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Abstract

Background and Objectives

The role of the complement system in myelin oligodendrocyte glycoprotein antibody-
associated disease (MOGAD) is not completely understood, and studies exploring its potential
utility for diagnosis and prognosis are lacking. We aimed to investigate the value of complement
factors (CFs) as diagnostic and prognostic biomarkers in patients with MOGAD.

Methods

Multicentric retrospective cohort study including patients with MOGAD, multiple sclerosis
(MS) and aquaporin-4 seropositive neuromyelitis optica spectrum disorder (AQP4-NMOSD)
with available paired serum and CSF samples. A panel of CFs were measured by multiplex
ELISA, and the levels were compared between the 3 conditions. Univariable and multivariable
analyses were performed to evaluate the association between levels of CFs and relapse and
disability outcomes in MOGAD patients.

Results

Ninety-four patients (MOGAD, n = 60; MS, n = 18; AQP4-NMOSD, n = 16) were included.
Mean (SD) age at sampling was 39.4 (16.7), 40.7 (7.0), and 43.3 (21.0), respectively. Female
were predominant, especially in AQP4-NMOSD (88%). Combination of the serum levels of
C3a, C4a, and C3a/C3 ratio showed excellent potential to discriminate MOGAD from patients
with MS (area under the curve [AUC] [95% CI] 0.95 [0.90-0.99]) and from AQP4-NMOSD
(AUC 0.88 [0.76-1.00]). In patients with MOGAD, CSF levels of CFs of the classical/lectin
pathway influenced relapse-related outcomes, and lower C4 levels were associated with higher
number of relapses during follow-up (incidence rate ratio [95% CI] 0.88 [0.78-0.99]; p = 0.04
in multivariable analysis), and a high C4a/C4 ratio was associated with increased risk of second
relapse during the first year (hazard ratio [95% CI] 3.68 [1.26-10.78]; p = 0.02 in multivariable
analysis). Time to second relapse was shorter in patients with MOGAD with a high CSF C4a/
C4 ratio (log-rank p = 0.01). CSF levels of the membrane attack complex SCSb9 influenced
disability-related outcomes, and baseline CSF SCSb9 levels were higher in patients who reached
the final Expanded Disability Status Scale (EDSS) > 3.0 (p = 0.002), and elevated SCSb9 levels
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Glossary

AUC = area under the curve; CF = complement factor; EDSS = Expanded Disability Status Scale; HR = hazard ratio; IQR =
interquartile range; IRR = incidence rate ratio; MAC = membrane attack complex; MOGAD = myelin oligodendrocyte
glycoprotein antibody-associated disease; MOG-Ig = myelin oligodendrocyte glycoprotein; MS = multiple sclerosis; NND =
number needed to diagnose; OR = odds ratio; ROC = receiver operating characteristic; SC = spinal cord; SE = sensitivity; SP =
specificity; VA = visual acuity.

were associated with increased risk of reaching EDSS > 3.0 (odds ratio [95% CI] 1.79 [1.16-3.67]; p = 0.04 in multivariable

analyses).

Discussion

Our results suggest that serum and CSF levels of CFs have diagnostic and prognostic value respectively in patients with
MOGAD. These findings support the use of complement inhibitors as a therapeutic approach in these patients.

Introduction

Antibodies targeting the myelin oligodendrocyte glycoprotein
(MOG-IgG) and aquaporin-4 protein (AQP4-IgG) define 2
distinct demyelinating diseases different from multiple scle-
rosis (MS)."” The complement, a key component of the in-
nate immune system, has been shown to contribute to the
pathogenesis of AQP4-IgG seropositive neuromyelitis optica
spectrum disorder (AQP4-NMOSD), with anti-C$ therapies
demonstrating remarkable efficacy in preventing relapses in
patients with AQP4-NMOSD.*” However, the extent to
which the complement system is involved in MOG-antibody-
associated disease myelin oligodendrocyte glycoprotein anti-
body-associated disease (MOGAD) pathogenesis has been
a subject of controversy in recent years.®

Previous studies comparing C3 and C4 complement factors
(CFs) in blood between MOGAD and AQP4-NMOSD
reported lower C4 levels in patients with AQP4-NMOSD.">
'* One of these studies failed to find significant differences in
levels of CFs between patients with MOGAD and MS."> By
contrast, a more recent study reported for the first time sys-
temic complement activation in MOGAD compared with
both patients with MS and AQP4-NMOSD.'*

Along with a better understanding of disease pathogenesis,
the study of the complement system may lead to the identi-
fication of diagnostic and prognostic biomarkers playing a role
in the disease. This is particularly relevant for MOGAD,
a condition known to have clinical and radiologic features that
may overlap with MS and AQP4-NMOSD, with an un-
predictable disease course (i.e., approximately 50% of the
cases are monophasic) and for which no prognostic bio-
markers are available, yet.">™"?

Bearing this in mind, in this study we aimed to explore the role
of the complement system in MOGAD pathogenesis, di-
agnosis, and prognosis by measuring the levels of a panel of
complement components (C3, C4, CS, Clq), complement
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activation products (C3a, C4a, CSa, Ba, Bb, and the mem-
brane attack complex [MAC] or SC5b9), and complement
regulators (Factor H, Factor I) in paired serum and CSF
samples.

Methods

Study Design and Participants

This was a multicentric retrospective cohort study in 4 Euro-
pean centers (Vall d’Hebrén University Hospital, Barcelona,
Spain; Clinic University Hospital, Barcelona, Spain; Dr. Josep
Trueta University Hospital, Girona, Spain; Verona University
Hospital, Verona, Italy) that included patients with MOGAD,
relapsing-remitting MS, and AQP4-NMOSD fulfilling the most
recent diagnostic criteria or recommendations for each disease
at the moment of recruitment (December 2022).2°2* Selection
of patients was based on availability of paired serum, and CSF
samples never thawed or thawed at most once.

Serum and CSF Processing

CSF samples were collected by lumbar puncture for routine
CSF diagnostics and centrifuged to remove cells. Peripheral
blood was collected by standard venipuncture and allowed to
clot spontaneously for 30 minutes, with serum collection by
centrifugation. CSF and serum samples were aliquoted, frozen
down at —80°C in 1-2 hours per protocol, and stored until
used. The protocols for sample processing at each center
contributing with samples are shown in eMethods.

