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Abstract

Background and Objectives

Anti-myelin-associated glycoprotein (anti-MAG) neuropathy is a chronic demyelinating
neuropathy with deposits of IgM and sural nerve fiber demyelination. While growing evidence
supports the critical role of IgG glycosylation in autoimmune diseases, IgM glycosylation
profiles markedly differ from those of IgG but are largely neglected. The aim of this study was to
characterize IgM N-glycosylation in patients with anti-MAG neuropathy and its involvement in
anti-MAG pathogenicity.

Methods

IgM antibodies were isolated from patients with anti-MAG neuropathy (n = 17), asymptomatic
patients with monoclonal gammopathy of undetermined significance (n = 8), and healthy
donors ([HDs], n = 6). N-glycan analysis was performed using mass spectrometry. Binding to
myelin-associated glycoprotein (MAG), complement (C1q), and IgM Fc receptors (Fca/pR
and DC-SIGN) was compared using ELISA between anti-MAG and MGUS IgM, before and
after N-deglycosylation/desialylation. Finally, we assessed how IgM N-glycosylation influences
cytokine production by monocyte-derived macrophages by measuring cytokine levels in culture
supernatants.

Results

Anti-MAG IgM exhibited a unique glycosylation pattern, dominated by fucosylated, mono-
sialylated N-glycan with a bisecting N-acetyl glucosamine (N-glycan 12), representing 48.5% of
the total N-glycan pool, compared with 27.3% in MGUS IgM and 35.6% in HD IgM. We
showed that deglycosylation and desialylation significantly reduced anti-MAG activity and Clq
binding (average % of decrease 58.3 + 18.8, p < 0.01, and 40.0 + 19.9%, p < 0.0S, respectively).
Furthermore, anti-MAG IgM binding to C1q was significantly higher than that of MGUS IgM
and HD IgM (p < 0.0001 and p < 0.001, respectively). Compared with MGUS IgM, anti-MAG
IgM also significantly increased the production of proinflammatory cytokines IL-1, IL-6, IL-8,
TNF-a, and IFN-Y by macrophages, in a glycan-dependent manner (p < 0.01 to p < 0.001),
with IL-8 being particularly elevated. Finally, we found that anti-MAG IgM bound more
strongly Fca/p receptor and DC-SIGN compared with MGUS IgM (p < 0.05 and p = 0.06).

Discussion

This study uncovered a unique N-glycosylation pattern of anti-MAG IgM, crucial for its
interaction with MAG and binding to C1q. Moreover, anti-MAG IgM increased the macro-
phage cytokine production, driven by their glycosylation. The increased IL-8 expression and
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Glossary

BKT = bruton tyrosine kinase; BTU = Bithlmann titer unit; HD = healthy donor; MAG = myelin-associated glycoprotein;
MALDI-TOF MS = matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; MGUS = monoclonal
gammopathy of undetermined significance; OD = optical density; ONLS = Overall Neuropathy Limitation Scale; PBS =
phosphate buffer saline; pIgR = polymeric immunoglobulin receptor; RODS = Rasch-Built Overall Disability Scale; SGPG =
sulphated glucuronyl paragloboside; SIGLEC = sialic acid-binding immunoglobulin-like lectin.

anti-MAG IgM binding to C1q might open 2 potential therapeutic avenues: inhibiting IL-8 activity or targeting the complement
pathway. In addition, the glycosylation and Clq binding of anti-MAG IgM could serve as biomarkers for monitoring this

neuropathy.

Introduction

Immunoglobulin glycosylation is one of the most common post-
translational modifications involved in numerous diseases, es-
pecially certain autoimmune diseases." Variations in man-
nosylation, galactosylation, fucosylation, and sialylation drive
differential Ig functions, ranging from complement activation,
cytokine production, and anti-inflammatory or proinflammatory
effects.” IgG serves as a key example of how changes in im-
munoglobulin glycosylation influence downstream immune
responses. Although the glycosylation of IgG has been exten-
sively studied in autoimmunity, the glycosylation profile of IgM
remains unclear owing to the complexity of this pentameric
protein. Human pentameric IgM contains 5 N-glycosylation
sites located on the crystallizable fragment (Fc) of the p (heavy)
chain (Asn-171, Asn-332, Asn-395, Asn-402, and Asn-563) and
1 N-glycosylation site on the ] chain. In healthy human serum,
complex-type N-glycans are attached to N-glycosylation sites
except Asn-402 and Asn-563, which bear mannosylated
N-glycans.** N-glycosylation of IgM has been further charac-
terized during cancer,”” acute SARS-CoV-2 infection, and Lyme
disease.*” A study performed in 2015" showed that increased
IgM sialylation abolishes T-cell activation. More recently, IgM
N-glycans were linked to antibody-dependent complement de-
position rate during acute viral infection.” However, the extent to
which IgM N-glycans influence IgM effector functions and
interactions with its receptors remains enigmatic.

