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Editorial
Advances in Multiple Sclerosis

Victor M. Rivera

Department of Neurology, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA;
vrivera@bcm.edu; Tel.: +1-832-407-0668

1. Introduction

Multiple sclerosis (MS) is the most common demyelinating and inflammatory disease
of the CNS; it has a global distribution with increasing prevalence [1]. MS affects individu-
als of most ethnicities [2], placing a substantial regional socioeconomic burden in a vast
range of geographic areas [3]. This disease poses numerous challenges for individuals,
including the need to cope with the still unidentified aspects involved in its mechanistic
processes, including a multifactorial etiological complex influenced by environmental
epigenetic factors [4], as well as the immune and inflammatory molecular mechanisms
involved in the development of the disease [5]. With the evolution of knowledge in this
field, some of the elements discovered may eventually be helpful as diagnostic markers,
and some have the potential to be translated into therapeutic targets. In recent decades,
studies on MS have been carried out in many branches of neuroscience. Epidemiologi-
cally, this disease is observed in the highest frequency in the northern- and southern-most
areas of the world: Canada, US, Scandinavia, the British Islands, most of Europe, New
Zealand and Australia. An inheritable genetic factor is recognized to comprise at least
one-third of the complex MS etiological make-up, identified as the HLA-DRB1 * 15:01 [6].
The current theory explaining the world-wide dissemination of this disease, including
the Americas, the Middle and Far East, is the European genetic risk factor, passed on
throughout history though military invasions, migration and other historical and socio-
political phenomena [7,8]. While the causality of MS is multifactorial, autoimmunity is
the main driver behind its mechanisms [9]; it is involved in the initiation of the charac-
teristic, erroneous, autoimmune cascade, a response of the innate immune system to an
antigen, followed by the participation of the adaptive immune system. The latter phase is
essentially responsible for the structural damage recognized in the disease, inflammation,
demyelination and neurodegeneration, caused by cellular and humoral factors. Pathologi-
cal alterations are not restricted to white matter but are also present in the gray matter of
the CNS, including abnormalities in synapses and synaptic networks. These abnormali-
ties have also been observed in animal models of MS in research laboratories. A critical
molecular step in the pathogenesis of this disorder is the traffic of activated immune cells
through the blood-brain barrier (BBB), particularly their deleterious effect on the CNS.
Some of the aforementioned elements of the disease have been discussed in previous
works [10]. The neurological clinical manifestations are extremely varied, establishing
MS as one of the most symptomatic diseases in human pathology. The current clinical
classification considers several dynamic varieties conditioned by the activity of the disease,
whether this manifests clinically (exacerbation, acute relapse, increased EDSS) or as MR
imaging behavior (T1 lesions enhancing post-infusion of contrast material, appearance
of anew T2 or enlargement of a previous T2 lesion). The identified clinical varieties, i.e.,
relapsing/remitting disease, and secondary progressive or primary progressive MS, may
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transform into a worse form of the disease, subject to factors associated with its activity [11].
The nomenclature of the MS clinical classification continues to evolve. At present, the term
“Clinically Isolated Syndrome” generally refers to the first event, or the initiation of the
relapsing /remitting form of the disease (if the rest of the diagnostic criteria are met). New
concepts such as Progression Independent of Relapse (PIRA) and Relapse-Associated Wors-
ening (RAW) are recognized in clinical situations, and are most likely to be incorporated in
future classificatory proposals. Undetected inflammation, a chronic low-level inflammatory
process occurring in the CNS, is identified as the underlying pathology of PIRA, most likely
being reflected clinically as a form of secondary progressive MS [12]. The diagnosis of MS
becomes more challenging as our understanding of this disease increases in complexity. To
assist in diagnostic accuracy and prevent misdiagnosis, diverse diagnostic criteria have
been established. In the modern era, different versions of the so-called McDonald Criteria
have been produced by different international panels, starting in 2001. Each version has
incorporated updated knowledge on this condition through MRI findings, as well as labo-
ratory and clinical endeavors. The most recent version of the McDonald Criteria, created
in 2017 [13], will be replaced by the 2024 version, which is to be officially published and
implemented in 2025. The development of therapeutic molecules for MS over the last three
decades has exceeded that of available treatments for any other neurological disease. All
approved MS therapies have demonstrated significant effects in controlled trials, includ-
ing reductions in annualized relapse rates and in the progression of the disease, as well
as improvements in MRI activity. The large variety of therapies, including interferons,
glatiramer acetate, teriflunomide, fumarates, S1P1 receptor modulators, cladribine, and
the monoclonal antibodies antia4-integrin, antiCD20 and antiCD52, have been classified
as being of high, moderate or modest efficacy, adhering to the guidelines provided by
the Association of British Neurologists (ABN 2015 guidelines), according to their average
relapse reduction [14]. This classification helps practitioners in selecting the appropriate
therapy when considering the degree of clinical and MRI aggressiveness presented by the
case.

An Overview of Published Articles. This Special Issue addresses Advances in Multiple
Sclerosis, celebrating the 10th Anniversary of Biomedicines, and consists of nine articles cover-
ing a broad range of themes that will be briefly discussed in the following paragraphs. The
purpose of this Special Issue is to highlight these studies and encourage readers to engage
with this ever-relevant topic. El-Samad et al. [15] studied the role of glutamate excitotoxicity
in MS pathogenesis, particularly early changes at the photoreceptor synapses, related to
the visual system. Using quantitative and qualitative immunofluorescence microscopy and
Western blotting, this study analyzed whether the EAATS5 glutamate transporter could be
involved in the structure alterations and function of glutamatergic photoreceptor ribbon
synapses in an EAE mouse model of MS. The data showed that EAAT5 was strongly
reduced at the photoreceptor synapses of EAE retinas in comparison with photoreceptor
synapses of the control retinas, and Western blot analyses demonstrated decreased EAAT5
expression in EAE retinas. The authors encourage future investigations to be conducted,
in order to further elucidate the precise mechanisms involved. Coagulation components
have been shown to provide immunomodulatory and proinflammatory effects in the CNS,
resulting in inflammation and degeneration. Whether patients with MS exhibit an overrep-
resentation of polymorphisms implicated in coagulation and if these genes are associated
with disease progression and disability were studied by Hadjiagapiou et al. [16]. The
cardiovascular disease (CVD) strip assay performed, analyzing 11 genetic polymorphisms
associated with thrombosis and CVD in MS patients and controls, showed that PAI-1
5G/5G homozygosity was more frequently observed in MS patients (OR:6.33 (95% CI:
1.32-30.24); p = 0.016). Advanced neurological disability (p = 0.03) and disease worsen-
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ing (p = 0.02) were demonstrated in carriers of the HPA-1a/1b polymorphism. These
findings suggest that MS may be linked to thrombophilia-related polymorphisms, hence
warranting further investigation. The review article by Kee et al. [17] discusses the role of
meningeal tertiary lymphoid structures (TLS) or B-cell follicles, and compartmentalized
inflammation (trapped inflammatory cells) in the form of organized clusters of immune
cells in the connective tissue spaces of the vasculature and leptomeninges behind an intact
BBB. These pathophysiological processes are associated with the most severe clinical forms
of MS: PIRA and primary progressive MS. The contributors to this review feel that TLS
could represent an important marker of disease activity, as well as a therapeutic target for
mitigating the most severe outcomes of disease. Huss et al. [18] performed a prospective
study investigating the composition of the gut microbiota in MS patients, the presence
of the Clostridium perfrigens epsilon toxin in serum, and the influence of some disease-
modifying therapies (DMT) on epsilon toxin levels and on microbiota. The MS cohort in
this study comprised patients with relapsing/remitting disease treated with the therapeutic
molecules teriflunomide and fingolimod, and the monoclonal antibodies natalizumab and
ocrelizumab. Untreated patients were also included. Neither epsilon toxin nor antibodies
against it were detected. No significant differences in the relative abundance of fecal
microbiota in the gut microbiota of MS patients receiving DMT were observed. This study
did not show evidence supporting the hypothesis of a causal relationship between the
Clostridium perfringens epsilon toxin and MS. Neurogenic lower urinary tract dysfunction
(NLUTD) is common among MS patients regardless of the clinical type and duration of
disease. While uroflowmetry (UF) is performed by some authors instead of urodynamics
(UD), the inter-rater reliability concerning diagnosis and therapy based on UF remains
challenging. Jaekel et al. [19] prospectively studied 92 people with MS (PwMS), classi-
fied using the diagnostic criteria of ‘normal findings’, ‘detrusor overactivity’, ‘detrusor
underactivity’, ‘detrusor -sphincter dyssynergia”, and ‘bladder outlet obstruction’. Four
raters assessed the diagnostic criteria, which were applied to a possible treatment scheme
that included ‘no treatment’, ‘catheter placement’, ‘alpha-blockers’, ‘detrusor-attenuating
medication’, botulinum toxin’, neuromodulation’, and ‘physiotherapy/biofeedback’. The
authors noted the high influence of the individual raters (kappa rating for diagnosis = nor-
mal findings; kappa rating for therapy = botulinum toxin), and that UD remains the gold
standard for the diagnosis of NLUTD in PwMS. Reverchon et al. [20] utilized three MS
groups, acute relapsing patients (ARMS), natalizumab-treated (NTZ), and control subjects,
to study the serotonin receptor 5-HT7 expressed on circulating lymphocytes and evaluated
the effects of its activation on cytokine production with peripheral blood mononuclear
cell (PBMC) cultures. The researchers found a significant increase in the 5-HT7 surface
expression on T lymphocytes and on the different CD4 + T cell subsets exclusively in
NTZ-treated patients. These findings strengthen the evidence that 5-HT7 may play a role
in the immune-protective mechanisms of NTZ in MS disease. This work constitutes the
first study on the receptor 5-HT7activating naive T cells and influencing the inflammatory
response in MS persons treated with NTZ, a humanized monoclonal antibody against the
cell adhesion molecule a4-integrin. In the pathologic MS microenvironment, a4-integrin
facilitates the traffic of immune cells from the peripheral circulation into the CNS. NTZ
inhibits this process. The research study by Gefner et al. [21] demonstrated the impor-
tance of detecting subtle motor deficits in people with MS below the clinical threshold, in
the early stages of the disease, utilizing complex motor functions. These methods have
potential use as baselines and as assessments throughout the course of the disease. The
study evaluated the countermovement jump (CM]J), a high-challenge task in the form
of a maximal vertical bipedal jump (three maximal CM]Js) on a force plate, in 99 PwMS
and 33 healthy controls (HCs). These cohorts did not differ significantly in age, disease
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duration, body mass index (BMI) or EDSS. PWMS demonstrated significantly decreased
CM] performance in terms of kinetic, temporal and performance parameters (p < 0.05). The
authors encourage longitudinal studies to be performed to evaluate whether the CM] can
be used to measure disease progression. In another study [22] by Gefner et al., the authors
expanded their evaluations of the CM]J in association with age, sex and BMI, utilizing
164 PWMS and 98 HCs, within a cross-sectional design. All participants performed three
maximal CM]Js on a force plate. Analysis of the dynamic components of the CM]J showed
the most significant effects of sex on flight time (n? = 0.23), jump height (n? = 0.23), and
positive power (n? = 0.13). PWMS showed significantly lower CMJ performance compared
to HCs in middle-aged (31-49-year-old) individuals, with normal weight to overweight
and in both women and men. The researchers concluded that age, sex, and BMI are as-
sociated with muscle mechanical function in PwMS and HCs, and emphasize the value
of integrating the CM]J into the diagnostic assessment of people with early MS and in
developing individualized neurorehabilitative therapy. The article by Moore et al. [23],
investigating the MS healthcare disparities among ethnic minorities, including Hispanic
and Black populations in the United States, addresses a sociological concern shared by
those in countries with a high prevalence of the disease: increasing frequencies of MS
among minorities, and by extension, increasing frequencies affecting new migrants as
well. This review emphasizes the current understanding about the patterns of disease
presentation, genetic considerations, response to treatment, and future directions of inquiry,
subsequently proposing practical methods with which to overcome these challenges.

2. Conclusions

This Special Issue, Advances in Multiple Sclerosis, provides the reader with a varied
collection of articles conveying very recent discoveries related to genetic markers and the
contribution of coagulation factors to the multifactorial etiology of MS; the lack of confir-
mation of a relationship between the Clostridium perfringens epsilon toxin and this disease
is also highlighted. The utilization of uroflowmetry in the evaluation of neurogenic lower
tract dysfunction (a rather common problem in people with MS regardless of age or clinical
type), and the challenges posed by interrater variability, are discussed in a well-designed
study addressing these questions. Tertiary Lymphoid Structures constitute the meningeal
sites of compartmental inflammation in the CNS, and the pathophysiological path for
progressive forms of MS. An original study demonstrated the T-lymphocyte receptor 5-HT7
may play a role in the immune-protective mechanism of the high-efficacy monoclonal
antibody natalizumab. One study reports that the CMJ detects subtle motor deficits below
the clinical threshold in MS, and another paper from the same laboratory describes neuro-
muscular and muscle mechanical function, as assessed by the CM], associated with age, sex
and BMI. Concerns about the health disparities affecting minorities, particularly Hispanic
and Black populations in the US, are studied, with future directions being suggested by
another group of authors. Thus, an invaluable, comprehensive review of these findings is
presented in this Special Issue.
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Abstract: Serotonin (5-HT) is known as a potent immune cell modulator in autoimmune diseases
and should be protective in the pathogenesis of multiple sclerosis (MS). Nevertheless, there is limited
knowledge about receptors involved in 5-HT effects as well as induced mechanisms. Among 5-HT
receptors, the 5-HTy receptor is able to activate naive T cells and influence the inflammatory response;
however, its involvement in the disease has never been studied so far. In this study, we collected blood
sample from three groups: acute relapsing MS patients (ARMS), natalizumab-treated MS patients
(NTZ), and control subjects. We investigated the 5-HT7; expression on circulating lymphocytes and
evaluated the effects of its activation on cytokine production with peripheral blood mononuclear cell
(PBMC) cultures. We found a significant increase in the 5-HT7 surface expression on T lymphocytes
and on the different CD4" T cell subsets exclusively in NTZ-treated patients. We also showed that the
selective agonist 5-carboxamidotryptamine (5-CT)-induced 5-HT7R activation significantly promotes
the production of IL-10, a potent immunosuppressive cytokine in PBMCs. This study provides for
the first time a dysregulation of 5-HT7 expression in NTZ-MS patients and its ability to promote IL-10
release, suggesting its protective role. These findings strengthen the evidence that 5-HTy may play
a role in the immuno-protective mechanisms of NTZ in MS disease and could be considered as an
interesting therapeutic target in MS.

Keywords: serotonin; 5-HT; receptor; multiple sclerosis; natalizumab treatment; T lymphocyte (T-cell);
PBMCs (peripheral blood mononuclear cells); interleukin-10 (IL-10)

1. Introduction

The neurotransmitter serotonin (5-HT) acts primarily by binding to its G-protein-
coupled receptors divided into seven subfamilies (5-HT; to 5-HT7, except the 5-HT3, which
is a ligand-gated ion channel) whose expression extends to several organs such as the lungs,
intestine, liver, and both the peripheral and central nervous systems (CNS). This broad
serotonin system representation allows 5-HT to influence many physiological functions
with specific effects to the activated 5-HT receptor and the targeted cell type [1]. Moreover,
5-HT is able to modulate the immune response, both innate and adaptive, through its
receptors expressed on the surface of immune cells, including neutrophils, eosinophils,
monocytes, macrophages, dendritic cells, mast cells, and natural killer cells [2]. The
chemoattractant properties of 5-HT are mediated by 5-HTR; and 5-HTRj4 pathways on
human mast cells and eosinophils, respectively. Moreover, it has been demonstrated that
5-HT depletion using parachlorophenylalanine limits the priming adaptative immune cells
by blocking T cell activation by macrophages [2].
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Thus, 5-HT was shown to play an immune-modulatory role in the pathogenesis of
autoimmune diseases such as multiple sclerosis (MS) [3], without understanding precisely
the molecular events involved.

MS is a chronic, immune-mediated, inflammatory, and demyelinating disease of
the CNS, with immune cell reactivity against the myelin sheath of neuronal axons. The
invasion of lymphocytes is correlated with cytokine activity in the CNS, with disease
activity associated to higher expression of inflammatory cytokines such as IFN-y, IL-1f3,
IL-17,IL-22, and TNF [4]. A major involvement of CD8* and CD4* T infiltrated cells has
been demonstrated in the MS pathogenesis and inflammatory relapses, associated with
deleterious pro-inflammatory roles of CD4" Ty1 and CD4* Ty17 T cell subpopulations [4].
This immunological imbalance seems to be modified by exogenous 5-HT in favor of an
immunomodulatory response by regulatory CD4" T cells (Treg) [5]. Much attention has
been devoted to identifying the 5-HT receptors and signaling pathways involved. Recent
studies demonstrated the anti-inflammatory role of 5-HT; o and 5-HTp receptors on the
CD4" T cell surfaces in MS [6,7]. Nevertheless, the mechanisms by which 5-HT modifies
autoimmune responses remain poorly understood [3,8].

Among the 5-HT receptors, the most recently discovered, the 5-HT7 receptor, seems to
be an interesting candidate in the CNS. Indeed it has been shown to regulate important
pathophysiological processes and has become a promising target in the treatment of CNS
disorders such as sleep disorders, migraine, neuropathic pain, or neuro-psychiatric disor-
ders [9,10]. Moreover, the 5-HT7 receptor presence on the surface of innate and adaptive
immune cells [2] suggests its role in immune-mediated disorders [1]. The activation of
5-HT7 receptor induced by 5-HT endogenous signal has been shown to promote T-cell acti-
vation and proliferation [11], as well as the regulation of cytokine releases such as TNF-x
and IFN-y [1]. More recently, the 5-HT7 receptor has been shown to be expressed on the
surface of accumulated Treg cells in the mouse brain after ischemic stroke. In this context,
the 5-HT7 receptor could participate in the moderating and neuroprotective roles of Treg
cells [11]. Therefore, on the basis of its therapeutic potential, modulation of 5-HT7 activity
has been the focus of numerous drug discovery programs, and several 5-HT7-specific
ligands have been successfully developed during the past two decades [12]. Among them,
the LP-44, a specific 5-HTy agonist, was shown to modulate the inflammatory response
by inhibiting the inflammatory cytokine releases such as TNF-&, whereas the antagonist
SB-269970 reduced it [1].

Despite increasing data reporting 5-HT7 receptor involvement in T-cell activation and
inflammation, its actual expression level in different inflammatory pathological conditions
has not been extensively reported. Taking into account that 5-HT is able to modulate
T-cell behavior in MS [5], our study focused on the 5-HT; expression and its functions in
three groups: acute relapse MS patients (ARMS) in the course of an acute inflammation,
natalizumab-treated MS patients (NTZ) with a stable clinical state, and healthy subjects. We
investigated the 5-HT7 receptor expression on the main subsets of peripheral lymphocyte
by flow cytometry. We were interested in the possible correlation between the immune
response in the MS context (with or without NTZ treatment) and the 5-HT7 receptor
expression and/or function. For this purpose, we analyzed the Htr7 gene activity in
peripheral blood mononuclear cells (PBMCs) in the three groups. Then, 5-HT7 receptor
was activated in PBMCs cultures, and we performed immunoassays to access its possible
effects on immune function.

2. Materials and Methods
2.1. Standard Protocol Approvals and Subject Characterization

This study was carried out in accordance with the protocol validated by the Ethics
Committee EST IV from Strasbourg in France. Trial registration at clinicaltrials.gov is
NCT04546698. All written informed consent forms followed the ethical guidelines that the
1964 Declaration of Helsinki had set. MS patients were diagnosed according to the 2018
revised McDonald criteria [13] and were recruited from the neurology unit of the “Centre
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Hospitalier Régional d’Orléans”. Healthy subjects were recruited from the “Etablissement
Francais du Sang” (Orléans, France). Starting with blood samples, the study design is
summarized in Figure 1. Samples from MS patients with acute relapse were obtained
during an inflammatory phase before any treatment to limit relapse. Natalizumab-treated
MS patients were cured for at least 6 months, and blood samples were obtained at the
end of one cycle of natalizumab (4-week cycle) and before the next infusion. They were
clinically stable with normal MRI scans and a minimum of 6 months of treatment. The
following demographic and clinical characteristics were evaluated in every case: age, sex,
disease duration, MS group (ARMS: acute relapsing MS, NTZ: natalizumab-treated MS),
disability scores (EDSS: Expanded Disability Status Scale), and treatment with selective
serotonin recapture inhibitors. Healthy controls were matched for age and sex, as displayed
in Table 1.

Acute Relapsing MS patients

First-line treatment
Healthy subjects

Inflammatory e

MRI validated | ’
relapse N '

Blood samples  _ \yhole blood —» Flow cytometry

. 8 ~— Plasma ——» Cytokine assays
Natalizumab P— .
treatment cycle nfus “a PBMCs RT-qPCR
(4 weeks) ntusion l (Htr7 mRNA)
In vitro
stimulations » Cytokine assays
Natalizumab-MS patients (from supernatant)
RT-qPCR
(Htr7 mRNA)

Figure 1. Experimental design and analyses performed. Abbreviations: PBMCs: peripheral blood
mononuclear cells; RT: reverse transcription; qPCR: quantitative polymerase chain reaction; mRNA:
messenger ribonucleic acid; Htr7: serotonin 5-HT; receptor gene.

Table 1. Clinical characteristics of MS patients and healthy subjects.

Clinical Characteristics Il?;:zﬁ:::z;ﬂas"{;;eated MS g:tl::;ge(fzsig;g MS (I;Ile:l::(l;)y Subjects
Age, y, mean (SEM) 37.8 (1.86) 34.1(2.13) 39.2 (1.57)
Female, 1 (%) 25 (83) 13 (81) 25 (83)

MS symptom onset, y (SEM) 8.6 (1.24) 5.4 (1.03) /

EDSS score, mean (SEM) 2.3 (0.40) 2.8 (0.50) /

SSRI treatment, 1 (%) 7 (23) 1(6) /

Natalizumab infusions, n (SEM) 49 (7.55) / /

Abbreviations: MS: multiple sclerosis; EDSS: Expanded Disability Status Scale; SSRI: selective serotonin recapture
inhibitor; /: not applicable.

2.2. Analysis of 5-HT; Receptor Expression on Lymphocyte Surface

5-HT7 receptor expression level was evaluated from whole blood using flow cytometry.
We performed three tubes per patient corresponding to unlabeled blood cells, Fluorescence
Minus One (FMO) controls, and cells labeled for the 5-HT; receptor. All staining reac-
tions were performed at room temperature for 20 min in the dark. Briefly, cells were first
stained with specific primary antibody (Ab) for 5-HT; receptor (13830-1-AP, Proteintech,
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Manchester, Europe). This first step concerns only labeled cells. The rest of the protocol
concerns labeled cells and the FMO control. Then, cells were washed with Stain Buffer
(554657, BD Biosciences, Paris, France), followed by centrifugation at 1500 rpm for 5 min.
Secondary Ab specific to the primary (ab150077, abcam, Cambridge, England) was incu-
bated. Leucocytes were then washed and stained using a combination of the following
fluorochrome-conjugated Ab (BD Biosciences®), diluted in Brilliant Stain Buffer (563794):
CD45-BV510 (563204, 1/200), CD19-BV786 (563325, 1/200), CD3-APC-H7 (560171, 1/200),
CD8-PerCp-Cy5 (565310, 1/200), CD4-APC (566915, 1/200), CXCR3-BV711 (563156, 1/200),
CCR4-BV421 (562579, 1/200), CCR6-PE (551773, 1/50), CD25-PE-CF594 (562403, 1/200),
CD127-PE-Cy7 (560822, 1/200). Red blood cells were then lysed (349202, BD Biosciences) at
room temperature for 10 min in the dark. Finally, cells were fixed (339860, BD Biosciences)
at 4 °C for >30 min in the dark, washed, and re-suspended in Stain Buffer. Flow cytometry
analyses were performed on LSR Fortessa X-20 flow cytometer (Becton Dickinson). Gating
strategy was set up according to FMO control for all antibodies. One hundred thousand
CD4* cells were recorded in order to have a sufficient regulatory T (Treg) cell number, rep-
resenting the minority subpopulation. Final analysis and graphical output were performed
using FlowJo software version 10 (Tree Star, Ashland, OR, USA).

2.3. Isolation and Stimulation of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) from 30 healthy controls, 30 natalizumab-
treated MS patients, and 18 acute relapsing MS patients were isolated from blood samples
collected in EDTA tubes using Ficoll density gradient centrifugation (11753219, Fisher
Scientific, Massachusetts, United States) at 2000 rpm for 20 min. PBMCs were then quickly
re-suspended in 1X PBS and washed twice with centrifugations at 1400 rpm for 7 min.

PBMCs were incubated in RPMI 1640 (GIBCO, Life Technologies, Pleasanton, CA,
USA) supplemented with 1% L-glutamine, 1% pyruvate sodium, 1% penicillin—streptomycin,
1% MEM non-essential amino acids solution, and 10% heat-inactivated fetal calf serum
(FCS) in 24-wellsplate at 37 °C overnight. PBMCs (2 x 10° cells/well) were then stimulated
with lipopolysaccharides (LPS, 100 ng/mL)-(L2630, Sigma-Aldrich, Saint-Quentin Fallavier,
France) or 5-carboxamidotryptamine (5-CT, 10 uM)-(0458, TOCRIS) for 4 h at 37 °C. PBMCs
and supernatants were collected at the end of stimulation and stored at —80 °C for RNA
extractions and cytokine assays.

2.4. Cytokine Assays in Plasma Samples and PBMC Supernatants

Plasma was collected from patient’s whole blood after centrifugation at room temper-
ature for 5 min at 1500 rpm and stored at —80 °C until the assays. ELISA (R&D systems)
quantified human IL-17 (DY317-05), IL-1$3 (DY201-05), IEN-y (DY285B-05), IL-10 (DY217B-
05), and IL-4 (DY204-05) assays in plasmas and PBMCs supernatants, according to the
manufacturer’s instructions.

2.5. Analysis of 5-HT7 Receptor Transcription Level

RNA was collected and extracted using a miRNeasy Mini Kit according to the manu-
facturer’s instructions (Qiagen, Hilden, Germany) from PBMCs. RNA integrity and quality
were controlled with Agilent RNA 6000 Nano Chips kit® (5067-1511, Agilent, Santa Clara,
CA, USA). Reverse transcription was performed with SYBR® Premix Ex Taq™ (Takara,
Kusatsu, Japan), and cDNA was subjected to quantitative real-time PCR using primers
for Htr7 (#QT00012481, Qiagen) and ONEGreen® Fast qPCR Premix (Ozyme, Saint Cyr
I’Ecole, France). Relative RNA expression was normalized to Hprt1 and Gapdh expressions
(Qiagen), and raw data were analyzed by the 222¢t method [14].

2.6. Statistical Analysis

All graphic data are presented as mean + SEM. Statistical analyses were performed
with R software using, according to data distribution, either one factor within subject
ANOVA with Tukey contrasts for post hoc comparisons or the Kruskal-Wallis test and
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5-HT; Geo MFI

pairwise Wilcoxon test with Holm-Sidak p-value adjustment. Statistical differences were
considered significant when p < 0.05, with asterisks denoting the degree of significance
(*p <0.05; ** p < 0.01; ** p < 0.001). The graphical representations were performed with
GraphPad Prism 9.0 software.

3. Results
3.1. High Surface Expression of 5-HT7 Receptor on T Cells in Natalizumab-Treated MS Patients

The neuroprotective role of serotonin [3] is associated with its ability to modulate
the inflammatory response of lymphocytes [6] involved in MS disease course [15], but
the knowledge of the receptors involved is limited. Moreover, several studies reported
an important activation of immune cells in peripheral blood from MS patients, including
changes in surface phenotype [16].

5-HT; surface expression
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Figure 2. 5-HT; expression level on the surface of circulating lymphocytes from control, ARMS,
and NTZ patients. Geometric mean fluorescence intensity (Geo MFI) of 5-HT7 surface expression
and histogram representation of the cytometry analysis on CD45" CD19* B and CD45* CD3" T
lymphocytes (A,B), on CD3* CD8* and CD3* CD4* T cells (C,D), and CD4" T cell subsets (E,F).
Proportions of circulating cells analyzed by flow cytometry are shown for B cells (G), CD8* (H), and
CD4* T cells (I) from control, ARMS, and NTZ patients. Results are given as mean 4 SEM. B cells
compared with T cells for each group. *: compare with control. 556 p < 0.001; * p < 0.05; ** p < 0.01.
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Therefore, we investigated the surface expression levels of 5-HT7 on different lym-
phocyte populations from whole blood samples. We found that the 5-HT; expression
was significantly higher on the surface of CD19* B lymphocytes than on CD** T lym-
phocytes for all three groups (p < 0.001, Figure 2A,B). When compared to their control
counterparts, ARMS samples did not show any significant differences, while NTZ patients’
cells displayed a significant increase in the 5-HT7 surface expression on CD3* CD8" and
CD3* CD4" T cells (p < 0.01, Figure 2C,D), as well as on the CD4" T cell subsets CD4*
CD183" Ty1, CD4* CD196" Ty17, CD4* CD194* T2, and CD4* CD25 (high) CD12; (low)
Treg (p < 0.01, Figure 2E F). Next, we investigated the circulating T and B lymphocyte
proportions that are supposed to be modified under natalizumab treatment, which induces
compartmentalization of immune cells at the periphery [17]. We found significantly more
circulating CD19" B lymphocytes in the NTZ MS patients (p < 0.05, Figure 2G), while CD3*
T cells were unchanged (Figure 2H,I).
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Figure 3. Plasma immunological context and Htr7 gene expression in PBMCs from control, ARMS,
and NTZ patients. Cytokines assays: IL-1p (A), IFN-y (B), IL-17 (C), IL-4 (D), and IL-10 (E) from
plasma samples of control, ARMS, and NTZ patients. Htr7 was analyzed by RT-qPCR. The relative
expression of Htr7 mRNA levels, normalized to Gapdh and Hprtl of control subjects, is shown (F).
Results are given as mean + SEM. ** p < 0.01 compared with control.

3.2. Decreased 5-HT; Receptor Gene Activity in the Absence of a Peripheral Inflammatory Context
in Natalizumab-MS Patients

The gene expression level is to be considered when its protein is modified in order to
better understand the intracellular mechanisms involved. In the context of stress protocols
performed on rat lymphocytes, it was observed that there was an increase in the number of
5-HT7-receptor-positive lymphocytes, correlated with an increased activity of the gene. The
authors suggest a potential role for the receptor in stress response mechanisms involving the
lymphocytes [16]. Considering our findings of increased 5-HTy receptor expression on the
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surface of T cells in NTZ patients, we were interested in Htr7 gene expression level within
PBMCs and a possible link with the peripheral inflammatory context by measuring some
plasma cytokine levels as well as in the peripheral cytokine context in the three groups.

We assessed on one hand the peripheral inflammatory context by cytokine assays from
plasma samples and on the other hand the transcriptional level of the receptor in PBMCs.
We found no IL-1p, IFN-y, IL-17, IL-4, and IL-10 level differences between the three groups
(Figure 3A-E), while the 5-HT; was transcribed at significantly lower levels in PBMCs of
NTZ patients compared to ARMS patients and healthy subjects (p < 0.01, Figure 3F).

Figure 4. Effects of 5-HT; receptor agonist 5-CT on PBMC cytokine releases compared to LPS
stimulation. Cytokines assays: IL-1p (A), IFN-y (B), IL-17 (C), IL-4 (D), and IL-10 (E) were performed
from PBMC supernatants of control, ARMS, and NTZ patients. Htr7 was analyzed by RT-qPCR. The
relative expression of Hfr7 mRNA levels, normalized to Gapdh and Hprt1 of non-treated PBMCs from
the control, is shown (F). Results are given as mean & SEM. *: compare the values under the bars.
$: compare with the respective non-treated (NT) condition. Compare with both NT and 5-CT
conditions. * p < 0.05; % p < 0.05; % p < 0.01; %% p < 0.001; ®® p < 0.01; 33% p < 0.001.

3.3. 5-HT; Activation Promoted IL-10 Release from PBMCs under Physiological and
Pathological Conditions

To evaluate their intrinsic cytokine secretion capacity, isolated PBMCs from patients
and controls were cultured outside their in vivo immunological context and maintained
in vitro with an identical culture medium. Indeed, clinical and animal studies demonstrated
cellular reactivity in MS, particularly that of T and B lymphocytes as well as monocytes,
which is involved in the pathogenesis [18,19]. First, without any stimulation, we observed
a significantly higher basal IL-1 release in the NTZ patients (p < 0.05), compared to the
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two other groups, suggesting a different activation state of NTZ PBMCs cells. Then, to
determine how pathological conditions may influence the ability of PBMCs to respond to
exogenous stimulation, we performed LPS in vitro stimulation as a positive control. As
expected, we found that LPS stimulation significantly promoted the pro-inflammatory
IL-1 B release in all three groups compared with the 5-CT stimulation and the untreated
basal condition (p < 0.01, p < 0.001; Figure 4A). Conversely, we observed no response
of LPS to induce IFN-y, IL-17, and IL-4 productions (Figure 4B-D), and we reported a
significant increase in the anti-inflammatory IL-10 release by PBMCs after LPS stimulation
from all three groups compared to the basal condition (p < 0.01, p < 0.001, Figure 4E).
Then, we stimulated PBMCs with the 5-HT7 receptor agonist 5-CT to determine the role
of 5-HT7 receptor in PBMC cytokine release and whether these 5-HT7 functions could be
altered in MS patients. Interestingly, 5-CT did not modify IL-1(3, IFN-y, IL-17, and IL-4
production in any group (Figure 4A-D), while it induced a specific and significant IL-10
release by PBMCs in all three groups (p < 0.05, p < 0.01; Figure 4E). Then, we evaluated the
5-HT7 transcriptional level under both LPS and 5-CT conditions and we did not find any
significant differences for all groups (Figure 4F).

4. Discussion

Previous studies demonstrated that 5-HT influences the chronic deleterious inflam-
mation in MS [20]. Supported by the MS animal model, i.e., experimental autoimmune
encephalomyelitis (EAE), clinical data showed the beneficial effects of selective serotonin
reuptake inhibitors on MS pathogenesis [21]. The 5-HT7 receptor has been described to be
expressed at the surface of lymphocytes [11] and thus may be an important player of the
inflammation regulation in MS mediated by lymphocytes. Nevertheless, no studies have
distinguished the receptor expression on the surface of B cells versus T cells, with the two
subsets having very distinct roles in the MS pathogenesis.

For the first time, we showed a higher surface expression of the 5-HT7 receptor on the
B cells compared to the T cells for all three groups, thereby meaning this expression appears
to be independent of the disease and treatment. This large B cell expression suggests that
the 5-HT7 receptor may play a relevant physiological role on this particular lymphocyte
subset. When focusing on T lymphocytes, we found that 5-HT7 receptor expression was
significantly higher on the surface of CD4" and CD8* T cells in NTZ patients compared to
ARMS patients and healthy subjects. Romme Christensen et al., demonstrated that immune
cells in peripheral blood from progressive MS patients presented a higher level of activation
with increased frequencies of ICOS* Tgy cells and changes in surface phenotype with a
larger quantity of IL-23 receptor expression on (IL23R)*CD4* T cell surface [22]. Analysis of
Tu1, Ty17, Ty2, and Treg CD4* T lymphocyte subpopulations confirmed the 5-HT; receptor
overexpression on their surface exclusively in NTZ patients. Natalizumab treatment blocks
the lymphocyte infiltration toward the tissues, including CNS, resulting in changes in blood
lymphocyte composition [17] with increased circulating T-cell reactivity [23,24]. Bornsen
etal., provided evidence that the NTZ treatment not only alters the percentage of circulating
leukocytes but may promote a direct pro-inflammatory effect on PBMCs [25]. Indeed, VLA-
4 antigen binding occurring with the NTZ treatment provides a co-stimulatory signal to
the cells, promoting their activation and accumulation in the periphery [26]. On the basis
of these results, we show that the 5-HT7 receptor was overexpressed on the surface of
probably reactive T cells in NTZ patients.

Interestingly, Urbina et al., showed that 5-HT; overexpression on the surface of isolated
rat CD4" and CD8" T cells after concanavalin A activation suggests a 5-HTy protective role
in the inflammatory context [16]. In order to understand whether the 5-HT7 overexpression
in NTZ patients was also associated with an inflammatory context, we investigated the
peripheral immunological response. We assayed five cytokines in the patient’s plasma;
IL-13, IFN-y, and IL-17 as biomarkers of pro-inflammatory response; and IL-10 and IL-4 as
anti-inflammatory response. We found no difference in the cytokine production in whole
plasma samples between the three groups. A study performed on the cerebrospinal fluid
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(CSF) of MS patients demonstrated a systemic inflammatory response correlated with
aberrant lymphocyte activation [22]. This suggests that the method we used to measure
cytokine production was not sensitive enough to detect slight variations between groups.
Alternatively, our results suggest that CSF is preferable to plasma for cytokine assays in
neuro-inflammatory diseases such as MS [27].

