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Department of Medical and Surgical Sciences, University of Foggia, Foggia, ltaly

Microvesicles (MVs) are released by immune cells especially of the myeloid lineage upon
stimulation with ATP on its cognate receptor P2X7, both in physiological and patholog-
ical conditions. In multiple sclerosis (MS) the role of MVs remains little investigated. We
aimed to compare the release of MVs in peripheral blood monocytes from MS patients
with healthy donors (HDs) and to see how current MS treatment may affect such a
production. We also assessed the treatment effect on M1 and M2 monocyte polarization
and on the inflammasome components. Spectrophotometric quantification was per-
formed to compare monocyte-derived MVs from 20 untreated relapsing-remitting MS
patients and 20 HDs and to evaluate the effect of different treatments. Subgroups of
nine interferon-beta and of five teriflunomide-treated MS patients were evaluated at
baseline and after 2, 6, and 12 months of treatment. Six MS patients taking Fingolimod,
after switching from a first-line therapy, were included in the study and analyzed only
at 12 months of treatment. MVs analysis revealed that monocytes from MS patients
produced vesicles in higher amounts than controls. All treatments reduced vesicle
production but only teriflunomide was associated with a downregulation of purinergic
P2X7 receptor and inflammasome components expression. The therapies modulated
MRNA expression of both M1 and M2 monocyte markers. Our results, suggesting new
molecular targets for drugs currently used in MS, may potentially provide useful novel
evidence to approach the disease.

Keywords: multiple sclerosis, microvesicles, monocytes, disease modifying drugs, Inferferon beta, Teriflunomide,
Fingolimod

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory disease that affects the central nervous system (CNS)
mainly in young adults with a complex predisposing genetic trait and plausibly needs a triggering
environmental insult (e.g., a viral infection) to promote the disease (1). Early diagnosis in MS is
important in order to initiate the opportune treatment, thus limiting the irreversible neurological

Abbreviations: MS, multiple sclerosis; CNS, central nervous system; EVs, extracellular vesicles; Abs, apoptotic bodies; MV,
microvesicles; EXOs, exosomes; CSF, human cerebrospinal fluid; CIS, clinical isolated syndrome; HDs, healthy donors;
IL-1B, interleukin-1p; IL-18, interleukin-18; TNFalpha, TNFa tumor necrosis factor-o; Argl, arginase 1; CHI3L1, chitinase
3 like 1; IL-10, interleukin-10; IL-6, interleukin-6; DMDs, disease modifying drugs; IFNb, interferon-beta; GA, glatiramer
acetate; P2X7R, purinergic P2X7 receptor; BzATP, benzoyl-ATP; MP, microparticle; NLRP3, NLR family pyrin domain
containing 3; PYCARD, PYD and CARD domain-containing protein; PBMNCs, peripheral blood mononuclear cells; KRH,
Krebs-Ringer solution; NOS2, nitric oxide synthase 2; NO, nitric oxide.
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damage that leads to severe clinical disabilities. To this aim, a
possible identification of biomarkers characterizing the different
MS phenotypes or indicative of treatment response is crucial,
therefore representing a relevant target for research efforts.

In recent years, increasing evidence has shown the role of
extracellular vesicles (EVs) as mediators of several cellular
functions, including cell-cell contact and transfer of secreted
molecules (2). EVs are membranous vesicles released by most
cells (3); although full agreement on EV identification and
contents is still lacking, they can be broadly classified as follows:
apoptotic bodies (800-5,000 nm in diameter); large microvesicles
(MVs) or ectosomes (MVs, 50-1,000 nm in diameter), produced
through direct budding of small cytoplasmatic protrusions;
and exosomes (EXOs, 40-100 nm in diameter) that arise in the
endocytic pathway (2). Several studies report the importance of
EVs (mainly MVs and EXOs) in CNS activities, e.g., in neuronal
signaling and immunological responses. Indeed, glia and neurons
secrete EVs and the recent literature indicates that intercellular
communication by EVs has versatile functional impact in CNS
homeostasis, including myelin formation, metabolic support, and
immune defense (4).