Anti-myelin-associated glycoprotein (anti-MAG) IgM mono-
clonal antibodies have been associated with a slowly progressive
sensory ataxic neuropathy, so-called anti-MAG neuropathy.
Sensory distal demyelinating neuropathy with ataxia and some-
times postural tremor predominate this well-recognized clinical
entity and can lead to serious disability."""* Immunologic
treatments, including polyvalent immunoglobulins, rituximab,
fludarabine, and plasma exchange, may improve nerve conduc-
tion and control symptoms while new therapies are evaluated in

ongoing clinical trials.'®

MAG is a transmembrane glycoprotein expressed on the
periaxonal surface of oligodendrocytes and Schwann cells."*

Neurology: Neuroimmunology & Neuroinflammation

| Volume 12, Number 5 | September 2025

The extracellular part of MAG contains 8 carbohydrate
moieties including the human natural killer-1 (HNK-1),
which is the target of anti-MAG IgM autoantibodies.">'¢ In
addition to IgM immunoreactivity for the HNK-1 epitope,
MAG shows affinity for N-linked oligosaccharides with 2,3-
sialic acid and 2,6-sialic acid (2,3-SA and 2,6-SA, respectively)
found on glycoproteins and some gangliosides, as a member
of the sialic acid-binding immunoglobulin-like lectin
(SIGLEC4) family."* It also binds to an acidic glycolipid in
peripheral nerves, identified as sulphated glucuronyl para-
globoside (SGPG),'”'® which shares the HNK-1 epitope.
Although IgM paraproteins recognize both MAG and
SGPG,'*?° this study primarily focuses on MAG because IgM
binds to MAG 10 to 100 times more strongly than to SGPG."
The pathogenicity of anti-MAG antibodies has been dem-
onstrated in several studies, including passive and active ani-
mal model immunizations>"** that highlight a link between
anti-MAG IgM and complement activation. However, the
molecular mechanisms underlying anti-MAG pathogenicity
are still poorly understood.

In this study, we hypothesized that IgM N-glycans may play
a role in the pathogenicity of anti-MAG antibodies. We
highlighted N-glycan structures associated with anti-MAG
IgM and compared them with those carried by IgM from
patients with monoclonal gammopathy of undetermined
significance (MGUS) and healthy donors (HDs). We then
evaluated the contribution of N-glycans to the binding of anti-
MAG IgM to MAG, Clgq, and IgM Fc receptors. Finally, we
investigated how anti-MAG IgM modulates cytokine pro-
duction by macrophages.

Methods

Patients

In this study, 17 patients with anti-MAG neuropathy, 8 with
IgM MGUS without any clinical involvement, and 6 healthy
donors (HDs) have been enrolled. Patients with anti-MAG
neuropathy and MGUS were age/sex-matched, but HDs were
younger. They were recruited at either the Department of
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Neurology of Piti¢-Salpétriere Hospital (Paris, France) or the
Department of Neurology of La Timone Hospital (Marseille,
France). Anti-MAG patients fulfilled the electromyographic
criteria from the European Federation of Neurological
Societies/Peripheral Nerve Society (EFNS/PNS) guidelines
for  chronic  inflammatory = demyelinating  poly-
radiculoneuropathy.”® Some patients were diagnosed follow-
ing the 2010 EFNS/PNS criteria, but these diagnoses were
not contradicted by the 2021 criteria.>* Patient disability was
assessed using the Overall Neuropathy Limitation Scale
(ONLS) and the Rasch-Built Overall Disability Scale
(RODS). Serum samples were collected at a single time point
and stored at —20°C until use. Detailed patient information is
summarized in the Table.

IgM Extraction

IgM was extracted from serum samples as previously de-
scribed.® In brief, serum samples were passed through anti-
human IgM (p-chain-specific) agarose columns (Sigma-
Aldrich, St Louis, US). Affinity chromatography steps were
performed at a flow rate of 0.5 mL/minute according to the
manufacturer’s instructions. IgM was then eluted with 0.1M
glycine pH 2.5 (Sigma-Aldrich), and neutral pH was imme-
diately adjusted with 1M Tris pH 8. Buffer exchange was
achieved using dialysis membranes in 1X-phosphate buffer
saline (PBS), pH 7.4 at 4°C, 2 times for 6 hours each. IgM
quantification was performed by both spectrophotometry
absorbance at 280 nm (E'* -IgM = 1.18) and nephelometric
assay (Siemens BN II, IgM, IgG, and IgA assays). These 2
methods confirmed IgM purity; i.e., undesirable isotypes (IgG
and IgA) represented less than 1% of the purified immuno-
globulins. Finally, electrophoresis in native conditions was
performed to verify IgM pentameric format. Purified IgM was

separated using 4%-20% polyacrylamide gel (Mini-PRO-
TEAN TGX Stain-Free Precast Gels, Bio-Rad) and revealed
with Imperial Protein Stain (Thermo Scientific).

Enzymatic Digestions

Protein de-N-Glycosylation

N-glycans were removed using peptide N-glycosidase F from
Elizabethkingia meningoseptica (PNGase F, 2U, Roche Diag-
nostics, Mannheim, Germany). IgM (50 pg) from both anti-
MAG and MGUS groups was digested overnight at 37°C.
Then, enzyme and N-glycans were cleaned by ultrafiltration
using Amicon Ultra-100 K centrifugal filter devices
(1S minutes, 4,500 g, 6 times). Each IgM extract before and
after enzymatic treatment was stored at —80°C until further
analysis.

