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Abstract: Multiple sclerosis (MS) and Devic’s disease (NMO; neuromyelitis optica) are autoimmune,
inflammatory diseases of the central nervous system (CNS), the etiology of which remains unclear.
It is a serious limitation in the treatment of these diseases. The resemblance of the clinical pictures
of these two conditions generates a partial possibility of introducing similar treatment, but on
the other hand, a high risk of misdiagnosis. Therefore, a better understanding and comparative
characterization of the immunopathogenic mechanisms of each of these diseases are essential to
improve their discriminatory diagnosis and more effective treatment. In this review, special attention
is given to Th17 cells and Th17-related cytokines in the context of their potential usefulness as
discriminatory markers for MS and NMO. The discussed results emphasize the role of Th17 immune
response in both MS and NMO pathogenesis, which, however, cannot be considered without taking
into account the broader perspective of immune response mechanisms.

Keywords: neuromyelitis optica; Devic’s disease; multiple sclerosis; biomarkers; Th17-related
cytokines

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease,
characterized by the infiltration of immune cells into the central nervous system (CNS)
with subsequent demyelination, axonal damage, and neuronal loss. The disease shows
great heterogeneity concerning radiological and histopathological changes, as well as
clinical appearance and progression. Recently, many disease entities have been identified
to originate from MS and have been often confused with it. One of them is neuromyelitis
optica (NMO; Devic’s disease), an immune-mediated chronic inflammatory disease of
the CNS with clinical and radiological features overlapping with MS. Although it was
considered a clinical variant of MS for years, it is now regarded as a distinct disease entity.
According to the newest version of the International Statistical Classification of Diseases
and Related Health Problems, adopted by the World Health Organization (WHO), MS
and NMO belong to a large group of white matter diseases. However, they are classified
as separate, with different radiological features [1]. NMO is an autoimmune disorder,
mediated in most cases by antibodies against the aquaporin (AQP)-4 water channel [2]. For
the majority of patients, antibodies against AQP4 can be detected with an immunoassay [3].
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The latest criterion of diagnostic guidelines unifies AQP4-negative and positive forms
under the umbrella of neuromyelitis optica spectrum disorders (NMOSDs) [4].

The advent of NMO antibodies has permitted clearer differentiation between NMO
and MS. Constructing a definitive and correct diagnosis of NMO can be challenging, be-
cause a prevailing early stage of MS (relapsing-remitting phase) may manifest similar
clinical symptoms (e.g., with attacks of optic neuritis and myelitis) [5]. It is essential to
distinguish these two conditions, since patients with NMO require long-term immuno-
suppression to prevent devastating relapses. Disease-modifying treatments for MS such
as interferon (IFN)-β may be inefficient in NMO or even worsen the disease course [6,7].
Hence, there is a great need to identify good markers to help promptly differentiate MS
from NMO.

One way to discriminate them is based on immunological profiles, since these two dis-
orders prove different immunopathogenesis. Both MS and NMO are autoimmune diseases
characterized by chronic inflammation of the CNS and mostly relapsing course [8–11]. The
pathological inflammation in autoimmune diseases results from complicated interactions
between all cells of the adaptive and innate immune systems. The main contribution to
this process is attributed to CD4+ T cells, specifically to the dysregulation between effector
Th and Treg cells activity and the development of autoreactive effector Th cells [12]. The
pathogenesis of MS was initially thought to be strictly related to the imbalance between a
pro-inflammatory subset of Th1 cells and anti-inflammatory Th2 cells, which are responsi-
ble for recovery from the disease. Th1 cells may contribute in two different ways to the
MS pathogenesis, as IFN-γ-producing cells that activate macrophages in the degradation
of the myelin sheath, as well as a cells that directly impair the myelin sheath through the
TNF-α release. Whereas, Th2 cells by an upregulation of anti-inflammatory cytokines,
such as IL-4, IL-10 and TGF-β play a crucial role in inhibition of MS course [13]. However,
subsequent studies have re-evaluated this view, suggesting that it is too highly polarized
as it depends on only one effector population [14]. Despite the undeniable role of the
Th1/Th2 interplay, more recently, Th17 cells appeared at the center of interest in the context
of the pathogenesis of many inflammatory autoimmune diseases [15,16]. Interestingly,
research results demonstrated the relevance of Th17 not only in MS but also in NMOSDs
immunopathogenesis [17,18]. Understanding distinct molecular mechanisms of both con-
ditions may be crucial to identifying specific discriminatory biomarkers for them. This
review aims to discuss crucial differences in immune response associated with Th17 in the
context of the overall immunopathogenesis of MS and NMOSD.

2. Similarities and Differences between MS and NMO
2.1. Epidemiology

Both MS and NMO have various prevalence primarily dependent on the geographic
location, gender, and age. Globally, the average value for MS is estimated at 35.9 per
100,000 people [19], whereas the prevalence of NMO ranges from 0.52 to 4.4 per
1,000,000 people [20]. NMO is a notably rare disease compared to MS. Both diseases
have been identified worldwide, however, in the European and North American pop-
ulations the prevalence of MS is over 100 times higher than in the case of NMO (1 per
100,000 people) [21,22]. In NMO, the female-to-male ratio remarkably exceeds 3:1 (ratio
reported in MS) and reaches 9:1 in some seropositive patients [23,24]. MS, as well as NMO,
can occur at any age but appears mainly among young adults. The median age of the onset
of NMO is 39 years, while for MS patients, the first manifestation of the disease occurs
earlier—the mean age at the onset is 29 years [25–27].

