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Abstract: Multiple sclerosis (MS) is common neurological disease of the central nervous system
(CNS) affecting mostly young adults. Despite decades of studies, its etiology and pathogenesis are
not fully unraveled and treatment is still insufficient. The vast majority of studies suggest that the
immune system plays a major role in MS development. This is also supported by the effectiveness
of currently available MS treatments that target immunocompetent cells. In this review, the role of
antigen-presenting cells (APC) in MS development as well as the novel therapeutic options targeting
those cells in MS are presented. It is known that in MS, peripheral self-antigen-specific immune cells
are activated during antigen presentation process and they enter the CNS through the disrupted
blood-brain barrier (BBB). Myelin-reactive CD4+ T-cells can be activated by dendritic cells, infiltrating
macrophages, microglia cells, or B-cells, which all express MHC class II molecules. There are also
suggestions that brain endothelial cells may act as non-professional APCs and present myelin-specific
antigens with MHC class II. Similarly, astrocytes, the major glial cells in the CNS, were shown to act as
non-professional APCs presenting myelin antigens to autoreactive T-cells. Several currently available
MS drugs such as natalizumab, fingolimod, alemtuzumab, and ocrelizumab may modulate antigen
presentation in MS. Another way to use this mechanism in MS treatment may be the usage of specific
tolerogenic dendritic cells or the induction of tolerance to myelin antigens by peptide vaccines.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune, inflammatory, and demyelinating disease
of the central nervous system (CNS). Its etiology is still unknown, despite the fact that
the new concepts appear with more in-depth studies. The pathogenesis is clearer, and we
know that pathological processes such as inflammation, demyelination, astrogliosis, and
neurodegeneration play an important role in this complex mechanism [1]. For many years,
autoimmune inflammation was considered to be the initial step in MS pathogenesis. It is
suggested that the major target of autoimmune attack is protein autoantigens localized in
the CNS myelin sheaths. This concept was confirmed in animal models of the disease [2].
The complex clinical and pathological picture of MS is not reflected by single animal models.
Rather, various animal models are utilized for studies on different aspects of this disease.
One of the most frequently used model, especially in the context of autoimmunity, is EAE
(experimental autoimmune encephalomyelitis). There are two main types of EAE—active and
passive—depending on the selected method of induction [3]. Moreover, this model can be
induced in various animals, such as mice, rats, guinea pigs, and primates. EAE resembles
MS in pathological changes observed in the CNS (inflammation, demyelination, neurode-
generation) and in some aspects of clinical signs [4]. However, the etiology has varied
greatly, as EAE is induced by animal immunization with selected myelin peptides, whereas
in patients with MS, the autoantigen responsible for disease induction is not known.

The clinical picture of MS is also complex. Four different clinical courses of MS can
be distinguished. The most common (85%) is the remitting-relapsing type of the disease
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characterized by the appearance of neurological attacks of the disease. Those attacks are
clinical manifestations of acute inflammatory events in the CNS and last at least 24 h [5].
The type of the symptoms depends on the localization of the lesion in the CNS. Generally,
those symptoms can be visual, motor, sensory, or cognitive. Relapses are separated by the
spontaneous remissions, which are the consequence of healing processes in the CNS. The
duration of the remissions is unpredictable and may last weeks, months, or even years.
Approximately half of the patients with remitting—relapsing MS will develop the secondary
progressive form of MS after 10 years [6]. This is the critical point of the disease, because
it represents the situation where neurodegeneration starts to dominate in the CNS over
inflammation. In some patients, this situation is present from the beginning of the disease
and this is the most serious third clinical course of MS called primary progressive MS. In
this variant, the disease constantly progresses without any remissions. The last clinical type
of MS is the combination of previous ones whereby the patients experience relapses and
progression of the disease. This form is called progressive relapsing MS [7]. Progressive
forms of MS are bad predictors for the patients future, because the vast majority of currently
available drugs for MS are registered for remitting—relapsing MS. Those treatments target
the patient immune system. So far, there are no effective drugs for the treatment of
neurodegeneration predominating in progressive MS.

Treatment of MS can be divided into: (a) treatment of MS symptomes, (b) treatment
of MS relapse, and (c) treatment modifying disease progression. The major goal of MS
treatment is slowing down the disease progression. Several medicines have shown to be
effective in this area during the last twenty years. The first drugs were beta interferons and
glatiramer acetate injected s.c. or i.m.; later, i.v (natalizumab) and p.o. drugs (fingolimod)
were developed. The newer medicines are more effective than the previous ones to diminish
relapse rate and slow down MS progression, but they also ameliorate pathological changes
seen in MRI of MS patients. The mechanisms of action of disease-modifying treatments
in MS are varied. Some drugs target the migration of inflammatory cells (natalizumab,
fingolimod), others target specific subpopulations of immunocompetent cells important
for the pathogenesis of MS, but most of the medicines used in MS have very complex
mechanisms of action [3].