Protein Desialylation

Desialylation was performed using neuraminidase from
Clostridium  perfringens (3.2.1.18; Sigma-Aldrich), which
cleaves terminal sialic acid residues that are a2,3-linked, a2,6-
linked, or a2,8-linked to glycoproteins. First, neuraminidase
was diluted to 1 U/mL with pure water. As previously de-
scribed,>**” 100 uL of serum was added to 100 pL of 0.1 M
sodium acetate buffer pH 5, 25 uL of bovine serum albumin
1% (BSA, Sigma-Aldrich, St Louis, US) solution, and 25 pL of
the enzyme solution. Enzyme removal and buffer exchange
were performed as described above.

Under similar experimental conditions, but without enzyme,
we confirm that overnight incubation at 37°C neither
degrades IgM nor impairs its binding to MAG (data not
shown). Enzymatic digestion efficacy was validated using
polyacrylamide gel (NuPAGE 4-12% Bis-Tris gel,

Table Demographic and Clinical Features of the Cohort

Anti-MAG group MGUS group HDs
Age (y) 73.5(57-91) 75 (58-94) 35(27-46)
Sex (H/F) 8/9 4/4 3/3
Sensory deficit (n) 17 / /
Motor deficit (n) 14 / /
Tremor (n) 4 / /
Ataxia (n) 8 / /
RODS 80 (47-80) / /
ONLS 4(0-9) / /
Demyelinating (n) 17 / /
Waldenstrom macroglobulinemia (n) 5 / /
Serum IgM concentration (g/L) 4.7 (1.4-10.9) 2.7 (1.3-10.6) 1.2(0.9-1.5)

Abbreviations: MGUS = monoclonal gammopathy of undetermined significance; ONLS = Overall Neuropathy Limitation Scale; RODS = Rasch-Built Overall

Disability Scale.

RODS and ONLS scores were measured for 8 and 12 patients, respectively, at the time of sampling. Age, RODS score, ONLS score, and serum IgM

concentration were presented as median (min-max) values.
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Invitrogen) in denaturing conditions. After migration, pro-
teins were stained with Coomassie blue (Sigma-Aldrich,
eFigure 1). Deglycosylated IgM and desialylated IgM were
used alternatively in the following experiments, depending on
the previously established roles of sialyl residues or the overall
N-glycans.

MAG Binding

Binding to MAG was assessed before and after IgM
deglycosylation/desialylation (PNGase F or neuraminidase
treatment) using an enzyme-linked immunosorbent assay
(ELISA) (BUHLMANN Laboratories AG, Schonenbuch,
Switzerland) according to the manufacturer’s instructions.
Results were expressed in Bithlmann titer units (BTU), and
a cutoff value of 1,000 BTU and upper value of 70,000 BTU
were set.

Macrophage Stimulation and

Cytokine Quantification

Macrophage stimulation was performed as previously de-
scribed.?® In brief, peripheral blood mononuclear cells were
isolated from blood samples of HDs, by density gradient
centrifugation over Ficoll-Paque (Eurobio). Monocytes for
macrophage differentiation were isolated by plastic adher-
ence. Then, cells were counted, seeded in 96-well U-bottom
plates at a density of 5.10* cells/well, and cultured in RPMI-
10% fetal calf serum (FCS) in the presence of 100 ng/mL of
human Granulocyte Macrophage Colony-Stimulating Factor
(GM-CSF) (Miltenyi Biotec) in a total volume of 100 pL. At
day 6, macrophages were stimulated with 0.05 pg/uL of both
glycosylated and deglycosylated IgM. After 24 hours, super-
natants were harvested and stored at —80°C until analysis.
Cytokine concentrations in the supernatant were measured
using the CorPlex Human Cytokine 10-plex Panel 1 (IL-1,
IL-4, IL-5, IL-6, IL-8 [CXCL-8], IL-10, IL-12, IL-22, IEN-Y,
and TNF-a) immunoassay on the Simoa Planar Technology
Imaging and Detection System (Quanterix). The working
dilution for all cytokines except IL-8 was 1:5 in diluent buffer.
Because the IL-8 concentrations were all above the upper
limit of quantification, IL-8 was measured using ELISA
(Thermo Fisher, #88-8086-88) at working dilutions of 1:500
and 1:1,000. The lower limits of quantification (pg/mL) were
as follows: IL-1p: 0.01, IL-4: 0.04, IL-5: 0.01, IL-6: 0.04, IL-8:
3.9, IL-10: 0.1, IL-12: 0.01, IL-22: 0.01, IFN-Y: 0.007, and
TNF-a: 0.06. Each assay was duplicated.

