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Preface to ”Pathophysiology and Imaging

Diagnosis of Demyelinating Disorders”

The spectrum of “demyelinating disorders” is broad and it includes various disorders with central 
nervous system (CNS) demyelination, such as multiple sclerosis (MS), Neuromyelitis optica spectrum 
disorders (NMOSD), transverse myelitis, optic neuritis, acute disseminated encephalomyelitis, 
overlap and unclassified disorders, with MS being the most common. MS is a complex, multifaceted 
autoimmune disorder and the most common cause of non-traumatic disability in young adults [1,2]. 
Considerable research over the recent years has improved our knowledge and led to earlier diagnosis, 
novel therapeutic strategies, and an overall longer time in the workforce and improved quality of life 
for MS patients. However, diagnosis and management remain challenging. The disease burden on 
patients and caregivers is immense. Up until now, there are no FDA-approved remyelinating therapies. 
MS is still an incurable disease and many questions regarding pathogenesis, diagnosis and treatment 
remain unanswered.

In this special issue, Zabad et al. review extensively the wide spectrum of demyelinating 
syndrome, classification, rare and atypical presentations, differential diagnosis and evolution from 
the first demyelinating episode to the full- blown disease. Serum biomarkers, key imaging findings 
and management strategies are discussed. Specifically, the presence and significance of aquaporin 
4 (AQP-4) and myelin oligodendrocyte glycoprotein (MOG) antibody, myelin basic protein (MBP), 
glial fibrillary acidic protein (GFAP), S100, MOG, specific cytokines, such as interleukin 6 (IL-6) in the 
diagnostic evaluation and management is highlighted. This review emphasizes practical points in the 
“real world” practice that are of valuable assistance to the clinician [3].

Misdiagnosis of MS may occur, especially early in the disease process, as there is a significant 
number of diseases with similar presentation [4,5]. Over the last decade, the diagnostic accuracy 
of demyelinating disorders has improved, as advanced diagnostics, especially magnetic resonance 
imaging (MRI) techniques appear. The development of biomarkers is a necessity, as they have 
diagnostic, prognostic, and therapeutic value [6]. Using a calibrated functional MRI, Hubbard et al. 
investigate a new imaging biomarker, the visual-evoked cerebral metabolic rate of oxygen (veCMRO2), 
its contribution in improving diagnostic accuracy and the possibility of being used as a prognostic 
biomarker in the future in the context of a “gold standard” model of MS diagnostics that combine 
many relevant factors [7].

The symptoms of MS are non- specific, not always obvious and a number of them cannot be 
measured objectively. As fatigue is one of the most common, multifactorial, disabling and difficult 
to treat symptoms, with a severity that can only be evaluated by self-reporting scales, more insight 
into its pathophysiology and imaging characteristics is needed [8]. The article by Bernitsas et al. sheds 
light on the pathophysiology of MS-related fatigue and specifically focuses on its volumetric and 
neural integrity measures in patients with different degrees of pure MS- fatigue and low disability, 
using advanced MRI technology [9].

Comorbidities in MS patients have been extensively studied, as they have a negative impact on the 
quality of life, management and overall prognosis on MS patients. Comorbidities may delay initiation 
of disease-modifying treatment, limit therapeutic options and complicate treatment decisions. There is 
growing evidence that comorbidities may increase relapse rate and disability progression [10–14]. 
Painful paresthesias are part of the MS symptomatology; however painful sensations can be seen in 
other conditions co-existing with MS and may lead to diagnostic confusion. The review article by 
Purvis et al. focuses on the concurrent presence of cervical spondylotic myelopathy in MS patients 
that is commonly seen in everyday clinical practice and evaluates the results of decompressive surgery 
on pain management and quality of life in this population. The need for a comprehensive approach 
and multidisciplinary collaboration is emphasized [15].

Pathophysiology of demyelinating disorders is complex and not very well understood. 
The contribution of B-lymphocytes has been increasingly acknowledged, in addition to the traditional
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view regarding the role of T-lymphocytes in demyelinating pathophysiology. There are various B and
T subsets, as well as different cell populations that are key players in the immune response and their
involvement has been further investigated.

In this special issue, three review articles discuss MS pathogenesis and address old and new
knowledge. In a very comprehensive review by Dargahi et al., the pathophysiology of MS is explained
and the role of specific cells, including T and B-lymphocytes and their subsets, macrophages, microglia,
natural killer and dendritic cells, in the pathogenesis of demyelination is further analyzed [16].
Kinzel et al. review the role of humoral immunity in demyelinating disorders and further explore
the role of peripheral CNS-specific antibodies in initiating a cascade of events that lead to CNS
demyelination [17]. As MS encompasses both an inflammatory and a neurodegenerative component,
with neurodegeneration being more prominent later in the disease course and especially during the
progressive stage and associated with disability, Salapa et al. discuss the role of neuronal and axonal
damage in MS, emphasize the multifactorial nature of neurodegeneration and summarize potential
mechanisms that contribute to neuro-axonal injury. [18].

A new, deep insight into MS pathogenesis may promote novel neuroprotective and remyelinating
therapeutic strategies. The review by Bose focuses on a very specific population of cells in MS
pathophysiology, the T, B and resident memory cells, their role in MS pathophysiology, the effect
of the disease modifying agents on this cell population and their potential of being a therapeutic
target [19]. Lisak and Benjamins review melanocortins and their receptors (MCR), and analyze the
direct effect of melanocortins on the CNS (neurons and glia) as well as their effect on the immune
cells in the periphery. The role of adrenocorticotropic hormone (ACTH) in treating MS relapses is
discussed and comparative efficacy results between ACTH and intravenous steroids from clinical
trials are presented. In this review article, future research targets are explored and the potential
for developing innovative neuroprotective therapies involving MCR agonists is highlighted [20].
As there is growing interest in cell-based therapeutic strategies for MS [21], more research is needed.
Emerging immunotherapeutic approaches, such as stem cells, nanoparticles, mannan, DNA vaccines,
altered peptide ligands and cyclic peptides, are presented by Dargahi et al. [16], after reviewing current
and approved disease-modifying agents.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A subset of patients with a demyelinating disease suffer from concurrent cervical
spondylotic myelopathy, both of which evince similar symptomatology. Differentiating the cause of
these symptoms is challenging, and little research has been done on patients with coexisting diseases.
This review explores the current literature on the appropriate surgical management of patients with
concurrent multiple sclerosis (MS) and cervical spondylotic myelopathy (CSM), and those with both
Parkinson’s disease (PD) and CSM. MS and CSM patients may benefit from surgery to reduce pain
and radiculopathy. Surgical management in PD and CSM patients has shown minimal quality-of-life
improvement. Future studies are needed to better characterize demyelinating disease patients with
concurrent disease and to determine ideal medical or surgical treatment.

Keywords: demyelinating disease; multiple sclerosis (MS); cervical spondylotic myelopathy (CSM);
Parkinson’s disease (PD); demyelination; myelopathy; outcomes

1. Introduction

Demyelinating diseases commonly present symptoms such as muscle weakness, stiffness and
spasms, gait disorders, pain, changes in sensation, and disruptions in bowel and bladder function [1,2].
While the pathophysiology of multiple sclerosis (MS) and cervical spondylotic myelopathy (CSM)
differs—MS via an autoimmune process and CSM by a mechanical compressive process—both are
characterized by damage to myelin and have overlapping presentations [3,4]. Coexisting disorders
such as Parkinson’s disease (PD) and CSM can also cause similar symptoms that create difficulty when
attempting to differentiate the diseases for treatment or monitoring purposes [2,5–7]. The primary
objective of decompression and fusion in treatment of CSM is to prevent progression of neurological
decline. In many patients, however, there may be improvement in patients’ symptoms and functional
status [8]. Little is known about the clinical and quality-of-life (QOL) outcomes following spine surgery
for cervical myelopathy in patients with a coexistent demyelinating disease with similar symptoms.
This review article seeks to describe such surgical outcomes reported in the literature for patients with
concurrent MS and CSM and concurrent PD and CSM.

Brain Sci. 2017, 7, 39 1 www.mdpi.com/journal/brainsci
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2. Materials and Methods

2.1. Search Strategy

A review of the literature was performed using the US National Library of Medicine PubMed
database and a hand-search strategy to identify references from the selected articles. The search query
included the following terms: demyelinating disease, multiple sclerosis (MS), cervical spondylotic
myelopathy (CSM), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), demyelination,
and myelopathy.

2.2. Eligibility Criteria

Studies were included if they were written in English or had an English translation, and the
patient population was comprised of those with a demyelinating disease and coexisting CSM.

3. Results

A total of nine studies were identified that met the inclusion criteria, including eight with
concurrent MS and CSM and one with PD and CSM. The identified studies were case reports or case
series (Table 1). No prospective studies were identified.

Table 1. Reviewed literature on demyelinating disease and coexisting disease with similar symptoms.

Authors Year
Number of

Patients
Surgical

Intervention

Mean
Follow-Up

Time (Months)
Main Study Findings

Concurrent Multiple Sclerosis and Cervical Spondylotic Myelopathy

Surgical Outcomes in Patients with Concurrent MS and CSM

Brain and
Wilkinson [9] 1957 17 with MS and

CSM Laminectomy ——–

Patients reported poor outcomes
following laminectomy,

particularly for those with
disseminated sclerosis.

Young et al.
[10] 1999 7 with MS and

CSM Decompression 14 (range 6–24)

5 patients showed postoperative
improvement in spondylosis

symptoms. 1 patient developed
acute MS symptoms a day after

surgery.

Arnold et al.
[11] 2011

15 with MS and
cervical

myeloradiculopathy

Decompression,
fusion, and fixation 47

13 patients demonstrated
objective improvement in upper

and lower extremity strength
and neck and/or upper

extremity pain or paresthesias.

Burgerman
et al. [12] 1992 6 with MS and

CSM

Anterior cervical
discectomy or

cervical
laminectomy

30 (12–72)

Long-term improvement in 2/3
patients with anterior cervical
discectomy. 1 patient treated
with cervical laminectomy

showed only transient clinical
improvement. 3 patients

(2 laminectomies, 1 anterior
cervical discectomy) showed no

change in symptoms.

Lubelski et al.
[13] 2014 77 with MS and

CSM; 77 with CSM
Cervical

decompression

57.7 ± 43.3 (MS
and CSM); 49.4
± 42.5 (CSM)

39% in the MS group did not
have myelopathy improvement
in the short-term vs. 23% in the
control group (p = 0.04) and, in
the long-term, 44% in the MS

group did not improve vs. 19%
in the control group (p = 0.004).
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Table 1. Cont.

Authors Year
Number of

Patients
Surgical

Intervention

Mean
Follow-Up

Time (Months)
Main Study Findings

Bashir et al.
[14] 2000

14 with MS and
spinal cord

compression

Cervical
decompression

45.6 (range,
12.0–117.6)

All patients with neck pain
reported improvement in or

elimination of their pain (n = 11).
6/10 patients with cervical

radiculopathy reported
complete resolution of their
radicular symptoms, and 4
reported a reduction. 7/13
patients with progressive

myelopathy experienced no
improvement in symptoms.

Tan et al. [15] 2014 18 with MS
and CSM

Cervical
decompression

and fusion
18 (range, 3–45)

4 reported improvement
(28.6%), 9 (64.3%) reported
stabilization, and 1 (7.1%)
described a worsening of

myelopathy. All 7 patients with
neck pain described elimination
of or significant improvement in

symptoms.

Quality-of-Life Outcomes in Patients with Concurrent MS and CSM

Lubelski et al.
[16] 2014

13 with MS and
CSM; 52 controls

with CSM

Cervical
decompression

22.3 ± 10.6 (MS
and CSM); 18.2
± 10.8 (CSM)

QALY in the MS and CSM
group did not change

significantly from pre- to
post-operation (p = 0.96) vs. a

significant change in the control
CSM group from a QALY of 0.50

to 0.64 (p < 0.0001).

Concurrent Parkinson’s Disease and Cervical Spondylotic Myelopathy

Xiao et al.
[17] 2016

11 with PD and
CSM; 44 controls

with CSM

Cervical
decompression

12.4 ± 16.2 (PD
and CSM); 13.4
± 11.3 (CSM)

Patients with PD and CSM
reported worse quality-of-life at

last follow-up than controls
(0.526 vs. 0.707, p = 0.01). PD
and CSM patients did have

improvement in pain-related
disability.

PD: Parkinson’s Disease; CSM: Cervical Spondylotic Myelopathy; MS: Multiple Sclerosis; QALY: Quality-
Adjusted Life-Year.

3.1. Concurrent Multiple Sclerosis and Cervical Spondylotic Myelopathy

MS is a progressive autoimmune demyelinating disease that affects approximately 0.1% of the
United States population [2,18–21]. MS can occur together with CSM and, although the incidence of
concurrent disease has not been reported, is understood to occur. The symptoms are similar for both
diseases, including bowel and bladder dysfunction, spasticity, gait ataxia, and sensory deficits [2].
Treatment for the two conditions differs greatly, as the pathophysiology of the myelopathy is very
different. Typically, progressive or advanced CSM is treated with surgical decompression [2,18,19]
whereas MS is managed medically with corticosteroids or interferon beta [21,22]. Little is known about
the surgical or QOL outcomes in concurrent MS and CSM patients treated with spine surgery.

3.1.1. Surgical Outcomes in Patients with Concurrent MS and CSM

In a 1957 report on patients with coexisting MS and cervical spondylosis, Brain and Wilkinson [9]
described 17 patients and the challenges that arose in diagnosis and treatment for both diseases.
The authors described poor outcomes following laminectomy, particularly for patients with
disseminated sclerosis. Given the progressive nature of MS, the authors recommended against any
operation that would provide only transitory relief and instead suggested neck immobilization in
a collar as a treatment alternative. The authors recognized that for patients who do not have MS,
however, a collar may provide suboptimal relief of the spondylosis.

3
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More recent studies have demonstrated conflicting information that instead shows the potential
benefits of surgery in patients with MS and CSM. In a study of seven patients with concurrent
disease, Young and colleagues [10] found that five patients treated with decompressive surgery
showed postoperative improvement in spondylosis symptoms (mean follow-up, 14 months; range,
6–24 months). One patient developed acute MS symptoms a day after surgery. The authors concluded
that surgical treatment of spondylosis in patients with coexisting MS and CSM improves symptoms
and that MS flare following surgery is rare.

Arnold et al. [11] came to similar conclusions in a case series of 15 patients with MS and cervical
myeloradiculopathy who were treated with surgical decompression and fusion (mean follow-up,
47 months). Thirteen patients demonstrated improvement in upper and lower extremity strength and
neck and/or upper extremity pain or paresthesias. In the remaining two patients, symptoms did not
improve but did not worsen either. No surgical complications were reported. The authors concluded
that surgical intervention for cervical myeloradiculopathy should be considered a safe and effective
option in patients with concurrent MS.