2.2. Clinical Manifestations

The clinical courses of MS were first defined in 1996 [28] and updated in 2013 [29] to
provide an assessment of the current disease status. From 2013, four clinical phenotypes
are used to characterize MS: clinically isolated syndrome (CIS, single phase episode of CNS
demyelination in a patient who has never been diagnosed with MS), relapsing-remitting
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MS (RRMS), primary-progressive MS (PPMS), and secondary-progressive MS (SPMS) [30].
There is a worse prognosis once MS patients enter a progressive phase, whether from the
onset (like in PPMS) or after an initial RR phase. Most RRMS patients have only a moderate
disability (Expanded Disability Status Scale (EDSS) ≤ 4.0), while in SPMS patients, severe
and persistent disability develops (EDSS ≥ 5.5) [31]. The longer the disease duration, the
greater the proportion of patients converting to a secondary-progressive phase, with a
near 90% chance of conversion after 26 years from the onset [32]. Despite many factors
predisposing to the transition to the progressive phase, such as older age at the onset,
more frequent and severe attacks, patients with NMO compared to MS still have a low
conversion rate to secondary progressive type [33].

In contrast to MS, NMO is an idiopathic, severe, demyelinating disorder of the CNS
with a tendency to affect the optic nerve and longitudinally extensive transverse myelitis
(LETM) with relative bypassing the brain injury [34]. In NMO, more than 90% of cases have
a relapsing course with optic nerve attack, myelitis or both, occurring unpredictably [35].
About 10% of NMO patients have a monophasic course and they are more often associ-
ated with simultaneous optic myelitis, while a progressive course is extremely rare [36].
Untreated attacks of optic myelitis are often more disabling than in MS, leading to a faster
accrual of irreversible neurological disability. After 7–8 years from the onset of disease,
approximately 60% of NMO patients show severe motor impairment (EDSS ≥ 6) and at
least blindness in one eye [36]. The vast majority of NMO-related deaths result from acute
ascending myelitis or brainstem involvement causing respiratory failure [37]. NMO is a
typical relapsing disease with multiple attacks leading to accumulating neurological injury
and irreversible disability [38]. The brain magnetic resonance imaging (MRI) in NMO may
be normal or show relatively mild changes, whereas the optic nerve may present areas of
abnormality. NMO commonly affects only the optic nerve and the spinal cord, while MS
mainly attacks the brain, as well as the spinal cord but less often than the optic nerve. In MS,
the spinal cord lesions are usually a short segment (one vertebra long or shorter) located
peripherally [39], while in NMO, the MRI scan shows longitudinally extensive (more than
three) vertebral segment lesions with prominent involvement of the central cord [40].

2.3. Pathological Manifestations

A cellular autoreactive immune response involving a repertoire of CD4+ Th cells, par-
ticularly Th1 and Th17, is considered characteristic of MS onset and progression, whereas
regulatory cytokines such as interleukin (IL)-10 and transforming growth factor (TGF)-β
and Th2 cells, releasing IL-4, IL-5, IL-13 and IL-25, are related to anti-inflammatory effects
and recovery [41]. Cytokines promote the differentiation of Th1 and Th17 cells, which
subsequently infiltrate into the CNS and act via glial cells to induce the production of in-
flammatory agents, chemokines, matrix metalloproteinases, and free radicals [42]. Th1 cells
produce mainly pro-inflammatory cytokines, such as IL-2, tumor necrosis factor (TNF)-α,
and signature interferon (IFN)-γ, which activates the resident macrophages of the CNS, mi-
croglia, and stimulate their polarization towards pro-inflammatory M1-like phenotype [43].
Immunopathogenesis driven by Th1 cells is strictly associated with Th17 cells, which are
susceptible to the inhibition by IFN-γ, recruit other inflammatory cells (mainly neutrophils)
to the target tissue [44,45], and are the main producers of proinflammatory cytokines IL-
17A and IL-17F [46]. Apart from suppressing Th17, IFN-γ inhibits CXCL2 [47] and matrix
metalloproteinase (MMP)-9 [48], recognized to be induced by IL-17A and IL-17F [49,50].
Secondary inflammatory infiltrates in MS are dominated by IFN-γ-activated macrophages,
whereas neutrophils, attracted by IL-17A–mediated chemokines, are scarce in MS lesions
and absent in the CSF [51].

Th1/Th17 interplay, remaining under the control of particular cytokines, is crucial in
driving tissue-specific autoimmunity [12]. Cascades of reactions lead to the modulation
of glial cells and astrocytes activity, and neuroinflammation resulting in demyelination,
axonal loss, and neurodegeneration [52–54]. Interestingly, it has been suggested that the
profiles of Th1 and Th17-related immune response may evolve across the progression of
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MS [42,55]. Th17 cells might be stronger inducers of demyelination than Th1, however,
there is a need for further studies to determine whether the Th17-driven EAE exhibits a
different course than the Th1-induced one. Few studies conducted in MS demonstrated
that the relapsing-remitting phenotype of the disease with prevailing spinal cord lesions
was mainly driven by Th17 cells. In turn, MS phenotype with predominant brain lesions
was recognized as associated with Th1 cells [56]. Research conducted on the EAE model
suggested that the brain may be more susceptible to inhibitory signaling of IFN-γ than the
spinal cord, which means Th17 cells/IL-17 might overcome the inhibitory effect of IFN-
γ [56]. Moreover, it has been revealed that the determinant of this effect was a Th17/Th1
ratio—the high amount of Th17 did not trigger brain inflammation until the amount of
Th1 was higher in the infiltrating population [56]. Together, it seems that these findings
may provide new directions for further studies on distinguishing MS from MS-originated
disease entities, such as NMO/NMOSD and predicting their clinical presentation.

