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Abstract

Background and Objectives
The complement system is known to play a role in multiple sclerosis (MS) pathogenesis.
However, its contribution to disease progression remains elusive. The study investigated the

role of the complement system in disability progression of patients with primary progressive
MS (PPMS).

Methods

Sixty-eight patients with PPMS from 12 European MS centers were included in the study.
Serum and CSF levels of a panel of complement components (CCs) were measured by
multiplex enzyme-linked immunosorbent assay at a baseline time point (i.e., sampling). Mean
(SD) follow-up time from baseline was 9.6 (4.8) years. Only one patient (1.5%) was treated
during follow-up. Univariable and multivariable logistic regressions adjusted for age, sex, and
albumin quotient were performed to assess the association between baseline CC levels and
disability progression in short term (2 years), medium term (6 years), and long term (at the
time of the last follow-up).

Results

In short term, CC played little or no role in disability progression. In medium term, an elevated
serum C3a/C3 ratio was associated with a higher risk of disability progression (adjusted OR
2.30; 95% CI 1.17-6.03; p = 0.040). By contrast, increased CSF C1q levels were associated with
a trend toward reduced risk of disability progression (adjusted OR 0.43; 95% CI10.17-0.98; p =
0.054). Similarly, in long term, an elevated serum C3a/C3 ratio was associated with higher risk
of disability progression (adjusted OR 1.81; 95% CI 1.09-3.40; p = 0.037), and increased CSF
Clq levels predicted lower disability progression (adjusted OR 0.41; 95% CI 0.17-0.86; p =
0.025).
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Glossary

CC = complement components; EDSS = Expanded Disability Status Scale; MS = multiple sclerosis; PPMS = primary
progressive MS; ROC = receiver operating characteristic; RRMS = relapsing-remitting MS.

Discussion

Proteins involved in the activation of early complement cascades play a role in disability progression as risk (elevated serum
C3a/C3 ratio) or protective (elevated CSF C1q) factors after 6 or more years of follow-up in patients with PPMS. The
protective effects associated with C1q levels in CSF may be related to its neuroprotective and anti-inflammatory properties.

Introduction

Innate immune system components are known to play an
important role in the immunopathology of multiple sclerosis
(MS)."” The complement system is a key component of the
innate immune system that consists of a network of circulating
proteins and membrane-expressed proteins that recognize
non-self-components and is activated by the classical (trig-
gered by antigen-antibody complexes being IgM the most
efficient isotype for complement activation), alternative, or
lectin pathways (triggered by foreign surfaces and carbohy-
drates, respectively).>* Once activated, the complement sys-
tem is critical for clearing pathogens as well as dead and
apoptotic cells.” Although the liver was originally considered
to be the main site for the synthesis of complement factors,’
more recently it became apparent that most complement
components (CCs) can also be synthesized within the CNS’
and they can play important roles in normal synaptic pruning
and neurodevelopment.®’

A large number of studies support a role of the complement
system in MS pathogenesis. Inmunohistochemical studies of
postmortem MS brains have shown immunoreactivity for
CCs, activation products, and complement regulators not
only in plaque and periplaque areas but also in normal-
appearing white matter and cortical regions.'>""
studies have also reported differences in the blood and CSF
levels of CCs between patients with MS and healthy controls
and between patients with different clinical forms of MS.">**
However, few of these studies were performed in patients with
progressive MS and none of them evaluated long-term out-
comes. Of interest, immunoreactivity for CCs has been ob-
served in chronic active and inactive plaques of patients with
progressive MS in the absence of other inflammation markers
such as blood immune cells, indicating that progression of
inflammation in MS does not depend on infiltrating cells and
can be driven by innate immune mechanisms including
complement activation.'® Furthermore, complement was
found to be activated in cortical gray matter lesions of patients
with progressive MS, particularly in areas of increased num-
bers of complement receptor-positive microglia, suggesting
that complement overactivation may contribute to the irre-
versible disease progression occurring in these patients.” Al-
together, these findings prompted us to investigate a potential

Several

Neurology: Neuroimmunology & Neuroinflammation

| Volume 11, Number 4 | July 2024

relationship between the complement system and disability
progression of patients with primary progressive MS (PPMS)
after a long-term follow-up.

Methods

Patients

A multicentric cohort of 68 patients with PPMS recruited
from 12 European MS centers (Madrid—Puerta de Hierro [n
= 1], Madrid—Ramén y Cajal [n = 7], Madrid—Hospital
Clinico San Carlos [n = 2], Barcelona—Cemcat [n = 11],
Barcelona—Hospital de Bellvitge [n = 6], Barcelona—
Hospital Clinic [n = 1], Valencia [n = 5], San Sebastidn [n =
2], Sahlgrenska [n = 3], Innsbruck [n = 13], Ulm [n = 5],
Poland [n = 12]) was included in the study. Selection of
patients was performed based on (1) the availability of paired
serum and CSF samples never thawed or thawed at most once
and (2) follow-up of patients longer than S years preferably
without receiving disease-modifying therapies.