One study by Burgerman and colleagues [12] suggested that not all forms of surgical treatment
may be effective in patients with coexistent MS and CSM. In a series of six patients, surgery resulted in
lasting improvement of symptoms in two of three patients who underwent anterior cervical discectomy
(mean follow-up, 30 months; range, 12 months–6 years). One patient treated with cervical laminectomy
showed only transient clinical improvement, while three patients (two laminectomies, one anterior
cervical discectomy) showed no change in symptoms. The authors suggested that patients who
develop progressively worse anatomic compression should be evaluated for surgical treatment.

In a larger retrospective review of 77 patients with concurrent MS and CSM that were matched
with 77 patients with only CSM, all of whom underwent cervical decompression surgery, Lubelski
et al. [13] reported that both populations had postoperative improvement. MS and control patients
were followed for an average of 58 months and 49 months, respectively. Patients with concurrent MS
and CSM had improvements that were less dramatic than those in the control group. A significantly
greater proportion of patients in the MS group had myelopathic symptoms that did not improve with
surgery in both the short-term (39% in the MS group did not improve vs. 23% in the control group;
p = 0.04) and long-term (44% in the MS group did not improve vs. 19% in the control group; p = 0.004).
Patients with primary and secondary progressive MS did show poorer outcomes compared to patients
with relapsing remitting MS. Both controls and patients with coexisting MS and CSM had similar
postoperative improvement in neck pain and radicular symptoms. The authors concluded that surgery
can be recommended to MS and CSM patients, although they should be advised of the potential for
less relief of myelopathic symptoms than if they had CSM alone.

Bashir et al. [14] published a case series that found similar outcomes in patients with MS and
coexisting spinal cord compression due to cervical spondylosis or cervical disc disease. Fourteen
patients underwent cervical decompression surgery to address presenting symptoms of neck pain
(n = 11), cervical radiculopathy (n = 10), and progressive myelopathy (n = 13) (mean follow-up,
3.8 years; range, 1.0–9.8 years). All patients with neck pain reported improvement in or elimination
of their pain (n = 11). Six of the 10 patients with cervical radiculopathy reported complete
resolution of their radicular symptoms, and four reported a reduction. Seven of the 13 patients with
progressive myelopathy experienced no improvement in symptoms, although this group uniformly
had improvement in or elimination of radicular complaints and neck pain. These results are consistent
with those of Lubelski et al. [13], that demonstrated improvement in neck and radicular pain in MS
and CSM patients.

One study by Tan and colleagues [15] did show a reduction in myelopathy in addition to an
improvement in radicular symptoms and neck pain. Eighteen patients with concurrent MS and CSM
were identified after undergoing cervical spine decompression and fusion (mean follow-up, 18 months;
range, 3–45 months). The severity of MS symptoms was assessed using the Expanded Disability
Status Scale (EDSS). Of the 14 patients with preoperative myelopathy, four reported improvement

4
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(28.6%), nine (64.3%) reported stabilization, and one (7.1%) described a worsening of myelopathy
postoperatively. All seven patients with neck pain described elimination of or significant improvement
in symptoms. Improvement of radiculopathy occurred in four of five patients (80%) who had
preoperative symptoms. No patients with preoperative bladder dysfunction (n = 8) experienced
relief following surgery. EDSS scores in 16 patients decreased or stabilized (94.4%), while scores
increased in two patients (5.6%). The authors explained that their findings were consistent with those
of Lubelski et al. [13] in that most patients with myelopathy achieved only stability in symptoms
(62%) rather than improvement (30%). These results, together with those of Young et al. [10], Arnold
et al. [11], Burgerman et al. [12], Lubelski et al. [13], and Bashir et al. [14] reported above, suggest
that surgical treatment may be indicated for relief of neck pain and radicular symptoms rather than
the myelopathic symptoms that will progress with MS. Moreover, the collective evidence suggests
that surgery does not result in exacerbations of MS. Finally, although MS would likely demonstrate
periods of remission in the most common relapsing/remitting variant [23], CSM would otherwise
have continuous and progressive myelopathic symptoms.

3.1.2. Quality-of-Life Outcomes in Patients with Concurrent MS and CSM

While surgical outcomes such as neurological status and complications have been investigated in
patients with coexisting MS and CSM, only one study has examined the QOL outcomes in these patients
with concurrent disease. Lubelski et al. [16] identified 13 patients with MS and CSM and 52 control
patients with CSM alone who were treated with cervical decompression (mean follow-up was 22 and
18 months, respectively). QOL was assessed using the EuroQol 5-Dimensions (EQ-5D) metric that
includes the domains of anxiety/depression, usual activities, self-care, mobility, and pain/discomfort.
Patients in the control group had significantly improved QOL scores in three domains (mobility,
p = 0.04; self-care, 0.003; anxiety/depression, p = 0.03), measured from pre- to post-operative status,
in contrast to patients with concurrent disease. Quality-Adjusted Life-Year (QALY) measurements,
or the years of life added as a result of the surgery, in the concurrent MS and CSM group did not
change significantly from pre- to post-operation (p = 0.96), while those in the control CSM group had
a significant change from a QALY of 0.50 to 0.64 (p < 0.0001). Only the CSM controls showed a change
in QALY that was greater than the minimal clinically important difference (MCID) of 0.1. A majority
of patients with CSM and MS did, however, experience improvement in QALY (54%). These results
suggest that while surgery may still be indicated for patients with concurrent disease, patients may
not experience QOL benefits following the intervention despite an improvement in pain, radicular
symptoms, and potentially myelopathy.

These studies demonstrate that MS and CSM have symptoms that are overlapping, making
it difficult to correctly attribute any one symptom to the appropriate causative disease entity.
The progressive myelopathic symptoms of CSM, as well as the potential benefit of surgery in relieving
pain and radicular symptoms, may warrant surgical intervention in patients with concurrent disease.
However, outcomes may be suboptimal in these patients compared to those with CSM alone. Patients
should be appropriately educated about the potential impact of MS on their surgical outcomes.

3.2. Concurrent Parkinson’s Disease and Cervical Spondylotic Myelopathy

PD affects approximately 1% of individuals over the age of 60 [24,25]. Symptoms of PD are
many and diverse, and include tremor, weakness, a variety of movement disorders (e.g., ataxia,
shuffling gait, involuntary movements, motor retardation), and bladder or bowel dysfunction [5–7,17].
CSM is characterized by similar symptoms [26], and distinguishing between the two pathologies in
patients with coexistent diseases can be challenging. Treatment of CSM is most commonly surgical
decompression and fusion, which leads to improvement in QOL [27–34]. Among patients with
PD, however, spine surgery can be associated with poor post-operative QOL and may lead to high
complication and reoperation rates [35–40]. Treatment of PD is typically pharmacologic or, if necessary,
deep brain stimulation [41–46]. Untreated CSM, however, is also associated with worsening symptoms
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and QOL, and accordingly the question arises as to how best treat patients with concurrent PD
and CSM.

Research on patient populations with concurrent PD and CSM is scant. The first study in
this population examined QOL outcomes following cervical decompression [17]. Xiao et al. [17]
performed a retrospective matched cohort analysis that included 11 patients with PD and CSM
matched to 44 controls with CSM alone who underwent cervical decompression (mean follow-up
was 12.4 and 13.4 months, respectively). QOL was assessed using several patient-reported health
status measurements, including the EQ-5D, Pain Disability Questionnaire (PDQ), and Patient Health
Questionnaire-9 (PHQ-9). Patients with concurrent PD and CSM demonstrated a statistically significant
reduction in postoperative pain-related disability. However, these changes were less substantial than
in control patients. Although PD patients and controls had similar preoperative QOL scores, a smaller
proportion of PD patients obtained an MCID in EQ-5D (18% vs. 57%, p = 0.04). Upon the last follow-up
visit, PD patients also reported worse QOL as measured by EQ-5D (0.526 vs. 0.707, p = 0.01) and PDQ
(80.7 vs. 51.4, p = 0.03). PD was an independent risk factor for a smaller improvement in EQ-5D scores
(β = −0.09, p < 0.01) and an inability to obtain an MCID in EQ-5D scores (odds ratio: 0.08, p < 0.01).
The proportion of patients achieving an MCID in PHQ-9 or PDQ scores was not significantly different
between groups.

These results suggest that cervical decompression has minimal benefit in a patient population with
coexisting PD and CSM. While spine surgery may provide some reduction in pain-related disability,
QOL outcomes were poor compared to controls. In this patient population, preoperative counseling
of risks and benefits is integral. And while surgery will provide some benefit, it will certainly not
be as great as it could be for those with only CSM. Ultimately, the natural history of PD will lead
to progressive worsening in symptoms over time. Of note, the small sample size of this study may
not achieve adequate power to detect an effect. Future studies with larger numbers of PD and CSM
patients are necessary to confirm the findings of Xiao et al. [17].

4. Limitations

This review is limited by the small sample sizes and retrospective nature of the studies included.
Surgical outcome measures were not standardized among studies, which reduces their comparability.
Selection of inappropriate surgical candidates or differing surgical skill may also have affected success
rates. Moreover, the method of diagnosis of CSM was not standardized among the included studies,
and this may have led to conflicting findings. Lastly, radiological interpretation by radiologists may
result in reporting of non-essential or incidental findings that suggest surgical intervention in patients
who may not otherwise have been identified by surgeons’ radiological interpretations. Surgical
approach during decompression also differed among studies, further limiting comparability.

5. Conclusions

While the primary goal of surgical intervention for CSM may remain prevention of progressive
neurological decline, surgery also has the potential for symptomatic and quality-of-life improvement.
There exists conflicting information about the success of spine surgery in reducing symptoms in
MS and CSM patients, but most recent research suggests that surgery reduces preoperative pain,
radicular symptoms, and possibly myelopathy. The improvement, however, is less than in those
without MS. In patients with coexisting PD and CSM, surgical management may reduce some axial
and radicular pain symptoms but results in QOL outcomes that may not be clinically significant.
These findings suggest that surgery reduces clinical symptoms in these populations with concurrent
diseases but that the outcomes will not be as good as in those patients with CSM alone. While studies
indicate surgical intervention in patients with coexistent diseases (CSM/PD, CSM/MS) results in
less favorable outcomes when compared to CSM alone, the authors believe that the former patient
population perhaps has more to lose if compressive myelopathy is left untreated given the smaller
functional margin at baseline. It is important that a rational and multispecialty approach (spine
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surgeons, internists and neurologists, and patient) be taken when constructing a treatment plan for this
delicate patient population. Future research is needed in these unique patient populations to determine
optimal treatment and to better predict for which patients surgery may provide symptomatic relief.
Moreover, appropriately counseling patients with concurrent diseases, especially with regards to the
natural course of the disease, is crucial.
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Abstract: A multiple sclerosis (MS) diagnosis often relies upon clinical presentation and qualitative
analysis of standard, magnetic resonance brain images. However, the accuracy of MS diagnoses
can be improved by utilizing advanced brain imaging methods. We assessed the accuracy of a new
neuroimaging marker, visual-evoked cerebral metabolic rate of oxygen (veCMRO2), in classifying MS
patients and closely age- and sex-matched healthy control (HC) participants. MS patients and HCs
underwent calibrated functional magnetic resonance imaging (cfMRI) during a visual stimulation task,
diffusion tensor imaging, T1- and T2-weighted imaging, neuropsychological testing, and completed
self-report questionnaires. Using resampling techniques to avoid bias and increase the generalizability
of the results, we assessed the accuracy of veCMRO2 in classifying MS patients and HCs. veCMRO2

classification accuracy was also examined in the context of other evoked visuofunctional measures,
white matter microstructural integrity, lesion-based measures from T2-weighted imaging, atrophy
measures from T1-weighted imaging, neuropsychological tests, and self-report assays of clinical
symptomology. veCMRO2 was significant and within the top 16% of measures (43 total) in classifying
MS status using both within-sample (82% accuracy) and out-of-sample (77% accuracy) observations.
High accuracy of veCMRO2 in classifying MS demonstrated an encouraging first step toward
establishing veCMRO2 as a neurodiagnostic marker of MS.

Keywords: calibrated functional magnetic resonance imaging; multiple sclerosis; diagnosis;
visual system; metabolism

1. Introduction

Current procedures for diagnosing multiple sclerosis (MS) rely primarily upon clinical
presentation and qualitative analysis of standard, medical-grade (e.g., lower resolution) magnetic
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resonance structural, brain images, e.g., [1]. It has been demonstrated that the diagnostic accuracy of
MS can be improved when providers implement advanced neuroimaging techniques and analyses that
are not presently common in clinical practice, e.g., [2], see also [3]. Further, research using advanced
neuroimaging techniques has demonstrated that these techniques can be more sensitive than their
traditional counterparts in detecting subtle changes associated with very early manifestations of MS,
e.g., [4,5]. Here, we investigated the accuracy of an advanced neuroimaging technique never before
used in MS, calibrated functional magnetic resonance imaging (cfMRI), to classify MS patients and
closely age- and sex-matched healthy controls (HCs). Specifically, we focused our analyses upon the
ability of a new neuroimaging marker, visual-evoked cerebral metabolic rate of oxygen (veCMRO2),
to accurately discriminate between MS patients and HCs.

cfMRI is a relatively new neuroimaging technique that capitalizes upon established relationships
between blood-oxygen-level dependent (BOLD) signal and cerebral blood flow (CBF) in order to
estimate steady-state, oxygen metabolism [6,7] see [8]. The technique gets its name from the use
of a BOLD-calibration parameter, often acquired during a gas-inhalation challenge. The CMRO2

metric permitted by cfMRI offers several advantages over the more commonly used BOLD signal.
First, CMRO2 offers physiological specificity. CMRO2 represents a true physiological process, oxygen
metabolism, whereas BOLD reflects a confluence of processes and as such, is physiologically
non-specific. Second, calibration-derived CMRO2 is strongly tied to electrical and chemical neural
activity, e.g., [9–15], whereas an appreciable component of BOLD signal is unexplained by neural
activity, e.g., [16–20], see [21], but see [9]. Finally, CMRO2 measures are not dependent upon the
hemodynamic assumptions of BOLD, making them optimal measures of brain function in populations
with atypical hemodynamics, like MS, e.g., [22,23], see [24].

Evaluating CMRO2 as a diagnostic marker of MS is particularly relevant for these patients
because MS is associated with changes to neurometabolism. Neuroimaging research has produced
considerable evidence of altered neurometabolism in MS, e.g., [25–29]. In one study, Ge and
colleagues [30] demonstrated decreases in brain-wide resting CMRO2 for MS patients relative to HCs.
Some neuroimaging studies have shown that neurometabolic alterations were related to white matter
macrostructural (i.e., lesions, e.g., [30]) or microstructural damage in MS, e.g., [27,28]. For example,
magnetic resonance spectroscopy in centrum semiovale white matter has shown that N-acetylaspertate
(NAA) and NAA: creatine ratios were strongly related to diffusion-weighted indices of white matter
structural integrity in MS patients [27].

