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Abstract

Multiple sclerosis is a neurodegenerative diseassing disability in young adults. Alterations in
metabolism and lipid profile have been associatéld this disease. Several studies have reported
changes in the metabolism of arachidonic acid amel profile of fatty acids, ceramides,
phospholipids and lipid peroxidation products. Néweless, the understanding of the modulation
of circulating lipids at the molecular level in rtiple sclerosis remains unclear. In the present
study, we sought to assess the existence of aatist lipid signature of multiple sclerosis using
an untargeted lipidomics approach. It also aimedstess the differences in lipid profile between
disease status (relapse and remission). For this, used hydrophilic interaction liquid
chromatography coupled with mass spectrometry fimspholipidomic profiling of serum samples
from patients with multiple sclerosis. Our resutesmonstrated that multiple sclerosis has a
phospholipidomic signature different from that afalthy controls, especially the PE, PC, LPE,
ether-linked PE and ether-linked PC species. Plagrea PC and PE species, which are natural
endogenous antioxidants, as well as PC and PE medyurated fatty acid esterified speciswed
significantly lower levels in patients with multglsclerosis and patients in both remission and
relapse of multiple sclerosis. Our results showtliier first time that the serum phospholipidome of
multiple sclerosis is significantly different frotihat of healthy controls and that few phospholipids
with the lowest p-value, such as PC(34:3), PC(3@&)(40:10) and PC(38:1) may be suitable as

biomarkers for clinical applications in multipleesmsis.
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plasmalogens



Abbreviations: ACN: acetonitrile; AGC: automatic gain control; AU@reas under curve; Cer:
ceramides; CHCB: Centro Hospitalar Cova da Beirg;fatty acids; HC: healthy control$iCA:
hierarchical clustering analysis; HILIC-MS/MS: hgghilic interaction liquid chromatography -
tandem mass spectrometry; HPLC: high-performanqaidi chromatography; LC-MS: liquid
chromatography-mass  spectrometry;,LPC: lyso-phosphatidylcholine; LPE: lyso-
phosphatidylethanolamine; LPG: lyso-phosphatidylghpl; LPI: lyso-phosphatidylinositol; MSs:
multiple sclerosis; MS/MS: tandem mass spectromé@&ryphosphorus; PA: phosphatidic acid; PC:
phosphatidylcholine; PCA: principal component asiy PE: phosphatidylethanolamine; PG:
phosphatidylglycerol; Pl phosphatidylinositol; Pphospholipids; PLA2: phospholipase A2;
PPARx: peroxisome proliferator-activated receptor alp®S: phosphatidylserine; PUFA:
polyunsaturated fatty acids; REM: remission paserREL: relapse patients; ROC: receiver
operative characteristic; RRMS: relapsing-remittingltiple sclerosis; RT: retention time; SM:

sphingomyelin; SPE: solid phase extraction; XIQrasted-ion chromatograms.



1. Introduction

Multiple sclerosis is a chronic disease characteriazy neurodegeneration, demyelination
and (neuro)inflammation, resulting in severe neagiglal impact and disability in young adults [1].
This pathology is responsible for a progressivaligy where the acute phases are the most
debilitating for the patients. It affects approxteig 2.3 million people worldwide, mostly women
[2].

Four disease courses are considered for this diselassified according with clinical signs
and symptoms. These courses are clinically isolagadrome, relapsing-remitting multiple
sclerosis (RRMS), secondary progressive multipleresis and primary progressive multiple
sclerosis, of which RRMS is the most common [34]e diagnosis of multiple sclerosis is based
on clinical parameters and imaging, but it is agland often delayed task, preventing early
initiation of treatment [5]. Much effort has beerade to overcome this drawback, but the early
diagnosis of multiple sclerosis remains a diffictdsk and definitive diagnostic tests are not
available. Moreover, the monitoring of disease pgegion and the efficacy of therapeutic
approaches are also based on clinical parametdréaak specific markers or tests to predict or
early detect a period of remission [6]. Thus, itdificult if not impossible to apply early
therapeutic or preventive strategies to preventsaming of symptoms and periods of relapse.
Thus, there is a need to find new reliable biomarket only to help and improve the diagnosis of
multiple sclerosis but also for more accurate nayimg of disease progression [7].

The lack of biomarkers is mainly due to the hetermpus pathophysiology of this disease
which is not fully understood. Multiple sclerosis a demyelinating disease in which the myelin
sheath around the nerves is destroyed [8]. Myedi® & high lipid content, mainly composed of
phosphatidylethanolamine, glucosyl-ceramides, phaisgylcholine, sphingomyelin, ceramides
and sulfatides. Changes in its lipid compositioryrba associated with impaired myelin function

[9]. Therefore, lipids would be promising candidat® be useful biomarkers of this disease



[10,11]. Also, lipids are key players in the redida of inflammatory responses and can modulate
activated immune cells in autoimmune diseases [12].

Changes in lipid metabolism and lipid profile haveen reported in a few studies of
multiple sclerosis, and it has been suggesteday alfundamental role in the pathogenesis and
severity of this disease [13,14]. Although mostd#&ta have focused on the variation in fatty acid
metabolism [6]. The arachidonic acid metabolic peaty has been reported to be overactivated in
the central nervous system of patients with mudtigclerosis [15]. Prostaglandins and
hydroxyeicosatetraenoic acids were elevated inctrebrospinal fluid of patients with multiple
sclerosis due to overactivation of arachidonic amidtabolism and neuroinflammation[16].
Deficiency of polyunsaturated fatty acids (PUFAmH ancreased short-chain FA have also been
reported in other studies (as recently revieweg@]in Omega-3 lipids, which have a protective role
by preserving the blood-brain barrier, are sigaifity reduced in the serum of patients with
multiple sclerosis [17,18].

