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ARTICLE INFO ABSTRACT
Keywords: Ionic imbalance and functional heterogeneity of monocytes play key roles in multiple sclerosis
NCX1 exchanger (MS) progression. A better understanding of monocyte response in the context of ionic dysre-

Classical CD147CD16~ monocytes
Intermediate CD147CD16™ monocytes
Multiple sclerosis

gulation during MS course may have relevant implications for understanding of disease patho-
genesis and treatments. The sodium calcium exchanger NCX1 influences monocyte-derived
macrophages reactivity under inflammation; however, little is known about its monocyte-specific

RRMS

SPMS expression during MS course. By means of RT-PCR, flow cytometry, and confocal analyses, we
Ca2t-ATPase determined the expression profiling of NCX1 exchanger in monocytes of patients during
Na'/K"-ATPase relapsing-remitting MS (RRMS) and secondary progressive MS (SPMS) course. NCX1 expression

was significantly upregulated in monocytes from transitional RRMS subjects. Conversely, it was
significantly reduced in all monocyte subsets after RRMS conversion to SPMS. Interestingly, NCX1
levels in monocytes significantly correlated with the percentage and growth ability of the regu-
latory T cell (Treg) subset, whose derangement underlies MS progression. Perturbation of tran-
scripts encoding the Ca?*-ATPase isoform 1 and 4, the Na™/K™-ATPase a1 subunit, and the long
non-coding RNA SLC8A1-AS1 associated with NCX1 changes in peripheral blood mononuclear
cells (PBMC) during MS.
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Our findings demonstrated a stage-specific dysregulation of NCX1 exchanger in monocytes
during MS progression and suggested that ionic imbalance in monocytes may influence not only
their functional response but also the immune regulatory network during MS course. These data
may be relevant for the identification of novel biomarkers and/or therapeutic targets in MS.

Abbreviations

CD147CD16, classical monocytes
CD147CD16" intermediate monocytes

CNS central nervous system

EDSS expanded disability status scale
IncRNA long non-coding RNA

MIF mean intensity of fluorescence

MS multiple sclerosis

NCX Na*/Ca?* exchanger

NCX1  Na'/Ca®' exchanger type 1

NCX3  Na*/Ca%" exchanger type 3

NKA  Na'/K'-ATPase

PBMC  peripheral blood mononuclear cells
PMCA  Ca®'-ATPase

RRMS relapsing-remitting multiple sclerosis
SPMS  secondary progressive multiple sclerosis
Treg regulatory T cells

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS) that manifests in approxi-
mately 85 % of people with a relapsing-remitting MS (RRMS) course characterized by alternating episodes of neurological deficits and
recovery. Most of RRMS patients progress, within 20-25 years, to a secondary progressive (SPMS) course characterized by the
accumulation of clinically irreversible neurological deficits [1-3]. Despite significant advances in our understanding of MS patho-
physiology, knowledge about the mechanisms underlying the transition of RRMS to SPMS remains incomplete and the diagnosis of a
progressive disease lacks reliable biomarkers. MS therapeutics show little benefit for SPMS persons, and the development of neuro-
protective and remyelinating therapies is still an unmet medical need [4,5].

Proinflammatory activity of CNS microglia- and infiltrating monocyte-derived macrophages escalates during MS progression, and
significantly contribute to neurodegeneration [6,7]. In parallel, a dysfunctional ionic homeostasis in brain cells accompanies MS
progression and failure of repair processes [8-10]. However, it is still unclear whether ionic dysfunction contribute to the derangement
of the immune regulatory network associated with functional activities of CD147CD16™ (classical) and CD14"CD16" (intermediate)
monocytes [11-13] and regulatory T cells (Treg). This CD4" T cell subset is involved in the negative control of immune response [14],
and supports the alternatively activated M2 macrophage polarization with anti-inflammatory and remyelinating properties [15,16].

The Na*/Ca?* exchangers NCX1 and NCX3, encoded by SLC8AI and SLC8A3 genes, respectively, are bi-directional membrane
transporters regulating sodium and calcium homeostasis under demyelinating conditions [17,18]. Current data suggest distinct
functional role for NCXs in the white matter under demyelination [19]. Whereas NCX3 is required for myelin synthesis in oligo-
dendroglia [20-23], a dysfunctional NCX1 exchanger may contribute to calcium overload and axonal degeneration [24-27].
CNS-resident microglia and circulating monocytes predominantly expresses NCX1 [28,29], whose function influence cell reactivity
under inflammation [28,30]. Nevertheless, there are no information on NCXs expressed in monocyte subtypes during MS course,
neither on their functional role.

The aim of the present study was to determine the expression profiling changes of NCX1 exchanger in human peripheral blood
mononuclear cells (PBMC) and monocytes during RRMS and SPMS course. Furthermore, we explored the possible interference of NCX1
levels in monocytes with the cell-mediated immune-modulation regulatory network dependent on Tregs. By employing RT-PCR, flow
cytometry, and immunocytochemical analyses we revealed the preferential expression of NCX1 in monocytes during MS course and its
divergent modulation during the transitional RRMS stage and after conversion from RRMS to SPMS. Next, we hypothesized that NCX1
dysregulation might be associated with changes in expression level of the functionally coupled Na*/K*-ATPase (NKA) and Ca®*-
ATPase (PMCA) pumps [31-34], or might be influenced by SLC8A1-AS1 mRNA levels, a long non coding (lcn) regulating NCX1 [35,
36]. Considering that the measurements of gene expression changes in PBMC may lead to a more robust signature of the disease and
also provide a better understanding of how communication between cell types affects the overall PBMC behavior, we investigated the
expression profiling of ATP1A1, ATP2B1 and ATP2B4 transcripts, encoding the NKA alphal subunit, PMCA1 and PMCA4 pumps, and
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the len SLC8A1-AS1 mRNAs in whole PBMC of different MS subjects.

