakey VA Medical Center.

University of Florida/University of South Florida.

Oklahoma University Health Sciences Center.



Page 20/35

Oregon Health & Science University.

University of Arizona.

La Jolla Institute for Immunology: Bjoern Peters, PhD, James A. Overton, PhD, Randi Vita, MD, Kerstin
Westendorf, PhD.

Centre for Heart Lung Innovation, Providence Research, St. Paul’s Hospital, and the PROOF Centre of
Excellence: Casey P. Shannon, BSc.

IMPACC Core Laboratory:

Clinical & Data Coordinating Center (CDCC); Precision Vaccines Program, Boston Children’s Hospital:
Joann Diray-Arce, PhD.

Benaroya Research Institute: Matthew C. Altman, MD, Bernard Khor, MD, PhD.

The University of Texas at Austin.

Icahn School of Medicine at Mount Sinai: Florian Krammer, PhD, Harm van Bakel, PhD, Adeeb
Rahman, PhD, Daniel Stadlbauer, PhD, Jayeeta Dutta, Hui Xie, MS, Seunghee Kim-Schulze, PhD, Ana
Silvia Gonzalez-Reiche, PhD, Adriana van de Guchte, MS, Juan Manuel Carreño, PhD, Gagandeep
Singh, PhD, Ariel Raskin, BA, Johnstone Tcheou, BS, Dominika Bielak, BA, Hisaaki Kawabata, BA,
Brian Lee, BS, Geoffrey Kelly, MS, Manishkumar Patel,MS, Hui Xie, MS, Kai Nie, MS, Temima Yellin,
BA, Miriam Fried, BA, Leeba Sullivan, BA, Sara Morris, BA.

Stanford University: Holden T. Maecker, PhD.

Case Western Reserve University and University Hospitals of Cleveland: Scott Sieg, PhD.

Drexel University/Tower Health Hospital.

Precision Vaccines Program, Boston Children's Hospital, Brigham and Women’s Hospital, and
Harvard Medical School: Hanno Steen, PhD, Patrick van Zalm, PhD, Benoit Fatou, PhD, Kevin Mendez,
PhD, Jessica Lasky-Su, DSc, MS, Scott R. Hutton, PhD, Greg Michelotti, PhD, Kari Wong, PhD,
Meenakshi Jha, MSc, Arthur Viode, PhD.

David Geffen School of Medicine at the University of California Los Angeles.

Yale School of Medicine, and Yale School of Public Health: Albert C. Shaw, MD, PhD, Yujiao Zhao,
PhD, Charles Dela Cruz, MD, PhD, Ruth R. Montgomery, PhD.

Emory University: Steven E. Bosinger, PhD, Arun K. Boddapati, MS, Greg K. Tharp, MS, Kathryn L.
Pellegrini, PhD, Elizabeth Beagle, BS, David Cowan, BS, Sydney Hamilton, BS, Susan Pereira Ribeiro,
PhD, Thomas Hodder, BS.

MyOwnMed, Inc. Bethesda, MD.

National Institute of Allergy and Infectious Diseases/National Institutes of Health. Lindsey B. Rosen,
PhD, Serena Lee, BS.

University of California San Francisco School of Medicine: Charles R. Langelier, MD, PhD, Michael R.
Wilson, MD, Ravi Dandekar, MS, Bonny Alvarenga, BA, Jayant Rajan, MD, PhD, Walter Eckalbar, PhD,



Page 21/35

Andrew W. Schroeder, MPH, Alexandra Tsitsiklis, PhD, Eran Mick, PhD, Yanedth Sanchez Guerrero,
PhD, Christina Love, BA, Lenka Maliskova, MS, Michael Adkisson, BS.

Baylor College of Medicine, and the Center for Translational Research on In�ammatory Diseases,
Michael E. DeBakey VA Medical Center.

University of Florida/University of South Florida.

Oklahoma University Health Sciences Center.

