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Abstract

Background and Objectives
The aim of this study was to identify novel biomarkers for multiple sclerosis (MS) diagnosis and
prognosis, addressing the critical need for specific and prognostically valuable markers in the field.

Methods

We conducted an extensive proteomic investigation, combining analysis of (1) CSF proteome
from symptomatic controls, fast and slow converters after clinically isolated syndromes, and
patients with relapsing-remitting MS (n = 10 per group) using label-free quantitative proteo-
mics and (2) oligodendrocyte secretome changes under proinflammatory or proapoptotic
conditions using stable isotope labeling by amino acids in cell culture. Proteins exhibiting
differential abundance in both proteomic analyses were combined with other putative MS
biomarkers, yielding a comprehensive list of 87 proteins that underwent quantification through
parallel reaction monitoring (PRM) in a novel cohort, comprising symptomatic controls,
inflammatory neurologic disease controls, and patients with MS at various disease stages (n =
10 per group). The 11 proteins that passed this qualification step were subjected to a new PRM
assay within an expanded cohort comprising 158 patients with either MS at different disease
stages or other inflammatory or noninflammatory neurologic disease controls.

Results

This study unveiled a promising biomarker signature for MS, including previously established
candidates, such as chitinase 3-like protein 1, chitinase 3-like protein 2, chitotriosidase, immu-
noglobulin kappa chain region C, neutrophil gelatinase—associated lipocalin, and CD27. In ad-
dition, we identified novel markers, namely cat eye syndrome critical region protein 1 (adenosine
deaminase 2, a therapeutic target in multiple sclerosis) and syndecan-1, a proteoglycan, also
known as plasma cell surface marker CD138 and acting as chitinase 3-like protein 1 receptor
implicated in inflammation and cancer signaling. CD138 exhibited good diagnostic accuracy in
distinguishing MS from inflammatory neurologic disorders (area under the curve [AUC] = 0.85,
CI 0.75-0.95). CD138 immunostaining was also observed in the brains of patients with MS and
cultured oligodendrocyte precursor cells but was absent in astrocytes.

Discussion

These findings identify CD138 as a specific CSF biomarker for MS and suggest the selective
activation of the chitinase 3-like protein 1/CD138 pathway within the oligodendrocyte lineage
in MS. They offer promising prospects for improving MS diagnosis and prognosis by providing
much-needed specificity and clinical utility.
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Glossary

AUC = area under the curve; BBB = blood-brain barrier; CECR1 = cat eye syndrome critical region protein 1; CHI3L1 =
chitinase 3-like protein 1; CHI3L2 = chitinase 3-like protein 2; CHIT1 = chitotriosidase-1; CIS = clinically isolated syndrome;
CTRL = symptomatic control; EDSS = Expanded Disability Status Scale; IGKC = immunoglobulin kappa chain region C;
ION = isolated optic neuritis; INDC = inflammatory neurologic disease control; MS = multiple sclerosis; NAWM = normal-
appearing white matter; NGAL = neutrophil gelatinase—associated lipocalin; NINDC = noninflammatory neurologic disease

controls; OCBs = oligoclonal bands; PINDC = peripheral inflammatory neurologic disease control; PPMS = primary
progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; WBCs = white blood cells.

Classification of Evidence

This study provides Class II evidence that CD138 distinguishes multiple sclerosis from other inflammatory neurologic disorders

with an AUC of 0.85 (95% CI 0.75-0.95).

Introduction

Multiple sclerosis (MS) is an inflammatory autoimmune
disease of the CNS that causes damage to myelin and ulti-
mately leads to neurodegeneration. Diagnostic criteria re-
cently evolved to better predict disease activity in patients
experiencing a clinically isolated syndrome (CIS)."> How-
ever, the presence of active lesions in MRI and the presence of
oligoclonal bands (OCBs) in the CSF only partially predict
relapses and disability progression, underscoring the need for
new prognostic biomarkers.”*

Previous proteomic studies have identified several potential
biomarkers of MS, such as chitinase-like proteins (CHI3L1 and
CHI3L2) and chitotriosidase (CHIT1).>® However, their CSF
levels are also elevated in other neurologic inflammatory and
noninflammatory conditions”'® and cannot be used for dif-
ferential diagnosis of MS. More recently, neurofilament light
(NfL) and heavy (NfH) chains were shown to be elevated both
in the CSF and sera of patients with MS'"*2 but, again, these
biomarkers of neuronal/axonal damage are not specific for
MS."® Over the past years, the kappa free light chain (kFLC)
index has emerged as a more specific candidate biomarker of
the disease' ' that is increasingly used in clinical practice.'®"?
However, the differential diagnosis of MS remains challenging,
given its common features with other neurologic inflammatory

and noninflammatory conditions.

In this study, to identify specific biomarkers of MS and/or
prognostic biomarkers predicting disease evolution, we
compared the CSF proteome from symptomatic controls
(CTRL) and patients with relapsing-remitting multiple scle-
rosis (RRMS), and the CSF proteome from fast converters
(FC) and slow converters (SC) after a CIS using quantitative
proteomics. Moreover, to identify biomarkers reflecting oli-
godendrocyte damage observed in MS, we analyzed changes
in the secretome of primary cultured rat oligodendrocyte
precursor cells (OPCs) induced by a proinflammatory or a
proapoptotic treatment to mimic the main pathologic features of
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the disease in vitro (Figure 1). We then complemented the
resulting list of biomarker candidates with additional proteins
previously involved in MS pathogenesis for validation by parallel
reaction monitoring (PRM) in 2 novel cohorts comprising pa-
tients with MS at different stages of the disease and patients with
inflammatory and noninflammatory diseases. This study
revealed biomarker candidates that segregate MS from other
inflammatory or noninflammatory neurologic disorders in-
cluding the cell surface proteoglycan syndecan-1, also designated
as plasma cell surface marker CD138. We then aimed at de-
termining its accuracy to distinguish MS from other in-
flammatory neurologic disorders and its expression in MS brain.