Regarding phospholipids (PL), lyso-phosphatidyloted are reduced in plasma [19].
Ceramides (Cer), well-known signalling moleculescasated with mitochondrial dysfunction and
cell apoptosis, are significantly increased in p@sma and cerebrospinal fluid of patients with
multiple sclerosis [20,21]. The lipid peroxidatigmmoducts of 4-hydroxynonenal, isoprostanes,
malondialdehyde and cholesteryl ester hydroperexidere been found at increased concentrations
in plasma and serum of multiple sclerosis [6]. Diesptudies showing a positive correlation of
lipids in this disease, no study has looked foalaeration in serum PL in this pathology.

Analysis of lipid variation at the molecular leveising high-throughput lipidomic
techniques provides an understanding of the cartdb of lipids to disease development and its
molecular mechanisms, which could be useful ane laapurpose for the study of several chronic
diseases in clinical lipidomics [22,23].

In the present study, we sought to make a compsdleassessment of the variation in the

serum phospholipid profile of patients with mulépclerosis compared to control patients, using



an untargeted lipidomics approach. It also aimedstess the differences in lipid profile between

disease status (relapse and remission).

2. Materials and methods

2.1 Reagents

To perform the PL separation of the samples bydgafiase extraction, acetonitrile (ACN)
was acquired from Fisher Scientific (LeicestershitéK) and formic acid and ammonium
hydroxide were obtained from Sigma-Aldrich ChemiCal (St. Louis, MO, USA). To quantify the
PL in each sample, dichloromethane was purchased Kisher Scientific, 70% perchloric acid
was obtained from Chem-Lab NV (Zedelgem, BelgiuMjH,PO,- 2H,O was purchased from
Riedell-de Haén (Seelze, Germany), ammonium molgbddaMoQ-H,0) was acquired from
Panreac (Barcelona, Spain) and the L(+)-ascorhit faam VWR Chemicals (Leuven, Belgium).
Internal standards of PL 1,2-dimyristayl-glycero-3-phosphocholine (dMPC, PC 14:0/14:0); 1,2
dimyristoyl-sn-glycero-3-phosphoethanolamine (dMPE, PE 14:0/14:@-dimyristoylsn-glycero-
3-phospho-(10-rac-)glycerol (dMPG, PG 14:0/14:0)2-dimyristoylsn-glycero-3-phospho-L-
serine (dMPS, PS 14:0/14:0), tetramyristoylcargiali(TMCL, CL 14:0/14:0/14:0/14:0), 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylinositol (dPPI, Pl 16:0/16:MW-heptadecanoyl-@rythro-
sphingosylphosphorylcholine  (SM  d18:1/17:0), 1-raewanoyl-2-hydroxyn-glycero-3-
phosphocholine (LPC 19:0) and 1,2-dimyristeglglycero-3-phosphate (dMPA, PA 14:0/14:0) for
HILIC-MS analysis were obtained from Avanti® Polaipids, Inc (Alabaster, Al, EUA). The
solvents for LC-MS were ACN, methanol (Fisher Stifar), Milli-Q water and ammonium acetate
(Sigma-Aldrich). Dichloromethane was also purchaseoh Fisher Scientific. All solvents were of
high-performance liquid chromatography (HPLC) gradel were used without any additional
purification. Milli-Q water was used for all expewents, filtered through a 0.22mm filter and

obtained using a Milli-Q Millipore system (Synefgwiillipore Corporation, Billerica, MA, USA).



2.2 Serum samples

Serum samples from patients with multiple sclerasid healthy controls were provided by
Centro Hospitalar Cova da Beira (CHCB). Participgtipatients (n=24) were diagnosed with
RRMS and were followed up at CHCB before sampléecbbn for this study. The diagnosis was
based on clinical, MRI, and biochemical criteriac@ding to the 2010 MacDonald criteria [24].
Exclusion criteria were active infections, localsystemic diseases that affect the immune system,
pregnancy, and corticosteroids or other treatmtamtsnultiple sclerosis in addition to IFBL-To
allow participation in this study, all healthy cositvolunteers (HC) (n=30) were guaranteed to be
healthy, showing no signs of active infection, @autoune disease, and treatment with
immunomodulatory drugs. HC samples were age- amdleyematched. The study protocol was
approved by the CHCB's Ethics Committee. Summafgrimmation on patients with multiple
sclerosis and healthy controls is shown in Tabléfier collection, serum samples were stored at

—80 °C until further study of the lipid profile.

Table 1. Demographic and clinical characteristics of pasemith multiple sclerosis (RRMS) and
healthy controls (HC).

Remission RRMS (n=17) Relapse RRMS (n=7) HC (n=30)

Age (years)* 46.5+12.3 40.9 +14.7 49.5+10.1
Sex (% women) 94.1 % 71.4 % 76.7%
EDSS-score* 15+0.8 3.0+14 -
Disease duration (years)* 122+7.2 43+4.0 -

*Values represent the mean * standard deviation.