Clinical Assessments and Definition of
Disability Progression

Expanded Disability Status Scale (EDSS) scores were recor-
ded at baseline (i.e., sampling time point), 2 and 6 years, and
at the time of the last visit. Short-term disability progression
was defined as an increase of at least 1 point in the EDSS if
baseline EDSS <5.0 and 0.5 points if baseline EDSS >5.5
during the first 2 years. Taking into account that most of the
patients would fulfill this progression criterion at medium and
long term, to assess disability progression at these time points,
progression rates were computed by dividing EDSS changes
by the time on follow-up between baseline and 6 years for
medium-term disability progression and between baseline and
the time of the last visit for long-term disability progression.
Then, medium and long-term progressors were defined as
those patients displaying progression rates above the 75th
percentile of disability progression.

CSF and Serum Processing and Analysis

CSF samples were collected by lumbar puncture for routine
CSF diagnostics, centrifuged to remove cells, aliquoted, and
stored frozen at —80°C until used. Peripheral blood was col-
lected by standard venipuncture and allowed to clot sponta-
neously for 30 minutes. Serum was obtained by centrifugation
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and stored frozen at —80°C until used. CSF and serum con-
centrations of IgM and albumin were measured by nephe-
lometry in a BN Prospect instrument (Siemens). The IgM
index was calculated by using the following quotient: IgMcgg/
IgM;erum:Albumincgg/Albumingg,,,. The albumin CSE/
serum ratio (Qalb) was also calculated to evaluate the re-
lationship between CSF levels of CCs and blood-CSF barrier
dysfunction.

Determination of CCs

CSF and serum samples were shipped to the University
Hospital of Miinster (Germany) on dry ice. For the quanti-
fication of serum and CSF levels of Ba, Bb, C3a, C4a, C3Sa,
sC5b9, Factor H, Factor I, Clq, C3, C4, and CS, samples were
thawed on ice and immediately processed. Multiplex enzyme-
linked immunosorbent assays based on chemiluminesence
were used according to the manufacturer’s recommendations
(Quidel, San Diego, CA; cat. number: A900, A917) to sys-
tematically profile protein concentrations (in serum and CSF
samples). Each plate contained samples from all different
groups to minimize consequences of potential interplate
variation. Control samples provided by the manufacturer were
included on each plate to ensure plate-to-plate consistency.
For data points below the lower limit of quantification or
above the upper limit of quantification, the respective
threshold was used as value for analysis.

MRI Activity

To evaluate the effect of inflammation on blood and CSF
levels of CCs, patients with PPMS were classified into in-
flammatory and noninflammatory according to the presence
or absence of the following criteria: (1) contrast-enhancing
lesions in a baseline MRI performed in proximity to sample
collection (within a time window of <3 months) and (2)
appearance of new T2 lesions or contrast-enhancing lesions in
the follow-up MRI scans performed according to the standard
clinical practice at each participating center. PPMS patients
with radiologic disease activity at baseline and/or during
follow-up were classified as inflammatory.

Statistical Methods

Mann-Whitney test was used to test for significant differences
in serum and CSF CCs between progressors and non-
progressors in short, medium, and long term and also between
patients with inflammatory and noninflammatory PPMS.
Univariable linear models were fitted to evaluate the influence
of age, sex, Qalb, duration of the disease, and EDSS on the
complement system, using each CC as outcome. Univariable
and multivariable logistic regressions adjusted by age, sex, and
Qalb were built to evaluate the ability of baseline serum and
CSEF levels of CCs to predict disability progression in the
short, medium, and long term. From each linear model and
logistic regression, a diagnostic evaluation of the residuals was
performed, and convenient transformations (log trans-
formation, Box-Cox transformation, 1/x) were tested to ac-
complish the linear models’ assumptions (normality and
homoscedasticity of the residuals). Log transformation of the
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CCs were finally performed in all the models given the dis-
tribution of the data. Receiver-operating characteristic (ROC)
curves were built to determine optimal cutoff points, and area
under the ROC curve (AUC), sensitivity, and specificity were
obtained to evaluate model performance. Correlations be-
tween CC and IgM index were performed using the Spearman
rank correlation coefficient.

Data Availability

Anonymized data will be shared upon reasonable request.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study was approved by the corresponding Hospital Ethics
Committee, and participants gave written informed consent.

Results

Patients

Demographic, clinical, and radiologic information of patients
with PPMS is summarized in Table 1. At baseline
(i.e, sampling), the mean (SD) age of patients was 52.2 (9.1)
years, and 26 (38.0%) were men. Disease duration was 6.2
(6.9) years. Median (interquartile range) EDSS was 3.5
(2.5-5.5). None of the patients had a relapse in the 3 months
before baseline sample collection.