The study by Urbina et al., proposed a link between 5-HT; overexpression on activated
isolated rat CD4" and CD8" T cells and a significantly increased Htr7 gene activity [16].
In contrast, our results showed a significant decrease in Htr7 gene activity specifically
in PBMCs isolated from NTZ-treated patients compared to ARMS patients and healthy
subjects. Previously, Albayrak et al., investigated the Htr7 gene activity in carrageenan-
induced inflammatory context in rats and showed that 5-HT7 receptor activation by agonist
leads to a decrease in gene activity associated with reduction of serum TNF-«, IL-13,
and IL-6 levels [28]. These results suggested a protective mechanism through 5-HT7
desensitization with an Htr7 gene activity downregulation that is common among G-
protein-coupled receptors [29]. Thus, for the first time, our study showed Htr7 gene
downregulation specifically in NTZ patients whose 5-HT; receptor expression on the
activated T lymphocyte surfaces was much higher than that of ARMS patients and healthy
subjects. Only one study has investigated desensitization by internalization of the three
human 5-HT7 receptor isoforms and discussed the pattern of receptor trafficking in response
to agonists [30]. Guthrie et al., provided evidence that the surface 5-HT;(d) isoform receptor
are constitutively internalized in the absence of agonists, while the majority of 5-HT7(a) and
5-HT7(b) isoforms remain on the surface. Comprehensive investigations will be required to
identify the 5-HTy-receptor-mediated intracellular pathways involved in the negative Htr7
gene activity.

The 5-HT7 receptor has been shown to modulate the production of pro- and anti-
inflammatory cytokines in different contexts. The receptor promotes the IL-1§3 release by
dendritic cells, while it reduces TNF-« and IL-6 in liver chronic injury [1]. Nevertheless,
no data have been provided regarding its role on the leukocyte-mediated immunological
response in MS. In isolated PBMCs cultures, we first showed a significantly higher IL-13
release from NTZ patients’ PBMCs in the absence of exogenous stimulation, suggesting
a basal inflammation state. Indeed, animal and clinical studies have demonstrated cel-
lular activity in MS and particularly of B and T lymphocytes, which are involved in the
pathogenesis [17,18]. In addition, it has been demonstrated that there is an immune cell
proportion altered in the CSF of MS patients that is associated with inflammatory mediators
such as IL-1f3 [31]. Then, we showed the ability of these cells to respond to in vitro positive
control LPS stimulation with a massive release of both IL-13 pro-inflammatory and IL-10
anti-inflammatory cytokines to counterbalance the response.

Furthermore, we showed that the 5-HT7 receptor agonist 5-CT resulted in a significant
increase in the anti-inflammatory IL-10 release in all three groups. Interestingly, in contrast
to the LPS effect, stimulation by 5-CT did not significantly influence the IL-13 release
compared to non-treated conditions, suggesting that the 5-HT7 receptor is not involved
in this pro-inflammatory pathway mediated by IL-13. Several recent studies provide
evidence of the 5-HT7 receptor anti-inflammatory effect with a protective role by decreasing
the pro-inflammatory cytokine release as TNF-« or by limiting cell apoptosis [1,21,22].
Moreover, it has been shown that the 5-HT7 receptor is associated with macrophage M2
polarization, characterized as protective cells in an inflammatory context [20]. A recent
review describes the known protective roles of 5-HT7 receptors in neurodegenerative
diseases that are associated with reduction of oxidative stress, synaptic remodeling, and
immunomodulation [32]. All these reports support our results and the 5-HT7 receptor
ability to modulate immune function in MS and beyond. Our in vitro results show that the
release of IFN-y, IL-17, or IL-4 was not induced by LPS, nor by 5-CT in all three groups,
suggesting that 5-HT7-receptor-mediated signaling pathways are not directly involved
in these cytokine releases. Moreover, in the two stimulation conditions, LPS or 5-CT
had no effect on the Htr7 gene activity for the three groups, suggesting an absence of
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in vitro regulation in our experimental conditions. Further experiments would be required
to understand the Htr7 gene regulation and the signaling pathways involved in PBMC
cultured cells. Indeed, it seems that the incubation time of the 5-HT7 agonist could be an
important factor in this regulation. Thus, it was shown that the 5-HT7 receptor agonist
LP-44 does not induce any modification of Htr7 gene activity after 2 h of stimulation;
however, increases it after 4 h and conversely decreases it at 6 h [21,33].

The influence of natalizumab treatment on the 5-HT7 receptor requires further inves-
tigation. Indeed, NTZ patients’ samples were collected at the end of a 4-week cycle and
before the next one. The dysregulation of 5-HT; expression could also be associated with a
rebound disease activity after termination of NTZ treatment [23]. In addition, the 5-HT7
level expression on the T lymphocyte populations and the Htr7 gene activity observed
during an inflammatory attack in the ARMS group were similar to those of the healthy sub-
jects. We cannot exclude the fact that the tissue cellular infiltration contributed to masking
significant results obtained on the periphery. It would be interesting to perform further
analyses in this group outside of an inflammatory phase. Moreover in future studies on the
understanding of 5-HT; receptor in MS, its heterodimeric form with 5-HT; 5 [34] will be an
important element to consider. Indeed, as shown by our 5-HT7 receptor results, the 5-HT; o
receptor is overexpressed on the T cell surfaces in an EAE model and is also associated with
an anti-inflammatory role [7]. The involvement of the receptor present on the surface of
monocytes will also be a point of clarification, as in the review by Melnikov et al., including
the sometimes conflicting roles of the receptor depending on the cell type [20]. In fact,
the alterations of innate immunity found in the peripheral blood [22] and in the CSF [31]
of MS patients are evidence that further study is needed to determine the 5HT7 receptor
involvement on the surface of innate immune cells.

To conclude, this study shows for the first time that the 5-HT7 receptor specifically
is upregulated on the surface of CD8" T cells and CD4* T cell subpopulations in clinical
stable MS patients treated with NTZ for at least 6 months. In these patients, we observed an
Htr7 gene expression downregulation that could be linked to G-protein-coupled receptors’
protective mechanism, even though signaling pathways have not yet been elucidated.
Furthermore, common to all three groups, an increase in IL-10 release was evidenced,
produced by in vitro 5-CT-treated PBMCs. This suggests an anti-inflammatory effect of
5-HT; receptor through IL-10 release. Moreover, IL-10 release has been shown to be elevated
in serum after first NTZ infusion, associated with beneficial effects of treatment [35]. Thus,
our study suggests that reactive T cells [17,18], which are peripherally blocked by NTZ
treatment, overexpress the 5-HT7 receptor and may promote IL-10 release, which the system
needs to restore immunological balance. Altogether, our findings provide the first evidence
for 5-HTy implication in MS patients under NTZ treatment.
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Abstract: Multiple sclerosis (MS) is a chronic, immune-mediated, demyelinating disease of the
central nervous system (CNS). The most common form of MS is a relapsing-remitting disease
characterised by acute episodes of demyelination associated with the breakdown of the blood-brain
barrier (BBB). In the relapsing—remitting phase there is often relative recovery (remission) from
relapses characterised clinically by complete or partial resolution of neurological symptoms. In
the later and progressive stages of the disease process, accrual of neurological disability occurs
in a pathological process independent of acute episodes of demyelination and is accompanied
by a trapped or compartmentalised inflammatory response, most notable in the connective tissue
spaces of the vasculature and leptomeninges occurring behind an intact BBB. This review focuses on
compartmentalised inflammation in MS and in particular, what we know about meningeal tertiary
lymphoid structures (TLS; also called B cell follicles) which are organised clusters of immune cells,
associated with more severe and progressive forms of MS. Meningeal inflammation and TLS could
represent an important fluid or imaging marker of disease activity, whose therapeutic abrogation
might be necessary to stop the most severe outcomes of disease.

Keywords: multiple sclerosis; progressive multiple sclerosis; nervous system; compartmentalised
inflammation; meningeal inflammation; tertiary lymphoid structures; disease modifying therapy

1. Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated, demyelinating disease of the central
nervous system (CNS) [1]. Relapsing-remitting MS (RRMS) is the most common form of the
disease. Patients with RRMS experience episodic relapses, characterised by neurological signs
and symptoms which wax and wane. Relapses are caused by acute inflammatory demyelinating
attacks in the CNS after which follows a period of remission where there is either incomplete
or complete clinical recovery. A significant proportion of people with RRMS will go on to
develop secondary progressive MS (SPMS) that is characterised by accumulation of irreversible
disability [14]. A smaller number of patients are diagnosed with primary progressive MS
(PPMS) characterised by a continual accrual of disability from symptom onset. In the progressive
disease stages, accrual of neurological disability occurs in a pathological process independent
of relapses and is accompanied by a trapped or compartmentalised inflammatory response,
most notable in the connective tissue spaces of the vasculature and leptomeninges. Recent
studies suggest that the incidence of MS is increasing [5,6]. Most people with MS are diagnosed
between 2040 years of age and so this demyelinating disease has huge personal and economic
costs [7]. Whilst disease-modifying treatments (DMTs) for RRMS have improved patient
outcomes over the past 20 years, effective treatments for those entering progressive disease
stages are lacking [8]. Fundamental to establishing effective treatments targeted at progressive
stages of MS is increasing our understanding of these pathological mechanisms.
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This review focuses on compartmentalised inflammation in MS and in particular, what
we know about meningeal tertiary lymphoid structures (TLS; also called B cell follicles)
which are organised clusters of immune cells, associated with more severe and progressive
forms of MS. Meningeal inflammation and TLS could represent an important fluid or
imaging marker of disease activity, whose therapeutic abrogation might be necessary to
stop the most severe outcomes of disease.

2. Compartmentalised Inflammation and Tertiary Lymphoid Structures in
Multiple Sclerosis

In early histological studies of post-mortem MS tissue and mouse models of CNS
inflammatory demyelination called Experimental Autoimmune Encephalomyelitis (EAE),
pockets of immune cells in distinct areas such as perivascular and periventricular spaces
were observed [9-11]. Extensive inflammatory infiltrates within the leptomeninges and
perivascular spaces were described in a cohort of post-mortem MS cases that had active
demyelination [9]. In a further study of post-mortem tissue, lymphatic-like channels
were identified in perivascular spaces of chronic MS lesions [10]. This lymphatic tissue
appeared to have similar features to that of the antibody-producing regions of lymph nodes.
Leptomeningeal infiltrates were also observed within the spinal cord of a chronic relapsing
EAE mouse model [11].

Over the past couple of decades our knowledge of inflammatory infiltrates within
CNS compartments and their relevance in the pathophysiology of MS has continued to
expand. Pathological hallmarks of early MS and RRMS are active white matter lesions
accompanied by a breakdown of the blood-brain barrier (BBB) [12]. In the later disease
stages and in progressive MS, inactive, smoldering (slow expansion of pre-existing de-
myelinated lesions) or shadow (remyelinated) white matter lesions are most commonly
observed, with the findings of active white matter lesions relatively rare [13]. In the pro-
gressive disease stages evidence of BBB disruption is also rare and inflammation becomes
compartmentalised behind an intact or repaired BBB [14]. Focal areas of inflammation can
be observed within the meninges of progressive MS cases [15]. Within the meninges, these
clusters of immune cells can exist as simple groupings of B and T cells to more organised
cellular aggregates reminiscent of secondary lymphoid organs (SLOs). Secondary lym-
phoid organs include lymph nodes, spleen, Peyer’s patches, bronchus-associated lymphoid
tissue (BALT) and mucosa-associated lymphoid tissue (MALT) and are involved in sur-
veying self and foreign antigens to determine if an adaptive immune response should be
initiated [16,17]. When clusters of immune cells gather in ectopic, non-lymphoid sites
and demonstrate a more organised assemblage similar to SLOs, they are termed tertiary
lymphoid structures [18-20]. Within the literature there are interchangeable terms such
as ectopic lymphoid organs, ectopic lymphoid tissue, lymphoid-like structures and B cell
follicles used to describe these organised cell clusters. For the purpose of this review, we
will refer to these structures as tertiary lymphoid structures (TLS).

TLS have been identified in both post-mortem MS cases (Table 1) and mouse models
of MS [15,21-31]. In post-mortem tissue, TLS have been identified in the meninges of
the cerebral hemispheres, particularly within the deep sulci, cerebellum, brain stem and
spinal cord [15,23,25,32,33]. Tertiary lymphoid structures are not unique to MS and have
been identified in other immune-mediated conditions, infections and cancers [18]. In some
disease processes the presence of TLS is associated with a favourable prognosis and in
others, a more severe disease course occurs. In immune-mediated conditions, TLS tend to
be found at sites of chronic inflammation and are associated with a more severe disease
course [18]. Useful insights have been gained from studies in rheumatoid arthritis (RA)
were the identification of TLS within synovial fluid of patients can be used to help inform
treatment response and disease prognostication. It was identified in these studies that
patients with RA, who had TLS, tended to have a greater disease severity and a poorer
response to anti-tumour necrosis family (TNF)-« therapy [34,35].
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In post-mortem MS studies, TLS were initially observed in SPMS cases [15]. More
recently however TLS have also been identified in early MS [33,43]. It is difficult to ascertain
the incidence of TLS in MS. TLS have been observed in up to 54% of post-mortem SPMS
cases however these are selected cohorts [22]. The incidence of TLS in early MS cases is
unknown and due to the rarity of short disease duration post-mortem MS cases, will be
difficult to establish.

In MS it is often difficult to predict which patients will develop a more active or pro-
gressive disease course, particularly at early stages when patients are first facing treatment
decisions. Furthermore, predicting patient response to DMTs is challenging. Whilst it is
not feasible to study TLS in vivo in humans at this point, we can gain an understanding
of TLS composition, formation and function from mouse models of MS and post-mortem
studies. A better understanding of TLS in MS will be essential to inform studies investigat-
ing biomarkers and therapeutic targets in progressive MS and aggressive disease courses.
Given that the meninges appear to be the primary site of TLS in MS it is important to
gain an understanding of how immune cells traffic within the meninges and enter/exit to
peripheral and CNS compartments.

2.1. The Meninges; Vascular Channels and Lymphatic Networks

The meninges consist of three layers; the dura, arachnoid and pia mater, that envelope
the cortex. The subarachnoid space lies between the arachnoid and pial layers and contains
cerebrospinal fluid (CSF). Produced by the choroid plexus, CSF circulates through the
ventricular system and subarachnoid space and has important functions for mechanical
protection of the CNS and cerebral autoregulation. The blood-CSF barrier also has an
important role in the transport of immune cells and molecules, and is responsible for the
removal of waste products from the CNS [50].

The CNS was once thought to be an immune-privileged site however, we now know
that immune cells can traffic within the meninges and through the CSF, providing surveil-
lance for foreign antigens. Indeed the meninges harbour a diverse range of immune cells
with distinct populations between the brain parenchyma, lymphatic system and even
between the different meningeal layers, providing an important interface between the
periphery and CNS parenchyma [51-54]. The meninges can therefore serve as a site for
coordinating adaptive immune responses and orchestrating homeostatic and neuroinflam-
matory responses [55].

The dura and leptomeninges (arachnoid and pia mater) comprise distinct vascular
compartments. The dura mater consists of vast arterial, venous and capillary networks,
which lack tight junctions and includes large venous sinuses (the sagittal and transverse
sinuses), which drain blood from the cerebral veins into the systemic circulation [54].
The pial vascular network has connections into the CNS parenchyma. Unlike the dural
vasculature, pial blood vessels have tight junctions, selectively transporting molecules and
immune cells into and out of the CSF and parenchyma [54].

The CNS was generally described as devoid of lymphatic vessels however CNS
lymphatics were described in the late 18th century [56]. There has been renewed interest in
the CNS lymphatic network with several recent studies identifying meningeal lymphatic
vessels within the dura [57,58]. This dural lymphatic network appears to be an important
site for the movement of molecules, immune cells, interstitial fluid and CSF from the CNS
to the periphery [57,59]. Evidence from experimental animal models suggest that the dural
sinuses are a critical site for immune surveillance. In the healthy state, CNS antigens from
the CSF have been found to gather in the dural sinuses where antigen presenting cells
interact with circulating T cells [60]. Furthermore T cells appear to be able to traffic from
the circulation into the meningeal lymphatic vessels and then drain into the deep cervical
lymph nodes (cLN) [57,58,61].

Interestingly, in a mouse model of EAE, removing the deep cLNs was associated
with a reduction in EAE severity [62]. In a recent study, again using a mouse model of
EAE, meningeal T cells were observed to drain to deep cLNs in a CCR7-dependent man-
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ner [59]. Furthermore this study observed that when the meningeal lymphatic system
was reduced, this resulted in a reduced inflammatory response and less severe pathol-
ogy [59]. These studies suggest that CNS draining lymph nodes could be a site for antigen
presentation and lymphocyte activation and that the meninges are an important site for
this inflammatory process.

In a study investigating immune cell trafficking into the CNS, a mouse model was
used to label bone marrow-derived cells (neutrophils) in the skull and tibia [63]. This study
identified distinct vascular channels within the skull bone and found these to be directly
connected to the vasculature of the dura mater [63]. Furthermore, when CNS inflammation
was induced in a mouse model of ischaemic stroke and aseptic meningoencephalitis,
neutrophils originating from the skull bone marrow, migrated to the inflamed sites and
were far more numerous than neutrophils originating from the tibial bone marrow in both
these mouse models. Interestingly the authors also imaged portions of skull bones from 3
patients that underwent craniectomy and identified similar channels within the inner skull
cortex connecting to marrow cavities [63].

By characterising the phenotype of meningeal B cells in young and aged mice, single
cell RNA sequencing (scRNA-seq) and B cell receptor sequencing (BCR-seq) data identified
that a large proportion of dural B cells were in early stages of B cell development [64]. This
was in contrast to blood, where very few early B cell markers were identified making it
unlikely that dural B cells were derived from the systemic circulation [64]. The authors
of this study also found evidence of vascular channels within the skull and using a CD19
reporter mouse, identified that IgM™ B cells migrated through these vascular channels
from the skull bone marrow to the meninges [64].

These studies challenge previously accepted concepts about immune cell migration in
the CNS and suggest that perhaps cellular migration and recruitment to inflamed sites, is
occurring independent of the systemic circulation. Understanding the meningeal vascular
and lymphatic networks and their connections to the periphery will likely give us important
clues about immune cell trafficking and potential sites of CNS antigen presentation to T
cells. However, our understanding of immune processes in these networks is limited in
MS and further studies will be required if we are to understand this important aspect of
immunoreactivity in diseased states.

Understanding how cells and molecules traffic to and from the meningeal compart-
ment will be important for our ability to detect and monitor the meningeal inflammatory
microenvironment in MS. Increasing our knowledge of the vascular and lymphatic net-
works connecting through the meninges and CNS parenchyma and how these relate to,
or reflect, the peripheral lymphatics and vasculature, will be important in our search for
serum or CSF biomarkers for disease prognostication.

2.2. Composition of Tertiary Lymphoid Structures

Most of our initial understanding of the composition, formation and functional mech-
anisms of TLS arose from studies investigating SLOs [18-20,65-67]. Tertiary lymphoid
structures are often defined by features of SLOs [18]. Secondary lymphoid organs consist
of distinct B and T cell zones, germinal centres (GCs), follicular dendritic cells (FDCs),
reticular networks comprising fibroblastic reticular cells (FRCs) and high endothelial
venules (HEVs).

The composition of TLS in other immune-mediated diseases and cancers often show
similarities to that of SLOs [18,65]. In contrast, the composition of cellular clusters in MS can
range from aggregates of B cells, aggregates of B and T cells, to more organised structures
reflective of SLOs (Figure 1). The more organised structures are often defined as TLS in
MS if there is evidence of B cells, T cells, FDCs and cell proliferation within the cluster [23].
However, post-mortem studies have shown heterogeneity of cellular organisation within
TLS in MS and this heterogeneity has also been demonstrated in several mouse models of
EAE [15,21,28].
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Figure 1. Tertiary lymphoid structures in cancer and multiple sclerosis [23,68]. Tertiary lymphoid
structures (TLS) in pancreatic cancer demonstrate features reminiscent of secondary lymphoid organs
with evidence of germinal centres (a), distinct B and T cell zones and PNAd* high endothelial venules
(b). BCL6" cells indicate germinal centre reactions and cells undergoing proliferation (Ki67*) are
concentrated in the germinal centre (b). In comparison, meningeal TLS in MS typically demonstrate
a loose aggregate of CD20* B cells (d) interspersed with proliferating (CD20*Ki67") B cells (e),
immunoglobulin A, G, M* plasma cells/plasmablasts (f), CD3* T cells (g) and CD35" follicular
dendritic cells (h). Permissions: (a,b) Gunderson AJ et al. (2021) Germinal center reactions in
tertiary lymphoid structures associate with neoantigen burden, humoral immunity and long-term
survivorship in pancreatic cancer, Oncolmmunology, 10:1, DOI: 10.1080/2162402X.2021.1900635
by permission of Taylor & Francis Ltd. www.tandfonline.com. Accessed on 18 July 2022. (c-h)
Howell OW et al. Meningeal inflammation is widespread and linked to cortical pathology in multiple
sclerosis. Brain 2011 134; 2755-2771 by permission of Oxford University Press. Accessed on 5
July 2022.

In EAE, with disease progression into chronic stages, B cell aggregates show evidence
of developing into more organised structures reminiscent of SLOs [30]. In post-mortem
SPMS studies TLS can contain CD3* T cells, CD20* B cells, CD138* plasma cells and
CD68* macrophages within the meninges [25]. Follicular dendritic cells play an important
role in the cellular organisation and B cell recruitment into TLS. The prominent B cell
chemoattractant CXCL13 is produced by FDCs and binds to the CXCRS5 receptor expressed
on a subset of T helper cells [69-71]. In post-mortem SPMS cases, FDCs expressing CXCL13
within TLS have been observed [25].

B cell activating factor (BAFF), a member of the TNF family, also has a critical role
in B cell development, proliferation and survival [72,73]. In SJL mice, levels of CXCL13
and BAFF mRNA expression were elevated in relapsing-remitting and chronic-relapsing
EAE [21]. This was accompanied by the formation of organised lymphoid structures within
the meninges, some of which contained CD35* and M1-expressing FDCs [21]. In further
studies using SJL mice and MBP-PLP fusion protein (MP4)-induced EAE, FDCs have also
been observed and appear to co-localise with B cell aggregates [28,30]. In human MS studies,
BAFF mRNA levels in monocytes and BAFF-receptor mRNA levels in B and T cells have
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been found to be increased in comparison to healthy controls [74]. An upregulation of BAFF
expression in both acute and chronic MS lesions has also been observed in a post-mortem
study [75]. In this study, BAFF expression co-localised with astrocytes suggesting they
were the pre-dominant cell type producing BAFF and highlights the key role of resident
cells in coordinating recruitment and retention of lymphocytes to the CSF-filled spaces.

Another feature of SLOs are reticular fibres which provide a structural collagen support
network to trap and traffic lymphocytes [65]. In two studies using SJL. mice immunised
with PLP139.151, FRCs and the formation of reticular networks within the meninges was
observed [21,31]. Reticular networks have also been observed in TLS in other mouse models
of EAE, sometimes encapsulating the entire immune cell aggregate [29,30]. These reticular
networks are not always observed or as well formed in TLS in post-mortem cases [25].

To facilitate the trafficking of lymphocytes, SLOs develop HEVs. These vascular
networks are not a frequent finding within TLS observed in EAE. In a mouse model of MP4-
induced EAE, HEVs have been observed however this is not a consistent finding in other
mouse models [29,30]. In a cohort of post-mortem SPMS cases, HEVs were not observed
within TLS [25]. Perhaps the good vascular networks that exist within the meningeal
compartment or differing adhesion molecules expressed on meningeal blood vessels may
explain this lack of HEVs.

Another important feature of SLOs is the presence of GCs. Within SLOs, GCs are the
sites in which B cells undergo somatic hypermutation and clonal expansion to produce
memory B cells and plasma cells [18]. In other immune-mediated conditions, GCs have
been observed within TLS and appear to maintain the autoimmune response [76,77]. Both
in mouse models of EAE and post-mortem MS cases, proliferating B cells and plasma cells
have been observed, suggesting the presence of GCs [21,25,29]. Whilst there is evidence of
some germinal centre features within TLS in post-mortem MS cases, this is not a conclusive
finding across all observed TLS [25].

2.3. What Drives the Formation of Tertiary Lymphoid Structures?

The formation of TLS appears to share similarities to that of SLOs [65,78-80]. SLO
development involves members of the TNF-lymphotoxin (LT) family [17,65]. Interactions
between CD45*CD4"CD3™ lymphoid-tissue initiator (LTi) cells-a group 3 innate lymphoid
cell (ILC) population, and tissue resident stromal organiser cells results in the production
of cytokines and chemokines involved in B and T cell recruitment [16,17,65,79,80]. The LT
heterotrimeric complex, LT o 32, is expressed on the surface of embryonic LTi cells, B cells,
natural killer cells and activated T cells. LT¢1 3, binds to the LT receptor (LTR) which
is expressed on stromal cells, dendritic cells and macrophages. This binding induces the
expression of chemokines such as CCL19, CCL21 and CXCL13, which recruit and organise
T and B cells within TLS [65,80,81]. The interaction between LTi cells and stromal organiser
cells also promotes the development of HEVs, which facilitate lymphocyte trafficking in
SLOs [17,79,81].

The initiating cell(s) and signalling pathways for TLS development in MS are unclear.
Mouse models investigating the formation of TLS in EAE indicate that Th17 cells may play
a significant role in the initiation of TLS. Following the adoptive transfer of Th17 cells into
C57BL/6 mice, TLS formation was observed in 16 of 22 recipients during EAE [29]. In
contrast, TLS formation was not observed following the adoptive transfer of Th2 and Th9
cells, and in only one of seven Th1 cell-recipient mice, despite development of disease in the
majority of cases. This suggests Th17 cells are playing a pivotal role in TLS formation. Fur-
ther evidence that Th17 cells have an initiating role in TLS development was demonstrated
in a MP4-induced EAE mouse model [82]. In this mouse model, B cell aggregate formation
is observed. The study found that there was an absence of CD3~CD5~ CD4*RORyt" LTi
cells however CD3*CD5*CD4*RORyt" Th17 cells were observed in the cerebellum of mice
with EAE. Th17 cells were observed at peak of disease and again during the chronic stages
but this time at higher frequencies. Th17 cells were also observed in close association with
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TLS formation in another study using a MP4-induced EAE mouse model, although the
functional role of Th17 cells was not investigated in this study [30].

In a study of post-mortem tissue from SPMS patients, there was also a suggestion that
Th17 cells and group 3 ILCs play a role in TLS formation [47]. The authors identified retinoic
acid receptor-related orphan receptor-yt (RORyt)* cells within, or in close proximity to, the
majority of identified B-cell aggregates. Most of the RORyt" cells co-expressed CD3 and a
minority were CD3 negative, suggesting these cells could represent Th17 cells and group
3 ILCs respectively.

Similarities exist between Th17 and LTi cells. Both cells express RORyt and LT x4 32
and produce IL-17 and IL-22 [83,84]. For the initiation of TLS in MS, Th17 cells may
adopt a similar role to that of the LTi cell in SLO formation. IL-27, which inhibits Th17
cells and EAE [85-88], has also been shown to inhibit TLS formation in a mouse model
of inflammatory arthritis [89]. It would be interesting to determine whether a similar
inhibitory effect of IL-27 on TLS development would be observed in a mouse model of EAE
harbouring TLS.

The LT signalling pathway also appears to be implicated in TLS formation in EAE. The
SJL-proteolipid protein;zg.151 (PLP139.151)-immunised mouse model develops a relapsing—
remitting clinical disease course somewhat similar to RRMS. A study using this model
demonstrated an upregulation of LT3 and LT3R gene expression in the CNS at EAE onset
and during subsequent relapses [28]. In addition, the authors found that blocking of the
LTPR resulted in a reduced inflammatory infiltrate, reduced B cell aggregation within the
meninges and TLS were not observed in those cases. Further evidence that LT3R signalling
supports the accumulation of B cells within TLS was demonstrated in another EAE study
using SJL mice [31]. Furthermore, the authors reported that following the adoptive transfer
of Th17 cells, LT3 expression was required to propagate inflammation and disease.

Germinal centre-derived memory B cells are the primary site of latent Epstein-Barr
virus (EBV) infection [90,91]. There is evidence that TLS in MS can be a reservoir of latent
EBV with some studies showing that meningeal B cell follicles can harbour latent EBV
transcripts (EBV-encoded small nuclear mRNA) and EBV latent membrane protein LMP-
2A [36,42]. The persistence of latent EBV in meningeal B cells could be a factor in the
propagation and expansion of TLS in MS. This is interesting particularly given the recent
study from Bjornevik et al. demonstrating EBV as a clear risk factor for the development of
MS, with a 32-fold increase in MS risk following EBV seroconversion [92].

The factors required for TLS formation and ongoing maintenance are complex and
likely involve multiple cell signalling pathways. Investigating mechanisms of TLS forma-
tion in human MS tissue is challenging, however if we can gain a better understanding of
TLS cellular composition, particularly during different disease phases, we may gain better
insights of potential immune signals required for TLS development and maintenance.

2.4. Potential Function of Tertiary Lymphoid Structures
2.4.1. Could TLS Be a Site for B Cell Maturation and Immunoglobulin Synthesis?

The presence of oligoclonal bands (OCBs) in CSF is a common feature in MS, being
present in over 95% of cases [93]. The detection of OCBs is included as part of the diag-
nostic criteria for MS [94]. Alongside the presence of OCBs, the findings of somatically
hypermutated and clonally expanded B cells in the CSF of MS patients suggest there is an
antigen-driven immune component to disease pathogenesis [95-99]. Whether these B cells
undergo expansion and maturation within the meningeal compartment or are recruited
into the CNS from the periphery, or potentially both, is unclear.

Germinal centres within SLOs such as the spleen and lymph nodes, are sites of B
cell maturation and production of antibody-secreting plasma cells in the periphery. In
response to the presentation of antigen, B cells within the GC proliferate, initially within
the dark zone where they undergo somatic hypermutation. GC B cells differentiate into
centroblasts and centroctyes. Proliferating centroblasts are involved in immunoglobulin
class switching and during this process express activation-induced cytidine deaminase
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(AICD). This leads to affinity maturation and the differentiation of GC B cells into memory
B cells and long-lived plasma cells [100-102].

In autoimmune diseases such as Sjogren’s syndrome (SS), rheumatoid arthritis, Hash-
iomoto’s thyroiditis (HT) and Graves’ disease (GD), TLS exhibiting GCs are thought to
contribute to the production of autoantibodies. Tertiary lymphoid structures demonstrat-
ing cardinal features of GCs with distinct dark and light zones, HEVs, dendritic cells and
mantle zones have been identified in thyroid glands of patients with HT and GD [77].
Higher levels of serum autoantibodies, anti-thyroperoxidase (TPO) in HT and anti-thyroid
stimulating hormone receptor (TSH-R) in GD are associated with patients who have TLS.
Similarly in SS, patients who have TLS in salivary glands (the affected organ in SS) have
been found to have significantly higher levels of anti-Ro and anti-La autoantibodies [103].
This suggests that GCs within TLS are playing a role in the production of pathogenic
autoantibodies. Further evidence of GC function is the identification of populations of
clonally expanded B cells and hypermutation of the immunoglobulin V genes in salivary
glands in SS [104] and the expression of AICD in TLS found in synovial fluid of rheuma-
toid arthritis patients [105] indicating somatic hypermutation of Ig genes is occurring.
Plasma cells producing the pathogenic antibody anti-citrullinated protein (ACPA) have
been identified in close proximity to TLS in RA further implicating TLS GCs as a source of
autoantigen [105].

Could meningeal TLS in MS therefore serve as a site for the production of clonally
expanded B cells and IgG synthesis? In the CSF of MS patients, immunoglobulins are
often class-switched and have signs of affinity maturation which would suggest that GC
reactions are occurring within the CNS compartment [95,98,106]. In some post-mortem
SPMS cases, TLS have demonstrated features of GCs comprising FDCs, proliferating B
cells and plasma cells [25] however it is unclear whether these TLS demonstrate all typical
features of GCs including the distinct dark and light zones and further studies investigating
this are needed. In the post-mortem MS TLS studies reviewed here (Table 1), the presence
of CSF OCBs was not available in the included data. Given CSF OCBs are detected in >90%
of MS patients, it is unlikely that OCB production is dependent on TLS however there
could be a distinct pattern of OCB antibodies in TLS+ cases which may provide important
clues on disease pathogenesis.

Investigating the functional role of TLS in MS is difficult in humans. Animal models
of MS may help us to address key mechanistic questions of GC formation and function. In
some mouse models of MS, lymphoid aggregates with evidence of GCs have been identified.
The proliferation marker Ki67, CD138* plasma cells and AICD have been observed in TLS
in MP4-induced EAE [30]. One study did not observe GC-like reactions in early EAE
although difficulty with CD138 staining may have led to an underestimation [27]. More
recently, in a MOG-induced EAE rat model, lymphoid structures closely resembling SLOs
with distinct T and B cell zones and HEVs were observed in the meninges [107]. These
animal models may help advance our understanding of how TLS form, are maintained,
their functional role(s) and how they are potentially affected by treatments. However,
it is important to note the limitations of EAE models. The most commonly used model
of MOGss.55-induced EAE usually features acute onset of ascending clinical signs from
tail tip to limbs caused by a high number of concurrent, rapidly developing spinal cord,
optic nerve and brain lesions. There is little clinical recovery in this model with persistent
neurological impairment from the initial acute events. It is also important to note that EAE
studies routinely use female, young adult rodents with limited follow-up time relative to
the life-long nature of MS after diagnosis which affects both sexes. Thus, notwithstanding
the considerably usefulness of EAE model in the development of current DMTs for MS, the
models fall short of representing the full spectrum of neuropathological processes in MS.

Whether meningeal TLS are the sites GC reactions and production of antibody secret-
ing plasma cells in MS remains to be determined. It will also be important to establish if
GCs can form within TLS in early disease stages or if are they restricted to TLS in a more
chronic inflammatory environment. The lack of capacity to detect or study TLS in living

31



Biomedicines 2022, 10, 2604

patients is a key limitation in understanding the pathological importance of these structures
and developing an approach to tackle this limitation would be a major advance for both
clinical and research purposes.

2.4.2. Could TLS Propagate Subpial Neuroinflammation and Contribute to Progression
in MS?

Evidence from post-mortem studies demonstrates that cases with TLS had a more se-
vere MS disease course, entering progressive stages sooner and acquiring disability at faster
rates [25,28,32]. A hallmark of the progressive stage of MS is the accumulating neurodegen-
eration and cortical demyelinating pathology, which is related to the extent of overlying
inflammation nested in the meninges [22,23,108]. Inflammatory cortical demyelination is
also observed in early MS and correlates with a worse disease outcome [43].

We also know from post-mortem studies, that cases with TLS have a greater degree of
inflammatory infiltrate within the meninges, which correlates with a larger number and
area of cortical demyelinating lesions [15,24,25,25]. TLS are often, but not always, found
overlying subpial cortical lesions and there is a relative grade of inflammation extending
from the subpial surface to the subcortical white matter, suggesting TLS are involved in the
propagation of neuroinflammation [15].

In post-mortem MS tissue, higher degrees of meningeal inflammation are also associ-
ated with increased gene and protein expression of TNF-o and interferon (IFN)-y. These
expression levels are further increased in cases that have TLS [109]. Furthermore in post-
mortem TLS cases there is upregulation of TNF receptor 1 (TNFR1) and genes involved
in the TNF/TNFR1 necroptotic signalling pathway and downregulation of caspase-8 de-
pendent apoptosis [110,111]. These studies indicate that TNF signalling is being directed
towards TNFR1 necroptotic cell death and that this is potentially being influenced by
cytokine release from meningeal inflammatory cells. In a rat model of chronic meningeal
inflammation, introduction of TNF-« and IFN-y into the CSF resulted in meningeal in-
flammation and cortical neurodegeneration, increased neuronal expression of TNFR1 and
activation of necroptotic signalling pathways [111,112]. This demonstrates that in this
animal model, meningeal inflammation and a cytotoxic milieu can lead directly to subpial
demyelination and substantial neurodegeneration in a pattern similar to that observed in
progressive MS.

2.4.3. Identifying which Patients Have Higher Degrees of Meningeal Inflammation and a
High Likelihood of TLS

Identifying which patients have higher degrees of meningeal inflammation and TLS
could help predict disease course, inform therapeutic strategies and assess response to
DMTs. The difficulty is how we identify such patients. Given the close proximity of the
pial meningeal layer to the subarachnoid space, investigating CSF immune profiles could
provide important clues for the meningeal inflammatory microenvironment.

Indeed, there does appear to be distinct CSF profiles in MS cases. In a study seeking
to identify CSF biomarkers of intrathecal inflammation, CSF profiles of MS, other inflam-
matory neurological disease (OIND) and non-inflammatory neurological disease (NIND)
were investigated [113]. Raised CSF levels of IL-8 and IL-12p40 were found to distinguish
MS cases from the OIND group, furthermore CSF IL-12p40 levels were distinct between the
PPMS and RRMS groups. This study highlighted that distinct CSF profiles exist between
neurological inflammatory diseases and between different subtypes of MS. An investigation
of CSF profiles in post-mortem MS cases with known TLS, reported an increased expression
of inflammatory cytokines such as I[FN-y and TNF-& and chemokines/cytokines related to
lymphoid neogenesis, such as CXCL13, CXCL10, IL-6 and IL-10 [114]. In a clinical study
investigating CSF profiles and magnetic resonance imaging (MRI) in a cohort of treatment-
naive RRMS patients, after a four year follow up period it was found that patients who
experienced evidence of disease activity had higher CSF levels of CXCL13, CXCL12, IFN-y,
TNE sCD163, LIGHT and APRIL at time of diagnosis [115]. Furthermore, there was a
strong correlation between CXCL13 CSF levels and the development of new cortical lesions
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on MRI, indicating that CSF profiles could be useful to distinguish patients at greater risk of
cortical lesion accumulation. The immune signatures of TLS and inflammatory profiles in
CSF could therefore potentially predict more progressive and severe forms of MS if found
at elevated levels in early disease.

