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SUMMARY
Myelin oligodendrocyte glycoprotein (MOG)-antibody (Ab)-associated disease (MOGAD) is an inflammatory
demyelinating disease of the CNS. Although MOG is encephalitogenic in different mammalian species, the
mechanisms by which human MOG-specific Abs contribute to MOGAD are poorly understood. Here, we
use a systems-level approach combined with high-dimensional characterization of Ab-associated immune
features to deeply profile humoral immune responses in 123 patients with MOGAD. We show that age is a
major determinant for MOG-antibody-related immune signatures. Unsupervised clustering additionally
identifies two dominant immunological endophenotypes of MOGAD. The pro-inflammatory endophenotype
characterized by increased binding affinities for activating Fcg receptors (FcgRs), capacity to activate innate
immune cells, and decreased frequencies of galactosylated and sialylated immunoglobulin G (IgG) glycovar-
iants is associated with clinically active disease. Our data support the concept that FcgR-mediated effector
functions control the pathogenicity of MOG-specific IgG and suggest that FcgR-targeting therapies should
be explored for their therapeutic potential in MOGAD.
INTRODUCTION

Myelin oligodendrocyte glycoprotein (MOG)-targeting immuno-

globulin G (IgG) antibodies (Abs) are consistently identified in

children and adults with acquired CNS demyelinating

syndromes, collectively termed MOG-Ab-associated disease

(MOGAD).1,2 Although there are clinical phenotypic overlaps

between MOGAD, multiple sclerosis (MS), and aquaporin-4

(AQP4)-IgG-positive neuromyelitis optica spectrum disorder

(AQP4-IgG+ NMOSD), cumulative biological, clinical, and patho-

logical evidence discriminates between these conditions.
Cell Repo
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Presence of MOG-IgG in the serum assessed by cell-based

assays (CBAs) confirms the diagnosis in patients with compat-

ible clinical syndromes, as these Abs are rarely found in people

with MS, AQP4-IgG+ NMOSD, or other neurological diseases

or in healthy controls.3

The clinical phenotype associated with the presence of MOG-

Abs changes with age from multifocal CNS demyelination often

in the form of acute disseminated encephalomyelitis (ADEM)

and optic neuritis (ON) in children to isolated ON with or without

involvement of the spinal cord and brainstem in adults.4,5 While

MOG is long known for its encephalitogenic potential in many
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Figure 1. Distinct MOG antibody features discriminate between children and adult patients with MOGAD

(A) Clinical syndromes in pediatric and adult patients with MOGAD. ADEM, acute disseminated encephalomyelitis; ADEM/ON, simultaneous ADEM and ON;

ADEM/ON/TM, Simultaneous ADEM, ON, and TM; BON, bilateral optic neuritis; BON/TM, simultaneous BON and TM; LETM, longitudinal extensive TM; MDEM,

multiphasic disseminated EM; MOG-E, myelin oligodendrocyte glycoprotein encephalitis; ON/TM, simultaneous ON and TM; TM, transversal myelitis; UON,

unilateral ON.

(legend continued on next page)
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different species, the mechanisms by which human MOG-spe-

cific Abs mediate pathology in patients with MOGAD are incom-

pletely understood.2

Ab effector functions are largely mediated by the constant

fragment crystallizable (Fc) domain of IgG molecules through

ligation of cellular Fcg receptors or binding of the complement

component C1q.6 Apart from Ab isotype and subclass, the sugar

moiety attached to the IgG constant heavy 2 (CH2) domain is

critical for maintaining both the pro-inflammatory and anti-in-

flammatory effector functions of IgG molecules.7,8 Human

MOG-Abs are almost exclusively of the complement fixing

IgG1 isotype.5,9 While in vitro studies reported that human

MOG-Abs can activate complement and cellular-dependent

cytotoxicity,10–14 human MOG-Abs poorly recognize rodent

MOG, and adoptive transfer of human MOG-Abs alone into

rodents proved to be insufficient to induce CNS demyelin-

ation.12,15–17 Investigations on pathogenic mechanisms of

human MOG-Abs in vivo have, therefore, been only partially

successful.3 The goal of the present study was to systematically

profile the biochemical and functional landscape of human

MOG-Abs in pediatric and adult patients diagnosed with

MOGAD using an unbiased, high-throughput systems serology

platform and to identify humoral correlates for human MOG-

Ab-associated clinical disease features.