NMO is an astrocytopathy with the distinctive presence of AQP4 autoantibodies and
complement activation with loss of immunoreactivities for the astrocytic proteins, AQP4
and glial fibrillary acidic protein (GFAP) [57]. The fact that 10–25% of NMO patients are
AQP4-IgG-seronegative provides that the immunopathogenesis of the disease is heteroge-
neous and may involve other factors, such as antibodies against myelin oligodendrocyte
glycoprotein (MOG-IgGs) and autoantibodies against aquaporin-1 (AQP1-IgGs) [58]. In
contrast to MS, a B cell-mediated humoral autoimmunity supported by Th2 is thought to
predominate in NMO patients [59]. However, research results suggest that the delineation
of immune response in both diseases is not clear. The main differences between the immune
response in MS and NMO are illustrated in Figure 1.

At the NMO onset, AQP4-IgGs infiltrate the CNS through the disrupted BBB or
via endothelial transcytosis and bind to a protein AQP4. It leads to down-regulation
of the surface AQP4 and disruption of water homeostasis in the CNS, activation of the
astrocytes-derived complement, increased permeability of BBB, and infiltration of neu-
trophils and eosinophils into the CNS. This cascade results in demyelination, damage of
oligodendrocytes, astrocytes, and neurons [58].

The inflammatory cells associated with NMO are primarily granulocytes (eosinophils
and neutrophils) and macrophages, with a small number of lymphocytes observed, whereas
the inflammatory process of MS is rich in lymphocytes and macrophages [60,61]. In the
CSF of NMO patients, granulocytes and a high level of granulocyte colony-stimulating
factor (G-CSF) were identified [61,62]. It has been demonstrated on the animal model that
neutrophils are responsible for enhancing the severity of NMO lesions [63]. Macrophages
produce pro-inflammatory cytokines and contribute to myelin phagocytosis, which leads
to axonal damage [64]. Other relevant factors involved in the innate immune response
in NMO are natural killer (NK) cells inducing antibody-dependent cellular cytotoxicity
(ADCC) [62]. Plasmablasts are the primary source of AQP4-IgG, and they are affected by
IL-6, which promotes the production of this autoantibody during NMO [65]. According
to research results, T cells contribute to the NMO development only indirectly, e.g., by
inducing cytokines that mediate antibody production and recruitment of granulocytes into
the CNS [61]. As mentioned before, the relevant involvement in the NMO pathogenesis is
also attributed to Th17 cells. This aspect is discussed in detail below.
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Figure 1. Immunological mechanism of MS and NMO. In MS: T helper (Th)-17 and Th1 cells differ-
entiate from naïve T cells. The differentiation is stimulated by interleukin (IL)-1, IL-6, IL-12, IL-18, 
and IL-23. Th17 and Th1 cells alongside B cells infiltrate the central nervous system (CNS) at areas 
of increased blood–brain barrier (BBB) permeability. Herein, Th1 and Th17-related cells produce 
mainly pro-inflammatory cytokines which induce inflammatory cells infiltration. Immuno-
pathogenesis driven by Th1 cells is strictly associated with Th17 cells, which are susceptible to the 
inhibition by IFN-γ. Moreover, B cells produce antibodies reactive against myelin antigens. Subse-
quently, inflammatory cells alongside cytokines and antibodies lead to oligodendrocyte loss, demy-
elination, and finally, neuronal loss. In NMO: Th17 cells differentiate from naïve T cells. The differ-
entiation is stimulated by transforming growth factor (TGF)-β, IL-1β, IL-6, IL-7, IL-21, and IL-23. 
Th17 cells, inducing pro-inflammatory cytokines, including IL-6, interact with B cells, which stimu-
late plasma cells to produce aquaporin (AQP4)-4-IgGs. Besides, increased level of IL-6 associates 
with the tendency to release more IL-17A by Th17 cells and the proper differentiation of Th17 cells 
depends on IL-6 and IL-21 high level. AQP4-IgGs infiltrate into the CNS at areas of increased BBB 
permeability and then bind selectively to AQP4 on astrocytic endfeet. This binding induces the com-
plement activation, which leads to the recruitment of peripheral inflammatory cells. Subsequently, 
inflammatory cell recruitment and activation alongside cytokines cause astrocyte injury, oligoden-
drocyte loss, demyelination, and finally, neuronal loss. 

Figure 1. Immunological mechanism of MS and NMO. In MS: T helper (Th)-17 and Th1 cells differ-
entiate from naïve T cells. The differentiation is stimulated by interleukin (IL)-1, IL-6, IL-12, IL-18,
and IL-23. Th17 and Th1 cells alongside B cells infiltrate the central nervous system (CNS) at areas of
increased blood–brain barrier (BBB) permeability. Herein, Th1 and Th17-related cells produce mainly
pro-inflammatory cytokines which induce inflammatory cells infiltration. Immunopathogenesis
driven by Th1 cells is strictly associated with Th17 cells, which are susceptible to the inhibition
by IFN-γ. Moreover, B cells produce antibodies reactive against myelin antigens. Subsequently,
inflammatory cells alongside cytokines and antibodies lead to oligodendrocyte loss, demyelination,
and finally, neuronal loss. In NMO: Th17 cells differentiate from naïve T cells. The differentiation
is stimulated by transforming growth factor (TGF)-β, IL-1β, IL-6, IL-7, IL-21, and IL-23. Th17 cells,
inducing pro-inflammatory cytokines, including IL-6, interact with B cells, which stimulate plasma
cells to produce aquaporin (AQP4)-4-IgGs. Besides, increased level of IL-6 associates with the ten-
dency to release more IL-17A by Th17 cells and the proper differentiation of Th17 cells depends on
IL-6 and IL-21 high level. AQP4-IgGs infiltrate into the CNS at areas of increased BBB permeability
and then bind selectively to AQP4 on astrocytic endfeet. This binding induces the complement
activation, which leads to the recruitment of peripheral inflammatory cells. Subsequently, inflamma-
tory cell recruitment and activation alongside cytokines cause astrocyte injury, oligodendrocyte loss,
demyelination, and finally, neuronal loss.