Besides physiological processes, EVs have been shown to
be involved in several neurological diseases as cargo of specific
potentially detrimental molecules (5). Several studies reported
alterations in the number and function of circulating EVs in
Alzheimer’s and Parkinsons diseases, epilepsy, stroke, and
traumatic brain injury (5). In the pathogenesis of MS, EVs show
both protective (e.g., inducing the maturation and migration
of oligodendrocyte precursor cells) and damaging functions.
As a matter of fact, they seem to be involved during relapses by
activating cells, by leading to migration through the blood-brain
barrier and spreading phlogosis in the CNS (6). Indeed, it has
recently been demonstrated that the amount of microglial EVs in
human cerebrospinal fluid (CSF) is higher in patients presenting
a clinical isolated syndrome (CIS) suggestive of MS or in relaps-
ing MS patients compared with healthy donors (HDs) or patients
affected by other non-inflammatory neurological disorders (7).
This overproduction of EVs in CSF is mirrored in higher numbers
of EVs released by platelets, leukocytes, and monocytes in the
blood of MS patients compared to HC (8).

The activation of CD4+ autoreactive T cells and their dif-
ferentiation into a Thl or Th17 phenotype are crucial events
in the initial steps of MS, though, in some forms of MS, the
monocytes are thought to be the primary cell type responsi-
ble for cellular pathology and tissue damage (9-13). In MS
pathology, activated monocytes largely represent the inflam-
matory infiltrate, depending on the type of disease and stage
of demyelinating activity. Despite the considerable presence of
activated monocytes in MS lesions, the features of circulating
monocytes are little understood, since very few studies focus on
their phenotypes in MS patients. Blood monocytes are thought
to play a key role due to their capability to secrete various immu-
noregulatory cytokines that regulate crucial immune functions
(14). The M1/M2 paradigm is currently used to categorize the
monocyte/macrophage functions (15, 16). Generally, M1 indi-
cates the classically activated macrophages and M2 refers to the
alternatively activated macrophages (17, 18). The polarization

of macrophages is expressed in terms of cell surface receptor
expression, effect or functions, cytokine, and chemokine pro-
duction (19). For example, interleukin-1f (IL-1B), IL-18, and
TNFalpha (TNFa) are typically associated with M1 activation,
whereas arginase 1 (Argl), chitinase 3 like 1 (CHI3L1), and
IL-10 fit an M2 signature (20).

Disease modifying drugs (DMDs) currently used for MS,
such as recombinant interferon-beta (IFNb)-la or -1b and
glatiramer acetate (GA), have been mostly designed to target
the activation and function of pathogenic auto-aggressive
T cells in MS, but the effects on both monocyte or macrophage
function have been clearly reported (21-23). Interestingly, in a
mouse model, GA has been reported to promote development
of anti-inflammatory type II monocytes (24). More recently,
we have demonstrated (25) the synergistic effects of GA and
Minocycline on peripheral blood monocyte-derived dendritic
cells in MS patients.

Recently, the involvement of ATP and its related receptors in
the phlogistic process has been recognized (26). In particular,
the purinergic P2X7 receptor (P2X7R), especially expressed on
cells of hematopoietic origin (26), seems to play a crucial role in
macrophage/microglial function as it is able to regulate cytokine
production and apoptosis. Furthermore, as evidence indicates
the P2X7R upregulation during inflammation, antagonists of
this receptor could be useful novel anti-inflammatory drugs.
The presence of ATP in the extracellular milieu is thought to
trigger signals that lead APCs to promote the innate immune
response (27). Notably, a lot of cytokines produced by P2X7R
activation [e.g., IL-1B, interleukin-18 (IL-18), interleukin-6
(IL-6) and TNFa] may promote innate immunity. We have pre-
viously demonstrated that P2X7R, IL-1B, and CD39 expressed
in monocytes from both MS and healthy controls can be affected
by GA (28). Bianco et al. have described a microparticle (MP)
shedding from microglia cell surface induced by stimulation of
P2X7R by ATP or the selective agonist benzoyl-ATP (BzATP).
They also showed that MPs store and release the inflammatory
cytokine IL-1B (29).