Oregon Health & Science University.

University of Arizona.

La Jolla Institute for Immunology.

Centre for Heart Lung Innovation, Providence Research, St. Paul’s Hospital, and the PROOF Centre of
Excellence.

References
1. Jha, P., P.E. Brown, and R. Ansumana, Counting the global COVID-19 dead. The Lancet, 2022.

399(10339): p. 1937-1938.

2. Li, W., et al., Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus.
Nature, 2003. 426(6965): p. 450-454.

3. Hernandez Acosta, R.A., et al., COVID-19 Pathogenesis and Clinical Manifestations. Infect Dis Clin
North Am, 2022. 36(2): p. 231-249.

4. Yu, H.-H., et al., D-dimer level is associated with the severity of COVID-19. Thrombosis Research,
2020. 195: p. 219-225.

5. Soy, M., G. Keser, and P. Atagündüz, Pathogenesis and treatment of cytokine storm in COVID-19.
TURKISH JOURNAL OF BIOLOGY, 2021. 45(SI-1): p. 372-389.

�. Santa Cruz, A., et al., Interleukin-6 Is a Biomarker for the Development of Fatal Severe Acute
Respiratory Syndrome Coronavirus 2 Pneumonia. Front Immunol, 2021. 12: p. 613422.

7. Sabaghian, T., et al., COVID-19 and Acute Kidney Injury: A Systematic Review. Front Med (Lausanne),
2022. 9: p. 705908.

�. Boussier, J., et al., Severe COVID-19 is associated with hyperactivation of the alternative complement
pathway. Journal of Allergy and Clinical Immunology, 2022. 149(2): p. 550-556.e2.

9. Ma, L., et al., Increased complement activation is a distinctive feature of severe SARS-CoV-2 infection.
Sci Immunol, 2021. 6(59).

10. Rouphael, N., et al., Immunophenotyping assessment in a COVID-19 cohort (IMPACC): A prospective
longitudinal study. Science Immunology, 2021. 6(62): p. eabf3733.

11. Ozonoff, A., et al., Phenotypes of disease severity in a cohort of hospitalized COVID-19 patients:
Results from the IMPACC study. eBioMedicine, 2022. 83: p. 104208.



Page 22/35

12. Richardson, S.I., et al., HIV-speci�c Fc effector function early in infection predicts the development of
broadly neutralizing antibodies. PLOS Pathogens, 2018. 14(4): p. e1006987.

13. Grace, P.S., et al., Antibody Subclass and Glycosylation Shift Following Effective TB Treatment.
Frontiers in Immunology, 2021. 12.

14. Chen, X., et al., FcγR-Binding Is an Important Functional Attribute for Immune Checkpoint Antibodies
in Cancer Immunotherapy. Frontiers in Immunology, 2019. 10.

15. Anthony, R.M., et al., Recapitulation of IVIG Anti-In�ammatory Activity with a Recombinant IgG Fc.
Science, 2008. 320(5874): p. 373-376.

1�. Pleass, R.J., The therapeutic potential of sialylated Fc domains of human IgG. mAbs, 2021. 13(1): p.
1953220.

17. Anthony, R.M. and J.V. Ravetch, A Novel Role for the IgG Fc Glycan: The Anti-in�ammatory Activity of
Sialylated IgG Fcs. Journal of Clinical Immunology, 2010. 30(S1): p. 9-14.

1�. Cobb, B.A., The history of IgG glycosylation and where we are now. Glycobiology, 2020. 30(4): p. 202-
213.

19. Bournazos, S. and J.V. Ravetch, Fcγ Receptor Function and the Design of Vaccination Strategies.
Immunity, 2017. 47(2): p. 224-233.

20. Bournazos, S., A. Gupta, and J.V. Ravetch, The role of IgG Fc receptors in antibody-dependent
enhancement. Nature Reviews Immunology, 2020. 20(10): p. 633-643.