RESULTS

We included 123 individuals with MOGAD, among them 83 chil-

dren and 40 adults. As expected, clinical phenotypes differed

between both cohorts (Figure 1A; Table 1), with ADEM being

the most frequent phenotype in children and ON (both unilateral

and bilateral) being the most frequent in adults. A female pre-

dominance was observed in adults with MOGAD, whereas

both genders were equally represented in children. Since serum

MOG-IgG is rarely present in other neurological diseases or in

healthy controls, we focused on profiling humoral signatures in

patients with MOGAD stratified by age and demographical and

clinical features. Using a systems serology approach,18–20 we

next comprehensively determined IgG effector functions (Ab-

dependent complement deposition [ADCD] and Ab-dependent

natural killer cell activation [ADNKA]), Fc receptor (FcgR) binding

affinities (FcgR 2A, 2B, 3A, 3B, and C1q components), and IgG-
(B) Heatmap shows z scored values of MOG antibody functions (ADCD, ADNKA), b

complement component (C1q) in patients with MOGAD ordered by age. Each co

(C) MOG-antibody-specific functions (NK cell activation [ADNKA], complemen

glycosylation (S, sialylation; B, bisecting N-glycan; G, galactosylation; F, fucosyla

all data for each patient group, and length of the petal represent the mean of the

(D) Univariate comparison of MOG-antibody features, including NK cell activation

bisected and fucosylated N-glycans, between children and adults. Each dot repr

test was used for statistical comparisons between age groups. p values indicate

(E) Volcano plot shows the correlation of each MOG-antibody feature with age. S

on the right, red; negative correlation on the left, blue), and the statistical significan

indicate statistically significant correlations (adjusted p value < 0.01, Benjamini-H

(F) Multivariate analysis of MOG-antibody signatures in children and adults. Partia

used to resolve antibody profiles in children versus adults. Dots represent indivi

dation, model validation p < 0.001 by permutated test. Bar graph shows LAS

importance in projection (VIP).

Each sample was run in duplicate (technical replicates), and results were obtaine
Fc glycosylation profiles to determine whether pediatric and

adult patients with MOGAD differ in functional and Fc-biophysi-

cal profiles of MOG-specific Abs. In children, MOG-specific Abs

had lower capacity to mediate ADNKA compared with adults.

This decreased functionality was related to lower FcgR binding

capacity, in particular FcgR3A highly expressed on NK cells

(Figures 1B–1D).

Ab functionality and capacity to engage FcgRs depend on Ab

class, subclass, and the type of N-linked glycans attached to the

Fc part of Abs.8,21 Given that MOG-Abs are almost exclusively of

IgG1 subclass,5,22 which is, along with IgG3, the most functional

Ab subclass in humans,23 we next aimed to explore whether the

observed age-related difference in functionality was related to

Fc glycan profiles rather than IgG subclasses. Here, we

observed a significant correlation between Fc glycan signatures

and age (Figure 1E); in particular, fucosylation was negatively

correlated with age, indicating higher levels in children than

adults (Figure 1D). This is in line with previous observations of

Fc fucosylation decrease during the lifetime24–26 and might

explain the lower capacity of MOG-specific Abs to mediate

cellular cytotoxicity by NK cells (Ab-dependent cell cytotoxicity

[ADCC]). Indeed, Fc fucose is believed to prevent interaction

between IgG and FcgR3A, thus reducing FcgR binding and

capacity to engage NK activation.27 On the other hand, the pres-

ence of Fc bisecting GlcNAc, which has been described to

improve ADCC,28 positively correlated with age (Figures 1D

and 1E), supporting the observation that adults with MOGAD

show improved Ab-mediated NK activation compared with

children.

To define the minimal number of features that distinguished

Abs in children versus adults, we next applied multivariate

models (LASSO/partial least-square differential analysis

[PLSDA]) to our MOG-specific Ab data. We observed separation

in Ab profiles between our age groups (Figure 1F; model

validation p < 0.0001 by permutated test, accuracy 65% by

cross-validation). In agreement with the univariate analysis,

MOG-specific ADNKA and FcgR binding (particularly, FcgR3A)

were enriched in adults. Univariate and multivariate analyses of

patients solely stratified by clinical phenotypes enriched within

children or adults (ADEM versus non-ADEM and ON versus

non-ON) or by gender (female versus male) independent

from age groups, i.e., from all patients included, did not show
inding to Fc gamma receptors (FcgRs) (FcgR2AR, 2AH, 2B, 3AF, 3AV, 3B), and

lumn corresponds to a single patient.

t deposition [ADCD]) and binding capacity to FcgRs and C1q; antibody Fc

tion) in pediatric (n = 83) and adult (n = 40) patients. Each flower plot condenses

Z score value for each indicated feature.