MRI is the gold standard imaging technique to aid diagnosis in MS and specific
radiological criteria are included in the McDonald 2017 diagnostic criteria [68,94]. The
detection and monitoring of white matter brain and spinal cord MS lesions with MRI can
inform treatments decisions and help assess response to DMTs [116]. It is difficult to detect
grey matter lesions (GMLs) using conventional MRI techniques routinely available in the
clinic. Given the association between extent of grey matter demyelination and progression
in MS and the findings of TLS overlying subpial GM, the ability to detect GMLs on MRI
could help stratify patients and monitor progressive phases of MS non-invasively.

In recent years, advances in MRI techniques and ultra high field 7 T MRI has improved
our ability to detect GMLs and in particular subpial demyelination [117-122]. Several MRI
studies have investigated the presence of leptomeningeal contrast enhancement (LMCE) as
a potential marker for leptomeningeal inflammation in MS. On 3 T and 7 T MRI, LMCE has
been identified in cohorts of RRMS, SPMS and PPMS cases and appears to correlate with
subpial demyelination and overlying areas of meningeal inflammatory cells [123-126] but
not TLS per se. The highest prevalence of LMCE appears to be in progressive MS were it
has been detected in 33-85.7% of cases on 3 T MRI [123,126]. In their study using 3 T MRI,
Zivadinov et al. reported a persistence of LMCE in 50% of cases (after a 5 year follow up
period) and multiple LMCE foci were more likely to be observed in SPMS [126]. However,
findings from a 7 T MRI study suggested a different prevalence and persistence pattern
of LMCE with no difference observed between RRMS and progressive MS groups and
LMCE persisted in ~70-85% of patients after 2 years [127], although a shorter follow up
period and using more sensitive MRI may account for these differences. The presence of
LMCE is associated with increased GM volume loss, a faster rate of GM atrophy, longer
disease duration and increased disability in MS [123-126]. Some studies suggest that
LMCE is not affected by the use of DMTs [123,126-129]. In two studies using anti-CD20
therapies, the administration of intrathecal rituximab and intravenous ocrelizumab did not
reduce the appearance of LMCE [130,131]. In summary, these studies suggest that LMCE
may reflect inflammation and disturbance to the blood-CSF barriers within the meningeal
compartment, particularly in progressive cases where chronic inflammation tends to persist
within the leptomeninges and MRI could be used to monitor treatment response or lack of.

However, caution does still need to be applied in the interpretation of LMCE as this
can be seen in other neuroinflammatory, infective and neoplastic conditions [93]. A further
caveat is that most neurology clinics only have access to 1.5 T or 3 T MRI scanners where
the detection of LMCE is difficult. At present the utility of 7 T MRI is largely confined
to research. The increasing use of advanced MRI techniques within clinical trial settings
however will hopefully further expand our ability to detect radiological features of GMLs
and LMCE and eventually pave a way for routine clinical use. Alongside CSF analysis,
the use of MRI will be vital to help better predict which patients are more likely to enter
progressive disease stages and assess treatment response.

3. Therapeutic Strategies Targeting Meningeal Inflammation and TLS

Alongside observational studies, evidence from clinical trials has shown that anti-
CD20, B cell depleting therapies, reduce relapse rates in patients with RRMS and slow
disease progression in PPMS and SPMS [132-135]. Given that B cells are a predominant
cell type within TLS and that TLS associate with more severe and progressive forms of MS,
could targeting these structures with B cell therapies, slow or halt progression?

In a mouse model of EAE that develops immune cell aggregates reminiscent of TLS,
anti-CD20 treatment was administered prior to EAE onset and after EAE onset to investigate
whether anti-CD20 treatment could prevent formation of TLS or change the disease course.
Treatment with anti-CD20 resulted in depletion of B cells within the peripheral blood and
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lymph nodes, however meningeal lymphoid structures still developed. Furthermore, the
authors observed that administering anti-CD20 treatment after EAE onset did not affect the
clinical course of spontaneous chronic EAE. Anti-CD20 treatment however did influence B
cell composition of TLS, with reduced numbers of B220* B cells and increased numbers of
MPO™ neutrophils [136].

Similarly in the opticospinal encephalomyelitis (OSE) mouse, anti-CD20 treatment
administered after disease onset depleted B cells peripherally, however B cell aggregates
were still observed in spinal cord meninges, and no effect was observed on disease pro-
gression [137]. The effects of anti-CD19 CAR-T cell administration was investigated and it
was found that whilst there was reduction in TLS formation, paradoxically, the progressive
disease course was exacerbated. These studies suggest that depleting peripheral B cell
populations alone will be insufficient to reduce or stop TLS formation and may not alter the
progressive disease course. These studies highlight our lack of understanding of TLS and
the need for caution when directly or indirectly targeting these structures with therapeutic
interventions.

Interestingly the DMT siponimod, which is licenced for SPMS, was found to reduce
the formation of meningeal lymphoid structures in a mouse model of EAE [138]. It was
observed that when siponimod was administered prior to EAE onset, formation of TLS
was reduced. Similarly, when siponimod was administered at peak of disease, there was a
reduction in TLS in comparison to the vehicle treated control mice. Siponimod is a sphingo-
sine 1-phosphate receptor (S1PR) 1,5 modulator which traps B and T lymphocytes within
lymph nodes, thus reducing both B and T cells in the peripheral circulation. Siponimod
is also known to cross the BBB and therefore may also have a direct effect on meningeal
inflammation [139]. Future post-mortem studies of tissue from individuals that have been
treated with siponimod and B cell-depleting DMTs may provide insight to the effect of
these interventions on either the development, or the persistence, of these structures in
the CNS.

Another interesting therapeutic target is Bruton’s tyrosine kinase (BTK). BTK is an
enzyme of the B cell receptor signalling pathway, which if inhibited, reduces B cell prolif-
eration [140]. Multiple BTK inhibitors have been developed and are currently in clinical
use for a number of immune-mediated and lymphoproliferative disorders [141]. In vivo
studies suggest BTK inhibitors reduce meningeal inflammation. In a mouse model which
demonstrates meningeal inflammation, MRI with post-contrast imaging observed that
treatment with the BTK inhibitor evobrutinib, reduced meningeal contrast enhancement in
comparison to controls [142]. In RRMS patients, a placebo-controlled phase 2 trial of evo-
brutinib demonstrated that patients receiving evobrutinib had fewer enhancing lesions on
MRI [143]. Whilst no significant difference was observed in annualised relapse rate (ARR)
or expanded disability status scale (EDSS), there was a relatively short follow-up period.
BTK inhibitors therefore could have therapeutic potential in progressive MS, potentially
via targeting B cells outside and as well as within the CNS, and further clinical trial data
are eagerly awaited.

4. Conclusions

There is clear evidence that patients who have TLS have a more severe MS disease
course, however our understanding of the functional role of TLS and the reason for the
heterogeneity observed in meningeal inflammation is lacking. Given the heterogeneity of
TLS in MS, future research should investigate the cellular composition of TLS, exploring B
and T cell subset analysis in the different disease stages. Increasing our understanding of
the composition of TLS and determining if there are distinctions in the immune profiles
of TLS in different disease stages, may provide further insights into how these structures
develop, how they could be contributing towards chronic inflammation in MS and how
they could be targeted therapeutically. Investigating a post-mortem cohort treated with MS
DMTs, with different mechanisms of actions, such as natalizumab (selective binding of o4 31-
integrin), ocrelizumab, ofatumumab and rituximab (anti-CD20 monoclonal antibodies),
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fingolimod and siponimod could also reveal further insights into TLS formation and
potential alterations that may occur to TLS structures following treatment.

Whilst our knowledge of inflammation within the meningeal compartment and TLS
in MS has increased dramatically over the past two decades, it is important to continue
advancing our knowledge of TLS and the contribution TLS have on progressive pathogenic
mechanisms. If we can better understand TLS immune signatures and bioactivity, we can
inform future studies searching for prognostic markers and the development of therapeutic
targets that will slow or halt progression in MS.
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Abstract: Multiple sclerosis (MS) is an autoimmune inflammatory disease of the central nervous
system (CNS) with an unknown etiology, although genetic, epigenetic, and environmental factors are
thought to play a role. Recently, coagulation components have been shown to provide immunomod-
ulatory and pro-inflammatory effects in the CNS, leading to neuroinflammation and neurodegenera-
tion. The current study aimed to determine whether patients with MS exhibited an overrepresentation
of polymorphisms implicated in the coagulation and whether such polymorphisms are associated
with advanced disability and disease progression. The cardiovascular disease (CVD) strip assay
was applied to 48 MS patients and 25 controls to analyze 11 genetic polymorphisms associated with
thrombosis and CVD. According to our results, FXIIIVal34Leu heterozygosity was less frequent
(OR: 0.35 (95% CI: 0.12-0.99); p = 0.04), whereas PAI-1 5G/5G homozygosity was more frequent in
MS (OR: 6.33 (95% CI: 1.32-30.24); p = 0.016). In addition, carriers of the HPA-1a/1b were likely to
have advanced disability (OR: 1.47 (95% CI: 1.03-2.18); p = 0.03) and disease worsening (OR: 1.42
(95% CI: 1.05-2.01); p = 0.02). The results of a sex-based analysis revealed that male HPA-1a/1b
carriers were associated with advanced disability (OR: 3.04 (95% CI: 1.22-19.54); p = 0.01), whereas
female carriers had an increased likelihood of disease worsening (OR: 1.56 (95% CI: 1.04-2.61);
p = 0.03). Our findings suggest that MS may be linked to thrombophilia-related polymorphisms,
which warrants further investigation.

Keywords: multiple sclerosis; inflammation; thrombophilia; cardiovascular disease (CVD); expanded
disability status scale (EDSS); multiple sclerosis severity score (MSSS)

1. Introduction

Multiple sclerosis (MS) is a chronic, autoimmune inflammatory disease of the central
nervous system (CNS), characterized by demyelination and neurodegeneration; however,
a growing body of evidence indicates the association of chronic, autoimmune disorders
with the onset of cardiovascular disease (CVD), development of deep vein thrombosis
(DVT), and pulmonary embolism (PE) [1,2]. In fact, a high risk of ischemic stroke, coronary
artery disease, and venous thromboembolism (VTE) has been reported in patients with MS
compared with the general population, especially during the early onset of the disease [3-5].

Recently, it has been discovered that VTE and CVD are caused by the interplay of
environmental and genetic influences, identifying genetic polymorphisms that predispose
for cardiovascular perturbation and prolonged thrombin formation [6].

One of the factors associated with VTE is a point mutation in the gene encoding the
factor V (FV) that substitutes guanine for adenine (G>A) at nucleotide 1691, resulting in a
missense mutation, also known as FV Leiden R506Q [7]. FV is the cofactor of activated FXa
for the generation of thrombin and is negatively regulated by activated protein C (APC). The
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substituted 506 amino acid region constitutes one of the sites on the FVa molecule that the
APC recognizes and binds to cleave the FVa protease. Thus, the presence of the mutation
FV Leiden (R506Q) renders FVa resistant by up to 90%, suppressing the anticoagulant
function of APC and promoting FXa—-FVa complex formation and increased thrombin
generation [7]. Interestingly, compound heterozygosity of FV Leiden and prothrombin
mutation (G20210A) has also been reported as a critical thrombotic risk mediator with more
than 40-fold increased risk for VTE [7]. The prothrombin G20210A variant has been found
to increase both mRNA accumulation and protein synthesis, whereas its presence enhances
approximately threefold the relative risk for thrombosis [8].

Another thrombosis-related mutation has been identified at nucleotide 4070 in the FV
gene (FV R2, FV H1299R), and even though this variant does not have a significant impact
on the clinical outcome, it can increase resistance to APC either in homozygous status or
compound heterozygosity with FV Leiden [9].

The interaction between coagulation and inflammation has been reported in inflam-
matory and neurodegenerative diseases of the CNS, in which thrombin and fibrin(ogen)
play a crucial role in triggering demyelination and neuroinflammation. Mutations in
the fibrinogen gene, particularly the transition from guanine to adenine at nucleotide
455 of the beta-fibrinogen promoter, lead to elevated fibrinogen levels. Furthermore, the
—455 G>A variant has been identified as a risk factor for fibrin clot formation in PE
cases [10] and predisposes to coronary artery disease, as well as cerebral infarction [11,
12]. So far, in MS animal models, thrombin and fibrin(ogen) have been detected in pre-
demyelinated CNS areas, attracting resident and infiltrating immune cells from the periph-
ery, contributing further in abnormal BBB permeability, and stimulating the inflammatory
process [13]. Consequently, analysis of the beta-fibrinogen —455 G>A should be consid-
ered with respect to the fibrinogen accumulation, since —455 G>A mutation could be
associated with the abnormal deposition of elevated fibrinogen into the CNS, initiating
inflammatory responses.

Genetic alterations have also been detected in the gene encoding the plasminogen
activator inhibitor-1 (PAI-1), an essential inhibitor of the tissue plasminogen activator (tPA),
leading to the suppression of plasminogen conversion to plasmin, interfering with fibrin
lysis [14]. PAI-1 4G/5G polymorphism constitutes the most significant variant identified
in the promoter region at nucleotide position 675 of the PAI-1 gene, and it is a guanine
insertion or deletion (4G/5G) correlated with alterations in the transcription rate of the
PAI-1 molecule [15]. While both 4G and 5G alleles have a transcriptional activator binding
site, 5G has a transcriptional repressor binding site, resulting in a decreased transcription
rate [14,15]. On the other hand, individuals homozygous for the 4G allele have an increased
transcription rate and thus higher plasma levels of PAI-1 than the general population [16].
PAI-1 has been implicated in the inhibition of extracellular proteolysis and the suppression
of fibrinolysis, promoting further the generation of fibrin clots, leading to thrombosis [15].

Fibrin clots are stabilized by the FXIII, a known zymogen that is activated by thrombin-
mediated cleavage at amino acid residue 37 and cross-links fibrin [17]. In exon 2 of FXIII,
the FXIII Val34Leu variant appears to provide increased activation but does not increase the
plasma concentration levels of FXIII [17,18]. Paradoxically, the expression of this particular
variant confers significant protection against CVD and VTE while affecting fibrin clot
stabilization. In fact, the fibrin that cross-links with FXIII Val34Leu has smaller pores,
thinner fibers, and altered findings of permeation [18,19].

Patients with MS have also shown lower folic acid levels and higher homocysteine
concentration in plasma and cerebrovascular fluid (CSF) compared with healthy individu-
als [20]. A growing body of evidence supports the fact that increased homocysteine levels
cause neurotoxic effects as a result of oxidized sulfhydryl groups and the release of reactive
oxygen species following the overstimulation of excitatory N-methyl-D-aspartate receptors
(NMDARSs) in the membranes of neuronal cells [21,22]. The NMDAR triggers the activation
of the ERK/MAPK pathway and phosphorylates the ERK1/2 kinases in the presence of
calcium ions. When ERK1/2 phosphorylation is inhibited, homocysteine-induced neuronal
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death is reduced, clearly demonstrating the interplay between homocysteine, NMDAR,
and MAPK signaling pathways [21]. Neurotoxicity triggers neuronal susceptibility to DNA
damage and cellular apoptosis and affects the structural stability of myelin, promoting the
degradation of the myelin sheath [23]. Since homocysteine is metabolized to methionine
by the donation of methyl groups, low levels of methionine result in abnormally elevated
homocysteine levels, which, in turn, reduce methyl groups donation and suppress me-
thionine remethylation [23]. The influence of the methionine on the myelin basic protein
(MBP) is significant as it makes the myelin sheath more stable by MBP methylation and
retains hydrophobic properties [23]. Therefore, deficiency or suppression of methionine is
associated with unstable myelin structure and myelin sheath rupture [23]. Methylenete-
trahydrofolate reductase (MTHEFR), which regulates both folate and homocysteine levels,
plays a crucial role in the methionine synthesis pathway and ultimately is essential for the
donation of methyl groups during the remethylation of methionine [20,24]. Mutations in
the MTHER gene impair the activity of the enzyme and, therefore, disrupt the regulation of
plasma folate and homocysteine concentration [25]. Noteworthy, individuals homozygous
for the MTHFR 677 C>T showed decreased activity of the enzyme at a rate between 35%
and 70%, whereas the heterozygosity of the compound MTHEFR 677 C>T and MTHFR
1298 A>C leads to a decreased activity rate from 50% to 60% [24,26]. Overall, elevated
homocysteine levels have been linked to neuronal toxicity, stroke, coronary artery disease,
and thrombophilia in either mutation [25,27].

Furthermore, predisposition to stroke, myocardial infarction (MI), or coronary artery
disease was correlated with human platelet antigen (HPA-1) 1a/b polymorphisms [28,29],
whereas MI was further associated with mutations linked to the gene that codes the
angiotensin-converting enzyme (ACE) [29].

Given the significance of variants in genes encoding molecules involved in the co-
agulation cascade and the importance of coagulation-inflammation interplay in neuroin-
flammatory and neurodegenerative diseases, the purpose of our research was intended to
examine such variants in MS. Specifically, we aimed to examine whether patients with MS
displayed overrepresentations in the following genetic markers: FV Leiden polymorphism,
FV R2, Prothrombin 20210 G>A, FXIII Val34Leu, beta-fibrinogen —455 G>A, HPAla/1b,
MTHER 677 C>T, MTHER 1298 A>T, PAI-14G/5G, ACE1/D, and Apo B R3500Q compared
with healthy individuals. Moreover, we investigated whether such polymorphisms can
serve as predictors of advanced disability and progression of the disease.

2. Materials and Methods
2.1. Study Participants

Forty-eight patients with MS were recruited into the study from the Department of
Neuroimmunology at the Cyprus Institute of Neurology and Genetics between June 2021
and September 2021. The participants met all McDonald’s revised criteria for inclusion [30]
and strictly adhered to the following guidelines: age above 18 years old; patients with
clearly identified classification (Relapsing—Remitting MS (RRMS), Secondary Progressive
(SPMS), Primary Progressive MS (PPMS)); and sufficient demographic and clinical data
(age of onset, expanded-disability status scale (EDSS), medication, other autoimmune and
non-autoimmune disorders). The exclusion criteria were as follows: whether the patient is
pregnant or has a history of drug and alcohol abuse.

The study also included 25 healthy controls (HCs) matched for sex with the patients
selected. Table 1 demonstrates the demographic, clinical, and laboratory characteristics of
the participants. All the participants were thoroughly informed about the objectives of the
current study and signed written consent form, approved by the Cyprus National Bioethics
Committee (EEBK/EIT1/2016/51).
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Table 1. Demographic, clinical, and laboratory features of MS patients and healthy controls.

Features MS Patients (1 = 48) HCs (n = 25)
Sex
Women/Men 28/20 16/9
Age in years
Mean + S.D. 495+ 13.8 40.7 +10.0
Min-max 23-80 21-55
Disease course
(RRMS/SPMS,/PPMS) 39/8/1 N/A
Disease duration
Mean + S.D. 1552 +85 N/A
Median (interquartile range) 16 (10-21)
EDSS
Median (interquartile range, IQR) 3.25 (2.5-5.5)
Mild: 0-3.0 [n (%)? 24 (50.0) N/A
Moderate: 3.5-5.5 [n (%)] 17 (35.4)
Severe: 6.0-9.5 [n (%)] 7 (14.6)
Women/Men (median, IQR) 3.0 (2.5-4.75)/4.0 (2.5-6.0)
MSSS
Median (interquartile range) 3.65 (2.64-5.41)
Benign MS: 0.01-1.99 [n (%)] 7 (14.6) N/A
Moderate MS: 2.00-6.99 [n (%)] 36 (75.0)
Severe MS: 7-10 [n (%)] 4(8.3)
N/A 1(2.1)
Women/Men (median, IQR) 3.14 ((Zz-%gi%i%))/ 4.20
Laboratory findings
Anti-FVIIa [n (%) 11 (22.9)
Anti-thrombin [n (%)] 6 (12.5)
Anti-prothrombin [n (%)] 7 (14.6)
Anti-FXa [n (%)] 11 (22.9) N/A
Anti-FXII [n (%)] 9(18.7)
Anti-plasmin [n (%)] 15 (31.2)
Anti-protein C [n (%)] 6 (12.5)

MS: multiple sclerosis; HC: healthy controls; S.D.: standard deviation; RRMS: relapsing-remitting multiple
sclerosis; SPMS: secondary progressive multiple sclerosis; PPMS: primary progressive multiple sclerosis; EDSS:
expanded disability status scale; MSSS: multiple sclerosis severity score; N/A: not applicable.

2.2. Genetic Analysis for Thrombophilia and Cardiovascular Risk Factors in MS Patients

Fresh blood samples were collected in vacutainers containing ethylenediaminete-
traacetic acid (EDTA) following the extraction of genetic material using a QlAamp DNA
blood mini kit (Qiagen, Venlo, The Netherlands).

CVD Strip Assay (ViennaLab, Wien, Austria) was applied for the detection of genetic
variants associated with thrombophilia and CVD, following the manufacturer’s specifica-
tions [6]. The analyzed markers are presented in Table 2.

Table 2. Selected risk factors determined by sequence-specific oligonucleotides.

Mutation and

Protein Gene P . Ref SNP
olymorphism
1691 G>A (Leiden) rs6025
Blood coagulation factor V F5 His1299Arg
(HR2 haplotype) rs1800595
Prothrombin
(Blood coagulation factor II) F2 20210 G>A 151799963
Blood coagulation factor XIII F13A1 Val34Leu rs5985
-Fibrinogen FGB —445 G>A rs1800790
Human platelet antigen 1
(HPA1) ITGB3 la/1b (Leu33Pro) rs5918
5,10-Methylenetet- MTHER 677 C>T rs1801133
rahydrofolate reductase 1298 A>C rs1801131
Plasminogen activator :
inhibitor 1 (PAI-1) Serpinel 4G/5G 151799762
Angiotensin-converting 1/D (Insertion or
enzyme (ACE) ACE Deletion) rs1799752
Apolipoprotein B (Apo B) ApoB Arg3500GIn rs5742904

SNP: single nucleotide polymorphism; His: histidine; Arg:

GlIn: glutamine; Cys: cysteine.
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All gene sequences were concurrently amplified by polymerase chain reaction (PCR)
and labeled by biotin as follows. The initial denaturation step was conducted at 94 °C
for 2 min, followed by 35 cycles of 94 °C for 15 s, 58 °C for 30 s, 72 °C for 30 s, and
72 °C for 3 min for the final extension step. PCR products were then hybridized to a test
strip containing sequence-specific oligonucleotide probes for the wild-type and mutant
sequences. The bound biotin-labeled sequences were detected by a streptavidin-alkaline
phosphatase substrate.

2.3. Statistical Analysis

Fisher’s exact test was used to assess sex matching between study groups, and the
Hardy—-Weinberg equilibrium test was used to examine whether frequencies in the con-
trol group matched the expected frequencies over time. The chi-square test, and, when
necessary, Fisher’s exact tests were used to determine genotype and allele frequency distri-
butions, whereas logistic regression analysis was applied to evaluate possible associations
between different variables. Significant results were determined when the p-value was less
than 0.05.

3. Results
3.1. Demographic and Clinical Data of Study Participants

Forty-eight patients with MS who provided data on both clinical and nonclinical
features were recruited in the current research. According to the data indicated in Table 1,
the average duration of the disease was 15.52 £ 8.5 years, whereas 50% of the MS partici-
pants had mild disability status (EDSS: 0-3.0), 35.4% had moderate (EDSS: 3.5-5.5), and
14.6% showed severe disability (EDSS: 6.0-9.5). Additionally, 8.3% of individuals were
experiencing an aggressive disease progression (MSSS: 7-10).

The results of a sex-specific analysis of the disability status and MS severity score
revealed an increase in EDSS and MSSS in men compared with women. In particular,
male patients showed an EDSS median of 4.00 (interquartile range, IQR: 2.5-6.0) and
MSSS median of 4.20 (IQR: 2.82-5.41), whereas female patients had an EDSS median of 3.0
(IQR: 2.5-4.75) and MSSS of 3.14 (IQR: 2.35-5.48). The patients were selected on the basis
that they tested positive for at least one IgG antibody against coagulation components in our
previous research work [31]. Table 1 shows the IgG antibodies that were analyzed, whereas
detailed laboratory findings for each patient are provided in Supplementary Tables S1-S5.

Twenty-five HCs were also recruited for the current study, matching their sex with the
selected MS patients (p = 0.8).

3.2. Analysis of Genotype and Allele Distributions of Thrombophilia and Cardiovascular
Polymorphisms in MS Patients and Healthy Controls

The distribution of genotype and allele frequencies of polymorphisms related to
thrombophilia and CVD are presented in Tables 3-6. Genotypic frequencies for all loci
tested in the control group satisfied the Hardy—Weinberg equilibrium.
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Table 3. Genotype frequencies distributions of thrombophilia factors performed by sequence-specific
oligonucleotide probing in MS patients and healthy controls.

Hardy-Weinberg

. o o Equilibrium Odds Rati
Risk Factors Genotype MS (n (%)) HC (n (%)) *p Value ‘}Only for 95% CI)
HCs)Chi-Square (x?)
G/G 39 (81.25) 22 (88.0) 0.53 Ref
Factor V Leider Si fﬁ 9 (13.75) 3 (102.0) : 0.10 1.69 (0.4_11—6.91)
G/A+A/A 9 (18.75) 3(12.0) 0.53 1.69 (0.41-6.91)
A/A 40 (83.33) 21 (84.0) 100 Ref
Factor V R2 é?S 8 (1(6).67) 4 (106.0) ) 0.19 1.05 (0.%8—3.90)
A/G+G/G 8 (16.67) 4(16.0) 1.00 1.05 (0.28-3.90)
G/G 47 (97.92) 25 (100) 100 Ref
Factor II G/A 1(2.08) 0 : - 1.61 (0.06-41.01)
actor A/A 0 0 _ _
G/A+A/A 1(2.08) 0 1.00 1.61 (0.06-41.01)
G/G 34 (70.83) 12 (48.0) - Ref
Factor FXIII G/T 12 (25.0) 12 (48.0) 0.04 * 0.91 0.35 (0.12-0.99)
Val34Leu T/T 2 (4.17) 1 (4.0) 1.00 0.70 (0.05-8.51)
G/T+T/T 14 (29.17) 13 (52.0) 0.055 0.38 (0.14-1.03)
G/G 23 (47.92) 16 (64.0) - Ref
o G/A 21 (43.75) 9 (36.0) 0.34 1.20 1.62 (0.59-4.45)
B-Fibrinogen A/A 4(8.33) 0 0.27 6.32 (0.32-125.6)
G/A+A/A 25 (52.08) 9 (36.0) 0.19 1.93 (0.71-5.22)
1a/la 34 (70.83) 17 (68.0) - Ref
HPA-1 la/1b 14 (29.17) 7 (28.0) 1.00 0.06 1.00 (0.34-2.94)
1b/1b 0 1(4.0) 0.34 0.17 (0.0-4.37)

* Chi-square test and, when necessary, Fisher’s exact tests were used to determine genotype and allele frequency
distributions, whereas logistic regression analysis was applied to evaluate possible associations. MS: multiple
sclerosis; HC: healthy controls; HPA-1: human platelet antigen 1. Statistically significant values p < 0.05 (*).

Table 4. Genotype frequencies distributions of cardiovascular risk factors performed by sequence-
specific oligonucleotide probing in MS patients and healthy controls.

Hardy-Weinberg

Risk Factors Genotype MS (n (%)) HC (n (%)) * p Value (Sgil;lfl(l))rr 1&1(1:15) O(g;l;) RCaIt)l °
Chi-Square x3)
4G/4G 8 (16.67) 8(32.0) - Ref
4G/5G 21 (43.75) 14 (56.0) 0.50 0.69 1.50 (0.46-4.93)
PAI-1 5G/5G 19 (39.58) 3 (12.0) 0.02 * 6.33 (1.32-30.24)
4G/4G +4G/5G 29 (60.42) 22 (88.0) - Re
5G/5G 19 (39.58) 3(12.0) 0.016 * 4.80 (1.26-18.31)
c/C 18 (37.5) 12 (48.0) - Ref
MTHFR C/T 25 (52.08) 9 (36.0) 0.25 0.98 1.85 (0.64-5.32)
(C677T) T/T 5(10.42) 4 (16.0) 1.00 0.83 (0.18-3.75)
C/T+T/T 30 (62.50) 13 (52.0) 0.38 1.54 (0.57-4.09)
A/A 21 (43.75) 10 (40.0) - Ref
MTHFR A/C 23 (47.92) 12 (48.0) 0.86 0.04 0.91 (0.32-2.55)
(A1298C) Cc/C 4(8.33) 3(12.0) 0.67 0.63 (0.12-3.39)
A/C+C/C 27 (56.25) 15 (60.0) 0.76 0.85 (0.32-2.29)
1/1 3(6.25) 4 (16.0) - Ref
ACE 1I/D 26 (54.17) 9 (36.0) 0.17 0.98 3.85 (0.72-20.63)
D/D 19 (39.58) 12 (48.0) 0.42 2.11 (0.40-11.13)
G/G 48(100) 25 (100)
Apo B G/A 0 0 - - -
A/A 0 0

* Chi-square test and, when necessary, Fisher’s exact tests were used to determine genotype and allele frequency
distributions, whereas logistic regression analysis was applied to evaluate possible associations. MS: multiple
sclerosis; HC: healthy controls; PAI-1: plasminogen activator inhibitor-1; MTHFR: methylenetetrahydrofolate
reductase; ACE: angiotensin-converting enzyme; Apo: apolipoprotein. Statistically significant value p < 0.05 (*).
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Table 5. Allele frequencies distributions of thrombophilia factors performed by sequence-specific
oligonucleotide probing in MS patients and healthy controls.

Risk Factors Allele MS (%) HC (%) * p Value Odds Ratio (95% CI)

Factor V G 87(90.62) 47 (94.0) 075 Ref

Leiden A 9.(9.38) 3 (6.0) : 1.62 (0.42-6.28)
A 88 (91.67) 46 (92.0) Ref

Factor V R2 G 8 (8.33) 4(8.0) 1.00 1.04 (0.30-3.66)
G 95(9896) 50 (100) Ref

Factor I A 1(1.04) 0 1.00 1.59 (0.06-39.69)
Factor FXIIT G 80(83.33) 36 (72.0) 010 Ref

Val34Leu T 16(1667) 14 (28.0) : 0.51 (0.22-1.17)
beta- G 67 (69.80) 41 (82.0) 011 Ref

Fibrinogen A 29(3020) 9 (18.0) : 1.97 (0.85-4.58)
la 82(8542) 41 (82.0) Ref

HPA-1 1b 14 (14.58) 9 (18.0) 0.59 0.77 (0.31-1.95)

* Chi-square test and, when necessary, Fisher’s exact tests were used to determine genotype and allele frequency
distributions, whereas logistic regression analysis was applied to evaluate possible associations. MS: multiple
sclerosis; HC: healthy controls; HPA-1: human platelet antigen 1.

Table 6. Allele frequencies distributions of cardiovascular risk factors performed by sequence-specific
oligonucleotide probing in MS patients and healthy controls.

Risk Factors Allele MS (%) HC (%) * p Value Odds Ratio (95% CI)
4G 37(3854) 30 (60.0) Ref
FALL, 5G 50 (61.46) 20 (40.0) 0.013% 239 (1.19-4.81)
MTHFR C 61(6354) 33 (66.0) 077 Ref
(C677T) T 35(36.46) 17 (34.0) : 1.11 (0.54-2.28)
MTHER A 65(67.71) 32 (64.0) 065 Ref
(A1298C) C 31(3229) 18 (36.0) : 0.85 (0.41-1.74)
I 32(3333) 17 (34.0) Ref
ACE D 64 (66.67) 33 (66.0) 0.93 1.03 (0.50-2.12)
G 96 (100) 50 (100) ] ]
ApoB A 0 0

* Chi-square test and, when necessary, Fisher’s exact tests were used to determine genotype and allele frequency
distributions, whereas logistic regression analysis was applied to evaluate possible associations. MS: multiple
sclerosis; HC: healthy controls; PAI-1: plasminogen activator inhibitor-1; MTHFR: methylenetetrahydrofolate
reductase; ACE: angiotensin-converting enzyme; Apo: apolipoprotein. Statistically significant value p < 0.05 (*).

Individuals homozygous for the FV Leiden, FV R2, and prothrombin G20210A poly-
morphisms were identified neither in the disease group nor the controls, and the same
observation was found when analyzing the Apo B R3500Q variant.

Although there was no significant difference between MS patients and HCs for most
of the tested mutations, a statistically significant difference was revealed in the genotype
frequencies between MS patients and HCs for the FXIIIVal34Leu and PAI-1 4G/5G poly-
morphisms, as indicated in Tables 3 and 4, respectively. More specifically, the genotype
frequency of heterozygous FXIII V34L was significantly lower in MS patients compared
with that in HCs (p < 0.05), and simultaneously, it was less associated with the disease
occurrence according to the odds ratio (OR: 0.35 (0.12-0.99); p < 0.05). Moreover, the
frequencies of PAI-1 polymorphisms were 16% for 4G /4G, 46% for 4G/5G, and 38% for
5G/5G in the patient group, whereas the corresponding frequencies in the healthy partic-
ipants were 32%, 56%, and 12%, respectively. Following a comparison between 4G /4G
and 5G/5G homozygous variants, the presence of 5G/5G appears to predominate in
the MS group compared with controls (p = 0.02), and in regard to the 4G/4G genotype,
the presence of the 5G/5G genotype was more likely to be associated with the disease
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(OR: 6.33 (95% CI: 1.32-30.24)) (Table 4). This finding was supported further by the analysis
of the 5G/5G genotype against the 4G /4G + 4G/5G compound genotypes in both study
groups, demonstrating a significant difference (p = 0.016) in terms of genotypic frequency,
revealing once again that the homozygous 5G/5G genotype was correlated with the disease
onset as opposed to the 4G /4G or compound 4G /4G + 4G/5G polymorphisms (OR: 4.80
(1.26-18.31); p < 0.05). Similarly, assessing the allele frequency, we observed that the 5G
allele distribution was significantly frequent and more likely to be associated with the
disease group compared with HCs (OR: 2.39 (1.19-4.81); p = 0.013) (Table 6).

3.3. Mutant Allele Presence and Disability Progression in MS

The results of the analysis of MS disability and progression revealed significant find-
ings in terms of genetic variants related to thrombophilia and CVD (Tables 7 and 8). Namely,
the presence of the FV Leiden GA genotype was 47% less likely to be associated with ad-
vanced disability (OR: 0.53 (0.25-0.90); p < 0.05), and this was extended to the FV R2 AG,
which had a 54% decrease in the likelihood of increased EDSS (OR: 0.46 (95% CI: 0.19-0.84);
p < 0.001) and a 40% decrease in MSSS (OR: 0.60 (95% CI: 0.30-0.97)) (Table 7). Further-
more, the results of the analysis of the EDSS and MSSS median indices in regard to the
FV polymorphisms demonstrated a lower median index being associated with the mutant
genotype compared with the wild type (Table 7).

Table 7. Association of thrombophilia factor genotype with EDSS and MSSS scores.

EDSS MSSS
Risk Factors Genotype Median Odds Ratio p Value Median Odds Ratio p Value
(IQR) (95% CI) for OR (IQR) 95% CI) for OR
3.25 3.65
oy O ediw M cdin M
Leiden . . . .
G/A (1.75-350)  (0.25-0.90) 0.016 (%) (190-393)  (0.44-1.06) 0.10
3.5 3.65
oV R A/A (2.50-5.50) Ref (2.64-5.41) Ref
actor 1.75 0.46 2.10 0.60
A/G (1.00-4.75)  (0.19-0.84) 0.008 (**) (145-4.49)  (0.30-0.97) 0.038 (*)
3.50 3.65
Factor FXIII G/G (2:50.550) fgi (2:64-560) ffé
Val34Leu . . . .
G/T,T/T (250-5.75)  (0.71-1.44) 0.90 (255-628)  (0.87-157) 0.31
3.50 3.65
Fib‘rf’i‘;tgéen G/G (2.50-5.50) Ref (2.50-5.41) Ref
3.50 0.99 421 1.06
—45G>A - G/AA/A (05075500 (0.72-1.37) 0.99 (3.02-526)  (0.81-1.40) 0.66
3.5 3.65
. la/la (2.50-5.50) Ref (2.64-5.41) Ref
- 4.50 147 4.5 142
la/1b 2.87-612)  (1.03-2.18) 0.03 (*) (3.08°647)  (1.05-2.01) 0.02 ()

EDSS: expanded disability status scale; MSSS: multiple sclerosis severity score; IQR: interquartile range; HPA-1:
human platelet antigen 1. Statistically significant values p < 0.05 (*), p < 0.01 (**).

Interestingly, another significant correlation was observed when assessing the HPA-
1a/1b genotype regarding the EDSS (p < 0.05) and MSSS (p < 0.05). Patients with HPA-1a/1b
had a 47% possibility of having an increased disability score (OR: 1.47
(95% CI: 1.03-2.18); p < 0.05), whereas the results of the analysis of disease progression,
according to the MSSS score, also showed a correlation with the presence of such genotype
(OR: 1.42 (95% CI: 1.05-2.01); p < 0.05). In parallel, the median index of EDSS was higher
in the presence of HPA-la/1b (median index: 4.5 (IQR: 2.87-6.12)) compared with the
HPA-1a/1a genotype (median index: 3.25 (IQR: 2.50-5.50)), which also holds true for
MSSS (Table 7).
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Table 8. Association of cardiovascular risk factor genotype with EDSS and MSSS scores.

