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Abstract

Background

Predicting the long-term disability outcomes of multiple sclerosis (MS) cases is challenging.

Objective

We prospectively analysed our previous MS cohort with initial cerebrospinal fluid (CSF) pro-
teomics data to reveal disability markers after 8.2+2.2 years of follow-up.

Methods

Patients with regular follow-up visits were assigned into two groups: those with an age-
related MS severity (ARMSS) score >5 (unfavourable course group, N =27) and ARMSS
score <5 (favourable course group, N = 67). A machine learning-based algorithm was
applied to reveal candidate poor prognosis-associated initial CSF proteins, which were mea-
sured in an independent MS cohort (verification group, N = 40) by ELISA. Additionally, the
correlation of initial clinical and radiological parameters with long-term disability was
analysed.

Results

CSF alpha-2-macroglobulin (P = 0.0015), apo-A1 (P = 0.0016), and haptoglobin (P =
0.0003) protein levels, as well as cerebral lesion load (>9 lesions) on magnetic resonance
imaging, gait disturbance (P = 0.04), and bladder/bowel symptoms (P = 0.01) were signifi-
cantly higher in the unfavourable course group than in the favourable course group. Optic
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nerve involvement evident on initial magnetic resonance imaging (P = 0.002) and optic neu-
ritis (P = 0.01) were more frequent in the favourable course group.

Conclusion

The herein identified initial CSF protein levels, in addition to the clinical and radiological
parameters at disease onset, have predictive value for long-term disability in MS cases.

Introduction

Multiple sclerosis (MS) is a chronic neuro-inflammatory and neurodegenerative disease of the
central nervous system with a complex pathophysiology and clinical course. Numerous studies
have revealed potential prognostic markers, including magnetic resonance imaging (MRI)
parameters [1-3] and disease- and progression-related cellular pathways, most of which are
related to immune system dysregulation [4], blood-brain barrier disruption [5], oligodendro-
cyte death [6], and axonal loss [7]. At disease onset, it is important to decide the type of treat-
ment in a patient-specific manner based on the overall clinical, MRI, immunological,
neurophysiological, and all other prognostic findings of each patient. However, although
many clinical and radiological studies have been conducted, the time of progression cannot be
reliably predicted based on these parameters, highlighting the need for strong biological mark-
ers for improved treatment decision-making. In this context, various candidate prognostic
serum and cerebrospinal fluid (CSF) biomarkers have been proposed for MS, such as neurofi-
lament light chain [8] and glial fibrillary acid protein [9]. However, to the best of our knowl-
edge, there is no large-scale prospective clinical analysis using initial CSF proteomics data of
an MS cohort with long-term clinical follow-up. Such prospective analyses are warranted to
lend credence to the proposed candidate biomarkers and identify novel molecules with prog-
nostic values, as well as to help further clarify the pathogenesis of the disease.

Previously, we applied a CSF proteomics approach using 2D-gel electrophoresis and mass
spectrophotometry and identified differentially expressed proteins and affected cellular path-
ways among MS cases with different clinical phenotypes and non-MS controls [10]. Here,
using a machine learning-based algorithm, we re-analysed the initial proteomics data of this
MS cohort, identifying potential prognostic biomarkers of poor prognosis after a follow-up
period of 8.2+2.2 years. Additionally, we examined the clinical and MRI characteristics at dis-
ease onset that are associated with long-term disability outcomes. Finally, we measured CSF
levels of the identified candidate protein markers in an independent MS cohort with a
6.4 £2.6-year follow-up period after the diagnosis.

Materials and methods
Prospective MS cohort and clinical data collection

A total of 94 MS patients were included in this study. The patients were diagnosed according
to the McDonald 2005 or 2010 criteria [11, 12] based on the date of their diagnosis and were
retrospectively confirmed that all fulfilled the McDonald 2017 criteria [13]. All patients were
diagnosed and have been followed in the Neurology Department of Istanbul University-Cer-
rahpasa, Cerrahpasa School of Medicine. The Ethics Committee of Istanbul University-Cer-
rahpasa approved the study (approval number: 930211, 2009), and each individual provided
an informed consent form prior to inclusion in the study. The inclusion criteria were patients
with 1) at least 5 years of follow-up and 2) proteomic data obtained in our previous study [10].
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The following information was recorded for each patient: age, sex, follow-up period, initial
diagnosis, diagnosis at the last visit, Expanded Disability Status Scale (EDSS) score at the time
of spinal tap, EDSS score at the last visit, age-related MS severity (ARMSS) score based on the
last follow-up, oligoclonal band pattern, IgG index, lesion localisation at disease onset, and
symptom at disease onset. Assessment of lesion localisation included cerebral lesion load (the
number of T2 lesions <9 vs. >9), optic nerve involvement, brainstem lesions, spinal cord
lesions, and multifocal involvement. Symptoms at disease onset were categorised into sensory
symptoms, motor symptoms, gait disturbance, optic neuritis, diplopia and other brainstem
symptoms, bladder/bowel symptoms, and Lhermitte’s sign. Based on prognosis, the patients
were divided into two groups: the favourable course group consisted of patients with an
ARMSS score lower than 5 (N = 67), and patients with an ARMSS score equal to or higher
than 5 were assigned to the unfavourable course group (N = 27). Each parameter was com-
pared between the two groups to reveal possible associations of demographic, clinical, and
radiological findings with prognosis.