There is no doubt that MS and EAE are complex autoimmune disorders. In its
complexity, MS involves the interplay of many immune processes, immune cells, and also
environmental and genetic factors, which contribute to the risk of disease onset and its
clinical course. Each of these factors has already been widely discussed and undergoes
constant investigations; however, there are still many unsolved or unanswered questions
regarding the MS issue, as well as new aspects of cellular activity have become a matter
of debates. Nowadays, antigen-presenting cells and their therapeutic potential are in the
spotlight of the researchers” and clinicians” interest.

2. The Role of Antigen-Presenting Cells in MS Pathogenesis

The pathobiology of MS is complex, and despite intense studies, the initial events
leading to autoimmunity development have still not been unraveled. However, it is
known that peripheral self-antigen-specific immune cells are activated during the antigen
presentation process and they enter the CNS through the disrupted blood-brain barrier
(BBB), the subarachnoid space, or the blood—CSF barrier [8-11]. The route of entry depends
on the phenotype and activation state of T-cells [12]. After transmigration into the CNS,
myelin-specific T-cells are re-activated by CNS-resident APCs (dendritic cells, microglia),
which results in the development and/or exacerbation of inflammatory reaction and
demyelination [13,14].

Antigen-presenting cells convert myelin antigens to various epitopes and present
them with MHC class I and/or II molecules to the T-cell receptors (TCRs) of CD4 and CD8
cells. The activation of protease synthesis and antigen processing as well as synthesis of
functional MHC molecules are indispensable signal mechanisms [15]. Additionally, for suc-
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cessful antigen presentation during T-cell priming and re-activation, other co-stimulatory
molecules such as CD40, CD80, CD86, and integrins are required [16,17].

Myelin-reactive CD4+ T-cells are activated by dendritic cells, microglia cells, infiltrat-
ing macrophages, and B-cells—all expressing MHC class II molecules. CD8+ T-cells, which
are highly present in the acute lesions of MS, mediate inflammation and demyelination
after their activation by myelin peptide presentation with APCs expressing MHC class
I molecules. All nucleated cells, including oligodendrocytes, astrocytes, and neurons,
expressed MHC I [18-20].

The antigen-priming of T-cells is an important process in chronic and acute inflamma-
tion. In animal models of MS, infiltrating auto-reactive CD4+ T-cells are re-activated within
CNS by APCs, which results in monocyte recruitment into the CNS, as well as in naive CD4+
T-cells priming through epitope spreading, which boosts disease inflammatory reaction.

In autoimmune diseases, epitope spreading contributes to chronicity of inflammation
and to diversification of the ongoing immune response. Epitope spreading is a process in
which immune responses are directed to epitopes that vary from the initial ones [9]. In
EAE, it has been shown that initial immune response is focused on a certain epitope and,
then, during disease progression, spreads to others [21,22]. Spreading of epitopes may be
intramolecular—within one molecule, e.g., various epitopes of MBP, or intermolecular, e.g.,
from PLP to MOG [21,23,24]. Various EAE models suggested that this process may begin
within CNS, and that it was associated with clinical relapses [24,25]. Both intramolecular
and intermolecular epitope spreading has also been observed in patients with MS [26-28].
However, what is the exact role of such process on disease course requires further analyses,
as some studies were not able to detect any associations with disease exacerbations [26,29].

Numerous studies emphasize the importance of microglia and infiltrated dendritic
cells/macrophages as an antigen-presenting cells in the CNS. Recently, it was speculated
that B-cells may also act as professional APCs.

3. Dendritic Cells

A lot has been said about the pathogenesis of MS and the role of T-cells in inflammation
and demyelination of the CNS. Considering MS as an autoimmune disorder, it could be
assumed that initiation of immune reaction is linked with an interplay between the elements
of innate and adoptive immunity. As the disease is characterized by a specific immune
response toward the CNS myelin antigens, its induction depends on the activation of
naive T-cells recognizing processed myelin antigens. Various cell types are able to present
antigens for T-lymphocytes; however, only dendritic cells are called the professional
antigen-presenting cells—it means that only these cells are capable of priming naive T-cells
to differentiation. Since their first description by Steinman [30-33], dendritic cells became
considered one of the most important players in the induction of antigen-specific immune
responses. Actually, dendritic cells are the aim of newly designed therapeutic strategies
in every field where the specific immune response matters (i.e., allergic disorders, cancer
therapies, autoimmune disorders) [34].