2.3 Phospholipid extraction and phosphorus measurement
Solid-phase extraction (SPE) was used to sepatatieofh serum samples as previously
described by Anjost al [25] with modifications. The SPE procedure requitbdee eluents

prepared before the extraction of PL. Eluent 1 sbed of ACN with 1% formic acid. Eluent 2 was



pure ACN. Eluent 3 was ACN with 5% ammonium hyddxiAfter the preparation of the mobile
phases, a volume of 100 pL of serum from each samvpbk mixed with 900 pL of eluent 1 in a
Pyrex tube. Each tube was vortexed for 30 secdhds,centrifuged at 2000 rpm for 5 minutes for
protein precipitation. The resulting supernataatrfreach tube was transferred to a Hybrid SPE-PL
column (HybridSPE& - Phospholipid 30 mg, SUPELCO, Sigma-Aldrich, Bhte, PA) that was
already placed in a vacuusisiprep SPE Vacuum Manifold (SUPELCO) system and previously
conditioned with 1 mL of ACN. After elution of almball the supernatant, the columns were
washed with 1 mL of eluent 2 and with 1 mL of elugénAt this stage, the collection tubes were
replaced by new ones and the PL retained on theitH@PE-PL columns were eluted with two
consecutive 1 mL aliquots of eluent 3. The flowstigh was collected and dried under a stream of
nitrogen. The samples were dissolved in 40M®f dichloromethane and transferred individuady t

a HAMILTON glass syringe. All samples were filteradith a Millex® - LH 0,45 um filter (low
protein binding hydrophilic LCR Membrane for clagdtion of aqueous and organic solutions).

The filtered samples were collected in vials anddlunder a stream of nitrogen.

2.4 Phospholipid quantification by phosphorous measuremnt

The gquantification of the total PL recovered aft&traction was carried out according to
the method of Bartlett & Lewis [26]. The detailexperimental procedures have been previously
described by Anjost al [25]. The PL extracts were dissolved in 100 uL ichtbromethane, and a
volume of 10 pL was transferred, in duplicate, tglass tube, previously washed with 5% nitric
acid. The solvent was dried under a stream of gtncand a volume of 125 pL of 70 % perchloric
acid was added to each tube. The samples wereateriin a heat block (Stuart, U.K.) for 1h at
180 °C. After cooling to room temperature, a volumhé25 pL of Milli-Q water, 125 pL of 2.5%
ammonium molybdate (2.5 g/ 100 mL of Milli-Q wateshd 125 pL of 10% ascorbic acid (0.1 g/1
mL of Milli-Q water) were added to each sample hsatvortex mixing between each addition. The
samples were then incubated in a 100 °C water bathl0 min. Then the samples were

immediately cooled in a cold-water bath. Phosplstéedards of 0.1 to 2 ug of phosphorus (P)



were prepared from sodium dihydrogen phosphateddsty (NaHPO,+2H,0O, 100ug/mL of P).
The standards underwent the same experimental quoeas the samples without the heat block
step. Absorbance was measured at 797 nm in a MaftisGO 1.00.38 Microplate
Spectrophotometer (Thermo Scientific, Hudson, NIBAY controlled by SkanIT software version
3.2 (Thermo Scientific™). The amount of P presanteach sample was calculated by linear
regression. For each lipid extract, the amounotafl tPL was calculated by multiplying the amount

of phosphorus by 25.

2.5 Lipid extract analysis by Hydrophilic interaction liquid chromatography-mass

spectrometry (HILIC-MS)

2.5.1 Sample preparation

The PL extracts obtained from serum samples wesespended in dichloromethane to
have a PL concentration ofu PLuL. Subsequently, in a vial with a micro-insertuls of each
sample, 4uL of a mixture of internal standards and |91 of the initial chromatographic phase
were added. The internal standard mixture contai@d€d? ug of phosphatidylcholine (PC,
14:0/14:0), 0.02wg of phosphatidylethanolamine (PE, 14:0/14:0), R4 of phosphatidylglycerol
(PG, 14:0/14:0), 0.08g of phosphatidylinositol (PI, 16:0/16:0), 0.0d of phosphatidylserine (PS,
14:0/14:0), 0.08g of phosphatidic acid (PA, 14:0/14:0), 0.4 of lyso-PC (LPC, 19:0), 0.0y
of sphingomyelin (SM, d18:1/17:0) and 0.8 of cardiolipin (CL, 14:0/14:0/14:0/14:0). The
initial chromatographic phase consisted of two deophases at a proportion of 10% of eluent A
(50% acetonitrile, 25% methanol, 25% water andn2b ammonium acetate) and 90% of eluent B

(60% acetonitrile, 40% methanol and 2.5 mM ammonaaetate).

2.5.2 Data and statistical analysis
The PL were separated by HILIC, according to thianiy of the moiety group, using an
Ascentis Si HPLC Pore column (100 mm x 1 mnum3, Sigma-Aldrich) inserted into an HPLC

system (Ultimate 3000 Dionex, Thermo Fisher ScientBremen, Germany) with an autosampler



coupled online to a Q-Exactive™ Hybrid Quadrupoldi@ap™ Mass Spectrometer (Thermo

Fisher Scientific, Bremen, Germany).