Associations Between CCs and Demographic
and Clinical Variables at Baseline

Baseline median serum and CSF levels of CCs in the whole
cohort of patients with PPMS are shown in eTable 1. eTables
2 and 3 show the results of the multivariable analysis at
baseline of serum and CSF CCs, respectively. In serum, Bb,
CSa, Factors H and I, SC5b9, and C5a/CS5 were associated
with age. Components Bb, C5a, and the C3a/C3 and C5a/C5
ratios were associated with disease duration. None of the
serum components was associated with sex or with baseline
EDSS and Qalb. In CSF, Ba, Bb, C3a, C5a, C4, C3a/C3, and
CS5a/CS were associated with age. Bb, C3a, C1q, C4, CS, and
the 3 ratios were associated with disease duration. All CCs
were associated with Qalb, except Ba, C1q, C4, C4a/C4, and
CS5a/Cs. None of the CSF components was associated with
sex or with baseline EDSS.

Associations Between CSF and Serum Levels of
CCs and Short-Term, Medium-Term, and Long-
Term Disability Progression

Patients with PPMS were followed for a mean and median
time of 9.6 (4.8) years and 8.0 (7.0-10.7) years, respectively.
Median EDSS scores at 2 years, 6 years, and at the time of the
last visit were 4.0 (3.0-6.5), 6.0 (5.0-7.0), and 6.3 (4.8-7.1),
respectively (Table 1). Only one patient (1.5%) received
treatment during follow-up (Table 1).

In the short term, 21 (33.9%) patients were classified as
progressors. As shown in eTable 4, comparison of baseline
serum levels of CCs between progressors and nonprogressors
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Table 1 Demographic, Clinical, and Radiologic
Characteristics of Patients With PPMS

Characteristics Whole cohort

N 68

Age, y** 52.2(9.1)
Male/female, % men 26/42 (38.0)
Disease duration, y*¢ 6.2 (6.9)
Follow-up time, y*¢ 9.6 (4.8)
EDSS at baseline 3.5(2.5-5.5)
EDSSat2y 4.0 (3.0-6.5)
EDSSat6y 6.0 (5.0-7.0)
EDSS at last visit 6.3(4.8-7.1)

Short-term progressors/nonprogressors, n (%)€ 21 (33.9)/41 (66.1)

Medium-term progressors/nonprogressors, n (%)¢ 13 (22.4)/45 (77.6)

Long-term progressors/nonprogressors, n (%) 17 (25.0)/51 (75.0)

Relapses in the previous 3 mo, n (%)f 0(0)

Treatment during follow-up, n (%)

MRI findings, n (%)

progressors. In serum, the C3a/C3 ratio at baseline was sig-
nificantly higher in medium-term progressors compared with
nonprogressors (p = 0.029; Figure 1A). A C3a/C3 ratio value
of 2.38 was the best cutoff to classify medium-term pro-
gressors and nonprogressors with a sensitivity of 61.5% and
specificity of 73% (Figure 1A). Serum levels of the remaining
CCs were comparable between medium-term progressors
and nonprogressors (eTable 7). As shown in Table 2, an
increased C3a/C3 ratio was associated with a higher risk of
medium-term disability progression both in univariable (OR
2.03; 95% CI 1.18-3.91; p = 0.018) and multivariable (OR
2.30; 95% CI 1.17-6.03; p = 0.040) analyses. Elevated levels of
Bb were associated with increased risk of medium-term dis-
ability progression only in univariable analysis (OR 2.08; 95%
CI 1.03-4.56; p = 0.049) (Table 2).

In CSF, Clq levels were significantly higher in medium-term
nonprogressors compared with progressors (p = 0.006;
Figure 2A). Clq levels showed good performance to dis-
criminate between medium-term progressors and non-
progressors, and a Clq value of 0.15 pg/mL resulted in the
best cutoff to classify patients with a sensitivity of 77% and
specificity of 71% (Figure 2A). No significant differences were