(ADNKA), binding to Fc gamma receptors (FcgR2A, 2B, 3A), and bulk IgG-Fc

esents an individual patient; data are presented as mean ± SD. Mann-Whitney

statistical significance (**p % 0.01, ***p % 0.001, ****p % 0.0001).

pearman correlation coefficients are indicated in the x axis (positive correlation

ce is indicated in the y axis (�log10[p values]). Values above black dashed line

ochberg correction for multiple comparisons).

l least-square discriminant analysis (PLSDA) on LASSO-selected features was

dual samples (children, blue; adults, red). Model accuracy 65% by cross-vali-

SO-selected features enriched in children or adults ranked by their variable

d by averaging duplicates.

Cell Reports Medicine 4, 100913, February 21, 2023 3



Table 1. Demographical and clinical characteristics of patients with MOGAD

All Children Adults p

N 123 83 40

Female (n, %) 74 (60) 44 (53) 30 (75) 0.02

Median age (y) (range; SD) 13 (1–72; 18) 8 (1–17; 5) 42 (17.3–72; 14) (<0.01)

Clinical phenotypes

- Optic neuritis 48 (39) 21 (25) 27 (67)

- ADEM 28 (23) 28 (34) 0 <0.0001

- Othersa 47 (38) 34 (41) 13 (33)

Disease status at time of sample (n, %)b

- Exacerbation 18/57 (31) 13/43 (30) 5/14 (36)

- Remission 39/57 (68) 30/43 (70) 9/14 (64) 0.74

Immunotherapy (%)c

- Naive 24/41 (59) 24/41 (59)

- Steroids 9/41 (22) 9/41 (22) – –

- IVIG/SCIG 7/41 (17) 7/41 (17)

- IVIG + steroids 1/41 (2) 1/41 (2)

ADEM, acute disseminated encephalomyelitis; IVIG, intravenous immunoglobulin; SCIG, subcutaneous immunoglobulin. p values refer to the compar-

ison between children and adult patients. Fisher’s exact test or Wilcoxon test were used as appropriate.
aOther clinical phenotypes included: simultaneous ADEM and optic neuritis; simultaneous ADEM, optic neuritis, and transverse myelitis; longitudinal

extensive transverse myelitis; multiphasic disseminated encephalomyelitis; encephalitis; and simultaneous optic neuritis and transverse myelitis.
bTotal numbers here are different from N because we only had information about the relapse/remission disease status from a smaller portion of the

cohort (57 individuals in total).
cInformation about immunotherapy was only available for 41 of 123 children with MOGAD.
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significant differences in functional and Fc-biophysical profiles.

These data indicate that MOG-specific Abs employ distinct

innate effector pathways in children versus adults, in line with

previous studies demonstrating that both biophysical25 and

functional29 characteristics of IgG Abs change during aging.

MOG-IgG-associated features were, therefore, analyzed sepa-

rately for children and adults.

We next addressed whether the spectrum ofMOG-Ab-associ-

ated features allows the identification of distinct immunopheno-

typic subgroups within our cohort. Using unsupervised cluster

analysis, two dominant endophenotypes were identified in

each age group (Figure 2A). Endophenotype 1was characterized

by increased MOG-specific Ab titers (in children) with high

capacity to bind FcgRs and mediate ADNKA (in both children

and adults), whereas endophenotype 2 was characterized by

an attenuated MOG-specific profile with low titers and lower

FcgR binding capacity. Also, in both children and adults, endo-

phenotype 1 was enriched in Fc agalactosylation, whereas

endophenotype 2 was enriched in Fc sialylation (Figure 2A).

Supervised multivariate analyses using LASSO/PLSDA showed

clear separation between endophenotypes (validation p < 0.01

for both children and adult models, accuracy 95% and 93%,

respectively) and confirmed FcgR binding capacity as the most

important feature separating endophenotypes 1 and 2

(Figure 2B).