Machine learning-based genetic algorithm

A machine learning-based genetic algorithm was used to search for algorithmic rules that
can be predictive of MS prognosis based on CSF proteomic data obtained at the time of diag-
nosis consisting of 151 differentially expressed proteins identified through 2D gel electro-
phoresis and mass spectrometry [10]. Genetic algorithm is a search and optimisation
technique that is based on principles of Darwinian evolution [14] and is suitable for prob-
lems with a large number of continuous as well as categorical variables. The algorithm works
by starting with randomly generated hypotheses to explain a target variable, applying muta-
tion and crossover to these hypotheses and testing each one of them with a user-defined fit-
ness function. We used a genetic algorithm software package developed by Bilge et al., which
allows pre-processing, visualising datasets, and selecting different fitness functions [15]. The
system converts continuous-valued inputs into a desired number of categories by grouping
them into an equal number of samples in each category or using cut-off values provided by
users. The programme automatically selects and allows users to set the total number of
hypotheses and the number of hypotheses that survive to the next generation, as well as
mutation and crossover rates. Based on the study design, higher sensitivity or specificity can
be achieved by selecting the appropriate fitness function for the genetic algorithm. In this
study, the system was used to generate several rules that differentiate the favourable and
unfavourable course patient groups, yielding varying sensitivity and specificity values. For
each rule, we identified patients who were not covered by the rule either as false positives or
false negatives.

Verification MS cohort and ELISA assays

CSEF levels of A2M, apo-Al, and CD36 proteins that were identified by the genetic algorithm
approach were measured in an independent verification MS cohort by ELISA. Additionally,
CSF haptoglobin level was measured since there was a significant difference in its initial CSF
level between the favourable and unfavourable groups of the prospective MS cohort and due to
its relevance to MS as shown by previous studies. The inclusion criteria for the verification
cohort were patients 1) whose CSF samples were collected at the time of the first episode before
the initiation of any treatment at least 5 years before the experiments; 2) who had been fol-
lowed up until the experiments to allow the calculation of ARMSS scores based on the last fol-
low-up; and 3) who agreed to participate in the study. Patients whose CSF samples were
analysed in our previous study were excluded from the analysis. Among eligible patients, we
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selected 40 patients with the longest follow-up period (6.4+2.6 years): 20 in the favourable
course group (ARMSS score <5) and 20 in the unfavourable course group (ARMSS score >5).
Proteins were measured using ELISA kits (A2M, ab108883, Abcam; apo-Al, ab108803,
Abcam; CD36, ab267614, Abcam; haptoglobin, E-EL-H6078, Elabscience) according to the
manufacturers’ protocols. All samples were measured in duplicate. Protein levels were com-
pared between the groups by Student’s t-test.

Statistical analyses

Continuous variables are presented as means and standard deviations (SD), and categorical
variables are presented as numbers and percentages. For continuous variables, differences in
mean values between the study groups were compared using the Student’s t-test. For categori-
cal variables, differences in proportions between the study groups were compared using Fish-
er’s exact test. P<0.05 was considered statistically significant. All statistical analyses were
performed using GraphPad Prism 8 Version 8.4.3, and bar plots were drawn using matplotlib
library in Python 3.9.

Results
Clinical characteristics associated with long-term prognosis

Demographic and clinical characteristics of the prospective MS cohort are given in Table 1.
The mean follow-up period was 8.2+2.2 years. There were no significant differences in age,
sex, or follow-up period between the favourable and unfavourable course groups. Although
statistically insignificant, patients with poor prognosis tended to have a higher oligoclonal
band pattern positivity (96% vs. 77.4%, P = 0.06), while the mean IgG index was similar
between the groups (P = 0.21). The EDSS score at the time of spinal tap and at the last visit,
as well as the ARMSS score calculated based on the last follow-up, were significantly higher
in the unfavourable course group (P<0.0001 for all, indicating that the two groups were
well-divided based on the disability statuses of the patients). The percentage of patients with
high cerebral lesion load at disease onset was significantly higher in the unfavourable course
group than in the favourable course group (25.9% vs. 7.6%, respectively, P = 0.04), while the
percentage of those with optic nerve involvement evident on initial MRI was significantly
higher in the favourable course group than in the unfavourable course group (39.4% vs.
7.4%, respectively, P = 0.002, Table 1 and Fig 1A). Each symptom at disease onset was com-
pared between the groups; optic neuritis was associated with a favourable outcome