It is intuitive that MS patients would show differences in in vivo neurometabolism when
considering that postmortem analyses have revealed extensive alterations to the mitochondria in
lesioned and non-lesioned MS neural tissue [31–33], see [34–36]. For instance, Singhal and colleagues [33]
found decreases in postmortem NAA, a partial marker of neuronal respiratory capacity, and decreases
in electron transport subunit proteins across lesioned and non-lesioned MS grey matter, relative to
matched control participants’ grey matter. Taken together, the results of postmortem and in vivo
neuroimaging studies demonstrate that neurometabolic alterations are generally featured in MS.

Evaluating veCMRO2 should also be particularly relevant as a diagnostic marker of MS because
MS is marked by alterations to the neural substrate of the visual system, see [37–40] see also [5]. The use
of advanced imaging techniques such as high-resolution structural brain imaging, optical coherence
tomography (OCT), functional magnetic resonance imaging (fMRI), and diffusion tensor imaging (DTI)
has revealed that visual system alterations exist even in MS patients without visual disturbances
or a history of optic neuritis (a clinical syndrome closely linked to MS and marked by visual
impairment and visual pathway insult). Indeed, there are MS-related structural alterations to both early
(e.g., retinae) and later (e.g., optic radiations) portions of the afferent visual pathway, and alterations to
visuocortical activity in patients without a history of optic neuritis see [39]. For instance, Alshowaier
and colleagues [41] used electroencephalogram recordings to show that MS patients without a history
of optic neuritis demonstrated delayed inion channel, multifocal visual-evoked electrical potentials
relative to age- and sex-matched HCs. Previous work in our laboratory has also revealed alterations to
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visual cortex BOLD signal during visual stimulation in MS patients with normal or corrected-to-normal
vision compared to matched HCs [42], see also [43]. Together, structural and functional imaging results
suggest that changes to the visual system are a robust marker of MS pathology.

MS is associated with changes to neurometabolism and alterations to the neural substrate of
the visual system. Thus, visual-evoked oxygen metabolism signals in visual cortex (i.e., veCMRO2)
should be a diagnostically relevant marker of MS. We assessed the extent to which veCMRO2 signals
could be used to discriminate between MS patients and HCs. The classification accuracy of veCMRO2

was examined in the context of other variables commonly assayed in MS, including measures of
neurological insult (e.g., gross lesion volume, parenchymal atrophy), neuropsychological change
(e.g., Brief Repeatable Battery of Neuropsychological Tests [44]), and self-report symptom measures
(e.g., subjective fatigue). We tested the extent to which veCMRO2, and these other measures, could
classify MS status using both within-sample and out-of-sample observations.

2. Materials and Methods

2.1. Participants

Participants between the ages of 18 and 65 were recruited for this study. Participants were required
to be free of MR-contraindicators, concurrent substance abuse, have normal or corrected-to-normal
vision, and speak fluent English. Because study procedures included a gas-inhalation challenge
(see Section 2.4), participant selection was limited to non-smokers. Participants did not have histories
of respiratory or pulmonary problems, cerebral vascular issues, or cardiac problems. Participants were
required to have a score greater than 21 on the telephone interview for cognitive status [45]. Thirty-one
participants in total met the inclusion criteria.

Twelve MS patients meeting the above criteria were recruited from the Clinical Center for Multiple
Sclerosis at the University of Texas Southwestern Medical Center. Eleven patients had a diagnosis of
relapsing-remitting MS and one patient had a diagnosis of secondary-progressive MS. Patients were
required to be at least 1 month past their most recent exacerbation and their last corticosteroid treatment.
Patients were recruited who did not report a history of optic neuritis. Patients without a history of
optic neuritis were specifically selected so as to limit additional variability from attributed to severe,
anterior visual pathway damage/dysfunction (e.g., such as that resulting from conduction block) and
potential visual impairment. All MS patients’ vision was normal or corrected-to-normal. Two patients
withdrew or declined to undergo the gas challenge (total n = 10).

Nineteen HC participants were recruited from the Dallas-Fort Worth Metroplex via email, posted
flyers, and word-of-mouth. These participants were evaluated for the general inclusion/exclusion
criteria described above. Three HCs did not undergo the scanning protocol because of exclusions
discovered after study enrollment (e.g., concussion history revealed after pre-screening, incidental MR
finding). Two HCs withdrew or declined to undergo the gas challenge. During imaging processing
(see Section 2.5), one HC’s functional images failed to appropriately register to their anatomical image
after multiple attempts, so this person was excluded. Thirteen HCs (n = 13) remained for subsequent
analyses. These participants were closely age- and sex-matched to the MS patients (see Table 1).
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Table 1. Group Characteristics.

MS HC p

Age 50.10 (3.35) 50.77 (3.35) 0.885 a

MFIS 39.10 (7.62) 20.54 (4.57) 0.046 a

Sex (% female) 90.00% 84.62% 0.704 b

TICS Score 27.00 (0.82) 28.08 (1.43) 0.520 a

Age of MS Onset 38.67 (2.42) - -
Disease Duration 118.80 (19.32) - -
Last Flare-up 28.60 (11.32) - -
Neurological Disability Score 15.70 (3.71) - -
Disease Modifying Therapies

Dalfampridine 50% - -
Dimethyl fumarate 10% - -
Fingolimod 20% - -
Glatiramer acetate 10% - -

Mean (SEM). Age in years. MFIS = modified fatigue impact score total. Sex in percent female. TICS score = telephone
interview for cognitive status score. Age of MS onset in years. Disease duration and last flare-up in months.
Neurological disability score measured by self-report [46]. Disease modifying therapies represent percent of
participants reporting use of therapy. a p-value based upon independent samples t-test. b p-value based upon
Pearson χ2.

2.2. Study Procedures

Study procedures were approved by the University of Texas Southwestern Medical Center
Institutional Review Board. Recruitment numbers were approximated based upon previous research
showing sufficient power to demonstrate group changes in calibrated fMRI (cfMRI) contrasts with
similar sample sizes [22,23]. Participants meeting inclusion criteria were asked to refrain from
caffeine use at least two hours before their scheduled appointment time, e.g., [47]. They were
also asked not to consume alcohol on the same calendar day before their scheduled appointment.
Participants gave written informed consent before undergoing procedures and were compensated
for their time. Participants underwent functional and structural neuroimaging on a Philips 3-Tesla
magnet (Philips Medical Systems, Best, The Netherlands) with an 8-channel SENSE radiofrequency
head coil. Foam padding was placed around the head to minimize motion during MRI scan
acquisition. Participants completed standard neuropsychological tests (e.g., Brief Repeatable Battery
of Neuropsychological tests [44]) and self-report measures regarding their general health and
symptomology (i.e., SF-36 [48], Modified Fatigue Impact Scale (MFIS, [49]); see Table 2 for a complete
list of model variables).

Table 2. Predictor Variables.

Predictor (Units if Available) Predictor Category What Predictor Measures

Normalized Grey Matter Volume (mm3) MR Image Total grey matter volume normalized to skull
Normalized White Matter Volume (mm3) MR Image Total white matter volume normalized to skull
Normalized Whole Brain Volume (mm3) MR Image Total brain volume normalized to skull
Skeleton AD (mm2/s) MR Image Diffusion along primary diffusion axis
Skeleton FA (proportion) MR Image Proportion of anisotropic diffusion
Skeleton MD (mm2/s) MR Image Average Diffusion in primary diffusion axes
Skeleton RD (mm2/s) MR Image Diffusion orthogonal to primary diffusion axis
T2-FLAIR Lesion Burden-absolute lesion volume (mm3) MR Image Total volume of lesioned brain tissue
T2-FLAIR Lesion Burden-relative lesion volume (%) MR Image Total lesioned brain tissue relative to total white matter volume
T2-FLAIR spatially distinct lesion count MR Image Total number of spatially distinct lesions
veBOLD (% signal change) MR Image Visual cortex BOLD response to visual stimulation task
veCBF (% signal change) MR Image Visual cortex CBF response to visual stimulation task
veCMRO2 (% signal change) MR Image Visual cortex CMRO2 response to visual stimulation task
ven (proportion) MR Image Visual cortex neural-vascular coupling
10/36 Delayed Recall (total correct after 15 min) Neuropsych Visuospatial memory/learning and delayed recall
10/36 Immediate Recall (total correct) Neuropsych Visuospatial memory/learning
25 Foot Walk (s) Neuropsych Walking ability and gait speed
9-Hole Peg Test-Dominant Hand (s) Neuropsych Finger and hand dexterity
9-Hole Peg Test-Non-dominant Hand (s) Neuropsych Finger and hand dexterity
Box Completion (items completed) Neuropsych Motor control
Controlled Oral Word Association Test (total correct) Neuropsych Verbal association fluency
Number Comparison (items completed) Neuropsych Processing speed
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Table 2. Cont.

Predictor (Units if Available) Predictor Category What Predictor Measures

Paced Auditory Serial Addition Test 2 (% correct) Neuropsych Processing speed and selective/sustained attention
Paced Auditory Serial Addition Test 3 (% correct) Neuropsych Processing speed and selective/sustained attention
Selective Reminding Task Delayed (items recalled) Neuropsych Verbal learning and memory
Selective Reminding Task Long-term Storage (items recalled) Neuropsych Verbal learning and long-term memory
Symbol-digit Modalities Test (items completed) Neuropsych Sustained attention and concentration
Trail Making Task Form A (s) Neuropsych Visual search, attention, mental flexibility, and motor function
Trail Making Task Form B (s) Neuropsych Visual search, attention, mental flexibility, and motor function
Trail Making Task Form B-A (s) Neuropsych Visual search, attention, mental flexibility, and motor function
WAIS-III Digit Span Backward (items completed) Neuropsych Short-term, working memory
WAIS-III Digit Span Forward (items completed) Neuropsych Short-term, working memory
WAIS-III Digit Span Total (items completed) Neuropsych Short-term, working memory
WAIS-III Digit symbol coding (items completed) Neuropsych Performance subtest of WAIS
Modified Fatigue Impact Score Symptoms Fatigue symptomology
SF-36 Bodily Pain Scale Symptoms General measure of bodily pain
SF-36 Emotion Symptoms Role limitations due to emotional problems
SF-36 General Health Scale Symptoms General measure of health wellbeing
SF-36 Mental Health Scale Symptoms General measure of mental health
SF-36 Physical Functioning Scale Symptoms General measure of physical functioning
SF-36 Role Physical Function Scale Symptoms Role limitations due to physical problems
SF-36 Social Functioning Scale Symptoms General measure of social functioning
SF-36 Vitality Scale Symptoms General measure of energy/fatigue

FLAIR = Fluid-attenuated inversion recovery. WAIS = Wechsler adult intelligent scale. SF-36 = Short-form health
survey. MR Image = magnetic resonance image; Neuropsych = neuropsychological test; Symptoms = self-report
general health and symptom measures. Explanations of neuropsychological tests and symptom measures taken
from [44,48,50,51].

2.3. cfMRI Parameters and Theory

Dual-echo pseudocontinuous arterial spin labeling (pCASL) and BOLD images (together referred
to as dual-echo images) were acquired using an interleaved echo scanning protocol see [7,52]. Together,
the perfusion (Echo 1) and BOLD-weighted (Echo 2) images along with biophysical modeling
procedures allowed for estimation of CMRO2 and a neural-vascular coupling coefficient (n, see [8])
associated with steady-state, neural stimulation [5,7]. One task run of dual-echo imaging data and one
gas-challenge run of dual-echo imaging data were collected using the following parameters: Echo 1:
labeling duration 1650 ms, labeling flip angle 18◦, labeling gap = 63.5 mm, 3.44 × 3.44 × 5 mm voxel,
repetition time (TR) = 4000 ms, echo time (TE) = 14 ms, 1525 ms post-label delay, 0 mm slice gap.
Echo 2: 90◦ flip angle, 3.44 × 3.44 × 5 mm voxel, TR = 4000 ms, TE = 40 ms, 0 mm slice gap. Total scan
time for the visual stimulation task = 600 s (72 dual-echo dynamics). Total scan time for the gas
challenge = 624 s (75 dual-echo dynamics).

Estimations of CMRO2 and n were based upon the Davis model of BOLD signal change [6,7]:

ΔS
S0

= M

⎛
⎝(1 − ΔCBF

CBF0

)∝−β
(

ΔCMRO2

CMRO2|0

)β
⎞
⎠ (1)

where Δx/x0 denotes a change from baseline, α is an empirically derived constant linking cerebral
blood flow and cerebral blood volume, and β is an empirically derived constant related to vascular
exchange and susceptibility of deoxyhemoglobin at specific field strengths (e.g., [53–55]). We assumed
α = 0.38 [56] and β = 1.3 [52]; these values were chosen because they have been shown to be sensitive
to group differences in neurophysiology [22,23]. Also, these values have previously demonstrated
group-equivalence in the estimation of M, e.g., [22,23]. M is a subject-specific scaling factor dependent
upon the washout resting deoxyhemoglobin see [8]. M was estimated in each participant, using the
gas challenge detailed below.

The measurement of BOLD, CBF, and M allows for the estimation of CMRO2. Here, ΔCMRO2

reflects the visual task-related change in neurometabolism of oxygen from resting baseline:
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where Δx/x0 reflects percent change of signal during task compared to resting baseline. With the
estimation of ΔCMRO2, n, may also be estimated:

n =

ΔCBF
CBF0

ΔCMRO2

CMRO2|0

(3)

thus, n reflects per unit output of ΔCBF per unit input of ΔCMRO2 see [8].

2.4. cfMRI Task and Gas Challenge

Participants completed a visual stimulation task during dual-echo task imaging. This task was
chosen for two reasons. First, differences in the functional response to visual stimulation have
been observed in MS visual cortex see [42,57]. Second, because this task required minimal effort,
group differences in performance were not expected to be a factor.

Participants were trained on the task before entering the MR environment. During the task,
participants focused on a fixation cross at the center of their visual field. Participants were required
to respond via bilateral, thumb-button press when a change in the luminance of the fixation cross
occurred. This task was used in order to control the center of the participants’ visual field [22,23,58].
Change in luminance was jittered and occurred every 2, 3, 4, or 6 s. Visual stimulation occurred in
a block format. There were 6 visual stimulation task blocks consisting of 60 s of continual annulus
flickering in the participants’ near-foveal visual field. Annuli alternated at orthogonal orientations
(0 to 90◦) to avoid neural adaptation [58]. Alterations occurred at a constant frequency of 8 Hz because
both electrochemical neural activity and BOLD signal have been shown to peak at this frequency,
potentially yielding the greatest signal-to-noise estimates, e.g., [59,60]. Rest blocks were jittered at 32,
34, 36, 38, and 40 s intervals (see Figure 1).