21. Kao, D., et al., A Monosaccharide Residue Is Su�cient to Maintain Mouse and Human IgG Subclass
Activity and Directs IgG Effector Functions to Cellular Fc Receptors. Cell Reports, 2015. 13(11): p.
2376-2385.

22. Yanaka, S., et al., Dynamic Views of the Fc Region of Immunoglobulin G Provided by Experimental
and Computational Observations. Antibodies, 2019. 8(3): p. 39.

23. Solomon, S., D. Kassahn, and H. Illges, Arthritis Research & Therapy, 2005. 7(4): p. 129.

24. Pongracz, T., et al., Immunoglobulin G1 Fc glycosylation as an early hallmark of severe COVID-19.
EBioMedicine, 2022. 78: p. 103957.

25. Hou, H., et al., Pro�le of Immunoglobulin G N-Glycome in COVID-19 Patients: A Case-Control Study.
Frontiers in Immunology, 2021. 12.

2�. Kljaković-Gašpić Batinjan, M., et al., Differences in Immunoglobulin G Glycosylation Between
In�uenza and COVID-19 Patients. Engineering (Beijing), 2022.

27. Petrović, T., et al., IgG N-glycome changes during the course of severe COVID-19: An observational
study. eBioMedicine, 2022. 81: p. 104101.

2�. Vicente, M.M., et al., Altered IgG glycosylation at COVID‐19 diagnosis predicts disease severity.
European Journal of Immunology, 2022. 52(6): p. 946-957.

29. Hoepel, W., et al., High titers and low fucosylation of early human anti–SARS-CoV-2 IgG promote
in�ammation by alveolar macrophages. Science Translational Medicine, 2021. 13(596): p. eabf8654.



Page 23/35

30. Ma, H., et al., Serum IgA, IgM, and IgG responses in COVID-19. Cellular & Molecular Immunology,
2020. 17(7): p. 773-775.

31. Stowell, S.R., et al., Initiation and Regulation of Complement during Hemolytic Transfusion
Reactions. Clinical and Developmental Immunology, 2012. 2012: p. 1-12.

32. Gupta, S. and A. Gupta, Selective IgM De�ciency—An Underestimated Primary Immunode�ciency.
Frontiers in Immunology, 2017. 8.

33. Keyt, B.A., et al., Structure, Function, and Therapeutic Use of IgM Antibodies. Antibodies, 2020. 9(4):
p. 53.

34. Chandler, K.B., et al., Multi-isotype Glycoproteomic Characterization of Serum Antibody Heavy Chains
Reveals Isotype- and Subclass-Speci�c N-Glycosylation Pro�les. Mol Cell Proteomics, 2019. 18(4): p.
686-703.

35. Arnold, J.N., et al., Human Serum IgM Glycosylation. Journal of Biological Chemistry, 2005. 280(32):
p. 29080-29087.

3�. Sitia, R., A. Rubartelli, and U. Hämmerling, The role of glycosylation in secretion and membrane
expression of immunoglobulins M and A. Molecular Immunology, 1984. 21(8): p. 709-719.

37. Colucci, M., et al., Sialylation of N-Linked Glycans In�uences the Immunomodulatory Effects of IgM
on T Cells. The Journal of Immunology, 2015. 194(1): p. 151-157.

3�. Hiatt, A., Designed IgM from glycoengineering. Proceedings of the National Academy of Sciences,
2014. 111(17): p. 6124-6125.

39. Zhang, M., et al., Activation of the Lectin Pathway by Natural IgM in a Model of
Ischemia/Reperfusion Injury. The Journal of Immunology, 2006. 177(7): p. 4727-4734.

40. Gong, S. and R.M. Ruprecht, Immunoglobulin M: An Ancient Antiviral Weapon - Rediscovered. Front
Immunol, 2020. 11: p. 1943.

