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Abstract

Background Multiple sclerosis (MS) is a disabling autoimmune demyelinating disorder affecting young people and
causing significant disability. In the last decade, different microRNA (miRNA) expression patterns have been associated
to several treatment response therapies such as interferon and glatiramer acetate. Nowadays, there is increasing inter-
est in the potential role of MiRNA as treatment response biomarkers to the most recent oral and intravenous treat-
ments. In this study, we aimed to evaluate serum miRNAs as biomarkers of No Evidence of Disease Activity (NEDA-3)
at 2 years in patients with relapsing remitting MS (RRMS) treated with fingolimod.

Main body A Discovery cohort of 31 RRMS patients treated with fingolimod were identified from the CLIMB study
and classified as No Evidence of Disease Activity (NEDA-3) or Evidence of Disease Activity (EDA-3) after 2 years on
treatment. Levels of miRNA expression were measured at 6 months using human serum miRNA panels and compared
in EDA-3 and NEDA-3 groups using the Wilcoxon rank sum test. A set of differentially expressed miRNA was further
validated in an independent cohort of 22 fingolimod-treated patients. We found that 548a-3p serum levels were
higher levels in fingolimod-treated patients classified as NEDA-3, compared to the EDA-3 group in both the Discovery
(n=31; p=0.04) and Validation (n=22; p=0.03) cohorts 6 months after treatment initiation; miR-548a-3p provided an
AUC of 0.882 discriminating patients with NEDA-3 at 2 years in the Validation cohort.

Conclusion Our results show differences in miR-548a-3p expression at 6 months after fingolimod start in patients
with MS with NEDA-3 at 2 years. These results provide class lll evidence of the use of miR-548a-3p as biomarker of
NEDA-3 in patients with fingolimod.
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Background
Multiple sclerosis (MS) is an autoimmune demyelinat-
ing disease of the CNS [1]. Currently, cerebral MRI is the
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RNA [3]. Circulating miRNAs can be detected in blood
and are stable following extended storage, freeze—thaw-
ing, and extreme pH [4, 5]. Their stability, along with the
development of sensitive methods for their detection
and quantification [6] makes circulating miRNAs ideal
candidates for biomarkers. Previous studies performed
in our Comprehensive Longitudinal Investigation of
Multiple Sclerosis at the Brigham and Women’s Hos-
pital (CLIMB)-cohort have identified different miRNA
expression patterns associated with MS type, disease
progression and MRI features, being considered potential
biomarkers of disease and disability [7-9]. In addition,
there is growing evidence of the role of miRNA as a bio-
markers of treatment response in MS [10, 11].

In the present study, we investigated the role of serum
miRNA as predictors of No Evidence of Disease Activity
(NEDA-3) at 2 years in patients treated with fingolimod.
We hypothesize that miRNA expression levels could act
as biomarkers of sustained NEDA-3 at 2 years in patients
under fingolimod treatment.

Methods

Study population

The aim of this study was to identify circulating miRNAs
and evaluate their role as biomarkers of NEDA-3 status at
2 years in MS patients on fingolimod treatment (Class III
level of evidence). Samples from patients with MS were
obtained from the CLIMB Study. CLIMB is an ongoing
longitudinal cohort study that follows more than 2000
patients with clinical examinations, MRI, and blood sam-
pling done on a yearly basis. For the present study, we
analyzed the serum miRNA of patients diagnosed with
MS as defined by the McDonald criteria 6 to 12 months
after fingolimod treatment start [1] regarding NEDA-3
status. Blood samples were collected between 10:00 am
and 17:00 pm, following oral fingolimod intake as pre-
scribed by the neurologist in charge in real-life clini-
cal practice. Patients achieving NEDA-3 were patients
whose EDSS remains unchanged, have no relapse nor
disease activity in MRI during the 2 years follow-up
period. Patients who had relapses, brain MRI activity, or
sustained disability worsening were classified as showing
evidence of disease activity (EDA-3).

Standard protocol approvals and consent forms

Written informed consent was obtained from all patients
included in the CLIMB Study. This study was approved
by the Mass General Brigham Humans Research
Committee.

Study design
The study was performed in two phases: discovery and
validation phase (Fig. 1). In the discovery phase, 652

Page 2 of 8

Total RNA extraction
LNA based qPCR for 652 serum miRNAs
Data analysis = select miRNA candidates (p<0.05)

Discovery set -
MS-fingolimod (n=31) -
v
Validation set
MS-fingolimod (n=22)

Fig. 1 Flowchart. Flowchart showing the study design. gPCR
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miRNAs were measured in fingolimod-treated patients
(n=31). We compared between patients with NEDA-3
versus EDA-3 status at 2 years.