EDSS MSSS
Risk Factors Genotype Median Odds Ratio p Value Median Odds Ratio p Value
(IQR) (95% CI) for OR (IQR) (95% CI) for OR
4.00 3.65
4G/4G (2.75-5.50) Ref (2.40-5.63) Ref
PAI-1 4G/5G, 3.00 0.79 07 3.50 0.88 0.46
5G/5G (2.50-5.12) (0.52-1.20) ’ (2.64-5.03) (0.62-1.25) :
3.50 3.69
MTHFR cC (2.50-5.50) Ref (2.64-5.50) Ref
C677T 3.50 1.05 3.57 0.92
(Ce77m) CTTT (250-550)  (0.75-1.47) 0.78 (230-5.12)  (0.70-1.23) 0.60
3.50 3.65
MTHFR AA (2.50-5.50) Ref (2.64-5.03) Ref
A1298C 3.00 1.09 4.25 1.33
( ) AC, CC (250-550)  (0.79-1.52) 0.60 (2.77-645)  (0.99-1.87) 0.055
3.00 3.50
ACE I/1 (2.50-5.50) Ref (2.57—4.64) Ref
3.50 0.81 3.57 0.69
I/D,D/D 05075500  (0.43-1.58) 0.52 (2.53-4.98)  (0.39-1.16) 0.16
EDSS: expanded disability status scale; MSSS: multiple sclerosis severity score; IQR: interquartile range;
PAI-1: plasminogen activator inhibitor-1; MTHFR: methylenetetrahydrofolate reductase; ACE: angiotensin-
converting enzyme; Apo: apolipoprotein.
The results of a detailed analysis of HPA-1a/1b genotype frequencies indicated that
y genotyp q
there was a significant difference between male and female patients with MS. As shown in
& p
Table 9, male HPA-1a/1b carriers were significantly more likely to have a high EDSS score
(OR: 3.04 (1.22-19.54); p < 0.05), whereas female carriers showed no significant association.
On the other hand, female MS patients carrying the HPA-1a/1b genotype had an increased
likelihood to be correlated with an increased MSSS score (OR: 1.56 (1.04-2.61), p < 0.05);
however, such a correlation was not observed in the group of male patients.
Table 9. Sex-based association of genetic polymorphisms that were correlated with increased EDSS
and MSSS scores.
EDSS MSSS
Risk Factors Genotype Median Odds Ratio p Value Median Odds Ratio p Value
(IQR) (95% CI) for OR (IQR) (95% CI) for OR
3.00 2.64
HPA-1 la/l1a (2.504.00) Ref (1.60-4.25) Ref
Women 4.00 1.54 4.49 1.56
( ) la/1b (250-550)  (0.90-2.99) 0.11 (3.01-624)  (1.04-2.61) 0.03 ()
3.50 3.69
HPA-1 la/1a (2.25-5.50) Ref (2.68-4.98) Ref
Men 6.50 3.04 6.43 1.63
(Men) la/1b (6.00-8.00)  (1.22-19.54) 0.01 (%) (4.540847)  (0.93-3.35) 0.08
3.50 2.97
(X’lle—glgg) AA (3.00-4.00) Ref (2.30-3.79) Ref
3.00 0.97 4.21 1.23
(Women) AC, CC (250-525)  (0.57-1.70) 0.93 (247-601)  (0.84-1.92) 0.29
3.25 3.62
MTHFR AA (2.37-5.62) Ref (2.42-4.87) Ref
(Aa{,%i%)c) AC. CC 4.00 121 037 438 166 0.04%)
€ / (2.62-7.12) (0.80-1.91) : (3.35-8.35) (1.02-3.43) :

EDSS: expanded disability status scale; MSSS: multiple sclerosis severity score; IQR: interquartile range;
HPA-1: human platelet antigen 1; MTHFR: methylenetetrahydrofolate reductase. Statistically significant values
p <0.05 (*).

Another important observation was revealed when analyzing the MTHFR A1298C
polymorphism. Although there was no association between heterozygous or homozygous
genotypes for the MTHFR A1298C polymorphism and the clinical outcomes of the disease,
the results of a further analysis in male patients carrying the mutant C allele demonstrated
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an increased likelihood of having worse MS progression (OR: 1.66 (1.02-3.43), p < 0.05), a
finding that was not observed in female patients (Table 9).

4. Discussion

MS is a chronic complex disease in which underlying mechanisms influenced by
genetic, epigenetic, and environmental factors play a crucial role in disease onset. Although
the etiology of MS is still under investigation, changes in the genetic makeup can affect the
signaling pathways involved in the onset of MS. Previous studies have highlighted the im-
portance of the interaction between coagulation components and inflammation [5,13,31,32],
and, therefore, mutations in genes encoding procoagulant serine proteases or regulators of
the coagulation cascade could be essential risk factors for MS.

In this case-control study, we analyzed different mutations identified in related genes
to thrombophilia and CVD, and we examined their frequency and impact in patients
with MS. In detail, we investigated the FV Leiden polymorphism, FV R2, prothrombin
20210 G>A, FXIII Val34Leu, beta-fibrinogen —455 G>A, HPAla/1b, MTHER 677 C>T,
MTHER 1298 A>T, PAI-1 4G/5G, ACE 1/D, and Apo B R3500Q, and, to the best of our
knowledge, this is the first study assessing such polymorphisms that may increase the
predisposition of thrombotic episodes or cardiovascular events in MS, known pathological
conditions in early disease occurrence [33,34].

The studied mutations in the FV gene, namely FV Leiden (FV R506Q) and FV R2 (FV
H1299R), affect the sensitivity of the FV molecule to APC and disrupt the APC-mediated
anticoagulant mechanism. These mutations prevent the binding of the APC to the FVa
cleavage site, increasing the resistance to the APC and disrupting the anticoagulant mecha-
nism [35]. In addition, the FV R2 mutation (FV H1299R) promotes the expression of the
FV in plasma, which results in increased thrombin generation [36]. FV Leiden is a major
risk factor for inherited thrombophilia and is identified in 20-50% of individuals with
VTE, whereas the FV R2 mutation increases the risk of VIE and CVD in the presence of
FV Leiden. Researchers found that Greek Cypriots from the general population showed
heterozygosity of FV Leiden and FV R2 at frequencies of 7% and 10%, respectively [6]. For
both mutations, no homozygous cases were identified. In other studies, assessing different
ethnic groups, the frequency of heterozygous FV Leiden genotype ranged between 2%
and 4% in healthy individuals [29,37], whereas in patients with coronary artery disease,
it was 3.7% [29]. Furthermore, a frequency of 9.5% to 16.5% for FV R2 heterozygosity
was shown in patients with VTE, in contrast to 5.8% to 10.4% in the general population,
having a fluctuation in the proportion due to different ethnicities and sample sizes [38—40].
Our findings were in accordance with previous studies, showing that no homozygous
individuals were identified in either the disease group or the control group, revealing
similar heterozygous genotype frequencies as well as allele distribution in both study
groups. Based on a comprehensive analysis of our findings regarding disability status and
disease worsening, it was found that MS patients carrying heterozygous FV Leiden and FV
R2 mutations had a reduced risk of developing advanced disability and were less likely to
progress to advanced stages of the disease. As far as we know, this is the first study that
aimed to correlate the FV Leiden and FV R2 vascular risk factors with clinical outcomes in
MS and to deal with their potentially harmful effects on disease progression.

Importantly, FV Leiden carriers are four times more likely to experience recurrent
thrombosis, and this finding is further extended to those individuals carrying the com-
pound FV Leiden and prothrombin G20210A mutations, as they are 40% more prone to
recurrence of thrombosis and having the first episode under the age of 45 years [7,41]. The
prothrombin G20210A variant is correlated with elevated prothrombin levels in plasma,
leading to an increased rate of thrombin generation and activation [42]. Studies in patients
with coronary artery disease found a low frequency (3.3%) of the prothrombin G20210A
heterozygous genotype, whereas the homozygous genotype was not identified [29]. Sim-
ilarly, patients who developed thromboembolic episodes showed low frequency for the
G20210A heterozygous genotype, and no homozygous individual was identified [7]. The
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findings of our study were consistent with other studies as we detected only one heterozy-
gous case for the prothrombin G20210A variant in the entire cohort of MS participants. In
addition, we found no healthy individuals being heterozygous or homozygous for such
mutation, further confirming studies from European and non-European countries, in which
the G20210A polymorphism is rarely detected in the general population [6].

Interestingly, when analyzing the genotype distribution of FXIII Val34Leu mutation
between patients and healthy controls, we found a significant linkage between wild-type
FXIII and the disease. Conversely, the heterozygous model of such polymorphism was
associated with the control individuals rather than the disease group. It has previously been
suggested that FXIII Val34Leu provides a protective effect against thrombosis as it affects
the cross-linked structure of fibrin clots and suppresses the mass of thrombi [19,43]. Other
researchers reported a high allele frequency, ranging between 21% and 28% for the Val34Leu
variant in patients with VTE. Furthermore, they speculated that the Val34Leu variant in
the presence of mutations known to promote VIE development, such as FV Leiden and
prothrombin G20210A, might disrupt the mechanisms underlying VTE development [6,44].
Our results are consistent with such observations from previous research, highlighting the
importance of FXIII in the study of neuroinflammatory diseases like MS.

The results of the analysis of the HPA-1 polymorphism showed differences when
assessing disability and disease progression. Based on logistic regression analysis, the
HPA-1a/1b genotype was more likely to be associated with increased EDSS and MSSS
scores, whereas the HPA-1a/1a genotype was less likely to be associated.

Recent studies highlighted the fact that male MS patients annually experienced a
greater deterioration in disability status compared with female patients, and, at the same
time, male patients also exhibited disease worsening, including atrophy of the gray mat-
ter [45,46]. With regard to the HPA-1 polymorphism, our study showed significant findings
due to the sex differences in MS. In comparison with male MS patients with the HPA-1a/1a
genotype, male MS patients with the HPA-1a/1b genotype showed a significant associa-
tion with advanced disability status; however, such an association was not demonstrated
for female MS patients harboring the 1b allele. Furthermore, the results of our analysis
indicated that in female patients carrying the HPA-1a/1b genotype, there was an increased
likelihood of disease progression; however, this was not true for male patients carrying
the 1b allele. In view of these findings, it is increasingly clear that sex plays a role in MS
severity, even in genetic predispositions that show significant sex differences.

Substitution of proline for leucine at position 33 of the extracellular beta-3 domain of
allb3 platelet integrin results in a change from HPA-1a to HPA-1b and disrupts the balance
of local structure, thereby enhancing the adhesion of platelets to fibrinogen, increasing the
flexibility of integrin, and the risk of thrombosis [47]. Our findings support the notion of the
HPA-1b contribution to the cross-talk between thrombosis and inflammation, and further
studies are required to investigate its role in neuroinflammatory diseases. In addition,
the results of the analysis of the HPA-1 polymorphisms in the groups studied showed
that only HPA-1a/1a and HPA-1a/1b genotypes were detected, whereas nonhomozygous
individuals for the 1b allele were identified. Earlier studies in patients with coronary
artery disease reported the presence of HPA-1a/1a and HPA-1a/1b genotypes in the study
participants, whereas only HPA-1a/1a was identified in the control group [29]. In contrast,
screening Greek Cypriots from the general population showed the presence of the HPA-
1b/1b variant at a frequency of 4%, and this supports the notion of further analysis of
such polymorphisms to better validate the results [6]. Interestingly, the 1b allele has been
associated with the early onset of MI and ischemic stroke, and this has been demonstrated
by a large case-control study including 1211 patients from Germany and 510 patients from
the U.S.A. with coronary artery disease in which participants carrying the 1b allele had an
increased risk of early onset of MI [29].

Moreover, our results showed no significant difference when assessing the frequency
distribution of the beta-fibrinogen (—455 G>A) genotype in the studied groups or the
association between beta-fibrinogen (—455 G>A) and disability or disease progression.
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Consistent with our findings, a large investigation involving 426 patients who had suf-
fered an ischemic stroke and 234 healthy volunteers showed no difference in the frequency
of the beta-fibrinogen 455 G>A mutation between the study groups [29]. In addition, a
study on MS found a weak association between the —455 G>A mutation and disease,
further supporting a weak contribution to disease susceptibility [48]. Nonetheless, ho-
mozygosity for —455 G>A represents an increased risk factor for VTE and ischemic stroke,
which are pathological conditions that occur at the early stages of MS [11,43]. Since fib-
rinogen deposition in the CNS of MS animal models has been shown to affect microglial
activity, cause abnormal BBB permeability that contributes to T lymphocyte infiltration,
and enhance the interplay between coagulation and inflammation in pre-demyelinated
regions [49], the beta-fibrinogen 455 G>A mutation should be further investigated with
respect to the content of fibrinogen accumulation, since 455 G>A mutation associated with
elevated plasma fibrinogen levels.

Importantly, the underlying mechanisms that are involved in the VTE and CVD
onset have also been linked to the presence of the PAI-1 4G/5G polymorphism [16,43].
Although PAI-1 plays an essential role in the fibrinolytic system by inhibiting tPA, hence
suppressing plasmin formation, only a few studies have examined the impact of the PAI-1
4G/5G polymorphism on the coagulation-neuroinflammation circuit [50]. Research on
CVD, especially on MI, has demonstrated that the 4G allele is a high-risk factor for disease
onset [6], whereas in patients with coronary artery disease, the 4G allele was detected
more frequently than the 5G allele [51,52]. On the contrary, the 4G allele seems to have a
neuroprotective effect against cerebral ischemia, whereas the 5G allele and 5G/5G genotype
have been correlated with hemorrhage in post-lysis stroke patients [53]. In the current study,
we achieved to show that the 5G allele and 5G/5G genotype were associated with MS
susceptibility, demonstrating an increased prevalence compared with healthy participants,
which can serve as a predictor risk factor for the occurrence of the disease. Similarly,
a previous study on MS found that 5G/5G was associated with harmful effects on MS
susceptibility, and the genotype PAI-1 5G/5G by itself or together with the tPA I allele
could be crucial risk factors for MS onset [16].

No significant difference in the genotype distribution was observed between MS
patients and controls when analyzing MTHFR 677 C>T and 1298 A>C polymorphisms.
According to the results of the odds analysis, there was no significant probability of correlat-
ing the genotypes with the onset of MS. Previous research on MS showed that the MTHFR
1298 A>C variant was more likely to be associated with disease onset than the MTHFR
6777 C>T variant [54]. Nonetheless, other studies have not found any correlation between
mutations and MS, but this may be due to a small study population and different ethnicity,
which could account for a different genetic makeup between the study groups [55,56]. In a
comprehensive analysis regarding sex, we discovered that men who carried the mutant
allele had a greater likelihood of experiencing worse MS progression, but female carriers
were not affected. In addition to confirming that disease progression is more severe in
male MS patients than in female patients, our results indicate that genetic markers not only
may serve as potential biomarkers for the disease but also could be predictive of disease
worsening or advanced disability in male patients [45,46].

ACE /D and Apo B R3500Q polymorphisms have also been associated with thrombo-
sis and CVD since they increase the risk of MI and thrombotic episodes, whereas the ACE
D/D variant has also been linked to elevated plasma levels of ACE and suppression of
fibrinolysis [57,58]. In the current study, we observed similar frequencies of the ACE I/D
and Apo B R3500Q variants between MS patients and healthy controls, and our findings
were in agreement with previous studies in the coronary artery that did not demonstrate
any correlation between disease occurrence and such mutations [29].

The current research project has some limitations that warrant discussion. Considering
the small sample size of participants and the fact that they represent only one population,
the statistical power may be diminished, affecting the validity of substantial conclusions.
Moreover, the study was limited to patients who tested positive for IgG antibodies against
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seven coagulant serine proteases, i.e., FVIla, thrombin, prothrombin, FXa, FXII, plasmin,
and protein C. Therefore, further studies are needed to validate our results, recruiting large
case-control groups from a wide range of ethnicities to shed more light on the context of
gene—gene interactions, combined mutations, and molecular mechanisms that play a crucial
role in the coagulation-inflammation interplay. In addition, a comparison of patients who
tested positive for antibodies against serine proteases of the coagulation cascade and those
who were negative will provide further data on neuroinflammation and neurodegeneration
regarding the genetic polymorphisms related to coagulation or thrombosis. Furthermore,
the present study focused on identifying high-risk polymorphisms in MS patients. To
characterize the role of such polymorphisms and gain a better understanding of the mecha-
nisms that underlie MS pathology, preclinical studies should also be considered. Genetic
polymorphisms related to thrombosis could serve as biomarkers for disease prognosis and
monitoring and could also be a potential target in therapeutic strategies.

5. Conclusions

In conclusion, compelling evidence was revealed when assessing MS occurrence with
genetic markers related to thrombophilia and CVD. Among the eleven polymorphisms
studied, the homozygous PAI-1 5G/5G genotype and PAI-1 5G allele were found to
play a role in MS, whereas the FXIII Val34Leu polymorphism demonstrated a protective
role. According to the best of our knowledge, this is the first study to examine such
polymorphisms and disease outcomes, finding a positive association between HPA-1a/1b
and advanced disability as well as disease severity. The results of an in-depth analysis
further revealed the differences regarding sex, demonstrating that disability was associated
with male patients carrying the HPA-1b allele, whereas female carriers of HPA-1b were
more likely to be correlated with an increase in MS severity. The severity of MS was also
significantly increased in male patients carrying the mutant allele of MTHFR 1298 A>C but
not in female carriers. Consequently, our findings emphasize the importance of genetics in
the MS population and the impact that different genotypes may have on patients’ clinical
outcomes.
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Abstract: In the early stages of multiple sclerosis (MS), there are currently no sensitive assessments
to evaluate complex motor functions. The countermovement jump (CM]J), a high-challenge task in
form of a maximal vertical bipedal jump, has already been investigated as a reliable assessment in
healthy subjects for lower extremity motor function. The aim was to investigate whether it is possible
to use CM]J to identify subthreshold motor deficits in people with multiple sclerosis (pwMS). All
participants (99 pwMS and 33 healthy controls) performed three maximal CMJs on a force plate.
PwMS with full motor function and healthy controls (HC) did not differ significantly in age, disease
duration, Body Mass Index and the Expanded Disability Scale Score. In comparison to HC, pwMS
with full motor function demonstrated a significantly decreased CMJ performance in almost all
observed kinetic, temporal and performance parameters (p < 0.05). With increasing disability in
pwMS, it was also observed that jump performance decreased significantly. This study showed that
the CMJ, as a high challenge task, could detect motor deficits in pwMS below the clinical threshold of
careful neurological examination. Longitudinal studies are pending to evaluate whether the CM]J can
be used as a standardized measure of disease progression.

Keywords: multiple sclerosis; motor deficits; assessment; jump analysis; countermovement jump

1. Introduction

Multiple sclerosis (MS) is an inflammatory chronic disease of the central nervous
system, which damages the myelin layer of the nerve fibers [1]. Therefore, early initiation
of therapy is critical for a more favourable progression of disease [2]. MS often results in
decreased motor functions, which may rely upon integrated involvement of neuromuscular,
neurosensory, musculoskeletal, and cardiopulmonary systems [3]. Equally as complex
as the motor system is the identification of subtle motor deficits in people with multiple
sclerosis (pwMS).

In the early stage of disease in MS, when pwMS have no or minimal disability, there
are currently no sensitive objective assessments to identify subtle motor deficits in the
lower extremities as well as to identify and quantify early deficits in complex movements.
However, the ability to identify, specify and monitor subtle motor impairments is critical to
the management of optimal disease-modifying and symptomatic treatment [4]. In the early
stages of MS, neurological reserve can functionally compensate for neuronal damage caused
by the demyelinating lesions through various mechanisms involving, for example, cerebral
reorganization [5,6]. Currently, the assessment of MS patients occurs as a neurological
examination and on rare occasions by a standardized functional test.

Neurological examination is standardized using the Expanded Disability Status Scale
(EDSS) [7].

Krieger et al. [8] reported in their study that traditional clinical measures (i.e., EDSS)
did not distinguish neurologically “normal” pwMS (i.e., EDSS 0) from healthy controls
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(HC). High-challenge tasks were more sensitive to subtle deficits than traditional clinical
measures in pwMS with an EDSS 0 and could detect subthreshold impairments and
identify underlying disease burden [8]. Assessments such as the EDSS are quite subjective
in evaluating the different functional systems separately [9]. In contrast, high-challenge
tasks represent a complex integration of different functional systems (e.g., motor, cerebellar,
sensory) requiring great physical effort.

The countermovement jump (CM]J) exemplifies a high-challenge task, challenging the
neuromuscular system by combining strength, balance, coordination and muscle timing
in one assessment. As a type of vertical jump, the CMJ] works on the principle of the
stretch-shortening cycle (SSC). The SSC is defined as a high-intensity eccentric contraction
immediately before a rapid concentric contraction and occurs in natural movements such
as walking and running [10].

The CM]J is commonly used in professional sports to assess lower-body ballistic
performance and monitor the effectiveness of training programs [11-13]. Many research
studies confirm the high validity and reliability of the CM]J on force plates to assess motor
function of the lower extremity in a variety of clinical settings [12,14-20].

To our knowledge, there are no studies that investigate CM] performance in MS. Two
pilot studies from Kirkland et al. [21,22] provide the first evidence that jump tasks can detect
differences between pwMS with mild disability and healthy controls and that they are a
potentially useful measurement of lower limb function in pwMS. However, in contrast to
our study, Kirkland et al. assessed the use of horizontal jumps on an instrumental walkway
system with small sample size. The combination of multiple domains in one test enables
the identification of deficits and facilitates adequate rehabilitation [4].

In this study, we created a MS group equal to HC according to the degree of disability,
motor function assessed with EDSS and physical activity. We aimed first (i) to investigate
the CMJ performance between pwMS groups and HC and second (ii) to evaluate the suit-
ability of the CM] for detecting motor deficits in pwMS below the clinical threshold of the
pyramidal FSS. The clinical threshold is defined by clinical signs of an underlying burden of
disease. Below the clinical threshold, clinical signs may not be apparent on routine clinical
examination, and when lesions cross the clinical threshold, clinical symptoms occur [8].
The third aim (iii) was to assess the CM] performance complementary to subthreshold
EDSS measures in sensory and cerebellar FSS.

2. Materials and Methods
2.1. Participants

We conducted a cross-sectional study in the MS Center at the Center of Clinical
Neuroscience of the Department of Neurology, University Hospital Carl Gustav Carus,
Dresden, Germany. HC without neurological disease and pwMS were invited to partici-
pate. We recruited 189 subjects between April 2021 and September 2021. All participants
provided written informed consent for the study. The study was approved by the local
ethics committee (BO-EK-320062021).

Inclusion criteria were as follows: (a) presence of confirmed MS diagnosis according to
McDonald’s criteria, (b) relapse-free status in the past 3 months, (c) EDSS Score between 0
and 5.0, (d) age between 18 and 65 years, (e) ability to walk without aid and rest for >500 m
and (f) to perform heel rise, stand on heels and perform squats. Prior to jump testing,
physical activity was assessed by patients using Godin Leisure Time Exercise Questionnaire
(GLTEQ). Exclusion criteria were with the presence of orthopedic and surgical disorders
that affect jumping, history of falls in the past month, fear of falling while jumping and
current pregnancy. In all study participants, first the EDSS was recorded, followed by the
GLTEQ and finally the CM]Js.

To standardize physical performance, a GLTEQ-Score > 24 provided the basis of
participants included in the analysis. Further, for comparability in terms of motor skills
between pwMS and HC, two groups were divided retrospectively in pwMS with nor-
mal (full) motor function (pwWMS otor normal) @and pwMS with impaired motor function
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(PWMS otor impaired)- PWMS motor normal Were defined as having an EDSS score < 1.5, with
no motor abnormalities and disability appearing below this clinical threshold. As per the
EDSS classification, an EDSS Score < 1.5 resulted in pyramidal FSS of 0-1, normal muscle
strength and unimpaired monopedal hopping. In all these items, the pwMS ot0r normal
were equal to the HC. The pwMS pot0r impaired Showed an EDSS score > 2 and therefore a
pyramidal FSS of 2—4, reduced muscle strength and impaired monopedal hopping. Hence,
this group was above the clinical threshold. In a final step, to test the suitability of the
CMJ, only pwMS ynimpaired and HC were compared. Notably, both groups showed normal
results in the cerebellar and sensory functional systems which affect the neuromuscular
control and motor function.

2.2. Assessments
2.2.1. Expanded Disability Status Scale (EDSS)

To examine the clinical status, the EDSS was assessed by certified raters in pwMS
including MS-specific pyramidal, cerebellar and sensory FSS [9]. The EDSS is the most
used disability scale in MS and is well established among neurologists [23]. In this study,
HC were also examined with the complete EDSS. Participants were classified according to
Kurtzke [9] as follows:

(a) No disability in pyramidal FSS: pyramidal < 1.
(b) Normal sensory and cerebellar function: sensory FSS = 0 and cerebellar FSS = 0.

As part of the EDSS in the pyramidal FSS, the British Medical Research Council Rating
Scale (BMRC) was assessed for lower extremity muscles [24]. Participants were classified
according to BMRC as follows:

(a) Participants with normal muscle strength: full strength in all assessed muscle groups
of the lower extremity.

(b) Participants with reduced muscle strength: not full strength in one or more muscle
groups of the lower extremity.

Monopedal hopping was also performed as a part of the pyramidal FSS in the EDSS.
Participants were classified according to monopedal hopping as follows:

(a) Participants with monopedal hopping unimpaired: normal, 10 jumps performed on
one leg right and left.

(b) Participants with monopedal hopping impaired: less than 10 jumps on one or
both legs.

2.2.2. Godin Leisure Time Exercise Questionnaire (GLTEQ)

The GLTEQ is a validated patient-reported outcome (PRO) for measuring simple
and effective physical activity in pwMS [25]. It is a three-item questionnaire to record
the frequency at which the subjects performed physically strenuous, moderate, and mild
exercise per week in the past month. A GLTEQ score of less than 14 units indicates
insufficient activity, 14 to 23 indicated moderate activity and 24 units or more indicated
high activity [25].

2.2.3. Countermovement Jump (CM])

All participants performed three maximal CMJs without arm swing on a single force
plate. Before the jumps, a physiotherapist verbally explained and demonstrated the jump-
ing technique to each subject. The participants were instructed to jump as high as possible
with their hands on their hips and to keep their legs extended during the flight phase of
the jump (Figure 1). A 5s rest was performed between the jumps, as described in previous
studies [26-28]. Any CM]Js that were inadvertently performed with the inclusion of arm
swing or tucking of the legs during the flight phase of the jumps were excluded. All of
the participants completed a practice jump before data collection. The jumping trials were
performed wearing socks and everyday clothes.
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Figure 1. Countermovement jump phases in ground reaction curve. a = weight phase, b = unweight
phase, ¢ = eccentric phase, d = concentric phase, e = flight phase, f = landing phase; Fz = resultant force.

The CM] can be divided into 6 phases (Figure 1.) First (a), the patient stands still on
the force plate and the body weight is measured. In the second phase (b), the patient begins
a short countermovement with flexion of the hips and knees in which the body weight
is reduced below a threshold value of 5%. The phase ends when the body weight in the
force-time curve is reached again. Third is the braking or eccentric phase (c), characterized
by flexion of the hip, knee, and ankle until the center of mass (COM) is lowest and velocity
is zero. During the braking phase, the following leg muscles work eccentrically: M. gluteus
maximus, M. iliopsoas, M. quadriceps femoris, and M. triceps surae. Next is the propulsion
or concentric phase (d). It begins with a forceful extension of the hips, knees, and ankles to
move COM upwards and push off the force plate. The muscles which previously, in the
braking phase, worked eccentrically now work concentrically. The time after take-off from
the force plate to the highest point of the COM is described as the flight phase (e). The CM]
ends with the landing phase (f) when both feet touch the force plate and the initial position
is reached again [29].

2.3. Data Collection

Ground reaction forces and moments of force were recorded using a portable single
force plate from AMTI (Advanced Mechanical Technology Inc., Watertown, MA, USA,
AccuPower-O) and sampled at 1000 Hz. Force plates are the gold standard and a valid
method of measuring vertical jump performance [30,31]. The reliability of the AMTI force
plate is good to excellent and shows a low error rate of 2.5% [32].

A dedicated biomechanical analysis software (AccuPower Solutions, Version 1.5.4.2082,
Watertown, MA, USA) was used to record the parameters during the different jump phases.
The most common and reliable jump parameters in sports medicine depending on the
different CMJ phases were selected [33]. An important consideration in the extraction
of the jump parameter was to analyse not only force parameters, but also time-based
parameters, as these are more indicative of neuromuscular performance [14,34]. Table 1
shows a description of the recorded jump parameters.
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Table 1. Measured jump parameters by force plate.

Jump Parameters Description Interpretation
Temporal parameters
Flight time (s) time in the air from jump take-off to landing longer = better
Braking time (s) duration of the eccentric phase shorter = better
Propulsive time (s) duration of the concentric phase shorter = better
FTCTR ratio of flight to contraction time higher = better
Kinetic parameters
FZV (N/kg) maximum force during eccentric phase higher = better
Peak force (N/kg) maximum force during concentric phase higher = better
ANP (W/kg) average power during eccentric phase higher = better
APP (W /kg) average power during concentric phase higher = better
BPIR ratio of braking to propulsive impulse lower = better
Performance parameter
Jump height (cm) jump height calculated by force impact higher = better

Abbreviations: FTCTR = flight time to contraction time ratio; FZV = force at zero velocity; ANP = average negative
power; APP = average positive power; BPIR = brake to propulsive impulse ratio.

2.4. Statistical Analysis

For all three jumps, the mean values of the individual parameters were used for the
statistical analyses. Force values were converted to values relative to body mass. The
distribution of all jump parameters was visually inspected and supplemented with the
Shapiro-Wilk test for the assessment of normality.

In the evaluation of jump parameters, a descriptive specification of mean values and
standard deviations occurred. Generalized linear mixed models (GLMM) were applied to
determine the differences in jump parameters between the groups (HC, pwMS ot0r normal
and pwMS yotor impaired) and subgroups according to normal cerebellar and sensory FSS
(HC and pwMS nimpaired) adjusted for age, gender and Body Mass Index (BMI). For
normally distributed outcomes, the Gaussian distribution with identity link was used,
while for right-skewed outcomes, the Gamma distribution with log link function was
used. Statistical significance was fixed at p < 0.05. The significance level « was Bonferroni
corrected for multiple testing. Effect sizes in between-group comparisons were quantified
using Cohen’s d, with effect sizes defined as small (d = 0.20-0.49), moderate (d = 0.50-0.79)
or large (d > 0.80) [35]. Spearman rank correlations were calculated to study bivariate
relations of jump parameters with EDSS and FSS. Statistical analyses were performed using
IBM Statistical Package for the Social Sciences (SPSS) for Windows, Version 28 (IBM Corp,
Armonk, NY, USA).

3. Results
3.1. Participants

A total of 189 study participants were examined in the study. After evaluation of
the GLTEQ, n = 132 study participants emerged as physically active and were therefore
included in the analysis (Figure 2). PWMS ot0r normal and HC are equal regarding to degree
of disability, motor function according to EDSS and physical activity and did not differ
based on age, BMI or gender (Table 2). The pwMS potor impaired had a significant higher age
(p < 0.05), EDSS score (p < 0.001) as well as pyramidal FSS, sensory FSS and cerebellar FSS
(p <0.001), as expected. An overview of the participants’ characteristics is shown in Table 2.
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189 Participants
(n=35 HC, n=154 pwMS)
Inclusion Criteria:
-Age 18-65
-EDSS Score 0-5.0
-Ability to walk without aid and rest for = 500 m
-Perform pre-tests

Godin Leisure Time Exercise Questionnaire Score = 24, - 57 Participants
= PHYSICAL ACTIVE (HC n=2, pwMS n=55)

! '

HC pwMS
physical active physical active
n=33 n=99

NORMAL MOTOR FUNCTION?

-Unimpaired ambulation

-Pyramidal FS: no disability 44_n_o_|
-Full muscle strenght in lower extremity groups
-Monopedal hopping unimpaired

J Il v

First and Second Objective

HC pwMS motor normal pwMS motor impaired?
- normal motor - normal motor - impaired motor
function function function
- physical active - physical active - physical active
n=33 n=77 n=22

NORMAL SENSORY & CEREBELLAR FUNCTION

42 Participants
- Sensory FS: normal (HC n=2, pwMS n=40)

- Cerebellar FS: normal
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] ]
g
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o
® - sensory and - sensory and
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function function
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Figure 2. Flowchart of the study population. In order to create the best possible basis for comparability
between groups, only participants with a GLTEQ > 24, i.e., physically active, were included in the
analysis. In a next adjustment step, the group of pwMS was divided according to the degree of
disability and motor impairment assessed with EDSS. This resulted in a pwMS group with motor
disability (pWwMS motor impaired) and a pwMS group without motor disability (pWwMS motor normat)-
PWMS 110tor normal thus corresponds to the HC group (all participants were examined with EDSS). In
this study, the jumping performances between these three groups were analysed in two steps (first
and second objective). Because sensory and cerebellar dysfunction can influence motor function, only
participants without sensory and cerebellar dysfunction according to the EDSS were included in a
finally analysis step (tertiary objective). | Normal motor function: EDSS score < 1.5 with pyramidal
FSS < 1. 2 PwMS motor impaired: EDSS score > 2 with pyramidal FSS of 2—-4, reduced muscle
strength and impaired monopedal hopping. Abbreviation: EDSS = Expanded Disability Status Scale;
GLTEQ = Godin Leisure Time Exercise Questionnaire; FSS = functional system score; pwMS = people
with multiple sclerosis; HC = healthy controls.
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Table 2. Baseline characteristics of the study population. Data presented as mean (+standard
deviation) unless specified otherwise.

HC pwMS Motor pwMS Motor
(= 33) Normal Impaired
(n=177) (n=22)
Age (years) 34.82 (+9.68) @ 35.86 (+8.83) @ 41.91 (£10.63)
Gender (female) 11 (%) 21 (63.6%) 54 (70.1%) 16 (72.7%)
Disease duration (years) n.a 7.05 (+5.86) 9.27 (£6.63)
MS Subtype
RRMS (%) n.a 100% 100%
BMI 24.95 (£4.97) 24.58 (+£4.26) 25.63 (£5.26)
EDSS (median, IQR) 1.0 (0-1.0)2 1.5(1.0-1.5)2 3.0 (2.5-3.5)
Pyramidal FSS 1.0 (0-1.0) @ 1.0 (1.0-1.0) 2 2.0 (2.0-2.5)
Cerebellar FSS 0(0-0)2 0(0-1.0)2 1.0 (1.0-2.0)
Sensory FSS 0(0-0)° 0(0-1.0)2 1.5 (1.0-2.0)

Abbreviations: pwMS = people with multiple sclerosis; HC = healthy controls; RRMS = relapsing-remitting
multiple sclerosis; BMI= Body Mass Index; EDSS = Expanded Disability Status Scale; FSS = functional system
score; IQR = interquartile range. ® significant difference from motor impaired pwMS (p < 0.05).

3.2. Group Comparison between MS Groups and HC in CM] Performance

Significant differences between the three groups could be observed in almost all jump
parameters, except jump height (Table 3). PWMS p,ot0r normal Showed a better jump perfor-
mance than PWMS motor impaired and HC better than PWMS motor normal (PWMS motor impaired
< PWMS potor normal < HC). Significant differences were detected between the MS groups
regarding to temporal parameters (except braking time), kinetic parameters (except peak
force) and performance parameter. PWMS ;oo impaired differed significantly in all jump
parameters from the HC. The comparison of examples of the CM] force-time curves during
the contraction time between pwMS 6t0r normal, PWMS motor impaired and HC is shown in
Figure 3.

Table 3. Jump parameters in pwMS and HC.

pwMS Motor

pwMS Motor

Jump Parameters (nl_:l(;s) Normal Impaired @ fz 6) p-Value
n=177) (n=22) ’
Temporal
parameters
Flight time (s) 0.36 + 0.06 < 0.32 £0.052¢ 0.27 + 0.06 *® 22.24 <0.001 *
Braking time (s) 0.18 £ 0.05 b< 025+£0.15% 0.30 £0.19° 9.49 <0.001 *
Propulsive time (s) 0.28 £+ 0.06 ¢ 0.30 £0.07 ¢ 0.43 +0.19 2 10.57 <0.001 *
FTCTR 0.51 +0.12b¢ 045+ 0.112¢ 0.34 +£0.122P 11.86 <0.001 *
Kinetic
parameters
FZV (N/kg) 19.61 +3.0bc 17.52 £2.93 @€ 14.99 + 3.63 2P 11.43 <0.001 *
Peak force (N/kg) 20.57 4+ 2.30 b< 19.34 £2.182 1792 £2.692 5711 0.004 *
ANP (W/kg) —4.53 4+ 3.86 ¢ —3.41+1.072¢ 229 +0.89 2P 10.66 <0.001 *
APP (W/kg) 16.38 -+ 3.86 P 15.08 £3.22 3¢ 11.51 +3.76 2P 25.56 <0.001 *
BPIR 1.92 4 0.31 bc 229 £1.14%¢ 229 +1.142b 13.71 <0.001 *
Performance
parameter
Jump height (cm) 15.38 +4.78 ¢ 13.73 £ 4.28 11.03 £5222 3.07 0.050

Data presented as mean (& standard deviation) unless specified. Abbreviations: HC = healthy controls;
pwMS = people with multiple sclerosis; FTCTR = flight time to contraction time ratio; FZV = force at zero
velocity; ANP = average negative power; APP = average positive power; BPIR = brake to propulsive impulse
ratio; * = significant (p < 0.05). ? significant difference with healthy group (p < 0.05). ® significant difference with
MS motor normal (p < 0.05). © significant difference with MS motor impaired (p < 0.05).
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Figure 3. Examples of the countermovement jump force-time curves during the contraction time
for pwMS notor normaly PWMS motor impaired, and HC. HC shows a rapid increase in force in the
eccentric phase and a higher peak force than pwMS. Compared to HC and pwMS otor normal, the
PWMS potor impaired Show the longest contraction phase (eccentric + concentric phase). Abbreviations:
HC = healthy controls; pwMS = people with multiple sclerosis.