Antibodies Assessment

Serum samples of patients with MOGAD and AQP4-
NMOSD were tested for MOG-IgG and AQP4-IgG using live
cell-based assays in their respective reference laboratories, as
previously mported.zz"25

Determination of CFs

CSF and serum samples were shipped to the University
Hospital of Miinster (Germany) on dry ice. For the
quantification of serum and CSF levels of CFs (Ba, Bb,
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C3a, C4a, CSa, sCSb9, Factor H, Factor I, Clq, C3, C4,
CS), multiplex enzyme-linked immunosorbent assays
(ELISAs) based on chemiluminescence were used
according to the manufacturer’s recommendations (Qui-
del, San Diego, CA; cat. number: A900, A917) to sys-
tematically profile protein concentrations. Specifically,
frozen specimens were thawed rapidly at 37°C using
a water bath until just thawed, then immediately trans-
ferred to ice to prevent complement activation before di-
lution. Samples were analyzed within 45 minutes after
thawing. Only one freeze/thaw cycle was performed for all
samples. Each plate contained samples from all different
groups to minimize interplate variation. Control samples
provided by the manufacturer were included on each plate
to ensure plate-to-plate consistency. For data points below
lower limit or above upper limit of quantification, the re-
spective threshold was used as value for analysis. eTable 1
summarizes the intra-assay and interassay coeflicients of
variation for each CF.

Clinical Information

The following information was recorded for all patients: sex;
birth date; clinical information of the first event (date; to-
pography; Expanded Disability Status Scale [EDSS] scores;
visual acuity [VA] of the most affected eye; acute and chronic
treatment before and at sampling; date of sampling). Samples
collected within 3 months from the first or subsequent events
were considered as acute onset or acute relapse, respectively.
Otherwise, they were considered as remission.

Follow-up information was also recorded for patients with
MOGAD and included dates of relapses; EDSS and VA at last
follow-up; chronic treatment; and date of last follow-up.

Statistical Analysis

Levels of CFs were compared between disease groups using
the Kruskal-Wallis test and a post hoc pairwise comparison
analysis (Tukey test). To explore the association between
serum and CSF levels of CFs and demographic and clinical
characteristics, univariable linear regression models were fit-
ted using clinical features as independent variables.

For the evaluation of clinical outcomes, different models
were used depending on the outcome: (1) binary logistic
regression model for EDSS > 3.0 at last follow-up, expressed
as odds ratios (ORs); (2) Poisson regression model for the
total number of relapses, expressed as incidence rate ratio
(IRR), using the follow-up duration as offset; (3) linear
mixed regression models for EDSS and VA at last follow-up
expressed as fixed-effects beta (), using time (onset vs last
follow-up) and measures (EDSS and VA) as fixed effects,
and random intercept for the person; (4) Cox regression
models for the time to second relapse expressed as hazard
ratio (HR), and Kaplan-Meier curves with log-rank test for
comparison of patients with values above or below the 75th-
percentile of the significant CFs. Results were expressed with
the corresponding 95% Cls.
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Models were first fitted using each of the CFs as predictors
(univariable models), and then, they were adjusted by sex, age,
acute treatment, and follow-up duration (multivariable models).

Receiver operating characteristic (ROC) curves were built to
evaluate model performance in discriminating MOGAD from
MS and AQPNMOSD and for predicting EDSS > 3 in
patients with MOGAD. To determine 95% Cls for sensitivity
(SE), specificity (SP) and area under the curve (AUC),
bootstrapping with 1,000 resampling was done. The number
needed to diagnose (NND) was calculated for the discrimi-
nation between diseases based on the ROC curves.

Statistical analyses were performed with R version 3.6.2.
Values of p < 0.05 were considered significant. No adjustment
for multiple comparisons was applied because our analyses
were exploratory, and the objective was to generate hypoth-
esis instead of validating previous data.

Standard Protocol Approvals, Registrations,
and Patient Consents

This study received approval from the Clinical Research
Ethics Committee at Vall d’'Hebron University Hospital
(EPA(AG)57/2013(3,834), PR(AG)400/2021). All patients
signed written informed consents.

Data Availability
Anonymized data will be shared by request from any qualified
investigator.

Results

Baseline Characteristics

The study included 94 patients (MOGAD, n = 60; MS, n =
18; AQP4-NMOSD, n = 16). Demographic and clinical in-
formation of the 3 cohorts is summarized in Table 1. Median
interquartile range (IQR) age at sampling was 36 (28-49)
years in MOGAD, 40 (35-46) in MS, and 43 (27-56) in
AQP4-NMOSD. Female sex was predominant in the 3
cohorts, particularly in patients with AQP4-NMOSD (88%).
The most common topography at first event was optic nerve
(ON; 51%) in patients with MOGAD, spinal cord (SC;
44%) in patients with MS, and both locations (38%) in
patients with AQP4-NMOSD. Median (IQR) EDSS at onset
was lower in MS compared with patients with MOGAD and
AQP4-NMOSD (2.0 [1.6-2.0] in MS vs 3.0 [2.3-4.0] and
3.0 [3.0-5.5] in MOGAD and AQP4-NMOSD, respectively;
p =0.001). Median time to sampling from disease onset was
higher in MS (78.0 [42.8-133.0] days) vs patients with
MOGAD and AQP4-NMOSD (15.0 [2.0-55.0] and 56.5
[26.2-357.0] days, respectively; p = 0.001). In 51/59 (86%)
MOGAD, 11/18 (61%) MS and 9/16 (56%) patients with
AQP4-NMOSD, samples were collected at acute onset.
Sixteen (37%) MOGAD, 8 (67%) AQP4-NMOSD, and 4
(22%) MS received acute treatment within 1 month before
sampling. Two (4%) patients with MOGAD and one (8%)
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Table 1 Demographic and Clinical Characteristics of Patients Included in the Study

Characteristics MOGAD (n =60) AQP4-NMOSD (n = 16) MS (n =18) p Value
Baseline

Sex female; no. (%) 39 (65) 14 (88) 14.(78) 0.18

Age at sampling; median y (IQR) 36 (28-49) 43 (27-56) 40 (35-46) 0.68
Index event topography; no. (%) <0.001

ON 30/59 (51) 6 (38) 5(28)

sC 7/59 (12) 6(38) 8 (44)