N-Glycan Analysis of IgM By Matrix-Assisted
Laser Desorption/lonization Time-Of-Flight
Mass Spectrometry (MALDI-TOF MS)

IgM N-glycan profiles were studied by MALDI-TOF MS
essentially as described previously.* In brief, IgM samples (10
pL of 0.1-1.0 mg/mL solutions) were diluted in 100 mM
sodium phosphate buffer (PBS, pH 7.4) and 100 mM
dithiothreitol solutions (final concentrations 20 mM and
10 mM, respectively, in a total volume of 49 pL) and then
heated at 95°C for S minutes for protein denaturation. Protein
de-N-glycosylation was performed after addition of PNGase F
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(2U, Roche Diagnostics, Mannheim, Germany) and an
overnight incubation at 37°C. After acidification, proteins
were precipitated using ice-cold ethanol for 1 hour at —20°C.
Released N-glycans were further purified using porous gra-
phitic carbon solid-phase extraction cartridges (Thermo Sci-
entific, les Ulis, France) and subsequently permethylated.
Permethylated N-glycans were analyzed using an Ultra-
fleXtreme MALDI-TOF MS instrument (Bruker Daltonics,
Bremen, Germany) operating in the reflectron positive-ion
mode and using 2,5-dihydroxybenzoic acid as matrix (10 mg/
mL in 50% methanol containing 10 mM sodium acetate).
MALDI-TOF mass spectra were internally calibrated and
further processed using GlycoWorkBench software® for
structure assignments and Flex Analysis software for peak
integration (Bruker Daltonics). Abundances of the different
N—glycan structures were reported as relative percentages to
the total amount of annotated N-glycans.

C1q, DC-SIGN, and Fca/pR Binding

Microtiter wells (Maxisorb, Nunc, Kamstrup, Denmark) were
coated with 0.5 pg of native human C1q complement (Sigma-
Aldrich, 204876-1mg) and recombinant DC-SIGN and
recombinant Fca/pR (Bio-Techne, Minneapolis, US) in
100 pL of PBS (pH 7.4). After incubation at 4°C, residual
protein-binding sites were blocked by the addition of 200 pL
of phosphate buffer saline-bovine serum albumine 3% (PBS-
BSA) for 1 hour at room temperature. Initial concentrations
of 50 pg/mL of purified IgM were used for DC-SIGN and
Fca/pR. Samples were subjected to serial 1:2 dilutions and
incubated with Clq for 120 minutes at 4°C. After washing,
HRP-labeled goat anti-human IgM (p-chain-specific, A0420-
Sigma-St Louis US, used at 1:1,000) was added for 60 minutes
at room temperature, followed by tetramethylbenzidine
(TMB) substrate (Thermo Fisher, US). Absorbance was
measured at 450 nm. Control wells were incubated with
secondary antibody only. For each sample, a corrected optical
density (OD) was calculated (OD of the sample minus OD of
control).

Statistical Analysis

Nonparametric and parametric tests were used including the
Wilcoxon test to compare paired values, a Mann-Whitney test
to compare 2 independent groups, and a Kruskal-Wallis test
or Tukey test for multiple comparisons. The Spearman cor-
relation test was used to measure the correlation between 2
variables. Significant p values are indicated as described: *p <
0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Statistical
analyses were performed using GraphPad Prism software V9
(GraphPad, San Diego) and R studio software (version
2026.06.1).

Standard Protocol Approvals, Registrations,
and Patient Consents

The study has been approved by the ethics committees of the
2 participating centers (agreement PADS 22-362, CPP Ile de
France VI). Patients gave written informed consent for re-
search use of their biological samples.
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Data Availability
All relevant data are available within the article and the sup-
plementary materials. Anonymized data will be shared on
reasonable request from any qualified investigator to the
corresponding author.

Results

A Unique IgM N-Glycan Signature in Anti-

MAG Neuropathy

To decipher IgM N-glycome in patients with anti-MAG
neuropathy, IgM N-glycans were analyzed by MALDI-TOF
MS after conventional PNGase F treatment and compared
with IgM N-glycans from the MGUS group and healthy
individuals (Figure 1A). As expected, we observed a wide
variety of complex mannosylated N-glycans in healthy indi-
viduals,” but also in both MGUS and anti-MAG groups.
Overall, we detected 14 major IgM N-glycan structures (with
relative abundance >1%) in the 3 groups (Figure 1B).
N-glycan structures along with their respective relative in-
tensities are presented in eTable 1 and eFigure 2. To analyze
general trends in the IgM N-glycan profiles across the 3
groups, we performed a principal component analysis, which
emphasized significant N-glycan profile differences (R* =
0.4S, p = 0.001) between patients with anti-MAG neuropathy,
those with MGUS, and HDs (Figure 1C). Strikingly, 1 IgM
N-glycan (peak 12, fucosylated biantennary monosialylated
N-glycan with a bisecting N-acetyl glucosamine residue) sig-
nificantly contributed to the observed clustering and appeared
as the most abundant structure in the anti-MAG N-glycan
profile, accounting for approximately half of the total
N-glycan pool (Figure 1D, median [min-max] anti-MAG IgM
48.5 [33.3-53] vs MGUS IgM 27.3 [0.7-44], p < 0.01). In
addition, the total amount of N-glycans with a bisecting
GIcNAc moiety increased in anti-MAG IgM compared with
IgM from MGUS and HD groups (Figure 1D, anti-MAG IgM
66.3 [47.6-70.9] vs MGUS IgM 37.1 [12.6-64.9] vs HD IgM
51.7 [34.7-63.6], p < 0.01 and p = 0.0, respectively). Third,
mannosylation levels of anti-MAG IgM were intermediate
between those of MGUS IgM and IgM from healthy controls
(Figure 1D, anti-MAG IgM 23.4 [18.6-37.1] vs MGUS IgM
54.6 [19.6-75.1] vs HD IgM 17.25 [14.8-28.9], p < 0.05 and
p = 0.0S, respectively).