3.3. Group Comparision between pwMS with Normal Motor Function and HC

Significant differences between the HC and pwMS 1,ot0r normal could be observed in
all kinetic and temporal parameters (except propulsive time) (Table 3). PWMS otor normal
showed a significantly decreased eccentric and concentric force, resulting in significantly
shorter flight time. A significant imbalance in the ratio between flight time and contraction
time as well as between braking impulse and propulsive impulse could be observed for
PWMS otor normal i comparison to HC. Small effect sizes were detected for all jump
parameters. The largest effect sizes were shown for flight time (d = 0.461), average negative
power (d = 0.404) and braking time (d = 0.358).

3.4. Group Comparision between HC and pwMS with Full Motor, Sensory and Cerebellar Function

Significant group differences in jumping performance between pwMS ynimpaired and
HC, both with normal sensory and cerebellar function, were observed in the eccentric
phase (braking time, force at zero velocity, average negative power), flight phase (flight
time, jump height) and peak force of the CM]J (see Figure 4). The highest effect size, with
small effects for sensory and cerebellar FSS of 0, was detected for the same parameters as
in the group comparison between pwMS j,otor normal and HC.

3.5. Correlation of Jump Parameters According to EDSS

Overall, the bivariate comparison of the jump parameters and clinical outcome scores
(EDSS) showed mild to moderate association (Table 4). The highest correlation coefficients
were detected between kinetic parameters and EDSS with FSS. All jump parameters showed
significant correlation with pyramidal FSS, but the highest correlation coefficients were
obtained for the parameter average positive power and average negative power. The
highest correlation was detected between cerebellar FSS and kinetic parameters from the
eccentric phase of CM] (force at zero velocity and average negative power). Similarly, the
highest correlation for sensory FSS was also detected for average negative power.
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Figure 4. Group comparison between pwMS ynimpaired and HC according to normal sensory and
cerebellar FSS for temporal, kinetic and performance jump parameters. Data presented as mean with
standard deviation and significance indicators (*** p < 0.001; ** p < 0.01; * p < 0.05). Abbreviations:
HC = healthy controls; pwMS = people with multiple sclerosis; FTCTR = flight time to contraction
time ratio; Avg. = average; BPIR= brake to propulsive impulse ratio.

Table 4. Correlation between jump parameters and EDSS including pyramidal, cerebellar and sensory
FSS in pwMS (1 = 99) according to Spearman.

Jump Parameters EDSS Pyramidal FSS Cerebellar FSS Sensory FSS
Temporal parameters
Flight time (s) —0.295 ** —0.382 ** —0.263 ** —0.248 **
Braking time (s) 0.125 0.290 ** 0.149 —0.68
Propulsive time (s) 0.225* 0.267 ** 0.337 ** 0.143
FTCTR —0.338 ** —0.391 ** —0.405 ** —0.188
Kinetic parameters
FZV (N/kg) —0.299 ** —0.336 ** —0.417 ** —0.239 *
Peak force (N/kg) —0.249 * —0.305 ** —0.348 ** —0.163
ANP (W/kg) 0.385 ** 0.421 ** 0.408 ** 0.354**
APP (W/kg) —0.374 ** —0.440 ** —0.358 ** —0.203 *
BPIR 0.274 0.283 ** 0.314 ** 0.325 **
Performance
parameter
Jump height (cm) —0.248 * —0.275 ** —0.108 —0.166

Abbreviations: FSS = functional system score; FTCTR = flight time to contraction time ratio; FZV = force at zero
velocity; ANP = average negative power; APP = average positive power; BPIR = brake to propulsive impulse
ratio; EDSS = Expanded Disability Status Scale; ** = p < 0.001, * = p < 0.05.
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4. Discussion

This study aimed to investigate the CM] performance between pwMS groups and HC,
as well as to evaluate the suitability of the CM] on a force plate for detecting motor deficits
in pwMS below different thresholds of neurological examination as part of EDSS. To our
knowledge, this study is the first description of CM]J performance in pwMS.

First, we were able to create a MS group (pwWMS otor normal) €qual to HC according
to the degree of disability, motor function assessed with EDSS and physical activity. We
determined that pwMS showed decreased CM] performances in comparison to HC. In
comparison of the motor normal group of pwMS, it was shown that CM] performance
decreased in all kinetic and temporal parameters (except propulsive time) compared to HC.
With increasing disability in pwMS, it was also observed that jump performance decreased
significantly. Furthermore, the CM]J could detect significant deficits in flight time, peak force
and eccentric-based parameter (braking time, force at zero velocity and average negative
power) for pwMS jot0r normal With additionally normal cerebellar and sensory function.

As we assumed, our results suggest that pwMS without obvious strength, coordi-
nation and sensory abnormalities of the legs require a more challenging task such as the
CM] to demonstrate motor deficits below the clinical threshold of the EDSS. These results
confirm the findings of Krieger et al. [8] and suggest that pwMS, with full muscle strength,
normal cerebellar and sensory function as assessed by EDSS, indeed demonstrate motor
impairments. The correlation results suggest that jump parameters are appropriate out-
come measures indicating disability deterioration in pwMS, especially disability in motor
function. In addition, the jump parameters could supplement the EDSS with sensorimotor
and neuromuscular outcomes as metric variables.

Our study findings are consistent with Kirkland et al. in showing that bipedal hopping
can detect and monitor sensorimotor control in pwMS who do not currently experience
clinical deficits [4]. Compared to Kirkland et al., we used the CM] instead of horizontal
jumps as it is already a reliable and valid measure of muscle strength and neuromuscular
control in sports medicine [14,36]. Furthermore, vertical jumps require less space and, with
appropriate upholstering, can be performed safely.

We determined that CMJ performances in pwMS are characterized by a significantly
lower force at zero velocity in the eccentric phase, in which participants squat to the lowest
COM. Overall, the braking phase was significantly longer in pwMS (pwWMS 10tor normat:
+39%; pWMS motor impaired: +67%) than in HC (see Figure 3). To achieve a rapid change
between eccentric and concentric phases, a high eccentric force is necessary to develop an
even higher concentric force [29]. The low eccentric force in pwMS is therefore followed by
a significantly lower peak force compared to HC (see Figure 3). This suggests a reduction
in the strength of the lower limbs in pwMS, even in those with normal muscle strength
according to the BMRC scale. In the eccentric to concentric phase ratio, pwMS demonstrated
an inefficient SSC, as indicated by an increased BPIR compared to HC.

These findings have clinical relevance in the care of pwMS. Identifying early sensori-
motor deficits is important to initiate early rehabilitative intervention [4,37]. The CM]J in
MS can be useful not only for early detection but also for determining the exact movement
impairment. By measuring multiple domains (coordination, balance, proprioception and
strength) of impairment in one test, complex movement functions can be assessed, specific
deficits can be identified and finally appropriate rehabilitation can be performed. For clini-
cal practice, besides the force plate as the gold standard, there are also other possibilities
such as video analysis, IPhone apps (“My Jump”) and optical-based systems to objectively
assess CM] performance [4,26].

Compared to the BMRC muscle strength assessment, which is part of the EDSS and
tests only isolating concentric muscle strength, the CM] measures the functional activity
of the total muscle chain of the lower extremity. This functional assessment of muscle
activity provides a better simulation of everyday movements as it is based on the principal
of the slow stretch shortening cycle that occurs in natural movements such as walking and
running [38].
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Our study has the limitations of a cross-sectional study. Future studies with repeated
measurements should be conducted to investigate whether the CM] can be used as a
standardized measure for the mid- and long-term assessment of disease progression and
treatment response in MS. Furthermore, pwMS with a very low degree of disability, espe-
cially without limitation in the motor area according to EDSS, were examined; therefore,
the EDSS total scores were very low, but not zero. To increase objectivity, isolated strength
measurements should be included in future studies.

5. Conclusions

Our study is the first to provide evidence that the CM] on a force plate, as a new
assessment tool in MS, appears to be able to detect early motor and neuromuscular deficits
in pwMS who have normal motor, cerebellar and sensory FSS according to the EDSS. Using
the CM] as a part of motor diagnosis, the deficits of eccentric and concentric muscle activity
can be determined. These findings are useful in facilitating early and detailed rehabilitation
approaches. The CM]J on a force plate as an objective and sensitive assessment could be a
subthreshold test complementary to the neurological EDSS in the early stages of MS.
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Abstract: Multiple sclerosis (MS) is an acquired demyelinating disease of the central nervous system
(CNS). Historically, research on MS has focused on White persons with MS. This preponderance
of representation has important possible implications for minority populations with MS, from de-
veloping effective therapeutic agents to understanding the role of unique constellations of social
determinants of health. A growing body of literature involving persons of historically underrep-
resented races and ethnicities in the field of multiple sclerosis is assembling. Our purpose in this
narrative review is to highlight two populations in the United States: Black and Hispanic persons
with multiple sclerosis. We will review the current understanding about the patterns of disease
presentation, genetic considerations, response to treatment, roles of social determinants of health,
and healthcare utilization. In addition, we explore future directions of inquiry as well as practical
methods of meeting these challenges.

Keywords: MS—multiple sclerosis; DMT—disease modifying therapies; pwMS—persons with
multiple sclerosis; SDOH—social determinants of health; EDSS—Expanded Disability Severity Scale;
SES—socioeconomic status; nNSES—neighborhood socioeconomic status

1. Introduction

Multiple sclerosis (MS) is an acquired demyelinating disease of the central nervous
system (CNS). A recent study estimates that in 2017, nearly 1 million adults had MS in the
United States (US) [1]. The burden of this disease is well established, as it represents the
most common progressive neurologic disorder in young adults worldwide [1]. The most
recent estimated total economic burden in the United States (US) exceeded $85 billion [2].
However, there has been great pharmacologic advancement in the treatment of MS over the
past few decades, and MS is now considered a less disabling condition with appropriate
intervention [3].

Previous studies have shown that different genetic, environmental, and immuno-
logical risk factors play a role in the pathogenesis of the disease. Moreover, MS may be
influenced by multiple social determinants of health, such as income, education, and cul-
tural perceptions [4-7]. These have ranged from decreased access to healthcare, increased
frequency of lower incomes correlating with increased disease severity, and decreased
representation in clinical trials.

Increasing evidence suggests that racial disparities are important factors that may
explain differences in the disease course, incidence, prevalence, and outcomes [8]. Still,
Black and Hispanic populations in the United States remain largely underrepresented
and understudied in clinical trials [9-12]. Recently, a cumulative number of studies have
been focusing on improving our understanding of the disease course and disparities
across underrepresented populations [13]. A more comprehensive understanding of the
disparities can help improve disease management in patients of diverse backgrounds. This
narrative review aims to explore these topics as it applies to historically understudied
minority populations in the US, specifically Black and Hispanic persons with multiple
sclerosis (pwMS).
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2. Methods/Definitions

Utilizing the Texas Medical Center Library OneSearch and Pubmed, we performed a
literature search for English language studies including the phrases “multiple sclerosis”,
“disparities”, “social determinants of health”, “African-American”, “Black”, “Hispanic”,
“Latino”, “LatinX” from 2014 to the date of search in October 2022, and similar searches
were carried out periodically in subsequent reviews of the text. Additional studies were
reviewed guided by the reference lists of relevant studies and further elements of interest
emerging from this literature review.

We will use Black, Hispanic, and White racial/ethnic designations for this paper. To
ensure accuracy, the term Black is substituted to reference patients defined as “African-
American” or “Non-Hispanic Black,” White is substituted for “Non-Hispanic White,” and
Hispanic for those of Latin American descent. While the term also applies to persons from
Spain, we will limit its use to the Latin American population in this article. If a population
in a study does not meet one of these designations, or if the use of these general terms
would impair the appropriate interpretation of the study in question, we will revert to the
terminology used by the original authors. While a diverse array of populations of different
races are affected by MS and important considerations likely exist in the management
of MS, the focus in this review is largely limited to the three populations detailed above
under their positions as those with the highest representation of MS disease burden in the
United States.

3. Multiple Sclerosis & Its Course in Black Persons

Historically, the incidence of MS in the US was thought to be substantially higher in
White persons of European background than in most minority groups, including Black
individuals. More recent studies have challenged this position. A large cohort study
from 1990 to 2007 within the United States military served by the Veterans Affairs system
demonstrated an incidence rate of 12.1 per 100,000 among Black persons, compared to an
incidence of 9.3 per 100,000 among White persons [14]. This is further corroborated by
a retrospective cohort study in Southern California that reported an incidence of MS in
Blacks that exceeds that of Whites (10.2 per 100,000 and 6.9 per 100,000, respectively) [15].

In addition to the increased incidence rate, Black pwMS may have a less favorable
disease course and morbidity than their White counterparts. For example, a 2003 study
among patients of the New York State Multiple Sclerosis Consortium (NYSMSC) demon-
strated a younger age at diagnosis and greater disability with increased disease duration
among Black pwMS [16]. Other studies have corroborated these data and have demon-
strated faster progression to require ambulatory assistance [17,18]. Furthermore, other
studies showed that Blacks consistently had higher disability than Whites when measuring
cognitive, ambulatory, and manual dexterity functions [19].

Black pwMS have been noted to be more likely to have spinal cord lesions and mul-
tifocal clinical presentations [17]. They also were less likely to experience full recovery
from relapses, had shorter times to a second relapse, and had more frequent relapses over-
all [16]. A faster transition from relapsing-remitting MS (RRMS) to secondary progressive
MS (SPMS) was also observed in Black pwMS [20]. Moreover, a multicenter study across
3 academic hospitals revealed significantly lower visual acuity in Black patients in both
high- and low-contrast visual acuity, as well as faster retinal nerve fiber layer (RNFL)
thinning [21].

MRI volumetrics and lesion burden studies have also suggested less favorable out-
comes for Black pwMS. One study demonstrated that Black pwMS had diffusely lower
brain volumes, more brain lesions on MRI, lower gray matter volumes, and lower cortical
and thalamic volumes [19]. An additional study comparing MRIs between Black and
White pwMS demonstrated a higher burden of T2 hyperintense lesions and T1 hypointense
lesions in the former group, which correlate with greater associated disability [22].
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4. Multiple Sclerosis & Its Course in Hispanic Persons

Available literature on MS and its course in Hispanic pwMS is more limited than in
White and Black pwMS in the US. Historically, data have largely been drawn from patient
registries and retrospective cohort studies. As previously stated, there is an additional
limitation in identifying consistent patient grouping due to variations in terminology
(Hispanic, Latino, LatinX, etc.). With that qualification, available population studies seem
to reflect a lower incidence and prevalence in Hispanic populations than in White and
Black Americans [14,15,23-25]. Similarly, mortality associated with MS, as measured by
death certificate analysis, appears lower in Hispanic pwMS compared to their Black and
White counterparts [8].

Over the last few decades, cohort study observations regarding morbidity, disease
course, and severity across racial groups have shown some inconsistencies. A study utiliz-
ing retrospective chart review and patient interviews in southern California demonstrated
earlier age of disease onset and diagnosis and more frequent myelitis presentations among
Hispanics. Hispanic and White pwMS appeared to have similar rates of ambulatory dis-
ability [26]. In contrast, a study comparing disability as measured by the Patient Derived
Multiple Sclerosis Severity Score (PDMSS) demonstrated higher disability in Hispanic
pwWMS compared to White pwMS, following a trajectory similar to Black pwMS [27]. In a
single institution cross-sectional study involving primarily Hispanic pwMS of Caribbean
descent, an increase in ambulatory disability was reported in Hispanics compared to White
pwMS [28]. A separate single academic center registry review found that, like Blacks,
Hispanic pwMS were more likely to have a lower survival time ratio than Whites [29].
They were also more likely to present at a younger age and to have optic neuritis at pre-
sentation [29]. Additionally, Hispanic pwMS have been found to have significantly lower
baseline thalamic volume measures correlating with a higher median baseline Expanded
Disability Severity Scale (EDSS) [30]. Taken together, these studies suggest differences in
the type and degree of morbidity associated with MS in Hispanic populations.

5. Genetics

While the immunopathophysiology and phenotypic expression of MS is complex,
genetic factors play a substantial role. Variations in the human leukocyte antigen (HLA)
complex genotypes have been shown to correlate with differences in the incidence of
MS [31]. For example, HLA DRB1*15:01 is associated with an increased risk of disease
development, while HLA-A*02 is associated with a decreased corresponding risk [5]. Ex-
tending beyond the HLA complex, single nucleotide polymorphisms (SNPs) in other exome
regions have been associated with less significant effects on the risk of MS development [7].

It should be recognized that most of these studies have been carried out in persons of
European ancestry, and it should not be taken for granted that these genetic risk factors are
equally present in or have an equivalent effect on those of different races and ethnicities.

Recent studies have utilized genotyping within a broader range of races, whole
exome sequencing, and tools such as admixture mapping to correlate disease incidence
and expression with trends in ancestral haplotypes in key regions. In a study involving
HLA genotyping and admixture mapping in Black and White pwMS, HLA DRB1*15 was
appreciated in both groups. It was present at a higher frequency in pwMS compared
to the unaffected controls [32]. In this study, admixture evidence of African origin at
HLA DRB1*15 was associated with higher disability as measured by Multiple Sclerosis
Severity Score (MSSS) after controlling for other factors. However, more recent studies
using admixture mapping have demonstrated the opposite correlation with incidence.
In an admixture mapping study involving Black, Hispanic, and Asian pwMS in the US,
individuals with the European haplotype of HLA DRB1*15 experienced three times the
disease risk compared to those with the African haplotype [33]. Similar literature on specific
genetic variation in the Hispanic pwMS is somewhat more limited.

Outside the HLA complex, ancestral variation in other areas is also being studied. A
whole exome scan of a sample of Black pwMS in the US indicates an increased risk for MS
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development in those who inherit European haplotypes in two loci on chromosome 1 [34].
Within a previously mentioned study, a genome-wide admixture search demonstrated
a new region of interest on chromosome 8 with a significantly higher representation of
European origin haplotypes in Hispanic pwMS than in controls [33]. A different study
utilizing a custom SNP array to investigate a sample set of Black pwMS (2319 total, 803
with MS, 1516 without) found significant overlap in the variants associated with increased
risk in SNPs previously identified in those of primarily European ancestry [35]. These
findings were not corroborated by a more recent study in Black, Hispanic, and Asian pwMS
and controls in the US, in which the majority of the 200 SNPs of interest identified in those
of European ancestry were not significantly associated with MS [33].

Multiple considerations above invite further inquiry, including the prospect of genetic
variations specific to minority populations and mixed evidence in admixture mapping and
SNP data. Further progress in this area could have future implications in pharmacoge-
nomics and personalized medicine in MS.

6. Response to Disease Modifying Therapies

Much of our understanding of MS clinical course in minority populations comes
from limited studies. A systematic review of phase Il disease-modifying treatment (DMT)
clinical trials found that most trial subjects were White, raising questions about expecta-
tions of treatment tolerability and effectiveness across minorities [36]. These questions are
rendered more compelling by evidence from post hoc drug trial analyses demonstrating
increased rates of disease progression and lesion formation in Black pwMS treated with
interferon-p-1a [37,38]. While further investigations into other DMTs have commenced,
they have generally consisted of post hoc analyses. These have demonstrated similar treat-
ment benefits in the case of natalizumab and ocrelizumab in trials with Black participants,
though with slightly more adverse events and hypersensitivity reactions in the case of
ocrelizumab [38,39]. In the case of dimethyl fumarate, post hoc analyses of phase III clinical
studies appeared to demonstrate similar clinical efficacy and tolerability among Black,
Hispanic, and Asian pwMS subgroups as appreciated in the full study population [40].
Similarly, subgroup analyses of a multinational prospective cohort study on pwMS treated
with dimethyl fumarate found similar relapse rate reductions and safety profiles in His-
panic and Black pwMS compared to non-Hispanic and non-Black pwMS. However, they
demonstrated a less pronounced lymphocyte count decrease in Blacks [41,42].

It remains difficult to cite discrete mechanisms to account for differences in disease
severity and response to DMTs among these populations and literature on this topic remains
sparse. However, there is some evidence of factors that could underlie these disparities.
For example, a cross-sectional study of White, Black, and Hispanic pwMS off DMT or on
natalizumab compared to healthy controls of matched self-reported racial/ethnic back-
ground demonstrated a significant elevation in circulating plasmablasts among Black and
Hispanic pwMS compared to White pwMS [11].

Observational studies not focused on a single DMT have also raised concerns about
worsened outcomes. In a single academic center retrospective electronic medical record
review (EMR) comparing sociodemographic characteristics, treatment response, and dis-
ability outcomes between 300 age and gender-matched cohorts, Hispanic and Black pwMS
had a higher median EDSS score at baseline. This was despite similar patterns of DMTs
used, average therapeutic lag, duration of individual therapies, and frequency of medica-
tion change [29]. Altogether, these studies underscore the importance of further research on
the effectiveness and tolerability of existing DMTs in non-White populations and increased
minority representation in future DMT trials [13].

7. Social Determinants of Health and Healthcare Utilization

There is increasing awareness about the impact of social determinants of health
(SDOH), such as where a person is born, grows, works, lives, and ages, amidst the wider set
of forces and systems shaping the conditions of daily life, on disease outcome and quality
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of life in MS [43,44]. Though the impact of these factors remains incompletely understood,
available data suggest that significant differences in SDOH exist across racial groups [4].
Differential patterns and degree of healthcare utilization across minority populations have
been described [45]. However, current data regarding these trends and their effects on
minority populations among pwMS are limited.

Regarding general neurologic care, significant disparities in healthcare utilization
between Whites and minority populations have been described. Data from the Medical
Expenditure Panel Survey (MEPS) from 2006 to 2013 involving patients with neurologic
conditions demonstrated that Blacks and Hispanics were approximately 30% and 40% less
likely to see an outpatient neurologist compared to Whites, respectively [45]. This dispar-
ity has also been reported in pwMS, as demonstrated in a national cross-sectional study
showing that the probability of seeing a neurologist was significantly lower among patients
who did not have health insurance, were poor, lived in rural areas, and, notably, Black
individuals [46]. Since adequate MS treatment requires a comprehensive and multidisci-
plinary approach, the presence of these risk factors can suggest a potential increased risk
of disability and disease progression in minority populations. In a previous single-center
retrospective study, after adjustment for race and age, MS patients who were evaluated by
a neurologist at diagnosis were found to have 60% lower odds of attaining an EDSS > 4.5 at
subsequent follow-up visits compared to patients evaluated by a non-neurologist [47].

Nevertheless, disparities in healthcare utilization appear to extend beyond direct
access to care by a neurologist into other areas equally worth noting. In this regard,
community-based services, in a study of Medicare/Medicaid eligible pwMS who were
identified as Black or White (race limited to a dichotomous variable), Black pwMS utilized
multiple services less frequently than their White counterparts, including case manage-
ment (64% less likely), nursing services (48% less likely), and equipment, technology, and
modification services (31% less likely) [48]. This trend mirrors previously reported trends
toward greater disability among Black pwMS. In fact, in this study, Black pwMS utilizing
Medicaid-funded services were more likely to have mobility impairment despite a younger
average age than their White counterparts [48].

Important correlations have emerged regarding income and its effect on morbidity
and management. White patients with lower socioeconomic status (SES) had a worse mean
performance score on walking, manual dexterity, and cognitive processing tests [19]. One
study of approximately 8500 individuals showed that Black pwMS were more likely to
have Medicaid, be unemployed, and have higher rates of disability, both on self-reported
and objective measures [19].

The area deprivation index (ADI) is a widely used and multidimensional tool com-
prised of seventeen variables to assess for socioeconomic disadvantage [49]. In White
pwMS, higher ADI scores (indicating higher disadvantage) correlated with slower cog-
nitive processing and manual dexterity speeds. A correlation was also noted between
slower walking speeds and residence in low-income households. In Black participants,
lower household income was associated with slower manual dexterity, but there was no
clear association between ADI scores and other neurologic performance measures [19].
Similarly, correlations between income and mental health comorbidities in pwMS have
been described. A study involving pwMS identified as Black, Hispanic, or White corre-
lated neighborhood socioeconomic status (nSES) scores with results of screening tests for
multiple mental health disorders, including anxiety, depression, and alcohol use disorder.
This study found that patients in the lowest quartile of nSES (lower relative income) in all
groups had lower screening test scores for mental health disorders overall [50]. In addition,
Black and Hispanic pwMS more frequently occupied the lower quartile of nSES in this
study population.

Of particular interest is the role of perception of healthcare and MS research participa-
tion among Black and Hispanic pwMS. Specifically, in a web-based survey among members
of the MS Minority Research Engagement Partnership Network (MSREPN), important
differences between Hispanic, Black, and White participants were described. Specifically,
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Hispanic and Black participants more frequently reported concerns of “being taken advan-
tage of or used by” the research team than White participants. Hispanic participants more
frequently reported concern about research participation affecting their legal status [51].

Additional social determinants of health, including cultural dispositions towards
illness and disease mitigation, health literacy, regional/geographical barriers to care, insur-
ance coverage, and support community involvement have been identified [4]. Increased
research into the type and degree of effect of these factors on disease management among
historically underrepresented populations in MS care is necessary. Healthcare systems
serving these populations should be structured to account for these differences.

8. Limitations

There are several limitations to this narrative review. First is the limitation of the focus
to a particular region (i.e., United States) and the limited subset of races and ethnicities (i.e.,
White, Black, Hispanic). It is important to recognize that many races are not reviewed here,
many of whom have a presence in the United States and have unique trends in disease
incidence, phenotype, morbidity, genetic/epigenetic factors, and social determinants. Their
omission from this review is due in part to a present paucity of data relative to the popula-
tions discussed herein, highlighting the importance of further and more inclusive studies
in this field. Additionally, in the formation of this narrative review, there is the prospect of
sampling bias of included articles.

Importantly, in a review of the literature on historically understudied racial groups,
the use of inconsistent terminology used to describe different populations presents itself.
Though race identification is a heavily personal decision, issues in the terms used can
complicate the interpretation of results. Terminology referring to minority populations
in the US has been inconsistent. Various terms are used to refer to different populations
in the literature, including African-American, Afro-Caribbean, Black, White, Caucasian,
Hispanic, Hispanic Black, Hispanic White, Hispanic non-White, Mestizo, Latino, LatinX,
etc. We must practice caution when analyzing these terms as they are not synonymous.
For example, as a matter of etymological integrity, the term Hispanic is not used to refer
to people from Brazil, as the term carries a linguistic association with Spanish-speaking
countries. The term African-American usually pertains to those with lineage tracing to
Africa, but it might not apply to those whose known lineage traces no further than the
country in which they live. Another important distinction is that some studies classify
individuals by self-identified methodology, whereas in other studies authors assign these
classifications. Even in the cases of self-identification, there exists a variance in the options
provided and their range and clarity. This presents a difficulty in properly representing,
comparing, and contrasting population trends between studies over different regions and
periods. In attempting to identify trends and patterns, we risk false equivalencies as a
function of unclear terminology about race and ethnicity.

9. Discussion and Future Directions

Emerging literature demonstrates important differences in incidence, prevalence,
phenotypic features, and associated disability in Hispanic and Black pwMS as compared
to White pwMS as well as unique elements in genetic predisposing features and risk
factors across these populations. Moreover, an increasing number of community-based MS
observational studies describe important racial and ethnic disparities in SDOH.

Considering these differences, we would like to identify future directions of research
and practice strategies to better serve these populations (Figure 1). First, increased efforts
are needed in education amongst healthcare professionals regarding the incidence and
prevalence of MS in minority populations. This may decrease unconscious diagnostic
biases regarding pretest probability delaying timely diagnosis [52]. This is particularly
important among Black pwMS given estimates of incidence now exceeding those of their
White counterparts. Additionally, healthcare providers’ awareness of the variability in
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disease severity and expression among Black and Hispanic pwMS may improve proper
comprehensive care and patient counseling.

Practical methods of
promoting justice within
healthcare for pwMS

Improved
anticipatory care
and counseling

Outreach to
underserved
communities

— — — —
- — — —

-
< Potential directions of future investigations
and interventions
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pharmacogenomics in
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Figure 1. Areas of emphasis in care of minority populations with multiple sclerosis and future direc-
tions. The diagram illustrates points of emphasis emerging from a review of literature on multiple
sclerosis (MS) in minority populations, specifically Hispanic and Black persons with multiple sclerosis
(pwMS). Items beyond the dashed line indicate areas of future research and practice strategy changes.

Next, increased enrollment of minority pwMS in registries can assist in advancing
research efforts among minority populations. The evidence of variation in response to some
DMTs among minority groups underscores the importance of increased representation
of non-White pwMS in clinical trials. There is evidence of recognition of this need and
attempts to better meet it in the design of more recent drug trials, including those involving
multiple sclerosis therapeutics [12]. To this end, investigators and participating clinical
study sites should be conscious of differences in the perception of healthcare research
by study participants. These can be addressed in several ways: increased representation
of these populations amongst investigators and associated healthcare teams, outreach in
minority communities and collaboration with community leaders, and increased avail-
ability of counseling and educational materials appropriate to the participant’s native
language and degree of health literacy. With these and other measures in place, increased
minority representation in DMT clinical trials and future research in genetic/epigenetic
variation across non-White pwMS can help advance pharmacogenomics among historically
underserved populations.

Considering the differences in SDOH and healthcare utilization patterns in Black
and Hispanic pwMS, many practical adjustments in care strategies may prove useful. A
few publications have outlined some measures in improving care with a view to these
needs, but this remains a poorly understood topic [4,13]. Reliable communication strategies
should be established between healthcare providers and patients to promote comprehensive
outpatient care and minimize unnecessary hospital visits and economic burden. Ideally,
pwMS should have an associated healthcare provider such as a nurse navigator to decrease
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this reliance further. Likewise, there is evidence that co-locating allied care services (mental
health, physical medicine and rehabilitation, etc.) may increase utilization among Black
and Hispanic pwMS [50]. In a previously mentioned report on correlations of income and
mental health comorbidities, Black and Hispanic pwMS were more likely to seek mental
health care if it was co-located with sites at which their MS care was provided [50].

In addition to the elements described above, practical measures should be placed to
best meet the needs of minority pwMS. Strategies to develop cultural competence among
care teams should be employed to detect and correct possible deficiencies. Proactive
outreach in communities with high minority representation by MS societies and centers
of excellence may have many benefits, including increasing community awareness and
fundraising efforts. Attention should also be paid to decreasing obstacles in access to care.
Potential strategies include increased utilization of telemedicine, satellite clinic sites, and
cultivating practical referral networks from primary care providers.

10. Conclusions

There is increasing recognition of significant differences in incidence patterns, preva-
lence, and outcomes in Black and Hispanic pwMS. However, the underpinnings of these
differences remain an area that requires future study. The role of genetic and biological
determinants of health has long been understudied and therefore underrecognized. Race
and ethnicity are also associated with genetic ancestry and therefore indirectly related
to genetic variants that may affect disease and health outcomes in MS. Discrepancies in
socioeconomic constructs are becoming important interventional targets to help alleviate
disease severity by race and ethnicity. While further research remains a high priority in this
field, evidence now exists to guide improvements in the delivery of MS care to historically
underserved minority populations.
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Abstract: (1) Background: The countermovement jump (CM]) on a force plate could be a sensitive
assessment for detecting early lower-limb muscle mechanical deficits in the early stages of multiple
sclerosis (MS). CM]J performance is known to be influenced by various anthropometric, physiological,
and biomechanical factors, mostly investigated in children and adult athletes. Our aim was to
investigate the association of age, sex, and BMI with muscle mechanical function using CM] to
provide a comprehensive overview of lower-limb motor function in people with multiple sclerosis
(pwMS). (2) Methods: A cross-sectional study was conducted with pwMS (N = 164) and healthy
controls (N = 98). All participants performed three maximal CMJs on a force plate. Age, sex, and BMI
were collected from all participants. (3) Results: Significant age, sex, and BMI effects were found for
all performance parameters, flight time, and negative and positive power for pwMS and HC, but
no significant interaction effects with the group (pwMS, HC) were detected. The highest significant
effects were found for sex on flight time (n? = 0.23), jump height (n?> = 0.23), and positive power
(? = 0.13). PwMS showed significantly lower CMJ performance compared to HC in middle-aged
(3149 years), with normal weight to overweight and in both women and men. (4) Conclusions:
This study showed that age, sex, and BMI are associated with muscle mechanical function in pwMS
and HC. These results may be useful in developing reference values for CM]J. This is a crucial
step in integrating CM] into the diagnostic assessment of people with early MS and developing
individualized and effective neurorehabilitative therapy:.

Keywords: multiple sclerosis; countermovement jump; muscle mechanical function; neuromuscular

function; lower limb assessment

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease characterized by heterogene-
ity of symptoms and pathological mechanisms [1]. Deficits in neuromuscular function
(i.e., the interaction between the nervous and the muscular system) and decrements in
mechanical function of the lower-limb muscles (i.e., muscle strength, muscle power, and
explosive muscle strength) are key symptoms of the disease as they are associated with
impaired activities of daily living and quality of life [2,3]. Neurophysiologically, people
with MS (pwMS) show lower voluntary muscle activation in terms of neuromuscular
function, as well as increased fatigue attributable to the known MS pathophysiology in the
central nervous system [4]. Studies indicate that reduced lower-limb muscle strength and
power negatively influence the functional ability of the lower limb in pwMS in walking
performance, stair climbing, and balance [3,5]. A decrease in lower-limb muscle strength,
power, and rate of force development is frequently observed in pwMS compared to healthy
controls (HC), especially during fast dynamic muscle contractions [2]. Muscle mechanical
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function may therefore serve as a particularly useful outcome for disability as it may be
sufficiently sensitive to detect muscle impairment in the early stages of disease and in
pwMS presenting with low disability [6].

However, lower-limb muscle mechanical function is not only associated with the
degree of disability in MS but also with other factors such as age, sex, and body mass
index (BMI). To identify, specify, and monitor sensitive subtle neuromuscular and muscle
mechanical deficits, it is crucial to monitor all these confounding factors for the management
of optimal disease-modifying and symptomatic treatment. The effect of age on muscle
strength in MS can be complex. Various studies have shown that a decrease in muscle
strength can be age-related [7,8]. Stagsted et al. show that the combined effects of MS and
ageing result in a significant decrease in lower-limb muscle strength, which is associated
with a decline in physical function [2]. Regarding BMYI, its association with muscle strength
or other symptoms in pwMS has not been studied, only the physical composition of muscle
mass and body fat [9,10]. BMI increases gradually throughout most of adult life and loss of
muscle mass begins between the ages of 30 and 40 and continues into old age [11]. However,
lower-limb muscle power has been shown to be positively influenced by BMI more so in
men than in women [12]. The proportion of women and men who develop MS and the
influence of sex on the course of the disease have been studied. Both the central nervous
system and the immune system have been shown to have sex-specific differences, which
means that there are many variations in the symptoms that occur. Therefore, further studies
investigating the association of sex and MS are needed to understand the sex differences in
the incidence and severity of MS [13].

Among the many methods being used to evaluate lower-limb muscle mechanical func-
tion, e.g., manual muscle function tests and isokinetic dynamometry, the countermovement
jump (CM]), a vertical maximal jump, presents a new assessment in MS, specifically to
measure the decrements of rapid dynamic contractions [2,5,14]. In our previous study, we
showed that the CM] can detect lower-limb motor deficits below the clinical threshold of
the Expanded Disability Status Scale (EDSS) in the early stage of MS [14]. This functional
assessment of muscle activity combines muscle strength, coordination, and balance and
provides a simulation of everyday movements as it is based on the principal of the stretch-
shortening cycle (SSC) that occurs during natural movements such as walking [14,15]. In
addition, a positive relationship between lower-limb muscle strength and CM]J has been
demonstrated in many studies [16-18]. CM] performance is known to be influenced by
various anthropometric, physiological, and biomechanical factors, mostly investigated in
children and adult athletes [19-22]. Some studies have focused on the effect of sex on CM]J,
finding that males showed significantly higher jumping performance than females [23-25].
Men jump approximately 24 to 27% higher than women [26]. Considering the effect of age,
children show an increase and adults a decrease in CMJ performance with increasing age [19].

To date, there have been no studies that have investigated the CM]J in association with
age, sex, and BMI in pwMS. Characterization of CM] in association with age, sex, and
BMI is necessary for the individual interpretation of early deficits in neuromuscular and
muscle mechanical function and the integration of the CM] into the diagnostic assessment
in pwMS [27,28]; it enables individualized and effective neurorehabilitative therapy strate-
gies for pwMS. Our primary aim in this study was to characterize CM] performance in
pwMS and HC in relation to age, sex, and BMI and to provide reference values for CMJ
performance in pwMS.

2. Materials and Methods
2.1. Participants

A cross-sectional study was conducted at the MS Center at the Center of Clinical Neu-
roscience of the Department of Neurology, University Hospital Carl Gustav Carus, Dresden,
Germany. Healthy controls (HC) without any neurological disease, who were age-matched
to pwMS, were recruited. Recruitment took place from April 2021 to September 2022.
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All participants provided written informed consent for the study. The study received
approval from the local ethics committee (BO-EK-320062021). The inclusion criteria for
pwMS were as follows: (a) confirmed MS diagnosis; (b) EDSS score between 0 and 3.0;
(c) age from 18 to 65 years; (d) ability to walk without aid and rest for >500 m; and
(e) to perform heel rise, stand on heels, and squats. Exclusion criteria for this study were
orthopaedic and surgical conditions that could affect jumping ability, fear of falling while
jumping, and current pregnancy.

