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Abstract: Designing immunotherapeutics, drugs, and anti-inflammatory reagents has been at the
forefront of autoimmune research, in particular, multiple sclerosis, for over 20 years. Delivery methods
that are used to modulate effective and long-lasting immune responses have been the major focus.
This Special Issue, “Advances in Multiple Sclerosis Research—Series I”, focused on delivery methods
used for immunotherapeutic approaches, drug design, anti-inflammatories, identification of markers,
methods for detection and monitoring MS and treatment modalities. The issue gained much attention
with 20 publications, and, as a result, we launched Series II with the deadline for submission being
30 April 2021.

Keywords: multiple sclerosis; MS; vaccine; immunomodulation; carriers; MS drugs

1. Multiple Sclerosis

The World Health Organization estimates that globally, more than 2.5 million people are affected
by multiple sclerosis (MS). With the global population growing to an unparalleled height of 7.0 billion
in 2011 and recently reaching 7.8 billion (10 October 2020)—it is estimated to reach 8.5 billion by 2030
and 9.7 billion by 2050—the incidence and onset of MS in young adults is expected to rise exponentially,
with an estimate of 2.3 million people living with MS globally. Clinical isolated syndrome is a type of
MS which may or may not progress. As such, a person will experience a neurological episode lasting at
least 24 h and resulting in damage to the central nervous system (CNS). There are three main subtypes
of MS, (i) relapse/remitting MS (RRMS) accounting for 85% of MS cases, with 50% progressing to (ii)
secondary progressive MS (SPMS), with (iii) 15% of those diagnosed at onset of primary progressive
MS (PPMS) type. It is possible that RRMS patients can remain in that state for up to 30 years, whilst 8%
develop a more aggressive disease, named highly active RRMS (HARRMS). In rare occasions, up to 5%
are progressive relapsing MS type (PRMS), which is characterized by progressive worsening of the
condition from the onset, similar to PPMS.

MS is characterized as a chronic demyelinating disorder of the CNS with inflammatory cells
infiltrating around the nerve, leading to demyelination of the myelin sheath and immune attack to
myelin basic protein (MBP), proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG).
Inflammatory cells which have been found to be involved in MS include macrophages, T helper type 1
(Th1) cells, Th17 cells, CD8+ T cells and B cells secreting auto-antibodies [1–3]. More recently, it has
been shown that tetraspanin-32 is significantly downregulated in Th cells. Tetraspanin-32 controls the
development of autoimmune responses, and in EAE models in mice, tetraspanin-32 is significantly
expressed at lower levels on activated or encephalitogenic T cells compared to naïve Th cells. In the
study by Basile and Cavalli et al., it was noted that tetraspanin-32 was downregulated in memory T
cells and was further decreased upon ex vivo restimulation (Figure 1) [4]. Likewise, myelin-specific
memory T cells and peripheral blood mononuclear cells (PBMC) from patients with MS also expressed
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lower levels of tetraspanin-32 compared to memory T cells from healthy subjects. In addition,
MS patients with early relapses compared to those with a longer, stable disease expressed lower
levels of tetraspanin-32 on their PBMC [4]. Hence, tetraspanin-32 is involved in immune responses
underlying the pathophysiology of MS, and could be a viable diagnostic marker or therapeutic target
against MS.

 
Figure 1. Summary of new advances in Multiple Sclerosis Research—Series I, papers in the Special
Issue. Created with biorender.com.

A number of factors contribute to MS development, including genetic predisposition, especially
those who are HLA-DR2 (HLA-DRB1*15, HLA-DRB1*16)- or HLA-DR4 (HLA-DRB1*04)-positive,
environmental factors such as Epstein–Barr virus and human herpesvirus 6 exposure, and diet, such as
low levels of vitamins B and D [1,5,6]. A number of health conditions are related to HLA phenotype,
such as type-1 diabetes (HLA-DRB1*03 or HLA-DR3, HLA-DQB1*03 or HLA-DQ8), rheumatoid
arthritis (HLA-DRB1*04), juvenile idiopathic arthritis (HLA-DRB1*08), celiac disease (HLA-DQ2,
HLA-DQ8) and Graves’ disease (HLA-DRB1*03, HLA-DQA1*0501). The paper by Maria Anagnostouli
et al. studied the prevalence of HLA-DPB1 allele in MS patients from a Greek cohort and its association
with HLA-DRB1 risk allele [7]. No significant differences were noted between early onset MS compared
to adult onset MS for 23 distinct HLA-DPB1 and 12 HLA-DRB1 alleles. However, the frequency
of HLA-DPB1*03 allele was significantly increased, and the frequency of HLA-DPB1*02 allele was
significantly decreased, in AOMS patients compared to controls. Interestingly, the frequency of
HLA-DPB1*04 allele was significantly decreased in both patients, with early onset and adult onset
MS compared to controls, suggesting a protective role of this allele amongst Greek cohort patients
(Figure 1) [7]. Koukoulitsa and colleagues present a nice review articulating the journey of the
conformational complex between HLA-peptide with the T cell receptor of agonist peptides and their
altered peptide ligands from MBP, MOG and PLP [8].
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2. Detection and Monitoring of Patients with MS

Magnetic resonance imaging (MRI) has been the gold standard of diagnosing and monitoring
disease by detecting brain lesions and the type of brain lesion which aids treatment decisions.
In addition, other detection methods are used in combination with MRI, such as the Kurtzke Expanded
Disability Status Scale (EDSS) which measures the body’s function and how well it can move, as well
as analysis of cerebrospinal fluid for free light chains and IgG. Together, these increase the accuracy of
diagnosis of MS and are used to monitor disease progression. However, there are few simple assays
available to follow up disease activity. As such, the detection of auto-antibodies from sera is a method
to detect relevant biomarkers. The team by Nuti and Papini et al., developed a method to detect
anti-N-glycosylated (N-Glc) peptide antibodies, using a four-branched dendrimeric lysine scaffold,
linked to a polyethylene glycol-based spacer containing 19-amino acids. This efficient multivalent
probe has specificity and high affinity for anti-N-Glc antibodies in patients with MS [9]. In addition,
Gudowska-Sawczuk evaluated cerebrospinal fluid and sera from patients with either MS (n = 34) or
other neurological disorders (n = 42) [10]. The concentrations of cerebrospinal fluid κ free light chains
(κFLC) and λFLC, and sera κFLC, as well as κFLC, λFLC, and κIgG index, were significantly higher in
patients with MS compared to those with other neurological disorders. The κIgG index showed the
highest diagnostic power in the detection of MS with both κFLC index and κIgG indexes showing the
highest diagnostic sensitivity. This study provides novel information about the diagnostic significance
of four markers combined in the κIgG index [10] and shows that κFLC and κIgG combined in a novel
algorithm may improve the detection and disease activity of MS (Figure 1).

Cognitive function refers to a range of high-level brain functions, such as the ability to learn and
remember information, solve problems, focus, concentration, attention, and verbal fluency. Change in
cognitive function is common in patients with advanced MS. However, Pitteri et al, showed that newly
diagnosed RRMS patients (n = 50) performed worse than healthy controls (n = 36), in particular, in the
domains of memory and executive functioning [11]. These data demonstrate that reduced cognitive
functioning can be present early on during the course of disease, even in patients without evidence
of cognitive impairment. As such, the cognitive impairment criteria for patients with MS should be
re-evaluated and be monitored closely throughout the course of disease (Figure 1).

3. Treatments for MS

Treatments for MS include, interferon (IFN) beta-1a, IFN beta-1b (cytokines), fingolimod,
ozanimod, siponimod (sphingosine-1-phosphate-receptor modulators), natalizumab (a monoclonal
antibody against alpha4-integrin), dimethyl fumarate, glatiramer acetate, teriflunomide,
cladribine, ocrelizumab (a humanized anti-CD20 monoclonal antibody) and, alemtuzumab
(a humanized anti-CD52 monoclonal antibody) [1,2]. These drugs are focused on speeding recovery
from relapse, slowing the progression of disease and managing MS symptoms, and in most cases, there
are side effects and patients need to stop treatment due to non-tolerance of the treatment. In rare cases,
more severe adverse events occur. In fact, Buscarinu et al., presented a case report of a 45 year old Italian
woman with RRMS on alemtuzumab treatment who showed immune thrombocytopenic purpura
after the second injection of alemtuzumab. Three months following treatment, the patient presented
with transient aphasia, cognitive deficits, and focal epilepsy, consistent encephalitis [12]. Autoimmune
complications following alemtuzumab treatment are generally rare, with only one previous case being
reported. Furthermore, Sachinvala et al. reported a male patient with MS, and co-morbid type-2
diabetes, major depression, asthma, developed post craniopharyngioma and cranial nerve-VI palsy.
Magnetic resonance imaging, Humphrey’s visual filed and retinal nerve fiber thickening were used to
determine changes to help the patient maintain productivity and mental state and mood (Figure 1) [13].

There is a need for the development of new treatment options which would stop progression
and have little to no side effects. Immune therapies have come a long way in recent years, with a
number of methods being tested in pre-clinical and clinical settings, such as peptide/protein/DNA based
vaccines, tolerogenic dendritic cells, T cell receptor peptide immunotherapy, monoclonal antibody
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therapies (anti-integrin a-4, anti-leucine rich repeat and immunoglobin-like domain-containing protein
1 (LINGO-1), anti-CD52), HLA antagonistic co-polymer therapies, cell specific immunotherapies,
peptide-carrier conjugates, all of which are extensively reviewed by Kammona and Kiparissides [14]
and Metaxakis et al. [15] (Figure 1). An editorial entitled, the long road of immunotherapeutics
against MS [16], highlighted 20 years of MS research of an international multi-disciplinary consortia
including peptide chemistry, medicinal chemistry, protein synthesis, protein–peptide interactions,
nuclear magnetic imaging, molecular modeling, molecular dynamics, molecular biology, immunology,
cell biochemistry, animal research and clinical research. This multi-disciplinary consortia led to at least
10 immunotherapeutic peptide-carrier candidates to be tested in human clinical trials. In preclinical
studies, these peptide-based immune modulating conjugates showed a safety profile whilst switching
immune responses from pro-inflammatory to anti-inflammatory and protection against experimental
autoimmune encephalomyelitis (EAE) in mouse models [3,17–24]. Characterization of peptide-carrier
conjugates was demonstrated using electrochemical voltametric techniques and high-pressure liquid
chromatography [25]. In addition, nanoparticles have been used to deliver MS antigens to the immune
system to tolerize T cells or stimulate an anti-inflammatory responses, reviewed by Chountoulesi and
Demetzos [26]. More recently, chloroquine, an anti-malarial drug, was shown to suppress EAE in mice
by modulating dendritic cells, Th17 cells, astrocytes, oligodendrocytes and microglia. Microglia cells
were also shown to secrete IL-10 and IL-12p70. These data provide evidence that drug repurposing of
chloroquine may be useful to patients with MS (Figure 1) [27].

In the last ten years, the incidence of MS has increased considerably, with lifestyle and
environmental factors being one of the main contributors. An informative review by Boziki and
Grigoriadis et al., provide the current advances in the gut-microbiome-immune–brain axis in patients
with MS with altered microbiome, and present the effects of MS treatments on gut microbiome
(Figure 1) [28]. Thus, modification of gut microbiota by either dietary (such as, probiotics) or medicinal
approaches is a promising approach for the management of MS. In fact, probiotics have been shown
to have beneficial effects not only in the gut flora but also in modulating and maintaining a healthy
immune system. Certain probiotics have been shown to have anti-inflammatory effects on immune cells
(i.e., monocytes) and in disease settings, such as asthma and allergies [29,30]. The paper by Dargahi et al.
showed that the probiotic Streptococcus thermophilus was able alter pro-inflammatory T cells responses
against an agonist MBP83–99 peptide to an anti-inflammatory profile (Figure 1) [31]. This study suggests
that the consumption of Streptococcus thermophilus may be beneficial in the management and treatment
of autoimmune diseases such as MS, and further research in this area is warranted.

In addition to intravenous or oral steroids that are used as the first line of therapy for MS
relapse, therapeutic plasma exchange, or plasmapheresis, is another method used to treat patients
with neuromyelitis optica spectrum disorders, autoimmune encephalitis and MS, especially those with
sudden, severe attacks or relapse/flare-ups. It is used in MS patients to manage disease by exchanging
their plasma with ‘fresh’ plasma to remove pro-inflammatory cytokines and other proteins involved
in auto-immune attack. In a study published by Moser et al., in this Special Issue, they compare
the indications, efficacy and safety of therapeutic plasma exchange treatment in MS, autoimmune
encephalitis and other immune-mediated CNS disorders and noted consistent efficacy and safety [32].
Measuring biomarkers of inflammation and oxidative stress is important to understand the efficacy
of treatments. As such, Moccia et al. studied 60 patients with RRMS who were treated with IFN
beta-1a or Coenzyme Q10 and monitored patients for IL-1b, IL-2R, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-13, RANTES, tumor necrosis factor and uric acid (Figure 1) [33]. These serum biomarkers could be
used to determine the efficacy of treatments as well as their mechanisms of action.

It is believed that transcranial magnetic stimulation motors with direct current stimulation (tDCS)
intensities induce physiological changes to the brain, although the mechanism of action, as well
as its validity and efficacy, are not clear. In a pilot study by Workman and colleagues, they noted
that there were no immediate changes in cerebral blood flow following direct current stimulation.
Hence, further work is required to enable sufficient magnitudes of intracranial electrical fields to induce
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physiological changes in the brain to patients with MS (Figure 1) [34]. During disease progression,
patients with MS develop walking limitations, and fampridine is usually recommended to improve
gait. In the study by Ahdab et al., fampridine was evaluated for cortical excitability effects and
whether changes could predict therapeutic responses in 20 patients with MS and gait impairment [35].
It was noted that fampridine increased the excitatory intracortical processes, as shown by paired-pulse
transcranial magnetic stimulation, suggesting that this could be used to select patients with MS who
would be likely to experience a favorable response to fampridine (Figure 1) [35].

4. Conclusions

The development of drugs, immunotherapeutics and vaccines against diseases is a long
process often taking researchers a lifetime. In this Special Issue, “Advances in Multiple
Sclerosis Research—Series I”, a range of papers were published, including MS markers,
treatments, detection, monitoring and the role of the microbiome in MS. Together, all this information
advances our knowledge of MS research, with promising new leads being developed in the next few
years and entering human clinical trials.
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Abstract: Studying multiple sclerosis (MS) and its treatments requires the use of biomarkers for
underlying pathological mechanisms. We aim to estimate the required sample size for detecting
variations of biomarkers of inflammation and oxidative stress. This is a post-hoc analysis on
60 relapsing-remitting MS patients treated with Interferon-β1a and Coenzyme Q10 for 3 months
in an open-label crossover design over 6 months. At baseline and at the 3 and 6-month visits, we
measured markers of scavenging activity, oxidative damage, and inflammation in the peripheral
blood (180 measurements). Variations of laboratory measures (treatment effect) were estimated using
mixed-effect linear regression models (including age, gender, disease duration, baseline expanded
disability status scale (EDSS), and the duration of Interferon-β1a treatment as covariates; creatinine
was also included for uric acid analyses), and were used for sample size calculations. Hypothesizing
a clinical trial aiming to detect a 70% effect in 3 months (power = 80% alpha-error = 5%), the sample
size per treatment arm would be 1 for interleukin (IL)-3 and IL-5, 4 for IL-7 and IL-2R, 6 for IL-13,
14 for IL-6, 22 for IL-8, 23 for IL-4, 25 for activation-normal T cell expressed and secreted (RANTES),
26 for tumor necrosis factor (TNF)-α, 27 for IL-1β, and 29 for uric acid. Peripheral biomarkers of
oxidative stress and inflammation could be used in proof-of-concept studies to quickly screen the
mechanisms of action of MS treatments.

Keywords: multiple sclerosis; inflammation; oxidative; biomarker; sample size

1. Introduction

Monitoring multiple sclerosis (MS) and developing new disease modifying treatments (DMTs)
requires the use of biomarkers for underlying pathological mechanisms [1,2]. Thus, it is crucial to
define a set of biomarkers that can be easily measured (e.g., in accessible body fluids), are quickly
responsive to change, and reflect MS clinical features accurately [2,3].
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Experimental evidence supports the important role of inflammation and oxidative stress in
the pathogenesis of MS [4]. In the initial relapsing-remitting (RR) phase, oxidative stress is strictly
associated with inflammatory activity, whereas the progressive phase is characterized by chronic
inflammation and neurodegeneration, further amplifying the oxidative damage [4,5]. In our recent
study [6], supplementation with Coenzyme Q10, a natural anti-oxidant, along with Interferon-β1a
44 mcg treatment, was associated with an improved oxidative balance, with a shift toward an
anti-inflammatory milieu and with related clinical benefits. However, in this study we used a
large number of peripheral biomarkers of oxidative stress and inflammation, which was time-and
resource-consuming, and ultimately resulted in a significant statistical challenge due to multiple
comparisons [6]. Thus, future studies would benefit from a subset of biomarkers that are sensitive to
change in a short time and on a small sample.

In the present post-hoc analysis of our previous longitudinal study, we aim to estimate the sample
size needed in RR-MS for different peripheral biomarkers of oxidative stress and inflammation.

2. Materials and Methods

2.1. Study Design and Population

This is a post-hoc analysis on a prospective cohort that was fully described elsewhere [6]. Briefly,
in 2016–2017, we included 60 RRMS patients on clinical stability and on treatment with subcutaneous
high-dose Interferon-β1a (Rebif®, 44 mcg, Merck, Rome, Italy), either alone or with Coenzyme Q10
(Skatto®, 100 mg/ml, Chiesi Farmaceutici SpA, Parma, Italy) for 3 months, with a cross-over design.
In particular, group 1 (n = 30) was treated with Interferon-β1a and Coenzyme Q10 from baseline to a
3-month visit, and then with Interferon-β1a alone until a 6-month visit; meanwhile, group 2 (n = 30)
was treated with Interferon-β1a alone from baseline to a 3-month visit, and then with Interferon-β1a
and Coenzyme Q10 until a 6-month visit. This design used within-subjects comparison of treatments,
and therefore minimized confounding variables by removing any natural biological variation that may
have occurred in the measurement of the outcome measures [6,7].

2.2. Laboratory Analyses

Blood samples were collected at baseline and after 3 and 6 months (60 patients with 3 laboratory
measurements, with 180 measurements overall) in fasting conditions in lithium heparin tubes,
immediately centrifuged, stored at −80 ◦C, and then analyzed for:

(1) Markers of free radical scavenging activity: uric acid and bilirubin were measured by using
the UA2 and the BILTS enzymatic methods (COBAS® c501 analyser, Roche Diagnostic, Mannheim,
Germany);

(2) Markers of serum oxidative damage: 8-hydroxy-2-deoxyguanosine (8-OHdG, an end product
of oxidative DNA damage) and protein carbonyls (an end product of oxidative protein damage) were
measured by using the OxiSelect™ Oxidative DNA Damage ELISA kit, and the OxiSelect™ Protein
Carbonyl ELISA Kit (both from Cell Biolabs, San Diego, CA, USA);

(3) Markers of inflammation: the Human Cytokine Magnetic 35-Plex Panel (Invitrogen by
Thermo Fisher Scientific, Waltham, MA, USA) was used for the quantitative detection of epidermal
growth factor (EGF), eotaxin, basic-fibroblast growth factor (FGF), granulocyte-colony stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), hepatocyte growth
factor (HGF), Interferon (IFN)-α, IFN-γ, interleukin (IL)-1α, IL-1β, IL-1RA, IL-2, IL-2R, IL-3, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17A, IL-17F, IL-22, IFN-γ-inducible protein
(IP)-10, monocyte chemoattractant protein (MCP)-1, monokine induced by IFN-γ (MIG), macrophage
inflammatory proteins (MIP)-1α, MIP-1β, regulated on activation-normal T cell expressed and secreted
(RANTES), tumor necrosis factor (TNF)-α, and vascular endothelial growth factor (VEGF).

CellROX® Orange Reagent (Life Technologies, Carlsbad, CA, USA) was used for measuring
intracellular reactive oxygen species (ROS) production in peripheral blood mononuclear cells (PBMCs)
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using a FACScanto II analyzer (Becton–Dickinson, San Diego, CA, USA) and Flow-Jo v10 software
(Tree Star Inc., Ashland, OR, USA); intracellular ROS production (CellROX) was measured as percent
positive cells (%) and mean fluorescence intensity (MFI).

2.3. Statistics

The sample size needed to detect a treatment effect on different markers of oxidative stress and

inflammation was computed using the formula n =
2(Zα+Z1−β)

2
σ2

Δ2 , where n is the required sample size
per treatment arm in 1:1 controlled trials, Zα and Z1-β are constants (set at 5% alpha-error and 80%
power, respectively), σ is the standard deviation, and Δ the estimated effect size [8,9]. The treatment
effect was defined as the actual observed effect in our previous study (i.e., variation in each laboratory
measure between treated and untreated groups), estimated using mixed-effect linear regression models
(including age, gender, disease duration, baseline expanded disability status scale (EDSS), and duration
of Interferon-β1a treatment prior to study inclusion as covariates; creatinine was also included for uric
acid analyses) [6,8,9]. The crossover model included random effects for patient ID, and fixed-effects for
time (baseline, 3 and 6 months), and for the visit after Coenzyme Q10 exposure, overall accounting
for possible carry-over effects. Adjusted beta-coefficients of 3-month variations were obtained for
each laboratory measure. We assumed that the observed variation, as estimated by the adjusted
beta-coefficients, was the highest achievable treatment effect (100%) over 3 months. From there, with a
conservative approach, we hypothesized a number of effect sizes—e.g., 30%, 50%, 70%, and 90%—that
were smaller than the observed effect. Standard deviations were calculated from the variation of
each laboratory measure after 3 months. Then, we hypothesized a clinical trial where two different
biomarkers were included as primary outcome measures for sample size estimates (alpha-error was
set at 2.5%). Finally, we considered that the study was designed to include one or two interim analyses
in addition to the final analysis (alpha-error was set at 2.94% and 2.21%, respectively, according to the
Pocock method) [10,11].

Stata 15.0 (StataCorp LLC, College Station, TX, USA) was used for data processing and analysis.

3. Results

Sixty RRMS patients were included in the present study (age: 41.5 ± 9.7 years; female: n = 42
(70%); disease duration: 11.0 ± 1.7 years; baseline EDSS: 2.5 (1.0–5.0)). Four patients presented with a
clinical relapse (6.6%) during the study period.

Hypothesizing a clinical trial aiming to detect 70% effect in 3 months (power = 80% alpha-error =
5%), the sample size per treatment arm would be 1 for IL-3 and IL-5, 4 for IL-7 and IL-2R, 6 for IL-13,
14 for IL-6, 22 for IL-8, 23 for IL-4, 25 for RANTES, 26 for TNF-α, 27 for IL-1β, and 29 for uric acid
(Figure 1, Table 1). Other investigated markers presented with a sample size per treatment arm larger
than 30 (Table 1).
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Figure 1. Profile plot for sample size estimates for a treatment arm. Figure shows sample sizes for
laboratory markers of oxidative stress and inflammation (<30 patients for a treatment arm with a 70%
treatment effect). Sample size per treatment arm is reported hypothesizing a 30%, 50%, 70%, and
90% treatment effect compared with the observed effect. Power was set at 80% and alpha-error at
5%. Abbreviations: interleukin (IL), regulated on activation-normal T cell expressed and secreted
(RANTES), and tumor necrosis factor (TNF).

Hypothesizing the combination of two different biomarkers as primary outcome measures
(alpha-error = 2.5%), sample size estimates per treatment arm remained substantially favorable (3 for
IL-3 and IL-5, 7 for IL-7, 8 for IL-2R, 9 for IL-13, 19 for IL-6, 28 for IL-8, 30 for IL-4, 32 for RANTES, 33
for TNF-α, 35 for IL-1β, and 37 for uric acid) (Table 1).

Sample size estimates for a study with one or two interim analyses (Pocock method, setting
alpha-error = 2.94% and 2.21% respectively), in addition to the final analysis, are presented in Table 1;
this design would reduce study participants’ exposure to an inferior or useless treatment.
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4. Discussion

Peripheral biomarkers of inflammation, scavenging activity, and oxidative damage gave
realistically achievable sample size estimates, and could be used in exploratory clinical trials
and observational studies to screen new or already existing medications with putative effects on
inflammation and oxidative stress over a 3-month period. Not least, interim analyses could detect
an inferior or useless treatment even earlier, with subsequent study termination or treatment switch
within adaptive designs [12].

Current sample size calculations were rather conservative. In particular, in the Results (Section 3)
and in Figure 1, we specifically focused on a 70% treatment effect, which was smaller than what
we actually observed (100% treatment effect) [6,9]. However, greater treatment effects could be
hypothesized with different medications and doses, leading to even smaller sample size estimates.
Also, the inclusion of multiple markers as primary outcome measures would remain feasible for
sample size calculations. Of note, present estimates are based on the combination of subcutaneous
high-dose Interferon-β1a (Rebif®, 44 mcg, Merck, Rome, Italy) and Coenzyme Q10. For a subgroup of
patients (50%), the Interferon-β1a treatment was also administered prior to study inclusion. Drug naïve
patients were equally distributed between Coenzyme Q10 treatment groups, and we also included
the duration of the Interferon-β1a treatment as a covariate in the statistical models, but, of course,
we cannot exclude the possibility that previous treatment has affected the study outcomes. However,
if we assume Interferon-β1a could have exerted its effects before inclusion in the study, we would have
observed smaller Coenzyme Q10-related effects, resulting in subsequently more conservative sample
size estimates. Interferon-β1a is an approved treatment for MS, with a well-established long-term
efficacy and safety profile [13]. On the contrary, Coenzyme Q10 has proven effect on biomarkers of
oxidative stress and inflammation and on MS symptoms [14–16], but its disease-modifying effect
remains to be established. As such, future studies should evaluate the reproducibility of our findings
on more recent medications (e.g., cladribine).

Most promising inflammatory biomarkers are strongly related to MS pathogenesis, and in
particular, to acute (e.g., IL-1β, IL-3) and chronic inflammation (e.g., IL-2R, IL-6, IL-7, IL-8, TNF-α)
within the central nervous system [17–21], to suppression of the activity of microglia toward brain
repair (i.e., RANTES), and to neuroprotective modulation of pathologically-active macrophages and
microglia (e.g., IL-4, IL-13) [17,22]. Markers of oxidative stress also resulted in rather small sample
sizes, with particular regard to markers of serum scavenging activity (uric acid), and of oxidative
damage in inflammatory cells and DNA (CellROX, %, and 8-OHdG). Biomarkers of oxidative stress and
inflammation are not only related to MS pathogenesis [17,23], but are also clinically relevant to MS, being
associated with MS risk and progression [6,17,21,24–26], and also being used as therapeutic targets [17].
For instance, IL-6, IL-8, and RANTES have been associated with the risk of clinical relapses [27],
radiological activity (e.g., lesions, atrophy) [28], treatment switch, and disability progression after up
to 6 years [20]. Interestingly, clinical associations might be particularly sound in patients in apparent
clinical stability [29]. As such, longitudinal measurements of oxidative stress and inflammation can
provide pathologically and clinically relevant information in MS observational studies and clinical trials.

Of note, for some inflammatory biomarkers (e.g., IL-3 and IL-5) sample size estimates were
unexpectedly low and should be interpreted with caution. If we assume we are studying a compound
with a specific molecular target (e.g., anti-TNF-α or anti-CD20 antibodies), then only a very small
sample is necessary to detect biological effect [30,31]. On the contrary, for compounds with multimodal
mechanisms of action, a larger sample would be needed or, at least, profiles of inflammatory pathology
should be considered [26].

Limitations of this study include possible confounding factors. In our previous study, we excluded
patients with possible confounding factors (e.g., contraceptive and immunosuppressive medication),
we used within-patients comparison of treatments (minimizing confounding effects by removing any
natural biological variation), and we accounted for a number of covariates in our statistical models [6],
but factors influencing oxidative stress and inflammation are multiple and virtually impossible to
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exclude completely. For instance, four patients presented with a clinical relapse (6.6%) that we did
not account for considering that patients were equally distributed in the Coenzyme-Q10-treated and
untreated groups. Specificity of peripheral biomarkers to MS-related pathology remains to be further
investigated, and based on current knowledge, these markers cannot replace conventional biomarkers
of disability (e.g., neuroimaging) [32]. We included 180 measurements at three timepoints from 60
patients to estimate coefficients of variation for sample estimates. As such, included sample could
have been larger, but was based on sample size calculations from our previous study, and not least,
was in line with previous studies with similar goals [6,8,33]. Also, measurements over short intervals
may be prone to increased measurement errors leading to a greater variability and larger sample, but
apparently, this was not the case in our cohort. A control group (untreated or treated with a medication
different from Interferon-β1a) was unfortunately not available, with difficulties in drawing formal
conclusions on the observed effects.

5. Conclusions

In conclusion, peripheral biomarkers of oxidative stress and inflammation could be used in
exploratory, proof-of-concept studies aiming to evaluate the activity profile of new or already existing
medications. Medications with putative anti-oxidant and anti-inflammatory effects could be tested in
a short time (3 months) and on small samples (<30 per treatment arm) by using a limited subset of
biomarkers, before being moved toward larger and more expensive clinical trials.
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Abstract: Therapeutic plasma exchange (TPE) is a well-established method of treatment for
steroid-refractory relapses in multiple sclerosis (MS) and neuromyelitis optica spectrum disorders
(NMOSD). Little is known about indications and clinical responses to TPE in autoimmune encephalitis
and other immune-mediated disorders of the central nervous system (CNS). We performed a
retrospective chart review of patients with immune-mediated disorders of the CNS undergoing
TPE at our tertiary care center between 2003 and 2015. The response to TPE within a 3- to 6-month
follow-up was scored with an established rating system. We identified 40 patients including 21
patients with multiple sclerosis (MS, 52.5%), 12 with autoimmune encephalitis (AE, 30%), and 7
with other immune-mediated CNS disorders (17.5%). Among patients with AE, eight patients
had definite AE (Immunolobulin G for N-methyl-D-aspartate receptor n = 4, Leucine-rich, glioma
inactivated 1 n = 2, Ma 2 n = 1, and Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid
n = 1). Intravenous immunoglobulins had been given prior to TPE in all but one patient with AE,
and indications were dominated by acute psychosis and epileptic seizures. While TPE has a distinct
place in the treatment sequence of different immune-mediated CNS disorders, we found consistent
efficacy and safety. Further research should be directed toward alternative management strategies
in non-responders.

Keywords: multiple sclerosis; autoimmune encephalitis; plasma exchange; autoimmunity;
immunotherapeutics; clinical outcomes

1. Introduction

Apheresis therapies separate patients’ plasma from the whole blood by using centrifugation
devices or highly permeable filters. In this regard, therapeutic plasma exchange (TPE) aims to
eliminate pathogenic antibodies and other proinflammatory mediators from the patient’s circulation.
This procedure is an established treatment for steroid-refractory relapses in multiple sclerosis
(MS) [1]. Several studies corroborated its efficacy in about 66%–86% of patients undergoing TPE, after
conventional high-dose glucocorticoid (GC) treatment had failed [2–4]. The rationale for treatment
of acute and recurrent attacks in neuromyelitis optica spectrum disorders (NMOSD) is based upon
evidence that humoral autoimmunity plays a key role in the pathogenesis. Of note, the interest to
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achieve rapid remission in NMOSD is driven by the high attack-related disability and -mortality [5].
Therefore, a more aggressive treatment concept based on immunosuppression, pulsed immunotherapy,
or targeted disruption of the immunological cascade leading to neuroaxonal injury is maintained in
NMOSD in order to preserve long-term neurological function [6].

The spectrum of immune-mediated disorders of the CNS widened over the recent decade. There
is emerging evidence that GCs are less effective in B-cell-mediated diseases, including autoimmune
encephalitis, and TPE is likely to be effective from a pathophysiological viewpoint in the treatment of
antibody-mediated immune processes [7,8]. Autoimmune encephalitis (AE) is a clinical challenge, since
presentation is unspecific, and therefore diagnostic consideration is often delayed. Moreover, some
patients require treatment at the intensive care unit (ICU), and outcomes can be devastating [9]. Notably,
due to the relatively recent discovery of anti-neuronal antibodies and the rarity of AE, treatment
recommendations are based on retrospective reports and expert opinion. In a study of 30 patients with
AE, 67% improved with TPE by at least 1 point in the modified ranking scale (mRS) [10]. There are,
however, two other components of treatment of AE [11]. These include intravenous immunoglobulins
(IVIG) and tumor removal. Of note, the ideal sequence for GC, IVIG, and TPE has not been established
yet. In addition, there is emerging evidence for the efficacy of rituximab, a CD20 depleting antibody,
for achieving long-term remission [12]. Moreover, TPE is not without risks and should only be carried
out in conditions where there is good evidence of its effectiveness. Side-effects include disturbances of
coagulation, vasovagal episodes, fluid overload or under-replacement, and allergic or anaphylactic
reactions due to plasma infusion [13]. Immunoadsorption (IA) is a selective technique for the removal
of autoantibodies and immune complexes with less adverse effects in contrast to TPE, which is a
non-selective extracorporeal blood purification process with elimination of plasma and subsequent
substitution. Recent studies have shown that IA is not only effective in GC-unresponsive MS relapses
but also in exacerbations related to NMOSD [14,15].

Here, we hypothesized that TPE is effective in autoimmune encephalitis and therefore studied
indication, efficacy, and safety in comparison with MS and other immune-mediated disorders of
the CNS.

2. Materials and Methods

2.1. Study Design

We performed a retrospective chart review of all patients with immune-mediated disorders of the
CNS who underwent TPE at the 9-bed neurological intensive care unit (NICU) of a tertiary university
hospital (Christian Doppler Medical Center, Paracelsus Medical University, Salzburg, Austria). The
study protocol was reviewed and approved by the local Ethics Committee (Ethikkommission für das
Bundesland Salzburg; 415-EP/73/534-2015).

2.2. Study Population and Data Collection

We reviewed the electronic records for demographic data, neurological diagnosis, symptoms,
complications, number of TPE cycles, and outcome and included patients according to the following
inclusion criteria:

- acute immune-mediated disorder of the CNS
- TPE during the period of January 2003 to December 2015
- sufficient clinical documentation on underlying disease, indication, procedures, and complications

Multiple sclerosis was diagnosed according to the McDonald’s criteria revised in 2010 [16]. For
AE, we followed the diagnostic criteria set up by Graus and coworkers [4]. Briefly, diagnosis can be
made when all three of the following criteria have been met:

- subacute onset (rapid progression of less than three months) of working memory deficits
(short-term memory loss), altered mental status, or psychiatric symptoms

22



Brain Sci. 2019, 9, 267

- at least one of the following: new focal CNS findings, seizures not explained by a previously
known seizure disorder, CSF pleocytosis (white blood cell count of more than five cells per μL),
MRI features suggestive of encephalitis

The cohort of patients with “other immune-mediated CNS disorders” comprised acute
disseminated encephalomyelitis (ADEM), CNS lupus, optic neuritis not related to MS, and NMOSD.
MS patients with progressive multifocal leukoencephalopathy (PML, n = 3) who received TPE for
elimination of natalizumab were excluded. Three patients with AE were excluded for lack of sufficient
follow-up (Figure 1).

Figure 1. Flow chart for patient selection.

TPE was performed by experienced neurointensivists via a central venous access catheter. The
clinical response to TPE was rated with a scoring system introduced by Magaña et al. [6,17,18], which
proposes three different response categories; these were no, mild, and good improvement. Patients in
the first group showed no recovery at all or even deterioration of symptoms. Mild recovery was defined
as “improvement in neurological status without impacting function”. Individuals with functionally
relevant neurological recovery were considered to have a good improvement. We studied the outcome
within six months from TPE. If patients were not seen regularly on follow-up at our center, we contacted
individual patients or their caregivers to collect information on their recovery.

2.3. Statistical Analysis

All statistical analyses were conducted using IBM SPSS Version 21.0 (SPSS, Chicago, IL, USA).
Descriptive statistics for clinical, demographic, and outcome data are provided. We report the
median (interquartile range, IQR) for continuous variables and frequency (percent) for categorical
variables. Intergroup comparisons were performed using Fisher’s exact and Mann–Whitney U tests
and one-way ANOVA where appropriate. All reported p-values were two-tailed and considered
statistically significant at p < 0.05.
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3. Results

3.1. Clinical and Demographic Characteristics

We identified a total of 40 patients with immune-mediated CNS disorders who underwent PLEX
between 2003 and 2015. As shown in Figure 1, the most frequent condition was MS in 52.5% (n = 21),
followed by AE in 30% (n = 12). The remaining disorders (summarized as “others” in the following)
were CNS lupus (n = 3), optic neuritis (not otherwise specified, n = 2), ADEM (n = 1), and NMOSD
(n = 1).

There was a general trend towards the increased utilization of TPE over time (Figure 2). Half
(n = 20) of all patients received the treatment within the past four years, whereas in the period of
2003–2008, only eight patients were treated with TPE.

Figure 2. Time course of therapeutic plasma exchange (TPE) usage during the observation period.

The majority of patients were women (n = 26, 65%). In detail, women were more frequent in the
MS group (n = 15, 71%), and the group of “other” immune-mediated CNS disorders comprised entirely
women (100%). Of note, there were more male patients in the AE group (n = 27, 67%).

The mean age of patients with MS was 35.5 (standard deviation (SD) of 9.4). TPE was used in this
group as second-line therapy except in one patient where steroids were contraindicated, as shown in
Table 1. The most frequent indication was optic neuritis (n = 9), followed by pyramidal tract symptoms
(n = 6). The mean number of TPE courses was 5.1 (range of 2–9). There were single patients with eight
and nine TPE cycles, respectively.
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Table 1. TPE in patients with multiple sclerosis.

No. Age Gender Indication
GC

Refractory
Courses of

TPE
Clinical

Response

1 42 M GC contraindicated 5 good
2 37 F optic neuritis X 5 good
3 39 F optic neuritis X 5 good
4 44 F optic neuritis X 5 good
5 25 F optic neuritis X 5 mild
6 40 F optic neuritis X 5 mild
7 28 F optic neuritis X 5 mild
8 28 M optic neuritis X 5 mild
9 47 M optic neuritis X 5 no
10 33 F optic neuritis X 5 no
11 43 F tetraparesis X 2 good
12 23 M tetraplegia X 5 good
13 33 M hemiparesis, dysarthria X 5 good
14 17 M hemiparesis X 5 good
15 34 F tetraparesis X 5 mild
16 44 F tetraplegia X 8 no
17 50 M tetrapresis, dysarthia, dysphagia X 5 no
18 43 F hemiparesis, ataxia X 3 no
19 25 F fulminant MRI, aphasia X 5 good
20 29 F fulminant MRI, natalizumab rebound X 5 good
21 21 F fulminant radiological findings X 9 good

Legends: M, male; F, Female; MRI, magnetic resonance imaging; GC, glucocorticoid.

The mean age of patients with AE was 45.1 years (SD of 18.8), which was significantly higher
than in MS (p = 0.03). The spectrum of clinical symptoms in patients with AE was broad, and the
most frequent disturbances were psychiatric symptoms and epileptic seizures (Table 2). The average
number of TPE cycles in patients with AE was 6.3 (SD of 2.7). Two patients had more than 10 cycles of
TPE. In almost all patients, a prior treatment with intravenous immunoglobulins was performed. Some
also received steroids prior to TPE. In the AE cohort (n = 12), eight (66%) patients had definite AE with
positive antibodies (IgG for NMDA-R: n = 4, LGI1: n = 2, Ma 2: n = 1, and AMPA: n = 1). Six patients
had inflammatory CSF and eight had pathologies on MRI. All except the patients with exclusively
brainstem involvement developed neurocognitive signs, and seizures were common (60%). The four
patients with anti-NMDAR-antibodies were women, two of whom had a histologically confirmed
teratoma. All of the AE patients had additional treatments (surgery n = 4, steroids n = 5, IVIG n = 11,
rituximab n = 2).
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The mean age of patients with other autoimmune CNS disorders was 50.7 years (SD 18.1). The
mean number of TPE cycles was 5.7 (SD 2.1). Further details are presented in Table 3.

Table 3. TPE in patients with other immune-mediated disorders of the central nervous system (CNS).

No. Age Gender Condition TPE Courses (n) Outcome

1 60 W CNS-lupus 4 no

2 55 W CNS-lupus 4 good

3 59 W CNS-lupus 7 good

4 27 W optic neuritis 5 good

5 47 W optic neuritis 10 mild

6 78 W NMOSD 5 no

7 29 W ADEM 5 good

3.2. Time from Symptom Onset to Start of TPE

The time from relapse onset to the initiation of TPE was distinct among the three groups (p = 0.03).
In detail, we calculated the median of 15 days (interquartile range (IQR) 10–27 days) for patients with
MS, 77 days (24–203) for patients with AE, and 11 days (9–55) for patients with other immune-mediated
disorders of the CNS.

3.3. Outcome

The overall rate of TPE responders was 75%. Further details are shown in Figure 3. A good or
mild response was observed in 52.5% and 22.5% of the patients, respectively. The best outcome was
observed within the “other CNS-ID” group, where 71% (n = 5) had a good recovery after PLEX, while
only two patients showed no response (Table 3). The analysis of the MS and AE cohorts disclosed a
functional improvement after plasma exchange treatment in 52% and 42%, respectively.

Figure 3. Clinical response to TPE across three subgroups of immune-mediated CNS disorders.

We also evaluated whether the period of symptom onset to the start of the TPE was distinct in
patients with good response vs. mild/no response. In a pooled analysis of all three groups we did not
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find statistical differences (median of 16 days for the cohort with good response vs. 22 days for the
cohort with mild or poor response).

3.4. Complications

In total, 219 TPEs were performed. Serious complications were found (1.8%): thrombosis of
the subclavian vein, episode of bradycardia with transient loss of consciousness (one each), and two
patients had impaired coagulation. No cases of death were reported.

4. Discussion

This study demonstrates that the majority of patients suffering from immune-mediated CNS
disorders benefit from TPE, and the rate of non-responders is similar throughout the conditions.
Moreover, the number of patients with AE treated with TPE is increasing over time, which reflects
increased recognition of TPE as an effective treatment option. Of note, 50% of our patients with
AE received TPE for intractable seizures and status epilepticus. Recent studies indicate that
immune-mediated epilepsy such as in AE responds better to immunotherapies than to conventional
epilepsy therapies [19]. Complications of TPE in our patient series was in the range of previously
published studies in the real-life setting [3,20,21].

In our study, the rate of good recovery was higher in MS patients than in AE. This is could be
related to the more complex pathogenesis and requirement of several lines of treatments for effective
treatment of AE [10,22–24]. Thus, we cannot exclude the overlapping effects of prior treatment
approaches. Among the patients with AE and no recovery after TPE, one suffered from a typical
paraneoplastic syndrome with intracellular antibodies (MA1/2), which is to date believed to show no or
limited response to TPE. In another patient with AE and poor response, the follow-up may have been
too short. According to a study by Titulaer et al., almost half of the patients with NMDAR-encephalitis
need a prolonged immune-suppressive treatment, and clinical improvement can be delayed [10].
Therefore, a delayed recovery cannot be excluded. Indeed, comparing two disorders with different
pathogenesis is problematic. While AE may be monophasic, MS is mostly a relapsing-remitting
disease. A B-cell-mediated pathogenesis is implicated in both AE and other CNS IDs, which backs
the use of TPE, whereas this is the predominant process of acute inflammation in only a subset of MS
patients [7,25]. Most importantly, time to TPE seems to be one of the most critical factors for observing
an adequate treatment response [10,22,24]. Neurological involvement is relatively common in the
majority of systemic autoimmune diseases and may lead to severe morbidity and mortality, if not treated
promptly [26,27]. While our findings further support the use of TPE in neurological complications
of systemic disease, our literature search revealed only a few case series for this indication [28,29].
Thus, prospective studies and establishment of registries are eagerly awaited. Open questions include
the number of TPE cycles, definition of treatment goals and development of biomarkers. In addition,
further studies should also elucidate the role of immunoadsorption as an alternative treatment option.

Moreover, the exact mechanism of action of TPE it is still incompletely understood. The removal
of immunoglobulins seems to be a crucial factor. This process is likely to be followed by a shift from
cerebral tissue towards systemic circulation [11]. TPE also modulates the immune system by changing
the lymphocyte distribution, including changes in B and T cell numbers and activation, increased T
suppressor function, and alteration in T-helper cell type 1/2 (Th1/Th2) ratio. In contrast, steroids alone
often insufficiently resolve autoantibody-mediated pathologies [13]. A small retrospective review of 14
patients with NMDAR-encephalitis reports better outcomes in patients receiving TPE shortly after
GCs than those with GC-treatment alone [12]. In our cohort, none of the 12 patients with AE were
treated with TPE alone in the acute disease phase: 10 (83%) had additional IVIG and 6 (50%) had
steroid treatment. Because adverse events are estimated to occur in about 6% of every single TPE
procedure (the risk for the single individual is therefore multiplied by the number of exchanges), it
was used as the ultima ratio treatment after failure of IVIG and/or GCs. Ehlers et al. studied a cohort
of 37 GCS-unresponsive MS patients and reported a median time from symptom onset to begin of TPE
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of 44 days (range of 11–154) [30]. The median time in our MS cohort was 15 days, whereas 77 days
had elapsed in patients with AE since the begin of clinical symptoms. This interval was even shorter
for patient with other ID of the CNS (median 11 days). In the latter group were patients with known
pathogenetic role of B-cells and humoral immunity including NMOSD and neurological manifestations
of lupus. Moreover, due to this time lag, a delayed response to immunotherapies given prior to TPE
is less likely. The long interval in AE is noteworthy and we assume that the approach for treatment
escalation with TPE has changed over the recent years with knowledge about the key importance of an
early TPE use in case of GCS-unresponsiveness and implementation in treatment guidelines [31]. In
this regard, early initiation of TPE and lower patient age have been reported as predictors of a good
response [22]. It also should be noted that none of our patients were treated with IA, which is an
emerging treatment option in MS and CNS ID [2,15,32].

We report a low rate of adverse reactions. It should be noted that we exclusively used a central
venous access which carries a significantly higher risk of complications than TPE via a peripheral
line. In a recent study of complicated SLE and other autoimmune conditions (n = 66) using a
central access device, the majority of complications were mild, with bleeding (25.8%) being the most
common [28]. Electrolyte disturbances, hypotension, mild arrhythmia, and hypersensitivity were
reported occasionally (6.1%, 9.1%, 3%, and 1.5%, respectively). Notably, 27.3% developed infections in
the 14 days after TPE.

Improvement in function was achieved in 52.5% of all patients, which is in concert with TPE
response rates found in literature ranging from 40% to 63%. Further subgroup analysis including
analysis of predictors, however, could not be made due to the limited size of our cohort. Another
limitation in this study is the retrospective character and the lack of a control-group.

5. Conclusions

Taken together we conclude that TPE shows similar response rates throughout different CNS
IDs. Further studies should focus on the prediction of non-responders and development of alternative
treatment strategies for these patients.
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AE Autoimmune encephalitis
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LE Limbic encephalitis
MS Multiple sclerosis
NMDAR N-methyl-D-aspartate-receptor encephalitis
NMOSD Neuromyelitis optica spectrum disorder
NICU Neurological intensive care unit
ON Optic neuritis
TPE Therapeutic plasma exchange
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Abstract: We report the case of a male multiple sclerosis (MS) patient with type 2 diabetes (T2D),
asthma, major depression (MD or major depressive disorder, MDD), and other chronic conditions,
after his recent difficulties with craniopharyngioma and cranial nerve-VI (CN6) palsy. In addition,
we show magnetic resonance image and spectroscopy (MRI, MRS), Humphrey’s Visual Field (HVF),
and retinal nerve fiber layer thickness (RNFLT) findings to explain the changes in the patient’s
health, and discuss the methods that helped/help him sustain productivity and euthymia despite
long-standing problems and new CNS changes.

Keywords: major depression; multiple sclerosis; bupropion; S-adenosylmethionine; vitamin D3;
yoga; craniopharyngioma; fractionated stereotactic radiation treatments; sphenoid sinusitis;
cranial nerve-VI palsy

1. Introduction

Earlier we discussed the case of a male multiple sclerosis (MS) patient (primary author, N.D.S.)
who has many concurrent conditions including asthma, type 2 diabetes (T2D), Ehlers–Danlos syndrome
(EDS), infections that take long to heal, and major depression (MD or MDD), and listed the methods he
learned to be euthymic, by:

• Quelling pain and disability.
• Enduring medication side effects and noting what worked and what stopped working after

a while.
• Subduing MD with bupropion, and supplements S-adenosylmethionine (SAMe) and vitamin-D3

(vit-D3).
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• Maintaining routines for all medications, self-hypnosis, yoga, and physical exercises to stay fit
and lucid.

• And academically studying symptoms and potential remedies for his ailments to engage in
physician-assisted autoexperiments to discover solutions that provide him lasting relief [1].

Furthermore, the same methods that helped him attain and maintain euthymia with existing
illnesses were successful in enabling him to be positive and productive despite new added medical
diagnoses. For example, they worked:

• During his craniopharyngioma diagnosis and bitemporal vision loss.
• Through fractionated stereotactic radiation treatments (FSRT) to shrink his perisellar tumor and

regain peripheral vision.
• And in his bout with cranial nerve-VI (CN6) palsy, diplopia, and their resolution.

In this report, we update our earlier case report with magnetic resonance imaging (MRI), magnetic
resonance spectroscopy (MRS), Humphrey’s Visual Field (HVF), and retinal nerve fiber layer thickness
(RNFLT) data to explain the patient’s status with regards to his MD, MS, tumor, vision, CN6 palsy,
and overall health to suggest that even with new health difficulties the above methods he chanced
upon continue to keep him positive and productive [1]. We write our reports to encourage readers
(scientists, physicians, and patients) to discuss their own experiences in peer-reviewed forums to create
insights that could empower the chronically ill to individualize their care with physician involvement
and improve the quality of their lives.

2. Case Report

In Reference [1], we reported the case of a male MS patient (primary author, N.D.S.), now 63, who
has battled MD since childhood. His early disablements, which continue to date, include: amblyopia
(left eye, OS), dyslexia, color blindness, asthma, urticaria, allergies to multiple foods, drugs, and narcotic
pain medications, and susceptibility to infections that take weeks to resolve with antibiotics [1]. At 19,
he was diagnosed selective immunoglobulin-M (IgM) deficient [2], and by his mid-40 s, required
multiple rhinoplasties for apnea, lens replacements for premature cataracts, and uvula removal for
swelling and apnea. He belongs to a closed Indo-Iranian minority, Zoroastrians (aka Parsees or
Parsis), wherein enforced consanguineous relations for over a century have produced some children
with neuroimmune maladies, e.g., Ehlers–Danlos syndrome [3], multiple sclerosis [4,5], cancer [6],
and Alzheimer’s, cardiovascular, and Parkinson’s diseases [6–8]. Notwithstanding health limitations,
he grew-up in and enjoys a stable family, and cherished a productive career as an accomplished
scientist [9]. At 49 (2005), he developed fulminant MS that left him depressed (Beck Depression
Inventory, BDI scores 30–40) [10], mobility impaired, and unable to balance and coordinate his hands.
Despite intense therapies, three years later, he accepted disability retirement, and to-date is unable
to coordinate his hands to manipulate small objects, play his piano and guitar, and tolerate hot
environments [1].

Soon after MS was diagnosed, the patient received guidance from his former teachers and
colleagues who were with him in graduate school in Iran (1977–1979), and to whom this paper is
dedicated, to:

• Academically study his immune-related illnesses through university courses, textbooks, and journals.
• Maintain regular depression inventories.
• Have consistent routines for yoga and self-hypnosis, sleep, and fitness exercises.
• Note daily changes in serum glucose levels so that with prescribed medications (see Box 2

in Reference [1]), diet, and above routines his glucose levels are maintained between 75 and
120 mg/dL [11–14].

• Quell pain and associated anger with yoga and self-hypnosis, and use NSAIDs when pain
becomes disabling.
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• Judiciously use prescribed medications and note what worked and what aggravated liver enzyme
levels, skin rashes, or other side reactions.

• And study new literature methods that could improve health, mood, and physical and cognitive
functioning to engage in physician-assisted autoexperiments that afford sustained relief.

By employing the above approaches between 2005 and 2015, the patient with much effort regained
several lost functions, e.g., emerged from bed and wheelchair to walking briskly with crutches.
Likewise, after years of experiments with antidepressants, he discovered that bupropion augmented
with S-adenosylmethionine (SAMe) and vitamin-D3 (vit-D3), in addition to other medications
(see reference [1], Box 2), and routines keep him pain-free, alert, and productive.

In late April 2017, he complained of heat intolerance, dizziness, falling, headaches, and blurry
vision. Tests over the year revealed that he had craniopharyngioma, a benign perisellar tumor
that was growing in place, pressed against his pituitary, anterior optic chiasm, surrounding tissues,
and disrupted ophthalmic functions [15]. By late November, his conjoined papillary and adamantinous
tumors had enlarged to ~2.3 and 0.7 mL, respectively, caused headaches and bitemporal hemianopsia
(peripheral vision loss), and deteriorated R/S vision (from 20/25 and 20/40 in Sept-2016, to 20/60 and
20/100 in Nov-2017). However, his hypothalamic pituitary and adrenal, HPA, and axis hormone levels
were unaffected [1,15–18].

From April 2017 to September 2018, the patient could not operate his automobile, and to-date
reads text with the Kurzweil Reading Program using ≥14-point font projected on a 140 cm TV monitor,
~1 m from him [19].

Throughout the ordeal, he kept his BDI scores as low as possible (~mid 20 s) with daily: bupropion,
SAMe, vit-D3, Yoga, self-hypnosis, exercises, regular schedule for other medications (see box 2 in
Reference [1]), and visual imagery of himself scuba diving among coral and marine animals, studying,
publishing, lecturing, and maintaining a positive outlook [20].

Given the patient’s conditions, asthma, MS, T2D, EDS, and susceptibility to infections, almost all
neurosurgeons he consulted advised to ablate his tumors with 30 rounds of fractionated stereotactic
radiation treatments (FSRTs), instead of surgery [21]. Gradually his difficulties lessened.

Herein we explain the before and after statuses of his tumor, vision, recent bout with CN6 palsy,
and diplopia (Figure 1, Figure 2 and Table 1), and conclude by describing his overall health, mood,
and the challenges he must overcome. At present, challenges from old and new ailments are managed,
by first becoming free of pain and disability (or lessening them), and then, engrossing self intellectually
to problem-solving, so that new and long-standing maladies become puzzles to solve rather than
factors that perpetuate helplessness.

3. Materials and Methods

3.1. Brain Imaging and Spectroscopy

Brain images and spectra of the tumor were obtained by coauthor AK at the Houston Methodist
Hospital, on a General Electric (GE) Healthcare (Waukesha, WI, USA), Model: MR750, 3Tesla instrument
with software level DV 25.1 R03. Images were recorded without and with intravenous gadolinium
contrast to show new lesions, changes in existing MS lesions with time, as well as postradiation size
changes in the suprasellar cyst using the pituitary diffusion imaging protocol. Single voxel MRS
data on the tumor were collected using short and long times to echo (TE = 35 ms, and TE = 144 ms,
respectively) [15–18].

3.2. Vision Changes

Vision changes were studied annually by coauthor AL at the Ochsner Hospital, Jefferson Avenue,
New Orleans. RNFL measurements were performed using Spectralis® Tracking Laser, Model
HRA/Spectralis with 870 nm diode laser, Heidelberg Engineering, Inc. (Franklin, MA, USA). A circular
scan and a 3.4 mm circle were centered around the optic disc of each eye, and RNFLTs in microns were
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analyzed against data from age- and sex-matched Caucasians in the database (Table 1). Humphrey’s
Visual Field data were recorded using Ziess Humphrey HF analyzer Model 750i, Meditec Inc., Dublin,
CA, USA. After patient data, time of test, and R- or S-eye to be tested were recorded, the Swedish
interactive threshold algorithm, SITA, was set to perform fast automated kinetic perimetry (duration
~3 min). The stimulus was white light of intensity 30 dB that illuminated an area of ~2 mm2 every
200 milliseconds on a chamber screen with background light intensity set at 31.5 apostilbs (ASB).
The fixation monitor was gaze at blind spot, the target was central, and threshold was set at 24-2 (which
is 24 degrees-temporal, 30 degrees-nasal, to record data at 54 points). Sensitivity at foveae for right and
left eyes were measured at 38 and 37 decibels (dB), respectively. Right and left pupil diameters were
4.7 and 4.5 mm, respectively, and correction for both eyes was +4.75 diopter (D). Moreover, on most
occasions, fixation losses for both eyes were 2/10, which suggested data were reliable. Thereafter,
patient data were compared against data from age-matched Caucasian males in the HVF database
(Figure 1).

4. Results and Discussion

4.1. Brain Imaging and Spectroscopy

The patient’s MRIs before and after FSRT showed occipital lobe bending (OLB), a sign of chronic
MD [1,22]. His conjoined tumor volume before FSRT was ~3 mL (Figure 1A). However, 15 months after
FSRT, only the papillary tumor could be seen (V = 0.18 mL), and proton (1H) spectra of the papilloma,
before and after FSRT, showed the same alkyl resonances of cholesterol and fatty acids at δ ~1.5 ppm and
of compounds with hydroxyl groups at δ ~4 ppm, likely water and inositol. In addition, proton spectra
of adamantinous tumors are undefined. Since no other perisellar tumor shows these characteristics,
his CTs, MRIs, MRSs, and endocrine workup were used to tentatively diagnose craniopharyngioma
without surgical biopsy. This was supported by the patient’s inability to efficiently control infections
and asthma, and his difficulties with EDS, T2D, MS, and other immune problems [16–18].

4.2. Vision Changes

At maximum tumor volume (ca 3 mL, Figure 1A, December 2017), his R/S vision was 20/70 and
20/100, he had bitemporal hemianopsia (Figure 1B,C), and his left-temporal retinal nerve fiber layer
thickness (RNFLT) was 44 microns (Table 1), and the statistical average for RNFLT for men his age
was 72 microns. This suggested that in December 2017, the patient’s temporal RNFLT was (1−44/72)
×100) ~39% below average for healthy Caucasian men of his age; however, RNFLTs in other sectors
were within normal range at that time [23–25]. Statistical values of age- and sex-matched RNFLTs were
from the Ziess Humphrey HF analyzer Model 750i, Meditec Inc., Dublin, CA database. At minimum
tumor volume 2019 (ca 0.18 mL), his R/S vision had improved to 30/40 and 20/60, respectively; however,
his RNFLT was 40 microns (Table 1), which was (1−40/72) ×100) ~ 44% below average thickness,
and may have been due to inflammation of his sphenoid sinuses in April 2019 (Table 1).

Figure 1B–D show Humphrey’s visual field (HVF) patterns for right (OD) and left (OS) eyes.
The long red arrows point to blank regions (blind spots) in the temporal hemifields in Figure 1B,D.
Statistical data in 1C from the HVF database enabled comparison of the patient’s retinal sensitivity to
light with male subjects of his age in the HVF database. Figure 1B showed that in 2017, the patient
had bitemporal hemianopsia before FSRTs (because dark patterns appeared mostly in the R and L
temporal sides of the grids). It is well known that when tumors grow just above the pituitary and
press against the anterior optic chiasm, patients experience bitemporal vision loss. For an excellent
tutorial and discussion on visual deficits caused by lesions in visual pathways, the reader is advised to
consult Reference [25], pages 264–267. After FSRT, Figure 1D data showed that the patient had central
scotomas (blue arrows, points along the central meridians of retinae where vision was impaired).
HVF pattern deviation maps are used to compare a patient’s retinal sensitivity to 30 decibel light
with statistical information from healthy age- and sex-matched subjects in the HVF database. HVF
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tests evaluate retinal sensitivity at 54 points, in superior (S) and inferior (I) quadrants of temporal (T)
and nasal (N) hemifields. Vision losses shown in HVF maps are graded in terms of <5%, <2%, <1%,
and <0.5%. So, a four-dot rectangular pattern with a <5% designation in Figure 1C, when present
in the patient’s maps (Figure 1B,D), indicated that in that region of his retina, 95% of age-matched
men had better vision than the patient. Likewise, the blackened rectangle with a <0.5% designation,
when present in his maps Figure 1B,D, showed that in that retinal region, 99.5% of age-matched men
had better vision than him. A patient’s HVF pattern deviation maps ascribe her/his visual field defects
in terms of anopsias and scotomas. Anopsias describe vision loss in quarter (quadrantanopia) or half
fields (hemianopsias, Figure 1B), and scotomas describe vision loss at individual test points (Figure 1D,
blue arrows). Since the highest collection of HVF patterns shown in Figure 1C was present in both
temporal S and I quadrants in Figure 1B, his data showed that he had bitemporal hemianopsia before
radiation treatments. Fifteen months after FSRT, as his tumor shrank, his visual acuity improved,
and he showed central scotomas in both eyes (Figure 1D), which in time could resolve as inflammation
lessens [15–18,26].

Figure 1. Patient’s tumor and Humphrey’s Visual Field Data.

The RNFL is a layer of retinal nerve fibers (axons) that eventually form the optic nerve, which enters
the eye at the optic cup (blind spot) and proceeds to the brain. Table 1 compares the patient’s RNFLTs
in microns (μm) in S, I, N, and T regions (or sectors) of both retinas, with statistical data on healthy
Caucasian men of his age in the RNFLT database. RNFLTs are measured using optical coherence
tomography (OCT). Superior and inferior sectors of the eye are further divided into temporal superior
and inferior (TS and TI), and nasal superior and inferior (NS and NI) sectors. The letter “G” in Table 1
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indicates global or foveal RNFLT. Foveae are pits in retinal surfaces where visual acuity is highest due
to the highest concentration of cone- and rod-shaped neuron cell bodies therein. Patient’s RNFLTs that
were within normal limits in comparison with statistical values from matched subjects are shown in
black font. Those in blue bold font were borderline thicknesses, and those in red bold font indicated
below normal retinal thicknesses (calculation shown above). Overall, his data showed that this patient
could gradually lose central and temporal vision in his left eye, and needs to address the problem with
a retina specialist [23–25,27].

Table 1. Patient’s retinal nerve fiber layer thickness (RNFLT μm) data for December 2017 and April
2019 compared with statistical information from age- and sex-matched individuals in the database.

Right Eye (OD) Dec-2017

Sector T TS TI G N NS NI

Patient 85 176 136 101 72 93 91
Statistic 72 131 138 96 72 102 104

Overall Patient OD RNFLT: S = 135; I = 114; T 85; and N = 72

Left Eye (OS) Dec-2017

Patient 44 124 126 90 82 116 99
Statistic 72 131 138 96 72 102 104

Overall Patient OS RNFLT: S = 120; I = 112; T = 44; N = 82

Right Eye (OD) Apr-2019

Sector T TS TI G N NS NI

Patient 55 127 128 87 70 94 94

Statistic 72 131 138 96 72 102 104

Overall Patient OD RNFLT: S = 111; I = 111; T = 55; and N = 70

Left Eye (OS) Apr-2019

Patient 40 117 119 80 63 102 98

Statistic 72 131 138 96 72 102 104

Overall Patient OS RNFLT: S = 109; I = 108; T = 40; and N = 63

Numbers in bold red font showed that his left RNFLTs were 39% and 55% below average for years 2017 and 2019,
respectively, in comparison with age-matched Caucasian men in the database. Value in bold blue font showed that
his left foveal (G) RNFLT in April 2019 was 16% below average, but was within normal range in December 2017
(only ~6% below average). RNFLTs in black font were comparatively within normal limits.

Losses in RNFL thicknesses (Table 1) and visual fields (Figure 1) are known to occur with age in
both women and men and are exacerbated in aging patients with chronic inflammatory comorbidities
(obesity, diabetes, asthma, multiple sclerosis, and/or brain tumors). Furthermore, the likelihood of
craniopharyngioma recurrence is also higher in obese diabetics. Therefore, it is imperative for this
patient to curb inflammation, reduce weight, keep daily serum glucose values within normal ranges,
and annually monitor his ophthalmic, metabolic, and CNS (brain and spine) changes to preclude
recurrence of tumor and/or further retinal damage [15–18,23–25,27].

4.3. Bout with CN6 Palsy

In November 2018, the patient experienced sinus pain and intracranial pressure that did not
abate with yoga, self-hypnosis, saline rinses, and naproxen. He experienced diplopia and orthostatic
difficulties when fixating on vertical edges of walls to balance when standing-up, which to the patient
felt like the two same vertical edges were side by side (binocular double vision). In addition, he had
a slight convergent right eye squint, that is, his right eye was turning slightly inwards towards his nose.
Furthermore, while driving, he saw phantom traffic lane lines obliquely cutting into his lane from the
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right. He stopped driving and managed diplopia with a right eye patch. Soon diplopia worsened,
interfered with reading and daily functions; and by month’s end (December), he was prescribed
a 10-diopter base out Fresnel lens prism over his right eye (by coauthor, A.L.) after his misalignment was
measured by alternate cover testing with hand-held prisms [28]. In addition, his neuro-ophthalmologist
advised that the patient’s diplopia might be due to right CN6 palsy, triggered by a sinus infection that
might be causing his pain and intracranial pressure. Alternatively, given the patient’s medical history,
it could be due to his chronic diabetes and/or MS, and that such palsies are almost always temporary.
At New Years, as nasal lavage thickened, appeared dark, and became more painful, the patient
was prescribed amoxicillin to reduce infection. By late January, he was symptom free [22,26,28,29].
In March 2019, sinus pain, pressure, and diplopia returned, and at that time he was undergoing his
postradiation therapy follow-up. His transaxial and coronal MRIs in addition to his tumor’s status
showed that his left sphenoid sinus was more inflamed than the right (Figure 2A and B, yellow
triangles). Moreover, while MRIs showed no congestion and no legion(s) in the right pons CN6
region (Figure 2C, orange arrow), the effects of intracranial pressure on CN6 could not be ruled out.
Since temporary diplopia is known to be due to ipsi- as well as contralateral CN6 palsies induced
by sphenoid sinusitis and increased intracranial pressure, it was conjectured that his symptoms will
subside as inflammation diminishes. Later that month, his pain and diplopia were resolved with
saline rinses, naproxen, and yoga. CN3 (oculomotor nerve) palsy was ruled out because the patient’s
right eyelid was not droopy (no ptosis), the right pupil was not dilated, and the eye was not shifted
temporally. CN4 (trochlear nerve) palsy was ruled out because diplopia did not worsen when looking
down. In addition, his March MRIs showed that his tumor was greatly reduced, his MS was stable,
and he had no new CNS lesions or infarctions [22–29].

Figure 2. Sphenoid sinusitis. (A and B) shows transaxial and coronal views of inflammation in the
patient’s left sphenoid sinus (yellow triangles). (C) shows a sagittal view of his congested right sphenoid
sinus and the plausible path of his right sixth cranial (abducens) nerve (orange arrow) along the pons.
However, congestion in the right pons cranial nerve-VI (CN6) region was not seen, and increased
intracranial pressure as cause of CN6 palsy was not ruled out.

5. Conclusions

This patient has struggled with multiple neuroimmune illnesses since childhood and as new
difficulties emerge with age. Most of his maladies have a common theme, they are inflammatory,
i.e., obesity, diabetes, asthma, MS, MDD, brain tumor, and the like. To control diabetes and obesity,
he monitors his AM fasting glucose, which for example from January 1 to October 3, 2019, showed
that his average (± standard error) serum glucose was 109.2 (± 1.3 mg/dL) and his percent glycated
hemoglobin, A1C, was 5.9 (± 0.05%). Furthermore, his min–max glucose and % A1C values ranged
between 71 and 188 mg/dL and 4.4% and 8.9%, respectively. These data were collected on 271 out
of 275 calendar days. At present, with yoga, self-hypnosis, gym exercises, sleep, and medications
(see Box 2, in Reference [1]), he manages his illnesses, weighs 231 lb (134.1 kg, BMI = 31.7), walks
a mile in 20–22 min with crutches, keeps consistent routines, performs household tasks, operates his
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automobile, swims, scuba dives, participates in writing and editing scientific articles and reviews with
former associates, and feels euthymic (BDI January 1–October 3, 2019, was between 6 and 17) [10–14].
His challenges are: reducing weight (to <200 lb, <91 kg, BMI <27), preventing tumor recurrence,
not allowing further degradation of his retinae (by working with specialists), stopping exacerbation of
asthma and MS symptoms, maintaining serum sugar levels between 75 and 120 mg/dL, and improving
balance (to prevent falls) and hands coordination for small motor functions [23–25,27]. Important
lessons he has learned to help him manage self are: to not give into overwhelm, discouragement,
and anger when an existing disease is aggravated, or a new health problem arises. He understands that
these will happen with age, given his background, and overall health. So, regardless the malady, he must
act to quell pain, disability, and overwhelm with NSAIDs, stimulants (teas, ginko, coffee, etc.), dietary
supplements, physically exhausting self in gym to sleep, and psychological methods. The patient
has learned to carefully note how his prescribed medications work (i.e., absorption, distribution,
metabolism, side effects, and elimination) and endures treatment hardships to heal. He enjoys working
with individuals that help him discover new medications, supplements, and psychological methods to
quickly emerge from illness, depression, and helplessness. He maintains routines for medications,
self-hypnosis, yoga, physical exercise, mental imagery, and derives pleasure from enjoyable activities
(like scuba diving). Furthermore, he academically studies symptoms and new treatments for extant
and new problems, discusses them with physicians, and engages in guided autoexperiments that
produce desired results.

While we have, at present, no control over our genetic inheritances, we can momentarily accept
status quo, and then manage phenotype to live rewarding lives. Finally, we want to see similar case
reports from readers (scientists, physicians, and patients) so much insight is created in the literature
to help chronically ill patients personalize care for their health and wellbeing to live productive
rewarding lives.
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Abstract: A 45-year-old Italian woman, affected by relapsing–remitting multiple sclerosis (RR-MS)
starting from 2011, started treatment with alemtuzumab in July 2016. Nine months after the second
infusion, she had an immune thrombocytopenic purpura (ITP) with complete recovery after steroid
treatment. Three months after the ITP, the patient presented with transient aphasia, cognitive deficits,
and focal epilepsy. Serial brain magnetic resonance imaging showed a pattern compatible with
encephalitis. Autoantibodies to glutamate receptor 3 peptide A and B were detected in cerebrospinal
fluid and serum, in the absence of any other diagnostic cues. After three courses of intravenous
immunoglobulin (0.4 mg/kg/day for 5 days, 1 month apart), followed by boosters (0.4 mg/kg/day)
every 4–6 weeks, her neurological status improved and is currently comparable with that preceding the
encephalitis. Autoimmune complications of the central nervous system during alemtuzumab therapy
are relatively rare: only one previous case of autoimmune encephalitis following alemtuzumab
treatment has been reported to date.