Taken together, these results indicate that patients with anti-
MAG neuropathy display a distinct IgM N-glycosylation
signature dominated by a fucosylated and monosialylated
N-glycan with a bisecting GIcNAc.

IgM N-Glycosylation Influences MAG Binding

As a member of the SIGLEC family, MAG shows affinity for
glycoproteins, especially with sialylated glycoproteins."
Thus, we postulated that specific anti-MAG N-glycans might
affect MAG binding. Hence, we measured MAG binding of
anti-MAG IgM before and after deglycosylation. As shown in
Figure 2A, enzymatic removal of anti-MAG IgM N-glycans

Neurology.org/NN

resulted in a clear drop in their interaction with the MAG
antigen (average % of decrease 58.3 + 18.8, p < 0.01), con-
firming contribution of N-glycans in the binding. Of note, 11
of 17 samples (64.7%) showed a reduction in anti-MAG titers
after deglycosylation while 6 samples remained above the
measurement range (ie., >70,000 BTU). Because the mon-
osialylated N-glycan (peak 12, Figure 1B) predominated
among the anti-MAG IgM N-glycome, and because the
SIGLEC family interacts preferentially with sialylated glyco-
proteins, we further explored the role of IgM sialylation in
MAG binding. In line with the latter results, we observed
a 27% decrease in anti-MAG IgM binding after desialylation
(average % of decrease 27 + 13%, p < 0.001, Figure 2B). After
desialylation, 15 of 17 samples (88%) displayed significant
reduction in MAG binding. Three samples, exceeding the
upper limit (i.e., 70,000 BTU), could not be evaluated.

Taken together, the latter observations show that the specific
IgM N-glycans may be associated with anti-MAG neuropathy
because of a functional impact on IgM interaction with MAG.

Particular Anti-MAG IgM N-Glycosylation
Enhances Binding to C1q

Anti-MAG neuropathy is associated with deposits of IgM
paraprotein and complement on the myelin sheaths, >
likely contributing to myelin degradation and axonal de-
generation.34’35 Moreover, previous reports demonstrated
that IgG and IgM N-glycans interact with C1q>® and modu-
late the classical complement pathway activation.”” We,
therefore, sought to interrogate the ability of IgM binding to
Clq among the 3 groups. We adapted an ELISA assay by
coating plates with native human complement C1q followed
by incubation with increasing concentrations of purified IgM
(Figure 3A). Of interest, anti-MAG IgM showed higher
binding to Clq compared with MGUS IgM and HD IgM
(Figure 3A), suggesting that anti-MAG IgM N-glycosylation
may influence binding to C1q. Moreover, these differences are
more pronounced at higher IgM concentrations. At a con-
centration of 1.6 pg/mL, we observed a slight increase in anti-
MAG IgM binding to Cl1g, in contrast to HD IgM and MGUS
IgM, which do not have the ability to bind to C1q (anti-MAG
IgM binding to Clq 0.24 [0.18-0.66] vs MGUS IgM 0.15
[0.09-0.21] p < 0.0001 vs HD IgM 0.2 [0.16-0.27] p = 0.06,
Figure 3B). At a concentration of SO pg/mL, which is far
below serum IgM concentration in anti-MAG neuropathy
(Table), anti-MAG IgM was found to be three to four times
more potent in Clq binding than MGUS IgM and HD IgM
(median [25th and 75th percentiles]: anti-MAG IgM 1.51
[1.16-2.4] vs MGUS IgM 0.4 [0.20-0.89] p < 0.0001 vs HD
IgM 0.54 [0.40-0.71] p < 0.001, Figure 3C). Of note, no
correlation was found between anti-MAG titer and Clq
binding (r, = -0.19 [-0.72-0.48], p = 0.6). These results
suggest that the N-glycosylation pattern may affect Clq
binding. There is no doubt that sialylation of IgG significantly
can affect complement-dependent cytotoxicity and IgG
binding to C1q.*® Emerging data also suggest that sialidase
digestion of IgM reduces complement deposition.” To further
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Figure 1 Anti-MAG IgM Exhibited a Distinct N-Glycan Signature
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(A) Experimental procedure. (B) Representative MALDI-TOF mass spectra of permethylated PNGase F-released N-glycans from anti-MAG, MGUS, and healthy
donor IgM samples. Measurements were performed in the positive-ion mode, and all ions are present in sodiated form. (C) PCA of the 14 major N-glycans
measured in anti-MAG patients (n = 7), those with MGUS (n = 7), and controls (n = 6). Ellipses represent 50% CI of patient distribution in each group. PCA
significance was determined using the Adonis test. (D) Relative abundances of N-glycan (peak 12), bisecting and mannosylated N-glycans in the 3 groups.
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Figure 2 IgM N-Glycosylation Modulates Anti-MAG Activity
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MAG binding was tested before and after (A) total N-deglycosylation using
PNGase F and (B) desialylation using sialidase (n = 17). BTU = BUHLMANN
titer units. The top line corresponds to samples with anti-MAG activity ex-
ceeding 70000 BTU (converted to semi-log units), i.e., out of the assay mea-
suring range before and after deglycosylation (n = 6) and desialylation (n = 3).
MAG ELISA before and after deglycosylation was performed in the same test
while MAG ELISA before and after desialylation was performed the following
day. All tests were performed in duplicate. Differences were analyzed using
a Wilcoxon test (**p <0.01; ***p < 0.001). Anti-MAG = anti-myelin-associated
glycoprotein