Int. J. Mol. Sci. 2021, 22, 8946 6 of 19

2.4. Environmental and Genetic Factors

It is believed that factors contributing to the variation in the prevalence, either on NMO
and MS, could be the environmental and genetic agents [66]. The most reported risk factors
involved in the MS etiology are smoking, exposure to infectious diseases (e.g., Epstein–Barr
virus), UV exposure, vitamin D deficiency, lifestyle, diet, and hormonal issues [67]. Similar
environmental factors are associated with increasing the risk of developing NMO, among
which are smoking, alcohol consumption, physical inactivity, low intake of dairy products,
fish, vitamin D, and iron [68]. Many genetic factors contributing to MS have been identified
in the European population. The primary susceptibility allele is a human leukocyte antigen
(HLA) class II gene. The main one is HLA-DRB1*15:01, a well-known risk factor for MS
carried by 25–30% of the population in northern Europe and the USA, which shows the
strongest association with MS amongst all classical and single nucleotide polymorphism
(SNP) alleles [69]. Several studies reported associations of some HLA alleles with NMO
susceptibility in various races. In East Asian populations, HLA-DRB1*16:02 (OR = 8.39,
p < 0.001), HLA-DRB1*08:02 (OR = 2.86, p < 0.0001), HLA-DPB1*05:01 (p = 0.0368) and
HLA-DRB1*09:01 (OR = 0.27, p < 0.0001) are thought to be risk factors and a protective
factor, respectively [70,71].

2.5. Treatment

Generally, the treatment regime in MS and NMO can be divided into two strategies:
modifying the disease progression and treating the acute relapse [72]. The first line of
treatment is the same for MS and NMO patients. Administration of high-dose intravenous
methylprednisolone (up to 1000 mg daily) over a period of 3 to 5 days commonly represents
the first step in the acute relapse treatment to reduce the inflammation. Additionally, gluco-
corticoids administration may downregulate cellular cytotoxicity and lead to the death of
activated B cells [73]. However, recent studies have underlined the issue of misdiagnosis of
MS with NMO and its possible harmful consequences [74,75]. Particular attention should
be paid to the fact that several approved disease-modifying therapies (DMTs) that are ap-
plied in MS treatment have been found ineffective and even harmful to NMO patients [76],
including IFN-β [77], natalizumab [78], fingolimod [79], and alemtuzumab [80]. This
emphasizes the need for an accurate distinction between these two disorders [81].

Most recently, Agasing et al. described the mechanism by which cascade involving
IFN type I (including IFN-β and the various IFN-α molecules), IL-6, and B-cells drive Th1
and Th17-mediated autoimmunity in NMOSD. They suggested that IFN-I stimulates the
production of IL-6 by B cells, subsequently driving the pathogenic Th17 differentiation
in vitro [82]. This fact demonstrates the significant involvement of Th1 and Th17 in the
pathogenesis of NMO. Therefore, before introducing treatment for MS, it is crucial to
the first rule out NMO by performing serological tests for anti-AQP4 and anti-myelin
oligodendrocyte glycoprotein (MOG) presence in all patients with features characteristic
for NMO [83]. Therefore, an early implementation of proper treatment is essential for its
efficacy. That is why it is so important to the exact disease diagnosis. The most used im-
munosuppressants in NMO include: the oral drugs azathioprine (reducing relapse rates and
improving visual scores [84]), mycophenolate mofetil (inhibition of inosine monophosphate
dehydrogenase [85]), and rituximab (an intravenous anti-CD20 monoclonal antibody [86]).

The differences between MS and NMO are summarized in Table 1.
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Table 1. Features differentiating MS from NMO [87–90].

Features MS NMO

Prevalence 39.5 per 100,000 0.5–4.4 per 100,000

Latitude gradient Scandinavian and Atlantic Coast/
Central Europe population Far Eastern population

Female (%) 60–70% 80–90%

Gender ratio (female:male) 2–3:1 4–9:1

Race/ethnic variation More common in white populations
(Caucasians)

More common in non-white populations
(Africans, South Americans, and Asians)

Age at onset (years) 20–40 40–60

Median age of onset (years) 28 39

Co-existent autoimmune disease Rare Frequent

Distribution of symptoms Any white-matter track Optic nerves and spinal cord

Tissue involvement White matter White and gray matter

Type of leukocyte infiltrating to the CNS T and B lymphocytes Neutrophils and eosinophils

Course of disease −85% RRMS
−15% PPMS

−80–90% relapsing course,
−10–20% monophasic

Progressive course Very often Very rare

Attack severity Often mild Often severe

Spinal cord MRI Short-segment peripheral cord lesions,
partial cord syndrome, asymptomatic

Longitudinally extensive central necrotic
lesions, complete cord syndrome, acute

T1 hypointensity, symptomatic

Brain MRI
Usually normal with non-specific

changes, presence of Dawson’s finger,
juxtacortical lesions

Multiple periventricular white-matter
lesions, extensive hemispheric lesions

Optic neuritis Short anterior segment inflammation,
unilateral, good recovery

Long posterior segment inflammation,
bilateral, poor recovery

Pleocytosis (presence lymphocytes
in CSF) Present Rarely

Area postrema syndrome Almost never Common

Diencephalic syndrome Very rare Very common

Presence of OCBs (%) 85% 15–30%

Permanent disability Present in a late progressive phase Attack-related

Biomarkers in serum No specific antibodies AQP4 antibody

Treatment

CIS: siponimod, IFN-β-1a,
PegIFN-β-1a, IFN-β-1b;

RRMS: ocrelizumab, ofatumumab
PMS: ocrelizumab;