A volume of 5uL of each sample mixture was injected into the HRiglumn, at a flow
rate of 50uL/min. The temperature of the column oven was na@ietd at 35 °C. Elution started
with 10% of mobile phase A, which was held isocaty for 2 minutes, followed by a linear
increase to 90% of mobile phase A within 13 minued maintained for 2 minutes. After that,
conditions returned to the initial settings in 1Buates (3 min to decrease to 10% of phase A and a
re-equilibration period of 10 min prior next injeot). The Q-Exactive™ orbitrap mass
spectrometer with a heated electrospray ionizatimurce was operated using a positive/negative
switching toggles between positive (electrospraytage of 3.0 kV) and negative modes
(electrospray voltage of -2.7 kV). The sheath daw fwas 15 U, auxiliary gas was 5 U, the
capillary temperature was 250 °C, the S-lenses BR§ 50 U and the probe’s temperature was 130
°C. Full scans MS spectra were acquired both intigesand negative ionisation modes in rafz
range of 400-1600, with a resolution of 70.000pen4tic gain control (AGC) target of 1X{8nd
maximum injection time of 100 ms. For tandem MS (MS) experiments, a top-10 data-
dependent method was used. The top 10 most abupdantrsor ions in full MS were selected to
be fragmented in the collision cell HCD. A steppemmalized collision energy™ scheme was
used and ranged between 20, 25 and 30 eV. MS/M@&8rapebtained were those combining the
information obtained with the three collision eriesg The MS/MS spectra were obtained with a
resolution of 17,500; AGC target of 1xX1@n isolation window of Tz scan range of 200-2000
nM/z, and maximum injection time of 50 ms. The cyclesgisted of one full scan mass spectrum
and ten data-dependent MS/MS scans, which wereategbecontinuously throughout the
experiments, with the dynamic exclusion of 60 s imensity threshold of 1xf0Data acquisition

was carried out using the Xcalibur data system3VBhermo Fisher Scientific, USA).

LC-MS data were processed and integrated usindgvithaine v2.42 software [27]. This

software enabled filtering and smoothing, PL peatection, PL peak alignment and integration,

10



and PL assignment and identification against anmoinse database, which contains information on
the exact mass and retention time (RT) for eacimBlecular species. The identification of the PL
species was performed as described previously §R5Rriefly, to correctly identify the PL
species, during the processing of raw data by M2Zmail peaks of raw intensity less than 1%10
and error greater than 5 ppm were excluded. Thigrament of each PL species was confirmed by
analysis and interpretation of the MS/MS spect@, EPC and SM were analysed in the LC-MS
spectra in the positive ion mode, as [M+ht)ns. The presence of the fragment iormét 184,
corresponding to the phosphocholine polar headpgrouthe MS/MS of [M+H] ions allows
identifying PL molecular species belonging to th@, RPC and SM classes, which were further
differentiated by the characteristic retention &meC, LPC and SM were also analysed in the LC-
MS spectra in the negative ion mode, as acetatectel{M+CHCOOT ions). MS/MS spectra of
[M+CH3COQT ions of these three PL classes should displayythieal fragment ion atn/z 168
(phosphocholine polar head group minus a methyetgpi Carboxylate anions of fatty acyl chains
can also be seen for PC and LPC. PE and LPE clagsesanalysed both in positive ([M+Hidns)
and negative ion modes ([M-Hjons). The neutral loss of 1&a (phosphoethanolamine polar
head group) can be observed in the MS/MS acquirede positive mode, while the fragment ion
atm/z 140 (phosphoethanolamine polar head group) andatimxylate anions of fatty acyl chains
can be found in MS/MS data from negative ion mdéa®.structural identification of PC, LPC, SM,
PE and LPE, the MS/MS data was analysed in pos#ne negative ion modes, however, for
quantification purposes, only LC-MS positive iondaeadata was used. Pl and PG species together
with the lyso forms of Pl (LPI) and PG (LPG) wenealysed in negative ion mode, as [M—H]
ions. These species were identified based onlyhenRT and exact mass measurements, no
MS/MS spectrum was found. An example of the MS/Ivigfentation patterns of each PL classes

analysed in the present study is available in tippEementary material.

Relative quantification was performed by exportihg peak area values to a computer

spreadsheet. For normalization of the data, thé pea@as of the extracted ion chromatograms

11



(XIC) of the PL precursors of each class were diglidor the peak area of the internal standards

selected for the class.

12



The data sets composed of the XIC areas obtained ke
HILIC-MS analysis were normalized to the internal gandard,

generalized log2, normalized with EigenMS [29], awutscaled and
analysed statistically. Missing values were repladewith half of

the minimum positive values detected in the data sePrincipal

component analysis (PCA) was performed using the Roraries

FactoMineR [30] and factoextra [31], and the ellipgs were
drawn assuming a multivariate normal distribution and a level
of 0.95. Univariate statistical analysis was perfaned using the
Wilcoxon or Kruskal-Wallis test following a post hac Dunn test.
A p-value < 0.05 was considered an indicator of statisal

significance. Heatmaps were created using the R peage
pheatmap using “Euclidean” as the clustering distane and
“ward.D” as the clustering method [32]. Univariate and
multivariate statistical analyses were performed usg R version
3.5.1 in Rstudio version 1.1.4. All graphics and bglots were
created using the R package ggplot2 [33]. Other Ragkages

used for data management and graphics included plyf32],

13



dplyr [34] and tidyr [35]. The areas under curve (AUC) of
Receiver operative characteristic (ROC) curves weraised to
determine the diagnostic effectiveness of important
phospholipids using the R packages Caret [36], uggna Random

Forest model with the default parameters, and pROC37].s.

