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Abstract: In multiple sclerosis (MS), fatigue is a frequent symptom that negatively affects quality
of life. The pathogenesis of fatigue is multifactorial and inflammation may play a specific role.
To explore the association between fatigue, central inflammation and disease course in MS in 106
relapsing-remitting (RR)-MS patients, clinical characteristics, including fatigue and mood, were
explored at the time of diagnosis. NEDA (no evidence of disease activity)-3 status after one-year
follow up was calculated. Cerebrospinal fluid (CSF) levels of a set of proinflammatory and anti-
inflammatory molecules and peripheral blood markers of inflammation were also analyzed. MRI
structural measures were explored in 35 patients. A significant negative correlation was found at
diagnosis between fatigue measured with the Modified Fatigue Impact Scale (MFIS) and the CSF
levels of interleukin (IL)-10. Conversely, no significant associations were found with peripheral
markers of inflammation. Higher MFIS scores were associated with reduced probability to reach
NEDA-3 status after 1-year follow up. Finally, T2 lesion load showed a positive correlation with
MEFIS scores and a negative correlation with CSF IL-10 levels at diagnosis. CSF inflammation, and
particularly the reduced expression of the anti-inflammatory molecule IL-10, may exacerbate fatigue.
Fatigue in MS may reflect subclinical CSF inflammation, predisposing to greater disease activity.

Keywords: relapsing-remitting multiple sclerosis (RR-MS); fatigue; inflammation; IL-10; NEDA-3; T2
lesion load

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous
system (CNS) characterized by inflammation, demyelination, and neurodegeneration.
The inflammatory process in MS is initiated and sustained by infiltration of autoreac-
tive T and B lymphocytes, the activation of microglia and astrocytes, and the release of
proinflammatory cytokines [1].

Fatigue which negatively affects quality of life in patients with MS is observed in all
disease phenotypes [2]. It is frequently present at the time of diagnosis, representing the
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onset symptom [3]. The pathogenesis of fatigue in MS is thought to be multifactorial [4].
Although it has been associated with the degree of disability and structural damage,
alternative mechanisms have been implicated, including dysfunction of the hypothalamic—
pituitary—adrenal axis, altered brain activation, and neurotransmitter release [4,5].

Although not completely elucidated, immunological and inflammatory mechanisms
may play important roles in the pathogenesis of MS fatigue [4]. Notably, fatigue is very
common in patients with autoimmune diseases such as systemic lupus erythematosus and
rheumatoid arthritis [6]. Moreover, increased serum levels of proinflammatory cytokines
have been associated with fatigue in different autoimmune conditions [7-9] and have
been demonstrated in chronic fatigue syndrome [7]. Previous studies have reported some
relationship between fatigue and peripheral inflammatory biomarkers. In particular, in MS
patients with fatigue, higher production capacity, increased mRNA expression, and serum
levels of specific inflammatory molecules such as IL-6 and TNF have been reported [8,10,11].
However, the association between fatigue in MS and peripheral inflammatory molecules
is still unclear; in fact, some investigations have not reported significant associations, and
most studies have been conducted on small samples [12-16]. Assessment of intrathecal
cytokine levels may help to identify markers of fatigue directly related to MS-specific
mechanisms [17]. In addition, cerebrospinal fluid (CSF) cytokines represent a reliable
marker of prospective disease activity in MS [18]. It is worthy of note that associations
have been reported between fatigue and worse MS course [19,20], suggesting that higher
levels of fatigue could characterize a subgroup of patients prone to develop greater disease
activity. Therefore, studying the association between fatigue and CSF inflammation could
be extremely useful to identify reliable biomarkers to predict disease course and tailor
treatment from the time of diagnosis.

In this paper, we explored in a group of relapsing-remitting (RR)-MS patients whether
fatigue assessed at diagnosis is associated with specific clinical features, and especially with
a particular cytokine profile in the CSF. Additionally, we examined whether fatigue at the
time of diagnosis could be a factor that predicts no evidence of disease activity (NEDA)-3,
after a one-year follow-up.