Methods

Patients

Patients were recruited in Montpellier and Nimes University
Hospitals before our study (between 2007 and 2014) and pro-
spectively followed up for at least 2 years. We randomly
included adult patients identified in our collection with a
confirmed diagnosis of symptomatic control (CTRL), isolated
optic neuritis (ION), CIS, RRMS, primary progressive MS
(PPMS), inflammatory neurologic disease control (INDC),
peripheral inflammatory neurologic disease control (PINDC),
and noninflammatory neurologic disease control (NINDC). A
schematic definition of CIS, RRMS, PPMS, and controls
(CTRL, patients with ION, INDC, PINDC, and NINDC) is
provided in eFigure 1. Conversion of CIS to RRMS was assessed
using the McDonald criteria revised in 2005, after a second
relapse or the apparition of new MRI lesions on follow-up scans."
Patients with CIS with fast conversion to RRMS (<1 year after a
CIS, FC-CIS) and patients with slow conversion to RRMS (>2
years after a CIS, SC-CIS) were included (eFigure 1). De-
mographics, CSF, and MRI characteristics of patients included in
the different cohorts are described in Tables 1 and 2.

CSF samples were collected using a 25 G Whitacre-type
atraumatic needle (ref 181.05, Vygon) in a 10-mL

May 2024 Neurology.org/NN


http://neurology.org/nn

Figure 1 Schematic Representation of the Workflow Used in the Study
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mitting multiple sclerosis patients.

polypropylene tube (ref 62.610.201, Sarstedt) and processed
according to the guidelines of the BioMS-eu network, except
for sample transport and centrifugation at 4°C instead of

21
room temperature.

MS brain samples were obtained from a 50-year-old man who
died during a fulminating MS relapse after natalizumab
withdrawal and presented with extensive and active brain le-
sions characteristic of MS,** a 47-year-old man with second-
ary progressive MS (SPMS) who died of a lung neoplasm, a
60-year-old woman with SPMS who died of an infection.

Neurology.org/NN
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Samples were rapidly (within 12 hours after death) frozen in
liquid nitrogen or fixed by immersion in 10% buffered for-
malin and processed into liquid paraffin for histologic evalu-
ation and immunohistochemistry (Centre des Collections
Biologiques Hospitalieres de Montpellier (CCBH-M), Col-
lection tumorothéque, FINESS 340780477, Montpellier,
France; and Collection Sclérose en Plaques Nantes (PFS13-
003), FINESS 440000289, Nantes, France). Control brain
samples were obtained from the right frontal lobe of a 62-year-
old man who died after an occipital infarct and from the right
frontal lobe of an 87-year-old man who died of pneumonia.
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Table 1 Characteristics of the Patients Included in the Discovery and Qualification Cohorts

Cohort Discovery Qualification

Diagnosis CTRL SC-CIS FC-CIS RRMS CTRL SC-CIS FC-CIS RRMS PPMS INDC
n 10 10 10 10 10 10 10 10 10 10
Age (mean, y) 35.7 37.6 353 36.1 334 34.1 31.6 34.2 47 34.9
Sex (female/total ratio) 70% 70% 70% 70% 80% 80% 80% 80% 70% 60%
CSF protein level (mean, g/L) 0.39 0.39 0.42 0.41 0.35 0.34 0.35 0.38 0.42 0.42
Presence of OCBs 0% 70% 90% 80% 0% 80% 90% 90% 90% 20%
Elevated IgG index 0% 60% 90% 70% 0% 60% 80% 40% 70% 10%
1gG index (mean) 0.46 0.87 1.37 0.97 0.52 1.02 1.01 1.40 0.84 0.58
Positive CSF 0% 70% 90% 80% 0% 80% 90% 90% 90% 20%
DIS (Barkhof) NA 50% 80% 90% NA 100% 50% 80% 80% NA
DIS (Swanton) NA 100% 100% 100% NA 100% 100% 100% 100% NA
Gadolinium enhancement NA 30% 50% 50% NA 10% 30% 30% 20% NA

Abbreviations: CIS = clinically isolated syndrome; CTRL = symptomatic controls; FC-CIS = fast conversion to MS (<1 y) after a CIS; INDC = inflammatory
neurologic disease controls; OCB = oligoclonal bands; PPMS = patients with progressive form of multiple sclerosis without period of symptom remission;

RRMS = relapsing remitting multiple sclerosis; SC-CIS = slow conversion to MS (>2 y) after a CIS.

Sample characteristics for patients included in discovery and qualification cohorts. DIS: dissemination in space of MS lesions according to Barkhof or Swanton
criteria. INDCs included patients with neurolupus syndrome (n = 1), neuro-Behget syndrome (n = 1), Susac syndrome (n = 2), neurosarcoidosis (n = 1), Neuro-

Sjogren syndrome (n = 1), aseptic meningitis (n = 2), acute demyelinating encephalomyelitis (ADEM, n = 1), and isolated myelitis (n = 1).

Standard Protocol Approvals, Registrations,
and Patient Consents

All enrolled patients had signed informed consent for CSF
biobanking after lumbar puncture prescribed for the in-
vestigation of neurologic disorders (biobank registered under
DC-2008-417). The procedures were authorized by ANSM
(ID RCB 2008-A01199-46) on September 12, 2008 and ap-
proved by the Comité de Protection des Personnes Sud
Meéditerranée IV (ethics committee) on February 10, 2009.
For brain samples, we received approval from an ethical
standards committee to conduct this retrospective study (IRB
2023.09.06). Operators were blinded from clinical in-
formation and reference standard results (e.g., OCBs) for all
CSF analyses.

Proteomic Analysis of CSF

Label-Free Quantitative Proteomics

We compared CSF samples from 10 patients with RRMS and
10 CTRLs and CSF samples from 10 FC-CIS and 10 SC-CIS.
Detailed methods used for label-free quantitative proteomics
and statistical analysis of data are available in the eMethods.

Targeted Quantitative Proteomics
Targeted quantitative proteomics is detailed in the eMethods.