ON +SC 4/59 (7) 1(6) 0(0)

Infratentorial 3/59 (5) 3(19) 2(11)

Other 15/59 (25) 0(0) 3(17)
EDSS at onset; median (IQR) 3.0 (2.3-4.0) 3.0 (3.0-5.5) 2.0 (1.6-2.0) 0.001
VA at onset; median (IQR) 0.1 (0.0-0.5) 0.2 (0.0-0.1) — 0.19
Acute treatment within 1 month before sampling?; no. (%) 16/43 (37) 8/12 (67) 4(22) 0.06
Time to samplingb: median (IQR) d 15.0 (2.0-55.0) 56.5 (26.2-357.0) 78.0 (42.8-133.0) <0.001
Sampling at acute onset; no. (%) 51/59 (86) 9 (56) 11 (61) 0.01
Chronic treatment at sampling®; no. (%) 2/47 (4) 1/13 (8) 0(0) 0.537
Follow-up

Chronic treatment during foIIow-up"; no. (%) 27147 (57) — —

Presence of relapses; no. (%) 16/48 (33) — —

ARR; median (IQR) 0.0 (0.0-0.3) - —

EDSS at last follow-up; median (IQR) 1.8 (0.0-3.0) — —

Sustained EDSS 3.0; no. (%) 11/52 (21) — —

VA at last follow-up; median (IQR) 0.8 (0.5-1.0) — —

Follow-up duration®; median (IQR) 1.3(0.4-4.4) — —

Abbreviations: AQP4-NMOSD = AQP4-IgG seropositive neuromyelitis optica spectrum disorder; ARR = annualized relapse rate; EDSS = Expanded Disability
Status Scale; IQR =interquartile range; MOGAD = MOG-IgG antibody-associated disease; MS = multiple sclerosis; ON = optic nerve; SC = spinal cord; VA = visual
acuity.

Additional missing values: age at sampling, n =1 in MOGAD; EDSS score at onset, n = 14in MOGAD, n = 2 in AQP4-NMOSD, n =4 in MS; VA at onset, n =22 in
MOGAD, n =4in AQP4-NMOSD; ARR, n = 15; EDSS score at last follow-up, n = 8; VA at last follow-up, n = 25; follow-up duration, n = 8; time to sampling, n = 1.
2 Administration of corticosteroids, plasma exchange, IV immunoglobulin (IVIg), or combination of them within 1 month before sampling.

® Calculated from disease onset.

¢ Chronic therapy at sampling included 2 patients with MOGAD (one with IVIg and another with natalizumab) and one patient with AQP4-NMOSD (rituximab).
94 Chronic therapy during follow-up in patients with MOGAD included immunosuppressive treatments and disease-modifying therapies (rituximab, n = 11;
azathioprine, n = 9; mycophenolate, n = 2; IVIg, n = 2; oral steroids, n = 1; IFN-beta, n = 2; fumarate, n = 1; natalizumab, n = 1).

© Calculated from disease onset to last follow-up. Demographic and clinical features were compared between the 3 cohorts using the x? test (or Fisher exact
test) for categorical variables and the t test (or nonparametric Wilcoxon-Mann-Whitney test) for continuous variables, as appropriate.

patient with AQP4-NMOSD were under chronic treatment
at sampling.

Associations Between CFs and Demographic
and Clinical Characteristics

eTable 2 shows the univariable analysis for the association be-
tween serum and CSF levels of CFs and clinical features in the
whole cohort. Age at sampling was positively associated with
serum levels of Ba, C4, CS, and CSF levels of all factors except
SCSb9, C3, C4, CS, and the C4a/C4 and CS5a/CS ratios. Male
patients had higher CSF levels of all CFs except C3, C4, CS, and
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the C4a/C4 ratio as compared with female. Serum levels of only
3 CFs (Bb, C3a, and C4) were higher in samples collected at
acute onset or relapse compared to remission. Regarding clinical
presentation, CSF levels of C3a, C4a, and the C3a/C3 ratio were
elevated in the SC topography compared with ON. Serum levels
of C3, C4, and CS, as well as CSF levels of all CFs except C3, CS,
and the C4a/C#4 ratio were associated with EDSS at onset (all
positively except C4 in CSF). Administration of acute treatment
within 1 month before sampling influenced positively the serum
levels of C3 and C4, and CSF levels of Ba, Bb, C3a, Factor H,
Clq, and the C3/C3a ratio.
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Serum Levels of Complement Activation
Products Discriminate MOGAD From
AQP4-NMOSD and MS

As shown in Figure 1, serum levels of CFs Ba, Bb, C3a, C4a,
CSa, SC5b9, C3, and C4 were significantly increased in
MOGAD compared with patients with MS. By contrast,
Factor I and the C3a/C3 and C4a/C4 ratios were decreased
in MOGAD compared with patients with MS (p < 0.01).
Comparisons between patients with MOGAD and AQP4-
NMOSD revealed significantly higher serum levels of C3a,
C4a, and the C3a/C3 ratio in MOGAD compared with
patients with AQP4-NMOSD (Figure 1). In CSF, levels of

CFs Ba, CSa, Factor H, C3, and the C4a/C4 and CS5a/C5
ratios were significantly elevated in MOGAD compared with
patients with MS, whereas C4 levels were decreased in
patients with MOGAD vs MS (eFigure 1). None of the CFs
differed in their CSF levels between patients with MOGAD
and AQP4-NMOSD. The remaining CFs not showing sig-
nificant differences between the 3 conditions are shown in
eFigure 2.