2. Materials and Methods
2.1. RR-MS Patients

We retrospectively analyzed the data of 106 consecutive MS patients enrolled between
2018 and 2020. Patients were admitted to the neurology unit of Neuromed hospital (Pozzilli,
Italy) and later diagnosed as suffering from RR-MS, based on clinical, laboratory and MRI
parameters according to McDonald’s diagnostic criteria [21]. The study, performed in
accordance with the Declaration of Helsinki, was approved by the Ethics Committee of
Neuromed hospital (CE numbers 06/17 and 11/17). All patients gave written informed
consent to participate in the study and to give their demographic and clinical data and
biological material for scientific research. Inclusion criteria were the established RR-MS
diagnosis and the ability to provide written informed consent to the study. Patients with
different autoimmune and inflammatory disease and with clinically relevant medical or
surgical conditions which might affect fatigue were excluded. No patient had a major
psychiatric diagnosis. At the diagnosis, demographic and clinical characteristics were
recorded, including disease duration, clinical disability evaluated with the Expanded
Disability Status Scale (EDSS) [22], and body mass index (BMI) calculated as weight
(kg)/height (m?). Fatigue, depression, and anxiety were also evaluated at the time of
diagnosis in all patients. Fatigue was measured with the Modified Fatigue Impact Scale
(MFIS), a 21-item questionnaire measuring the physical, cognitive, and psychosocial impact
of fatigue (maximum score of 84) [23]. In line with a previous study, we used a cut-off of 38
for MFIS scores [24], and clinically significant fatigue was evidenced. The Beck Depression
Inventory-Second Edition (BDI-II) was used to assess depressive symptoms [25]. Anxiety
was measured with the State-Trait Anxiety Inventory (STAI) form Y (STAI-Y) [26].
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Patients were followed up for one year. NEDA status was calculated for each patient
at the end of the follow up period. NEDA was defined as the absence of radiological and
clinical disease activity and the absence of disability progression (NEDA-3) [27].

Patients had not previously received either corticosteroids or immunoactive thera-
pies. Disease modifying therapies (DMT) were initiated after diagnosis as follows: I line
(interferon beta-1a 22 mcg = one patient; peginterferon beta-1a = one patient; teriflunomide
= three patients; glatiramer acetate = 12 patients; dimethyl fumarate = 57 patients), II
line (ocrelizumab = four patients; cladribine = five patients; fingolimod = eight patients;
natalizumab = 10 patients). DMTs were selected according to practical guidelines [28] by
neurologists blinded to MFIS values and CSF cytokines levels.

2.2. MRI Examination

Brain and spine MRI was performed at diagnosis, six months and one year after
diagnosis. Additional MRI scans were performed if clinical relapses occurred. MRI included
dual-echo proton density sequences, FLAIR, T1-weighted spin-echo (SE), T2-weighted fast
SE, and contrast-enhanced T1-weighted SE after intravenous gadolinium (Gd) infusion
(0.2 mL/kg), performed on 1.5- or 3.0-Tesla scanners. Radiological disease activity was
defined as the presence of a gadolinium-enhancing (Gd+) lesion on MRI scans performed
at diagnosis.

In 35 patients, cortical thickness and T2 lesion load were analyzed at diagnosis. All the
images were acquired using the 3T MR scanner (GE Signa HDxt, GE Healthcare, Milwaukee,
WI, USA). We used a 3D Spoiled Gradient Recalled (SPGR) T1-weighted sequence (178
contiguous sagittal slices, voxel size 1 x 1 x 1 mm?>, TR 7 ms, TE 2.856 ms, inversion
time 450 ms) and a 3D FLAIR sequence (208 contiguous sagittal 1.6 mm slices, voxel
size, 0.8 x 0.8 x 0.8 mm3, TR 6000 ms, TE 139.45 ms; inversion time 1827 ms). We first
segmented white matter lesions from FLAIR and T1 images by using the lesion growth
algorithm as implemented in version 2.0.15 of the lesion segmentation tool (www.statistical-
modelling.de/Ist.html (accessed on 14 May 2022)) for SPM12 (https:/ /www.fl.ion.ucl.ac.
uk/spm (accessed on 14 May 2022)). Furthermore, we used the computational anatomy
toolbox (CAT12, version 916, https://dbm.neuro.uni-jena.de/cat/ (accessed on 14 May
2022)) as implemented in SPM12 to extract individual cortical thickness values from lesion-
filled MR images. Finally, T2 lesion load was computed from 3D T1 and 3d FLAIR images
by using a well-established pipeline.