41. Kikuno, K., et al., Unusual biochemical features and follicular dendritic cell expression of human Fcα/
μ receptor. European Journal of Immunology, 2007. 37(12): p. 3540-3550.

42. Wei, H. and J.-Y. Wang, Role of Polymeric Immunoglobulin Receptor in IgA and IgM Transcytosis.
International Journal of Molecular Sciences, 2021. 22(5): p. 2284.

43. Ruhaak, L.R., et al., Protein-Speci�c Differential Glycosylation of Immunoglobulins in Serum of
Ovarian Cancer Patients. Journal of Proteome Research, 2016. 15(3): p. 1002-1010.

44. Breen, L.D., et al., IgG and IgM glycosylation patterns in patients undergoing image-guided tumor
ablation. Biochimica et Biophysica Acta (BBA) - General Subjects, 2016. 1860(8): p. 1786-1794.

45. Torii, T., K. Kanemitsu, and A. Hagiwara, Sialic acid level is signi�cantly elevated in IgM enriched
protein fraction in sera of cancer patients. Journal of Immunoassay and Immunochemistry, 2017.
38(2): p. 127-139.

4�. Moh, E.S.X., et al., Site-Speci�c <i>N</i>-Glycosylation of Recombinant Pentameric and Hexameric
Human IgM. Journal of the American Society for Mass Spectrometry, 2016. 27(7): p. 1143-1155.



Page 24/35

47. Deriš, H., et al., Robustness and repeatability of GlycoWorks RapiFluor-MS IgG N-glycan pro�ling in a
long-term high-throughput glycomic study. Glycobiology, 2021. 31(9): p. 1062-1067.

4�. Fischinger, S., et al., A high-throughput, bead-based, antigen-speci�c assay to assess the ability of
antibodies to induce complement activation. Journal of immunological methods, 2019. 473: p.
112630-112630.

49. Madley-Dowd, P., et al., The proportion of missing data should not be used to guide decisions on
multiple imputation. J Clin Epidemiol, 2019. 110: p. 63-73.

50. Dong, Y. and C.-Y.J. Peng, Principled missing data methods for researchers. SpringerPlus, 2013. 2(1):
p. 222.

51. Bennett, D.A., How can I deal with missing data in my study? Aust N Z J Public Health, 2001. 25(5): p.
464-9.

52. Innes, B.T. and G.D. Bader, scClustViz - Single-cell RNAseq cluster assessment and visualization.
F1000Res, 2018. 7.

53. Booeshaghi, A.S. and L. Pachter, Normalization of single-cell RNA-seq counts by log(x + 1)* or log(1 +
x). Bioinformatics, 2021. 37(15): p. 2223-4.

54. Zhang, C., et al., Evaluation and comparison of computational tools for RNA-seq isoform
quanti�cation. BMC Genomics, 2017. 18(1): p. 583.

55. Greto, V.L., et al., Extensive weight loss reduces glycan age by altering IgG N-glycosylation.
International Journal of Obesity, 2021. 45(7): p. 1521-1531.

5�. Nikolac Perkovic, M., et al., The association between galactosylation of immunoglobulin G and body
mass index. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 2014. 48: p. 20-25.

57. Russell, A.C., et al., Increased central adiposity is associated with pro-in�ammatory immunoglobulin
G N-glycans. Immunobiology, 2019. 224(1): p. 110-115.

5�. Liu, D., et al., &lt;p&gt;The Association Between Normal BMI With Central Adiposity And
Proin�ammatory Potential Immunoglobulin G N-Glycosylation&lt;/p&gt. Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy, 2019. Volume 12: p. 2373-2385.

59. Liu, J., et al., Associations between the serum levels of PFOS/PFOA and IgG N-glycosylation in adult
or children. Environmental Pollution, 2020. 265: p. 114285.

�0. Kronimus, Y., et al., IgG Fc N-glycosylation: Alterations in neurologic diseases and potential
therapeutic target? Journal of autoimmunity, 2019. 96: p. 14-23.