SPMS: mitoxantrone, ozanimod

Azathioprine, rituximab, mycophenolate
mofetil, methotrexate, mitoxantrone,

and cyclophosphamide

Hormonal disturbances Very rare Very common

Typical symptoms

Sensory loss or paresthesia, optic neuritis,
limb and facial weakness, visual blurring
due to diplopia, ataxia, vertigo, bladder
dysfunction, pain, cognitive dysfunction
sexual dysfunction, fatigue, and seizure

Symptoms of transverse myelitis and
optic neuritis, NMO-IgG

antibodies present

Abbreviations: AQP4—aquaporin-4; IFN-β-1a—interferon β-1a; MS—multiple sclerosis; NMO—neuromyelitis optica; PegIFN—pegylated
interferon β-1a; PPMS—primary-progressive multiple sclerosis; RRMS—relapsing-remitting multiple sclerosis; SPMS—secondary-
progressive multiple sclerosis.
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3. Brief Immunology of MS and NMO

IL-17A is a potent pro-inflammatory cytokine produced by both Th17 cells and IL-17-
secreting CD8+ T cells. It contributes to the pathophysiology of autoimmune disorders and
possibly mediates delayed-type inflammation by inducing chemokine-related recruitment
of neutrophils and monocytes to the inflammatory location. The role of this cytokine in
EAE is well-documented [91]. IL-17A and IL-17F may be produced as an effect of the
phagocytosis of neutrophils by microglia and macrophages and further IL-23 release. In
addition, IL-17A and IL-17F induce a lot of immune cells to release G-CSF, which results in
the production of neutrophils and chemotaxis, and subsequently the elevation of activated
neutrophils product, myeloperoxidase (MPO) [92–94].

IL-6 signaling promotes the pro-inflammatory activity of T-cells by inducing Th17
differentiation and production of pathogenic AQP4-IgG. In consequence, it contributes to
disruption of the BBB and infiltration of inflammatory cells into the CNS [95]. Neuronal
cells, microglia, astrocytes, and endothelial cells release this cytokine in response to injury.
IL-6 is increased under neuroinflammatory conditions, which leads to demyelination and
damage of axons and oligodendrocytes [96]. It has been shown that IL-6 levels correlate
with AQP4-IgG and glial fibrillary acidic protein concentration, which is found to be a sign
of astrocytic damage [97]. Moreover, this cytokine is considered a regulator of the balance
between Th17 and regulatory T cells (Treg) [98].

3.1. Significance of Th17 in MS and NMO

The identification of effector Th17 and regulatory T (Treg) cells in the context of au-
toimmunological diseases allowed for the expansion of knowledge and to resolve some
inadequacies of the classical Th1/Th2 concept that had dominated in T cell immunology
for over 20 years [99]. A few studies have implicated CD4+ Th17 cells and their cytokines
and downstream pathways in the pathogenesis of CNS autoimmunity in MS [42,55] and
NMO [100,101], challenging the classical Th1/Th2 paradigm. In contrast to the conven-
tional Th1 and Th2 cells, which represent stably polarized subsets, Th17 cells display an
extraordinary heterogeneity (in terms of trafficking receptors), instability (when they cease
to express their signature cytokine IL-17A), and plasticity (when they start expressing
cytokines typical of other lineages) upon in vitro re-stimulation [102,103]. Memory Th17
cells play a significant role in the occurrence of relapses and the progression of MS [104]
and NMO [105].

Th17 phenotype, differentiated from naïve CD4+ T cells, was first reported by the
production of IL-17A (a member of the IL-17 family including IL-17A-F) [106]. The devel-
opment, differentiation, and maturation of Th17 are stimulated by TGF-β, IL-1β, IL-6, IL-7,
IL-21, and IL-23, which are produced by antigen-presenting cells (APCs) [16]. The Janus ki-
nase (JAK)/activator of transcription 3 (STAT3) pathway is stimulated by cytokines, which
results in the upregulation of transcription factors retinoic acid receptor-related orphan
receptor α and γt (RORα and RORγt), critical for Th17 differentiation [107]. Th17 induces
pro-inflammatory cytokines, such as IL-6, IL-8, IL-9, IL-21, IL-22, IL-23, IL-26, TNF-α,
granulocyte macrophage colony-stimulating factor (GM-CSF), and G-CSF [24]. The differ-
entiation of Th17 cells is inhibited mainly by cytokines released by Th1 and Th2. Among
them, IL-2 is considered the critical inhibitor due to its important role in the activation of
transcription factor signal transducer and activator of transcription 5 (STAT5) [108].

Although MS was initially considered the disease primarily associated with Th1,
studies confirmed an essential commitment of Th17 in its pathophysiology. The level
of Th17 cells in the CSF was elevated during MS exacerbation, unlike Th1 cells [109].
The subsequent studies demonstrated increased Th17 cells and IL-17A in the CSF, brain
tissue, and peripheral blood in RRMS, especially during the relapse phase, compared
to non-inflammatory neurological diseases and controls [109]. GM-CSF, a growth factor,
which acts as a pro-inflammatory cytokine involved in Th17 functioning, was increased
in the CSF and blood in MS patients but not in NMO [97]. In patients with NMO, Th17-
related cytokines were found in active lesions and reported to be increased in serum and



Int. J. Mol. Sci. 2021, 22, 8946 9 of 19

CSF, suggesting their involvement in the NMO pathogenesis [97,110]. Th17 cells and
Th17-related cytokines interact with B cells producing antibodies and induce lesions in
CNS [110]. It has also been revealed that AQP4-specific T cells support the Th17 operation
in the pathomechanism of NMO [111]. Production of Th17-related cytokines IL-6 and
IL-21 was increased in NMO patients in the remission phase. It was directly linked
with a neurological disability as well as more robust resistance to immunomodulatory
treatment with glucocorticoid [112]. NMO-IgG enhanced a positive-feedback loop of IL-6
expression involving signaling pathways such as JAK/STAT and MAPK. The production
and gene expression of IL-6 in astrocytes were increased after stimulation by NMO-IgG,
and inhibition of the IL-6/JAK/STAT3 pathway by specific inhibitor JAK1/2 reduced this
effect [113]. It is possible that B cells, serving as APCs in the context of NMO and being a
source of IL-6, are capable of promoting T cell polarization towards Th17 [114].