 

Figure 1. Example of three-trial visual stimulation task. Participants viewed a fixation cross at the
center of the screen. This cross changed color at jittered intervals throughout task. Rest periods
were also jittered. Continuous stimulation blocks lasted 60 s with 0◦ to 90◦ flickering annuli (at 8 Hz).
Note: fixation cross was presented during task and rest periods however it cannot be seen in the task
example periods here.

Participants also completed a gas-challenge in order to estimate M. Participants breathed 4 min
of room air (~0.03% CO2: 21% O2: 78% N2) and 6 min of an iso-oxic, CO2 solution (5% CO2: 21%
O2: 74% N2) during dual-echo imaging. Each participant was fitted with a two-way, non-rebreathing
valve/mouthpiece and a nose clip. Baseline end-tidal CO2 (EtCO2), O2 saturation, breath rate,
and heart rate measures were collected. After the 4 min of room air breathing, a valve was opened to
release the CO2 solution from a Douglas airbag which then flowed into the participants’ breathing
apparatus [22,23]. The CO2 inhalation lasted 6 min.

Hypercapnic challenge, via the inhaled 5% CO2 solution, increases global CBF, but probably has
no or a minimal depressant effect on oxygen metabolism, e.g., [61–63]. Hypercapnia acts to wash out
local baseline concentrations of deoxyhemoglobin, yielding a local maximum estimate of resting BOLD
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signal. Potential changes to oxygen metabolism due hypercapnic challenge have not been shown to
appreciably alter the estimation of M as relationships between hypercapnia-derived M and M derived
from non-hypercapnic techniques show high correspondence [64].

2.5. cfMRI Processing

Task and gas-challenge Echo 1 and Echo 2 data were processed in analysis of functional
neuroimages (AFNI [65]) and the Functional MRI of the Brain Software Library (FSL [66]). Data were
transformed into cardinal planes. Anomalous data points in each voxel time series were then attenuated
using an interpolation method based upon the average signal. Data were volume registered to correct
for motion to the fourth functional volume of each dataset’s (task or gas challenge) Echo 2 sequence
using a heptic polynomial interpolation method. CBF was estimated from Echo 1 images using the
surround subtraction method [67]. Dual-echo BOLD data were also interpolated by pairwise averaging
of temporally adjacent images.

For the visual stimulation task, Echo 2 data were linearly registered (12 degrees-of-freedom)
to each participant’s anatomical data using AFNI’s align_epi_anay.py program. The transformation
matrix from this registration was then applied to Echo 1 data, placing these two datasets in the same
space. For gas-challenge data, a binary mask was created for functional voxels in Echo 2 to aid in
co-registration. This mask was then registered to the respective participant’s anatomical space using
the align_epi_anay.py program. Gas-challenge Echo 2 and Echo 1 data were also aligned to the mask
which was registered in native anatomical space. After alignment, Echoes 1 and 2 data from both the
visual task and gas challenge were visually inspected for registration errors. One HC participant failed
to register correctly after multiple attempts and was discarded from further analyses. Echoes 1 and
2 data from the visual task and gas challenge were then spatially smoothed using a Gaussian kernel
(FWHM = 8 mm) and high-pass filtered (0.0039 Hz).

Preprocessed data from Echoes 1 and 2 in the visual stimulation task were analyzed
via generalized linear modeling of task versus rest periods using a boxcar reference function.
This modeling quantified task-related CBF and BOLD changes from baseline. BOLD and CBF
beta-values were scaled to each voxel’s resting baseline signal and were multiplied by 100, yielding
percent signal change estimates from baseline (ΔBOLD and ΔCBF). Data were averaged from a visual
(functional) region of interest (ROI) comprised of overlapping ΔBOLD and ΔCBF suprathreshold
signals within occipital lobe (see Structural and Functional ROI; [22,23]). ΔBOLD, ΔCBF, ΔCMRO2,
and n results extracted from the functional region of interest were taken as the visual-evoked signals
(i.e., veBOLD, veCBF, veCMRO2, and ven).

For the gas challenge, resting baseline BOLD and CBF signals during room air breathing were
averaged for each voxel time-series (BOLD0 and CBF0). The first two minutes of hypercapnia BOLD
and CBF time-series were discarded to allow participants’ blood flow to stabilize on the CO2 solution,
e.g., [22,23]. The last four minutes of hypercapnia BOLD and CBF time-series were averaged to yield
BOLDhc and CBFhc respectively. Average values were extracted from a functional region of interest
(see Structural and Functional ROI) using overlapping BOLDhc and CBFhc suprathreshold signals
within occipital lobe, and were used to calculate M, using the following equation:

M =

BOLDhc − BOLD0

BOLD0(
1 −

(
1 +

CBFhc − CBF0

CBF0

)α−β
) (4)

where (xhc−x0)/x0 reflects percent change in signal from normocapnic to hypercapnic states,
normalized by the signals during normocapnia and multiplied by 100. Once M was estimated,
ΔCMRO2 and n were also estimated (see Equations (2) and (3); see Figure 2) within a functional
region of interest (see Structural and Functional ROI).
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Figure 2. Examples of oxygen metabolism changes (ΔCMRO2)in occipital lobe. (A) HC ΔCMRO2;
(B) MS patient ΔCMRO2. x = right-left, z = superior-inferior.

2.6. Structural and Functional ROIs

First, the magnetization-prepared rapid acquisition gradient-echo (MPRAGE) data were processed
to create a native-space, occipital ROI. The skull was removed using an automated command,
separating parenchyma and cerebral spinal fluid from the skull. An intensity based automated
segmentation algorithm was used to delineate primarily white matter, grey matter, and cerebral
spinal fluid voxels yielding a partial volume estimate of each tissue type, for each voxel. A grey matter
mask was then created, retaining voxels with only a greater than or equal to grey matter partial volume
estimate of 80%. A structural ROI of occipital lobe was manually delineated on each participant’s
MPRAGE image. These were drawn in native space because native space analyses tend to allow for
more sensitive patient-control contrasts [68]. The structural ROI was drawn using gyral and sulcal
landmarks and encompassed most of occipital cortex including calcarine sulcus, cuneus, and occipital
portions of lingual gyrus. Several anatomical landmarks were used in the demarcation of this ROI
(parieto-occipital sulcus, occipital pole, pre-occipital notch). Within the anatomically defined occipital
lobe, only voxels with partial volume estimates of grey matter (≥80%) were retained. These final masks
were down-sampled to the functional voxel size.

A visual task functional ROI was created within the structural ROI described above to estimate
veBOLD, veCBF, veCMRO2, and ven (see Figure 3). This procedure eschewed noise from inactive
voxels, e.g., [68]. Voxels comprising each participant’s functional ROI were the overlapping top 5%
of BOLD and top 5% of CBF t-values obtained from the generalized model, within the structural
ROI. This ensured that average veBOLD and veCBF estimates were being derived from the same,
task-responsive voxels and that veCMRO2 and ven were derived in voxels with both CBF and BOLD
task-related increases (see Figure 3).
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Figure 3. Graphical overview of masking procedure. For each participant, their top 5%, overlapping
BOLD and CBF t-statistics (middle) within the anatomical ROI (left, yellow) were used to create the
functional ROI mask (right, yellow). Functional measures (veBOLD, veCBF, veCMRO2, and ven) were
extracted from each participant’s functional ROI mask.

veCMRO2 was calculated voxel-wise within the functional ROI using ΔBOLD, ΔCBF,
M (which was extracted from functional ROI described below). ven was then calculated similarly.
The final product of these analyses was average positive veBOLD, veCBF, and veCMRO2, and ven
extracted from the functional ROI (see Figure 3).

Because the gas challenge data differed in occipital coverage compared to the visual task data,
M was estimated ex situ. To create a functional ROI for the gas challenge, ΔBOLDhc/BOLD0

and ΔCBFhc/CBF0 maps were thresholded and extracted from the structural ROI detailed above.
The criteria for retention of a voxel within these maps required that the voxel was within the top 15%
(top 20% for one participant) of ΔBOLDhc/BOLD0 and ΔCBFhc/CBF0 voxels in the structural ROI,
and that these ΔBOLDhc/BOLD0 and ΔCBFhc/CBF0 voxels overlapped. This procedure ensured
complementary maximum ΔBOLDhc/BOLD0 and ΔCBFhc/CBF0 signals in the retained voxels.
Average ΔBOLDhc/BOLD0 and ΔCBFhc/CBF0 signals were extracted from this ROI and M was
calculated (see Equation (4)).

2.7. Structural Images

One T1-weighted MPRAGE image was acquired for each participant: 160 slices, TE = 3.7 ms,
repetition time TR = 8.1 ms, sagittal slice orientation, 1 × 1 × 1 mm3 voxel, 12◦ flip angle.
SIENAX [15,69] was used to obtain measures of grey matter, white matter, and total brain volume
normalized by participant’s head size. This technique uses partial volume estimation to calculate
volume of differing tissue types (see Figure 4B,C). Further, this technique takes into account
lesioned tissue, as demarcated by lesion masks (see below), in order to avoid misclassification of
this tissue. The final products of these analyses were scaled estimates of each participant’s grey matter,
white matter, and total brain volume (mm3).

A T2 fluid attenuated inversion recovery (FLAIR) scan was also acquired for each participant:
33 slices, TE = 125 ms, TR = 11,000 ms, no slice gap, transverse slice orientation, 0.45 × 0.45 × 5.00 mm3

voxel, 120◦ refocusing angle. FLAIR images were used to estimate the extent of gross lesion burden
for each participant. Hyperintense voxels were demarcated using in-house MATLAB code based
upon slice-wise, signal intensity (i.e., voxels that were ≥1.25 SD over the slice mean intensity).
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Next, lesions were manually delineated from the hyperintense tissue by two trained researchers
(L.H., S.F.). Manual delineation ruled out false positives in lesion classification due to fat signals,
motion, ventricular edge effects, skull, or signal inhomogeneites [70]. Lesion burden was estimated
by extracting the number of voxels that were demarcated by the automated and manual procedures.
Inter-rater agreement of lesion burden was calculated using a Dice ratio (κ) of the lesion burden
estimates made by the two researchers on a sample of several subjects [71]. After the researchers were
trained on lesion classification, inter-rater agreement was found to be high, κ = 0.89; where κ > 0.70 is
generally thought to reflect excellent inter-rater agreement [72]. Lesion burden was quantified using
absolute (total mm3 of lesioned tissue; see Figure 4E) and relative scales (percent of total mm3 of
lesioned tissue scaled by uncorrected white matter volume in mm3). Spatially distinct lesion count
was also obtained by counting the number of non-touching lesions for each subject (see Figure 4F),
e.g., [73]. A lesion was required to have at least 3 mm3 volume in order to be added to the total lesion
count. Thus, the final products of these analyses were absolute lesion volume, relative lesion volume,
and spatially distinct lesion count.

 

Figure 4. Diffusion and Structural Image Processing Examples. (A) Diffusion tensor imaging white
matter skeleton. (B) T1 image. (C) T1 image segmented into white matter (yellow), grey matter (orange),
and cerebral spinal fluid (red) using SIENAX. (D) T2-FLAIR image. (E) Lesions demarcated (yellow)
on T2-FLAIR image used for calculating lesion burden. (F) Spatially distinct lesions demarcated on
T2-FLAIR image.

2.8. Diffusion Images

DTI images were acquired using a single-shot, echo-planar imaging sequence with a Sensitivity
Encoding parallel imaging scheme (reduction factor = 2.3), 112 × 112 matrix, field of view = 224 × 224 mm2

(nominal resolution of 2 mm), 65 slices (0 mm gap), slice thickness = 2 mm, TR = 7.78 s, TE = 97 ms.
The diffusion weighting was encoded along 30 independent orientations [74] and the b value was
1000 s/mm2. Imaging time was 5 min and 15 s. Two HCs did not undergo DTI (nHC = 11).

Automatic Image Registration [75] was performed on raw diffusion-weighted images to correct
distortion caused by eddy currents. Six elements of the 3 × 3 diffusion tensor were determined by
multivariate least-squares fitting. The tensor was diagonalized to obtain three eigenvalues (λ1–3)
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and eigenvectors (v1–3). Standard tensor fitting was conducted with DTIStudio [76] to generate the
most common DTI-derived diffusion characteristics, fractional anisotropy (FA), axial diffusivity (AD),
mean diffusivity (MD), and radial diffusivity (RD).

DTI measurements were obtained at the skeletons of the white matter using FSL [77] to alleviate
partial volume effects with tract-based spatial statistics (see Figure 4F–H) [77]. Participant FA maps
were registered nonlinearly to the EVE single-subject FA template [78–80] for better alignment with
a digital white matter atlas (JHU ICBM-DTI-81) [81]. Registered FA maps of all subjects were averaged
to generate a mean FA map, from which an FA skeleton mask was created. Skeletonized FA images of
all subjects were obtained by projecting the registered FA images onto the mean FA skeleton mask.
Skeletonized AD, MD, and RD metrics were obtained by applying the same registration, projection,
and skeletonization procedures. We extracted skeleton-wide averages of each DTI metric (i.e., AD, FA,
MD, RD), wherein an average of each metric is calculated across all voxels within the white matter
skeleton (see Figure 4A).

2.9. Statistical Analyses

All analyses were performed on distributions free of outliers (≥±2 SD from group mean for simple
group comparisons, ≥±3 MAD from group median for classification modeling see [82]). Binary logistic
regression was used for classifying MS status. A description of model variables can be found in Table 2.
The accuracies of these models were computed as the proportion of correct classification outcomes
over all outcomes. Accuracy was chosen as the metric of interest because it combines sensitivity
and specificity in binary classification analysis by taking into account both true positives and true
negatives relative to all outcomes. We used resampling-based hypothesis testing to examine both
within-sample and out-of-sample classification of patient status see [83]. Because we used relatively
conservative analytic techniques, inherently reducing the likelihood of Type I error and increasing the
generalizability of our results, the criterion for a rejection of the null hypothesis was not corrected for
multiple comparisons and all models were evaluated at the field-standard α = 0.05. We also denote
which hypothesis tests survived Benjamini-Hotchberg correction (Table 4; Figure 7).

Within-sample classification analyses obtained bias-corrected and accelerated (BCa) bootstrapped-
resampled (B = 10,000) 95% confidence intervals of the accuracy of binary logistic regression models.
The BCa procedure was used because it is robust to both skewness and sampling bias in the bootstrap
distribution [84]. To avoid unstable classification, we stratified all resamples to match the original
sample’s constitution of patients and controls, 56.5% and 43.5%, respectively. If the BCa-derived 95%
confidence interval did not contain a value at or below 0.50 (binary chance), this would demonstrate
the measure’s accuracy was significantly greater than chance to classify MS patients and HCs.