Overall, the hypothesis that, during MS progression, a deregulated expression of NCX1 exchanger in monocytes associates with a
derangement of the Treg dependent immune-regulatory network, as well as with a perturbed regulation of the Ca™?- and Na*t/K*-
ATPase pumps has been addressed.

2. Material and Methods
2.1. Ethical statement

The study was approved by the institutional review board of the Ethics Committee of the University of Naples “Federico II”
(Protocol number 334/19), and written informed consent was obtained from all patients and healthy controls prior to their inclusion in
the study. All procedures were performed in accordance with the Declaration of Helsinki, as revised in 2008.

2.2. Patients

Patients and healthy controls were recruited from University of Naples Federico II and University of Campania “Luigi Vanvitelli”,
Naples, Italy. Laboratory work was performed at the Department of Neuroscience, Reproductive Sciences and Dentistry, and at
Department of Medical translational Sciences, School of Medicine, “Federico II” University of Naples, Italy. Table 1 shows a summary
of demographic and clinical characteristics of MS patients and controls included in the analyses. A set of 73 patients with MS and 41
healthy controls were compared. MS was diagnosed according the McDonald 2010 diagnostic criteria [37]. The RRMS and SPMS
subtypes were defined as per clinical phenotypes given by Lublin et al. [38]; and a minimum of one year of gradual worsening was
required to define SPMS. The transitional phase was defined by the MS neurologists according to the evaluation of disease activity
(presence of relapse and magnetic resonance imaging (MRI) activity and recover from relapse), symptoms (persistence of motor,
sensory, balance/coordination, cognitive, fatigue, sphincter dysfunction) and impact on mobility and daily activities [39]. Patients not
fulfilling the Lorscheider definition for SPMS or the Lublin definition for RRMS with an EDSS score >4 were defined as transitional MS
[40]. Inclusion criteria were age 18-65 years for patients and controls. Exclusion criteria included primary progressive MS, autoim-
mune diseases other than MS, relapses or treatment with corticosteroids within 3 months, or any infection in the previous 4 weeks.
Healthy controls were recruited from medical personnel who had no history or clinical evidence of neurological, systemic inflam-
matory or autoimmune diseases. MS patients and healthy controls were recruited in three consecutive cohorts to perform RT-PCR
studies (cohort 1), flow cytometry studies (cohort 2), confocal microscopy analyses (cohort 3). Insufficient quantity of specimen or
sample degradation were responsible for different numbers of patients tested in RT-PCR studies of Fig. S1 and Fig. 5.

2.3. RT-PCR

Whole blood samples were collected in EDTA tubes, kept at room temperature and extracted within 1 h after collection. Isolated
PBMCs were assessed for viability by trypan blue exclusion. A minimum of 3 x 10° cells was frozen in 400 pL Trizol reagent (Life
Technologies, Grand Island, NY, USA), and stored at —80 °C for RNA analysis at a later date. Total RNA was extracted and 1 pg from each
sample was reverse transcribed as described [21]. The quantity and purity of RNA extractions were determined by measuring 2 pl in a
Nanodrop spectrophotometer (Nanodrop 2000, Thermo Scientific). Reference genes were selected based on their stable expression across
all experimental conditions. Quantitative Real-Time PCR (qQRT-PCR) experiments were carried out using CFX96 thermocycler (Bio-Rad,
Hercules, CA, USA). Each PCR reaction contained 10 pl of 2 x Sybr Green (Bio-Rad), 200 nM of each primer, and 20 ng of the previously
produced cDNA. The Primer-BLAST program was used to design oligonucleotides for qRT-PCR. The following primer pairs were used:
SLC8A1-Forward 5-AAAGAGGAAGAGGAGAGGCG-3’; SLC8AI-Reverse 5-AGC TGTTAGTCCCAACCACA-3’; SLC8A3-Forward 5-GGA-
TAAATATGCGCGGCTTGT SLC8A3-Reverse 5-AGCCAAATCAAAAAGCCAATCTC; ATP1A1-Forward 5-GACGTC CTGGAATGAAGCAT-3’;

Table 1
Multiple Sclerosis patients and healthy controls’ cohort demographic and clinical characteristics.
“RRMS "EDSS<3 RRMS EDSS>4 ‘SPMS Controls

Total cohort N. 35 15 23 41
Female/Male ratio N. (%) 20/15 (57.2/42.8) 11/4 (73.3/26.7) 9/14 (37/63) 24/17 (59/41)
Age (years; mean + “SD) 39.2 £11.8 42.74 +10.41 46.7 £ 10.8 40.96 + 10.57
“DD (years; mean =+ SD) 10.3 + 8.6 12.2 +7.88 15 + 8.34 -
‘Moderate efficacy DMT 12 (34.3) 7 (46.6) 8 (34.8) -
“High efficacy DMT 23 (65.7) 8 (34.8) 14 (65.2) -

2 RRMS: relapsing-remitting MS.

> EDSS: Expanded Disability Status Scale.

¢ SPMS: secondary-progressive MS.