Keywords: multiple sclerosis; autoimmune diseases; immune thrombocytopenic purpura;
autoimmune encephalitis; alemtuzumab; antibodies against GluR3 peptide

1. Introduction

Alemtuzumab, a humanized monoclonal antibody indicated for the treatment of patients
with relapsing–remitting multiple sclerosis (RR-MS), increases the risk of autoimmune adverse
events, including thyroid disorder, renal disease, and immune thrombocytopenic purpura (ITP) [1].
Recently, new complications after alemtuzumab treatment have been described, like stroke, myocardial
infarction, diffuse alveolar hemorrhage, and hemophagocytic lymphohistiocytosis (as reported in the
European Medicine Agency note EMEA/H/A-20/1483/C/3718/0028).
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We here report a case of presumed autoimmune encephalitis (AE) after the second course of
alemtuzumab. AE is one of the most common causes of non-infectious encephalitis, with a variety
of clinical manifestations, including behavioral and psychiatric symptoms, autonomic disturbances,
movement disorders, and seizures. First-line immune therapies in AE consist of corticosteroids
(intravenous and oral), sometimes coupled with intravenous immunoglobulin (IVIG) and/or plasma
exchange (PE). Second-line treatments, including rituximab, cyclophosphamide, azathioprine,
and mycophenolate mofetil, are administered when the first-line therapies fail to produce adequate
benefits, when the disease is severe or relapsing, or, even in case of response to first-line treatments,
with the goal of decreasing the risk of relapse in AE [2].

2. Case Report

We report the case of a 45-year-old Italian woman affected by RR-MS from 2011, when she had a
diplopia and underwent a magnetic resonance imaging (MRI) showing multiple contrast-enhancing
lesions in her brain and spinal cord white matter. After a spontaneous recovery, she later had another
clinical attack and was treated with high intravenous steroids. Having fulfilled the criteria of definite
diseases, a spinal tap was not performed and a disease-modifying therapy was started. After the
failure of two first-line therapies (glatiramer acetate and dimethylfumarate) with clinical reactivations
and new lesions identified after a new MRI, she started alemtuzumab in July 2016. Other second-line
treatments, including natalizumab and fingolimod, were contraindicated for the presence of anti-JC
virus antibodies at high titer (stratify index 3.20) and bradycardia. The alemtuzumab schedule (12 mg
once daily (QD) for 5 days, followed by 12 mg QD for 3 days after one year) was approved for
MS treatment.

In June 2018, 9 months after the second alemtuzumab infusion cycle, she reported a longer
and more abundant menstrual period, bleeding from the gums, and scattered red spots on the skin.
She was then referred to the emergency department: her platelet level was 1000/μL (normal range:
150,000–450,000/μL), with positive direct and indirect Coombs tests, and a normal bone marrow biopsy.
A diagnosis of ITP was made and steroid treatment (methyl-prednisolone 40 mg daily for 7 days,
followed by tapering) was promptly started with improvement: her platelet count became normal and
the symptoms regressed in approximately 30 days.

In September 2018, 3 months after ITP, the patient presented with progressive aphasia and
underwent a brain MRI that showed a pattern compatible with encephalitis (Figure 1a). She was
hospitalized and her neurological examinations showed a change in neurological status with
anomic aphasia and motor apraxia. Cerebrospinal fluid (CSF) was clear, with a slight increase
in glucose (73 mg/dl) and protein (61 mg/dl) and normal cell numbers (4 cells/mmc; normal range:
0–5 cell/mmc). Immunoelectrophocusing showed an IgG index of 1.45 (0.00–0.65) and the presence of
17 oligoclonal bands. The PCR for herpes viruses (HSV (herpes simplex virus), CMV (cytomegalovirus),
VZV (varicella-zoster virus), EBV (Epstein-Barr virus), HHV6 (human herpesvirus 6)) and the JC
virus (JCV) was negative. Autoimmune screening (anti-gliadin IgG e IgA, anti-transglutaminase,
anti-cardiolipin, antibodies to double-stranded DNA, extractable nuclear antigens, and anti-neutrophil
cytoplasmic antibodies) was negative. Serology for common and neurotropic infectious agents
(Toxoplasma, B. Burgdorferi, HIV), levels of oncotumor markers (CEA (carcino-embryonic antigen),
AFP (alpha fetoprotein), CA (cancer antigen) 125, CA 15-3, CA 19-9, and Cyfra (cytokeratin 19 fragment
antigen) 21-1 NSE (neuron-specific enolase)), antibodies against onconeural antigens (anti-amphiphysin,
anti-MA2, anti-Yo, anti-Ri, anti-Hu, anti-GAD65, anti-titin, anti-recoverin, anti-Sox1, and anti-Zic4),
and a total-body computerized tomography were all normal.

Three days after hospitalization, aphasia recovered completely; however, a new brain MRI
showed increased edema in the left fronto-temporal subcortical white matter, without diffusion
restriction or contrast enhancement (Figure 1b). Five days after hospitalization, a focal epilepsy
started with clonic movements in her left upper limb, associated with the worsening of working
memory and mood changes. An electroencephalogram showed non-specific electrical alterations in
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the bilateral temporo-occipital lobes. The patient started therapy with oral levetiracetam (1500 mg
daily), with a stop in seizures and improvement of neurological status. We chose not to start steroid or
other immunomodulatory therapies, planning strict clinical and neuroradiological follow-up instead.

Figure 1. At admission (a) showed a large T2 signal alteration involving the left temporal lobe and
expanding the superior temporal gyrus. (b) Two days later, a new brain magnetic resonance imaging
(MRI) showed increased edema also involving the frontal subcortical and periventricular white matter
(b, arrows); compression of the ventricular system was increased; and no diffusion restriction or
contrast enhancement was demonstrated. (c) Twenty-five days after admission a new MRI showed
reduction of the previously described T2 temporal lobe signal alteration with reduced compression
of the temporal horn of the ventricle. Five new lesions were demonstrated and two of these were
located in the fronto-orbital regions bilaterally (c, arrows). (d) Forty-seven days after admission, a new
MRI documented a worsening of the T2 signal alterations in the fronto-orbital and in the temporal
region on the right, with mild contrast enhancement in the right hippocampus and cingulum cortex
(not shown). (e) Four months after the beginning of symptomatology all the signal alterations were
markedly reduced and no enhancement was evident.

After twenty days, the patient presented with vomiting and mental confusion. A new MRI showed
the reduction of a T2 hyperintense lesion previously described, but the appearance of five similar lesions
(Figure 1c). Neurological examination showed a worsening of cognitive (especially executive) function
and mood status. A second CSF examination was performed that showed 1 cell/mmc, 29 proteins mg/dl,
glucose 54 mg/dl, and also included the search for a panel of autoantibodies known to be associated
with AE (not investigated in the previous CSF examination). Autoantibodies to glutamate receptor 3
(GluR3) peptide A and B were detected both in the CSF (0.143 and 0.140, respectively, at CSF dilution
1:2) and in the serum (1.074 and 1.155, respectively, at serum dilution 1:200) by an enzyme-linked
immunosorbent assay, as described [3,4]. No other findings emerged from the second CSF examination
and we therefore started the first course of intravenous immunoglobulin (0.4 mg/kg/day for 5 days).

After a strict follow-up of about 3 weeks, during which the patient showed a partial recovery, a new
MRI documented a worsening condition with an extension of signal alterations in the right frontal-orbital
and temporal-basal region, with evident contrast enhancements in the hippocampus and cingulum
cortex (Figure 1d). The patient underwent another two courses of intravenous immunoglobulin
(0.4 mg/kg/day for 5 days), one month apart, with progressive clinical-MRI improvement (Figure 1e).
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Her neurological status is currently comparable with that preceding the encephalitis. Given the
response to IVIG treatment, we decided to continue that treatment (0.4 g/kg/day, every 4–6 weeks),
while we stopped any treatment for MS. The patient is currently on monthly follow-up visits, possibly
planning B cell-depleting treatments.

3. Discussion

Autoimmune complications of the central nervous system (CNS) during alemtuzumab therapy
are relatively rare: one case of AE was reported to date [5]. The AE case occurred seven months after
the second course of alemtuzumab, presenting with a polymorphic epilepsia partialis continua/status
epilepticus in a patient with previous autoimmune hypothyroidism and ITP. No autoantibodies were
reported in this case.

The clinical-MRI pattern of our patient is comparable with that recently reported. However, the
peculiarity of our case was the positivity for anti-GluR3 autoantibodies. This is one of the antibodies
directed against ionotropic glutamate receptors. They are present in 25%–30% of patients with different
types of epilepsy, underpinning forms of ‘autoimmune epilepsy’ with frequent cognitive, psychiatric,
and behavioral impairments [6]. The finding of anti-GluR3 autoantibodies was also associated with
Rasmussen encephalitis, where they cause complement-mediated neuronal damage, irrespective of an
excitotoxic effect [7]. A recent case of intractable myoclonus associated with anti-GluR3 antibodies was
reported after allogeneic bone marrow transplantation [8].

Overall, our case and that described by Giarola et al. [5] strongly suggest a relationship
between AE and previous therapy with alemtuzumab. Especially in patients with other well-known
alemtuzumab-associated autoimmune complications (such ITP), monitoring of clinical events that may
encompass the AE spectrum is advisable.
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Abstract: Cognitive functioning in multiple sclerosis (MS) patients is usually related to the classic,
dichotomic classification of impaired vs. unimpaired cognition. However, this approach is far
from mirroring the real efficiency of cognitive functioning. Applying a different approach in which
cognitive functioning is considered as a continuous variable, we aimed at showing that even newly
diagnosed relapsing–remitting MS (RRMS) patients might suffer from reduced cognitive functioning
with respect to a matched group of neurologically healthy controls (HCs), even if they were classified
as having no cognitive impairment (CI). Fifty newly diagnosed RRMS patients and 36 HCs were
tested with an extensive battery of neuropsychological tests. By using Z-scores applied to the whole
group of RRMS and HCs together, a measure of cognitive functioning (Z-score index) was calculated.
Among the 50 RRMS patients tested, 36 were classified as cognitively normal (CN). Even though
classified as CN, RRMS patients performed worse than HCs at a global level (p = 0.004) and, more
specifically, in the domains of memory (p = 0.005) and executive functioning (p = 0.006). These
results highlight that reduced cognitive functioning can be present early in the disease course, even
in patients without an evident CI. The current classification criteria of CI in MS should be considered
with caution.

Keywords: multiple sclerosis; cognitive impairment; diagnosis; neuropsychological assessment

1. Introduction

Multiple Sclerosis (MS) is one of the most common inflammatory neurodegenerative disorders
of the human central nervous system (CNS), characterized histologically by multifocal areas of
inflammation, demyelination, and neurodegeneration [1] within the white matter (WM) [2] as well as
within cortical and deep gray matter (GM) [3].

In addition to physical disability, cognitive impairment (CI) is common in MS patients, with
frequencies ranging from 43% to 70% [4] depending on the studied population, the tests used, and
the applied cut-off scores [5,6]. CI can occur early in the disease course [7] and has been strongly
associated with both focal and diffuse GM damage [8,9] and WM lesion measures [10,11]. The mainly
affected cognitive domains are verbal learning and memory, attention, information processing speed,
and executive functions [12]. CI can alter MS patients’ behavior and quality of life [13,14], leading to
social and personal difficulties, despite minimal physical disability [15]. Longitudinal studies have
shown that CI detected at the time of diagnosis can predict the conversion from clinically isolated
syndrome to definite MS [16], the progression of physical disability [17], the transition to the secondary
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progressive (SP) phase [18], and the worsening of physical disability and GM atrophy in the long
term [19]. These studies suggest that assessing cognitive functioning since the early phases of the
disease is of paramount importance [20,21].

Despite the different batteries of neuropsychological tests used to assess cognitive functioning,
the classification of CI is undoubtedly affected by the chosen cut-off applied [6,22] and by the number of
neuropsychological tests used. Usually, MS patients are classified as having either “normal cognition”
or “impaired cognition” in a perspective of dichotomous classification (unimpaired vs. impaired). This
approach, however, is far from being meaningful considering the real life [5], in which measures of
functional aspects, such as cognitive functioning, resemble continuous variables, as also underlined in
other neurological populations (e.g., see [23,24]).

Dichotomizing continuous variables, such as cognitive functions, carries the risk of losing
information that might increase the number of false positive results, as well as of underestimating the
extent of variation in patients’ performance [25], rendering difficult the diagnosis and the subsequent
clinical decisions. For this reason, it would be more appropriate to use different psychometric
methods, switching from a “cognitive impairment-based” to a “cognitive functioning-based” approach,
considering cognitive functioning as a continuum variable as it is in real life, ranging from a minimum
to a maximum level of performance. This is of particular interest given that cognitive decline may
develop as a result of gradual progression, related to neurodegeneration and brain atrophy, or of
acute disease activity, for which decline in cognitive performance can be often followed by incomplete
recovery, thus contributing to the burden of CI in the long term [11].

In order to investigate the usefulness of this approach, with the present study we aimed
at investigating the cognitive performance of a group of newly diagnosed MS patients with
relapsing–remitting (RR) course as compared to a group of healthy controls (HCs). We expected that
also the newly diagnosed MS patients, even if classified as being “cognitively normal” when referring
to the classic, dichotomous approach, would rather show reduced cognitive functioning with respect
to HCs.

2. Materials and Methods

2.1. Participants

Fifty consecutive newly diagnosed RRMS patients (37 females, mean ± SD age = 38.2 ± 11.6
years; mean ± SD education = 14.2 ± 2.7 years; mean ± SD disease duration from onset = 3.5 ±
5.2 years; median [range] effects of disability (EDSS) = 1.5 (0–4)) were tested with an extensive
battery of neuropsychological tests near the time of MS diagnosis (average: 6 months). At the
time of neuropsychological testing, 31 RRMS patients were still untreated, whereas 14 were treated
with dymethilfumarate, 1 with fingolimod, 1 with natalizumab, 1 with interferon beta1-a, 1 with
peg-interferon beta1-a, and 1 with azathioprine. Inclusion criteria for RRMS patients comprised
diagnosis of RRMS [26], no relapse or steroid treatment in the 30 days before neuropsychological
assessment, no concomitant neurological or other pathological health conditions, no substance
abuse or other MS concomitant medication (as benzodiazepines or antidepressant drugs), and no
visual impairment.

A group of 36 HCs, matched with RRMS patients for age, education, and gender, was
recruited and tested with the same battery of neuropsychological tests used to assess RRMS patients.
Inclusion criteria for HCs comprised no cognitive deficits measured with the Montreal Cognitive
Assessment (MoCA) test [27], a test of global cognitive functioning; no neurologic, psychiatric, or other
concomitant pathologies; normal or corrected to normal vision; no substance abuse or other prior or
concomitant medications.

All participants were recruited at the MS Center of the Verona University Hospital (Verona, Italy).
The study was approved by the local Ethics Committee, and written informed consent was collected
from all participants. Demographic and clinical characteristics of RRMS and HCs are listed in Table 1.
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Table 1. Demographic and clinical characteristics of relapsing–remitting multiple sclerosis (RRMS)
patients and healthy controls (HCs).

CI (n = 14) CN (n = 36) HCs (n = 36) p

Gender (M/F) 3/11 10/26 13/23 0.547

Age (years) 39.3 ± 14.0 37.8 ± 10.8 33.6 ± 10.4 0.170

Education (years) 13.8 ± 4.0 14.4 ± 2.0 15.1 ± 2.6 0.229

EDSS 1 2.0 (0–4) 1.0 (0–3) / /

Disease duration (years) 4.4 ± 8.2 3.1 ± 3.6 / /

Time between diagnosis and
neuropsychological assessment (months) 6 (±3) 6 (±2) / /

1 Means ± SDs were provided for continuous variables. Median (range) was provided for effects of disability (EDSS).
EDSS = Expanded Disability Status Scale; CI = cognitive impairment; CN = cognitive normal.

2.2. Neuropsychological Assessment

RRMS patients and HCs were tested with an extensive battery of neuropsychological tests, which
included the Brief Repeatable Battery (BRB) of neuropsychological tests [28]; the Stroop Test, ST [29];
the Phonological, Semantic, and Alternate Verbal Fluency test, (VF [30]); and the Modified Five Point
Test (MFPT; [31]). The BRB is composed of tests of verbal learning and delayed memory recall (Selective
Reminding Test, SRT); visuospatial learning and delayed memory recall (10/36 Spatial Recall Test,
SPART); visual information processing speed and attention (Symbol Digit Modalities Test, SDMT);
auditory information processing speed, attention, and calculation (Paced Auditory Serial Addition
Task, PASAT); and semantic verbal fluency (Word List Generation, WLG). The ST is a test of attention
and of automatic response inhibition; the VF test is a test of verbal fluency (phonemic, semantic, and
alternate); the MFPT is a test of figurative fluency and use of strategies.

Depression, anxiety, and stress were evaluated with the 21-item Depression Anxiety Stress Scale
(DASS-21; [32]) and subjective fatigue with the Fatigue Severity Scale (FSS; [33]). According to the
most used method [6], RRMS patients were classified as “cognitive normal” (CN) if they scored below
the cut-off (5◦ percentile; z-score = −1.65) on zero, one, or two neuropsychological tests administered;
otherwise, if RRMS patients obtained a score below the cut-off on three or more neuropsychological
tests, they were classified as having CI.

For each neuropsychological test and for each RRMS patient and HC, we calculated the Z-score
index (for details see [34]), in which we did not use the normative data of the Italian validation of
each test but, rather, the mean and standard deviation (SD) of scores of the RRMS patients and the
HCs together. Considering the mean and SD of both groups together, in which MS patients and HCs
compose the same population, allows to normalize the dependent variable (Z-score index) in a unique
gaussian distribution with overlapped curves, mimicking a more real-life condition. Following this
procedure, we calculated: (1) a global cognitive functioning index (Z-global) considering the average
of the Z-scores of each neuropsychological test; and (2) three domain-specific Z-score indexes: memory
(Z-MEM), attention/information processing speed (Z-ATT/IPS), and executive functions (Z-EF). For the
detailed classification of each cognitive domain, see Table 2.
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Table 2. Neuropsychological tests considered for each Z-score domain index.

Z-MEM Z-ATT/IPS Z-EF

SRT-LTS SDMT ST (average EIT and EIE)

SRT-CLTR PASAT-3 Phonemic VF

SRT-D PASAT-2 Alternate VF

SPART-I MFPT-UDs

SPART-D MFPT-CSs

Z-MEM=Z-score–Memory; Z-ATT/IPS=Z-score–Attention/Information Processing Speed; Z-EF=Z-score–Executive
Functions; SRT-LTS= Selective Reminding Test-Long-Term Storage; SRT-CLTR= Selective Reminding Test-Consistent
Long-Term Retrieval; SRT-D= Selective Reminding Test-Delayed; SPART-I= Spatial Recall Test-Immediate; SPART-D
= Spatial Recall Test-Delayed; SDMT = Symbol Digit Modalities Test; PASAT = Paced Auditory Serial Addition Test;
ST-EIT = Stroop Test-Effect Interference Time; ST-EIE = Stroop Test-Effect Interference Error; VF = Verbal Fluency;
MFPT-UDs=Modified Five Point Test-Unique Designs; MFPT-CSs=Modified Five Point Test-Cumulative Strategies.

2.3. Statistical Analyses

ANOVA models with Tukey post-hoc analysis and chi-square test were applied to compare
demographic, clinical, and Z-index scores among CI, CN, and HCs. Effects of EDSS, disease duration,
emotional state (DASS-21), and fatigue (FSS) on the global cognitive functioning index (Z-score global
index) and on the three cognitive domains (Z-MEM, Z-ATT/IPS, Z-EF) were controlled for RRMS
patients’ by using a stepwise multiple regression analysis.

3. Results

Among the 50 RRMS patients tested, 14 were classified as having CI, and 36 as being CN.
The majority (12/14: 86%) of the CI patients were impaired in the domains of ATT/IPS (64%) and EF
(71%).

Group comparison results between CI (n= 14), CN (n= 36), and HCs (n= 36) showed no significant
difference between the three groups in terms of age (p = 0.170), education (p = 0.229), and gender
(p = 0.547).

The Z-score global index was significantly different among the three groups (p < 0.001). Post-hoc
comparisons showed a significant difference between CI and HCs (p < 0.001), between CI and CN
(p < 0.001), and also between CN and HCs (p = 0.004) (Figure 1).

Significant difference was found among the three groups also for Z-MEM (p < 0.001), Z-ATT/IPS
(p < 0.001), and Z-EFs (p < 0.001). Post-hoc analysis showed a significant difference between CI and
HCs for Z- MEM (p < 0.001), Z-ATT/IPS (p < 0.001), and Z-EF (p < 0.001); between CI and CN for
Z-MEM (p = 0.009), Z-ATT/IPS (p < 0.001), and Z-EF (p < 0.001); and between CN and HCs for
Z-MEM (p = 0.005) and Z-EF (p = 0.006). No significant difference was found between CN and HCs for
Z-ATT/IPS (p = 0.087), as shown in Figure 1.

Considering CI and CN patients together, the results of the multiple regression analysis (final
model R2 = 0.254, p = 0.170) showed no significant effects of age (β = −0.255, p = 0.155), education
(β = 0.196, p = 0.240), gender (β = 0.224, p = 0.185), disability (β = −0.125, p = 0.437), disease duration
(β = 0.085, p = 0.591), emotional state (β = −0.197, p = 0.288), and fatigue (β = −0.145, p = 0.477) on
the Z-global index. No significant effect of these variables was also found on Z-MEM (R2 = 0.289,
p = 0.099), Z-ATT/IPS (R2 = 0.208, p = 0.311), and Z-EF (R2 = 0.252, p = 0.173).

Considering each single neuropsychological test, we found a significant difference among the
three groups (CI, CN, and HCs) in all the neuropsychological tests (all p < 0.05), except for the
WLG test (p = 0.180). Post-hoc analysis showed a significant difference between CI and HCs in all
neuropsychological tests (all p < 0.05). Moreover, we found a significant difference between CI and
CN for the SRT-CLTR (p = 0.013), SRT-D (p = 0.026), SDMT (p = 0.040), PASAT-3 (p = 0.001), PASAT-2
(p = 0.043), ST-Effect Interference Time (EIT) (p = 0.049), ST-Effect Interference Error (EIE) (p < 0.001),
Phonemic Verbal Fluency (p = 0.023), Semantic Verbal Fluency (p = 0.042), MFPT-Unique Designs (UDs)
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(p = 0.001), and MFPT-Error Index (p = 0.020), as shown in Table 3. Finally, comparing CN and HCs,
we found significant difference for the SRT-LTS (p = 0.012), SRT–CLTR (p = 0.016), SRT-D (p = 0.007),
SDMT (p = 0.014), Phonemic Verbal Fluency (p = 0.034), MFPT-UDs (p = 0.003), and MFPT-Cumulative
Strategies (CSs) (p = 0.019), as shown in Table 3.

 

Figure 1. Functioning at a global level and on single cognitive domains of patients with cognitive
impairment (CI), cognitive normal (CN) patients and healthy controls (HCs). **= p< 0.01, *** = p < 0.001.
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4. Discussion

With the present study, we aimed at investigating the cognitive performance of a group of
newly diagnosed RRMS patients as compared to a matched group of HCs by using a cognitive
“functioning-based” approach instead of the classic “impairment-based” approach, in order to obtain a
better real-life picture of RRMS patients’ effective cognitive functioning.

Considering a functioning-based approach (i.e., Z-score index), the results of the present study
showed that newly diagnosed RRMS patients can differ significantly from a group of HCs both on a
global level and with reference to the cognitive domains of attention/processing speed, memory, and
executive functioning. However, the most interesting finding is related to the fact that this significant
difference between RRMS patients and HCs persists even after isolating those patients classified as
CN, considering the classic categorization criterion [6]. Specifically, the group of CN patients showed
a significant decrease in cognitive performance as compared to HCs at the global level as well as in
the domains of memory and executive functions. The grading scores assigned on the basis of this
cognitive “functioning-based” approach, as opposed to the classic “impairment-based” approach,
highlight that also newly diagnosed CN RRMS patients can show worse cognitive performance as
compared to HCs since the early stages of the disease, independently of the effect of other clinical and
demographical variables like age, education, physical disability, disease duration, fatigue, or emotional
state. The classic cognitive “impairment-based” approach is undoubtedly affected by different cut-offs
threshold and by the different number of neuropsychological tests used, which can render the diagnosis
of CI uncertain. Given that cognitive decline can occur as a result of gradual progression related
to neurodegeneration or of more transient changes related to inflammatory (i.e., relapses) disease
activity, by using a functioning-based approach (i.e., Z-score index) we expected that also newly
diagnosed RRMS patients would perform worse with respect to HCs. In fact, it has been found that
brain alterations due to GM and WM lesions and inflammatory phenomena can be observed since
the time of diagnosis and are related to differences in the inflammatory profile [35,36]. Considering
previous studies that showed that early neurodegeneration phenomena affect mainly the frontal and
the temporal lobes since the early stage of the disease [8], it is remarkable that a significant difference
between newly diagnosed CN patients and HCs was found specifically in the domains of memory
and executive functions, that are mainly related to the activity of frontal and temporal brain areas,
respectively. We would like to strongly highlight the alterations in executive functioning, since this
domain is often neglected and not included in the most used batteries of neuropsychological tests in
MS (i.e., the BRB and the Brief International Cognitive Assessment for MS, BICAMS).

The Z-score index, in which cognitive performance is considered as a continuum, seemed to
effectively reflect the accumulation of cognitive alterations even in those RRMS patients that would be
classified as “cognitively normal”. As recently highlighted [37], if we accept that cognitive deficits in MS
patients, or cognitive decline from baseline, reflect mainly cerebral dysfunctions related to MS disease,
after excluding other confounding factors such as physical disability, fatigue, and emotional state, then
cognitive functioning merits clinical attention as would any other indication of disease activity.

With this perspective, the classic impairment-based approach, usually limited by outdated and
less representative normative data, can be overcome, optimizing the identification of slight alterations
in cognitive performance already evident in newly diagnosed RRMS patients classified as being
“cognitively normal” according to the traditional classification method. As underlined in previous
studies, the early detection and monitoring of cognitive dysfunction may be crucial to identify MS
patients with a probable worse prognosis and more severe disease progression [18,19], enabling early
pharmacological and non-pharmacological interventions aimed at preventing further cognitive decline
and disability in the long term [38]. According to this, a complete neuropsychological assessment in
terms of level of performance, not just prone to classification criteria, seems of paramount importance
not only in patients that show evident cognitive impairment [20], but also in apparently “cognitively
normal” patients, as highlighted in the present study.
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As recently underlined by Weber et al. [39], neuropsychological tests have shown a significant
predictive value also regarding everyday-life activity and can be used in the clinical setting as one of
several measures to help the clinician understand the impact of MS disease on the patients and their
families. This view of considering patients’ “cognitive performance” instead of patients’ “cognitive
impairment” might be an invaluable window on the real-life performance of MS patients since the
time of diagnosis, given that early cognitive alterations can be considered as a signal of increased risk
of disease progression [20].

We are aware that this study has some limitations. First, considering the variability of the
MS population, further studies should include a larger number of both MS patients and matched
HCs to substantiate the results of the present study. Second, the study is limited by the lack of a
longitudinal neuropsychological assessment; this functioning-based approach should be tested more
extensively with follow-up measures. Third, this study focused only on patients with RR course; future
studies should extend this approach by investigating different MS populations. However, this is a
proof-of-concept study, with which we aimed at highlighting the limitation of using the dichotomic
approach derived from the classic neuropsychological assessment, frequently used for MS patients.

5. Conclusions

The results of the present study suggest that cognitive dysfunction in RRMS is a phenomenon that
can be detected also in newly diagnosed patients. Extensive cognitive assessment since the early phase
of the disease would be then of critical importance. This would support an accurate judgement of
decline in cognitive functioning and would be clinically meaningful to determine a baseline cognitive
profile to be monitored in the follow-up. We suggest approaching with extreme caution the traditional
classification method of cognitive impairment: this classification criterion might fail in measuring the
actual cognitive performance and should be interpreted with caution. In this regard, preferring an
approach based on the evaluation of cognitive functioning as a continuous variable should be therefore
recommended, also considering computerized devices [40,41].
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Abstract: Background: Most multiple sclerosis (MS) patients will develop walking limitations during
the disease. Sustained-release oral fampridine is the only approved drug that will improve gait in a
subset of MS patients. Objectives: (1) Evaluate fampridine cortical excitability effect in MS patients
with gait disability. (2) Investigate whether cortical excitability changes can predict the therapeutic
response to fampridine. Method: This prospective observational study enrolled 20 adult patients with
MS and gait impairment planned to receive fampridine 10 mg twice daily for two consecutive weeks.
Exclusion criteria included: Recent relapse (<3 months), modification of disease modifying drugs
(<6 months), or Expanded Disability Status Scale (EDSS) score >7. Neurological examination, timed
25-foot walk test (T25wt), EDSS, and cortical excitability studies were performed upon inclusion
and 14 days after initiation of fampridine. Results: After treatment, the mean improvement of T25wt
(ΔT25wt) was 4.9 s. Significant enhancement of intra-cortical facilitation was observed (139% versus
241%, p = 0.01) following treatment. A positive correlation was found between baseline resting motor
threshold (rMT) and both EDSS (r = 0.57; p < 0.01) and ΔT25wt (r = 0.57, p = 0.01). rMT above
52% of the maximal stimulator output was found to be a good predictor of a favorable response to
fampridine (accuracy: 75%). Discussion: Fampridine was found to have a significant modulatory
effect on the cerebral cortex, demonstrated by an increase in excitatory intracortical processes as
unveiled by paired-pulse transcranial magnetic stimulation. rMT could be useful in selecting patients
likely to experience a favorable response to fampridine.

Keywords: short intracortical inhibition; intracortical facilitation; fampridine; multiple sclerosis;
walking disability
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1. Introduction

Most patients with multiple sclerosis (MS) will develop walking limitations at some point in
the course of the disease [1]. The impact of such limitations on daily activities and quality of
life is substantial [2]. Currently, sustained-release oral fampridine is the only approved drug for
the symptomatic treatment of walking disability due to MS. Fampridine (4-aminopyridine) is a
voltage-dependent potassium channel-blocker that restores action potential conduction in poorly
myelinated central nerve fibers, with a positive impact on synaptic transmission and neuronal
excitability [3,4]. Unfortunately, only a subset of patients with MS and walking disabilities are
responders to fampridine [5]. Limited data suggest that more advanced walking disability [6,7]
and prolonged central conduction times [6,8] are predictive of a favorable response to treatment.
The predictive value of more advanced measurements of cortical dysfunction have not been studied.

Changes in cortical excitability are frequent in MS, especially in more advanced stages of the
disease [9–12]. Such changes are influenced by several factors, including the clinical form, stage of the
disease, and degree of disability. It has been suggested that some excitability parameters correlate with
the level of disability. This concerns more particularly the short-interval intracortical inhibition (SICI),
intracortical facilitation (ICF), and resting motor threshold (rMT) [9–12].

This study was designed to evaluate the effect of slow-release fampridine on cortical excitability in
patients with MS and gait disabilities. In addition, we set out to investigate whether cortical excitability
changes could serve as predictors of therapeutic response to fampridine.

2. Materials and Methods

2.1. Study Design

This prospective observational study included adult patients with MS and gait impairment.
All patients planned to receive fampridine in the period between April 2016 and August 2017 were
asked if they were willing to participate in the study. If so, the protocol was thoroughly explained and
written informed consent was obtained. The study was approved by our institutional review board.

2.2. Subjects

Eligible patients were adults (aged 18 and above) with a definite diagnosis of MS according
to the 2010 McDonald criteria [13]. All patients had gait disturbance and were planned to receive
a 2-week fampridine trial to assess the clinical impact of the drug on walking speed. This is an
essential step needed to secure approval for the treatment from third party payers in our country.
Patients were required to have recordable motor evoked potentials (MEPs) in at least one hand.
Those with a recent relapse (<3 months), a recent modification of disease modifying drugs (prior
6 months), or an EDSS above 7 were excluded. Patients with contraindication to fampridine (seizures,
pregnancy, breastfeeding, and renal impairment) or transcranial magnetic stimulation (TMS) (seizure,
pacemaker, or ferromagnetic material in the head area) were also excluded. Eligible patients received
oral fampridine 10 mg twice daily for two consecutive weeks.

2.3. Clinical and Neurophysiological Assessments

Assessments were performed at baseline (T0) and 14 days after the commencement of fampridine
(T1). The physicians performing the clinical assessment were blinded to the cortical excitability results
and vice versa.

Clinical assessment was performed by N.R., S.E.N. and M.M.S.. At baseline (T0), a detailed
medical history was obtained with particular emphasis on key MS related elements: Onset and type of
MS, number and dates of clinical relapses, prior disease modifying drugs, comorbidities, and current
medications. At the follow-up visit (T1), the interview was focused on drug side effects and subjective
improvement. Particular attention was paid to the occurrence of any new symptom or any worsening
of a pre-existing deficit that could be indicative of a new relapse. A thorough neurological examination
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and an assessment of disability status using the Kurtzke Expanded Disability Status Scale (EDSS) were
done at baseline (T0) [14]. Cortical excitability assessment and a timed 25-foot walk test (T25wt) [15]
were done during both visits (T0 and T1).

Decrease in T25wt was calculated as follows: ΔT25wt = T25wt at T0 − T25wt at T1. Then, the
percentage of improvement was calculated as follows: % of improvement = ΔT25wt

T25wtatT0 × 100.
Patients who showed a percentage of improvement greater than 20% were considered responders.

This threshold was based on the finding that a 20% improvement in walking time is considered
clinically meaningful for patients with MS [16].

Cortical excitability studies were performed by R.A. and included the resting motor threshold
(rMT), short-interval cortical inhibition (SICI), intracortical facilitation (ICF), and cortical silent period
(CSP). MEPs were recorded from the first dorsal interosseous muscle (FDI) using pre-gelled disposable
surface electrodes in a tendon-belly montage (ref 019-400400, Natus, Pleasanton, CA, USA). Recording
was done on the side affected least by MS or on the left side if both sides were normal or equally affected.

MEPs were filtered (20 Hz to 2 KHz), amplified, and stored for off-line analyses (Nicolet EDX,
Natus, Pleasanton, CA, USA). Patients were seated in a comfortable chair with the arms at rest. Baseline
muscle activity was continuously monitored to ascertain complete muscle relaxation (except for CSP
measurement). A tight-fitting cap was placed on the patient’s head to help mark the coil position.
Magnetic stimulation was delivered using an eight-shaped coil with an inner diameter of 70 mm (M2002

D70 double coil 3190-00, Magstim Co, Carmarthenshire, U.K.) placed tangentially to the scalp (handle
pointing backwards) and connected to a Magstim Bistim2 stimulator (Magstim Co, Carmarthenshire,
U.K.).

The motor hot spot was determined by scanning the scalp for the coil position associated with
the largest MEPs. This position was marked on the cap and used for all subsequent excitability
measurements. It was determined in a fully relaxed FDI muscle and defined as the lowest stimulus
intensity required to produce MEPs larger than 50 μV (peak-to-peak) in 5 out of 10 consecutive
trials [17].

A paired stimulus paradigm was used to test SICI using interstimulus intervals (ISIs) of 2 and
4 ms (SICI2 and SICI4 respectively) [18]. ICF was tested using ISIs of 10 and 15 (ICF10 and ICF15,
respectively) [18]. The conditioning stimulus was delivered at 80% of rMT and the test stimulus
was delivered at 120% of rMT. Eight trials were performed for each condition. The average of eight
trials of unconditioned TMS pulses delivered at 120% of rMT was used as control. The amplitudes
of conditioned MEPs were expressed as the percentage of the mean unconditioned MEP amplitude.
The mean degree of inhibition and facilitation from all tested ISIs were retained for analysis.

CSP was defined as the duration of electromyogram (EMG) activity interruption following a
single TMS pulse delivered at 140% of the rMT. The degree of FDI activation was controlled by visual
feedback. Five trials were performed and averaged. The minimal CSP duration was measured from
the end of the MEP until the first reoccurrence of EMG activity on highly magnified traces [19].

This study was sponsored by an investigator-initiated trial grant from Biogen, who reviewed the
protocol. Biogen did not participate in patient recruitment or study implementation, had no access to
the data, and did not participate in the statistical analysis.

2.4. Statistical Analysis

The analysis was conducted using the R statistical program 3.5.3 (R Foundation for statistical
computing, Vienna, Austria). Descriptive statistics are presented as mean ± standard deviation (SD)
and median (interquartile range) for continuous variables.

The Wilcoxon rank sum paired test was used to assess changes in cortical excitability parameters
(comparison between measurements at T0 and T1), and Pearson correlation coefficient was used to
analyze the relationship between ΔT25wt and baseline cortical excitability measures (rMT, MEPs
amplitude, SICI, ICF, CSP) and between ΔT25wt and EDSS scores. The relationship between EDSS
and baseline excitability measures was also examined. A p-value <0.05 was considered significant.
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A classification model using the C5.0 decision tree algorithm (Quinlan R (1993). C4.5: Programs for
Machine Learning. Morgan Kaufmann Publishers [20] was used to classify the samples as fampridine
responders and non-responders based on their rMT value. As stated previously, patients were
considered responders if they had at least a 20% reduction in their T25wt at the follow-up visit (T1),
and non-responders otherwise. A simple model was built using the formula “responder status ~ rMT”
while keeping the default values for all the remaining parameters in the model. The C5.0 decision tree
algorithm relies on the maximum information gain to identify the rMT cutoff value that best splits the
samples as responders and non-responders to estimate a threshold value that discriminates between
fampridine responders and non-responders. The model was built using the C5.0 from the C50 package
in R.

3. Results

3.1. Clinical and Sociodemographic Data

A total of 20 patients (11 male) completed the study (Table 1). They had a mean age of 49.75 ± 11.36
(median interquartile range (IQR): 50.00 (18.00); overall range: 25–65) years. Thirteen had relapsing
remitting, 6 had secondary progressive, and one had primary progressive MS. Mean disease duration
was 13.75 ± 8.17 years (median (IQR): 12.50 [10]; overall range: 3–39). Their mean EDSS score was
4.70± 1.31 (median (IQR): 4.00 (1.88); overall range 2.5–7). Nineteen patients were on disease modifying
treatment: 3 on interferon beta 1a, 12 on fingolimod, 3 on natalizumab, and 1 on dimethyl fumarate.

Table 1. Baseline characteristics of subjects.

Subjects Age Sex Disease Duration EDSS MS Type Present Medication

1 53 F 7 years 5 RRMS Fingolimod
2 46 M 11 years 4 SPMS Fingolimod
3 25 M 5 years 4 RRMS Fingolimod
4 49 F 10 years 7 RRMS Natalizumab
5 62 M 18 years 5 RRMS Fingolimod
6 62 F 22 years 5.5 SPMS Interferon β 1a
7 42 F 17 years 4 SPMS Natalizumab
8 47 F 8 years 5.5 RRMS Fingolimod
9 58 M 19 years 4 SPMS Fingolimod
10 58 F 12 years 7 SPMS Fingolimod
11 62 M 11 years 4 PPMS None
12 51 F 13 years 6 SPMS Dimethyl Fumarate
13 65 M 18 years 6 RRMS Fingolimod
14 50 F 18 years 6.5 RRMS Fingolimod
15 35 M 3 years 3.5 RRMS Fingolimod
16 32 M 3 years 3 RRMS Natalizumab
17 50 M 18 years 4 RRMS Interferon β 1a
18 64 M 39 years 3.5 RRMS Interferon β 1a
19 36 M 15 years 4 RRMS Fingolimod
20 48 F 8 years 2.5 RRMS Fingolimod

EDSS: Expanded Disability Status Scale; F: female; M: male; MS, Multiple sclerosis; PPMS: Primary progressive
multiple sclerosis; RRMS: Relapsing remitting multiple sclerosis; SPMS: Secondary progressive multiple sclerosis.

3.2. Clinical Response to Fampridine

Significant improvement in T25wt was found following fampridine (21.5 ± 5.1 versus 16.64 ± 1.40
, p < 0.001). Mean ΔT25wt was 4.86 ± (range 0.04–17.62) seconds (s). Eleven patients (55%) were
responders to fampridine, as defined previously.

The treatment was well tolerated, and no serious adverse effects were reported. Thirteen patients
(65%) reported minor side effects, mostly nausea, abdominal pain, lumbar/cervical pain, and dizziness.
There were no instances of patient withdrawal owing to treatment side effects.
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3.3. Effects of Fampridine on Cortical Excitability Measures

As depicted in Table 2, the follow-up visit (T1) showed a statistically significant enhancement of
ICF15 (139.17 ± 110.98% versus 241.69 ± 131.46%, p = 0.01). ICF10 also tended to increase, but this
effect did not reach statistical significance (161.58 ± 154.12% versus 242.94 ± 125.79%, p = 0.06) (Table 2).
No significant changes were observed for the rMT (60.95 ± 12.47% versus 62.45 ± 15.20%, p = 0.81),
SICI2 (53.08 ± 68.24% versus 73.62 ± 69.95%, p = 0.11), SICI4 (88.18 ± 107.10% versus 121.51 ± 88.48%,
p = 0.15), or CSP (132.15 ± 55.67 ms versus 138.60 ± 51.90 ms, p = 0.92).

Table 2. Observed measures of excitability parameters and timed 25-foot walk test (T25wt) at baseline
in seconds (s) and after fampridine treatment.

Parameter
Baseline

Mean ± SD
Median (IQR)

After Fampridine
Mean ± SD

Median (IQR)

Wilcoxon Paired-Test
p-Value

rMT 60.95 ± 12.47
57.50 (19.75)

62.45 ± 15.20
58.50 (30.50) 0.81

SICI2 53.08 ± 68.24
31.95 (53.22)

73.62 ± 69.95
50.00 (70.94) 0.11

SICI4 88.18 ± 107.10
47.05 (52.77)

121.51 ± 88.48
107.90 (150.17) 0.15

ICF10 161.58 ± 154.12
134.61 (172.06)

242.94 ± 125.79
217.67 (210.46) 0.06

ICF15 139.17 ± 110.98
114.75 (139.63)

241.69 ± 131.46
235.00 (182.49) 0.01

CSP 132.15 ± 55.67
119.00 (54.25)

138.60 ± 51.90
147.50 (71.25) 0.92

T25wt 21.5 ± 5.1 16.64 ± 1.40 <0.001

The short intracortical inhibition at interstimulus intervals (ISIs) of 2 and 4 ms (SICI2, SICI4), intracortical facilitation
at ISIs of 10 and 15 ms (ICF10, ICF15) are expressed as the percentage of the unconditioned motor evoked potential
(MEP) amplitude. The cortical silent period (CSP) is expressed in ms. The resting motor threshold (rMT) is expressed
as percentage of the maximal stimulator output. p-values in bold reflect significant difference (p < 0.05). IQR,
interquartile range.

3.4. Relationship Between EDSS and Baseline Excitability Measures

At baseline (T0), a positive correlation was found between EDSS and rMT (r = 0.57; p < 0.01)
(Table 3). Conversely, no statistically significant correlation was found between EDSS and any of the
other cortical excitability measures.

Table 3. Correlation between the Expanded Disability Status Scale (EDSS) and baseline measures of
resting motor threshold (rMT), short-interval intracortical inhibition at interstimulus intervals (ISIs)
of 2 and 4 ms (SICI2 and SICI4, respectively), intracortical facilitation at ISIs of 10 and 15 (ICF10 and
ICF15, respectively), cortical silent period (CSP), and timed 25-foot walking test (T25wt).

Variables Correlation p-Value

EDSS

rMT 0.57 <0.01
SICI2 −0.24 0.30
SICI4 −0.27 0.24
ICF10 −0.18 0.42
ICF15 0.007 0.97
CSP −0.08 0.71

ΔT25wt 0.75 <0.01
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3.5. Relationships Between Improvement of T25wt (ΔT25wt) and Each of EDSS and Baseline Cortical
Excitability Measures

A statistically significant positive correlation was found between baseline rMT and improvement
of walking speed at the follow-up visit (r = 0.57, p = 0.01). No correlation was found between ΔT25wt
and other baseline excitability parameters.

A positive correlation was also found between ΔT25wt and EDSS. (r = 0.75; p < 0.01) (Table 3).

3.6. Predictors of a Favorable Response to Fampridine

The predictive value of baseline rMT in terms of response to fampridine was studied. The threshold
to predict good response to fampridine was found to be 52 (with 14 patients with rMT above 52 were
found to be good responders to the treatment). Mean ± SD of rMT in responder and non-responder
groups were 64.10 ± 11.99 and 57.11 ± 12.62, respectively. The classification of responders and
non-responders had an accuracy of 75% (specificity: 83.3% (5/6) and sensitivity 71.4% (10/14)).

4. Discussion

Three interesting findings emerged from our study. First, higher rMT at baseline was predictive
of a favorable response to fampridine, translating clinically into improved gait speed. Conversely, the
other excitability parameters were not found to have any predictive value. From a clinical standpoint,
patients with higher EDSS showed enhanced drug effects compared to those with lower EDSS. At
a more mechanistic level, fampridine was found to induce a significant increase in intracortical
excitatory mechanisms as revealed by paired-pulse TMS, with no significant effect on the other
excitability parameters.

The positive impact of fampridine on gait speed is now well established, but only 40% of patients
are expected to experience a clinically meaningful improvement [15,21]. Proper selection of patients
most likely to experience clinical benefits from fampridine has been the subject of rare dedicated
studies [6–8]. It has been suggested that patients with more disability at baseline have the best outcome.
This seems logical, since advanced ambulatory impairment in MS is associated with a higher amount
of axonal demyelination within the neural locomotor networks, providing more targets for fampridine
to reinforce gait function [6,8]. Filli and collaborates tested the predictive value of a set of demographic
and clinical criteria including T25wt, walking endurance 6-min walk test (6MWT), and the 12-item
multiple sclerosis walking scale (MSWS-12) [7]. Their findings suggest that walking function at baseline
(6MWT and T25wt) accurately predicts the responder status. EDSS only weakly correlated with the
outcome. In this study, reduced walking endurance as measured by the 6MWT was the best predictor
of a good outcome with an accuracy of 80% [7]. In comparison, we found that EDSS correlated with
improvement in T25wt; however, we did not test walking endurance, since we included patients with
advanced gait impairment who were unable to complete the 6MWT.

At the physiological level, high rMT was found to be correlated with high EDSS score, and seemed
to be a good predictor of outcome. rMT is a global measurement of excitability and membrane properties
of cortical pyramidal cells [22,23]. It can be regarded as the electrophysiological signature of clinical
impairment in MS patients. Higher rMT was found to correlate with clinical relapses [24], disease
progression [25], secondary progressive disease [10,26], and the presence of fatigue [11]. Another
neurophysiological measure of potential predictive value is prolonged motor central conduction [6,8].
The latter parameter was not evaluated in our study.

Studies of cortical excitability, a surrogate measure of ion channel and synaptic functions, have
repeatedly shown significant excitability changes in patients with MS [10–12]. In the earlier stages
of relapsing remitting MS, this state of altered excitability can be improved by immunomodulatory
therapy [27]. As the disease progresses and the degenerative process takes place, excitability changes
could become permanent [10,26]. At this stage, drugs having a more direct effect on cortical excitability
are more likely to reverse these changes than those with immunomodulatory effects. Our study clearly
demonstrates a cortico-modulatory effect of fampridine, a rather predictable finding given its putative
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mechanism of action. Cortical excitability measures are dependent on networks of interneurons (both
excitatory and inhibitory) and their synaptic interaction with each other. SICI reflects the recruitment of
inhibitory pathways with GABAergic mediation (GABA-A receptors) and ICF reflects the recruitment
of excitatory pathways with glutamatergic mediation. Healthy excitatory and inhibitory systems are
essential for proper functioning of brain circuits. Fampridine was found to increase ICF in our study
but had no impact on the other excitability parameters. Such findings would indicate an increase
in facilitatory intracortical mechanisms aiming to improve the clinical outcomes, as reflected by an
increase in walking speed [28,29].

Our study has many shortcomings, including an open label design, small sample size, and short
follow-up period. Another shortcoming is that cortical excitability changes were correlated to changes
in walking speed, but not other cortical functions. Since cortical excitability studies are classically
measured in the hand, correlations with hand function (i.e., nine-hole pegboard test) would have
been more appropriate, especially as fampridine has been shown to have a positive impact on hand
function [30]. Alternatively, we could have chosen a lower extremity muscle (rather than the FDI) to
measure lower extremity cortical excitability. This choice of the FDI was based on the many challenges
associated with measuring cortical excitability in lower extremities, such as the deeper location of the
lower extremity motor areas (making them significantly more difficult to activate), the difficulty of
targeting individual lower extremity muscles, and the paucity of studies investigating the reliability
and reproducibility of lower extremity excitability studies. Yet another limitation is the short follow-up
period, which was limited to 2 weeks. It has been demonstrated that walking speed can continue
to improve up to 4 weeks after fampridine initiation [15,21]. As such, a longer period of assessment
might have been required to more reliably define the responder status. These shortcomings were
inevitable, given the observational nature of the study. Indeed, the inclusion criteria and follow-up
period were dictated by our national guidelines for selecting candidates for fampridine therapy. As
such, inclusion was restricted to patients with gait impairment, most of which had little or no baseline
abnormalities in the hands, and the follow-up period was limited to 2 weeks. Our study could also
be criticized for including 10 patients on fingolimod, which was found to reduce ICF [4]. Since no
changes in disease modifying and symptomatic treatments were allowed during the period extending
from 6 months prior to inclusion to the end of the follow-up, this drug would have mostly affected
the baseline recordings rather than the changes observed after fampridine administration. Patients
receiving high-dose intravenous steroids, on the other hand, were excluded from the study, given
its significant impact on cortical excitability (reduction of SICI and enhancement ICF) [9]. Lastly, it
is important to mention the limitations of EDSS as a disability measure in MS. The latter has well
documented weaknesses in reliability and sensitivity to change [31].

5. Conclusions

In conclusion, our work suggests that fampridine has a significant modulatory effect on the
cerebral cortex, demonstrated by an increase in excitatory intracortical mechanisms as unraveled by
paired-pulse TMS paradigms. rMT could be useful in selecting patients more likely to experience a
favorable response to fampridine. Larger studies with more reliable outcomes (i.e., hand function) are
needed to better define the cortical excitability parameters that best discriminate between potential
responders and non-responders.
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Abstract: Tetraspanins are a conserved family of proteins involved in a number of biological
processes. We have previously shown that Tetraspanin-32 (TSPAN32) is significantly downregulated
upon activation of T helper cells via anti-CD3/CD28 stimulation. On the other hand, TSPAN32 is
marginally modulated in activated Treg cells. A role for TSPAN32 in controlling the development of
autoimmune responses is consistent with our observation that encephalitogenic T cells from myelin
oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis (EAE)
mice exhibit significantly lower levels of TSPAN32 as compared to naïve T cells. In the present study,
by making use of ex vivo and in silico analysis, we aimed to better characterize the pathophysiological
and diagnostic/prognostic role of TSPAN32 in T cell immunity and in multiple sclerosis (MS). We
first show that TSPAN32 is significantly downregulated in memory T cells as compared to naïve T
cells, and that it is further diminished upon ex vivo restimulation. Accordingly, following antigenic
stimulation, myelin-specific memory T cells from MS patients showed significantly lower expression
of TSPAN32 as compared to memory T cells from healthy donors (HD). The expression levels of
TSPAN32 was significantly downregulated in peripheral blood mononuclear cells (PBMCs) from
drug-naïve MS patients as compared to HD, irrespective of the disease state. Finally, when comparing
patients undergoing early relapses in comparison to patients with longer stable disease, moderate but
significantly lower levels of TSPAN32 expression were observed in PBMCs from the former group.
Our data suggest a role for TSPAN32 in the immune responses underlying the pathophysiology of MS
and represent a proof-of-concept for additional studies aiming at dissecting the eventual contribution
of TSPAN32 in other autoimmune diseases and its possible use of TSPAN32 as a diagnostic factor and
therapeutic target.

Keywords: TSPAN32; tetraspanins; multiple sclerosis; cellular immunity; memory T cells

1. Introduction

Tetraspanins are a conserved family of proteins involved in several biological processes, such as
the regulation of cellular adhesion, motility, cancer metastasis, signal transduction, and activation [1,2].
Tetraspanins comprise four transmembrane (TM) domains. TM domains 1 and 2 flank a small
extracellular loop (SEL), while TM3 and TM4 flank a large extracellular loop (LEL). TM domains are
typically involved in the interaction with non-tetraspanin molecules. The juxtamembrane cysteine
residues in the cytoplasmic domains contribute to the formation of tetraspanin-enriched microdomains
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(TEMs), while the cytoplasmic regions provide links to cytoskeletal and signaling molecules [3]. Several
immune-related proteins take part in TEMs, including pattern recognition receptors, co-stimulatory
molecules, Major Histocompatibility Complex molecules and T cell receptor-associated proteins
(reviewed in [2]). The tetraspanins Cluster of Differentiation 82 (CD82), CD9, CD63, CD81, and CD53
exert a co-stimulatory role in T cells [4,5], whereas cells deficient for CD37, CD151, and CD81 have been
shown to be hyperproliferative following stimulation [6–8]. Tarrant and colleagues [9] have shown that
T cells from Tssc6 Tetraspanin-32 (TSPAN32)-deficient mice have increased responses upon stimulation,
and have proposed that TSPAN32 may negatively regulate peripheral T-lymphocyte activation. Along
the same lines, we have previously shown that TSPAN32 expression is significantly reduced upon cell
activation, although in Treg cells, TSPAN32 levels undergo minor changes. Moreover, significantly lower
levels of TSPAN32 were found in encephalitogenic T cells from myelin oligodendrocyte glycoprotein
(MOG)-Induced experimental autoimmune encephalomyelitis (EAE) mice. Finally, ex vivo-activated
circulating CD4 T cells from MS patients showed lower levels of TSPAN32 as compared to cells from
healthy donors [10].

Multiple sclerosis (MS) is the most frequent immuno-inflammatory disorder of the central nervous
system, characterized by immune cell infiltration, microglia activation and progressive demyelination,
with consequent neurological deficits. It is well-known that increased conversion from naïve to memory
cells can be observed in MS [11] and that most of the myelin-reactive T cells are present in the memory
T cell subset [12]. It has been also shown that memory T cells are activated independently of CD28
co-stimulation [13,14]. In the present paper, we aimed to better characterize the pathophysiological role
of TSPAN32 in cellular immunity and in MS. To this aim, by making use of ex vivo and in silico analysis,
we have evaluated the expression levels of TSPAN32 in memory T cells from healthy donors and MS
patients, both in inactive state and upon activation. Next, we determined the diagnostic and prognostic
value of TSPAN32 in the peripheral blood mononuclear cells (PBMCs) of MS patients. Our analysis
demonstrates that TSPAN32 is significantly downregulated in memory T cells as compared to naïve T
cells, and that it is further diminished upon ex vivo restimulation. In addition, following antigenic
stimulation, myelin-specific memory T cells from MS patients exhibited significantly lower expression
of TSPAN32 as compared to memory T cells from healthy donors (HD). Further, the expression levels
of TSPAN32 was significantly downregulated in PBMCs from drug-naïve MS patients as compared
to HD, irrespective of the disease state. Finally, we observed a moderate but significantly reduced
expression of TSPAN32 in PBMCs from MS patients undergoing early relapses in comparison to those
from patients with a longer course of stable disease.

2. Materials and Methods

2.1. Ex Vivo Study

2.1.1. Cell Isolation and Real-Time PCR

Mononuclear cells were obtained from the peripheral blood of healthy donors (HD) (n = 7) by
step-gradient centrifugation, using the Ficoll−Hypaque medium (Sigma Aldrich, Milano, Italy), as per
manufacturer’s instructions. CD4 + CD45RA + CD45RO − CD25 + CD127low cells (naive Treg cells),
CD4 + CD45RA − CD45RO + CD25 + CD127low cells (memory Treg cells), CD4 + CD45RA − CD45RO
+ CD25 − CD127 + cells (memory Teff cells), and CD4 + CD45RA + CD45RO − CD25 − CD127 + cells
(naive Teff cells) were enriched by magnetic beads sorting, obtaining a cell purity of at least 95%. In
another set of experiments, memory Teff cells from 3 healthy donors were activated by plate-bound
anti-CD3 (10 μg/mL) and anti-CD28 (5 μg/mL) for 12 h.

2.1.2. Real-Time PCR

Total RNA was extracted and gene expression levels were determined by real-time PCR. 2 μg of
total RNA were reverse-transcribed with a High-Capacity cDNA Reverse Transcription Kit (Applied
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Biosystems, Monza, Italy) in a 20 μL reaction volume, and real-time PCR was performed using the
SYBR Green PCR Master Mix (Applied Biosystems, Monza, Italy), 200 nM forward and 200 nM reverse
primers, and 20 μg cDNA. Relative gene expression levels were obtained using the formula: 2−ΔΔCt,
where ΔΔCt = (Cttarget gene − Ctbeta-actin) stimulated cells – (Cttarget gene − Ctbeta-actin) control cells.

2.2. In Silico Analysis

The Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/gds) browser was
interrogated using the MeSH (Medical Subject Headings) term “Multiple Sclerosis”. Datasets were
manually excluded if the studies were not performed on human subjects, if the patients enrolled were
under immunosuppressive/immunomodulatory treatment, and if the cell types analyzed were not
immune cells. For the evaluation of the expression levels of TSPAN32 in encephalitogenic memory T
cells, and the evaluation of the diagnostic role of TSPAN32, datasets carried out only on one cohort of
subjects (i.e., MS patients and healthy donors) were excluded. For the afore-mentioned reasons, the
analysis was then carried out on the GSE66763 and the GSE138064, respectively. For the determination
of the prognostic properties of TSPAN32 in predicting MS relapses, the GSE15245 was selected as
it is the only dataset including prospective data on disease evolution. A flowchart of the in silico
study design is provided as Figure 1. The characteristics of the datasets used are described in the
following sections.

 
Figure 1. Flowchart of the in silico study.

2.2.1. TSPAN32 in Memory T Cells from MS Patients

The GSE66763 dataset was used to investigate the expression levels of TSPAN32 in circulating
memory T cells from MS patients [15]. The dataset included whole-genome RNA sequencing data of
C-C Motif Chemokine Receptor 6 (CCR6)+ memory (CD45RA − CD45RO + CD25 − CCR6+) CD4+ T
from 3 Human Leukocyte Antigen – DR isotype (HLA-DR)4+ healthy subjects and 5 HLA-DR4+MS
patients. Cells were amplified by PhytoHaemAgglutinin (PHA) and Interleukin (IL)-2 and stimulated
by irradiated autologous monocytes and DR4 myelin peptides Myelin Oligodendrocyte Glycoprotein
((MOG)97–109 and ProteoLipid Protein (PLP)180–199). Patients were immunotherapeutic naïve or had not
received treatment for at least 12 months. Cell proliferation was determined and the highest proliferated
wells were chosen for DR4 tetramers staining (MOG97–109-tetramers and PLP180–199-tetramers). Then,
myelin tetramer+ and tetramer− cells were sorted and lysed for the extraction of RNA and subsequent
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RNA sequencing. Gene expression is shown as log2 Fragments Per Kilobase of transcript per Million
mapped (FPKM) values.

2.2.2. TSPAN32 in PBMCs from MS Patients

In order to investigate the expression levels of TSPAN32 in PBMCs from MS patients in both
stable and active disease, as compared to healthy donors, we interrogated the GSE138064 dataset [16].
The dataset included transcriptomic data from therapy-naïve Relapse-Remitting (RR) MS patients (10
with stable MS, age 45.2 ± 2.6, 8/2 female/male, and 9 during relapse, age 46.3 ± 3.5, 8/2 female/male).
Eight healthy controls were included, age 42.3 ± 4.8, 5/3 female/male.

2.2.3. Predictive Analysis of TSPAN32 in MS

In order to evaluate the relationship between expression levels of TSPAN32 and the time to relapse
in MS patients, we interrogated the GSE15245 dataset that included whole-genome transcriptomic
profiles of PMBCs from 51 drug-naïve MS patients [17]. The patient’s age was 38.5 ± 1.4, with a mean
Expanded Disability Status Scale (EDSS) score of 2.4 ± 0.2. The Affymetrix Human Genome U133A 2.0
Array was used for the generation of the dataset and raw data were preprocessed using the robust
multi-array average (RMA) algorithm. Sample population was sorted based on the expression levels of
TSPAN32 and log-rank test was applied to evaluate differences in the percentage of patients developing
acute relapses in a 1500-day time frame.

2.3. Statistical Analysis

Data are shown as mean ± SD and statistical analysis was performed using either a Student’s t-test
or one-way ANOVA followed by Fisher’s Least Significant Difference test. Correlation analysis was
performed using the non-parametric Spearman’s test. Hierarchical clustering was used to determine the
relative distance of samples using Pearson's correlation as similarity comparison. The self organizing
map (SOM) algorithm was used for the unsupervised identification of clusters of commonly modulated
genes [18]. Distance metric for SOM was Pearson’s correlation, with random genes initialization,
Gaussian neighborhood, and 2000 iterations. The linear model for microarray (LIMMA) algorithm was
used to evaluate statistical significance for differences in RNA sequencing data [19]. As the experimental
design and the information provided are different for the three whole-genome transcriptomic datasets
here analyzed, and in consideration that no additional datasets with overlapping experimental layouts
are currently available in publicly available databases, a meta-analysis cannot be performed. Gene
ontology and gene term enrichment analysis was conducted using the web-based utility, Metascape [20].
GraphPad Prism 8 and MeV (version 4.9) software programs were used for the statistical analysis and
the generation of the graphs.

3. Results

3.1. TSPAN32 in Memory T Cells

When analyzing the expression levels of TSPAN32 in memory CD4+ T cells from healthy donors,
we observed significantly lower levels of TSPAN32 in memory T effector cells as compared to naïve T
cells (p < 0.01) (Figure 2A). On the other hand, no modulation was observed in memory Treg cells
(Figure 2A). We also wanted to determine whether a modulation of TSPAN32 could be found upon
restimulation. As shown in Figure 2B, restimulation of memory T cells is associated to a significant
down regulation in TSPAN32 levels (p < 0.001) (Figure 2B). Similar data have been obtained from the
analysis of the GSE22886 dataset (Table S1).
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Figure 2. (A) Basal expression levels of Tetraspanin-32 (TSPAN32) in naïve T effector, Treg, memory
T effector, and memory Treg cells from healthy donors; (B) modulation of TSPAN32 expression in
memory T cells upon reactivation. ** p < 0.01, *** p < 0.001.

Next, we wanted to determine the expression of TSPAN32 in memory CD4+T cells from HLA-DR4+
MS patients, following amplification by PHA and IL-2 and stimulation by irradiated autologous
monocytes and DR4 myelin peptides. As shown in Figure 3A, significant lower levels of TSPAN32
were observed in tetramer+memory T cells from MS patients as compared to tetramer- memory T cells
from HD (p < 0.05). Similarly, comparable levels of TSPAN32 were observed in tetramer+memory T
cells from HD (Figure 3A). SOM analysis identified 599 genes that clustered together with TSPAN32
(Cluster 5) (Figure 3B). Gene ontology revealed that the most significant enriched terms were “Small
GTPase-mediated signal transduction”, “Meiosis”, “DNA repair”, “BARD1 pathway” and “Membrane
lipid biosynthetic process” (Figure 3B–D). Interestingly, significantly lower TSPAN32 levels were also
observed in tetramer- memory T cells from MS patients (Figure 3A). As LIMMA analysis revealed
significant transcriptomic differences between tetramer- MS memory T cells and tetramer- HD memory
T cells, with enrichment of several immune-related biological processes (Figure S1A,B), and HCL
analysis clustered together tetramer- and tetramer+memory T cells from MS patients (Figure S1C), the
reduced TSPAN32 levels may be associated to a reduced activation threshold of memory T cells from
MS patients, and could explain the underlying autoimmune process.
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Figure 3. (A) TSPAN32 expression in memory T cells from healthy donors and multiple sclerosis (MS)
patients; * p < 0.05; (B) clusters of genes obtained from the self organizing map (SOM) analysis; (C)
most enriched biological processes by genes commonly regulated with TSPAN32, as obtained from
SOM analysis; (D) network showing the interconnection among the most enriched biological processes
by genes commonly regulated with TSPAN32, obtained from SOM analysis.

3.2. TSPAN32 Expression in PBMCs from MS Patients

In order to evaluate whether a modulation in TSPAN32 levels could be observed in peripheral
immune cells from MS patients, we interrogated the GSE138064 dataset. As shown in Figure 4A,
a significant reduction in TSPAN32 expression was observed in PBMCs from MS patients in both
stable and relapsing disease (p < 0.001) (Figure 4A). Receiver operating characteristic (ROC) analysis
confirmed the diagnostic ability of TSPAN32 to discriminate MS from HD, entailing a p < 0.001
(Figure 4B,C). No significant differences were instead observed when comparing TSPAN32 levels in
PBMCs from patients in stable disease as compared to PBMCs from patients in exacerbation (Figure 4A).
Accordingly, ROC curve area was 0.6889, entailing a p = 0.1651 (Figure 4D). This is in accordance with
data from the GSE19224 dataset, that show an adjusted p value > 0.99 and a log2(fold) change of 0.276
for TSPAN32 expression levels when comparing PBMCs from MS patients in stable versus relapsing
disease (https://www.ncbi.nlm.nih.gov/geo/geo2r/?acc=GSE19224).
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Figure 4. (A) TSPAN32 in peripheral blood mononuclear cells (PBMCs) from healthy donors and
RRMS patients in stable and relapsing disease; (B) receiver operating characteristic (ROC) curve
for TSPAN32 in healthy controls (HC) and multiple sclerosis patients in stable disease; (C) receiver
operating characteristic (ROC) curve for TSPAN32 in healthy controls (HC) and multiple sclerosis
patients in active disease; (D) receiver operating characteristic (ROC) curve for TSPAN32 in multiple
sclerosis patients in stable and active disease.

Finally, we evaluated whether the different transcriptional levels of TSPAN32 in PBMCs from MS
patients could promote disease exacerbation or protect MS patients from acute relapses. Non-parametric
correlation between TSPAN32 and the time-to-relapse revealed a trend of direct correlation, which did
not reach the statistical significance (p = 0.0856) (Figure 5A). ROC curve area was 0.6036, entailing a
p = 0.3695 (Figure 5B). However, Log-rank analysis performed on patients divided into two groups
based on the expression level of TSPAN32 in PBMCs (referred as High and Low TSPAN32) showed that
a trend of protection from acute relapses was observed in patients expressing higher TSPAN32 levels
(Figure 5C). In addition, significantly lower levels of TSPAN32 were found in PBMCs from MS patients
developing exacerbation of the disease before 300 days as compared with patients who underwent
relapses later than 1500 days (Figure 5D).
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Figure 5. (A) Correlation between TSPAN32 expression in PBMCs from drug-naïve MS patients and
the time-to-relapse; Spearman correlation value (r) and p value (p) are indicated. (B) receiver operating
characteristic (ROC) curve for the evaluation of the prognostic value of TSPAN32 in predicting relapses
in MS patients; (C) log-rank analysis for time-to-relapse in patients expressing low and high levels of
TSPAN32 in PBMCs, respectively; (D) expression levels of TSPAN32 in MS patients undergoing early
exacerbation of the disease (<300 days) or with longer stable disease (relapse > 1500 days).

4. Discussion

Diverse members of the TSPAN family have been shown to be involved in the regulation of both
the innate and adaptive immune responses. For instance, CD81 is involved in the formation of the
immune synapse, providing a link between the Antigen Presenting Cells and the T cells [21,22], while
CD37 and CD151 promote antigen presentation and regulate the costimulatory signaling pathways [23].

In a TSPAN32 (Tssc6)-deficient mouse model, despite normal hemopoiesis, T cell proliferation and
responses are significantly augmented [9]. It has also been observed that the activity of T cells from
mice double knockout for CD37 and TSPAN32 are upregulated, and that the dendritic cell stimulation
capacity is increased as compared to single knockout, suggesting a cooperative role for these two
tetraspanins in controlling T cell-mediated immunity [24]. These findings suggest that TSPAN32 might
contribute to shape cellular immunity. In our previous work, we have described that T cells express a
baseline level of TSPAN32, favoring the maintenance of an inactive state, which is decreased following
CD3-mediated signaling [10].

By means of in silico and ex vivo analyses, in this study we wanted to gain further insights into the
role of TSPAN in the biology and physiology of memory T cells and evaluated whether its expression
was altered in memory T cells from MS patients as compared to HD. We also studied the possible
diagnostic and prognostic value of TSPAN32 expression in PBMC of MS patients, on the course of
the disease. The use of whole-genome expression databases has been largely exploited [25–28] for the
characterization of pathogenic pathways and to identify therapeutic targets for a variety of disorders,
including immunoinflammatory and autoimmune diseases [29–36], cancer [37–39], and has allowed
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dismantling pathogenetic pathways [40–42], along with the identification of novel tailored therapeutic
targets [43–46].

MS is an autoimmune/immunoinflammatory disorder sustained by activated, myelin-specific T
cells that migrate into the central nervous system (CNS), promoting inflammation. The characterization
of the phenotype of myelin-specific immune cells is, therefore, crucial for the elucidation of MS
pathogenesis [47–49].

In the present study, we have first analyzed the expression levels of TSPAN32 in circulating
memory T cells from HD and we show that significantly lower levels of TSPAN32 can be observed in
memory T effector cells but not in memory Treg cells. This is in line with our previous observation that
only a marginal downregulation of TSPAN32 occurs in Treg cells, upon activation [10]. Interestingly,
following the in vitro reactivation of memory T effector cells, TSPAN32 expression levels further
decreased. The differential pattern of expression and modulation of TSPAN32 in Treg cells has yet to
be deciphered.

Next, we analyzed the expression of TSPAN32 in autoreactive T cells from MS patients. As shown
by Cao et al., myelin-reactive T cells from MS patients are prevalently from the memory CCR6+ T cell
population, and are characterized by the secretion of larger amounts of proinflammatory cytokines
as compared to T cells from HD. As expected, the expression levels of TSPAN32 in myelin-reactive
MS tetramer-positive T cells resulted significantly lower than those in tetramer-negative memory
T cells from HD. On the other hand, a significant lower expression of TSPAN32 was found in MS
tetramer-negative memory T cells, comparable to that of MS tetramer-positive T cells. Although this
may be counterintuitive, the observation that the transcriptomic features of the MS tetramer-negative
memory T cells are more closely related to those of the MS tetramer-positive memory T cells than
those of HD tetramer-negative memory T cells suggests that a lower activation threshold characterizes
memory T cells from MS patients. Notably, a similar trend of reduced TSPAN32 levels was also
observed in myelin-reactive HD tetramer-positive T cells. It is already known that MS patients and
healthy subjects share a similar number of circulating myelin-reactive T cells. The lower levels of
TSPAN32 in these cells suggest that regardless of the activation state of the T cells, the engagement
of the TCR with the cognate ligand is sufficient to modulate the expression of TSPAN32. This is
in accordance with our previous data, showing that the CD3-mediated signaling is sufficient to
downregulate TSPAN32 gene expression.