Because of their biological properties, DCs are thought to be a key players in the
initiation of MS, its development, maintenance, and progression. Dendritic cells are hetero-
geneous group of cells localized in various tissues, where they act as sentinels—filtrating
extracellular tissue environment for antigens. In this functional state, dendritic cells possess
immature phenotype due to their low ability for antigen presentation, but high endocytic
activity and high expression of molecules that facilitates antigen recognition and uptake,
for example C-type lectin mannose receptor MR (CD206) or DC-SIGN (CD209). Ingested
antigens are processed and presented on the MHC molecules class II (but also class I) on
the cell surface. For efficient antigen presentation, antigen uptake must be associated with
dendritic cell maturation—which is triggered by danger signals provided with foreign
(bacterial or viral) antigens and recognized by DCs via the set of pattern recognition recep-
tors recognizing pathogen-associated molecular patterns [35]. Danger signals may also be
provided by tissue destruction and inflammatory cytokines released from other cells. De-
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pending on the recognized signal, located in tissue, immature DCs undergo maturation and
their phenotype changes: the expression of antigen uptake receptors as the pinocytic and
endocytic activity decreases, whereas the expression of MHC class II and co-stimulatory
molecules (CD86, CD83, CD80, CD40) increases. During the maturation, DCs migrate from
the tissue via lymph vessels to the draining lymph nodes. Migration to the lymph nodes
is regulated by the chemokine milieu. The expression of CCR7 molecules on the surface
of maturing DCs regulates their trafficking to the lymph nodes in response to CCL19
and CC21 chemokines [36,37]. This chemotactic process is also regulated by CXCR4—a
receptor for chemokine CXCL12 [38]. In lymph nodes, mature DCs present processed
antigens for T-cells, prime their activation, and shape the development of antigen-specific
immune response. If the migrated DCs are not activated enough, then the possible result
of antigen presentation for T-cells will be the anergy of antigen-specific T-cells or induction
of Treg cells, resulting in the induction of peripheral tolerance to antigens. Recent findings
suggest that the ability of DCs to prime immune tolerance to presented antigen is linked
rather with a specific activation state developed after antigen recognition (tolerogenic
phenotype) than the lack of maturation. The maturation process occurs, however, into the
different phenotype.

In MS, the uptake and transport of brain antigens by DCs or another APC cells has
been contentious, due to the alleged independence of CNS from the immune system and
the presence of BBB, which was believed to block immune cells trafficking into the brain.
Recent findings have finally shown that dendritic cells may also be present in the central
nervous system not only during inflammation, but also at steady-state conditions. It is
discussible whether DCs may home the brain parenchyma; however, it is already con-
firmed that these cells are present in choroid plexus, perivascular spaces of BBB, meninges,
and in cerebrospinal fluid. Their presence seems to be the effect of migration of bone
marrow precursors from blood [39]. It was also found that microglia cells—brain-specific
macrophages—may differentiate into immature dendritic cells after GM-CSF stimula-
tion [40]; however, the comparative microarray analysis of gene expression profile suggests
the close resemblance of the brain DCs to the dendritic cells of spleen, but not to the
microglia [41]. Localization of DCs in close proximity to neurons gives a chance for myelin
antigens uptake and initiation disease-specific immune response. The myelin antigens
uptake and the source of danger signals are still open and unsolved questions. It seems
rather unbelievable that myelin antigens alone may provide the efficient signal for DCs’
activation and maturation; however, coexisting viral infections as well as local physical
injuries may strengthen the danger signal.

Another aspect of specific immune response is the place of naive T-cells priming by
antigen-loaded mature DCs. On periphery, antigen-processing DCs migrate to the draining
lymph nodes via lymphatic vessels. However, there is no typical lymphatic drainage
of the brain and the exact path for dendritic cells” migration is not yet fully identified.
However, observations on animal models describe the presence of labeled OVA antigens in
cervical lymph nodes after its intracerebral injection into the brain [42]. Accumulation of
myelin-loaded CD11c-positive dendritic cells in cranial lymph nodes was also reported [43].
Studies on dendritic cells loaded with antigens and injected into the cerebellum or CSF
also reported their movement to the cervical lymph nodes and localized their antigen
presentation [44,45]. The exact route for cells migration from brain to draining lymph
nodes is not fully identified. Recent studies describe the role of meningeal lymphatic
vessels as a route for antigen-loaded cells from the brain to the cranial lymph nodes [46—48].
Another route for antigen-presenting cells from the brain to the peripheral lymph nodes
was reported by Hochmeister et al., where injection of monocyte-derived DCs into the
striatum resulted in their perivascular accumulation and migration across the endothelium
into the vessel lumen [49]. The third possible route for CD11c-positive DCs was reported
by Mohammad et al. and utilizes olfactory bulb and rostral migratory stream [50].

The separate issue is the possible role of microglia cells as potential professional APCs
and their possible role in initiation of antigen-specific immune response in MS. Microglia
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are cells that are located in the brain parenchyma in the close proximity to myelin. The
recent findings of Schiefenhovel et al. suggest the possible ability of microglia cells to
migrate from the brain parenchyma to cervical lymph nodes for antigen presentation [51].