Out-of-sample classification analyses used a leave-one-out cross-validation approach [85].
This technique used training and sample iterations to test the ability of the model derived from
the training set to predict an observation in the test (out-of-sample) set, thus, circumventing
problems of sample bias, model over fitting, and lending a true predictive element to these analyses.
Briefly, the leave-one-out cross validation (LOOCV) approach fitted N models, where N was
proportional to our sample size. Each model was trained on N-1 samples and then the accuracy
of the training model was assessed on the left-out sample. The N accuracies were then averaged to
attain a representative and generalizable measure of the average out-of-sample classification accuracy.
Permutation based p-values (5000 permutations) were computed to assess the significance of the
LOOCV-derived accuracy statistics. The test permuted patient status labels and recomputed the
accuracy of the model at each iteration, thus building the null distribution. The p-values were calculated
from the percentage of the accuracy estimates of the permuted samples that were better than actual
LOOCV-derived accuracy statistic of each model. This procedure was slightly modified according to
Ojala and Garriga [86].
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3. Results

3.1. Visual Task Performance

MS patients (92.75 ± 1.11%) did not significantly differ from HCs (94.86 ± 0.44%) on accuracy on
the visual stimulation secondary task, t(10.54) = −1.76, p = 0.108. Patients (492.06 ms ± 31.15) also did
not significantly differ from HCs (487.19 ms ± 24.10) on their average correct response time to press
the button on the secondary task, t(16.22) = 0.12, p = 0.903.

3.2. Group Physiology, Cerebrovascular Response to Gas Challenge, and M

MS and HCs did not significantly differ in breath rate, end-tidal CO2, heart rate, or O2 saturation
at baseline or during CO2 solution breathing (all ps > 0.05; see Table 3). We tested whether MS patients
differed in their CBF response to the CO2 solution ((CBFhc−CBF0)/CBF0) and M in their respective
gas challenge ROIs within occipital lobe see [87]. MS patients did not significantly differ in CBF
response to the CO2 solution (167.48 ± 19.8%) compared to HCs (146.90 ± 14.64%), t(15.70) = 0.83,
p = 0.417. MS patients (3.88 ± 0.48%) did not significantly differ in M compared to HCs (5.11 ± 0.39%),
t(18.90) = −1.98, p = 0.062.

Table 3. Sample Physiological Data.

MS HC p

Baseline
Breath Rate 11.20 (1.00) 10.25 (0.79) 0.747 a

EtCO2 42.70 (1.81) 39.23 (0.74) 0.101 b

Heart Rate 66.90 (2.38) 72.08 (3.18) 0.207 b

SpO2 98.10% (0.35%) 97.85% (0.32%) 0.596 b

5% CO2
Breath Rate 13.35 (1.28) 15.42 (1.07) 0.236 c

EtCO2 48.95 (1.45) 49.06 (0.64) 0.950 c

Heart Rate 69.67 (2.38) 75.04 (2.60) 0.147 d

SpO2 97.58% (0.39%) 98.20% (0.20%) 0.139 d

Mean (SEM). Breath Rate in breaths per minute. EtCO2 = end-tidal CO2 in mmHg. Heart Rate in beats per minute.
SpO2 = peripheral oxygen saturation in percent hemoglobin saturation. p-values were based on independent
samples. a 22 degrees-of-freedom; b 21 degrees-of-freedom; c 16 degrees-of-freedom; d 17 degrees-of-freedom.

3.3. Group Comparisons on Visual Task cfMRI Measures

MS patients (1.12 ± 0.77%) did not significantly differ from HCs (1.18 ± 0.66%) on veBOLD
response to visual stimulation, t(19.18) = −0.60, p = 0.555. MS patients (4.08 ± 0.35) did not
show significant changes in ven compared to HCs (4.23 ± 0.23), t(16.16) = −0.35, p = 0.731.
MS patients (48.06 ± 12.58%) had significant decreases in veCBF compared to HCs (92.68 ± 17.29%),
t(19.76) = −2.09, p = 0.050. MS patients (9.59 ± 0.90%) also showed significant decreases in veCMRO2

compared to HCs (17.85 ± 1.97%), t(16.45) = −3.81, p = 0.002 (see Figure 5).

3.4. Within-Sample Classification Analyses

Measures are ranked on original accuracy and presented in Table 4. Accuracy and smoothed
density distributions for the significant and bottom 5 measures can be found in Figure 6.

3.5. Out-of-Sample Classification Analyses

Predictors presented in Figure 7 are ranked on LOOCV-derived accuracy.
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Figure 5. Effect sizes of group contrasts on calibrated functional magnetic imaging measures.
Effect sizes reflect Cohen’s d. ns = non-significant effect, p > 0.05; * p < 0.05; ** p < 0.01.

Figure 6. Smoothed density estimates of BCa-bootstap distributions. Distributions of significant
(solid lines) and bottom 5 (dashed lines) within-sample predictors of MS status are illustrated.
Note: because of smoothing, tails of distributions may exceed 1.
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Table 4. Accuracy and 95% Confidence Limits of Within-Sample Classification Analyses.

Predictor Predictor Accuracy 95% LCL 95% UCL Significant

SF-36 Physical Functioning Scale 0.94 0.65 1.00 Yes †
SF-36 Social Functioning Scale 0.89 0.61 0.94 Yes †
T2-FLAIR spatially distinct lesion count 0.86 0.57 0.95 Yes †
Box Completion 0.86 0.52 0.95 Yes †
SF-36 Role Physical Function Scale 0.85 0.60 0.95 Yes †
veCMRO2 0.82 0.55 0.91 Yes ‡
Normalized Grey Matter Volume 0.81 0.43 0.95 No ‡
T2-FLAIR Lesion Burden-absolute lesion volume 0.80 0.50 0.90 No ‡
T2-FLAIR Lesion Burden-relative lesion volume 0.80 0.50 0.90 No ‡
SF-36 Emotion 0.78 0.56 0.89 Yes
9-Hole Peg Test-Non-dominant Hand 0.77 0.55 0.91 Yes ‡
SF-36 General Health Scale 0.77 0.50 0.86 No ‡
veCBF 0.75 0.45 0.85 No ‡
Normalized Whole Brain Volume 0.73 0.45 0.86 No
9-Hole Peg Test-Dominant Hand 0.73 0.50 0.82 No
SF-36 Bodily Pain Scale 0.73 0.45 0.86 No
Skeleton AD 0.71 0.43 0.81 No
Skeleton MD 0.71 0.48 0.86 No
Paced Auditory Serial Addition Test 2 s 0.71 0.48 0.86 No
Modified Fatigue Impact Score Total 0.70 0.43 0.78 No ‡
Normalized White Matter Volume 0.68 0.45 0.82 No
Paced Auditory Serial Addition Test 3 s 0.68 0.45 0.82 No
Skeleton RD 0.67 0.48 0.76 No
Trail Making Task Form A 0.65 0.43 0.78 No
SF-36 Vitality Scale 0.65 0.43 0.74 No
25 Foot Walk 0.64 0.50 0.77 No
WAIS-III Digit Span Backward 0.64 0.41 0.77 No
WAIS-III Digit Span Total 0.64 0.41 0.82 No
10/36 Delayed Recall 0.63 0.42 0.74 No
Trail Making Task Form B 0.62 0.33 0.76 No
SF-36 Mental Health Scale 0.62 0.38 0.62 No
veBOLD 0.61 0.48 0.78 No
Selective Reminding Task Delayed 0.60 0.35 0.60 No
Symbol-digit Modalities Test 0.60 0.30 0.70 No
Number Comparison 0.59 0.36 0.68 No
WAIS-III Digit symbol coding 0.58 0.37 0.58 No
Skeleton FA 0.57 0.37 0.67 No
ven 0.57 0.39 0.52 No
Selective Reminding Task Long-term Storage 0.57 0.35 0.70 No
Controlled Oral Word Association Test 0.57 0.35 0.57 No
10/36 Immediate Recall 0.52 0.30 0.57 No
WAIS-III Digit Span Forward 0.50 0.27 0.55 No
Trail Making Task Form B-A 0.48 0.29 0.52 No

LCL = lower confidence limit. UCL = upper confidence limit. Confidence limits based upon 10,000 iteration
BCa-corrected bootstrapping procedure.Yes = 95% confidence interval (CI) does not contain 0.50; No = 95% CI
contains 0.50. Note: that the original parameter estimates do not necessarily need to lie within the 95% CI of the
BCa-corrected, empirically derived distributions. † permutation p-value significant using Benjamini-Hotchberg
correction (p < 0.05). ‡ permutation p-value marginally significant using Benjamini-Hotchberg correction (p < 0.10).
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4. Discussion

In the present study, we used a neuroimaging approach novel to MS research (cfMRI) to assess the
accuracy of veCMRO2 in classifying MS patients and closely age- and sex-matched HC participants.
MS patients showed similar responses to HCs in veBOLD and ven, however showed decreased
veCBF and a pronounced decrease in veCMRO2 relative to HCs. Groups were similar on visual
task performance and on physiological measures pertaining to the CO2 challenge, indicating that
potential MS-related changes in physiological response to carbon dioxide, e.g., [87] or visual attention
were not likely contributors to group CMRO2 differences. Within-sample classification analyses
demonstrated that veCMRO2 was significant and one of the top measures to accurately classify
MS status, discriminating between MS patients and HCs with exceptional accuracy (82%). Results also
showed that within-sample classification accuracy by veCMRO2 was comparable to neuroimaging
measures often used to gauge MS pathology, such as T2-FLAIR lesion burden (80% accuracy) and T1

grey matter volume (81% accuracy). veCMRO2 was also significantly accurate in MS classification
using out-of-sample observations (77% accuracy). The use of such out-of-sample modeling afforded
a predictive element to this study and demonstrated that veCMRO2 can accurately classify new
observations of MS and HC participants, offering support for its potential diagnostic utility.

One question that arises from these results is whether veCMRO2 can add predictive value over
other advanced imaging techniques not studied here. For instance, measurements of multifocal
visual-evoked potentials have been of great interest to the MS research community. This technique,
which uses visual stimulation and electroencephalogram signals in occipital channels proximal to the
inion has been demonstrated to (1) more sensitively and specifically detect visual abnormalities in
MS eyes relative to other visual-system measurements [88], (2) predict conversion to an MS diagnosis
in persons with optic neuritis [89], and (3) relate to the extent of MS-related damage to visual white
matter tracts [41]. Not surprisingly, this technique can also accurately discriminate between MS patients
and HCs, e.g., [90]. For example, one study showed that measurements gathered from multifocal
visual-evoked potentials were on average 74.76% accurate (range: 62.7%–96.1%) in classifying
within-sample observations of MS patients without optic neuritis and HCs ([90], average calculated
from Figures 5 and 6, pp. 910–911). We can compare these figures with the within-sample accuracy
of veCMRO2 observed here (82%). This suggests that veCMRO2 accuracy is in about the same range
as multifocal evoked potentials. However, it performs appreciably better than the average multifocal
evoked potential measure. Future research directly comparing veCMRO2 to electroencephalogram
and other measures is necessary to more faithfully adjudicate claims about the relative performance of
this technique.

A second avenue for future research could involve examining whether the integration of evoked
CMRO2 from other neural systems could maximize MS classification accuracy. Here, we showed
significant decreases in MS patients’ veCMRO2 relative to HCs. This variable was also largely accurate
in the prediction of MS status. We looked at veCMRO2 specifically because of robust alterations to
the visual system in MS see [37–40]. However, because (1) mitochondrial alterations are found in
multiple forms of neural tissue in MS [31,33] and (2) global brain decreases in oxygen metabolism
have been found in MS patients relative to HCs [30], it is likely that evoked CMRO2 is affected in
other neural systems as well. Our work and others’ have shown altered patterns of brain activity in
MS patients in motor, e.g., [42,91,92] and association cortices [43,93–95], see [96]. It is possible that the
addition of measures of evoked CMRO2 in these areas could lend improvements in the accuracy of MS
classification. One advantage of the cfMRI approach over other advanced imaging approaches in MS,
like OCT or visual-evoked potentials, is that this technique can specifically and simultaneously assay
multiple neural systems. Work underway in our laboratories is examining the extent to which evoked
motor and executive system CMRO2 differs between MS patients and age- and sex-matched healthy
HCs, and whether these changes, along with veCMRO2, can help build optimal neurodiagnostic
models of MS.
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The utility of imaging biomarkers in MS is not limited to assisting in diagnosis see [97].
For instance, OCT measures have been shown to be effective in predicting brain atrophy and visual
acuity loss in MS see [38]. The retinal nerve fiber thickness and macular volume measures from
OCT might also be useful in differentiating different subtypes of MS [98]. Other imaging-based
measures, such as T2-lesion burden, have shown prognostic ability by prediction of future MS disability,
e.g., [99], see also [100–102]. One potential avenue for future research is to evaluate the use of oxygen
metabolism signals in MS prognosis. For example, Ge and colleagues’ [27] research showed that lower
resting brain-wide levels of oxygen metabolism were associated with both increased neurological
disability and increased lesion burden in MS patients. Although these findings were cross-sectional,
they suggested that oxygen metabolism could be a marker of the trajectory of disease course. To wit,
future longitudinal work should examine whether measures of oxygen metabolism in early MS can
predict future disease progression cf. [89]. veCMRO2 or resting oxygen metabolic markers could also be
evaluated for their abilities to predict the transition from risk states (such as clinically or radiologically
isolated syndrome) to clinically definite MS see [100,102,103].

A recent wave of findings related to metabolic dysfunction in MS has led to metabolic hypotheses
to explain the pathophysiology of MS see [34–36]. For instance, Paling and colleagues furthered
an energy failure hypothesis of the pathophysiology of MS [35,104]. These authors postulated a link
between white matter damage and energy demand in MS, wherein this damage causes neuroenergetic
demand to exceed the supply of metabolic substrate. This hypothesis is largely consistent with the
findings of the present study, wherein the observed relative decrease in veCBF (the supply of oxygen
and glucose) in MS might have limited the neurometabolic response (veCMRO2) relative to HCs.
Further, issues of oxygen extraction due to mitochondrial damage/dysfunction could have also
contributed to the relative decrease in veCMRO2 for MS patients relative to HCs see [34–36].