2.3. CSF Collection and Analysis

In all patients, CSF was collected at diagnosis by lumbar puncture. Lactate levels
and oligoclonal bands (OCB) were assessed. After withdrawal, CSF was centrifuged and
stored at —80 °C. Proinflammatory and anti-inflammatory molecules were analyzed using a
Bio-Plex multiplex cytokine assay (Bio-Rad Laboratories, Hercules, CA, USA). All samples
were analyzed in triplicate. Concentrations were expressed as picograms/milliliter. The
CSF molecules examined included interleukin (IL)-1p, IL-2, IL-4, IL-5, I1L-6, IL-7, IL-8,
IL-9, IL-10, IL-12, IL-13, IL-17, IL-1receptor antagonist (ra), granulocyte colony-stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSEF), interferon
(IFN)y, tumor necrosis factor (TNF), monocyte chemoattractant protein 1 (MCP-1)/CCL2,
macrophage inflammatory protein (MIP)-10c/CCL3, and MIP-1 3/CCLA4.

2.4. Blood Collection and Analysis of Peripheral Inflammatory Biomarkers

Blood samples were collected at diagnosis. Erythrocyte sedimentation rate (ESR) and
fibrinogen levels were measured. In addition, total white blood cells (WBC), neutrophils,
lymphocytes and platelets counts were assessed. The neutrophil-lymphocytes ratio (NRL)
was calculated as the quotient between the neutrophils and lymphocytes [29].
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2.5. Statistical Analysis

A Kolmogorov-Smirnov test was used to assess the normality distribution of vari-
ables. Data were shown as median (interquartile range, IQR). Categorical variables were
presented as number (N) and frequency (%). A p value < 0.05 was considered statistically
significant. Spearman’s nonparametric correlation was used to explore associations be-
tween not normally distributed variables. A Benjamini-Hockberg (B-H) test was applied
to control the false discovery rate and the Type I errors (false positives) when analyzing
correlations between MFIS and CSF inflammatory molecules. A box plot was used to depict
statistically significant differences between groups.

Logistic regression analysis was undertaken after one year (yes/no) with NEDA-3 as
the dependent variable. All variables with significance levels >0.05 by univariate analysis
were included in the multivariate models (method: enter).

Logistic regression analysis was used to explore the association between fatigue, as
measured by MFIS, and reaching NEDA-3 after one year, after adjustment by multiple
potential confounding factors.

All analyses were performed using IBM SPSS Statistics for Windows (IBM Corp.,
Armonk, NY, USA).

Missing data: disease duration in 3/106 patients (2.83%); radiological activity in 5/106
patients (4.71%); OCB in 2/106 patients (1.89%); CSF lactate in 2/106 patients (1.89%); BMI
in 4/106 patients (3.77%); BDI-1I, STAI-Y state/trait in 6/106 patients (5.66%); ESR in 1/106
patients (0.94%); fibrinogen in 2/106 patients (1.89%); WBC, lymphocytes, neutrophils, and
NLR in 3/106 patients (2.83%).

3. Results
3.1. Fatigue and Clinical Characteristics at the Time of MS Diagnosis

The clinical characteristics of MS patients are shown in Table 1.

Table 1. Clinical characteristics at MS diagnosis.

RR-MS
RR-MS patients N 106
Age, years Median [IQR] 34.02 [25.44-45.23]
Sex, F N (%) 70/106 (66)
BMI Median [IQR] 25.04 [22.43-28.65]
Disease duration, months Median [IQR] 5.7 [1.9-24.5]
EDSS at diagnosis Median [IQR] 1.5 [1-2.125]
Radiological activity, presence N (%) 39/101 (38.6)
OCB, presence N (%) 89/104 (85.6)
CSF lactate mmol /L Median [IQR] 1.42 [1.3-1.6]
MFIS_total Median [IQR] 24 [6.75-34]
BDI-II Median [IQR] 7 [2.25-11.75]
STAI-Y state Median [IQR] 41 [33.25-49.75]

STAI-Y trait

Median [IQR]

34 [30-45]

Abbreviations: BDI-1I, Beck Depression Inventory-Second Edition; BMI, body mass index; CSF, cerebrospinal
fluid; EDSS, Expanded Disability Status Scale; MFIS, Modified Fatigue Impact Scale; MS, multiple sclerosis; OCB,
oligoclonal bands; RR-MS, relapsing remitting-MS; STAI-Y, State-Trait Anxiety Inventory-form Y.

The MFIS total score showed strong positive correlations with the three subscales:
MFIS-physical, MFIS-cognitive, and MFIS-psychosocial (all Spearman’s r > 0.80, all p < 0.0001).