Finally, we found diminished TSPAN32 levels in PBMCs from MS patients, both in stable and
active disease, as compared to HD. No differences were however found between patients in stable
versus relapsing disease. In addition, only a moderate reduction in the time-to-relapse was observed
in patients expressing higher levels of TSPAN32 when MS patients were divided into two groups on
the basis of their level of TSPAN32 expression in PBMC (referred as High and Low TSPAN32).

However, it was possible to observe that those with high expression had a moderate but significant
protection from acute relapses. In agreement with this observation, significantly lower levels of
TSPAN32 were found in PBMCs from MS patients developing exacerbation of the disease before 300
days, as compared with patients who underwent relapses later than 1500 days. Overall, our data suggest
that the defective expression of TSPAN32 may characterize different T cell subsets of MS patients,
including memory T cells, and that this may contribute to trigger anti-myelin immune responses.
Along with our previous publication [10], this new transcriptomic analysis strengthens our hypothesis
that defective TSPAN32 expression may represent an additional important immunopathogenetic
abnormality that may play a role in the pathogenesis of at least some cases of MS.

It should also be pointed out that, although all of the in silico data have been generated from
third-party reanalysis of whole-genome transcriptomic datasets previously validated by the respective
original authors, the number of biological replicates in each of these datasets is relatively low. Therefore,
although statistical significance has been achieved in most cases of our analyses, the data warrant to be
confirmed from a larger population of MS patients. Along this line of research, it will be interesting
to study if and how the current disease modifying therapies influence the course of the disease by
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modulating TSPAN32 expression. In a similar manner, the expression profile of TSPAN32 in secondary
progressive and primary progressive MS seems of interest. Additional studies may also be warranted
to dismantle whether defective expression of TSPAN32 is also observed in other T cell-mediated
autoimmune diseases.

Moreover, further effort is required to understand the molecular pathways involved in the
regulation of the immune responses exerted by TSPAN32. Up to now, no drugs targeting tetraspanins
have received approval for the use in the clinical setting, but many strategies have been explored,
including the use of monoclonal antibodies, recombinant soluble large extracellular loops or
RNA interference (RNAi) (reviewed in [50]). Therefore, it is reasonable that several chances for
tailored-specific intervention will be available in the future. Additionally, a deeper understanding
of the mechanisms that control TSPAN32 expression could be pursued for their possible efficacy in
patients suffering from MS.

5. Conclusions

Our data suggest a role for TSPAN32 in the immune responses underlying the pathophysiology
of MS and represent a proof-of-concept for additional studies aiming at dissecting the eventual
contribution of TSPAN32 in other autoimmune diseases and its possible use of TSPAN32 as a diagnostic
factor and therapeutic target.
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Abstract: Animal and transcranial magnetic stimulation motors have evoked potential studies
suggesting that the currently used transcranial direct current stimulation (tDCS) intensities produce
measurable physiological changes. However, the validity, mechanisms, and general efficacy of
this stimulation modality are currently being scrutinized. The purpose of this pilot study was to
investigate the effects of dorsolateral prefrontal cortex tDCS on cerebral blood flow. A sample of three
people with multiple sclerosis underwent two blocks of five randomly assigned tDCS intensities
(1, 2, 3, 4 mA, and sham; 5 min each) and [15O]water positron emission tomography imaging. The
relative regional (i.e., areas under the electrodes) and global cerebral blood flow were calculated. The
results revealed no notable differences in regional or global cerebral blood flow from the different
tDCS intensities. Thus, 5 min of tDCS at 1, 2, 3, and 4 mA did not result in immediate changes in
cerebral blood flow. To achieve sufficient magnitudes of intracranial electrical fields without direct
peripheral side effects, novel methods may be required.

Keywords: tDCS; neuroimaging; positron emission tomography; cerebral blood flow;
multiple sclerosis

1. Introduction

Multiple sclerosis (MS) is a chronic central nervous system disease that affects approximately
2.3 million people worldwide [1]. Because some MS symptoms (e.g., neuropathic pain) are
treatment-resistant [2], practical and inexpensive adjunctive therapies, like transcranial direct current
stimulation (tDCS), are of high interest. Despite promising findings in tDCS studies in people with
multiple sclerosis (PwMS) [3–5] (see [6] for a review), the validity and utility of tDCS is under scrutiny.
For example, a critical review [7] did not support the idea that tDCS has a reliable neurophysiological
effect beyond motor evoked potential (MEP) amplitude modulation. Though MEP amplitude appears
to be sensitive to tDCS modulation, other reliable transcranial magnetic stimulation (TMS) measures
that rely on similar neural mechanisms (e.g., short interval intracortical inhibition (SICI), intracortical
facilitation (ICF), and cortical silent period (cSP)) have all shown no tDCS effect. Questions concerning
the mechanistic foundations and general efficacy of this stimulation modality are on the rise.

Animal studies have suggested that the intensities that are typically employed in human research
are sufficient to produce measurable physiological changes [8]. Unfortunately, findings from animal
models, especially in vitro approaches, may have poor applicability to human studies. Thus, a vital
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concern is that tDCS may not induce a sufficient current in the cortex to have a measurable effect on
neural function—at least not for the commonly used stimulation intensities (≤2 mA). Therefore, it is
necessary to combine tDCS with human neuroimaging to complement animal studies and to further
clarify whether tDCS can affect neural function.

Cerebral activity in PwMS has been investigated with [15O]water [9]. A close coupling of
perfusion and metabolism was assumed, as this reflects the oxidative phosphorylation of glucose as the
predominant energy source. Consequently, cerebral blood flow (CBF) is often considered an indirect
measure of neuronal function and integrity [10]. This is supported by the significant association of
glucose metabolism with regional CBF (rCBF) across different brain regions and global CBF (gCBF)
across varying states of consciousness.

2. Materials and Methods

We conducted a pilot investigation on the effects of tDCS on CBF with semi-quantitative [15O]water
Positron Emission Tomography (PET), the gold standard for CBF measurements [11–15], in a sample
of three people with relapsing–remitting MS (Table 1). Scans were completed in two blocks, one at
baseline and five immediately after randomized tDCS stimulation intensities (1, 2, 3, 4 mA, and sham;
six scans per block). The second block (intensity re-randomized) helped verify the reliability of the first.
Therefore, each subject experienced 12 total scans in one session (Figure 1). The subjects performed a
simple counting task for the duration of each scan (100 sec). This study was approved by the University
of Iowa’s Institutional Review Board (IRB-01: IRB#201905826; clinicaltrials.gov NCT04033133). All
subjects provided written informed consent before participating.

Table 1. Subject demographic information (n = 3). Data are mean ± SD.

Sex (M/F) 2/1
Age (years) 45.3 ± 19.0
Height (cm) 171.9 ± 18.7
Weight (kg) 83.5 ± 19.9

Time since diagnosis (years) 8.0 ± 5.3
Patient-Determined Disease Steps 1 2.3 ± 2.1

1 Provides an indication of disease severity. A score of 2–4 out of 8 indicates moderate disability.

Figure 1. The stimulation and scan protocol. After the baseline scan, the five stimulation intensities (1,
2, 3, 4 mA, and sham) were delivered for 5 min each in a random order (six total scans per block). Ten
minutes after the final scan of Block 1, Block 2 began with a new baseline scan and a different intensity
randomization. Each subject experienced 12 total scans.
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A battery-operated tDCS device (Soterix Medical Inc., New York, NY, USA) administered the
stimulation. A previous study indicated that 5 min of tDCS over the primary motor cortex (M1) was
sufficient to induce significant increases in MEP amplitude and that the effects of the stimulation
returned to baseline after 10 min [16], and another study indicated significant blood flow changes
from 4 min of motor cortex stimulation [17]. Thus, the tDCS parameters in this study included 5 min
of stimulation at each intensity, each separated by ≥10 min, to avoid stimulation carry-over effects;
this also allowed for sufficient time for the [15O]water tracer to decay before the next injection. The
stimulation was ramped up to the target intensity (1, 2, 3, or 4 mA) over 30 s, after which time the
intensity was maintained for 5 min before ramping down to 0 mA over 30 s. The anode was over the
left dorsolateral prefrontal cortex (dlPFC), and the cathode was over the contralateral supraorbital area.
A dlPFC target helped to avoid potentially confounding M1 activity from counting or spontaneous
movement during scanning.

Because significant excitability increases from 5 min of tDCS have been found at 1 min
post-tDCS [16], imaging commenced 1 min after the ramp-down process was completed. A summed
image of the 40 seconds immediate post-bolus transit was generated for each scan. The summed images
were co-registered with the subject’s T1-weighted magnetic resonance imaging (MRI). Individual,
anatomically-based regions were defined by using the PNEURO tool of the PMOD Biomedical Image
Quantification software package (PMOD Technologies, Ltd. Zürich, Switzerland. The mean global
activity (gCBF) was calculated based on the volume-weighted average of all intracerebral regions. The
CBF relative to the global activity was calculated for each region (rCBF = regional activity/gCBF; e.g.,
ratio 1.2 = rCBF 20% higher than gCBF) for each condition. Changes in gCBF and rCBF, focusing on
regions under the electrodes, at the different tDCS intensities were investigated.

3. Results

The results revealed no notable differences in the gCBF or rCBF for the areas under the electrodes
from the different tDCS intensities (Figure 2). We did not find any immediate effects (i.e., ~1–2 min
post-stimulation) of tDCS on CBF in this functional [15O]water PET study. None of the stimulation
intensities (1, 2, 3, and 4 mA) over dlPFC were associated with changes in gCBF (not shown) or rCBF
under the electrodes.

Figure 2. Mean tracer uptake (regional cerebral blood flow (rCBF)) relative to global tracer uptake
(global CBF (gCBF)) by region and condition. Data are mean ± SEM. FL_mid_fr_G_l = left middle
frontal gyrus, FL_inf_fr_G_l = left inferior frontal gyrus, FL_sup_fr_G_l = left superior frontal gyrus,
FL_OFC_AOG_r = right anterior orbital gyrus, FL_OFC_MOG_r = right medial orbital gyrus, and
FL_OFC_LOG_r = right lateral orbital gyrus.

4. Discussion

There are several possible explanations for this finding: (1) tDCS may not induce a sufficient
current in the cortex to have a measurable effect on neural function. Vöröslakos et al. [18] suggested
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that a 1 V/m minimum voltage gradient was required for measurable online stimulation effects on
neuronal spiking or membrane potentials in a rat model. To achieve 1 V/m at the cortex, the current
applied at the scalp may need to be as high as 4–6 mA; however, the 4 mA that was used in this study
did not elicit any CBF changes. (2) Only a small fraction of the transcranial current may reach the brain.
One study [18] in rodents and human cadavers demonstrated that >75% of applied current is lost at the
scalp, subcutaneous tissue, and muscle. These tissues serve as an effective shunt, resulting in at least a
50% reduction of current intensity. In addition, the serial resistance of the skull further reduces the
current flow by 10%–25%, depending on skull thickness [18]. (3) Inter-individual variability in tDCS,
with approximately 50% of people having poor or absent responses [19], may have biased our results.
(4) Previous neuroimaging studies on the neurophysiological effects of tDCS detected immediate effects
of tDCS on CBF by using [15O]water PET [17,20]. However, these studies targeted M1 during a motor
task, and diverse tDCS effects on different brain regions cannot be excluded. (5) Stimulating nerves on
the scalp could also send signals to the brain or influence circulation, and/or other non-neuronal cells
may react to the induced electrical fields and gradually alter brain function. Lastly, (6) the significant
findings reported in the tDCS literature have assumed to have reflected one or more of a number of
factors including placebo effects, influences from peripheral nerve stimulation, poor experimental
designs, low statistical power, or inappropriate control conditions or analyses.

The sample size of this pilot study was small, and more subjects are recommended to confirm
or refute these results. However, the study design, which included 12 injections that encompassed
all conditions in duplicate, provided robust and remarkably consistent information, both between
conditions and between subjects. Additionally, given that PET studies are costly and exposing the fewest
subjects as possible to radiation is a major consideration [21], collecting images from additional subjects
when there were no evident effects in these three PwMS was not justified. Furthermore, one of the
purposes of reports like the present study is to encourage discussion and highlight the need to confirm
the mechanistic effects of tDCS with neuroimaging (e.g., [15O]water PET, [18F]-fluorodeoxyglucose PET,
functional magnetic resonance imaging (fMRI), and arterial spin labelling (ASL)). It should also be
mentioned that multiple interventions over short periods might have complex and non-linear effects
on the brain. Thus, any effect (or lack of effect) should to be interpreted with caution. Additionally, the
absence of immediate tDCS effects on the cortex does not preclude longer-term effects. Furthermore,
these findings were in a sample of PwMS, and different effects in healthy or patient populations
cannot be excluded. Finally, this is a growing field for research, and a comprehensive understanding
of how tDCS modulates the cortex is necessary. In humans, physiological changes associated with
tDCS at different intensities and durations can be assessed with a variety of different neuroimaging
methods (e.g., PET, fMRI, and ASL). All of these techniques have their limitations, but [15O]water PET
is considered to be the most “direct” measurement of cerebral blood flow. Thus, routinely combining
neuroimaging with tDCS will help provide the necessary evidence that tDCS can affect neural function
in humans.

5. Conclusions

In conclusion, we have demonstrated that 5 min of dlPFC tDCS at 1, 2, 3, or 4 mA did not result in
immediate changes in CBF in PwMS. Thus, to achieve sufficient magnitudes of intracranial electrical
fields without direct peripheral side effects, novel methods may be required.
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Abstract: Probiotic bacteria have beneficial effects to the development and maintenance of a healthy
microflora that subsequently has health benefits to humans. Some of the health benefits attributed to
probiotics have been noted to be via their immune modulatory properties suppressing inflammatory
conditions. Hence, probiotics have become prominent in recent years of investigation with regard
to their health benefits. As such, in the current study, we determined the effects of Streptococcus
thermophilus to agonist MBP83–99 peptide immunized mouse spleen cells. It was noted that Streptococcus
thermophilus induced a significant increase in the expression of anti-inflammatory IL-4, IL-5, IL-10
cytokines, and decreased the secretion of pro-inflammatory IL-1β and IFN-γ. Regular consumption of
Streptococcus thermophilus may therefore be beneficial in the management and treatment of autoimmune
diseases such as multiple sclerosis.

Keywords: probiotics; Streptococcus thermophilus; ST285; MBP83–99 peptide; mannan; immune
modulation; multiple sclerosis; agonist peptide

1. Introduction

There is an increasing trend in immune-mediated disorders across the world that is believed to
be in part, a result of intestinal dysbiosis. The imbalance in the intestinal ecosystem can lead to a
dysfunctional immune system that consequently causes immune disorders including autoimmune
diseases (multiple sclerosis, MS) and other inflammatory disorders [1,2]. Probiotics have long been
implicated for the overall improvement of health and the management of a number of health conditions
including infection, constipation, allergies, and autoimmune diseases, and are either consumed in the
form of different fermented foods and dairy products or taken as capsules. In either case, there is
strong evidence that suggests that the ingestion of probiotics can alter intestinal dysbiosis and relieve
dysfunctionality complications, with subsequent improvements to health [3].

Probiotic bacteria have been evolved inside the human intestinal tract (GIT), and through this
co-evolution, the gut and its microbiome have developed a symbiotic relationship that is of mutual
benefit. While the GIT microflora relies on the gut’s warm habitat and food content, in return, it not
only provides numerous unique bioactive components such as vitamins B and K, minerals, short chain
fatty acids (SCF), and miosins to the host, but it also assists in modulating the immune system [3].
In fact, probiotics are able to modulate monocytes, macrophages, B cells, T helper (h)1, Th2, Th17,
regulatory T cells (Treg), natural killer (NK) cells, and dendritic cells (DC) [3–6].

Chronic inflammation is the pathophysiological condition involved in neuro-degenerative
disorders including MS, Parkinson’s disease, and Alzheimer’s disease [7,8]. There is cross-talk
between the gut microbiota and the central nervous system (CNS) [8–10], known as the gut–brain
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axis. An insufficient or imbalanced GIT microflora can also lead to dysfunctions in the gut–brain axis
and the pathogenesis of a number of diseases inside the GIT (such as inflammatory bowel disease,
IBD) and outside the GIT (such as the CNS). Experimental autoimmune encephalomyelitis (EAE)
is an animal model of human MS that has been used to study the effects of probiotic bacteria on
CNS [11,12]. One of the safe and appropriate ways to modulate T cells in MS is to orally administer
specific autoantigens [13,14]. Administration of Bifidobacteria or Lactobacteria probiotic strains to mice
has been shown to increase Treg cells and tumor growth factor (TGF)-β levels and reduce the severity
of EAE clinical symptoms, in parallel with improvement in the regeneration of myelin in the spinal
cord compared to the control [15,16]. Administration of both Bifidobacteria and Lactobacteria strains
induce an additional significant delay in the onset of EAE and related clinical symptoms, together with
a substantial reduction of mononuclear infiltration into the CNS, and increased level of Treg cells of the
CD4+CD25+Foxp3+ phenotype in mouse spleen and lymph nodes.

In SJL/J mice, immunization with the MBP83–99 peptide mixed with mycobacterium stimulates
autoimmune CD4+ T cells in mice, and induces EAE [7,17]. Major histocompatibility complex (MHC)
class II H-2s haplotype in the SJL/J mouse strain resembles many clinical, histopathological, and
immunological characteristics of human MS, thus the SJL/J mouse is regularly used for immunization
studies. Different peptides are immunogenic in different mouse strains however, in the SJL/J mouse
strain, the peptide MBP81–100 binds to MHC class II H-2s with high affinity with the minimum
epitope being MBP83–99 [7,17]. As such, the MBP83–99 epitope has been used as an agonist peptide
to immunize mice for the activation of CD4+ T cells [7,17]. We have shown that injection of the
MBP83-99 peptide conjugated to the carrier mannan or mixed in complete Freund’s adjuvant induces
Th1 pro-inflammatory interferon-gamma (IFN γ-g) secreting CD4+ T cells [18–25]. Studies have shown
that there is a cross-reactivity between the MBP self-peptide and some microbial peptides (i.e., UL15,
PMM) for Hy.1B11 T cell receptor (TCR), which has been isolated from a patient with MS. It has been
highlighted that there are chemical interactions underlying the recognition mechanisms between TCR
and the peptides presented by MHC proteins, as a critical constituent in adaptive immune responses
to foreign antigens [26].

The Streptococcus genus constitutes over 100 species, amongst which S. thermophilus (ST) are
non-pathogenic and food related bacteria that represent outstanding technological features in the food
industry [27]. ST are commonly used as secondary starter cultures in dairy products to transform
lactose into lactic acid and to acidify the pH of milk [27,28], contributing to both the fermentation and
flavoring of dairy products [29]. Most probiotics belong to lactic acid bacteria (LAB); Gram-positive
lactic acid producing bacteria that include lactobacilli, bifidobacterial, and enterococci [3]. As such, live
LABs are not only used in foods for their health benefits, but exopolysaccharide-producing strains of ST
such as ST1342, ST1275, and ST285 are generally used due to their beneficial properties (i.e., relieving
lactose intolerance and suppressing acute conditions such as acute ulcerative colitis) [29]. Additionally,
experimental studies designed to investigate the effect of VSL3 (Streptococcus, Bifidobacterium, and
Lactobacillus species) on the peripheral immune system and the GIT microbiota in MS patients and
healthy subjects showed improved abundance of many taxa with enriched taxa mainly consisting of
Lactobacillus, Streptococcus, and Bifidobacterium. VSL3 also induced peripheral anti-inflammatory
immune responses [30].

We recently showed that ST bacteria have anti-inflammatory properties [29]. U937 pro-monocytic
cell line co-cultured with three ST bacteria (ST1342, ST1275 and ST285) induced an anti-inflammatory
profile [29]. ST285 was further shown to have immune modulating effects via gene arrays to human
peripheral blood mononuclear cells (PBMC) [31] and monocyte cells isolated from PBMC [32]. Herein,
we immunized SJL/J mice with agonist MBP83–99 peptide conjugated to mannan three times, isolated
spleen cells, and after re-stimulation of spleen cells with the MBP83–99 peptide, IFN-γ was secreted
by spleen cells. Re-stimulation of spleen cells with the MBP83–99 peptide in the presence of ST285
probiotics was able to downregulate IFN-γ responses and stimulate the Th2, IL-4, IL-5, and IL-10
cytokine profile. These studies show that probiotics are able to modulate and alter the immune profile
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of MBP83–99 specific cells to anti-inflammatory, which warrant in vivo EAE mouse experiments and
hold promise as a therapeutic alternative approach to MS in human clinical trials.

2. Materials and Methods

2.1. Bacterial Strains

Pure bacterial cultures of S. thermophilus 285 (ST285) were obtained from the Victoria University
culture collection (Werribee, Vic, Australia). Stock cultures were stored in cryobeads at −80 ◦C. Prior to
each experiment, the cultures were propagated in M17 broth (Oxoid, Denmark) with 20 g/L lactose
and incubated at 37 ◦C under aerobic conditions. Bacteria were also cultured on M17 agar (1.5% w/v
agar) with 20 g/L lactose (Oxoid, Denmark) to assess the characteristics, morphology, purity, and
Gram-positive confirmation [1].

2.2. Preparation of Live Bacterial Suspensions

Media were prepared and autoclaved at 121 ◦C for 15 min prior to the experiments. Bacterial
cultures were grown three times in M17 broth with 20 g/L lactose at 37 ◦C aerobically for 18 h with a 1%
inoculum transfer rate [33]. Cultures grow optimally at 37–42 ◦C for 24 h [29]. The growth period of
cultures were consistent at 18 h (at the end of the exponential growth phase) and before the stationary
growth phase to prevent cell lysis.

2.3. Enumeration of Bacterial Cells

For the actual experiment, bacteria were grown in broth media to the stationary phase at 37 ◦C
aerobically, pelleted by centrifugation (6000× g) for 15 min at 4 ◦C, transferred, and resuspended in
Dulbecco’s phosphate-buffered saline, pH 7.4 (Invitrogen, Pty Ltd. Australia). The bacterial density in
suspension was adjusted to 108 colony forming units (cfu)/mL for final concentration by determining the
optical density at 600 nm, followed by two washes with Dulbecco’s phosphate-buffered saline. These
samples constituted the live-cell suspensions and were resuspended in the Roswell Park Memorial
Institute (RPMI) 1640 culture media prior to co-culturing with spleen cells [1].

2.4. Mouse Experimental Procedures

2.4.1. Mice, Conjugates, and Immunization Schedule

Female SJL/J mice, aged 6–9 weeks, used in all experiments were purchased from the Animal
Resources Center (ARC, Perth, Australia), and accommodated at the animal house (Victoria University,
Werribee campus, Melbourne, Australia). All mice were ensured free access to water and food, and
were housed in a temperature controlled room with a 12 h day 12 h night cycle. All immunizations
were conducted according to the guidelines of the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes and the study was approved by the Victoria University Animal Ethics
Committee (AEC15/013) of Victoria University, Melbourne, Australia.

The MBP83–99 agonist peptide of over 99% purity with (KG)5 at the C-terminus was conjugated to
mannan via a method previously described [34–38]. Briefly, 14 mg of mannan (Sigma, VIC Australia)
was oxidized in sodium carbonate buffer and 0.1 M sodium periodate at 4 ◦C after which ethylene glycol
was added and incubated for 30 min at 4 ◦C. Oxidized mannan comprising aldehyde groups was passed
through a PD-10 column (Sigma, VIC Australia) pre-equilibrated in carbonate-bicarbonate buffer pH
9.0 and 2 mL of oxidized mannan was collected and 1 mg of MBP83–99-(KG)5 peptide was added and
allowed to react overnight at room temperature in the dark. The resultant MBP83–99-(KG)5-mannan
conjugate was used to immunize the mice.

The MBP83–99 mannan peptide conjugate (50 μg/mouse) was injected in the SJL/J mice
subcutaneously into the base of the tail, three times, every two weeks [17]. This conjugate has
been shown to induce T cell proliferation and IFN-γ cytokine secretion to the agonist MBP83–99 peptide
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in SJL/J mice [17,19,23,24]. Ten to fourteen days after the three injections, spleen cells were isolated, red
blood cells were lysed using 0.73% NH4Cl, and counted.

2.4.2. Isolation of Spleen Cells and In Vitro Stimulation with ST285

Spleen cells were resuspended in RPMI 1640 media supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen, Pty Ltd. Australia), 1% antibiotic-antimycotic solution, and 2 mM
L-glutamine in T75 cm2 cell culture flasks. Mouse spleen cells (1 × 107) in RPMI media only was used
as the negative control, 5 μg/mL recall agonist MBP83–99 peptide was used as the recall control, or
1 × 108 ST285 bacteria were added together with the MBP83–99 peptide, and cultured at 37 ◦C, 5%
CO2 for 24 h [29]. We previously showed that 24 h co-culture was adequate for the stimulation of the
monocyte/macrophage cell line, human peripheral blood mononuclear cells, and human monocytes
isolated from peripheral blood mononuclear cells [29,32]. At the end of the culture period, cells were
transferred into falcon tubes, and centrifuged for 5 min at 1200 rpm to pellet the cells. All cell-free
supernatants were collected and frozen at −20 ◦C until cytokine analysis.

2.5. Cytokine Production Analysis

Cytokine secretion of the spleen cell culture supernatants was analyzed by commercially available
capture and detection antibodies in a Bioplex multiplex bead assay for a panel of nine mouse cytokines
and chemokines using a 9-plex kit (BioRad, Melbourne Australia) to measure Interleukin (IL)-1β,
IL-2, IL-4, IL-5, IL-6, IL-10, GM-CSF, TNF-α, and IFN-γ. Cell-free supernatants were collected and
the assay procedures were performed according to the manufacturer’s instructions. Briefly, a flat
bottom 96-well plate was coated with 1× coupled beads and washed twice, followed by adding the
standard serial dilutions, blanks, and samples to assigned wells. Post incubation at shaking at room
temperature, plates were washed twice, adequate 1× detection antibody was added, and incubated at
room temperature. Plates were washed three times and 1× Streptavidin Phycoerythrin (SA-PE) stop
solution was added to each well, followed by incubating at room temperature and washing. Data
collection was repeated twice, data were expressed as the mean cytokine response minus background
(pg/mL) of each treatment from three replicate wells, plus or minus the standard error of the mean.

2.6. Statistical Analysis

Significant differences between all treatment groups were tested by analysis of variance (ANOVA)
using the Statistical Package for the Social Sciences for Windows 25.0 (SPSS; IBM Corp), followed by a
comparison between treatments performed by Tukey’s honest significance test/degree and Fisher’s
least significant difference method, with a level of significance defined as p < 0.05.

3. Results

3.1. ST285 Reduces Pro-Inflammatory TNF-α and IFN-γ Production by MBP83–99 Primed Mouse Splenocytes

Interferon gamma (IFN-γ) is a pro-inflammatory Th1 cytokine involved in macrophage activation
and cellular immunity. IFN-γ promotes Th1 cells and inhibits Th2 anti-inflammatory cells. In MS,
IFN-γ is induced following CD4+ T cell activation by agonist peptide MBP83–99. SJL/J mice immunized
with MBP83–99–mannan conjugates induced IFN-γ responses by spleen cells, following overnight
MBP83–99 peptide re-stimulation (Figure 1A, p < 0.01). Spleen cells re-stimulated with the agonist
MBP83–99 peptide in the presence of ST285 reduced IFN-γ cytokine secretion (Figure 1A, p < 0.05).
TNF-α, a Th1 cytokine, was not secreted by spleen cells from immunized mice wither by re-stimulation
of the MBP83-99 peptide or MBP83-99 peptide plus ST285 (Figure 1B).

92



Brain Sci. 2020, 10, 126

Figure 1. S. thermophilus 285 reduces pro-inflammatory cytokine production by mouse splenocytes.
Spleen cells isolated from immunized mice (n = 3) were stimulated with S. thermophilus (ST) ST285
and recall agonist MBP83–99 peptide for 24 h and secretion of (A) IFN-γ and (B) TNF-α were measured.
Recall MBP83–99 peptide was used as an internal positive control, and media refers to spleen cells from
immunized mice (n = 3) without any additional recall peptide, or ST285 probiotic bacteria plus the
MBP83–99 peptide. Means of two different readings of three replicate experiments were measured and
analyzed. The means of readings for n = 3 mice were calculated and presented as plus or minus (±) the
standard error of the mean. Symbols represent the p value for the Tukey test (one way ANOVA) where
* p < 0.05 and ** p < 0.01.

3.2. ST285 Decreases Secretion of IL-1β, IL-2, and IL-6 by Mouse Spleen Cells

Secretion of IL-1β was slightly, but significantly reduced in immunized mouse spleen cells
re-stimulated with the MBP83–99 peptide and ST285 compared to no re-stimulation, or the MBP83–99

peptide re-stimulation without ST285 (p < 0.05) (Figure 2A). IL-2 production was significantly increased
in immunized spleen cells re-stimulated with the MBP83–99 peptide (p < 0.01), which was weakly but
significantly decreased as a result of the co-stimulation of mouse spleen cells with the MBP83–99 peptide
plus ST285 (p < 0.05) (Figure 2B). The production of IL-6 was profoundly increased by immunized
mouse spleen cells upon co-culture of ST285 and the recall MBP83–99 peptide compared to the control
media or MBP83–99 recall peptide (p < 0.001) (Figure 2C); spleen cells recalled with the MBP83–99 peptide
alone also increased IL-6 secretion.

3.3. ST285 Induces Anti-Inflammatory Cytokine Profile by Mouse Splenocytes

Mice immunized with the MBP83–99 agonist peptide did not induce IL-4, IL-5, and IL-10
anti-inflammatory cytokines in the control (media alone) and recall agonist peptide MBP83–99 (Figure 3).
However, the Th2 anti-inflammatory cytokine IL-4 was significantly (p< 0.001) increased by immunized
mouse spleen cells when the MBP83–99 recall peptide was co-cultured with ST285 probiotic bacteria
(Figure 3A). IL-5 was also increased by immunized spleen cells following co-culture with ST285 and
the recall agonist MBP83–99 peptide (Figure 3B) (p < 0.01). The anti-inflammatory IL-10 cytokine
was also significantly increased by immunized mouse spleen cells when co-cultured with ST285 and
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agonist recall MBP83–99 peptide compared to the MBP83–99 peptide alone or media control (p < 0.001)
(Figure 3C).

Figure 2. S. thermophilus 285 decreases expression of IL-1β, IL-2, and increases IL-6 by mouse spleen
cells. Spleen cells isolated from immunized mice (n = 3) were stimulated with S. thermophilus (ST)
ST285 and recall agonist MBP83–99 peptide for 24 h and secretion of (A) IL-1β, (B) IL-2, and (C) IL-6
were measured. Recall MBP83–99 peptide was used as the reference peptide, and media refers to spleen
cells from immunized mice (n = 3) without any additional recall peptide or ST285 probiotic bacteria
plus MBP83–99 peptide. Means are shown as plus or minus (±) standard error of the means. Symbols
represent the p value for the Tukey test (one way ANOVA) where * p < 0.05 and ** p < 0.01 and
*** p < 0.001.
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Figure 3. S. thermophilus 285 induces the anti-inflammatory cytokine profile by immunized mouse
splenocytes. Spleen cells isolated from immunized mice (n = 3) were stimulated with S. thermophilus
(ST) ST285 and the recall agonist MBP83–99 peptide for 24 h and the secretion of (A) IL-4, (B) IL-5, and
(C) IL-10 were measured. Recall MBP83–99 peptide, media alone, or recall MBP83–99 peptide plus ST285
are shown from immunized mice (n = 3). The means of readings for n = 3 mice were calculated and
presented as plus or minus (±) the standard error of the mean. Symbols represent the p value for the
Tukey test (one way ANOVA) where ** p < 0.01 and *** p < 0.001.

3.4. ST285 Does Not Alter the Secretion of Granulocyte-macrophage Colony-stimulating Factor by Mouse
Spleen Cells

Secretion of granulocyte-macrophage colony-stimulating factor (GM-CSF) did not show any change
by immunized mouse spleen cells upon co-culture with ST285 and agonist recall MBP83–99 peptide
compared to the negative control or MBP83–99 peptide (Figure 4), despite significant upregulation of
GM-CSF by ST285 on monocytes/macrophage cells [29].
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Figure 4. S. thermophilus 285 does not alter secretion of GM-CSF by mouse spleen cells. Spleen cells
isolated from immunized mice (n = 3) were stimulated with S. thermophilus (ST) ST285 and the recall
reference peptide for 24 hours and secretion of GM-CSF was measured. Recall MBP83–99 peptide, media
alone, or recall MBP83–99 peptide plus ST285 are shown from immunized mice (n = 3). The means
of readings for n = 3 mice were calculated and presented as plus or minus (±) the standard error of
the mean.

4. Discussion

The Th1 pro-inflammatory cytokines IFN-γ and TNF-α are both involved in the defense against
bacterial infections and in acute phase reactions. In MS, these two cytokines are implicated in the
pathogenesis of disease by stimulating CD4+ T cells against the myelin sheath. Mice immunized
with the mannan MBP83–99 peptide stimulated IFN-γ secretion, which was reduced in the presence of
ST285. This reduction is very important in the context of inflamed situations such as autoimmune
and inflammatory diseases, as any reduction in the amount of mediators that cause inflammation
is imperative in the relief of symptoms. We previously noted that high levels of TNF-α and IFN-γ
was secreted by the U937 monocytic cell line in the presence of ST285 [29]. However, the addition
of ST285 to the MBP83–99 recall peptide reduced IFN-γ secretion by mouse splenocytes. Spleen cells
were populated with B, T, NK cells, macrophages, and monocytes, while the U937 cell line that we
previously used were purely monocytic/macrophage cells. Additionally, the polarized inflammatory
state of cytokines as a result of the immunization regimen and further exposure of spleen cells to the
recall MBP83–99 peptide that operate as inflammatory stimuli, compared to the U937 monoclonal cells
only being exposed to ST285 bacteria, might give a clue as to the ability of ST285 probiotics to dampen
the inflammatory immune response in the instance of exposure to polyclonal spleen cells.

Secretion of IL-1β by monocytes is involved in regulating the immune and inflammatory responses
to infections and injuries; therefore, it has a role in innate immunity. IL-1β is also a major mediator in
inflammatory responses associated with various cellular activities such as differentiation, proliferation,
and apoptosis [39]. In addition, IL-1β is a regulator of inflammatory reactions and is involved in
the stimulation of the central nervous system through cyclooxygenase-2 (PTGS2/COX2), which is
involved in neurodegenerative disorders such as MS [33,40], Down’s Syndrome, Alzheimer’s disease,
and HIV-associated dementia [41,42].

We noted the secretion of IL-1β by immunized mouse spleen cells was marginally, but significantly
reduced in the presence of ST285 with the recall MBP83–99 peptide. We previously noted that ST285 did
not induce IL-1β cytokine to the U937 cell lines, however, significant upregulation of IL-1β mRNA was
induced by human PBMC [31] and monocytes post co-culture with ST285 [32]. It is therefore clear that
the immunized mouse spleens and the recall of T cells with the MBP83–99 peptide in the presence of
ST285 caused a reduction in IL-1β secretion. Likewise, IL-2 was marginally decreased in the presence
of ST285 compared to the increased secretion caused by the MBP83–99 peptide in the positive control.
Co-culturing human PBMC with ST285 also downregulates IL-2 mRNA expression [31].
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IL-6 is produced by activated immune cells including DC, B cells, and macrophages. Although IL-6
is associated with acute phase responses, it is also associated with a reduction of Th1 polarization, while
promoting Th2 differentiation, B cell maturation, and macrophage differentiation. Proliferation and
differentiation of Th2 cells changed the polarized Th1 environment and skewed the Th1/Th2 balance
toward Th2, which is beneficial in relieving autoimmune conditions such as MS. IL-6 production was
significantly higher (three times) in mouse splenocytes cultured with ST285 compared to the control,
hence, it is likely that ST285 bacteria may potentially change the balance toward a healthier state in MS.
We previously noted significant upregulation of IL-6 to human monocytes [manuscript submitted]
and to bulk PBMC co-cultures [31] with ST285, which are also in accord with the increase in IL-6
levels by the U937 promonocytic cell line co-cultured with ST285 [29]. Likewise, the commercially
used probiotic L. paracasei DG induces IL-6 cytokines to the THP-1 human monocyte cell line [43].
In contrast, ingestion of B. bifidum by mice did not increase the IL-6 levels, but boosted anti-oxidation
activities in the spleen and thymus of mice and improved other immune functions by changing the
gene expression of immune mediators [44].

It is likely that the constant-shifting in the equilibrium and the dynamics that exist between pro-
and anti-inflammatory cytokines will lead to some controversy in the research findings regarding IL-6.
On one hand, IL-6 may ease the autoimmune condition due to its downstream immunological effects.
On the other hand, elevated levels of pro-inflammatory effector T cell cytokines such as IFN-γ, IL-17 as
well as IL-6 are noted in patients with autoimmune myasthenia gravis and MS [45]. Thus, it might be
likely that the role that cytokines such as IL-6 play may depend on their bio-environment and may be
advantageous to the body, if probiotics such as ST285 are used for neutralization and/or reversing from
a pro- to an anti-inflammatory state in the body.

IL-4 is one of the important cytokines required for anti-inflammatory responses against
inflammatory conditions such as MS and allergies [29]. IL-4 production was significantly increased
by mouse spleen cells in the presence of the recall MBP83–99 peptide and ST285 compared to either
the MBP83–99 peptide alone or the negative control (media). Likewise, it was previously noted that
ST285 induced U937 monocytic cells to produce IL-4, although no changes to mRNA expression
levels of IL-4 were noted to human monocytes or to bulk human PBMC following co-cultures with
ST285 [31]. In contrast, feeding BALB/c mice with L. paracasei BEJ01 alone or combined with aflatoxins
B1 (AFB1) and fumonisin B1 (FB1) (known foodborne mycotoxins with immunomycotoxic effects on
human health) was used to evaluate L. paracasei BEJ01 detoxification [46]. Assessing different splenic
immunological factors indicated that exposure to these mycotoxins led to increased IL-4 mRNA levels,
oxidative stress, and immunotoxicity in the spleen [46] whereas the combined LAB treatment with
AFB1 or FB1 suppressed and normalized mRNA levels of IL-4, showing protective effects induced
by LAB against AFB1 and FB1 via diminishing toxin adhesion and bioavailability [46]. In contrast,
spleen cells isolated from BALB/c mice in vitro co-cultured individually with LAB strains (L. casei Lc2w
(Lc), L. plantarum CCFM47 (Lp), and L. acidophilus CCFM137 (La)) showed reduced IL-4 production
by spleen cells exposed to La only, while parallel animal studies displayed LAB-induced alleviation
of inflammation post airway allergy for all strains through increased Treg cells and modulation of
Th1/Th2 balance [47].

The anti-inflammatory cytokine IL-5 is produced by Th2 cells and mast cells. In the event of infection
with helminth parasites, IL-5 leads to a lesser risk of autoimmune disorders, which is indirectly accredited
to some therapeutic characteristics of IL-5 in autoimmune disorders. We noted a slight increase in the
IL-5 production by spleen cells in response to ST285, whereas no changes to the mRNA expression
levels of IL-5 were previously noted in ST285 co-cultures with human PBMC or human monocyte cells
[manuscripts submitted]. A study showed that treating mice with Fasciola hepatica excretion/secretions
(FHES) reduced EAE clinical signs due to a significant decrease in the infiltration of Th1 and Th17 cells
into the brain and an increase in IL-5 (and IL-23) response, with subsequent increase in eosinophils [48].
It is likely that the small but significant increase of IL-5 may be beneficial to MS.
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IL-10, an anti-inflammatory cytokine, is secreted by Th2 and Treg cells. Amongst all the
anti-inflammatory cytokines and chemokines, anti-inflammatory properties of IL-10 are the most
potent in suppressing inflammatory mediators by other activated immune cells (TNF-α, IFN-γ, IL-1,
IL-17, and IL-23 cytokines) [49]. A significant amplification in the IL-10 levels secreted by the spleen
cells in the presence of ST285 was noted, which was similarly shown for the U937 monocytic cell
line in the presence of ST285 and to human PBMC, although no significant changes were shown in
human monocyte cells [manuscripts submitted]. Likewise, oral administration of L. reuteri and L. lactis
strains to mice stimulated the production of anti-inflammatory IL-10 and Treg cells [50,51]. In addition,
sub-clinical studies of L. salivarius UCC118, L. lactis MG1363, and L. plantarum WCFS1 administered to
mice and re-exposure of their isolated bone marrow cells to the three bacterial co-cultures showed all
three strains differentially stimulated IL-10 production [52]. Correspondingly, when DC from spleen
and mesenteric lymph nodes of mice were matured using L. acidophilus X37 and exposed to commensal
gut Bifidobacterium longum Q46, L. acidophilus X37, and Escherichia coli Nissle 1917, increased IL-10 levels
were noted [53]. Similarly, after BALB/c mice were fed with L. paracasei BEJ01 alone or combined with
aflatoxins B1 and fumonisin B1, high IL-10 mRNA levels were induced [46]. In addition, mice fed with
kefir-derived Lactobacillus kefiri CIDCA 8348 also increased IL-10 gene expression [54]. In the context
of MS, the use of ST285 was shown to downregulate Th1 responses and upregulate Th2 responses,
something of the utmost importance to patients with MS to alleviate MS symptoms and/or reversal of
the disease [31].

5. Conclusions

Immunization of SJL/J mice with agonist MBP83–99 peptide conjugated to mannan induces Th1
pro-inflammatory IFN-γ responses and no Th2 anti-inflammatory responses when spleen cells are
co-cultured in vitro in the presence of the agonist recall MBP83–99 peptide. However, stimulation
of spleen cells with the recall MBP83–99 peptide in the presence of ST285 significantly increased the
secretion of IL-4, IL-6, and IL-10, along with mild upregulation in IL-2 and IL-5, suggesting a role for
ST285 in the activation of immune response phenotypes toward a predominant anti-inflammatory
profile, tolerance, and suppression of inflammation. In addition, ST285, downregulated the secretion
of IL-1a and IFN-γ—the immune mediators involved in Th1 type responses—collectively pointing to a
shift in immune responses from Th1 to a Th2 phenotype. More importantly, the significant increase of
IL-10 could further contribute by the differentiation of naïve CD4+ T cells and proliferation of Tregs,
which can also drive the immune balance further toward a dominant anti-inflammatory phenotype.
Additionally, given the drastic increase of GM-CSF in our previous studies of ST285 co-cultured with
the U937 monocytic cell line, human PBMC, and human monocyte cells, and no change to the secretion
of GM-CSF in spleen cells with GM-CSF being a major cytokine for proliferation and recruitment of
the immune cells, this might indicate a deliberate and purposeful neutralization of GM-CSF by ST285.
The effects of ST285 on the immune response could be used as a novel approach in modulating chronic
inflammatory and autoimmune conditions such as MS. Further studies should involve the effects
of ST285 in mice with EAE or be used to prevent EAE induction, which will pave the way for new
modalities for the treatment of MS in human clinical trials.
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Abstract: An increase of multiple sclerosis (MS) incidence has been reported during the last decade,
and this may be connected to environmental factors. This review article aims to encapsulate the
current advances targeting the study of the gut–brain axis, which mediates the communication
between the central nervous system and the gut microbiome. Clinical data arising from many research
studies, which have assessed the effects of administered disease-modifying treatments in MS patients
to the gut microbiome, are also recapitulated.

Keywords: gut microbiome; gut–brain axis; metagenomics; multiple sclerosis; disease-modifying
treatments

1. Introduction

The prevalence of multiple sclerosis (MS) has reportedly increased over the last few decades,
showing both higher absolute numbers of patients and a real increase in MS incidence [1,2]. Overall,
the number of patients afflicted with MS may be increasing due to a prolongation of their life expectancy
and of the disease duration. Moreover, the integration of MAGNIMS (magnetic resonance imaging in
multiple sclerosis) consensus in the diagnostic criteria for MS and the universal application of these
criteria, together with their constant re-evaluation in order to achieve optimal sensitivity and specificity,
allow for more accurate and early diagnoses [3,4]. The development of novel disease-modifying
treatments (DMTs) that are effective in controlling disease activity and delaying progression (even
in cases with highly active disease [5]), as well as the increase in physician’s awareness towards
complications of the disease (such as spasticity, urinary disturbance, and chronic infections [6]),
are also measures that increase life quality, and ultimately survival, for patients with MS. Moreover,
the combined efforts of medical societies worldwide towards the development and application of
universal registries and patient databases have led to improved case ascertainment that has also
contributed to the observed increase of MS frequency [7]. In addition to the aforementioned advances
in the health system and the medical services provided, a true increase in the incidence of MS has
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occurred in several ethnic populations over the last few decades. This is indicated by (i) the minimal
number of ethnic populations that still remain free of the disease; (ii) a well-documented increase of
the frequency of MS in previously low-incidence populations, such as in Asia, Southern and Eastern
Europe; and (iii) the wider age window, i.e., younger than 16 and older than 50 years of age, in which
the disease onset occurs [1,8,9]. According to the hygiene hypothesis, advanced civilization and
technological progress in the recent past led to an improvement of the hygiene level of the overall
life conditions for several ethnic populations and this improvement may be linked to increased MS
frequency. In this respect, the observed alterations in MS incidence may be linked to an environmental
shift towards a more MS-predisposing status. Another likely scenario is that the relative significance of
the environmental factor with respect to MS pathogenesis has increased in the 21st Century.

This review aims to summarize the recent advances that have been achieved in the analysis
of gut microbiota, an environmental factor with a well-described impact in autoimmunity, and to
provide a critical assessment of the derived knowledge with respect to the role of gut microbiota in
MS pathogenesis. Moreover, we attempt to form key questions in order to position the derived
knowledge into a valuable context with respect to personalized medicine and patient-tailored
therapeutic approaches.

2. The Environmental Factor in Autoimmune Disease

A complex interplay between genetic and environmental factors is necessary for the development
of autoimmunity. In MS, genetically predisposing factors have been recognized, with specific
polymorphisms of the major histocompatibility complex (MHC), namely the human leukocyte antigen
(HLA) system, to be the factors accounting for the majority of cases [10]. For instance, beta chain of
HLA (HLA-DRB1 ) and DQ beta 1 chain of HLA (HLA-DQB1)polymorphisms have been implicated in
MS predisposition in Caucasians. In addition, more than 130 single nucleotide polymorphisms (SNPs)
implicated in various responses of the innate and adaptive immune system, as well as in cell survival
and/or pathways of cellular death, have been recognized. However, even by considering the cumulative
effect of these polymorphisms, the effect of the genetic factor itself does not account for more than
30% of MS cases [10]. Environmental factors have long been implicated in MS pathogenesis, and they
include lifestyle conditions, such as smoking and the level of physical exercise, as well as the type
of overall diet (e.g., Western, Eastern, or Mediterranean) and/or specific dietary parameters, such as
vitamin D and salt intake [11,12]. Recently, it became evident that dietary and lifestyle conditions may
exert a profound impact on the gastrointestinal tract (GI) and, more specifically, the intestine. This is
an organ that appears to pose a significant role in regulating several responses of the signaling systems
of the human organism, namely the endocrine, the immune, and, more remotely, the central nervous
system (CNS) [13,14].

More importantly, the genetic factor itself is the main factor that is present upon the prenatal
and immediate postnatal stage that determines predisposition towards disease at a level that remains
relatively constant throughout life. Nonetheless, its outcome is subject to the effect of several
environmental factors that are, overall, actively present throughout life. Each factor acts for an
individual period of time and possibly affects a specific stage of disease pathogenesis, namely the
predisposition, onset, and/or course of the disease [15]. According to the classical paradigm of
genetics–environment interplay, gene polymorphisms are constant for a given individual and exert an
effect upon their phenotype that remains constant throughout life. Environmental factors, on the other
hand, continue to exert a biological effect that may be cumulative for the time period that the factor is
present, or they may act as triggers that induce the onset of disease. An environmental factor may,
therefore (i) act before the biological onset of the disease, thus contributing towards predisposition;
(ii) act upon disease onset (trigger); or (iii) be present during the disease course, according to the LEARn
(Latent Early Life-Associated Regulation) model, an epigenetic model of disease development described
by Lahiri et al. Similarly, the GERSMS (Genetic and Environmental Risk Score) has been proposed
as a means to quantify a combined estimate of an individual’s genetic burden and environmental
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exposures [16]. Special notice has been taken with respect to (i) the Western diet (ii) other lifestyle
conditions, such as smoking, lack of physical excersise etc.; (iii) specific virus infections, such as the
Epstein-Barr virus; (iv) the wide use of antibiotics; and (iv) the high sanitary level, as factors that
promote pro-inflammatory responses; Several of these factors are present early (age <15 years old) in
life [17].

3. Gut Microbiota and the Role of Intestinal Dysbiosis

The human GI tract is colonized by approximately 1014 different populations of microorganisms.
Overall, gut microbiota are nowadays regarded as a separate organ in the human body, weighing
approximately 2 kg and carrying information that is at least 100 times larger than the number of human
genes for an individual [18]. Under steady-state conditions, these microorganisms are symbiotic,
in the sense that they contribute to the homeostasis of the human organism. More specifically, gut
microbiota (i) contribute to the maintenance of the motility and permeability of the gut; (ii) prevent
colonization by pathogens; (iii) mediate nutrient metabolism; (iv) participate in the production of
vitamins, such as vitamin B complex, vitamin K, and folate; and (v) promote intestinal epithelial
functions, such as absorption and secretion [18]. Recently, gut microbiota have been shown to shape
the immune responses of innate and adaptive immunity, both locally (at the level of the GI mucosa)
and systemically, thus affecting remote organs [19]. Data stemming from two large metagenomic
databases, i.e., the MetaHIT (Metagenomics of the Human Intestinal Tract) and the Human Microbiome
Project, isolated 2172 species in humans that were classified into 12 different phyla, with 93.5%
of them belonging to the Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes [20]. Large
fractions of the phyla Firmicutes and Bacteroidetes reportedly include the genera Prevotella, Bacteroides,
and Ruminococcus, and these are followed in size by Actinobacteria [20]. Moreover, the relative
composition of the gut microbiota does not appear to be constant throughout different parts of the
GI tract. Rather, there appears to be some degree of regional specialization with respect to the exact
microbes that colonize each part of the gut [21]. For instance, frequent Lactobacilli are present in the
duodenum, whereas both Lactobacilli and Streptococci are abundant in the jejunum. A large diversity has
been described for the colon with the caecum and the appendix; these are two areas that also bear larger
burden of microorganisms, in terms of absolute numbers [21]. Similarly, the diversity in microbiota
across the GI tract leads to differential profiles of the metabolites that are produced as a result of the
various microbiota mediating nutrient absorption and metabolism: In the stomach and the duodenum,
vitamin A and aryl hydrocarbon receptors (AHR) ligands are primarily produced, whereas in the colon,
a gradual shift towards higher short-chain fatty acid (SCFA) production is evident [22]. The structural
architecture of the GI tract, as well as the differences in cellular composition and the pH of the adjacent
mucosa, account for the alterations in the microbial composition and in the associated metabolites
across the GI tract. Disequilibrium in the relative composition of intestinal microbiota has recently
been recognized as a common underlying condition in several autoimmune diseases. The alteration
of the intestinal microbial community that might lead to either animal or human diseases is termed
intestinal or gut dysbiosis. Intestinal microbiota have been proven to shape immune responses and to
affect the neural and endocrine systems of the gut. All these pathways exert remote signaling in the
human body and thus bear implications for systemic and organ-specific autoimmunity, as in the case
of the CNS [19].

4. The Gut Microbiota in MS

4.1. Immunoregulation and the Gut–Brain Axis

The enteric nervous system has long been recognized as a second brain. More recently, the gut–brain
axis has been recognized as a bi-directional communication system from the CNS to the gut and vice
versa; this communication is mediated by neuronal connections, neuroendocrine signals, general
humoral signals, and immune signaling [23]. The CNS regulates gut function by promoting gut motility
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via a dense innervation system and by orchestrating local immune responses through the high numbers
of immune cells that are present in the gut. These humoral signals are delivered by the utilization of
common molecular mediators, such as pro-inflammatory cytokines, neuropeptides (like cholecystokinin
(CCK) and leptin), and neurotransmitters (like dopamine (DA), serotonin (5-HT), gamma-aminobutyric
acid (GABA), acetylcholine (Ach), and glutamate [22]). Conversely, structures in immediate proximity
to the microbiota—such as the intestinal epithelial cells and immune cells in gut-associated lymphatic
tissue (GALT) and the enteric nervous system (ENS)—mediate the transmission of signaling pathways
from the gut towards the CNS. In this respect, gut microbiota may modulate the host via several
pathways that originate in parts of the neuroendocrine, neural, and immune systems [23].

For instance, structurally distinct lipopolysaccharide (LPS), a characteristic component of the
outer envelope of many microbes, exhibits a differential immunogenic profile in terms of the associated
cytokines that are produced as a response by the host [24]. Toll-like receptor (TLR) signaling, a part
of the pattern-recognition receptor (PRR) signaling, appears to be a key mediator of the host’s
immune response towards bacteria, as it is the first-line sensing pathway that recognizes microbial
structural patterns.

Moreover, the recognition of bacterial structures by the TLR system prevents microbial translocation
towards the deep layers of the gut lumen, as demonstrated in myeloid differentiation primary response
88 (MyD88) -/- mice that lack the expression of epithelial MyD88-dependent TLR [25]. In the
bi-directional communication between the microbes and the host, it is therefore evident that the host
may also regulate microbial colonization by the early recruitment of sensing and defense mechanisms.
For example, cluster of differentiation antigen (CD) 1d (CD1d)+ invariant natural killer T (iNKT) cells
and γδ intraepithelial lymphocytes (γδ IELs) are T-cell subsets that respond to microbial antigens.
These cells were shown to regulate bacterial colonization in the gut [26]. Local immunoglobulin A
(IgA) production by B-cells is also regarded as a factor regulating gut microflora composition and
density [27,28]. Conversely, germinal center formation and the production of IgA are shaped by
activation of T-follicular helper cells; the latter is induced by microbes and mediated by programmed
cell death protein 1 (PD-1) [28].

4.2. Gut Microbiota and Innate Immunity

Overall, microbiota are essential for priming the gastro-intestinal immune system to evoke specific
immune responses: With respect to the innate immune system, several subsets of cells that participate
antigen presentation respond to microbial stimuli by enhancing cytokine and chemokine production.
The mucosa-associated invariant T (MAIT) cells, which express an invariant α T-cell receptor (TCR)
chain and the non-classical MHC-I related protein located in mucosal tissues (e.g., intestinal lamina
propria), produce diverse pro-inflammatory cytokines, such as interleukin (IL)-17, interferon gamma
(IFNγ), granzyme B, or tumor necrosis factor alpha (TNFα) [29]. By expressing various chemokine
receptors, MAIT cells exhibit a migratory capacity into remote tissues [29]. Natural killer (NK)-cells
increase the expression of co-stimulatory molecules in response to microbial stimuli. NK cells are
essential for the priming of other immune cells and the coordination of the overall host immune
response by the production of IL-4, IL-13, and IFNγ, as well as the promotion of chemokine (C-X-C
motif) ligand 16 (CXCL16) production by epithelial cells [29]. Dendritic cells and macrophages are,
as is known, the classical antigen-presenting cells, and they play a key role in first-line host defense
and the modulation of adaptive immunity. In so doing, they enhance the production of pro-IL-1β and
its processing to bioactive IL-1β by caspase-1, thus discriminating between pathogenic and protective
bacteria and dietary components [30].

4.3. Gut Microbiota and Adaptive Immunity

The adaptive immune system also exhibits the capacity for microbe-driven responses. T-helper
(Th)-17 cells are prevalent in the intestine, and they are important for the gastro-intestinal host defense,
as they secrete cytokines that are involved in the regulation of inflammation (IL-17A, IL-17F, and IL-22).
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Specific microbes are capable of eliciting a differential T-effector phenotype (e.g., Th17 and Tregs) in
the intestines and lymph nodes of mice that exhibit predisposition towards autoimmunity [31,32].
In germ-free mice or antibiotics-treated mice, the number of Th17 cells is reduced along with attenuated
pro-inflammatory responses [33]. Moreover, mice that are resistant to autoimmunity exhibit the
preferential sequestration of Th17 cells in the intestine, whereas peripheral blood Th17 repopulation
by the administration of anti-(a4b7) integrin monoclonal antibodies rescues the autoimmune disease
phenotype [34]. In this respect, the intestine appears to be a key regulating organ of immune
system responses [34,35]. T regulatory (Treg) cells are two- to three-folds higher in abundance in
the gastro-intestinal tract compared to other tissues. Mice with compromised gut microbiota, such
as germ-free mice or antibiotic-treated mice, display a reduced frequency of Treg cells, and these
Treg cells exhibit impaired anti-inflammatory cytokine-secretion, especially IL-10. In these mice,
re-colonization by gut microbes promotes the function and frequency of Treg cells [32,36]. Moreover,
bacterial antigens, such as LPS, are necessary for class-switch recombination in B cells towards IgA
production. Additionally, B-cells primed by bacterial antigens have been shown to participate in
antigen presentation and IgA selection in the germinal centers of the GALT (e.g., Peyer’s patches) [37].

4.4. The Role of Microbial Metabolites

Apart from microbial structural components that may serve as antigens that shape immune
responses in the intestine with implications for systemic disease, other molecular mediators also
exhibit the capacity to induce pro- or anti-inflammatory reactions. Metabolites of microbial origin
are present in the intestine, often as a by-product of nutrient degradation; these molecules may
stimulate immune cells towards activated phenotype and cytokine production. SCFAs are metabolites
produced by intestinal microbes that mediate a well-known anti-inflammatory effect. SCFAs inhibit
histone deacetylases (HDACs) on Treg and microglia, a mechanism mediated by G-protein-coupled
receptors (GPRs) [38]. Moreover, SCFAs may stimulate dendritic cells (DCs) towards the production of
anti-inflammatory molecules, such as retinoic acid (RA) and transforming growth factor beta (TGFβ).
Tryptophan metabolites evidently shape the phenotype of T cell subsets by promoting the production
of either pro-inflammatory Th1 cytokines, such as IFN-γ and IL-2, or anti-inflammatory Th2 cytokines,
such as IL-4 and IL-10 [38]. Tryptophan metabolites may also promote the Th17 pro-inflammatory
phenotype by acting on AHR, a signaling pathway known to also affect astrocyte activation in the CNS
as a response to microbial stimuli from the systemic circulation [38].

4.5. The Role of Intestinal Barrier

Clinical and experimental evidence on the role of the intestinal barrier and its structural and
functional integrity has recently elucidated aspects of the interplay between intestinal microbes and
the host. An impaired intestinal barrier is regarded a common underlying condition in several
autoimmune diseases of the gut that exhibit systemic implications, such as inflammatory bowel
disease (IBD). In this respect, impaired intestinal barrier integrity exposes the cells of the local and,
more importantly, of the systemic immune system to stimuli of microbial origin with a potential to
elicit immune responses, as suggested in the context of the leaky gut theory. Intestinal dysbiosis
appears to mediate barrier dysfunction, as this microbiome-related process may induce changes in
mucus composition, enterocyte apoptosis and tight junction dysfunction through the translocation of
associated structural components, as well as bacterial translocation to the lamina propria [39]. These
alterations lead to an increased homing of lymphocytes in the lamina propria, the immunological
layer of the intestinal barrier, and, in doing such, they contribute in the host’s predisposition towards
local and systemic autoimmune responses. In the case of MS, such intestinal barrier alterations are
linked to the presence of increased LPS and LPS-mediated signaling in the lamina propria, leading to
chronic low-grade inflammation and endotoxemia [39]. Concomitant reduction in SCFAs associated
to dysbiosis, that is, reduced microbial diversity, a condition frequently described in MS, results in
compromized intestinal barrier and thus predisposes towards systemic pro-inflammatory reactions.
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In the CNS, microglia and astrocytes respond to pro-inflammatory stimuli from systemic circulation
and acquire activated phenotypes, thus further promoting pro-inflammatory milieu in the context of
CNS autoimmunity [39]. In this respect, the intestinal barrier has recently emerged as a novel target of
pharmacological intervention in MS. This is because the restoration of the intestinal barrier may reduce
the exposure of the cellular components of the systemic immune system to microbial derivatives and
the associated pro-inflammatory cascade.

4.6. Mechanisms of Immune-Modulation by Intestinal Microbiota—Experimental Evidence

Experimental evidence has dictated that the presence of intestinal microbiota is necessary in
order for CNS autoimmunity to develop. In a myelin oligodendrocyte glycoprotein-specific t cell
receptor (MOG-TCR) transgenic mouse model of spontaneous disease, experimental autoimmune
encephalomyelitis (EAE) does not occur under germ-free (GF) conditions, whereas mice transferred
from GF conditions into a conventional environment develop spontaneous EAE after few weeks of
transfer [40]. Interestingly, MOG-TCR transgenic mice of a genetic background that is resistant towards
autoimmunity, namely the B10.S mice, do not exhibit spontaneous EAE, even under conventional
conditions [34]. In these mice, a preferential sequestration of Th17 pro-inflammatory T-cells in the
intestine has been observed. The administration of anti-α4β7, a monoclonal antibody (mAb) that
blocks intestinal integrin, has been found to be able to repopulate peripheral blood with Th17 T-cells
and to rescue the disease phenotype [34]. The intestine thus appears as an organ with the ability
to control systemic autoimmune responses with implication towards CNS autoimmunity [41]. In a
similar context, the modulation of gut microbiota, as achieved by antibiotic administration, reduces
the severity of conventional EAE. In an experimental setting, specific immune responses have been
linked with single bacteria, such as in the case of Clostridia and Bacteroides fragilis derived from human
feces that have the potential to induce Foxp3+ T regulatory cells, thus ameliorating EAE [42]. The fecal
transplantation of MOG-TCR transgenic mice with human feces stemming from twins discordant for
MS has only been found to result in the development of spontaneous EAE in mice recipients for feces
stemming from twins with MS. In contrast, mice recipients for feces stemming from healthy twins have
not been found to develop the disease [43]. GF mice recipients for the human feces of MS patients have
also been found to develop severe EAE, coupled with alterations in the peripheral immune profile [44].
More specifically, fecal transplantation with material provided by healthy adults has been found to
result in the induction of T regulatory cells in the mesenteric lymph nodes of the recipient mice, thus,
overall, exerting an immune-regulatory response [44]. Conversely, the administration of Lactobacilli has
been repeatedly shown to protect form EAE by the induction of IL-4, IL-10, TGF-β1, and IL-27 [45,46]
by mediating an increase in IL-10+ and Foxp3+ T regulatory cells [47–49].

However, findings often observed in EAE fail to be translated to human disease due to the
differences that the model exhibits. With the exception of spontaneous models, EAE requires myelin
peptide immunization with a strong adjuvant. This is a condition that exerts especially skewed
immune responses towards inflammation and results in a monophasic disease of inflammatory origin
with little demyelination compared to the human disease [50]. In TCR transgenic mice that exhibit
spontaneous disease, more than 90% of the circulating T-cells bear transgenic, autoreactive TCRs [51,52].
This is a condition that also does not accurately depict CNS autoimmunity in humans. In this respect,
a detailed profiling of human microbiota appears to be a necessary approach to elucidate human-specific
mechanisms. These mechanisms stem from interactions between the gut microbiota and the host,
and they show the potential to induce autoimmune responses with relevance to the CNS.

4.7. Mechanisms of Immune-Modulation by Intestinal Microbiota—Clinical Evidence

During the last five years, several clinical studies have provided evidence indicating that in MS,
the gut microbiome is altered. In an approach similar to the experimental model, initial studies linked
alterations in the relative abundance of Clostridia, in the context of gut dysbiosis with MS. However,
the clinical relevance—with respect to whether these alterations contribute towards susceptibility for
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MS or, instead, they exert a relative protective effect—remains controversial both for adult [53,54]
and pediatric populations [55,56]. In 2016, two case control studies reported distinct patterns of
gut microbiota composition by the use of 16S ribosomal ribonucleic acid rRNA metagenomics
analysis [57,58] (for further discussion on the potential of metagenomic techniques as applied to
MS, see [59,60]). These studies provided evidence of reduced diversity in the gut microbiome of MS
patients compared to controls. Interestingly, this reduction was evident for patients with active MS,
whereas patients in remission exhibited comparable diversity levels to the healthy population. Further
studies verified this association of disease activity status with alterations of the relative abundance of
microbes in the gut, with Firmicutes and Bacteroidetes exhibiting higher relative abundances reviewed
by Kozhieva et al. [61]. These studies indicated the following: Though it is widely accepted that the gut
microbiome in patients with MS is characterized by moderate dysbiosis, a clear and consistent multiple
sclerosis microbiome phenotype has not been described. Moreover, given that a myriad of microbes
have been implicated in MS, it is unlikely that, in the future, a single microbial organism will be isolated
and characterized as an environmental trigger towards disease. This is in striking contrast with the
paradigm stemming from mouse EAE. According to the latter, triggering of CNS autoimmunity by
microbes provides mechanistic insight with respect to the molecular pathways that lead from the local
immune responses in the gut to systemic inflammation and, eventually, to organ-specific autoimmunity
towards the CNS [31,32].

Recently, a systematic review [62] of MS case-control studies with respect to gut microbiota
composition concluded that, although differences in the diversity of microbiota were not reported by
the majority of the included studies, several studies reported consistent patterns with respect to the
taxonomic relative abundance. These findings further elucidated pattern alterations in the overall
gut microbial composition of patients with MS compared to controls. Further prospective studies are
necessary in order to establish a causative relation between these microbial pattern alterations and the
disease pathogenesis and/or exacerbation. Notably, the majority of the reviewed studies referred to the
Relapsing-remmitting type of MS(RRMS). A recent study addressed the differential gut microbiota
profile in patients with primary progressive MS (PPMS), relatively to healthy controls [63]. As in the
case of patients with RRMS, patients with PPMS have exhibited differences in a minority of a-diversity
indices, whereas pattern differences have been observed at a taxonomic level [63].

In line with the observations described above, diet and dietary supplementation has recently
emerged a major factor that affects gut microbiota’s relative composition. It has been proposed that a
diet that is rich in vegetables, complex carbohydrates (fibers) combined with probiotics, vitamin D
supplementation, vitamin A supplementation, and lipoic acid promotes gut eubiosis. This is coupled
with a concomitant increase in microbial diversity and microbe-associated anti-inflammatory mediators,
such as SCFAs, microbial anti-inflammatory molecules (MAMs), histone deacetylase inhibitors, AHR
receptor agonists, and an increase of the Treg/Th17 ratio [64]. Conversely, a Western diet rich in animal
fat and trans-fatty acids, with a high sugar and salt intake, promotes gut dysbiosis and results in (i) an
increased presence of pro-inflammatory mediators such as TNFa, IL-6, and IL-17; and (ii) increased
gut barrier and blood–brain barrier (BBB) permeability with implications for systemic and CNS
autoimmunity [64]. More specifically, gut dysbiosis predisposes one to intestinal inflammation, which
is characterized by alterations in the immunological barrier layer of the lamina propria towards
pro-inflammatory milieu in the GALT and an increase in the presence of endotoxin/LPS in the intestinal
mucosa. The further translocation of LPS and other bacterial components, as well as whole bacteria in
the deep layers of the intestinal wall and the local secondary lymphoid organs (such as the mesenteric
lymph nodes) allows for the generation of circulating activated T-cells in the context of low-grade
endotoxemia [39,64]. These systemic alterations (i) compromise the integrity of the BBB, (ii) allow for
pro-inflammatory stimuli to cross the BBB towards the CNS, and (iii) affect microglia and astrocyte
activation status, thus predisposing one towards neuroinflammation.

Clinical evidence of the possible causal relationship between the gut microbiota profile and the
CNS autoimmunity stems from more interventional approaches that actively alter gut microflora
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composition; such approaches include fecal microbiota transplantation (FMT), an investigational
method that has been used successfully to treat cases of severe enterocolitis [65,66] More specifically,
prolonged antibiotic administration in certain individuals may cause expansion of Clostridium difficile
(C. difficile) at the expense of symbiotic bacteria, thus serving as an example of intestinal dysbiosis
and C. difficile-related severe enterocolitis. FMT protocols require that fecal material from a healthy
donor, following careful donor screening and appropriate preparation procedures, is transferred to a
patient, either via colonoscopy or via an oral route as capsule ingestion [67]. Due to risks linked with
transplantation (i.e., possible transmittable disease) and colonoscopy procedures, FMT is reserved
for cases that are refractory to the antibiotics that are typically prescribed against enterocolitis due to
C. difficile. Recently, FMT has been advocated as an attractive therapeutic approach for several diseases
that are linked to intestinal dysbiosis, either of the intestine, such as IBD [68,69] or systemic extragastric
and CNS disease [70,71] (and reviewed in [72]). Isolated case reports have described the beneficial
effects of FMT over MS disease course, and a clinical trial of FMT for patients with MS is currently
underway [73].

5. Disease-Modifying Treatment (DMT) and Gut Microbiota

In the management of MS, DMTs serve as prophylactic treatments towards clinical and radiological
disease activity, whereas other medications are prescribed for symptom management. The later are
more often prescribed in the context of disability accumulation, such as gamma-Aminobutyric acid-type
B GABAB receptor agonists (e.g., baclofen) for limb spasticity and a-adrenergic inhibitors for the
control of overactive bladders. Several of these regimens are known to alter the profile of the gut
microbiota [39]. Recently, several oral DMTs were shown to inhibit the growth of Clostridium in vitro.
This feature has been proposed to contribute to the DMTs’ overall anti-inflammatory mechanism of
action [74,75]. In this study, fingolimod was proven to be bactericidal, whereas teriflunomide and
dimethyl fumarate (DMF) exerted a bacteriostatic effect. Clinical data stemming from metagenomics
analysis of gut microbiota alterations in patients receiving DMF and glatiramer acetate (GA) further
verified that DMTs exert a profound effect on the relative composition of gut microbiota. The above
could shed light into potential additional mechanisms of action [76].

5.1. Interferon-β

With respect to IFNβ, several lines of investigation have indicated that it may modify the
immunological properties of the intestinal barrier. IFNβ is a member of the type 1 interferon
(T1IFN) family, and it is considered a major cytokine that mediates local responses to viral, bacterial,
and other antigen stimuli in the intestine (reviewed in [77]). In a mouse model of pneumococcal lung
infection, IFNβ treatment led to the upregulation of tight junction proteins in lung epithelial and blood
vessel endothelial layers, thus reducing lung–blood barrier permeability and preventing invasive
pneumococcal infection [78]. Furthermore, IFNβ, produced by DCs following stimulation by gut
commensal microbiota, was recently shown to mediate Treg proliferation in the intestine [79]. A clinical
case-control study exploring the effect of IFNβ administration in patients with MS recently reported an
increase of Prevotella, a known probiotic, in patients with MS treated with IFNβ. This increase was
comparable to healthy controls, whereas untreated patients exhibited a reduced relative abundance of
probiotics [80].