(P =0.004), while gait disturbance (P = 0.04) and bladder/bowel symptoms (P = 0.01) were
higher in the unfavourable course group (Table 1, Fig 1B). After diagnosis, 80.8% of the
patients in the favourable course group and 100% of the patients in the unfavourable course
group received a disease-modifying therapy (P = 0.026). This difference is expected and
compatible with clinical practise, considering that the initial clinical and radiological charac-
teristics of the patients who later fall into the unfavourable course group would lead to a
higher frequency of immediate disease-modifying therapy initiation by physicians. Disease-
modifying drugs do not have an effect on CSF protein levels measured in this study since all
CSF samples were collected prior to treatment initiation.

Genetic algorithm approach reveals candidate CSF proteins associated with
long-term prognosis

We found several rules explaining poor prognosis using the initial CSF proteomics data of
the prospective MS cohort. Two rules with varying sensitivity and specificity values are
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Table 1. Demographic and clinical characteristics of the prospective MS cohort.

Age, years (mean * SD)
Female sex, number (%)
Follow-up, years (mean + SD)

Initial diagnosis, number

Diagnosis at last visit, number

EDSS at the time of spinal tap (mean + SD)

Last EDSS (mean + SD)

ARMSS based on the last follow-up (mean + SD)
Oligoclonal band positivity, number (%)

IgG index

Disease-modifying treatment initiation at onset,
number (%)

Symptom localization at disease onset, number (%)

Symptom at disease onset, number (%)

Favourable Course Group (N = 67)
41.9+99

48 (71.6%)
8.04 + 2.15
SAMS, 48
RRMS, 19
PPMS, 0
SPMS, 0
SAMS, 21
RRMS, 46
PPMS, 0
SPMS, 0

0.61 £ 0.76
0.94 + 1.01
1.79 £ 1.26
48 (77.4%)
0.89 + 0.62
42/52 (80.8%)

Cerebral, 5 (7.6%)

Optic nerve, 26 (39.4%)
Brainstem, 15 (22.7%)
Spinal cord, 19 (28.8%)
Multifocal, 1 (1.5%)
Sensory, 28 (31.8%)
Motor, 11 (12.5%)

Gait disturbance, 4 (4.5%)
Optic neuritis, 23 (26.1%)

Diplopia and other brainstem symptoms, 17
(19.3%)

Bladder/bowel, 1 (1.1%)
Lhermitte’s sign, 4 (4.5%)

Unfavourable Course Group (N = 27) P value
442 +9.8 0.31

17 (63%) 0.46

8.63 £ 2.65 0.26
SAMS, 6

RRMS, 9

PPMS, 10

SPMS, 2

SAMS, 0

RRMS, 12

PPMS, 10

SPMS, 5

2.13+1.84 <0.0001*
4.8+ 1.95 <0.0001*
7.22 £ 1.53 <0.0001*
24 (96%) 0.06

1.21 £ 0.87 0.21
24/24 (100%) 0.026*
Cerebral, 7 (25.9%) 0.04*
Optic nerve, 2 (7.4%) 0.002*
Brainstem, 8 (29.6%) 0.6
Spinal cord, 8 (29.6%) 1
Multifocal, 2 (7.4%) 0.2
Sensory, 8 (19.5%) 0.21
Motor, 8 (19.5%) 0.3

Gait disturbance, 7 (17.1%) 0.04*
Optic neuritis, 2 (4.9%) 0.004*

Diplopia and other brainstem symptoms, 10 0.5
(24.4%)

Bladder/bowel, 5 (12.2%) 0.01*
Lhermitte’s sign, 1 (2.4%) 1

ARMSS, age-related multiple sclerosis severity; CIS, clinically isolated syndrome; EDSS, Expanded Disability Status Scale; MS, multiple sclerosis; PPMS, primary

progressive MS; RIS, radiologically isolated syndrome; RRMS, relapsing-remitting MS; SAMS, single-attack MS; SD, standard deviation; SPMS, secondary progressive

MS;
*, statistically significant.

SAMS refers to patients who presented with CIS at the first inflammatory demyelinating episode of the central nervous system. This initial group of patients with CIS

was retrospectively evaluated, and those who fulfilled the McDonald 2017 criteria were diagnosed and included as SAMS. Other brainstem symptoms include dysarthria,

dysphagia, and vestibular/cochlear symptoms. Favourable outcome is defined as an ARMSS score < 5 and unfavourable outcome as an ARMSS score > 5.

https://doi.org/10.1371/journal.pone.0287463.t001

detailed in Table 2. We have selected rule 2 to verify its predictive value of MS prognosis in
an independent MS cohort, although we obtained a number of other rules having better sen-
sitivity but containing proteins that were not properly identified by mass spectrometry (e.g.,

uncharacterized peptides) in the former study, or there were no available protein measure-

ment assays for some proteins involved in those rules. Therefore, we tested rule 2 since we
were able to identify and quantify all the proteins involved in the rule, which also showed a
strong specificity.