�1. Ding, N., et al., Human serum N-glycan pro�les are age and sex dependent. Age and Ageing, 2011.
40(5): p. 568-575.

�2. Yu, X., et al., Pro�ling IgG N-glycans as potential biomarker of chronological and biological ages: A
community-based study in a Han Chinese population. Medicine (Baltimore), 2016. 95(28): p. e4112.

�3. Shikata, K., et al., Glycoconjugate Journal, 1998. 15(7): p. 683-689.

�4. Haan, N.d., et al., Differences in IgG Fc Glycosylation Are Associated with Outcome of Pediatric
Meningococcal Sepsis. mBio, 2018. 9(3): p. e00546-18.



Page 25/35

�5. Pučić, M., et al., Changes in plasma and IgG N-glycome during childhood and adolescence.
Glycobiology, 2012. 22(7): p. 975-982.

��. Paton, B., et al., Glycosylation Biomarkers Associated with Age-Related Diseases and Current
Methods for Glycan Analysis. International Journal of Molecular Sciences, 2021. 22(11): p. 5788.

�7. Jin, Z.-C., et al., Genetic disruption of multiple α1,2-mannosidases generates mammalian cells
producing recombinant proteins with high-mannose–type N-glycans. Journal of Biological
Chemistry, 2018. 293(15): p. 5572-5584.

��. Samyn-Petit, B., et al., Molecular cloning and functional expression of human ST6GalNAc II.
Molecular expression in various human cultured cells. Biochimica et Biophysica Acta (BBA) - General
Subjects, 2000. 1474(2): p. 201-211.

�9. Lo, C.Y., et al., Competition between core-2 GlcNAc-transferase and ST6GalNAc-transferase regulates
the synthesis of the leukocyte selectin ligand on human P-selectin glycoprotein ligand-1. J Biol
Chem, 2013. 288(20): p. 13974-13987.

70. Madley-Dowd, P., et al., The proportion of missing data should not be used to guide decisions on
multiple imputation. Journal of Clinical Epidemiology, 2019. 110: p. 63-73.

71. Vâţă, A., et al., Clinical signi�cance of early IgA anti‐SARS‐CoV‐2 antibody detection in patients from
a Romanian referral COVID‐19 hospital. Experimental and Therapeutic Medicine, 2022. 23(6).

72. Cao, Y., et al., Cytokines in the Immune Microenvironment Change the Glycosylation of IgG by
Regulating Intracellular Glycosyltransferases. Frontiers in Immunology, 2022. 12.

73. Tesfaye, D.Y., et al., Targeting Conventional Dendritic Cells to Fine-Tune Antibody Responses.
Frontiers in Immunology, 2019. 10.

74. Adeniji, O.S., et al., COVID-19 Severity Is Associated with Differential Antibody Fc-Mediated Innate
Immune Functions. mBio, 2021. 12(2): p. e00281-21.

75. Butler, S.E., et al., Distinct Features and Functions of Systemic and Mucosal Humoral Immunity
Among SARS-CoV-2 Convalescent Individuals. Frontiers in Immunology, 2021. 11.

7�. Jones, K., et al., Immunoglobulin M in Health and Diseases: How Far Have We Come and What Next?
Front Immunol, 2020. 11: p. 595535.

77. Fan, J., et al., Genome-wide association study of SARS-CoV-2 infection in Chinese population. Eur J
Clin Microbiol Infect Dis, 2022. 41(9): p. 1155-1163.

7�. Daniel, W.H., et al., Glycomic analysis reveals a conserved response to bacterial sepsis induced by
different bacterial pathogens. 2020, Cold Spring Harbor Laboratory Press: Cold Spring Harbor.

79. Kasper, B.T., S. Koppolu, and L.K. Mahal, Insights into miRNA regulation of the human glycome.
Biochemical and Biophysical Research Communications, 2014. 445(4): p. 774-779.