We next aimed to understand whether these Ab-related

endophenotypes tracked with disease activity or distinct clinical

features in each age group. Endophenotype 1 was enriched in

children experiencing active disease compared with patients in

clinical remission and absent in adults in remission (Figure 3A).
4 Cell Reports Medicine 4, 100913, February 21, 2023
Neither endophenotypes were enriched in female versus male

patients or were attributable to clinical syndromes at disease

onset (ADEM, ON, others). We additionally investigated the

possibility that immunotherapy might account for the differential

Ab signatures observed across endophenotypes. In children,

endophenotype 1 was enriched for patients receiving

immunotherapy, whereas endophenotype 2 was enriched for

immunotherapy-naive patients. Although immunotherapy in our

study cohort was not recorded on a regular basis and is,

therefore, incomplete, these data do not support the hypothesis

that immunotherapy is a main driver of the attenuated inflamma-

tory signature observed in endophenotype 2 (Figure S1).

Notably, correlation among Ab features, in particular between

titers, FcgR binding, functions, and Fc glycosylation profiles,

was higher during active disease than during remission

(Figure 3B) regardless of the age group, indicating a more

coordinated humoral response during active disease. Thus,

disease activity in MOGAD tracks with unique MOG-specific

Ab signatures, characterized by highly coordinated humoral

response with higher FcgR binding affinities, Ab-mediated

NK cell activation, increased titers, and an inflammatory

glycan signature characterized by Fc agalactosylation and

asialylation.

DISCUSSION

Our study identified serological signatures of human MOG-Ab-

associated clinical disease features. Increased binding affinity

for activating FcgRs strongly contributed to the clinical disease

activity-associated endophenotype. These data indicate that



Figure 2. MOG-antibody-specific and Fc gamma receptor binding affinity signatures define two endophenotypes in MOGAD

(A) 2D projection of k-means separating MOG-specific features in 2 clusters (or endophenotypes) in children and adults. Heatmaps indicating the mean value

(z scored) for each antibody feature in endophenotype 1 (E1) and E2. Comparisons between endophenotypes for each age group were carried out using Mann-

Whitney test, *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.

(B)Multivariate analysis comparingMOG-antibody signatures between E1 and E2 in children and adults. PLSDA on LASSO-selected features was used to resolve

antibody profiles in E1 versus E2. Dots represent individual samples (E1, blue; E2, red). Model accuracy 95% (children) and 93% (adults) by cross-validation,

model validation p < 0.001 by permutated test. Bar graph shows LASSO-selected features enriched in E1 or E2 in children or adults ranked by their VIP.

Each sample was run in duplicate (technical replicates), and results were obtained by averaging duplicates.
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the capability of MOG-IgG to recruit and instruct innate immune

cells expressing FcgR is instrumental in driving the pathology of

MOGAD. Indeed, neuropathological hallmarks of MOGAD

include perivenous and confluent MOG-dominant myelin loss

with predominant CD4+ T cell and granulocytic inflammation

aside from complement deposition.17,30–32 Furthermore, adop-
tive transfer of human MOG-IgG cross-reacting with rodent

MOG can induce CNS demyelination in vivo provided that

myelin-specific CD4+ T cells are co-transferred.33 Studies in

experimental autoimmune encephalomyelitis (EAE) models pro-

vide amechanistic explanation for these observations. In an EAE

model induced by co-transfer of MOG-specific CD4+ T cells and
Cell Reports Medicine 4, 100913, February 21, 2023 5



Figure 3. E1 is characterized by active dis-

ease in MOGAD patients

(A) Frequency of active disease versus remission

in E1 and E2 in children and adults. Fisher’s exact

test was used for proportion comparisons in each

age group (children p = 0.0047 and adults

p = 0.2308). Numbers of individuals with active

disease versus remission are indicated in each

sector.

(B) Correlation matrix across MOG-specific

ADNKA, titers, C1q, and activating FcgR (FcgR

2A, 3A, 3B) binding capacity, and Fc glycosylation

profiles (G, galactosylation; S, sialylation) during

active disease (left) or remission (right). Correlation

strength is proportional to color intensity (r from

�1 = negative correlation, blue, to +1 = positive

correlation, purple). Features that were not

significantly correlated in either group (age,

B = bisecting GlcNAC, ADCD, inhibitory FcgR2B)

are not reported (z scored, Spearman r correlation,

Benjamini-Hochberg correction for multiple

comparisons; *p% 0.05; **p% 0.01; ***p% 0.001;