PLOS ONE | https://doi.org/10.1371/journal.pone.0287463 June 20, 2023

5/11


https://doi.org/10.1371/journal.pone.0287463.t001
https://doi.org/10.1371/journal.pone.0287463

PLOS ONE Prospective outcome analysis of multiple sclerosis cases

>
vy

| === Favourable Course
BN Unfavourable Course

B Favourable Course
B Unfavourable Course

[
S
1

i
(=}

*k

'S
S
L

I
fel

(9%
(=]

[
S
L

NS
(=]

Percentage of patients (%)
Percentage of symptoms (%)

—_
(=)

0 4
> A
& y &40 @,& oe@} ) f@c"b
S i 4 & &
R Q" I & @
Symptom localisation at disease onset Symptom at disease onset

Fig 1. (A) The percentages of patients based on the initial lesion localisation and (B) the percentages of the initial symptom types in the favourable
(ARMSS score <5) and unfavourable course (ARMSS score >5) groups of the prospective MS cohort. Fisher’s exact test. *, P<0.05; **, P<0.01.

https://doi.org/10.1371/journal.pone.0287463.9001

CSF protein measurement of candidate biomarkers in a verification MS
cohort

The mean follow-up period of the verification cohort was 6.4+2.6 years. Patients in the unfa-
vourable course group had significantly higher ARMSS scores than those in the favourable
course group based on the last follow-up (7.0£1.7 vs. 1.7£0.9, P<0.0001). CSF A2M and apo-
Al levels were significantly higher in patients with unfavourable course than in patients with
favourable course (P = 0.0015 and P = 0.0016, respectively, Fig 2A and 2B), while CD36 levels
were not different between the two groups (Fig 2C). The difference in CD36 level was still
insignificant when three outlier values were excluded from the analysis. CSF haptoglobin level
was not significantly different between the two groups; however, when two outlier values were
excluded from the analysis, the difference became significant (P = 0.0003, Fig 2D).

Discussion

In the present study, we provide clinical and candidate prognostic biomarkers identified by a
prospective analysis of an MS cohort that has been followed for nearly a decade following their
CSF proteomics analysis in a previous study [10]. Currently, long-term prognostic predictors of
MS course in the early disease stages are mainly clinical and radiological findings. Although
available data can provide insights into a general prediction for each patient’s prognosis to
some extent, there is an evident need for a laboratory tool that can more reliably measure the
probability of a patient developing the progressive phase during the disease course. Given that
the efficacy, risk, and side effect profiles of each drug vary and that treatment options have been
increasing in MS treatment, such laboratory biomarkers that help in treatment decisions based
on the progression risk of patients are highly desirable. Moreover, MS treatment can be ceased
in some patients who do not develop the progressive disease after a clinical age cut-off in light
of those clinical and radiological parameters in a patient-specific manner. This decision should
also be supported by a laboratory assessment that can further indicate that progression is no
longer a risk factor for the patient in these cases. In this context, the measurement of serum and
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Table 2. Rules and their predictive properties for the long-term disease outcome identified by the genetic

algorithm.
Rule 1 Rule 2
ARMSS> =5.0 ARMSS<5.0
IF { IF {
C3bCfb< = 1.0 AND CD36< = 1.0 AND
A2M< = 2.5 AND A2M>2.5 AND
ATF7< =1.0 AND ApoAl<=1.0
PRBP< =1.0 AND }
Haptoglobin< = 1.0 AND
PDS5B< = 1.0 AND
Myosin< = 1.0
}
Rule Performance Rule Performance
TP =15,T =20 TP =20, T =43
FP=1,F=43 FP =0, F = 20 sensitivity = 46.51%
sensitivity = 75% specificity = 97.67% specificity = 100%
accuracy = 90.48% accuracy = 63.49%
PPV =93.75% PPV = 100%
NPV = 89.36% NPV = 46.51% kappa = 35.57%
kappa = 76.78% ROCAUC =73.26%

ROC AUC = 86.34%

Protein values shown in the rules represent the fold change of corresponding proteins between the patient groups
with ARMSS>5 and ARMSS<5 in the prospective MS cohort. TP, true positive; FP, false positive; sen, sensitivity;
spe, specificity; acc, accuracy; ppv, positive predictive value; npv, negative predictive value; ROC, receiver operating
characteristic; AUC, area under the curve; C3bCfb, chain F, crystal structure of complement C3b in complex with
factor B; A2M, alpha-2-macroglobulin; ATF?7, cyclic AMP-dependent transcription factor ATF-7; PRBP, plasma
retinol binding protein; PDS5B, human androgen-induced prostate proliferative shutoff associated protein (AS3);