Based on the rank order from the discovery phase
and availability of the miRNA in the second custom-
ized panel, a subset of miRNA was measured in the vali-
dation set of fingolimod-treated patients (n=22). The
demographic characteristics of the groups are shown in
Table 1.

Samples and methods

Blood samples were collected in glass red-top serum
vacutainer tubes without additives (BD, Franklin Lakes,
NJ); serum tubes were kept at room temperature for 30
to 60 min. Each sample was centrifuged at 2000 rpm
for 10 min to separate serum and then stored at —70 °C
until RNA extraction. Serum was frozen within 2 h of the
blood draw.

Quantification of miRNA

RNA isolation

RNA was isolated using the miRcury kit (Exiqon,
Woburn, MA) and converted to complementary DNA
using a ¢cDNA synthesis kit from Exiqon following the
manufacturer’s instructions. Prepared complementary
DNAs were stored at —20 °C until use.

Quantitative reverse transcriptase PCR

Locked nucleic acid (LNA) SYBR green-based real-time
PCR Human Panel I and II (Exigon) containing 652 miR-
NAs were used for profiling in the discovery phase. Nor-
malization was performed using NormFinder. The best
normalizer was found to be the average of assays detected
in all samples. All data were normalized to the average of
assays detected in all samples. The formula used to cal-
culate the normalized Cq values (dCq) is: dCq=average
assay Cq—assay Cq. The Cq value represents the number
of PCR cycles required for the miRNA signal to reach a
certain threshold, and is used as a measure of the amount
of RNA present in the sample. A positive dCq value indi-
cates that the target of interest is more expressed in the
sample in question than in the reference sample, while
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Table 1 Demographic and clinical characteristics of the patients included in the study
Discovery set
All sample NEDA 3 EDA-3
No. of participants 31 19 12
Mean age (SD) 40.71 (9.81) 41.79(10.17) 39(9.38)
Females % 71 737 66.7
Mean EDSS score (SD) 1.52(1.17) 1.5(1.07) 1.54 (1.36)
Mean relapses in the previous 2 years 0.65 (1.54) 0.74 (1.85) 0.5(0.9)
Validation set
All sample NEDA 3 EDA-3
No. of participants 22 17 5
Mean age (SD) 44.36 (11.09) 4265 (10.89) 50.18 (10.79)
Females % 81.8 824 80
Mean EDSS score (SD) 1.82(1.28) 1.38(1.11) 3.3(0.27)
Mean relapses in the previous 2 years 045 (0.67) 0.53(0.72) 0.2 (0.45)

a negative dCq value indicates less expression. The dCq
value is often used to calculate the relative expression of
a target in different samples by normalizing the miRNA
expression values to a reference.

miRNA targets and pathways

We performed in silico miRNA target analysis and
enrichment analysis using DIANA-miRPath v3.0 [12].
To identify the target genes we used TarBasev7.0. To
perform pathway analysis we used Kyoto Encyclopedia
of Genes Genomes (KEGG) [13]. In a similar way Gene
Ontology (GO) analysis was also performed to find the
enriched categories.

T cell isolation and transfection

We performed an exploratory functional analysis to
evaluate the effect of the miRNA on T regulatory (reg)
cells, by using miRNA mimics and inhibitors, meas-
uring the percentage of CD4+CD25+Foxp3 (Treg)
population and cytokine production. Pan T cells from
PBMCs of healthy control donor were isolated using
Pan T cell isolation kit (Miltenyi Biotec, Bergisch Glad-
bach, Germany). Approximately 75X 10 [3] cells were
seeded per well in a U-bottom 96-well plate followed by
transfection with miRNA-548a-3p mimic or inhibitor
or negative control (Qiagen, Hilden, Germany). Briefly,
mimic (20 nM) or inhibitor (50 nM) was mixed with
HiPerfect transfection reagent to prepare transfection
complex and followed the manufacturer’s protocol for
transfection of suspension cells. Cells were grown for
24 h at 37 °C in incubator with 5% CO,. Transfection
efficiency was determined by analyzing the expression

of miRNA 548a-3p by qRT-PCR as discussed above.
U6snRNA was used as loading control for miRNA
expression.