****p % 0.0001).
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B cells, myelin-reactive auto-Abs accumulated in CNS-resident

phagocytes, resulting in increased capacity of these cells to

present MOG and to reactivate CNS-invading MOG-specific

CD4+ T cells.34 In an independent MOG T cell receptor trans-

genic model, transfer of MOG-specific IgG triggered activation

and expansion ofMOG-specific CD4+ T cells in an Fc-dependent

manner, thereby facilitating spontaneous EAE development.35

Also, adoptive transfer of affinity-purified MOG-IgG derived

from patients with MOGAD together with MOG-specific CD4+

T cells into rodents augmented T cell activation and CNS infiltra-

tion.33 The aforementioned studies indicate that MOG-Ab-medi-

ated opsonization followed by IgG Fc-dependent internalization

augments antigen presentation and boosts activation of

autoreactive immune cells. Using an unbiased computational

approach in patients with MOGAD, our data strongly support

the concept—established in MOG-induced experimental

models of CNS demyelination—that MOG-IgG Fc-mediated

cellular reactivation contributes to the development and disease

activity of human MOGAD.

In patients with active disease, increased binding affinity for

FcgRs tracked higher frequencies of agalactosylated and asialy-

lated IgG glycovariants and increased titers of MOG-specific

Abs. The latter is in line with the observation that MOG-IgG titers

may drop to undetectable levels during remission from MOGAD

attacks36,37 and that persistent MOG-IgG seropositivity is a

predictor for recurrent disease activity.38 Decrease in the level

of IgG galactosylation, and hence an increase in the abundance

of agalactosylated G0 glycoforms, is one of the most prominent

and established changes in IgG glycosylation at the level of total-

serum and antigen-specific IgGs in a broad spectrum of chronic
6 Cell Reports Medicine 4, 100913, February 21, 2023
inflammatory and autoimmune diseases, such as rheumatoid

arthritis (RA), systemic lupus erythematosus (SLE), autoimmune

vasculitis, andCrohn’s disease.39 Total serum levels of agalacto-

sylated G0 glycoforms have also been reported to correlate with

clinical disease activity in RA.39 Although the Fc-linked sugar

domain only contains a minor fraction of sialylated sugar struc-

tures, asialylated glycovariants are reported to be increased in

patients with RA, SLE, and autoimmune vasculitis and to

precede disease relapses.39 Our finding that higher levels of

agalactosylated and asialylated IgG is associated with clinical

disease activity in MOGAD is, therefore, supported by observa-

tions made in other autoimmune diseases. Whether lack of IgG-

Fc terminal galactose or sialic acid residues translate into higher

functional pro-inflammatory activity of Abs, or merely reflects

chronic inflammatory processes without actively contributing

to autoimmune disease development and severity, has not

been conclusively clarified. Data obtained in mice, however,

suggest that lack of terminal galactosylation or sialylation

changes IgG structure and increases the affinity for activating

FcgRs.40–46

Randomized clinical trials that guide therapy for patients with

MOGAD are lacking, and early studies of B cell-depleting strate-

gies show potentially limited efficacy in preventing relapses.47

Based on retrospective data, intravenous Igs (IVIGs) and oral

corticosteroids are considered the most effective and tolerable

therapies for MOGAD.48,49 Data form several experimental

models of autoimmune diseases, and human studies provide

strong evidence that modulation of FcgR expression and

function, lowering the activation of FcgR-expressing immune

cells, is a key mechanism for the clinical efficacy of IVIGs.40,50–54
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Therapeutic platforms targeting the activation or signaling of

FcgRs such as Bruton’s tyrosine kinase (BTK) inhibitors are

currently being evaluated for their efficacy and safety in MS

and other autoimmune diseases.55–58 Our data suggest that

biologics targeting FcgR function might potentially restrain

MOG-Ab-induced pathology and improve clinical outcomes for

patients with MOGAD.

Taking together, our study provides a framework for corre-

lating biosignatures of auto-Abs with clinical disease features

and support the concept that FcgR-mediated effector functions

of human MOG-specific IgG critically contribute to the develop-

ment and clinical activity of MOGAD.
Limitations of the study
Our study has limitations, including the relatively low number of

samples, incomplete information on immunotherapy, lack of lon-

gitudinal data from patients to allow intraindividual Ab signature

comparison, and the use of total serum instead of antigen-spe-

cific IgG for Fc-glycan analyses, mainly due to limited availability

of samples. Longitudinal measurements with integrated analysis

of clinical parameters are needed to better evaluate the predic-

tive value of MOG-Ab-associated signatures and features for

relapses, disability outcomes, and in guiding treatment

decisions.
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Data and code availability
Data reported in this paper will be shared by the lead contact upon request.