Selection of Additional Candidate Biomarkers
From the Literature

Fifteen additional proteins that have previously been involved
in MS pathogenesis (Angiotensinogen, ALCAM [CD166],
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Basigin, Contactin-3, Ephrin B2, Ephrin A4, GC, N-acetylglu-
cosamine-1-phosphotransferase, Immunoglobulin lambda-like
polypeptide S, Multimerin-2, Matrix remodeling—associated
protein 8, Neural cell adhesion molecule 2 [NCAM2], Neural
cell adhesion molecule L1 [L1ICAM], SPP1, and Tenascin-X)
were analyzed by PRM to explore their potential as MS bio-
markers (see Results).

Primary Cultures of Rat OPCs, Cell Treatment,
and Media Conditioning

Primary cultures of rat OPCs were prepared according to the
procedure described in the eMethods. After 4 days of culture
in modified Bottenstein Sato medium containing heavy
isotope-labeled amino acids, cells were washed S times with
serum-free culture medium and exposed to either vehicle or
TNFa (10 ng/mL) or soluble Fas ligand (sFasL) in the same
medium for 24 hours. After the 24-hour secretion period,
conditioned media were collected, centrifuged at 200xg for 5
minutes and then at 20,000xg for 25 minutes to remove
nonadherent cells and cell debris, respectively. Immunocy-
tochemistry in OPC cultures is detailed in the eMethods.
OPC apoptosis was also determined after the treatments as
previously described. >

Quantitative OPC Secretome Analysis

Methods used for OPC secretome analysis are available in the
eMethods. In brief, proteins from OPC-conditioned media
were concentrated by precipitation in 10% trichloroacetic
acid, separated by SDS-PAGE and digested in-gel using
trypsin (600 ng/band, Gold, Promega), as previously
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Table 2 Characteristics of the Patients Included in the Verification Cohort

Diagnosis CTRL SC-CIS FC-CIS RRMS PPMS INDC ION NINDC PINDC
n 30 15 15 30 14 13 15 13 13
Age (mean, y) 38.3 35.2 333 38.2 46.67 46.4 31.8 40.8 56.2°
Sex (female/total ratio) 80% 73% 93% 77% 43% 23%° 87% 46% 54%
CSF protein level (mean, g/L) 0.36 0.38 0.35 0.39 0.51 0.39 0.36 0.33 0.41
Presence of OCBs 0% 80% 93% 90% 79% 15% 7% 0% 15%
Elevated IgG index 0% 46% 75% 78% 58% 0% 0% 0% 0%
1gG index (mean) 0.48 0.68 0.86 1.12 0.84 0.47 0.47 0.45 0.48
Positive CSF 0% 80% 93% 90% 79% 15% 7% 0% 15%
DIS (Barkhof) NA 40% 87% 80% 79% NA 0% NA NA
DIS (Swanton) NA 100% 100% 100% 100% NA 0% NA NA
Gadolinium enhancement NA 27% 47% 47% 14% NA 0% NA NA

Abbreviations: CIS = clinically isolated syndrome; CTRL = symptomatic controls; DIS = dissemination in space of white matter lesions according to Barkhof or
Swanton criteria; FC-CIS = fast conversion to MS (<1 y) after a CIS; INDC = inflammatory neurologic disease controls; ION = isolated optic neuritis; NINDC =
noninflammatory neurologic disease controls; OCB = presence of oligoclonal bands in the CSF; PINDC = peripheral inflammatory neurologic disease controls;
PPMS = patients with progressive form of multiple sclerosis without period of symptom remission; RRMS = relapsing-remitting multiple sclerosis; SC-CIS =
slow conversion to MS (>2 y) after a CIS.

Sample characteristics for patients included in the verification cohort. INDCs included patients with encephalitis (n = 4), isolated myelitis (n = 3), acute
demyelinating encephalomyelitis (ADEM, n = 2), chronic lymphocytic inflammation with pontine perivascular enhancement responsive to steroids (CLIPPERS,
n = 1), aseptic meningitis (n = 1), cerebral toxoplasmosis (n = 1), and sinus inflammation-related optic neuritis (n = 1); PINDCs included patients with acute
inflammatory demyelinating polyneuropathy (AIDP, n = 4), chronic inflammatory demyelinating polyneuropathy (CIDP, n = 4), polyneuritis (n = 2), plexopathy
(n = 2), and multiple mononeuropathy (n = 1); NINDCs included patients with TIA with small vessel disease (n = 3), frontotemporal dementia (n = 2), stroke
(n = 1), generalized dystonia (n = 1), adrenoleukodystrophy (n = 1), cerebellar ataxia (n = 1), hydrocephaly (n = 1), syringomyelia (n = 1), sacral plexus
compression (n = 1), and metabolic encephalitis (n = 1).

Cohorts were compared for age, sex, and CSF protein content (ANOVA followed by the Tukey-Kramer test) revealing ®significant age differences in PPMS vs
FC-CIS, bsignificant age differences in PINDC vs CTRL, FC-CIS, SC-CIS, patients with RRMS, patients with ION, and NINDC, and “significant sex ratio differencesin

INDC vs CTRLs, FC-CIS, patients with RRMS, and patients with ION. No differences in CSF protein content were found.

described** The resulting peptides were analyzed by
nanoLC-MS/MS as previously described for CSF sample
analysis. Data were analyzed using the MaxQuant software
(version 1.4.1.2).25

ELISA

CHI3L1 concentration was determined in CSF samples from
CTRLs and patients with RRMS using the MicroVue YKL-40
EIA kit (Quidel Corporation, San Diego, CA), as previously
described.’ CD138 and CD27 concentrations were de-
termined in nondiluted CSF samples from CTRLs, patients
with RRMS and patients with PPMS using the R-PLEX Hu-
man Syndecan-1 (CD138) assay and the U-PLEX Human
CD27 assay, respectively (Meso Scale Discovery, Rockville,
MD, USA) with a MESO QuickPlex SQ 120 MM, according
to the manufacturer’s instructions. The CSF CD138 and
CD27 lower limit of detection (LLOD) were 4.2 pg/mL and
0.3 pg/mL, respectively.