Myosin, human skeletal mRNA for myosin heavy chain light meromyosin region; ApoAl, apolipoprotein Al.

https://doi.org/10.1371/journal.pone.0287463.t002

CSF neurofilament light chain levels has been increasingly studied and seems to be a strong
candidate biomarker of ongoing and possibly upcoming neurodegeneration [8]. Recently, glial
fibrillary acid protein has also been shown to be a promising candidate prognostic marker in
MS [9]. Here, using a genetic algorithm, we provide additional candidate biomarkers of poor
prognosis that can be measured in CSF samples of patients at the diagnosis stage. The genetic
algorithm approach is highly suitable for medical data mining tasks as opposed to black

box approaches, where neural networks are able to learn from data but cannot provide explana-
tions. Genetic algorithm rules can be tailored for higher sensitivity or specificity depending on
the requirement, and the rules can be further analysed in terms of false negative and false posi-
tive numbers. Regarding the disability measure, we grouped the patients based on their ARMSS
scores. ARMSS was developed by Manouchehrinia et al. using disability data from three popula-
tion-based cohorts and ranking EDSS scores based on the patients’ age at the time of assessment
[16]. We used the ARMSS measure rather than the last EDSS or MS Severity Score (MSSS) to
obtain more comprehensive disability status information instead of a snapshot view since the
ARMSS score, calculated based on age, was shown to be a slightly better disability indicator
than the MSSS, calculated based on disease duration [17]. Given the presence of the subclinical
MS stage with varying periods, we preferred the age-based disability measure since disease
duration might be a somewhat vague parameter for such calculations.
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Fig 2. Differences in cerebrospinal fluid (A) alpha-2-macroglobin, (B) apolipoprotein A1, (C) CD36, and (D) haptoglobin levels between the
favourable and unfavourable course groups in the verification MS cohort, measured by enzyme-linked immunosorbent assays. Two-tailed
Student’s t-test; P<0.05, significant. ARMSS, age-related MS severity.

https://doi.org/10.1371/journal.pone.0287463.9002

Among the identified candidate proteins, A2M, a protease inhibitor and cytokine trans-
porter, has been previously implicated in MS. Tenorio-Laranga et al. showed that serum acti-
vated A2M level was significantly lower in clinically isolated syndrome (CIS), relapsing-
remitting MS (RRMS), primary progressive MS (PPMS), and secondary progressive MS
(SPMS) cases compared with healthy controls [18]. On the other hand, in a proteomic analysis
by Bijak et al., blood platelet A2M was found to be increased in SPMS patients compared with
healthy controls [19], in accordance with our current findings showing a higher initial CSF
A2M level in patients with worsened disability over time. Moreover, transformed A2M level
was found to be elevated in serum samples of PPMS and SPMS cases compared with controls
with other neurological diseases, while total A2M levels did not show a significant difference
[20]. There are also a number of earlier studies showing differences in isoelectric points of
CSF, serum, and plasma A2M protein in MS or MS subgroups. Serum A2M level was also
shown to be elevated in preclinical Alzheimer’s disease (AD) and associated with a significantly
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higher risk of progression to clinical symptoms, reflecting early neuronal injury [21]. By
expression-based analyses, the authors further revealed that SLIT2, which is involved in the
regulation of blood-brain barrier permeability, was one of the genes in the A2M network. Con-
sidering that the highly multifunctional A2M protein can influence a broad range of biological
processes and binds to a wide range of ligands, including cytokines, we believe that an altered
level or function of A2M has importance in MS pathophysiology and progression, possibly
through changes in the blood-brain barrier permeability. Although the studies of A2M in MS
differ in the sample type (i.e., CSF, plasma, serum, or blood platelets) and protein form (i.e.,
native, activated, or total), study results indicate that the protein may have functional impor-
tance in MS, and elucidating the molecular mechanisms in which different A2M forms are
involved may have importance in MS pathophysiology and prognosis.

Apo-Al is a major protein component of high-density lipoproteins, mainly involved in
lipid metabolism, with other functions such as immunity, inflammation, and apoptosis.
Although Apo-Al is synthesised in the liver and intestine, it enters the brain through the
choroid plexus and is thus associated with many neurological conditions. Previous research
has shown that higher serum apo-Al levels correlate with lower grey matter and cortical vol-
ume loss and a lower conversion rate to SPMS during the 5-year follow-up period [22, 23].
On the contrary, we found a higher CSF apo-Al level in patients with an unfavourable dis-
ease course in this study. It was shown that apo-Al exerts anti-inflammatory properties by
inhibiting the pro-inflammatory cytokines IL-1b and TNFa [24]. Lower CSF apo-AlI levels in
patients with a favourable course in our cohort may be linked to a lower degree of suppres-
sion of these pro-inflammatory cytokines by apo-AlI, resulting in a more inflammatory dis-
ease phase as expected in relapsing-active MS. The discrepancy may be due to the different
types of samples studied; further research is needed to elucidate the association of apo-Al
with MS progression.