3.2. Differences in Th17-Related Markers between MS and NMO

Wang et al. revealed that both in MS and NMO patients, Th1-, Th2-, and Th17-related
cytokines participated in the inflammation process. Pro-inflammatory IL-2 and IFN-γ were
found significantly elevated in the serum of NMO patients compared to MS, as well as
anti-inflammatory IL-4 and IL-10. Inflammatory changes induced by TNF-α and IL-17A
were similar in NMO and MS patients [9]. In the same study, the optimal cutoff point of
IL-2 ≥ 5 pg/mL has been suggested as a potentially useful biomarker for distinguishing
NMO from MS [9]. Markers that were increased among NMO/NMOSD patients include
many factors, such as IL-6, IL-17A, G-CSF, High Mobility Group Box 1 Protein (HMGB1),
IL-21, IL-8, IL-13, GFAP and osteopontin (OPN) [115].

A recently conducted meta-analysis included 38 clinical trials has shown that the
proportion of Th17 cells was much higher in NMOSD patients than in control (p = 0.013)
and MS (p = 0.023) groups, as well as revealing the existence of different profiles of Th17-
derived pro-inflammatory cytokines between NMO and MS [17]. In one study, Hou et al.
demonstrated that the levels of IL-6 in CSF and serum and IL-17A in plasma and serum
were higher in NMOSD patients than in MS patients [17]. Increased levels of IL-17A
and IL-17F were considered both in the CSF [92] and in the blood [18] of NMO patients.
Matsushita et al. focused on comparing NMO, RRMS, and PPMS and suggested that the
elevated levels of Th17-related cytokines are characteristic of NMO/NMOSD [116]. They
also reported significant differences in the level of pro-inflammatory cytokines, particularly
IL-6, IL-17A, and G-CSF in CSF between NMO, RRMS, and PPMS. In NMO/NMOSD
patients, IL-17A and IL-6 levels in CSF were meaningfully higher than in patients with
RRMS (p = 0.024 and p = 0.012, respectively). In NMO/NMOSD, both levels of IL-6 and IL-
17A were increased compared to RRMS patients (IL-6: p = 0.012; IL-17A: p = 0.024). As well
as CSF, concentration of IL-6 was higher in NMO/NMOSD patients than in PPMS patients
(p = 0.020). Moreover, in RRMS patients, IL-6 levels in CSF were significantly higher than
in non-inflammatory neurological diseases (OND) patients being at the relapse phase.
Additionally, a positive correlation between the levels of IL-6 and G-CSF and maximal
spinal cord lesion length in the relapse phase in NMO/NMOSD patients is observed (IL-6:
r = 0.47, p = 0.035; G-CSF: r = 0.47, p = 0.038), while in the remission phase, no significant
correlation between clinical parameters and cytokine levels in RRMS or NMO/NMOSD
was reported [116]. It has been demonstrated that the level of Th17 cells, IL-17A-secreting
CD8+ T cells, and serum IL-17A levels are increased in NMO patients in the acute phase of
the disease, compared to MS patients and healthy controls. Wang et al. have demonstrated
that the mean concentration of IL-17A in patients with NMO was much higher than in
patients with MS (p = 0.027) [105]. It could be associated with the increased severity of the
neuroinflammation and demyelinating processes in NMO patients. The activity of IL-17A
contributes to infiltration of the inflammatory cells through the spinal vessels, which causes
lesions not observed in typical MS. The concentration of IL-17A and G-CSF (in addition
to MPO, CCL11, and CCL4) in post-acute serum allowed to distinguish NMO from MS
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patients, which may be associated with the activity and differentiation of neutrophils and
eosinophils chemotaxis [117].

IL-21 is primarily produced by CD4+ T cells, such as Th17 and follicular helper T
cells, and NK cells [118,119]. On the other hand, Wurster et al. have shown that IL-21 is
preferentially produced by derived Th2 effector cells that modulate the development of
IFN-γ-producing Th1 cells and reinforce Th2 response in consequence [120]. However,
Korn et al. have revealed that Th1 and Th2 cells release a relatively small amount of
IL-21 compared to developing Th17 cells, which are the main source of this cytokine [121].
IL-21 promotes Th17 differentiation and seems to function analogously to the effects of
Th1 and Th2 cytokines on their respective lineages. It is also demonstrated that IL-21
acts as an autocrine regulator of IL-17A and IL-17F production in a STAT3-dependent
manner [122]. IL-21 enhances B cell differentiation and proliferation, and production
of IgG [105]. Research revealed the increased level of IL-6 and IL-21, associated with
the tendency to release more IL-17A, only in NMO patients, particularly in AQP4-IgG-
seropositive ones, not in patients with MS [105]. For proper Th17 differentiation the
combined actions of IL-6 and IL-21 are necessary, which are extremely dependent on
IL-23 cytokine [123]. In agreement with this study, Linhares et al. have demonstrated
that increased Th17-related cytokine production by activated CD4+ T cells from NMO
patients in the remission phase was directly related to enhanced release of IL-6 and IL-23
by LPS-stimulated monocytes [112]. Furthermore, it is demonstrated that the expression of
Th1 and Th17-related cytokines are upregulated in NMO, and the dominant Th17-related
response in NMO is positively correlated with neurological disability [112]. The correlation
between CSF IL-21 levels in NMO patients and complement has been revealed, which
confirmed the association of this cytokine with the humoral immune activity in NMO.
However, this study did not report significant differences in IL-21 levels between NMO
and MS cohorts [124].