Immunohistochemistry

For horseradish peroxidase labeling, paraffin sections (4 pym
thick) of fixed brains were subjected to antigen retrieval after
quenching of endogenous peroxidase by immersion in citrate/
EDTA buffer, pH 6, and heating (40 minutes at 100°C). After
applying primary and secondary antibodies, immunoperox-
idase reaction was performed using the avidin-biotin method

Neurology.org/NN
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and 3',3'diaminobenzidine as chromogen and the ROCHE
automatic immunostaining system (Benchmark ULTRA).
Sections were then counterstained with hematoxylin.

For double IHC staining, 3’,3'diaminobenzidine CD138-
labeled and unlabeled slices counterstained with hematoxylin
were further incubated for 1 hour with primary antibodies
(see eMethods). After 3 washes, slices were incubated for 30
minutes in AP one-step polymer anti-mouse/rabbit/rat
(Zytomed Systems, ref ZUC068) and labeled with perma-
nent AP red (Zytomed Systems, ref ZUC001), according to
the manufacturer’s instructions.

For immunofluorescence, fresh frozen brain slices on glass
coverslips were incubated in PBS solution containing 10%
heat-inactivated goat serum (Vector Laboratories, Ref S-100)
and 0.3% Triton X-100 for 20 minutes. They were then in-
cubated overnight at 4°C in PBS containing 3% heat inacti-
vated goat serum, 0.1% Triton X-100, and primary antibodies
(see eMethods). After 3 washes in PBS, slices were incubated
for 2 hours with the Alexa Fluor 594-conjugated anti-rabbit
antibody (ThermoFisher Scientific, Ref A-11037, 1:1,000
dilution) and the Alexa Fluor 680-conjugated anti-mouse
antibody (ThermoFisher Scientific, Ref A-21057, 1:1,000
dilution) in PBS containing 3% heat-inactivated goat serum,
0.1% Triton X-100, and Hoechst 33342 (1 pg/mL, Sigma).
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After 3 washes in PBS, coverslips were mounted on superfrost
ultra plus slides (ThermoFisher Scientific, Ref 10417002)
using fluorescent mounting medium (Dako, Ref $3023).
Immunofluorescence images were taken with the Axiolmager
Z1 microscope equipped with Apotome. All antibodies used
in the study are detailed in the eMethods.

Data Availability
Anonymized data will be shared upon request from any
qualified investigator to eric.thouvenot@chu-nimes.fr for re-
search purposes only.

Results

Identification of MS Candidate Biomarkers by
Quantitative Proteomic Analysis of the CSF

We first compared the CSF proteome of 10 CTRLs, 10 SC-
CIS, 10 FC-CIS, and 10 patients with RRMS matched in age
(mean age 35.3-37.6 years), sex ratio (70% in all cohorts),
and CSF protein level (0.39-0.42 g/L, Table 1 and Figure 1).
As expected, SC-CIS, FC-CIS, and RRMS samples showed a
higher IgG index and the presence of OCBs, compared with
CTRLs (Table 1). Samples from each patient were analyzed
in triplicate, yielding a total of 120 LC-MS runs. Analysis of
LC-MS data quality, assessed by a dispersion tree representing
the protein expression in each sample after missing value

imputation and data normalization, showed a regular disper-
sion of the data together with proximity of technical replicates
(eFigure 2), thus indicating similar protein composition of all
samples and reproducibility of analyses.

Overall, a total of 5,042 unique peptides corresponding to 600
proteins were identified and quantified after data filtering.
Comparing samples at protein level revealed 12 proteins that
exhibit significant difference in abundance in patients with
RRMS vs CTRLs (eTable 1) and segregate both patient co-
horts (Figure 2A). Likewise, 6 proteins exhibited significant
differences in abundance in CSF from FC-CIS vs SC-CIS
patients (eTable 1) and segregated both cohorts (Figure 2B).
Analysis of data at peptide level revealed 39 additional pro-
teins with at least 1 peptide exhibiting significant different
abundance in the CSF from patients with RRMS CTRLs
(eTable 2).

Identification of Potential Biomarkers of
Inflammation and Oligodendrocyte Apoptosis
by Analysis of OPC Secretome

To identify additional candidate biomarkers reflecting 2 major
pathologic features of MS (inflammation and oligodendrocyte
apoptosis), we next explored the modifications of the secre-
tome of primary cultures enriched in rat OPCs elicited by
exposing cultures with either TNFa®® or sFasL*” (both at 10
ng/mL) for 24 hours, using the stable isotope labeling by

Figure 2 Results of Label-Free Proteomic Analysis of Human CSF Samples From the Discovery Cohort
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amino acids in cell culture technology. As expected, exposure
of OPCs to sFasL induced a significant increase in apoptotic
OPCs in the cultures (46.5 + 12.7% condensed or fragmented
nuclei in sFasL-treated cell cultures vs 11.2 + 3.0% and 13.9 +
5.6% in vehicle-treated and TNFa-treated cultures, p < 0.0001
and p < 0.0001 (unpaired ¢ test), respectively, eFigure 3).

A total of 2,535 proteins were identified in OPC supernatant
in 4 biological replicates comparing the secretome of vehicle
and TNFa or sFasL-treated cells. Of these, 36 proteins
showed significant difference in abundance (assessed by sig-
nificance B) in the supernatant of OPCs treated with vehicle
and TNFa in at least 2 of 4 replicates, and 19 proteins showed
significant difference in abundance in the supernatant of ve-
hicle and sFasL-treated OPCs (eTable 3). Fifteen human
orthologs of differentially OPC-secreted proteins were iden-
tified in our quantitative proteomic analysis of human CSF

samples (eTable 3).