All original data and code are available at: Mendeley database: https://doi.org/10.17632/dj43gnzjyr.1

https://github.com/LoosC/systemsseRology.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Biological samples and human subjects
Patients of all age diagnosed with MOG-antibody associated disorders (MOGAD) were recruited from tertiary hospitals in Australia,

New Zealand, Austria and Germany. Diagnosis of MOGADwas established by clinical criteria and identification of MOG antibodies in

serum samples, collected at disease onset, remission, or relapse, by cell-based assays (as explained below) in Sydney, Australia and

Innsbruck, Austria. Clinical information included demographics (age, gender), disease course (relapsing versus monophasic),

phenotype (including acute demyelinating encephalomyelitis, ADEM, neuromyelitis optica spectrum disorder, optic neuritis, ON,

longitudinally extended transverse myelitis, LETM, and encephalitis, MOG-E), and immunotherapy. Children were defined as

% 18 years of age. Informed consent was obtained from patients or carers in the case of pediatric patients. Hospital Ethics Commit-

tee approval was obtained at each center (NEAF 12/SCHN/395, University of Sydney, Australia, and AM3041A and AM4059, Medical

University of Innsbruck, Austria and University Witten/Herdecke, Germany, respectively), according to the Declaration of Helsinki in

its current version. In patients with active disease, blood samples were taken within the first 2 weeks after the onset of the clinical

episode. In patients receiving immunotherapy (steroids, intravenous immunoglobulin, or subcutaneously applied immunoglobulin)

blood was drawn before therapy initiation. Upon venipuncture, samples were kept 30 min at room temperature for clot retraction,

then centrifuged at 4�C and resulting sera was frozen at �80�C. Samples were thawed on ice prior to experiments. Each sample

was run in duplicate, and results were obtained by averaging duplicates. Presence of MOG antibodies in patient sera was identified

by cell-based assays (CBA).5,59

METHOD DETAILS

Antibody-dependent complement deposition (ADCD)
Patient’s sera were heat inactivated for 30min at 56�C. Purified rhMOGECD60 was biotinylated using EZ-link Sulfo-NHS-LC-LC-Biotin

(Cat. N� 21,338, Thermo Fisher Scientific) following the manufacturer’s instructions and remaining biotin excess was removed using

Zebra Spin Desalting Columns (Cat. N� PI-89883, Thermo Fisher Scientific). Biotinylated rhMOGECD was coupled onto 1 mm fluores-

cent neutravidin-labeled beads (Cat. N� F8775, Thermo Fisher Scientific) in a proportion of 10 mg protein to 10 mL of beads. Incubation

of 10 mLPBS-diluted patient serum (1:10) with an equal volumeof rhMOGECD -coated beads for 2 h at 37�C inV-bottom96-well plates.

Unbound antibodies were washed by centrifugation. Lyophilized guinea pig complement (Cat. N� CL4051, Cedarlane) was reconsti-

tuted according themanufacturers recommendations, then diluted 1:50 in RPMI supplemented with 10%FCS (R10) and 200 mLwere

added to each well and incubated at 37�C for 15 min. Beads were washed with 15 mM EDTA and stained using anti-guinea pig com-

plement C3 (Cat. N� 0,855,385, MPBiomedicals). All samples were assayed in duplicates. Analysis was carried out using a CytoFLEX

(Beckman Coulter). Complement deposition score were calculated as %C3+ beads multiplied C3+ Median fluorescence intensity

(MedFI) divided by 104. Quality checks were performed to ensure that known positive samples were at least 2 times higher than nega-

tive controls and that replicate values correlated. After the quality checks, values from replicates were averaged.61

Antibody-dependent NK cell activation (ADNKA)
Assay was carried out in ELISA plates coated with 100 mL of rhMOGECD at a final concentration of 4 mg/mL and then blocked with 5%

PBS-BSA. Patient’s sera were diluted 1:60 and 100 mL were added to each well and incubated for 2 h at 37�C. NK cells isolation was

carried out from buffy coat of two healthy individuals using NK isolation Kit (Cat. N� 130–092657, Miltenyi) and cells were incubated in

RPMI media containing 1 ng/mL IL-15 at 37�C. NK cells were incubated with anti-CD107a (Cat. N� 555,802, BD Biosciences),