Imaging techniques here and elsewhere have produced convincing biomarkers of MS
see [38,97,100]. However, MS is a complex, multifaceted disease. Thus, it is not surprising that our
results revealed a diverse array of measures that were accurate in classifying MS patients and HCs.
The goal of this work was to examine the ability of a new marker (veCMRO2) to accurately classify MS.
However, a truly prodigious advance in MS diagnostics will likely evolve from models that combine
many relevant factors. It is possible that a “gold-standard” model of MS diagnostics would contain
information about evoked CMRO2, along with other information like lesion count, self-reported
symptomology, neuropsychological performance, and potentially other strong associates of MS not
examined here (e.g., low-contrast letter acuity performance see [105], oligoclonal band status [106],
retinal nerve fiber layer thickness see [38]). For instance, research from the Alzheimer’s Disease
Neuroimaging Initiative showed that a complement of multimodal neuroimaging, cerebrospinal fluid
proteins, along with standard clinical evaluations allow for optimal prediction of conversion from mild
cognitive impairment to Alzheimer’s disease [107]; see also [108] for application in psychiatry.

5. Conclusions

This study was the first to apply cfMRI in an MS sample. Presently, the intricacies of cfMRI
acquisition and post-acquisition processing probably hinder it from having an immediate impact
upon routine diagnosis or tracking of MS. However, acquisition continues to be optimized and
research is showing promise toward eliminating the gas-challenge component of this method, see [8],
which should increase the ease of cfMRI administration and the diversity of patients in which it
can be applied. With contemporary research highlighting the importance of neurometabolism in
the pathophysiology of MS and continued optimization of this technique, cfMRI shows promise as
a translational diagnostic/prognostic tool for MS.

Our findings demonstrated that veCMRO2 was accurate in classifying both within- and
out-of-sample observations of MS patients and HCs. Out-of-sample analyses suggested that predictive
models using veCMRO2 could be useful in MS diagnostics and potentially new cases of MS. Although
out-of-sample analyses provide confidence in the generalizability of our findings, larger, independent
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samples are desirable to confirm the robustness of these effects. However, the present findings represent
an encouraging first step in realizing the diagnostic relevance of veCMRO2 in MS.
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Abstract: Multiple sclerosis (MS) is a demyelinating, autoimmune disease of the central nervous
system. In recent years, it has become more evident that neurodegeneration, including neuronal
damage and axonal injury, underlies permanent disability in MS. This manuscript reviews some
of the mechanisms that could be responsible for neurodegeneration and axonal damage in MS
and highlights the potential role that dysfunctional heterogeneous nuclear ribonucleoprotein A1
(hnRNP A1) and antibodies to hnRNP A1 may play in MS pathogenesis.

Keywords: multiple sclerosis; RNA binding protein; neurodegeneration; axonal damage; hnRNP A1

1. Multiple Sclerosis (MS)

Multiple sclerosis (MS) is a demyelinating, autoimmune disease of the central nervous system
(CNS). Over two million affected individuals world-wide, typically diagnosed in young adulthood,
makes MS the most debilitating neurological disease in this population. Symptoms associated with
MS, such as fatigue, impaired coordination, and spasticity, limit the ability of people to function
properly, which endows a financial burden on both the patient and their family. The majority of
patients are initially diagnosed with relapsing remitting MS (RRMS) where symptoms develop and
are followed by a period of recovery or remission with no symptoms [1–3]. A total of 50% of RRMS
patients gradually advance to having secondary progressive MS (SPMS) where symptoms steadily
increase and worsen with rare periods of recovery [1–4]. Approximately 5% of people develop primary
progressive MS (PPMS) where patients experience gradual disease worsening with no periods of
recovery [1,3]. Additional clinical subtypes include radiologically isolated syndrome (RIS) where
lesions are discovered on MRI without the presentation of any symptoms and clinically isolated
syndrome (CIS) where a patient experiences an initial clinical episode consistent with MS concurrent
with an MRI suggestive of MS [4]. Despite the differences in onset, relapse rate, and initial subtype
diagnosis, many patients with MS will progress to a stage of irreversible disability [5].

One of the most recognizable pathological features of MS is the plaque or lesion that is
evident in vivo on MRI brain scans. These plaques, depending on their stage, can contain activated
lymphocytes, microglia, and myelin debris from macrophage degradation [6]. Oligodendrocytes
often attempt to remyelinate damaged axons, which leads to shadow plaques containing partially
remyelinated axons [1]. Inflammation, plaques, and disease progression vary between individuals
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and may not necessarily correlate with disease severity. For example, white matter atrophy rates
have been shown to be similar across each subtype of disease; however, there are vast differences in
grey matter atrophy across disease subtypes [7]. Significantly more grey matter atrophy is observed
in SPMS patients and those with higher expanded disability status scale (EDSS) scores as opposed
to RRMS patients or those with lower EDSS scores [8]. These findings and other incongruences
between disease state and pathology suggest that inflammation and neurodegeneration, including
axonal damage, likely transpire simultaneously but independently during disease [9,10]. Axonal
and neuronal injury exists in the absence of demyelination, with no correlation between plaque
location and axonal loss in spinal cord long tracts (e.g. corticospinal tract and posterior columns) [11].
Additionally, focal axonal degeneration starts with focal swellings, which are observed in myelinated
axons [12]. These differences suggest that neurodegeneration is a better correlate of disease severity
than demyelination. Clearly, neurodegeneration in MS takes place throughout disease [13–15] and
although neurodegeneration is known to cause permanent disability in MS, research regarding the
underlying mechanisms is in its infancy.

The degeneration of axons is generally classified as either Wallerian degeneration or “dying back”
degeneration. Wallerian degeneration occurs when the axon located distally to a site of injury begins
to degenerate in an anterograde fashion. These injuries result in a disconnect between the neuronal cell
body and distal portion of the axon. Dying back, on the other hand, is axonal degeneration from the
distal end in a retrograde manner with degeneration of the axon happening before cell body loss. Both
Wallerian and “dying back” degeneration are characterized by axonal dystrophy, which is visualized
as axonal spheroids and varicosities, which have been found in MS lesions [16]. Axonal degeneration
observed in MS has been most commonly categorized as Wallerian degeneration [17]. “Dying back”
axonopathy has been observed in hereditary spastic paraplegia (HSP), a disease clinically similar
to MS [18–20].

A number of mechanisms underlying neurodegeneration in neurologic diseases have been
proposed. For instance, in amyotrophic lateral sclerosis (ALS), axonal transport deficits and
mitochondrial dysfunction have been observed in ALS-mutant mice [21,22]. Additional evidence
suggests that the interplay between mitochondria and impaired axonal transport leads to degeneration
in Alzheimer’s disease [23]. Dysfunctional mitochondria have also been shown to play a role in the
pathogenesis of Parkinson’s Disease [24]. More recent findings suggest a role for RNA binding proteins
in neurologic disease [25–29]. RNA binding proteins are responsible for regulating RNA homeostasis,
also known as “ribostasis”. The mislocalization of these proteins from nucleus to cytoplasm and
the formation of stress granules are key pathological features of RNA binding proteins in ALS,
frontotemporal dementia (FTD), and spinal muscular atrophy (SMA) [25–28,30,31]. In MS, disrupted
sodium and calcium ion channel dynamics [32,33], axonal transport deficiencies [9,34–36], mitochondrial
dysfunction [37–40], and oxidative stress [40,41] contribute to neuronal and axonal damage. As in
other diseases, these mechanisms may work in tandem to contribute to neurodegeneration and axonal
damage as opposed to independently (Figure 1).

Axonal transport is an essential function for maintenance of neuronal health, and has long been
implicated in neurodegenerative conditions. The neuronal cytoskeleton is composed of microtubules,
neurofilaments, and actin filaments. Microtubules provide a track system for the movement of cargo
along the axons by the motor proteins kinesin and dynein. Kinesins mediate anterograde transport,
moving organelles or vesicles from the soma to the synapse or membrane while dynein molecules are
involved in retrograde axonal transport to move cargo toward the cell body (Figure 1). Evidence of
disrupted axonal transport and axonal damage is observed in MS post-mortem tissue through staining
with amyloid precursor protein (APP), a protein involved in “fast” anterograde transport due to its
ability to mediate interactions between cargo and kinesin proteins [42]. APP staining can be seen in
acute MS brain lesions [34], axonal swellings in demyelinated plaques [35], and in normal appearing
white matter of acute MS cases [9]. Furthermore, impaired transport of organelles is a prominent early
feature in inflammatory MS-like lesions [16]. There is further support for this concept in experimental
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autoimmune encephalomyelitis (EAE) mice where compromised mitochondrial transport is an early
event in EAE lesions [35]. Disruption of axonal transport, both retrograde and anterograde, has also
been observed prior to demyelination in EAE mice [36]. Researchers used genetically engineered mice
expressing fluorescent markers in mitochondria and peroxisomes under the Thy1 promoter. After
inducing EAE, researchers employed two-photon imaging to measure retrograde and anterograde
transport of both organelles along axons and found decreased transport in swollen axons as well as in
normal appearing axons around lesion areas [36]. These findings in the EAE model as well as those
with APP staining in the MS cortex are evidence that loss of axonal transport could be an early first
step towards axonal degeneration prior to demyelination.

Figure 1. Axonal Damage in multiple sclerosis (MS). (1) In a normal, healthy axon, myelin (blue)
wraps around the axon and ion channels (orange) are clustered in the unmyelinated nodes of Ranvier.
This enables saltatory conduction for fast signal transmission down the axon. RNA binding proteins,
which maintain RNA homeostasis, are localized to the nucleus (red). Mitochondria and other cargo
(green circles) are transported retrogradely along the axon by dynein (turquoise squares, inset) while
anterograde transport is done by kinesin motor proteins (yellow circles, inset). Transport is fast
and uninterrupted because the axon is undamaged, has no energy shortage, and the motor proteins
are intact; (2) In MS, there is central nervous system infiltration of T-cells, B-cells, plasma cells, and
macrophages, which lead to a cascade of events including the release of pro-inflammatory cytokines
and antibodies, which are thought to be harmful to both myelin and neurons and axons. [43–49];
(3) Axonal damage and neurodegeneration occur simultaneously with inflammation. There is ongoing
demyelination due to antibodies against myelin antigens (blue Y, A) [43–45]. Demyelination leads to the
redistribution of ion channels (B), which impairs conduction along the axon [32,33]. The redistribution
of RNA binding proteins from their normal nuclear location (panel 1, red) to the cytoplasm (panel 3, C,
red) is a pathological feature of neuronal degeneration in neurological diseases [25–28,30,31]. Mutations
in mitochondrial DNA (D) can impair the cell’s ability to generate enough ATP while antibodies to
non-myelin antigens (black Y, E) damage axons [46–49]. Reactive oxygen species (yellow, F) could be
released from activated microglia or as a result of dysfunctional mitochondria [37–41]. Impaired fast
axonal transport (G) is also evident in MS [9,34–36]. A combination of these events, as opposed to one
in particular, contributes to neurodegeneration and axonal damage in MS.

An essential component for axonal transport is energy, in the form of ATP, which is produced by
mitochondria. There is an increasing body of work supporting a role for mitochondrial dysfunction
in neurodegenerative diseases [50]. Mitochondria are responsible for maintaining a cell’s energy
production in the form of ATP generated by the respiratory chain complex. In addition to producing
ATP, mitochondria also function to produce amino acids, maintain calcium homeostasis, and the
modulation of reactive oxygen species (ROS). It is therefore understandable that perturbation of
mitochondrial processes could result in neuronal dysfunction, decreased viability, and even apoptosis
leading to neuronal loss and degeneration. Loss of neurons in the MS patient cortex is commonly
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observed [51,52]. Incidentally, a decrease in mitochondrial electron transport gene expression is
also observed in MS brain tissues, suggesting that mitochondrial dysfunction could be contributing
neuronal loss in patients [38]. Furthermore, mitochondrial DNA (mtDNA) accumulates deletions
in the grey matter of SPMS patients irrespective of lesions [12,39]. These damaged mitochondria
could influence anterograde transport leading to axonal transport deficits [37] and compromised
mitochondrial transport is an early change in inflammatory EAE lesions [35]. In addition to
compromising axonal transport, dysmorphic swollen mitochondria lead to increased ROS and reactive
nitrogen species (RNS) concentrations and therefore, a release of proapoptotic mediators [12].

In addition to these distinctive hypotheses regarding neurodegeneration, there is also evidence
for the contribution of antibodies to neurodegeneration in MS. The inflammatory environment in
MS primarily consists of an initial T cell infiltrate along with activated macrophages and microglia
with another T- and B-cell infiltrate after myelin has been broken apart [13]. The invading T-cells
consist of both CD4+ and CD8+ T-cells, however, data suggests that CD8+ may have a more profound
effect especially during the later phases of disease [53,54]. Natural killer (NK) cells may also be
present in the inflammatory milieu and have been shown to play both protective and deleterious
roles in MS [55]. Lymphocytes are present during active demyelination, however, antibody producing
plasma cells are more evident in SPMS and PPMS patients, suggesting a role for autoantibodies
in disease progression [14]. Autoantibodies to myelin antigens such as myelin oligodendrocyte
glycoprotein (MOG), myelin basic protein (MBP), and myelin proteolipid protein (PLP) have been
identified. MOG antibodies have been shown to play a primary role in the demyelination of axons as
opposed to degeneration [43] through complement cascade activation [44,45] as two myelin proteins
bind C1 directly to activate the complement cascade [45]. For example, C3d immunoreactivity is seen
in areas of partly demyelinated axons as well as in active lesions [56]. On the other hand, antibodies
to non-myelin antigens such as neurofascin, neurofilament, and KIR 4.1 (a glial potassium channel)
have been shown to contribute to axonal and neuronal injury [46–49]. Furthermore, the injection
of neurofascin antibodies into EAE mice also leads to axonal injury [48]. Although antibodies to
myelin and non-myelin antigens seem to have different effects on myelination and axonal damage,
respectively, they may have a common mechanism of action through activation of the complement
system [46–48] and could both be responsible for the pathology observed in MS tissue. Furthermore,
progressive patients have IgG-containing plasma cells in their meninges and throughout the brain,
which remain even after T- and B-cell levels decrease [14,57]. Clearly, the humoral response is an
important contributing factor to axonal damage but may be particularly influential in patients with
progressive disease.