Human G-CSF is produced mainly by macrophages and monocytes; however, it is also
released by endothelial cells, fibroblasts, and bone marrow stromal cells [125]. The receptor
for G-CSF (G-CSFR) is expressed mostly on neutrophils and bone marrow precursor cells,
which undergo proliferation and finally differentiate into the mature granulocytes [126].
Th17-derived IL-17A is a powerful inflammatory cytokine that works on a diversity of cell
types, including fibroblasts, endothelial cells, and epithelial cells to induce the expression of
pro-inflammatory cytokines, such as IL-6, TNF, and G-CSF, all of which strongly co-operate
to produce a robust inflammatory response [127,128]. Uzawa et al. conducted an extensive
CSF samples analysis in the context of differences in pro-inflammatory cytokines panel
among NMO and MS patients. They have demonstrated an increased level of IL-6, IL-8,
IL-13, and G-CSF in NMO in comparison to MS, while in MS they revealed enhanced
concentrations of IL-9, GM-CSF, macrophage inflammatory protein (MIP)-1β and TNF-α
in comparison to NMO patients. Furthermore, the CSF IL-6 level in NMO had a significant
correlation with the CSF GFAP level, and a weak positive correlation with AQP4-IgG
level. The levels of IL-6 and GFAP were increased in the CSF in patients during the first
NMO attack and their sensitivities (76.9% and 84.6%, respectively) were similar to those
of AQP4-IgG in the serum. They have proposed that NMO patients have elevated CSF
cytokines and chemokines associated with Th17 (IL-6, IL-8, and G-CSF), Th2 (IL-1, IL-10,
and IL-13) and B cell axes (CXCL13 and IL-21), which contrasts with MS, which is mainly
a Th1-dominant disease [129]. In vivo study demonstrated that administration of G-CSF
may enhance NMO lesions in mice [130]. Jacob et al. for the first time reported a patient
in whom the first episode of NMO was exacerbated after inadvertent administration of
G-CSF. The post-mortem study of CNS white matter reported that neurons in and around
NMO lesions revealed markedly increased expression of G-CSF in neurons located in and
around the lesions, with little or no expression in MS lesions or normal white matter. This
study supports a harmful role of G-CSF only in the case of NMO and it is postulated that
high G-CSF expression is not a general feature of CNS damage, but it is tissue-specific for
NMO pathogenesis [131].
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IL-6 has an important role in regulating the balance between pro-inflammatory Th17
cells and Treg [98]. Furthermore, Rincon et al. have shown that IL-6 can additionally mod-
ulate the Th1/Th2 balance towards Th2 [132]. Research results revealed the significance
of IL-6 in both NMO and MS pathogenesis and the correlation between this cytokine and
clinical and laboratory findings [133,134]. The following studies confirmed the crucial role
of this pleiotropic cytokine in NMO pathogenesis. The study conducted by Uzawa et al.
has demonstrated that the CSF IL-6 level was significantly higher in NMO patients than in
patients with MS (p = 0.001) and other neurological diseases (p = 0.001). More importantly,
enhanced CSF levels of IL-6 in only NMO support the view of different pathophysiology
of NMO and MS [135]. It is suggested that IL-6 may be useful to predict the clinical course
of NMO and differentiate it from MS, other neurological non-inflammatory diseases, or
healthy subjects [65,129,136]. Furthermore, IL-6 can increase the survival of plasmablasts
that produce anti-AQP4-IgG, which results in further tissue lesions [95]. The optimal cut-off
CSF IL-6 point has been found as 7.8 pg/mL for diagnosing NMO [135]. On the other
hand, it has been suggested that IL-6 is a candidate for a rather non-specific prognostic
biomarker as elevated levels of this cytokine are also associated with neuroinflammatory
diseases other than NMO [137].

Analysis of the correlation between Th17 and Th22 cells in patients with NMO and MS
demonstrated that the proportion of Th22 and Th17 was increased in these patients com-
pared to healthy subjects. Moreover, the concentration of Th22 was correlated with Th17 in
NMO patients, which may indicate a synergistic action of these cells [138]. Th22 cells were
elevated in NMO patients compared with MS, similarly to Th17 [105,139]. Although the
involvement of Th22 cells in NMO and MS pathogenesis is largely undiscovered, it has
been demonstrated that IL-22 activates signal transducer and STAT3 pathway. It probably
results in the activation of Th22 and Th17 cells [138,139]. One study revealed that IL-22,
which influences the Th1/Th17 axis [140], was significantly lower (p < 0.0001) in NMOSD
patients than in the healthy control group [141].

HMGB1 is released by damaged and inflammatory cells (including macrophages,
neutrophils, dendritic cells). It can act as a pro-inflammatory cytokine and plays a role
in inflammatory-mediated autoimmune disorders [142,143]. The increased expression
of HMGB1 and its receptors on resident microglia and activated macrophages might
enhance the inflammation process based on a positive feedback loop [144]. HMGB1 may
contribute to Th17 cells differentiation and production of IL-17A and is associated with
neuroinflammation during the relapse in demyelinating inflammatory disorders [145].
IL-17A/IL-8 axis activation in CSF and enhanced level of HMGB1 in the plasma of optico-
spinal multiple sclerosis patients have also been determined [92]. The expression of HGMB1
was elevated in the CSF of NMO patients compared to MS and positively correlated with IL-
17A and IL-6. Taking this into consideration as well as the fact that, as mentioned earlier, IL-
6 regulates Th17/Treg balance, it is suggested that HMGB1 contributes to inhibition of the
Treg activity and the exacerbation of the autoimmune inflammation in NMO patients [144].
The significant role of HMGB1 in NMO inflammation and damage of astrocytes has been
confirmed by Uzawa et al.; however, they reported that primarily increased levels of
HMGB1 in CSF and serum of NMO patients (vs. MS) decreased after treatment [143].