Results

3.1 Characterization of the serum samples

To assess the changes in the PL profile assoamatBdnultiple sclerosis, we analysed the
serum of 24 patients diagnosed with multiple sdisrgfrom now on referred to as MSs) and 30
healthy controls samples (HC), as summarized ineTab All patients and controls were adults
aged 20 to 60 years. A total of 94.1% and 71.4%hef patients in remission (MSs_Rem) and

relapse (MSs_Rel), respectively, were female.

3.2 Identification of the serum phospholipid profike of patients with MSs and HC

The PL profile of MSs and HC serum was analysedigp-resolution HILIC-MS and
MS/MS platform. This lipidomic analysis allowed itbentify 161 different PL species (molecular
ions) belonging to 9 different classes, namely phasidylcholine (PC) comprising diacyl, alkyl-
acyl and alkenyl-acyl species, lyso PC (LPC), phasigylethanolamine (PE) including diacyl,
alkyl-acyl and alkenyl-acyl species, lyso PE (LPghpsphatidylglycerol (PG), lyso PG (LPG),
phosphatidylinositol (Pl1), lyso PI (LPI) and sphomgyelin (SM) (Supplementary Table S1). PC,
LPC, PE, LPE and SM species were identified by yaimlof exact mass, retention time and
MS/MS spectra, while PG, LPG, Pl and LPI speciesewdentified by exact mass and retention

time. Statistical analysis, including multivariated univariate statistical analysis grouped tha dat

14



as follows: 1) comparing HC with MSs (healthy overall disease) and 2) comparing HC with

MSs_Rem and MSs_Rel patients.

3.2.1 Comparison of serum phospholipidome from HC ersus patients with MSs (healthvs
disease)

The differences between the PL profile of HC (3@itonls) and patients with MSs (24
patients), regardless the disease state (remigmiarlapse), were assessed using multivariate
statistical analysisData from LC-MS analysis were auto-scaled and #hdrjected to principal
component analysis (PCA) to show the clusteringdseof the two experimental groups. The PCA
plot showed that the two groups were separateavandifferent clusters, in a two-dimensional
score plot that represented the analysis descrigirgfo of the total variance, including dimension
1 (24%) and dimension 2 (7.3%), with major discriation in dimension 1 (Figure 1). HC samples
were scattered on the right region of the PCA plbile MSs samples were scattered on the left

region.

Considering the variables that contributed the mtostgroup discrimination, 16 PL
molecular species were identified that showed tlostmignificant discriminating power between
conditions using variable importance in projectfitP) (Supplementary Figure S4). Eight of these
PL species with higher discriminating potential vether-linked (akyl-acyl and alkenyl-acyl), PC

(5 species) and PE (3 species), which are genefadlseased in MSs.

15
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Figure 1. Principal component analysis (PCA) in a two-dimenal score scatter plot of PL

profiles from serum from healthy control (Contrahd disease (MSs) groups.

Also, a univariate analysis of the HILIC-MS datatbé two conditions was performed
(Supplementary Table S2), and the Wilcoxon testsltiothat the 16 major contributors with the
lowestg-value (q<0.05) were selected (Figure 2) correspuntb 7 PC, 3 ether-linked PC, 3 ether-
linked PE, and 3 LPE species, all with statisticaignificant lower levels in MSs. We predicted
the test dataset using a trained model and foustdtle random forest predicts with an accuracy of
100%. Next, we have performed a Receiver operatharacteristic (ROC) analysis to further
characterize the predictive value of these top Sridependently (Supplementary Figure S5). We

found that all 5 PL had an area under the curveGpkD.96.
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Boxplot of Univariate Top 16
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Figure 2. Box plots of the 16most discriminating PL species with the lowest f4ga obtained
from a univariate analysis of HC (1) and MSs pdtid) using the Wilcoxon test. g < 0.05 for all

comparisons.

Additionally, we carried out a hierarchical cluster analysis (HCA) on the phospholipid
data sets from the two conditions (Figure 3). Témults were used to create a heatmap of the top
25 PL species with the lowest g-values in the Wimo test, and a dendrogram with a two-
dimensional hierarchical clustering of the functibrstate and variables that reflect the most
important native PL species contributing to diffégrate MSs disease from HC. The resulting HCA
dendrogram (Figure 3) showed a noticeable separatfithe two data in the first dimension (upper
hierarchical dendrogram) where samples are clusiadependently into two groups, control and
disease (MSs). Moreover, the clustering of indialdaL species also shows two principal clusters:
the first group includes a single PL specie, PE@):which is more abundant in MSs, while the
second group had 24 different PL species whiches® abundant in MSs than HC, and included
11 plasmalogens species, namely 6 PE plasmalo§d#S,plasmalogens, 8 PC species (with 7 PC

bearing PUFA), 3 LPE with PUFA, 1 PE and 1 PG sci
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Figure 3. Two-dimensional hierarchical clustering heatmaptted 25 most discriminating PL
molecular species of Control and MSs groups. R&atibundance levels are shown on the red-
yellow-blue scale, with the numbers indicating tolel difference from the overall mean. The red
colour of the tile indicates high abundance and bhdicates low abundance. Null values were
displayed in yellow. The clustering of the contiarid disease groups is represented by the
dendrogram at the top. The clustering of individB&al molecular species is represented by the

dendrogram on the left.