4 DD: disease duration.

¢ SD: standard deviation.

f Moderate efficacy Disease Modifying Therapy (DMT): Dimethyl fumarate, IFN, Teriflunomide, Glatiramer acetate.
8 High efficacy Disease Modifying Therapy (DMT): Fingolimod, Cladribine, Rituximab, Ocrelizumab, Natalizumab.
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ATP1A1-Reverse  5-TTCAGTCTTTCCGGGTGTTC-3’;  ATP2B1-Forward 5-TGCAGCCATAGTATCATTGGG-3’;  ATP2BI-Reverse
5'-AGCTCCTTCAAT CCAACCAG-3’; ATP2B4-Forward 5-AAAGACCCCATGTTGCTCTC-3’; ATP2B4-Reverse 5'-CCCCTTCGTCATCCT-
CATTG-3’; SLC8A1-AS1-Forward 5-CAGTCGTGTTCGTCG CACTT-3’; SLC8AI-ASI-Reverse 5-GCTGCCCGTGACGTTACCTAT-3’;
GAPDH-Forward 5-GGAGTCAACGGATTTGGTCGT-3’; GAPDH-Reverse 5-GCTTCCCGTTCTCAGCCTTGA-3’; G6PD-Forward 5-ACA-
GAGTGAGCCCTTCTTCAA-3’; G6PD-Reverse 5-ATAGGAGTTGCGGGCAAAG-3’. The 2 2 formula was used to calculate the differential
gene expression, as previously described [41]. Briefly, the cycle threshold (Ct) values for each gene were normalized to the housekeeping
control Ct values. The obtained data were used as negative exponent of 2.

2.4. Immunofluorescence and flow cytometry analysis

Flow cytometric immunofluorescence analysis was performed on PBMC and on peripheral blood samples. PBMC were isolated by
centrifugation of peripheral blood on a Ficoll-Paque cushion (GE Healthcare, Uppsala, Sweden) gradient, as previously described [42].
The following antibodies were used: PE anti-human CD3 (BD Pharmingen, San Diego, CA, USA, clone UCHT1), PE-Cy5 anti-human
CD16 (eBioscience, Carlsbad, CA, USA, clone CB16), PE-Cy7 anti-human CD14 (eBioscience, Carlsbad, CA, USA, clone 61D3), rabbit
polyclonal anti-NCX1 mAb (Abgent, San Diego, CA), PE anti-FoxP3-all (eBioscience, San Diego, CA, USA, clone PCH101),
PE-FoxP3-exon 2 (eBioscience, San Diego, CA, USA, clone 250D/E4), FITC-anti-human Ki-67 (BD, Franklin Lakes, NJ, USA, clone B56).
For intracellular detection the fixation/permeabilization solution kit BD Cytofix-Cytoperm (BD Biosciences, Franklin Lakes, NJ, USA)
or the fixation and permeabilization FoxP3 buffer kit (eBioscence, San Diego, CA, USA), were employed according to the manufac-
turer’s instructions. For the comparative analysis of NCX1 expression levels on monocytes, fluorescence data were expressed as ratio of
mean intensity of fluorescence (MIF) value for the monocyte population and the control MIF value obtained after staining of the same
cell subset with the isotype control mAb, as described [43]. Flow cytometry analysis was performed by means the ATTUNE NxT
acoustic focusing cytometer (Life Technologies, Carlsbad, CA, USA). Data analysis was performed by using FlowJo Software (FlowJo,
LLC, Ashland, OR, USA). Due to the very low number of non classical monocytes we observed in our samples (less than 5 %), the
analyses were perfomed on classical and intermediate monocyte subsets.

2.5. Confocal analysis on PBMC and monocyte cultures

Single and triple confocal immunofluorescence procedures were perfomed on PBMC or monocytes seeded on poly-lysine pre-coated
glass dishes at 1x10%/ml in RPMI 1640 medium [44,45]. Monocytes were obtained from PBMC by using the 1-h plastic adherence
enrichment protocol [46]. Non-adherent cells were removed by thorough washing with RPMI-1640 (Thermo Fisher Scientific). The
adherent cells were maintained for 5 h in a humidified atmosphere containing 5 % CO5 at 37 C° in RPMI 1640 medium. Successful
isolation of monocytes (>90 %) was verified microscopically by immunofluorescence using the conjugated anti-CD14 Alexafluor647
(1:200, Abcam) and yielded about 1200 monocyte per mm?. This procedure was adopted to limit cell activation due to detachment and
resuspension. The viability was >95 %, as assessed with propidium iodide uptake. Then, cell cultures were fixed in 4 % wt/vol
paraformaldehyde in phosphate buffer for 30 min. After blocking, cells were incubated with the following antibodies for 24 h: mouse
monoclonal anti-NCX1 (1:1000, Swant, Bellinzona, Switzerland), rabbit polyclonal anti-CD16 (1: 1000, Abcam), and conjugated
anti-CD14 Alexafluor647 (1:200, Abcam). Cells were incubated with the corresponding fluorescence-labeled secondary antibodies
(Alexa488-or Alexa594-conjugated anti-mouse or anti-rabbit IgGs). DAPI was used to stain nuclei. The coverslips and the cells were
mounted with Vectashield (Vector Labs, Burlingame, CA). Images were observed using a Zeiss LSM 700 laser (Carl Zeiss) scanning
confocal microscope. Images were taken with an optical thickness of 0.7 pm and a resolution of 1024 x 1024. All staining and
morphological analyses were blindly conducted.

NCX1 fluorescence intensity was quantified in terms of pixel intensity using Image J software, as previously described [45,47].
Images were collected at 40 x or 60 x oil immersion objective lens keeping identical laser power settings and exposure times for all
photographs from each experimental set.

The intensity of CD16 and NCX1 fluorescence along plasma membrane was measured in labeled cells not touching neighboring
cells. The images were contrast enhanced for optimal detection embody shape. To improve visualization, images were first thresholded
and then converted to binary images. A line scan along the perimeter of the cell labeled with NCX1 or CD16 antibodies was drawn
using the free hand selection tool generated using Image J software. Fluorescence intensity along the cell perimeter was determined
from the non inverted images by using the plot profile plug-in and the area to line option. The number of NCX1 positive cells in PBMC
cultures was determined by manual counting. Sevent to eight non-overlapping random region of interest (ROI) per slide were acquired
from each patient (n = 3). Data from each patient were performed in duplicate and at minimum of 200 cells were counted at each
condition. The average of all ROI in individual patients was used as the representative value. Measurements were made blind to the
experimental group.