�0. Loos, A., et al., Expression and glycoengineering of functionally active heteromultimeric IgM in
plants. Proceedings of the National Academy of Sciences, 2014. 111(17): p. 6263-6268.

�1. Wright, J.F., et al., C1 binding by mouse IgM. The effect of abnormal glycosylation at position 402
resulting from a serine to asparagine exchange at residue 406 of the mu-chain. J Biol Chem, 1990.



Page 26/35

265(18): p. 10506-13.

�2. Muraoka, S. and M.J. Shulman, Structural requirements for IgM assembly and cytolytic activity.
Effects of mutations in the oligosaccharide acceptor site at Asn402. J Immunol, 1989. 142(2): p.
695-701.

�3. Sharp, T.H., et al., Insights into IgM-mediated complement activation based on in situ structures of
IgM-C1-C4b. Proceedings of the National Academy of Sciences, 2019. 116(24): p. 11900-11905.

�4. Lei, X., et al., A novel IgM–H-Ficolin complement pathway to attack allogenic cancer cells in vitro.
Scienti�c Reports, 2015. 5(1): p. 7824.

�5. Qin, R., et al., α2,6-Sialylation is Upregulated in Severe COVID-19 Implicating the Complement
Cascade. 2022, Cold Spring Harbor Laboratory.

��. Wang, T., et al., MiR-193b modulates osteoarthritis progression through targeting ST3GAL4 via
sialylation of CD44 and NF-кB pathway. Cellular Signalling, 2020. 76: p. 109814.

�7. Toegel, S., et al., Phenotype-related differential α-2,6- or α-2,3-sialylation of glycoprotein N-glycans in
human chondrocytes. Osteoarthritis and Cartilage, 2010. 18(2): p. 240-248.

��. Büll, C., et al., Probing the binding speci�cities of human Siglecs by cell-based glycan arrays.
Proceedings of the National Academy of Sciences, 2021. 118(17): p. e2026102118.

�9. Colomb, F., et al., TNF induces the expression of the sialyltransferase ST3Gal IV in human bronchial
mucosa via MSK1/2 protein kinases and increases FliD/sialyl-Lewisx-mediated adhesion of
Pseudomonas aeruginosa. Biochemical Journal, 2013. 457(1): p. 79-87.

90. Lloyd, K.A., et al., Glycan-independent binding and internalization of human IgM to FCMR, its cognate
cellular receptor. Scienti�c Reports, 2017. 7(1): p. 42989.

91. Vattepu, R., S.L. Sneed, and R.M. Anthony, Sialylation as an Important Regulator of Antibody
Function. Frontiers in Immunology, 2022. 13.

92. Cederfur, C., et al., Different a�nity of galectins for human serum glycoproteins: Galectin-3 binds
many protease inhibitors and acute phase proteins. Glycobiology, 2008. 18(5): p. 384-394.

93. Adachi, T., et al., CD22 serves as a receptor for soluble IgM. European Journal of Immunology, 2012.
42(1): p. 241-247.

94. Nagae, M., et al., 3D Structure and Function of Glycosyltransferases Involved in N-glycan Maturation.
International Journal of Molecular Sciences, 2020. 21(2): p. 437.

95. Oswald, D.M., et al., ST6Gal1 in plasma is dispensable for IgG sialylation. Glycobiology, 2022.

9�. Legrand, M., et al., Pathophysiology of COVID-19-associated acute kidney injury. Nature Reviews
Nephrology, 2021. 17(11): p. 751-764.

97. Ng, J.H., et al., Outcomes Among Patients Hospitalized With COVID-19 and Acute Kidney Injury.
American Journal of Kidney Diseases, 2021. 77(2): p. 204-215.e1.