Inflammatory 24(35.0) Figure 1 Serum C3a/C3 Ratio in Progressors and
Noninflammatory 32 (47.0) Nonprogressors
Unknown 12(18.0) ) . . i
A. Medium-term disability progression
IgM index 0.06 (0.03-0.14) 10
25+ 0.029 7]
AUC: 70.0%
Qalb 5.8 (4.2-7.2) (54%—86%)0
8 204 0.8
Abbreviation: EDSS = Expanded Disability Status Scale. 2 2
Data are expressed as median (interquartile range) unless otherwise stated. 3 154 S 064
2 Data are expressed as mean (SD). P =
b Refers to age at sample collection. 3 S 044
¢ Refers to the time between disease onset and sample collection. c 10+ %2 Cutoff: 2.38
4 Refers to the time between sample collection and the time of the last visit. S 0.2 Se: 61 '50/'
¢ Information missing in 6 (8.8%) and 10 (14.7%) patients, respectively. @ 5 i Se.. 72'70/0
fRefers to the presence of relapses in the 3 mo before sample collection. o P.te.l B
£ One patient was treated with interferon-beta for 2 y after lumbar puncture. 0.0 T T T T 1
0 T T 00 02 04 06 08 1.0
Hg e 1-Specificity
B. Long-term disability progression

revealed significantly higher levels of C3a (p = 0.028), C4a (p
= 0.039), and the C5a/CS ratio (p = 0.028) in short-term
progressors compared with nonprogressors. In CSF, levels of
CCs were comparable between short-term progressors and
nonprogressors (eTable 4). Serum C3a levels predicted short-
term disability progression (OR 1.73; 95% CI 1.05-3.08; p =
0.044); however, significance was lost in the multivariable
logistic regression (eTable S). Elevated serum CS levels were
associated with lower risk of short-term disability progression
only in the multivariable analysis (OR 0.12; 95% CI
0.01-0.68; p = 0.027). None of the CSF CCs predicted short-
term disability progression in univariable or multivariable
analyses (eTable 6).

In the medium term, 13 (22.4%) patients had progression
rates above the 75th percentile and were classified as
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25 0.021 1.0+

AUC: 69.0%
0f—. 0
_g 50 084 (55%-83%)
o
O 154 2 06
3 =
3 1o 2 04+
g (%) Cutoff: 2.01
S 54 0.2 Se: 65.0%
wn Sp: 60.0%
0 0.0 :

T T T T
00 02 04 06 08 1.0

No  Yes 1-Specificity

Violin plots showing the distribution of the serum C3a/C3 ratio at baseline
in progressors and nonprogressors (left graphs), and performance of the
serum C3a/C3 ratio to discriminate between progressors and non-
progressors in medium term (A) and long term (B) (right graphs). No:
nonprogressors. Yes: progressors. AUC = area under the curve; SE = sen-
sitivity; Sp = specificity.
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Table 2 Associations Between Serum and CSF Levels of Complement Components and Medium-Term Disability
Progression

Univariable OR

Multivariable OR

Univariable OR

Multivariable OR

Components (95% CI); p value (95% CI); p value Components (95% CI); p value (95% CI); p value
Serum CSF

Ba (ng/mL) 1.21 (0.48-3.47); 0.699 1.06 (0.36-3.43); 0.921 Ba (ng/mL) 1.45 (0.78-2.75); 0.241 1.17 (0.53-2.49); 0.679
Bb (pg/mL) 2.08 (1.03-4.56); 0.049 1.51(0.68-3.59); 0.319 Bb (ug/mL) 1.48 (0.65-3.32); 0.329 0.67 (0.17-2.27); 0.538

C3a (ng/mL)

1.48 (0.83-2.89); 0.214

1.32(0.69-2.78); 0.419

C3a (ng/mL)

1.26 (0.79-1.99); 0.322

1.12(0.61-2.12); 0.706

C4a (ng/mL)

1.43(0.92-2.30); 0.117

1.59(0.92-2.97); 0.114

C4a (ng/mL)

0.90 (0.51-1.56); 0.714

1.08 (0.50-2.33); 0.835

C5a (ng/mL)

1.56 (0.96-2.65); 0.081

1.38(0.76-2.59); 0.296

C5a (ng/mL)

1.42(0.93-2.27); 0.113

1.05 (0.60-1.87); 0.856

Factor H (pg/mL)

0.47 (0.08-2.35); 0.360

1.2(0.10-16.84); 0.886

Factor H (pg/mL)

0.24 (0.02-1.94); 0.189

0.10 (0.00-2.73); 0.191

Factor I (ng/mL)

0.86 (0.41-1.80); 0.686

1.25(0.52-3.13); 0.621

Factor | (ng/mL)

1.08 (0.30-3.51); 0.901

1.23(0.16-8.96); 0.839

SC5b9 (ng/mL)

1.23(0.69-2.26); 0.487

1.06 (0.54-2.17); 0.863

SC5b9 (ng/mL)

0.97 (0.52-1.78); 0.912

0.88 (0.37-1.99), 0.762

C1q (ug/mL)

0.38 (0.04-3.12); 0.364

0.31 (0.02-5.03); 0.405

Clq (pg/ml)

0.44 (0.21-0.83); 0.015

0.43 (0.17-0.98); 0.054

C3 (pug/mL)

0.61 (0.34-1.08); 0.091

0.45 (0.19-0.93); 0.050

C3 (pg/mL)

0.23 (0.02-2.45); 0.222

0.08 (0.00-1.31);, 0.076

C4 (pg/mL)