Microglia represents a subset of CNS resident cells with macrophage-like morphology,
derived from early post-embryonic precursors. In resting state, ramified microglia contin-
ually surveys the microenvironment for threats. The activated amoeboid microglia have
round or oval shape, process antigens, and clear them from the vicinity. Microglia may
be divided into two subgroups: M1, which promote inflammation and oligodendrocyte
damage, and M2, which regulate immune function, clear cellular debris, and promote
repair in inflammatory diseases of the CNS [52,53]. However, now, it is assumed that
microglia may differentiate into various subtypes with diverse functions, which is affected
by a variety of environmental stimuli [54-58].

Microglia express MHC class I and II molecules and secrete many pro- and anti-
inflammatory cytokines, as well as co-stimulatory molecules, such as intercellular adhesion
molecule-1 (ICAM-1), CD80, and CD86 [59,60]. As APCs, microglia interact with other
immune cells, which leads to the activation of various T-cell subsets during demyelination
and remyelination [59,61]. Microglia can interact with CD28 or CTLA4 expressed on T-
cells, which results in different outcomes. Microglial co-stimulatory molecules CD80 and
CD86 bind CD28 to stimulate T-cells proliferation, differentiation, and cytokine production.
Conversely, binding to CTLA4 leads to T-cell anergy or apoptosis [62].

Results from a number of studies indicated that microglia are not effective as APCs,
DCs, or macrophages [8,63,64]. However, contradictory results exist. Wlodarczyk et al.
have shown that DC and microglia sorted from CNS of mice with EAE have similar
expression levels of MHC class I and II, CD80, and CD86. Moreover, it was shown that both
cell populations were able to induce an antigen-specific proliferative response in primed
T-cells. However, CD11c+ microglia were weak inducers of Th1 and Th17 differentiation,
due to the lack of expression of necessary cytokines, conversely to infiltrating CD11c+
cells that strongly induced such cytokines [65]. Interestingly, CD11c— microglia have been
shown to be poor inducers of T-cells proliferation, but this subset has the capability to
produce Thl- and Th17-inducing cytokines, pointing to the synergized mode of action
of both microglia subpopulations [65]. Thus, it is speculated that CD11c" and CD11c—
microglia may function as CNS-resident APCs being as effective as infiltrating CD11c* cells.

B-cells, despite their function in antibodies production, may also act as antigen-
presenting cells. It has been demonstrated that in the subset of MS patients, B-cells
supported proliferation and/or IFN-y production by autologous T-cells in response to
neuroantigens, such as MOG and MBP [66]. Additionally, B-cells from MS patients, but
not from healthy donors (HD), were able to induce proliferation and IL-17 production by
Th17 cells in response to neuroantigens [67]. Similar results were obtained in the EAE
model, where B-cells also promoted MOG-specific Th1 and Th17 cell differentiation [68].
Additionally, animals with MHC class Il molecules deficiencies were resistant to disease
induction and have attenuated Th1 and Th17 responses [69].

Several studies have shown that CD40-activated B-cells from HD and MS patients
induce T-cell responses specific to myelin antigens [70,71]. However, Ireland et al. have
indicated that B-cells from MS patients may support myelin antigen-specific T-cell prim-
ing without previous in vitro activation [67]. Thus, B-cells are efficient APCs, capturing
antigens through a membrane-bound B-cell receptor, processing them, and presenting
via MHC class II molecules [72]. Moreover, it has been reported that B-cells from the
peripheral blood of MS patients have increased the expression of co-stimulatory CD40 and
CD80 molecules compared to HD [73]. Immunomodulatory treatment decreased B-cell
co-stimulatory molecules expression, resulting in reduced T-cell responses induced by
B-cells [74,75]. The increased expression level of co-stimulatory molecules CD80, CD86,
and HLA-A/B/C was also observed on B-cells isolated from CSF [73].

Clonal expansion of B-cells allows them to activate many T-cells, thus leading to an
exacerbation of inflammation. In an animal model of MS depending on B- and T-cells, it
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was shown that B-cell function as APCs is necessary for disease induction, instead of their
ability to produce antibodies [69,72].