Qualification of Candidate Biomarkers by
Targeted Quantitative Proteomics

We next combined proteins showing difference in abundance
at protein (18 proteins) or peptide level (39 proteins) in
patient CSF samples with 15 proteins showing different
abundance in OPC secretome and 1S additional proteins
linked to MS pathophysiology that we identified in human
CSF (eTable 4, Figure 1). This yielded a list of 87 proteins
that were further analyzed by PRM in the initial cohort and a
new cohort of 60 patients (qualification cohort, Table 1)
comprising CTRL, SC-CIS, FC-CIS, RRMS, PPMS, and
INDC (10 patients per group). For each of these proteins, we
selected a maximum of 3 proteotypic peptides providing a
good signal in our label-free analyses of human CSF, yielding a
list of 226 peptides that were analyzed by PRM (eTable 4,
Figure 1). To improve the detection and relative quantifica-
tion of peptides, digested CSF samples were spiked with a
mixture of heavy isotope-labeled versions of these 226 pep-
tides at concentrations giving signals of similar intensities to
those of the endogenous peptides. We first compared label-
free and PRM RRMS/CTRL ratios in the discovery cohort for
the 76 proteins quantified with both approaches. As shown in
eFigure 4A, a strong correlation was found (Pearson co-
efficient, 0.86), thus validating our PRM strategy. Comparing
RRMS/CTRL PRM ratios in the discovery and qualification
cohorts also indicated a good correlation (Pearson coefficient,
0.83, eFigure 4B). Proteins selected for PRM analysis include
the previously described MS biomarker CHI3L1.%%*%%
Corroborating previous findings, CHI3L1 showed significant
difference in abundance in the CSF of CTRLs and patients
with RRMS both in label-free (discovery cohort, eTables 1
and 2) and PRM analyses (qualification cohort, eTable S).
Furthermore, CSF CHI3L1 concentration, determined by
ELISA, was correlated with label-free and PRM CHI3L1
quantification in the discovery cohort (Pearson coefficients:
0.68 and 0.59, respectively, eFigure 4, C and D), further val-
idating quantitative proteomics approaches used for MS
biomarker discovery and verification. Of the 226 peptides
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analyzed, 16 peptides corresponding to 11 different proteins
(see Table 3) exhibited significant PRM ratios in patients with
RRMS vs CTRLs, patients with RRMS vs patients with PPMS
or RRMS vs INDC comparisons. These proteins include
previously identified candidate biomarkers of MS such as
CHI3L1, CHI3L2, CHIT1, IGKC, and CD27 and novel
candidate biomarkers of the disease such as the adenosine
deaminase CECRI (cat eye syndrome critical region protein
1) and the proteoglycan syndecan-1, also known as plasma
cell surface marker CD138. None of them showed significant
difference in abundance in FC-CIS vs SC-CIS.

Verification of Qualified Biomarkers by
Targeted Quantitative Proteomics

These peptides were next quantified by PRM in a new cohort
of 158 patients (verification cohort), including 30 CTRLs, 13
NINDC, 13 PINDC, 13 INDC, 15 with ION, 15 SC-CIS, 15
FC-CIS, 30 with RRMS, and 14 with PPMS (Table 2). Heavy
isotope-labeled, high-purity (AQUA) versions of the 16 an-
alyzed peptides were spiked in the samples for absolute
quantification and determination of LOD and LOQ. Their
relative abundance between the different cohorts and their
significance are summarized in Table 3. Among the 11 pro-
teins investigated in this second PRM analysis, 7 exhibited
differences in abundance between patients with RRMS and
CTRLSs, or between patients with MS and other inflammatory
and noninflammatory neurologic diseases (Table 3). These
include the previously identified MS biomarker CHI3LI,
which showed an increased level not only in patients with MS
(at all disease stages) but also in INDC, NINDC, and PINDC,
when compared with CTRLs and patients with ION (eFig-
ure S). CHI3L2, CHIT1, and CECRI showed similar differ-
ences in abundances between the different cohorts (Figure 3
and eFigure S). Of most importance, CSF CD138 and IGKC
levels were more elevated in patients with MS at all disease
stages, compared with CTRL, INDC, NINDC, PINDC, and
patients with ION, suggesting that these proteins could dis-
tinguish between MS at any disease stage and other diseases
(Figure 3). CD27 concentration was likewise more elevated in
patients with CIS and patients with MS but, contrasting with
CD138 and IGKC, it was also increased in patients with
INDC (Figure 3). Surprisingly, neutrophil gelatinase—
associated lipocalin (NGAL, also designated as lipocalin-2)
was more abundant in the CSF from patients with INDC, but
not from patients with MS, compared with CTRLs (Figure 3).

Diagnostic Value of Verified

Candidate Biomarkers

We next investigated the sensitivity and specificity of these
biomarkers to discriminate patients with MS from CTRLs and
other neurologic conditions. Receiver operating characteristic
(ROC) curves showed that CHI3L1, CHI3L2, CHIT]I,
CD138,IGKC, CD27, and CECRI1 discriminate CTRLs from
patients with RRMS and CTRLs and patients with ION from
those with any neurologic disease (SC-CIS, FC-CIS, patients
with RRMS, patients with PPMS, INDC, PINDC, or
NINDC; eTable 6). Of these, CD27 has higher sensitivity and
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Table 3 Peptide Ratios Measured by PRM in the Verification Cohort