Considering the significant differences observed in the disease
phase at sampling (acute onset, acute relapse, or remission)
between the 3 disease groups and the association found

Figure 1 Comparison of Serum Levels of Complement Factors Between Patient With MOGAD, MS, and AQP4-NMOSD
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Boxplots depict the distribution of serum levels of complement factors showing statistically significant differences between the three different cohorts of
patients. Median values are represented by the horizontal bar, IQR by hinges, and 1.5 x IQR by whiskers. Group comparisons were computed with the Kruskal-

Wallis test and post hoc pairwise analysis. * <0.05, ** <0.01, *** <0.001. IQR =

multiple sclerosis.

interquartile range; MOGAD = MOG-IgG antibody-associated disease; MS =
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Table 2 Univariable and Multivariable Regression Models to Test the Association Between Serum and CSF Levels of
Complement Factors and Total Number of Recurrences and Time to Second Relapse in Patients With MOGAD

Total number of recurrences

Serum CSF

Univariable IRR (95% Cl)?; Multivariable IRR (95% Cl)?; Univariable IRR (95% Cl)?%; Multivariable IRR (95% Cl)?;

Factors p Value p Value p Value p Value

Ba 1.05 (1.00-1.12); 0.09 1.05 (0.96-1.14); 0.30 20.28 (2.36-154.55); <0.01 26.74 (0.45-1,116.11); 0.10
Bb 594.72 (1.71-1.24e+5); 0.02 11.14 (0.00-7.21e+4); 0.60 1.46e+166 (0.00); 0.32 9.88e+187 (0.00); 0.40

C3a 1.00 (0.98-1.01); 0.67 1.00 (0.98-1.02); 0.91 0.18 (0.00-15.32); 0.56 0.21 (0.00-49.62); 0.66

C4a 1.02 (1.00-1.03); <0.01 1.01 (0.98-1.04); 0.50 2.16 (0.79-4.96); 0.10 1.75(0.18-15.34); 0.61

C5a 1.47(0.87-2.31); 0.12 0.63(0.14-1.73); 0.46 1.08e+35 (0.00-2.51e+78); 0.12 1.08e+50 (0.00-4.85e+117); 0.22
Factor H 1.02 (0.61-1.63); 0.94 0.83 (0.46-1.45); 0.52 125.28 (0.00-1.97e+09); 0.61 0.00 (0.00-1.10e+11); 0.37
Factor | 1.00 (0.99-1.00); 0.38 1.00 (0.99-1.00); 0.46 0.94 (0.59-1.23); 0.72 1.33(0.56-2.82); 0.49

SC5b9 1.01 (1.00-1.02); 0.07 1.00 (0.99-1.02); 0.80 0.67 (0.14-2.08); 0.56 1.76 (0.26-7.72); 0.50

C1q 0.93 (0.30-2.65); 0.89 1.00 (0.27-3.20); 0.99 0.00 (0.00-3.87e+67); 0.48 0.00 (0.00-4.64e+85); 0.52
c3 1.00 (0.97-1.03); 0.76 1.05 (0.99-1.09); 0.06 1.58e+4 (0.22-3.33e+8); 0.07 4.49e+6(3.66-2.52e+12); 0.03
c4 0.98 (0.95-1.01); 0.31 0.99 (0.94-1.03); 0.60 0.91 (0.86-0.97); <0.01 0.88 (0.78-0.99); 0.04

(o} 0.49 (0.21-1.12); 0.09 0.60 (0.18-1.91); 0.38 0.00 (0.00-4.23e+16); 0.17 0.00 (0.00-1.58e+69); 0.43
C3a/C3 1.96 (0.92-3.84); 0.06 0.63 (0.04-6.50); 0.71 0.03 (0.00-1.71); 0.24 0.00 (0.00-3.13); 0.29
C4a/C4 1.68 (1.03-2.58); 0.02 0.43(0.03-2.99); 0.45 1.08 (1.02-1.13); <0.01 1.05(0.97-1.12); 0.18
C5a/C5 205.89 (1.30-1.77e+4); 0.03 0.06 (0.00-2.09e+6); 0.77 1.81(1.15-2.68); <0.01 3.86 (0.36-19.74); 0.18

Time to second relapse

Serum CSF

Univariable HR (95% Cl); Multivariable HR (95% Cl); Univariable HR (95% CI); Multivariable HR (95% Cl);
Factors p Value p Value p Value p Value
Ba 1.00 (1.00-1.00); 0.10 1.00 (1.00-1.00); 0.26 1.04 (1.00-1.08); 0.06 1.04 (0.99-1.10); 0.16
Bb 1.06 (0.97-1.16); 0.19 1.09 (0.95-1.24); 0.23 1,574.70 (0.10-2.48e+7); 0.14 32,620.05 (0.06-1.85e+10); 0.12
C3a 1.00 (1.00-1.00); 0.59 1.00 (1.00-1.00); 0.69 1.00 (0.95-1.06); 0.87 0.99 (0.91-1.08); 0.83
C4a 1.00 (1.00-1.00); 0.24 1.00 (1.00-1.00); 0.25 1.02 (1.00-1.04); 0.05 1.02 (0.99-1.06); 0.14
C5a 1.00 (0.99-1.01); 0.98 1.00 (0.98-1.01); 0.69 1.80(0.35-9.30); 0.48 1.43 (0.14-14.44); 0.76
Factor H 1.00 (1.00-1.01); 0.56 1.00 (0.99-1.01); 0.82 0.82(0.39-1.75); 0.61 0.54 (0.24-1.22); 0.14
Factor | 1.00 (1.00-1.00); 0.79 1.00 (1.00-1.00); 0.41 1.00 (1.00-1.01); 0.19 1.00 (0.99-1.01); 0.72
SC5b9 1.00 (1.00-1.00); 0.39 1.00 (1.00-1.00); 0.72 1.02 (0.99-1.06); 0.20 1.04 (1.00-1.09); 0.06
C1q 0.99 (0.97-1.02); 0.53 0.99 (0.97-1.01); 0.35 0.59 (0.01-23.54); 0.78 0.46 (0.00-53.16); 0.75
c3 1.00 (1.00-1.00); 0.05 1.00 (1.00-1.00); 0.08 1.15(0.99-1.33); 0.07 1.10(0.92-1.32); 0.30
c4 1.00 (1.00-1.00); 0.75 1.00 (1.00-1.00); 0.54 0.84 (0.72-0.97); 0.02 0.84 (0.70-1.01); 0.06
c5 1.00 (0.98-1.01); 0.63 0.99 (0.98-1.01); 0.51 0.23(0.00-18.67); 0.51 0.00 (0.00-24.94); 0.22
C3a/C3 0.92 (0.66-1.27); 0.60 0.89 (0.61-1.30); 0.56 0.93 (0.59-1.46); 0.74 0.61 (0.14-2.76); 0.52
C4a/C4 1.02 (0.83-1.26); 0.84 1.02 (0.80-1.30); 0.88 3.89 (1.66-9.13)% <0.01 3.68(1.26-10.78)% 0.02
C5a/C5 1.22(0.28-5.28); 0.79 0.88 (0.11-7.05); 0.90 1.10(0.92-1.31); 0.31 1.21(0.97-1.52); 0.09

Abbreviations: HR = hazard ratio; IRR = incidence rate ratio.
a Coefficients are transformed by multiplying complement values by 100. Association between serum and CSF levels of complement factors and recurrence
outcomes were analyzed by a Poisson regression model for the total number of recurrences and by a Cox regression model for the time to second relapse.
Detailed information on model adjustment is provided in the Methods section. Missing information: total number of recurrences, n = 15; time to second

relapse, n =13.
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between levels of CFs and this variable, a sensitivity analysis
including only patients with sampling at acute onset
(MOGAD, n = 51; AQP4NMOSD, n = 9; MS, n = 11)
revealed very similar results (eFigure 3).