explore the role of sialic acid residues in anti-MAG IgM
binding to Clq, anti-MAG IgM samples were digested with
neuraminidase and compared with the paired undigested
samples. Neuraminidase treatment significantly reduced anti-
MAG IgM binding to C1q (average % of decrease 40.0 £ 19.9,
p < 0.05; Figure 3D). Taken together, the propensity of anti-
MAG IgM to bind C1q seems sialic acid dependent.

Induction of Proinflammatory Cytokines by

Anti-MAG IgM Is Dependent on N-Glycosylation
Anti-MAG neuropathy has been associated with increased
serum levels of IL-6.>° Moreover, serum samples from
patients with anti-MAG neuropathy significantly upregulated
the genes associated with TNF-a, NF-kB, and downstream
pathway molecules of NF-kB.** To determine whether the
anti-MAG IgM N-glycosylation pattern influences cytokine
production by macrophages, we incubated anti-MAG IgM
and MGUS IgM with monocyte-derived macrophages and
measured cytokine levels in supernatants (Figure 4A). Like
endothelial cells,* macrophages showed increased TNF-a
production after stimulation with anti-MAG IgM compared
with MGUS IgM (median [min-max] 155 [61-702] vs 72
[30-152], p < 0.01, Figure 4B). In addition to TNF-a, anti-
MAG IgM demonstrated a broad proinflammatory effect on
macrophages, leading to a 3—-13-fold increase in IL-8, IL-1,
IL-6, and IFN-y levels, compared with MGUS IgM

Neurology.org/NN

(anti-MAG IgM vs MGUS IgM: IL-8 p < 0.01, IL-1f p <
0.001, IL-6 p < 0.01, IFN-y p < 0.001, Figure 4B and
eFigure 3A). Conversely, similar levels of IL-4, IL-S, IL-10, IL-
12, and IL-22 were measured in macrophage culture super-
natants after incubation with either anti-MAG IgM or MGUS
IgM (eFigure 3B). Because alteration in IgG whole
N-glycosylation correlated with proinflammatory potential,*'
we explored whether anti-MAG IgM N-glycosylation may
contribute to this effect on macrophages. We, therefore, in-
cubated macrophages with IgM before and after
N-deglycosylation with PNGase F. Strikingly, deglycosylated
anti-MAG IgM had a significantly reduced capacity to induce
IL-8, TNF-q, and IFN-y compared with native IgM (native
IgM vs deglycosylated anti-MAG IgM: IL-8 and TNF-a p <
0.01; IEN-y p < 0.0S, Figure 4B). No differences were ob-
served for IL-1p and IL-6 (eFigure 3A). Moreover, native [gM
and deglycosylated MGUS IgM revealed a similar cytokine
production profile (Figure 4B and eFigure 3A).

To gain further insights into the immunologic remodeling of
monocyte-derived macrophages that is induced with anti-
MAG IgM, we analyzed, using ELISA, the interaction be-
tween anti-MAG IgM and its receptors such as Fca/y receptor
and DC-SIGN that are both expressed on macrophages.42 We
found that anti-MAG IgM bound more strongly Fca/y re-
ceptor and DC-SIGN compared with MGUS IgM (p < 0.05
and p = 0.07, eFigure 4), which could in turn trigger macro-
phage activation and cytokine production.

Taken together, these results support the notion that
N-glycans on anti-MAG IgM might contribute to shifting
macrophage cytokine production toward a proinflammatory

profile.

Discussion

Anti-MAG IgM antibodies are considered pathogenic because
of their complement-activating and proinflammatory prop-
erties.” However, it remains unclear whether anti-MAG
antibodies differ from classical IgM and how they acquire such
an unusual pathogenic potential. In this study, we present the
first characterization of the N-glycosylation profile of anti-
MAG IgM and provide insights into the role of N-glycans in
anti-MAG IgM pathogenicity. Thus, we found that anti-MAG
IgM N-glycans play a crucial role in MAG binding and en-
hance interaction with C1q. We report that proinflammatory
cytokines such as TNF-q, IL-8, IL-1p, IL-6, and IFN-y were
significantly upregulated after macrophage exposure to anti-
MAG IgM.