5.2. Glatiramer Acetate

GA is a myelin-basic protein (MBP) analog and a long-administered first-line DMT treatment
for MS. In line with its anti-inflammatory properties, GA is known to ameliorate colonic injury in an
experimental model of colitis by inducing a reduction in TNFa and a concomitant increase in Tregs,
IL-10, and TGFb-producing cells [81]. Moreover, the role of GA in stabilizing the intestinal barrier and
promoting tissue repair, as documented by analysis of syndecan-1 expression, was shown in a model
of IBD [82]. In EAE, GA administration ameliorated the disease phenotype coupled with an increase in
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gut Prevotella, and the administration of GA combined with GI colonization with live Prevotella led
to the further attenuation of disease [83]. GA treatment in patients with MS was shown to exert an
effect in the relative abundance of gut microbiota, especially the Lachnospiraceae and Veillonellaceae
families [76]. Similarly, another case-control study in patients with RRMS treated with GA reported
alterations in the relative composition of the gut microbiome with respect to several Clostridium [84].

5.3. Dimethyl Fumarate

DMF is a long-prescribed DMT for psoriasis that was more recently approved as a first-line
treatment for MS. In an experimental setting, DMF was shown to promote an increase in the
relative abundance of probiotics and to stabilize the intestinal barrier. A concomitant increase in
SCFA-producing microbes was shown to further promote the systemic anti-inflammatory effect of
the drug [85]. Similarly, DMF administration in Lewis rats was shown to mediate (i) a reduction
in the TLR-4 expression by the GALT, (ii) a reduction in IFNγ, and (iii) a concomitant increase in
lamina propria’s Foxp-3+ expression and the abundance of CD4+CD25+ Tregs in Peyer’s patches [86].
A case-control study implementing metagenomics techniques reported an association between DMF
treatment and decreased relative abundance of Firmicutes and Clostridia, as well as an increase of
Bacteroidetes, relative to untreated patients [76].

5.4. Teriflunomide

Teriflunomide, another oral, first-line DMT approved as a prophylactic treatment for RRMS,
has been shown to modify immune responses in the intestine by promoting the local proliferation
of CD39+ Tregs. Thus, it exerted anti-inflammatory action that ameliorated CNS inflammation in a
mouse model of EAE [87].

5.5. Natalizumab

Natalizumab (NTZ) is an injectable second-line DMT that has been approved for patients with
highly active RRMS. NTZ is a monoclonal antibody targeting a4-integrin, a family that includes
adhesion molecules expressed in T-cells. Integrins exhibit tissue specificity with a4b1 expressed in
the CNS, whereas a4b7 is expressed in the intestine. NTZ is not selective; therefore, by inhibiting
T-cell trafficking towards the CNS, it also blocks T-cell circulation in the gut. In addition to its
beneficial effect in MS, NTZ has been shown to be effective in ameliorating the symptoms of IBD [88].
The administration of NTZ has been proposed as preferred treatment approach for patients with RRMS
and IBD co-morbidity [88]. Furthermore, IBD is a well-described condition characterized by intestinal
dysbiosis and local immune dysregulation. In this respect, also in patients with RRMS that do not
exhibit signs of IBD, the amelioration of T-cell trafficking in the gut by NTZ may contribute to the drug’s
anti-inflammatory effect by inhibiting the circulation of activated T-cells in the gut. The gut has recently
been proposed as a regulating organ with respect to the peripheral circulation of activated T-cells, with
implications for CNS autoimmunity. In mice resistant to EAE that exhibit the preferential sequestration
of autoreactive Th17 T-cells in the intestine, the administration of the a4b7 mAb led to the re-population
of peripheral blood with Th17 T-cells and rescued the disease phenotype [34]. Interestingly, in this
MOG-TCR transgenic mouse model, the selective accumulation of autoreactive T-cells in the intestine
acts as a mechanism of immune tolerance that contributes in resistance towards EAE [34]. In the
context of MS, it is reasonable to assume that the blocking of T-cell trafficking in the intestine may
ameliorate the exposure of the immune system to stimuli of microbial origin. This amelioration could
be performed by reducing antigen sampling and, subsequently, T-cell clonal expansion and activation
in response to these antigens. As gut dysbiosis, and the associated local immune dysregulation, is
frequently reported in patients with RRMS, this concomitant effect may serve as an additional mode of
action for NTZ in RRMS.
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5.6. Fingolimod

Fingolimod is an oral second-line DMT that is indicated as prophylactic treatment for highly active
RRMS. Fingolimod is a sphingosine-1-phosphate (S1P) agonist, acting on four out of five S1P receptors,
on various organs and cell types. Fingolimod ligation on S1P receptors leads to the downregulation
of the S1P receptor expression; therefore, the drug is considered as a functional antagonist of S1P
signaling. On a physiological level, S1P receptor expression is necessary for the lymphocytes, either
naïve or activated, to egress from the secondary lymphoid organs, such as the peripheral lymph nodes.
Due to this mechanism of action, fingolimod inhibits the egress of lymphocytes from lymph nodes
to the peripheral blood stream. Thus, it ameliorates systemic immune responses and CNS-targeted
autoimmunity. Similarly, other S1P ligands have been tested for intestinal autoimmune disease,
such as IBD, as they exhibit the potential to ameliorate the transmigration of immune cells across
the intestine [89]. Fingolimod has been shown to ameliorate experimental colitis [90], and two S1P
ligands are currently being tested in terms of safety and efficacy in phase II and phase III clinical trials
on colitis [88]. Interestingly, S1P signaling has been shown to regulate innate lymphoid cell (ILC)
transmigration from intestinal lamina propria towards systemic circulation and other lymphoid organs,
thus regulating infectious and inflammatory responses [91]. In a transgenic mouse model of enteric
nervous system pathology resembling Parkinson’s disease (PD) due to a-synuclein accumulation,
fingolimod resulted in an enhanced gut motility and increased levels of brain-derived neurotrophic
factor (BDNF) [92]. Moreover, S1P ligation has been shown to exert a stabilizing effect towards
barrier function [93,94] and the BBB [95], with implications for EAE and MS [96–98]. Fingolimod may
potentially exert an effect on the gut microbiome’s relative composition, as it has been shown to regulate
IgA plasmablasts’ maturation from the intestinal Peyer’s patches, a first-line defense mechanism of
the host towards microbe colonization [99,100]. Moreover, fingolimod was shown to exert a direct
anti-microbial effect by inhibiting the growth of Clostridium and the associated endotoxin production
in vitro [74].

5.7. Alemtuzumab

Alemtuzumab is an anti-CD52 monoclonal antibody inducing T-cell and B-cell depletion in
peripheral blood. It was originally used for the treatment of chronic B-cell lymphocytic leukemia.
Recently, alemtuzumab has been approved for the treatment of highly active RRMS for patients with
breakthrough disease that were previously exposed to other first- and/or second-line DMTs [101]. Apart
from the obvious effect of alemtuzumab in depleting circulating primarily B- and T-cell lymphocytes,
the long-term immunomodulating effect is mediated by alterations that the drug causes in the peripheral
immune cell pool following repopulation. Some of these alterations are attributed to the homeostatic
proliferation of mature lymphocytes that the drug promotes in peripheral tissues [102]. Due to this
effect, the administration of alemtuzumab has been linked with an increased susceptibility towards
autoimmune comorbidities, such as autoimmune thyroid disease, membranous glomerulonephritis,
autoimmune hepatitis, and immune thrombocytopenic purpura [103]. Colitis due to Clostridium was
the cause of fatal outcome in one patient with RRMS who received alemtuzumab [104], whereas
another patient presented with pancolitis during the first course of alemtuzumab treatment [105].
Susceptibility towards infection was the assumed underlying cause in both cases. With respect to the
second case, an immune-mediated mechanism contributing to sepsis has also been proposed [105].
Evidence stemming from a cynomolgus monkey model indicated that the intestinal barrier may be
disrupted during alemtuzumab treatment [106]. In macaques monkeys, a single dose of alemtuzumab
resulted in (i) intestinal epithelial cell loss, (ii) increased apoptosis in the villi, and (iii) an abnormal
Paneth cell morphology [107]. Mouse anti-CD52 mAb also resulted in increased numbers of IELs
undergoing apoptosis and disrupted intestinal barrier function in mice [108]. In a cynomolgus monkey
model, alemtuzumab administration resulted in profound alterations in the relative composition of gut
microbiota, namely Lactobacillales, Enterobacterales, and Clostridiales, as well as the genera Prevotella
and Faecalibacterium. These alterations were primarily linked to alterations in the relative abundance
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of TCRαβ+ or TCRγδ+ T cells [109]. These data indicate that alemtuzumab administration exerts a
profound effect on the intestinal homeostasis with respect to tissue integrity, barrier function, immune
properties, and microbiome profile. However, it remains unknown whether these alterations are
beneficial in the context of CNS autoimmunity, or, instead, if, in a proportion of patients, the overall
beneficiary effect of alemtuzumab in subsiding disease activity is counterbalanced by a detrimental
effect in intestinal function.

6. Conclusions: Treat the Microbiome—Treat MS?

The combined efforts of the scientific community in the field of MS have been focused on identifying
strategies that may be implemented in order to either modify the peripheral immune responses or, as
proposed by the less successful approach to date, to enhance neuroprotection and the endogenous
regenerative capacity of the CNS. In addition to the classical paradigm of immune–brain interaction
in the context of MS, the intestine has emerged as an additional regulating organ of responses that
take place both in the immunological and the nervous (central and peripheral) counterparts. In this
respect, the gut commensal microbiota may serve as environmental factors that shape the intestinal
milieu. The modification of gut microbiota by either dietary (e.g., probiotic supplementation) or
medicinal approaches (e.g., antibiotic administration) may serve as additional therapeutic strategies
for MS prophylaxis [110]. More interventional approaches, such as FMT, have also been proposed.
Moreover, the relative composition of gut microbiota may also serve as an indicator of reciprocal
host–microorganism interactions. Further longitudinal studies that implement the profiling of intestinal
microbiota during the pre-clinical phase and over the course of the disease are needed in order to
elucidate this assumption. MS is a complex autoimmune disease with clinical variability. As such,
the establishment of a causative role for intestinal microbiota towards disease pathogenesis requires
combined efforts from the field of metagenomics and other “-omics” approaches [59,60,111] with
the capacity for high throughput data production and the application of these data in the context of
translational medicine.

With respect to future directions, we consider gut microbiota modulation as a promising
intervention for the management of MS. Understanding the pathways that the gut microbiota implicate
in order to shape host’s immune responses may elucidate therapeutic targets, such as the induction
of immune regulatory cell populations via the promotion of an “anti-inflammatory” gut microflora.
Similar interventions, possibly in combination with DMTs, may contribute in promoting treatment
efficacy and optimal response. As several newly available DMTs confer significant and potentially
severe adverse effects, gut microbiota modification has emerged as a promising, and possibly less
interventional, additional approach.
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Abstract: This commentary highlights novel immunomodulation and vaccine-based research against
multiple sclerosis (MS) and reveals the amazing story that triggered this cutting-edge MS research
in Greece and worldwide. It further reveals the interest and solid support of some of the world’s
leading scientists, including sixteen Nobel Laureates who requested from European leadership to
take action in supporting Greece and its universities in the biggest ever financial crisis the country has
encountered in the last decades. This support endorsed vaccine-based research on MS, initiated in
Greece and Australia, leading to a worldwide network aiming to treat or manage disease outcomes.
Initiatives by bright and determined researchers can result in frontiers science. We shed light on a
unique story behind great research on MS which is a step forward in our efforts to develop effective
treatments for MS.

Keywords: multiple sclerosis; MS; vaccine; immunomodulation; carriers

1. Introduction

Nobel Laureates Taking Action to Support Research in Greece

It was realized and clearly understood by the governments in Greece five years ago, and especially
now, during this period of COVID-19 pandemic, the necessity for research, as first priority in their
policies, for innovation, development and growth. Greece has suffered a lot the last decade from
recession. Initiatives by eminent scientists were taken to support research in Greece, with remarkable
positive outcomes. Fifteen Nobel Laureates cosigned the “Support for Greece” petition that was
addressed by Nobel Laureate Professor Harald zur Hausen, on 14 December 2015, to the European
leadership (Jean-Claude Juncker, Martin Schulz and Donald Tusk), pleading for the support for
research in universities and to the country. The first to sign was the DNA discoverer Nobel Laureate
Professor James Watson, who also sent a letter to the then President of the USA, Mr. Barack Obama,
urging him to support Greece [1]. This petition to support research and universities in Greece led
to the Hellenic Foundation for Research and Innovation (HFRI) to spur economic development.
The European Investment Bank co-financed the creation of the HFRI fund with the Ministry of Finance.
Professor Costas Fotakis, Alternate Minister of Research and Technology then, has greatly contributed
to the establishment of HFRI. The HFRI fund launches regular calls for all scientists at all stages in
support of their research. The “Support for Greece” petition, which was co-signed by the Nobel
Laureates and led to the HFRI fund, was a joint initiative between Professor John Matsoukas from the
University of Patras Greece and Nobel Laureate Professor Harald zur Hausen from the German Cancer
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Research Center in Heidelberg, Germany. This is the second petition after the first in 2012 co-signed by
twenty-one Nobel Laureates and addressed again by Professor Harald zur Hausen [2,3]. The second
petition worked out successfully.

2. The Sparkle of Immunotherapeutics MS Research

Nobel Laureates Professors James Watson (Cold Spring Harbor Laboratory, New York, NY, USA),
Harald zur Hausen (German Cancer Research Center, Heidelberg, Germany) and Andrew Schally
(University of Miami, FL, USA) were attracted by the excellent research in Greece and have stated in
particular that MS research in Greece is world-class research that is worthy of support. This research
had its reason and sparkle. Myelin based immunotherapeutics research for MS in Greece was triggered
by Dr. Elizabeth Matsoukas, a Biologist, who has been struck by the disease. That happened to her
in 1982, at the age of 30. Following her diagnosis, she dedicated her life to promote research for
MS. Her PhD dissertation from the National Hellenic Research Foundation in Athens identified and
evaluated myelin epitopes, in particular myelin basic protein (MBP) epitopes, which are implicated in
the pathogenesis of the disease [4–7]. Now these epitopes are the tools and the core for developing
therapeutics and vaccines for the treatment of MS.

3. The First EAE Experiment in Pennsylvania

In 1994, Professor John Matsoukas, brother of Elizabeth, decided to introduce into his drug
discovery research program at the University of Patras the design, synthesis and development of
drugs, mimetics and immunotherapeutics, using MBP epitopes against MS. The first experiment,
“experimental allergic encephalomyelitis” (EAE), an animal model of the disease, was run that year,
at the University of Pennsylvania, in Professor Abdolmohamad Rostami’s lab, at that time professor of
neurology at the University of Pennsylvania (currently Professor and Chairman of the Department of
Neurology at Thomas Jefferson University, Philadelphia USA) [8–10]. Elizabeth had visited Professor
Rostami earlier that year in his Pennsylvania clinic for diagnosis and prescription of an interferon drug
for her case which was not possible yet at that time in Europe. First experiments were carried out, using
the guinea pig epitope MBP72–85, as suggested by Elizabeth [10]. The research for new therapies was
part of her curiosity to determine the mechanisms of disease and, based on that, to pursue treatment of
disease. Her first EAE experiments in Pennsylvania were successful and paved the way for further
research to identify new peptide immunomodulators, which resulted in research based on the other
myelin epitopes, primarily MPB83–99, MOG35–55 and PLP139–151 [4–7,11–21]. This research was quickly
spread to the research community in the field, all over the world.

4. Development of a Worldwide MS Consortium

A multi-institutional and multidisciplinary consortium was established in 1999, by Professor
John Matsoukas (from the University of Patras; currently Head of NewDrug P.C, Patras Science Park,
Greece) and Professor Vasso Apostolopoulos (from the Austin Research Institute Australia/Scripps
Research Institute USA); currently Pro Vice-Chancellor, Research Partnerships at Victoria University
Australia). The consortium comprised over 15 top universities and research Institutions worldwide
(Europe, USA, Canada and Australia), and over 50 researchers have taken part in the consortium
over time. Consortium members/collaborators were included, as each had expertise in various
disciplines including, chemistry, structural biology, crystallography, molecular dynamics, nuclear
magnetic resonance, protein chemistry, cell biology, biochemistry, molecular biology, immunology,
neuropathology, animal research, clinical research and neurology clinicians. Each team approached
the MS immunotherapeutics research program, using their specialist discipline areas, which together
resulted in novel findings and potential new immunotherapeutics against MS. In addition, Professor
John Matsoukas (organic chemist) and his team pioneered, through rational design, cyclic constraints
of myelin peptides of architectural beauty, which were evaluated for efficacy and stability by members
of the consortium. In addition, his team developed novel altered peptide ligands of myelin peptides.
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The linear and cyclic peptides, native or as altered peptide ligands, were evaluated for stability
in vitro, binding affinities to major histocompatibility complex class II, efficacy in mice and rats
and to human peripheral blood mononuclear cells from patients with MS by various consortium
groups [6,12–14,22–28].

5. Optimizing Immunotherapeutics and Vaccines against MS, Using a Novel Delivery System

Professor Vasso Apostolopoulos (immunologist and crystallographer), who had developed a novel
antigen delivery system against breast and ovarian cancer [29–43], which were translated into human
clinical trials [44–48], applied her insights into MS research [26,49–54]. The delivery system specifically
targets dendritic cells and, when applied to myelin peptides (cyclic, linear and altered peptide ligands),
was able to modulate immune responses from pro-inflammatory to anti- inflammatory, with protection
and reversal of EAE in animal models and altered cytokine profile in peripheral blood mononuclear
cells isolated from patients with MS [26,49–54]. Over 10 candidate immunotherapeutics have been
developed and are justified for their use in phase I human clinical trials.

6. Awarding the Inspiration and the Pioneers of This MS Research

Dr. Elizabeth Matsoukas can justifiably be proud of what she has achieved. Her pain was translated
into promising global research to fight the disease. Her dream to see novel immunotherapeutics
development against the disease is very close to being materialized. At last, she has seen research due to
her case flourish globally. Elizabeth was honored by the Greek Academy of Athens for her dissertation
and in 2018, by His Excellency, the President of the Hellenic Democracy, Mr. Prokopis Pavlopoulos, for
her initial research and for being the inspiration, the spur and the motivating power of this research.
In a special ceremony on 22 September 2018, in Amaliada (province of Ilida), celebrating 20 years of
Medicinal Chemistry excellence in Greece, she was awarded by the president with a DNA-inspired
plague made by famous sculptor Eustathios Leontis. Standing-ovation applause for her contribution
was an emotional moment. In this special ceremony, the protagonists of this MS research, Professors
Apostolopoulos, Rostami and Matsoukas, were also awarded, as well Professor Harald zur Hausen,
for his contribution to science and society. In addition, Professor Vasso Apostolopoulos and Nobel
Laureate Professor Harald zur Hausen received an award for career excellence by His Excellency, the
President of the Hellenic Democracy, Mr. Prokopis Pavlopoulos. Last year, Professor John Matsoukas
and Professor Vasso Apostolopoulos, were each independently awarded the Salus Index Award, from
New Times Publishing, for outstanding career achievements, including their work on MS.

7. Conclusions

The development of drugs, immunotherapeutics and vaccines against diseases is a long process,
often taking researchers a lifetime. Researchers often work in silos, limiting their research output; as
such, the breaking down of silos would improve research outcomes. Here, we provided an insight of
a multi-institutional and multidisciplinary consortium which was developed over 20 years ago that
has led to the identification and development of over 10 candidate immunotherapeutics against MS.
Today, most research-funding bodies, require multi-institutional and multidisciplinary teams in order
to be successful in grant applications. Most importantly, alliances are required to get to the target of
the research.
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Abstract: Multiple sclerosis (MS) is an autoimmune life-threatening disease, afflicting millions of
people worldwide. Although the disease is non-curable, considerable therapeutic advances have
been achieved through molecular immunotherapeutic approaches, such as peptides vaccination,
administration of monoclonal antibodies, and immunogenic copolymers. The main aims of these
therapeutic strategies are to shift the MS-related autoimmune response towards a non-inflammatory
T helper 2 (Th2) cells response, inactivate or ameliorate cytotoxic autoreactive T cells, induce secretion
of anti-inflammatory cytokines, and inhibit recruitment of autoreactive lymphocytes to the central
nervous system (CNS). These approaches can efficiently treat autoimmune encephalomyelitis (EAE),
an essential system to study MS in animals, but they can only partially inhibit disease progress in
humans. Nevertheless, modern immunotherapeutic techniques remain the most promising tools
for the development of safe MS treatments, specifically targeting the cellular factors that trigger the
initiation of the disease.

Keywords: B cell receptor; delivery methods; immunotherapy; monoclonal antibodies; multiple
sclerosis; T cell receptor; tolerance; vaccine

1. Introduction

Multiple sclerosis (MS) is the commonest inflammatory autoimmune disorder of the central
nervous system (CNS), progressively leading to demyelination, neurodegeneration, and neuronal
disability [1–3]. MS globally affects more than 2.5 million people and it often afflicts young people,
mainly women [4,5]. Despite the availability of a large arsenal of putative therapeutic approaches,
numerous studies in animal model systems, and clinical trials, MS is still non-curable. As a result, the
average life expectancy of MS patients is shorter by 5 to 10 years [6].

Inflammatory lesions at the CNS, generated by autoreactive lymphocytes, are suggested to underlie
the pathophysiology of the disease, which results in neuronal demyelination and damage. Genetic and
environmental factors influence MS susceptibility: Family history, single nucleotide polymorphisms,
Epstein–Barr virus (EBV) infection, smoking, obesity, and vitamin D shortage are associated with
MS development [7–11]. Patients experience relapsing-remitting phases of the disease, which are
followed, even years later, by a progressive phase, accompanied by neurodegeneration [12,13]. MS
symptomatology largely varies among patients, including sensory disturbances, cognitive defects, loss
of vision, weakness, bladder dysfunction and neurological disability among others [14,15].

Therapeutic strategies against MS have been mainly relied on immune function suppressors, such
as glucocorticoids, methotrexate, and antihistamines, which non-specifically reduce immune activity.
These strategies have been enforced in recent years by the usage of antibodies against proinflammatory
mediators [16]. However, this approach has severe side effects and dangers for patients, since the
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general inhibition of immune responses risks the development of infections and tumors. Hence,
modern therapeutic approaches must aim at disease-modifying interventions that will counteract
specifically the excessive immune response against self-antigens. Administration of self-antigens, an
intervention that has been successfully applied in other autoimmune diseases and has been shown to
eliminate the autoimmune response, is a widely accepted methodology to achieve this [17]. A major
drawback of this technique is the poor targeting of CNS by the exogenously supplied antigens, for
their inability to cross the brain–blood barrier and increased degradation. As such, the improvement
of delivery methods used to protect and adequately transfer self-antigens to the inflammation sites has
been an intriguing research field [18]. Nevertheless, a prerequisite for the success of this approach is
that the epitope of the self-antigen is known. This is not true in the case of MS yet, although proteins
within the myelin sheath have been suggested to be promising candidates [19,20]. Consequently, much
research effort must be invested before modern immunomodulatory approaches can assure the cure
of MS.

Recent experimental studies and clinical trials show that modern immunotherapeutic techniques
have the potential to treat MS with less or no side effects in the future. Extensive work in mammalian
model organisms has given insights into the mechanisms of the disease development and efficiency of
several drugs in animals and humans. Indeed, novel drugs, such as Glatiramer acetate (Copaxone),
a random sequence of four synthetic polypeptides with similar immunogenic properties to myelin
protein, are currently being used against MS with very promising results [21]. In this review, we
discuss antigen-specific and cell-specific immunotherapeutic approaches, applications of monoclonal
antibodies against MS, anti-inflammatory strategies, peptide delivery methodologies and biological
mechanisms that can serve as targets for the development of adjunctive MS treatments.

2. Immunotherapeutic Approaches

2.1. Antigen-Specific Immunotherapy (ASI)

Antigen-specific immunotherapy (ASI) is a promising strategy to treat MS with the least possible
side effects. It was firstly introduced several decades ago, when Leonard Noon suppressed conjunctival
sensitivity to grass pollen through prophylactic inoculation with grass pollen extracts [22]. His work
paved the way for the first clinical trial of allergen immunotherapy a few decades later [23,24]. Allergen
immunotherapy is based on the prevention of immune over-reaction against an allergen when repetitive
doses of the latest are supplied to the organism. Repeated exposure to increasing amounts of an
allergen results in altered cytokine production and shifts the immune response from a T helper 2
(Th2) to a T helper 1 (Th1) response, and also in the activation of regulatory T cells (Tregs) that secrete
interleukin (IL)-10 and transforming growth factor (TGF)-β [25].

Contrary to allergic responses, where Th2 immune responses prevail, in autoimmune diseases,
the prevalent responses are Th1 and Th17 against self-antigens. ASI for MS aims to induce Tregs in
order to promote autoantigen-specific tolerance. The elimination of pathogenic Th1 and Th17 cells or
the inhibition of the autoantigen-specific T cells-induced immune response might be the treatment for
MS. Through repeated exposure to antigens, both allergen immunotherapy and ASI aim to promote
self-tolerance [26].

Inspired by the progress in allergen immunotherapy, researchers have aimed at treating MS through
the administration of self-peptides, which are expected to mimic the immunogenicity of self-antigens.
This technique is called ‘peptide vaccination’ and promises to eliminate the antigen-specific attack
without diminishing the organism’s immune capacity against other threats. The most successful
peptide vaccines applied so far are fractions of myelin proteins, such as myelin basic protein (MBP),
myelin oligodendrocyte glycoprotein (MOG), and proteolipid protein (PLP) [27]. These antigens
have been used to induce autoimmune encephalomyelitis (EAE) in mouse models, a widely accepted
inflammatory model used to study MS. Several trials of myelin self-antigen peptide vaccines have
cured EAE to a lesser or greater extent. Vaccination of an immunodominant epitope of myelin
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basic protein (MBP) (peptide 87–99), shown to be recognized and attacked by the T cell receptor
(TCR), prevented and treated EAE, while it reduced tumor necrosis factor (TNF)-alpha and interferon
(IFN)-gamma production, two determinant cytokines in the pathogenesis of EAE and MS [28]. More
MBP peptides are shown to be immunogenic, and upon vaccination, they can mildly or strongly
counteract EAE pathogenesis [29]. Myelin PLP (peptide 139–151) peptides can also prevent or treat EAE
in animals [30,31]. A peptide from another myelin protein, the myelin oligodendrocyte glycoprotein
(MOG) (peptide 35–55), can inhibit EAE development in mice [32,33], similarly to peptides derived
from proteolipid protein (PLP) [34,35]. Hence, promising results from animal model systems have
recommended peptide vaccination as a featured strategy to counteract MS.

In humans, two promising vaccination-based clinical trials with myelin peptides were safe
and well tolerated by MS patients. Moreover, vaccination suppressed autoreactive responses and
IFN-gamma production, while it significantly improved clinical disease measures. The activation of
Langerhans cells and generation of IL-10-secreting cells are suggested to underlie these effects [36,37].
Chataway et al. showed that a mixture of peptides derived from MBP (peptide ATX-MS-1467) was safe
and well tolerated by MS patients, while it improved radiographic activity in magnetic resonance
imaging (MRI) [38]. Crowe et al. used a fragment of MBP (peptide 83–99) to induce immune responses
and enhance anti-inflammatory cytokine secretion from T lymphocytes that cross-react with MBP [39].
Similarly, subcutaneous administration of a mixture of three MBP peptides (peptides 46-64, 124–139, and
147-170), termed Xemys, in MS patients was safe, while treatment decreased the cytokines monocyte
chemoattractant protein-1, macrophage inflammatory protein-1β, and IL-7 and -2 levels, thus indicating
reduced inflammation. However, clinical parameters were not significantly changed in patients [40].
In another scheme, researchers vaccinated MS patients with autologous peripheral blood mononuclear
cells, chemically coupled with seven myelin peptides. Administration of antigen-coupled cells did not
cause adverse effects, it was well tolerated and patients exhibited decreased antigen-specific T cell
responses after treatment [41].

Contrary to the above, some studies show that peptide vaccination can have severe side effects
and few clinical trials have not been completed for safety reasons. In two studies, MBP peptide 83–99
not only did not improve the disease state of MS [42], but even aggravated it, with few patients having
exacerbations of MS [20]. Furthermore, administration of myelin epitopes has raised safety concerns of
anaphylaxis [43–45]. In conclusion, specific attention should be paid to the adverse effects of peptides
vaccination and future studies must identify the factors underlying the diversity of evoked responses
in MS patients. Genomic profiling of MS patients that develop such effects can indicate factors that
underlie the toxicity of this approach and indicate complementary treatments to reduce side effects.
Moreover, trials with novel immunogenic peptides and further experimentation on the timing and
dosage of vaccination can improve the efficiency and reduce the adverse effects of peptides vaccination.

Another immunotherapy technique that has been applied to induce self-tolerance in MS patients
is the administration of genetically engineered DNA that encodes human MBP protein (BHT-3009).
Experiments with animals clearly highlighted the potential of DNA vaccination as a safe and efficient
technique at inducing regulatory T cells and EAE inhibition in animals. Its application in MS patients
was safe and well tolerated, thus offering an alternative to peptide vaccination in terms of safety.
Moreover, it decreased the proliferation of IFN-gamma-producing myelin-reactive T cells, the number
of myelin-specific autoantibodies in the cerebrospinal fluid, and MRI-measured disease activity, while
it increased the antigen-specific tolerance to myelin-specific B and T cells [46–49]. Nevertheless, no
significant clinical improvements in the disease development were observed in these trials.

2.2. Cell-specific Immunotherapy

T cell vaccination is another immunotherapeutic approach, which is aimed at reducing or
inactivating pathogenic T cells that maintain an autoimmune attack on myelin in MS. T cells’ reaction
is believed to be the initial step that drives the pathogenesis of MS [50]. In this technique, autologous
myelin-reactive T cells are isolated and inactivated prior to their administration to MS patients.
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Initial trials clearly showed safety and encouraging effects from T cell vaccination [51]. In a matched
trial, MS patients were vaccinated with irradiated MBP-reactive T cells. Vaccinated patients with
relapsing-remitting disease phases experienced a remarkable decrease in disease exacerbations and
a five-fold lower increase in brain lesion size, compared to controls [52]. In three cases, however, T
cell vaccine aggravated brain lesions and worsened relapses, a condition accompanied by reactivation
of circulating MBP-reactive T cells. Zhang et al. showed that inhibition of MBP-reactive T cells was
correlated with a 40% reduction in the rate of disease relapses, while brain lesion activity in vaccinated
patients was stabilized [53]. This trial revealed that repetitive T cell vaccinations are needed to hamper
the reappearance of myelin-reactive T cell clones.

Alternative T cell vaccination schemes use mixtures of inactivated autoreactive T cells, selected
with more than one myelin peptides. In one trial, T cells activated with synthetic MBP and MOG
peptides were administrated in MS patients, with no adverse effects being reported. Patients exhibited
stabilized neurological symptoms and vaccination reduced active brain lesions both in number and
size [54,55]. Tcelna (formerly known as Tovaxin) is a T cell vaccine containing T cell populations
selected with peptides derived from MBP, PLP, and MOG. In a double-blind trial involving a restricted
number of MS patients, vaccination did not cause adverse effects and showed mild clinical efficacy [56].
More studies are required to properly evaluate the potency of Tcelna to treat MS.

Another suggested methodology to inhibit the autoimmune response in MS is via the elimination
of dendritic cells, which play a major role in inflammation induction. Dendritic cells are the most
efficient antigen-presenting cells (APCs) of the immune system and they have a particular role in the
stimulation of naïve T cells. They regulate T cell differentiation and priming, secrete proinflammatory
cytokines, orchestrate the immune response against self-antigens, and initiate chronic inflammation
and loss of tolerance [57]. Dendritic cells respond occasionally to a specific antigen, in a manner
dependent on the tissue environment. Tolerance-inducing (Tolerogenic) dendritic cells are dendritic
cells with immunosuppressive properties, elicited by the induction of T cell anergy, T cell apoptosis,
regulatory T cell activity, and production of anti-inflammatory cytokines [58]. In vitro treatment of
monocyte-derived dendritic cells with vitamin D3 causes T cell hyporesponsiveness to myelin [19,59].
MOG 40–55 peptide-treated tolerogenic cells that were administrated in mice preventively or after EAE
induction reduced incidence of the disease or improved its clinical features, respectively [60]. Several
trials in humans show that the technique is safe in patients with other autoimmune diseases [19].
Recently, engineered dendritic cells, loaded with specific antigens, were used to induce tolerance in MS
patients. Therapy was safe and well tolerated; it increased IL-10 levels and the number of regulatory T
cells, indicating that antigen-specific tolerance can be, at least partially, induced with this approach [61].

2.3. Cell Receptor-Specific Immunotherapy

A similar approach to cell-specific immunotherapy is T cell receptor-specific immunotherapy.
Here, fragments of the T cell receptor (TCR) from pathogenic T cell clones are used as peptide vaccines,
in order to activate immune responses against TCR-expressing T cells. TCR is a protein complex that
recognizes antigens bound to major histocompatibility complex (MHC) molecules. Different TCRs can
be specific for the same antigen, while more than one antigen peptides can be recognized by the same
TCR [62].

Vaccination of rats with a synthetic TCR V-region peptide conferred resistance to subsequent
induction of EAE [63]. According to the study, T cells specific for the TCR peptide weakened the
immune attack to the encephalitogenic epitope. Furthermore, Offner et al. showed that TCR vaccination
can not only prevent EAE but also cure it. When a TCR-V beta 8-39-59 peptide was injected into rats
with EAE, disease symptoms were alleviated and recovery from the disease was fast [64].

To test safety and immunogenicity of TCR vaccines in humans, Bourdette et al. intradermally
injected MS patients with two synthetic TCR peptides (TCR peptides V beta 5.2, 39-59 and V beta 6.1,
39-59). Low doses of the TCR vaccine caused no side effects, restricted spectrum immunosuppression,
generated TCR peptide-specific T cells, and reduced MBP-specific T cells [65]. In a subsequent trial,
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TCR vaccination enhanced TCR-reactive T cells, reduced the MBP response against MBP antigen,
stabilized clinical features, and caused no adverse effects to MS patients [66]. In support, TCR-specific
Th2 cells inhibit the MBP-specific Th1 response in vitro through the release of IL-10, and a triplicate
TCR vaccine (BV5S2, BV6S5, and BV13S1 peptides) increases the numbers of circulating IL-10-secreting
T cells, reactive to the TCR peptides, in MS patients [67].

Together with pathogenic T cells, autoreactive B cells are involved in MS induction. Hence, the B
cell receptor (BCR) can be used as a vaccine as well. Single-cell sequencing and phage display libraries
of B cells derived from MS patients have been performed to identify BCR structures involved in MS
autoimmunity [68–70]. Gabibov et al. showed that, antibodies induced against Epstein–Barr virus latent
membrane protein 1 (LMP1) potentially react with MBP. This suggests that natural molecular reactivity
might underlie MS induction and raises questions about the causal link between virus infection and
MS development. Recently, antibody engineering techniques have allowed for the targeting of BCR
with toxins, resulting in the cell death of pathogenic B cells [29,71,72]. This makes BCR-specific
immunotherapy an alternative, although still at a preliminary state, approach to treat MS.

2.4. Monoclonal Antibodies (MABs)

The usage of monoclonal antibodies is another encouraging molecular therapy against MS, for
their high specificity and high efficacy. Several ones have been approved for MS treatment [73,74].
Natalizumab, an adhesion molecule inhibitor, was the first MAB to be approved in 2004 [75]. It is
a recombinant humanized MAB that binds integrin α-4 on the surface of activated inflammatory
lymphocytes and monocytes. This inhibits the interaction of integrin a-4 with vascular cell adhesion
molecule-1 (VCAM-1) on endothelial cells and consequently circulation into the CNS. Clinical trials
show that it is safe, well tolerated, and efficient, since it reduces the risk of sustained progression of
disability and MS relapses [76]. Ocrelizumab and Rituximab are MABs that target CD20 protein on B
lymphocytes. They have been shown to reduce the rates of disease activity and disease progression [77,
78]. Ofatumumab also binds on CD20, albeit at a different epitope, and its administration in MS patients
reduces new MRI-detected lesions by 99% [79]. Another MAB, Opicinumab, has been designed to
repair and enhance re-myelination of lesions in MS patients. Opicinumab is a fully humanized MAB
that targets and inactivates leucine rich repeat and immunoglobin-like domain-containing protein 1
(LINGO-1), a transmembrane signaling protein that inhibits the differentiation of oligodendrocytes
and myelination. Hence, it is potentially a promising tool to induce re-myelination in MS patients and
alleviate disease symptoms. It has been tested in mice and in humans, where it increases myelination
and re-myelination in MS patients [80,81]. Alemtuzumab is a humanized monoclonal antibody,
approved in several countries for the treatment of relapsing-remitting MS. It targets CD52 antigen on
lymphocytes, resulting in their depletion [82]. Hence, monoclonal antibodies are very promising tools
for MS therapy for their safety, specificity, and efficacy but also for the various cellular procedures they
can target to reduce autoimmunity and its clinical consequences.

2.5. HLA Antagonistic Co-polymers

Synthetic materials (copolymers) can mimic the immunogenic properties of endogenous proteins
and compete with them for binding to HLA class II molecules. Glatiramer acetate (Copaxone or GA)
is a random polymer of four amino acids (L-alanine, L-glutamic acid, L-lysine, and L-tyrosine) that
effectively treats experimental encephalomyelitis and reduces relapses in MS patients [83–85]. GA is
suggested to specifically inhibit the production of myelin-reactive antibodies, by directly acting on
APCs. This modifies them into non-inflammatory type II cells. APCs-mediated presentation of GA to
CD8+ and CD4+ T cells results in the generation of CD4+ regulatory T cells and immune response
deviation towards Th2 responses [86,87]. A second generation of polymers has been synthesized with
stronger binding activities on HLA molecules compared to GA. They have been successfully used to
suppress EAE in mice [88]. In transgenic mice with human HLA-DR-TCR, poly(VWAK)n copolymers
are shown to induce T cells’ anergy, while poly(FYAK)n copolymers induce Th2 cells that secrete
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anti-inflammatory cytokines [29]. Hence, they can serve as alternative tools for shifting the immune
response towards Th2 activation in MS patients.

3. Delivery Methods of Immunotherapeutic Factors

A key point for the successful implementation of immunotherapy treatment is the efficacy of
the delivery methodology. Oral, skin, parenteral, intramuscular, intravenous, and intra-peritoneal
routes are mainly used with various delivery vehicles. These vehicles must enhance the tolerance of
immunomodulatory molecules against the harsh intra-organismal environment and advance their
efficacy to overcome the brain–blood barrier. Synthetic polymers, such as poly lactide-co-glycolide
(PLGA), polyethylene glycol (PEG), and polymethylmethacrylate (PMMA), are easily synthesized
and modified, capable of transferring sufficient amounts of immunotherapeutic molecules and
facilitating their gradual release [18]. Permeability is decreased when electrically charged nanoparticles
are used, such as orally administrated polyethylene imine-based nanoparticles and thiol-modified
Eudragit polymers (polymethacrylates) [89,90]. Transgenic plant delivery is another technique that
takes advantage of the protective effect of the plant cell wall, especially for delivery through the
gastrointestinal tract [91,92]. Nanoemulsions, small colloidal particles, provide a high encapsulation
efficiency [93], while phosphatidylserine-liposomes have been efficiently used to reduce EAE severity
in mice [94]. Much attention has been paid to lipid-based nanocarriers, such as nanoemulsions,
nanoliposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers (NLCs), which are
suggested to be efficient for brain targeting. NLCs have been reported to be very safe and stable, with
a high encapsulation efficiency [95,96]. A major challenge in the field of immunotherapy treatment is
the improvement of delivery methods so that immunotherapeutic molecules can be transferred more
efficiently through the brain–blood barrier. This will improve the therapeutic efficiency, reduce side
effects, and decrease the number of administration procedures. More selective delivery to the CNS can
be achieved through the covalent tethering of delivery molecules with ligands capable of overcoming
the brain–blood barrier, the use of fusion antibodies that target specific lymphocytes, and of liposomes
that intrinsically tend to reach inflammation sites.

Therapeutic treatments for MS target lymphocyte subpopulations, specific for autoreactive
response towards the myelin sheath. Tolerogenic DCs, myelin peptide and DNA vaccines, TCR
peptides and GA lead to the activation of Th2 cells, through Tregs. Subsequent release of IL-10
leads to the inhibition of Th1 cells. DMF acts on HCAR2, found on dendritic cells, to induce Th2
cells. Toxins targeting BCRs lead to the elimination of pathogenic B cells. Fingolimod blocks the
circulation of mature lymphocytes through S1PR, and Teriflunomide and Mitoxantrone inhibit T and B
cell proliferation. Anti-CD 20 and anti-CD 52 antibodies deplete CD 20+ and CD 52+ lymphocytes.
Tolerogenic TCs block MBP-reactive T and B cells. Natalizumab binds to α 4 β 1 integrin on activated
T and B cells and prevent their interaction with VCAM-1. Opicinumab promotes the differentiation of
oligodendrocyte precursor cells by inactivating LINGO-1. Abbreviations: Antigen Presenting Cell
(APC), Blood–Brain Barrier (BBB), B Cell Receptor (BCR), cluster of differentiation 52/20 (CD52/20),
Dendritic Cells (DCs), DMF (Dimethyl Fumarate), Glatiramer Acetate (GA), hydroxycarboxylic acid
receptor 2 (HCAR2), Interferon (IFN), Interleukin (IL), Immunoglobin-like domain-containing protein
1 (LINGO-1), MBP (Myelin Binding Protein), MMF (Monomethyl Fumarate), Multiple Sclerosis (MS),
Sphingosine-1-phosphate receptor (S1PR), TCR (T cell Receptor), T helper 2 cell (Th2), T helper 1 cell
(Th1), T Cell Receptor (TCR), T regulatory cells (Tregs), TCs (T cells), vascular cell adhesion molecule-1
(VCAM-1). (Table 1).
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4. Conclusions

Researchers in the field of MS treatment have been trying to cure the disease via the elimination
of CNS inflammation, elicited by the MS-related autoimmune response. Different applied strategies
include the deviation of the immune response towards non-inflammatory Th2 activation, inactivation
or amelioration of cytotoxic autoreactive T cells, induction of anti-inflammatory cytokines’ secretion,
inhibition of inflammatory cytokines, blockage of autoreactive-lymphocytes’ recruitment to the CNS,
and enhancement of myelination mechanisms (Figure 1). Several drugs have been tested so far
in clinical trials, some of which can reduce relapses and symptoms in MS patients (Table 1), thus
significantly improving their quality of life. However, none of them can cure MS. Despite the success
of allergen immunotherapy in treating allergies, ASI has not displayed great achievements so far
as a putative MS treatment. Reasons underlying this might be the difficulty in the identification of
the self-antigens that trigger autoimmunity, the inability of regulatory T cells to suppress cytokine
production under inflammatory conditions, the different immune players participating in allergies
compared to MS (e.g., IgE antibodies, Th2 responses), and also the route, dosage, and timing used for
ASI treatments [128]. Nevertheless, more than 10 drugs are currently being used against the secondary
progressive form of MS, characterized by the relapsing-remitting phases, significantly reducing the
frequency of relapses and disease symptoms [14]. These drugs are either immunosuppressants (such
as Natalizumab, Ocrelizumab, Fingolimod, Alemtuzumab) or immunomodulatory (such as Interferon
beta, GA, Teriflunomide, Mitoxantrone, Dimethylfumarate). Fingolimod reduces the number of
circulating mature lymphocytes [129], Teriflunomide and Mitoxantrone are inhibitors of lymphocytes
proliferation and the secretion of cytokines [130,131], while Dimethylfumarate (DMF), used for psoriasis
treatment, shifts the Th1 and Th17 immune responses to Th2 [132]. However, these drugs do not
cure the primary progressive form of MS, they must be repetitively supplied to the MS patients, and
they can have adverse effects. As such, more selective and efficient drugs are required to assure safe
treatment of MS in the future.

Figure 1. Mechanism of action of immunomodulatory treatments for multiple sclerosis.

Basic research on the mechanisms that underlie MS can reveal novel targets for monoclonal
antibodies, identify the specific self-antigens that trigger autoimmunity, and characterize the types
of lymphocytes that participate in the inflammatory reaction, so that antigen and cell-specific
immunotherapies expand and become more precise. In addition, the identification of novel carriers or
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ligands that, upon conjugation, will lead these immunotherapeutic molecules to the CNS inflammatory
sites can improve the efficiency of treatments. It is also important to clarify the role of Epstein–Barr
virus infection on MS development and their possible association, which might give further insights
into the disease etiology and treatment. Improved delivery of therapeutic molecules is another
challenge of research in MS, which can be achieved through the generation of fusions between the
therapeutic molecules and peptide leaders that will efficiently guide them to the inflammation sites in
the brain [133]. Recently, a fusion protein of an NOD-like receptor family member X1 (NLRX1) and
blood–brain barrier-permeable peptide dNP2 treated experimental autoimmune encephalomyelitis in
mice [134] and a peptide that selectively recognizes the CNS was used for targeted drug delivery to
the CNS in mice [135]. Genome-wide DNA sequencing analysis of MS patients is another approach
that can advance our knowledge on the disease etiology and on MS patients’ responses to medical
treatments; it can reveal genes that make people more susceptible to MS and identify the reasons why
specific drug treatments have adverse effects in some patients. In this case, the proper therapy could
be administrated to patients that have certain genetic profiles, so that adverse effects of MS therapy
could be minimized. Furthermore, drugs that enhance myelination, such as metformin [136], growth
factors shown to regulate inflammation [137], and hormones known to affect autoimmunity [138] can
offer new perspectives into the development of novel complementary treatments of MS in the future.
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Abstract: Background: It is well known that the cerebrospinal fluid (CSF) concentrations of free light
chains (FLC) and immunoglobulin G (IgG) are elevated in multiple sclerosis patients (MS). Therefore,
in this study we aimed to develop a model based on the concentrations of free light chains and IgG to
predict multiple sclerosis. We tried to evaluate the diagnostic usefulness of the novel κIgG index
and λIgG index, here presented for the first time, and compare them with the κFLC index and the λFLC
index in multiple sclerosis patients. Methods: CSF and serum samples were obtained from 76 subjects
who underwent lumbar puncture for diagnostic purposes and, as a result, were divided into two
groups: patients with multiple sclerosis (n = 34) and patients with other neurological disorders
(control group; n = 42). The samples were analyzed using turbidimetry and isoelectric focusing.
The κIgG index, λIgG index, κFLC index, and λFLC index were calculated using specific formulas.
Results: The concentrations of CSF κFLC, CSF λFLC, and serum κFLC and the values of κFLC index,
λFLC index, and κIgG index were significantly higher in patients with multiple sclerosis compared
to controls. CSF κFLC concentration and the values of κFLC index, λFLC index, and κIgG index
differed in patients depending on their pattern type of oligoclonal bands. κFLC concentration was
significantly higher in patients with pattern type 2 and type 3 in comparison to those with pattern
type 1 and type 4. The κFLC index, λFLC index, and κIgG index were significantly higher in patients
with pattern type 2 in comparison to those with pattern type 4. The κFLC index and κIgG index
were significantly higher in patients with pattern type 2 in comparison to those with pattern type
1, and in patients with pattern type 3 compared to those with pattern type 4. The κIgG index was
markedly elevated in patients with pattern type 3 compared to those with pattern type 1. In the total
study group, κFLC, λFLC, κFLC index, λFLC index, κIgG index, and λIgG index correlated with
each other. The κIgG index showed the highest diagnostic power (area under the curve, AUC) in
the detection of multiple sclerosis. The κFLC index and κIgG index showed the highest diagnostic
sensitivity, and the κIgG index presented the highest ability to exclude multiple sclerosis. Conclusion:
This study provides novel information about the diagnostic significance of four markers combined
in the κIgG index. More investigations in larger study groups are needed to confirm that the κIgG
index can reflect the intrathecal synthesis of immunoglobulins and may improve the diagnosis of
multiple sclerosis.

Keywords: multiple sclerosis; diagnostic markers; immunoglobulins; kappa; free light chains
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1. Introduction

Multiple sclerosis (MS) is a common neuroinflammatory and neurodegenerative disorder of
the central nervous system (CNS) [1]. The etiology of multiple sclerosis is still unknown. However,
the major pathology is mediated by an auto-reactive immune process of multifocal myelin destruction
throughout the CNS. Prompt and accurate diagnosis is particularly important for the clinical
management of patients, since disease-modifying therapies are the most effective at the early stage of
the disease [2,3]. A perfect biomarker should allow the early diagnosis of a disease, aid in determining
the prognosis of a disease, and be rapid and easily testable. Currently, there is no specific test for
the diagnosis of multiple sclerosis. According to the 2017 revisions of the McDonald diagnostic criteria
for MS, the diagnosis of this disease is based on clinical symptoms, imaging by MRI technology,
and laboratory testing including cerebrospinal fluid (CSF) examination [4].

The main feature of multiple sclerosis consists of abnormalities of the cellular and humoral
immune system. Combined actions of B cells and T cells play a role in the full development of
demyelination and in the secretion of immunoglobulins. Therefore, in more than 90% of patients,
an elevated level of immunoglobulins synthesized in the intrathecal space can be observed, and IgG
oligoclonal bands (OCBs) are detected in the CSF. However, there is a proportion of subjects, i.e.,
patients presenting with their first episode of multiple sclerosis, whose results of oligoclonal bands are
negative. On the other hand, increased intrathecal immunoglobulin synthesis may occur also in other
inflammatory CNS disorders, and therefore, this test is not specific for MS [5–8].

It is well known that human immunoglobulins are composed of two heavy and two light chains.
There are two types of light chains, kappa (κ) and lambda (λ), that are produced by B lymphocytes
during the synthesis of immunoglobulins. Physiologically, an excess of light chains is normally
produced. These light chains that are not combined with heavy chains are called free light chains
(FLC). It has been proven that B cell abnormalities are associated with disorders leading to an abnormal
concentration of free light chains [9,10]. Therefore, in this study we aimed to develop a model based on
free light chains and other available laboratory data to predict multiple sclerosis. We tried to evaluate
the diagnostics usefulness of the novel κIgG index and λIgG index and compare them to the already
known κFLC index and λFLC index used for the assessment of patients with MS.

2. Material and Methods

2.1. Subjects

This study was approved by the Bioethical Committee of the Medical University of Bialystok.
Informed consent was obtained from all individuals included in the study. The patients were admitted
to the Department of Neurology at the Medical University of Bialystok and underwent lumbar puncture
for diagnostic purposes. Paired CSF and serum samples from the patients were collected between
2018 and 2020. The tested group consisted of 76 patients with neurological disorders who were
divided into 2 subgroups: relapsing–remitting MS patients (n = 34) and a control group (n = 42)
(Figure 1). All MS patients included in the study were in the process of receiving an MS diagnosis.
They had a history of one clinical attack, and there was no evidence of dissemination in time according
to magnetic resonance imaging (MRI). Finally, after CSF analysis which revealed OCBs presence,
they were diagnosed with relapsing–remitting multiple sclerosis according to MacDonald criteria
2017 [4]. The degree of neurological impairment in patients diagnosed with multiple sclerosis from
whom CSF was obtained was evaluated using the expanded disability status scale [11]. All evaluations
rated between 1 and 2 points, indicating an early stage of the disease. All MS patients were not treated
with any disease-modifying drugs or glucocorticosteroids at the time of lumbar puncture. The control
group (29 females and 13 males; age range: 18–78 years) included patients eventually diagnosed
with multifocal vascular lesions of the CNS (n = 18), discopathy (n = 6), idiopathic cephalgia (n = 9),
dementia (n = 3), idiopathic (Bell’s) facial nerve palsy (n = 3), epilepsy (n = 1), herpetic encephalitis
(n = 1), hydrocephalus (n = 1). Out of 34 patients with multiple sclerosis, 31 had OCBs in the CSF but
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not in serum (pattern type 2), and 3 had OCBs in CSF and serum, with additional OCBs in the CSF
(pattern type 3). Out of 42 patients in the control group, 21 had no bands in CSF and serum (pattern
type 1), 4 had pattern type 3, 16 had identical OCBs in CSF and serum (pattern type 4), and 1 had
monoclonal bands in CSF and serum (pattern type 5).

Figure 1. Characteristics of the study group.

2.2. Sample Collection

CSF specimens were collected from each patient by lumbar puncture. The samples were collected
into polypropylene tubes, centrifuged, aliquoted, and frozen at −80 ◦C until assayed. Venous blood
samples were collected and centrifuged to separate the serum. The serum samples were aliquoted
and frozen at −80 ◦C until assayed.

IgG oligoclonal bands determination in human CSF and serum was performed at the time of
diagnosis using isoelectric focusing on agarose gel. Each patient’s serum and CSF samples were
analyzed in parallel, in order to compare the IgG distribution. According to the manufacturer’s
instructions, the assay includes two steps. Firstly, we performed isoelectrofocusing on
agarose gel to fractionate the proteins in the CSF and serum med. Secondly, we carried
out immunofixation with peroxidase-labelled anti-IgG antiserum to detect IgG oligoclonal
bands and demonstrate the distribution of IgG in both fluids (Hydragel 3 CSF Isofocusing;
Hydrasys; Sebia). The concentrations of κFLC, λFLC, albumin, IgG, IgM, and IgA in CSF
and serum were measured according to the turbidimetric method (Optilite; The Binding Site).
The κIgG index, λIgG index, κFLC index, and λFLC index were calculated according to

the following formulas:
CSF κFLC (mg

L )/serum κFLC(mg
L )

CSF IgG (mg
L )/serum IgG( g

L )
× 100,

CSF λFLC (mg
L )/serum λFLC(mg

L )
CSF IgG (mg

L )/serum IgG( g
L )

× 100,

CSF κFLC(mg
L )/serum κFLC(mg

L )
CSF albumin(mg

L )/serum albumin(mg
L )

and
CSF λFLC(mg

L )/serum λFLC(mg
L )

CSF albumin(mg
L )/serum albumin(mg

L )
, respectively. In cases of FLCs

concentrations below the lower limit of detection, we used the corresponding detection limit (CSF
κFLC, 0.30 mg/L, CSF λFLC, 0.65 mg/L). Intrathecal synthesis was also evaluated using albumin, IgG,
IgA, and IgM quotients (QAlb, QIgG, QIgA, QIgM, respectively).

2.3. Statistical Analysis

Data were stored and analyzed in Statistica 13.3. Differences between the multiple sclerosis
and the control group were evaluated by Mann–Whitney U test. To test the hypothesis about
the differences between subgroups, ANOVA rank Kruskal–Wallis test was performed. The post-hoc test
was applied to determine which groups were different. We considered p-values < 0.05 as statistically
significant. The diagnostic performance of each test was calculated as sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and accuracy (ACC). We used the area under
the receiver operating characteristic (AUC ROC) curve to determine the optimal cut-off value and to
calculate the diagnostic performance of the tests.
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3. Results

The results of routine laboratory tests for patients with MS and the control group are presented
in Table 1. Statistically significant differences between MS and controls in the Mann–Whitney U test
were observed for the concentration of serum albumin and serum and CSF IgM and the values of QIgM

and QIgG (p = 0.010; p = 0.047; p = 0.003; p = 0.002; p = 0.002, respectively).

3.1. CSF and Serum Concentrations of κFLC and λFLC

We determined the concentrations of κFLC and λFLC in the CSF and serum. κFLC and λFLC
concentrations in the CSF and serum κFLC concentration were markedly elevated in MS patients
(3.050 mg/L, 2.050 mg/L, 13.480 mg/L, respectively) compared to controls (0.310 mg/L, p < 0.001;
0.720 mg/L, p = 0.017; 16.265 mg/L, p = 0.019, respectively), while the concentration of serum λFLC
did not differ between MS patients (11.715 mg/L) and controls (13.220 mg/L. p = 0.066). Furthermore,
the concentrations of κFLC in the CSF differed depending on the types of OCB patterns (ANOVA rang
Kruskal–Wallis test: p < 0.001, H = 36.472). Post-hoc analysis revealed that the CSF concentrations of
κFLC were significantly lower in patients with pattern type 1 (0.300 mg/L) and type 4 (0.936 mg/L) of
OCBs in comparison with those with pattern type 2 (2.905 mg/L; p < 0.001, p = 0.002, respectively)
and type 3 (4.400 mg/L; p = 0.002, p = 0.030, respectively). There were no significant differences in CSF
κFLC concentrations between patients with OCB pattern type 2 and type 3 (p= 1.000). The concentrations
of serum κFLC and λFLC as well as CSF λFLC were similar in all patients irrespective of their OCB
pattern type.

3.2. Values of κFLC Index, λFLC Index, κIgG Index, and λIgG Index

The values of κFLC index, λFLC index, κIgG index, and λIgG index are presented in Table 2.
The values of κFLC index, λFLC index, and κIgG index were significantly higher in patients with
multiple sclerosis compared to controls, but there were no differences in the λIgG index between
the tested groups (Figure 2). The values of κFLC index, λFLC index, and κIgG index differed depending
on the OCB pattern type (p < 0.001, H = 25.593; p = 0.010, H = 11.355; p < 0.001, H = 29.608). Post-hoc
analysis revealed that the values of the κFLC index and κIgG index were significantly higher in patients
with pattern type 2 (median: 58.551, 5.063) in comparison with those with pattern type 1 (5.933, 0.987;
p < 0.001 for both) and type 4 (4.166, 0.636; p < 0.001 for both). The λFLC index was significantly
elevated in patients with pattern type 2 (35.065) in comparison with those with pattern type 4 (7.208,
p = 0.013). There were also differences in the κFLC index and κIgG index values between patients
with pattern type 3 (56.172; 4.503) and those with pattern type 4 (p = 0.034; p = 0.029, respectively).
In addition, the κIgG index was markedly elevated in patients with pattern type 3 compared with
those with pattern type 1 (p = 0.033). There were no significant differences in the λIgG index between
patients with different OCB types (p = 0.106, H = 6.123).
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Table 2. Values of κFLC index, λFLC index, κIgG index, and λIgG index in multiple sclerosis patients
and control group and their diagnostic significance.

Median Min Max
Cut-off from

the ROC
Sensitivity [%] Specificity [%] PPV [%] NPV [%] ACC AUC

κFLC-index

MS (n = 34) 59.338 * 4.466 623.565
9.417 93.50 68.30 79.20 69.00 79.20 0.866

C (n = 42) 6.196 0.912 91.081

λFLC-index

MS (n = 34) 35.070 * 6.336 792.533
21.446 71.90 64.30 60.50 75.00 67.60 0.693

C (n = 42) 14.450 1.015 157.741

κIgG-index

MS (n = 34) 5.660 * 0.751 16.400
1.929 90.30 80.50 77.80 91.70 84.70 0.871

C (n = 42) 0.956 0.216 9.581

λIgG-index

MS (n = 34) 3.571 0.330 10.374
3.161 65.6 71.4 63.6 73.2 68.9 0.632

C (n = 42) 1.974 0.241 35.665

MS, multiple sclerosis; C, control group; FLC, free light chains; ROC, receiver operating characteristic; PPV, positive
predictive value; NPV, negative predictive value; ACC, accuracy; AUC, area under the ROC; *, significant differences
in comparison to the control group.

Figure 2. κFLC index, λFLC index, κIgG index, and λIgG index in the study groups. C, control group;
MS, multiple sclerosis; *, significant differences in comparison to the controls.

3.3. Correlations of CSF κFLC, CSF λFLC, κFLC Index, λFLC Index, κIgG Index, and λIgG Index with Other
Parameters Reflecting Pathological Processes in the CNS

The correlations between CSF κFLC, CSF λFLC, κFLC index, λFLC index, κIgG index, and λIgG
index with other parameters reflecting pathological processed in the CNS are presented in Table 3.
Sprearman’s rank correlation test demonstrated that in the total study group, κFLC, λFLC, κFLC-index,
λFLC index, κIgG index, and λIgG index correlated with each other. The CSF concentrations of κFLC
and the values of the λIgG index were significantly associated with QIgG. CSF κFLC, CSF λFLC,
and κFLC index correlated with QIgM values, while QIgA was associated with the values of κIgG index
and λIgG index. Furthermore, we observed a negative correlation of QAlb and patients’ age with κFLC
index, λFLC index, κIgG index, and λIgG index.
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Table 3. Spearman’s correlations between tested variables in the total study group.

Total Study
Group
(n = 76)

Age QAlb QIgG QIgM QIgA CSF κ CSF λ κFLC−Index λFLC−Index κIgG−Index λIgG−Index

QAlb
r 0.403 0.648 0.268 0.778 −0.120 0.049 −0.253 −0.244 −0.472 −0.433
p <0.005 * <0.005 * 0.030 * <0.005 * 0.316 0.678 0.032 * 0.036 * <0.005 * <0.005 *

QIgG
r 0.01 0.648 0.553 0.678 0.405 0.208 −0.197 −0.028 0.034 −0.296
p 0.936 <0.005 * <0.005 * <0.005 * <0.005 * 0.076 0.097 0.81 0.776 0.010 *

QIgM
r −0.121 −0.268 0.553 0.547 0.425 0.302 0.333 0.164 0.231 0.015
p 0.331 0.030 * <0.005 * <0.005 * 0.005 * 0.013 * 0.007 * 0.185 0.064 0.907

QIgA
r 0.253 0.778 0.678 0.547 0.01 0.078 −0.034 −0.101 −0.273 −0.335
p 0.031 * <0.005 * <0.005 * <0.005 * 0.936 0.512 0.779 0.397 0.021 * 0.004 *

CSF κ

r −0.309 −0.120 0.405 0.424 0.01 0.661 0.802 0.515 0.843 0.372
p 0.007 0.316 <0.005 * <0.005 * 0.936 <0.005 * <0.005 * <0.005 * <0.005 * 0.001 *

CSF λ

r −0.138 0.049 0.208 0.302 0.078 −0.126 0.536 0.72 0.557 0.686
p 0.236 0.678 0.08 0.013 0.512 <0.005 * <0.005 * <0.005 * <0.005 * <0.005 *

κFLC index
r −0.459 −0.253 0.207 0.333 −0.034 0.802 0.536 0.784 0.866 0.495
p <0.005 * 0.032 0.081 0.007 * 0.779 <0.005 * <0.005 * <0.005 * <0.005 * <0.005 *

λFLC index
r −0.369 −0.244 −0.030 0.164 −0.101 0.371 0.72 0.784 0.659 0.809
p <0.005 * 0.040 * 0.81 0.185 0.397 <0.005 * <0.005 * <0.005 * <0.005 * <0.005 *

κIgG index
r −0.472 −0.472 0.034 0.231 −0.273 0.843 0.557 0.867 0.659 0.647
p <0.005 * <0.005 * 0.776 0.064 0.020 * <0.005 * <0.005 * <0.005 * <0.005 * <0.005 *

λIgG index
r −0.388 0.432 −0.296 0.015 −0.335 0.372 0.686 0.495 0.809 0.647
p <0.005 * <0.005 * −0.010 * 0.907 <0.005 * 0.001 * <0.005 * <0.005 * <0.005 * <0.005 *

* Statistically significant (p < 0.05).

3.4. Diagnostic Power of κFLC Index, λFLC Index, κIgG Index, and λIgG Index

The diagnostic usefulness of κFLC index, λFLC index, κIgG index, and λIgG index in multiple
sclerosis is presented in Table 2. The κFLC index and κIgG index showed a very high ability to detect
MS (sensitivity > 90.00% for both) in comparison to the λFLC index (sensitivity, 71.90%) and the λIgG
index (sensitivity, 65.60%). The κIgG index showed the highest ability to exclude multiple sclerosis,
with 80.50% specificity and 91.70% negative predictive value. The κIgG index presented the highest
diagnostic power (AUC) in the detection of multiple sclerosis in comparison to the λIgG index,
κFLC index, and λFLC index (Figure 3).

Figure 3. ROC curves for κFLC index, λFLC index, κIgG index, and λIgG index in multiple sclerosis.

4. Discussion

Multiple sclerosis is an inflammatory neurodegenerative disease characterized by intrathecal IgG
synthesis. The detection by isoelectric focusing methods of oligoclonal IgG bands in parallel cerebrospinal
fluid and serum samples is actually the gold standard for multiple sclerosis diagnosis [3,12]. However,
there are some limitations of OCBs detection, such as still indefinite number of bands in the CSF without
corresponding bands in serum defining positive results [13]. OCBs determination is not specific for
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multiple sclerosis, because the elevated intrathecal synthesis of IgG may occur in other CNS disorders [14].
In addition, OCBs are found in the CSF of about 90% of patients with multiple sclerosis, which means that
there is always a group of MS patients without CSF bands [15]. Also, another problem is that isoelectric
focusing methods are laborious and often difficult [16]. Taking all this into account, we believe that there
is a need to find an additional indicator that can be used to diagnose multiple sclerosis. Therefore, in
this study, we tried to define a novel diagnostic model using routinely available laboratory test results to
predict multiple sclerosis in patients with symptoms of neurological disorders.

Firstly, we showed that the mean concentrations of κFLC and λFLC in the CSF and of serum κFLC
are markedly elevated in patients with multiple sclerosis. Clearly, these changes in free light chains
concentrations may originate from increased synthesis of immunoglobulins, a phenomenon firstly
observed in the 1970s–1980s [17,18], or from the fact that light chains are synthesized at a speed more
than twice higher compared to fully formed A, M, and G immunoglobulins [19]. Our results are totally
consistent with the results obtained by other researchers [20–25]. Additionally, our study revealed that
the CSF concentrations of κFLC were significantly increased in patients with OCB pattern types 2 and 3,
which confirmed intrathecal immunoglobulins synthesis. This may suggest that the concentrations of
FLCs in the CSF are highly sensitive and specific for the diagnosis of multiple sclerosis. Our findings
of increased free light chains are consistent with those of other studies and support the inclusion of
free light chains in our algorithm.

Many studies on the prediction of multiple sclerosis have been published in the past few years.
Some studies have proposed a model based on κFLCs and albumin concentrations [16,17,22,23].
Presslauer et al. were the first scientists who developed a formula for the κFLC index and tried to
evaluate its diagnostic significance. An index using a cut-off value ≥ 5.9 showed higher sensitivity
for the diagnosis of multiple sclerosis than OCBs (96% vs. 80%, respectively) [16]. In our study,
using the cut-off proposed by Presslauer et al., the κFLC index showed identical sensitivity with that
previously reported, but the specificity for our patients’ group was lower (46.3% vs. 86.0%). Therefore,
for further analysis, we decided to use the best cut-off form the ROC. When we used a κFLC index
value ≥ 9.4, we achieved a similar sensitivity, but the specificity was still lower than in Presslauer et al.
study and equaled 68%. On the other hand, this index value was lower than the cut-off published
by Menendez-Valladares et al., which was >10.62 and associated with higher specificity [21]. Despite
the differences in the cut-off values and specificity, authors unanimously say that the κFLC index has
high sensitivity and probably would avoid OCBs determination in most of patients with suspected
multiple sclerosis.

It is well known that the CSF concentrations of FLCs and IgG are increased in patients with
multiple sclerosis. The concentrations of free light chains and IgG have been used for the diagnosis of
multiple sclerosis but never combined in a single algorithm. Our study was conducted to develop a
new simple model for MS diagnosis using routine laboratory tests to predict this disease in a group
of patients with neurological disorders. In our study, these variables were used together for the first
time to create the novel κIgG index and λIgG index. We compared the already investigated κFLC
index and λFLC index with panels named κIgG-index and λIgG-index combined of FLCs and IgG
concentrations. The findings of our study confirmed significant differences in the values of κIgG index
and λIgG index between multiple sclerosis patients and individuals with other neurological disorders.
We denoted about a 9,5-fold difference of median κIgG index and a 2,4-fold difference of median λIgG
index in multiple sclerosis patients in comparison to controls. Moreover, it is important to recognize
that our model was developed considering different types of OCBs. Differentiation according to
OCBs was chosen because clinically, patients with OCB pattern type 2 are almost always classified as
multiple sclerosis patients. We observed that the κIgG index was significantly higher in patients with
pattern type 2 in comparison with those with pattern type 1 and type 4. Additionally, only the values
of the κIgG index were markedly higher in patients with pattern type 3 than in those with pattern
type 4 and type 1, which does not exclude multiple sclerosis. In general, the κIgG index showed
higher diagnostic significance compared with the λIgG index. The main factor causing this is probably
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the dominance of κ free light chains in humans (the normal total κFLC/λFLC ratio is approximately
2:1) [26]. These results indicate that the algorithm combining κFLC with IgG is more valid to evaluate
the intrathecal synthesis of immunoglobulins in patients with neurological system disorders than other
known algorithms.

5. Conclusions

In conclusion, we showed that a novel, simple κIgG index consisting of four variables combined
together (serum κFLC, CSF κFLC, serum IgG, and CSF IgG) can predict the intrathecal synthesis of
immunoglobulins and may serve as an additional, potential diagnostic marker for the diagnosis of
multiple sclerosis, with a high degree of diagnostic sensitivity and accuracy. The main strength of our
study is the use of readily available routine laboratory diagnostics tests. In addition, we examined
a group of well-characterized patients including 45% multiple sclerosis patients and 55% controls.
The control group in this study was highly heterogeneous; however, the purpose of this study was to
determine the value of the κIgG index in the differentiation of multiple sclerosis from other neurological
disorders. It is very important to differentiate multiple sclerosis from other neurological diseases,
because they often require different treatments. While this study provides novel information about
the diagnostic significance of four combined markers in the κIgG-index, in the context of practicality,
further studies are required to determine the appropriateness of using the κIgG index as a diagnostic
tool for multiple sclerosis in a clinical setting. Studies on larger samples should be performed to
validate the quality and precision of the κIgG index. To our knowledge, there are no other studies
combining FLCs with IgG concentrations, but we cautiously suggest that, in the future, this parameter
could be determined as a complementary diagnostic element to oligoclonal bands determination.
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Abstract: Multiple sclerosis (MS) is an autoimmune disease of the central nervous system and is
considered to be the leading non-traumatic cause of neurological disability in young adults. Current
treatments for MS comprise long-term immunosuppressant drugs and disease-modifying therapies
(DMTs) designed to alter its progress with the enhanced risk of severe side effects. The Holy Grail
for the treatment of MS is to specifically suppress the disease while at the same time allow the
immune system to be functionally active against infectious diseases and malignancy. This could
be achieved via the development of immunotherapies designed to specifically suppress immune
responses to self-antigens (e.g., myelin antigens). The present study attempts to highlight the
various antigen-specific immunotherapies developed so far for the treatment of multiple sclerosis
(e.g., vaccination with myelin-derived peptides/proteins, plasmid DNA encoding myelin epitopes,
tolerogenic dendritic cells pulsed with encephalitogenic epitopes of myelin proteins, attenuated
autologous T cells specific for myelin antigens, T cell receptor peptides, carriers loaded/conjugated
with myelin immunodominant peptides, etc.), focusing on the outcome of their recent preclinical and
clinical evaluation, and to shed light on the mechanisms involved in the immunopathogenesis and
treatment of multiple sclerosis.