1.36 (0.96-1.97); 0.090

1.16 (0.74-1.83); 0.516

C4 (ug/mL)

0.73(0.45-1.19); 0.186

0.70 (0.36-1.32); 0.265

C5 (pg/mL)

0.77(0.15-3.91); 0.748

0.92 (0.13-6.07); 0.927

C5 (ug/mL)

0.70(0.41-1.19); 0.189

0.65 (0.28-1.45); 0.295

C3a/C3 ratio

2.03(1.18-3.91); 0.018

2.30(1.17-6.03); 0.040

C3a/C3 ratio

1.32(0.84-2.10); 0.224

1.24 (0.69-2.34); 0.483

C4a/C4 ratio

0.91 (0.60-1.30); 0.606

1.27 (0.74-2.39); 0.408

C4a/C4 ratio

1.09 (0.80-1.46); 0.553

1.17 (0.79-1.73); 0.424

C5a/C5 ratio

1.47 (0.95-2.33); 0.091

1.29(0.77-2.23); 0.336

C5a/C5 ratio

1.34 (0.99-1.84); 0.063

1.12 (0.77-1.64); 0.541

OR represents multiplicative effects of doubling of each complement component. Multivariable analysis was adjusted by age, sex, and Qalb. Table 2 only
shows the results for the complement components. Results for the remaining variables included in the multivariable analysis are shown in online eTables 8

and 9. OR = odds ratio.

observed for the remaining CSF CCs between medium-term
progressors and nonprogressors (eTable 7). Elevated Clq
levels were associated with a reduced risk of medium-term
disability progression in univariable analysis (OR 0.44; 95%
CI 0.21- 0.83; p = 0.015) and remained as a trend after
adjustment (OR 0.43; 95% CI 0.17-0.98; p = 0.054)
(Table 2).

In the long term, 17 (25.0%) patients had progression rates
above the 75th percentile and were labeled as progressors. In
serum, the C3a/C3 ratio at baseline was also significantly
higher in long-term progressors vs nonprogressors (p = 0.021;
Figure 1B). The best cutoff to classify patients was a C3a/C3
ratio value of 2.01, with a sensitivity of 65% and specificity of
60% (Figure 1B). No significant differences were observed for
the remaining serum CCs between long-term progressors and
nonprogressors (eTable 10). An elevated C3a/C3 ratio was
associated with a higher risk of long-term disability pro-
gression both in univariable (OR 1.87; 95% CI 1.17-3.26; p =
0.015) and multivariable (OR 1.81; 95% CI 1.09-3.40; p =
0.037) analyses (Table 3).

In CSF, Clq levels were significantly higher in long-term
nonprogressors than in progressors (p = 0.033; Figure 2B). A
Clq value of 0.15 pg/mL was again the best cutoff to
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discriminate between long-term progressors and non-
progressors, with a sensitivity of 71% and specificity of 63%
(Figure 2B). CSF levels of the remaining CCs were compa-
rable between both groups of patients (eTable 10). Similar to
the medium term, higher Clq levels were also associated with
a lower risk of long-term disability progression both at uni-
variable (OR 0.47; 95% CI 0.25-0.85; p = 0.015) and mul-
tivariable (OR 0.41; 95% CI 0.17-0.86; p = 0.025) levels
(Table 3).

Serum and CSF Levels of CCs in Patients With
Inflammatory and Noninflammatory PPMS

As shown in Table 1, 24 (35.0%) patients with PPMS were
classified as inflammatory and 32 (47.0%) patients as non-
inflammatory according to radiologic disease activity at
baseline and/or during follow-up. In serum, levels of the CCs
Bb, C3a, C4a, CSa, SCSbY, and the CSa/CS ratio were sig-
nificantly higher in inflammatory patients vs non-
inflammatory, whereas levels of Factor H and CS were
reduced in noninflammatory patients (eFigure 1). Serum
levels of the remaining CCs were similar between in-
flammatory and noninflammatory patients (eTable 13). In
CSF, levels of Ba, C3a, and the 3 ratios were significantly
elevated in patients with inflammatory PPMS, whereas levels
of Clq, C4, and CS were decreased in noninflammatory
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Figure 2 CSF C1q Levels in
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Violin plots showing the distribution of the CSF C1q levels in pg/mL at
baseline in progressors and nonprogressors (left graphs), and performance
of the CSF C1q levels to discriminate between progressors and non-
progressors in medium term (A) and long term (B) (right graphs). No: non-
progressors. Yes: progressors. AUC = area under the curve; SE = sensitivity;
Sp = specificity.

patients (eFigure 1). No significant differences were observed
for the CSF levels of the remaining CCs between both groups
of patients (eTable 13).