Using a cut-off of 38 for psychosocial scores, clinically significant fatigue was evi-
denced in 23/106 individuals (21.7%) of the MS cohort.
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We explored the correlations between fatigue and other clinical characteristics at the
time of diagnosis. A strong correlation was found between MFIS and mood scales. In
particular, positive correlations emerged with BDI-II (Spearman’s r = 0.539, p < 0.0001),
STAI-Y state (Spearman’s r = 0.347, p < 0.001) and STAI-Y trait (Spearman’s r = 0.491,
p <0.0001). No significant correlations were found between MFIS and the other clinical
characteristics explored (data not presented).

The subgroups qualified for I and II line DMT differed neither in the baseline MFIS
total score (p = 0.182), nor in any of its domains (MFIS physical p = 0.252; MFIS cognitive
p = 0.135; MFIS psychosocial p = 0.796).

3.2. Fatigue Is Associated with Reduced IL-10 CSF Expression

We explored the correlations between MFIS and the CSF levels of a set of proinflam-
matory and anti-inflammatory molecules at the time of MS diagnosis.

A significant association was found between MFIS and the CSF levels of IL-10 (Spear-
man’s r = —0.309, p = 0.001, and B-H adjusted p = 0.02, N = 106) (Table 2, Figure 1). The
median CSF IL-10 concentration was 1.59 pg/mL (IQR 0.71-2.66). No significant correla-
tions were found between MFIS and the other CSF molecules analyzed (Table 2).

Table 2. Correlations between MFIS and CSF inflammatory molecules at MS diagnosis.

CSF Molecules Spearman’s r p B-H Adjusted p
IL-1B —0.159 0.103 0.515
IL-2 —0.041 0.674 0.949
IL-4 —0.006 0.952 0.952
IL-5 —0.027 0.786 0.949
IL-6 —0.012 0.902 0.949
IL-7 —0.058 0.556 0.927
IL-8 —0.113 0.248 0.792
IL-9 —0.179 0.066 0.440
IL-10 —0.309 0.001 0.020
IL-12 0.026 0.791 0.949
IL-13 —0.088 0.370 0.792
IL-17 —0.083 0.396 0.792
TNF —0195 0.045 0.44
IFNy —0.013 0.893 0.949
IL1-ra 0.098 0.318 0.792
G-CSF —0.016 0.868 0.949
GM-CSF —0.112 0.254 0.792
MCP-1/CCL2 0.099 0.311 0.792
MIP-1 oc/CCL3 0.068 0.490 0.891
MIP-1 3/CCL4 —0.023 0.812 0.949

Abbreviations: B-H, Benjamini-Hockberg; CSF, cerebrospinal fluid; G-CSF, granulocyte colony-stimulating factor;
GM-CSE, granulocyte-macrophage colony-stimulating factor; IEN, interferon; IL, interleukin; IL-1ra, interleukin-
1 receptor antagonist; MCP, monocyte chemoattractant protein 1; MFIS, Modified Fatigue Impact Scale; MIP,
macrophage inflammatory protein; MS, multiple sclerosis; TNF, tumor necrosis factor.
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Figure 1. Correlation between MFIS total score and CSF IL-10 levels at MS diagnosis. Abbreviations:
CSF, cerebrospinal fluid; IL, interleukin; MFIS tot, Modified Fatigue Impact Scale total score; MS,
multiple sclerosis.

3.3. Fatigue Is Not Associated with Peripheral Inflammation

We explored the association between MFIS and peripheral inflammation in MS patients.
A set of peripheral blood inflammatory biomarkers has been evaluated at the time of MS
diagnosis including ESR (median [IQR] = 10 [5.5-20]), fibrinogen (median [IQR] = 311
[265-352]), WBC (median [IQR] = 6.9 [5.7-8.4]), lymphocytes (median [IQR] = 1.9 [1.5-2.3]),
neutrophils (median [IQR] = 4.3 [3.3-5.5]), and NLR (median [IQR] = 2.37 [1.77-2.95]).

No significant correlations were found between MFIS scores and the peripheral in-
flammatory biomarkers analyzed: ESR (Spearman’s r = 0.024, p = 0.809, N = 105), fib-
rinogen (Spearman’s r = —0.19, p = 0.849, N = 104), WBC (Spearman’s r = 0.04, p = 0.685,
N = 103), lymphocytes (Spearman’s r = —0.039, p = 0.693, N = 103), neutrophils (Spearman’s
r=—0.001, p =0.992, N = 103), and NLR (Spearman’s r = 0.004, p = 0.971, N = 103).