3.2.2 Comparison of serum phospholipidome from HC ersus patients with MSs_Rem and
MSs_Rel

The PL profile was compared considering the disesigtus. Thus, the MSs PL profile of
the serum from the two groups, MSs_Rem (n=17) ar@ NRel (n=7), were compared to HC.
Multivariate analysis of the datasets was perforiaed the PCA plot generated showed that, in a
two-dimensional score plot, the HC group separfates the two MSs groups (Figure 4). The PCA
plot also showed the separation of the two conuktidSs_Rem and MSs_Rel, although some
overlapping of the 95% confidence ellipse was olesrThe PCA score plot described 32.7.% of
the total variance, including dimension 1 (24.8% dimension 2 (7.9%), where dimension 1 was

the major discriminant. The HC samples were saadtém the right region of the plot while the
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MSs_Rem and MSs_Rel samples were scattered oaftlredion of the plot. The 16 PL molecular
species that showed the most significant discritimggpoower between conditions in PCA analysis
(Supplementary Figure S6), using VIP scores, iredud PC (2 diacyl PC plus 5 alkyl-acyl PC), 4
PE (2 diacyl PE and 2 PE plasmalogens), 2 PG, 1 BRE and 1 LPG specie. Boxplots, which
report the normalized intensities of the 16 PL @mecshow the PL species with higher
discriminating potential between MSs groups, sePR& (P-34:5), PE (30:2) and LPG14:0 species

which were found to have lower levels in MSs_Rahtin HC and MSs_Rem.

Individuals - PCA

10~

)]
]

Dim2 (7.9%)
o
|
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Dim1 (24.8%)

Figure 4. PCA of the serum phospholipidome from control, MSsl and MSs_Rem. PCA in a
two-dimensional score scatter plot of PL profildgained in both positive and negative modes

from healthy control (Control), MSs_Rel and MSs_ Rgnoups.

Also, a univariate analysis (Kruskal-Wallis tesidaed by Dunn’s multiple comparison
post-hoc test) was performed on the HILIC-MS dtidest for significant differences between the
three conditions (Supplementary Table S3). The rh&inontributors from the Kruskal-Wallis test
with the lowestg-value (with q<0.05) were selected (Figure 5) aodespond to 7 PC, 2 ether-
linked PC, 5 ether-linked PE, and 2 LPE specidsyigh statistically significantly higher levels in

control samples. Dunn's test of multiple compasoevealed that 16 species were significantly
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different between HC and MSs_REM, 15 between HC & _REL, and 1 (PC 38:1) between

MSs_REL and MSs_REM.
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Figure 5. Box plots of PL molecular species with the lowesigtvalues of the Kruskal-Wallis test

followed by the Dunn multiple comparison tests oh@ol, MSs_Rel and MSs_Rem. q < 0.05 was

considered statistically significant: a, control MSs Rem and control versus MSs_Rel; b,

MSs_Rel versus MSs_Rem.

The results of the Kruskal-Wallis test were alseduso create a heatmap of the 25 PL

species with the lowest g-values. The dendrogratin tio-dimensional hierarchical clustering of

disease status and variables (Figure 6) shows ts¢ important native PL species contributing to

differentiate MSs-Rel and MSs-Rem from HC samplegs possible to observe that in the first

dimension, in the top hierarchical dendrogram, samples are clustered independently into two

groups, control versus disease, and it was noiiljeds achieve complete discrimination between

the two statuses of disease. The clustering of itftividual PL species allowed for the
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identification of two principal clusters: the firgthich included 6 ether-linked PE that is more
abundant in the HC group and less abundant in thease groups, while the second contains
different PL species which are also more abundatite HC group and the MSs-Rel, but with low
abundance in MSs-Rem, including 4 PC plasmalodgeR<;(including 6 PC bearing PUFA) and 3

LPE species and 1 LPC.
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Figure 6. Two-dimensional hierarchical clustering heat mapthe 25 most discriminating PL
molecular species of the control, MSs_Rel and M®sn Rroups. Relative abundance levels are
shown on the red-yellow-blue scale, with the nurebiedicating the fold difference from the
overall mean. The red colour of the tile indicat@gh abundance and blue indicates low
abundance. Null values were displayed in yellowe Tdustering of the HC, MSs_Rel and
MSs_Rem groups is represented by the dendrogratmeaibp. The clustering of individual PL

molecular species is represented by the dendrogretine left.