NINDC  PINDC INDC SC-CIS FC-CIS RRMS RRMS RRMS RRMS RRMS RRMS RRMS SC-CIS
Protein Peptide sequence pValue vsCTRL vsCTRL vsCTRL IONvsCTRL vsCTRL vsCTRL vsCTRL PPMSvsCTRL vsINDC vsNINDC vsION vsSC-CIS vsFC-CIS vsPPMS vsFC-CIS
CD138_1°  EGEAVVLPEVEPGLTA(R) <0.0001 1.00 1.10 1.13 1.02 2.02* 2.11%* 2.70%**%  229% 2.38%%%  270%** 2.65%** 133 1.28 1.18 1.04
CcD27_1° HCNSGLLV(R) <0.0001 1.32 1.35 3.66 1.19 5.63** 6.61%**  10.64*** 516% 291 8.06*** 8.96***  1.89 1.61 2.06 1.17
CECR1_1"  LLPVYELSGEHHDEEWSV(K) <0.0001 1.55 1.50 2.30* 0.85 2.19* 1.70* 2.64%%% 144 1.15 1.70* 3.1%**%  1.20 1.55 1.83%* 0.78
CECR1.2°  SQVFNIL(R) <0.0001 1.64 1.68 2.50* 0.83 2.08 1.99 3.01%** 1,67 1.21 1.84 3.61%**  1.45 1.51 1.81%* 0.96
CHI3L2_1® LLLTAGVSAG(R) <0.0001 1.80 1.30 2.69*%* 1.18 1.76 1.84* 2.90%**  1.80 1.08 1.61 2.46***  1.64 1.57 1.61 1.05
CH3IL2 2°  GPSSYYNVEYAVGYWIH(K) <0.0001 2.01 1.31 2.61 1.05 2.29 1.90 3.95%** 198 1.51 1.96 3.74%**%  1.72 2.08 1.99 0.83
CHI3L1_1* ILGQQVPYAT(K) <0.0001 2.11 1.91 2.63** 0.92 1.25 1.26 2.38**% 2,00 0.91 1.13 2.58***%  1.90 1.89 1.19 1.01
CHI3L1_3" LVCYYTSWSQY(R) 0.0002  2.60 1.64 1.62 0.58 1.15 1.30 2.46%* 1.53 1.52 0.95 4.22%%* 214 1.90 1.61 1.13
CHIT1_1*  VGAPATGSGTPGPFT(K) <0.0001 4.88* 2.14 2.29 1.29 2.98 6.68%**  9@2%*% 492 4.30 2.01 7.64***% 330 1.47 2.00 2.25
CHIT1_3*  DNQWVGFDDVESF(K) <0.0001 3.25 3.49 4.36 1.88 3.32 5.28*%* 6.03*** 435 1.38 1.85 3.20%**  1.81 1.14 1.39 1.59
IGKC_1? SGTASVVCLLNNFYP(R) <0.0001 1.74 1.30 1.62 1.71 3.69 3.81 4.77*** 340 2.94* 2.74%* 2.79**  1.29 1.25 1.40 1.03
IGKC_2? VDNALQSGNSQESVTEQDS(K)  <0.0001 1.16 141 1.56 1.30 2.74%* 2.62%* 4.54%*%  292% 2.92%* 3.91%%* 3.50%**  1.66 1.73 1.55 0.96
CFHR1_3®  INHGILYDEE(K) 0.0650  1.25 1.89* 1.19 1.16 0.90 0.83 0.82 1.17 0.68 0.65 0.70 0.91 0.98 0.69 0.93
RELN_2° VIVLLPQ(K) 0.4867  0.70 1.19 1.03 1.34 1.16 0.98 0.90 1.35 0.87 1.29 0.67 0.77 0.92 0.66 0.84
LYZ_ 1¢ WESGYNT(R) <0.0001 1.20 1.24 2.03 0.58 0.89 0.83 1.43 0.84 0.70 1.19 2.45%**% 1,60 1.73 1.70* 0.93
NGAL_1¢ SYPGLTSYLV(R) 0.0154  1.27 1.32 1.55% 0.93 0.94 0.90 1.10 1.02 0.71 0.87 1.18 1.18 1.23 1.08 0.96

Fold changes among the different group comparisons of the 16 peptides quantified by PRM in the verification cohort. Statistical difference between the different cohorts was assessed by the Kruskal-Wallis test (p values for
each peptide listed in column 3) followed by the Dunn multiple comparison test (*p value <0.05; **p-value <0.01; ***p value <0.001) using GraphPad PRISM 10.1.0. % and P indicate peptides originating from proteins identified as
significant in CSF proteomic analysis comparing CTRL with RRMS and FC-CIS with SC-CIS, respectively. € indicates proteins identified as significant upon TNFa exposure in OPC secretome analysis (see also eTable 4).
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Figure 3 PRM Analysis of Peptides From 4 Candidate Protein Biomarkers in the Verification Cohort
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Intensity (light transition area in arbitrary units [A.U.]) of peptides showing difference in abundance in CSF samples of the verification cohort (Table 2) is shown
for NGAL (A), CECR1 (B), CD27 (C), and CD138 (D). The LOQ (limit of quantification) is indicated (red dotted line) for each peptide. Statistical analyses of group
comparisons are provided in Table 3. CTRL: symptomatic controls (n = 30); CIS: clinically isolated syndrome; SC-CIS: slow converter CIS (n = 15); FC-CIS: fast
converter CIS (n = 15); RRMS: relapsing-remitting multiple sclerosis (n = 30); PPMS: primary progressive multiple sclerosis (n = 14); INDC: inflammatory
neurologic disease control (n = 13); ON: isolated optic neuritis (n = 15); NINDC: noninflammatory neurologic disease control (n = 13), PINDC: peripheral

inflammatory neurologic disease control (n = 13).

specificity in discriminating CTRLs and patients with RRMS
(AUC = 0.98, Figure 4A and eTable 6), while the combination
of CHI3L1, CHIT1, and CD138 has higher sensitivity and
specificity than each protein taken individually (AUC = 0.88,
eFigure 6A and eTable 6) in discriminating CTRLs and patients
with ION from those with MS (at all disease stages), INDC,
PINDC, or NINDC, as assessed by multivariate analysis. On the
contrary, CD27, CD138, IGKC, CHI3L2, CHIT1, and CECR1
discriminate inflammatory CNS diseases (SC-CIS, FC-CIS,
RRMS, PPMS, INDC) from other neurologic diseases (PINDC
or NINDC, eTable 6). Furthermore, the combination of CD138
and CD27 has higher sensitivity and specificity (AUC = 091,
eFigure 6B and eTable 6) than each protein taken individually.
CD138 (AUC = 0.85) is also more efficient than IGKC (AUC =
0.75), CD27 (AUC = 0.76), and NGAL (AUC = 0.69) to
discriminate MS from INDC, and multivariate analysis showed
that no combination of these markers is better than CD138
alone to discriminate these cohorts (Figure 4B and eTable 6).
Finally, CECRI1 (AUC = 0.78) better differentiates patients with
RRMS from patients with PPMS than NGAL (AUC = 0.64),

Neurology.org/NN
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and the combination of both markers is not better than CECR1
alone to discriminate these cohorts (Figure 4C and eTable 6).
Measurement of CD138 and CD27 concentration by ELISA
showed that they are significantly increased in the CSF from
patients with RRMS and patients with PPMS, compared with
CTRLs (Figure 4D), thus validating the PRM results.