Correlations Between Serum and CSF Levels of
CCs and IgM Index

As shown in Table 4, strong correlations were observed be-
tween the IgM index and levels of the CCs C3a, CSa, and the
ratio CSa/CS both in serum and CSF; Bb only in serum; and
the C3a/CS ratio only in CSF. Moderate correlations were
observed for the CC Ba both in serum and CSF and for SC5b9
and the C3a/C3 ratio only in serum. A moderate and inverse
correlation was also observed for CSF levels of CC C4. Fi-
nally, serum and CSF levels of C4a weakly correlated with the
IgM index.

Discussion

Studies evaluating the relationship between the complement
system and long-term outcomes of patients with progressive
MS are lacking. In this study, we aimed to explore the role of
the complement system in disability progression in a cohort of
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patients with PPMS by measuring the levels of a panel of CCs
(C3, C4, Cs, Clq), complement activation products (C3a,
C4a, CSa, Ba, Bb, SCSb9), and complement regulators
(Factor H and Factor I) in paired serum and CSF samples and
analyzing their potential to predict disability progression in
the short term (2 years), medium term (6 years), and long
term (9.6 years).

In our study, the serum or CSF levels of the native CCs C3,
C4, and CS did not seem to play an important role in dis-
ability progression at any of the time points. Only elevated
serum CS$ levels were associated with decreased risk of
short-term disability progression in multivariable analysis.
Previous cross-sectional studies have shown increased levels
of the CCs C3 and C4 in plasma'> and increased levels of C3
in the CSF'®'7 of patients with MS compared with healthy
controls or patients with noninflammatory neurologic dis-
orders. Whereas in one of these studies, plasma C3 and C4
levels did not correlate with EDSS,"> in another study, CSF
C3 levels were particularly higher in the group of patients
with PPMS and correlated with EDSS in the whole group
of patients with MS.'® However, these studies were cross-
sectional and did not evaluate follow-up disability progression
outcomes.

Regarding the complement activation products, the serum
C3a/C3 ratio, which is indicative for general activation of the
complement system, played an important role as risk factor of
disability progression in patients with PPMS. Although it
played no role in the short term, an elevated ratio increased
the risk of disability progression in the medium and long term
in univariable and multivariable analyses. Of interest, serum
levels of the C3a/C3 ratio could also be used in clinical
practice to identify patients with PPMS at high risk of dis-
ability progression after 6 or more years of follow-up with
good sensitivity and specificity. These results indicate that
complement activation of early complement activation
products is present in serum of patients with PPMS and is
higher in patients with higher risk of disability progression in
the medium and long term. The reasons why these findings
are restricted to serum and are not observed in paired CSF
samples from the same patients are unknown.

C4a, which is generated during activation of the classical or
lectin pathways, and the C4a/C4 ratio were not associated
with disability progression in patients with PPMS. Previous
cross-sectional studies found increased plasma and CSF levels
of C4a in patients with MS compared with controls, partic-
ularly in patients with relapsing-remitting MS (RRMS) at the
time of the acute relapses.ls’18 Patients with progressive forms
of MS had comparable plasma levels of C4a with patients with
RRMS and controls, and a weak correlation with EDSS was
also observed in patients with MS that was lost after
adjustment.18

Other complement activation products of the alternative
complement pathway, such as Bb and Ba, as well as later CC
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Table 3 Associations Between Serum and CSF Levels of Complement Components and Long-Term Disability Progression

Univariable OR (95% Cl); Multivariable OR (95% CI);

Univariable OR (95% CI); Multivariable OR (95% Cl);

Components p value p value Components p value p value

Serum CSF

Ba (ng/mL) 1.05 (0.48-2.46); 0.896 0.87 (0.37-2.14); 0.751 Ba (ng/mL) 1.34(0.79-2.30); 0.277 1.32(0.71-2.45); 0.373
Bb (ug/mL) 1.59 (0.90-2.91); 0.120 1.28 (0.67-2.54); 0.455 Bb (ug/mL) 1.25 (0.65-2.33); 0.487 0.90 (0.36-2.07); 0.802

C3a (ng/mL)

1.51(0.93-2.65); 0.120

1.36 (0.79-2.53); 0.289

C3a (ng/mL)

1.11(0.75-1.61); 0.590

1.08 (0.66-1.73); 0.753

C4a (ng/mL)

1.25(0.85-1.85); 0.258

1.24 (0.80-1.95); 0.340

C4a (ng/mL)

1.04 (0.64-1.69); 0.870

1.34(0.74-2.49); 0.330

C5a (ng/mL)

1.34 (0.89-2.06); 0.161

1.25(0.77-2.09); 0.373

C5a (ng/mL)

1.12(0.78-1.62); 0.522

0.92 (0.57-1.46); 0.719

Factor H (pg/mL)

0.96 (0.20-4.46); 0.954

0.53(0.05-4.83);, 0.574

Factor H (ug/mL)