3.4. Baseline Fatigue Predicts NEDA-3 after One Year Follow-Up

We investigated predictive values of all variables listed in the Table 3 to reach NEDA-3
after one year in our RR-MS cohort. None of these variables was demonstrated to be
statistically significant predictors, except the MFIS total score and its psychosocial domain.
NEDA-3 was achieved in 61/101 (60%) of the patients independently on the type of DMTs
(50/74 for the I line and 11/27 for the II line).

Table 3. Logistic regression analysis of the association of the different MFIS domains and total score,
with reaching NEDA-3 in RR-MS patients, after one-year follow-up. Bold values denote statistical

significance.
Variable OR 95% CI p
MFIS physical 0.95 0.89-1.01 0.089
Sex 1.22 0.39-3.83 0.733
Age at diagnosis 1.01 0.96-1.06 0.708
Disease duration 0.99 0.97-1.01 0.298
EDSS at diagnosis 1.29 0.72-2.30 0.386
Radiological disease activity 2.68 0.86-8.40 0.090

Total number of relapses at diagnosis 0.80 0.35-1.84 0.602
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Table 3. Cont.
Variable OR 95% CI 4
BDI-II 1.03 0.91-1.15 0.663
STAI-Y state 1.01 0.94-1.07 0.847
STAI-Y trait 0.93 0.84-1.02 0.107
BMI 0.94 0.84-1.06 0.306
DMTs 0.32 0.09-1.10 0.070
IL-10 0.18 0.02-1.98 0.162
MFIS cognitive 0.94 0.88-1.02 0.124
Sex 1.23 0.40-3.82 0.716
Age at diagnosis 1.00 0.95-1.06 0.888
Disease duration 0.99 0.97-1.01 0.336
EDSS at diagnosis 1.31 0.74-2.34 0.353
Radiological disease activity 2.54 0.82-7.88 0.106
Total number of relapses at diagnosis 0.73 0.32-1.65 0.445
BDI-II 1.03 0.92-1.15 0.627
STAI-Y state 0.99 0.94-1.06 0.971
STAI-Y trait 0.93 0.85-1.03 0.154
BMI 0.94 0.83-1.05 0.278
DMTs 0.30 0.08-1.05 0.059
IL-10 0.25 0.02-2.48 0.235
MFIS psychosocial 0.67 0.49-0.90 0.009
Sex 0.93 0.28-3.13 0.912
Age at diagnosis 1.01 0.95-1.06 0.773
Disease duration 0.99 0.97-1.01 0.580
EDSS at diagnosis 1.20 0.67-2.17 0.536
Radiological disease activity 4.27 1.19-15.32 0.026
Total number of relapses at diagnosis 0.67 0.29-1.56 0.357
BDI-II 1.03 0.92-1.17 0.588
STAI-Y state 1.01 0.94-1.08 0.809
STAI-Y trait 0.93 0.84-1.02 0.138
BMI 0.94 0.83-1.06 0.283
DMTs 0.36 0.10-1.31 0.123
IL-10 0.12 0.01-1.42 0.093
MFIS total score 0.96 0.92-0.99 0.039
Sex 1.10 0.34-0.35 0.876
Age at diagnosis 1.00 0.95-1.06 0.874
Disease duration 0.99 0.971.01 0.378
EDSS at diagnosis 1.33 0.73-2.39 0.348
Radiological disease activity 2.67 0.84-8.45 0.095
Total number of relapses at diagnosis 0.72 0.31-1.66 0.435
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Table 3. Cont.

Variable OR 95% CI 4
BDI-II 1.03 0.92-1.16 0.578
STAI-Y state 1.00 0.94-1.07 0.900
STAI-Y trait 0.94 0.85-1.03 0.182
BMI 0.93 0.83-1.05 0.259
DMTs 0.30 0.09-1.07 0.064
IL-10 0.14 0.11-0.60 0.113

Abbreviations: BDI-II, Beck Depression Inventory-Second Edition; BMI, body mass index; DMTs, disease modi-
fying therapies; EDSS, Expanded Disability Status Scale; IL, interleukin; MFIS, Modified Fatigue Impact Scale;
NEDA-3, no evidence of disease activity-3; STAI-Y, State-Trait Anxiety Inventory-form Y.