Stimulation of P2X7R triggers the rapid assembly of inflam-
masome signaling complexes (30) that include the NLR family
pyrin domain containing 3 (NLRP3), PYD and CARD domain-
containing protein (PYCARD), and Caspase-1, the protease
responsible for the IL-1B conversion from an inactive precursor
to an active secreted cytokine. In recent years, inflammasomes
have been gaining increasing attention in MS and its animal
model, experimental autoimmune encephalomyelitis (EAE).
As a matter of fact, NLRP3-deficient mice show an improvement
in EAE reducing Th1 and Th17 cells in the peripheral lymphoid
tissues and spinal cord (31, 32). Moreover, IFND interferes with
IL-1p production in mouse bone marrow-derived macrophages
by inhibiting NLRP1 and NLRP3 inflammasome activity and by
inducing IL-10 (33).

The aim of this study was to investigate the release of MVs
in P2X7R-stimulated monocytes from MS patients and HDs and
to see how current immunomodulatory treatments may affect
such production. We also aimed to assess the polarization of
monocytes in M1 and M2 subtypes. The treatment effect was also
evaluated on the inflammasome components.
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MATERIALS AND METHODS

Patients and Controls

Twenty relapsing-remitting DMDs untreated MS patients were
selected from the MS Center, Neurology Unit, Department of
Medical and Surgical Sciences, University of Foggia. The male
to female ratio was 1/4; the mean age at the time of blood with-
drawal was 35 + 9 years, the mean EDSS score was 2.9 + 1.2, the
mean disease duration 2.4 + 1.3. All the patients were clinically
inactive at the time of blood withdrawal, therefore totally steroid
free. Twenty HDs (8 M/12 F, mean age 34 + 9) were also included
into the study. Venous blood samples (20 ml each) were obtained
from all subjects in order to obtain purified monocytes from total
peripheral blood mononuclear cells (PBMNCs), before and then
during treatment at different time points, 2, 6, and 12 months
respectively. A subgroup of nine MS patients was given IFNb
treatment (44 pg/3 times a week subcutaneously) and a subgroup
of five was given teriflunomide (14 mg/once daily orally). All the
patients were responsive to treatments since neither relapses nor
steroid courses were reported during the period of the study.
Another group of six MS patients consuming fingolimod, after
switching from a first-line therapy, was included into the study
and evaluated only at 12 months of treatment.

Ethics Statement
The study has been reviewed and approved by the Ethical
Committee of the Ospedali Riuniti Foggia/University of Foggia.
Patients and HDs were given an informed consent to sign before
blood samples were taken.

Preparation of Monocytes

Peripheral blood mononuclear cells from untreated patients with
MS and HDs were isolated from freshly drawn venous blood by
density centrifugation, using a Lymphosep®, lymphocyte separa-
tion media (d = 1.077 g/ml) gradient (Biowest) as described by
the manufacturer.

10 ul of the cell suspension was mixed with 10 ul of 4% trypan
blue solution and live/dead cells were counted in a Bio-Rad TC-10
Automated Cell Counter in order to plate 1 X 10° cells into 35 mm
dishes and they were then incubated at 37°C and 5% CO, for 2 h,
the time required to let the monocytes adhere to the plate.

MV Isolation and Quantification

Monocyte-derived MVs were isolated by Differential
Centrifugation following the method described by Bianco et al.
(29). Briefly, cultured monocytes were washed with PBS and
then labeled with the fluorophore-conjugated phosphocholine
compound NBD Cs-Sphingomyelin dye (5 uM) for 5 min. After
extensive washing, monocytes were stimulated with BzATP
(200 puM for 30 min) dissolved in Krebs-Ringer solution (KRH,
125 mM NaCl, 5 mM KCI, 1.2 mM MgSO,, 1.2 mM KH,PO,
2 mM CaCl,, 6 mM b-glucose, and 25 mM HEPES/NaOH,
pH 7.4) or unstimulated using KRH buffer without BzATP as
control. Supernatants containing shed MVs were collected and
centrifuged at 300 X g for 10 min at 4°C two times in order to
remove cells and debris. Finally, the total green fluorescence of

shed vesicles present in the 200 pl of supernatant was assayed at
485/535 nm with a spectrophotometric system (1420 Multilabel
Counter Victor 2; Wallac). Arbitrary fluorescence units (AU)
of BzATP-stimulated monocytes were compared with arbitrary
fluorescence units of unstimulated monocytes.