Our results reinforced the role of complement activation in
anti-MAG neuropathy as we demonstrated that anti-MAG
IgM strongly binds to C1q. Anti-MAG IgM has been identi-
fied as the primary mediator of myelin alterations, with
complement acting as the effector** and the myelinolytic ef-
fect requiring active human complement.*' In our study, anti-
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Figure 3 Anti-MAG N-Glycosylation Signature Enhances IgM Binding to C1q
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(A) IgM binding to C1q was measured by ELISA at indicated concentrations. Red, green, and blue curves represent anti-MAG, MGUS, and HD samples (anti-
MAG, n = 11; MGUS, n = 11; HD, n = 6). (B and C) Binding to 0.5 pg of native human C1gq complement of 1.6 pg/mL and 50 pg/mL of native IgM. Data are
presented as median and 25th and 75th percentiles from 3 technical replicates. (D) Anti-MAG IgM (50 pg/mL) binding to C1q before and after digestion by
sialidase. Data are generated from 2 technical replicates. Asterisks indicate significance with a Mann-Whitney test (B and C) and a Wilcoxon test (D) (*p < 0.05,
**%p < 0.001, ****p < 0.0001). Anti-MAG = anti-myelin-associated glycoprotein; MGUS = monoclonal gammopathy of undetermined significance.

MAG binding to C1q does not correlate with the level of anti-
MAG activity or the amount of IgM, suggesting that it rather
depends on the IgM protein structure and N-glycosylation
pattern of its heavy chain, as already shown by other
authors.*> While correlation between anti-MAG titers and
complement activation remains conflicting in the literature,*®
which may be explained by the cohort sizes and the assay
performances, there is a broad consensus that the
complement-activating capacity of anti-MAG is crucial and
could serve as a biomarker for the disease. The ability of anti-
MAG IgM to bind to Clgq, easily tested by ELISA as set up in
our study, could serve as a valuable biological marker for
disease progression, given that a decrease in serum comple-
ment activity is not a sensitive indicator of this localized
intratissue complement activation.” The significant variabil-
ity observed among our patients may reflect an ongoing state
of active neurologic involvement. Nevertheless, although
previous studies have established a correlation between Clq
binding and complement-dependent cytolysis,*’ we ac-
knowledge that additional experiments, such as complement-
dependent lysis or complement deposition assays, would be
required to assess the functional impact of the enhanced
Clqg-anti-MAG IgM interaction.

We also observed that anti-MAG IgM sialylation favors Clq
binding. In line with our results, previous studies have shown
that complement deposition increases in correlation with the
sialylation of IgM.** Of interest, anti-MAG sialylation is not
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only involved in interactions with complement but also
enhances the binding of the monoclonal IgM to its target.
Indeed, MAG has a strong affinity for alpha2,3-sialic acid and,
to a lesser extent, alpha2,6-sialic acid."* It interacts with my-
elin components such as gangliosides that share this molec-
ular structure initiating a signaling cascade essential for the
maintenance and survival of myelinated axons. One could
hypothesize that anti-MAG sialylation allows them to replace
natural “binding partners”'* of MAG such as gangliosides,
thereby blocking this signaling cascade and contributing to
the clinical phenotype.

In this study, we report that proinflammatory cytokines, in-
cluding TNF-a, IL-8, IL-1p, IL-6, and IFN-y, were signifi-
cantly upregulated after macrophage exposure to anti-MAG
IgM. Notably, we did not observe an increase in IL-10, which
contrasts with previous findings.*”*® This absence of IL-10
overexpression may be attributed to the polarization of
macrophages toward the proinflammatory M1 phenotype,
driven by GM-CSF stimulation, thereby bypassing the anti-
inflammatory M2 phenotype responsible for producing
T-regulatory cytokines such as IL-10.

The observed cytokine overexpression was specific to anti-
MAG IgM and unrelated to the paraproteinemic status of
patients, because MGUS IgM did not induce a similar effect.
Our findings suggest that N-glycosylation modulates the ef-
fector response of IgM, with specific N-glycan structures on
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Figure 4 Anti-MAG N-Glycosylation Signature Promotes Proinflammatory Cytokine Release
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anti-MAG IgM contributing to its pathogenicity. Cytokine
secretion patterns were determined mainly by the N-glycan
structures present on anti-MAG IgM because macrophage
stimulation was performed using the same cell population
exposed to identical amounts of both N-glycosylated and
deglycosylated IgM. N-glycan—dependent interactions have
been identified among various proinflammatory cytokines,
exhibiting synergistic effects that increase blood-nerve barrier
permeability and contribute to nerve damage.>

Of interest, the effects of IgM sialylation on macrophage ac-

tivation differed from previous findings, where sialylation was
shown to inhibit T-cell activation.'” Regarding relative