9�. Noori, M., et al., How SARS-CoV-2 might affect potassium balance via impairing epithelial sodium
channels? Molecular Biology Reports, 2021. 48(9): p. 6655-6661.



Page 27/35

99. Küçükceran, K., et al., The role of the BUN/albumin ratio in predicting mortality in COVID-19 patients
in the emergency department. Am J Emerg Med, 2021. 48: p. 33-37.

100. Conte, G., et al., The Meaning of D-Dimer value in Covid-19. Clin Appl Thromb Hemost, 2021. 27: p.
10760296211017668.

101. Rangel-Ramírez, V.V., et al., A systematic review and meta-analysis of the IgA seroprevalence in
COVID-19 patients: Is there a role for IgA in COVID-19 diagnosis or severity? Microbiol Res, 2022. 263:
p. 127105.

102. Hasanvand, A., COVID-19 and the role of cytokines in this disease. In�ammopharmacology, 2022.
30(3): p. 789-798.

103. Mathy, N.L., et al., Interleukin-16 stimulates the expression and production of pro-in�ammatory
cytokines by human monocytes. Immunology, 2000. 100(1): p. 63-69.

104. Yoon, T., et al., Serum interleukin-16 signi�cantly correlates with the Vasculitis Damage Index in
antineutrophil cytoplasmic antibody-associated vasculitis. Arthritis Research & Therapy, 2020. 22(1).

105. Kaplanski, G., Interleukin-18: Biological properties and role in disease pathogenesis. Immunological
Reviews, 2018. 281(1): p. 138-153.

10�. Schooling, C.M., M. Li, and S.L. Au Yeung, Interleukin-18 and COVID-19. Epidemiology and Infection,
2022. 150: p. 1-15.

107. Sinkovits, G., et al., Complement Overactivation and Consumption Predicts In-Hospital Mortality in
SARS-CoV-2 Infection. Frontiers in Immunology, 2021. 12.

10�. Ma, L., et al., Increased complement activation is a distinctive feature of severe SARS-CoV-2 infection.
Science Immunology, 2021. 6(59): p. eabh2259.

109. Macor, P., et al., Multi-organ complement deposition in COVID-19 patients. 2021, Cold Spring Harbor
Laboratory.

110. Du�oo, J., et al., Asymptomatic and symptomatic SARS-CoV-2 infections elicit polyfunctional
antibodies. Cell Reports Medicine, 2021. 2(5): p. 100275.

111. Ayoglu, B., et al., Bead Arrays for Antibody and Complement Pro�ling Reveal Joint Contribution of
Antibody Isotypes to C3 Deposition. PLoS ONE, 2014. 9(5): p. e96403.

112. van der Zee, J.S., et al., Human IgM antibodies do not activate guinea-pig complement after
interaction with soluble antigen. Molecular Immunology, 1986. 23(6): p. 669-673.

113. Laursen, N.S., et al., Functional and Structural Characterization of a Potent C1q Inhibitor Targeting
the Classical Pathway of the Complement System. Frontiers in Immunology, 2020. 11.

Table
Table 1 is available in the Supplementary Files section.

Figures



Page 28/35

Figure 1

IgM N-glycosylation analysis reveals differences in COVID-19 patients strati�ed by trajectory A) IgM N-
glycans labeled with the RapiFluor (RFMS) were pro�led with UPLC-FLR-ESI-MS. The resulting N-glycans
were identi�ed 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 con�rmed mass identities due to the
limitation of the RFMS label in the QDa mass spectrometer. IgM monomer is displayed with the 5
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conserved glycosylation sites labeled 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 protein 1 (N1) and the house keeping gene RNP via RT qPCR are presented
strati�ed across trajectory 1-2, 3, and 4-5 C) IgM N-glycans are grouped by class: G0 refers to core
diantennary N-glycans lacking galactose, G1 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 GlcNAc moiety, Fucosylated 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&5 (n=10), Day 7 Trajectory 4&5 (n=5). N-
glycan classes listed in the above graph +/- S.D. with signi�cance denoted were analyzed using a two-
way ANOVA with Tukey's multiple comparisons test **p < 0.01, ***p < 0.001.
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Figure 2