RNA Purification and Quantitative Real-
time PCR (qPCR)

Total RNA from monocytes was isolated using the PureLink®
RNA Mini Kit (Ambion), according to the manufacturer’s
instructions. On-column digestion of DNA during RNA
purification was also performed using PureLink ™DNase to
exclude possible genomic contamination. The concentration of
RNA was determined by measuring the absorbance at 260 nm
using a NanoDrop 1000 Spectrophotometer. RNA (200 ng) was
reverse transcribed into cDNA (High Capacity cDNA Reverse
Trascription Kits—Applied Biosystem) that was used for sub-
sequent PCR amplification using TaqMan® Universal Master
MixII (Applied Biosystems) and gene specific Tagman® assays
(Applied Biosystems) for P2X7R (Hs00175721_ml), IL-1B
(Hs00174097_m1), TNFa (Hs01113624_g1), IL-6 (Hs00985639_
m1), IL-18 (Hs01038788_m1), Argl (Hs00968979_m1), CHI3L1
(Hs00171080_m1), interleukin-10 (IL-10) (00961622_m]l),
NLRP3 (Hs00918082_m1), PYCARD (Hs01547324_gH), and
CASP1 (Hs00354836_m1). qPCR was performed with a Step One
real-time PCR system (Applied Biosystems). The relative mRNA
levels were calculated using the comparative Ct method, using
beta-actin (Hs01060665_g1) as endogenous control.

Statistical Analysis

Statistical comparison between fluorescence of MVs, P2X7R,
IL-1B, IL-6, IL-18, TNFa, Argl, CHI3L1, IL-10, NLRP3,
PYCARD, CASP1 between differently in vitro stimulated mono-
cytes was performed using the non-parametric Mann-Whitney
U test for two independent samples or the multiple comparison
non-parametric Kruskal-Wallis test for independent samples
followed by a post hoc test. Longitudinal comparison between
fluorescence of MVs and also P2X7R, M1 and M2 markers as well
as inflammasome components on monocytes from MS patients
before and after 2, 6 or 12 months of IFND or teriflunomide treat-
ment was performed using the multiple comparison Friedman
non-parametric test followed by the non-parametric Wilcoxon
test for two related samples. p-Values < 0.05 were considered
significant.

RESULTS

IFNb and Teriflunomide Affect Monocyte-

Derived MV Production

The amount of MVs was only found to be higher (p < 0.01)
in MS patients compared to HD in unstimulated monocytes,
while, upon stimulation with BzATP, only the HD monocytes
exhibited a significant increase in fluorescence (p < 0.001).
Both IFNDb and teriflunomide were able to reduce the MV
production, but with teriflunomide the effect was even more
evident. As far as IFNb is concerned, a significant reduction
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of MV release (p < 0.05) was evident starting from the sixth
month of treatment and it further decreased after 1 year of
therapy (p < 0.01), whereas teriflunomide treated patients
already showed a progressive reduction from the second month
after the drug administration (p < 0.05), more significant after
6 months (p < 0.01) and even more after 1 year of treatment
(p < 0.001) (see Figures 1A-C).

Teriflunomide but Not IFNb Is Associated
with a Downregulation of P2X7R

No actual differences in P2X7R expression between MS patients
and HDs were found. Longitudinal analysis showed the different
effects of the two drugs. In the case of IFNb, unstimulated mono-
cytes displayed an increase in gene expression of the receptor up
to 6 months that was then reduced after 12 months (p < 0.05)
of treatment reaching the value of the pretreatment. The same

was observed in BzATP-stimulated monocytes. However, terif-
lunomide in unstimulated monocytes already downregulated the
receptor expression after 6 months of treatment (p < 0.05) also
keeping the expression low after 12 months. In BZATP-stimulated
monocytes, however, there were no statistically significant differ-
ences, as reported in Figure 2.

Teriflunomide Is More Effective than IFNb

in Downregulating M1 Markers

Comparing the untreated MS with the HDs, no significant differ-
ences were evident for IL-1B gene expression. Only the stimulation
with BzATP was able to increase (p < 0.05) the IL-1B expression,
and this was even clearer in the control group. Both treatments
in either unstimulated or stimulated conditions downregulated
IL-1B expression starting from 6 months of therapy (p < 0.05), as
reported in Figure 3A.

A B
2500 o 2500
2000 2000
—
1500 1500
) )
< 1000 J— < 1000
500 500
o ] 0 -
HDs ms HDs Ms
KRH BZATP

in MS patients followed from the baseline up to 12 months of therapy.