Univariate analysis (Figure 2 and Figure 5) indisathat the 16 PL molecular species that
most significantly contribute to discriminating H@m MSs and HC from patients with MSs_Rem
and MSs_Rel mainly include PC and PE species, iigp&UFA, and PC and PE alkyl-acyl species,
and some lyso PL. There was variation in 13 PL mdér species revealing the lowest abundance

of PC(34:3); PC(36:6); PC(38:1); PE(P-38:6); PC§B6PC(34:2); PC(34:4); PE(P-38:7); PE(P-
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38:5)/PE(0-38:6); LPE(20:5); PC(P-38:6); LPE(20a4id PC(32:2) in MSs (overall disease) and
MSs Rem and MSs_Rel. ROC analysis (supplementgyefi S5) have shown, that the five
variables with the lowest p-value distinctive hagty high AUC value (>0.96) two had a AUC >
0.99 (PC(34:3) and PC(36:6)), showing a potentigh hdiagnostic performance of multiple
sclerosis. The boxplots in Figure 2, which compak@ with MSs, also showed that PC(P-
34:2)/IPC(0-34:3); PC(P-36:4)/PC(0-36:5) and LPEf}18wvere significantly downregulated in
MSs and contributed to differentiate the two groulpsthe second analysis (Figure 5), PC(P-
36:2)/PC(0-36:3); PE(P-36:3)/PE(O-36:4) and PE(RBBBE(O-38:4) were also significantly
decreased in the MSs_Rem and MSs_Rel groups. Tler Itevels of PC(34:3); PC(34:2);
PC(36:5); PC(38:1); PC(P-36:2)/PC(0-36:3); PC(34:4PE(20:5); PC(32:2) and LPE(20:4) in the
MSs_Rem group show a deeper alteration in lipicatmaiism. The result of the hierarchical cluster
analysis represented by a heatmap (Figures 3 amds6)confirms that PC and PE are the PL

classes that contribute the most to differentifittha groups.

4. Discussion

Lipids have important biological functions withtacal roles in inflammatory and immune
processes and have been correlated with the patbiopdbgy of many diseases, including
autoimmune diseases such as MSs [6]. They havedtwswn to contribute to the pathogenesis and
severity of MSs. MSs is characterized by demyelmaand myelin is mainly composed of lipids,
but their role in MSs is scarcely addressed [10]this study, a phospholipidomic profiling of
serum samples from patients with MSs was carriggadming to elucidate the adaptations of the
PL profile concerning the health status, and assediwith the different statuses of this disease.
Lipidomics data were analyzed by multivariate pipat component analysis (PCA) as well as
univariate and hierarchical cluster analysis (H@#)visualization and interpretation of results. Of

all the patients included in this study, a total 9f.1% of MSs_Rem patients and 71.4% of
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MSs_Rel patients were female, which is in agreemhitthe epidemiological evidence indicating
that MSs is three times more prevalent in womeih. [38

Initially, a comparison between healthy controld gatients with the disease (HC vs MSs)
was performed to assess the differences betwedth laea diseaseAnalysis of the PCA score plot
(Figure 1) indicated that the lipidome of the twanditions differ from each other, which means
that the serum PL profile of MSs is different fra#C. Then the lipid profile was also compared
taking into account the status of the disease. RRM&haracterized by periods of relapse and
remission that affect the patient’s daily life. g periods of relapse, the (heuro)inflammatory
conditions worsen, so it is expected to observeon] dissimilar changes in the lipid profile. The
analysis of PCA scores scatter plot (Figure 4) atagk that HC differed from MSs, however, the
MSs_Rem and MSs_Rel 95% confidence ellipses plgrtiatercept and as such are not fully
discriminated. This means that while consideringttin remission there are fewer (if any)
symptoms, there is also a modulation of the lipidfile which is different from typical health
conditions. Even in the absence of symptoms, tpie Iprofile does not return to the level of
healthy status and the significance of this imbadashould be carefully assessed.

In this work, patients with MSs had a lower aburaamnf plasmalogens PC and PE
species, compared to controls, and differences wetialy observed in PC and PE species with
PUFA. PC is the most abundant class of PL in celinforanes and plasma [39]. In our models, few
PC species discriminated HC from MSs and HC fromsM&m and MSs_Rel. Different PC
species have contributed to this differentiationchsuas plasmalogens PC(P-38:6); PC(P-
36:2)/PC(0-36:3); PC(P-36:4)/PC(0-36:5); PC(P-3#g)(0-34:3); PC(P-36:5) and the diacyl
species PC(34:4); PC(36:6); PC(32:2); PC(36:3);3BE(); PC(34:3); PC(34:2) and PC(38:1).
However, only PC(38:1) was statistically differdx@tween MSs_Rel and MSs_Rem, being lower
in MSs_Rem (Figure 5). PC(38:1) was identified &18:1/20:0), thus bearing an oleic acid (FA
18:1). Trépanier et al reported a significant reiducin oleic acid in post-mortem brain tissue from
mouse models with induced demyelination and fromtiepts with MSs [40]. In our study,

comparing HC to MSs groups, we also found signifiisalower levels of the molecular species
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PC(34:2), PC(36:3), and PC(38:1), all of which eaméd oleic acid in their composition. Cicalini
et al also found a markedly decreased PC(38:1) in feamns patients with MSs [41]. The decrease
in PL species may be due to a decrease in oleit l@osynthesis which may result from the
dysregulation of different pathways, such as iffueed formation and levels of 18:1 precursors,
namely palmitate (C16:0), stearate (C18:0) or paleate (C16:1); ii) this may be the result of
downregulation of desaturases A@sdesaturase, which converts FA 18:0 into FA 189land FA
16:0 into FA 16:1 n-9; or iii) it may ultimately dee from the downregulation of ELOVL6
elongase which converts FA 16:0 into FA 18:0 (Sapm@ntary Figure S7).