2. hnRNP A1 and RNA Metabolism

Support for a role of antibodies to non-myelin, neuronal antigens in MS pathogenesis, specifically
neurodegeneration, is strong [14,46,48,49,57,58]. Data from our lab also provides compelling evidence
to strengthen this hypothesis. Initial experiments from our lab showed that IgG from human
T-lymphotrophic virus type 1 associated myelopathy/tropical spastic paraparesis (HAM/TSP) patients,
a disease clinically similar to progressive MS, immunoreacted with a 33 kDa protein from isolated
human brain neurons on a Western blot [59]. This protein was identified as heterogeneous nuclear
ribonucleoprotein A1 (hnRNP A1) [59]. hnRNP A1 is an RNA binding protein that performs a
multitude of functions related to ribostasis, including mRNA transport, pre-mRNA processing,
and translation [60]. IgG from HAM/TSP patients was shown to preferentially react with areas
commonly damaged in HAM/TSP, such as neurons and axons throughout the corticospinal system [61].
The immunodominant epitope of hnRNP A1 recognized by HAM/TSP IgG was identified as an amino
acid sequence (AA 293-GQYFAKPRNQGG-304) within the M9 nuclear localization sequence [62].
The “M9” area is required for the nucleocytoplasmic transport of hnRNP A1 [63]. HAM/TSP and
progressive forms of MS show similarities and as such, it was hypothesized that MS patient IgG would
also react with hnRNP A1, indicating the development of antibodies against this RNA binding protein
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(RBP). MS patients were found to make antibodies to hnRNP A1, specifically to the same M9 epitope
as HAM/TSP patients [64,65]. Healthy controls and patients with Alzheimer’s disease were examined
as controls and were found to show no immunoreactivity to hnRNP A1 [64].

Because antibodies to other non-myelin antigens, such as neurofascin, have been shown to
worsen EAE and lead to axonal damage, we hypothesized that anti-hnRNP A1-M9 antibodies,
which recognize the same immunodominant epitope as MS patient IgG, might show similar effects.
Neurons were exposed to control antibodies as well as hnRNP A1-M9 antibodies. Anti-hnRNP
A1-M9 exposure led to neurodegeneration and neuronal death [64]. Microarray analyses comparing
anti-hnRNP A1-M9 antibodies to both control IgG and untouched neuronal cells revealed altered
RNA expression in the anti-hnRNP A1-M9 antibody condition [64]. Interestingly, some of the genes
affected by the anti-hnRNP A1-M9 antibodies included the spinal paraplegia genes (SPGs) implicated
in the pathogenesis of hereditary spastic paraplegia (HSP), which clinically mimics HAM/TSP and
progressive MS. Specifically, it identified spastin (SPG4), paraplegin (SPG7), and spartin (SPG20) [64].
Furthermore, anti-hnRNP A1-M9 antibodies also altered expression of axonal transport RNAs,
including kinesin family member 5 (KIF5C) as well as a number of genes related to hnRNP A1’s
function in “ribostasis” [64].

We sought to determine whether anti-hnRNP A1-M9 antibodies had an effect on hnRNP A1’s
ability to bind its target RNA (which is bound via the RNA binding domains). Using the RNA Binding
Protein Data Base (RBPDB.com), we determined that spastin (SPG4) contains a 100% binding sequence
(NM_014946, b.3282-3288) match with the hnRNP A1 binding sequence while SPG7 and SPG20 showed
lesser degrees of RNA sequence alignment. By using RNA immunoprecipitation, we found that SP4
and SPG7 bound hnRNP A1 while SPG20 did not [3,66]. Furthermore, SPG4 and SPG7 levels were
remarkably decreased in neuronal cells that had been exposed to anti-hnRNP A1-M9 antibodies but not
in cells exposed to control antibodies [66]. Because anti-hnRNP A1-M9 antibodies had led to neuronal
death, loss of neuronal processes, apoptosis, and mislocazation of hnRNP A1 from the nucleus to
the cytoplasm [64,66,67], we hypothesized that the immunodominant anti-hnRNP A1-M9 antibodies
might impact the EAE disease course in mice.

To test this hypothesis, we induced EAE in mice and upon the first sign of disease, we injected
anti-hnRNP A1-M9 antibodies, control antibodies, and phosphate buffered saline (PBS) three times
for a total of 300 micrograms of antibody. We clinically scored animals and approximately 11 days
following the first injection, animals injected with anti-hnRNP A1-M9 antibodies showed significantly
higher clinical scores, indicating worsened disease [68]. Subsequent staining with Fluoro Jade C
showed preferential neurodegeneration in the anti-hnRNP A1-M9 animals in the deep white matter
of the cerebellum and the distal ventral spinocerebellar tract (VSCT) as it enters the cerebellum [68].
The cell bodies of the VSCT, an afferent pathway, lie in laminae VII, VIII, and IX of the lumbosacral
spinal cord. Recent studies show entry of T-cells happens in this region early in EAE [69,70]. This
pattern of neurodegeneration, in which axonal injury follows a distal to proximal pattern, suggests a
“dying back” axonopathy, which is commonly observed in HSP [18,19]. Furthermore, these animals
developed spasticity (a major clinical feature in MS patients) in their hind limbs whereas those injected
with control antibodies or PBS did not.

The development of spasticity, the interaction between hnRNP A1 and SPG4 and SPG7, and
the “dying back” axonopathy suggest a similar or shared mechanism of pathology between HSP
and progressive MS. In HSP, mutations within SPG4 account for the majority of cases. Spastin is a
member of the AAA protein family with multiple isoforms (M1, M87) that has microtubule severing
functions. The severing of microtubules by spastin is crucial for efficient microtubule transport and
mutations lead to loss of microtubule-severing activity and distal axonal end degeneration [18]. The M1
spastin isoform (68 kDa) is only detectable in the adult mouse spinal cord whereas the M87 (60 kDa)
isoform is more widely distributed and more abundant [18]. The presence of the M1 isoform strongly
correlates with axonal degeneration in HSP, suggesting a gain of function mechanism due to perturbed
alternative splicing mechanisms [71]. Mutations in either isoform alter microtubule dynamics and lead
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to the formation of toxic aggregates [18]. Mutations within SPG7 also account for a smaller portion
of HSP cases. SPG7 plays a role in the inner mitochondrial membrane and cultured myoblasts from
patients with SPG7 mutations show defects in respiratory chain function [72].

Because mutations in RNA binding proteins have been shown to lead to other neurological
diseases [26,29], we wanted to determine whether MS patients had mutations in hnRNP A1. DNA
was isolated from peripheral blood monocytes (PMBC) from each subtype of MS patient and PCR
was performed to isolate human hnRNP A1 genomic DNA containing exons 8 and 9. Following
amplification, genomic DNA was cloned into vectors and sequenced. PPMS patients had a greater
number of novel somatic nucleotide variants, which when translated into protein resulted in more
amino acid substitutions than RRMS, SPMS, or healthy controls [73]. These mutations were cloned
into expression vectors and transfected into SKNSH cells and stained for hnRNP A1 as well as stress
granules. Mutant forms of hnRNP A1, as opposed to wildtype, showed mislocalization from the
nucleus to the cytoplasm as well as the formation of stress granules [73], which is similar to pathogenic
features observed in other neurologic diseases involving RNA binding proteins [24,27]. Furthermore,
exposing SKNSH cells to anti-hnRNP A1-M9 antibodies also leads to mislocalization and the formation
of stress granules [66,67]. This suggests that hnRNP A1 dysfunction, either related to an autoimmune
or genetic mechanism, may contribute to MS pathogenesis in a manner similar to other diseases.

Taken together, these studies suggest that hnRNP A1, an RNA binding protein, may show
pathogenic features, such as mislocalization and stress granule formation, in MS that are similar to
other neurologic diseases. After exposure to anti-hnRNP A1 antibodies, hnRNP A1 mislocalizes to
the cytoplasm of cells. This mislocalization is also observed in [74]. The effect of anti-hnRNP A1-M9
antibodies on neuronal cell lines and RNA targets in vitro suggests that antibodies may be altering
endogenous hnRNP A1 functions by interrupting normal ribostasis such as mRNA binding. If hnRNP
A1 does not properly bind RNA targets, such as SPG4 or KIF5C in vivo, this could disrupt normal
functioning of these proteins resulting in impaired axonal transport or the development of spasticity.
Additionally, anti-hnRNP A1-M9 antibodies, in the setting of a pro-inflammatory environment (EAE),
lead to the development of hind limb spasticity and neurodegeneration, including axonal dying
back, phenotypes both observed in HSP and MS [20,75,76]. Further understanding the mechanisms
and consequences of dysfunctional hnRNP A1 and anti-hnRNP A1 antibodies could lead to the
development of better therapies that alleviate symptoms, such as spasticity.

3. Conclusions

Several factors contribute to axonal damage and neurodegeneration in MS. Impaired fast axonal
transport, the release of reactive oxygen species, mitochondria dysfunction, the redistribution of RNA
binding proteins from their normal nuclear location, and antibodies to non-myelin antigens along
with pro-inflammatory events occur during MS. A combination of these events, as opposed to one in
particular, may be responsible for neuronal and axonal damage observed in disease.
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Abstract: In central nervous system (CNS) demyelinating disorders, such as multiple sclerosis (MS),
neuromyelitis optica (NMO) and related NMO-spectrum disorders (NMO-SD), a pathogenic role for
antibodies is primarily projected into enhancing ongoing CNS inflammation by directly binding to
target antigens within the CNS. This scenario is supported at least in part, by antibodies in conjunction
with complement activation in the majority of MS lesions and by deposition of anti-aquaporin-4
(AQP-4) antibodies in areas of astrocyte loss in patients with classical NMO. A currently emerging
subgroup of AQP-4 negative NMO-SD patients expresses antibodies against myelin oligodendrocyte
glycoprotein (MOG), again suggestive of their direct binding to CNS myelin. However, both known
entities of anti-CNS antibodies, anti-AQP-4- as well as anti-MOG antibodies, are predominantly found
in the serum, which raises the questions why and how a humoral response against CNS antigens is
raised in the periphery, and in a related manner, what pathogenic role these antibodies may exert
outside the CNS. In this regard, recent experimental and clinical evidence suggests that peripheral
CNS-specific antibodies may indirectly activate peripheral CNS-autoreactive T cells by opsonization
of otherwise unrecognized traces of CNS antigen in peripheral compartments, presumably drained
from the CNS by its newly recognized lymphatic system. In this review, we will summarize all
currently available data on both possible roles of antibodies in CNS demyelinating disorders, first,
directly enhancing damage within the CNS, and second, promoting a peripheral immune response
against the CNS. By elaborating on the latter scenario, we will develop the hypothesis that peripheral
CNS-recognizing antibodies may have a powerful role in initiating acute flares of CNS demyelinating
disease and that these humoral responses may represent a therapeutic target in its own right.

Keywords: multiple sclerosis; neuromyelitis optica; aquaporin-4; myelin oligodendrocyte
glycoprotein; opsonization; autoantibody; central nervous system; CNS-draining lymphatics

1. Introduction

Several recent investigations highlight that B cells and antibodies can be crucially involved in the
pathogenesis of central nervous system (CNS) demyelinating disorders, such as multiple sclerosis (MS),
neuromyelitis optica (NMO) and NMO-spectrum disorders (NMO-SD) [1,2]. In particular the empirical
success of clinical trials testing B cell-depleting anti-CD20 antibodies as therapeutic approach in MS
and NMO substantiate this notion [3–6]. In these conditions, B cells are assumed to equally contribute
to the inflammatory process by providing pro-inflammatory cytokines [7] and by acting as professional
antigen-presenting cells (APC) [8], leading to the activation and propagation of autoreactive T cells
(Figure 1). In contrast to these cellular B cell functions, the pathomechanistic involvement of antibodies
may substantially differ in MS, NMO and NMO-SD.
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Figure 1. Cellular and molecular B cell properties in MS; (a) B cells modulate the activation
and differentiation of immune cells by secretion of pro- and anti-inflammatory cytokines;
(b) Antigen-specific B cells recognize CNS antigen via their BCR and internalize, process and present
linearized antigens to responding T cells. Ligation of co-stimulatory molecules and secretion of
pro-inflammatory cytokines foster the generation of effector T cells; (c) B cells differentiate into
antibody-producing plasma cells. Secreted CNS-reactive antibodies that reach the CNS contribute to
demyelination and inflammation by complement-mediated cytotoxicity. In the periphery, opsonization
of rare CNS antigen by antibodies fosters the generation of auto-reactive T cells; Fc receptors on myeloid
APC recognize antibody-antigen complexes and trigger internalization, processing and presentation
of opsonized antigen to responding T cells. Definitions: APC = antigen-presenting cells; BCR = B cell
receptor; CNS = central nervous system.

Due to some clinical, radiological and histopathological similarities, NMO was for decades
considered to be a variant of MS. The discovery of antibodies against aquaporin-4 (AQP-4), a water
channel expressed on astrocytes demonstrated in an impressive manner that it is a disease in its own
right [9]. The presence of these autoantibodies in the serum of patients with CNS demyelination
applies now as a unique feature separating NMO from MS [10]. Although initially introduced as
a diagnostic marker, more recent investigations emphasize that anti-AQP-4 antibodies are critically
involved in NMO pathogenesis [11,12]. In our current understanding, classical NMO is an autoimmune
astrocytopathy, where AQP-4-directed antibodies directly destroy astrocytes and demyelination occurs
only as a consequence of astrocyte loss [13]. It is important to note that in NMO patients, autoantibodies
are mainly detectable in the serum, but not in the cerebrospinal fluid [14,15] suggesting that NMO
is a peripheral humoral autoimmune disorder. In MS in contrast, no distinct humoral immune
response could be identified so far unequivocally in the periphery, but most patients present oligoclonal
immunoglobulins (Ig) termed oligoclonal bands (OCB) in the cerebrospinal fluid (CSF) [16], which were
mostly absent in NMO patients [17]. These OCB originate from locally supported plasma cells [18,19].
Although it is still elusive whether intrathecal Ig are pathogenic or not, they are of important diagnostic
value. In addition to OCB, in a subgroup of MS patients antibody depositions are found to co-localize
with complement accumulation in areas of ongoing CNS demyelination [20,21], while astrocytes
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remain preserved. These findings indicate that in MS lesions, myelin and/or oligodendrocytes may be
directly affected.

Based on the histopathology of MS and NMO, the role of CNS-reactive antibodies was primarily
projected into enhancing ongoing CNS destruction during acute disease flares [22]; at that time,
the blood-brain barrier is compromised due to immune cell infiltration, and peripheral antibodies
have access to the CNS. However, novel findings suggest that CNS-directed autoantibodies may be
of significance even before they enter the CNS. In rodents, antibodies directed against the myelin
component, myelin oligodendrocyte glycoprotein (MOG), are capable of opsonizing antigen [23] in the
periphery and thereby trigger its uptake, presentation and subsequent activation of encephalitogenic T
cells, resulting in experimental autoimmune encephalomyelitis (EAE) [24], an animal model for CNS
demyelinating disorders.

Deciphering the pathogenic function of such autoantibodies may be of particular interest and best
to study in a recently emerging group of patients with CNS demyelinating disorder in which antibodies
against MOG can be detected in the serum. MOG is an extracellular component of the myelin sheath,
which is exclusively expressed in the CNS and assumed to be a prime candidate autoantigen in CNS
demyelinating disorders. In this context, the question arises how a peripheral immune response can
be raised against antigens that are exclusively present in the CNS. In the following sections, we will
summarize the current knowledge about autoantibodies in CNS demyelination. Furthermore, we will
discuss how a humoral immune response against CNS antigens may be raised in the periphery and
by which mechanisms CNS-reactive antibodies potentially contribute to the development of CNS
demyelinating disorders.