Results of the logistic regression analyses of the association of the MFIS total score and
different domains with reaching NEDA-3 in RR-MS patients, after a one-year follow-up,
are presented in Table 3. We analyzed predictive factors for reaching NEDA-3 using this
variable as a dependent factor in the models. In the logistic regression analyses (depen-
dent variable: NEDA-3, yes/no), it has been demonstrated that only MFIS psychosocial
domain and total MFIS score were independent predictors of NEDA-3, after adjustment by
several demographic and clinical variables at baseline: sex, age, disease duration, EDSS,
radiological disease activity, total number of relapses, BDI-1I, STAI-Y state, STAI-Y trait,
BMI, treatment with DMTs and concentration of IL-10 in the CSE. A lower score of MFIS
psychosocial domain and MFIS total score predicted higher probability of reaching NEDA-3
(OR = 0.67, 95% CI 0.49-0.90, p = 0.009; OR = 0.96; 95% CI 0.92-0.99; p = 0.039), respectively.
This means that patients whose baseline score of MFIS in the psychosocial domain will
increase for one point after one year, and will have a 33% lower chance of reaching NEDA-3.
Additionally, those whose baseline total MFIS score will increase for one point after one
year will have a 4% lower chance of reaching NEDA-3.

3.5. Correlations between Structural MRI Measures, Fatigue, and CSF IL-10 Levels at the Time of
MS Diagnosis

Structural MRI measures were available for 35 MS patients (Supplementary Figure S1):
cortical thickness (median [IQR] = 2.76 [2.65-2.83]), and T2 lesion load (median [IQR] = 0.31
[0.09-0.90]).

A significant correlation was found between MFIS-total and T2 lesion load (Spearman’s
r=0.420 p = 0.012, N = 35); conversely, no significant correlation emerged between MFIS-tot
and cortical thickness (Spearman’s r = 0.306, p = 0.074, N = 35) (Figure 2A).

A significant correlation was also found between IL-10 and T2 lesion load (Spearman’s
r=—0.579, p = 0.000269, N = 35). No significant association was found between the CSF
levels of IL-10 and cortical thickness (Spearman’s r = —0.189, p = 0.276, N = 35) (Figure 2B).
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Figure 2. Fatigue, IL-10 and structural MRI measures at the time of MS diagnosis. (A) correlations
between fatigue, T2 lesion load (upper) and cortical thickness (lower); (B) correlations between IL-10
concentrations, T2 lesion load (upper) and cortical thickness (lower). Abbreviations: IL, interleukin;
MEFIS tot, Modified Fatigue Impact Scale total score; MS, multiple sclerosis.

4. Discussion

Numerous findings support the finding that activation of the immune system plays
a role in the pathogenesis of fatigue; however, studies exploring the association between
inflammation and fatigue in MS have yielded conflicting results [17,30]. Some association
has been reported between fatigue and serum levels of the proinflammatory molecule
IL-6 [12], serum levels of TNF mRNA, [10] and increased TNF and IFN+ [8]. As inflam-
mation in MS is primarily confined to the CNS compartment, inflammatory biomarkers
in the CSF may provide a reliable and specific marker of fatigue in MS. After analyzing a
large set of proinflammatory and anti-inflammatory CSF cytokines, we found a negative
correlation between fatigue and CSF levels of the anti-inflammatory molecule IL-10 at the
diagnosis. Although no association between MS fatigue and routine CSF parameters (cell
count, lactate, albumin and intrathecal immunoglobulin synthesis) have been reported [30],
a previous study reported a positive correlation between fatigue and levels of the proin-
flammatory molecule IL-6 in the CSF of patients with MS [31]. In line with our findings,
an exacerbated inflammatory milieu in the CSF, resulting from the increased expression of
proinflammatory cytokines or reduced levels of regulatory molecules, may characterize MS
patients with fatigue. Notably, a previous study examining CSF cytokine profiles in a group
of 18 patients with chronic fatigue syndrome found that IL-10 levels were significantly
reduced [32]. Similarly, studies in animal models of MS (i.e., experimental autoimmune
encephalomyelitis, EAE), have shown that IL-10 gene therapy has a beneficial effect on both
motor and non-motor symptoms, including fatigue, anxiety and neuropathic pain [33].