Neurology.org/NN
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intensity, sialylated residues accounted for 45.6% of the total
N-glycan pool in MGUS IgM and 71.4% in anti-MAG IgM.
While this percentage was lower in MGUS IgM, it remained
significant but insufficient to trigger macrophage activation.
Furthermore, even after complete deglycosylation, anti-MAG
IgM retained proinflammatory properties, albeit with reduced
intensity, particularly for IL-8, TNF-a, and IFN-y (Figure 4B,
middle panel). This suggests a synergistic effect between the
intrinsic activity of anti-MAG IgM and its glycosylation profile
in driving the proinflammatory response. The proin-
flammatory potential of anti-MAG IgM seems to be influ-
enced by multiple factors, including sialylation levels, the
specific sugar moieties present, the intrinsic activity of IgM,
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the type of cell involved, and the nature of the Fc receptor
engaged. Various Fc receptors, including the polymeric im-
munoglobulin receptor (pIgR), Fca/pR, and FcpR, contribute
to the inflammatory effects of IgM.** These receptors un-
dergo rapid turnover on the cell membrane and can be
modulated by IgM binding and its serum concentration.®' We
hypothesize that persistent monoclonal IgM expression may
shift signaling from inhibitory receptors on T lymphocytes
toward activating signals on macrophages, thereby promoting
inflammatory effector responses. In addition, our results in-
dicate that anti-MAG IgM binds more strongly to Fca/pR
than to DC-SIGN. However, the involvement of other
receptors, such as pIgR, as well as other cells expressing these
receptors in vivo, cannot be excluded. Further studies are
necessary to elucidate how anti-MAG IgM and its N-glycans
are internalized and interact with intracellular components to
regulate the immune effector response.

Our findings suggest that IL-8 upregulation, mediated by anti-
MAG IgM, was N-glycan dependent and associated with the
expression of proinflammatory cytokines IL-1 and TNF-a.
These cytokines significantly increase IL-8 transcription and
the mRNA stability.">** IL-8 plays a critical role in anti-MAG
neuropathy by activating macrophages and recruiting mono-
cytes to the nerve. Studies have reported overexpression of
this chemokine in patients with polyneuropathies, including
anti-MAG neuropathy,** and in animal models of chronic
nerve injury.®> Although rituximab reduces B cells producing
anti-MAG antibodies,"”*® it does not affect antibody activity.
One can hypothesize that combining rituximab with an in-
direct IL-8 synthesis inhibitor targeting bruton tyrosine kinase
(BKT) might improve treatment outcomes. This previously
described approach®”*® blocks the inflammatory processes
that damage the blood-nerve barrier and reduces the accu-
mulation of antibodies in myelin sheaths. However, in-
volvement of IL-8 in this mechanism was not explored. Three
studies have shown that IL-1 and TNF-a regulate the ex-
pression of the IL-8 gene.*>*>* Furthermore, BKT has been
involved in the induction of IL-1 and TNF-a,°'° Therefore, it
is reasonable to assume that using an anti-BKT would in-
directly modulate IL-8 expression. Moreover, owing to the
significant IgM binding to Clq, certain drugs, such as
sutimlimab, which specifically target C1 of the complement
protein in the classical pathway, could offer a promising
therapeutic approach. These therapeutic options require the
accumulation of additional in vitro and ex vivo data before
considering large clinical trials and real-world application.

The number of controls is relatively low compared with the
patients. Although the sample size was limited in the control
group, significant differences were observed regarding binding
capacities of C1q, Fca/p, and DC-SIGN (p < 0.001, p < 0.0S,
and p = 0.06, respectively), somewhat reinforcing the rele-
vance of our observation. In addition, while the MGUS group
is age-matched, the HDs are younger than the anti-MAG
patients, which could influence the glycosylation profile.
Given that patients with MGUS share both age and IgM
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monoclonality with anti-MAG patients, they serve as the most
appropriate control group. Further research is needed to
clarify how age alone affects IgM glycosylation, independent
of disease.

Between patients, we observed that anti-MAG IgM exhibits
heterogeneous activity toward both the HNK1 epitope and
MAG natural binding partners, such as gangliosides, poten-
tially disrupting this signaling pathway. It remains unclear
whether glycosylation profiles would define distinct clinical
phenotypes and to which extent they are influenced by
treatments. It also remains unclear whether the modifications
observed would occur early enough to influence the clinical
progression of neuropathy. Additional research, especially in
newly diagnosed and untreated patients, is needed to explore

this further.

This study underlines the impact of N-glycans attached to
anti-MAG IgM on the pathophysiology of this antibody,
emphasizing the role of glycosylation that increases the
proinflammatory effects of IgM. Our findings revealed 2 po-
tential avenues for further biological investigations: the ability
of IgM to bind to Clq and the role of sialylated residues in
anti-MAG activity. These 2 aspects could improve the cor-
relation between biological results and clinical outcomes, but
they require evaluation in newly diagnosed patients. Given the
challenges of treating this neuropathy, this study provides an
immunologic foundation for expanding therapeutic options,
suggesting that drugs targeting the IL-8/CXCL-8 pathway, or
the classical complement pathway could serve as comple-
mentary treatments alongside B-cell depletion.
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