2.6. Statistical analysis

The statistical evaluation of data was performed with the non-parametric Mann-Whitney test Spearman’s correlation test, or simple
linear regression by using GraphPad Prism 6.0 software (GraphPad Software, Inc, La Jolla, CA, USA). The data are expressed as the
mean + S.E.M of the values obtained from individual experiments. Sample size were indicated in the figure legends. Two-sided p
values less than 0.05 were considered significant. A single, double or triple asterisks were used to indicate p < 0.05, p < 0.01 or p <
0.001 values, respectively.
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3. Results
3.1. NCX1 transcripts levels decreased in PBMC from secondary progressive MS donors

To investigate the expression profiling of SLC8A1 and SLC8A3 genes, encoding NCX1 and NCX3 exchangers respectively, mRNA
was isolated from PBMC of healthy controls, RRMS and SPMS donors, and transcripts were analyzed by RT-PCR. As showed in Fig. S1,
no significant changes in SLC8A3 transcripts were found in PBMC from RRMS or SPMS patients, when compared to healthy controls
(Fig. S1, B). Conversely, SLC8A1 transcripts were significantly reduced in PBMC isolated from SPMS, when compared to healthy
subjects (Fig. S1, C). Accordingly, confocal immunofluorescence analysis revealed a significant reduction of NCX1 fluorescence in-
tensity and NCX1-positive cells in PBMC isolated from SPMS donors when compared to healthy controls (Fig. S1, D-F). To note,
confocal analysis performed on PBMC from healthy controls revealed NCX1 immunosignal in round cells with kidney-shaped nucleus,
resembling a monocyte-like morphology (Fig. S1, c).

Aok R1 Lymphocytes
R2 Monocytes
& R3 Granulo: S
800 ulocyte: = R1 = R2 = R3
-le 2 2
N R3 €| 2 2 23
800 = .
8 o| B 27 23
) Ol= S 23
o o| & 5 EE :
000123400'1“2 '3400"5-'2 i
—_— 1w 10! 10° 10° 10 107 10" 1% 10° 10 10" 10" 1% 1Y 10
>
. NCX1 Mean Intensity of Fluorescence (MIF)
T T T
o 200 400 600 800 10K
>
>
FSC
C RRMS RRMS
B CTRL EDSS<3 EDSS>4 SPMS
oM 1 100 100 100
4
_ E w0 0] 50 80
3 J ] ]
(8] (8]
) 00K - & w0 w0 w0
2] [}
U 20 20 20 20

1 W o' o et e
»

p<

108 D p<0.005
o 111 ..p<0‘005 ..
104 .
e 91 . °

CD14

0.001 500 1000

SSC

CTRL RR‘MS RRMS RRMS SPMS
EDSS<3 EDSS24

NCX1 expression on CD14* monocytes
(MIF fold increase vs isotype control)

Fig. 1. Expression profiling of NCX1 in MS subjects and healthy controls. A, left panel; Flow cytometry of peripheral blood from a represen-
tative healthy control showing the gating strategy to identify lymphocytes (R1), monocytes (R2) and granulocytes (R3); right panels show NCX1
staining profile (bold line) in R1, R2 and R3 regions, as indicated; isotype control staining is shown as plain line; B, Flow cytometry from a
representative healthy control showing the gating strategy to identify CD14" monocytes. C, NCX1 staining profile in CD14" monocytes from a
representative healthy control (magenta), RRMS with EDSS<3 (dark green), RRMS with EDSS>4 (light green) and SPMS subject (blue); the dotted
line shows the isotype control staining; D, Cumulative analysis of NCX1 expression on CD14" monocytes from healthy controls (CTRL, magenta
column), total RRMS (grey column), RRMS with EDSS <3 (dark green column), RRMS with EDSS>4 (light green column) and SPMS (blue column)
subjects. NCX1 expression in CD14" monocytes has been evaluated as MIF fold increase respect to isotype control staining in the same population.
Data are the means + SEM. CTRL, n = 12; total RRMS n = 24; RRMS with EDSS <3, n = 15; RRMS with EDSS >4, n = 9; SPMS n = 6. Two-tailed
Mann Whitney test; *p < 0.05; **p < 0.01; ***p < 0.001.
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3.2. NCX1 protein increased in intermediate monocytes from transitional RRMS donors
Then, we investigated NCX1 protein expression and distribution in circulating leukocyte subsets. Flow cytometry analysis of