We next explored the diagnostic potential of CFs to differ-
entiate patients with MOGAD from AQP4-NMOSD and MS.
Analysis was focused only on the CFs whose levels signifi-
cantly differed in MOGAD compared with both patients with
MS and AQP4-NMOSD, i.e., C3a, C4a, and the C3a/C3 ratio
in serum. eFigure 4A shows AUC and 95% CI resulting from
the comparisons between patients with MOGAD and MS,
which were 0.82 [0.72-0.91] for C3a, 0.81 [0.71-0.91] for
C4a, and 0.76 [0.62-0.90] for the C3a/C3 ratio. eFigure 4A

also shows the best cut-off values for each CF to discriminate
between diseases with their corresponding sensitivities and
specificities. Interestingly, the combination of serum C3a, C4a
and C3a/C3 ratio showed very good potential to differen-
tiate patients with MOGAD from patients with MS, with an
AUC 0f0.95 [0.90; 0.99], SE of 90% [70%-100% ], and SP of
89% [78%-100%] (i.e., S4/60 patients with MOGAD and
16/18 patients with MS were correctly diagnosed in our
cohort based on their assay results, yielding an NND of 1.12)
(eFigure 4A).

The corresponding AUC [95%] in the comparisons be-
tween patients with MOGAD and AQP4-NMOSD were
0.73 [0.55; 0.90] for C3a, 0.64 [0.45; 0.82] for C4a, and 0.83

Figure 2 Potential of Complement Factors as Prognostic Biomarkers in Patients With MOGAD
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(A) Kaplan-Meier curves evaluating the time to second relapse in patients with high (>10.8) and low (<10.8) CSF values of the C4a/C4 ratio, revealing a higher
risk of second relapse in patients with MOGAD with higher CSF values (log-rank test p value: 0.01). (B) Boxplots depicting the distribution of CSF SC5b9 levels in
patients reaching and not reaching an EDSS of 3.0. Median values are represented by the horizontal bar, IQR by hinges, and 1.5 x IQR by whiskers. The
comparison analysis (Mann-Whitney test) demonstrated higher CSF SC5b9 levels in patients reaching an EDSS of 3.0 (p = 0.002). (C) Performance of CSF SC5b9
levels (in ng/mL) to discriminate between patients with MOGAD who will and will not reach an EDSS of 3.0. AUC = area under the curve; EDSS = Expanded
Disability Status Scale; IQR = interquartile range; MOGAD = MOG-IgG antibody-associated disease; SE = sensitivity; SP = specificity.
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[0.69; 0.97] for the C3a/C3 ratio (eFigure 4B). The best cut-
off values, sensitivities, and specificities for each CF are
depicted in eFigure 4B. Similar to the comparison between
patients with MOGAD and MS, the combination of the serum
levels of the 3 CFs showed very good performance to
discriminate patients with MOGAD from patients with AQP4-
NMOSD with an AUC of 0.88 [0.76; 1.00], SE of 88% [50%—
97%], and SP of 83% [50%-100%] (i.e., 53/60 patients with
MOGAD and 13/16 patients with AQP4-NMOSD in our
cohort received a correct diagnosis based on their assay results,

yielding an NND of 1.15) (eFigure 4B).

Associations Between CFs and Demographic
and Clinical Characteristics in Patients

With MOGAD

eTable 3 shows the univariable analysis for the association
between serum and CSF levels of CFs and clinical features of
patients with MOGAD. Age at sampling was positively asso-
ciated with serum levels of C4 and CS, and CSF levels of C4a,
Factor I, C5, and the C3a/C3 ratio. Male patients had higher
CSF levels of all CFs except C3, C4, and the C4a/C4 and
CSa/CS ratios as compared with female patients. In samples
collected at acute onset, CSF levels of C3a and the C3a/C3
ratio were elevated in patients with SC topography compared

with ON and, alongside with CSa, CS, SC5b9, and Factors H
and I, were also associated with EDSS at onset. Acute treat-
ment within 1 month before sampling influenced the CSF
levels of Bb, C3a, C4a, and Clq. Only the CSF CS5a/CS ratio
was influenced by disease phase at sampling (acute vs
remission).

CSF Levels of CFs Influence Disease Prognosis in
Patients With MOGAD

We finally investigated whether the complement system plays
a prognostic role in patients with MOGAD by evaluating the
association of serum and CSF levels of CFs with disease
outcomes such as relapses, disability, and VA. Patients were
followed for a median (IQR) time of 1.3 (0.4-4.4) years
(Table 1). A total of 27 (57%) patients received chronic
treatment during follow-up. Sixteen of 48 (33%) relapsed,
with a median (IQR) annualized relapse rate of 0.0 (0.0-0.3)
during the follow-up period. Of these, 13 (81%) patients re-
lapsed during the first year of the disease. At last follow-up,
median EDSS was 1.8 (0.0-3.0) and median VA was 0.8
(0.5-1.0) (Table 1). Eleven of 52 (21%) patients had a final
EDSS > 3.0. Baseline demographics, clinical features, and
chronic treatment during follow-up had no effect on the dif-
ferent prognostic outcomes evaluated (eTable 4).