0.43 (0.06-2.71); 0.371

0.34 (0.02-4.87); 0.427

Factor | (ng/mL)

0.86 (0.44-1.67); 0.666

0.83 (0.37-1.80); 0.634

Factor | (ng/mL)

1.00 (0.32-2.92); 0.996

1.03 (0.18-5.24); 0.974

SC5b9 (ng/mL)

1.05 (0.65-1.73); 0.845

0.95 (0.55-1.67); 0.858

SC5b9 (ng/mL)

1.13 (0.65-1.98); 0.667

1.11(0.56-2.21); 0.763

C1q (pg/mL)

0.49 (0.08-3.04); 0.438

0.39 (0.05-3.12); 0.367

Clq (ug/mL)

0.47 (0.25-0.85); 0.015

0.41 (0.17-0.86); 0.025

C3 (ug/mL)

0.68 (0.40-1.15); 0.150

0.61 (0.33-1.09); 0.105

C3 (pg/mL)

0.38 (0.05-3.06); 0.356

0.32(0.03-3.18); 0.318

C4 (pg/mL)

1.24(0.92-1.71); 0.168

1.19 (0.83-1.73); 0.334

C4 (pg/mL)

0.82(0.57-1.19); 0.276

0.82 (0.54-1.24), 0.328

C5 (pg/mL)

0.81 (0.22-3.03); 0.754

0.67 (0.15-2.84); 0.590

C5 (pg/mL)

0.78 (0.49-1.22); 0.267

0.71(0.37-1.34); 0.289

C3a/C3 ratio

1.87(1.17-3.26); 0.015

1.81(1.09-3.40); 0.037

C3a/C3 ratio

1.14 (0.78-1.63); 0.490

1.12(0.71-1.74), 0.626

C4a/C4 ratio

0.91 (0.64-1.26); 0.599

0.96 (0.62-1.45); 0.838

C4a/C4 ratio

1.09 (0.86-1.38); 0.442

1.15 (0.88-1.50); 0.286

C5a/C5 ratio

1.26 (0.89-1.82); 0.195

1.21 (0.80-1.88); 0.367

C5a/C5 ratio

1.14 (0.89-1.46); 0.295

1.04 (0.77-1.41), 0.788

OR represents multiplicative effects of doubling of each complement component. Multivariable analysis was adjusted by age, sex, and Qalb. Table 3 only
shows the results for the complement components. Results for the remaining variables included in the multivariable analysis are shown in online eTables 11

and 12. OR = odds ratio.

indicative of general activation of the complement system
such as CSa (and the CSa/CS ratio) and SCSb9, played little
or no role in disability progression. Only elevated serum
levels of Bb were associated with an increased risk of dis-
ability progression in the medium term in univariable anal-
ysis, but significance was lost after adjustment. Although
previous studies observed increased CSF levels of the ter-
minal complement complex in patients with MS compared
with controls'”?® and CSF levels were found to correlate
with EDSS in patients with RRMS,*! in our study neither
serum nor CSF levels of SC5b9 played a role in disability
progression during follow-up of patients with PPMS. Alto-
gether, the lack of strong association between activation of
CS and SC5b9 in serum or CSF and disability progression
indicates that disease progression in MS does not seem de-
pendent on the effector mechanisms related with the ter-
minal pathway activation and membrane attack complex
formation, but rather with the chemotactic properties and
local and systemic inflammatory responses induced by early
blood CCs such as C3a.**

In this context, B-cell maturation and presence of germinal
center (GC)-like lymphoid follicular structures in the cerebral
meninges are believed to contribute to disease progression
and disability accumulation in MS.*>** Complement has a

Neurology.org/NN

long-standing association with GC formation and function.
Mice with GC B cells lacking complement receptor 2 (CRrR2/
CD21), which binds C3 cleavage products, show deficient GC
responses, indicating that normal GC processes are funda-
mentally perturbed by B-cell intrinsic changes to complement
signaling.”**” More recently, it was demonstrated that C3
cleavage on GC B-cell surfaces and activated CR2-receptor
signals are required for positive B-cell selection.”® Thus, C3
cleavage products have a role in regulating B-cell maturation
and amplifying GC B-cell responses in the absence of terminal
complement complex formation, and such functions might
contribute to aberrant immune responses driving disease
progression in MS.