circulating leukocytes revealed the preferential expression of NCX1 protein in monocytes (R2 region) from healthy controls (Fig. 1A).
Therefore, we explored NCX1 expression in whole CD14" blood monocytes, including both the CD147CD16 ™~ and the CD14"CD16™"
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Fig. 2. NCX1 expression in monocyte subpopulations from MS donors. A, Flow cytometry plots showing the gate strategy to identify
CD14"CD16~ and CD14"CD16" monocytes in a representative healthy control. B, Flow cytometry plots showing the percentage of CD14"CD16~
and CD147CD16" monocytes in a representative healthy control (CTRL magenta), RRMS with EDSS <3 (dark green), RRMS with EDSS>4 (light
green) and SPMS (blue) subject. C-D, Cumulative analysis of the amount of circulating CD14"CD16~ (C) and CD147CD16" (D) monocyte subsets in
healthy controls (CTRL, magenta column), total RRMS (grey column), RRMS with EDSS <3 (dark green column), RRMS with EDSS>4 (light green
column) and SPMS (blue column) subjects. E-F, Cumulative quantitative analysis of NCX1 expression in CD147CD16~ (E) and CD147CD16" (F)
monocytes from healthy controls (CTRL, magenta column), whole RRMS cohort (grey column), RRMS with EDSS <3 (dark green column), RRMS
with EDSS>4 (light green column) and SPMS (blue column). Data are the means + SEM. CTRL n = 12; total RRMS n = 24; RRMS with EDSS <3 n =
15, RRMS with EDSS >4 n = 9; SPMS n = 6. Two-tailed Mann Whitney test; *p < 0.05; **p < 0.01; ***p < 0.001.
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subsets, from healthy controls, RRMS, and SPMS donors (Fig. 1B). To better discriminate NCX1 levels in monocytes during RRMS
course, donors were stratified according to their disability status, as evaluated by using the EDSS index, to include RRMS with EDSS<
3.0 (with moderate disability), and transitional RRMS with EDSS >4.0 (with higher disability). The RRMS group included both RRMS
patients with EDSS <3 and transitional RRMS with EDSS >4. As showed in Fig. 1C and D, NCX1 protein levels in monocytes were not
significantly different among healthy controls, total RRMS subjects and RRMS donors with EDSS <3. Conversely, NCX1 protein levels
significantly increased in monocytes from RRMS donors with EDSS >4, when compared to healthy controls and the other RRMS
groups. Moreover, the protein exchanger levels were significantly lower in SPMS monocytes when compared to either RRMS with EDSS
>4 or the whole RRMS cohort.

In light of the evidence supporting an important role of intermediate CD147CD16™ monocytes in the pathophysiology of auto-
immune diseases, including MS [12], we investigated whether dysregulated NCX1 levels may be ascribed to a specific monocyte subset
during MS course. To this aim, we first analyzed the percentage of classical CD14"CD16 ™~ and intermediate CD14"CD16" monocytes in
MS donors at different disease stages (Fig. 2). Flow cytometry showed a decreasing trend of classical monocyte counts during MS
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Fig. 3. Distribution of NCX1 immunoreactivity in monocytes from transitional RRMS and SPMS donors. A, Representative images of confocal
triple immunofluorescence analysis displaying the co-expression of NCX1 expression (magenta) with CD14 (cyan) and CD16 (green) markers on
monocyte cultures from healthy controls (a—e), RRMS with EDSS>4 (f-j) and SPMS (k-o0) donors. The cell nucleus is stained with DAPI (blue). The
co-expression of CD14, CD16, and DAPI and those of NCX1 with DAPI are showed in panels d, i, n and e, j, o, respectively. Arrows point to NCX1
expression in classical CD147CD16~ monocyte subsets. Arrowheads point to NCX1 expression in intermediate CD14"CD16™ monocytes. Note the
internalized NCX1 immunosignal in double-labeled monocytes with bright CD14" and CD16" plasma membrane immunoreactivities in cultures
from SPMS donors (k-o0). Scale bars: 20 pym. B-C, Quantitative analysis of CD16 (B) and NCX1 (C) surface fluorescence intensities (at plasma
membrane) on CD14"CD16" monocyte cultures from healthy controls, RRMS with EDSS >4, and SPMS donors. Data were normalized as percentage
of controls. The values represent the mean + S.E.M. of the data obtained from three independent patients in each group (n = 3). Statistical sig-
nificance was determined by Mann-Whitney test p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 4. Correlation of circulating Treg percentage with NCX1 expression level in monocytes of MS subjects. A, Correlation, as evaluated by
Spearman’s test, between the percentage of circulating Treg and NCX1 expression levels in monocytes of the whole MS cohort. B, Correlation
between the percentage of circulating Treg expressing the Exon2 of the Foxp3 transcription factor and NCX1 expression levels in monocytes of the
whole MS cohort. C, Flow cytometry plots indicating the percentage of ki67 and Foxp3 transcription factor on CD4" T lymphocytes (left panels) and
the percentage of ki67 and Foxp3Ex2 transcription factor on CD4" T lymphocytes (right panels) in a representative healthy control (magenta col-
umns), RRMS (grey columns) and SPMS (blue columns) subject. D-E, Cumulative analysis of the growth ability, as represented by the expression of
the ki67 molecule in the Treg subset expressing the Foxp3 transcription factor (D) or in Treg cells expressing the exon 2 of the Foxp3 (E) in healthy
controls (magenta columns), total RRMS (grey columns) and SPMS (blue columns) subjects. NCX1 expression in CD14" monocytes has been
evaluated as MIF fold increase respect to isotype control staining in the same population. Data are the means + SEM. CTRL, n = 12; total RRMS n =
24; SPMS n = 6. Two-tailed Mann Whitney test; *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 5. mRNA profiling expression of SLC8A1, ATP1A1, ATP2B1, ATP2B4, and IncRNA SLC8A1-AS1 in PBMC from MS donors. A-E,
Expression levels of SLC8A1 (A) SLC8A1-AS1 (B) ATP1A1 (C), ATP2B1 (D), ATP2B4, (E) mRNAs in PBMC derived from MS patients and healthy
subjects. Transcripts levels were plotted according to the relative expression (2-ACt method) measured in PBMC from healthy controls (CTRL, n =
8), RRMS with EDSS <3 (n = 7); RRMS with EDSS >4 (n = 7) and SPMS subjects (n = 10). Two-tailed Mann-Whitney test; *p < 0.05; **p < 0.01;
**%p < 0.001. F-I, Scatter plot of SLC8A1 vs. SLC8A1-AS1 in healthy controls (F), SLC8A1 vs. ATP2B1 in RRMS with EDSS <3 (G), SLC8AI vs.
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individual patients; the black line indicates the linear regression line.
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progression. Conversely, the percentage of intermediate CD14"CD16" monocytes increased in RRMS donors, and more so, in SPMS
subjects (Fig. 2A-D). Despite this trend of increase, the absence of statistical significance in the RRMS group with EDSS >4 may result
from the limited number of samples. Analysis of NCX1 levels showed no significant changes in both classical CD14"CD16™ and in-
termediate CD147CD16" monocyte subsets from RRMS donors with EDSS <3, when compared to healthy controls (Fig. 2E and F). By
contrast, a significant increase in NCX1 expression was measured in both monocyte subsets from RRMS subjects with EDSS >4, if
compared to both RRMS with EDSS <3 and SPMS groups. In intermediate CD147CD16" monocytes, the levels of NCX1 were
significantly higher if compared to healthy controls (Fig. 2E and F). Conversely, both classical CD147CD16~ and intermediate
CD14"CD16™ monocytes from SPMS donors displayed reduced NCX1 protein levels if compared to RRMS group with EDSS >4 (Fig. 2E
and F). No significant difference in NCX1 expression were observed between classical and intermediate monocytes from healthy
controls.