MVs

© 2 & 12 0 2 & 12 © 2 6 12 0 2 & 12
montis monttes
KRH BzATP KRH BzATP
IFNDb TERIFLUNOMIDE

FIGURE 1 | Comparison of microvesicle (MV) production between untreated MS and healthy donors (HDs): (A). monocytes-derived MVs released by unstimulated
cells Krebs-Ringer solution (KRH); (B) MVs produced by monocytes challenged with benzoyl-ATP (BzATP). Data obtained by spectrophotometric analysis are
expressed as mean + SEM of fluorescence arbritary unit (A.U.); (C) effect of interferon-beta (IFNb) and teriflunomide treatments on monocyte-derived microvescicles

IFND

values (‘p < 0.05; *p < 0.01; **p < 0.001).

P2X7R

BzATP
TERIFLUNOMIDE

FIGURE 2 | Purinergic P2X7 receptor (P2X7R) expression level by RT-PCR in unstimulated Krebs-Ringer solution (KRH) and benzoyl-ATP (BzATP)-stimulated
monocytes in MS patients from the baseline to 12 months of interferon-beta (IFNb) and teriflunomide treatments. Data are expressed as mean + SEM of fold change
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FIGURE 3 | Expression level of M1 markers evaluated by RT-PCR: interleukin-1p (IL-1B) (A), TNFalpha (TNFa) (B), IL-6 (C), and IL-18 (D) in unstimulated
Krebs-Ringer solution (KRH) or benzoyl-ATP (BzATP)-stimulated monocytes in MS patients at baseline and after 2, 6, and 12 months of treatments with
interferon-beta (IFNb) and teriflunomide. Data are expressed as mean + SEM of fold change values (*p < 0.05; *p < 0.01; **p < 0.001).
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The expression of the proinflammatory cytokine TNFa
showed no significant differences between the MS and the HDs.
From the longitudinal analysis, two different effects of the two
drugs emerged. In the case of IFND treatment, in both unstimu-
lated and stimulated conditions, there was a substantial increase
in cytokine gene expression up to 6 months of treatment that
was reduced at 12 months (p < 0.05) of therapy, again reach-
ing the pretreatment values. In contrast, teriflunomide, after a
non-significant increase in the expression at 2 months of treat-
ment, induced a downregulated TNFa expression at 6 months
of treatment that became statistically significant at 12 months
(p < 0.05), in both unstimulated and BzATP-stimulated mono-
cytes (Figure 3B).

In the case of IL-6, the gene expression in MS patients was
similar to that in the HDs. After conditioning with BzATP, a
clearly significant increase in IL-6 expression was detected in
both the control group (p < 0.01) and in untreated MS patients
(p < 0.001). IFND therapy did not modify IL-6 expression, while
teriflunomide seemed to exert its inhibitory effect at 12 months
(p < 0.05) of therapy, markedly attenuating the increase that was
recorded at 6 months (p < 0.05). This was statistically significant
in unstimulated monocytes (Figure 3C). Concerning IL-18, also
in this case no significant difference between the MS and HD
group was evident. Only upon stimulation of monocytes with
BzATP was a significant increase in IL-18 expression observed in

both control group and untreated MS patients (p < 0.05). IFNb
therapy did not change the expression of IL-18, while in the case
of teriflunomide, we observed a statistically significant decrease
between the second and 12th month of treatment (p < 0.05).
The statistical significance was only observed in unstimulated
monocytes, as shown in Figure 3D.

IFNb and Teriflunomide Mostly Modulate
M2 Markers

For Argl, the comparison between the untreated MS group
and the control group revealed a clearly higher expression in
MS patients. This occurred both in BzZATP in unstimulated and
BzATP-stimulated monocytes (p < 0.05). Both treatments, before
and after addition of BzZATP, were able to significantly decrease
the expression in a time-dependent manner since this reduction
was mostly evident after 1 year of treatment (p < 0.01), as shown
in Figure 4A.