2.2. Measures and Procedures
2.2.1. Age, Sex, and Body Mass Index

Age, sex, and BMI were collected from all participants. BMI was calculated as weight
in kg divided by height in m? and classified as normal weight (18-25), overweight (25-30),
or obese (>30). As most people are diagnosed with MS between the ages of 20 and 40 [29,30],
the following age categories were chosen: young (18-30 years), middle-aged (31-49 years),
and old (50-65 years). In terms of sex, the participants were binary classified as male
or female.

2.2.2. Expanded Disability Status Scale

Certified raters applied the EDSS to examine the neurological clinical status at pwMS,
which is the most commonly used disability scale in MS [31,32]. As part of the examination,
it evaluates seven functional systems and ambulation.

2.2.3. Countermovement Jump

On a single force plate, all participants completed three maximal CM] jumps without
arm swing. For all three jumps, the mean values of the individual parameters were used for
the statistical analyses. All participants completed a practice jump prior to data collection
in order to reduce potential insecurities or errors during the test. Prior to the jumps, the
physiotherapist provided verbal and visual instructions to each participant on the correct
jumping technique.

For the CM]J, participants were instructed to jump as high as possible with their
hands on their hips and legs fully extended during the flight phase of the jump (Figure 1).
Participants rested in a standing position for approximately 5 s between jumps. Any
CM]Js that were inadvertently performed with arms swinging or legs tucked during the
flight phase of the jumps were excluded. Jumping trials were performed in socks and
everyday clothing.

Countermovement-Jump

Bodyweight Braklng Phase Propulsive Phase Flight Phase Landmg Phase

Figure 1. Counter movement jump technique and phases. Bodyweight: the patient stands on the
force plate while their body weight is measured. During the braking phase, the patient squats down
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until their center of mass reaches its lowest point and their velocity is zero. Propulsive phase: the
patient pushes up from the squat and the center of mass velocity becomes positive; flight phase: the
time after take-off to the highest point of the center of mass; landing phase: The initial position is
reached again when the patient stands still on the force plate, with both feet touching the plate.

2.3. Data Collection

A portable single force plate from AMTI (Advanced Mechanical Technology Inc.,
Watertown, MA, USA, AccuPower-O) measured the three-dimensional ground reaction
forces (Fx, Fy, Fx) and force moments (Mx, My, Mz) during the CM]J at a frequency of
1000 Hz. This force plate, measuring 1016 x 762 x 127 mm (length x width x height),
was positioned on a concrete floor and has an internal amplifier. Force plates are the gold
standard and a valid instrument with which to record the vertical ground reaction force
for vertical jumps [33,34]. AMTI's force plates are strain-gauge-based and have a spring or
deformation body. They have the benefits of high measurement accuracy and the ability
to compensate for unwanted effects such as temperature dependence of the zero point,
bending moment effects, and shear force effects [35]. The participant’s body weight was
measured using the force plate in the weight phase prior to the start of the braking phase of
the CM]J. A threshold value of >5 N from the measured body weight before the jump was
used to define the start of the CM] movement. The end of the countermovement phase was
defined as the point when the COM position reached its lowest depth. Temporal, kinetic,
and performance jump parameters during the CMJ performance were recorded with a
dedicated software for biomechanical analysis (AccuPower Solutions, Version 1.5.4.2082,
Watertown, MA, USA). Therefore, not only were strength parameters analyzed but also
time-based parameters, as these provide more information about neuromuscular perfor-
mance [36]. To provide a detailed overview of the overall muscle performance of the
lower limb, braking, propulsion, and flight phases were also analyzed. In addition, the
parameters used in a previous CMJ study for differentiation between pwMS without motor
disability and HC were selected for this study [14]. Table 1 shows a description of the
recorded jump parameters according to the jump phases.

Table 1. Countermovement jump parameters measured with the force plate and assignment to jump

phases.
Variable Type Parameters Unit CMJ—Phase
Braking Time s Braking Phase
Temporal P Isive Ti P Isive Ph
Parameters ropulsive Time s ropulsive Phase
a Flight Time s Flight Phase
Force at Zero Velocity N/kg Braking Phase
Kinetic Peak Force N/kg Propulsive Phase
Parameters Negative Power W/kg Braking Phase
Positive Power W/kg Propulsive Phase
Perf Jump Height cm Flight Phase
Ifr ormance Flight Time-Contraction Time Ratio - Contraction/Flight Phase
arameters Reactive Strength Index - Contraction/Flight Phase

Abbreviations: CM] = countermovement jump; contraction phase = total of braking and propulsive phase.

2.4. Statistical Analysis

Force values were converted (normalized) to values relative to body weight (N/kg).
The distribution of all jump parameters was visually inspected and supplemented with
the Shapiro-Wilk test for the assessment of normality. In the evaluation of jump param-
eters, a descriptive specification of mean values and standard deviations occurred. To
evaluate associations of CMJ performance, disease condition (pwMS, HC), age, sex, and
BMI, and to quantify differences in jump performance between the associated subgroups
(Section 2.2.1), generalized linear models (GLM) were applied. The (continuous) jump
parameters served as dependent variables, and fixed main effects were quantified for
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the following independent variables in each multivariable model: group (pwMS, HC),
age (young, middle-aged, old), sex (male, female), BMI (normal weight, overweight, obe-
sity), and the interactions of the group variable with age, sex, and BMI (e.g., age*group,
sex*group, and BMI*group). In particular, multiple (nested) GLMs were constructed a
priori with a focus on simplicity; starting with a minimal adequate model, including the
pre-specified independent variables of interest (basic model 1: group, age, sex, BMI), we
progressively added the interaction terms (model 2: model 1 variables and the age*group
interaction; model 3: model 1 variables and the sex*group interaction; model 4: model
1 variables and the BMI*group interaction). Thus, model 1 is nested within models 2—4
(and subsequent ones), and accordingly, removal of (insignificant) interaction terms results
in simpler models (e.g., basic model 1). Gaussian distribution with an identity link was
used for normally distributed jump parameters, and Gamma distribution with a log link
function was used for right-skewed jump parameters. Pairwise comparisons (post hoc
tests) were conducted, and adjustments were made using the Bonferroni correction to
account for multiple group comparisons. Statistical significance was fixed at p < 0.05. Effect
sizes were determined using eta squared and were interpreted as a measure of effect size
as small (n? > 0.01), medium (n? > 0.06), or large (n% > 0.14) [37]. The statistical analyses
were performed using IBM Statistical Package for the Social Sciences (SPSS) for Windows,
Version 28 (IBM Corp, Armonk, NY, USA).

3. Results
3.1. Participants

A total of 262 study participants (164 pwMS, 98 HC) were eligible for analysis. There
was an age distribution of 18 to 64 years among the study participants, with a mean age of
36.29 years (SD =+ 9.74) and a mean BMI of 24.59 (SD =+ 4.33). In the study cohort, 64.4%
were females. Most participants were middle-aged (all: 61.8%; pwMS: 64%; HC: 58.2%)
and had normal weight (all: 63.4%; pwMS: 60.4%; HC: 68.4%) (see Table 2). No significant
differences for sex, age, and the BMI were found between pwMS and HC. An overview of
the participants’ characteristics is shown in Table 2.

Table 2. General characteristics of participants. Data are presented as mean (+standard deviation)
unless specified otherwise.

HC (N =98) pwMS (N = 164) p-Value
Sex (female) N (%) 59 (60.2) 110 (67.1) 0.1612
Age (years) 36.60 + 10.56 36.10 +9.25 0.699
Age Categories Young (18-30) N (%) 30 (30.6) 44 (26.3)
Average Age 25.40 £ 3.26 25.95 £ 3.94 0.527b
Middle-age (31-49) N (%) 57 (58.2) 105 (64)
Average Age 38.56 £ 5.59 37.72 £5.50 0.359 b
Old (50-65) N (%) 11 (11.2) 15 (9.1)
Average Age 57.00 + 4.36 54.53 +4.17 0.157°
BMI 24.37 + 3.96 24.71 + 4.55 0.549 b
BMI Categories Normal weight (18-25) N (%) 69 (68.4) 99 (60.4)
Average BMI 22.35+1.76 21.86 + 1.86 0.086 P
Overweight (25-30) N(%) 43 (26.2) 22 (13.4)
Average BMI 26.70 +1.33 2691 + 1.49 0.587b
Obesity (30+) N (%) 9(9.2) 22 (13.4)
Average BMI 33.87 +3.14 33.25 +3.92 0.680 P
Disease Duration (years) n.a 6.87 £5.26 -
MS Subtype
RRMS (%) n.a 100% -
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Table 2. Cont.

HC (N =98) pwMS (N = 164) p-Value
EDSS (median, IQR) n.a 1.5 (1.5-2.0) -
Pyramidal FSS - 0(0-1) -
Cerebellar FSS - 0 (0-0) -
Ambulation - 0 (0-0) -
Abbreviations: @ = calculated with chi?, ? = calculated with t-test, pwMS = people with multiple sclerosis;
HC = healthy controls; MS = multiple sclerosis; RRMS = relapsing remitting multiple sclerosis; EDSS = expanded
disability status scale; BMI = body mass index; IQR = interquartile range; FSS = functional system score, n.a. = not
applicable.
3.2. Effect of Group, Age, Sex, and BMI on CM] Parameters
The independent variables—age, gender, and BMI (factors)—had significant individ-
ual effects on the dependent variables (jumping parameters) (model 1; Table 3); however,
each of their combined effects (i.e., the interaction of age*group, sex*group, and BMI*group)
was not significant (model 2—4, Table 3). Table 3 shows the results of the associations of
CM] performance (jump parameter), group (pwMS, HC), age, sex, and BMI from the GLM
analysis. The results of the contrast (post hoc) tests for group, age, sex, and BMI for model
1 (both MS and HC) are shown in the Figures 2-5.
Table 3. Effect of group, age, BMI, and sex on the CM] performance.
Model 1 Model 2 Model 3 Model 4
Parameters Group Age(szltler:ggorles (%hg:rf;t;%:irglﬁ Sex Categories  Interaction Interaction Interaction
y 4 * * *
(Depf:ndent (MS, HO) Middle-Age, Overweight, (Male, Group Age Group B.MI Group S‘ex
Variable) old) Obesity) Female) Categories Categories Categories
Braking Time 1A NS NS NS NS NS NS NS
Propulsive Time 1A NS NS NS NS NS NS NS
o p<0.001* p <0.001 * p<0.001* p<0.001* NS NS NS
Flight Time 12 = 0.0478 n2 = 0.0505 12 = 0.0828 12 = 0.2326 - - -
2B p <0.001* NS p =0.002* NS NS NS NS
FZV = n2 = 0.0818 - n2 = 0.0275 - - - -
)A p <0.001 * p=0.004* NS p <0.001 * NS NS NS
Peak Force n2 = 0.0540 n2 = 0.0233 - n2 = 0.0053 - - -
. 2a P <0001% p=0.045* p=0.004* p<0.001* NS NS NS
Negative Power 12 = 0.0709 n2 = 0.0133 12 = 0.0235 n2 = 0.0526 - - -
. - NS p <0.001* p <0.001* p <0.001* NS NS NS
Positive Power * - n2 = 0.0381 n2 = 0.0556 n2 =0.1313 - . .
oaB p<0.001* p <0.001 * p<0.001* p<0.001* NS NS NS
Jump Height n? = 0.0481 2 = 0.049 1 = 0.0802 2 = 0.2336 ) - )
. p =0.005 * p=0.003* p=0.003 * p =0.006 * NS NS NS
FICTR* n2 = 0.0327 n2 = 0.0248 n2 = 0.0248 n? = 0.0318 - - -
3A p <0.001* p <0.001 * p <0.001* p <0.001 * NS NS NS
RSI™ n2 = 0.0520 n2 = 0.0403 n2 = 0.0506 n2 = 0.0914 - - -

Results based on the GLM analysis. ! = temporal parameter; > = kinetic parameter; > = performance parameter;
A = Gamma distribution with log link function; B = Gaussian distribution with identity link; Model 1 = group, age,
sex, and BMI; Model 2 = group, age, sex, BMI, and group*age interaction; Model 3 = group, age, sex, BMI, and
group*BMI interaction; Model 4 = group, age, sex, BMI, and group*sex interaction; * = significant effect (p < 0.005);
12 > 0.01 = small effect; n%2 > 0.06 = medium effect; n? > 0.14 = large effect. Abbreviations: NS = not significant;
FZV = force at zero velocity; RSI = reactive strength index; FTCTR = flight time—contraction time ratio.
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Figure 2. Contrast (post hoc) tests for group (pwMS and HC) on the jumping parameters
(means £ SD) (model 1). Abbreviations: a = significant difference with HC (p < 0.05); RSI = re-
active strength index; FTCTR = flight time—contraction time ratio; RSI and FTCTR have an arbitrary

unit.
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Figure 3. Contrast (post hoc) tests for age (young, middle-age, old) on the jumping parameters
(means + SD) for all participants (both MS and HC) (model 1). Abbreviations: a = significant
difference to young (p < 0.05); b = significant difference to middle-age (p < 0.05); ¢ = significant
difference to old (p < 0.05); RSI = reactive strength index; FTCTR = flight time—contraction time ratio,
RSI and FTCTR have an arbitrary unit.
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Figure 4. Contrast (post hoc) tests for sex (male, female) on the jumping parameters (means + SD)
for all participants (both MS and HC) (model 1). Abbreviation: a = significant difference with female
(p < 0.05); RSI = reactive strength index; FTCTR = flight time—contraction time ratio, RSI and FTCTR
have an arbitrary unit.
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Figure 5. Contrast (post hoc) tests for BMI (normal weight, overweight, obesity) on the jumping pa-
rameters (means = SD) for all participants (both MS and HC) (model 1). Abbreviations: a = significant
difference to normal weight (p < 0.05); b = significant difference to overweight (p < 0.05). c = significant
difference to obesity (p < 0.05); RSI = reactive strength index; FTCTR = flight time-contraction time
ratio; RSI and FTCTR have an arbitrary unit.

3.2.1. Effect of Group

A significant group effect was shown for all performance parameters, force at zero
velocity (FZV), peak force, negative power, and flight time, with the highest effect size,
with a moderate effect for power and force, in the braking phase (FZV: n? = 0.0818; and
negative power: n? = 0.0709) (Tables 3 and S1).

Overall, pwMS had significantly lower peak force in both the braking and propulsive
phases compared to HC (see Figure 2). In addition, a significantly lower jump height,
reactive strength index (RSI), flight time—contraction time ratio (FTCTR), and negative
power, as well a shorter flight time, were observed in the pwMS (see Figure 2). The contrast
(post hoc) tests for each group are shown in the Figure 2. Supplementary Table S1 presents
a dataset that provides a descriptive analysis of CM] performance in association to age, sex,
and BMI in pwMS and HC.

For young and middle-aged participants (18-49 years), significant group differences
(pwMS; HC) were found for almost all jumping parameters (expect braking time, propulsive
time, and positive power). In contrast, in the 50-65 age, group differences only exist for
FTCTR. There were significant group differences in all three BMI categories for flight time
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and negative power. For FZV, peak force, RSI, and jump height, pwMS and HC with
normal weight and overweight are significantly different. In addition, significant group
differences are shown for all jump parameters (except braking time, propulsion time, and
positive power) for both females and males. The group comparison between pwMS and
HC in terms of age, BMI, and sex categories is shown in Table 4.

Table 4. Group comparison between pwMS and HC in terms of age, BMI, and sex.

Age Categories BMI Categories Sex
Young Middle-Age Old l‘\/IV(zrgnhatl Overweight Obesity Male Female
18-30 31-49 50-65 18-25 25-30 30+ (pwMS = 54 (pwMS =110
(pwMS =44, (pwMS=105 (pwMS =15, (pwMS = 99 (pwMS =43, (pwMS =22, HC = 39) . HC = 59) ’
HC =30) HC =57) HC=11) ! HC =22) HC=9)
HC =69)
Parameters P p p p p p P p
BT! 0.097 0.002 * 0.853 0.146 0.141 0.184 0.069 0.133
PT! 0.348 0.005 * 0.655 0.010 * 0.233 0.846 0.058 0.309
FT! <0.001 * <0.001 * 0.174 0.003 * <0.001 * 0.020 * <0.001 * <0.001 *
FZV 2 <0.001 * <0.001 * 0.039 * <0.001 * <0.001 * 0.057 0.003 * 0.001 *
PF 2 <0.001 * <0.001 * 0.506 0.005 * <0.001 * 0.177 <0.001 * 0.030 *
NP 2 <0.001 * <0.001 * 0.064 0.001 * 0.001 * 0.020 * <0.001 * 0.001 *
PP? 0.051 <0.001 * 0.316 0.078 0.047 * 0.114 0.007 * 0.187
JH3 <0.001 * <0.001 * 0.187 0.002 * <0.001 * 0.029 * <0.001 * 0.002 *
FTCTR3 0.002 * <0.001 * 0.480 0.012* 0.003 * 0.233 <0.001 * 0.048 *
RSI3 <0.001 * <0.001 * 0.329 0.007 * <0.001 * 0.087 <0.001 * 0.011 *

Abbreviations: * = significant (p < 0.05); ! = temporal parameters; > = kinetic parameters; > = performance
parameters; pwMS: people with multiple sclerosis. HC: healthy controls; BMI = body mass index; BT = braking
Time; FZV = force at zero velocity; NP = negative power; PF = peak force; PP = positive power; JH = jump height;
FT = flight time; FTCTR = flight time—contraction time ratio; RSI = reactive strength index; PT = propulsive time.

3.2.2. Effect of Age

Significant age effects were found for all performance parameters, peak force, negative
power, positive power, and flight time (Tables 3 and S1). A significant decrease in jumping
performance with increasing age was observed for all participants (pwMS and HC) for
peak force, positive power, flight time, RSI, and jump height. Furthermore, a significant
decrease in jumping performance was shown between young and old participants as well
as between middle-age and old for negative power and FTCTR. The contrast (post hoc)
tests for age on the jumping parameters for all participants (both MS and HC) are shown in
the Figure 3.

3.2.3. Effect of Sex

For sex, significant effects were found for all performance parameters, i.e., peak force,
negative power, positive power, and flight time, with the highest effect for the performance
parameter in the flight phase (flight time: n? = 0.2326; and jump height: n? = 0.2336)
(Tables 3 and S1). In all participants (pwMS and HC), males showed significantly higher
peak force, higher positive and negative power, and longer flight time than females. Ad-
ditionally, males demonstrated significantly higher jump performance in all performance
parameters. The contrast (post hoc) tests for sex on the jumping parameters for all partici-
pants (both MS and HC) are shown in the Figure 4.

3.2.4. Effect of BMI

Significant BMI effects were found for positive power, negative power, RSI, FZV,
FTCTR, jump height, and flight time (Tables 3 and S1). Similar to sex, jump height
(n? = 0.0802) and flight time (n?> = 0.0828) had the largest effect size for BMI, with a
moderate effect. A significant decrease in jumping performance with increasing BMI was
observed for all participants (pwMS and HC) for positive power, flight time, RSI and jump
height. Additionally, a significant decrease in jump performance between normal weight
and obesity and between overweight and obesity were found for FZV and negative power.
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The contrast (post hoc) tests for BMI on the jumping parameters for all participants (both
MS and HC) are shown in the Figure 5.

3.2.5. Association of Age, Sex, and BMI on the Jumping Parameters in pwMS

For age in pwMS, a significant decrease in jumping performance was observed be-
tween young and old participants, as well as middle-age and old participants, for jump
height, flight time, RSI, and positive power (see Supplement Figure S1). FTCTR, peak force,
and negative power decreased significantly from middle-age to old age. Comparing the
sex differences in jump performance in pwMS, males showed significantly better CM]
performance than females, especially for the kinetic and power parameters (see Supplement
Figure S2). For BMI, the pwMS showed a significant decrease in jump performance from
normal weight to overweight and from normal weight to obesity for flight time, force at
zero velocity, positive power, and all performance parameters (see Supplement Figure S3).
The contrast (post hoc) tests for age, sex, and BMI on the jumping parameters for pwMS
are shown in the Supplement Figures S1-S3.

4. Discussion

In this study, we analyzed the CM] performance in HC and pwMS in association
with age, sex, and BMI. Furthermore, reference values for the CM] for both the pwMS
and HC were provided. Our study results demonstrated that age, sex, and BMI are
associated with the CM]J performance in pwMS and HC. Overall, pwMS demonstrated
reduced CM]J performances compared to HC in all performance parameters, i.e., force at
zero velocity, peak force, negative power, and flight time. Especially in the middle-age
group (age 3149 years), the pwMS showed significantly lower CMJ performance in all
parameters compared to HC. Significant group differences (pwMS; HC) in most parameters
were observed for normal weight and overweight (CM] performance for pwMS < HC).
In addition, the pwMS showed reduced CM] performance in almost all jump parameters
(with the exception of braking time, propulsion time, and positive power) for both females
and males. Significant age, sex, and BMI effects were found for all performance parameters,
flight time, and negative and positive power for pwMS and HC. With increasing age and
BMI, CM] performance decreased and was higher in males (both in pwMS and HC). No
significant interaction effects (e.g., age*group, sex*group, and BMI*group) were found.
These results suggest that the association of age, sex, and BMI on CM] performance is
almost the same for pwMS and HC and not specific to pwMS. One reason for this could be
that the two groups did not differ in terms of age, sex, and BMI (Table 2).

As expected, males showed a higher CM] performance than females. The highest
significant effects were found for sex on flight time (n?=0.23), jump height (n?=0.23), and
positive power (n? = 0.13). In pwMS, the males jumped 40% higher than females (HC: 38%).
Similar results were found in other studies [20,23-25,38]. Sex differences are attributed to
the normal growth between males and females. Males typically have a higher percentage
of fast twitch (type II) fibers, which are responsible for explosive movements and high
muscle strength [39—-41]. There are numerous other contributors to differences between
the sex, including hormones, chromosomes, and gene-by-environment interactions (e.g.,
epigenetics) [41]. Besides sex and age, MS also seems to negatively influence the skeletal
muscle fiber cross-sectional area, muscle strength, and muscle mass of the lower limbs of
mildly affected MS patients, independent of MS type and disease severity [9].

In addition, older pwMS had significantly lower CM] performance than younger
pwMS. These age differences were more pronounced for performance and kinetic param-
eters than for temporal parameters. Similar results were found where, with advanced
age, lower extremity muscle power became reduced to a comparable extent in pwMS and
HC [2]. Our finding that old pwMS and HC (50+) do not differ significantly in jumping
performance in most parameters (only in FZV) are consistent with Kirkland et al. [42].
They also showed no differences in jumping performance between pwMS and old HC
on most measures of jumping, suggesting that the old HC also have some early deficits
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in neuromuscular control of jumping [42]. In addition to structural, biochemical, and
cellular changes, skeletal muscle also undergoes functional changes that negatively affect
its mechanical function [43]. Studies have shown that muscle strength may be a more
important factor than muscle mass in determining functional limitations and mobility
status with age, resulting in a decrease in jumping performance [44]. Vertical jump perfor-
mance decreases with age due to loss of muscle mass and increase in body fat [45]. It is
important to differentiate the normal ageing process, age-related diseases, or an increased
degenerative process directly related to the progression of MS. Most often, a combination
of these factors leads to the progression of neuromuscular symptoms [46]. To reduce the
influence of MS disability and focus on other influencing variables such as age, only MS
patients with a low EDSS (<3.0) were included in our study. The median EDSS score of 1.5
in pwMS showed that the MS cohort had only minimal signs in more than one functional
system but not obvious disability [31].

The results of a large sarcopenia study showed that power-based measurements,
such as leg extension strength dynamometer and the sit-to-stand test, already started to
decline at age +50 years. However, power-based parameters such as handgrip strength,
habitual gait speed, and lean mass remained unaltered until after the age of +70 years. The
cut-off values obtained in this study differ from previous reference data, emphasizing the
significance of obtaining updated and local reference materials [7].

Such cut-off values and reference values will also be useful for the CMJ in MS to
identify early individual deficits in neuromuscular and muscle mechanical function in the
future. Our dataset provides the first CM]J characterization in association with age, sex,
and BMI in MS which can used for normative reference in MS. In future studies, a larger
MS cohort is needed to generate standardized and reliable normative references that are
clinically and scientifically relevant in MS.

Our results showed that a high BMI negatively influenced jumping performance in
pwMS. The review by Gianfrancesco and Barcellos also found a significant association
between obesity and MS [47]. Thus, obesity at the onset of MS is associated with higher
disability scores and a more rapid increase in disability over an observation period of up
to 6 years [48]. Obesity is a modifiable risk factor whose influence on disease onset and
progression is critical for exercise therapy. Also, the significant group (HC and pwMS)
differences, especially in the young participants (between 18 and 30 years), indicate the
clinical relevance of the importance of early neurorehabilitation. The CM] can help detect
subtle impairments and provide individualized neurorehabilitation to positively impact
functional and neurological reserve [14,49]. The therapeutic benefit of strength training to
improve muscle strength and functional capacity is well recognized in pwMS [50]. High-
intensity resistance or strength training combined with functional tasks is recommended in
this case [51,52].

Several sport-specific studies have shown that high levels of physical activity have
a positive effect on jumping performance in adults [19,22]. However, no studies have
investigated physical activity in relation to jumping performance in pwMS. This would
be important for future studies investigating the association of CM] performance and
physical activity in MS. Based on the knowledge that muscle strength correlates strongly
with vertical jump height, it is crucial for further studies to explore this correlation with
dynamometer measurements while considering the confounding variables in pwMS [53].
Other confounding variables, which may be a combination of demographic, clinical, and
imaging findings, as well as biomarkers, should be investigated in future studies to obtain
a complex characterization of mechanical muscle function using the CM] in pwMS. In addi-
tion, longitudinal studies are needed to better understand the influence of the investigated
variables and to determine whether the CM]J can be used as a standardized measure of
disease progression in MS.
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5. Conclusions

In conclusion, the study results showed a significant association between age, sex, and
BMI on CM] performance in pwMS and HC. Our results also suggest that the association
of age, sex, and BMI on CM] performance is almost the same for pwMS and HC. However,
pwMS showed significantly lower CM] performance than HC in middle-age participants
(3149 years), normal weight to overweight, and in both women and men. Characterizing
CM]J in association with age, sex, and BMI is useful for identifying individual deficits in
neuromuscular and muscle mechanical function in pwMS. These results may be useful in
the development of reference jump values and digital twins in order to decisively advance
the necessary implementation of individualized neurorehabilitative management of MS
at an early stage [27]. In order to determine the causal influence of age, sex, and BMI
on mechanical muscle function in pwMS, future studies will need longitudinal data that
include other influencing factors such as physical activity and additional assessments such
as the dynamometer.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/biomedicines12050971/s1: Table S1: CM]J characteristic in pwMS
and HC according to sex, age, and BMI; Figure S1: Association between age and the jumping
parameters in pwMS; Figure S2: Association between sex and the jumping parameters in pwMS;
Figure S3: Association between BMI and the jumping parameters in pwMS.
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Abstract: Recent research has suggested a link between multiple sclerosis and the gut microbiota.
This prospective pilot study aimed to investigate the composition of the gut microbiota in MS patients,
the presence of Clostridium perfringens epsilon toxin in the serum of MS patients, and the influence of
disease-modifying drugs (DMDs) on epsilon toxin levels and on the microbiota. Epsilon toxin levels
in blood were investigated by two methods, a qualitative ELISA and a highly sensitive quantitative
ELISA. Neither epsilon toxin nor antibodies against it were detected in the analyzed serum samples.
16S ribosomal RNA sequencing was applied to obtain insights into the composition of the gut
microbiota of MS patients. No significant differences in the quantity, diversity, and the relative
abundance of fecal microbiota were observed in the gut microbiota of MS patients receiving various
DMDs, including teriflunomide, natalizumab, ocrelizumab, and fingolimod, or no therapy. The
present study did not provide evidence supporting the hypothesis of a causal relationship between
Clostridium perfringens epsilon toxin and multiple sclerosis.

Keywords: multiple sclerosis; Clostridium perfringens; C. perfringens epsilon toxin; microbiota

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system
(CNS) that primarily affects young adults and often leads to accumulating neurological
symptoms and disability. Cellular components of the immune system, including B and T
lymphocytes, play a pivotal role in the pathogenesis of MS and are the target of current
disease-modifying therapies (DMTs). Although the cause of MS is still largely unknown, it
has been established that genetic, environmental, and lifestyle risk factors contribute to the
complex pathophysiological cascade in MS.

Recent research has suggested a link between MS and the microbiome, particularly the
gut microbiota. The microbiota are a collection of microorganisms that live on and inside
the human body, including their genome and activity [1]. The gut microbiota encompass
the collection of microorganisms that live in the digestive tract. These microorganisms play
a critical role in many physiological processes, including digestion, immune function, and
metabolism, as well as CNS development and function [2]. As the gut microbiota play
an important role in regulating immune function, a disbalance in the gut microbiota may
contribute to the pathogenesis of MS.

When comparing the gut microbiota of MS patients and healthy subjects, Thirion and
colleagues found substantial microbiome alterations in MS patients that were linked to
blood biomarkers of inflammation [3]. In a mouse model of relapsing—remitting, spon-
taneously developing experimental autoimmune encephalomyelitis (EAE), the presence
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of non-pathogenic commensal microbiota was a prerequisite for the induction of EAE in
mice [4]. Furthermore, in transplantation experiments using microbiota obtained from
monozygotic twin pairs discordant for MS, the microbiota from MS-affected twins exhibited
a significantly higher propensity for inducing autoimmunity in spontaneous autoimmune
encephalitic mice as compared to microbiota derived from their non-MS twin siblings [5].

One specific bacterium that has come into focus in connection with MS is Clostridium
perfringens. C. perfringens is a Gram-positive, spore-forming anaerobic bacterium that is
commonly found in the soil and in the intestines of animals, including humans [6,7]. It
is known to cause a variety of diseases, including gas gangrene, wound infections, food
poisoning, and enterotoxaemia. More recently, it has been suggested that C. perfringens
may play a role in the development of MS. One of the toxins produced by C. perfringens
(C. perfringens type B and D) is epsilon toxin. This protein toxin is a potent pore-forming
neurotoxin that is able to cross the blood-brain barrier [6]. Among other modes of action,
in the CNS, epsilon toxin causes blood-brain barrier disruption and has detrimental effects
on neurons, oligodendrocytes, and astrocytes [7]. In laboratory studies, epsilon toxin has
been shown to cause demyelination, a process that is also observed in MS [8,9].

In 2013, the isolation of C. perfringens type B from an MS patient was reported [10]. This
finding, together with the known CNS-tropism of C. perfringens epsilon toxin, prompted
the authors to investigate a potential connection between epsilon toxin and multiple
sclerosis. A study in a US population found a higher frequency of immunoreactivity
against epsilon toxin in the cerebrospinal fluid and serum when comparing MS patients
to healthy controls [10]. Another investigation in a UK population of relapsing—remitting
MS, clinically isolated syndrome (CIS), and optic neuritis (ON) patients reported a higher
frequency of antibodies against C. perfringens epsilon toxin in serum as compared to
controls [11].

Teriflunomide is a disease-modifying therapy approved for the treatment of relapsing
forms of multiple sclerosis (RRMS). Its mechanism of action involves inhibiting the enzyme
dihydroorotate dehydrogenase, which is involved in the synthesis of DNA in rapidly
dividing cells, including lymphocytes and mononuclear cells [12]. Teriflunomide has been
shown to alter the composition of the gut microbiome in animal studies and may also have
an impact on the microbiome [13]. It was hypothesized that teriflunomide might have
a direct influence on the bacterial counterpart (O-GlcNAcase) of human dihydroorotate
dehydrogenase and acts on the C. perfringens population in the intestine.

The aim of this study was to further investigate the gut microbiota in MS patients. Due
to the presumed effect of teriflunomide treatment on the gut microbiota, especially on C. per-
fringens, we were further interested in a potential influence of DMTs with teriflunomide on
serum epsilon toxin levels.

2. Materials and Methods
2.1. Ethical Approval

This study was conducted in accordance with the tenets of the Declaration of Helsinki
and approved by the Ethics Committee of Ulm University (approval number 412/17). All
patients provided written informed consent.

2.2. Patients

Forty-one MS patients (27 female, 14 male) with a median age of 42 years (range
19-60 years) were enrolled. Patients visiting for diagnostic or treatment purposes were
recruited from the University Hospital Ulm, department of Neurology, and the Specialty
Clinic Dietenbronn. Exclusion criteria were CRP values > 1.0 mg/dL, treatment with
corticosteroids within the last four weeks, or treatment with mitoxantrone or azathioprine
within the last 12 months.
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2.3. Sample Collection

Stool samples were self-collected by patients in their home environment using the
OMNIgene GUT system, which provides sample stability for up to 60 days at room tem-
perature (Steinbrenner Laborsysteme GmbH, Wiesenbach, Germany, Cat. Nr. OM-200).
After receipt, samples were stored at —80 °C until analysis. A total of 37 stool samples
were available from 36 patients (due to lack of stool sample returned, incorrect specimen
collection, or withdrawn consent in the remaining patients). For this project, no additional
collection of blood was performed. Serum samples, collected for diagnostic purposes, were
included in the analysis. A total of 38 serum samples were available from 34 patients.

2.4. Microbiome Analysis

Stool samples were shipped to microBIOMix GmbH (Regensburg, Germany) for 165
rDNA-based microbiome analysis [14]. The analysis was performed according to the
company’s standard procedures. Briefly, DNA was extracted from stool samples, and the
V1V3 region of the 165 rRNA gene was amplified. Amplicons were sequenced using the lon
Torrent GeneStudio S5 Plus platform (Thermo Fisher Scientific, Waltham, MA, USA) and
the resulting reads were processed as previously described [15,16]. In addition, the total
bacterial load was quantified from stool-extracted DNA by real-time PCR quantification of
bacterial 165 rRNA copy numbers [17]. Microbiome sequencing data were analyzed in R
using the dada2 pipeline. The pairwise adonis test was used to assess statistical differences
of beta diversity between treatment groups. Differential abundance analysis was applied
to identify statistically different taxonomic features between groups by calculating linear
discriminant analysis effect sizes (LefSe) using the lefser package V1.14 [18].

2.5. Epsilon Toxin Analysis: Quantification of and Immunoreactivity against Epsilon Toxin

Serum samples were analyzed for the presence of epsilon toxin using a qualitative
sandwich ELISA (Bio-X Diagnostics, Rochefort, Belgium) according to the manufacturer’s
instructions. Additional positive control samples were included using isolated epsilon
toxin from C. perfringens (obtained from Institute Pasteur, Paris, France) with a final con-
centration of 25 and 2.5 ng/mL. Serum samples were furthermore analyzed by Service de
Pharmacologie et d'Immunoanalyse (SPI, Gif Sur Yvette Cedex, France), where a highly
sensitive immunoassay for the detection of clostridial epsilon toxin in body fluids was
recently developed [19]. The limit of detection was defined as the lowest concentration
giving an absorbance signal greater than the mean plus 3 standard deviations from nega-
tive commercial human control serum replicates (test replicate #1: one commercial human
serum (octuplicate); test replicate #2: four different commercial human sera used (tetrapli-
cate for each serum); test replicate #3: triplicate for 5 different commercial human sera).
The limit of quantification was defined as the lowest concentration giving an absorbance
signal greater than the mean plus 10 standard deviations from negative commercial human
control sera replicates (same test). Positive control samples were included with standard
curve of isolated epsilon toxin from C. perfringens type D strain NCTC2062 (Institute Pas-
teur, Paris, France) spiked in negative commercial human control sera. All sera were
diluted 3-fold in EIA buffer (100 mM potassium phosphate buffer pH 7.4, 0.1% bovine
serum albumin, 0.15 M NaCl, and 0.01% sodium azide) containing a final 10% heterophilic
blocking reagent. The sandwich ELISA was carried out as previously described [19] with
slight modifications: detection was performed with biotinylated PeTX6 (100 ug/mL in EIA
buffer for 2 h) followed by 30 min incubation with poly-horseradish peroxidase-labeled
streptavidin. After the addition of a tetramethylbenzidine-containing substrate solution
for 30 min, 2 M sulfuric acid stopped the reaction and absorbances were read at 450 nm.
Furthermore, immunoreactivity towards epsilon toxin was analyzed at SPI by ELISA.
Briefly, plates were coated with 5 ug/mL epsilon toxin (Institute Pasteur) and incubated
overnight at 4 °C with 100-fold diluted patient sera in 100 mM TrisHCI buffer pH 8.0, 5%
milk, 150 mM NaCl, 0.5% tween20, 0.25% CHAPS, and 0.01% sodium azide (Tris-milk
buffer). Immunoreactivity towards epsilon toxin was then detected with biotinylated
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anti-human IgA, IgM, or IgG (IgG1, IgG3, IgG4 or IgG1, IgG2, IgG3, 1gG4), monoclonal
antibodies, and acetylcholinesterase-labeled streptavidin revealed by Ellman’s colorimetric
method at 414 nm after 1 h [20]. Limits of detection and quantification were calculated as
described above (test replicate #1: one commercial human serum used for negative control
(octuplicate); test replicate #2: tetraplicate of five different commercial human control sera).

Ig/epsilon toxin immunocomplexes were investigated at SPI by a sandwich ELISA.
Briefly, plates were coated with a mix of 3 murine anti-epsilon toxin monoclonal antibodies
(PeTX5, PeTX6 and PeTX7 [19]), incubated for 1h with 30-fold-diluted patient sera in Tris—
milk buffer, and detected using peroxidase-coupled goat anti-human antibodies revealed
with ABTS diammonium salt at 414 nm after 30 min. Five different commercial human sera
were applied as negative control. Each commercial serum was analyzed in quadruplicate. A
serum absorbance signal greater than the mean absorbance plus three standard deviations
from the negative commercial human control sera was set as the limit of detection.