Table 3 Univariable and Multivariable Mixed Linear Models to Test the Association Between Serum and CSF Levels of
Complement Factors and EDSS at Last Follow-Up in Patients With MOGAD

EDSS at last follow-up

Serum CSF

Univariable B (95% CI)?; Multivariable B (95% Cl)?; Univariable B (95% CI)*; Multivariable B (95% CI)?;
Factors p Value p Value p Value p Value
Ba 0.03 (0.0 to 0.10); 0.47 0.03 (-0.05 to 0.10); 0.48 3.17 (0.70 to 5.64); 0.01 0.98 (-1.76 to 3.71); 0.48
Bb 2.06 (—4.26 to 8.38); 0.52 -0.63 (-7.28 to 6.03); 0.85 9.10 (2.10 to 16.02); 0.01 4.12 (-3.56 to 11.80); 0.29
C3a 0.01 (-0.01 to 0.02); 0.46 0.00 (-0.01 to 0.02); 0.59 3.69 (1.53 to 5.84); <0.01 2.69 (0.45 to 4.93); 0.02
Cda -0.01 (-0.03 to 0.01); 0.38 -0.01 (-0.03 to 0.01); 0.23 1.76 (0.54 to 2.98); <0.01 —-0.03 (-1.65 to 1.58); 0.97
C5a -0.08 (-0.69 to 0.53); 0.80 -0.33(-0.95 to 0.29); 0.29 1.46 (0.66 to 2.26); <0.01 0.99 (0.12 to 1.87); 0.03
Factor H 0.08 (-0.37 to 0.53); 0.74 0.18 (-0.36 to 0.72); 0.51 4.03 (2.41 to 5.65); <0.01 2.68 (0.65 to 4.71); 0.01
Factor | 0.00 (0.00 to 0.01); 0.52 0.00 (0.00 to 0.01); 0.26 0.59 (0.33 to 0.84); <0.01 0.47 (0.11 to 0.83); 0.01
SC5b9 0.00 (-0.01 to 0.01); 0.79 -0.01 (-0.02 to 0.01); 0.31 2.27 (1.24 to 3.29); <0.01 1.82 (0.69 to 2.96); <0.01
C1q -0.36 (-1.82 to 1.10); 0.62 -0.71 (-2.20 to 0.78); 0.35 1.53(-0.67 to 3.73); 0.17 0.41 (-1.89 to 2.72); 0.72
c3 0.01 (-0.04 to 0.06); 0.81 0.00 (-0.05 to 0.05); 0.98 1.76 (-10.45 to 13.98); 0.78 1.02 (-10.27 to 12.30); 0.86
c4 0.00 (-0.02 to 0.03); 0.88 0.00 (-0.03 to 0.03); 0.98 -0.98 (-9.29 to 7.34); 0.82 3.81 (-4.48 to 12.09); 0.36
c5 0.36 (-0.78 to 1.50); 0.53 0.24 (-0.87 to 1.34); 0.67 2.74 (1.11 to 4.38); <0.01 1.77 (-0.24 to 3.77); 0.08
C3a/C3 1.30 (-0.35 to 2.95); 0.12 0.92 (-0.96 to 2.79); 0.33 1.65 (0.77 to 2.54); <0.01 1.25(0.37 to 2.14); <0.01
C4a/C4 0.62 (-0.54 to 1.78); 0.29 0.04 (-1.43to 1.51); 0.96 -0.01 (-0.10 to to 0.08); 0.79 -0.07 (-0.15 t0 0.02); 0.12
C5a/C5 -0.71 (-9.08 to 7.65); 0.87 -5.39 (-14.36 to 3.58); 0.24 0.72 (-0.34t0 1.78); 0.18 0.18 (-1.17 to 1.54); 0.79

Abbreviation: EDSS = Expanded Disability Status Scale.
@ Coefficients are transformed by multiplying complement values by 100, except for CSF factor H (multiplied by 10) and CSF Bb, C5a, C1q, and C5 (non-
transformed). Missing information: n = 8.
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Among patients with MOGAD with sampling at acute onset,
evaluation of relapse outcomes revealed an inverse association
of CSE C4 levels with the total number of relapses at last
follow-up in both univariable (IRR [95% CI] 091
[0.86-0.97]; p < 0.01) and multivariable (0.88 [0.78-0.99];
p = 0.04) analyses (Table 2). Associations were also observed
for serum and CSF levels of C4a/C4 and C5a/CS ratios,
serum Bb, and C4a and CSF Ba levels at the univariable level,
but significance disappeared after adjustment. A higher C4a/
C4 ratio in the CSF was associated with an increased risk of
having a second relapse during follow-up in both univariable
(HR 3.89 [95% CI 1.66-9.13]; p < 0.01) and multivariable
(3.68 [1.26-10.78]; p = 0.02) analyses (Table 2). An inverse
association was also observed in univariable analysis for the
CSF C4 levels (0.84 [0.72-0.97]; p = 0.02), remaining as a trend
in multivariable analysis (0.84 [0.70-1.01]; p = 0.06). Of note,
survival analysis using a cut-off value of 10.8 for the C4a/C4 ratio
(corresponding to the 75th percentile in the MOGAD cohort)
revealed that the time to relapse during the first year of disease
was significantly shorter in patients with MOGAD with a C4a/
C4 ratio above the cut-off compared with those below the cut-oft
(log-rank p = 0.01) (Figure 2A). At 1 year, 9/10 (90%) patients
with MOGAD with a high C4a/C4 ratio relapsed compared
with 16/28 (57%) patients with a lower ratio.

Regarding disability, CSF levels of several CFs including the
complement activation products C3a, CSa, and the C3a/C3
ratio, the complement regulators Factors H and I, and the
MAC SCSb9 were associated with EDSS at last follow-up in
both univariable and multivariable analyses (Table 3). Among
all these factors, CSF levels of SC5b9 influenced the risk of
reaching a final EDSS > 3.0 in univariable (OR [95% CI] 1.54
[1.16-2.51]; p = 0.02) and multivariable (1.79 [1.16-3.67];
p = 0.04) analyses (Table 4). Interestingly, CSF levels of
SCSb9 were significantly higher in patients with MOGAD
with final EDSS > 3.0 compared with those with EDSS < 3.0
(median [IQR] CSF levels of 12.63 [9.40-82.47] ng/mL vs
6.77 [3.64-8.61], respectively; p < 0.01) (Figure 2B). Fur-
thermore, as shown in Figure 2C, CSF levels of SCSb9
showed acceptable performance to predict a final EDSS > 3.0,
with an AUC [95% CI] of 0.71 [0.58-0.84]. A CSF SC5b9
value of 8.8 ng/mL resulted in the best cut-off to classify
patients who will and will not reach this outcome, with SE of

59% and SP of 77% (Figure 2C).