Enhanced Expression of CD138 in MS Brain

Given the potential of CD138 to discriminate MS from other
CNS inflammatory and noninflammatory diseases, we in-
vestigated its expression in brain slices from a CTRL and a
patient with RRMS by immunohistochemistry. Whereas CD138
immunolabeling was not detected in CTRL brain, a strong
CD138 immunostaining was predominantly observed in round-
shaped cells located in perivascular spaces and corresponding to
plasma cells (Figure SA). A weaker CD138 staining was also
found in cells of the parenchyma, especially in the vicinity of
inflamed perivascular spaces. Furthermore, CD138 staining was
not colocalized with CHI3L1 immunostaining observed in re-
active astrocytes of MS brain (Figure SA) (4). Corroborating
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Figure 4 Diagnostic Value of Candidate MS Biomarkers
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(A) ROC curves showing the diagnostic values of CD27 (AUC = 0.98), IGKC (AUC = 0.92), and CECR1 (AUC = 0.91) to discriminate RRMS from CTRL. Multivariate
analysis indicated that no combination has better diagnostic value than CD27 alone. (B) ROC curves showing the diagnostic values of CD138 (AUC = 0.85), IGKC
(AUC = 0.75), CD27 (AUC = 0.76), and NGAL (AUC = 0.69) to discriminate MS from INDC. Multivariate analysis indicated that no combination has better
diagnostic value than CD138 alone. (C) ROC curves showing the diagnostic values of CECR1 (AUC = 0.78) and NGAL (AUC = 0.64) to discriminate RRMS from
PPMS. Multivariate analysis indicated that no combination has better diagnostic value than CECR1 alone. (D) CSF CD138 and CD27 levels measured by ELISAin
CTRL (n = 14), patients with RRMS (n = 20), and patients with PPMS (n = 9) and compared with the nonparametric Mann-Whitney test. **, p value <0.01; ***, p

value <0.001; ****, p value <0.0001. ROC = receiver operating characteristic.

these observations, immunofluorescence staining showed that
CD138 was not colocalized with GFAP in RRMS brain
(Figure SB). Likewise, CD138 was not detected in GFAP-
positive astrocytes in rat primary cultures containing OPCs and
astrocytes (Figure SC). By contrast, a strong CD138 labeling was
found in OPCs (O4+) and, to a lesser extent, in mature (MBP+)
oligodendrocytes (Figure SC).

Discussion

Using 2 complementary proteomic strategies comparing (1)
the CSF proteome of CTRLs, patients with RRMS and pa-
tients with CIS showing slow or fast conversion to RRMS and

Neurology: Neuroimmunology & Neuroinflammation
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(2) the secretome of OPC cultures exposed or not to a
proapoptotic or a proinflammatory treatment, we identified
72 candidate biomarkers of MS. They were combined with 15
proteins previously involved in MS pathogenesis to generate a
list of 87 proteins for further quantification by PRM in a new
cohort comprising patients with MS at different disease stages
and control neurologic diseases. This qualified 11 proteins for
a second PRM analysis in a larger cohort of 158 patients that
revealed a signature of 8 biomarkers of potential interest in
clinical practice. These include 5 previously described bio-
markers of MS, namely CHI3L1, CHI3L2, CHIT1,>*
IGKC, the constant region of the kFLC of immunoglobu-
lins,"® and CD27.%"** All exhibited increased level in the CSF
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Figure 5 Expression of CD138 in Control and RRMS Human Brain and Rat Primary Cultures
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(A) Immunohistochemistry of brain
tissue showing predominant expres-
sion of CD138 in cells located in the
perivascular spaces (arrowheads) and
a sparse expression in brain paren-
chyma (arrows) of RRMS brain but not
in the CTRL brain. CHI3L1 is strongly
expressed in astrocytes (pink) from
RRMS brain but shows no colocaliza-
tion with CD138 (brown). Scale bar:
100 pm. (B) Immunofluorescence la-
beling showing a high expression of
GFAP in activated astrocytes of the
RRMS brain when compared with the
CTRL brain. There is no colocalization
of CD138 (arrows) and GFAP in the
RRMS brain. Scale bar: 100 pm. (C)
Immunostaining of CD138 (arrows) in
rat primary cultures of OPCs at 6 DIV
showing a stronger expression of
CD138 in immature (O4+) than in
mature (MBP+) oligodendrocytes and
its absence in astrocytes (GFAP+) (ar-
rowheads). Scale bar: 100 pm.

of patients with MS, consistent with previous findings. The 3
other proteins that passed the verification step include NGAL,
an iron-binding protein involved in innate immunity and
known to inhibit remyelination in vitro,>> CD138, a cell
surface proteoglycan-bearing heparan and chondroitin sul-
fates that links the cytoskeleton to the extracellular matrix,>*
and the secreted adenosine deaminase CECRI that binds to
proteoglycans and may play a role in the regulation of cell
proliferation and differentiation independently of its adeno-
sine deaminase activity.>> NGAL was identified as a candidate
biomarker of MS in the analysis of OPC secretome but not in
our label-free CSF proteome analyses, underpinning the
complementarities of both approaches. A decreased level of
NGAL was measured in the CSF of patients with MS, com-
pared with CTRLs, while CSF CD138 and CECRI1

Neurology.org/NN

Neurology: Neuroimmunology & Neuroinflammation

concentrations are increased in MS, consistent with previous
1ir1dings.36’37
biomarkers of MS had so far been reported. Of note, none of
the 15 proteins potentially involved in MS pathogenesis se-
lected from literature analysis were confirmed by PRM.