Keywords: multiple sclerosis; autoimmune diseases; antigen-specific immunotherapies; tolerogenic
vaccines; tolerance induction; central nervous system; myelin peptides; myelin basic protei; proteolipid
protein; myelin oligodendrocyte glycoprotein

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS)
caused by genetically-predisposed hosts by infectious and environmental factors which induce complex
autoimmune responses in the CNS resulting in degeneration of the myelin sheath and axonal loss in
the brain and spinal cord [1–14] It is the most prominent demyelinating disease leading to progressive
clinical disability in MS patients [5,6,15] due to ineffective remyelination [13,15]. More than 2 million
people worldwide suffer from MS and it is considered as the leading non-traumatic cause of neurological
disability in young adults with a disease onset commonly around 20 and 40 years of age [4,6,15,16].
High prevalence of the disease is reported in North America and Europe [15].

MS exhibits a vastly heterogeneous clinical course [6,17] which varies from a benign disease
course that doesn’t lead to serious disability, demonstrated by 10–15% of MS patients, to aggressive
forms of the disease leading to severe disability and even paralysis. The increased heterogeneity of the
disease severity strongly affects the design and duration of therapeutic schemes administered to MS
patients [17].
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MS features the following stages: a pre-clinical stage, namely, a radiologically-isolated syndrome
(RIS), which is then demonstrated as a clinically-isolated syndrome (CIS) [2,3], followed by a relapsing
remitting stage (RRMS) which may later advance into secondary progressive disease (SPMS) [2,4,6,16,18].
It should be noted that a minority of MS patients (e.g., 10–15% [3,6,16]) exhibit progressive MS from
the disease onset, known as primary progressive MS (PPMS) [2,4,6,18] (Figure 1). The aforementioned
classification corresponds to the inflammatory image of MS which can be detected via magnetic
resonance imaging (MRI) [2,16].

 

Figure 1. Stages of multiple sclerosis (MS). RIS: radiologically isolated syndrome; CIS: clinically isolated
syndrome; FDA: U.S. food and drug administration (with the permission of [2]).

RRMS affects approximately 85% of MS patients [3,6,19] of whom women are twice as many
as men [6]. It is characterized by periods of relapses (i.e., episodes of neurologic dysfunction, such
as sensory disturbances, optic neuritis, or disturbances of motor/cerebellar function) followed by
remission periods (i.e., periods of partial or full clinical recovery) [2,3,6,14,16]. Relapses coincide with
CNS inflammation/demyelination visualized by MRI as lesions found mainly in the white matter [3].
In the majority of patients, RRMS advances to SPMS [16] within 10–20 years after diagnosis [3,6].

RRMS involves the movement of immune cells from the peripheral sites to the CNS (mainly in
the white matter, even though extensive number of demyelinated plaques can be located in the grey
matter [20]) resulting in the formation of localized inflammatory sites. Inflammatory processes in these
sites induce killing of oligodendrocytes, myelin damage, and axon injury and loss, resulting in impaired
neurological function [20]. On the other hand, the progressive disease implicates the generation of
a pathological process within the brain [2]. Thus, the characteristic feature of SPMS is no longer the
inflammatory lesions but an atrophic brain attributed to enhanced loss of axons, cortical demyelination,
activation of microglia, and inefficient remyelination [2,3]. SPMS patients demonstrate progressive
neurological dysfunction resulting in enhanced physical disability (e.g., inability to walk) [2,3].

PPMS is also characterized by gradual neurological decline without relapses [3,6]. In comparison
with RRMS, the disease onset for PPMS is usually ten years later and it does not exhibit female
predominance [6]. To date, clinical evidence shows significant differences between RRMS and
progressive MS [21], reflected by the diverse response to currently existing treatments, but not between
SPMS and PPMS. [18].
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Currently, there is no cure for MS. Some existing treatments appear to be beneficial for patients
with RRMS. However, there is still a lack of effective therapies for the progressive forms of MS [2].

The present paper aims to extensively review the different, recently developed myelin
antigen-specific strategies (e.g., myelin peptide based vaccination, vaccination with plasmid DNA
encoding myelin epitopes, tolerogenic dendritic cells pulsed with encephalitogenic epitopes of
myelin proteins, vaccination with attenuated autologous T cells specific for myelin antigens, T cell
receptor vaccination, carrier-aided administration of myelin immunodominant peptides, etc.) for the
prevention/treatment of MS, especially with respect to their in vivo and clinical evaluation outcomes
and the challenges they face in order to be translated to MS patients. It also seeks to unravel the
mechanisms involved in the immunopathogenesis of the relapsing remitting and progressive MS, as
well as the mechanisms of action of the developed tolerance-inducing vaccines.

The different antigen-specific immunotherapies are analytically presented in a comparative manner
in separate tables providing detailed information about the selected myelin antigen, the vaccination
strategy (e.g., prophylactic, preclinical, therapeutic), the administration route (e.g., intravenous,
subcutaneous, intraperitoneal, epicutaneous, intradermal, oral, nasal, pulmonary) and the administered
dose, the cell type (e.g., tolerogenic dendritic cells, T cells, hematopoietic stem cells, bone marrow
cells) and the inductive agent, the carrier type (e.g., polymer particles, soluble antigen arrays, immune
polyelectrolyte multilayers, inorganic particles, pMHC-NPs, mannan-conjugated myelin peptides,
liposomes, exosomes, antigen-presenting yeast cells), and its characteristics (e.g., size, zeta potential,
antigen loading), as well as the vaccination outcome.

The review paper is based on a systematic search of PubMed using the following search terms:
multiple sclerosis, antigen-specific immunotherapies, tolerogenic vaccines, nanocarriers, nanomedicine,
DNA vaccination, cell-based vaccination, clinical trials. The search covered the time period from
1 January 2000 till today. Publications addressing pre-clinical and clinical evaluation of antigen-specific
immunotherapies for multiple sclerosis were selected for inclusion.

2. Immunopathogenesis of MS

Successful preclinical studies and clinical trials for MS which target cells and molecules of the
immune system support the idea that the latter has a dominant role in the pathogenesis of MS. These
studies have proposed that cells of the adaptive immune system like B cells and various effector T
cells, combined with cells of the innate immune system such as natural killer cells and microglia,
uniquely contribute to the disease [2]. However, it should be mentioned that while the peripheral
adaptive immune system (T lymphocytes) is the primary driver of RRMS, the innate immune system
(microglia and astrocytes) together with B lymphocytes is considered to drive progressive MS [2]. The
CNS of MS patients has been also found to exhibit infiltration of activated T cells, B cells, plasma cells,
dendritic cells (DCs), and macrophages indicating the contribution of both cellular and humoral (i.e.,
antibody-mediated) immune responses as well as of various immunopathological effector mechanisms
to the damage of CNS tissue [22,23].

It has been suggested that two independent types of inflammation, developing in parallel, can
occur in multiple sclerosis patients. The first one is related with the focal invasion of T and B cells
through BBB leakage, giving rise to classic active demyelinated plaques in the white matter. The
second one deals with a slow accumulation of T and B lymphocytes without profound BBB damage
in the perivascular Virchow Robin spaces and the meninges, where they form cellular aggregates
resembling, in most severe cases, tertiary lymph follicles. The latter can be linked with the development
of demyelinated lesions in the cerebral and cerebellar cortex, slow expansion of existing lesions in the
white matter, and diffuse neurodegeneration in normal-appearing white and/or grey matter [18]. The
presence of the lymphoid follicle-like structures (follicle-like ectopic germinal centers) in the inflamed
cerebral meninges of some SPMS patients could indicate that B-cell maturation is sustained locally in
the CNS and contributes to the induction of a compartmentalized humoral immune response [2,22].

161



Brain Sci. 2020, 10, 333

The role of the various immune cells and the immunopathological effector mechanisms contributing
to the development of MS are discussed below.

The ability of the human immune system to respond to an enormous number of encountered
antigens comes with the risk that some T cells will be able to recognize self-antigens, such as CNS
(e.g., myelin) antigens. Most autoreactive T lymphocytes are usually deleted in the thymus via a
process known as negative selection (central tolerance). However, a number of these T cells escape
from the thymus to peripheral sites where they are normally kept under control by mechanisms of
peripheral tolerance. If these mechanisms fail, due to reduced action of regulatory T cells and/or
enhanced resistance of effector T and B lymphocytes to suppression, autoreactive T cells recognizing
CNS antigens are activated in the peripheral lymphoid system to become effector cells, via molecular
mimicry (i.e., activation by a viral peptide having sufficient sequence similarity [24] or otherwise
sharing an immunologic epitope [25] with the CNS antigen), recognition of CNS proteins released
in the periphery, presentation of new autoantigens and bystander activation (i.e., T cell receptor
(TCR)-independent and cytokine-dependent activation probably due to viral infection [26]). Then
the activated T cells (CD8+ T cells, and CD4+ T cells differentiate to T helper 1 (Th1) and Th17 cells)
together with B cells and monocytes (cells of the innate immune system) infiltrate the CNS by crossing
the blood-brain barrier (BBB) leading to inflammation. There, they are reactivated via encountered
resident antigen presenting cells, APCs (e.g., microglial cells) and infiltrating APCs (e.g., dendritic
cells, macrophages) presenting CNS autoantigens on the major histocompatibility complex, MHC (also
known as human leucocyte antigen, HLA, in humans [11]) molecules. Specifically, CD4+ T cells interact
with MHC II expressing cells, like dendritic cells, macrophages and B cells, whereas CD8+ T cells
directly interact with MHC I/antigen-expressing cells, like neurons and oligodendrocytes. It should
be noted that MHC class II is adequately expressed only on professional APCs, while MHC class I is
expressed by all cell types in the CNS inflammatory milieu. Therefore, CD4+ T cells are mainly found
in perivascular cuffs, and meninges, whereas CD8+ T cells additionally infiltrate the parenchyma of
the irritated lesions. Upon contact with their cognate antigen, CD4+ T cells are thought to secrete
cytokines and immune mediators resulting in the attraction of resident immune cells like microglia,
macrophages and astrocytes, secretion of proinflammatory cytokines, enhanced APC function, and
increased production of reactive oxygen and nitrogen species (ROS/RNS). On the other hand, apart from
secreting inflammatory mediators, CD8+ T cells directly attack oligodendrocytes and neurons, thus
causing oligodendrocyte death (e.g., via secretion of granzymes and perforin leading to pore formation
and stimulation of programmed cell death [2]) and neuronal damage (e.g., release of cytolytic granules
leading to axonal dissection [2]) (Figure 2). The above result in inflammation, myelin loss, and axonal
injury. This inflammatory cascade leads to the recruitment of monocytes and macrophages into the
lesion resulting in the release of more CNS antigens and their presentation to potentially autoreactive
T cells. It should be mentioned that epitope spreading could result in a broader autoimmune response
involving additional autoantigens [1–3,11,27–33].

CD4+ T cells are considered to have a paramount role in the immunopathogenesis of MS due to
the secretion of interferon gamma (IFNγ) and IL-17 [2,20,34]. However, it has been lately revealed
that CD8+ T cells are also responsible for the initiation of human MS pathogenesis where, contrary to
experimental autoimune encephalomyelitis (EAE), CD8+ T cells are the predominant T lymphocyte
infiltrate in acute and chronic MS lesions [1,2]. Compared with CD4+ T cells, CD8+ T cells can be
found more frequently in the white matter and in the cortical demyelinating lesions in the grey matter,
and their density can be closely correlated with axonal damage [1,3]. Epitope spreading, assisted by
cross-presentation of antigens by monocyte-derived DCs, has been found to activate myelin-specific
CD8+ T cells also in an EAE model [3]. It has been suggested that CD8+ T cells remain in the CNS
(e.g., brain and spinal cord) as tissue-resident cells, and upon re-encounter of their cognate antigen,
focally propagate neuroinflammation [18].

Despite the fact that MS is considered a T lymphocyte-mediated disease [35], the important results
of anti-CD20 therapy (e.g., rituximab, ocrelizumab) in MS indicate a significant role for B cells in its
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pathogenesis. B cells can have either a pro- or an anti-inflammatory role, based on their subtype and
context. Their pro-inflammatory functions, comprise critical antigen presentation in the context of
MHC class II molecules to Th17 and Th1 cells, secretion of pro-inflammatory cytokines (e.g., tumor
necrosis factor alpha, TNF-α, interleukin-6 (IL-6) and granulocyte-macrophage colony-stimulating
factor, GM-CSF) that promote CNS inflammation and propagate demyelination and neurodegeneration,
and production of antibodies [36]. B lymphocytes can traffic out of the CNS to the cervical lymph
nodes where they can undergo affinity maturation and then re-enter the CNS and promote further
damage [3].

 

Figure 2. Effector T cells in multiple sclerosis (with the permission of [2]).

B cells are considered a unique population of APCs since, in contrast to other APCs which
recognize various exogenous and endogenous antigens, B cells are highly selective (i.e., they specifically
recognize only the antigens that are bound to their unique surface B cell receptor). Studies with the EAE
model have indicated that some autoantigens, like the highly immunogenic myelin oligodendrocyte
glycoprotein (MOG), require their presentation by B cells to activate CD4+ T cells. Accordingly, it
can be speculated that the antigen(s) which trigger human MS are likewise B cell dependent [36].
Furthermore, active genes in B cells represent a major component of more than 200 variants known
to increase the risk for developing MS. Remarkably, the gene that encodes the MHC class II DR β

chain, which is known to be critical for APC function, is considered, genome-wide, the strongest
MS predisposition signal. Probably, the net effect of this genetic burden is biased biology of B cells
towards a pro-inflammatory phenotype, which promotes the presentation of self-antigens to effector T
cells or augments the autoimmune responses through the production of cytokines and other immune
mediators [36].

Regulatory T cells (CD4 FoxP3+ Tregs, CD4+ Tr1 regulatory cells, CD8 Tregs), regulatory B
cells (Breg) cells and natural killer cells (NK cells) can achieve regulation of effector T cells in the
peripheral lymphoid tissue or in the CNS. CD4 FoxP3+ Tregs (<4% of circulating CD4 T cells) express
the transcription factor Forkhead box protein 3 (FoxP3) along with numerous inhibitory checkpoint
molecules on their surface. They are activated by self-antigens and they suppress the activation of
other cell types through a mechanism that requires cell contact [37]. CD4+ Tr1 regulatory cells impede
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cell proliferation mainly via the secretion of IL-10 [38]. Both Tregs are considered important in MS
due to the exhibition of unique characteristics. Subsets of CD8+ Tregs that have been indicated to
suppress immune responses and disease progression via distinct mechanisms have been identified
by a unique expression of molecules like CD122, CD28, CD102 and HLA-G [2,39,40]. In addition,
Th2 cells secreting cytokines like IL-4, IL-5, and IL-13, are considered to be able to downregulate
the activity of pro-inflammatory cells [27]. B cells can also regulate various B and T cell mediated
effector immune functions via secretion of regulatory cytokines IL-10 and IL-35, transforming growth
factor beta (TGF-β), or programmed death-ligand 1 (PD-L1). Specifically, IL-10 secreting B-regs inhibit
pro-inflammatory T cell responses, partly mediated via IFNγ and IL17 [2,3,36]. Finally, NK cells are
known to suppress immune responses via killing activated, possibly pathogenic, CD4+ T cells.

Immune-modulatory networks are triggered in parallel with the deleterious activity of effector T
cells, in order to limit CNS inflammation and initiate tissue repair, resulting in partial remyelination.
The modulation of immune activation can be associated with clinical remission. However, it should be
mentioned that in the absence of treatment, suppression of autoimmunity cannot be fully achieved.
Consequently, additional attacks will normally lead to the progressive form of MS [2]. The action
of autoreactive T and B cells in MS could be owed to the defective function of regulatory cells.
Disease-associated HLA class II variants might skew the selection in the thymus so that the regulatory
T cells which are released into the peripheral sites cannot adequately suppress autoreactive effector T
cells [3].

3. MS Therapies

3.1. Disease-Modifying Therapies

Current treatments for MS can be categorized into long-term immunosuppressant drugs, which
have significant risks for various infections and cancer, and disease-modifying therapies (DMTs)
designed to alter the progress of the disease via interference with B and T cells activity, and reduction
of BBB disruption. For example, the more recently engineered monoclonal antibodies (mAbs) act via
blocking α4 integrin interactions (e.g., natalizumab) or lysing immune cells exhibiting surface markers
like CD20 (ocrelizumab, ofatumumab) [41] or CD52 (alemtuzumab). Due to their different mechanisms
of action (Figure 3), DMTs’ efficacy and safety profiles [42] vary significantly. Presently, there exist
more than 10 FDA (U.S. Food and Drug Administration) approved DMTs for RRMS aiming to reduce
relapse level and severity of inflammation in CNS. DMTs can be classified based on the administration
route as intravenous, self-injectable and oral formulations (Table 1) [16,23,31,43–49].

Among the FDA-approved DMTs, ocrelizumab, alemtuzumab and natalizumab seem to have
the highest anti-inflammatory effect and to efficiently reduce relapses as proven by MRI scans [2,50].
Another approach for the treatment of MS involves the use of low-dose interleukin 2 (IL-2). This
treatment is based on the weak in vivo response of effector T cells to low-dose IL-2 compared with
Foxp3+ Treg cells which proliferate due to the expression of the high-affinity IL-2 receptor (CD25).
This treatment has been shown to be well tolerated but, since non-specific expansion of the Foxp3+
Treg population cannot be excluded, it may effect susceptibility to infections and malignancies in some
patients [51]. Interestingly, it has been shown that the more aggressive and less selective targeting of
immune cells leads to more effective disease suppression, though at the cost of enhanced risk of side
effects like infections and neoplasms due to decreased normal immune surveillance [27].

Despite the noteworthy advancements in the treatment of MS, the observed rates of progressive
disability as well as of early mortality are still bothersome. Accordingly, there exists a need for safer,
well tolerated and highly efficient treatments. This need is even higher for therapies capable of stopping
or slowing the progression, and improving the disability in progressive MS [14,16,52–54]. Till now,
only one therapy (ocrelizumab) appeared to be beneficial for the treatment of PPMS [14,16].
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Figure 3. Suggested mechanism of action of several disease-modifying therapies (DMTs) (with the
permission of [47]).
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3.2. Antigen-Specific Immunotherapies

The Holy Grail for the treatment of MS is to specifically suppress the disease while at the same time
allow the immune system to be functionally active against infectious diseases and malignancy. This
could be achieved via the development of immunotherapies designed to specifically suppress immune
responses to self-antigens [43,51,58–60]. Even though the detailed mechanisms of MS induction have
not been fully clarified, a dominant hypothesis is that the loss of immune tolerance to myelin proteins
like myelin basic protein (MBP), proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein
(MOG) leads to the recruitment of myelin-specific CD4+ T cells, resulting in myelin damage [14,61].

Antigen-specific immunotherapies are based on the introduction of self-antigens to APCs in the
absence or presence of very low levels of costimulatory molecules (i) acting directly via TCR on effector
T cells resulting in immunological anergy and deletion of pathogenic T cell clones (passive tolerance),
and (ii) through activation, expansion, and differentiation of antigen-specific regulatory T cells which
secrete anti-inflammatory cytokines (active tolerance) [62,63] (Figure 4).

 

Figure 4. Bioconjugate-based approaches for the induction of Ag-specific tolerance in autoimmune
diseases. The engineered bioconjugates target autoantigens and tolerogenic molecules to DCs (1); to
facilitate antigen-processing via endocytic receptors (2); to hinder costimulation (3); to link to apoptotic
cells for tolerogenic presentation (4); and to deliver toxin to autoantigen-specific T cells (5). These
strategic approaches lead to peripheral tolerance as a consequence of anergy and deletion of cognate T
cells, and/or induction of Tregs (with permission of [62]).

More specifically, an immunological synapse is established between APCs and T cells that is
based on the formation of a trimolecular complex (signal 1) comprising the HLA class II molecule
on the APC, the antigen (e.g., immunodominant epitope of a myelin protein) bound to this molecule
and the TCR [64,65]. The establishment of the immunological synapse is the most vital process
for the activation of effector T cells. In the absence of costimulatory molecules (signal 2), T cells
become unresponsive to the antigen stimulation, a state known as anergy [65,66]. The presence of a
costimulatory molecule exhibiting inhibitory properties could result to clonal deletion via apoptosis of
the T cells. Autoreactivity of T lymphocytes can be also suppressed by the induction of regulatory T
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cells resulting in stable and long-term immune tolerance [59,65]. In vivo experiments have revealed
that antigen-specific regulatory T cells are more effective than polyclonal Tregs regarding the control
of organ-specific autoimmune diseases [67]. Finally, immune tolerance can be achieved via cytokine
induced immune deviation, i.e., skewing of effector T cell subsets from Th1 and Th17 (proinflammatory
phenotype) towards Th2 and Tr1 (anti-inflammatory phenotype) [59,65].

Antigen-specific therapies can be categorized according to the nature of the tolerogen (e.g., peptides
derived from MBP, PLP, or MOG, mixtures of myelin derived peptides; altered peptide ligands; plasmids
encoding myelin derived peptides, peptides related to TCR regions, attenuated myelin-specific T cells,
tolerogenic DCs, antigen-coupled cells), the administration route (e.g., intravenous, subcutaneous,
intraperitoneal, mucosal, epicutaneous, infusion of Ag-coupled cells) [14,43,51,59,65] and the antigen
dose [68]. Since, antigen-specific therapies are thought to combine maximal efficiency with minimal
side effects, they could be considered especially appealing [14]. On the other hand, they need to
overcome major challenges in order to be efficiently used for the treatment of MS.

The first challenge is that the target antigens in MS are not known and remain to be
identified [14,27,65]. The disease is largely heterogeneous. It involves multiple autoantigens (contrary
for example to neuromyelitis optica that involves reactivity to Aquaporin-4, AQP4) that can vary
between patients depending on genetic characteristics, age, environmental and/or triggering factors,
and duration of the disease [2,27,69,70]. It has been assumed that myelin targets like MBP, PLP and
MOG are relevant, but this is mainly based on EAE models and not on MS patients. Furthermore,
therapeutic efficiency in EAE cannot always be translated in MS. Accordingly, the interpretation of
the above remains a crucial challenge for the translation of antigen-specific therapies from bench to
bedside [27].

Furthermore, it should be noted that the clinical/neuropathological features of MS change
noticeably with time [5,70]. Thus, not all patients will necessarily have similar responses to
myelin antigen-specific immunotherapies [5]. Additionally, in chronic MS, the pattern of recognized
autoantigens progressively increases during the course of the disease, due to a spread of the adaptive
immunity to related self-antigens, a phenomenon recognized as epitope spreading [69,70]. Epitope
spreading has been defined as the broadening of epitope specificity from the initial immunodominant
epitope-specific immune response to other subdominant protein epitopes [71]. Epitope spreading can
be categorized as “intra-molecular” related to shifting of immune responses between different epitopes
of the same protein (e.g., MBP) and “intermolecular” related to the shifting of immune responses
between two proteins (e.g., MBP and PLP) [27,72]. The hierarchy of immunodominant and cryptic
epitopes is supposed to be dependent on a combination of peptide processing and presentation by
various APCs, and also on the availability of epitope-specific T lymphocytes, taking into account the
mechanisms of central and peripheral tolerance [71]. Accordingly, identifying the autoantigens that
should be included in the therapeutic formulation can be rather challenging. This problem might be
partially overcome via tolerance spreading, i.e., a gradual spread of the tolerance to the administered
autoantigens also to other self-antigens which are involved in autoimmunity [70]. Elucidation of
the cellular and molecular mechanisms involved in epitope spreading in MS is very important in
order to design efficient antigen-specific immunotherapies for MS patients [71]. In this respect,
therapeutic strategies targeting a broader array of epitopes may need to be pursued. Furthermore,
since immune reactivity broadens with disease duration, antigen-specific immunotherapies should
ideally be delivered early in the course of the disease when epitope spreading has not yet occurred,
according to an optimized dosage and frequency schedule [14,27,65,73]. An alternative approach could
be to achieve bystander suppression (i.e., modulation of the responses to one target antigen leads to
modulation of the responses to neighboring target antigens). However, limiting evidence exists for
such therapies [27].

Finally, another challenge regarding the translation of antigen-specific immunotherapies from
bench to bedside is that the administration of tolerogenic vaccines to MS patients with inapparent
infections could be immunogenic and worsen the course of the disease due to its presentation in the
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immune system in a pro-inflammatory environment. This has been the case in clinical trials with
APL [74]. Thus, a crucial test for tolerogenic vaccines could be the in vivo assessment of their delivery
in a proinflammatory environment, either after EAE onset, or by co-delivery of adjuvants and/or
pro-inflammatory stimuli during EAE immunization [63].

Continuing research efforts towards the development of effective and safe antigen-specific
therapies for MS gave rise to the epicutaneous administration of antigens (e.g., dermal patch loaded
with myelin derived peptides) for the establishment of skin-induced immune tolerance in MS. The
ability of skin DCs to induce myelin-specific tolerance has already been demonstrated in both in vivo
experiments (Table 2) and early clinical trials [28,58]. Finally, oral tolerance has appeared to be efficient
regarding the prevention of EAE, but significantly less efficient concerning the therapy of ongoing
EAE and MS [75].

4. In Vivo Assessment of Tolerance-Inducing Vaccination in MS

4.1. Animal Model of MS

The typically used animal model of MS is that of the experimental autoimmune encephalomyelitis
(EAE) [3,4,18,76–80]. EAE is an acute or chronic neuro-inflammatory brain and spinal cord disease [18]
which can be induced in various animal strains such as mice, rats, guinea pigs, rabbits, and even
primates [7], via immunization with spinal cord homogenate or with various myelin proteins (e.g.,
MBP, PLP, MOG) emulsified in complete Freund’s adjuvant (active EAE) [7,78,81]. EAE can be also
transferred to naïve mice via adoptive transfer of T cells specific for myelin [8,78]. In EAE, myelin
peptides are presented on MHC class II molecules to autoreactive T cells, together with costimulatory
molecules (e.g., CD80 and CD86), resulting in activation of the T lymphocytes and, consequently, in an
autoimmune attack on the myelin sheath [79]. EAE is principally mediated by myelin specific CD4+
T cells [20,78,82,83]. The clinical course of EAE varies based on the immunized animal species and
the encephalitogenic antigen used for the inoculation. Usually the animals experience either an acute
monophasic, progressive or not, disease, or a chronic relapsing-remitting disease. Ataxia, weight loss,
sagging hind limb and paralysis are among the typical clinical signs of EAE [78]. Interestingly, various
effective RRMS therapies (e.g., anti-inflammatory, immunomodulatory therapies) have been developed
with the aid of EAE models. However, to date, no EAE model exists, that is capable of reproducing
the specific features (e.g., clinical and neuropathological) of progressive MS. Therefore, despite the
undeniable value of EAE for basic research concerning the mechanisms of brain inflammation and
immune mediated CNS tissue damage, its value as model for MS is limited [18].

4.2. Myelin Peptide-Based Vaccination

4.2.1. Immunodominant Myelin Petides

Myelin is a multilaminar sheath around nerve fibers comprising lipid bilayers and different
proteins. The major myelin proteins are MBP and PLP which represent more than 75% of the total
myelin protein. Additionally, myelin contains MOG [84] representing ~0.05% of the myelin proteins [7],
myelin-associated oligodendrocyte basic protein (MOBP), oligodendrocyte-specific protein (OSP),
myelin-associated glycoprotein (MAG), and Nogo-A [85].

While the etiology of MS is not clear yet, a favored hypothesis supported by experimental evidence
indicates that the cross-reactive immune response between myelin derived epitopic peptides and viral
or bacterial components can be considered as an important factor that contributes to the development
of autoimmune T cells which initiate a demyelinating inflammatory response. Thus, the determination
of the main epitopes of the encephalitogenic myelin and/or neuronal proteins that are implicated in
MS is considered of major significance both for the development of antigen-specific therapies for MS
and the elucidation of MS pathophysiology and etiology [85].

170



Brain Sci. 2020, 10, 333

In recent decades, extensive studies have been performed aiming to identify the immunodominant
epitopes recognized by T lymphocytes in MS. These studies have revealed that only the myelin proteins
MBP, PLP, MOG, MOBP, and OSP can induce clinical EAE in laboratory animals and that autoimmune
T cells against these proteins can be detected in MS patients. Other myelin proteins, like MAG and
Nogo-A have been also identified as encephalitogenic proteins. Finally, some neuronal components
(e.g., β-Synuclein, Neurofilament) have been found to exhibit encephalitogenic potential [85]. Antigen
recognition takes place in the setting of a trimolecular complex formed by HLA, myelin peptide and
TCR [64,86,87]. The immunodominant PLP epitopes which can be processed by human APCs lie within
the PLP regions 30–60 and 180–230. Similarly, the PLP epitopes that activate T lymphocytes in EAE are
within the 40–70, 90–120 and 180–230 regions of the protein [5]. Immunodominant epitopes of MOG
that are recognized by encephalitogenic T cells in MS as foreign antigens are MOG1–22, MOG35–55 and
MOG92-106 with the 35–55 epitope being the major immunodominant region of MOG [86]. Analysis of
T-cell responses to MOBP in SJL/J mice indicated MOBP15-36 as the main encephalitogenic epitope of
MOBP [85].

A cyclic analogue of MBP87–99 has been designed by Matsoukas and coworkers taking into
consideration HLA (His88, Phe90, Ile93) and T-cell (Phe89, Lys91, Pro96) contact side-chain information.
cyclo(87-99)MBP87–99 was shown to induce EAE, bind HLA-DR4, and enhance CD4+T-cell proliferation,
similarly to the linear MBP87–99 peptide [83]. Additionally, peptide analogues derived from the
encephalitogenic peptide MBP82–98, the altered peptide ligand MBP82–98 (Ala91) and their cyclic
analogues were synthesized by Deraos and coworkers and assessed regarding their binding to
HLA-DR2 and HLA-DR4 alleles involved in the presentation of myelin epitopes to T cells. The cyclic
MBP82–98 was shown to bind strongly to HLA-DR2 and to have a lower affinity to the HLA-DR4 allele.
Both the cyclic and APL analogues of MBP82–98 were found to be promising and were selected to be
further evaluated regarding their ability to modulate the responses of autoreactive T cells in MS [88].
In addition to the abovementioned studies, Tapeinou and coworkers developed a peptide compound
comprising the MBP85–99 immunodominant epitope coupled to an anthraquinone derivative (AQ) via a
disulfide (S-S) and six amino hexanoic acid (Ahx) residues. AQ-S-S-(Ahx)6MBP85–99 was found to bind
reasonably to HLA II DRB1*-1501 antigen indicating the possibility of eliminating encephalitogenic T
lymphocytes through generation of a toxic, thiol-containing moiety (AQ-SH) [89].

Yannakakis and coworkers used molecular dynamic simulations to study the interactions of the
MOG epitope MOG35–55 with the HLA and TCR receptors during the formation of the trimolecular
complex TCR-hMOG35–55-HLA DR2 [64]. They also used robust computational methods (e.g., molecular
dynamics, pharmacophore modeling, molecular docking) to rationally design non-peptide mimetic
molecules capable of binding with enhanced affinity to the T-cell receptor and not to the MHC-peptide
complex, thus impeding the formation of the trimolecular complex [90].

To date various studies have assessed different myelin epitopes, as single peptides or mixtures of
them, regarding their ability to induce antigen-specific tolerance in EAE animal models (Table 2).

4.2.2. Altered Peptide Ligands (APLs)

Altered peptide analogues (APLs) of the immunodominant myelin protein epitopes have been
successfully synthesized and applied in antigen-specific immunotherapies in vivo (Table 2). They are
molecules where one or more amino acids in the sequence of the native immunodominant peptides,
crucial for the interaction with the TCR, have been substituted. Depending on the substitutions,
APLs can induce protective or therapeutic immune responses against EAE [91]. APLs can change
agonist peptides into antagonist ones. Antagonistic peptides participating in the trimolecular complex
MHC-peptide-TCR and causing suppression of EAE exhibit loss of their side chain interactions with
the complementarity determining region 3 (CDR3) loop of the TCR. Substitution of large side chains
interacting with the TCR with small side chain amino acids (e.g., Ala) causes antagonism and, therefore,
inhibition of EAE symptoms. Moreover, APLs can switch Th1 cell response towards Th2 thus leading
to disease suppression. Finally, APLs might activate regulatory T cells capable of antagonizing the
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deleterious actions of encephalitogenic cells in the CNS [83,87]. Accordingly, mutant cyclic peptides of
MBP87-99 (e.g., cyclo(91-99)[Ala96]MBP87-99 and cyclo(87-99)[Arg91Ala96]MBP87-99) were shown to
suppress the proliferation of a CD4 T-cell line from a MS patient, bind to HLA-DR4 and exhibit an
increased Th2/Th1 cytokine ratio in peripheral BMCs derived from MS patients [83].

Molecular dynamics were applied by Mantzourani and coworkers to study the interactions of
the MBP87–99 epitope and its antagonistic APLs (e.g., [Arg91, Ala96] MBP87-99 and [Ala91,96] MBP87–99)
with the receptor HLA-DR2b [92].

4.2.3. Y-MSPc

Kaushansky and coworkers [93,94] pursued a “multi-epitope-targeting” approach aiming to
simultaneously neutralize T lymphocytes reactive against various major encephalitogenic epitopes.
In this respect, they designed a recombinant synthetic protein comprising multiple epitopes of the
human myelin protein (Y-MSPc). Y-MSPc was shown to efficiently inhibit the development of EAE
induced in mice by a single epitope of myelin protein (classical EAE) or by a cocktail of five different
encephalitogenic peptides (complex EAE) and suppress its progression, outperforming the single
disease-specific epitope and the.mixture of peptides (Table 2).

4.2.4. Cytokine-Neuroantigen (NAg) Fusion Proteins

Fusion proteins consisting of a cytokine (N-terminal domain) fused with or without an appropriate
linker to a neuroantigen (C-terminal domain) represent an emerging platform for antigen-specific
vaccination [95,96]. Regarding their mechanism of action, the cytokine domain of the vaccine exhibits
high affinity binding to specific surface cytokine receptors on certain subsets of APCs. This results in
highly efficient uptake of the neuroantigen domain by these APCs, and its processing and presentation
on MHC class II molecules to NAg-specific T lymphocytes. NAg tolerogenic presentation is assumed
to induce regulatory responses and results in the establishment of antigen-specific immunological
tolerance (Figure 5) [96,97].

 

Figure 5. Mechanism of action of cytokine-NAg fusion proteins [96].
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Various single-chain cytokine-neuroantigen (NAg) fusion proteins (e.g., granulocyte-macrophage
colony-stimulating factor (GMCSF)-NAg, IFNβ-NAg, IL16-NAg, IL2-NAg), where NAg comprises
self-myelin epitopes, have been examined as potential tolerogenic and/or therapeutic antigen-specific
vaccines in EAE mouse models (Table 2). The developed fusion proteins have been found to target
APCs and to effectively prevent the induction of EAE when administered prophylactically as well
as to suppress pre-developed EAE. Due to their combined preventive and therapeutic activities, the
cytokine-NAg vaccines were characterized as both tolerogenic and therapeutic.The ranking order with
respect to their inhibitory activity was the following: GMCSF-NAg, IFNβ -NAg >NAgIL16 > IL2-NAg
>MCSF-NAg, IL4-NAg, IL-13-NAg, IL1RA-NAg. [96].

Apart from the aforementioned cytokine-NAg fusion proteins, the macrophage colony stimulating
factor (MCSF)-NAg fusion protein was used in order to increase the presentation of NAg by
macrophages. However, it was found to be less tolerogenic than GMCSF-Nag, thus indicating
the latter fusion protein as the most suitable for antigen-specific vaccination [95,98]. Additionally,
it was revealed that GMCSF-MOG does not require a non-inflammatory quiescent environment to
effectively prevent the development of EAE which contradicts the previous knowledge regarding
tolerogenic vaccines [95,98].

4.2.5. Antibodies Coupled with Myelin Peptides

The dendritic and epithelial cell receptor with molecular weight equal to 205 kDa (DEC205) is
expressed by DCs and enables antigen presentation. Injection of antigens (Ags) coupled to antibodies
(Abs) specific for DEC205 into mice, at a low dose (e.g., ≤ 0.1 μg of fusion mAb [99]) leads to Ag
presentation by nonactivated DCs, resulting in induction of regulatory T lymphocytes. In this respect,
fusion of αDEC-205 Abs with MOG35–55 [100] and PLP139–151 [101] ameliorated EAE in mice. Similarly,
Ring and coworkers synthesized single chain fragment variables (scFv) specific for DEC205. scFvs
were subsequently fused with MOG (scFvDEC:MOG) and administered to mice both before and after
induction of EAE. Significant prevention of EAE was observed by vaccination with scFv DEC:MOG
before immunization. In addition, administration of scFv DEC:MOG post immunization led to
substantial alleviation of the clinical symptoms of the disease [102]. On the other hand, Tabansky and
coworkers targeted the dendritic cell inhibitory receptor 2 (DCIR2) receptor with αDCIR2 Abs fused to
PLP139–151 and observed significant alleviation of EAE clinical symptoms [79]. In another approach,
Kasagy and co-workers demonstrated that administration of anti-CD4 and anti-CD8 Abs followed
by injection of PLP139–151 resulted in substantially lower EAE scores and reduced rate of relapses in
chronic disease in mice [103] (Table 2).

4.2.6. Recombinant T-cell Receptor Ligands (RTLs)

Antigen-specific immunosuppression can be induced via the utilization of MHC-peptide complexes
as specific TCR ligands interacting with autoimmune T cells in the absence of co-stimulatory molecules.
A recombinant TCR ligand (RTL) typically comprises a single polypeptide chain encoding the β1
and α1 domains of MHC class II molecules linked to a self-antigen [104] and represents the minimal
interactive surface with antigen-specific TCR. RTLs fold in a similar manner to native four-domain
MHC/peptide complexes but they deliver qualitatively different, suboptimal signals which cause a
“cytokine change” to anti-inflammatory factors in targeted autoreactive T cells. Treatment with RTLs
could reverse the clinical/histological signs of EAE in different experimental cases (e.g., MBP-induced
monophasic disease, MOG peptide-induced chronic EAE, PLP-induced relapsing remitting EAE) and
even promote recovery of myelin and axons in mice with chronic disease [105–107] (Table 2).

Alternatively, RTLs could involve natural or recombinant α1α2 and β1β2 MHC class II domains
covalently or noncovalently linked with encephalitogenic or other pathogenic peptides. These specific
RTLs could bind both to the TCR and the CD4 molecule on the T cells surface via the β2 MHC domain
and were shown to hinder the activation of T cell and thus prevent EAE in rodents [108].
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4.2.7. Bifunctional Peptide Inhibitors (BPIs)

Bifunctional peptide inhibitors (BPIs) are a promising novel class of peptide conjugates which
are designed to selectively impede the maturation of myelin specific T cells. They comprise an
immunodominant myelin protein epitope tethered to a signal-2-blocking peptide derived from
lymphocyte function-associated antigen-1, LFA-1 (i.e., a T cell protein binding to intercellular adhesion
molecule-1, ICAM-1) [109] (Figure 6). It is hypothesized that they bind at the same time to MHC-II
and ICAM-1 on APCs thus inhibiting the immunological synapse formation during APC and T cell
interactions [110]. The development of molecules that could target more than one epitope is crucial for
the application of BPI technology in MS [111]. The performance of BPIs with respect to the induction
antigen-specific immune tolerance has been studied in EAE animal models (Table 2).

 
Figure 6. Sortase-mediated addition of two different antigens (A) PLP and (B) MOG to the C-terminus
of LABL-Fc-ST (with permission of [109]).

4.2.8. Antigen-Drug Conjugates

Antigen drug conjugates (AgDCs) combine two therapeutic approaches (e.g., antigen-specific
immunotherapies and immunomodulatory agents) to treat autoimmune diseases. Via chemical
conjugation, the Ag could target the immunomodulatory agent to diseased cells thus minimizing side
effects. AgDCs are assumed to exhibit increased affinity specificity through targeting cognate B cell
receptors or endogenous autoantibodies. AgDCs formation entails the selection of an appropriate
pair of antigen and immune modulator, and a linking scheme. An AgDC combing PLP139–151 and
dexamethasone (PLP139−151-DEX) was administered to mice induced with EAE. It was shown that the
AgDC protected the mice from developing clinical symptoms during the 25-day study [61] (Table 2).

4.3. DNA Vaccination

Deoxyribonucleic acid (DNA) vaccination is considered a promising antigen-specific approach for
the treatment of MS [91,136–138]. DNA plasmid vaccines for tolerance induction in MS comprise a
bacterial plasmid encoding myelin antigen(s). Expression is controlled by a mammalian promoter
and a transcription terminator. They are administered either as naked DNA or with the aid of carriers
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(e.g., cationic lipids, cationic liposomes, polymeric particles), via the intramuscular or intradermal (e.g.,
“gene gun” delivering gold particles coated with pDNA vaccines) administration routes. Vaccination
leads to DNA uptake and gene expression by the cells at the injection site [139,140]. Induction of
immune tolerance is achieved via the following potential mechanisms (Figure 7). After intramuscular
injection, myocytes are the main transfected cells, as well as few APCs. Antigens are then presented
by the following mechanisms: i) myocytes process and present the antigen to T cells leading to T
cell anergy ii) myocytes produce and secrete antigen that is taken up by APCs, which subsequently
activate T cells. This results in loss of T cell co-stimulation through CD28, downregulation of IL-2,
production of IFN-γ and reduced T cell proliferation. Intramuscular injection can also induce IFN-β via
TLR9 activation due to the presence of CpG in the plasmid backbone [140], leading to downregulation
of IL-12, IFN-γ, and Th17 cell responses. Following intradermal administration, DNA is delivered
directly into the resident APCs (e.g., Langerhans and dermal cells). Intradermal vaccination leads
to the secretion of regulatory cytokines (e.g., IL-4, IL-10, and TGF-β) thus resulting in the induction
of anti-inflammatory Th2 immune responses [139,141]. Balance between tolerance induction and
inflammatory immune response can be controlled by the administration route, antigen dose, and
modification of the DNA-encoded antigen [141]. Numerous data from in vivo studies with the EAE
animal model (Table 3), have demonstrated the efficiency of DNA plasmid vaccines at inhibiting MS
via inducing T regulatory cells or anergy, clonal deletion, and immune deviation [139].

 

Figure 7. Mechanisms of immune tolerance induction by DNA plasmid vaccines (with permission
of [139]).

183



Brain Sci. 2020, 10, 333

T
a

b
le

3
.

D
N

A
va

cc
in

at
io

n.

V
a

cc
in

e
A

n
ti

g
e

n
/I

m
m

u
n

o
su

p
p

r.
V

a
cc

in
a

ti
o

n
T

y
p

e
A

d
m

in
.

R
o

u
te

A
d

m
in

.
D

o
se

A
n

im
a

l
M

o
d

e
l

V
a

cc
in

a
ti

o
n

O
u

tc
o

m
e

pD
N

A
en

co
di

ng
IL

-4
pD

N
A

en
co

di
ng

PL
P 1

39
–1

51
pD

N
A

en
co

di
ng

M
O

G
[1

42
]

PL
P 1

39
–1

51

Pr
op

hy
la

ct
ic

:1
7

an
d

10
da

ys
b.

i.
Th

er
ap

eu
ti

c:
14

an
d

21
da

ys
p.

i
C

o-
va

cc
in

at
io

n
w

it
h

IL
-4

pl
as

m
id

an
d

M
O

G
pl

as
m

id
on

da
ys

18
an

d
27

p.
i.

i.m
10

0
μ

g
of

pl
as

m
id

pe
r

in
je

ct
io

n

SJ
L/

Jm
ic

e
w

it
h

EA
E

in
du

ce
d

w
it

h
PL

P 1
39

–1
51

C
57

BL
/6

m
ic

e
w

it
h

EA
E

in
du

ce
d

w
it

h
M

O
G

35
–5

5

C
o-

va
cc

in
at

io
n

w
it

h
IL

-4
an

d
PL

P 1
39

–1
51

pl
as

m
id

s
si

gn
ifi

ca
nt

ly
pr

ot
ec

te
d

ag
ai

ns
ti

nd
uc

ti
on

of
EA

E.
C

o-
va

cc
in

at
io

n
w

it
h

IL
-4

pl
as

m
id

an
d

M
O

G
pl

as
m

id
re

ve
rs

ed
on

go
in

g
EA

E.

pM
O

G
91

–1
08

pK
0-

M
O

G
91

–1
08

(l
ac

ki
ng

C
pG

m
ot

if
s)

[1
43

]
M

O
G

91
–1

08
Pr

op
hy

la
ct

ic
:t

hr
ee

w
ee

ks
b.

i.
i.m

.
20

0
μ

g
D

N
A
/in

je
ct

io
n

LE
W

.1
A

V
1

(R
T

1a
v1

)f
em

al
e

ra
ts

(4
–5

w
ee

ks
ol

d)
w

it
h

EA
E

in
du

ce
d

w
it

h
M

O
G

91
–1

08

V
ac

ci
na

te
d

ra
ts

w
er

e
pr

ot
ec

te
d

ag
ai

ns
tE

A
E.

pD
N

A
en

co
di

ng
IL

-1
0

pD
N

A
en

co
di

ng
M

BP
68

–8
6

[1
44

]
M

BP
68

–8
6

A
dm

in
.a

tt
he

di
se

as
e

on
se

t

Fe
m

al
e

Le
w

is
ra

ts
(~

6
w

ee
ks

ol
d)

w
it

h
EA

E
in

du
ce

d
w

it
h

M
BP

68
–8

6
or

M
BP

87
–9

9,
or

w
it

h
EA

N
in

du
ce

d
w

it
h

P2
57

–8
1

R
at

s
co

-v
ac

ci
na

te
d

w
it

h
IL

-1
0

an
d

M
BP

68
–8

6
pl

as
m

id
s

w
en

ti
nt

o
ra

pi
d

re
m

is
si

on
.

C
o-

ad
m

in
is

tr
at

io
n

of
pD

N
A

en
co

di
ng

IL
-1

0
an

d
pD

N
A

en
co

di
ng

M
BP

68
–8

6
w

er
e

sh
ow

n
to

su
pp

re
ss

EA
E

in
ra

ts
in

du
ce

d
ei

th
er

w
it

h
M

BP
68

–8
6

or
M

BP
87

–9
9

bu
t

no
tE

A
N

.

pZ
Z
/M

O
G

91
–1

08
pM

O
G

91
–1

08
pK

0-
M

O
G

91
–1

08
pK

3-
M

O
G

91
–1

08
[1

45
]

M
O

G
91

–1
08

Pr
op

hy
la

ct
ic

:3
–4

w
ee

ks
b.

i.
i.m

.

20
0
μ

g
D

N
A
/in

je
ct

io
n

10
0

μ
g

of
C

pG
D

N
A

w
er

e
ad

de
d

to
pM

O
G

91
–1

08
be

fo
re

th
e

in
je

ct
io

n

Fe
m

al
e

LE
W

.1
A

V
1

(R
T

1a
v1

)
ra

ts
(4

–5
w

ee
ks

ol
d)

an
d

fe
m

al
e

D
A

ra
ts

w
it

h
EA

E
in

du
ce

d
w

it
h

M
O

G
91

–1
08

V
ac

ci
na

ti
on

w
it

h
pD

N
A

en
co

di
ng

M
O

G
91

–1
08

(l
ac

ki
ng

th
e

Z
Z

ge
ne

)
re

du
ce

d
cl

in
ic

al
sy

m
pt

om
s

of
EA

E
an

d
m

or
ta

lit
y

in
ra

ts
w

it
h

di
ff

er
en

tg
en

et
ic

ba
ck

gr
ou

nd
sh

ar
in

g
th

e
sa

m
e

M
H

C
.

D
N

A
en

co
di

ng
M

BP
,P

LP
,

M
O

G
,M

A
G

an
d

IL
-4

-[
10

]
M

BP
,P

LP
,M

O
G

,
M

A
G
/G

pG
O

D
N

Th
er

ap
eu

ti
c:

ad
m

in
.a

tt
he

pe
ak

of
ac

ut
e

EA
E,

w
he

n
m

ic
e

ex
hi

bi
te

d
pa

ra
ly

si
s

i.m
.

i.p
.

0.
02

5
m

g
of

ea
ch

m
ye

lin
pe

pt
id

e
pl

as
m

id
,0

.0
5

m
g

of
IL

-4
pl

as
m

id
an

d
0.

05
m

g
of

G
pG

O
D

N

Fe
m

al
e

SJ
L/

Ja
nd

C
57

BL
/6

(B
6)

m
ic

e
(8

–1
2

w
ee

ks
ol

d)
w

it
h

EA
E

in
du

ce
d

w
it

h
PL

P 1
39

–1
51

or
M

O
G

35
–5

5

A
dm

in
is

tr
at

io
n

of
m

ye
lin

co
ck

ta
il/

IL
-4

pl
as

m
id

s
an

d
th

e
im

m
un

os
up

pr
es

sa
nt

G
pG

O
D

N
re

su
lt

ed
in

dr
am

at
ic

im
pr

ov
em

en
to

f
th

e
di

se
as

e
in

m
ic

e
ha

vi
ng

ei
th

er
ch

ro
ni

c
re

la
ps

in
g

or
ch

ro
ni

c
pr

og
re

ss
iv

e
EA

E.

pM
O

G
91

–1
08

pM
O

G
-I

FN
-β

pM
O

G
-s

cr
[1

46
]

M
O

G
91

–1
08

Pr
op

hy
la

ct
ic

:t
hr

ee
w

ee
ks

b.
i.

i.m
.

20
0
μ

g
D

N
A
/in

je
ct

io
n

Fe
m

al
e

LE
W

.1
A

V
1

(R
T

1a
v1

)
ra

ts
(4

–5
w

ee
ks

ol
d)

an
d

fe
m

al
e

D
A

ra
ts

w
it

h
EA

E
in

du
ce

d
w

it
h

M
O

G
91

–1
08

T
he

su
pp

re
ss

iv
e

ab
ili

ty
of

D
N

A
va

cc
in

at
io

n
w

as
fo

un
d

to
be

ab
ro

ga
te

d
vi

a
si

le
nc

in
g

IF
N

-β
.

p2
M

O
G

35
[1

47
]

M
O

G
35

–5
5/

Ta
cr

ol
im

us
(F

K
50

6)
Pr

ec
lin

ic
al
/T

he
ra

pe
ut

ic
:

th
re

e
an

d
17

da
ys

p.
i.

i.m
.

10
0
μ

g
of

p2
M

O
G

35
/m

ou
se

10
μ

g
of

FK
50

6/
m

ou
se

Fe
m

al
e

C
57

BL
/6

m
ic

e
(6

–8
w

ee
ks

ol
d)

w
it

h
EA

E
in

du
ce

d
w

it
h

M
O

G
35

–5
5

C
o-

ad
m

in
is

tr
at

io
n

of
p2

M
O

G
35

w
it

h
FK

50
6

w
as

sh
ow

n
to

eff
ec

ti
ve

ly
m

el
io

ra
te

EA
E

in
m

ic
e.

184



Brain Sci. 2020, 10, 333

T
a

b
le

3
.

C
on

t.

V
a

cc
in

e
A

n
ti

g
e

n
/I

m
m

u
n

o
su

p
p

r.
V

a
cc

in
a

ti
o

n
T

y
p

e
A

d
m

in
.

R
o

u
te

A
d

m
in

.
D

o
se

A
n

im
a

l
M

o
d

e
l

V
a

cc
in

a
ti

o
n

O
u

tc
o

m
e

pV
A

X
-P

LP
,

pV
A

X
-M

O
G

[1
48

]
PL

P,
M

O
G

Pr
op

hy
la

ct
ic

:f
ou

r
or

12
w

ee
ks

b.
i.

i.m
.

20
μ

g
pV

A
X

-P
LP

,
pV

A
X

-M
O

G

Fe
m

al
e

SJ
L/

J(
9H

-2
)m

ic
e

(6
w

ee
ks

ol
d)

w
it

h
EA

E
in

du
ce

d
w

it
h

PL
P 1

39
–1

51
C

57
/B

6
m

ic
e

w
it

h
EA

E
in

du
ce

d
w

it
h

M
O

G
35

–5
5

EA
E

w
as

fo
un

d
to

be
ex

ac
er

ba
te

d
in

m
ic

e
va

cc
in

at
ed

w
it

h
pV

A
X

-P
LP

4
w

ee
ks

pr
io

r
to

im
m

un
iz

at
io

n
w

he
re

as
bo

th
cl

in
ic

al
an

d
pa

th
ol

og
ic

al
sy

m
pt

om
s

w
er

e
su

pp
re

ss
ed

in
m

ic
e

va
cc

in
at

ed
12

w
ee

ks
pr

io
r

to
EA

E
in

du
ct

io
n.

In
m

ic
e

va
cc

in
at

ed
w

it
h

pV
A

X
-M

O
G

,e
it

he
r

fo
ur

or
12

w
ee

ks
pr

io
r

to
im

m
un

iz
at

io
n,

EA
E

w
as

sh
ow

n
to

be
si

gn
ifi

ca
nt

ly
su

pp
re

ss
ed

.

pD
N

A
:p

la
sm

id
D

N
A

;I
L:

in
te

rl
eu

ki
n;

M
O

G
:m

ye
lin

ol
ig

od
en

dr
oc

yt
e

gl
yc

op
ro

te
in

;b
.i.

:b
ef

or
e

im
m

un
iz

at
io

n;
p.

i.:
po

st
im

m
un

iz
at

io
n;

PL
P:

pr
ot

eo
lip

id
pr

ot
ei

n;
i.m

.:
in

tr
am

us
cu

la
r;

EA
E:

ex
pe

ri
m

en
ta

la
ut

oi
m

m
un

e
en

ce
ph

al
om

ye
lit

is
;M

BP
:m

ye
lin

ba
si

c
pr

ot
ei

n;
EA

N
:e

xp
er

im
en

ta
la

ut
oi

m
m

un
e

ne
ur

iti
s;

i.p
.:

in
tr

ap
er

ito
ne

al
;G

pG
:G

pG
ol

ig
on

uc
le

ot
id

e;
D

A
ra

ts
:d

ar
k

ag
ou

ti
ra

ts
;I

FN
:i

nt
er

fe
ro

n;
pV

A
X

:e
xp

re
ss

in
g

ve
ct

or
.

185



Brain Sci. 2020, 10, 333

4.4. Cell-Based Vaccination

4.4.1. Antigen-Specific Tolerogenic Dendritic Cells (tolDCs)

Dendritic cells (DCs) have a critical role in initiating adaptive immune responses in order
to eliminate invading pathogens as well as in inducing tolerance towards innocuous components
so as to maintain immune homeostasis [149]. Tolerogenic dendritic cells (TolDCs) are considered
an attractive therapeutic approach for the induction of antigen-specific tolerance in autoimmune
diseases [150,151]. To date various protocols have been developed for the in vitro generation
of clinical-grade tolerogenic DCs ([35,152] (Figure 8) [153]) for antigen-specific immunotherapies.
Autologous peripheral blood mononuclear cells (PBMCs) or bone marrow derived cells (BMDCs) are
differentiated into tolDCs by numerous pharmacologic agents (e.g., immunosuppressive drugs such
as rapamycin, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) Ig, corticosteroids; cyclic AMP
inducers such as prostaglandin E2 and histamine; chemicals like vitamin D3, aspirin, etc.; proteins and
neuropeptides like HLA-G, vasoactive intestinal peptide, etc.) and immunomodulatory cytokines (e.g.,
IL-10, TGF and low doses of GM-CSF) [150,153] and are further pulsed in vitro with autoantigens,
encephalitogenic peptides, apoptotic cells, etc. [153]. tolDCs can display an immature or a semi-mature
phenotype which is characterized by altered cytokine production and low expression of MHC and
co-stimulatory molecules [150].

Figure 8. Strategies to generate tolDCs for clinical therapeutics [153].

Depending on the experimental protocol, the molecules used to induce tolerogenic properties, and
the targeted cell population, tolDCs use different mechanisms of regulation to induce tolerance (Figure 8),
including conversion to a regulatory T cell phenotype, induction of anergy, and antigen-specific deletion
of T cell clones [19,35,150,152–154]. Lately, their ability to induce regulatory B cells secreting IL-10
has been also demonstrated [152]. TolDCs can be categorized into induced tolDCs (itDCs) (i.e.,
those acquiring their tolerogenic features in vitro or in vivo as described above and contribute to the
maintenance of tolerance even under proinflammatory conditions) and natural tolDCs (ntDCs) (i.e.,
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DCs present in the spleen and other lymphoid sites which inherently aid to establish tolerance in the
absence of danger signals) [155].

The therapeutic potential of tolDCs has been demonstrated in the EAE model of MS (Table 4)
(Figure 9). A key challenge is the translation of the in vivo results to humans. In this respect, it will be
critical to correlate clinical efficiency with variation of immunological parameters and, accordingly,
to define the best administration route and the effective dose of cells for this route [152]. Progress
in the scientific areas of recombinant protein expression, genome editing and nanotechnology-based
drug delivery systems, combined with improved immunization protocols, could further improve the
promising tolDC vaccination in the furure [150].

 

Figure 9. Evaluation of inflammatory lesion load within the spinal cord of tolDC-treated and PBS-treated
mice using ex vivo MRI imaging. (A) Representative MRI of spinal cord with hyperintense white
matter spots marked with a red arrow. Two representative axial slices are shown per treatment group.
(B) The total number of hyperintense white matter spots along the entire spinal cord was quantified as
a measure of lesion load in three mice per treatment group. Results are presented as individual scores
for hyperintense spots with median [154].

4.4.2. T Cell Vaccination (TCV)

T cell vaccination involves the extraction of myelin reactive T cells from MS patients and their
re-injection after irradiation in order to induce protective immunity [12,80,141,156]. To prepare T-cell
vaccines, CSF mononuclear cells or blood PBMC’s are stimulated with myelin antigen, and are then
expanded specifically for the selected myelin peptide till an adequate population of cloned T cells is
available. The latter are activated with antigen, and attenuated via exposure to radiation (6–12,000 Rads)
to avoid proliferation after injection [156,157]. In clinic, the TCV protocol also involves multi-epitope
TCR peptides [80]. TCV has been found to specifically suppress autoreactive T cells in MS via induction
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of a complicated anti-ergotypic and anti-idiotypic regulatory network or T cell deletion [80,91,156].
Various typical cytokines and lymphocyte phenotype transfer have been shown to participate in
the depletion of the autoreactive T cells and the reversion of abnormal autoimmune responses [80]
(Figure 10).

Figure 10. Complexity of anti-vaccine responses induced by TCV (with permission of [29]).

4.4.3. Antigen-Coupled Cells

Intact proteins (e.g., myelin proteins) as well as multiple peptides (e.g., MBP, PLP, and MOG
derived peptides) can be coupled to a single cell (e.g., splenocyte [158,159], erythrocyte [67,160]) [86]
(Table 4), thus permitting concurrent targeting of various T-cell specificities. This could be
critical for antigen-specific immunotherapy in MS, where immune tolerance to multiple T-cell
epitopes is considered necessary for the disease treatment due to epitope spreading. Contrary
to protein/peptide-induced tolerance, vaccination with protein/peptide-coupled cells lowers the risk
of anaphylaxis, since the antigen is chemically crosslinked to the cell surface. Vaccination with
antigen-coupled cells has been found to prevent the active- and passive-transfer. Finally, tolerance
induction with Ag-coupled cells can help define immunodominant myelin antigens, since the disease
progression can be impeded by cells coupled with the spread epitope [75].
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4.5. Carrier-Aided Vaccination

In recent decades, different strategies have been pursued for the development of carriers [175–179]
loaded/conjugated with myelin antigens or combinations of myelin peptides and immunomodulating
agents. The developed carriers have been designed to target TCR signaling pathways, as well as
cytokines and co-signaling molecules, aiming to enhance TCR-mediated tolerance [30,62,177]. Various
biomaterials (e.g., polymers, lipids) have been formulated into micro- or nanoparticles, self-assembled
into different structures, or formed molecular conjugates with self-antigens (e.g., conjugation of
self-antigens with polymers, antibodies, small molecules). Both nanoparticles (NPs) and microparticles
(MPs) can be uptaken by APCs thus enhancing the intracellular delivery of myelin antigens and
imunnomodulators [180,181].

4.5.1. Polymer Particles

Polymer micro- and nanoparticles loaded with self-antigens and/or immunomodulatory molecules
have recently emerged as ideal carriers for tolerogenic vaccines since their properties (e.g., particle size,
composition, antigen/immunomodulator loading) can be fine-tuned to induce peripheral tolerance.
Furthermore, NPs can be employed as platforms to regulate the doses and delivery times not only of
the self-antigens but also of the tolerogenic adjuvants that are required to promote tolerance [70].

Poly(lactic-co-glycolic acid) (PLGA) NPs are non-toxic, biodegradable/biocompatible and have
the advantage of being FDA approved for various clinical uses including drug delivery, diagnostics,
etc. Additionally, surface functionalization strategies may improve their interaction with cells,
thus optimizing cell targeting and vaccine performance. PLGA NPs are the most extensively
assessed nanocarriers in pre-clinical models of autoimmune diseases and their effectiveness regarding
antigen-specific immunotherapies (Table 5) represents a proof-of-concept of the feasibility of
nanoparticle-aided tolerogenic vaccination. Furthermore, their successful application in animal
models appears encouraging concerning potential translation to humans [70].

4.5.2. Soluble Antigen Arrays

Soluble antigen arrays (SAgAs) are synthesized by co-grafting the immunodominant epitope
PLP139–151 and LABL peptide (i.e., ligand of the intercellular adhesion molecule 1, ICAM-1) to
hyaluronic acid (HA) via a hydrolysable oxime bond [182,183]. Their size can be fine-tuned to allow
them to drain to the lymph nodes [183]. Another key factor affecting their drainage is the injection site
and the molecular weight of HA. For example, following s.c. injection, HA can drain to the lymphatics
and its retention time can be affected by its molecular weight [183].

The efficiency of the hydrolysable SAgAPLP-LABL to suppress disease in mice with EAE has been
reported in various studies (Table 5) and has been attributed to the simultaneous delivery of the myelin
derived antigen and the cell adhesion signal [182]. Furthermore, earlier in vitro studies indicated that
SAgAs demonstrate Ag-specific binding with B lymphocytes, target the B cell receptor (BCR) and
reduce BCR-mediated signaling [184]. Based on the abovementioned experimental results indicating
BCR engagement as the mechanism of action of SAgAPLP-LABL Hartwell and coworkers developed
a novel version of SAgAPLP-LABL, the cSAgAPLP:LABL (click SAgA), employing non-hydrolysable
conjugation chemistry (e.g., copper-catalyzed azide-alkyne aycloaddition) [184,185]. cSAgAPLP:LABL
was found to significantly reduce or inhibit BCR-mediated signaling and to exhibit enhanced in vivo
efficiency in comparison with the hydrolytically unstable SAgAPLP-LABL [184,185] (Figure 11).
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Figure 11. EAE in vivo response to click conjugates (cHA, cHALabl, cHAPLP, and cSAgAPLP:LABL)
as measured by (A) clinical disease score and (B) percent weight loss. EAE in vivo response to
groups containing both PLP and LABL (cHA+PLP+LABL, SAgAPLP:LABL, cHAPLP+cHALABL,
and cSAgAPLP:LABL) as measured by (C) clinical disease score and (D) percent weight loss. Data
represent mean ± SD (n = 5); statistical significance compared to PBS negative control was determined
by two-way ANOVA. (E) Cumulative EAE in vivo response as measured by clinical disease score area
under the curve (AUC) derived from subfigures A and C. Data represent mean ± SEM (n = 5); statistical
significance compared to PBS negative control was determined by ordinary one-way ANOVA followed
by Dunnett’s post hoc test. (* p < 0.05, ** p < 0.01, # p < 0.001, ## p < 0.0001, color coded according to
group) (with permission of [185]).

4.5.3. Immune Polyelectrolyte Multilayers (iPEMs)

It has been recently shown that excess signaling via inflammatory pathways such as toll-like
receptors (TLRs) is involved in the pathogenesis of autoimmune diseases. Accordingly, the co-delivery
of immunodominant myelin peptides with GpG oligonucleotide, a regulatory ligand of TLR9, could
potentially limit TLR signaling during the differentiation of myelin-specific T lymphocytes, thus
redirecting their differentiation towards a tolerogenic phenotype like the regulatory T cells. In this
respect, immune polyelectrolyte multilayers (iPEMs) were formed using a layer-by-layer approach
to co-assemble modified myelin peptides with GpG oligonucleotide. These nanostructures have
key characteristics of biomaterial-based nanocarriers, such as tunable physicochemical properties
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and loading capacity, ability to deliver various active ingredients, etc., lacking, however, synthetic
components that could exhibit inflammatory properties.

In in vitro studies, iPEMs have been shown to limit TLR9 signaling, decrease activation of DCs,
and polarize myelin-specific T lymphocytes towards a tolerogenic phenotype. Additionally, they have
been found to reduce inflammation and induce tolerance in mice with EAE [186,187] (Table 5).

4.5.4. pMHC-Nanoparticles (pMHC-NPs)

The “two signal theory” states that two different signals are required for the activation of naive T
cells: (i) engagement of the TCR with its cognate pMHC target, and (ii) a co-stimulatory signal from
molecules selectively expressed on professional APCs’ surface. It is well known that engagement of
the TCR on the surface of a naive T cell without co-stimulation results in the induction of apoptosis
or anergy.

The development of pMHC-nanoparticles (pMHC-NPs) for the treatment of autoimmune diseases
was based on the hypothesis that pMHC-coated NPs would diminish the responses of autoreactive T
cells more efficiently compared with soluble pMHC complexes. This could be due to (i) their multimeric
valency, (ii) their potentially superior TCR cross-linking properties compared with “artificial APCs”,
and (iii) the protection of the NP-bound pMHC molecules from degradation [104]. The ability of
pMHC-NPs to stop the progression of EAE was assessed with in vivo experiments in mice (Table 5).

4.5.5. Mannan-Peptide Conjugates

Based on previous studies with the yeast polysaccharide, mannan, Tseveleki and coworkers,
examined mannan conjugation with immunodominant myelin epitopes as an approach to divert the
differentiation of myelin-specific T lymphocytes towards a regulatory phenotype, thus decreasing the
mice susceptibility to EAE. It was shown that the administration of the synthesized conjugates to mice
in both prophylactic and therapeutic vaccination protocols resulted in the induction of antigen-specific
T cell tolerance and significant amelioration of EAE clinical and histopathological symptoms. [188]
(Figure 12) (Table 5). According to these results, it was speculated that conjugation of MOG epitopes to
mannan may modulate the autoimmune response in humans, thus potentially reducing the symptoms
of MS [188].

4.5.6. Liposomes

Liposomes are tiny vesicles featuring an aqueous core surrounded by a lipid bilayer. They can
encapsulate both hydrophilic and hydrophobic drugs and target them to specific cell surfaces via
appropriate functionalization. Various types of liposomes have been already approved for clinical
use (e.g., delivery of therapeutics, vaccination) and can be designed to induce or tolerate immune
responses [189]. Pujol-Autonell and coworkers reported the beneficial effect of MOG peptide loaded
liposomes in treating mice with EAE. Liposomes successfully delayed the onset, suppressed the severity
and decreased the incidence of the disease [190]. Similarly, Belogurov and co-workers demonstrated
that mannosylated liposomes containing MBP46–62 could significantly reduce EAE clinical signs in Dark
Agouti (DA) rats [189]. Interestingly liposomes loaded with MBP46–62, MBP124–139, and MBP147–170

and targeting CD206 were proven to be safe and well-tolerated and to normalize cytokine levels in
RRMS and SPMS patients [191,192].

4.5.7. Microneedle Patches

Pires and coworkers proposed the use of minimally invasive microneedle patches for the delivery
of myelin peptides, as an alternative therapeutic strategy for skin mediated antigen-specific immune
tolerance in MS [178].
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Figure 12. (a) Mean clinical scores of MOG-EAE in groups of mice vaccinated i.d. with OM-MOG,
RM-MOG, OM, RM, or PBS at indicated time points (arrows) before immunization for EAE induction.
(b) Mean clinical scores of MOG-EAE in groups of mice vaccinated i.d. at indicated time points (arrows)
relative to immunization. (c) Mean clinical scores of MOG-EAE in groups of mice injected i.d. at
indicated time points (arrows) after immunization. The results shown are from one representative of
two (b,c) or three (a) independent experiments. (d,e) Vaccination with OM-MOG protects C57BL/6 mice
from spinal cord inflammation and demyelination during MOG-EAE. (d) Inflammatory cell infiltration
(left column) and demyelination (right column) were visualized on day 24 following immunization.
(e) Quantification of spinal cord inflammation (black bars) and demyelination (grey bars) as well as
brain demyelination (white bars) in all experimental groups. Representative data from five animals
per group are shown. Statistical significance after comparisons between groups of mice (using the
Kruskal-Wallis test) or histopathology indices (using Student’s t test) is shown (*, p < 0.05). Triangles
(a) indicate time points where pair-wise comparison between OM-MOG and RM-MOG groups also
show significant differences (with permission of [188]).
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5. Clinical Trials

Various tolerance-inducing vaccination approaches (e.g., immunodominant myelin epitopes,
APLs, DNA vaccination, attenuated autologous myelin reactive T cells, tolerogenic DCs, TCR peptide
vaccination, nanocarriers loaded with encephalitogenic myelin peptides, etc.) with promising outcomes
in experimental MS models have already reached the clinical development phase. Their safety, feasibility,
and efficiency in inducing antigen-specific immune tolerance and reducing MRI-detected disease
activity in patients with relapsing remitting and progressive MS have been preliminary demonstrated
in phase I and II clinical trials [14,136,139] (Table 6).