PE is the second most abundant class of PL in aellsis the major class of PL in myelin
sheaths. The results gathered in the present wuolvedl that the PE species contributed to
differentiate HC from MSs and HC from MSs_Rel an@3$MRem. These species were PE(34:3);
PE(P-36:6); PE(P-38:6); PE(P-38:7); PE(P-36:3)/RB(@); PE(P-38:5)/PE(0O-38:6); PE(P-
38:3)/PE(O-38:4), generally lower in disease. Apotheature noted when comparing MSs
phospholipidome (overall disease) with HC, was #ignificantly higher concentrations of
PE(40:10) in MSs. The majority of PC and PE spettieé showed variation were esterified to
PUFA and were decreased in MSs. The significantagioh in serum PE and PC species in MSs
has also been reported by Villoslada et al[42].

PE may have a role in the immune response by mudgl&D300 receptor in chronic
inflammatory diseases and are also known to ppdiei in autoimmune diseases. However, the
exact function of the receptors of this family isclear and may upregulate or downregulate
immune responses [43]. PC is fundamental in pralifee growth and programmed cell death [44].
Therefore, these alterations in phospholipidome &y correlated with increased chronic
activation of the immune system in patients withdyi® which PL have important functions [45].
In addition, we have found among the PC and PEispaeveral ether-linked species, namely the
PC and PE plasmalogens. These species had sigtiifidawer levels in MSs, MSs_Rel and
MSs_Rem, compared to controls. Plasmalogens arsidswed to be important endogenous

antioxidants, playing a key role in cellular anitdant defence, so their reduction in disease
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conditions may be an indicator of an increased axid environment in MSs [46,47].
Plasmalogens have also been recognised as imparttmkidants in myelin [46]. Myelin is highly
enriched in PE species, in particular in plasmaisgand the decrease in PE may be due to damage
to the myelin that occurs during demyelination #88, Plasmalogen-deficient mammalian cells are
considerably more susceptible to oxidative stradsiied death than high plasmalogen mammalian
cells, corroborating the protective role of plasmgains as antioxidants [46,50,51]. Accordingly,
our results of significantly lower abundances of&@ PE plasmalogen species in MSs serum may
indicate alterations of the myelin lipid-rich shest making them more vulnerable to oxidative
damage, known to be increased in this pathology.

In this work, we found that several PC and PE pholpids bearing PUFA species had
significantly lower abundances in MSs. This deoeeasuld be due to degradation by lipid
peroxidation processes that can occur in MSs, éntwo groups with different disease status. An
increase in oxidative stress has been describ&tiSs, leading to exacerbation of disease activity
and severity [6,52]. The identification of oxidizdigds was not the scope of our work, but
oxidized PL has already been found in the plasn@aténts with MSs [42,53,54].

The LPE class also contributed to the discrimimatbHC and MSs and of HC, MSs_Rem
and MSs_Rel, particularly with three species, LPE{R LPE(20:5) and LPE(18:2). These LPE
species with PUFA were shown to be significantigueed in MSs, which correlates well to the
results showing that patients with MSs have a FA,180:4 and PUFA deficiency in plasma and
serum [6]. PUFA are also known to have immunomaddwaeffects which are associated with
their ability to suppress T cell activation anddtion [55]. Thus, the reduction in PUFA levels in
patients with MSs observed in our work indicateat tinis may contribute to the activation of T
cells in this pathology. MS is mediated by effeclocells, even in remission MSs patients the IL-
17 and Th/c17 cells seemed to contribute to pegpiety chronic inflammation [56]. Moreover, the
decrease in LPE(20:5) in MSs is noteworthy becduBE(20:5) can arise from degradation of
PE(40:10) by phospholipases [57]. In the analybisootrol versus MSs, PE(40:10) shows higher

abundances in patients with MSs which may indicédtiered PLA2 activity in patients with MSs
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and decreased LPE(20:5) biosynthesis. For futwekwit would be interesting to investigate
PLAZ2 activity. In the HC vs MSs_Rem and MSs_Rel panison, LPC(20:5) also contributes to
differentiate the lipid profile, being downreguldt|ea MSs_Rem and MSs_Rel patients.

Del Boccioet al [19], Kurz et al [20] and De Oliveiraet al [58] also analysed MSs plasma
and serum samples using LC-MS/MS techniques bwgetlaithors only explored alterations on
lyso-PL[19], ceramides[20] and other lipid specs3] To our knowledge, our study is the first to

assess phospholipidome changes of several clasBésusing LC-MS/MS.

5. Conclusion

From this study, we can conclude that the pathogisnef MSs was associated with
changes in the lipid profile and that patients Wiiss have a significantly different PL profile
compared to healthy controls. Our results showetl te phospholipidomic signature of MSs is
significantly different from that of healthy contspin particular for the PE, PC, LPE and ether-
linked PE and PC species. Based on the comparistte_Rel and MSs_Rem, our models had
less discriminating power, and the species thatvetosignificant differences were mainly PC
species, particularly PC(38:1). PC and PE plasnesisgas well as PC and PE species bearing
PUFA, had significantly lower levels in MSs diseas®l MSs_Rel and MSs_Rem. PE(40:10) and
PC(38:1) may be considered as possible serum bkamsaof this disease due to their significant
variations in patients with MSs and may be suitdbieclinical applications. These results provide
new insights on changes in the lipidome profildi8s and may help improve our understanding of
the characteristics of MSs pathogenesis. Clinipadddmics is one of the best approaches to better
understand these disease-induced changes and Witable biomarkers for personalized MSs

medicine.
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