FACS analysis of T cell-associated markers

Approximately 75x 10? cells were transfected (7= 6) with
miRNA 548a-3p mimic or inhibitor or negative control in
a U-bottom 96-well plate and incubated for 24 h in cell
culture medium containing 10% heat inactivated FBS.
This was followed by replacing the medium with fresh
culture medium and induction with anti-CD3/28 (Stem-
Cell, Vancouver, Canada) for additional 24 h. After the
incubation was over, cells were stained with anti-CD4
APC/Fire 750, anti-CD25 Pacific blue and anti-FoxP3
FITC, anti IL17 Percp/Cy5.5, anti IFNy PE/Cy7 (BioLe-
gend, San Diego, CA, USA), anti IL10 BV711 (BD Bio-
sciences, San Jose, CA, USA), anti Akt2 AF647 (R&D
System, NE Minneapolis, MN, USA) and fix viability dye
(Invitrogen, Waltham, MA, USA) as previously described
[14]. After staining was done, cells were resuspended in
FACS buffer. Cell samples were then run in LSRFortessa""
Cell Analyzer (BD Biosciences) and data were analyzed
using FlowJo software.

Statistical analysis

Values are listed as mean =+ SD or range. Patients achiev-
ing NEDA-3 at 2 years in the discovery set were com-
pared to patients with EDA-3 for each miRNA using a
Wilcoxon rank sum test. A Wilcoxon rank sum test was
used so that participants with miRNA levels below the
limit of detection (missing or undetected values) could
contribute to the analysis. Undetected expression values
were assigned a value lower than the smallest observed
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value from all participants. All miRNAs were then rank
ordered based on the Wilcoxon rank sum test p value. An
adjusted p value from proportional odds model adjusting
for age, sex and EDSS at baseline was also obtained. To
select miRNAs for the validation phase, we chose up to 5
miRNAs based on (1) the Wilcoxon rank sum test p value
and (2) the presence at a second pre-customized human
miRNA panel, with the requirement that the miRNA was
expressed by at least 50% of the participants in at least
one of the groups and the p value was less than 0.05. In
the validation phase, each miRNA identified based on the
discovery phase was compared between the NEDA-3 and
EDA-3 patients using the same approach as in the discov-
ery phase.

The receiver operating characteristic curve is a graphi-
cal approach for investigating the sensitivity and speci-
ficity at all possible cutoft values for a predictor, and the
area under the receiver operating characteristic curve
(AUC) provides an estimate of the miRNA'’s ability to dis-
criminate the groups compared [15]. The AUCs were cal-
culated for each miRNA. We also compared the miRNA
expression level between the groups using a proportional
odds model to adjust for age and sex. The proportional
odds model is a generalization of the Wilcoxon rank sum
test that allows adjustment for other variables [16].

A miRNA was defined as significantly differentially
expressed in the validation phase if it was expressed by at
least 50% of the participants in at least one of the groups,
the Wilcoxon test p value was less than 0.05, and the
same direction of expression (up or downregulated) was
observed in both phases.

Finally, we studied the correlation between lymphocyte
counts and NEDA-3 at 2 years and between lympho-
cyte counts and miRNA expression using Wilcoxon test
or Spearman correlation depending on the nature of the
variables.
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Statistical analysis was completed using the statistical
packages R (www.r-project.org) and Stata/IC version 17
(www.sata.com).

Data availability

Anonymized data not published within this article will be
made available by request from any qualified investigator.
The principal author had full access to those data and has
maintained the right to publish all data independent of
any third party. This study has been approved by our hos-
pital’s Ethics Committee and follows the STARD guide-
lines (Additional file 1).

Results

We included a total of 53 patients (Fig. 1), mean age
42.2 (SD: 12.20) years, 75.47% females, mean EDSS 1.64
(SD: 1.15), 0.6 (SD: 1.5) relapses in the previous 2 years
(Table 1). There were 6 treatment naive patients, 3 in
the first cohort and 3 in the second cohort). Mean time
from treatment start to blood sampling was 8.4 (SD 2.8)
months. Three EDA-3 patients were treated with ster-
oids between 6 and 12 months from fingolimod start in
a range between 2 weeks and 10 months before blood
sampling.

In the discovery set 31 patients were studied, 40.71
(9.81) years old, 71% women, mean EDSS 1.52 (SD: 1.17),
0.5 (SD: 0.9) relapses in the previous 2 years.

In the validation set, 22 patients were studied, 44.36
(11.09) years old, 81.8% women, mean EDSS 1.82 (1.28),
0.45 (SD: 0.67) relapses in the previous 2 years (Table 2).