6. Conclusions

Several exciting vaccination strategies targeting the induction of antigen-specific immune tolerance
in MS have been developed during the last decades, based on a single epitope or cocktails of
immunodominant epitopes of myelin proteins, altered peptide ligands, DNA vaccines, tolerogenic
DCs pulsed with myelin peptides, attenuated autologous myelin reactive T cells, TCR peptide vaccines,
conjugates of autoantigens with various types of cells, and different types of carriers (e.g., particles,
vesicles, self-assembled structures, or molecular carriers) associated with myelin epitopes. Most of
these approaches have demonstrated promising results in animal models of experimental autoimmune
encephalomyelitis both in prophylactic and therapeutic vaccination protocols. They successfully
prevented the disease or delayed the disease onset, reduced its clinical and pathological symptoms
and decreased the number of relapses, or, in a therapeutic scheme, they reversed the clinical and
histological signs of the disease. Accordingly, numerous of the abovementioned strategies reached the
clinical development phase, and their safety, feasibility, and efficacy were assessed in both phase I and
II clinical trials. However, the results from these trials have not indicated the same level of efficiency as
in preclinical models. Even though different tolerance-inducing vaccination strategies were proven
safe and well tolerated, and in some cases succeeded in inducing tolerogenic responses to patients,
no major advances have been reported with respect to clinical efficiency. Consequently, despite the
intensive research efforts, up to the present time, no FDA approved antigen-specific immunotherapy is
available for treating MS patients. It appears that antigen-specific immunotherapies still face various
major challenges such as the involvement of multiple autoantigens that can vary between patients,
the epitope spreading, the vaccination of patients with inapparent infections, etc. These challenges
need to be overcome in order to allow tolerogenic vaccines to play a major role in the treatment
of MS patients. Progress in the scientific areas of recombinant protein expression, genome editing,
and smartly designed carriers, combined with better understanding of MS immunopathogenesis
and improved immunization protocols, could potentially improve these vaccination strategies in
the future. Additionally, further clinical studies, such as phase II and III, including placebo groups,
will be required in order to more realistically assess the clinical effectiveness of these interesting
antigen-specific immunotherapies in both RRMS and SPMS patients.
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Abstract: Multiple sclerosis (MS) is a chronic, autoimmune, neurodegenerative disease of the central
nervous system (CNS) that yields to neuronal axon damage, demyelization, and paralysis. Although
several drugs were designed for the treatment of MS, with some of them being approved in the last
few decades, the complete remission and the treatment of progressive forms still remain a matter
of debate and a medical challenge. Nanotechnology provides a variety of promising therapeutic
tools that can be applied for the treatment of MS, overcoming the barriers and the limitations
of the already existing immunosuppressive and biological therapies. In the present review, we
explore literature case studies on the development of drug delivery nanosystems for the targeted
delivery of MS drugs in the pathological tissues of the CNS, providing high bioavailability and
enhanced therapeutic efficiency, as well as nanosystems for the delivery of agents to facilitate efficient
remyelination. Moreover, we present examples of tolerance-inducing nanocarriers, being used as
promising vaccines for antigen-specific immunotherapy of MS. We emphasize on liposomes, as well
as lipid- and polymer-based nanoparticles. Finally, we highlight the future perspectives given by the
nanotechnology field toward the improvement of the current treatment of MS and its animal model,
experimental autoimmune encephalomyelitis (EAE).

Keywords: multiple sclerosis; nanotechnology; drug delivery nanosystems; lipids;
polymers; vaccines; nanoparticles; antigen-specific immunotherapy; experimental autoimmune
encephalomyelitis; neurodegeneration

1. Introduction

Multiple sclerosis (MS) is a chronic, autoimmune, demyelinating disease of the central nervous
system (CNS), accompanied by a relapsing/remitting (RR) or a progressive course that is followed by
axon damage and paralysis, including symptoms of muscle weakness, weak reflexes, muscle spasm,
difficulty in movement, miscoordination, unbalance, vertigo, fatigue, and pain. Other symptoms that
are usually referred are optic nerve dysfunction, loss of vision, diplopia, pyramidal tract dysfunction,
ataxia, tremor, bladder and bowel dysfunction, sexual dysfunction, depression, anxiety, swallowing
dysfunction, memory loss, sleep disturbance, and obstructive sleep apnea [1–5]. Unfortunately, the
exact etiology of MS remains unknown, while many different risk factors were referred, characterizing
MS as a heterogeneous, multifactorial disease. The occurrence is 2–3 times higher in females than
males. MS is the most common neurologically disabling disease in young adults, while older people
and children can also acquire MS [4,6]. Our understanding of the immune processes that contributes
to MS led to the approval or clinical development of some disease-modifying therapies (DMTs) that
are effective in relapsing forms of MS. However, few treatments are effective for the progressive forms
of the disease [7,8].
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Nanotechnology provides a variety of promising therapeutic tools that can be applied for the
treatment of CNS-related disorders, such as MS, overcoming the barriers and the restrictions of the
already existing conventional therapies. Extensive research is being carried out for the development
of drug delivery nanosystems for the targeted delivery of MS drugs in the pathological tissues of
CNS, providing high bioavailability and enhanced therapeutic efficiency. In addition, remyelination
is an attractive, innovative strategy toward MS therapy [9], where nanoparticles can also contribute,
via the targeted delivery of remyelinating agents to specific cells, leading to the improvement of
their therapeutic performance. Moreover, tolerance-inducing vaccines, based on tolerance-inducing
nanocarriers for antigen-specific immunotherapies, are considered to be another promising strategy
toward the treatment of MS [10,11].

In the present review study, literature examples of the aforementioned nanocarriers that
were designed for MS treatment are presented, highlighting the future perspectives given by the
nanotechnology field toward the improvement of the current treatment of MS. We focus on liposomes,
as well as lipid- and polymer- based nanocarriers.

2. Multiple Sclerosis (MS)

MS is an autoimmune, chronic, neurodegenerative disorder, targeting the myelin sheaths
(a protective layer surrounding the nerve fibers) of the CNS. The caused damage of myelin sheaths
provokes nerve demyelination, followed by axon damage and, thus, interruption of signal transmission
to and from the CNS. As with many other neurodegenerative diseases, the real and exact origin of MS is
still unidentified, although the literature describes many different potential triggering factors that may
stimulate the autoimmune responses, which harm the brain tissues and spinal cord. More particularly,
genetic predisposition and environmental factors, as well as microbial and viral infections, smoking,
toxins, low concentrations of vitamin D, and circadian rhythm disruption, can contribute to the onset of
this disorder [12–16]. Regarding genetic predisposition, the major histocompatibility complex (MHC)
class II phenotype, the human leukocyte antigen (HLA)-DR2, and HLA-DR4 are reported as the most
commonly affected, while the incidence of MS is also increased 10-fold in monozygotic twins, as
compared to siblings of patients with MS [17,18].

MS is categorized into three distinct types, primarily based on its clinical course, which are
characterized by increasing severity. Relapsing/remitting MS (RRMS) is the most common form, which
involves relapses followed by silent remission with any MS symptoms. RRMS generally switches to a
chronic progressive course several years after onset, while a minor number of patients display primary
chronic progressive course without the RR phase. Subsequently, we have secondary progressive
MS (SPMS), which develops over time following diagnosis of RRMS, and primary progressive MS
(PPMS), noted as gradual continuous neurologic deterioration, which provides continuous disease
progression [19–21].

The symptoms may vary person-to-person and produce temporary, long-lasting, or even
permanent losses due to the disrupted signal transmission, including mood swings, memory-related
issues, tingling, fatigue, numbness, partial or complete blindness, pain, and partial or even whole-body
paralysis, depending upon the severity of disease. The disrupted signal transmission is responsible for
various complex and erratic indications. MS broadly presents three stages, starting from a pre-clinical
stage, followed by a relapsing/remitting stage and a progressive clinical stage, in which, after typically
10–20 years, neurologic dysfunction progressively worsens, eventually leading to impaired mobility,
cognition, and a progressive loss of nerve functions [22–25].

2.1. Immunopathophysiology of MS

Myelin sheath damage and inflammation contribute to the formation of lesions [26]. MS lesions
appear in the white matter inside the visual neuron, brain stem, and spinal cord [26]. In MS, the
immune system starts to recognize myelin components as foreign, leading to its destruction [12].
Plaque formation and disease symptoms are widely accepted as the result of immune cell infiltration,
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with the release of cytokines and inflammatory mediators, leading to inflammation, myelin destruction,
oligodendrocyte loss, and loss of neuronal function and eventual axonal degeneration. On the other
hand, demyelination further increases the activation of inflammatory processes, causing damage of the
blood–brain barrier (BBB), stimulation of oxidative stress pathways, and macrophage activation [27].
Microglial cells upregulate MHC class I and II molecules, as well as cell surface co-stimulatory
molecules, while they also secrete cytokines and chemokines. Several types of immune infiltrates can
be found in the white matter lesions, where myelin is damaged, including monocytes, B cells, T cells
(for example, TH cells and myelin-reactive auto-T cells), and dendritic cells [25,28–32]. Substantial
fractions of cluster of differentiation 4 (CD4)+ and CD8+ T cells being isolated from MS lesions
and cerebrospinal fluid (CSF) indicate that antigen-specific T-cell responses contribute to the disease
process [33]. It seems that T helper 1 (TH1) and TH17 cells are the main pathogenic populations
in the immunopathogenesis of MS, along with regulatory T cells (Treg) and natural killer T (NKT)
cells [34–37]. The pro-inflammatory state of macrophages is correlated with MS because macrophages
interact with T and B cells, instructing demyelination, axonal loss, and degeneration, and they are
presented as of the most predominant cell type in patient lesions [38,39]. In Figure 1, there is a detailed
presentation of the cells that are involved in the immune process of MS [25].

 
Figure 1. The immunological complexity of the immune/cytokine network in multiple sclerosis (MS).
Adapted from Dargahi et al. [25].

Traditionally, the etiology of MS was based on an “outside-in” autoimmune hypothesis, whereby
dysregulated auto-reactive T cells in the periphery cross into the CNS parenchyma and, together
with macrophages and B cells, proceed to attack myelin. Contrariwise, the “inside-out” hypothesis
argues that MS is a primary degenerative disease, where the initial malfunction occurs within the
CNS and is accompanied by varying degrees of inflammation, as a secondary response, leading
to the release of various antigenic cell components. According to the “inside-out” hypothesis, the
primary degeneration is present from the start (probably years before the first overt clinical symptoms)
and continues throughout the entire course of the disease. Whether early neurodegeneration drives
autoimmune injury, or whether ongoing inflammation reaches a threshold to trigger neurodegeneration
is still unclear, while another question is whether neurodegeneration is independent or not of chronic
inflammation. The lack of understanding with regard to mechanisms of progression phase, when the
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most irreversible disability takes place, is responsible for the extremely limited treatment options that
are currently available to patients with progressive MS. Until now, many different treatment approaches
for progressive MS were proposed including mitochondrion-protective strategies, anti-inflammatory
strategies, strategies targeting microglia and astrocytes, inhibitors of microglial activity, remyelination
therapies, and strategies targeting lymphocytes [20,23,40].

2.2. Current Therapeutics of MS

Until now, the Food and Drug Administration (FDA) approved over a dozen therapeutic agents to
reduce the number of attacks and delay MS progression in terms of available DMTs. Disease-modifying
agents are commonly shown to reduce the rate of relapses, reduce magnetic resonance imaging
(MRI) lesions, and stabilize or delay MS disability. However, MS remains incurable. Interferon beta
(IFN-β) and glatiramer acetate (GA), being the first two introduced drugs, are able to alter T-cell
responses, are injectable, and still remain the “first line” therapies for MS, owing to their relative
safety and proven efficacy. Oral DMTs available for RRMS include immunosuppressives, which inhibit
lymphocyte trafficking, namely, fingolimod and the teriflunomide (TFM) that inhibit activated T and
B cells, as well as the immunomodulatory/immunosuppressive dimethyl fumarate (DMF) that alters
T-cell responses. The above are characterized as long-term treatments. In addition, a number of
humanized monoclonal antibody-based therapeutics for RRMS were developed, including natalizumab,
alemtuzumab, and ocrelizumab. Unfortunately, their disadvantage is the high risk of side effects,
including progressive multifocal leukoencephalopathy (PML) and the development of secondary
autoimmune diseases [4,12,25,26,39,41–45].

2.3. Experimental Autoimmune Encephalomyelitis (EAE) as an Animal Model for MS

Experimental autoimmune encephalomyelitis (EAE) is a widely used animal model of MS
because it shares several features with the human disease, including neurological dysfunction and
perivascular inflammation in the CNS. It is considered to be the most frequently used model to
study the demyelinating and immune pathology of MS. EAE can be induced in several mammalian
species by directly immunizing animals with CNS homogenate or myelin proteins, such as myelin
oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP), and proteolipid protein (PLP),
or using small peptides derived from these proteins; alternatively, the transfer of isolated activated
CD4+ T cells or less commonly CD8+ T cells, may be introduced to a naïve animal. The fact that
demyelination and lesion formation occur predominantly in the spinal cord rather than the CNS is a
disadvantage indicating that EAE does not fully recapitulate human MS pathology [46–50]. However,
there is no other model representing better the pathophysiology of MS. EAE extensively contributed
toward the knowledge and understanding of the pathophysiology of the MS, as well as contributed
to the discovery and the understanding of the mechanism of action of some of the current approved
therapies [39,51–53].

3. Nanotechnology and MS

Drug delivery nanosystems are considered as innovative technological platforms that are able
to transport bioactive molecules to target tissues, modifying their solubility and improving their
bioavailability, by altering their pharmacokinetic profile [54]. The existence of physiological barriers,
such as the BBB and the blood–cerebrospinal fluid barrier (BCSFB), limits the access of several
therapeutic agents to the CNS and downgrades their therapeutic activity. In this regard, nanotechnology
is considered to be a promising strategy to improve drug targeting to the brain, as well as increase
bioavailability. There is great research attention toward the employment of nanotechnology, as well as
the development of new therapies and improvement of the therapeutic efficacy for MS [55]. Taking
advantage of their size, nanoparticles are easily internalized by the cells, being suitable carriers
for drugs, immunomodulatory molecules, or antigens. Nanosystems are able to improve the drug
solubility, provide targeted delivery, diminish potential side effects from high doses, and establish
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controlled drug release. Moreover, nanoparticles can be administrated through various routes apart
from systemic administration, such as intranasally, for example, in cases where nose-to-brain delivery
is desired.

In the following paragraphs, different literature cases on nanoparticles and MS are examined.
There are referred nanoparticles that are used as drug delivery systems, in order to improve the
pharmacokinetics and bioavailability, while enhancing the therapeutic efficacy when compared to
the free administered drugs; furthermore, nanoparticles can be used as vectors for antigen-specific
immunomodulation. Through antigen-specific immunomodulation, the immune system is repeatedly
exposed to a specific antigen, which results in immunomodulation from the disease to the tolerance state.
Antigen-loaded nanoparticles provide several advantages for antigen-specific immunomodulation,
such as sustained antigen release, the co-delivery of antigens and adjuvants, the formation of antigen
depots at the injection site, the effective presentation of B-cell epitopes, and an increase in the uptake
and stimulation of cell-mediated immune responses against acellular antigens. These nanoparticles
are coupled with specific antigens related to the autoimmune response in MS and their epitopes.
These nanoparticles are able to regulate T-cell function, as well as induce Treg cell and dendritic
cell differentiation, restoring immunological tolerance [56]. More details are analytically described
throughout the paragraphs below.

Another subject of great scientific interest regarding MS, which is also correlated with the
development of new therapeutics, is remyelination. While some patients suffer from progressive
neurological deficits, other patients occasionally display improved neurological function. The
mechanism via which some patients experience neurological improvement remains unclear. However,
increasing evidence shows that remyelination occurs in the MS/EAE [57–60]. In addition, recent
studies showed that activated neural stem/progenitor cells around region sites contribute to
remyelination [61,62]. Promoting remyelination, therefore, provides an additional line of defense
against the axonal damage that follows the loss of myelin. Several potential drugs that target
CNS inflammation and the different aspects and stages of remyelination (for example, by inducing
oligodendrocyte precursor cell (OPC) differentiation) are being identified [9,63]. Nanoparticles
themselves can also act as remyelinating agents. Most recently, Robinson et al. [64] reported a new
nanocatalytic therapeutic candidate for remyelination, consisting of a suspension of clean-surfaced,
faceted nanocrystals of gold, which was found to demonstrate robust remyelinating activity in response
to demyelinating agents, in both chronic cuprizone and acute lysolecithin rodent animal models. More
analytically, the administrated nanoparticles induced differentiation of OPCs and enhanced activities
of neurons and oligodendrocytes through enhancement of bioenergetic processes of key indicators of
aerobic glycolysis. According to the in vivo results, the oral delivery of gold nanocrystals improved the
motor functions of cuprizone-treated mice in both open-field and kinematic gait studies. Additional
in vitro data indicated an upregulation of myelin synthesis-related genes, collectively resulting in
functional myelin generation.

However, there is still no available treatment to regenerate myelin, and several strategies are
being scrutinized, while there are difficulties in translating these potential drug targets into practical
therapies for patients, as these must cross the BBB to reach OPCs in the CNS, and ideally should be
delivered directly to OPCs, to avoid off-target effects. Once again, nanotechnology may solve these
problems, with nanoparticles crossing the BBB and facilitating targeting to specific cells, as highlighted
in the below-described literature examples.

3.1. Lipid-Based Nanosystems

Lipid nanocarriers such as liposomes, solid lipid nanoparticles (SLNs), nanostructured lipid
carriers (NLCs), and nanoemulsions (Figure 2) are considered an ideal strategy for effective delivery
of the therapeutic agents against MS at the CNS, enhancing brain transport. They possess the ability
to cross the BBB by naturally entering the brain capillary endothelial cells, reducing the peripheral
side effects. Furthermore, through suitable surface decoration, lipid nanocarriers can be engineered
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to interact with particular types of molecules or cell receptors presented in the BBB, even delivering
drugs which normally cannot cross the BBB [65,66].

Figure 2. Different types of lipid-based nanoparticles: (A) nanoemulsions; (B) liposomes; (C) solid
lipid nanoparticles (SLNs); (D) nanostructured lipid carriers (NLCs). Adapted from Haider et al. [67].

3.1.1. Nanolipid Carriers (NLCs) and Solid Lipid Nanoparticles (SLNs)

The lipid-based nanoparticulate system with a solid matrix primarily originated from an
oil-in-water type emulsion, by replacing the oil phase or liquid lipids with solid lipids to make
it solid at body temperature. Solid lipid nanoparticles (SLNs) are usually considered as the
first-generation lipid nanoparticle developed from solid lipid, while nanolipid carriers (NLCs) are
known as second-generation lipid nanoparticles, comprising a solid and liquid lipid blend, as well as a
surfactant (Figure 2C,D) [68,69]. Although the formulation contains a liquid lipid, NLCs remain in the
solid state at body and room temperatures, by adjusting the levels of the liquid lipid. SLNs are colloidal
particles with increased physical stability derived from oil-in-water (O/W) emulsions, by replacing
liquid lipids with a lipid matrix that is solid at both room and body temperature. The lipid core of
SLNs typically consists of fatty acids, monoglycerides, diglycerides, triglycerides, waxes, or steroids
and is stabilized by surfactants [70,71]. SLNs and NLCs differ in the composition and organization
of the lipids of the matrix, which causes different morphological structures. Commonly used solid
lipids for NLC formulation are stearic acid, stearyl alcohol, glycerol monostearate, mono-stearin, etc.,
while common examples of liquid lipids involve the use of olive oil, sesame oil, almond oil, peanut oil,
soyabean oil, oleic acid, corn oil, soy lecithin, phosphatidyl choline, vitamin E, etc. [69].

Recently, Gadhave et al. [72] formulated intranasal nanolipid carriers loaded with TFM, an inhibitor
of dihydroorotate dehydrogenase, exhibiting anti-inflammatory activity. The TFM-loaded NLCs were
prepared via the melt emulsification ultrasonication method, while the Box–Behnken statistical design
was applied to optimize the formulation. The lipid nanocarriers were composed of Compritol® 888
ATO (solid lipid), maisine 35–1 (liquid lipid), gelucire 44/14 (stabilizer) (all by Gattefosse, Mumbai,
India), and its aqueous phase from water and Tween-20 (surfactant) (S.D. Fine Chemicals, Pune, India).
They were evaluated regarding their particle size, entrapment efficiency (%), in vitro and ex vivo
permeation, and their pharmacological and toxicological properties. According to the results, the
optimized formulation exhibited particle size, surface charge, and entrapment efficiency of 99.82 nm,
−22.29 mV, and 83.39%, respectively. The formulation was enriched with mucoadhesive and gelling
agents. The ex vivo drug permeation study and the permeation flux of the prepared mucoadhesive
nanosystem was higher than the plain one. From the therapeutic point of view, the intranasal
administration of the prepared nanostructures facilitates the rapid remyelination of damaged neurons
in the cuprizone-treated rat model, without any significant change in hepatic biomarkers and sub-acute
toxicity of the drug; thus, it can be considered as effective and safe delivery for brain disorders.
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Kumar et al. [73] developed nanolipid carriers for the delivery of DMF and tocopherol acetate,
in an effort to enhance the brain permeability of DMF, improve its gastric tolerance, and reduce its
side effects. They used stearic acid (M/s Central Drug House, New Delhi, India) as the solid-phase
lipid, tocopherol acetate as the liquid-phase lipid, and Tween 80 (M/s Fisher Scientific India Pvt.
Limited, Mumbai, India) as an emulsifier, while the hot microemulsion technique was utilized as
the preparation method. The prepared formulation was then evaluated by physicochemical, Caco-2
cellular permeability, in vitro drug release, in vivo pharmacokinetics, and biodistribution studies. The
physicochemical study revealed characteristics suitable for brain drug delivery, namely, an average
size of 69.70 nm, polydispersity index (PDI) of 0.317, and zeta potential of −9.71 mV. At the same
time, the loading efficiency and entrapment efficiency of the formulation were observed as 20.13% and
90.12%, respectively. The obtained controlled release profile, in both gastric and intestinal pH (up to
68% of drug in 24 h), was attributed to the better encapsulation of DMF within the NLC. The drug
release was found to best fit the Higuchi equation of release kinetics. Cellular uptake studies on Caco-2
and SH-SY5Y monolayers confirmed better intestinal absorption, due to its biodegradable, lipidic
formulation and small size, as well as higher neuronal uptake of the developed system. Furthermore,
the in vivo pharmacokinetic data showed a significant improvement in Cmax and t1/2, three times
higher drug absorption, and a reduction in the drug clearance, volume of distribution, Tmax, and drug
elimination. The findings are promising and offer preclinical evidence for better brain bioavailability
of DMF, which can improve the clinical therapy of MS through reduction of the dosing frequency.

Ghasemian et al. [74] developed baclofen-loaded nanolipid carriers for effective brain drug
delivery, in order to reach the site of baclofen action in the CNS. Although baclofen is not an MS-specific
therapy, it is used in the treatment of multiple sclerosis, in order to eliminate the spasticity that
usually appears in MS. However, the effect of oral baclofen is limited due to its hydrophilic nature,
which creates insufficient concentrations in the brain and CSF. The proposed lipid nanocarrier was
prepared via the double emulsification solvent evaporation technique and was composed of glyceryl
monostearate, glyceryl distearate, glyceryl trioleate (all by Gattefossè, France), and an aqueous phase
containing Tween 80 (Sigma-Aldrich, Darmstadt, Germany), as a surface acting agent. Taking into
account the obtained physicochemical results, the formulation gave suitable ranges of particle size,
size distribution, and zeta potential, while encapsulation efficiencies ranged between 39% and 42%.
Glyceryl trioleate lipid gave the minimum particle size. The obtained sustained release profile (up to
74.6% of drug in 28 h) was found to best fit the Higuchi equation of release kinetics and to take place
via Fickian diffusion. The formulation of baclofen in nanolipid carriers increased the half-life of drug
in plasma and brain by up to 10 and 1.5 times, respectively, and provided a prolonged effect compared
to the solution formulation.

Most recently, Kumar et al. [75] loaded methylthioadenosine in SLNs for oral delivery to the
brain for the management of MS. The SLNs were prepared via the well-reported microencapsulation
technique and were composed of stearic acid (M/s Central Drug House, New Delhi, India), phospholipid
90 G (IPCA Laboratories, Mumbai, India), and Tween-80. The obtained SLNs exhibited sizes below
100 nm, being well within the range to offer a promise of enhanced BBB permeability and bypassing
the reticuloendothelial system, with almost neutral zeta potential; they also offered higher drug
entrapment and drug loading. Cuprizone-induced demyelination model in mice was employed to
mimic the MS-like conditions of demyelination. We should mention that the cuprizone model does
not accurately capture the MS disease state, but it is useful for pro-remyelination investigations. It is
mainly neurodegenerative-based, exhibiting toxin-based demyelination, rather than immune-mediated
demyelination [9]. The symptoms were monitored to some level by plain methylthioadenosine and
to a major extent by the SLN version of this nucleoside. According to the pharmacokinetic studies,
the methylthioadenosine was better absorbed from SLNs vis-à-vis plain methylthioadenosine, and
the biological residence was substantially enhanced so as to reach the target site, thus improving
bioavailability and enhancing bioresidence. Methylthioadenosine-loaded SLNs were able to maintain
the normal metabolism, locomotor activity, motor coordination, balancing, and grip strength of the
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rodents compared to plain MTA. The pharmacokinetics corroborated the pharmacodynamic findings,
indicating that the orally administrated SLNs can be substantially delivered to the brain and can
effectively remyelinate the neurons.

In another case of SLNs, Gandomi et al. [76] developed polyethylene glycol (PEG)ylated SLNs in
order to efficiently deliver the glycocorticosteroid methylprednisolone to the brain. The corticosteroids,
including the glucocorticosteroids, which are mentioned in many literature cases of drug delivery
nanosystems described in the present review article, are used in pulse curses, in order to clinically
treat significant relapses in MS patients, in an attempt to hasten recovery. Although they are one of the
most common clinically prescribed drugs for reducing MS symptoms, due to their anti-inflammatory
and immunosuppressive effects, we should note that they are not a specific treatment of MS. The
SLNs were surface-modified by using two targeting moieties and, more specifically, glycoprotein
antigens, either anti-Contactin2 or anti-Neurofascin, which are two axo-glial-glycoprotein antigens
located in the node of Ranvier and are considered to be the main targets of autoimmune reaction in
MS. Myelin-based SLNs were prepared via the solvent evaporation method and were composed of
myelin lipids including cholesterol, sphingosine, phosphatidylethanolamine, phosphatidylcholine,
sphingomyelin, and phosphatidylserine (all by Sigma Aldrich, St. Louis, MO, USA). In order to
obtain targeted SLNs, the antibody, either anti-Contactin2 or anti-Neurofascin, was conjugated to
the drug-loaded polyethylene glycol (PEG)-covered SLNs (PEGylated SLNs). The prepared SLNs
were physicochemically characterized, while their in vitro release profile, cell viability, and cell uptake
were studied. Their brain uptakes were also probed following injections into MS-induced mice. The
formulation differentiated the particle size; for example, smaller particle sizes following the antibody
bindings were observed, due to the lesser hydration of polymer after the antibody conjugation.
The SLNs presented good release profiles, where variations in the lipid type slightly affected the
drug release profile, while the PEG and/or antibody coating provided a sink boundary condition
for the drug diffusion within the lipoid matrix. It was found that the targeted PEGylated SLNs had
no significant cytotoxicity on U87MG-cells, although their cellular uptake was increased four- and
eight-fold when surface-modified with anti-Contactin2 or anti-Neurofascin, respectively, compared
to control. However, the non-surface-modified SLNs exhibited better penetration ability of the BBB
compared to the PEGylated and antibody-functionalized SLNs. The authors suggested that the
antibodies may facilitate the adsorption of the SLNs to myelin due to binding to the related antigens,
i.e., Contactin2 or Neurofascin, on the CNS axon, and the above information would help toward the
development of more efficient nanocarriers for the treatment of MS.

3.1.2. Liposomes

Liposomes (Figure 2B) are considered to be one of the most well-investigated drug delivery
nanosystems, presenting major advantages, such as biocompatibility and biodegradability, while also
exhibiting great versatility, because they can be easily surface-modified with functional biomaterials,
in order to acquire advanced properties, such as escaping rapid clearance in circulation and presenting
increased targeting to pathological tissues [54,77].

In addition to lipid nanoparticles, liposomes and especially the PEGylated ones were also reported
as potential drug carriers for MS and specially for the delivery of glycosteroids. Schmidt et al. [78]
developed a novel formulation of PEG-coated long-circulating liposomes, prepared from dipalmitoyl
phosphatidylcholine (Lipoid GmbH, Ludwigshafen, Germany), encapsulating prednisolone that
was administrated to the CNS of rats exhibiting EAE. The authors tried to achieve ultra-high tissue
concentrations of glucocorticosteroids in the inflamed target organ as compared to an equivalent dose
given as free drug, along with a much lower systemic concentration with a reduction of unwanted
side effects. Radioactive labeling showed the accumulation of liposomes in the inflamed target organ.
More specifically, 3H-labeled prednisolone liposomes showed selective targeting to the inflamed
CNS, where up to 4.5-fold higher radioactivity was achieved compared to healthy control animals.
Moreover, much higher and more persistent levels of prednisolone in the spinal cord were detected by
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liposomal administration than in the case of free administrated drug. Gold-labeled liposomes were
used, while they could be detected in the spinal cord within the vascular endothelium, as well as
in inflammatory macrophages, microglial cells, and astrocytes. The BBB disruption, the T-cell and
macrophage infiltration, and the percentage of tumor necrosis factor-α (TNF-α) in these cells were
monitored, indicating superior performance by the liposomal administration of prednisolone. It was
also reported that a single injection of the liposomes clearly ameliorated the course of adoptive transfer
EAE and EAE induced by immunization. The authors finally stated that the liposomal prednisolone
was found to be highly effective in the treatment of EAE, being superior to a five-fold higher dose of
free methylprednisolone, possibly due to liposomal targeting.

Later, Gailard et al. [79] used PEGylated liposomes conjugated to the brain-targeting ligand
glutathione (GSH-PEG), in order to optimally improve the therapeutic window of methylprednisolone,
composed of hydro soy phosphatidylcholine lipid (Lipoid, Cham, Switzerland). The authors chose
the GSH-PEG liposomes because they include the safety of the liposomal constituents, the ability to
encapsulate compounds without modification, the prolonged plasma exposure, and the possibility to
enhance drug delivery to the brain. The prepared liposomes were administrated to rats with acute
EAE. Apart from the prolonged plasma circulation and increased brain uptake as revealed by the
pharmacokinetic analysis, the treatment with GSH-PEG liposomes was found to be significantly more
effective in EAE as compared to PEG liposomes, while the same dose level of free methylprednisolone
even worsened disease outcome. The rats received intravenous treatment, before disease onset,
at disease onset, or at the peak of disease. Free methylprednisolone and non-targeted pegylated
(PEG) liposomal methylprednisolone served as control treatments. It was reported that, when the
treatment was initiated at disease onset, free methylprednisolone showed no effect, while GSH-PEG
liposomal methylprednisolone significantly reduced the clinical signs to 42%± 6.4% of the saline control,
confirming that GSH-PEG liposomes improve the therapeutic availability of methylprednisolone and,
therefore, a lower dose and lower dosing frequency can be used to obtain an effective brain concentration.

Lee et al. [80] further exploited the efficacy of the GSH-PEG liposomes carrying methylprednisolone,
by using mice exhibiting murine myelin oligodendrocyte-induced EAE (MOG-EAE). This animal model
mimics many neurodegenerative features of MS, including axonal damage. The experimental protocol
was as follows: after the disease onset, mice were randomized to receive saline, three injections of
free drug (high dose methylprednisolone), two injections of free drug (low dose methylprednisolone),
or two injections of liposomes. The infiltration of T cells and macrophage/microglia, the amount
of astrocyte activation, the extent of axonal loss, and the demyelination in spinal cord lesions were
also monitored, indicating good performance of liposomes compared to a low dose of the free drug.
Treatment with a low dose of liposomes significantly reduced the severity of EAE, similar to treatment
with high-dose free drug but at one-tenth of the dosage, while a low dose of free methylprednisolone
was not effective. The proposed liposomes were clinically and histologically effective as a high dose of
free drug, thus allowing treatment by liposomal administration at a lower application frequency.

More recently, sterically stabilized liposomes were designed by Turjeman et al. [81] in order to carry
glucocorticosteroids and treat the neuroinflammation presented in MS. More specifically, the authors
investigated the remote loading of the “water-soluble”, amphipathic weak acid glucocorticosteroid
prodrug methylprednisolone hemisuccinate (MPS) or the amphipathic weak base nitroxide tempamine
(TMN) and compared the effect of passive targeting alone and of active targeting based on short
peptide fragments of ApoE or of β-amyloid. The stealthiness of the liposomes was achieved by
incorporating the PEG-DSPE-2000 lipid (Genzyme Pharmaceuticals, Liestal, Switzerland). The
peptide-conjugated sterically stabilized liposomes (actively targeted) were prepared via the covalent
attachment of either ApoE or β-amyloid to dioleoyl (DO)-succinate, in order to form the lipidated
peptides. These two peptides can be transported through the BBB. In addition to the physicochemical
and thermotropic characterization of the fabricated liposomes, the EAE mice model was used, in
order to monitor their therapeutic efficacy, while its mechanism of action in both the acute and the
adoptive transfer EAE models was investigated. According to the results, for the liposomes carrying
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MPS, active targeting is not superior to passive targeting. For both groups of liposomes, carrying
MPS or TMN, it was demonstrated that these nano-drugs ameliorated the clinical signs and the
pathology of EAE. The authors concluded that the highly efficacious anti-inflammatory therapeutic
feature of these two nano-drugs meets the criteria of disease-modifying drugs and supports further
development and evaluation of these nano-drugs as potential therapeutic agents for diseases with an
inflammatory component.

The prevalence of autoimmunity is on the rise, and there is no cure for any autoimmune
disease, caused by the loss of tolerance to self. Apart from delivering drugs, liposomes were
applied as immunotherapy, due to their ability of apoptosis to induce immunological tolerance.
One of the mechanisms to maintain self-tolerance is the efficient removal of apoptotic cells. For
example, liposomes were generated mimicking apoptotic β-cells, where they arrest autoimmunity in
type 1 diabetes, through specific and definitive re-establishment of tolerance. This type of liposome
was also investigated to be applied in other autoimmune diseases, such as MS. More analytically,
phosphatidylserine-rich liposomes were prepared and loaded with MS-specific autoantigen and, more
specifically, the myelin-oligodendrocyte glycoprotein peptide 40–55 (MOG40–55), in order to co-deliver
a double signal of tolerance and specificity to arrest autoimmunity in a synergistic, effective, and safe
manner. Phosphatidylserine is considered to be the main “eat me” and “tolerate me” signal of the
apoptotic cell membrane, which allows recognition and phagocytosis by antigen-presenting cells, such
as dendritic cells. According to the results, the prepared liposomes induced a tolerogenic phenotype in
dendritic cells and arrested autoimmunity, while they were efficiently phagocytosed by dendritic cells
and induced tolerogenic features in dendritic cells. Moreover, after immunization administration, the
MOG-loaded phosphatidylserine liposomes reduced the incidence and severity of EAE, as well as
delayed the onset of the disease, correlating with an increase in the regulatory CD25+ FoxP3− CD4+
T-cell subset. The authors concluded that the proposed nanosystems exhibit high potential to operate
as a platform for MS and autoimmune diseases [82].

3.1.3. Other Lipid-Based Nanocarriers

Binyamin et al. [83] developed a nanodroplet formulation of pomegranate seed oil (PSO),
denominated as nano-PSO, which was an oil-in-water (O/W) nanoemulsion (Figure 2A) administrated
in an EAE model. PSO comprises high levels of punicic acid, a unique poly-unsaturated fatty acid
considered as one of the strongest natural antioxidants. Nano-PSO was supposed to enhance the
bioavailability and activity of PSO. According to the results, the beneficial effect of PSO was increased
significantly when EAE mice were treated with nano-PSO of specific size nanodroplets (200 nm) size and
much lower concentrations of the oil. Nano-PSO was also beneficial to the EAE mice when treatment
commenced close to disease manifestation (day 7) and not only when administered concomitant with
disease induction, highlighting its potential to abrogate the disease progression and not only prevent it.
Pathological examinations revealed that nano-PSO administration dramatically reduced demyelination
and oxidation of lipids in the brains of the affected animals, even in the existence of immune infiltrates
in the CNS. Nano-PSO may be a good choice for individuals at the initial stages of MS, as well as at
later stages, where it may be used in combination with advanced MS treatments such as natalizumab
or antioxidant formulations. Last but not least, nano-PSO was also beneficial in the prevention and
treatment of genetic prion disease model, indicating that reagents that can prevent lipid oxidation may
be beneficial for an array of neurodegenerative diseases.

Most recently, Lu et al. [84] tried to take advantage of the significant role of the monocytes in
the process of MS and, thus, developed a targeting immunomodulatory carrier from high-density
lipoprotein-mimicking peptide–phospholipid scaffold (HPPS), which can target monocytes, in
order to improve the bioavailability of curcumin. Monocytes are considered to be mediators and
immunomodulation targets because they are considered to be similar to most of the amplified
inflammatory monocytes crossing the BBB, to promote neuron injury and recruit more immune cells to
infiltrate the CNS. More specifically, peripheral monocytes were chosen as the immunomodulation
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targets and curcumin as the anti-inflammatory agent, which was delivered by HPPS nanoparticles. The
nanoparticles were taken up efficiently, specifically by monocytes through the scavenger receptor class
B type I (SR-B1) receptor, which is a receptor of high-density lipoprotein (HDL) that is highly expressed
in the peripheral monocytes; thus, the proposed nanoparticles could be used for early detection of
CNS inflammation in EAE. The nanoparticle distribution in monocytes was confirmed in vivo by
using optical imaging, while the nanoparticles were loaded with a fluorescent dye. According to the
results, the delivery of curcumin by HPPS nanoparticles hindered inflammatory monocytes across the
BBB in EAE mice, owing to the downregulation of intercellular adhesion molecules 1 (ICAM-1) and
macrophage-1 antigen (MAC-1) expression in the monocytes by inhibiting the activation of the nuclear
factor-κB (NF-κB). Moreover, the proposed nanoparticles inhibited the proliferation of microglia and
restricted the infiltration of other effect or immune cells, such as TH1, TH17, and myeloid cells, due to
the blockade of inflammatory monocyte infiltration, resulting in the reduction of EAE morbidity from
100% (10 of 10 mice exhibited EAE pathology in the phosphate-buffered saline (PBS) group) to 30%
(three of 10 mice showed mild clinical signs). The authors concluded that the targeted modulation of
monocytes with such HPPS nanoparticles, carrying therapeutic and/or imaging agents, offers a novel
strategy for MS diagnosis and treatment.

MicroRNAs were postulated as a promising tool to induce OPC differentiation and, therefore,
remyelination, albeit exhibiting significant limitations in terms of the administration of microRNAs
to the CNS. Osorio-Querejeta et al. [85] utilized three different categories of nanosystems
for miR-219a-5p encapsulation, release, and remyelination promotion, namely, liposomes from
1,2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC) lipid (Avanti Polar Lipids, Alabaster, AL,
USA), poly(lactic-co-glycolic) acid polymeric nanoparticles, and finally biologically engineered
extracellular vesicles overexpressing miR-219a-5p, which are also lipid-based, due to their biological
origin. Extracellular vesicles are biological delivery systems that contain other proteins, lipids,
and genetic material, apart from RNA, which can be integrated into the cell in several ways, and
which contain microRNA-processing molecules. The three nanosystem categories were compared
by assessing their ability to induce OPC differentiation in a primary oligodendrocyte precursor cell
culture and cross the BBB. According to the results, on the one hand, the liposomes and the polymeric
nanoparticles were able to entrap higher amounts of miR-219a-5p and showed higher uptake levels than
extracellular vesicles. On the other hand, the extracellular vesicles, due to their biological complexity,
were surprisingly the only delivery system that was able to induce a significant OPC differentiation,
while they also showed the highest BBB permeability levels. Finally, the EAE animal model was
used to study the remyelination potential of the extracellular vesicles. The intranasally administered
miR-219a-5p-enriched extracellular vesicles successfully decreased clinical scores in the EAE model,
without affecting the tested anti-inflammatory pathways. As the authors concluded, the significant
differences in clinical score observed after the disease peak indicate that extracellular vesicles might be
increasing the myelin production.

3.2. Polymer-Based Nanosystems

Several types of polymers and their respective nanoparticles were studied for efficient BBB
crossing, the delivery of therapeutic agents to the CNS, and their contribution to the treatment
of neurodegenaration diseases, such as MS. Polymer nanoparticles can be prepared using various
synthetic and natural monomers/polymers and via different preparation methods. Their surface can
also be functionalized for specific brain targeting. It is crucial for the used polymers in manufacturing
these nanocarriers to be biocompatible and biodegradable. The mechanisms for brain uptake and
drug release to the CNS of the polymeric nanoparticles involve endocytosis or transcytosis through
the endothelial cells, as well as accumulation in the brain capillaries, resulting in transfer to the brain
parenchyma, owing to the high concentration gradient, and membrane fluidization through lipid
solubilization, due to the surfactant effect and tight junctions opening. One of their most significant
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advantage is their potential to be easily surface-functionalized by the conjugation of targeting peptides
or cell-penetrating ligands, in order to improve their targeting ability and crossing through the BBB [86].

3.2.1. Poly(Lactic-co-Glycolic Acid) (PLGA) Polymeric Nanoparticles

Polymeric poly(lactic-co-glycolic acid) (PLGA) or poly(lactide-co-glycolide) (PLG) nanoparticles
are attractive carriers due to their biodegradability, bio-compatibility, and approval by the FDA. One
of the key advantages of using PGLA nanoparticles is that they can be easily loaded with a wide
variety of molecules. The degradation kinetics of nanoparticles and the release rate of the encapsulated
molecules can be easily monitored by controlling the PGLA physicochemical properties, such as the
lactide-to-glycolide ratio, molecular weight, crystal profile, storage temperature, and surface coating
materials [87–91].

“Inverse vaccination” includes antigen-specific tolerogenic immunization treatments that
are capable of inhibiting autoimmune responses, exhibiting great therapeutic potential in MS.
Antigen-specific treatments are highly desirable for autoimmune diseases in contrast to treatments
which induce systemic immunosuppression. Several myelin proteins, such as MBP, PLP, and MOG,
were implicated as targets of autoreactive T cells in MS and EAE [92]. The use of protein-based inverse
vaccines in the EAE model, loaded in polymeric biodegradable PLGA nanoparticles, in order to obtain
the sustained release of antigens and regulatory adjuvants, can be an alternative strategy to overcome
the main obstacles of the administration of free myelin antigens, which exhibit rapid clearance, or of
the DNA-based vaccines encoding for myelin autoantigens, whose potential risks limit their use in
humans. These data suggest that subcutaneous PLGA nanoparticle-based inverse vaccination maybe
an effective tool to treat autoimmune diseases (Figure 3), such as MS, and reduce the significant toxicity,
as well as the high costs, caused by the chronic therapies [93,94].

 
Figure 3. Immunogenic and tolerogenic poly(lactic-co-glycolic acid) (PLGA) NP (nanoparticle) platforms.
Immunogenic PLGA-NPs may include standard adjuvants such as alum or Toll-like receptor 7 (TLR-7)
agonists, capable of activating APCs (antigen-presenting cells) and promoting naïve T-cell differentiation
into effector T cells (TEFFs); on the contrary, in the absence of costimulatory signals, tolerogenic
PLGA-NPs by employing “inverse adjuvants” induce tolerogenic APCs that lead to the expansion of
antigen-specific regulatory T cells (Tregs). The dotted arrow indicates activation of naïve T cells, and
the solid arrow indicates its differentiation into TEFFs or Tregs. Adapted from Cappellano et al. [94].

Cappellano et al. [93] developed PLGA nanoparticles loaded with either the immunodominant
35–55 epitope of MOG (MOG35–55) in C57BL/6 mice or the recombinant interleukin-10 (IL-10), used as
an inverse adjuvant, for prophylactic and therapeutic treatment of a chronic progressive model of EAE.
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The authors prepared 65:35 PLGA nanoparticles because they slowly release the loaded molecule for
several weeks, which was also confirmed in vitro, and they display minimal cell toxicity along with low
intrinsic adjuvant activity. More specifically, the prepared nanoparticles did not display cytotoxic or
proinflammatory activity and were partially endocytosed by phagocytes. The prepared nanoparticles
loaded with IL-10 completely lost their ability to induce secretion of TNF-α in vitro in peripheral
blood mononuclear cells, while the in vivo subcutaneous injection of the prepared nanoparticles in
C57BL/6 mice, loaded with either MOG35–55 or IL-10, being both simultaneously injected, ameliorated
the course of EAE in both prophylactic and therapeutic vaccination. The EAE onset was earlier in the
prophylactic vaccination than in the therapeutic vaccination, which suggests that pre-treatment with
the PLGA nanoparticles may precondition the induction of EAE by stimulating the innate immunity.
Contrariwise, immunization with only one type of nanoparticle, loaded with either MOG35–55 or
IL-10, did not have any effect. Moreover, they decreased the histopathological lesions in the central
nervous tissue, the inflammation, and the T-cell infiltration in the CNS, as well as the secretion of
proinflammatory cytokines IL-17 and interferon (IFN)-γ induced by MOG35–55 in splenic T cells in vitro.

Maldonaldo et al. [95] developed synthetic, biodegradable PLGA nanoparticles loaded with
the immunodominant 139–151 epitope of myelin proteolipid protein (PLP139–151) together with the
tolerogenic immunomodulator rapamycin, used as an inverse adjuvant, in order to induce durable and
antigen-specific immune tolerance, even in the presence of potent Toll-like receptor agonists and control
both cellular and humoral immune responses. The nanoparticles were administrated in a relapse
remitting model of EAE in mice. According to the results, the treatment, by either subcutaneous or
intravenous administration, with tolerogenic nanoparticles results in the inhibition of the activation of
the antigen-specific CD4+ and CD8+ T cell, an increase in regulatory cells, durable B-cell tolerance with
resistance to multiple immunogenic challenges, and the inhibition of antigen-specific hypersensitivity
reactions at relapsing EAE. More specifically, when Swiss Jack Lambert (SJL) mice were immunized
with the PLP139–151 peptide in complete Freud’s adjuvant (PLP139– 151/CFA) and treated therapeutically
with a single dose of tolerogenic nanoparticles at the peak of disease, the mice were completely
protected from developing relapsing paralysis. Prophylactic treatment using these nanoparticles
inhibited the onset of EAE, whereas the therapeutic treatment inhibited relapse. Moreover, an inhibition
of the neutralizing antibody responses against coagulation factor VIII in hemophilia A mice, was
observed, even in animals previously sensitized to antigen. Only the encapsulated rapamycin and not
the free form in solution could induce immunological tolerance, preventing both cellular and humoral
immunity. The authors concluded that therapy with tolerogenic nanoparticles can be applied against
allergies and autoimmune diseases, such as MS, as well as for the prevention of antidrug antibodies
against biologic therapies.

Cho et al. [96] developed a formulation of dual-sized, polymeric microparticles from PLGA,
referred as dMPs, which were loaded with multiple immunomodulatory factors, namely, specific antigen
and tolerizing factors, targeting both intra- and extracellular tolerogenic receptors, in order to block the
autoimmunity. The epitope MOG35–55, along with vitamin D, was encapsulated in the phagocytosable
small particles, while transforming growth factor beta 1 (TGF-β1) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) were encapsulated in the large non-phagocytosable particles.
According to the results, the administration of the dMPs resulted in a reduction of infiltrating CD4+
T cells, inflammatory cytokine-producing pathogenic CD4+ T cells, activated macrophages, and
microglia in the CNS, as well as reduced frequency of CD86hiMHCIIhi dendritic cells in draining lymph
nodes of EAE mice. Thus, the formulation was successfully recruited and modulated the dendritic
cells toward a tolerogenic phenotype, while also exhibiting a local controlled release and achieving
robust durable antigen-specific autoimmune protection.

Tolerogenic PLGA nanoparticles can also function as on-target and direct modulators of
myelin-autoreactive T cells without eliciting the intervention of tolerogenic dendritic cells. Pei et al. [97]
developed PLGA nanoparticles for the encapsulation of multiple regulatory molecules. More
specifically, the TGF-β was encapsulated in nanoparticles that were surface-decorated by multimers
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of MHC class I and II molecules loaded with myelin peptides to target autoreactive T cells
(MOG40–54/H-2Db-Ig dimer, MOG35–55/I-Ab multimer), by the regulatory molecules (anti-Fas, PD-L1-Fc),
being capable of inducing apoptosis or dysfunction of the autoreactive T cells bound to the MHC
multimers, or by the “self-marker” CD47-Fc, being able to inhibit nanoparticle phagocytosis. The
suggested nanoparticles exhibited a size of 217 nm and were administrated by intravenous infusion,
where they were capable of durably ameliorating EAE, with a marked reduction of clinical score,
neuroinflammation, and demyelination. Their mechanism of action was based on the inhibition of the
myelin-autoreactive T-cell surface presentation of multiple ligands and the paracrine release of cytokine.
According to the results, the MOG35–55-reactive Th1 and Th17 cells, as well as the MOG40–55-reactive
Tc1 and Tc17 cells, were decreased, and the regulatory T cells were increased, while inhibited T-cell
proliferation and elevated T-cell apoptosis in the spleen took place.

Another report on inducing peripheral, antigen-specific T-cell tolerance for treatment of MS
describes the use of biodegradable PLG tolerogenic nanoparticles, being loaded with myelin
antigens (PLP139–151 and OVA323–339 (ovalbumin)) and administrated in mice with relapsing/remitting
EAE. PLG particles were fabricated on-site via an emulsion process with modifications using
poly(ethylene-co-maleic acid) as a surfactant (PLG-PEMA), in order to increase their ability to couple
with peptides and to prevent disease induction. In addition to the characterization of the physical
properties of the particles, their safety and their therapeutic efficacy for EAE were evaluated by
clinical score, histology, and flow cytometric assessment of CNS inflammatory cell infiltration. Their
intravenous infusion yielded a significant improvement in the ongoing disease and subsequent relapses
when administered at onset or at peak of acute disease, as well as a minimization of epitope spreading
when administered during disease remission, resulting in complete long-term protection from disease
with superior effects to the already existing commercial PLG nanoparticles. The tolerance was induced
by the combined effects of T-cell anergy and the activation of Treg. According to the results, there
were reduced CNS infiltration of encephalitogenic Th1 (IFN-γ) and Th17 (IL-17a) cells, as well as
inflammatory monocytes/macrophages and demyelination in the CNS of the treated animals [98].

Casey et al. [99] compared the differences between the intravenous and subcutaneous
administration of PLG nanoparticles containing disease-relevant antigens (denoted as silver
nanoparticles (Ag-NPs)), being surface decorated with TGF-β. The purpose of Ag-NP therapies
is to treat autoimmunity. Although the Ag-NPs being intravenously administrated exhibit antigen
(Ag)-specific immune tolerance in models of autoimmunity, there is a lower efficacy with subcutaneous
administration. Thus, the authors tried to investigate whether the co-delivery of the immunomodulatory
cytokine TGF-β using the Ag-NPs would modulate the immune response to Ag-NPs and improve
the efficiency of tolerance induction. The selected antigen was PLP139–151. An in vitro co-culture
system of bone marrow-derived dendritic cells (BMDCs) and naive T cells was used to evaluate the
bioactivity and the immunomodulatory effects of the Ag-NPs with TGF-β, by monitoring the surface
costimulatory markers and inflammatory cytokine production. According to the results, the Ag-NPs
with TGF-β provided Ag-specific T-cell stimulation, decreased co-stimulatory molecule presentation,
and suppressed inflammatory cytokine secretions. The in vivo Treg frequency and number were
measured following the injection of particles into OT-II mice that expressed OVA323–339-restricted
T-cell receptors, resulting in the surface binding of TGF-β to PLGA-NPs loaded with OVA being
required to efficiently induce tolerance to OVA in an antigen-specific manner. Finally, the ability of
surface-bound TGF-β to enhance the tolerogenicity of Ag-NPs was evaluated using the EAE mouse
model in the context of intravenous and subcutaneous administration routes, revealing improved
efficacy at lower doses by intravenous administration and significantly reduced disease severity by
subcutaneous administration. Thus, subcutaneous inverse vaccination needs inverse adjuvants in
order to be effective.

Getts et al. [100] used either polystyrene or biodegradable PLG microparticles bearing
encephalitogenic peptides, being administrated by intravenous infusion, in order to prevent the
onset and modify the course of the disease. These antigen-decorated microparticles, exhibiting an
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approximate 500-nm diameter induced a long-term T-cell tolerance in mice with relapsing EAE. The
chosen antigen for the nanoparticle decoration was MOG35–55, being covalently linked to the surface of
the nanoparticle. This treatment reduced the inflammatory cell infiltration and the damage of the CNS.
The authors stated that the beneficial effect of these antigen-linked particles requires the scavenger
receptor MARCO, being expressed at the marginal zone macrophages. Moreover, the results of the
treatment were also monitored by the activity of regulatory T cells, the abortive T-cell activation, and
the T-cell anergy. The obtained results highlighted the potential for using microparticles in order to
target natural apoptotic clearance pathways, to inactivate pathogenic T cells, to stop the disease process
in autoimmunity, and to treat T-cell-based autoimmune disorders, by inducing T-cell tolerance.

Kuo et al. [101] investigated the effect of the amount of antigen conjugated to PLG nanoparticles,
as well as of the nanoparticle dose for the induction of immune tolerance, during the treatment of MS
with disease-relevant antigens. More specifically, different amounts of the PLP139–151 antigen were
loaded in PLG nanoparticles that were intravenously administrated in vivo, in different doses to mice
with EAE. As a result, the amounts of antigen conjugation and nanoparticle dose were correlated with
the severity of EAE. More specifically, the high dose of PLG nanoparticles carrying high amounts of
PLP139–151 significantly decreased the severity of the EAE with a more durable immune tolerance, also
preventing relapses, while a low dose of the nanoparticles carrying high amounts of the antigen or a
high dose of the nanoparticles carrying low antigen amounts were not so efficient, as indicated by
the observed relapses. The increase of nanoparticle dose and antigen amount was also correlated
with the suppression of inflammatory signaling pathways in vitro. Through the analysis of the cells
expressing MHC-restricted antigen, significant decreases in positive co-stimulatory molecules (CD86,
CD80, and CD40) and a high expression of a negative co-stimulatory molecule (PD-L1) were found in
high doses of both nanoparticles and with high antigen conjugation. Tolerance induction was evaluated
by co-culturing cells administrated with the nanoparticles and autoreactive T cells isolated from mice
immunized against PLP139–151. According to the results, reduced T-cell proliferation, increased T-cell
apoptosis, and a stronger anti-inflammatory response were observed.

More recently, Saito et al. [102] investigated whether the use of multiple nanoparticle formulations
and the extent of antigen loading at the carrier could impact the immune cell internalization and
polarization of the immune cells that get associated with the particles and the subsequent disease
progression. The nanoparticles were administrated for antigen-specific immunotherapy for the efficient
induction of tolerance in the EAE disease model. More specifically, the formulation was composed of
three polymeric carriers, 50:50 poly (dl-lactide-co-glycolide) with inherent viscosity (IV) = 0.17 dL/g
and 0.66 dL/g (termed agPLG-L and agPLG-H, respectively), and poly(dl-lactide) (PLA) particles with
IV = 0.21 dL/g (termed agPLA) loaded with the disease-specific antigen myelin protein (PLP139–151),
being administrated in a single injection for mice with EAE. According to the results, at a low particle
dose, mice treated with PLA-based particles had significantly lower clinical scores at the chronic stage,
while neither PLG-based particles nor OVA control particles reduced the clinical scores. Moreover, the
higher antigen loading PLA-based particles helped to reduce inflammation during the acute stage
of the disease, as well as completely ameliorate EAE over 200 days, along with the inhibition of Th1
and Th17 polarization, allowing a smaller particle dosage and, thus, fewer potential adverse effects.
PLA, which was correlated with a more tolerogenic polarization of the antigen-presenting cells, was
found to be a more efficacious platform relative to PLG. Fluorescently labeled particles were employed
to examine the biodistributions among the organs, the interaction with specific antigen-presenting
cells within the organs, and the resulting phenotypes. Compared to PLG-based particles, PLA-based
particles, interacting with antigen-presenting cells, were largely associated with Kupffer cells and liver
sinusoidal endothelial cells, reducing the CD4+ T-cell populations that were activated locally and not
trafficked in the CNS.

In addition to antigen-specific tolerogenic immunization, the PLGA nanoparticles were also
employed in the remyelination strategy. Rittchen et al. [103] developed a PLGA nanoparticle-based
strategy for the targeted delivery of leukemia inhibitory factor (LIF) to OPCs, in order to promote
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their differentiation into mature oligodendrocytes that are able to repair myelin. Among the potential
therapeutics that promote remyelination is the LIF, a cytokine known to play a key regulatory role
in self-tolerant immunity and recently identified as a promyelination factor. However, LIF is rapidly
degraded in vivo, and high doses may have unwanted off-target effects; therefore, a nanotechnology
strategy could help toward its targeted delivery to OPCs. In detail, PLGA-based nanoparticles of
~120 nm diameter were prepared, loaded with LIF (LIF-NP), and functionalized with surface antibodies
against NG-2 chondroitin sulfate proteoglycan, expressed on OPCs. The nanoparticle platform used in
this study previously featured in clinical trials (e.g., Clinicaltrials.gov NCT01812746, NCT01792479).
According to the in vitro results, the NG2-targeted LIF-NPs bound to OPCs activated pSTAT-3 signaling
and induced OPC differentiation into mature oligodendrocytes. As per the in vivo results, where
a model of focal CNS demyelination was used, the NG2-targeted LIF-NP increased myelin repair, at
the level of both increased number of myelinated axons and increased thickness (maturity of sheath)
of myelin per axon. The authors also noted that the potency was high, because even a single dose
of nanoparticles delivering picomolar quantities of LIF was sufficient to increase remyelination. The
nanoparticles were added intralesionally, as a proof of concept, confirming the powerful potential of
this delivery system as a targeted approach to deliver bioactive molecules for in situ myelin repair. The
authors concluded that, for translation into clinical use, it is notable that the intravenously delivered
nanoparticles should be able to cross the BBB, at least in rodents, or they can be delivered intranasally
directly to the CNS, bypassing the BBB.

3.2.2. Other Polymeric Nanoparticles

Führmann et al. [104] tried to exploit the physiopathology of MS, regarding the presence of
leaky permeable blood vessels, where fibrinogen and nidogen are progressively upregulated after
disease onset. Peptide-modified polymeric nanoparticles that are able to target the blood clots and the
extracellular matrix (ECM) molecules, such as nidogen, can be used for the targeted drug delivery and
the reduction of “off-target” effects. More specifically, poly(ethylene glycol)-block-poly(caprolactone)
(PEG-b-PCL) nanoparticles, functionalized with fibrin peptides, were developed. The prepared
nanoparticles were administrated in rats that exhibited EAE along with upregulation of fibrin and
nidogen/entactin-1. The administrated nanoparticles showed enhanced binding to these targets and
to lesion sites ex vivo and in vivo, compared to non-functionalized or scrambled-peptide control
nanoparticles. By using a minimally invasive technique, the active targeting of leaky blood vessels
in the diseased spinal cord of animals with EAE can be achieved after the systemic injection of
fibrin-targeting nanoparticles. Thus, increased drug concentrations at the site of injury, reduction
of undesirable side effects of systemic delivery, and enhanced efficacy of hydrophobic drugs can be
achieved in MS conditions.

In another study [105] employing PCL nanoparticles, the recombinant human myelin basic protein
(rhMBP) was purified from the milk of transgenic cows, by using a vacuum-driven cation exchanger,
and it was formulated into PCL nanoparticles in order to achieve an rhMBP controlled release kinetic,
fabricating a therapeutic vaccine for protection against EAE symptoms in mice. RhMBP-loaded PCL
nanoparticles were prepared and characterized in terms of entrapment efficiency, size, morphology,
charge, and release pattern. The nanoparticles were optimized, until discrete spherical, rough-surfaced
rhMBP nanoparticles with small particle size, high surface charge, lower concentration of stabilizer,
and intermediate concentration of polymer were obtained, in order to achieve high entrapment
efficiency and a controlled release pattern. According to the in vivo results, after the subcutaneous
administration of free or rhMBP nanoparticles before EAE induction, the average behavioral score in
EAE mice was reduced, and only mild histological alterations and preservation of myelin sheath were
observed, indicating increased protection and enhanced efficacy of rhMBP as a therapeutic vaccine
due to the nanoformulation. Being hydrophobic, the PCL nanoparticles provided an improved drug
delivery system for rhMBP, enabling it to cross the BBB and deliver rhMBP into the mice brains, while
the differences in activity between the immediate release and sustained release of the nanoparticle
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formulations were highlighted. Moreover, the analysis of inflammatory cytokines (IFN-γ and IL-10) in
mice brains revealed that the pre-treatment with free or rhMBP nanoparticles significantly protected
against EAE-induced behavioral, histopathological, and inflammatory changes.

Lunin et al. [106] developed poly(butylcyanoacrylate) (PBCA) nanoparticles, in order to deliver
the thymic peptide thymulin and prolong its presence in the blood of mice with relapsing/remitting
EAE (rEAE). The increase in the blood content of thymulin, which is depleted with age, and the
prolongation of its blood half-life, alone or in combination with other treatments, may be a prospective
strategy for treatment of chronic inflammatory conditions, such as MS. More analytically, as revealed
by the results, thymulin significantly decreased symptoms of rEAE and lowered plasma cytokine
levels, both in early and in later stages of rEAE, as well as decreased the NF-κB and stress-activated
protein kinase/Jun amino-terminal kinase (SAPK/JNK) cascade activation, as confirmed by ELISA
measurements of cytokine levels in the blood. In terms of the cytokine response in rEAE, it was
multi-staged, where an early phase was accompanied by an increase in plasma IFN-γ, while the IL-17
response was markedly increased at a later stage. According to the results, the nanoparticle-bound
thymulin had enhanced efficacy in comparison to the effect of free thymulin.

Kondiah et al. [107] synthesized a pH-sensitive copolymer (TMC-PEGDMA-MAA) from
trimethyl-chitosan (TMC), poly(ethylene glycol)dimethacrylate (PEGDMA), and methacrylic acid
(MAA), via free radical suspension polymerization, in order to produce microparticles for the oral
delivery of IFN-β. The polymer was designed to possess pH-sensitive, mucoadhesive, and hydrophilic
properties. A Box–Behnken experimental design was used for optimization of the formulation,
where varying concentrations of TMC and percentage crosslinker (polyethylene glycol diacrylate)
were investigated. The prepared copolymeric microparticulate system was characterized for its
morphological, porositometric, and mucoadhesive properties. The optimized microparticles with
0.5 g/100 mL TMC and 3% crosslinker had an IFN-β loading efficiency of 53.25%. The microparticles
were subsequently compressed into a suitable oral tablet formulation. The in vitro release of
IFN-β had a pH-sensitive pattern, being increased in intestinal (pH 6.8) and decreased in gastric
(pH 1.2) environments. Regarding the in vivo results, the tablets were orally administrated in the
New Zealand White rabbit, and the plasma concentration of IFN-β was compared to a known
subcutaneous formulation during a 24-h blood sampling procedure. The IFN-β-loaded particulate
system demonstrated a remarkable drug release in vivo, greater than the subcutaneous commercial
formulation (Rebif®) over a 24-h duration, with a larger bioavailable IFN-β concentration after 2 h.

Youssef et al. [108] investigated the effect of intranasal administration of LINGO-1-directed small
interfering RNA (siRNA)-loaded chitosan nanoparticles on demyelination and remyelination processes
in a rat model of demyelination. Chitosan nanoparticles are one of the most studied polymers in
non-viral siRNA delivery, due to their polycationic nature and biocompatibility. Suppression of
LINGO-1 by different strategies, such as LINGO-1 gene knockout or infusion of LINGO-1 antagonists,
was associated with enhancement of remyelination in different animal models of CNS demyelination.
The RNA interference is a new strategy to block LINGO-1 expression in the target lesions with low
doses and fewer systemic side effects, provided that there are efficient gene delivery carriers. In detail,
the authors studied whether the nasal administration of LINGO-1-directed siRNA-loaded chitosan
nanoparticles in rats could inhibit pontine LINGO-1 expression and enhance the remyelination in a
model of demyelination induced by ethidium bromide (EB). The chitosan nanoparticle dose was given
alone after the induction of EB in rats that were categorized into demyelination and remyelination
groups. According to the results, following the LINGO-1-directed siRNA–chitosan nanoparticle
treatment, the animals performed better than controls. Specifically, the remyelination-treated group
showed better motor performance than the demyelination group. LINGO-1 downregulation was
associated with signs of repair in histopathological sections, higher expression of pontine myelin basic
protein (MBP) messenger RNA (mRNA) and protein, and lower levels of caspase-3 activity, indicating
neuroprotection and remyelination enhancement.
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4. Conclusions

Drug delivery into the CNS is one of the most inhibitory points in the treatment of MS.
Nanotechnology opened a new window for the treatment of MS and created promising opportunities
by providing drug delivery nanosystems, as well as tolerance-inducing nanocarriers. On the one
hand, several novel promising drug delivery systems are being developed for the targeted delivery
of MS therapeutics and remyelinating agents into the CNS, in order to increase their therapeutic
efficiency and decrease the unwanted side effects that are caused by the high doses. On the other hand,
tolerance-inducing nanocarriers can be used as promising vaccines for antigen-specific immunotherapy.
Currently, numerous studies describe the successful administration and the promising results of
various nanoparticles, both lipidic and polymeric, in the EAE animal model at the preclinical stage,
although there is a lack of clinical data in MS patients. Finally, the great potential in the improvement
of nanotechnological formulations via the proper monitoring of their physical characteristics or the
right choice and functionalization of their biomaterials continually creates future perspectives for the
upgrade of current MS therapies.
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Abstract: Multiple sclerosis (MS) and experimental autoimmune encephalomyelitis (EAE) are
neuroinflammatory diseases of the central nervous system (CNS), where leukocytes and CNS
resident cells play important roles in disease development and pathogenesis. The antimalarial drug
chloroquine (CQ) has been shown to suppress EAE by modulating dendritic cells (DCs) and Th17 cells.
However, the mechanism of action by which CQ modulates EAE is far from being elucidated. Here,
we comprehensively analyzed the CNS of CQ and PBS-treated EAE mice to identify and characterize
the cells that are affected by CQ. Our results show that leukocytes are largely modulated by CQ and
have a reduction in the expression of inflammatory markers. Intriguingly, CQ vastly modulated the
CNS resident cells astrocytes, oligodendrocytes (OLs) and microglia (MG), with the latter producing
IL-10 and IL-12p70. Overall, our results show a panoramic view of the cellular components that
are affect by CQ and provide further evidence that drug repurposing of CQ will be beneficial to
MS patients.

Keywords: chloroquine; EAE; dendritic cells; microglia; astrocytes; oligodendrocytes

1. Introduction

MS and EAE are inflammatory diseases of the CNS. Although the mechanisms that trigger
MS are not fully elucidated, studies in EAE have uncovered the major role played by T cells in
disease development, severity, and recovery [1]. Inflammatory CD4+ T cells differentiate into IFN-γ+

Th1 cells and IL-17+ Th17 cells and migrate to the CNS where they induce inflammation and the
chemoattraction of myeloid cells [2–5]. We and others have shown that the cytokine GM-CSF is an
essential mediator of pathogenic Th17 cells [6–8]. Moreover, GM-CSF is induced in Th17 cells by IL-23R
stimulation [7,9]. Conversely, Foxp3-expressing regulatory T (Treg) cells suppress Th1/Th17 cells and
overall inflammation through contact-dependent and independent mechanisms [10]. Additionally,
Treg cells were shown to promote remyelination [11,12]. In this context, antigen-presenting cells, such as
dendritic cells (DCs), may direct T cell differentiation to Th17/Th1 and Treg cell phenotypes [13–15].

CNS resident cells are affected by local inflammation and may contribute to neurodegeneration in
EAE. At early stages of EAE, microglia (MG) acquire an inflammatory M1 profile with the production of
IL-1β, IL-6 and nitric oxide (NO), which shifts towards a tissue repair-associated M2 phenotype at later
stages [16–18]. MG-derived IL-1β promote neuroinflammation and MG proliferation in an autocrine
manner [19]. Moreover, MG-astrocyte crosstalk greatly influences the outcome of neuroinflammation
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in EAE [20,21]. Inflammatory A1 astrocytes actively induce damage to oligodendrocytes (OLs)
and neurons, promote leukocyte infiltration and aid neuroinflammatory processes [22,23]. These
observations illustrate the complex network and interactions among peripherally-derived leukocytes
and CNS resident cells in EAE and MS. Thus, drugs that target multiple cell types while inducing
tissue repair are of great importance in MS therapy.

Chloroquine (CQ) is a known antimalarial drug with anti-inflammatory properties [24].
CQ modulates monocyte activation and TNF-α production [25,26]. CQ also inhibits lysosomal
maturation and antigen-processing [27–29]. By modulating DCs and Th17 cells, CQ has been shown
to suppress EAE [27,30,31]. However, the mechanisms by which CQ suppresses EAE are far from
being elucidated. CQ induces tolerogenic DCs in a STAT1-dependent manner [32]. Interestingly,
CQ inhibited Th17 cell differentiation in a STAT-1-independent and T-bet-dependent fashion [31].
These observations suggest that CQ interferes with multiple cell types and influences diverse signaling
pathways to suppress inflammation. The identification of such cell types and pathways may provide a
better understanding of the mechanisms by which CQ suppresses EAE and may shed light on new
therapeutic targets in MS.

In this study, we comprehensively characterized the phenotype and activity of peripherally
derived leukocytes and CNS resident cells in CQ-treated EAE mice. We observed that CQ suppressed
inflammatory leukocytes while also modulating MG and astrocytes. Further analyses revealed that CQ
reduced IL-23R expression in CD4+ T cells and IL-23 production by MG. Moreover, CQ stimulated MG
to produce IL-10 and IL-12p70, which stimulated IL-10 production in T cells and refrained astrocyte
activation. Together, our results show that CQ has a broad action by modulating leukocytes and CNS
resident cells to suppress EAE and provide further evidence that drug repurposing of CQ is beneficial
to patients with MS.

2. Methods

2.1. Animals

We used 8–12 week old male and female C57BL/6 and B6SJLF1 mice from the Jackson Laboratory
(Bar Harbor, ME, USA). Mice were acclimated in clean cages in a controlled environment with food and
water ad libitum. Experiments detailed in this study were approved by Thomas Jefferson University’s
IACUC under protocol numbers 01970 and 02034.

2.2. EAE Induction and Evaluation

To induce and evaluate EAE, we followed previously described protocols [33,34]. Mice were
subcutaneously immunized with 200μg of MOG35-55 peptide (Genscript) and equal volume of Complete
Freund’s adjuvant supplemented with 10 mg/mL of heat-killed Mycobacterium tuberculosis H37Ra.
Additionally, mice were intraperitoneally injected with 240 ng of Pertussis toxin at 0 and 2 days after
immunization. EAE development was analyzed daily and scored on a 0–5 scale, where: 0—no clinical
sign, 1—limp tail, 2—hind paw weakness, 3—hind paw paralysis, 4—hind paw paralysis and front
paw weakness, 5—full paralysis/death.

2.3. CQ Treatment

The dosage for CQ treatment has been assessed before [35]. Mice were treated with CQ (chloroquine
diphosphate salt, Sigma-Aldrich) at a 5 mg/kg concentration via i.p. injections. The pH in CQ solution
was 7.2. Control mice were injected with diluent solution (phosphate-buffered saline 0.02 M pH 7.2).