Haptoglobin is produced by hepatocytes and binds to free haemoglobin, mainly playing an
oxidative stress blocker role [25], with a diverse range of functions including antioxidation
and regulation of the immune system. In our study, CSF haptoglobin showed an increase in
the unfavourable course group, suggesting a prognostic indication for worsening disability. In
a previous study, a higher CSF haptoglobin level was observed in neuromyelitis optica (NMO)
patients compared with MS cases and patients with other neurological diseases (OND), and
CSF haptoglobin level and index were also significantly positively correlated with EDSS in
NMO cases, similar to that observed in our MS cohort [26]. While CSF haptoglobin levels
were similar between MS and OND in this analysis, another study revealed a significant
increase in CSF haptoglobin level in MS compared with OND [27]. Given the anti-inflamma-
tory and anti-oxidative functions of haptoglobin, initial CSF haptoglobin levels in patients
with worsened disability over time might have increased in response to increased oxidative
stress—known to be strongly associated with neurodegeneration—as a compensatory mecha-
nism. Increased CSF haptoglobin levels have also been observed in traumatic brain injury, AD,
and Guillain-Barre syndrome, suggesting that increased CSF haptoglobin is not specific to MS
pathophysiology but may have long-term prognostic value for MS.

One limitation of our study is the relatively small sample size due to the absence of the clini-
cal data of some of the patients from the original cohort who have stopped attending their rou-
tine follow-up appointments. Second, we were unable to test better genetic algorithm rules
regarding sensitivity, either because some proteins were not properly identified by mass spec-
trometry in our previous study or because there were no specific assays available to measure
their absolute values. Lastly, the correlation between CSF protein levels and clinical parameters
other than ARMSS scores could not be performed since the sample sizes of related patient sub-
groups were small and thus would lead to unreliable results.
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In conclusion, we provide novel candidate CSF protein biomarkers—as well as clinical and
radiological parameters that are compatible with the literature—at the initial stages of clinical
MS that may predict long-term disability outcomes in MS patients. Confirming these data in
larger MS cohorts, preferably with longer follow-up periods and in different sample types of
patients, as well as correlating them with other suggested prognostic predictors, such as novel
MRI findings, optical coherence tomography, and serological biomarkers (e.g., serum neurofi-
lament light chain and GFAP), may contribute to improved treatment decision-making in MS.

Acknowledgments

We thank Prof. Michael Lenardo for providing us with ELISA kits for alpha-2-macroglobulin,
apo-Al and CD36.

Author Contributions

Conceptualization: Eda Tahir Turanli, Aksel Siva.

Data curation: Elif Everest, Ugur Uygunoglu, Melih Tutuncu, Aksel Siva.

Formal analysis: Elif Everest, Alper Bulbul, Ugur Bilge.

Funding acquisition: Eda Tahir Turanli.

Investigation: Elif Everest, Umut Inci Onat, Mehmetcan Unal.

Project administration: Eda Tahir Turanli.

Resources: Ugur Uygunoglu, Melih Tutuncu, Timucin Avsar, Sabahattin Saip, Aksel Siva.
Software: Ugur Bilge.

Supervision: Eda Tahir Turanli, Aksel Siva.

Visualization: Elif Everest.

Writing - original draft: Elif Everest.

Writing - review & editing: Elif Everest, Ugur Bilge, Eda Tahir Turanli, Aksel Siva.

References

1. CalviA, Carrasco FP, Tur C, Chard DT, Stutters J, De Angelis F, et al. Association of slowly expanding
lesions on MRI with disability in people with secondary progressive multiple sclerosis. Neurology. 2022;
98(17):1783-93. https://doi.org/10.1212/WNL.0000000000200144 PMID: 35277438

2. Marcille M, Hurtado Rua S, Tyshkov C, Jaywant A, Comunale J, Kaunzner UW, et al. Disease corre-
lates of rim lesions on quantitative susceptibility mapping in multiple sclerosis. Sci Rep. 2022; 12(1):1—
0.

3. Bischof A, Papinutto N, Keshavan A, Rajesh A, Kirkish G, Zhang X, et al. Spinal cord atrophy predicts
progressive disease in relapsing multiple sclerosis. Ann Neurol. 2022; 91(2):268-81. https://doi.org/10.
1002/ana.26281 PMID: 34878197

4. Patsopoulos NA, Baranzini SE, Santaniello A, Shoostari P, Cotsapas C, Wong G, et al. The Multiple
Sclerosis Genomic Map: Role of peripheral immune cells and resident microglia in susceptibility. BioR-
xiv. 2017;143933.