A total of 24 miRNA were differentially expressed
between patients with MS under fingolimod treatment
regarding NEDA-3 at 2 years. After filtering using the
selection criteria, 5 miRNAs were chosen for further
validation. We found that miR-548a-3p was significantly
differentially expressed in MS patients with sustained

Table 2 Validated serum miRNA differentially expressed between patients achieving NEDA-3 and EDA-3 at 2 years

miRNA Discovery cohort (n=31)

Validation cohort (n=22)

Mean expression

Mean expression

NEDA-3 EDA-3 Adjusted p value* NEDA-3 EDA-3 Adjusted

p value*
Hsa-mir-487b.3p —8.540 —-9.691 <0.001 —6.404 —7.354 0.135
Hsa-mir-380.3p —10.808 —11.467 0.008 —9.573 —9.225 0.761
Hsa-mir-376b.3p —7.446 —8.125 0.011 —6.670 —7.025 0.348
Hsa-mir-548a-3p —7.223 —-8.176 0.044 —5585 —-7.199 0.031
Hsa-mir-301b —8375 —8499 0.024 —7378 —7.550 0.252

Top 5 miRNA expressed in both cohorts
miRNA microRNA, MS multiple sclerosis

*Adjusted p value from proportional odds model adjusting for age, sex and EDSS at baseline
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NEDA-3 at 2 years compared to EDA-3 regarding the
Wilcoxon rank sum test p value and after adjusting for
sex, age and EDSS at baseline (Fig. 2).

In the Validation cohort, we found that miR-548a-3p
provided an AUC (0.882) discriminating patients with
NEDA-3 at 2 years. A graphic representation of the ROC
curves is included in Fig. 3.

Immune associations

We evaluated associations with lymphocyte counts.
There was no difference in lymphocyte counts at
6-12 months from fingolimod onset in the EDA-3 and
NEDA-3 groups at 2 years (Wilcoxon p value=0.98).
Moreover, there was no correlation between the lym-
phopenia grade 1 or 2 at 6-12 months and NEDA-3 at

miR-548a-3p miR-548a-3p
0 0
AFokok 2 i
— T T 1
51 e o3 4 oo
H
g .-:-!-._. 3 : g . ..’ .
2 % T‘;'_ = 6] oot
10 .o : . oo e
8 ° *
o oo
-15 T T -10 T T
NEDA3 EDA3 NEDA3 EDA3

Discovery cohort Validation cohort
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2 years (p value=0.36) nor lymphopenia grade 3 or 4 and
NEDA-3 at 2 years (p value=0.7), included in Additional
file 2: Table S1.

In addition, we explored the correlation between lym-
phopenia and miRNA expression and we did not find a
correlation between the lymphocyte counts and miR-
548a-3p in the discovery set (Wilcoxon p value=0.84)
nor the validation set (Wilcoxon p value=0.67).

Regarding the exploratory functional analysis, we suc-
cessfully isolated T cells from the donors and effectively
transfected them with miR-548a-3p mimic or inhibitor as
shown in the qPCR results included in Additional file 2:
Fig. S1.

The output measurements including the percentage
of CD4+CD25+Foxp3 (Treg) population and cytokine
production including IL-17, IFNg and IL-10, and did not
reveal any significant difference between the groups with
miR-548a-3p mimics or inhibitors compared to the con-
trol group.

Pathways and target genes

There were 247 genes targeted by miR-548a-3p using
Tarbasev7.0. We identified two pathways non-alcoholic
fatty liver disease (nafld/hsa04932) and viral carcino-
genesis (hsa05203) in which there were 11 and 7 genes,
enriched, respectively.

Using GO analysis many categories were enriched.
Among them the top three enriched pathways were orga-
nelle (150), molecular function (227) and biological pro-
cesses (222).

In the enrichment analysis AKT2, PIK3R1, PIK3R3 and
PIK3CB were the main target genes regulated by miR-
548a-3p (Fig. 4).
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Fig. 3 ROC curves for 548a-3p expression levels in the Discovery (Cohort 1) and Validation cohort (Cohort 2). ROC curve for NEDA-3 vs EDA-3

regarding miR-548a-3p in the Discovery (A) and Validation (B) cohort
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Fig. 4 Predicted target genes

The exploratory functional analysis revealed that miR-
548-3p mimic alone significantly increased mean fluores-
cence intensity (MFI) of Treg although it did not change
the percentage of Treg population, cytokine production
or AKT?2 expression in T cells (Additional file 2: Fig. S1).