2.4. Isolation of Mononuclear Cells in the CNS of Mice with EAE

Mononuclear cells from the CNS of EAE mice were isolated by Percol gradient centrifugation
following published reports [32–34]. In brief, euthanized mice were perfused with ice-cold PBS and the
CNS tissue was collected and incubated with 700 μg/mL Liberase TL (Sigma-Aldrich, St. Louis, MO,
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USA) at 37 ◦C for 30 min. To remove myelin debris, the digested tissue was centrifuged in a 30% Percol
solution. MNCs were recovered from the bottom of the tube and used for flow cytometry analyses.

2.5. Flow Cytometry

For detection of intracellular cytokines by flow cytometry, cells were stimulated with PMA
(50 ng/mL), ionomycin (500 ng/mL) and GolgiPlug (1 μg/mL) in IMDM complete medium for 3 h at
37 ◦C. Cells were washed in FACS buffer (PBS/2% FBS) and stained with fluorochrome labeled Abs to
surface molecules for 20 min at 4 ◦C. Cells were then fixed and permeabilized (Invitrogen/ThermoFisher,
Waltham, MA, USA) and incubated with antibodies against intracellular antigens for 18 h at 4 ◦C.
Immediately before acquisition, cells were washed and resuspended in PBS. We utilized a FACSAria
Fusion (BD Biosciences) flow cytometer for acquisition and FlowJo VX (Tristar Inc., Ashland, OR,
USA) for analyses. Antibodies used in this study were anti-mouse: CD45 (30-F11), TCR-β (H57-597),
CD4 (GK1.5), CD8 (53-6.7), GFAP (2E1.E9), CD11b (M1/70), Ly6C (HK1.4), CD11c (N418), MHC-II
(M5/114.15.2), CD80 (16-10A1), CD86 (GL-1), pSTAT1 (A15158B), pSTAT3 (13A3-1), mTOR (O21-404,
from BD Biosciences), IL-1β (NJTEN3, from eBioscience/ThermoFisher), IL-6 (MP5-20F3), IL-10
(JES5-16E3), IL-12p70 (C15.6, from BD Biosciences), IL-17A (TC11-18H10.1), IL-23 (N71-1183, from
BD Biosciences), GM-CSF (MP1-22E9), Foxp3 (FJK-16s, from eBioscience/ThermoFisher, Waltham,
MA, USA), IL-23R (12B2B64), IL-10R (1B1.3a), Granzyme B (GB11), and IRF8 (V3GYWCH, from
eBioscience/ThermoFisher). All antibodies used in this study were purchased from Biolegend,
San Diego, CA, USA, except where mentioned otherwise.

2.6. Isolation of Primary MG and CQ Treatment

CD11b+ MG were isolated from MNCs obtained from the CNS of P0–P3 pups using magnetic
beads (Miltenyi Biotec., Auburn, CA, USA). This isolation procedure yielded a consistent purity of 95%
of CD11b+ cells assessed by flow cytometry. MG were activated with LPS (100 ng/mL) with or without
CQ (50 μM) for 18 h at 37 ◦C. The optimal CQ concentration for in vitro treatment of myeloid cells has
been determined before [27]. At the end of culture time, MG cells were processed for flow cytometry,
RNA extraction and co-culture.

2.7. PCRArray and Gene Ontology Analysis

RNA was extracted and reverse-transcribed from primary MG utilizing commercially available kits
(RNAeasy extraction kit and high capacity RNA-to-cDNA kit, respectively, both from ThermoFisher).
The cDNA was tested for quality and purity in a nanodrop equipment before being subjected to PCRArray
(ThermoFisher). Gene ontology analysis was performed with CytoScape v3.8 (CytoScape.org).

2.8. Co-Culture of MG and T Cells

Primary MG were treated as above and extensively washed with Iscove’s Modified Dulbecco
Medium (IMDM) to remove LPS and CQ from the cells. In total, 50,000 MG were seeded into each
well of a 96 U-bottom well plate. Then, CD4+ T cells were isolated from spleens of naïve mice using
magnetic beads (Miltenyi Biotec) and 100,000 cells were seeded on each well on top of MG. As controls,
T cells were cultured without MG. As stimulus, cells were incubated with agonistic anti-CD3 antibody
at a concentration of 0.5 μg/mL. For these analyses, co-stimulation was provided by MG without the
need for anti-CD28 antibodies. Cells were incubated for 72 h at 37 ◦C as described [32], and then,
analyzed by flow cytometry.

2.9. Co-Culture of MG and Astrocytes

Primary MG were treated as above and extensively washed with Iscove’s Modified Dulbecco
Medium (IMDM) to remove LPS and CQ from the cells. In total, 50,000 MG were seeded into each well
of a 96 U-bottom well plate. Then, 50,000 C8D30 astrocytes (ATCC-CRL-2534) were seeded on each
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well on top of MG. As controls, astrocytes were cultured without MG. Cells were incubated for 48 h at
37 ◦C before being collected and analyzed by flow cytometry.

2.10. Statistical Analyses

Daily clinical scores among experimental groups in EAE were compared by two-way ANOVA and
post-tested with Sidak. Comparisons between two groups were carried out with unpaired Student’s
t test and Welch’s correction. Values of p < 0.05 were defined as significant.

3. Results

3.1. CQ Reduces Ongoing Inflammation in Relapsing EAE

CQ has been shown to prevent EAE development when given prophylactic and to reduced EAE
severity when given at disease onset [31,35]. However, if CQ is able to suppress ongoing relapsing
EAE is unknown. B6SJLF1 mice, the offspring of C57BL/6 and SJL mice, develop relapsing EAE when
immunized with MOG35-55 [36,37]. We immunized mice to develop EAE and CQ treatment started at
the onset of clinical signs of EAE. Mice treated with PBS fully developed disease clinical signs and the
characteristic relapsing feature of this model (Figure 1A). However, mice treated with CQ developed a
significantly less severe EAE compared with PBS-treated mice (Figure 1A). These results are on par
with those observed in chronic EAE in C57BL/6 mice (Figure 1B). B6SJLF1 mice treated with CQ had a
significant decrease in the infiltration of leukocytes to the CNS compared with those treated with PBS
(Figure 1C). A similar trend was observed in treated C57BL/6 mice (Figure 1C). These results show that
CQ is a potent agent in suppressing the clinical development of two models of EAE.

 
Figure 1. Chloroquie (CQ) suppresses neuroinflammation in two models of experimental autoimmune
encephalomyelitis (EAE). C57BL/6 and B6SJLF1 mice (n = 5/group) were immunized to induce EAE.
At the onset and until the end of experimentation, mice were treated with CQ (5 mg/kg) via i.p. everyday.
(A) Disease development in B6SJLF1 mice and in (B) C57BL/6 mice. (C) CNS cells were analyzed at day
21 post-immunization. Values of p < 0.05 (*) and < 0.001 (***) were considered statistically significative.
Results are from three independent experiments.

3.2. Peripherally-Derived Leukocytes Are Modulated in CQ-Treated Mice

We analyzed the phenotype of leukocytes in the CNS of CQ-treated EAE B6SJLF1 mice.
We observed a significant reduction in numbers of CD45high leukocyte in mice treated with CQ
compared with those treated with PBS (Figure 1C). Furthermore, DCs and macrophages from
CQ-treated mice presented a reduced expression of the molecules involved in antigen-presentation
and activation: class II MHC, CD80, CD86 in comparison with controls (Figure 2A). Analyses of
the signaling mediators pSTAT1, pSTAT3, and mTOR in peripherally derived myeloid cells from
CQ-treated mice revealed a decrease in the expression of pSTAT3 and mTOR in DCs and macrophages,
but not in neutrophils in comparison with those from PBS-treated mice (Figure 2C). pSTAT1 was
significantly upregulated in DCs and macrophages while pSTAT3 was upregulated in neutrophils
(Figure 2C). There was no significant difference in mTOR expression in neutrophils between the two
groups of mice (Figure 2C).
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Figure 2. Comprehensive analysis of the immune compartment in the central nervous system (CNS) of
CQ-treated mice. CNS cells from EAE B6SJLF1 mice (n = 5/group) at day 21 post-immunization were
analyzed by flow cytometry. (A) Representative histogram for MHC-II expression in CD11b+Ly6Chigh

macrophages and in Lin-CD11c+Ly6C- DCs. (B) MHC-II, CD80 and CD86 expression in macrophages
and dendritic cells (DCs). (C) Mean fluorescent values for pSTAT1, pSTAT3 and mTOR in macrophages,
DCs and Ly6G+ neutrophils were measured by flow cytometry. (D) Infiltrating GM-CSF-, IFN-γ and
IL-17-producing CD4+ T cells in the CNS of EAE mice. (E) Numbers of Foxp3+ Treg cells. (F) Analysis
of IL-23R and IL-10R in total CD4+ T cells and in Th17 cells in the CNS of EAE mice. (G) Analysis
of total CD8+ T cell GzmB-producing CD8+ T cell infiltration in the CNS of EAE mice. Values of
p < 0.05 (*) were considered statistically significative. Ns: not significative. Results are from three
independent experiments.

We also observed a significant decrease in IL-17+ and GM-CSF+CD4+ T cells in the CNS of
CQ-treated mice compared with PBS-treated ones (Figure 2D). No significant differences were observed
in Th1 cells (Figure 2D). Foxp3+ Treg cells were upregulated in CQ-treated mice compared with controls
(Figure 2E). Interestingly, we observed a significant decrease in the expression of IL-23R and an increase
in the expression of IL-10R in total CD4+ T cells and more drastically in Th17 cells (Figure 2F). CD8+ T
cells numbers were reduced and had lower expression of Granzyme B in CQ-treated mice compared
with PBS-treated mice (Figure 2G). B cells did not show significant differences in numbers, MHC-II
expression and in cytokine production (not shown). Combined, these results show that CQ modulates
both myeloid and lymphoid leukocyte populations in the CNS of EAE mice.
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3.3. MG and Astrocytes Are Modulated by CQ

We then analyzed the effect of CQ treatment on CNS resident cells of EAE mice. We observed
that GFAP+ astrocytes presented as two populations GFAP+ and GFAPhigh (Figure 3A), which reflect
their activation profile. GFAPhigh are reactive astrocytes that are involved in scar formation and
oligodendrocyte death [38,39]. We observed a significant decrease in GFAPhigh astrocytes in CQ-treated
mice compared with PBS-treated controls (Figure 3A). Moreover, astrocytes from CQ-treated mice
showed an increase in IL-10 production and a decrease in IL-6 and IL-1β production in comparison
with cells from PBS-treated mice (Figure 3B).

 
Figure 3. Comprehensive analysis of the stromal compartment in the CNS of CQ-treated mice. CNS cells
from EAE B6SJLF1 mice (n = 5/group) at day 21 post-immunization were analyzed by flow cytometry.
(A) Analysis of resting (GFAP+/low) and reactive (GFAPhigh) astrocytes. (B) Analysis of IL-1β, IL-6
and IL-10 production by astrocytes. (C) Absolute numbers of MG (CD45+/lowCD11b+Ly6C-) in the
CNS of CQ- and PBS-treated mice. (D) Analysis of the expression of the antigen-presenting molecules
MHC-II, CD80 and CD86 and of the cytokine profile of MG. (E) IRF8 expression in MG from CQ- and
PBS-treated mice. Values of p < 0.05 (*) were considered statistically significative. Results are from
three independent experiments.

Furthermore, MG greatly influences astrocyte activation [40,41] and provides additional antigen
stimulation to T cells in the CNS [42–44]. Thus, we investigated the phenotype of MG in mice treated
with CQ. Our results showed that the numbers of MG were reduced in the CNS of CQ-treated mice
compared with those from PBS-treated mice (Figure 3C). Interestingly, MG from CQ-treated mice
had an increase in IL-10 and IL-12p70 cytokine production while MHC-II, CD80 and CD86 levels
were decreased in comparison with MG from PBS-treated mice (Figure 3D). Moreover, we observed
a significant decrease in IL-23 production in MG from CQ-treated mice compared with controls
(Figure 3D). The transcriptional factor IRF8, which promotes MG differentiation and aids in IL-1β
production by MG [45–48], was significantly reduced in MG from CQ-treated mice (Figure 3E). Together,
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these results reveal a portrait of CNS resident cells in EAE mice treated with CQ, where astrocytes and
MG acquire an immunomodulatory phenotype.

3.4. CQ Induces IL-10 and IL-12p70 in MG Which Enhances IL-10 Production by T Cells and Reduces
Astrocyte Activation

Finally, we investigated whether CQ modulates MG directly. We isolated primary MG and
activated the cells with LPS for 18 h in the presence or absence of CQ. Then, the RNA from MG
was analyzed by PCRArray. We observed that CQ reduced the expression of genes associated with
inflammation (Cd40, H2-eb, Il1b, Il6, Tnfa, Il23a), while increasing those related to immune modulation
(Il10, Lag3, Entpd1, Cd274) (Figure 4A). Moreover, CQ-treated MG produced significantly more IL-10
and IL-12p70 and less IL-23 than PBS-treated MG (Figure 4B).

Figure 4. CQ-treated MG modulates T cells and astrocytes. Primary MG were activated with LPS
(100 ng/mL) in the presence or absence of CQ (50 μM) for 18 h. (A) Gene expression analysis in
CQ-treated MG compared with PBS-treated ones. (B) Analysis of IL-10, IL-12p70 and IL-23 production
by MG. (C) MG were co-cultured with CD4+ T cells and the production of IL-10 was analyzed by flow
cytometry. (D) IL-23R in CD4+ T cells cultured with MG. (E) MG were cultured with C8D30 astrocytic
cells and the production of IL-6 and IL-10 was analyzed by flow cytometry. Cultures were carried
out in triplicate. Values of p < 0.05 (*) were considered statistically significative. Results from three
independent experiments.

To test their effect on CD4+ T cell activation, we co-cultured CQ-treated MG with CD4+ T cells
isolated from naïve WT mice. We observed that CQ-treated MG induced significantly more IL-10
production in T cells than PBS-treated MG (Figure 4C). Moreover, IL-23R in T cells cultured with
CQ-treated MG was downregulated when compared with T cells cultured with PBS-treated MG
(Figure 4D).

To test the effect of CQ-treated MG on astrocyte activation, we co-cultured MG with the astrocytic
cell line C8D30. We observed that CQ-treated MG induced a significant increase in IL-10 production by
astrocytes, while PBS-treated MG induced higher IL-6 production (Figure 4E). Collectively, our results
show a pivotal role of CNS resident cells, especially MG, on CQ-induced immunosuppression in EAE.

4. Discussion

In this study, we show that CQ modulates a broad array of cell subtypes to reduce EAE severity.
Although the therapeutic effect of CQ in EAE was shown before, its underlying mechanism of action
remains to be fully elucidated. Here, our results have uncovered a portrait of the CNS resident and
infiltrating cells after CQ treatment. We observed that CQ reduced the numbers and phenotype of
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inflammatory leukocytes and also upregulated the expression of modulatory mediators in leukocytes
and CNS resident cells.

EAE is a T cell-dependent model of MS, where pathogenic Th1 and Th17 cells play a major role in
disease severity and development [1]. In addition, GM-CSF production grants pathogenicity of Th17
cells [7]. Thus, we investigated the profile of CD4+ T cells in CQ-treated mice and compared them
with those found in PBS-treated mice. Our results showed that CQ inhibited differentiation of Th17
and GM-CSF+ CD4+ T cells without disturbing the frequencies of Th1 cells. This finding is in line
with a recent publication from our group, where we show that Th17 cells are more sensitive to CQ
treatment [31]. Moreover, CQ reduces the differentiation of Th17 cells by inducing the expression of
T-bet [31]. GM-CSF production in Th17 cells is induced through stimulation of the IL-23 receptor [7,9].
Interestingly, CQ reduced the expression of IL-23R on CD4+ T cells. These results show that CQ
modulates T cells through different mechanisms: either by suppressing their differentiation into
inflammatory Th17 cells or by reducing their pathogenicity through downregulation of IL-23R.

We also observed a reduction in CD8+ T cells numbers in the CNS of CQ-treated mice. Although
EAE is mainly a Th cell model, CD8+ T cells were shown to play an important role shaping the phenotype
of CD4+ T cells during EAE through the Qa-1 receptor [49,50]. In fact, pathogenic MOG-reactive CD8+

T cells cooperate with Th cells to promote sustained CNS inflammation in EAE [51], whereas dual
modulation of CD8+ and CD4+ T cells proved to be more efficient in suppressing EAE [52]. Our results
showed that CQ induced suppression of both CD8+ and CD4+ T cells, which may account for its
efficiency in reducing EAE severity.

We have showed previously that CQ induces Foxp3+ Treg cells indirectly by stimulating tolerogenic
DCs [35]. Additionally, CQ directly modulates DCs by inducing iNOS and pSTAT1 expression, and the
lack of these molecules abrogated the tolerogenic phenotype of CQ-treated DCs [30,32]. A similar
increase in Foxp3+ Treg cells in models of inflammatory bowel disease and lupus was observed [53,54].
CQ directly induced Foxp3 expression in T cells in a Nurr1-dependent manner [53]. Thus, the literature
data show that CQ induces STAT1 in DCs, T-bet in Th17 cells and Nurr1 in naïve T cells [32,53,54].
In line with this observation, CQ modulates tumor infiltrating macrophages through stimulation of
the NF-kB signaling pathway [29]. In the present study, we show that STAT3 and mTOR signaling
pathways in myeloid cells were also affected by CQ. Specifically, pSTAT1 was upregulated in DCs
and macrophages, while pSTAT3 was upregulated in neutrophils. mTOR was decreased in DCs and
macrophages, and unaffected in neutrophils. These results show that CQ induces different signaling
cascades in various leukocytes.

MG are CNS resident cells that closely resemble peripheral macrophages [55,56]. MG act as a first
line defense in the CNS against infections [16,21,46]. In EAE, MG cooperate with local inflammation
and provide antigen-stimulation to infiltrating T cells [40,43]. Thus, we analyzed MG phenotype in
CQ-treated mice, and we found that CQ inhibited MG activation. Moreover, we observed a reduced
production of IL-23 and an increase in IL-10 and IL-12p70 cytokines in MG from CQ-treated mice.
CQ modulated MG directly in in vitro experiments and conferred an anti-inflammatory profile in them.
In co-culture experiments with total CD4+ T cells, CQ-treated MG reduced GM-CSF production and
increased IL-10 production. These results are in line with our in vivo observations, where CD4+ T cells
had a reduced GM-CSF and increased IL-10 production while IL-23R expression was also reduced.

In prophylactical treatment with CQ, it is possible that EAE amelioration relied on the modulation
of antigen-presenting cells, such as DCs and macrophages [27,35]. However, during ongoing EAE,
there is a possibility that CQ acts directly on Th17 cells in the CNS and on MG to refrain further T
cell activation and promote an immunosuppressive microenvironment [31,57,58]. In line with this,
MG modulated T cells and astrocytes. Astrocytes cultured with CQ-treated MG showed a reduced
production of IL-6 and IL-1β and an increase in IL-10 production. Ultimately, paralysis and weakness
are a result of the loss of neuronal transmission, and OL play an important role in maintaining neuronal
growth and providing the myelin sheaths [59–61]. We observed that CQ-treated mice had more MBP+

OLs than PBS-treated mice (not shown). We did not investigate whether CQ induces myelination
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directly or if this finding is a by-stander result of reduced inflammation in the CNS, which warrant
further investigations.

Overall, results presented in this study clearly show that CQ suppresses ongoing
neuroinflammation by acting in both leukocytes and CNS resident cells. This finding places CQ as
a promising therapeutic agent due to its modulation of both inflammation and neurodegeneration,
and strengthen the basis for the use of CQ in patients with MS. The majority of FDA-approved drugs
to treat MS target leukocytes and inflammation with limited effect on CNS resident cells [62–64].
Moreover, CQ has high bioavailability when taken orally [65,66], which increases acceptability among
patients. Thus, we believe that CQ would be as efficient as, if not better than, current FDA-approved
drugs in the treatment of MS.

5. Conclusions

Our results show that CQ is a potent modulator of the immune system and CNS resident cells.
Moreover, CQ suppressed EAE progression and interfered with the activation of leukocytes and MG.
CQ-treated MG-derived cytokines modulated T cells and astrocytes towards an anti-inflammatory
phenotype that likely influenced the inflammation in the CNS. Overall, our data reveal a novel pathway
by which CQ suppresses neuroinflammation that can be harnessed to develop novel strategies to
treat MS.
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Abstract: Multiple sclerosis (MS) is a serious central nervous system (CNS) disease responsible for
disability problems and deterioration of the quality of life. Several approaches have been applied
to medications entering the market to treat this disease. However, no effective therapy currently
exists, and the available drugs simply ameliorate the destructive disability effects of the disease.
In this review article, we report on the efforts that have been conducted towards establishing
the conformational properties of wild-type myelin basic protein (MBP), myelin proteolipid protein
(PLP), myelin oligodendrocyte glycoprotein (MOG) epitopes or altered peptide ligands (ALPs).
These efforts have led to the aim of discovering some non-peptide mimetics possessing considerable
activity against the disease. These efforts have contributed also to unveiling the molecular basis of
the molecular interactions implicated in the trimolecular complex, T-cell receptor (TCR)–peptide–major
histocompatibility complex (MHC) or human leucocyte antigen (HLA).

Keywords: conformational analysis; peptides; altered peptide ligands; multiple sclerosis; MS;
NMR spectroscopy; NOE-constraints; molecular dynamic; trimolecular complex; experimental
autoimmune encephalomyelitis

1. Introduction

Multiple sclerosis (MS) is a serious disease of the central nervous system (CNS). MS affects almost
3.3 million people worldwide [1]. It affects more females than males between the ages of 20 and 40 [2].
MS-related disability significantly affects the quality of life (e.g., restraints on daily life activities) [3].
As the number of patients continuously increases, negative effects on social and economic aspects
have been observed [4,5]. Factors such as genetic, environment, metabolism and viral infections
considerably progress the disease [6,7].

MS is classified into four subclasses according to the increase of the neurologic deterioration of
the disease:

1. Relapsing-remitting MS (RRMS): This is the most frequently occurring and affects ca. 85% of
all MS patients. The patients with RRMS suffer from relapses and remissions of their
neurological symptoms.

2. Secondary progressive MS (SPMS): This follows the development of RRMS and causes further
worsening of the disease.

3. Primary progressive MS (PPMS): This affects 8–10% of patients and is characterized by the gradual
further worsening of the disease.
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4. Progressive-relapsing MS (PRMS): This is the least often occurring class, affecting less than 5% of
patients and progressing from onset [8–10].

MS takes place in brain and spinal cord regions containing myelin. As shown in Figure 1,
MS lesions involve demyelination and inflammation of B-cells, T-cells, macrophages and activated
microglia. Then follows tissue damage, which includes loss of neurons and oligodendrocytes,
astrogliosis and remyelination [11,12].

Figure 1. T-cells enter the blood brain barrier (BBB) and release cytokines which degrade the myelin.
The cytokines can also recruit some other cells as B-cells. These cells enter the BBB and produce
antibodies which target the myelin for further degradation. Activated microglia are also involved
in myelin degradation.

The cause of autoimmune disease MS is still mostly unknown. It is hypothesized that environment
induces MS in individuals prone to the disease. The molecular mimicry theory has been used to
explain the pathogenesis of MS. The gathered evidence proposes that viral peptidic epitopes bearing
sequence homology to protein regions of normal human tissue are responsible for the initiation of
the disease. The immune response of T-cells targets mainly the viral epitopes. However, cross-reaction
with the normal human tissue leads to the autoimmune disease [13,14].

The myelin basic protein (MBP), the proteolipid protein (PLP), the myelinoligodendrocyte
glycoprotein (MOG), and the myelin associated oligodendrocytic basic protein (MOBP), have been
associated as T-cell epitopes in MS. These peptides have been utilized to trigger experimental
autoimmune encephalomyelitis (EAE). EAE is the most frequently and broadly used animal model
that simulates MS [15–21].

Although advances in MS treatment have proceeded impressively, the currently available
medications are not fully in line to respond to the future and emerging needs raised by the complicated
nature of MS [22].

One of the major approaches for the treatment of MS is the peptidic or peptidomimetic therapeutic
approach [23,24]. There are different steps involved in the development of peptidomimetic drugs
in a rational design strategy. In the first step the minimal peptide amino acid sequence that exerts
the activity (epitope) and serves as a lead compound is identified. In the second step the information
derived from nuclear magnetic resonance (NMR) spectroscopy, and/or molecular modeling and/or
x-ray crystallography is utilized in order to define a putative bioactive conformation of the minimal
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peptide sequence [25]. In the third step the resultant 3D architecture is used for the development of
non-peptide mimetics that are prone to metabolic clearance.

Activated encephalitogenic T-cells, triggered by the formation of a trimolecular complex between
the T-cell receptor (TCR), the peptide (antigen)—with identical residue sequence to a fragment of a
protein of the myelin sheath—and the major histocompatibility complex (MHC) or human leukocyte
antigen (HLA), initiate the onset of MS. The potential of the peptide–HLA complex to activate T-cells
parallels the strength of its binding affinity with TCR [26–28]. It follows the stimulation, or not,
of T-cells that cause MS [29–33].

The dimer HLA class II receptors contain two polypeptide chains named as α and β [34,35].
Their joined polypeptide chains form a single receptor suitable to form a complex with the antigen
binders. This complex is recognized by the T-cell receptors on the cell surface. The formed trimolecular
complex leads to the activation of T-cells through a series of biochemical alterations and the triggering
of the immune response to the antigen [36].

This review summarizes the conformational analysis of peptides involved in multiple sclerosis.
In addition the impact of these conformational changes on rational drug design is described.

2. Results and Discussion

Mouzaki et al. [37] pointed out that peptides constitute a class of administered molecules
as immunomodulatory drugs due to their rapid and cost-effective synthesis. The peptides that can
cause EAE in animals are called agonists and those that can compete the action of the agonists and treat
EAE are called antagonists.

In the discussed studies peptides are used that either map to wild-type MBP, PLP [38] or MOG
epitopes or are mutants (altered peptide ligands, APLs), which are linear or cyclized variants that are
more resistant to in vivo enzymatic degradation [39]. APLs differ from their parent encephalitogenic
peptides by single amino acid substitutions and can inhibit autoimmune mediated disease through
several mechanisms.

For many years we have made an effort to explore the conformational properties that govern
various epitopes related to EAE with their agonist and antagonists both in solution and in trimolecular
complexes (drug:TCR:HLA). In this review we will outline the most significant results obtained from
these studies.

The first step in these studies is to extract favored averaged conformations of the epitopes
in solution using NMR spectroscopy. These conformations after energy minimization serve as initial
conformations for applying molecular dynamics (MD) simulations in the generation of the trimolecular
complex. The results will lead to the synthesis of antagonist peptides which could potentially provide
useful mechanistic information to combat MS (Figure 2).

Figure 2. Steps of a rational design process aiming to aid the development of peptide mimics against
multiple sclerosis (MS).
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The conformational analysis of hMOG35–55 epitope (Met35-Glu-Val-Gly-Trp-Tyr-Arg-Pro42-Pro-
Phe-Ser-Arg-Val-Val-His-Leu-Tyr-Arg-Asn-Gly-Lys55) and its mutants (hMOG35–55(Ala41)
and hMOG35–55(Ala41,46)) alone and in the trimolecular complex containing HLA and TCR
have been studied using MD simulations [36]. The results showed that the hMOG35–55 epitope
in the MD trajectory does not retain the linear conformation. Its dominant conformation shows two
bends in the polypeptide backbone between residues Trp39, Tyr40 and Arg41 and Val48 and Arg52.

This conformation is similar to that published for the rat/mouse MOG35–55 peptide by
Ntountaniotis et al. [40] in DMSO and D2O solvents (Figure 3).

Figure 3. Low energy conformer of hMOG35-55 (myelinoligodendrocyte glycoprotein) derived
from in silico molecular synamics (MD) calculations restricted with nuclear Overhauser effect
(NOE)-constraints.

During the formation of the trimolecular complex the amino acids Arg41 and Arg46 of hMOG35–55

anchor at TCR and Tyr40 interacts with HLA. The amino acids Arg41 and Arg46 form an extensive
hydrogen bonding (HB) network with both receptors. Substitution of Arg41 or Arg41 and Arg46 with
Ala leads to the two mutants hMOG35–55 (Ala41) and hMOG35–55 (Ala41, Ala46). These mutations lead
to the elimination of key interactions with TCR but leave intact the binding affinity towards the HLA
receptor. These two mutants function as EAE inhibitors. This finding is significant as it provides basic
mechanistic aspects of the action of agonist versus antagonist peptides (Figure 4).

The conformational analysis of MBP77–89 and the antagonist altered ligands (Arg91, Ala96) MBP87–99

and (Ala91,96) MBP87–99 have been studied. All the three molecules showed an extended conformation
in DMSO environment with no long-range nuclear Overhauser effects (NOEs) [41] in disagreement
with the observations recorded in other chemical environments [29].

Interestingly, X-ray results existed for a peptide analogue of MBP87–99 that formed a trimolecular
complex with a human TCR and HLA-DR2b [42]. A bioactive conformation of APL that resembled
that of the crystallized peptide was derived from the molecular dynamics trajectories (Root-Mean
Square Deviation (RMSD) value of 0.95 Å). The two peptides were oriented similarly to the two TCR
anchor residues, His88 and Phe89, and the HLA anchor residue Phe90.

These two amino acids orient variably in the trimolecular complex for (Arg91, Ala96) MBP87–99

and (Ala91,96) MBP87–99, and remain buried in HLA grooves and cannot interact with the TCR.
This finding may explain the antagonism of the two altered ligands (Figure 5).
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Figure 4. The replacement of Arg41 or Arg41 and Arg46 of hMOG35–55 with Ala interrupts the hydrogen
bonding (HB) with the amino acids Asp98, Ser101, and Asn104 of T-cell receptors (TCR). This may
be due to the decrease of polarity of Ala vs. Arg (disruption of the interaction network) and may
lead to a reduced bending of Ala in the low energy conformation of hMOG35–55. HLA—Human
Leukocyte Antigen.

Figure 5. (left) His88 and Phe89 of hMBP87–99 (myelin basic protein) interact with the TCR receptor.
(right) In the two antagonists (Arg91, Ala96) MBP87–99 and (Ala91,96) MBP87–99 this interaction is lost
as the two amino acids are buried in HLA grooves.

The cyclo (91–99)(Ala96)MBP87–99, cyclo(87–99)(Ala91,96)MBP87–99 and cyclo(87–99)(Arg91,
Ala96)MBP87–99 (Figure 6), except the wild-type linear MBP87–99, were found to strongly inhibit
MBP72–85- induced EAE in Lewis rats. Cyclo(87–99)(Arg91, Ala96)MBP87–99 provided long protection
for the EAE induction [39,43,44].

Conformational analysis was achieved for the three cyclo(87–99) MBP87–99, cyclo(87–99)
(Ala91,96) MBP87–99, and cyclo(87–99) (Arg91, Ala96) MBP87–99 analogs using 2D NMR spectroscopy
and computational analysis. The conformational analysis of the three synthetic analogues showed that
their bioactivity, or its absence, may be attributed to the distinct local conformation, overall topology
and exposed area after binding with MHC II. An overall larger solvent accessible area may occlude
the approach and binding of the TCR on the APL-MHC complex. In contrast, more compact structures
do not block weak interactions as TCR approaches and can induce EAE antagonism. These results led
to the generation of the pharmacophore model described in Figure 7 [45].
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Figure 6. Structures of cyclo(91–99)(Ala96)MBP87–99, cyclo(87–99)(Ala91,96)MBP87–99 and cyclo(87–99)(Arg91,
Ala96)MBP87–99.

Figure 7. Pharmacophore model depicted using the conformational properties obtained from
the conformational analysis for the cyclic altered peptide ligands (APLs). Exclusion volume V1
is presented with a blue sphere, feature F1 (Phe90), F2 (Phe89), F3 (Phe88) with a yellow sphere.

Two citrullinated peptides, the linear (Cit91, Ala96, Cit97)MBP87–99 and cyclo(87–99)(Cit91, Ala96,
Cit97)MBP87–99 have been synthesized by citrullinating the Arg residues 91 and 97 in the antagonists,
linear (Arg91, Ala96)MBP87–99 and cyclo(87–99)(Arg91, Ala96)MBP87–99 peptides. In contrast to
the antagonists, these citrullinated molecules induced EAE. Molecular modeling results pointed out
that both Cit91 and Cit97 residues are oriented toward the TCR and possibly are interacting with
the complementarity-determining region (CDR3) loops of the TCR, thus triggering an altered cytokine
response [46].

Another epitope which is shown to induce EAE in guinea pigs is the linear peptide
MBP74–85 (Gln1-Lys2-Ser3-Gln4-Arg5-Ser6-Gln7-Asp8-Glu9-Asn10-Pro11-Val12-NH2). A Rotating frame
Overhauser Effect Spectroscopy (ROESY) connectivity was observed for the molecule in DMSO between
αVal12-αGln1, suggesting a cyclic conformation. This intriguing result prompted the synthesis of
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the cyclic analogue by tethering the εNH2 of Lys and γCOOH of Glu at positions 2 and 9, respectively.
Cyclic peptides are well known to be more stable and less susceptible to enzymatic degradation than
linear peptides. Moreover, cyclic peptides are an important intermediate step in the rational design
and development of non-peptide mimetics [47].

This cyclic analogue illustrated comparable bioactivity with the linear one, confirming that
the possible bioactive conformation of MBP74–85 resembles that of the cyclic variant or the cyclic variant
resembles more, from the available ensemble, the structure of the linear peptide that is of biological
significance. The structures of the linear and cyclic analogues are shown in Figure 8. The same
relationship was observed with the linear Ala81 MBP74–85 and its cyclic analogue [25].

 

Figure 8. 2D and 3D models of linear MBP74-85 (top) and its cyclic analogue (bottom).

Tzakos et al. [48] applied NMR and molecular dynamic simulations to study the conformational
properties of agonist MBP, Gln74-Lys75-Ser76-Gln77-Arg78-Ser79-Gln80-Asp81-Glu82-Asn83-Pro84-Val85

(MBP(74–85)), and its antagonist analogue Ala81MBP(74–85). The agonist MBP(74–85) adopted a compact
conformation attributed to electrostatic interactions of Arg78 with the side chains of Asp81 and Glu82.
Arg78 adopted a well-defined conformation, which did not depend on the solvent. Such electrostatic
interactions were not observed in the antagonist Ala81 MBP(74–85), and a high flexibility of the side
chain of Arg78 was observed. The positively charged residue Arg78 is suggested to stabilize
the local microdomains (epitopes) of the integral protein. Flexible docking calculations point out
that Gln74, Ser76 and Ser79 are MHC II anchor residues. Lys75, Arg78 and Asp81 are the mainly
solvent-exposed residues and this may signify their participation in the formation of the trimolecular
T-cell receptor–MBP(74–85)–MHC II complex.

In another study the conformational analysis of the immunodominant epitope of acetylated
myelin basic protein residues 1–11 (Ac-MBP1–11) and its ALPs, mutated at position 4 to an alanine
(Ac-MBP1–11(4A)) or a tyrosine residue (Ac-MBP1–11(4Y)), was achieved. The amino acids constituting
the MBP1–11 are Ala-Ser-Gln-Lys-Arg-Pro-Ser-Gln-Arg-His-Gly (Ac-MBP1–11). The Ac-MBP1–11(4A)
analogue inhibited EAE symptoms induced by encephalitogenic Ac-MBP1–11 epitope when co-injected
in (PL/J × SJL)F1 mice. These results are interpreted to suggest that Ac-MBP1–11(4A) induced
immunomodulation that inhibits EAE in vivo [49]. Studies indicated that the residue at position
4 in MBP1–11 peptide plays a major role in binding of the peptide to MHC class II, I–Au [50,51].
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The mutated analogue Ac-MBP1–11(4A) binds to I–Au with a minimum of 50-fold higher affinity
in comparison to the native Ac-MBP1–11 [52]. In addition, the mutation at position 4 of Lys to
Tyr (Ac-MBP1–11(4Y)) increases the stability of the I–Au-peptide complex by enhancing 1500-fold
the affinity, which triggers Ac-MBP1–11 T-cells more effectively in relation to Ac-MBP1–11(4A) [53].

The conformational analysis of the three analogues showed that they adopt an extended
conformation in deuterated DMSO solvent due to the absence of long-distance NOEs. Furthermore,
they adopt a similar conformation when bound to the active site of the MHC II. Gln3 residue is a TCR
contact site and has a different orientation in the mutated analogues. Specifically, its side chain is not
solvent exposed, and it is not available for interaction with the TCR. The main MHC contact residues
(Ser2, Pro6 and Ser7) stand in the same position for all peptides [54].

The conformational properties of MBP83–99 have been studied using NMR spectroscopy in DMSO
to simulate the biological environment. The results showed that the peptide exists in a rather extended
conformation and forms a helix between Val87 and Phe90 [55].

Two analogues of the MBP83–99 epitope substituted at Lys91 (primary TCR contact) with Phe
(MBP83–99 (Phe91)) or Tyr (MBP83–99 (Tyr91)) were synthesized (Figure 9).

 

Figure 9. Sequences and 3D low energy structures of (A) MBP83–96 (numbering is according to the human
MBP83–99 epitope) and the two synthetic analogs (B) MBP83–99 (Phe91) and (C) MBP83–99 (Tyr91).

The two analogues showed distinct antagonistic activity versus the agonistic activity of
the MBP83–99 epitope. The conformational analysis of the two APLs was performed using NMR
spectroscopy and MD. Both synthetic analogues show an extended conformation in agreement
with the structural features of the peptides that interact with the HLA-DR2 and TCR receptors.
MD simulations of the two analogues in complex with HLA-DR2 (DRA, DRB1*1501) and TCR revealed
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their modes of interactions. MBP83–99 (Phe91) analogue adopts more interactions during the formation
of the trimolecular complex relatively to MBP83–99 (Tyr91), as their trajectory profiles confirmed.
This may explain the improved biological profile of the latter. The two analogues differ in the way of
binding relatively to the wild epitope MBP83–96. This is attributed to the fact that mutation of Lys91 by
either Tyr or Phe alters their stereoelectronic properties.

This alteration of the stereoelectronic properties affects the binding mode of the regional amino
acids and explains their antagonistic or agonistic activity. Such binding mode differences have been
observed and outlined above with the MBP87–99 epitope [45,56–60].

It is important to note that although the two peptides mentioned above differ only in a small
segment, they possess distinct biological profiles. The tyrosine91 in MBP83–99 (Tyr91) possesses a
phenolic hydroxyl group that induces differential biological activity. This is in agreement with a
plethora of literature data pointing out the key role of the phenolic group in drug bioactivity [61–72]
(Figure 10).

 

Figure 10. The absence of the phenolic hydroxyl group in Phe is responsible for the different biological
properties between the two synthetic analogues MBP83–99 (Tyr91) and MBP83–99 (Phe91).

The superimposition of the two peptides at the binding site of the trimolecular complex shows that
Phe91 and Tyr91 occupy almost identical areas. However, they induce different conformations to other
vicinal amino acids Asn92 and Ile93, as the phenolic hydroxyl group lies in a relatively hydrophobic
environment. Their apparently small structural difference induces a sequence of distinct interactions
that determine their fingerprint of biological action. MBP(85–99) is an immuno-dominant epitope of
MBP which binds to the MHC haplotype HLA-DR2 and is associated with the pathogenesis of MS.
The synthetic 15-mer peptide J5n (Figure 11), was designed and was found to antagonize MBP(85–99)

through the binding of MBP(85–99) to soluble HLA-DR2b [73]. The therapeutic efficacy of J5 is limited,
probably due to its low biological half-life or bioavailability. The structural features of J5 in relation to
its parent (i.e., MBP(85–99)) are shown in Figure 11. Phe at position P4 has been replaced with Tyr, Val at
position P1 has been retained and His, Phe, and Lys at P2, P3 and P5 have been replaced with Glu,
Ala and Lys, respectively.
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Figure 11. (a) α-amino acid, (b) Homo-β-amino acid, (c) MBP85-99, J5 and S18 analogue.

In another study J5 was derivatized into analogs possessing superior biological half-lives
and antagonistic activities. This is achieved by substitution of some of its residues with homo-β-amino
acids. S18 (Figure 11), the most active analog, ameliorated symptoms of EAE at least twice more
effectively than glatiramer acetate or J5. S18 showed high resistance to proteolysis, which contributed
to a delayed clinical onset of disease and prolonged therapeutic benefits [74].

The conformational analysis studies of MBP83–96 epitope led the group of Professor T. Tselios
to search for the mining and synthesis of non-peptide mimetic molecules. In particular, they sought
molecules that inhibit the trimolecular complex formation and consequently the proliferation of
activated T-cells. They generated a structure-based pharmacophore and used ZINC as a chemical
database to extract candidates (Figure 12). Semi-empirical and density functional theory (DFT) methods
were performed to predict the binding energy between the proposed non-peptide mimetics and the TCR.
From the six synthesized molecules the following 15 and 16 were the most promising as they inhibited
the stimulation of T-cells by the immunodominant MBP83–99 from immunized mice [75].

 

Figure 12. Structure-based pharmacophore derived from ZINC database data.
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3. Conclusions

An extensive effort has been made the last years to explore the conformational properties of key
peptides involved in MS. The conformational analysis of the different epitopes, consisting of in silico
MD and pharmacophore studies, along with NMR spectroscopy, has led to the rational design of some
bioactive non-peptide mimetics and provided some mechanistic input of the agonistic and antagonistic
action of ALPs. However, there is still a long way towards the generation of more potent compounds.
Interestingly, in a study it was illustrated that the extent of MHC or TCR competition does not
successfully predict the EAE treatment [76]. Other routes to treat MS had also limited success [21,77].

Such an example is the immunomodulatory co-polymer 1 (Copaxone, glatiramer acetate) drug.
This contains synthetic peptides composed of nonspecific sequences of four amino acids: L-alanine,
L-lysine, L-glutamic acid and L-tyrosine (Figure 13). As its composition is based on the amino acid
structure of MBP it exerts an antagonistic action to the 82–100 epitope of MBP [78].

 

Figure 13. Synthetic peptides of Cop1 structure.

Recently, semi-empirical calculations have been applied to detect peptides associated with
MS. It was found that the A_31:01 allele may be associated with the MS disease and the peptide
Leu-Ile-Ile-Cys-Tyr-Asn-Trp-Leu-His-Arg may serve as a potential epitope to this allele. This finding
must be confirmed by experimental evidence [79].

The multifactorial aspects of MS, especially in its severe state, makes the task of finding a drug
against MS tremendously difficult. This must reinforce the efforts in order to advance the progress of
understanding and treating the disease.
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Abstract: Background: Human Leucocyte Antigens (HLA) represent the genetic loci most strongly
linked to Multiple Sclerosis (MS). Apart from HLA-DR and HLA–DQ, HLA-DP alleles have been
previously studied regarding their role in MS pathogenesis, but to a much lesser extent. Our objective
was to investigate the risk/resistance influence of HLA-DPB1 alleles in Hellenic patients with early-
and adult-onset MS (EOMS/AOMS), and possible associations with the HLA-DRB1*15:01 risk allele.
Methods: One hundred MS-patients (28 EOMS, 72 AOMS) fulfilling the McDonald-2010 criteria
were enrolled. HLA genotyping was performed with standard low-resolution Sequence-Specific
Oligonucleotide techniques. Demographics, clinical and laboratory data were statistically processed
using well-defined parametric and nonparametric methods and the SPSSv22.0 software. Results:
No significant HLA-DPB1 differences were found between EOMS and AOMS patients for 23 distinct
HLA-DPB1 and 12 HLA-DRB1 alleles. The HLA-DPB1*03 allele frequency was found to be significantly
increased, and the HLA-DPB1*02 allele frequency significantly decreased, in AOMS patients compared
to controls. The HLA-DPB1*04 allele was to be found significantly decreased in AOMS and EOMS
patients compared to controls. Conclusions: Our study supports the previously reported risk
susceptibility role of the HLA-DPB1*03 allele in AOMS among Caucasians. Additionally, we report
for the first time a protective role of the HLA-DPB1*04 allele among Hellenic patients with both EOMS
and AOMS.

Keywords: Multiple Sclerosis; early-onset; adult-onset; Human Leucocyte Antigens; immunogenetics;
clinical phenotype; clinical outcome; therapeutics
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1. Introduction

Multiple sclerosis (MS) is considered a complex, multifactorial disease entity, as both environmental
and genetic factors have been implicated in its pathogenesis [1]. The Major Histocompatibility Complex
(MHC) represents a cluster of highly polymorphic genes, including mainly the Human Leukocyte
Antigens (HLA) system, namely Class I (A, B, C) and II (DR, DQ, DP) genes, and genes encoding
for some other immune factors, like complement components, Bf, C2, C4 and TNF, in Class III and
IV loci [2]. HLA molecules mediate antigen presentation to T-lymphocytes, playing a crucial role in
immune response and affecting all clinical and neuroimaging characteristics and response to treatment
in MS [3,4]. Linkage studies in various populations have consistently demonstrated that the MHC and
its polymorphisms represent the genetic locus most strongly linked to MS [3–5], and that the MHC
class II (HLA-DR, HLA-DQ, HLA-DP) region is the susceptibility complex that accounts for the majority
of familial clustering in MS [6].

The MHC class II linkage to MS differs in various populations, with the highest association
conferred by the HLA-DRB1*15:01/HLA-DQB1*06:02 haplotype, present in Caucasians [5]. In 2011, in
a collaborative European study, the HLA-DRB1*15:01 allele exhibited the strongest association with
MS, along with the HLA-DRB1* 03:01 and HLA-DRB1*13:01 alleles [7], although DRB1*15:01 was
recently found to be hypomethylated and predominantly expressed in monocytes among carriers of
DRB1*15:01, suggesting putative therapeutic strategies targeting methylation-mediated regulation of
this major risk gene [8].

Recent studies have further established the role of HLA-DRB1*15:01 in early-onset (pediatric and
adolescent) MS (EOMS), which accounts for 3–5% of all MS cases, while the role of HLA-DRB1*04 and
HLA-DRB1*03 remains to be clarified [9–11].

Apart from the well examined HLA-DR and HLA-DQ genes, other class II genes and their products,
HLA-DP alleles, have been previously studied regarding their role in MS pathogenesis. One of the
earliest studies regarding HLA-DP genotyping was performed three decades ago using a small sample
of 45 Swedish patients with MS in comparison with 166 Danish controls [12]. Since then, few studies
have been published on the role of the HLA- DPB1 locus concerning genetic risk in adult-onset MS
(AOMS), either in Asian [13–16] or European populations [17–21], and no such studies have been
performed on EOMS. In 2013, Patsopoulos et al. used single nucleotide polymorphisms (SNP) data from
genome-wide studies and tested classical alleles and polymorphisms in eight classical HLA genes in
5091 AOMS cases and 9595 controls [22]. Among a total of 11 identified statistically independent effects,
they confirmed a possible association of HLA-DPB1*03:01, and also highlighted a more statistically
significant effect at amino acid position 65 in the peptide binding groove of HLA-DPB1* [22]. So far,
HLA-DPB1* alleles have been mainly correlated with neuromyelitis optica spectrum disorders (NMOSD)
in Asian but not Caucasian populations [23], while a series of studies suggest a possible role in other
autoimmune disorders as well, including juvenile idiopathic arthritis [24], type I diabetes [25] and
atopic myelitis in Japanese [26].

The present study attempts to expand the existing data on HLA and MS by investigating the
influence of HLA-DPB1* alleles on disease risk and resistance in a Hellenic sample of 100 patients of
both EOMS and AOMS, using healthy controls (HC) for comparisons, given the pre-existing difference
in HLA-DRB1 allele frequencies in EOMS and AOMS in our ethnic group [11] and the total absence of
information on HLA-DPB1 genotyping in the Hellenic MS population.

Additionally, we examined, the putative positive or negative association between the well-defined
HLA-DRB1*15:01 allele and the various HLA-DPB1* alleles, given the extensive epistatic mechanisms
that exist in HLA loci, as clearly illustrated in previous reports [12,19,27,28].
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2. Materials and Methods

2.1. Patients

One hundred patients with MS (62 females, 38 males, mean age 36.9 ± 11.4 years old) were
selected, fulfilling the McDonald criteria for MS diagnosis [29]. These patients were enrolled from the
outpatient clinic at the Neurology Department of the Aeginition University Hospital (Athens, Greece)
after providing written informed consent. The study received ethical approval by the Hospital’s Ethics
Committee (ethic approval code number: 117/2-4-13), as it was found consistent with the Declaration
of Helsinki. At the time this study, 42 patients had the relapsing-remitting type of the disease (RRMS),
and 10 patients were identified with primary progressive MS (PPMS), while the rest had the secondary
progressive type (SPMS). For all patients, the mean age of disease onset was 27.8 ± 10.8 years old,
the mean disease duration was 100.9 ± 80.4 months and the median Expanded Disability Status Scale
(EDSS) was 3.0 (range:1.0–8.0) [30]. There were two MS onset groups; 28 in the ≤19 years old or
early onset MS (EOMS) group and 72 in the >19 years old or adult onset MS (AOMS) group. Valid
Magnetic Resonance Imaging (MRI) and cerebrospinal fluid (CSF) (i.e., presence of oligoclonal bands
and IgG index calculation) assessments were available 60 (60%) of the patients. Missing data for MRIs
were attributed to the lack of recent MRI scans. With regards to CSF, some but not all patients had
been subjected to CSF analysis, since this was not a prerequisite for the MS diagnosis, according to
the revised 2010 McDonald criteria [29]. All patients provided informed consent for participation
and publication.

2.2. HLA-DPB1* and HLA-DRB1* Genotyping

HLA genotyping was performed at the Immunogenetics Laboratory of the 1st Department of
Neurology, in Aeginition Hospital. High molecular weight DNA was extracted from peripheral blood
samples (8 mL peripheral blood in sodium citrate, ACD Vacutainer® tube) using the DNA extraction,
Maxi Kit (QIAGEN, Venlo, the Netherlands) as per manufacturer’s guidelines in the commercial kit.
HLA class II (HLA-DRB1 and HLA-DPB1) frequencies were determined by molecular techniques for all
the specificities included in the HLA Nomenclature of 2012 (we present only the first two or four digits
of each allele, for low or high resolution respectively) [31]. HLA-DRB1 genotyping had been previously
performed, using a PCR-SSO (Polymerase-Chain-Reaction, PCR, Sequence-Specific Oligonucleotide,
SSO) technique (Elpha Bio-Rad, High resolution), as described elsewhere [11]. HLA-DPB1 genotyping
was performed using a different PCR-SSO technique, based on a method that depends on reverse
hybridization (Line Probe Assay, INNO-LiPA, Low Resolution, Innogenetics, Fujirebio, Europe)
according to the manufacturer’s protocol.

2.3. Statistical Analyses

The Hardy-Weinberg proportions (HWP) and linkage disequilibrium for HLA-DPB1, HLA-DRB1
haplotypes were ascertained using the PyPoP software [32]. An Ewens-Watterson (EW) homozygosity
test for neutrality was also performed. Calculation of the normalized deviate of the homozygosity
(i.e., Fnd) was done, with positive and negative values implying directional and balancing selection,
respectively. HLA-DPB1* genotype frequency in patients with MS was compared with that reported in
a previous study of Hellenic HC by using multiple binomial tests [33].

Separate analyses were performed in the EOMS and AOMS groups using the same expected
genotype frequencies of the healthy controls [33]. A Fisher’s exact test for categorical and Mann-Whitney
U test for numerical variables were performed to allow us to make group comparisons. Mantel-Haenszel
statistics were used to ascertain the role of MS groups in the association between HLA-DPB1 genotypes
and categorical clinical parameters. In HLA-DPB1 genotype-related tests (except those for clinical
parameters), p value correction was made according to the Benjamini–Yekutieli method (or B–Y)
based on the following formula: p (B–Y) = a/(Σ1/i), where i denotes the number of comparisons and
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a = 0.05 [34,35]. Statistical analyses were performed using the SPSS v22.0 software (Armonk, NY, USA:
IBM Corp).

3. Results

3.1. HWP and Linkage Disequilibrium of the Study’s Sample

Twenty-three distinct HLA-DPB1 alleles were identified (total alleles: 200). There were 28
homozygote and 72 heterozygote patients with MS. There were no deviations from the HWP
(homozygotes: 29.71 expected, F(1) = 0.1, p = 0.754, heterozygotes: 70.29 expected, F(1) = 0.04, p = 0.838).
The most common haplotypes were HLA-DPB1*04/DPB1*04 (27%), followed by HLA-DPB1*02/DPB1*04
(13%), HLA-DPB1*03/DPB1*04 (11%) and HLA-DPB1*10/DPB1*04 (6%). The EW homozygosity test of
neutrality was found to be significantly positive (i.e., Fnd = 3.79, p = 0.992, i.e., over the limit 0.975),
denoting a directional selection of the HLA-DPB1*04 allele.

Twelve distinct HLA-DRB1 alleles were identified (total alleles: 174) in 87 out of the 100 patients.
There were 11 (12.6%) homozygote and 76 (87.3%) heterozygote patients. There were no deviations
from the HWP (homozygotes: 10.84 expected, F(1) = 0, p = 0.962, heterozygotes: 76.16 expected, F(1) =
0, p = 0.986). The most common allele was HLA-DRB1*11 (20.1%), followed by HLA-DRB1*16 (15.5%),
HLA-DRB1*15 (13.2%), HLA-DRB1*04 (12.1%) and HLA-DRB1*13 (10.4%). The most common, but
still of low frequency (4.6%), genotype was HLA-DRB1*11/DRB1*16. The EW homozygosity test of
neutrality was found to be significantly negative (i.e., Fnd = −1.41, p = 0.0033, i.e., lower the limit 0.05),
indicating a balancing selection.

The delta distance for the HLA-DPB1 and HLA-DRB1 haplotypes was 0.00938 (p = 0.303),
denoting linkage equilibrium. This did not change when age of MS onset was taken into
account (EOMS: delta 0.0128, p = 0.954, AOMS: delta 0.0133, p = 0.351). The most common
(i.e., over 5%) HLA-DPB1/HLA-DRB1 haplotypes were HLA-DPB1*04/HLA-DRB1*11 (10.8%),
HLA-DPB1*04/HLA-DRB1*16 (7.7%), HLA-DPB1*04/HLA-DRB1*04 (7%), HLA-DPB1*02/HLA-DRB1*11
(6.6%) and HLA-DPB1*04/HLA-DRB1*03 (5.5%).

3.2. Nongenetic Comparisons between Age of Onset Groups

Table 1 presents the main characteristics of the two MS groups. Patients with EOMS were
significantly younger and had longer disease duration compared to AOMS, which primarily reflects
the blood sampling timing, and has no specific clinical significance. Of most importance, patients with
EOMS had significantly higher IgG indexes compared to AOMS. It should be noted that this difference
reflects 60 out of the 100 patients with MS of this study, since, as mentioned in the methods section,
no CSF testing was available for 40 patients.

Table 1. Nongenetic Comparisons Between Age of Multiple Sclerosis (MS) Onset Groups.

Characteristics EOMS AOMS Sig 1

Females 19/28 (67.9%) 43/72 (59.7%) 0.499
Age (years old) 29.9 ± 9.8 39.8 ± 10.8 0.001 *

Duration of MS (months) 148.1 ± 105.4 81.3 ± 69.1 0.011 *
EDSS 3.1 ± 1.7 3.3 ± 1.6 0.414

Primary Progressive 3/28 (10.7%) 7/72 (9.7%) 0.917
Relapses since onset 5.2 ± 6.1 3.7 ± 2.5 0.393

IgG index 2 1.3 ± 0.7 0.8 ± 0.4 0.004 *
Presence of OCBs 2 13/15 (86.7%) 31/45 (68.9%) 0.312
Subcortical lesions 2 12/17 (70.6%) 27/43 (62.8%) 0.765

Periventricular lesions 2 16/17 (94.1%) 42/43 (97.7%) 0.49
Infratentorial lesions 2 12/17 (70.6%) 30/43 (69.8%) 1.000
Spinal cord lesions 2 12/14 (85.7%) 29/31 (93.5%) 0.578

Numbers represent means ± standard deviation and absolute (%) frequencies; 1 Fisher exact test for categorical and
Mann-Whitney U test for numerical characteristics. OCBs: Oligoclonal Bands, Sig.: significance. 2 Valid MRI and
cerebrospinal fluid assessments were available for 60 (66%) and 60 (60%) patients, respectively. * p ≤ 0.05.
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3.3. HLA-DPB1 Allele Comparisons between the Age of Onset Groups

No significant HLA-DPB1 allele differences were found between patients with EOMS and AOMS
(Table 2). However, there were significantly fewer HLA-DPB1*04-positive patients in the EOMS group
compared to HC (64.3% vs. 92.7%). The HLA-DPB1*03 allele was found to be significantly increased
in patients with AOMS compared to HC (23.6% vs. 13.4%). On the other hand, HLA-DPB1*02 and
HLA-DPB1*04 were found to be significantly decreased (p < 0.001) in patients with AOMS compared to
HC (22.2% vs. 36.6% and 79.2% vs.92.7%).

A total of 21 out of 87 patients (24.1%) were positive for the HLA-DRB1*15 allele, which is
significantly higher than the expected 11.4% allele frequency in HC (p < 0.001), confirming the
well-established role of this allele in MS pathogenesis [33]. HLA-DRB1*15 allele positivity was 20.8%
(5/24) for EOMS and 25.4% (16/63) for AOMS (p = 0.783).

Table 3 presents the HLA-DRB1*15 allele frequency among the different HLA-DPB1* alleles.
Only statistically significant associations are presented. The HLA-DRB1*15 allele was statistically
significantly absent among HLA-DPB1*03 positive patients (p = 0.001) and among HLA-DPB1*03
positive AOMS (p = 0.003), whereas it was significantly increased among HLA-DPB1*04 (p = 0.048),
HLA-DPB1*14 (p = 0.008) -positive genotype patients. Finally, the HLA-DRB1*15 allele was positive in
the two HLA-DPB1*14 positive patients with EOMS (p = 0.036).

In the 60 patients with available CSF examination, those with the HLA-DPB1*02 allele had
significantly higher IgG indexes than those who were negative for HLA-DPB1*02 (mean 1.22 ± 0.70 vs.
0.75 ± 0.39, respectively, p = 0.02), irrespective of age of MS onset. There were no other significant
associations between the HLA-DPB1 or HLA-DRB1 alleles (i.e., presence or not of each HLA-DPB1*
allele and HLA-DRB1*15 allele) and gender, type of MS, MRI or CSF assessments (data not shown).
Patients with AOMS who were positive for HLA-DPB1*02 had significantly fewer relapses since onset
than HLA-DPB1*02 negative patients with AOMS (2.7 ± 2.5 vs. 3.9 ± 2.4, p = 0.033), corroborating the
protective role of HLA-DPB1*02 phenotype, as reported above (Figure 1). No other MS group effects
on the HLA and clinical parameter associations were found.

Figure 1. Number of relapses in adult-onset Multiple Sclerosis Patients with regards to HLA-DPB1*02
genotype. Positive patients had significantly fewer relapses than negative (p = 0.033).

283



Brain Sci. 2020, 10, 374

T
a

b
le

2
.

H
LA

-D
PB

1
A

lle
le

Fr
eq

ue
nc

ie
s

A
m

on
g

D
iff

er
en

tA
ge

of
M

ul
ti

pl
e

Sc
le

ro
si

s
(M

S)
O

ns
et

G
ro

up
s

of
Pa

ti
en

ts
.

E
a

rl
y

M
S

A
d

u
lt

M
S

H
C

s
E

a
rl

y
v

s.
A

d
u

lt
M

S
E

a
rl

y
M

S
v

s.
H

C
s

A
d

u
lt

M
S

v
s.

H
C

s

(N
=

2
8

)
(N
=

7
2

)
(N
=

2
4

6
)

S
ig

1
S

ig
2

S
ig

2

H
LA

-D
PB

1*
01

3.
6

4.
2

4.
5

0.
85

(0
.0

9–
8.

55
)

1.
00

0
0.

79
(0

.1
–6

.3
7)

0.
50

0
0.

92
(0

.2
5–

3.
42

)
0.

50
0

H
LA

-D
PB

1*
02

39
.3

22
.2

36
.6

2.
27

(0
.8

9–
5.

80
)

0.
13

1
1.

12
(0

.5
–2

.5
)

0.
46

1
0.

5
(0

.2
3–

0.
91

)
0.

00
8

**

H
LA

-D
PB

1*
03

17
.9

23
.6

13
.4

0.
7

(0
.2

3–
2.

13
)

0.
60

2
1.

4
(0

.5
0–

3.
95

)
0.

33
9

2.
0

(1
.0

4–
3.

84
)

0.
00

9
**

H
LA

-D
PB

1*
04

64
.3

79
.2

92
.7

0.
47

(0
.1

8–
1.

24
)

0.
13

2
0.

14
(0

.0
6–

0.
35

)
<

0.
00

1
**

0.
3

(0
.1

4–
0.

63
)

<
0.

00
1

**

H
LA

-D
PB

1*
05

3.
6

2.
8

2.
4

1.
3

(0
.1

1–
14

.8
9)

1.
00

0
1.

48
(0

.1
7–

12
.7

7)
0.

50
0

1.
14

(0
.2

3–
5.

79
)

0.
50

0

H
LA

-D
PB

1*
06

0
1.

4
0.

8
-

1.
00

0
-

0.
50

0
1.

72
(0

.1
5–

19
.2

3)
0.

50
0

H
LA

-D
PB

1*
09

0
1.

4
2.

8
-

1.
00

0
-

0.
37

2
0.

48
(0

.0
6-

3.
97

)
0.

35
6

H
LA

-D
PB

1*
10

10
.7

9.
7

4.
9

1.
11

(0
.2

7–
4.

65
)

1.
00

0
2.

34
(0

.6
2–

8.
85

)
0.

16
2

2.
1

(0
.8

–5
.5

5)
0.

05
2

H
LA

-D
PB

1*
11

0
1.

4
-

-
1.

00
0

-
-

H
LA

-D
PB

1*
13

3.
6

2.
8

6.
1

1.
3

(0
.1

1–
14

.8
9)

1.
00

0
0.

57
(0

.0
7–

4.
49

)
0.

43
5

0.
44

(0
.1

–1
.9

7)
0.

17
6

H
LA

-D
PB

1*
14

7.
1

6.
9

3.
7

1
(0

.1
8–

5.
48

)
1.

00
0

2.
03

(0
.4

2–
9.

88
)

0.
32

1
1.

97
(0

.6
4–

6.
06

)
0.

12
6

H
LA

-D
PB

1*
15

0
4.

2
2.

0
-

0.
55

7
-

0.
46

8
2.

1
(0

.4
9–

8.
99

)
0.

18
6

H
LA

-D
PB

1*
19

0
1.

4
0.

4
-

1.
00

0
-

0.
50

0
3.

45
(0

.2
1–

55
.8

7)
0.

34
6

H
LA

-D
PB

1*
22

3.
6

0
-

-
0.

28
0

-
-

H
LA

-D
PB

1*
23

3.
6

0
2.

4
-

0.
28

0
1.

48
(0

.1
7–

12
.7

7)
0.

50
0

-
0.

17
2

284



Brain Sci. 2020, 10, 374

T
a

b
le

2
.

C
on

t.

E
a

rl
y

M
S

A
d

u
lt

M
S

H
C

s
E

a
rl

y
v

s.
A

d
u

lt
M

S
E

a
rl

y
M

S
v

s.
H

C
s

A
d

u
lt

M
S

v
s.

H
C

s

(N
=

2
8

)
(N
=

7
2

)
(N
=

2
4

6
)

S
ig

1
S

ig
2

S
ig

2

H
LA

-D
PB

1*
32

3.
6

0
0.

8
-

0.
28

0
4.

52
(0

.4
–5

1.
49

)
0.

27
9

-
0.

46
0

H
LA

-D
PB

1*
33

3.
6

2.
8

0.
4

1.
3

(0
.1

1–
14

.8
9)

1.
00

0
9.

07
(0

.5
5–

14
9.

24
)

0.
12

3
7.

0
(0

.6
3–

78
.3

4)
0.

13
0

H
LA

-D
PB

1*
34

0
1.

4
-

-
1.

00
0

-
-

H
LA

-D
PB

1*
35

0
4.

2
0.

8
-

0.
55

7
-

0.
50

0
10

.6
5

(1
.0

9–
10

4.
03

)
0.

00
5

**

H
LA

-D
PB

1*
38

3.
6

0
-

-
0.

28
0

-
-

H
LA

-D
PB

1*
46

3.
6

0
-

-
0.

28
0

-
-

H
LA

-D
PB

1*
50

0
1.

4
0.

4
-

1.
00

0
-

0.
50

0
3.

45
(0

.2
1–

55
.8

7)
0.

34
6

H
LA

-D
PB

1*
56

0
1.

4
-

-
1.

00
0

-
-

N
um

be
rs

re
pr

es
en

tf
re

qu
en

ci
es

(%
).

1
Fi

sh
er

s’
s

ex
ac

tt
es

t(
23

co
m

pa
ri

so
ns

)2
Bi

no
m

ia
lt

es
ts

(1
7

co
m

pa
ri

so
ns

).
**

p
≤0

.0
15

(1
7

co
m

pa
ri

so
ns

)o
r

p
≤0

.0
13

(2
3

co
m

pa
ri

so
ns

),
ac

co
rd

in
g

to
th

e
Be

nj
am

in
i–

Ye
ku

ti
el

im
et

ho
d

fo
r

17
co

m
pa

ri
so

ns
,H

C
s:

H
ea

lt
hy

C
on

tr
ol

285



Brain Sci. 2020, 10, 374

Table 3. Significant DRB1*15 Positivity Differences among HLA-DPB1 Alleles and Age of Onset Groups
in Multiple Sclerosis (MS) Patients.

Total Sample of MS Patients

HLA-DPB1* Genotype HLA-DRB1*15 Positive Sig 1

HLA-DPB1*03 0/22 (0%) 0.001 *
HLA-DPB1*04 19/63 (30.2%) 0.048 *
HLA-DPB1*14 5/7 (71.4%) 0.008 *

Adult-Onset MS

HLA-DPB1* Genotype HLA-DRB1*15 Positive Sig 1

HLA-DPB1*03 0/17 (0%) 0.003 *

Early-Onset MS

HLA-DPB1* Genotype HLA-DRB1*15 Positive Sig 1

HLA-DPB1*14 2/2 (100%) 0.036 *

Values represent observed frequencies (%) of HLA-DRB1*15 allele positivity among the different HLA-DPB1
genotypes. 1 Fisher exact tests. * p ≤ 0.05.

4. Discussion

HLA-immunogenetics is an old but still rapidly expanding field in MS pathogenesis. In order
to keep abreast of rapid developments in this field, we investigated the role of the HLA-DP locus
in MS pathophysiology. We genotyped 100 Hellenic patients with MS for HLA-DR and HLA-DP
alleles, as described above, which is a rather small sample and the main limitation of this study.
HLA-DPB1 genotyping was performed for the first time on a Hellenic MS population and in patients
with EOMS, which is the core novelty of our research, albeit on a small sample (28 patients); however,
we highlight again that EOMS is a rare disease entity and represents only the 3–5% of all MS patients
in Caucasian populations.

In our study, we replicated the well-established predominance of the HLA-DRB1*15 genotype in
Hellenic patients with MS compared to HC, independently of age at disease onset [11].

No statistically significant HLA-DPB1 allele differences were found between patients with EOMS
and AOMS. All statistically significant differences were investigated in the AOMS group, except for
the HLA-DPB1*04 allele, which is lower in EOMS and AOMS, compared to the HC group at a high
statistical level (p < 0.001, Table 2), suggesting a possible protective role in the Hellenic population.
This is in contrast with an early study in 1988 [12] where the frequencies of DPw4 were 93.3% in patients
with MS and 72.3% in controls (relative risk, R2 = 5.4, p = 0.0014). Nevertheless, we have to mention
that in this early study, the HLA-DNA typing was carried out on a small sample of 45 patients with
MS and 63 controls of different ethnic European groups (Swedish and Danish), using the Restriction
Fragment Length Polymorphism (RFLP) technique for HLA-DP and HLA-DR genes. In this same study,
the HLA-DR2 antigen was present in 75.5% of patients and in 33.7% of the controls (R2 = 6.1, p less
than 10(-6)). HLA-DPw4 was not associated (i.e., was not in linkage disequilibrium) with HLA-DR2
in patients or controls. Thus, the researchers concluded that in MS, the associations with HLA-DP
and HLA-DR are independent of each other, but the combined presence of HLA-DPw4 (cellularly
defined) and HLA-DR2 represented a significantly higher risk than either antigen alone, indicating that
synergism between HLA-DP and HLA-DR gene products may play a role in the genetic susceptibility to
MS. On the other hand, a recent study on celiac disease showed that the HLA-DPB1*04:01 allele protects
genetically-susceptible children from celiac disease [36], a fact that is in line with our results, concerning
children and adults with MS, while in another study in 2015, another HLA-DPB1*04 allele, namely
HLA-DPB1*04:02, conferred a strong protective effect against narcolepsy [37]. Finally, the worldwide
risk HLA-DRB1*15 allele in MS, in Caucasians, was found to be significantly increased among HLA-
DPB1*04 positive patients with MS (p = 0.048) in our sample.

In another early study in France in 1991, it was found that the distribution of HLA-DPB1 alleles
was not significantly different in patients with MS and controls [20]. Nowadays, it is perfectly clear
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that the HLA-DP*03 allele is associated with MS and epitope spreading in MS [17,22], and in this study,
we observed the risk susceptibility of this allele in our Hellenic MS sample, at a highly significant level
(p < 0.009, Table 2).

Regarding AOMS, the HLA-DPB1*03 allele could be a risk factor for the disease, as it was
found to be significantly increased in patients with AOMS compared to HC. The percentage of
HLA-DPB1*03 positive patients with EOMS was higher than HC (17.9% vs. 13.4%), although at a
nonstatistically significant level. The HLA-DRB1*15 allele was absent among HLA-DPB1*03 positive
patients. This cannot be attributed to linkage disequilibrium, as this was tested. Linkage disequilibrium
for the HLA-DR and HLA-DP genes was excluded in previous studies as well [12]. Since HLA-DPB1*03
was found to be increased in AOMS, it may constitute a risk factor; this genotype may exert its risk
factor effect only in the absence of HLA-DRB1*15, at least in AOMS. Moreover, the HLA-DRB1*15
allele was found to be significantly increased among HLA-DPB1*04-positive patients, suggesting that
HLA-DPB1*04 exerts a protective effect only in the absence of HLA-DRB1*15. Despite the relatively
small sample size in our study, these findings suggest that epistatic mechanisms between Class II
HLA-DR and HLA-DP alleles may play a role in disease pathogenesis and risk of disease occurrence.
This conclusion is in line with the results of Dekker et al. [19] who observed that in patients with MS
who lacked HLA-DQB1*06:02 allele, the HLA-DPB1*03:01 allele frequency was significantly (p = 0.006)
increased (50.0%) compared with HLA-DQB1*06:02-negative controls (9.1%). In parallel, in 2009,
Lincoln et al. highlighted the role of epistasis between HLA-DRB1*15 and HLA-DQA1*01:02 alleles.
More specifically, they proved that HLA-DQA1*01:02, which shows no primary MS association,
increases disease risk when combined with HLA-DRB1*15:01, through transepistatic interactions [27].
Of note is the fact that the presented slight HLA-DPB1 allele differences between AOMS and EOMS
could also reflect the different clinical course of these two groups, given that patients with older age at
onset are known to be more at risk of having secondary-progressive disease. For instance, predicting
the onset of secondary-progressive multiple sclerosis is accomplished using genetic and nongenetic
factors, with the HLA-A*02:01 allele conferring a decreased risk for MS and also contributing to
decreased hazards for SPMS [38].