The vascular endothelial cells separating the blood stream from the brain parenchyma
are referred to as a blood-brain barrier. This barrier regulates the entry of various sub-
stances and myeloid cells into the CNS, thus providing anatomical and physiological
protection. Migration of myelin-specific CD4+ T-cells across the BBB, a crucial step in
the pathogenesis of MS, is suggested to be an antigen-specific process. It has been pro-
posed that this process is mediated by brain endothelium. Lopes et al. reported that in
inflammatory conditions, brain endothelial cells (BECs) act as a non-professional APCs
able to process and present myelin-derived antigens complexed with MHC class II. Such
complexes stimulated myelin-reactive Th1l and Th17 2D2 cells to transmigration through
endothelium. Blocking of interactions between myelin/MHC II complexes and reactive
T-cells abrogated the trafficking of the latter across the BBB [11]. It has been reported that
BECs express MHC class I, but the MHC class II is present in very low levels in physio-
logical conditions. Induction of the inflammatory process activates BECs and results in
increased expression of MHC II, CD40, and ICOSL and, subsequently, enhances their ability
to induce T-cells proliferation in vitro [76]. Additionally, it was shown that myelin enters
the endosomal/lysosomal pathway after internalization by BECs, which was autonomous
from their activation status [77]. This is opposite to what is observed for professional APCs
such as DCs, where internalization of antigens takes place in an immature state of these
cells [78,79]. Overall, these results pointed out that brain endothelium is an active and
important contributor to the pathogenesis of MS.

Astrocytes are the most abundant cells in the CNS and they can act as a non-professional
APCs modulating the activity of autoreactive T-cells by myelin antigen presentation and
secretion of pro- or anti-inflammatory cytokines.

The role of astrocytes as APCs has remained controversial. There are reports that have
shown that astrocytes express low levels of MHC class Il molecules constitutively, and their
expression may be upregulated during inflammatory reactions [80,81]. The expression
of co-stimulatory molecules, such as CD40, CD80, and CD86, is also upregulated during
astrocytes activation [81-83]. However, studies utilizing human fetal astrocytes in vitro
failed to detect the expression of co-stimulatory molecules, even after stimulation [84].
Functional studies have shown that stimulated murine astrocytes moderately activate CD4+
and CD8+ T-cells, whereas cytokine-treated human astrocytes did not induce proliferation
of encephalitogenic T-cells [80]. These may reflect differences between species or artifacts
associated with astrocytic cell cultures, which may be contaminated by microglia. It has
also been reported that activated astrocytes efficiently presented MBP, PLP, and MOG
epitopes [85-87]. Yet, they were incapable of processing and presenting native myelin
peptides. Thus, the astrocytes potential for antigen presentation needs more detailed
studies to elucidate its role for the development and progression of MS.

4. MS-Approved Drugs Targeting Immunocompetent Cells

Currently, several drugs used in MS therapy target inflammatory cell subpopulations,
which play a significant role in MS pathogenesis (Table 1) [88]. Natalizumab and fingolimod
are anti-migratory drugs and influence inflammatory T-cell migration to the CNS of MS
patients. Natalizumab is a humanized monoclonal antibody targeting adhesion molecule
ad-integrin on effector T-cells in the blood, which leads to the blockade of inflammatory
cell migration to the CNS. This mechanism is very efficient leading to lowering of the
annual relapse rate by 68% and diminishing the number of demyelinating lesions in MRI
of the CNS by 92% [89]. Natalizumab is delivered by intravenous infusions every month.
A very serious side effect of this treatment is the possibility of developing progressive
multifocal leukoencephalopathy (PML), which may be limited by controlling the level of
anti-JC antibody in candidate MS patients [90,91]. Fingolimod is the second anti-migratory
drug used in MS and the first effective oral drug for this disease. It targets sphingosine
S1P receptors. The major effect of this action is inhibition of migration of T-cells out of
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the lymphatic nodes. In consequence, effector T-cells cannot invade the CNS and initiate
the development of MS pathology. This treatment effectively reduces annual relapse rate
and slows down clinical and radiological disease progression. There are also solid data
confirming positive influence of this treatment on brain atrophy in MS patients [92].

Alemtuzumab is recombinant humanized monoclonal antibody targeting glycopro-
tein CD52 on T and B-cells. It is delivered once a year, because drug infusions lead to the
depletion of both types of lymphocytes, with their slow repopulation from non-affected
progenitor cells. The mechanism of action of this drug is very complex. Besides T- and
B-cell lymphopenia, another effect is an increased number of Tregs, upregulation of sev-
eral inflammatory cytokines, and the induction of neurotrophin-producing lymphocytes.
Alemtuzumab significantly inhibits the progression of MS symptoms and diminishes the
annual relapse rate and number of new lesions in the CNS of MS patients [93,94].