However, no validation of these proteins as

The 8 identified biomarkers did not arise from the compari-
son of the CSF proteome from SC-CIS and FC-CIS. Ac-
cordingly, they cannot be considered as biomarkers of disease
activity, which remains a challenging issue. The pioneer study
of the Barcelona group compared patients with CIS with
normal MRI and absence of OCBs or patients with ION with
patients with CIS with 3 or 4 Barkhof criteria® and presence of
OCBs (now considered as RRMS).® Only a recent study iden-
tified homeobox protein Hox-B3 (HOXB3) as a candidate
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biomarker of conversion in CIS, but the results need further

validation.*®

The 8 identified biomarkers exhibited different sensitivities and
specificities for MS but also complementary properties poten-
tially useful for differential diagnosis of MS. Multivariate analysis
indicated that a subset of them (CHI3L1, CHIT1, and CD138)
discriminate CTRLs and patients with ION from any other
neurologic diseases, including NINDCs. Accordingly, low CSF
levels of these biomarkers might indicate the absence of any CNS
disease in patients complaining about neurologic symptoms.

CD27 combined with CD138 discriminates CNS in-
flammatory diseases, including MS at all stages, from NINDCs
and PINDCs, indicating that this combination can be consid-
ered as biomarker of central inflammation. CD27 was also the
most accurate biomarker discriminating RRMS from CTRLs.
MS is characterized by B-cell accumulation in the CSF. Most of
them are memory B cells, with a high expression of CD27 at
their surface, or short-lived plasma blasts expressing CD138
and CD38.%” The strong expression of CD138 at the surface of
plasmocytes and plasma blasts present in ectopic lymphoid
follicles in the meninges might contribute, at least partly, to the
increased concentration of CD138 in the CSF from patients
with MS.** This could explain why our multivariate analysis
revealed CD138 as the best biomarker discriminating MS (at all
disease stages) from other CNS inflammatory conditions
(INDC). A recent study comparing CSF CD138 level by
ELISA in neuromyelitis optica (NMO), MS, and CTRLs
revealed an increase in CD138 concentration in NMO, but not
in MS,*' but the latter observation resulted from analysis of a
small patient group (n = 12) based on low-sensitivity ELISA.
High serum and CSF CD138 concentration was also found in
patients with anti-N-methyl-D-aspartate receptor (NMDAR)
encephalitis and was associated with poor clinical prognosis
and inflammation.* These observations indicate the need for
further validation of CD138 specificity for MS, when compared
with encephalitis and neuromyelitis optica spectrum disorder.

In the CNS, CD138 is also highly expressed by choroidal epi-
thelial cells, where it reduces leukocyte recruitment to the brain
across the choroid plexuses. In the myelin oligodendrocyte
glycoprotein—induced experimental autoimmune encephalo-
myelitis (MOG-EAE) MS mouse model, CD138 knockout
enhances disease severity and impairs recovery, suggesting a
protective role of CD138.* CD138 seems to play a key role in
blood-brain barrier (BBB) integrity, which is altered in in-
flammatory brain disorders, including MS.* On the contrary,
CD138 has been identified as a receptor that binds to CHI3L1
through its heparan sulfate residues and mediates CHI3L1-
operated signaling involved in inflammation and cancer.*>*
Likewise, CD138 has been suggested as an endothelial cell re-
ceptor mediating CHI3L1-induced angiogenesis.‘w’48 Associa-
tion of CHI3L1 to CD138 promotes recruitment of integrins
avB347 and avﬁ5,48 leading to engagement of FAK and ERK1/2
signaling and VEGF expression. CHI3L1 also increases the ex-
pression of MMP9, CCL2, and CXCL2 through CD138,” a
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process potentially contributing to BBB leakage in inflammation.
Collectively, these results suggest that CD138 exerts both ben-
eficial and deleterious influences on MS that depend on the
binding of CHI3L1 or other growth factors and chemokines to
its heparan sulfate chains.’® Further supporting the potential
influence of the CHI3L1/CD138-operated pathways, sdcl se-
quence variation has been associated with MS, specifically in
women experiencing either PPMS or RRMS.”' We found a
predominant expression of CD138 in OPCs and mature oligo-
dendrocytes but not in astrocytes, suggesting that CD138 acts as
a receptor of CHI3L1 released by activated astrocytes. This is
consistent with previous data showing that the expression of
CD138 and syndecan-3 is higher in the oligodendrocyte lineage
cells than in astrocytes.’> Analysis of CHI3L1-CDI38 in-
teraction and associated signaling in oligodendrocytes from MS
brain certainly warrants further exploration to better understand
their role in the pathophysiology of MS.

Among the 8 biomarkers identified, CECRI is also of potential
interest. CSF CECR1 concentration shows a large increase in
patients with RRMS, compared with CTRLs, patients with ION,
and patients with PPMS. Furthermore, multivariate analysis in-
dicated that CSF CECRI1 discriminates patients with RRMS from
patients with PPMS, suggesting its association with the active
phase of MS. Together with adenosine deaminase 1 (ADAL),
CECR1 (ADA2) plays a key role in regulating the level of
adenosine. It is secreted by monocytes undergoing differentiation
into macrophages or dendritic cells.>* In turn, CECR1 induces T-
cell-dependent differentiation of monocytes into M2 macro-
phages and stimulates their proliferation through its recruitment at
the cell surface through proteoglycans and adenosine receptors. In
addition, CECRI1 promotes the production of proangiogenic
factors, inhibits Th17 differentiation, and stimulates Treg differ-
entiation.* CECRI blockade by 2-chlorodeoxyadenosine (cla-
dribine), a synthetic deoxyadenosine analog, modulates the
immune responses during inflammation in specific cell types and
reduces circulating T and B lymphocytes. Of interest, cladribine
has been developed as a treatment for active RRMS, indicating
that CECR1 might not only be a biomarker of the active phase of
MS but also a therapeutic target.>>°

In conclusion, this retrospective analysis of 3 different cohorts
comprising CTRLs, patients with MS, and patients with other
inflammatory and noninflammatory neurologic diseases is one of
the most comprehensive proteomic studies dedicated to MS
biomarker discovery and validation currently available. It iden-
tified and validated CD138 as a novel biomarker that allows
differential diagnosis of MS vs INDCs and confirmed that CD27
is an accurate biomarker of MS. Furthermore, it identified
CECRI, a therapeutic target in MS, as a potential marker of the
active phase of the disease that warrants further validation.
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