IgM N-glycan pro�le strati�es cohorts of nonsevere from severe trajectory COVID-19 patients A) IgG N-
glycans from healthy control (n=2), day 4 trajectory 1-3 (n=12), and day 4 trajectory 4&5 (n=10) cohorts.
N-glycans are graphed as grouped classes – see supplemental �gure 4 for a full list of N-glycans and N-
glycan grouping. B) IgM N-glycan pro�les from cohorts of healthy control (n=2), day 4 trajectory 1-3
(n=12), and day 4 trajectory 4&5 (n=10) hospitalized COVID patients. See Figure 2A for a detailed
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explanation of the N-glycan classes. C)IgM mannosylated N-glycans from non-severe compared to severe
COVID-19. A summation of the indicated mannose/hybrid N-glycan sub-groups are graphed to the right.
IgM N-glycan classes graphed as mean +/- S.D. with signi�cance determined using multiple unpaired T-
tests *p < 0.05, **p < 0.01, ***p < 0.001

Figure 3

Changes in IgM N-glycosylation correlate with PBMC glycosyltransferase/glycosidase mRNA expression
A) Expression of MAN1A2, MAN2A1, ST3GAL4, and ST6GALNAC2 were signi�cantly different between
the COVID-19 trajectory 1-3 (nonsevere) and trajectory 4 and 5 (severe). The role of each glycosidase and
glycosyltransferase are depicted below. B) Total mannose on IgM positively correlated with MAN1A2 and
TMTC3 expression while negatively correlating with ST3GAL4 expression. The summation of sialic acids
on IgM positively correlated with ST3GAL4 expression.
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Figure 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
hospitalization using linear regression analysis. B) Total di-sialylated (S2) N-glycans were correlated with
hospital laboratory measurements of D-dimer, BUN, creatinine, and potassium using simple linear
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regression. C) 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. D)
Total IL-18 measured from plasma collected on day 4 of hospitalization was compared between
hospitalized trajectories 1-3 and trajectories 4 and 5. IgM mannose and S2 content were correlated with
levels of the cytokines IL-16 and IL-18 as detected by Luminex 32-plex assay plasma collected on day 4
of hospitalization. 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. R2 and p-values are reported below
each comparison, with bolded p-values considered statistically signi�cant *p < 0.05 using student’s T-test.
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Figure 5

Antigen-speci�c complement deposition (ADCD) induced by plasma and IgM from severe and nonsevere
COVID-19 cohorts A) Spike S1 and RBD antigen location on SARS-CoV-2 Spike glycoprotein (left), an
example of how ADCD assay was quantitated using �ow cytometry of plasma compared to PBS-blank
sample (center), and the glycosylation of IgM pentamer displaying the c-terminus of IgM containing
mannose in orange color while the purple portions of the heavy chain on IgM are complex-type N-glycans
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(right). B) Gating strategy for detection of complement deposition on �uorescent beads using �ow
cytometry. C) ADCD assay using the antigens RBD assayed in duplicate with pooled day 4 trajectory 1-3
and day 4 trajectory 4&5 plasma or IgM (left). D) Spike S1 antigen was assayed for ADCD with pooled
day 4 trajectory 1-3 and day 4 trajectory 4&5 plasma assayed in triplicate over two experiments and the
same cohorts of IgM were assayed in duplicate and then triplicate during a second experiment. E) Total
plasma and IgM samples were digested with mannosidase (M) and sialidase (S) before ADCD analysis
run in duplicate. Dotted horizontal lines refer to background binding by FITC anti-C3 antibody in PBS-only
samples. Statistical signi�cance was analyzed using one-way ANOVA, **p <0.01, ***p <0.001.
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