Concerning the complement regulators Factors H and I, none
of them were associated with disability progression at any of
the study time points. Plasma, serum, and CSF levels of Factor
H, a major regulator of the alternative pathway with the ability
to bind C3b and regulate the formation of the C3 and CS
convertases, have been reported to be increased in patients
with MS, particularly in those with progressive forms of the
disease.">*>** Furthermore, serum levels of complement
Factor H were found to correlate with EDSS, although only at
the univariable level.* These findings are not in line with our
results, insomuch as serum or CSF levels of factor H did not
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Table 4 Correlations Between Serum and CSF Levels of Complement Components and the IgM Index

Serum components p (p value) CSF components p (p value)

Ba (ng/mL) 0.331(0.010) Ba (ng/mL) 0.348 (0.006)
Bb (pg/mL) 0.404 (0.001) Bb (pg/mL) 0.233 (0.070)
C3a (ng/mL) 0.406 (0.001) C3a (ng/mL) 0.570 (0.000002)
C4a (ng/mL) 0.283 (0.028) Cda (ng/mL) 0.270 (0.035)
C5a (ng/mL) 0.408 (0.001) C5a (ng/mL) 0.421 (0.001)
Factor H (pg/mL) -0.064 (0.626) Factor H (pg/mL) -0.128 (0.326)
Factor | (ng/mL) 0.001 (0.994) Factor | (ng/mL) -0.118 (0.363)
SC5b9 (ng/mL) 0.330(0.010) SC5b9 (ng/mL) -0.090 (0.492)
C1q (pg/mL) -0.119 (0.366) C1q (ug/mL) -0.195 (0.133)
C3 (pg/mL) 0.036 (0.787) C3 (pg/mL) -0.097 (0.455)
C4 (pg/mL) 0.224 (0.085) C4 (ug/mL) -0.389 (0.002)
C5 (pg/mL) -0.179(0.171) C5 (pg/mL) -0.230 (0.074)
C3a/C3 ratio 0.341 (0.008) C3a/C3 ratio 0.581 (0.000001)
C4a/C4 ratio -0.087 (0.510) C4a/C4 ratio 0.353 (0.005)
C5a/C5 ratio 0.428 (0.001) C5a/C5 ratio 0.414 (0.001)

Data show Spearman correlation coefficients (p values).

seem to influence disability progression in patients with
progressive MS.

In our study, findings in the CSF with the recognition com-
ponent of the classical complement pathway Clq were in-
teresting and at the same time surprising. We observed a clear
protective role of elevated Clq levels in the CSF lowering the
risk of disability progression in the medium and long term both
in univariable analyses and after adjustment. Of note, the CSF
Clq levels showed good potential to discriminate between
progressors and nonprogressors and could be used in clinical
practice to identify those patients with PPMS with lower risk of
developing disability progression in the medium and long term.
Studies in MS have shown that Clq staining is present in MS
lesions,®" and CSF levels of Clq are found to be elevated in
patients with MS and early phases of the disease compared with
1732 However, Clq without the presence of Clr and
Cl1s has neuroprotective and anti-inflammatory properties that
foster resilience and resolution of injury.**** To name a few, C1q
increased the uptake of apoptotic neurons by microglia, thus
preventing the release of toxic intracellular contents and exci-
totoxic damage to neighboring neurons™; it downregulated the
expression of proinflaimmatory cytokines by microglia in re-
sponse to LPS;> in vitro C1q induced the expression of genes
important for neuronal survival and neurite outgrowth and
neurotrophic factors.>*>” Furthermore, Clq was also found to
inhibit NLRP3 inflammasome activation in human macro-
phages,®® a multiprotein complex proposed by our group as a
therapeutic target in patients with PPMS.*

controls.
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Stratification of patients with PPMS into inflammatory and
noninflammatory according to radiologic activity overall revealed
increased serum or CSF levels of complement activation products
and decreased levels of intact CCs, the latter probably due to
compound consumption associated with an inflammatory envi-
ronment. Some of our findings are supported by previous studies
showing correlations between CSF C3a levels and the total
number of T2 lesions and the number of gadolinium-enhancing
lesions®” or increased plasma C4a levels during acute relapses."®

Finally, because the IgM is the most efficient immunoglobulin
isotype for complement activation, we also investigated the
relationship between CCs and the IgM index. As expected,
most of the complement activation products in serum or the
CSF correlated more or less strongly with the IgM index,
whereas levels of native CCs and complement regulators did
not correlate, except for the CC of the classical pathway C4,
which inversely correlated with the IgM index, most likely in
the context of compound consumption associated with a
higher IgM index-related complement activation.

In conclusion, early CCs such as the C3a/C3 ratio in serum
and Clq in the CSF seem to play a role in disability pro-
gression of patients with PPMS in the medium and long term,
and their levels may be used in clinical practice to identify
patients with PPMS at higher (elevated serum C3a/C3 ratio)
or lower (elevated CSF Clq) risk of disability progression
during follow-up. The protective findings observed for Clq in
the CSF are probably related to the neuroprotective and anti-
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inflammatory properties attributed to this component of the
classical complement pathway. However, considering the size
of our PPMS cohort, further studies are needed to confirm the
role of the complement system in disability progression of
patients with MS with this clinical form.
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