Finally, CSF levels of CFs also influenced VA as prognostic
outcome, and higher CSF levels of Ba, C5a, C3, and the C5a/
CS ratio predicted lower VA at last follow-up in both uni-
variable and multivariable analyses (Table S).

Table 4 Logistic Regression Models to Test the Association Between Serum and CSF Levels of Complement Factors and
EDSS > 3.0 at Last Follow-Up in Patients With MOGAD

EDSS 23.0 at last follow-up

Serum CSF

Univariable OR (95% Cl); Multivariable OR (95% Cl); Univariable OR (95% Cl); Multivariable OR (95% Cl);
Factors p Value p Value p Value p Value
Ba 1.08 (0.95-1.26); 0.28 1.17 (0.96-1.57); 0.18 9.44 (0.15-608.49); 0.28 4.79 (0.01-1754.84); 0.60
Bb 74.79 (0.00-1.49e+6); 0.39 1,067.22 (0.00-1.56e+10); 0.38 (0.00); 0.15 (0.00); 0.23
C3a 1.01 (0.98-1.04); 0.65 1.02 (0.98-1.08); 0.31 19.87 (0.60-3,100.36); 0.14 68.48 (0.49-2.32e+5); 0.20
C4a 0.99 (0.96-1.02); 0.68 0.98 (0.92-1.03); 0.50 5.19 (0.74-40.39); 0.09 1.49 (0.04-47.85); 0.82
C5a 1.14 (0.40-2.87); 0.79 0.98 (0.14-4.05); 0.98 7.18e+62 (1,360.39-4.15e+141); 0.07 4.37e+64 (0.00-6.62e+168); 0.13
Factor H 1.23 (0.60-2.45); 0.54 1.25 (0.38-4.26); 0.71 1.48e+31 (2.57e+8-1.21e+69); 0.05 1.96e+24 (0.39-1.55e+74); 0.24
Factor | 1.00 (0.99-1.01); 0.54 1.01 (0.99-1.02); 0.46 2.14 (1.22-5.17); 0.04 3.18 (1.20-14.02); 0.06
SC5b9 1.01 (0.99-1.02); 0.46 1.00 (0.97-1.03); 0.80 1.54 (1.16-2.51)% 0.02 1.79 (1.16-3.67)% 0.04
Clq 1.01 (0.99-1.02); 0.52 1.47 (0.07-24.10); 0.79 1.33e+34 (0.00-6.21e+173); 0.65 1.52e+70 (0.00-2.52e+278); 0.50
c3 1.97 (0.19-17.97); 0.55 1.05 (0.96-1.17); 0.25 80.45 (0.00-6.09e+9); 0.64 2,345.17 (0.00-1.62e+13); 0.50
Cc4 1.05(0.97-1.14); 0.21 1.01 (0.95-1.06); 0.78 1.64 (0.00-1.58e+6); 0.94 3.66e+4 (0.00-3.15e+16); 0.37
cs 1.00 (0.95-1.04); 0.87 0.81(0.07-8.47); 0.86 2.05e+108 (0.00-1.52e+234); 0.06 4.36e+142 (0.00-); 0.13
C3a/C3 0.98 (0.15-6.00); 0.98 1.92 (0.03-112.78); 0.75 4.52 (0.89-112.35); 0.19 5.55(0.72-612.24); 0.29
C4a/C4 2.70 (0.19-36.90); 0.44 0.01 (0.00-1.88); 0.18 0.92 (0.59-1.09); 0.53 0.52 (0.03-1.05); 0.56
C5a/C5 1.25(0.16-7.06); 0.81 2.00 (0.00-2.06e+08); 0.95 1.63(0.28-7.51); 0.54 0.20 (0.00-5.32); 0.48

Abbreviations: EDSS = Expanded Disability Status Scale; OR = odds ratio.

2 Coefficients are transformed by multiplying complement values by 10. Missing values are indicated in Table 1.
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Discussion

In this study, we found that serum levels of CFs played an
important role as diagnostic biomarkers, whereas CSF com-
plement levels were more associated with prognostic out-
comes in patients with MOGAD. The combination of the
serum levels of 3 complement activation products showed
excellent discriminatory potential to differentiate MOGAD
from both patients with MS and AQP4-NMOSD, with very
low NND (i.e., the number of patients needed to determine
these proteins to avoid a misdiagnosis), highlighting the
possible utility of these biomarkers in clinical practice. This
might be especially useful in patients with overlapping pre-
sentations and uncertain antibody results (e.g., low titer).

A recent study reported increased serum complement acti-
vation in MOGAD compared with MS and AQP4-
NMOSD."® Previous studies found lower blood levels of C3
and C4 in AQP4-NMOSD compared with MOGAD, 1214t
to our knowledge, no other groups measured complement
activation products in patients with MOGAD. Our findings
indicate that, similar to AQP4-NMOSD, the complement
classical pathway is also playing an important role in the
pathogenesis of MOGAD. This is in line with previous studies
reporting the demyelinating potential of the MOG-IgG in the

26 I 27-2
presence of complement in in vivo’® and in vitro models®’>°

and the presence of complement deposition in active white
matter lesions in histopathologic studies.”

Despite the contribution of body fluid biomarkers to diagnosis
and knowledge about the pathogenesis of MOGAD, studies
demonstrating their value for predicting relapses and long-term
disability are lackjng.ls‘n19 This is especially relevant because
MOGAD has an unpredictable course in comparison with MS
and AQP4-NMOSD.> Again, we found that CFs of the
classical/lectin pathway influenced relapses in patients with
MOGAD, based on the findings that lower CSF C4 levels
(probably reflecting compound consumption in the context of
an inflammatory environment) were associated with a higher
number of relapses during follow-up, and a higher CSF C4a/
C4 ratio increased the risk of a second event. Regarding dis-
ability, although several CFs were associated with EDSS at last
follow-up, only the CSF SCSb9 levels influenced the risk of
reaching EDSS > 3.0. SC5b9 or MAC is the final stage of the 3
complement pathways, resulting in direct injury by the for-
mation of a permeability pore in cell membranes.*® In-
terestingly, CSF levels of SC5b9 above 8.8 ng/mL showed
moderate accuracy for predicting EDSS > 3.0. Altogether, these
results point toward a possible relationship between the in-
trathecal activation of the complement system and a more