IL-10 is a major anti-inflammatory cytokine and plays an important regulatory role
on the inflammatory response by inhibiting the production of several proinflammatory
molecules [34]. The reduced expression of IL-10 in MS patients compared to controls has
been reported, particularly during disease exacerbations [35,36]. Conversely, higher levels
of IL-10 have been reported in stable disease phases [37], and have been associated with
reduced brain damage and disability in MS patients [38].
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An altered CSF inflammatory milieu in RR-MS patients with higher levels of fatigue
may be associated with increased brain damage at diagnosis and promote a worse dis-
ease course. To clarify this hypothesis, we analyzed structural MRI data available in a
subgroup of 35 RR-MS patients. The negative correlation demonstrated between IL-10 CSF
concentration and T2 lesion load, although limited by the low number of patients analyzed,
could be consistent with the anti-inflammatory role of this molecule and might suggest
that reduced CSF expression of IL-10 could be associated with increased disease activity
before establishing the diagnosis of RR-MS. In addition, we found a positive correlation
between MFIS and T2 lesion load in patients with RR-MS at diagnosis. An association
between fatigue and white matter lesion load has been previously reported in MS [39,40];
however, other studies failed to find significant correlations [41,42]. Although differences
in patients’ characteristics or MRI methodology may partly explain such discrepancies [43],
it has been proposed that other factors may play a role, including lesion location, alterations
in normal-appearing white matter [44], or global and regional atrophy [39,40,44]. It is
conceivable that the reduced expression of anti-inflammatory molecules and the ensuing
brain damage may determine higher levels of fatigue at diagnosis.

When analyzing the impact of fatigue on disease activity, we found that lower MFIS
psychosocial domain and MFIS total predicted higher probability of reaching NEDA-3
(p =0.009 and p = 0.039, respectively). In particular, patients whose baseline total MFIS
score will increase for one point after one year, and will have a 4% lower chance of
reaching NEDA-3. These findings were independent of mood alterations, which was
consistent with previous studies [19,20] which showed that fatigue at diagnosis predicted
disability progression in RR-MS and was associated with a higher risk of conversion
in patients with CIS. The association between MFIS psychosocial subscale and NEDA-3
should be carefully interpreted, as results of the MFIS psychosocial subscale could be
affected by possible confounding factors [23,45]. However, our results are in line with the
hypothesis that in patients with RR-MS, higher levels of fatigue at diagnosis might reflect a
proinflammatory state of the CSF which, in turn, is associated with higher brain damage
and greater prospective disease activity.

Fatigue in MS is a complex phenomenon, and understanding the pathogenesis of this
severely disabling symptom is of paramount importance to design effective therapeutic
strategies to improve patients” quality of life. In our RR-MS cohort, the prevalence of
fatigue at the time of diagnosis was 21.7%. Previous studies using a similar MFIS cut-off
value for fatigue have found higher proportions [24]. To explain this discrepancy, it should
be noted that age at diagnosis, disease duration and disability were lower in our study;
moreover, only patients with RR-MS were included.

Although it is likely that EDSS score might influence the probability of achieving
NEDA-3 status, in our study, which included patients at diagnosis with mild disability,
NEDA-3 after one year of follow-up was not predicted by EDSS score. The observation
that other predictors of disease activity analyzed were also not associated with NEDA-3,
highlights the need to study longer follow-ups in a larger number of patients even with
more severe or progressive MS. The relatively short follow up duration and the lack of a
healthy controls group represent major limitations of the present study. Further studies
exploring fatigue fluctuations over time are important to assess the relationship between
perceived fatigue and ongoing disease activity. Moreover, identifying specific CSF cytokine
clusters may help to better explain the possible synergistic effect of the different molecules.
Although no significant correlations emerged between fatigue and the peripheral inflam-
matory markers explored (ESR, fibrinogen, WBC, neutrophils, lymphocytes, NLR), the
lack of peripheral cytokine levels in our study, which could have allowed simultaneous
assessment of serum and CSF cytokine profiles, cannot help disentangle the differential
contribution of peripheral and central inflammatory mechanisms in MS-related fatigue.
Finally, studies with structural MRI measures involving a larger population are crucial
to better define the influence of both IL-10 CSF levels and fatigue at diagnosis on disease
activity and progression.
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In conclusion, our findings could potentially implicate that self-reported fatigue at
MS onset may reflect the specific manifestation of a subclinical neuroinflammatory state,
predisposing a worse disease outcome.
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