These results demonstrated that NCX1 levels were upregulated in monocytes, particularly in the intermediate subsets, during the
transitional RRMS stage, while they were reduced at the SPMS stage.

Next, to confirm flow cytometry data, we performed confocal triple immunofluorescence analysis with anti-NCX1, anti-CD14 and
anti-CD16 antibodies in monocyte cultures obtained from transitional RRMS with EDSS >4 and SPMS donors, and analyzed both NCX1
and CD16 immunofluorescence signals along the cell plasma membrane. NCX1 immunosignal was detected in both CD14"CD16~
(arrows) and CD147CD16™" (arrowheads) subsets isolated from healthy controls (Fig. 3A). The fluorescence intensity analysis revealed
the increased CD16 expression along the plasma membrane of intermediate monocytes from SPMS patients, if compared to healthy
controls (Fig. 3A and B). Interestingly, whereas NCX1 plasma membrane immunoreactivity was significantly higher in CD14"CD16"
monocytes from RRMS donors with EDSS >4, it was reduced in those from SPMS subjects, when compared to both RRMS with EDSS >4
and healthy controls (Fig. 3C). NCX1 immunosignal was scarcely detected or internalized in both CD147CD16~ and CD147CD16"
subsets from SPMS donors (Fig. 3A-C).

3.3. NCX1 levels in monocytes significantly correlated with the percentage of circulating regulatory T cells (Treg) in MS subjects

Cell-mediated immune-modulation dependent on Treg subset represents a key element in the control of MS pathogenesis/pro-
gression [48-50]. Moreover, the expression of the exon 2 of the Foxp3 transcription factor (Foxp3-E2) has been largely associated with
effective immune suppression [51,52]. Based on these observations, we investigated the relationships between NCX1 levels on
monocytes and the percentage of circulating Tregs expressing Foxp3 or Foxp3-E2 in MS subjects. With the aim to investigate the
possible interference of NCX1 protein levels in MS monocytes on the general mechanisms involved in immune tolerance control, the
RRMS group was examined as a whole. A significant positive correlation was observed between NCX1 expression on monocytes and the
percentage of Treg lymphocytes expressing the Foxp3 transcription factor (Fig. 4A), as well as those expressing the Foxp3-E2 (Fig. 4B).
To explore whether changes in Treg levels might be due to their enhanced growth ability, we evaluated the ki67 proliferation marker
expression (Fig. 4C-E). A significant growth rate increase was detected in Tregs from the total RRMS group, if compared to both
healthy and SPMS donors; no difference was observed between healthy controls and SPMS subjects. Conversely, and in line with
previous findings [51], the growth rate of Treg lymphocytes expressing the Foxp3-E2 significantly decreased in both RRMS and SPMS
groups (Fig. 4E). These findings suggest that NCX1 levels in circulating monocytes might be considered a relevant element for Treg
differentiation regardless their expression of Foxp3E2 in MS subjects.

Table 2
Linear regression analysis between SCL8A1 and associated regulatory molecules in healthy controls and MS patients.
Patients Gene fx) R? P-value
Controls SLC8A1-AS1 Y = 0.3757*X + 0.06916 0.9255 0.0005
ATPI1A1 Y = 8.790*X - 1.755 0.3644 0.1512
ATP2B1 Y =11.12*X - 1.606 0.4605 0.0937
ATP2B4 Y =0.1174*X + 1.783 0.01119 0.8214
RRMS SLC8A1-AS1 Y = 0.4093*X + 0.02923 0.3162 0.1888
EDSS<3 ATPI1A1 Y = 8.835*X + 0.02281 0.3195 0.1861
ATP2B1 Y = 5.579*X - 0.007253 0.6380 0.0312
ATP2B4 Y = 5.741*X + 0.3882 0.2835 0.2186
RRMS SLC8A1-AS1 Y = 0.4744*X + 0.05007 0.9803 <0.0001
EDSS>4 ATPI1A1 Y =17.97*X - 3.565 0.9664 <0.0001
ATP2B1 Y =7.107*X 4+ 11.59 0.1520 0.3873
ATP2B4 Y = 1.990*X - 0.2367 0.9618 <0.0001
SPMS SLC8A1-AS1 Y = 0.2076*X + 0.1134 0.1906 0.2072
ATP1A1 Y = 4.568*X - 0.4250 0.5009 0.0220
ATP2B1 Y = 23.37*X - 2.104 0.3999 0.0498
ATP2B4 Y = 2.530*X + 1.407 0.2554 0.1580

The table shows the equation f(x), R? and P-value for each gene. The P values < 0.05 are highlighted in bold.
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3.4. SLC8AI1 transcripts levels positively correlated with ATP1A1, ATP2B4, and SLC8A1-AS1 levels in PBMC from transitional RRMS
donors

Finally, we investigated the dynamics of SLC8A1 mRNA levels in PBMC from MS patients and whether they might be correlated to
transcripts changes of functionally coupled Na*/K-ATPase (NKA), Ca?*-ATPase (PMCA) pumps or the len SLC8A1-ASI.