The clinical trials on anti-CD20 mAbs therapeutic efficacy in MS revealed their sig-
nificant potential in reducing the clinical and MRI activity in patients. Four currently
studied mAbs—rituximab, ocrelizumab, ofatumumab, and ublituximab—differ from each
other by their structure, immunogenicity (chimeric, humanized, fully human, or glycoengi-
neered), the type of cytotoxicity they induce (antibody-dependent cellular cytotoxicity and
complement-dependent cytotoxicity), and also by the CD20 epitope they recognize [95].
Studies on their mode of action in RR-MS patients suggested that the main mechanism is
not related to a reduction in the Abs level, but it is rather the modulation of APC function
of B-cells. B-cells, as was mentioned in the previous section, are able to process and present
antigens to T-cells. They recognize myelin antigens in MS via their surface receptors, and
they efficiently capture antigens presented at low concentration [96]. Moreover, CD20 is
not expressed on plasmablasts or plasma cells, the B-cell subtypes responsible for anti-
body secretion. Thus, after CD20 mAbs treatment, there was no reduction observed in
antibody titers [74,97]. It is worth mentioning that ocrelizumab is also the first disease-
modifying therapy approved for primary progressive MS, but is also registered for patients
with remitting—relapsing MS [98]. In multi-center randomized clinical trials, it demon-
strated higher efficacy in both forms of MS, when compared to patients in the placebo
group and group treated with interferon beta [99]. It reduces number of disease relapses,
slows the progression of disability, and reduces number of MRI lesions in the CNS of MS
patients [100].

Another example of surface receptor with therapeutical potential is CD83, especially
its soluble form (sCD83). Recombinant soluble CD83 (rsCD83) have demonstrated its
potential via immunosuppressive properties observed in animal models of autoimmune
diseases, including MS [101]. All of the studies indicate that this receptor is able to
suppress immune responses, via inhibition of human monocyte differentiation into DCs,
changing the DC cytoskeleton, preventing DC maturation, and reducing DC-mediated T-
cell proliferation [102-107]. Results obtained from EAE studies indicate that administration
of rsCD83 prevents EAE development and also reduces the level of T-cell cytokines, such
as IFN-y, IL-2, IL-4 and IL-10 [101].

Dimethyl fumarate (DMF) is the first-line oral drug approved for RR-MS patients,
with moderate to high efficacy [108]. The main mechanism of action of DMF is an alteration
of Th-cells differentiation and total number, induction of regulatory B-cells, and its anti-
oxidative potential [109]. The naive and regulatory T-cell subpopulations are elevated,
whereas there is a reduction in memory T-cells, as well as in Th1 and Th17 cells [110,111].
However, it was also shown that DMF may alter activity of APCs, such as monocytes
and dendritic cells [108]. Moreover, it has been shown that DMF has ameliorated a B-cell-
accentuated EAE by diminishing the capacity of B-cells to act as APCs for T-cells [112]. In
the studies conducted on blood obtained from MS patients, it was reported that the total
number of B-cells was reduced after DMF treatment, with the emphasis on differentiated
cells [113-116]. The level of mature and memory B-cells, together with plasmablasts, was
reduced, whereas the frequency of immature, transitional B-cells increased [112].
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One of the therapeutic goals in MS treatment is the induction of long-term, durable,

antigen-specific T-cell tolerance. Antigen-specific immunotherapies are emerging to sup-
press targeted immune responses without altering the global immune system [117,118].

Table 1. Immunomodulatory drugs for multiple sclerosis.

Molecular

Drug Characteristic Delivery Route Molecular Target Action Remarks References
Side effects:
Blocking of development of
Humanized inflammatory progressive
Natalizumab monoclonal i.v. infusions ad-integrin cells migration multifocal [89-91]
antibod across the leukoen-
y blood-brain cephalopathy in
barrier case of JC virus
infection
Inhibition of cells
Structural . . migration
Fingolimod analogue of .O.ral . Sphingosine S1P Retention of [92]
. . administration receptor .
sphingosine T-cells in lymph
nodes
Depletion of T
and B
lymphocytes
Increase in Treg
Recombinant cells number
humanized CD52 T-and Significant
Alemtuzumab i. v. infusions B-lymphocytes inhibition in MS [93,94]
monoclonal -
- surface molecule progression
antibody
Lower relapse
rate
Decrease number
of new lesions in
the CNS
Human-mouse
L chimeric Decrease the
Rituximab monoclonal number of B-cells [95,119]
antibody
Recognize almost
Humanized IgG1 é&ntlbody- the same region
. ependent on CD20 as
Ocrelizumab monoclonal llul L [95,119]
antibody cellular rituximab
i. v. infusions CD20 on B-cells cytotoxicity and Modulate APC
complement- function of B-cells
dependent
Fully human ..
Ofatumumab IgG1 antibody cytotoxicity [95,119]
Antibody with
. enhanced affinity
Ublituximab Ghlyco'?ng“t‘.e;rzd to FeyRIII [95,119]
chumeric antibody Enhanced ADCC

reaction
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Table 1. Cont.