The CHI3L1 gene expression was higher in MS patients than
in HDs, both before (p < 0.01) and after stimulation with BzZATP
(p<0.01). Following the therapy with IFNb, we observed a gradual
downregulation starting from 6 months of treatment (p < 0.05),
which was more evident after 12 months (p < 0.01). This effect
was only statistically significant in the unstimulated conditions.
In patients treated with teriflunomide, CHI3L1 gene expression
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FIGURE 4 | Expression level of M2 markers measured by RT-PCR: arginase 1 (Arg1) (A), chitinase 3 like 1 (CHI3L1) (B) and IL-10 (C) in monocytes with or without
benzoyl-ATP (BzATP) stimulation in MS patients monitored during 12 months of interferon-beta (IFNb) and teriflunomide administration (*p < 0.05; **p < 0.01;

reduction was only evident at 12 months of treatment (p < 0.01),
in both unstimulated and stimulated conditions (Figure 4B).

No significant differences between patients and controls
emerged from the analysis of IL-10 expression. However, it is
interesting to note that in non-stimulus conditions only IFNb was
able to induce an increase (p < 0.05) in this anti-inflammatory
cytokine, 10 times higher than the baseline. In contrast, teriflu-
nomide did not alter in any way the expression of this gene as can
be seen in the graphs in Figure 4C.

Teriflunomide Is More Effective than IFNb
in Downregulating Inflammasome

Components

The stimulation with BZATP was able to increase (p < 0.05) the
expression of NLRP3 and this was more evident in the control
group. IFND therapy only reduced the expression of NLRP3 at
12 months of treatment (p < 0.05), in both unstimulated and
stimulated conditions, while for teriflunomide a downregula-
tory effect was already evident starting from the sixth month
of dosing (p < 0.05) but this was only statistically significant in
unstimulated monocytes, as shown in Figure 5A. Interestingly,
only teriflunomide clearly reduced PYCARD expression (in both
unstimulated and stimulated conditions) and Caspase-1 expres-
sion (only in unstimulated conditions) especially at 12 months of
treatment (p < 0.05) (see Figures 5B,C).

Effects of Treatments at 12 months of
Therapy: Comparison between IFNb,

Teriflunomide and Fingolimod

Since fingolimod is a second-line treatment and, the treated patients
always switched from a first-line therapy, a pretreatment point was
not available for patients receiving this drug. Therefore, in order
to assess the effects of the three treatments, comparisons after
12 months of treatment were performed. All data were normalized
to unstimulated HD monocytes. The analysis of the data showed
that all treatments were able to significantly reduce MV production
compared to MS patients (p < 0.001), and also compared to HDs
(p < 0.001). This effect was observed in both unstimulated and
stimulated conditions. No difference was observed between the three
therapies (Figure 6A). It is worth considering that the expression
of the P2X7 receptor, only in the case of teriflunomide 12 months
drug administration, showed a downregulatory effect in unstimu-
lated monocytes, as shown in Figure 6B. All three drugs, however,
reduced IL-1B expression compared with the control group and with
the untreated patients, and this was evident in both unstimulated
and stimulated conditions. In particular, the decrease was more
evident in the case of teriflunomide (p < 0.001) (Figure 6C).

Only teriflunomide decreased M1 markers, such as TNFa
and IL-6, whereas both first- and second-line drugs were able to
reduce Argl and CHI3L1 gene expression (results not shown).
To investigate a possible mechanism of action through which

Frontiers in Neurology | www.frontiersin.org

August 2017 | Volume 8 | Article 422


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Blonda et al.

Multiple Sclerosis Treatments Affect Monocyte-Derived MV Production

NLRP3

KRH BzATP
TERIFLUNOMIDE

KRH BzATP

IFND

Fold Change

Caspasi 1

PYCARD

20

Fold Change
e = =
w o W

14
o

BzATP
TERIFLUNOMIDE

KRH BzATP
TERIFLUNOMIDE

FIGURE 5 | mRNAexpression level of inflammasome components NLR family pyrin domain containing 3 (NLRP3) (A), PYD and CARD domain-containing protein
(PYCARD) (B) and Capasi-1 (C) in either unstimulated or benzoyl-ATP (BzATP)-stimulated monocytes in MS patients observed during 12 months of interferon-beta
(IFNb) and teriflunomide treatments (*p < 0.05; **p < 0.01; **p < 0.001).
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FIGURE 6 | Effects of different treatments at 12 months of therapy on MV production (A), on purinergic P2X7 receptor (P2X7R) (B), and interleukin-14 (IL-1B)
(C) expression: comparison between interferon-beta (IFNb), teriflunomide, and fingolimod (*p < 0.05; “*p < 0.01; ***p < 0.001).

the drugs reduced MV release, we also analyzed the expression
of inflammasome components. Notably, NLRP3 was reduced by
IFND and teriflunomide, while PYCARD and Caspase-1 were
only reduced by teriflunomide (results not shown).