RT-PCR analysis revealed that SLC8A1, SLC8A1-AS1, ATP2B1, and ATP2B4 transcripts significantly decreased in PBMC from RRMS
donors with EDSS <3, when compared to healthy controls (Fig. 5A-B, D-E). Conversely, all transcripts, except ATP2B4, significantly
increased in transitional RRMS donors with EDSS >4, when compared to RRMS with EDSS <3 (Fig. 5A-E). ATP1A1 transcripts were
significantly reduced in PBMC from SPMS patients when compared to transitional RRMS with EDSS >4 (Fig. 5C). SLC8AI and SLC8A1-
AS1 mRNAs were significantly reduced in both RRMS with EDSS <3 and SPMS donors when compared to healthy controls (Fig. 5A and
B).

Next, to better understand the relationship between SLC8A1 expression changes and associated regulatory molecules in PBMC from
MS donors we performed a linear regression analysis between SLC8A1 transcripts and ATP1A1, ATP2B1, ATP2B4, and SLC8A1-AS1
mRNA levels (Table 2). SLC8A1 levels positively correlated with SLC8A1-AS1 in healthy controls, with ATP2B1 in RRMS patients with
EDSS <3, and with ATP1IA1 and ATP2B1 in SPMS donors. Interestingly, in PBMC from transitional RRMS patients with EDSS >4,
SLC8AI1 levels positively correlated with ATP1A1, ATP2B4, and SLC8A1-AS1 levels (Fig. S5F-L).

These findings indicated that a perturbation of transcripts encoding the PMCA1 and PMCA4 pumps, the NKA alphal subunit, and
the SLC8A1-AS1 mRNAs accompanied the stage-specific NCX1 dysregulation during MS.

4. Discussion

The present study shows that NCX1 exchanger expression is significantly dysregulated in blood monocytes during MS progression.
Our analyses revealed divergent changes of NCX1 during the transitional RRMS phase and after SPMS conversion. More specifically,
whereas NCX1 protein increased in both classical and intermediate monocyte subsets from transitional RRMS donors with EDSS >4, a
downregulated exchanger expression was found in monocytes from SPMS patients. Perturbation of NCX1 transcript levels in PBMC was
accompanied by an altered expression profiling of the ion transport ATP1A1, ATP2B1, and ATP2B4 genes and of the IncRNA SLC8A1-
AS1 mRNAs during MS stages.

Our initial RT-PCR and flow cytometry studies showed that NCX1 levels were expressed in PBMC, particularly in blood monocytes
of healthy controls, a subpopulation representing around 4-10 % of circulating PBMC. This observation may explain why a limited
number of NCX1-positive cells were observed in our confocal studies on PBMC cultures. A more detailed analysis revealed that NCX1
protein levels were unchanged in monocytes from RRMS with moderate disability (EDSS <3), while they significantly increased in
those from transitional RRMS patients with EDDS >4. The heterogeneity of NCX1 levels in this latter group might reflect the diverse
biological characteristics of transitional patients. Nevertheless, these findings suggest that NCX1 signalling may be relevant for
monocyte activities during SPMS conversion, a phase characterized by exhausting compensatory mechanisms and clinically apparent
deterioration in cognitive, motor and autonomous functions [53]. Previous findings from our and other research groups have provided
evidence that NCX1 is expressed in both circulating and CNS resident myeloid cells, i.e. monocytes and microglia, and upregulated by
inflammatory stimuli [20,28,29]. In microglia-macrophages the upregulated NCX1 signalling regulates cell activation, migration, and
phagocytosis-stimulated respiratory burst [28,54-56]. More recently, Neurobert et al. [30] pointed to NCX1 signalling as an important
ionic mechanism to sense increased Na® levels in monocyte/macrophages, and showed that NCX1 function is required for
Na'-dependent increase of the proinflammatory activity. Although the molecular event leading to NCX1 increase and its functional
role during RRMS conversion to SPMS remains to be clarified, we showed that NCX1 levels at this stage significantly increased within
classical (CD14"CD16") and intermediate (CD14"CD16") monocytes. Compelling data indicate that such monocyte subsets represent
distinct developmental stages, with the intermediate subset being the direct intermediary link between the immature classical and the
more mature non classical monocyte subsets [57]. It is of relevance that intermediate monocytes, a subtype that expand during MS
course, is a more active inducer of inflammation and has a direct role in neuronal damage [58,59]. In accordance, we found that
CD14"CD16" monocytes expanded during disease course, particularly at SPMS stage, a time point coinciding not only with the
reduction of NCX1 levels in PBMC and monocytes, but also with increased sodium levels in MS brain [8-10]. In line, our confocal
analysis showed that NCX1 immunoreactivity significantly decreased at plasma membrane level in intermediate SPMS monocytes, if
compared to both RRMS with EDSS >4 group and healthy controls. The fact that, however, it was still observed within the cytosol may
possibly explain why in flow cytometry studies the decreased levels of NCX1 did not reached the statistical significance if compared to
healthy controls.

These findings not only suggest that NCX1 may contribute to monocyte heterogeneity and inter-subset plasticity during MS pro-
gression [58], but also that its reduction might be relevant for MS progression.