3. Results
3.1. Microbiome Analysis

For gut microbiome analysis, MS patients were grouped according to the DMT: treat-
ment with teriflunomide (n = 17), other therapies (natalizumab, ocrelizumab, or fingolimod,
n = 16), and no therapy (1 = 4). The total bacterial load of the intestinal microbiota was
assessed by real-time PCR quantification of bacterial 165 rDNA copies. No significant
difference in bacterial load was observed between the three different treatment groups
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Figure 1. Total bacterial 16S rDNA copies. Group 1 (blue, no therapy); group 2 (red, teriflunomide);
group 3 (green, other therapies).

Sequencing analysis of V1V3 regions of 165 rDNA was performed to assess the di-
versity and distribution of bacterial taxa. All three measures of alpha diversity assessed
(Richness, the Inverse Simpson Index, and the Effective Shannon Index) showed no sig-
nificant differences between the three groups of MS patients (Figure 2). No differences
in bacterial compositions between the treatment groups were observed (Supplementary
Figure S1). The level of relative abundance of Clostridiaceae (where Clostridium perfringens
is classified) was very low in all groups. Additionally, no differences in relative abundance
of bacteria were observed on the genus level (Supplementary Figure S2).
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Figure 2. Alpha diversity: V1V3 regions of 16S rDNA. Group 1 (blue, no therapy); group 2 (red,
teriflunomide); group 3 (green, other therapies).

Moreover, the evaluation of ordinated Bray-Curtis dissimilarities (Figure 3) and
unweighted as well as weighted UNIFrac distances (Figure 4) followed by PERMANOVA
analysis revealed no significant difference in beta diversity between the three groups. The
evaluation of differential abundance between all groups using linear discriminant analysis
(LefSE) revealed no significant features.
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Figure 3. Beta diversity: Bray—Curtis distances. Group 1 (blue dots, no therapy); group 2 (red dots,
teriflunomide); group 3 (green dots, other therapies). Large dots indicate the centroid of each group.
Ellipses mark the 95 percent confidence intervals around each centroid.
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Figure 4. Beta diversity principal coordinate analysis of bacterial bd (including phylogenetic dis-
tances): unweighted UNIFrac distance and weighted UNIFrac distance. Group 1 (blue dots, no
therapy); group 2 (red dots, teriflunomide); group 3 (green dots, other therapies). Large dots indicate
the centroid of each group. Ellipses mark the 95 percent confidence intervals around each centroid.

3.2. Epsilon Toxin in Serum
3.2.1. Direct Detection of Epsilon Toxin

No sample showed a positive signal for epsilon toxin using the commercially available
qualitative epsilon toxin assay, while positive control samples spiked with epsilon toxin
at concentrations of 25 and 2.5 ng/mL gave strong signals. With the highly sensitive
immunoassay [19], no quantifiable levels of epsilon toxin in MS patient serum could be
detected. This direct sandwich ELISA reached a limit of detection of 1.1 £ 0.1 pg/mL and
limit of quantification around 3.9 £ 0.4 pg/mL and was performed three times in duplicate.
Even though some signals were slightly above the limit of detection, no serum with a
quantitative positive signal was identified (Supplementary Table S1). As the accessibility
of epsilon toxin to detection antibodies is a prerequisite to detection by sandwich ELISA,
epsilon toxin complexed with endogenous antibodies in serum could possibly interfere
with the direct detection of the toxin in serum by ELISA. Different combinations of physical,
chemical, and mechanical approaches for the dissociation of Ig/epsilon toxin immunocom-
plexes were tested but no irreversible dissociation of immunocomplexes in human serum
could be achieved.

3.2.2. Detection of Immunoglobulin/Epsilon Toxin Immunocomplexes

A sandwich ELISA was performed to detect immunocomplexes. The assay was
performed twice in duplicate, and one serum sample (1/38, 2.6%) yielded a slightly positive
signal in both tests. However, high variability was observed among five commercial
human control sera that were applied as negative controls and the addition of variable
concentrations of epsilon toxin to patient sera did not result in competition in the ELISA,
arguing against a specific detection of Ig/epsilon toxin immunocomplexes in human serum
under the analyzed conditions.
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3.2.3. Detection of Anti-Epsilon-Toxin Antibodies

Furthermore, immunoassays were performed to detect anti-epsilon toxin antibodies.
Four antibody combinations were used to analyze IgG, IgM, and IgA and each test was
repeated twice in duplicate. Several signals above the limit of quantification were identified,
of which most could not be reproduced in the second test series (Supplementary Table
S1). Sera from six MS patients showed reproducible low immunoreactivity against epsilon
toxin (4/38, 11%), which was regarded as a non-specific signal, or as part of a polyspecific
immune response known to occur in chronic inflammatory diseases of the CNS.

4. Discussion

Microbial dysbiosis and its role in the development of diseases have gained growing
interest and it has been suggested that the gut microbiota may play a role in the pathogen-
esis of MS [5,10,11]. This study aimed to gain further insight into the gut microbiome of
MS patients, the presence of Clostridia in it, the occurrence of epsilon toxin in MS patients,
and the impact of immune modulatory treatment on both gut microbiota and epsilon
toxin levels.

Microbiome analysis, using 165 rRNA sequencing, revealed no significant differences
in the quantity, diversity, or composition of the fecal microbiota between MS patients
receiving teriflunomide treatment, other therapies, or no therapy. Parameters of alpha
and beta diversity were investigated to identify differences in the microbial community
structure within individual samples and between the different samples.

The total bacterial load of the gut microbiota was similar between the three groups,
indicating that there were no significant differences in the absolute bacterial abundance
among the groups. Measures of alpha diversity showed no significant differences in the
microbial community structure within individual samples. No significant differences were
observed in the relative abundance of specific bacterial families or genera among the groups.
Moreover, the evaluation of beta diversity revealed no significant difference between the
three groups, suggesting a similar microbial community structure of MS patients who
received teriflunomide treatment, other therapies, or no therapy.

The relative abundance of Clostridiaceae, where C. perfringens is classified, was very
low in all groups. It has been suggested that DMTs may reduce the abundance of C. per-
fringens [13]. Most analyzed patients received a DMT. We were especially interested in the
impact of teriflunomide treatment on the microbial abundance of Clostridium perfringens
and hence on epsilon toxin levels in serum. However, due to the limited number of patients
in this pilot study, no statement on the influence of teriflunomide treatment or DMT in
general on microbial composition and on the abundance of C. perfringens can be made.
Taken together, the investigated groups of MS patients were not significantly different
regarding their microbiome composition.

Recently, it was suggested that C. perfringens epsilon toxin might play a causative
role in the etiopathogenesis of multiple sclerosis [10,11]. To confirm an exposure to ep-
silon toxin in the examined cohort of MS patients, different approaches were considered,
including the direct detection of epsilon toxin in serum as well as the demonstration of
immunoreactivity to epsilon toxin via the detection of anti-epsilon-toxin antibodies in blood
or immunocomplexes made of epsilon toxin and serological antibodies. Previous studies
suggested a contribution of C. perfringens to the cause of MS based on immunoreactivity to
epsilon toxin [10,11]. However, the concomitant polyspecific immune response, which is
a hallmark of MS, is not dependent on the presence of a causative antigen and is accom-
panied by immunoreactivity to a plethora of antigens [21,22]. Identified target antigens
include neurotropic viruses and microorganisms as well as various self-antigens [21-24].
The MRZ(-H) reaction, i.e., an intrathecal polyspecific antibody synthesis directed against
neurotropic measles, rubella, varicella zoster, and/or herpes simplex viruses is a very
specific biomarker for MS and few other chronic inflammatory autoimmune diseases that
affect the CNS [25].
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As unspecific immunoreactivity against various antigens is known to occur in MS
patients and does not necessarily indicate a primary immune response against a disease-
related agent, the present study aimed to directly detect epsilon toxin in serum samples.
The detection of epsilon toxin has been reported to be challenging, and to the best of our
knowledge, there is only one commercially available assay for its detection in human
material. Previous studies investigating immunoreactivity to C. perfringens epsilon toxin
employed conventional Western blot techniques to detect anti-epsilon-toxin antibodies,
with a methodological limitation of limited specificity [10,11]. Besides the application
of the commercial assay, samples additionally were sent to Service de Pharmacologie et
d'Immunoanalyse, where a highly sensitive immunoassay for the detection of epsilon toxin
in human biological samples was established and extensively characterized [19]. Among
the analyzed samples, there was no evidence for epsilon toxin in MS patient sera. However,
it is possible that epsilon toxin is complexed with human serologic antibodies, which could
potentially impact or prevent its accessibility to detection by sandwich ELISA.

In addition to the approach of direct epsilon toxin detection, patient samples were
tested for the presence of serological antibodies to the toxin. Four antibody pairs were used
to detect IgG, IgM, and IgA specific to the toxin. Even though a total of 10/38 samples
yielded a positive result in at least one assay, the overlap and especially reproducibility
of the results was limited (Supplementary Table S1), and all positive signals were slightly
above the determined limit of detection of the respective sandwich ELISAs. Based on the
available results, legitimate doubts can be raised on the reproducibility and specificity of
the detection of immunoreactivity against epsilon toxin in human serum and results should
be interpreted with caution.

As for the direct detection of epsilon toxin in serum, the detection of epsilon toxin-
specific immunoglobulins also requires accessibility to detection by the used antibodies,
which could be impaired or prevented by the formation of epsilon toxin/immunoglobulin
complexes in serum, either in vivo or in vitro. Inmunocomplexes were analyzed by sand-
wich ELISA. Even though one patient sample showed a slightly positive signal in both test
replicates, the variations observed in the signals of the commercial human sera applied
as negative controls required to assess the specificity of the measured signals in patient
samples. For specificity assessment, variable concentrations of epsilon toxin were added to
patient sera. As no competition was observed by the hook effect, the results were not in
favor of a specific detection of immunocomplexes involving epsilon toxin.

Taken together, the results of this study did not provide evidence supporting the
hypothesis of a causal relationship between C. perfringens epsilon toxin and MS. In the
past, many viral and non-viral agents have been discussed or postulated as possible causes
of MS. So far, no infectious agent could be linked to MS pathogenesis in a direct causal
relationship. Also, in the currently promising Epstein-Barr virus (EBV) hypothesis, indirect
immunological mechanisms are assumed to drive the development of MS [26,27].

The limitations of this study are the small sample size and the small size of its sub-
groups, especially the number of four untreated MS patients, which does not allow for
a comparison between treatment-naive MS patients and patients receiving DMT. Fur-
thermore, microbiota analysis was restricted to stool samples rather than gastrointestinal
samples. Even though it is a common, non-invasive, and user-friendly sampling method,
there are several limitations to this approach, as fecal samples are not representative of
the comprehensive gut microbiota and bias might be introduced by environmental and
pre-analytical factors [28]. The inclusion of both immunoreactivity analysis and direct
analysis of epsilon toxin as well as toxin/Ig immunocomplexes is a strength of the study.
Additionally, the use of both a commercial and in-house assay for the detection of epsilon
toxin in blood enhances the robustness of the investigation.
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5. Conclusions

In this pilot study analyzing the gut microbiota and sera of patients with MS, we
could not provide evidence supporting the hypothesis of a causal relationship between
Clostridium perfringens epsilon toxin and MS.

Furthermore, a workflow for gut microbiome analysis and stool self-sampling of
patients was developed, paving the way for future studies including more patients. With
regard to the analysis of the gut microbiome and serum for the detection of epsilon toxin
and anti-epsilon toxin, this study was limited due to its sample size and did not yield
significant findings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12071392/s1, Figure Sl: Family abundance;
Figure S2: Genus abundance; Table S1: Serological analyses for the detection of epsilon toxin and
epsilon toxin immunoreactivity.
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Abstract: Background: Uroflowmetry (UF) is an established procedure in urology and is recom-
mended before further investigations of neurogenic lower urinary tract dysfunction (NLUTD). Some
authors even consider using UF instead of urodynamics (UD). Studies on the interrater reliability of
UF regarding treatment recommendations are rare, and there are no relevant data on people with
multiple sclerosis (PWMS). The aim of this study was to investigate the interrater reliability (IRR)
of UF concerning diagnosis and therapy in PwMS prospectively. Methods: UF of 92 PwMS were
assessed by 4 raters. The diagnostic criteria were normal findings (NFs), detrusor overactivity (DO),
detrusor underactivity (DU), detrusor-sphincter dyssynergia (DSD) and bladder outlet obstruction
(BOO). The possible treatment criteria were as follows: no treatment (NO), catheter placement (CAT),
alpha-blockers, detrusor-attenuating medication, botulinum toxin (BTX), neuromodulation (NM),
and physiotherapy/biofeedback (P/BF). IRR was assessed by kappa (k). Results: « of diagnoses
were NFs = 0.22; DO = 0.17; DU = 0.07; DSD = 0.14; and BOO = 0.18. For therapies, the highest k
was BTX = 0.71, NO = 0.38 and CAT = 0.44. Conclusions: There is a high influence of the individual
rater. UD should be subject to the same analysis and a comparison should be made between UD and
UE. This may have implications for the value of UF in the neuro-urological management of PwMS,
although at present UD remains the gold standard for the diagnostics of NLUTD in PwMS.

Keywords: multiple sclerosis; bladder disorder; neurogenic; bladder

1. Introduction

Uroflowmetry (UF) has been a well-established diagnostic procedure in urology for
many years [1]. It is used to diagnose functional disorders of the lower urinary tract in
children and adults [2,3]. In this non-invasive urodynamic procedure, a urinary flow rate
per time is determined using various technical principles and a flow curve is recorded
while voiding urine [4]. Finally, the post-void residual (PVR) is measured by sonography
of the bladder [5]. Conclusions can be drawn about the existing type of anatomical or
functional disorders of the lower urinary tract from the various forms of UF curves, the
micturition volume, the strength of the urine flow, and PVR [4]. The advantages of UF are
its simplicity, non-invasiveness, and short duration [1].

The procedure is indicated for both neurogenic and non-neurogenic functional disor-
ders of the lower urinary tract. It is recommended in various urological guidelines [2,3,5].
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For neurogenic lower urinary tract dysfunction (NLUTD) in people with multiple sclero-
sis (PwMS), so far there are no explicit guideline recommendations for UF. Nevertheless,
individual authors recommend uroflowmetry, even as a substitute for urodynamics [6],
which is the gold standard in the diagnostics of NLUTD [7]. Others only recommend
urodynamics for PwMS in the case of treatment failure or prior to surgical treatment [8].
These recommendations are based on the fact that urodynamics (UD), associated with high
effort and invasiveness, have ultimately no impact on the treatment outcome. Therefore,
neuro-urological expert committees discuss whether UF can play a role in reducing the
need for invasive UD [9].

Recommendations for the standardised performance and reporting of uroflowmetry
were published by the International Continence Society in 2002 [4]. Due to the involve-
ment of the autonomic nervous system in micturition, there are many factors influencing
uroflowmetry: the environment, the patient’s compliance and current situation, the micturi-
tion position, and the voiding volume [10,11]. Clear recommendations on how to perform
UF were defined: a minimum bladder-filling volume should be maintained, the person
should void in their usual posture, and information on the subjective representativeness of
the examination should be obtained [4,12].

Another significant factor influencing UF is the rater-related individual interpreta-
tion of the examination. The rater develops a treatment proposal from his/her subjective
perspective by the inclusion of clinical information, bladder diaries (BDs), and question-
naires [13].

The extent to which a measurement procedure is dependent on the influence of the
examiner can be measured using reliability [14]. Interrater reliability (IRR) measures the
agreement of the assessment between different raters. There are a variety of studies on IRR
of UF in children and adults with different study designs [15-17]. So far, there has been no
study on the IRR of UF in PWMS that relates not only to the uroflow curve itself, but also to
the underlying diagnosis and treatment recommendation.

To assess the long-term significance of UF in comparison to UD regarding NLUTD
in PWMS, our intention was to assess the IRR of UF regarding suspected diagnosis and
treatment recommendations. We also analysed the IRR of the suspected diagnosis from
medical history and BDs.

2. Patients and Methods

This study included all PwMS who had been presented to the neuro-urology depart-
ment of an inpatient neurological rehabilitation centre for further diagnosis of NLUTD
between 2017 and 2022 and who met the following requirements: written informed consent
for prospective evaluation of their data, detailed urological history, a completed BD with
documented drinking and micturition volumes in ml over 2 days, and uroflowmetry that
was performed according to the standards of the International Continence Society. Ninety-
two PWMS met these criteria. Inclusion in this study was independent of the clinical
course or severity of the disease. Exclusion criteria were invalid uroflowmetry with a
micturition volume of <150 mL, a BD that could not be analysed due to invalid or illegible
documentation, and the absence of an informed consent form.

All UF examinations were conducted by a highly experienced neuro-urological team
consisting of 2 physicians and 3 nurses. The UF was indicated after the patient had
undergone an initial consultation with the physician. The examination was scheduled
on a different date than the initial consultation. The UF examination procedure was
explained in detail in advance. All of the participants were scheduled for UF in the same
standardised time slot with a filled bladder. The examination was conducted, according to
the preference of the PwMS, in a sitting or standing position in a closed quiet toilet suitable
for the disabled. The measurement was performed using an MMS Nexam Pro Urodynamic
System (Laborie/Medical Measurement Systems B.V., Enschede, The Netherlands) after
the participants had expressed a strong desire to void urine. The measurement of PVR was
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performed by transabdominal sonography with a GE LOGIQ S7 Pro (GE Ultrasound Korea
Inc. Seongnam-si, Korea).

Four experienced neuro-urologists were recruited as raters. They received the fol-
lowing data: diagnoses of the participants, a summarised medical history, information on
gender, summarised information from BDs, graphics of the UF curves with information
on voided volume in ml, PVR in ml, and maximum urinary flow in ml/s. The raters were
asked to assign the individual uroflowmetry findings to the most appropriate diagnostic
category, considering the clinical information and the BDs, and to select a corresponding
treatment recommendation. A standardised evaluation form was used for this purpose.
The answering options listed in the form are shown in Figure 1. All raters were blinded to
the original clinical findings.

Normal finding
Diagnosls Detrusoroveractivity — Single choice
Medical history + bladder diary

Detrusorunderactivity

Normal finding 7

. X Detrusoroveractivity L Single choice
Diagnosis
Medical history + bladder diary + Detrusorunderactivity
uroflowmetry /
+/-

Bladder outlet obstruction —

- Single choice
Detrusor-Sphincter-
Dyssynergia
None — Single choice
Catheter —
a-blockers

Therapy
Antimuscarinics/ B-3-

Medical history + bladder diary + . 5
mimetics

uroflowmetry
. . — Multiple choice
Botulinumtoxin A

Biofeedback/
Physiotherapy

Sacral neuromodulation

Figure 1. Visualisation of the potential answers on the evaluation form. “+/ —“—a combination of
both single choices is optional, but not mandatory.

The primary endpoint was the IRR regarding the following items:

- (A) Suspected diagnosis from medical history and BDs;
- (B) Suspected diagnosis from medical history, BDs, and UF;
- (C) Therapy suggestion from medical history, BDs, and UF.

For all primary endpoints, the agreement between 2 raters was determined using
Cohen’s kappa (kc) and the agreement between all raters was assessed using Fleiss’ kappa
(). For the primary endpoints B and C, the answers could be obtained using multiple-
choice assessment (see Figure 1). The possibility of multiple-choice assessment resulted in
the following analyses:

Analysis A: IRR for the suspected diagnoses from the medical history and BDs;
Analysis B-1: IRR for each single suspected diagnosis from medical history, BDs, and UF;
Analysis B-2: IRR for the combined suspected diagnoses from medical history, BDs, and UF;
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Analysis C-1: IRR for each single therapy suggestion from medical history, BDs, and UF;
Analysis C-2: IRR for the combined therapy suggestions from medical history, BDs, and UF.

On a scale of 0.0-1.0, a kappa statistic of 0-0.2 indicates slight agreement, 0.21-0.4 indi-
cates fair agreement, 0.41-0.6 indicates moderate agreement, 0.61-0.8 indicates substantial
agreement, and 0.81-1.0 indicates nearly perfect agreement [18].

All analyses were performed with the statistical programming language R (R Core
Team 2019) (R version 4.2.2 (09 March 2024) [19].

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Ethics Committee for ethical approval (EK 313/13-University Hospital Bonn).

3. Results
3.1. Patient and Disease Characteristics

The study included 92 PwMS, of which 64 (69.6%) were female and 28 (30.4%) male.
Of these, 9 PWMS (9.8%) showed the primary progressive, 69 PWMS (75.0%) showed the
relapsing-remitting, and 14 PwMS (15.2%) showed the secondary progressive form of
MS. Bladder emptying was spontaneous in 89 cases (96.7%); in 1 case (1.1%), it required
triggering; and it was conducted in 2 cases (2.2%) by residual urine catheterisation after
spontaneous micturition. The descriptive analysis of the demographic variables is shown
in Table 1.

Table 1. Descriptive analysis of the demographic variables.

Mean (SD) Median (IQR) Min; Max Missing N (%)
Age of patients in years 47.5(9.4) 48 (40.8; 55.2) 25,72 0 (0)
Duration of MS in months 118.7 (96.7) 102.5 (35.8; 168.2) 1; 445 0 (0)
Expanded Disability Status Scale 39(1.4) 4(2.9;4.5) 1,5;8 12 (13.04)

Of the 92 PwMS, 20 (21.7%) had no urological symptoms at the time of the analysis,
3 (3.3%) had symptoms lasting 1-6 months, 1 (1.1%) for 6-12 months, 15 (16.3%) for 1 to
2 years, 15 (16.3%) for 3 to 5 years, 12 (13%) for 6-10 years, and 5 (5.4%) over 10 years.
Overall, 21 PwMS (22.8%) did not specify the duration of urological symptoms. An
overview of the distribution and type of urological symptoms is shown in Table 2.

Table 2. Overview of the urinary symptoms of the included PwMS (number of PwWMS (N) = 92,
no missings).

Neurogenic Lower Urinary Tract Symptoms Yes N (%) No N (%)

Staged micturition/interrupted urine flow 18 (19.6) 74 (80.4)
Initiation delay 11 (12) 81 (88)
Weak urine stream 11 (12) 81 (88)

Residual urine sensation 18 (19.6) 74 (80.4)

Desire to press 15 (16.3) 77 (83.7)

Drizzle 5(5.4) 87 (94.6)

Urinary retention 1(1.1) 91 (98.9)

Nocturia 37 (40.2) 55 (59.8)

Pollakiuria 45 (48.9) 47 (51.1)

Urgency 52 (56.5) 40 (43.5)

Incontinence 50 (54.3) 42 (45.7)

3.2. Interrater Reliability of the Suspected Diagnoses
3.2.1. Analysis A

For the suspected diagnosis from medical history and BDs, the raters had 3 options:
normal findings (NF), detrusor overactivity (DO) and detrusor underactivity (DU) for single
selection. The paired comparisons for each singular suspected diagnosis were as follows:
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for NFs, k¢ = 0.24 to k¢ = 0.58; for DO, k¢ = 0.23 to k¢ = 0.54; and for DU, k¢ = —0.02 to k¢
= 0.17 (Figure 2). The paired comparison between the raters for all suspected diagnoses
showed Cohens’ kappa values of 0.25 to 0.54 and thus fair-to-moderate agreement [18]
(Figure 3). The results of the comparison of all raters (Fleiss” kappa) are shown in Figures 2
and 3. DU achieved the lowest IRR.

Detrusoroveractivity (BD) Detrusorunderactivity (BD) Normal findings (BD)
0.6 Overall kappa = 0.33 Overall kappa = 0.08 Overall kappa = 0.38
0.4 -
g . Rater B
(!Qu- . Rater C
0.2+ I I I . Rater D
0.0+

RatZarA RatérB RatérC RatlerA Rat'erB Rat;arC Rat;arA Rat:srB RatérC

Figure 2. Interrater reliability of single suspected diagnoses from anamnesis and bladder diary
between the raters paired and overall.

0.4 - Overall kappa = 0.32
] . Rater B
Q
(x% . Rater C
Rater D
0'2- I I .
0.0 1

Rat'er A Ratér B Ratér C

Figure 3. Interrater reliability of all suspected diagnoses from anamnesis and bladder diary between
the raters paired and overall.

3.2.2. Analysis B

The raters had 5 options for the suspected diagnosis from medical history, BDs, and
UF. In addition to NFs, DO, DU, bladder outlet obstruction (BOO), and detrusor-sphincter—
dyssynergia (DSD) could be selected. This resulted in multiple-choice answers and thus
14 combinations for suspected diagnoses. The IRR was notably lower for combinations
compared to the individual diagnoses with a maximum k¢ = 0.19. Figure 4 shows the
paired interrater reliability of the single suspected diagnoses (analysis B-1). As in analysis
A, the diagnosis DU achieved the lowest IRR. Table 3 shows the paired interrater reliability
of the combinations for suspected diagnoses (analysis B-2).
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Figure 4. Interrater reliability of the single suspected diagnoses between the paired raters and overall

(analysis B-1).

Table 3. Overview of interrater reliability of combined suspected diagnoses between the raters paired

and overall (analysis B-2).

Paired Interrater Reliability of the Combined Suspected Diagnoses

Match rate in %
Cohen’s kappa
95% CI
Rater B C D
30.4% 22.8% 23.9%
A 0.19 0.13 0.14
0.09; 0.28 0.04;0.22 0.06; 0.23
22.8% 21.7%
B 0.12 0.1
0.03; 0.21 0.01;0.19
25%
C 0.09
0;0.18
Fleiss” kappa 0.12

A uniform consensus with 100% agreement between all raters was found for the

diagnoses NO, DU, BOO, and DSD in one data set each and for DO in 8 data sets.

3.3. Interrater Reliability of the Therapy Suggestions (Analysis C)

The IRR of the therapy suggestions from UF was determined to be analogous to the
suspected diagnoses for each of the seven predefined therapy suggestions and for the
therapy combinations that occurred. For the several treatment suggestions considered, NO
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kc = 0.38, KAT k¢ = 0.45, and BTX k¢ = 0.71 showed the highest IRR between the rater
pairs. We revealed the lowest IRR for NM k¢ = —0.06 and P/BF k¢ = 0.07 (Figure 5).
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Figure 5. Interrater reliability of the single therapy suggestions between the raters paired and overall.

The possibility of therapy combinations resulted in a variety of selected combinations.
The combined treatment suggestions showed a remarkably low agreement with a Fleiss’
kappa of 0.08. The best agreement in this subanalysis was achieved by the therapy sugges-
tion “no therapy” with a kg = 0.31. Table 4 provides an overview of the IRR between the
rater pairs for combinations of treatment suggestions.

Table 4. Overview of the interrater reliability between the rater pairs for combinations of treatment
suggestions (analysis C-2).

Paired Interrater Reliability of the
Combined Therapy Suggestions

Match rate in %
Cohen’s kappa
95% CI
Rater B C D
15.2% 17.4% 19.6%
A 0.09 0.1 0.1
0.02;0.16 0.03;0.16 0.02;0.18
17.4% 10.9%
B 0.09 0.05
0.02;0.17 0.0;0.11
17.4%
C 0.1
0.03;0.17
Fleiss” kappa 0.08

113




Biomedicines 2024, 12, 1598

4. Discussion

In everyday urological practice, it is often impossible to examine PwWMS regarding
NLUTD using video urodynamics. Although the examination represents the gold standard
in the diagnostics of NLUTD [7], it is invasive, associated with side effects [20], costly, and
limited in availability [21]. Compared to persons with traumatic or congenital damage of
the spinal cord, NLUTD in PWMS results in less damage to the upper urinary tract [22] and
not every PwMS is initially affected by NLUTD [23]. Therefore, the rationalised work-up
of the NLUTD in PwMS is continually the subject of various expert panels and guideline
recommendations [23]. However, a standardised recommendation and predictor for the
presence of NLUTD—reviewed in prospective longitudinal studies—have not yet been
clearly identified. At the same time, multiple sclerosis results in a high financial and
personnel burden on the healthcare system [24] and leads to a severe loss in the quality of
life of those affected [23]. To address all those needs, it is essential to develop a sufficient
and less costly screening/preselection procedure [9]. In light of these facts, there is a
growing interest in UF as a non-invasive, straightforward urodynamic procedure [1,6]. UF
is widely available in urological practices and together with medical history and BDs it
is often the basis of treatment decisions in daily practice. Therefore, the aim of our work
was to analyse the IRR of UF not only regarding the suspected diagnosis, but also the
derived clinical consequences. To this end, we had 4 neuro-urologically experienced raters
assess 92 data sets based on medical history, BDs, and UF from PWMS regarding predefined
suspected diagnoses and therapy suggestions.

For the diagnoses from medical history, BDs, and UF, we obtained a fair agreement
with kappa values of 0.32 (kc) and 0.2 (kg), respectively, for the singular consideration of the
diagnoses, both between the rater pairs and in the overall rater comparison. However, many
kappa values were lower, especially when combinations of diagnoses were considered.
For the singular analyses of the treatment suggestions, the kappa values tended to be
slightly higher. Particularly in the treatment suggestions “catheter”, “botulinum toxin”
and “none”, the kappa between the rater pairs was up to 0.71 and was 0.32 in the overall
comparison of all raters. When looking at treatment combinations, the IRR fell significantly
to values below 0.2 for slight agreement. The fewer options were available, the higher was
the raters’ agreement.

This is a methodological problem: the more choices available to raters, the lower
is the probability of deciding for the same result. This is particularly the case when the
decisions are not dichotomous, e.g., pathological or non-pathological, but are based on
an individual interpretation by the rater. Gacci et al. [16], involving over 100 urologists
specialised in functional urology, were able to show that there is a high IRR when curves
and numerical uroflowmetry results are categorised as normal or abnormal. When a
diagnosis was included, the IRR in the same group of investigators fell to a k value of up to
<0.1, except for the diagnosis “no abnormalities”, where substantial agreement (0.7) was
still achieved. This could be because the decision in favour of or against a therapy is still
based on a dichotomous decision-making process. The study by van de Beek et al. [25]
showed analogous results as early as 1997, whereby the diagnosis “normal findings” also
showed the best IRR.

In paediatric urological studies, the IRR of UF also showed similar results. Chang and
Yang, 2008, showed a regularly substantial « (0.68-0.81) in the differentiation of normal vs.
pathological findings; in the assessment of specific, pathological waveforms, the IRR was
k = 0.07 for the same investigators [26]. As soon as an interpretative aspect was included
in the diagnosis, the IRR dropped considerably.

The study by Faasse et al. [15] also focussed on the assessment of the UF curve
shape in children. The IRR of uroflow EMG was analysed and a specific selection of
diagnoses was specified in the study design. Working according to fixed diagnostic criteria,
this was a single selection. An agreement of k = 0.33 up to a maximum of 0.74 was
demonstrated between the rater pairs. The slightly lower kappa values observed in our
work in comparison to those reported in the studies mentioned before can be attributed
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to the fact that, in addition to the querying specific curve shapes, several diagnostic
suggestions may also be applicable. In our study, the storage function of the bladder could
be assessed using normal findings, detrusor overactivity, and detrusor underactivity, as
well as the micturition phase with DSD or BOO. This resulted in many combinations,
despite the predefined answers in the form. However, these answers reflect the complexity
of the diagnostic and decision-making process that results from UF in daily practice: a clear
idea of the underlying diagnosis is essential to determining treatment recommendations. A
simple yes/no decision as to whether a pathological condition exists is not sufficient.

The low IRR for DU was noticeable in all our results. On the one hand, we believe that
this is due to the poor differentiability between DU and BOO in UF for both genders [27-30],
as the shape of the curve and the measured uroflow parameters can be identical for both
diagnoses. On the other hand, the clinical definition and diagnosis of DU and detrusor
hypocontractility [30-34] are still not finally clarified. Additional indices and parameters
are constantly being tested [28,29,31] in order to reliably differentiate the diagnosis of DU
with non-invasive measures. These aspects have a negative influence on the consistency of
the raters, which influences k¢ [14]. Another aspect of information that has an impact on
Kc is the prevalence of a trait. The less frequently a characteristic is actually present or the
less frequently it is estimated to be present, the lower k¢ is [14]. We are unable to assess
the influence of the prevalence of the diagnoses in our current study at this time, as we
have not correlated the diagnoses with the urodynamic results. This will be the subject of a
further study in which the IRR of UD and UF will be compared.

In summary, various authors consider the diagnostic value of UF to be insufficient [13]
or as limited [15-17] due to the IRR achieved. Some authors consider UF to be a good
screening tool between normal and abnormal micturition [26]. However, all authors see
the need for standardisation in the reporting of the curves [15-17,26].

In our opinion, in its current form UF can be an adjunct to the management of NLUTD
in PWMS, e.g., act as a follow-up during therapy compared to a pre-treatment assessment.
However, the design of all previous studies on IRR does not allow the conclusion that
having a limited IRR is also detrimental to the affected patient. The reasons for decisions
are not included and could provide reasonable explanations for different decisions. Each
rater has an individual horizon of experience and follow-up strategies. The IRR would
need to be combined with an outcome measure of treatment success to be able to make
statements about the question of unfavourable treatment success with a low IRR.

In the future, artificial intelligence-supported, learning algorithms based on UD stud-
ies could be used to refine the diagnostic value of UF for PwMS. These would need to be
designed to allow dichotomous decisions to be made as a small detail of the whole, leading
to a more complex diagnostic or therapeutic decision. Parameters with a high degree of
selectivity and impact on the therapy decision must be identified for this purpose. The
first artificial intelligence-assisted approaches to the diagnosis of detrusor underactivity in
men are already available [32]. Choo et al. have developed algorithms for the reporting
of uroflowmetry in men and women using artificial intelligence [35]. However, the curve
so far can only be assessed as normal or pathological, and the results are compared with
the judgements of urological specialists and not with underlying urodynamics. Incorporat-
ing uroflowmetry with other clinical predictors, working according to the methodology
demonstrated by Ito et al. [36], could offer another comprehensive approach to estimating
the necessity for additional diagnostics for NLUTD in PwWMS. Therefore, further investiga-
tions are needed to correlate the results of UD with non-invasive diagnostics and clinical
treatment outcomes in PwMS.

5. Conclusions

The suspected suggested diagnosis and treatment suggestions from UF are subject to
a high level of individual influence by the raters. If there are several differential diagnoses
and therapies to choose from, as it occurs in the daily use of UF, interrater reliability
decreases considerably. This results in a variety of possible treatment decisions. To evaluate
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the possible long-term relevance of UF in addition to UD, the current gold standard in
diagnostics of NLUTD in PwMS, UD should be subjected to the same analysis. The results
of this analysis then should be compared with those of the UF. According to our study, the
standardisation of UF findings based on a dichotomous decision-making algorithm could
help to improve the consistency of the assessment.

6. Limitations

Our study had some limitations. The main limitation was that the findings were based
on medical records. The raters did not have the real patients in front of them. The influence
of the patient’s constitution, such as physical or mental limitations, and the effect on the
decision of the rater was therefore completely absent. Furthermore, the data originate from
a neurological inpatient rehabilitation clinic, which has an influence on the type of PwMS
participating, as more severe or advanced cases requiring rehabilitation are usually treated
in these institutions (selection bias). In summary, all raters had the same conditions, and
the focus of this study was on interrater reliability and not on the most correct result for
the patient.
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Abstract: Background: Multiple sclerosis is a frequent neuroinflammatory and neurodegenerative
disease of the central nervous system that includes alterations in the white and gray matter of the
brain. The visual system is frequently affected in multiple sclerosis. Glutamate excitotoxicity might
play a role in disease pathogenesis. Methodology: In the present study, we analyzed with qualitative
and quantitative immunofluorescence microscopy and Western blot analyses whether alterations in
the EAATS5 (SLC1A7) glutamate transporter could be involved in the previously observed alterations
in structure and function of glutamatergic photoreceptor ribbon synapses in the EAE mouse model
of MS. EAATS5 is a presynaptic glutamate transporter located near the presynaptic release sites.
Results: We found that EAATS was strongly reduced at the photoreceptor synapses of EAE retinas
in comparison to the photoreceptor synapses of the respective control retinas as early as day 9 post-
immunization. The Western blot analyses demonstrated a decreased EAATS5 expression in EAE
retinas. Conclusions: Our data illustrate early alterations of the EAAT5 glutamate transporter in
the early pre-clinical phase of EAE/MS and suggest an involvement of EAATS5 in the previously
observed early synaptic changes at photoreceptor synapses. The precise mechanisms need to be
elucidated by future investigations.

Keywords: multiple sclerosis; EAE; retina; photoreceptor synapse; EAAT5 (SLC1A7); glutamate
transporter

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system
(CNS). Neuroinflammation and neurodegeneration play an important role in MS. The
disease results in axonal fiber tract damage/demyelination in the white matter [1-4].
Alterations in MS are not restricted to the white matter of the CNS but are present also
in the gray matter of the CNS (e.g., [5-9]). Gray matter alterations include abnormalities
of synapses and synapse networks as well as neurodegeneration and were observed in
different brain regions of MS patients and in animal models of MS (for review, [10-13]).

It is well known that glutamate levels are elevated in MS, e.g., in the cerebrospinal
fluid of MS patients, suggesting that glutamate excitotoxicity and possibly dysfunctions
of glutamatergic synaptic signaling might play a role in the pathogenesis of MS ([14-18];
for review, see [12,19-23]). Multiple sources from neurons, glial- and immune cells could
contribute to elevated extracellular glutamate levels [12,22-24].

The visual system is frequently affected in MS and inflammation of the optic nerve
(optic neuritis) is an early symptom in MS. In animal models of MS, retinal changes
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included degeneration of retinal ganglion cells and alterations in synapse structure and
function that could be inflammation-driven (e.g., [12,25-28]). Changes in photoreceptor
synapses occurred early in the pre-clinical phase of EAE before obvious alterations in the
optic nerve [25-27]. The molecular mechanisms of these early synaptic changes are not
completely understood.