GolgiStop (Cat. N� 554,724, BDBiosciences) and brefeldin A (Cat. N� 420,601, Biolegend) for 5 h at 37�C. Then, NK cells were stained

with anti-CD16 (Cat. N� 557,758, BD Biosciences), anti-CD56 (Cat. N� 557,747, BD Biosciences) and anti-CD3 (Cat. N� 557,943, BD
Biosciences). Cells were fixed and permeabilized using Fix/Perm kit (Cat. N� 00-5523-00, Thermo Fisher Scientific). NK cells were

analyzed on a CytoFLEX cytometer. NK cells were identified as CD3�CD16+CD56+. Each serum sample was assayed in parallel

for both healthy NK cell donors. Values from each replicate were averaged. Quality checks were performed to ensure that known

positive samples were at least 2 times higher than negative controls and that replicate values correlated. After the quality checks,

values from replicates were averaged.61

Fc receptors and complement binding analyses
FcR-binding and complement-binding capacity were measured using a customized multiplexed Luminex assay, as reported.62

Briefly, MOG was coupled to fluorescent carboxyl-modified Luminex microspheres. Antigen-coupled microspheres were incubated

with serum (dilution 1:20-1:40) for 16 h at 4�C. Immunocomplexes were then washed. Recombinant human FcaR, FcgR2AR,
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FcgR2AH, FcgR2B, FcgR3AF, FcgR3AV, FcgR3B, and C1q (Duke Protein Production facility) were biotinylated, conjugated to strep-

tavidin-PE, and incubated with the immunocomplexes. Binding was detected using a Bio-Plex System (IntelliCyt, iQue Screener

Plus), and Median Fluorescence Intensity (MFI) was reported and compared to PBS levels.

IgG-Fc glycan analysis
Samples were heat inactivated by incubation at 56�C for 60 min. Samples were spun at 20,000 g for 10 min and the supernatant was

used for glycan analysis assay. Heat-inactivated samples were incubated for 30 min with uncoupled streptavidin magnetic beads to

remove non-specific bead binding. Sample was then removed from the magnetic beads and added to protein A/G beads for 1 h at

37�C to isolate the IgG fraction. The IgG fraction was then washed and incubated with IDEZ (NEB) to cleave off the Fc from IgG an-

tibodies overnight at room temperature. The antibodies-Fc were then deglycosylated using PNGase and labeled with APTS per man-

ufacturer’s protocol (Glycan Assure APTS kit). Glycans were analyzed using a 3500xL genetic analyzer (Applied Biosystems).

N-glycan fucosyl, afucosyl and afucosyl-fucosyl mixed libraries were also run with the samples to enable identification of different

glycan families. The relative frequency of glycan families was determined using GlycanAssure software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical and computational analyses
Univariate comparative analyses of antibody features between groups was performed using non-parametric tests (Mann-Whitney,

Kruskal-Wallis, Friedman test) and Fisher exact test for frequencies comparison between active versus remission disease in patients,

analyses were carried out using in GraphPad Prism with corrections for multiple comparisons. Spearman correlation coefficients

were calculated, and p values were obtained for two-tailed tests.

Multivariate analyses were performed with R (version 4.1.0). Luminex data were log10-transformed. All data were z-scored.

Missing values were imputed using R package ‘DMwR’. A partial least square discriminant analysis (PLSDA) with Least

Absolute Shrinkage Selection Operator (LASSO) was used to select antibody features that contributed most to discriminate chil-

dren versus adults, and between endophenotypes.63 Antibody features were ranked according to their Variable Importance in

Projection (VIP) score, for which higher values indicate higher contribution to the model, and first latent variable loadings (LV1)

were plotted. 5-fold cross validation was performed. The model was validated by comparing it to a null model, for which the

modeling approach was repeated 100x with permutated labels. P-values were obtained from the tail probability of the accuracy

distribution of the control model. This procedure was repeated for 10 replicates of cross-validation, and median p values were

reported.

K-means clustering was performed for children and adult data separately. All antibody features, including glycan data, FcgR bind-

ing data, and gender, were used for the clustering analysis. Number of clusters, 2, was determined heuristically. Implementation and

visualization of k-means clustering was done with ‘‘ClusterR’’ package and ‘‘factoextra’’ package, respectively, in R (version 4.1.0).
e3 Cell Reports Medicine 4, 100913, February 21, 2023
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