5. Minagar A and Alexander JS. Blood-brain barrier disruption in multiple sclerosis. Mult Scler J. 2003; 9
(6):540-9.

6. Wosik K, Antel J, Kuhimann T, Briick W, Massie B, Nalbantoglu J. Oligodendrocyte injury in multiple
sclerosis: a role for p53. J Neurochem. 2003; 85(3):635—44. https://doi.org/10.1046/j.1471-4159.2003.
01674.x PMID: 12694389

7. Tallantyre EC, Bg L, Al-Rawashdeh O, Owens T, Polman CH, Lowe JS, et al. Clinico-pathological evi-
dence that axonal loss underlies disability in progressive multiple sclerosis. Mult Scler J. 2010; 16
(4):406—11. https://doi.org/10.1177/1352458510364992 PMID: 20215480

PLOS ONE | https://doi.org/10.1371/journal.pone.0287463 June 20, 2023 10/11


https://doi.org/10.1212/WNL.0000000000200144
http://www.ncbi.nlm.nih.gov/pubmed/35277438
https://doi.org/10.1002/ana.26281
https://doi.org/10.1002/ana.26281
http://www.ncbi.nlm.nih.gov/pubmed/34878197
https://doi.org/10.1046/j.1471-4159.2003.01674.x
https://doi.org/10.1046/j.1471-4159.2003.01674.x
http://www.ncbi.nlm.nih.gov/pubmed/12694389
https://doi.org/10.1177/1352458510364992
http://www.ncbi.nlm.nih.gov/pubmed/20215480
https://doi.org/10.1371/journal.pone.0287463

PLOS ONE

Prospective outcome analysis of multiple sclerosis cases

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Benkert P, Meier S, Schaedelin S, Manouchehrinia A, Yaldizli O, Maceski A, et al. Serum neurofilament
light chain for individual prognostication of disease activity in people with multiple sclerosis: a retrospec-
tive modelling and validation study. Lancet Neurol. 2022; 21(3):246-57. https://doi.org/10.1016/S1474-
4422(22)00009-6 PMID: 35182510

Sun M, Liu N, Xie Q, et al. A candidate biomarker of glial fibrillary acidic protein in CSF and blood in dif-
ferentiating multiple sclerosis and its subtypes: A systematic review and meta-analysis. Mult Scler Relat
Disord. 2021; 51: 102870. https://doi.org/10.1016/j.msard.2021.102870 PMID: 33819724

Avsar T, Durasi IM, Uygunoglu U, Ttiinc M, Demirci NO, Saip S, et al. CSF proteomics identifies spe-
cific and shared pathways for multiple sclerosis clinical subtypes. PloS one. 2015; 10(5):e0122045.
https://doi.org/10.1371/journal.pone.0122045 PMID: 25942430

Polman CH, Reingold SC, Edan G, Filippi M, Hartung HP, Kappos L, et al. Diagnostic criteria for multiple
sclerosis: 2005 revisions to the “McDonald Criteria”. Ann Neurol. 2005; 58(6):840—6.

Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al. Diagnostic criteria for multiple
sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol. 2011; 69(2):292-302. https://doi.org/10.
1002/ana.22366 PMID: 21387374

Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. Diagnosis of multiple scle-
rosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 2018; 17(2):162—73. https://doi.org/10.
1016/S1474-4422(17)30470-2 PMID: 29275977

Holland J. Adaptation in natural and artificial systems. University of Michigan Press, 1975.

Bilge U, Bozkurt S, and Durmaz S. Application of data mining techniques for detecting asymptomatic
carotid artery stenosis. Comput Electr Eng. 2013; 39(5):1499-505.

Manouchehrinia A, Westerlind H, Kingwell E, Zhu F, Carruthers R, Ramanujam R, et al. Age related
multiple sclerosis severity score: disability ranked by age. Mult Scler J. 2017; 23(14):1938—46. https:/
doi.org/10.1177/1352458517690618 PMID: 28155580

Weideman AM, Barbour C, Tapia-Maltos MA, Tran T, Jackson K, Kosa P, et al. New multiple sclerosis
disease severity scale predicts future accumulation of disability. Front Neurol. 2017; 8:598. https://doi.
org/10.3389/fneur.2017.00598 PMID: 29176958

Tenorio-Laranga J, Peltonen |, Keskitalo S, Duran-Torres G, Natarajan R, Mannist6 PT, et al. Alteration
of prolyl oligopeptidase and activated a-2-macroglobulin in multiple sclerosis subtypes and in the clini-
cally isolated syndrome. Biochem Pharmacol. 2013; 85(12):1783-94.