Drug

Molecular

Characteristic

Delivery Route Molecular Target Action Remarks References

Dimethyl
fumarate

Methyl ester of
fumaric acid

Anti-
inflammatory
immune response
Alteration of
Th-cell
differentiation
Induction of
regulatory T-cells
Activation of
Nrf2-dependent
antioxidant
pathway
Decrease in CD8+
T-cells, B-cells,
and myeloid
dendritic cells
number
Reduced
neutrophil
infiltration in
CNS
Inhibition of
microglia
activation
Reduced
activation state of
dendritic cells,
M2 monocytes,
T-cells, NK-cells
Activation of
Breg-cells

NRF2-dependent
pathways,
hydroxyl
carboxylic acid
receptor 2
(HCAR2)

Oral
administration

Efficacy from

moderate to high [108,120,121]

4.1. Dendritic Cells in MS Therapy

As a key player in the initiation and maintenance of antigen-specific immune response,
dendritic cells are considered not only as a target for drug-based treatment. The use of
specific tolerogenic dendritic cells is also considered a therapeutic option. The idea of using
tolerance-inducing dendritic cells depends on the use of antigen-loaded DCs primed to
tolerogenic phenotype, which are able to polarize the immune response against presented
antigens towards the induction of immune tolerance, which results in the expansion of
antigen-specific regulatory T-cells. Phenotype of tolerance-inducing DCs is traditionally
characterized as semi-mature with weak expression of MHC class II molecules and co-
stimulatory receptors (CD86, CD83, CD80, CD40), high level of surface inhibitory molecules
(PDL1/2,ILT3, ILT4), and specific secretory activity with evident IL-10 or TGF-{3 production
and weak release of proinflammatory cytokines [122]. Induction of tolerance to antigens
depends mainly on the ability of DCs to promote differentiation of naive T-cells to Treg
during antigen presentation in lymph nodes. Moreover, tolerance-inducing DCs were also
reported to be able to inhibit the proliferation of T-cells, induce T-cells hyporesponsiveness,
and T-cells anergy [123-125]. The level of conventional DCs in circulating blood is quiet
low; thus, in numerous studies, DCs are derived from blood monocytes. Standard protocol
utilizes moDCs differentiation from monocytes in the presence of IL-4 and GM-CSF to
immature DCs [126,127]. Tolerogenic phenotypes may be obtained in numerous ways; the
most popular utilizes vitamin D3 or IL-10; however, the use of corticosteroids, rapamycin,
or specific NF-«B inhibitors were also described as possible strategies [128].

Up to date, the most interesting and well-studied are tolerogenic DCs induced by
vitamin D3 or glycocortycosteroid dexamethasone. In vitro and animal studies with vitD3-
tolDC confirmed their ability to induce hyporesponsiveness of T-cells toward presented
antigens, as well as the stability of promoted tolerogenic phenotype, which was not abol-
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ished by cryopreservation [129,130]. Animal studies conducted using an EAE model
revealed the potential of myelin antigen-loaded tolDC administration to suppress immune
response and enhance the proliferation of regulatory B-cells and T-cells. Recently, Man-
silla et al. identified CD115 (CSF1R) as a biomarker for tolerogenic properties of DCs,
which is also involved in the vitamin D-mediated induction of tolerogenic phenotypes.
What is more, authors reported CSF1R-CSF1 signaling to be important for metabolic re-
programming of vitamin D-modulated DCs, related with elevated glucose uptake and
lactate production [131]. Release of lactic acid is a novel, recently identified mechanism
utilized by tolerogenic DCs to suppress T lymphocytes proliferation [132]. These findings
improve further tolDC studies and improve time-consuming identification of tolerogenic
phenotype of DCs induced with vitamin D. It should be checked if regulatory properties of
another already described tolerance-inducing DCs, obtained on different priming protocols
(dexamethasone, IL-10, TGF-f3, synthetic NF-kB inhibitors), are also lactate and CSF1R-
CSF1 signaling dependent. It is worth to consider CSF1R as a target for improvement of
regulatory activity of antigen loaded DCs derived from monocytes, as well as circulating
conventional DCs in the body.

A major disadvantage of this form of therapy is the necessity to use tolerogenic DCs
loaded with multiple myelin antigens as the immune response among the patients is het-
erogeneous, and the antigen spreading must always be considered. Although experimental
tolDC therapy was effective in early stages of EAE, there was no beneficial effect of its
use for chronic EAE [129,133-136]. Similar results should be expected in accordance with
MS in humans. In the early stage of inflammation, when the autoimmune reaction targets
major myelin antigens, the tolDC-based therapy should be the most effective [136].