Conclusions

We have identified and validated the presence of changes
in an easily accessible serum miR-548a-3p among
patients treated with fingolimod achieving NEDA-3 and
EDA-3 at 2 years in two independent cohorts.

Previous studies have demonstrated the role of miRNA
as biomarkers of disease in MS [6]. A classical approach
based on a two-step strategy using a Discovery and Val-
idation cohort is widely used for disease and treatment
response biomarker search [7]. In our study, we validated
one miRNA, miR-548a-3p, as a biomarker of treatment
response in patients with MS under fingolimod therapy.
We found that miR-548a-3p provided an AUC (0.882) in
discriminating patients with NEDA-3 at 2 years in the
Validation cohort. These results provide a new tool for
monitoring treatment response in clinical practice.

Previous studies have shown that miR-548a-3p is dys-
regulated in autoimmune diseases [17-19]. miR-548a-3p
has been found to inhibit the proliferation and activa-
tion of macrophage-like (pTHP-1) cells by regulating the
TLR4/NF-kB signaling pathway in rheumatoid arthri-
tis [17]. Moreover, miR-548a-3p has been involved in

keratinocyte proliferation by targeting PPP3R1 and T
regulatory cells, pointing out a possible implication in the
pathogenesis of psoriasis, a T cell-mediated autoimmune
disease [18]. More recently, miR-548a-3p has been found
to be significantly upregulated in acute graft-versus-host
disease patients, suggesting its role as a potential non-
invasive biomarkers in this disease [19]. However, our
study is the first one to identify miR-548a-3p as treat-
ment response biomarker in MS patients under fingoli-
mod treatment.

Beyond the role of miR-548a-3p as treatment response
biomarker in MS patients treated with fingolimod, we
performed an enrichment analysis to identify potential
pathways and targets. In the enrichment analysis AKT2,
PIK3R1, PIK3R3 and PIK3CB were the main target genes
regulated by miR-548a-3p. Some studies have pointed
out the link between miR-548a-3p and SP1 therapies.
Akt2 is one of the genes involved in the intracellular sign-
aling cascade connected to S1IP1 and CXCR4, which has
been found to be a predictive target gene of miR-548a-3p
according to our enrichment analysis. Moreover, miR-
548a-3p was also found to be associated with protein
kinase cascades, lymphocyte proliferation, and apopto-
sis in human lymphoblastoid cell lines [20]. In addition,
Akt2 has been shown to be regulated by fingolimod in
studies performed in animal MOG-induced EAE mod-
els [21]. However, according to our exploratory func-
tional analysis, miR-548a-3p alone does not have a great
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effect on Treg number nor cytokine production through
Akt2 expression, suggesting that miR-548a-3p main
effect might be driven by regulation of these other tar-
gets (PIK3R1, PIK3R3 and PIK3CB), other cell types and/
or by effect on other compartments such as the central
nervous system which will need further attention. Pre-
viously reported roles of miRNA included in Validation
cohort are shown in Additional file 2: Table S2 [17-19,
22-25].

Moreover, we explored the association between total
lymphocyte counts and miRNA expression. We did not
find any correlation between lymphocyte counts nor lym-
phopenia levels 1-2 or 3—4 and miR-548a-3p expression.
These results may point out that the source of circulat-
ing miR-548a-3p could not only be cells, but also micro-
vesicles, exosomes, or apoptotic bodies in which miRNA
is packaged [26, 27].

Moreover, there was no correlation between total lym-
phocyte counts and NEDA-3 at 2 years. Our results are
in concordance with previous observations in which
the lack of association has been found after 12 months
in larger sample size from observational retrospective
studies [28]. It has been suggested that leukocyte sub-
populations might have a role in predicting response to
fingolimod [29]. Future studies exploring the relationship
between miR-548a-3p in different leukocyte subpopu-
lations, may give rise of the mechanism by which miR-
548a-3p participates in fingolimod response.

Among the main limitations of our study, participant
samples were collected from a single MS center and
there was a relatively small number of participants who
contributed to each group comparison. The exact time
between fingolimod oral intake and blood sampling was
not available. Corticoid treatment was applied when indi-
cated, according to treatment guidelines. Future work
will require larger sample sizes to ensure that we have
sufficient power to detect miRNAs with smaller effect
sizes and to further study the functional role of this
miRNA in MS.

As a whole, our study not only provides a new bio-
marker for treatment response in patients with MS under
fingolimod treatment, but also opens the door for future
research unraveling the functional role of miR-548a-3p in
fingolimod-treated MS patients.
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