Bijak M, Olejnik A, Rokita B, Morel A, Dziedzic A, Miller E, et al. Increased level of fibrinogen chains in
the proteome of blood platelets in secondary progressive multiple sclerosis patients. J Cell Mol Med.
2019; 23(5):3476-82. https://doi.org/10.1111/jcmm. 14244 PMID: 30838756

Gunnarsson M, Sundstrém P, Stigbrand T, Jensen PE. Native and transformed a2-macroglobulin in
plasma from patients with multiple sclerosis. Acta neurologica scandinavica. 2003; 108(1):16-21.

Varma VR. Predictors of Cognitive Decline Among Normal Individuals (BIOCARD) and the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) studies, Varma S. et al.,“Alpha-2 macroglobulin in Alzheimer’s

disease: a marker of neuronal injury through the RCAN1 pathway,”. Mol Psychiatry. 2017; 22(1):13-23.
https://doi.org/10.1038/mp.2016.206 PMID: 27872486

Murali N, Browne RW, Fellows Maxwell K, Bodziak ML, Jakimovski D, Hagemeier J, et al. Cholesterol
and neurodegeneration: longitudinal changes in serum cholesterol biomarkers are associated with new
lesions and gray matter atrophy in multiple sclerosis over 5 years of follow-up. Eur J Neurol. 2020; 27
(1):188—e4. https://doi.org/10.1111/ene.14055 PMID: 31369181

McComb M, Parambi R, Browne RW, Bodziak ML, Jakimovski D, Bergsland N, et al. Apolipoproteins Al
and E are associated with neuroaxonal injury to gray matter in multiple sclerosis. Mult Scler Relat Dis-
ord. 2020; 45:102389. https://doi.org/10.1016/j.msard.2020.102389 PMID: 32683305

Hyka N, Dayer JM, Modoux C, Kohno T, Edwards CK Ill, Roux-Lombard P, et al. Apolipoprotein Al
inhibits the production of interleukin-1 and tumor necrosis factor-a by blocking contact-mediated acti-
vation of monocytes by T lymphocytes. Blood. 2001; 97(8):2381-9.

Lim SK, Ferraro B, Moore K, Halliwell B. Role of haptoglobin in free hemoglobin metabolism. Redox
Rep. 2001; 6(4):219-27. https://doi.org/10.1179/135100001101536364 PMID: 11642712

Chang KH, Tseng MY, Ro LS, Lyu RK, Tai YH, Chang HS, et al. Analyses of haptoglobin level in the
cerebrospinal fluid and serum of patients with neuromyelitis optica and multiple sclerosis. Clin Chim
Acta. 2013; 417:26-30. https://doi.org/10.1016/j.cca.2012.12.008 PMID: 23262373

Rosnowska M and Cendrowski W. Haptoglobin levels in the serum and the cerebrospinal fluid patients
with multiple sclerosis. Neurol Neurochir Polska. 1978; 12(5):579-85.

PLOS ONE | https://doi.org/10.1371/journal.pone.0287463 June 20, 2023 11/11


https://doi.org/10.1016/S1474-4422%2822%2900009-6
https://doi.org/10.1016/S1474-4422%2822%2900009-6
http://www.ncbi.nlm.nih.gov/pubmed/35182510
https://doi.org/10.1016/j.msard.2021.102870
http://www.ncbi.nlm.nih.gov/pubmed/33819724
https://doi.org/10.1371/journal.pone.0122045
http://www.ncbi.nlm.nih.gov/pubmed/25942430
https://doi.org/10.1002/ana.22366
https://doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
https://doi.org/10.1016/S1474-4422%2817%2930470-2
https://doi.org/10.1016/S1474-4422%2817%2930470-2
http://www.ncbi.nlm.nih.gov/pubmed/29275977
https://doi.org/10.1177/1352458517690618
https://doi.org/10.1177/1352458517690618
http://www.ncbi.nlm.nih.gov/pubmed/28155580
https://doi.org/10.3389/fneur.2017.00598
https://doi.org/10.3389/fneur.2017.00598
http://www.ncbi.nlm.nih.gov/pubmed/29176958
https://doi.org/10.1111/jcmm.14244
http://www.ncbi.nlm.nih.gov/pubmed/30838756
https://doi.org/10.1038/mp.2016.206
http://www.ncbi.nlm.nih.gov/pubmed/27872486
https://doi.org/10.1111/ene.14055
http://www.ncbi.nlm.nih.gov/pubmed/31369181
https://doi.org/10.1016/j.msard.2020.102389
http://www.ncbi.nlm.nih.gov/pubmed/32683305
https://doi.org/10.1179/135100001101536364
http://www.ncbi.nlm.nih.gov/pubmed/11642712
https://doi.org/10.1016/j.cca.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23262373
https://doi.org/10.1371/journal.pone.0287463