DISCUSSION

In this paper, we have demonstrated for the first time that the
drugs currently used for the treatment of MS seem to interfere
with the production of MVs from monocytes in MS patients.

We selected IFNb and teriflunomide as first-line drugs
because we wanted to evaluate the effects of two drugs with
potentially different mechanisms of action, immunomodulatory
for IFNb and more immunosuppressive for teriflunomide.

The aim of studying monocytes either in unstimulated or
BzATP-stimulated conditions was to report the specific effects of
treatments on MV release in conditions mimicking both a more
inactive or a more active phase of the disease. Even considering the
evident limitations of this kind of observation in vitro, the treat-
ment effects were mostly evident in BZATP-stimulated conditions.
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From the analysis of our data, it is evident that the mean
fluorescence value, which indicates the amount of MV produced,
is only higher in MS patients than in HD in unstimulated
monocytes, while, upon stimulation with BzATP, only the HD
monocytes exhibited a significant increase in fluorescence, as if
the monocytes of MS patients were already per se stimulated and
further stimulus did not modify their status.

It is worth reporting that both treatments decreased MV pro-
duction and in a time-dependent manner. Therefore, the longer
the patients were treated, the greater was the decrease. IFNb
started showing this effect after 6 months of treatment, while
teriflunomide displayed a more prompt inhibition. Our data are
consistent with the results published by Sheremata et al. (34),
which showed a marked reduction in plasma levels of micropar-
ticles produced by CD31+ endothelial cells in patients with MS
starting from 26 weeks of IFNb treatment. Jimenez et al. (35) had
previously observed the capability of IFNb to inhibit in vitro the
formation of MVs produced by endothelial cells exposed to the
serum of MS patients. As far as the teriflunomide is concerned,
the drug has only recently been approved and made commercially
available. Little is known about its mechanism of action and there
are no studies on its effects on MVs. We know that teriflunomide
is the active metabolite of leflunomide, an immunosuppressive
drug with anti-inflammatory properties approved for rheumatoid
arthritis. The mechanism of action of teriflunomide seems to be
related to inhibition of dihydroorotate dehydrogenase, a key
mitochondrial enzyme for the de novo synthesis of pyrimidine,
which is essential for the proliferation of B and T cells. Therefore,
its mechanism of action may be considered as immunosuppres-
sive. The effects on monocytes are not known yet. We showed for
the first time that this drug is able to modulate the MV produc-
tion in monocytes and this is evident from the second month of
treatment.

All treatments examined were capable of reducing the produc-
tion of IL-1B, but this decrease was associated with downregula-
tion of the P2X7R only in the case of teriflunomide. This was
statistically significant only in unstimulated monocytes, may be
due to the small data set recruited in this study. Moreover an
alternative pathway for the MV release which is independent of
P2X7 receptor activation may be hypothesized as recently it has
been emerging.

However, since the activation of the P2X7 receptor triggers the
inflammasome assembly which may induce the release of IL-1B
through the MVs, we decided to assess the expression levels of
the inflammasome components, such as NLRP3, PYCARD and
Caspase-1. IFNb therapy reduced the expression of NLRP3
only after 12 months of treatment, in both unstimulated and
stimulated conditions, while in the case of teriflunomide the
downregulatory effect was already evident at 6 months and even
more evident after 12 months of treatment. Interestingly, only
teriflunomide reduced PYCARD and Caspase-1 expression in
both conditions, especially at 12 months of treatment. It is worth
considering that IFNb seems to exert its ability to inhibit the
release of IL-1B via two routes: the downregulation of the gene
coding for the protein of the inflammasome complex and the
induction of IL-10 which is known to prevent the conversion of
pro-active IL-1B into IL-1B.

TNFalpha M1 marker was downregulated by both treatments
even if the effect was delayed, after 12 months for IFNb and
6 months for teriflunomide. There were no IFND effects on IL-6
or IL-18, whereas teriflunomide showed a downregulating effect
at 12 months of treatment.