4.2. Tolerogenic DCs in Clinical Trials

Actually, two independent phase I clinical trials utilizing tolDC are taking place,
and one has already finished [136,137]. A phase Ib clinical trial with dexamethasone-
induced tolerogenic DC loaded with myelin antigens or Aquaporin 4 that finished in 2019
confirmed safety of the therapy and provided the proof of concept for use of tolerance
inducing DCs in future. Within 12 weeks after intervention, a significant increase in IL-10
release by PBMC cells exposed to myelin antigens and elevated Treg frequency have been
observed in study participants, which suggests the induction of immune tolerance to
used antigens. What is important is that there was no serious side effects and during the
24-week follow-up, researchers noticed only non-severe episodes, not related with the
study [138]. Such a form of therapy depending on restoring immune tolerance without
general immune suppression is needed. Actually, two phase I studies are recruiting MS-
affected participants to evaluate safety and tolerability of the treatment, as well as to
determine the most suitable administration option of vitamin D-induced tolerogenic DC
loaded with myelin immunopeptides (Figure 1). It seems necessary to evaluate the most
effective route for tolDC administration, as well as the development of a fast and reliable
method for the induction of tolerance-inducing DCs and assessment of the tolerogenic
potential of DCs [138]. Future trials for testing the efficiency of tolDC-based therapies on
the clinical level, involving a higher number of participants, should be carried out, as well
as the frequency of side effects being evaluated.
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Autologous
monocytes

%O
%O

Autologous
monocytes
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monocytes

%O
%O

Tolerogenic DC

Vitamin D 0
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Tolerogenic DC

Vitamin D P
Myelin antigens (]
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Intradermal
administration
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> 5x107,10x107,15x107 30x107 DCs IL-10 leve
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Finished phase 1 clinical trial

Figure 1. Clinical studies conducted on tolerogenic dendritic cells.

4.3. Targeting the APC Activity by Peptide Vaccines

Induction of tolerance to myelin antigens may be also obtained by administration of
the antigen by non-conventional route. Numerous trials investigated the effect of myelin
antigens administered orally, intravenously, subcutaneously, or intranodally. Therapy
with myelin peptides depends on their uptake without strong activation of APCs, which
induce tolerance to the antigen. Trials utilizing the immune peptides administration
were summarized in Table 2. Common disadvantages of peptide administration are the
necessity of repetitive administration in high doses and the fast clearance of injected

peptide [122,139-141].

Table 2. Clinical trial results for myelin antigen use as a therapeutic options in multiple sclerosis. Trials without any
beneficial effect are labeled with black shade; trials with strong side effects are labeled with red shade; trials with positive
results are labeled in green.

MS Clinical

Used Peptide Form Form Administration Safety Result References
No benefits for
Bovine myelin Encapsulated RR Orally safe multiple sclerosis [122,142]
course
Intravenously
MBPg; og Peptide vaccine SP Every 6 month safe Non-effective [122,143]
for 2 years
MPBs-44, Intranodally Decrease in
MBPg3_99 . . and number of new or
MBP Peptide vaccine RR, SP subcutaneously safe ersisting lesion [122,144,145]
5148 Biweekly for 16 P & lesions
MBP140 154 (MRI)

weeks
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Table 2. Cont.

Used Peptide Form MSF?:;I“] Administration Safety Result References
Oilz?;;riiZZk Activation of skin
MBPg5_99 for 4 weeks DC, induction of
MOGg3s5.55 Skin patch RR ! safe Treg, suppression [122,146,147]
PLP139_155 next once per of myelin-specific
month for 11
T-cells
months
PBMC covered
with:
MOG
MOGg3s5_55 Decreased
MBP13_3 Cells' RR, SP Int'ravenously safe myelin-specific [122,148]
MBPgs 0 suspension Single dose Tcell response
MBP111-129
MBP146-170
PLP139-154
Systemic
Modified peptide Subcutaneously hypersensitivity in
ligands derived  Peptide vaccine RR Every week for not safe 9% of participants [122,149]
from MBPg3 g9 4 months Induction of Th2
response
Exacerbated MS,
CGP77116 Subcutaneously . mcrea;sedl
Al Peptide vaccine RR Every week for not safe 1ptermo ecwar [122,150]
tered MBPg3_g9 9 months epitope spreading

Expansion of
autoreactive T-cells

This process may be facilitated by the incorporation of selected peptides into the
liposomes modified to elevate their uptake by DCs via specific surface receptors. For
example, immunodominant MBP peptides are incorporated into mannosylated liposomes,
which increase their uptake by APCs via the CD206 receptor. This approach enhances
immune tolerance for the CNS antigens [151,152].

Another option is nanoparticles loaded with self-antigen, with or without a bioactive
payload, which have been developed to induce immune tolerance [153-157]. It has been
shown that biodegradable particles loaded with myelin-specific antigen, either alone or
with immunomodulators, ameliorate EAE [158,159]. Particles around 500 nm in size are
phagocytosed by APCs [160-162]. Poly (lactide-co-glycolide) (PLG) and poly (DL-lactide)
(PLA) particles have been mostly investigated in antigen-specific treatment for MS and have
shown the capability to modulate immune cells for EAE disease amelioration [157,159,163].

5. Conclusions

Several currently available experimental data suggest that targeting antigen presenta-
tion may be a promising way to develop the new, more effective methods of MS treatment.
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