OPN is an acidic phosphoprotein particularly associated with Th1 and Th17 path-
ways and differentially expressed in NMO and MS. Many studies have demonstrated
that OPN also critically contributes to the development of Th1 pathway-mediated immu-
nity and disease, as well as is essential for the promotion of robust Th1 responses [146].
OPN is reported in activated CD4+ T cells and possibly promotes the pro-inflammatory
response of Th1 and Th17. Furthermore, similarly to IL-1β and IL-6, it is demonstrated
that OPN induces preferent differentiation of T cells towards Th17 subtype [147]. OPN is
also supposed to play a key role in the development of autoimmune diseases due to its
ability to stimulate macrophages to generates IL-12, as well as inhibit IL-10 production,
which enables differentiation of T cells into Th1 subtype [148]. On the other hand, as a
result of the mentioned processes, the level of IL-27 diminishes, which in turn favors the
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differentiation of T cells into Th17. The influence of OPN on disease exacerbations has
been reported in EAE [149]. Dendritic cells expressed OPN and stimulated CD4+ cells to
produce IL-17A [148]. The concentrations of plasma OPN in NMO and MS were similar
and significantly higher than in healthy donors. In both NMO and MS patients, the levels
of OPN were significantly increased in the relapse phase and decreased in remission. They
were correlated with EDDS, which suggests its influence on the activity and progression of
the disease [150,151]. To investigate potential differences in OPN levels in CSF among NMO
and MS, Kariya et al. have measured the levels in patients with anti-AQP4-IgG-positive
NMO and with MS (all at the relapse phase), as well as in the control group. They have
shown that OPN is significantly enhanced in the CSF of NMO patients in comparison to MS
patients. Immunohistochemical analyses demonstrated that OPN was noticeably increased
in the cerebral white matter of NMO patients and released by neurons, oligodendrocytes,
and astrocytes, as well as infiltrating macrophages. They also reported that the interplay of
the CSF OPN in NMO patients with integrin αvβ3 promoted macrophage chemotaxis by
activating phosphoinositide 3-kinase and MEK1/2 signaling pathways [152].

4. Conclusions

The discovery of anti-AQP4 antibodies initiated the concept of NMO as a separate
disease from MS and only confirmed different autoimmune etiology of NMO. The course
of this disease is nowadays more and more effectively modified by available therapies;
however, it is still crucial to establish the diagnosis early, as treatment strategies in the
case of NMO are different to those used in MS. Although the general clinical picture of
NMO disease is well established, many atypical cases are reported, leading to significant
diagnostic issues. The histopathological changes distinguishing NMO from MS include
predominant astrocyte damage, while extensive demyelination and neuronal loss are found
as characteristic of MS; however, it is known that demyelinating changes in the brain do
not exclude the diagnosis of NMO. Searching for specific discriminatory markers is crucial
for developing novel diagnostic tools and therapies in NMO and MS. The histopathological
changes distinguishing NMO from MS include predominant astrocyte damage, while
extensive demyelination and neuronal loss are found characteristic of MS; however, it is
known that demyelinating changes in the brain do not exclude the diagnosis of NMO.
Searching for specific differentiating markers is crucial for developing novel diagnostic
tools and therapies in NMO and MS. Recent outcomes expand the understanding of NMO
and MS inflammation markers; however, further research must clarify their diagnostic
accuracy and specificity. It should be noted that these two diseases are generally charac-
terized by neuroinflammation, so the expression of some inflammatory mediators might
be non-specific.

It is suggested that Th17 cells and Th17-related mediators play an essential role in the
immunopathogenesis of both NMO and MS. Emerging findings indicate that the markers
allowing differentiation between NMO, MS, and healthy individuals include factors specific
to the Th17 pathway, with IL-6 being particularly important. It appears that detailed studies
of Th17-related pathways may yield promising results leading to precise differentiation of
MS and NMO and faster and more effective therapy.
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Abbreviations

ADCC antibody-dependent cellular cytotoxicity
APCs antigen-presenting cells
AQP4 aquaporin-4
BBB blood-brain barrier
CIS clinically isolated syndrome
CNS central nervous system
CSF cerebrospinal fluid
DMTs disease-modifying therapies
EAE experimental autoimmune encephalomyelitis
EDSS Expanded Disability Status Scale
EMS European Medicines Agency
FDA Food and Drug Administration
G-CSF granulocyte colony-stimulating factor
G-CSFR granulocyte colony-stimulating factor receptor
GFAP glial fibrillary acidic protein
GM-CSF granulocyte macrophage colony-stimulating factor
HLA human leukocyte antigen
HMGB1 high-mobility group box protein 1
IA immunoadsorption
IL interleukin
IFN interferon
INF-β-1a interferon β-1a
LETM longitudinally extensive transverse myelitis
MMP-9 matrix metalloproteinase-9
MOG myelin oligodendrocyte glycoprotein
MPO myeloperoxidase
MRI magnetic resonance imaging
MS multiple sclerosis
NMO neuromyelitis optica
NMOSDs neuromyelitis optica spectrum disorders
OCBs oligoclonal bands
OPN osteopontin
PE plasma exchange
PegINF pegylated interferon β-1a
PPMS primary-progressive multiple sclerosis
RRMS relapsing-remitting multiple sclerosis
S1P sphingosine 1-phosphate
SNP single nucleotide polymorphism
SPMS secondary-progressive multiple sclerosis
STAT factor signal transducer and activator of transcription
TGF-β transforming growth factor-β
Th T helper cells
TNF-α tumor necrosis factor α
WHO World Health Organization
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