In previous studies ([25-27]; for review, [13]), we observed alterations of photoreceptor
synapses in the EAE mouse model of MS on day 9 after injection. Photoreceptor synapses
are continuously active glutamatergic ribbon synapses that contain presynaptic ribbons as
eponymous structural specialization [29]. Synaptic ribbons are anchored to the presynaptic
release sites and bind large numbers of glutamatergic synaptic vesicles to promote con-
tinuous synaptic vesicle exocytosis. RIBEYE is a main and unique component of synaptic
ribbons [30-32]. In general, glutamate transporters remove glutamate released by synaptic
transmission from the synaptic cleft and transport glutamate either into neuronal cells or
glial cells to prevent glutamatergic excitotoxicity [12,33,34].

In the present study, we investigated whether an imbalance of glutamate homeostasis
caused by alterations of glutamate transporters could possibly contribute to photoreceptor
synapse pathology in EAE retinas. Five families of glutamate transporters have been cloned
and functionally characterized [33—40]. In our analyses, we focused on the EAAT5 (SLC1A7)
glutamate plasma membrane transporter that is strongly expressed in the retina [40—46].
EAATS is known to be localized in close vicinity of the presynaptic release sites of ribbon
synapses [41-46]. We analyzed EAATS5 expression in the retina of MOG/CFA-injected EAE
mice (9 days after injection) in comparison to control-injected mice. We found that EAAT5
expression at the presynaptic release site of photoreceptor synapses is strongly decreased
in EAE mice in comparison to control mice, suggesting that malfunctions of glutamate
transporters/glutamate clearance could contribute to the previously observed synapse
pathology in EAE.

2. Materials and Methods
2.1. Animals

All procedures concerning laboratory animals were reviewed and approved by the local
animal authorities (Tierschutzbeauftragte der Universitit des Saarlandes and Landesamt fiir
Verbraucherschutz; Geschiftsbereich 3; 66115 Saarbriicken, Germany; GB 3-2.4.2.2-25-2020).
Female C57BL/6] mice older than 10 weeks and with a body weight between 20 gand 25 g
were used for EAE induction, as previously described [25-27,47]. Mice were kept ona 10 h
light-14 h dark cycle and provided with standard food and water ad libitum.

2.2. Antibodies (Tables 1 and 2)

Table 1. Primary antibodies.

Antibody Source References Dilution
. .. e . Abcam; Cambridge, 1:200 (IF)
— *
EAATS5 (immunogen affinity-purified rabbit polyclonal) UK ab230217 n.a. 1:500 (WB)
RIBEYE(B) (mouse monoclonal, clone 2D9) Lab-made [25,48] 1:1000 (IF)
. . Millipore; Molsheim, 1:1000 (IF)
Actin (mouse monoclonal antibody, clone C4) France; #1501R [49] 1:1000 (WB)
Proteintech;
6xHis, HexaHis-tag (mouse monoclonal antibody, clone 1B7G5) Planegg-Martinsried, [50] 1:5000 (WB)

Germany; #66005-1-Ig

*EAATS is a 559 amino acid (aa) long protein in mice (NP_666367.3, G1:1597486091) with a predicted running
position at ~65 kDa in the Western blot (WB) analyses. The affinity-purified rabbit polyclonal EAAT 5 antibody
(abcam) was raised against a fusion protein corresponding to amino acid (aa) 100-250 of human EAAT5 (O00341).
The specificity of the antibody was verified by a fusion protein that we generated from recombinant synthetic
DNA (see below).
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Table 2. Secondary antibodies.

Antibody Source Dilution
Chicken anti-rabbit-Alexa488 Invitrogen, Molecular Probes, Karlsruhe, Germany; A-21441 1:1000 (IF)
Donkey anti-rabbit-Alexa488 Invitrogen, Molecular Probes, Karlsruhe, Germany; A-21206 1:1000 (IF)
Donkey anti-mouse-Alexa568 Invitrogen, Molecular Probes, Karlsruhe, Germany; A-10037 1:1000 (IF)
Goat anti-rabbit-horseradish peroxidase (HRP) Sigma; Taufkirchen, Germany; A6154 1:5000 (WB)
Goat anti-mouse-horseradish peroxidase (HRP) Sigma; Taufkirchen, Germany; A3673 1:5000 (WB)
Abbreviations: IF, immunofluorescence microscopy; WB, Western blot.
2.3. Methods

2.3.1. Induction of EAE in Female Mice

Experimental autoimmune encephalomyelitis (EAE) was induced by immunizing
10-12 week old female C57BL /6] mice (20-25 g body weight) with MOGas_55 peptide of
mouse myelin oligodendrocyte glycoprotein as previously described [25-27,51]. MS is a
disease that predominantly affects young female adults in humans. For the EAE model,
we also used only female mice, as most of the EAE studies do (e.g., [25-27,52-54]). Mice
were either injected with a ready-to-go emulsion from Hooke Laboratories (MOGgz5_55/ CFA
Emulsion PTX, Hooke Laboratories, Lawrence, MA, USA; #EK-2110; 1 mg MOG pep-
tide/mL of emulsion) or with lab-made emulsions. For the preparation of lab-made
MOG/CFA suspensions, MOGg3s_55 peptide was dissolved in sterile water (2 mg/mL) and
emulsified in a one-to-one ratio with complete Freund adjuvant (CFA), that is composed
of incomplete Freund adjuvant (iCFA, Sigma; #F5506) to which 10 mg/mL inactivated
Mycobacterium tuberculosis were added (Fisher Scientific; Schwerte, Germany; 10218823).
For control emulsion (CFA), complete Freund adjuvant was emulsified in a one-to-one
ratio with sterile water. A total of 200 uL of the respective emulsion (either MOG/CFA
(experimental group) or CFA (control group)) was subcutaneously administered in the axil-
lary and groin region of the mice. Blood-brain barrier permeability was enhanced by two
intraperitoneal injections of 200 ng pertussis toxin (PTX) from B. pertussis (List Biological
Laboratories, Campbell, CA, USA; #181). The first one on the day of immunization (60 min
after application of emulsion) and the second one on the subsequent day (16-20 h after
immunization). Five independent immunizations, each composed of CFA-injected control
animals and MOG /CFA-injected experimental animals, were performed for immunofluo-
rescence microscopy and 5 independent immunizations, each composed of CFA-injected
control animals and MOG /CFA-injected experimental animals, were performed for West-
ern blot analyses. In these injections, animals were randomly allocated to the respective
groups (i.e., control group or experimental group) and housed in the same cage.

2.3.2. Cloning of pET28a-EAAT5

In brief, cDNA encoding amino acids 100-250 of human EAATS were cloned into the
vector pET-28a via Gibson assembly [55]. For this purpose, pET-28a vector was linearized
by restriction digest with Nhel and Xhol. The insert was provided as a synthetic DNA
construct (gBlock, Integrated DNA Technologies (IDT), Coralville, IA, USA). The gBlock
contained 34 nucleotides of overlapping vector sequences at both ends. At 5’ end of the
gBlock vector sequence was followed by a Nhel restriction site, a STREP-Tag II and the
sequence encoding amino acids 100-250 of human EAATS5. The 3’ end of the gBlock was
completed with 34 nucleotides of vector sequence, including the Xhol restriction site. In the
resulting recombinant vector, EAATS is expressed as fusion protein containing a N-terminal
hexa-His-Tag, followed by a thrombin cutting side and the STREP-Tag II. At the C-terminal
end, the resulting fusion protein contains a second hexa-His-tag. Gibson assembly was
performed according to the manufacturer’s protocol using the Gibson assembly cloning kit
(New England Biolabs, Frankfurt am Main, Germany).
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2.3.3. Cloning of pET28a-Cre (Control Protein)

Fusion protein comprising the membrane permeable HIV TAT peptide followed in
frame by Cre recombinase was cloned into the vector pET-28a via Gibson assembly [55].
For this, the vector was linearized by restriction digest using Nhel and Xhol. The insert
was provided as synthetic DNA construct (gBlock, Integrated DNA Technologies (IDT),
Coralville, IA, USA). The gBlock contained 34 nucleotides of overlapping vector sequences
at both ends. The 5" end of the gBlock vector sequence was followed by a Nhel restriction
site, a STREP-Tag II, and the sequence encoding the TAT-Cre fusion protein. The 3’ end of
the gBlock was completed by 34 nucleotides of vector sequence. In the resulting cloned
vector, TAT-Cre is expressed as fusion protein containing a N-terminal hexa-His-Tag,
followed by a thrombin cutting side and the STREP-Tag II. Gibson assembly was performed
according to the manufacturer’s protocol using the Gibson assembly cloning kit (New
England Biolabs; Frankfurt am Main, Germany).

2.3.4. Fusion Protein Expression and Purification

Fusion protein expression was conducted in BL21 T7 Express bacteria. Transformed
bacteria were grown in LB medium supplemented with 2% glucose and kanamycin (final
concentration 10 ug/mL) at 37 °C until they reached ODggp = 0.8. Expression of fusion
protein was induced by adding IPTG to a final concentration of 0.1 mM. After 5 h of
induction with IPTG (at RT), bacteria were harvested by centrifugation. The bacterial pellet
was washed several times with ice cold PBS and was finally resuspended in imidazole lysis
buffer (300 mM NaCl, 50 mM NaH,POy, 2.5 mM imidazole, pH 8.0) supplemented with
lysozyme (1 mg/mL). After 30 min incubation of ice, followed by sonication, the bacterial
lysate was cleared by centrifugation (10,000 g; 30 min 4 °C). Cleared lysate was incubated
with Ni-NTA agarose overnight on an overhead rotator at 4 °C to allow binding of fusion
protein to the Ni-NTA matrix (1 mL of Ni-NTA matrix/500 mL of bacterial culture). Next,
lysate-Ni-NTA mixture was loaded into a column and flow thru was collected for SDS-Page
analysis. The column was than washed with 5 bed volumes of washing buffers containing
increasing concentrations of imidazole, starting with 10 mM imidazole (300 mM NacCl,
50 mM NaH;POy, 10 mM imidazole, pH 8.0), followed by washes with 20 mM imidazole
(300 mM NacCl, 50 mM NaH,POy, 20 mM imidazole, pH 8.0) and 250 mM imidazole
(300 mM NaCl, 50 mM NaH;,POy, 250 mM imidazole, pH 8.0). To elute the bound fusion
protein, 6 mL of elution buffer (300 mM NaCl, 50 mM NaH,PO,, 400 mM imidazole, pH 8.0)
were applied to the column and flow thru was collected in 0.5 mL fractions. EAATS5 fusion
protein was enriched in faction 8-10 as assessed by SDS-PAGE and Western blotting.

2.3.5. Pre-Absorption of EAAT5 Antibody for Immunolabeling Experiments

Pre-absorption blocking experiments were performed to verify the specificity of
EAATS5 antibody (Abcam, ab230217, Table 1). First, we determined the suitable work-
ing dilution (1:200, Table 1) of the EAATS5 antibody, which results in an antibody protein
concentration of ~167 nM. The corresponding EAATS blocking fusion protein against which
EAATS5 antibody was raised, as well as an unrelated fusion protein (HexaHIS-tagged Cre
recombinase) were mixed with the EAATS5 antibody in a molar ratio of 5:1 in different
tubes (an experimental tube and control tube). Both tubes were incubated on a rotator
overnight at 4 °C. On the following day, both tubes were centrifuged at 30,000 rpm (Biofuge
Stratos centrifuge, #3331 rotor; ThermoFisher; Waltham, MA, USA) for 5 min. The su-
pernatants were employed for immunostaining experiments. Different semi-thin sections
were co-immunolabeled simultaneously. One was incubated with mouse monoclonal
RIBEYE antibody 2D9 and the EAATS5 antibody that was pre-absorbed with EAATS5 fusion
protein as described above. In parallel, another section was double immunostained with
EAATS5 antibody pre-absorbed with the unrelated fusion protein (HexaHIS-tagged Cre)
along with anti-RIBEYE antibody 2D9. The antibodies against RIBEYE served as reference
immunosignals. Both incubations were performed overnight at 4 °C. On the next day,
sections were washed multiple times with PBS to remove unbound primary antibodies and
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were subsequently incubated with the corresponding fluorescent conjugated secondary
antibody for 2 h at RT (see Table 2). Binding of the EAATS5 rabbit polyclonal antibody was
detected with donkey anti-rabbit immunoglobulins conjugated to Alexa 488 and binding of
the mouse monoclonal RIBEYE antibody (clone 2D9) was detected with donkey anti-mouse
immunoglobulins conjugated to Alexa 568. Lastly, the sections were washed five times
(5 min each) with PBS and mounted in n-propyl gallate (NPG) antifade solution, as pre-
viously described [25,30,56-59]. Negative control incubations were performed under the
same conditions as described above, but in the absence of the primary antibody to check
for non-specific fluorescence signals, e.g., by autofluorescence.

2.3.6. Immunolabeling of Retinal Sections

Immunofluorescence microscopy was performed on semi-thin retinal resin sections
from MOG/CFA-injected EAE mice and CFA-injected control mice, as previously de-
scribed [25-27]. For this purpose, eyes were isolated from the respective mice within 5 min
post-mortem. The anterior eyecup was removed as described [25-27,60]. The posterior
eyecup with the attached retina was flash-frozen in liquid-nitrogen-cooled isopentane
and freeze-dried in a vacuum generated by a DUO 004B vacuum pump (Arthur-Pfeiffer
Vakuumtechnik, Wetzlar, Germany), as previously described [25-27,48,56,57,60]. During
lyophilization, the samples were cooled with liquid nitrogen for ~two days. After that,
the samples were equilibrated to room temperature and infiltrated for ~48 h with Epon
resin, as described [25-27,60]. Infiltration with Epon resin was performed the first 12 h
at 28 °C in an overhead rotator at 2rpm to ease infiltration of the samples with Epon.
Afterwards, the infiltration with Epon resin was continued at RT. After infiltration with
Epon resin, samples were polymerized for 2 days at 60 °C. From the hardened tissue
blocks, 0.5 pm thin (semi-thin) sections were cut with a Reichert ultramicrotome using a
diamond knife (Diatome; Nidau, Switzerland) to generate standardized sections of identi-
cal thickness. Sections were collected on glass coverslips. The Epon resin was removed
from the semi-thin sections and processed for immunocytochemistry, as previously de-
scribed [25-27,48,56,57,60]. The sections were processed for double-immunolabeling with
the indicated antibodies and incubated overnight at 4 °C in the indicated optimized primary
antibody dilutions (see Table 1). In each experiment, a reference (CFA) and experimental
samples (MOG/CFA) were processed simultaneously under identical conditions. The next
day, sections were washed several times with PBS to remove unbound primary antibodies
and subsequently incubated with the corresponding fluorophore-conjugated secondary
antibodies (Table 2) for 1 h at room temperature (RT). Finally, sections were washed again
several times with PBS and were embedded in NPG-antifade, as described [25,48,56-58,61].

2.3.7. Confocal Microscopy and Quantitative Analyses of Immunosignals

Confocal microscopy was performed with a Nikon A1R confocal microscope (Diis-
seldorf, Germany), as previously described [25,56-59]. Images were acquired with a
60x/1.40 N.A. oil objective under the control of NIS Elements software (NIS Elements
AR 3.2, 64 bit; Diisseldorf, Germany). In the individual experiments, image acquisition
from MOG/CFA- and CFA-samples was performed under identical conditions by using
the re-use image settings option in the NIS Elements software. Image acquisition and
analyses were performed in a blinded manner with the experimenter not knowing whether
the samples were from CFA- or MOG/CFA-injected mice. CFA- and MOG/CFA-injected
samples from each embedding were imaged under identical conditions using the re-use
option of the NIS Elements software. Five independent experiments were performed for
each experimental group. For quantification, an identical rectangular ROI was used for both
samples and placed along the OPL that could be unambiguously identified by the actin
and EAATS5 immunosignals. ROIs were managed with the Analyze-Tools-ROI Manager
of Image]. EAAT5 and actin immunosignals were simultaneously recorded. Actin signals
served as a reference signal to correct for potential differences in section thickness. Actin is
particularly suitable as a reference protein because actin turned out to remain unchanged
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between CFA- and MOG/CFA-injected samples [25]. Fluorescence intensities of both pro-
teins were measured as integrated density. EAAT5 immunosignal integrated densities were
normalized to the corresponding actin integrated density values. The arithmetic mean
values of CFA were set to 100% and the MOG/CFA values were related to them. Integrated
density values were analyzed with Microsoft Excel. Statistical analyses were performed
with GraphPad Prism 10 (version 10.2.3), see below.

2.3.8. Statistical Analyses of Immunofluorescence Signals

Statistical analyses were performed with GraphPad 10 (version 10.2.3). Based on our
experience and previously performed a priori sample size estimations (o < 0.05; effect size
Cohen’s d = 0.8; power = 0.8) using G*Power Version 3.1.9.6 [62], a total of 5 independent
immunizations, each composed of CFA-injected control animals and MOG /CFA-injected
experimental animals, were performed. In these injections, animals were randomly allo-
cated to the respective groups (i.e., control group or experimental group) and housed in
the same cage. For quantification, samples were randomly drawn from these five inde-
pendent injections and analyzed by immunofluorescence. First, we tested whether data
from these individual experiments could be pooled. For this purpose, we determined
whether the reference/control group (CFA) from the independent individual experiments
differed significantly from each other. To decide this, we determined whether data were
normally distributed using the Shapiro-Wilk test. Not all data were normally distributed.
Next, we used Kruskal-Wallis ANOVA and post hoc Dunn tests to compare the different
CFA reference groups from the individual experiments. The values of the individual CFA
reference (control) animals did not differ significantly from each other in the different
independent experiments. Therefore, we pooled the data for further analysis. Pooled
data from CFA and MOG/CFA samples were analyzed for statistical differences by the
non-parametric Mann-Whitney U test. Differences were considered statistically different
with p < 0.05. Post hoc analysis of data obtained for immunofluorescence data showed a
power of 0.985 with an effect size Hedges’ g = 0.953835 and & = 0.0001 [63].

2.3.9. Miscellaneous Procedures
Western Blot (WB) Analyses

The specificity of EAATS5 antibody was analyzed by Western blot (WB) with retinal
lysates from wild-type mice. Retinal lysate was prepared as described next. In order to
analyze possible changes in the global expression of EAAT5 in EAE retinas in comparison to
control retinas, retina extracts from MOG/CFA-injected EAE mice and CFA-injected control
mice were prepared in ice-cold RIPA lysis buffer containing 150 mM NaCl, 50 mM Tris, pH
7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and cOMPLETE EDTA-free protease
inhibitor cocktail (Roche; COEDTAF-RO). An Ultra Turrax T8A (IKA Labortechnik; Staufen
im Breisgau, Germany) was used to homogenize the retinas for 1-2 s. After this step, the
retinal lysate was kept in the RIPA lysis buffer for 20 min on ice (with gentle agitation) and
then centrifuged at 13,000 rpm for 30 min (at 4 °C). The pellet was discarded while the
supernatant was collected in a new tube, mixed 1:1 (v/v) with SDS Laemmli buffer and
heated for 10 min to 96 °C. Protein quantification was performed with the Amidoblack
method [64]. For this purpose, 5 pL of protein sample dissolved in SDS-Laemmli buffer and
BSA standards were spotted on cellulose acetate membranes, air dried, and stained with
an Amido Black 10B solution (0.5% (w/v) Amido Black 10B in methanol (45%, v/v)/water
(45% v/v)/10% acetic acid (10%, v/v)) for 10 min at RT. Next, the cellulose acetate sheets
were washed three times with 1 mL wash solution (47.5% each of methanol and water,
and 5% glacial acetic acid) (5 min each). The stained cellulose acetate sheets were then
dried again at RT and the individual samples were cut apart. The individual samples
were transferred into separate test tubes (2 mL Eppendorf cups) and dissolved in 1 mL
dissolution solution (80% (v/v) formic acid, 10% (v/v) acetic acid and 10% (w/v) trichloro
acetic acid). For complete dissolution, the membrane pieces were incubated at 50 °C
under constant shaking for 30 min followed by measuring the absorbance of the resulting
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solution at 620 nm using a UV /Visible spectrophotometer (Pharmacia-Pfizer, New York,
NY, USA). Protein concentrations were determined by comparing the absorbance values
to a BSA standard curve. We applied 30 pg of protein of the retinal lysates on each lane
and separated by 10% acrylamide SDS-PAGE. After SDS-PAGE, proteins were electro-
transferred from the resolving gel to nitrocellulose membrane at 50 volts for 6.5 h at
4 °C. On the next day, the membrane with the electro-transferred proteins was washed
several times with PBS and incubated with 5% (w/v) non-fatty dry milk in PBS for 1 hr at
room temperature (RT) to block non-specific binding sites and incubated with the primary
antibody dilutions indicated in Table 1 (on a shaker, overnight at 4 °C). After this, the
membrane was washed several times with PBS to remove unbound primary antibody
and incubated in the corresponding secondary antibody conjugated with horseradish
peroxidase (HRP) with the antibody dilutions as given in Table 2 with gentle shaking
(for 2 h at RT). Later, membranes were washed three times (10 min each) to remove
unbound secondary antibody. Antibody binding was visualized by chemiluminescence
(ECL) acquired by Bio-Rad Gel Doc imaging systems (Bio-Rad ChemiDoc™ MP Imaging
System and Bio-Rad ChemiDoc™ XRS Imaging System; Feldkirchen, Germany). For
re-probing of WB membranes, membranes were incubated with 0.2 M glycine and 0.1%
SDS, pH 2.2, in H,O (stripping buffer) for 20 min at room temperature with mild shaking
to remove bound antibodies. Then, the membrane was washed 3 times (10 min each) with
TBST (Tris-buffered saline with 0.1% (w/v) Tween® 20 detergent) to remove the stripping
buffer. Afterwards, the membrane was incubated with 5% (w/v) non-fatty dry milk in PBS
for 1 h (RT) to saturate non-specific protein binding sites. After that, the membrane was
probed with the mouse monoclonal anti-actin primary antibody (clone C4 at the dilution
given in Table 1). Binding of mouse monoclonal actin antibody was detected with the
corresponding secondary antibody (Table 2) and visualized via ECL, as described above.

Quantification of WB Bands and Statistical Analyses

Image Studio Lite software (Li-Cor, version 5.2) was employed to analyze the band
chemoluminescence signal corresponding to the global expression of EAATS5 protein present
in whole retinal lysate samples from independent experiments. Five independent exper-
iments were analyzed on pairs of retinal lysates from CFA and MOG/CFA mice. Using
the analysis option of the Image Studio Lite software (Li-Cor, version 5.2), a rectangular
ROI was drawn specifically around the targeted band to measure the chemoluminescence
pixel intensity sum corrected for area and background (signal value). The band intensity of
the EAATS target protein was normalized to the reference protein (actin) band intensity
in the same lane to correct for possible loading differences. Actin was shown to remain
unchanged between MOG /CFA- and CFA-injected samples [25]. For statistical analysis,
the normalized EAATS5 band intensity values of each CFA sample were set to 100% and the
corresponding MOG /CFA normalized EAAT5 band intensity value was related to it. Next,
these normalized data were exported and statistically analyzed using GraphPad prism 10.
MOG/CFA values were normally distributed according to Shapiro-Wilk tests. Therefore,
one sample t-test was used for statistical difference analysis and p < 0.05 was considered a
significant difference. Values were calculated and plotted as arithmetic means and standard
errors of the mean (S.E.M.) with GraphPad prism 10. All individual values were depicted.

3. Results

In the present study, we analyzed the expression of the glutamate transporter EAAT5
in photoreceptor synapses of the outer plexiform layer (OPL) in the mouse retina by im-
munofluorescence microscopy. We compared retinas from MOG /CFA-injected EAE mice
with retinas from CFA-injected control mice on day 9 after injection. For immunocytochem-
istry, we used an antigen affinity-purified polyclonal antibody against EAATS5.
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Figure 1. Validation of the specificity of antigen affinity-purified rabbit polyclonal EAATS5 antibody.
(A1,A2) A magnified micrograph of the OPL double-immunolabeled with affinity-purified rabbit
polyclonal anti-EAATS5 antibody in green and with the mouse monoclonal anti-RIBEYE (2D9) antibody
in red, respectively. (A3) A merged image for both antibodies in the OPL of photoreceptor synapses.
(B1-E3) The pre-absorption experiments of EAATS5 signals performed on 0.5 pm-thin (semi-thin) wild-
type retina sections. (B1,D1) The EAATS5 antibody was pre-absorbed with either an unrelated control
fusion protein or (C1,E1) with the EAATS5 fusion protein against which the antibody was raised.
(B2,C2,D2,E2) The RIBEYE immunosignals were unaffected by blocking with either fusion protein.
(B3,C3,D3,E3) The signals from the respective red and green channels were overlaid. (F-H) Western
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blots (WB) analyses of the EAAT5 antibody that was generated against EAAT5 fusion protein.
(F,G1) The EAATS5 antibody detects a ~20 kDa band in lane 1 and 2 corresponding to the EAAT5
fusion protein. (G1) Lane 3 containing Cre control fusion protein did not show a band/reactivity with
the EAATS antibody thus demonstrating the specificity of the antigen affinity-purified polyclonal
EAATS antibody. (G2) shows anti-HexaHIS antibody incubation of the very same blot strip in G1,
manifesting the loading of both EAAT5 and Cre control fusion protein. (H) single band ~ 65 kDa
is detected in retina lysate from wild-type mice by EAAT5 antibody. Abbreviations: OPL, outer
plexiform layer. Scale bars: 5 um.

The EAATS5 antibody produced strong punctate signals in the OPL near the presynaptic
release sites of photoreceptor synapses (Figure 1A1-A3). The presynaptic release sites
were immunolabeled with mouse monoclonal antibodies against RIBEYE (clone 2D9)
(Figure 1A2,A3). RIBEYE is the main component of synaptic ribbons [30-32]. This punctate
EAATS5 immunosignal near the presynaptic release sites was expected because a very similar
immunolabeling pattern was previously observed for EAATS in the mouse retina [46].

In addition to a strong EAAT5 immunosignal in the OPL, we also observed a punctate
EAATS immunolabeling pattern in the inner plexiform layer (IPL) (Figure 1B1,B3) that
represents EAATS5 in the presynaptic terminals of rod bipolar cells, as previously reported
by another group [46].

The EAAT5 immunosignals in the OPL and IPL were completely abolished if the
EAATS antibody was pre-absorbed with the EAATS5 fusion protein against which it was
raised (Figure 1C1,C3,E1,E3). The RIBEYE immunosignals were un-affected by the pre-
absorption of the EAAT5 antibody with the EAATS5 fusion protein (Figure 1C2,E2). The
EAATS immunosignals (as well as the RIBEYE immunosignals) remained unaffected
if the EAATS antibody was pre-absorbed with an irrelevant HIS-tagged fusion protein
(Figure 1B1-B3,D1-D3) demonstrating the specificity of the immunolabeling data in the
pre-absorption experiment.

In Western blot analyses, the EAATS5 antibody detected the recombinant, bacterially
expressed EAATS fusion protein it was raised against (Figure 1F, lane 1; Figure 1G1, lane 2)
but not the Cre control fusion protein (Figure 1G1, lane 2), further indicating the specificity
of the antibody. In Figure 1G2, both fusion proteins from the same blot as shown in
Figure 1G1 were incubated with anti-HexaHIS monoclonal antibody to visualize both
proteins and to document the loading of the EAATS5 fusion protein and Cre control protein
on the WB membrane. The EAAT5 antibody detected a protein band at the expected
running position of ~65 kDa in wild-type mouse retinal lysates (Figure 1H).

We used the affinity-purified rabbit polyclonal EAATS5 antibody, that has been val-
idated by the experiments shown in Figure 1, to analyze the expression of EAAT5 in
photoreceptor synapses in the OPL from MOG /CFA-injected EAE mice in comparison to
photoreceptor synapses in the OPL of CFA-injected littermate control mice by immuno-
histochemistry (Figure 2). In photoreceptor synapses in the OPL of MOG /CFA-injected
EAE mice (Figure 2B1-B3,D1-D3), the EAAT5 immunosignals were strongly reduced in
comparison to photoreceptor synapses in the OPL of CFA-injected littermate control mice
(Figure 2A1-A3,C1-C3) as evaluated by qualitative (Figure 2A1-A3,B1-B3,C1-C3,D1-D3)
and quantitative immunocytochemistry (Figure 2E1,E2). In these immunolabelling analy-
ses, the retinal sections were co-immunolabelled with antibodies against EAAT5 and actin
(Figure 2A1-A3,B1-B3,C1-C3,D1-D3). Actin served as reference protein for the visualiza-
tion of retinal layers (including the OPL) as well as for the quantification/normalization of
the EAAT5 immunosignals (Figure 2E1,E2). Actin is a suitable reference protein for this
purpose because actin was shown to remain unchanged in EAE at this stage [25].

The global expression of EAAT5 protein, as judged by the Western blot analyses
(Figure 3), was also decreased in the retinas from MOG/CFA-injected EAE mice in compar-
ison to CFA-injected control mice at day 9 after injection.
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Figure 2. EAAT5 immunofluorescence signals are strongly reduced in photoreceptor synapses in
OPL from MOG/CFA-injected EAE mice in comparison to CFA-injected control mice. (A1-D3) Dou-
ble immunolabeling of 0.5 pm-thin (semi-thin) retina sections from CFA-injected control mice and
MOG/CFA-injected EAE mice (day 9 post injection) with mouse monoclonal antibody against
actin (clone C4, in red channel) and rabbit polyclonal antibody against EAATS5 (in green chan-
nel). Immunosignals from respective green and red channels were superimposed in (A3,B3,C3,D3).
(C1-D3) Zoomed view of OPL that is double immuno-labeled with EAAT5 and RIBEYE antibodies.
(E1) Histogram depicts mean fluorescence intensities (%) of EAAT5 immunosignals of controls (CFA)
and EAE mice (MOG/CFA) in OPL. Values in (E1) are means + S.E.M. (****, p < 0.0001). (E2) Box and
whisker diagram shows distribution of individual values from (E1). Boxes mean and median values
denoted by horizontal dashed blue line and solid green line, respectively. Boxes illustrate 25th-75th
percentiles of data points, and whiskers represent 1.5 times of interquartile range (IQR). Statistical
significance was determined with Mann-Whitney U-test (for details, see Methods Section 2.3). Ab-
breviations: CFA, complete Freund’s adjuvant; EAE, experimental autoimmune encephalomyelitis;
MOG, myelin oligodendrocyte protein; N, number of mice; n, number of confocal images analyzed to
quantify integrated densities of fluorescence signals from retinal sections; OPL, outer plexiform layer;
S.E.M., standard error of mean. Scale bars: 5 um.
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Figure 3. The Western blot (WB) analyses of the total EAAT5 expression in the retinal lysates of
MOG/CFA-injected EAE mice and CFA-injected control mice on day 9 after injection. (A) The EAAT5
antibody detects EAATS5 at the expected running position of ~65 kDa in the WB analyses of retinal
lysates from CFA-injected control mice and MOG /CFA-injected EAE mice (lanes 1 and 2, respectively).
(B) shows the same WB membrane as shown in (A) but re-probed with an antibody against actin. Actin
(at ~43 kDa) served as loading control. (C) summarizes the results from 5 independent Western blot
experiments in which EAATS5 expression was analyzed in retinas from CFA- and MOG/CFA-injected
mice (as normalized EAATS5 expression, normalized to the loading control (actin)). CFA control group
values were assigned to 100% for better assessment of the relative differences between CFA-injected
control mice and MOG/CFA-injected EAE mice. Values in (C) are means = S.E.M. One sample
t-test was used to determine the statistical significance (p-value). Abbreviations: WB, Western blot;
CFA, complete Freund’s adjuvant; EAE, experimental autoimmune encephalomyelitis; MOG, myelin
oligodendrocyte protein; S.E.M., standard error of the mean; N, number of experiments; **, p < 0.01.

4. Discussion

Multiple sclerosis (MS) is a chronic neuroinflammatory disease of the CNS in which
pro-inflammatory cytokines are up-regulated [22]. Pro-inflammatory cytokines were pre-
viously reported to cause down-regulation of glutamate transporters in various regions
of the CNS (e.g., [45,65-69]; for review, [10,13,70,71]). In some studies, though, an en-
hanced expression of glutamate transporters was found (e.g., [72]). Of note, a glutamate
transporter polymorphism has been observed to be associated with higher glutamate
concentrations in relapsing multiple sclerosis, pointing to an important contribution of
glutamate transporters in the pathogenesis of MS [73,74].

Glutamate transporters, in general, remove glutamate released by synaptic transmis-
sion from the synaptic cleft and physiologically transport glutamate back into neuronal
cells or glial cells to prevent glutamatergic excitotoxicity [12,33,34,38,75,76]. Dysfunctional
glutamate uptake could lead to glutamate spillover of glutamate from synaptic sites to
extrasynaptic sites (for review, [12,75,77]). Binding of glutamate to extrasynaptic glutamate
receptors leads to functional impairment and finally cell death via multiple mechanisms and
pathways ([78-80]; for review, [12,81-83]). The mechanisms of glutamatergic excitotoxicity
include neurons and glial cells ([80,84]; for review, [12,77,82]).

In the present study, we focused on the EAAT5 glutamate transporter. EAATS5 is
located in the presynaptic terminals of retinal neurons, i.e., photoreceptors and bipolar
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cells, in close proximity to the presynaptic glutamate release sites that are characterized by
synaptic ribbons [42-44,46].

In the current work, we demonstrated that the presynaptic glutamate transporter
EAATS is strongly down-regulated in photoreceptor synapses of MOG/CFA-injected EAE
mice in comparison to photoreceptor synapses from CFA-injected control mice. Down-
regulation of EAATS5 in photoreceptor synapses was demonstrated by qualitative and
quantitative immunofluorescence microscopy. In EAE, we observed a strong decrease in
EAATS5 at photoreceptor synapses close to the presynaptic ribbons. A decreased expression
of EAATS5 was also demonstrated by the Western blot analyses of whole retinal lysates.
The physiological consequences of the strongly decreased expression of EAATS5 at photore-
ceptor ribbon synapses in EAE remain to be elucidated by future investigations. Clearly,
the EAATS transporter is close to the presynaptic release site and contributes to high
temporal resolution of synaptic signaling in the retina as judged by electrophysiological
analyses [46]. Interestingly, visual performance/frequence sensitivity is also compromised
in EAE as measured by optometry [25]. The decreased expression of EAAT5 determined
in this study could contribute to that phenomenon. EAATS5 as a presynaptic glutamate
transporter has a large glutamate-gated chloride conductance that could function as a
presynaptic feedback inhibitor that improves temporal resolution of synaptic transmission
via its glutamate-gated chloride channel function and its impact on presynaptic membrane
potential [35,39,41,44,46,85-90]. The lack or lower activity of this EAAT5-based feedback
mechanism in EAE photoreceptor synapses could contribute to the decreased visual perfor-
mance in EAE mice (decreased frequence sensitivity) in previously published optometry
experiments on MOG/CFA-injected EAE mice [25].

Whether a decreased expression of EAATS in EAE photoreceptor synapses as observed
in the present study is relevant to prevent a possible spillover of glutamate from the synaptic
cleft to extra-synaptic sites remains to be investigated. Recent analyses showed that EAAT5
is a low-capacity glutamate transporter that is rapidly saturated ([44,91-93]; for review, [94]).
Therefore, glutamate transporters other than EAAT5 could have a stronger impact on a
possible spillover of glutamate from synaptic to extrasynaptic sites, particularly at higher
rates of vesicular glutamate release at the synapse. It remains to be elucidated whether
other glutamate transporters are also decreased at EAE photoreceptor synapses. Recently,
it was shown that the GLAST (EAAT1, SLC1A3) glutamate transporter plays an important
role in protecting retinal ganglion cells from glutamatergic excitotoxicity in EAE [24]. The
GLAST glutamate transporter is a high-capacity glutamate transporter in the retina [95,96]
and could also exert an important function to prevent spillover of glutamate from synaptic
to extrasynaptic sites at photoreceptor synapses in EAE. This must be investigated by
future studies.

Outlook

In the present study, we showed alterations of the glutamate transporter EAAT5 in the
mouse model of multiple sclerosis and demonstrated that the EAATS glutamate transporter
is less enriched at photoreceptor synapses of MOG/CFA-injected EAE mice in comparison
to CFA-injected control mice. EAATS5 is a low-capacity glutamate transporter operating
in close vicinity to presynaptic release sites at which exocytosis of glutamatergic synaptic
vesicles occurs. EAATS is also expressed at the presynaptic terminals of retinal bipolar cells.
Retinal bipolar cells are structurally and functionally much more diverse than photoreceptor
synapses. Future analyses will show whether the EAATS5 transporter is also compromised
at retinal bipolar cell ribbon synapses. The recently generated EAATS5 knockout [46] is
an ideal tool to further analyze the functional role of EAATS in multiple sclerosis disease
development and progression. It will be important to analyze whether other glutamate
transporters are affected in EAE, including high-capacity glutamate transporters, that
could possibly contribute to photoreceptor synapse pathology. Interestingly, a recent study
demonstrated that the GLAST/EAAT1 glutamate is also downregulated in the inner retina
in the EAE animal model of MS and that AAV-mediated overexpression of GLAST/EAAT1
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protects retinal ganglion cells from cell death [74]. These findings suggest an important
role of glutamate transporters for the pathogenesis of multiple sclerosis, and the analyses
of glutamate transporters in EAE/MS could help to develop new therapeutic strategies for
the treatment of the disease.
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