Another finding in our study that is worthy of mention is the possible protective role of the
HLA-DPB1*02 allele in AOMS. HLA-DPB1*02 was found to be significantly decreased in AOMS,
while those who were HLA-DPB1*02 positive had, in general, fewer relapses since onset compared to
HLA-DPB1*02-negative patients with AOMS, corroborating the protective role of the HLA-DPB1*02
allele reported above (Figure 1).

The HLA-DPB1*35 allele was found to be significantly increased in patients with AOMS compared
to HC, while increased prevalence of the HLA- DRB1*15 allele in HLA-DPB1*14-positive patients
with MS and patients with EOMS was also noted. Nevertheless, their possible genetic risk should be
interpreted with caution, due to the very low frequency of these alleles.

At this point, we have to mention that the HLA-DPB1*04 allele is the most frequent in the Hellenic
population (92.7%), followed by HLA-DP*02 (36.6%) and HLA-DP*03 (13.4%) [30]. Additionally,
according to our results, the most common HLA-DPB1-haplotypes in Hellenic patients with MS were
HLA-DPB1*04/DPB1*04 (27%), followed by HLA-DPB1*02/DPB1*04 (13%), HLA-DPB1*03/DPB1*04
(11%) and HLA-DPB1*10/DPB1*04 (6%). Thus, the emerging protective role of the HLA-DP*04 allele is
in parallel with the HLA-DR*11 allele, which is the most common in the Hellenic population, and the
protective HLA-DRB1 allele in Hellenic patients with MS [11].

The role of HLA-DPB1 alleles has been studied in a range of other autoimmune diseases, especially
NMOSD [23]. More specifically, HLA-DPB1*05:01, which is extremely rare in Caucasian populations,
has the strongest association with opticospinal MS and anti-AQP4 seropositivity in Asian populations,
while HLA-DPB1*03 possibly offers genetic protection against the disease [23]. Moreover, HLA-
DPB1*02:01 has been associated with oligoarticular and rheumatoid factor-negative polyarticular
juvenile idiopathic arthritis and childhood-onset diabetes type I in the Japanese population [24,25].
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Therapeutic interventions in MS are sometimes difficult, because the patient’s symptoms at the
initial stages are not clearly suggestive of a definite demyelinating syndrome, especially in children.
Furthermore, sometimes the neuroradiological (MRI) aspects and blood antibody tests are not helpful.
In these situations, having a marker or a combination of markers that supports the differential diagnosis
is of crucial importance, and has a direct impact on therapeutic decision making. The HLA-DR alleles,
and especially the HLA-DR*15 allele, are the most robust genetic markers for almost every clinical or
paraclinical aspect of the disease [4] in Caucasians and for the therapeutic response to different Disease
Modified Treatments (DMTs) [4]. Nowadays, the expansion and overlap of various demyelinating
diseases, namely MS, NMOSD, ADEM (Acute Disseminating Encephalomyelitis), MOG-Demyelinating
(Myelin Oligodendrocyte Glycoprotein-Demyelinating) disease, Optic Neuritis, etc., make the need for
specific biomarkers more urgent than ever before, as noted in our previous critical review [39] and in
this works of other researchers [40].

Apart from a genetic association with MS and other demyelinating diseases, HLA-DP molecules
play a key role in MS pathogenesis and progression, as described many years ago [17,41].

Additionally, in our Hellenic cohort, the HLA-DP alleles seemed to play an independent role in
patients with MS (risk/protective), apart from the HLA-DR alleles, a fact that has to be confirmed in
larger cohorts in the future. This could pave the way for the usage of these alleles in patient stratification
(carriers and noncarriers)—as already happens with various HLA-DRB1 alleles and especially with the
HLA-DRB1*15 allele [4,42]—for many MS characteristics and therapy responses in different DMTs in
Caucasian populations [4,42].

Altogether, clarification of HLA-DP allele associations with both EOMS and AOMS is needed in
every ethnic group to get a better idea of clinical features and MS phenotypes and disease progression,
and as a form of future putative data for better therapeutics.

5. Conclusions-Limitations

In conclusion, our study supports the previously reported risk susceptibility role of the
HLA-DPB1*03 allele in AOMS in many Caucasian populations. Additionally, we report, for the first
time in the international literature, the protective role of the HLA-DPB1*04 allele for patients with both
EOMS and AOMS, and the putative protective role of the HLA-DPB1*02 allele in patients with AOMS
in our sample. Another finding that is worthy of mention is the total absence of the well-established
HLA-DRB1*15 allele among patients having the most statistically frequent HLA-DPB1*03 allele in
our cohort.

A limitation of our study was the relatively small sample size (28 patients with EOMS and
72 patients with AOMS). Indeed, observed small effect sizes for DPB1 alleles from the different group
comparisons were the following: EOMS vs. AOMS 7%, EOMS vs. HCs 21.9% and AOMS vs. HCs
25.8%. However, this is a first attempt towards clarifying the role of the HLA-DPB1 alleles in MS in a
Hellenic AOMS and EOMS cohort. Moreover, the small study sample did not allow us to conduct
multivariable analyses, which would more readily reveal confounding effects in our analyses.

These novel data could also contribute to personalized MS-therapeutics in the near future,
taking into account the rapid expansion of our knowledge of multiple sclerosis and other distinct
demyelinating diseases in many ethnic groups.
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Abstract: Diagnostics of Multiple Sclerosis (MS) are essentially based on the gold standard magnetic
resonance imaging. Few alternative simple assays are available to follow up disease activity.
Considering that the disease can remain elusive for years, identification of antibodies fluctuating
in biological fluids as relevant biomarkers of immune response is a challenge. In previous studies,
we reported that anti-N-glucosylated (N-Glc) peptide antibodies that can be easily detected in
Solid-Phase Enzyme-Linked ImmunoSorbent Assays (SP-ELISA) on MS patients’ sera preferentially
recognize hyperglucosylated adhesin of non-typeable Haemophilus Influenzae. Since multivalency
can be useful for diagnostic purposes to allow an efficient coating in ELISA, we report herein the
development of a collection of Multiple N-glucosylated Peptide Epitopes (N-Glc MEPs) to detect
anti-N-Glc antibodies in MS. To this aim, a series of N-Glc peptide antigens to be represented in the
N-GlcMEPs were tested in competitive ELISA. We confirmed that the epitope recognized by antibodies
shall contain at least 5-mer sequences including the fundamental N-Glc moiety. Using a 4-branched
dendrimeric lysine scaffold, we selected the N-Glc MEP 24, carrying the minimal epitope Asn(Glc)
anchored to a polyethylene glycol-based spacer (PEG) containing a 19-atoms chain, as an efficient
multivalent probe to reveal specific and high affinity anti-N-Glc antibodies in MS.
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1. Introduction

Multiple Sclerosis (MS) is the most frequent, chronic, inflammatory, demyelinating, disabling
disease of the central nervous system, mainly caused by an autoimmune response to self-antigens in
genetically susceptible individuals. MS diagnosis and prognosis are mainly supported by magnetic
resonance imaging (MRI) that up to now is considered the gold standard diagnostic technique [1].
To the best of our knowledge, there is still no biological marker relevant not only for MS diagnosis
but also for its prognosis [2–4]. In the last few years, the role of autoantibodies in MS and their
identification have been re-evaluated [5–8]. In particular, a cell-based assay to detect antibodies to
myelin oligodendrocyte glycoprotein (MOG), one of the candidate protein autoantigens in MS, has been
proposed. However, the real antigen(s) responsible of anti-MOG antibody recognition in the assay
remain elusive.

Covid-19, triggering the coronavirus pandemic era we have been living in 2020, marks the return
of the old and familiar, but unfortunately misunderstood, enemy killing more human beings than
natural disasters: viruses, bacteria, and parasites killers that our modern world tried to fight mainly by
social distancing.

Historically, protein antigens isolated from biological material or reproduced by recombinant
technologies were used to detect antibodies, but this approach has sometimes turned out as unrealistic.
The main limiting factor depends on epitope recognition because of sequence mutations, incorrect folding,
lack of post-translational modifications (aberrant versus native), and nonspecific binding.

Peptides mimicking the appropriate epitopes can be valuable tools. In fact, peptides that can
be synthetically produced as unique molecules, can increase specificity of antibody recognition,
eliminating or minimizing potential cross-reactivity with structurally similar fragments in non-relevant
proteins [9–11].

Several Enzyme-Linked ImmunoSorbent Assays (ELISA) based on synthetic peptides have
been proposed to detect antibodies in different diseases like Acquired ImmunoDeficiency Syndrome
(AIDS), Infectious Bronchitis (IB), Severe Acute Respiratory Syndrome (SARS), and Bluetongue
(BT) [12,13]. However, peptide-based ELISA can have some practical limitations, such as the antigen
immobilization that can ultimately affects the sensitivity of the assay, particularly when short sequences
(7–8 amino acids) are used [14,15]. Surface functionalization and biomolecular interactions can
overcome these disadvantages, such as in the streptavidin-biotin system [16].

An interesting strategy to increase surface binding on the ELISA plate, improving sensitivity,
is based on multimeric peptide dendrimers. In particular, Multiple Antigen Peptides (MAPs) are an
optimal compromise between short peptide epitopes and recombinant or native antigens. It is widely
recognized, that surface antibody binding is increased by multivalent presentation of the antigen.
In fact, multivalent interactions can be collectively much stronger than the sum of the corresponding
monovalent interactions [17,18]. Therefore, MAPs represent a useful chemically unambiguous system to
explore antigen-antibody interaction, thanks to their shape and globular physical characteristics [19,20].

Moreover, aberrant Post-Translational Modifications (PTMs) of antigens, can play a fundamental
role in triggering antibodies. Particularly, the N-glycosylation has been described as possible PTM
involved in an antibody-mediated form of MS [21,22].

In previous studies, by a structure-based design, we developed a collection of synthetic
glycopeptides, characterized by β-turn structures optimally exposing the sugars as minimal epitopes.
We demonstrated that the β-d-glucopyranosyl moiety (Glc) linked to an Asn residue (N-Glc) on
the tip of the turn is fundamental for antibody recognition in an MS patients’ population. N-Glc is
a prokaryote-specific modification that is found in selected Gram-negative bacteria, where it is most
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commonly found on cell-surface proteins such as (autotransporter) adhesins, biosynthesized as part
of the three-protein HMW cluster including the N-glucosyl transferase HMW1C. We demonstrated
that anti-N-Glc peptide antibodies, easily detected by a Solid-Phase (SP)-ELISA [22,23], preferentially
recognize hyperglucosylated adhesin of non-typeable Haemophilus influenzae (NTHi) particularly the
C-terminal portion HMW1(1205-1526) termed HMW1ct. This was the first example of an N-glucosylated
native antigen that can be considered a relevant candidate for triggering pathogenic antibodies in
MS [24]. The protein HMW1ct is expressed as a mixture of three N-Glc variants containing 7, 8, and
9 Glc moieties on Asn residues inside the consensus sequence NX(S/T) in a 1:1:1 ratio. Since the
NTHi cell-surface adhesins are widely glucosylated, the N-Glc residues are likely to be exposed
conceptually in vivo in a multivalent shape, thus potentially favoring the emergence of a rough
immunological response.

In the present study, we aimed to reproduce multivalent exposure of N-Glc epitopes to increase
coating efficiency on the ELISA microplate for the detection of anti-N-Glc antibodies in MS, reminiscent
of an early infection. First of all, by ELISA experiments, both competitive and in solid-phase, we defined
the N-Glc epitopes (assuring the specificity and selectivity of autoantibody recognition), decreasing the
length of the originally developed N-glucosylated β-turn synthetic antigenic probes. Then, the best
efficiency of coating to the polystyrene ELISA plate was guaranteed, considering the concept of the
multivalency to increase the antibody binding affinity. In particular, the selected short epitopes were
conjugated to 4-branched dendrimeric lysine scaffolds creating Multiple N-Glucosylated Peptide
Epitopes (N-Glc MEPs). Therefore, the novel N-Glc MEPs were developed with the aim not only to
enhance the diagnostic performance of the assay but also the coating efficiency of the minimal epitopes
to the polystyrene ELISA plate.

2. Materials and Methods

2.1. Synthesis of the N-Glc Peptides

N-Glc peptide epitopes 2–22 (Tables 1 and 2) were synthesized following the Fmoc/tBu manual
strategy. Experimental details and analytical data of the synthetic molecules are reported in the
Supplementary Materials (Tables S1 and S2).

Table 1. Shortened N-glucosylated (N-Glc) sequences of CSF114(Glc).

Peptide Name Number N-Glucosylated Peptide Sequence

CSF114(Glc) (1) TPRVERN(Glc)GHSVFLAPYGWMVK
[Asn7(Glc)] CSF114(1–18) (2) Ac-TPRVERN(Glc)GHSVFLAPYGW-NH2
[Asn7(Glc)] CSF114(1–16) (3) Ac-TPRVERN(Glc)GHSVFLAPY-NH2
[Asn7(Glc)] CSF114(1–14) (4) Ac-TPRVERN(Glc)GHSVFLA-NH2
[Asn7(Glc)] CSF114(2–13) (5) Ac-PRVERN(Glc)GHSVFL-NH2
[Asn7(Glc)] CSF114(4–11) (6) Ac-VERN(Glc)GHSV-NH2
[Asn7(Glc)] CSF114(5–10) (7) Ac-ERN(Glc)GHS-NH2
[Asn7(Glc)] CSF114(6–9) (8) Ac-RN(Glc)GH-NH2

Table 2. N-Glc tri- and pentapeptides as synthetic antigens.

Glucosylated Core Peptide Glucosylated Tripeptides Glucosylated Pentapeptides

Selected NXT/S sequences

Ac-N(Glc)GS-NH2 (9);
Ac-N(Glc)GT-NH2 (10);
Ac-N(Glc)KS-NH2 (11);
Ac-N(Glc)KT-NH2 (12).

Ac-ERN(Glc)GS-NH2 (16);
Ac-ERN(Glc)GT-NH2 (17);
Ac-ERN(Glc)KS-NH2 (18);
Ac-ERN(Glc)KT-NH2 (19)

CSF114(Glc) Ac-N(Glc)GH-NH2 (13);
Ac-N(Glc)KH-NH2 (14)

Ac-ERN(Glc)GH-NH2 (20);
Ac-ERN(Glc)KH-NH2 (21)

[Asn31(Glc)]hMOG(30–50) Ac-N(Glc)AT-NH2 (15) Ac-KGN(Glc)AT-NH2 (22)
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2.2. Synthesis of N-Glc Multiple Epitope Peptides (N-Glc MEPs)

N-Glc MEPs 23–26 (see Section 3.4) were synthesized following the protocol described in the
Supplementary Materials. Analytical data are reported in Table S3.

2.3. Immunological Assays

Multiple Sclerosis (MS) patients’ sera samples were collected in the Multiple Sclerosis Clinical Care
and Research Centre, Department of Neurosciences, Reproductive Sciences and Odontostomatology,
Federico II University (Naples, Italy). Sera samples were obtained for diagnostic purposes, from patients
and healthy blood donors who had given their informed consent, and stored at −20 ◦C until use.
The present study was conducted in accordance with the Declaration of Helsinki. All experimental
protocols performed were approved by the Ethics Committee 2006 and 2017 (protocol n. 120/06 and
160/17, respectively). The MS group consisted of relapsing-remitting MS (RR-MS) patients after a
diagnostic lumbar puncture, cerebrospinal fluid analysis, and MRI examination and fulfilled established
international diagnostic criteria [25,26]. Blood samplings in the patients’ group were performed during
the routine follow-up study, while the healthy control samples were carried out during routine health
checks or blood donations.

2.3.1. Inhibition ELISA

Ninety-six-well activated polystyrene ELISA plates (NUNC Maxisorb, Sigma Aldrich, Milano,
Italy) were coated with 1 μg per 100 μL of the type I’ beta turn glucosylated peptide CSF114(Glc) or
MEPs per well, in pure carbonate buffer 0.05 M (pH 9.6) and incubated at 4 ◦C overnight. Washing
steps were executed with an automatic Hydroflex microplate washer (Tecan Italia, Milano, Italy).
After five washes with washing buffer containing 0.9% NaCl and 0.05% Tween 20, nonspecific binding
sites were blocked with 100 μL per well fetal calf serum (FCS) buffer solution (10% in washing buffer)
at room temperature for 60 min.

Antibody affinity was measured following the inhibition methods reported elsewhere [27,28].
Semi-saturating sera dilution was calculated in preliminary titration curves (absorbance 0.7). Six different
concentrations of each synthetic antigenic peptide probe were used as inhibitors. Then, sera samples
at the selected dilution were incubated in parallel with increasing concentrations of the synthetic
shortened peptide sequences (range 1 × 10−10 to 1 × 10−4) for 60 min at room temperature. All inhibition
experiments were performed in duplicate or triplicate for each single MS patient’s serum positive to
CSF114(Glc) separately. All experiments were repeated at least twice on two different working days.

After three washes, uninhibited antibodies were identified by adding 100 μL/well of alkaline
phosphatase-conjugated anti-human immunoglobulin G (IgG, Sigma-Aldrich, Milano, Italy) diluted
1:8000 in washing buffer containing 10% FCS. The microplates were then incubated 3 h at room
temperature and, after three washes, 100 μL of substrate solution consisting of 1 mg/mL p-nitrophenyl
phosphate (Sigma-Aldrich, Milano, Italy) in 10% diethanolamine buffer (pH 9.8) were added.
After approximately 30 min, the reaction was stopped with 1M NaOH solution (50 μL/well), and the
absorbance was read in a multichannel ELISA reader (Tecan Sunrise, Männedorf, Switzerland) at 405 nm.
The selected ELISA microplates, coating conditions, reagent dilutions, buffers, and incubation times
were previously tested [24,29]. The relationship between peptide concentrations and the absorbance
values was represented graphically in absorbance inhibition percentage, and half-maximal response
concentration values (IC50) were calculated.

2.3.2. Solid-Phase ELISA (SP-ELISA)

Immunoassays, to detect IgM or IgG antibodies in sera, were performed by SP-ELISA coating the
synthetic peptides on 96-well plates (Nunc Maxisorp, Sigma−Aldrich, Milano, Italy).

Polystyrene 96-well ELISA plates were coated with a 10 μg/mL solution of diluted synthetic
peptides, independently, in pure carbonate buffer 0.05 M (pH 9.6). After overnight incubation at
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4 ◦C, plates were washed three times using washing buffer. Nonspecific binding sites were blocked
with 100 μL/well of fetal calf serum buffer (10% FCS in washing buffer) at room temperature for 1 h.
FCS buffer was removed and plates were incubated overnight with sera (diluted 1:100 in FCS buffer,
100 μL/well) at 4 ◦C. After three washes, plates were treated with 100 μL/well of anti-human IgG
or IgM alkaline phosphatase-conjugated specific antibodies diluted in FBS buffer (1:8000 and 1:200,
respectively). After 3 h of incubation at room temperature and three washes, 100 μL of substrate buffer
was added to each well. After 15–30 min incubation at room temperature, the absorbance of each plate
was read in a multichannel ELISA reader at 405 nm. The antibody levels are expressed as absorbance
in arbitrary units at 405 nm.

2.4. Statistical Analysis

Data are expressed as measured absorbance values at 405 nm calculated as the mean ± SD.
Statistical analysis was performed using the software GraphPad Prism version 6.01 (Graphpad
Software Inc., La Jolla, CA, USA). Descriptive statistics was used to calculate mean and standard
deviation for continuous variables and percentage for categorical variables. Mann–Whitney U tests
were used to compare antibody response distributions. Differences were deemed statistically significant
when p value < 0.05 (two-tailed test). Non-parametric Spearman’s rho and related 95% confidence
intervals were used to assess correlation between pair of tests. A p value < 0.05 (two-tailed test) was
considered as significant. Receiver Operating Characteristic (ROC) curve analysis was employed to
calculate cut-off values, establishing sensitivities and sensibilities.

3. Results

In previous studies, we reported the cross-reactivity between the N-glucosylated adhesin antigen
HMW1ct-Glc and anti-CSF114(N-Glc) IgG antibodies in MS patients’ sera by competitive ELISA [25].
The HMW1C from NTHi is one of the first examples of soluble bacterial protein glycosyltransferases
capable of performing N-glycosylation with simple hexoses (i.e., glucose) on asparagine residues in
conserved Asn-Xaa-Ser/Thr motifs [29,30]. On the other hand, CSF114(Glc) is a structure-based designed
21-mer peptide (TPRVERN(Glc)GHSVFLAPYGWMVK) that was optimized as a type I’ beta-turn
structure because of its ability to expose at the best, at position 7, the minimal, but fundamental
moiety Asn(N-Glc), in the epitope for autoantibody recognition in the solid-phase conditions of the
immunoenzymatic assay [31].

Starting from this assumption, preliminary experiments were performed to select the shortest
peptide sequences corresponding to the epitope(s) to be presented in multiple copies in fully
characterized multivalent Multiple Epitope Peptides (MEPs) to detect antibodies in MS patients’ sera
by SP-ELISA. The use of MEPs for specific antibody detection can pave the way for the development
of a simple tool to identify immune responses to aberrant glycosylations, such as N-glucosylation in
MS possibly linked to an early non-typeable Haemophilus influenzae bacterial infection.

3.1. Antibody Detection in Solid-Phase ELISA (SP-ELISA) Is Affected by the Length of the Peptide Antigen

First of all, we investigated the influence of the length of shortened peptide sequences of the
synthetic antigenic probe CSF114(Glc) on the efficiency both in antibody recognition and on the coating
in the SP-ELISA. At this purpose, the glucopeptide sequence was tightened down step-by-step and
the shortened peptides 2–5 (Table 1) derived from CSF114(Glc) were synthesized (as described in the
Supplementary Materials) and characterized using analytical Reverse-Phase High Performance Liquid
Chromatography (RP-HPLC) and ElectroSpray Ionisation Mass Spectrometry (ESI-MS) (Table S1).
The shortened peptide sequences were acetylated at the N-terminus and amides at the C-terminus,
in order to dislodge free terminal charges, which are not present in the native protein sequence and
might hamper the antibody recognition [32].

SP-ELISA, against pools of positive MS sera and healthy controls (Figure 1), clearly showed a
progressive decrease in antibody titre in parallel with the decrease in peptide length. In fact, the 12-mer
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glucopeptide 5 completely lost its ability to identify antibodies in SP-ELISA, possibly because of an
inefficient coating. Therefore 14 residues appeared to be the minimum length necessary for antibody
identification in SP-ELISA, probably because shorter immobilized glucopeptide sequences (<14) are
only partially prone to expose the epitope for antibody binding.

Figure 1. Antibody titres (expressed as Absorbance values) in Multiple Sclerosis (MS) patients’ and
healthy blood donors’ sera against the glucopeptide antigens CSF114(Glc) (1), [Asn7(Glc)]CSF114(1–18)
(2), [Asn7(Glc)]CSF114(1–16) (3), [Asn7(Glc)]CSF114(1–14) (4), and [Asn6(Glc)]CSF114(2–13) (5).

3.2. Antibody Affinity of Shortened CSF114(Glc) Glucopeptide Sequences in Competitive ELISA: Shortening
CSF114(Glc) Does not Affect Antibody Epitope Recognition

Considering that SP-ELISA allows to evaluate fundamentally the relative antibody affinity that
depends on the exposure of the peptide in the solid-phase conditions of the assay, we also investigated
the absolute antibody affinity against the CSF114(Glc) shortened sequences by a competitive ELISA.
For this purpose, the N-glucosylated β-turn peptide structure CSF114(Glc) was tightened down again
step-by-step with the aim to identify the critical epitope displaying optimal antibody binding reactivity
in the competitive in vitro assay.

Further, we investigated the role of the amino acids surrounding the previously identified minimal
epitope Asn(N-Glc) [24]. In particular, we developed the synthetic shorter sequences 6–8 that were
tested in competitive ELISA in parallel to 2–5 (Table 1).

All the synthetic glucopeptides were used as inhibitors in competitive ELISA using anti-CSF114(Glc)
antibodies in one representative positive MS patient’s serum. The IC50 s were calculated applying the
non-linear regression least squares (ordinary) fit to the experimental data for each peptide, and values are
summarized in the Supplementary Materials (Table S4). As shown in Figure 2, the full length CSF114(Glc)
showed the highest degree of binding affinity (IC50= 0.009μM, Table S4 in the Supplementary Materials).
Despite 14 residues are the minimum for antibody recognition in SP-ELISA, the inhibitory activity
is still optimal when the epitope region is included in ca. 11 amino acid residues as 5 and 4 display
(IC50= 0.035μM and 0.014μM, respectively). On the other hand, the 4-mer glucopeptide 8 and the 6-mer
glucopeptide 7 displayed the lowest inhibitory potency (IC50 = 2.2 μM and 3.5 μM, respectively), but,
in any case, all are able to inhibit antibodies.
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Figure 2. Inhibition curves: (A) Inhibition curve of anti-CSF114(Glc) IgG antibodies from a representative
MS serum with N-glucosylated peptides, [Asn7(Glc)]CSF114(4–11) (6), [Asn7(Glc)]CSF114(5–10) (7),
and [Asn7(Glc)]CSF114(6–9) (8) in comparison with the N-glucosylated peptide CSF114(Glc) (1) in a
competitive Enzyme-Linked ImmunoSorbent Assay (ELISA). (B) Inhibition curve of anti-CSF114(Glc)
IgG antibodies from a representative MS serum with glucopeptides: [Asn7(Glc)]CSF114 (1–18) (2),
[Asn7(Glc)]CSF114 (1–16) (3), [Asn7(Glc)]CSF114 (1–14) (4), [Asn7(Glc)]CSF114 (2–13) (5) in comparison
with the glucopeptide CSF114(Glc) in a competitive ELISA. The results are expressed as percentage of
inhibition activity of representative MS serum (ordinate axis) versus the peptide concentrations (M) in
logarithmical scale.

3.3. Study of the Possible Role of a Consensus Sequence Surrounding N(Glc) in Antibody Recognition

Taking into consideration that shorter glucopeptides 6 and 8 displayed antibody affinity in
competitive ELISA, we decided to investigate a series of N-Glc tri- and pentapeptides as synthetic
antigens, undertaking a deductive approach to rule out N-glycosylation consensus sequences (sequons).

As a proof of concept, among the possible combinations of tripeptide sequons NX(T/S), we selected
the ones containing X=Gly or Lys. In particular, we synthesized N(Glc)GS (9), N(Glc)GT (10), N(Glc)KS
(11), and N(Glc)KT (12). Moreover, we synthesized N(Glc)GH (13) and N(Glc)KH (14), derived from
the original glucosylated core of CSF114(Glc), that did not correspond to a consensus sequence. Then,
we included the sequon N(Glc)AT (15), present both in the human myelin oligodendrocyte glycoprotein
(MOG) sequence [Asn31(Glc)]hMOG(30–50) (an antigenic immunodominant epitope recognizing also
antibodies in MS) [33], but also highly represented (3 out of 12 positions) in the C-terminal portion
HMW1(1205–1526), i.e., HMW1ct hyperglucosylated adhesin of non-typeable Haemophilus influenzae
(NTHi) (N at positions 3, 7, and 9) [25] together with N(Glc)GS (9). Moreover, considering that a
tripeptide sequence is probably not long enough for a good antigen-antibody interaction, the following
step in the identification of the epitope was to test the pentapeptides 16–22, including the sequons.
At this purpose the two amino acids placed in positions –B2 and –B1 in the CSF114(Glc) sequence were
added to allow the spatial hint in the shape of a β-turn, with Asn(Glc) on the tip. The same idea was
applied to the sequon N(Glc)AT (15), inserting amino acids in positions 29 and 30 of hMOG(30–50)
sequence, originally containing Asn(Glc) at position 31 [33].

Therefore, glucosylated tri- and pentapeptides 9–22 (Table 2) were synthesized, purified,
and characterized as described in detail in the Supplementary Materials.

The antibody affinity of tripeptides 9–15 and pentapeptides 16–22 was evaluated by competitive
ELISA compared to the original N-glucosylated β-turn peptide sequence (Figure 3). CSF114(Glc) was
coated onto the ELISA microplate and patients’ sera were incubated with different shortened peptide
concentrations. IC50 values were reported in the Supplementary Materials (Table S5).
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Figure 3. Inhibition curves: (A) Inhibition curve of anti-CSF114(Glc) IgG antibodies from a
representative MS serum with the tripeptides 9–15: Ac-N(Glc)GS-NH2 (9), Ac-N(Glc)GT-NH2 (10),
Ac-N(Glc)KS-NH2 (11), Ac-N(Glc)KT-NH2 (12), Ac-N(Glc)GH-NH2 (13) Ac-N(Glc)KH-NH2 (14),
Ac-N(Glc)AT-NH2 (15), in comparison with the glucopeptide CSF114(Glc) (1) in a competitive ELISA.
(B) Inhibition curve of anti-CSF114(Glc) IgG antibodies from a representative MS serum with the
pentapeptides 16–22: Ac-ERN(Glc)GS-NH2 (16), Ac-ERN(Glc)GT-NH2 (17), Ac-ERN(Glc)KS-NH2 (18);
Ac-ERN(Glc)KT-NH2 (19), Ac-ERN(Glc)GH-NH2 (20), Ac-ERN(Glc)KH-NH2 (21); Ac-N(Glc)AT-NH2

(22), in comparison with the glucopeptide CSF114(Glc) in a competitive ELISA. The results are expressed
as the percentage of inhibition activity of a representative MS serum (ordinate axis) versus the peptide
concentrations (M) in logarithmical scale.

Inhibition curves of the tripeptides 9–15 and pentapeptides 16–22 are shown in Figure 3.
The original sequence of CSF114(Glc) presented the best inhibitory activity (IC50 = 0.34 μM, Table S5).
The shortest tripeptide probes 9–15 recognized anti-CSF114(Glc) antibodies even if with an affinity
lower than the synthetic glucosylated 21mer-peptide (Figure 1). Among all the tripeptides tested,
the glucopeptides Ac-N(Glc)KS-NH2 (11) and Ac-N(Glc)KT-NH2 (12) showed the best inhibitory
activity (IC50 = 1.1 and 0.97 μM, respectively, Table S5).

The longer linear sequences 16–22 exhibited high inhibition efficacy in competitive ELISA, better
than their corresponding tripeptide analogs 9–15. In particular, the pentapeptide Ac-ERN(Glc)KT-NH2

(19) presented the best inhibitory activity (IC50 = 0.54 μM, Table 3) followed by the pentapeptides
Ac-ERN(Glc)GT-NH2 (17) (IC50 = 0.58 μM) and Ac-KGN(Glc)AT-NH2 (22) (IC50 = 0.60 μM). This result
indicates that the IC50 values for N-Glc pentapeptides are closely similar, and no substantial differences
were observed among the pentapeptides tested, independently of the sequence.

Table 3. Receiver Operating Characteristic (ROC) analysis. Values obtained from ROC-analysis of N-Glc
MEPs 23–26 and the glycopeptide CSF114(Glc) (1) for the area under the curve, p value, established
cut-off and the corresponding sensitivity, specificity, and likelihood ratio.

Compound

Area Under Curve (AUC) Criterion Value and Coordinates

AUC
Standard
Error (SE)

95% Confidence
Interval

p-Value Cut-Off Sensitivity (%) Specificity (%)
Likelihood

Ratio

N-Glc MEP (23) 0.5747 0.1073 0.3643 to 0.7850 0.4899 >1.057 17.65
(3.799 to 43.43)

92.31
(63.97 to 99.81) 2.294

N-Glc MEP (24) 0.5249 0.1100 0.3092 to 0.7406 0.8180 >0.6104 35.29
(14.21 to 61.67)

92.31
(63.97 to 99.81) 4.588

N-Glc MEP (25) 0.7511 0.09376 0.5673 to 0.9350 0.02023 >1.053 38.46
(13.86 to 68.42)

82.35
(56.57 to 96.20) 2.179

N-Glc MEP (26) 0.6380 0.1041 0.4339 to 0.8421 0.2018 >1.029 30.77
(9.092 to 61.43)

82.35
(56.57 to 96.20) 1.744

CSF114(Glc) (1) 0.6516 0.1049 0.4458 to 0.8573 0.1610 >0.7575 47.06
(22.98 to 72.19)

92.31
(63.97 to 99.81) 6.118
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3.4. N-Glc Multiple Epitope Peptides (N-Glc MEPs) to Mimic Multivalency in SP-ELISA

In order to mimic a multivalent presentation of the minimal but fundamental epitope Asn(N-Glc),
and increasing at the same time the efficiency in coating to the ELISA polystyrene plate of short linear
peptides, we synthesized different N-Glc MEPs based on a dendrimeric lysine scaffold, having in
common Asn(Glc) [34].

Starting from a lysine tetrameric core, we synthesized five N-Glc MEPs 23–26 bearing spacers of
different length: β-Alanine and two different polyethylene glycol-based spacers (PEG), containing 9-
and 19-atoms chain, respectively. The following antigens were selected: (i) the β-turn N-glucosylated
pentapeptide ERN(Glc)GH (12) and (ii) the simple minimal N-glucosylated asparagine epitope Asn(Glc).
The spacers were introduced to avoid steric hindrance possibly hampering antibody binding. The N-Glc
MEP structures are reported in Figure 4.

 
Figure 4. Collection of the synthetic N-Glc Multiple Epitope Peptides (MEPs).

The N-Glc MEPs were synthesized starting from Fmoc4-Lys2-Lys-β-Ala-Wang resin, according to
the general procedure described in details in the Supplementary Materials. The Fmoc-Asn(βGlcAc4)-OH
building block was synthesized according to the method developed by Paolini et al. [35]. N-Glc MEPs
were acetylated on the N-terminal function. All the N-Glc MEPs were purified by semi-preparative
RP-HPLC, and characterized by RP-HPLC and ESI-MS (Table S3).

We assessed IgG isotype antibodies against N-Glc MEPs 23–26 in a cohort of 16 MS patients,
previously selected on their reactivity to the original N-glucosylated type I’ β-turn peptide structure
CSF114(Glc), and compared to 14 healthy blood donors as controls (Figure 5).

The Receiver Operating Characteristic (ROC) analysis was employed to perform an accurate
comparative investigation of the performances of the different N-Glc MEPs, evaluating their
discrimination power at the different cut-off values. Sensitivity, specificity, and likelihood ratios
were also calculated [36]. Selected cut-off values, sensitivities, and the rest of the statistical parameters
are shown in Table 3 (ROC curves are reported in Figure S1 in the Supplementary Materials).
The characteristics of the curves, their shape and steepness, and their underlying area provide evidence
that the synthetic N-Glc MEPs are able to identify antibodies in MS patients’ sera.
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Figure 5. Antibody responses (expressed as Absorbance values) against the synthetic N-Glc MEPs.
Data distribution of IgG antibodies against the glucopeptide CSF114(Glc) and the synthetic N-Glc
MEPs 23–26 obtained by SP-ELISA (grey). Box and whiskers (min to max) are plotted for each data
group (black).

Despite N-Glc MEP 25 and 26 presented the best Area Under the Curve (AUC) values (0.7511 and
0.6380, respectively), observing the data distribution we assume that their ability to identify specific MS
antibodies is lower compared with N-Glc MEPs 23 and 24. This is justified with the increased means of
the antibody titers in controls compared to MS patients in both N-Glc MEP 25 and 26, which apparently
improved AUC and p values, but are due to non-specific interactions. In fact, the specificities calculated
for N-Glc MEPs 25 and 26 are sensibly decreased compared with CSF114(Glc) (82.35% and 92.31%,
respectively). Considering the sensitivity values, once the specificity is fixed in 92.31%, the N-Glc MEP
24 presented the best performance identifying as positive the 35.29% of the MS patients.

Consequently, we decided to deepen on N-Glc MEP 24 ability (containing only N-Glc moieties)
to recognize specific MS antibodies in patients’ sera. At this purpose, N-Glc MEP 24 was tested
against an increased number of MS patients’ sera (81) and healthy controls’ (30) sera, in parallel, to the
glucopeptide CSF114(Glc) as reference. Data distribution of IgG and IgM antibody titers identified by
SP-ELISA are reported in Figure 6A,B.

The non-parametric Mann–Whitney test was applied to evaluate significant differences between
MS patients’ and controls’ groups. The results showed significant differences (p value< 0.001, two-tailed
test) for CSF114(Glc), both for IgM and IgG-type antibodies. Slightly different results were observed in
the case of N-Glc MEP 24. In fact, the differences among groups were statistically significant when
IgM-isotype antibodies were detected (p value = 0.0001, two-tailed test). On the other hand, the IgGs
against the multivalent N-Glc MEP 24 showed no level of significance (p value = 0.3611, Two-tailed
test). In our opinion, the IgG antibody response as detected by N-Glc MEP 24 appears to be less specific
because it detects a “noise” level in the control group, forcing a decreased specificity to maintain
sensibility when selecting the corresponding cut-off.

Among the absorbance values of MS patients, the frequencies of the anti-CSF114(Glc) antibodies
significantly correlated with the ones against the N-Glc MEP 24 (p value < 0.0001, two-tailored);
the Spearman’s correlation coefficients (rho values) were r = 0.7507 and 0.7424 for IgG and IgM,
respectively (Figure 6C,D).

Then, we investigated the absolute antibody affinity of N-Glc MEP 24 in a competitive ELISA.
In a set of three MS positive sera tested in parallel, the multivalent N-Glc MEP 24 inhibited the binding
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of antibodies to the glycopeptide CSF114(Glc), giving rise to contrasting inhibition curves among the
different representative sera employed (Figure S2 in the Supplementary Materials). Data of serum
MS1 (Figure S2A in the Supplementary Materials) showed that the affinity of N-Glc MEP 24 was
lower than CSF114(Glc) (IC50 = 2.145 × 10−8 M and 5.200 × 10−7 M, respectively), whereas serum MS2
exhibited superimposable affinity (IC50 = 6.373 × 10−8 M and 6.088 × 10−8 M respectively). Moreover,
in MS3 serum IC50 was lower for N-Glc MEP 24 compared to CSF114(Glc) (IC50 = 2.145 × 10−8 M and
5.116 × 10−9 M, respectively). This finding indicates that the N-Glc MEP 24 shares similar epitopes,
all including the Asn(N-Glc) residue. In particular, its antibody affinity can be slightly different among
the MS patients, probably because of the differential innate and adaptive immune responses typical of
each subject.

Figure 6. Data of antibody responses against the glucopeptide CSF114(Glc) and N-Glc MEP 24.
Data distribution of IgG (A) and IgM (B) antibody titers in 81 MS patients’ sera and 30 controls’ sera
identified by SP-ELISA against the peptide sequences CSF114(Glc) and the synthetic multivalent N-Glc
MEP 24. Data are expressed as mean values ± standard deviation with a significance level ** p < 0.001
(two-tailed Mann–Whitney non-parametric test). Selected cut-off values for each compound are plotted
in red. Correlation between CSF114(Glc) and N-Glc MEP 24 both for IgG (C) and for IgM (D) are shown.
The Spearman’s correlation coefficients (rho values) and the corresponding p values are reported in
each plot. Regressions lines are plotted in black (dashed lines show the 95% confidence interval of the
best-fit line).

4. Discussion

Multiple sclerosis diagnosis is still very challenging, relying on clinical and radiological criteria
and in the absence of “better explanations” [37], the development of simple diagnostics detecting
specific biomarkers is highly warranted. Moreover, native structures triggering specific antibodies in
Multiple Sclerosis (MS) are still uncharacterized. Consequently, surrogate antigens used to identify
antibodies in MS by ELISA are elusive. In spite of the fact that MS is considered mainly a T-cell
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mediated disease, the role of B-cells is increasingly appreciated. In this scenario, we demonstrated
for the first time that an aberrant N-glucosylation is part of a relevant epitope that was identified
by the structure-based designed β-turn 21-mer glucopeptide CSF114(Glc). This synthetic tool was
instrumental for the discovery of antibodies in an MS patients’ population preferentially recognizing
the hyperglucosylated bacterial adhesin of non-typeable Haemophilus influenzae. With the idea in mind
that multivalent presentation of glucosylated asparagine residues may occur in a variety of native
antigens, as in the case of citrullination in rheumatoid arthritis [38], we focused on the development of
a synthetic tool enhancing the role of multiple aberrant modifications versus amino acid sequences.
We simplified the antigen to be synthetically produced in a multiple format, taking into consideration
that peptide dendrimers are considered protein-like multivalent materials, whose architecture is a
key parameter for activity [39,40]. Therefore, we selected the multivalent epitope peptide N-Glc MEP
24, based on a lysine-dendritic scaffold (relatively simple to be produced), carrying four copies of
the minimal glucosylated epitope Asn(Glc) anchored to a PEG-based spacer containing a 19-atoms
chain [41]. In previous studies, we demonstrated that CSF114(Glc) shortened epitopes lost specificity
and sensitivity for IgM antibodies in MS patients’ sera by SP-ELISA [29], sensibly decreasing the
diagnostic potential of the synthetic antigen. On the contrary, N-Glc MEP 24 displays an interesting
ability to identify in SP-ELISA both IgG and IgM antibodies in a large number of MS patients’ sera (81)
compared to controls (30), with a sensitivity of 35% (95% CI: 14.21–61.67) and a specificity of 92.31
(95% CI: 63.97–99.81). This result is particularly relevant, since it offers the possibility to detect with
the same tool both IgMs and IgGs in MS, thus increasing the diagnostic and prognostic value of the
antigen thanks to multivalent presentation of the minimal epitope [24].

5. Conclusions

The present study reported the development of new N-glucosylated Multivalent Epitope Peptides for
the detection of anti-N(Glc) antibodies in Multiple Sclerosis. After a preliminary screening of several short
linear peptide epitopes and multiple epitope peptides, the promising results suggest that multivalent
interaction can be useful in designing SP-ELISA to detect antibodies to aberrant N-glucosylation in
Multiple Sclerosis for both diagnostic and prognostic purposes. Indeed, the multivalent N-Glc MEP 24

ligand, carrying the minimal glucosylated epitope Asn (Glc) anchored to the 19-atoms PEG-based spacer,
can be an efficient probe to reveal both IgM and IgG autoantibodies as disease biomarkers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/10/7/453/s1.
Details of the synthetic procedures, analytical and immunochemical characterization of the synthetic antigenic
probes are reported online. Table S1: Shortened CSF114(Glc)-sequences of peptides 2–8., Table S2: Sequences
and chemical data for the N-glucosylated (N-Glc) peptides 9–22, Table S3: Analytical data of the Multiple
N-glucosylated Peptide Epitopes (N-Glc MEPs) 23–26, Table S4: Calculated half maximal inhibitory concentration
(IC50). Calculated Log 1/IC50 with the Std errors and the IC50 with the Corresponding Confidence Interval
(CI) for the shortened peptides versus CSF114(Glc), Table S5: Calculated Log 1/IC50 with the Std errors and
the IC50 with the Corresponding Confidence Interval (CI) for the Peptides 9–22 and CSF114(Glc) (1), Figure S1:
Received Operating Characteristic (ROC) analysis. ROC curve analysis of anti-CSF114(Glc) antibodies and
anti-N-Glc MEPs 23–26 in Multiple Sclerosis versus controls determined by SP-ELISA, Figure S2: Competitive
ELISA experiments with CSF114(Glc) and N-Glc MEP 24. Inhibition curves of anti-CSF114(Glc) antibodies with
N-Glc MEP 24 compared with CSF114(Glc) in a competitive ELISA. The results are expressed as percentage of
inhibition (ordinate axis) of three representative MS sera: MS1 (A), MS2 (B) and MS3 (C) versus the peptide
concentrations (M) in logarithmical scale.
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Abstract: Recent studies have shown the ability of electrochemical methods to sense and
determine, even at very low concentrations, the presence and quantity of molecules or analytes
including pharmaceutical samples. Furthermore, analytical methods, such as high-pressure liquid
chromatography (HPLC), can also detect the presence and quantity of peptides at very low
concentrations, in a simple, fast, and efficient way, which allows the monitoring of conjugation
reactions and its completion. Graphite/SiO2 film electrodes and HPLC methods were previously
shown by our group to be efficient to detect drug molecules, such as losartan. We now use these
methods to detect the conjugation efficiency of a peptide from the immunogenic region of myelin
oligodendrocyte to a carrier, mannan. The HPLC method furthermore confirms the stability of
the peptide with time in a simple one pot procedure. Our study provides a general method to
monitor, sense and detect the presence of peptides by effectively confirming the conjugation efficiency.
Such methods can be used when designing conjugates as potential immunotherapeutics in the
treatment of diseases, including multiple sclerosis.

Keywords: mannan; peptide; conjugation; MOG35-55; Graphite/SiO2 electrode; voltammetry; HPLC;
multiple sclerosis; immunotherapy; vaccine

1. Introduction

Voltammetric techniques, including differential pulse voltammetry (DPV) and cyclic voltammetry
(CV), as well as high-performance liquid chromatography (HPLC), were applied to identify and
detect a peptide to its conjugated carrier. This study describes for the first time an alternative, fast,
low cost and reliable method for the adequate and reliable determination of an active pharmaceutical
ingredient (API) in the biocompatible matrix. The performance of the voltammetric techniques is
strongly dependent on the performance of the working electrode used. Film electrodes, such as the
graphite/SiO2 used in this study, are being used in electrochemistry, as it has a number of advantages
over the standard metallic and glass carbon electrodes. These include ease of manufacture requiring
lower temperatures, low cost, the high surface area that could be rapidly renovated, simple handling,
and their increased conductivity in a wide range of potentials. In addition, these techniques exhibit
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a wide range of anodic and cathodic peaks and great electrocatalytic activity and stability. All these
features are crucial for the correct choice of a working electrode, especially when direct electrochemistry
is conducted [1]. We recently demonstrated that these film electrodes modified or not, could be used
for electrochemical drug sensing, for validation in food chemistry, and for the immobilization of heme
proteins for studying protein/electrode interaction [2–4]. The electrochemical analytical methods were
recently applied effectively in the detection of anti-hypertensive drug losartan [3] and have applied this
method to detect peptides in peptide-carrier conjugates. The peptide used was the multiple sclerosis
(MS) immunogenic peptide from myelin oligodendrocyte (MOG35-55).

Numerous methods have been established for the analytical determination of drugs at
low concentrations, using state of the art systems, such as HPLC, high-performance thin-layer
chromatography and capillary electrophoresis/capillary electrochromatography [3]. Although these
methods provide very accurate and reliable data, they are costly, time consuming, and involve
the use of expensive equipment and consumables. In addition, sample pre-treatment is usually
necessary. In this sense, electrochemical methods have emerged as low cost, reliable alternatives for the
characterization of peptides and drugs. Different electrochemical techniques, involving voltammetry
or potentiometry, have been implemented for drug analysis, as they offer ease of preparation and
operation, high sensitivity, fast response time, high quantification and detection limits, reasonable
selectivity, wide linear range, and are cost effective [3]. In this regard, we applied voltammetry
techniques to monitor the conjugation of a peptide to its carrier, for the first time as a proof of
concept study.

MS is regarded an autoimmune disease where immune cells (such as, Th1, Th17, macrophages,
B cells) and their constituents (pro-inflammatory cytokines) are involved in the pathophysiology of
the disease, with destruction of myelin sheath and loss of neurological function [5–10]. In an attempt
to develop immunotherapeutics against MS using immunogenic/agonist peptides is to either alter the
peptide to make it an antagonist [11–16], make it cyclic [17–19], or conjugate it to an appropriate carrier,
which would deliver the peptide in such a manner to either induce tolerance, or alter the profile of
T cells from pro-inflammatory (Th1) to anti-inflammatory (Th2) [13–15]. One approach which our
team has developed, is to use mannan, a poly-mannose carrier conjugated to MS peptides [20–24].
This approach was developed over 25 years ago by the group of Apostolopoulos et al., to be effective
in targeting peptides and proteins to dendritic cells in a number of different cancer vaccine models,
some of which were translated to human clinical trials [25–32]. As such, mannan was used as a carrier
and conjugated to immunodominant MS peptides including MBP83-99, PLP139-141, and MOG35-55 or
their analogues, and were shown in animal models to tolerize T cells or switch Th1 cells to Th2
cells, depending on the peptide analogue used and showed stimulation of Th2 cells in peripheral
blood mononuclear cells from patients with MS [17,21,33–35]. The conjugation of mannan, in its
oxidized form (OM), to MOG35-55 peptide (MOG35-55 was used as an example in this study) via a
(Lys-Gly)5 linker [(KG)5] was used and evaluated (OM-(KG)5-MOG35-55 conjugate) using voltammetric
techniques [1–4,36–38]. The conjugation between OM and peptide (MOG35-55) occurs via formation
of Schiff bases between the free amines of the linker (KG)5 and aldehydes of OM. The synthesis and
efficacy of these conjugates have been described in numerous studies [23,24,39,40]. However, the extent
of conjugation and the redox condition of the participating sugars, such as mannan, are most times
assessed by high cost, complicated and lengthy analytical methods, such as capillary electrophoresis
and polyacrylamide gel electrophoresis [23,24,39,40].

Among the approaches used in recent years for the immunomodulation of MS, the conjugation of
mannan with myelin peptides has shown much promise, including that of OM-(KG)5-MOG35-55,
which induces tolerance in mice, providing a promising conjugate for further studies.
The electrochemical and HPLC analysis for identification of peptides or their mutants in mannan
based conjugates requires specialized techniques, which differ significantly from those methods used
for small molecules. In this study, novel analytical methods were developed and applied, that clearly,

310



Brain Sci. 2020, 10, 577

sense, detect, and confirm the conjugation of OM with MOG35-55. Further, this study makes it possible
to accurately evaluate the stability of the peptide component in the conjugate using HPLC [41,42].

2. Materials and Methods

2.1. Materials

Sodium metasilicate (Na2SiO3) (SiO2, 50–53%), NaH2PO4, mannan isolated from yeast cells
(Saccharomyces cerevisiae), potassium ferricyanide, ferrocyanide, and potassium chloride were obtained
from Sigma Aldrich Chemie GmbH (Taufkirchen, Germany). MOG35-55 and MOG37-55 peptides
were supplied by NewDrug S.A., Patras Science Park, Greece and purchased from China peptides
Inc. The peptide analogue (Lys-Gly)5-MOG35-55, referred as (KG)5-MOG35-55, was synthesized
using standard peptide chemistry techniques and previously published by our group. Briefly,
Fmoc/tBu methodology was used which included 2-chlorotrityl chloride resin (CLTR-Cl) and Na-Fmoc
(9-fluorenylmethyloxycarboxyl) side chain protected amino acids [43,44]. The purity of the peptides
were shown to be >97% by analytical HPLC. Graphite powder (synthetic, APS 7–11 μm, 99%) was
obtained from Alfa Aesar. Soda lime glass slides (75 mm × 25 mm × 1.1 mm), with 15 Ohm/sqr Indium
Tin Oxide (ITO) coating were obtained from PsiOTec, UK. All chemicals were of analytical grade and
used without the need for further purification. All solutions were prepared in deionized water with
resistance R = 18 MΩ cm.

2.2. Graphite/SiO2 Film Electrodes Preparation

The graphite/SiO2 film electrodes were prepared as described [2,3]. Briefly, silicate liquid polymer
(50% Na2SiO3; pH 12–13) was gently mixed with 20% graphite powder at 23 ◦C, until the mixture
became homogeneous and acquired a “sticky” texture. The mixture underwent ultrasonication for
2 min for the graphite powder to be fully soluble, and 100 μL of the silicate/graphite suspension were
applied on the surface of a conductive ITO glass slide using the “Doctor Blade” technique. Prior to
the deposition of the silicate/graphite suspension, the ITO glass slides were cleaned in a detergent
solution using an ultrasonic bath for 15 min, and then rinsed with 18 MΩ distilled water and ethanol.
Each glass slide was masked with 3M Magic Scotch tape (thickness 62.5 μm; type 810), in order to
control the width and the thickness of the mixture spread area. For each graphite/SiO2 film deposition,
one layer of tape was used which provided a size 1 × 1 cm2 and film thickness of ~66 μm. The films
were allowed to dry for 30 min in a class 4000 room, prior to placing them in a preheated oven (330 ◦C)
for 100 min. If required, the liquid suspension could be stored in an insulated flask at 25 ◦C for later
usage. The resulting ITO substrates with the deposited graphite/SiO2 films were cut in 10 mm × 25 mm
pieces before use.

2.3. Characterization of Graphite/SiO2 Film Electrodes

Field emission scanning electron microscopy (FE-SEM) using an FEI inspect microscope (25 kV)
was used to determine morphology and thickness of the Graphite/SiO2 film. The films were prepared
by AU sputtering to increase the conductivity of the samples. Energy dispersive spectroscopy EDS
was also used for the elemental analysis of the Graphite/SiO2/ITO films.

2.4. Preparation of (KG)5-MOG35-55 Peptide

MOG35-55 agonist peptide was synthesized in our labs, >97% purity, with (KG)5 extended at the
N-terminus of the peptide. Peptide was prepared using our methods, either by coupling, catalyzed
by microwave radiation in a CEM Liberty microwave system or by using the conventional step by
step procedure by solid phase peptide methods (as described in [45]). (KG)5-MOG35-55 peptide was
also purchased by China Peptides Inc. In house synthesized peptides and purchased peptides were
confirmed by HPLC and Mass Spectroscopy for purity and identity.
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2.5. Preparation of Oxidized Mannan

Mannan (14 mg) was dissolved in 1 mL phosphate buffer (0.1 M sodium phosphate, pH 6.0),
and was oxidized using 0.1 M sodium periodate and incubated at 4 ◦C for 1 h, after which 10 μL
ethanediol was added for 30 min at 4 ◦C. Oxidized mannan (OM) was passed through a PD-10 column
(Sigma Aldrich Chemie) pre-equilibrated in sodium bicarbonate buffer (sodium carbonate: Sodium
bicarbonate, pH 9.0). Two ml of OM fraction (7 mg/mL) was collected and kept in the dark.

2.6. Conjugation of Oxidized Mannan to Peptide

To the OM fraction (2 mL; 7 mg/mL, sodium bicarbonate pH 9.0 buffer), 1 mg of (KG)5-MOG35-55

peptide was added and allowed to react overnight in the dark at 23 ◦C. A list of peptides and conjugates
are summarized in Table 1.

Table 1. Peptides and conjugates used in this study.

Acronym Specification

MOG35-55 Myelin oligodendrocyte glycoprotein immunogenic epitope, region 35–55

MOG37-55 Myelin oligodendrocyte glycoprotein immunogenic epitope, region 37–55

(KG)5-MOG35-55 Peptide analogue MOG35-55 with (KG)5 at the N-terminus

OM-(KG)5-MOG35-55 Oxidized mannan conjugated to (KG)5-MOG35-55

KG, lysine glycine; MOG, myelin oligodendrocyte glycoprotein; OM, oxidized mannan.

2.7. Monitoring of Conjugation by HPLC

We used a Waters 2695 HPLC (Alliance) system with a photodiode array detector equipped
with a Lichrosorb RP-18 reversed phase analytical column (C18 35 μm, 4.6 × 50 mm PIN 186003034).
Analysis was achieved with stepped linear gradient of solvent A (0.08% TFA in H2O) and in solvent
B (0.08% TFA in 100% acetonitrile) for 30 min with a flow rate 3 mL/min. The conjugation of OM
with (KG)5-MOG35-55 peptide was evaluated by HPLC. The (KG)5-MOG35-55 HPLC peak disappeared
within six hours indicating completion of conjugation to OM.

2.8. Electrochemical/Electrocatalytic Measurements

Electrochemical measurements were conducted using an Autolab PGStat-101 potentiostat
(Metrohm, Utrecht, The Netherlands). The electrochemical cell comprised of a 10 mL, three-electrode
stirring glass cell with a Teflon cap, a platinum mesh flag as the counter electrode, a Ag/AgCl/KClsat

reference electrode and a Graphite/SiO2 film on ITO conducting glass as the working electrode.
The electrolyte contained a solution of NaH2PO4 (10 mM; pH 7.0), which was deoxygenated with
argon prior to any measurements and an argon atmosphere was kept throughout the measurements.
The DPV measurements took place in a potential range between −1 to +0.05 V. The optimized
parameters of DPV correspond to a step potential at 5 mV, amplitude of 50 mV, modulation time of
25 ms with scan rate 100 mV s−1 and a frequency of 50 Hz. All potentials are reported against Ag/AgCl
and all experiments were carried out at 23 ◦C.

3. Results and Discussion

3.1. FE-SEM Characterization

The general thickness and surface morphology of the graphite/SiO2 films were demonstrated by
FE-SEM. The top-view of the FE-SEM image (Figure 1a) shows that the surface of the graphite/SiO2 film
is rough and non-uniform with many wrinkles. It exhibits increased porosity and a high effective surface
area. Figure 1b presents the cross section of a graphite/SiO2 film electrode, with an estimated film
thickness of ~65 μm as set by the adhesive tape used; the EDS for a graphite/SiO2 film carried out during
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the FE-SEM analysis is shown in the Supplementary Materials (SM, Figure S1). The characteristic
peaks of Na, O, and Si, due to the use of silicate glue (Na2SiO3), are presented in high intensity, thus,
the peak of C is presented in lower intensity. Hence, the results validate the reduced concentration of
carbon in the mixture used for the fabrication of the graphite/SiO2 films.

  
(a) (b) 

Figure 1. SEM images of the graphite/SiO2 working electrode from (a) top view and (b) a cross section.

3.2. UV Characterazation of (KG)5-MOG35-55 Peptide with Increasing Amounts of OM

It is known that most peptides exhibit strong absorbance at around 280 nm, due to aromatic amino
acids (tyrosine and tryptophan) or disulfide bonds in the peptide sequences [46,47]. Figure 2 shows
the UV-vis spectra of (KG)5-MOG35-55 with increasing amounts of OM. The increase of absorbance at
280 nm confirms the conjugation of MOG35-55 peptide to OM. The intensity of the absorption peak
at 280 increases until all of the free peptide in solution is conjugated to the OM. It should be noted
that the conjugate of (KG)5-MOG35-55 with OM took place in solution and not on the surface of the
graphite/SiO2 film electrode as due to its non-transparency it is impossible to monitor the conjugation
process on its surface. All the UV-visible absorption spectra of the peptide was recorded using a
Shimadzu UV-1800 spectrophotometer.

Figure 2. UV-Vis spectral changes of (KG)5-MOG35-55 in solution with increasing amounts of OM
(10–90 μL).
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3.3. Electrochemical Analysis Showing Conjugation of (KG)5-MOG35-55 to OM

Electrochemical characteristics of the graphite/SiO2 film electrode were investigated by CV.
Figure 3a shows the electrochemical behavior of a bare graphite/SiO2 film electrode in a solution of 0.1
M KCl and 5 mM of [Fe(CN)6]3−/4− through CV in the potential range of +1 to −1 V at different scan
rates. Figure 3b shows the currents (anodic and cathodic) from the plots of I vs. square root of scan
rate (v1/2). Straight lines form for both the anodic and cathodic currents, confirming that a diffusional
process has occurred in the reaction of ferrocyanide/ferricyanide. In addition, these results confirm that
fast electron transfer occurs on the Graphite/SiO2 film electrode due to its increased conductivity and
surface area. In order to calculate the electroactive surface area of the film electrode, the Randles-Sevcik
equation was used [36]:

ip =
(
2.69× 105

)
×A×D1/2 × n3/2 ×C × v1/2 (1)

where ip corresponds to the maximum current (in Amperes), n is the number of electrons transferred
(n = 1), D is the diffusion coefficient (cm2 s−1) of [Fe(CN)6]3−/4− solution (7.6 × 10−6 cm2 s−1) [37], A is
the electrode area (cm2), C is the concentration (molcm−3) and v is the scan rate (mV s−1) and thus the
electroactive surface area of the graphite/SiO2 was estimated to be 0.0039 cm2.

μ

 

i
i

1/2

(a) (b) 

 

(c) (d) 

Figure 3. Cyclic voltammograms (CVs) of (a) a bare graphite/SiO2 film electrode in 0.1 M KCl solution
containing 5 mM of [Fe(CN)6]3−/4− at different scan rates. (b) Plot of anodic and cathodic peak current
(Ipa/Ipc) vs. square root of scan rate (v1/2). (c) A bare graphite/SiO2 film electrode in 10 mM NaH2PO4,
pH 7.0 at different scan rates and (d) the OM-(KG)5-MOG35-55 conjugate on graphite/SiO2 in 10 mM
NaH2PO4, pH 7.0 at different scan rates under an Argon atmosphere.
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The electrochemical behavior of the graphite/SiO2 film electrode was then investigated in the
presence and absence of the MS myelin epitope peptide vaccine (OM-(KG)5-MOG35-55). Figure 3c shows
the effect of scan rate of a bare graphite/SiO2 electrode, before the detection of the OM-(KG)5-MOG35-55,
at a scan rate range of 0.01 to 0.1 V s−1. All electrochemical experiments were performed in a peptide
free, anaerobic 10 mM NaH2PO4 (pH 7.0). The bare graphite/SiO2 film electrode shows the characteristic
charging/de-charging currents, and no cathodic or anodic peaks are observed even at the slowest scan
rate (0.01 V s−1). One of the advantages of using graphite paste electrodes is the increased conductivity,
which allows a broader study of redox reactions occurring at very high or low biases (ranging from +1
V to −1 V). Further, the slower scan rate applied, the smaller the resulting current is obtained. Figure 3b,
on the other hand, showing the CVs of OM-(KG)5-MOG35-55 on the graphite/SiO2 film electrode,
exhibits not only the characteristic charging/discharging currents assigned to electron injection into
sub-band gap/conduction band states of the graphite/SiO2 electrode, but also two reduction peaks
around −0.22 V and −0.67 V and a broad re-oxidation peak at −0.1 V.

The redox peak currents were shown to be proportional to the scan rate, characteristic of
quasi-reversible behavior. The rate of reaction between the graphite/SiO2 electrode and the conjugate,
OM-(KG)5-MOG35-55 was not fast enough to maintain equal concentrations of oxidized and reduced
species at the surface of the electrode. In addition, the CV responses were shown to be stable, with the
waveforms being unperturbed after being scanned several times, whilst no other consumption of the
complex occurred nor other undesirable reactions in the phosphate buffer took place.

In Figure 3d, the two cathodic peaks at−0.27 V and−0.7 V and the wide anodic peak approximately
at −0.1 V observed are due to the presence of the OM-(KG)5-MOG35-55. The two cathodic peaks
correspond to the linker molecule (KG)5 used to conjugate the MOG35-55 peptide to OM, that contains
5 lysines and 5 glycines to its structure. Thus, the cathodic peaks attributed to the presence of
lysines. On the other hand, the wide oxidation peak occurred probably due to superfluity of the free
(KG)5-MOG35-55 peptide that was not able to conjugate to OM and created the final complex of the
OM-(KG)5-MOG35-55 conjugate.

The CVs of the constituents of the OM-(KG)5-MOG35-55 conjugate are shown in Figure 4. According
to Figure 4a, as mentioned earlier, the bare graphite/SiO2 film electrode exhibited no reduction or
oxidation peaks which is consistent with the currents being limited by the graphite conductivity at
the voltage biases reported herein. On the other hand, the CV of the film electrode in the presence
of mannan in 0.1 M buffer exhibited an oxidation peak at approximately 0.5 V, and the CV of the
film electrode in the presence of 0.002 mg/mL OM displayed a slight cathodic peak at −0.56 V and
the characteristic anodic peak at −0.1 V. At the same time, the electrochemical behavior of peptides
MOG35-55 and MOG37-55 were examined. The main difference between these two peptides is that the
MOG35-55 peptide contained and additional linker with 5 lysines (KG)5, whilst the MOG37-55 peptide
included a linker, which only contained 1 lysine. This was confirmed in Figure 4b, which displays the
CVs of the Graphite/SiO2 film electrode in the presence of each peptide. The two cathodic and anodic
peaks observed are due to the presence of the lysine residues, however, the CV scan of the MOG35-55

peptide exhibits a higher current and a wider electrochemical window compared to the CV scan of
MOG37-55 peptide, as the latter contained only 1 lysine residue.

DPV is a more sensitive approach compared to CV and hence, has been extensively used as a
more sensitive method for the detection of molecules in low concentration [38]. In Figure 5, the DPVs
are recorded for the bare film electrode, as well as for each part that constitutes the final structure of
OM-(KG)5-MOG35-55 conjugate on the Graphite/SiO2 working electrode. As can be seen in Figure 5a,
the bare graphite/SiO2 is free of any redox peaks. However, in Figure 5b, there are two peaks which
correspond to (KG)5-MOG35-55 peptide, approximately at −0.65 V and −0.27 V, respectively. Figure 5c
shows the DPV of mannan (in 0.1 M phosphate buffer) on the surface of the film electrode, displaying
a clear sharper peak at around −0.26 V. The last step in order to evaluate the conjugation of peptide
(KG)5-MOG35-55 with OM via DPV measurements is depicted in Figure 5d with a clear and distinct peak
at−0.28 V and a shoulder peak at−0.62 V, which are actually due to the presence of OM-(KG)5-MOG35-55
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on the graphite/SiO2 film electrode (after the addition of 0.002 mg/mL of OM). This is a proof of concept
study, and we intend to further study the quantification of this and other conjugates, focusing on the
limit od detection (LOD) of these conjugates using voltammetric techniques.

 
(a) (b) 

Figure 4. (a) CV scans at a scan rate of 0.1 Vs−1 of (i) a bare graphite/SiO2 film electrode, (ii) mannan
and (iii) OM-(KG)5-MOG35-55 conjugate. (b) Depicts the comparison between the CV’s of (i) MOG35-55

and (ii) MOG37-55, both on graphite/SiO2 in 10 mM NaH2PO4, pH 7.0 at scan rate of 0.075 Vs−1.

Figure 5. Differential pulse voltammetry (DPVs) comparison of (a) a bare graphite/SiO2 film electrode,
(b) (KG)5-MOG35-55, (c) mannan, and (d) OM-(KG)5-MOG35-55 conjugate on graphite/SiO2 electrode in
10 mM NaH2PO4, pH 7.0.

3.4. Complete Conjugation between (KG)5-MOG35-55 Peptide to OM is Monitored by HPLC

Contrarily to the conjugation of MOG35-55 peptide with mannan, which did not occur, the reaction
of (KG)5-MOG35-55 with mannan (oxidized or not) resulted in gradual conjugation of (KG)5-MOG35-55

peptide within 6 h depicted in the gradual loss of the HPLC peak during this period (Figure 6).
The amino groups of lysine residues within (KG)5 forms a Schiff base reaction with the aldehyde
groups of OM (resulting after the oxidation of mannan). The (KG)5-MOG35-55 peptide peak at 9.62
gradually disappears within this period, showing complete conjugation of (KG)5-MOG35-55 peptide to
OM. Figure 6b shows the completion of conjugation within six hours.
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Figure 6. (a) High-performance liquid chromatography (HPLC) analysis of (KG)5-MOG35-55–214 nm at
the beginning of the conjugation reaction and (b) HPLC analysis of OM-(KG)5-MOG35-55 solution after
6 h.

3.5. The Importance of the Linker (KG)5 for Conjugation of Peptides to OM

The conjugation of MOG35-55 peptide to OM was achieved through (KG)5 linker, as previously
described [23]. As demonstrated, this approach provides simple and efficient conjugation by the Schiff
base reaction, where aldehyde groups of OM reacts with the amino groups of the lysine side chains
of the (KG)5-MOG35-55, peptide. In previous similar studies using the linker KG of varying lengths,
(KG)n=1-5, we noted that the length of the linker plays a crucial role in the ability of peptides to be
efficiently conjugated to the OM scaffold [48].

3.6. Mannan-Peptide Conjugate

In the OM-(KG)5-MOG35-55 conjugate, unreacted aldehyde groups are necessary to immunoregulate
the peptide to dendritic cells. This is a result of ethylene glycol addition to blockade further oxidation,
and in line with previous studies on MUC1-mannan conjugates in cancer research, which required aldehyde
groups in order to activate dendritic cells [39]. The matrix also contains intact mannose units, not oxidized,
necessary to bind to the mannose receptor of the dendritic cells and their activation via toll-like receptor
4 [49–52]. In particular, the procedure we followed to produce the mannan-peptide conjugate allows: (i) the
presence of antigen peptide MOG35-55 connected with aldehyde groups of the OM through immune bonds
(Schiff base) with the amino groups of the lysine side chain in the (KG)5-MOG35-55 peptide. The peptide-OM
conjugate is delivered to dendritic cells via the mannan scaffold for regulation of the immune system; (ii) the
presence of unreacted aldehyde groups are necessary to modulate dendritic cells; and (iii) the presence intact
mannose units, not oxidized, necessary to bind to the mannose receptor of the dendritic cells.
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3.7. Chemistry of the Mannose Cleavage

The cis-diols can form a cyclic complex upon oxidation with strong oxidizing agents as periodate.
This allows the cleavage of the bond between the two carbons bearing the two hydroxyl groups, leading
to the formation of aldehyde groups. Mannose is a carbohydrate, which holds two hydroxyl groups at
positions 2,3 of the ring in a cis- position. This allows the oxidizing agent sodium periodate to form a
cyclic complex, which finally leads to cleavage of the carbon-carbon bond bearing the cis-hydroxyl
groups. This complex cannot be formed if the hydroxyl groups at the adjacent carbon atoms are in a
trans position and subsequently this carbon-carbon bond cannot be cleaved. The formation of the cyclic
mannose-periodate complex is leading finally to the cleavage of the ring and the formation of the two
aldehyde groups. These groups react with the amino groups of the five lysines of the (KG)5-MOG35-55

to form double bond imines (Schiff base reaction) thus, the MOG35-55 peptide attached to the mannan
scaffold. Figure 7 shows the mechanism of cis diol cleavage.

 

Figure 7. The mechanism of cis diol cleavage. Synthetic scheme of conjugation reaction of peptide with
oxidized mannan [35].

4. Conclusions

We developed and confirm an analytical electrochemical method for monitoring the conjugation
reaction of peptides to the carrier mannan; (KG)5-MOG35-55 was used as the peptide example in this
study. Peptide-OM conjugates can serve as potential vaccine candidates as has previously been shown
by the group for cancer models and more recently in MS models. Electrochemical voltammetric
techniques and HPLC experiments were used to confirm the conjugation of (KG)5-MOG35-55 to the
aldehyde groups of OM. It is shown that voltammetric technique and HPLC can be used to monitor
the conjugation efficiency of peptide-carrier conjugates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/10/9/577/s1.
Figure S1: EDS elemental microanalysis of a Graphite/SiO2 film electrode.
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