Alternately activated monocytes seem to prevail in the disease,
given the increase in gene expression of Argl and CHI3L1 found
in untreated MS patients compared with healthy controls. The
treatments, however, were able to reduce this overexpression.
Our data confirm in humans the results published by Xu et al.
(36) in a preclinical setting. Using a high throughput microarray
gene technology that can detect up to 22,000 genes, they found an
overexpression of the Argl gene and that its inhibition improved
the course of EAE in the spinal cord of EAE mice, the animal
model for MS. Argl is an enzyme that converts arginine, compet-
ing with the nitric oxide (NO) synthase 2 enzyme involved in
the production of NO that was previously considered cytotoxic
and demyelinating, even though recent studies highlight a protec-
tive role for NO. Therefore, according to our data, an increased
expression of Argl would unbalance the reaction toward the
production of ornithine and urea rather than protective NO. But,
this is only a hypothesis in which Argl could have an independ-
ent pathogenetic role from NO, therefore it needs closer exami-
nation. Furthermore, according to the authors, the inhibition of
Argl with the synthetic antagonist ABH improved the course
of EAE. We found a reduced expression of the gene Argl as a
result of drug treatment of MS patients. Furthermore, this was
also evident for CHI3LI, a glycoprotein secreted by activated
macrophages and upregulated in many inflammatory conditions,
such as cancer, cardiovascular diseases, and neurodegenerative
diseases. A possible role for CHI3L1 in the pathogenesis of MS
is emerging. Moreover, Malmestrém et al. report that the CSF of
MS patients has elevated levels of CHI3L1, higher than those of
healthy controls that decreased following treatment with mitox-
antrone and natalizumab (37). In line with these data, we found
a higher gene expression of this glycoprotein in the monocytes
of untreated MS patients and a marked decrease in response to
therapy. Nevertheless, if we consider Argl and CHI3L1 as mark-
ers of protective innate immunity, it is difficult to understand
why it is inhibited by potentially beneficial treatments. As already
suggested by others (38, 39), we hypothesize a possible role of
alternately activated monocytes already in the early stages of the
disease. Therefore, at the beginning of the disease, all the inflam-
matory components are activated, including the M2 component,
which is considered to be anti-inflammatory that could balance
the proinflammatory one represented by M1 monocytes. In the
course of treatment, as a consequence of the reduced expression
of proinflammatory cytokines of the M1 component, we observed
a downregulation of the M2 markers. The content of the MVs
was not the aim of the present study, nevertheless Garzetti et al.
(40) recently reported that activated macrophages release MV's
containing polarized M1 and M2 mRNAs so to assume that the
polarization of the cell reflects the polarization of MVs released.
Therefore, we can hypothesize that the material carried by the
MVs (e.g., cytokines, miRNAs, RNAs, membrane receptors, etc.)
is able to modulate inflammation also by affecting the phenotype
of monocytes.
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Finally, we compared the treatment effects, including fingoli-
mod, at 12 months, since fingolimod, as a switching second-line
therapy, could not have had a baseline timepoint. Fingolimod was
as effective as IFND and teriflunomide in reducing the MV pro-
duction as well as IL-1B expression, while no effect was reported
on P2X7R, the other M1, M2 markers or the inflammasome
components. This final comparison confirms the more extensive
effect of teriflunomide.

CONCLUSION

Despite the increasing recognized relevance of EVs, the informa-
tion on the role of MVs in MS is still incomplete. Current litera-
ture suggests that MV detection may represent a very promising
strategy to gain pathogenic information, since they have been
indicated as important mediators of intracellular communica-
tion, they are emerging as new biomarkers of tissue damage and
they could be especially helpful to examine inaccessible districts.
However, to date, the role of monocytes-derived M Vs in Multiple
Sclerosis is still very little known and remains to be investigated.
Our results show for the first time that the drugs currently used
for the treatment of MS seem to interfere with the production
of MVs from monocytes in MS patients. The small number of
patients certainly represents a limitation for drawing clear con-
clusions from this study, which need to be confirmed in a wider
population. However, while leaving some questions unresolved,
the present observations suggest new molecular targets for
drugs currently used in MS, providing useful evidence leading
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