Table 5 Mixed Linear Regression Models to Test the Association Between Serum and CSF Levels of Complement Factors

and VA at Last Follow-Up in Patients With MOGAD

Final VA
Serum CSF

Univariable estimate Multivariable estimate Univariable estimate Multivariable estimate
Factors (95% CI); p Value (95% Cl); p Value (95% CI); p Value (95% Cl); p Value
Ba -0.01 (-0.03 to 0.00); 0.11 -0.01 (-0.02 to 0.01); 0.22 -0.67 (-1.19 to -0.16); 0.01 -0.62 (-1.13 to -0.12); 0.02
Bb -0.31 (-1.62 to 1.00); 0.64 -0.11 (-1.67 to 1.44); 0.88 ~74.35 (-369.46 to 220.77); 0.62 ~78.17 (-354.80 to 198.46); 0.57
C3a 0.00 (0.00-0.00); 0.56 0.00 (-0.01 to 0.00); 0.43 -0.15(-1.16 to 0.87); 0.77 -0.21 -1.17 t0 0.76); 0.67
Cda 0.00 (-0.01 to 0.00); 0.20 0.00 (-0.01 to 0.00); 0.14 -0.24 (-0.64 to 0.16); 0.24 0.00 (-0.46 to 0.46); >0.99
C5a 0.04 (-0.09 to 0.16); 0.55 0.07 (-0.07 to 0.21); 0.33 -31.45 (-56.96 to -5.95); 0.02 -29.26 (-54.69 to -3.83); 0.03
Factor H -0.02 (-0.12 to 0.07); 0.64 -0.02 (-0.15 to0 0.12); 0.81 -2.33(-11.31 to 6.65); 0.61 2.84 (-6.74 to 12.43); 0.55
Factor | 0.00 (0.00 to 0.00); 0.66 0.00 (0.00 to 0.00); 0.82 —-0.10 (-0.22 to 0.02); 0.11 -0.08 (-0.19 to 0.04); 0.20
SC5b9 0.00 (0.00 to 0.00); 0.49 0.00 (0.00 to 0.00); 0.54 -0.14 (-0.74 to 0.46); 0.65 -0.23 (-0.81 to 0.34); 0.41
Clq 0.02 (-0.29 to 0.34); 0.89 0.11 (-0.23 to 0.46); 0.51 12.72 (-43.71 to 69.14); 0.65 7.49 (-45.34 t0 60.32); 0.78
c3 -0.01 (-0.02 to 0.00); 0.03 -0.01 (-0.02 to 0.00); 0.05 —-3.25(-5.43 to -1.08); <0.01 -3.34 (-5.44 to —-1.23); <0.01
C4 0.00 (-0.01 to 0.01); 0.85 0.00 (-0.01 to 0.01); 0.54 2.02 (0.31 to 3.73); 0.02 1.91 (-0.12 to 3.94); 0.06
c5 -0.23 (-0.49 to 0.03); 0.09 -0.23 (-0.49 to 0.04); 0.10 6.83 (-43.82 to 57.48); 0.79 13.38 (-36.02 to 62.78); 0.59
C3a/C3 0.05 (-0.27 to 0.37); 0.77 0.18 (-0.19 to 0.56); 0.33 0.16 (-0.49 to 0.80); 0.63 0.13 (-0.50 to 0.77); 0.68
C4a/C4 -0.16 (-0.38 to 0.07); 0.17 -0.17 (-0.49 to 0.14); 0.28 -0.01 (-0.03 to 0.01); 0.24 -0.01 (-0.03 t0 0.01); 0.31
C5a/C5 0.66 (-0.89 to 2.21); 0.40 1.39(-0.36 to 3.13); 0.12 —-0.25 (-0.42 to -0.08); <0.01 -0.37 (-0.58 to -0.16); <0.01

Abbreviation: VA = visual acuity.
Missing values are indicated in Table 1.
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relapsing and disabling disease course in patients with
MOGAD. Similarly, these findings could explain the reported
worse prognosis in patients with MOG-IgG in CSE.?!

The inhibition of the complement cascade by IV immuno-
globulins as a possible effector mechanism>>?*%3
plain its high efficacy preventing relapses in patients with
MOGAD.*** However, there are no approved preventive
therapies for MOGAD, and the evidences come from obser-
vational studies. Eculizumab and ravulizumab, 2 humanized
monoclonal antibodies that prevent MAC formation by
inhibiting CS, were approved for AQP4-NMOSD treatment
because they demonstrated high efficacy in preventing
relapses.’ In our cohort, of 11 patients with MOGAD
reaching final EDSS > 3.0, 8 patients had CSF levels of SC5b9
above 8.8 ng/mL based on the best cut-off predicting this
outcome. Therefore, these 8 patients with MOGAD could be
considered for complement-targeting therapies based on their
ELISA results. Overall, our data suggest that inhibition of the
classical or alternative pathway proximal to CS could provide
additional benefit in preventing relapses and disability in
patients with MOGAD.

could ex-

Study limitations included the retrospective design, the absence
of longitudinal assessment of CFs, and the small sample size of
the MS and AQP4-NMOSD cohorts. However, the aim of this
study was to profile complement activation and its association
with prognosis in patients with MOGAD, and this cohort was
well represented despite the low disease prevalence. Albeit
samples were obtained out of acute onset in almost half of the
patients with AQP4-NMOSD and MS, a sensitivity analysis
including only patients at acute onset showed similar results.
The presence of infection close to sampling could also have
affected the levels of CFs. Although our study was not specif-
ically designed for this purpose, we believe the influence of
a prior infection on levels of CFs should be explored in future
studies. Another limitation is the short follow-up (median 1.3
years) of the MOGAD cohort. Nevertheless, relapses within
the first year have the highest impact in long-term prognosis of
MOGAD.*® Finally, no correction for multiple comparisons
was performed because our analyses were exploratory. Further

studies are needed to confirm our findings.

Our study contributes to the amount of evidence of the rel-
evant implication of the complement system in MOGAD,
providing insights into future therapeutic options and sup-
porting the use of CFs as useful biomarkers for aiding the
diagnosis and predicting prognosis.
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