In line with this observation, we found a positive correlation of NCX1 expression in monocytes with the percentage of Treg
lymphocytes, the immune modulating T cell subset responsible for restraining excessive inflammation and whose frequency decreases
after conversion to SPMS [48]. Such T cell subset regulates effector cells in terms of clonal expansion, differentiation, cytokine profile
and tissue migration. Treg also acts at level of T/dendritic cell interaction during the antigen-priming in the lymphoid organs also
inhibiting the immune response in peripheral tissues [60]. Moreover, Treg-dependent suppressor activity significantly correlates with
the expression of the exon 2 of Foxp3-E2 [51,52]. Accordingly, we observed a clear decrease in Treg growth ability in MS subjects,
preferentially affecting the Treg lymphocytes expressing the Foxp3E2, largely associated with effective immune-modulating activity.
Cytokine microenvironment, physiologically dependent on multiple immune populations, including monocytes, has been described to
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interfere with Treg differentiation [61,62]. Previous studies have shown that NCX1 signalling is able to activate nuclear factor of
activated T-cells 5 (NFAT-5)- dependent pathways in myeloid cells and influence pro-inflammatory TNFa production in monocytes
[29,30]. Based on these observations, our findings propose that NCX1 imbalance in monocytes may participate to the deranged
pro-inflammatory cytokine control pathogenetically relevant for MS progression. Although further studies are required to investigate
the mechanistic link between NCX1 levels in monocytes and Treg differentiation, by us consistently found, it is possible to speculate
that dysfunctional NCX1 and/or ion pumps in monocytes, by influencing sodium and calcium homeostasis may interfere with
monocyte-dependent cytokine production, likely affecting Treg differentiation. These phenomena have been proposed to influence the
molecular/cellular network regulating peripheral immune tolerance. In support, a recent study showed that increased sodium levels
induce a pro-inflammatory signature and Treg dysfunction [63]. Considering the critical role of NCX activity in pain response [64,65],
it would be interesting to investigate NCX1 expression on dorsal root ganglion and spinal cord regions of MS patients. Consistent with
the differential expression of NCX1 during MS course, previous studies have shown that brain NCX1 was largely co-expressed with
Nav1.6 channels in p-amyloid precursor protein APP" neuronal axons of acute post-mortem SPMS lesions. Conversely, it was not found
in demyelinated axons of chronic SPMS lesions [66]. These findings support the hypothesis that energy consumption over time may
contribute to altered distribution of NKA and NCX1 in degenerating axons finally leading to their failure in chronic lesions of SPMS
brain [67]. In line, our data showed that transcripts encoding both NCX1 and the NKA alphal subunit declined in PBMC after con-
version to SPMS. Interestingly, emphasizing the critical role of ionic imbalance for disease progression [8-10], we found that the
transcripts encoding NCX1, the plasma membrane Ca™2-ATPAse PMCA1 and PMCA4 subtypes decreased in PBMC from RRMS donors
with EDSS <3. These findings suggest that a reduced expression and/or activity of calcium-regulating plasma membrane transporters
during RRMS course may alter the ionic gradient and indirectly influence NCX1 expression and activity at the transitional stage. The
positive correlation we found between the increased SLC8A1 transcripts levels and associated regulatory molecules at this transitional
stage further support this hypothesis and highlights the importance of ionic dysregulation in PBMC during MS progression.

Although an altered NCX function in neurons and oligodendrocytes might be more critical than those in PBMC, it should be
considered that infiltrating PBMC influence key functions of resident microglia-macrophages, such as removal of tissue and myelin
debris, propagation of inflammation, and myelin repair, thus having subsequent effects on other CNS cells [68]. In progressive MS, the
peripheral myeloid, along with B and T cell populations, take up residence within leptomeninges and the Virchow-Robin spaces, where
complex interactions between peripheral and CNS resident cells serve to maintain these cellular aggregates and further propagate CNS
injury [69]. Hence, the manipulation of peripherally monocyte-macrophages may provide a therapeutic treatment option to target
resident cells during MS course, including oligodendrocytes for myelin repair [70]. Whether the reduced expression of NCX1 and ion
transporters regulating calcium and sodium homeostasis contribute to the loss of critical macrophage functions likely producing an
anti-inflammatory environment during MS progression remains to be answered. Similarly, further studies are needed to investigate on
the concomitant role of the lcn SLC8A1-AS1 during MS. Several evidence have shown that NCX1 downregulation can be determined by
epigenetic modifications and microRNAs (miRNAs) under ischemic conditions [71,72]. Whether such modifications associate with
NCX1 expression changes during MS progression remains to be explored.

Finally, there are several limitations in this study that could be addressed in future research. First, our study was performed on
limited number of patients and without taking into account the sex or different disease-modifying therapies (DMTs) of MS patients, as
they were randomly enrolled. In fact, this latter complex topic requires a specific experimental design which takes into account lack of
randomization. In this regard, we have previously showed that glatiramer acetate is a DMT treatment that modulated Ca®>* homeo-
stasis in B cells of RRMS patients [73]. Nevertheless, although we cannot exclude the possibility that NCX1 expression changes might
be influenced by the different DMTs, we didn’t observe any difference in NCX1 levels among subgroups of RRMS or SPMS patients
under a moderate or high efficacy DMT regimen (Fig. S2).

Another limitation of our study concerns the lack of functional experiments that will be crucial for understanding the significance of
NCX1 expression changes observed in our study, and how these changes influence the buffering capacity and/or ion concentration
within the cells as well as inflammation and cell survival. These detailed analyses will require combined functional experiments
applied to isolated PBMC, including cultures of monocyte-macrophage subtypes, from the different MS cohorts, and during the
different stages of MS disease.

5. Conclusions

Collectively, our findings demonstrated a stage-specific dysregulation of NCX1 exchanger and other ion transporters regulating
calcium and sodium homeostasis in PBMC of MS subjects. Furthermore, they suggest that NCX imbalance in monocytes may influence
their functional response, thus affecting the regulation of the cell-mediated immune-modulating network during MS progression.
These data, by providing a mechanistic insight into heterogenicity of monocytes and deranged regulation of the immune response
during MS course may be relevant for the identification of novel biomarkers and/or therapeutic targets in MS.
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