2. Towards a Mechanistic Understating on the Role of Autoantibodies in
CNS-Demyelinating Disorders

B cells can drive inflammation on the one hand by the secretion of pro-inflammatory cytokines
and by exerting antigen-presenting function on the other hand (Figure 1a,b). Especially due to the
ability of B cells to bind conformational protein-antigen specifically via their B cell receptor, they
are highly competent in recognizing small amounts of protein antigen [25]. Hence, B cells are very
efficient APC when they share antigen recognition with T cells [26,27] and the mere co-existence
of CNS-specific B and T cells in mice is sufficient to induce EAE [28–30]. Another approach to
induce experimental demyelination in various species is immunization with CNS antigens. One well
established autoantigen activating T and B cells is MOG [31]; in mice, active immunization with
MOG-derived peptides leads to the development of encephalitogenic T cells without the involvement
of B cells, while immunization with conformational MOG protein additionally activates B cells
in a pathogenic manner [32,33]. As a consequence, B cells differentiate into plasma cells which,
in an appropriate induction regime, secrete pathogenic antibodies. Those antibodies represent the
soluble counterpart of the B cell receptor and may mediate similar properties in recognizing protein
antigens with a low prevalence. In EAE, MOG-specific antibodies have been shown to exacerbate
ongoing disease [34,35] by promoting CNS inflammation and demyelination [36,37]. It is assumed
that encephalitogenic T cells compromise the integrity of the blood-brain barrier allowing peripheral
autoantibodies to enter the CNS. There, CNS-reactive antibodies can mediate myelin destruction
directly by fixation of the complement system [38] and/or by increasing the uptake and intracellular
metabolism of myelin by macrophages [23,39]. Lyons, Ramsbottom and Cross [40], however, suggest
a more fundamental role of myelin-specific antibodies for the initiation of EAE in mice than just
enhancing demyelination. They demonstrate that adoptive transfer of anti-MOG antibodies restores
the ability of B cell deficient mice to develop clinical and histological EAE upon active immunization,
indicating that antibodies are required for T cell (re-)activation. In the same line, studies of our group
demonstrated that anti- MOG antibodies opsonize traces of otherwise undetected soluble MOG in the
periphery and thereby trigger and amplify a respective pathogenic T cell response (Figure 1c). Based on
this mechanism, myelin-specific antibodies in combination with myelin-reactive T cells were sufficient
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to induce spontaneous EAE in mice. Importantly, prior to EAE, no antibody deposition was detected
within the CNS, which indicates that peripherally applied MOG-specific antibodies do not directly
bind to CNS-located myelin but trigger activation of T cells outside the CNS. In conclusion, these
findings indicate that peripheral CNS-specific antibodies cannot only contribute to myelin destruction
by direct binding to the CNS, but additionally, promote the development of encephalitogenic T cells in
the periphery.

3. Stratifying Human Demyelinating Disorders by the Involvement of Distinct Autoantibodies

Neuroinflammation and subsequent demyelination can be caused by a variety of extrinsic factors,
but also by the immune system itself attacking endogenous molecules as it is presumably the case
in MS, NMO and NMO-SD. Although the targeted antigens and pathological mechanism may differ,
these diseases result in the loss of CNS myelin, neuronal damage and axonal impairment as a
consequence. For decades, T cells were considered to be the major effector cell type in autoimmune
CNS demyelinating disorders. However, more recent observations highlight that B cells and B
cell-derived products are equally important key players in their pathogenesis. In MS, the first
indication for this assumption was the discovery of OCB in the CSF of 90% of MS patients [16],
which originate from locally supported plasma cells [18,19]. The particular antigen(s) recognized by
these autoantibodies remain elusive and concomitantly, it is still under debate whether OCB are of
pathogenic relevance for MS. However, in a subgroup of MS patients with so-called type II lesions,
antibody depositions are found to co-localize with complement accumulation in areas of ongoing
CNS demyelination [20,21]. This observation together with the aforementioned findings in EAE,
highlight a potential role of autoantibodies for the complement-mediated destruction of myelin in
acute demyelinating MS lesions [41]. Within the intrathecal humoral immune response, many potential
CNS targets have been suggested in recent years, including neuroglial and astrocytic antigens such
as neurofascin and contactin-2 [42,43], and also myelin antigens such as myelin basic protein and
MOG [44,45], but could not be confirmed. The fact that the expression pattern of OCB in MS patients
have no apparent reflection in the blood suggests that at least some of the antibodies present in the CSF
are produced within the CNS. However, this comparison does not formally exclude that individual
antibody entities may originate from the periphery. In line with the assumption of intrathecal IgG
production, ectopic B cell follicle-like structures in the meninges of secondary progressive MS patients
suggest that B cell function gradually shift from the periphery into the inflamed CNS during disease
progression [46]. Furthermore, patients with primary- or secondary-progressive MS only rarely show
the formation of new inflammatory spots, but rather, a gradual expansion of consisting lesions pointing
towards a CNS intrinsic pathogenic mechanism that is independent of the peripheral immune system.

The heterogeneous appearance of MS, and the fact that no common autoantigen could be identified
so far, suggests that MS may consist of different disease entities. Based on the discovery of anti-AQP-4
antibodies, NMO was the first condition that has been separated from the “core disorder” MS [47].
AQP-4-directed antibodies are suggested to directly destroy astrocytes [10], while demyelination
occurs only as a consequence of astrocyte loss in later stages of the disease [13]. Interestingly, antibody
producing plasma cells are only infrequently found in the CSF of NMO patients [48], while AQP-4
positive plasmablasts are selectively increased in the blood and shown to peak at relapses [49]. Further,
OCB are only present in 15–30% of NMO patients and disappear mostly during disease progression [50].
These findings together indicate that anti-AQP-4 antibodies are mainly generated in the periphery and
suggest that NMO is a peripheral humoral autoimmune disorder. However, it is poorly understood
how anti-AQP-4 Ab enter the CNS and induce lesion formation. Normally, in the absence of ongoing
inflammation, the CNS is assumed to be an immune-privileged organ and antibodies should not
be able to cross the intact blood–brain barrier. Several observations in NMO patients support such
prerequisites. Signs of viral infections prior to NMO relapses were observed in 15–30% of NMO
patients, in which the virally provoked immune response may trigger an autoimmune reaction [51,52].
Further, relatively high anti-AQP-4 antibody titers can be detected in many patients during remission
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phase or, in individual cases, even years before disease onset, indicating the necessity of inflammatory
conditions accompanying the peripheral autoantibody response [53,54]. Therefore, it is assumed that
anti-AQP-4 antibodies reach the CNS only after inflammation-induced opening of the blood–brain
barrier. In support of this hypothesis, disease progression occurs in NMO patients only during
acute disease flares, when peripheral immune cells penetrate the CNS [55]. Apart from that, recently
published in vitro data point towards the possibility that anti-AQP-4 antibodies themselves may
contribute to blood–brain barrier penetration by interaction with astrocytes, which in turn prompt
endothelial cells to decrease barrier function [56].

It is important to note that not all patients with a NMO-suggestive condition show anti-AQP-4
antibodies; an observation that led to the introduction of the broader category NMO-SD [57]. Within
this category, a small proportion of patients show antibodies against MOG in the serum [58]. MOG is a
transmembrane protein expressed on the surface of oligodendrocytes [59] and the outermost lamella of
the myelin sheath. Although its exact function remains unclear, it is assumed to mediate the adhesion
of neighboring myelinated fibers acting as an adhesive glue between them [60]. Due to its extracellular
localization and its lack of expression in the thymus, MOG represents a plausible target for autoimmune
responses [61,62]. Interestingly, patients negative for anti-AQP-4, but positive for anti-MOG antibodies
fulfil many of the clinical and radiological criteria for NMO, but their relapse biology and prognosis
rather resembles MS [63]. Especially the fact that the respective CNS biopsy/autopsy material showed
no astrocytopathy, but demyelination as primary destructive mechanism, differentiates these patients
sharply from classical NMO [64–66]. Consequently, these findings initiated the debate whether
anti-MOG antibody-positive encephalomyelitis should be continued to be considered as a part of
NMO-SD or may be defined as separate disease entity [67].

Notwithstanding these differences, the most crucial similarity between anti-MOG positive
NMO-SD and anti-AQP positive NMO is that autoantibodies are predominantly found in the blood,
but not in the CSF. Thus, for both conditions the question arises why and how a humoral response
against CNS antigens is raised in the periphery. Furthermore, it remains elusive what pathogenic
role these antibodies may exert outside the CNS and whether opsonization of endogenous CNS
antigens, as described above in mice, can also occur in this human condition as a prime disease-driving
mechanism. Indeed, in vitro experiments demonstrated that anti-MOG antibodies isolated from the
blood of NMO-SD patients were, in principle, capable of opsonizing human MOG protein, resulting in
an increased uptake of antigen by macrophages [24]. However, it remains elusive, where antibodies
confer antigen recognition to myeloid APC, given that MOG is solely expressed in the CNS. A recently
recognized lymphatic system which drains the CNS may represent this so far missing anatomical link
between the CNS and the peripheral immune system. These newly appreciated lymphatic vessels have
been shown to drain molecules from the CSF into cervical lymph nodes [68,69]. Furthermore, traces of
myelin have been found there in MS patients as well as healthy controls [70,71] (Figure 2). This implies
that even under non-pathologic conditions, CNS antigens can (occasionally) be transported to cervical
lymph nodes. A first indication for the clinical relevance of cervical lymph has been given by a
chronic-relapsing EAE model where lymphadenectomized mice show a reduced relapse severity [72].
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Figure 2. CNS antigens potentially activate peripheral immune cells in CNS-draining lymph nodes.
Cerebrospinal fluid, which occasionally contains CNS antigen, such as myelin components, is drained
by lymphatic vessels into deep cervical lymph nodes. There, antigen is encountered and processed
by professional APC and subsequently presented to autoreactive antigen-specific T cells. By this
interaction, immune cells are activated and in turn, migrate to the CNS, where they contribute to
inflammation. Definitions: MOG = myelin oligodendrocyte glycoprotein; PLP = proteolipid-Protein 1;
MBP = myelin basic protein; TC = T cell, PC = plasma cell; BC = B cell.

4. Conclusions

B cells and antibodies have been recognized to be important players in the pathogenesis of MS,
NMO and NMO-SD. While it emerges that cellular properties of B cells such as cytokine secretion and
antigen presentation can drive inflammation in all of these conditions, the exact role of antibodies is
still under discussion. In NMO, anti-AQP-4 antibodies are assumed to bind directly to astrocytes and
induce a complement-mediated astrocytopathy. Similarly, in a subgroup of MS patients, lesions are
characterized by the co-localization of antibodies and complement in areas of ongoing demyelination
pointing towards antibody-mediated degradation of myelin. These mechanisms likely require, though,
that the blood-brain barrier is compromised during acute disease flares and peripheral antibodies have
access to the CNS, or that pathogenic antibodies are produced locally within the CNS. Notwithstanding
these observations, we highlight that antibodies harbor additional pathogenic properties that may
contribute to the pathogenesis of demyelinating disorders even before autoantibodies reach the CNS.
Studies in mice and first transitional experiments with Ig isolated from NMO-SD patients demonstrated
that CNS-reactive antibodies are capable of opsonizing soluble antigen, resulting in an increased uptake
by macrophages. Subsequently, T cells differentiated in an encephalitogenic manner and induced
spontaneous EAE in mice. Based on these findings, it is plausible that antibodies can contribute to
the generation of auto-reactive T cells by increasing the uptake of available antigen; a mechanism
probably primarily important in NMO and NMO-SD patients, where CNS-directed autoantibodies
accumulate in the serum. Thus, if it can be confirmed that CNS-draining lymphoid organs are the
site where antibody-mediated opsonization triggers de novo recognition of CNS antigen, both the
peripheral humoral response as well as CNS draining lymph nodes may be promising targets for
future therapeutic interventions in CNS demyelinating disorders. Furthermore, understanding the
relative importance of antibodies for the pathogenesis of each disease entity may offer the possibility
to refine treatment options in the most suitable way.
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Abstract: The treatment of multiple sclerosis (MS) has changed over the last 20 years.
All immunotherapeutic drugs target relapsing remitting MS (RRMS) and it still remains a medical
challenge in MS to develop a treatment for progressive forms. The most common injectable
disease-modifying therapies in RRMS include β-interferons 1a or 1b and glatiramer acetate. However,
one of the major challenges of injectable disease-modifying therapies has been poor treatment
adherence with approximately 50% of patients discontinuing the therapy within the first year. Herein,
we go back to the basics to understand the immunopathophysiology of MS to gain insights in the
development of new improved drug treatments. We present current disease-modifying therapies
(interferons, glatiramer acetate, dimethyl fumarate, teriflunomide, fingolimod, mitoxantrone),
humanized monoclonal antibodies (natalizumab, ofatumumab, ocrelizumab, alemtuzumab,
daclizumab) and emerging immune modulating approaches (stem cells, DNA vaccines, nanoparticles,
altered peptide ligands) for the treatment of MS.

Keywords: multiple sclerosis; immunotherapy; drug delivery; vaccine

1. Introduction

In the early 1900s, only a few cases of multiple sclerosis (MS) were reported, which quickly became
a common occurrence for admission to neurological wards. Today, MS accounts over 2.5 million
affected individuals with an estimated cost of US$2–3 billion per annum [1]. The distribution of MS
varies according to geographic location. For example, the further north or south from the equator the
higher the prevalence of MS; countries that lie on the equator have extremely low prevalence compared
to Scotland, Norway, and Canada. The prevalence of MS has increased progressively over time with
30/100,000 diagnosed in 2008 to 33/100,000 diagnosed in 2013 globally. In fact, in a Norwegian cohort
over 53 years (1961–2014), the prevalence increased from 20 to 203/100,000 and the incidence increased
from 1.9 to 8/100,000 [2]. It is possible that the increase in prevalence is due to improved diagnostic
procedures and reporting and changes in lifestyle (lack of vitamin D and increased smoking) [1].
MS is commonly diagnosed between 20 years and 40 years of age although it can affect younger
and older individuals [3], and most commonly affects those with a genetic predisposition (major
histocompatibility complex (MHC) class II phenotype, human leukocyte antigen (HLA)-DR2 and
HLA-DR4 most commonly affected). In fact, the incidence of MS is increased 10-fold in monozygotic
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twins as compared to siblings of patients with MS [4–6]. In addition, viral infections can trigger disease
where parts of the virus mimics that of the myelin sheath [7]. Although usually not life-shortening,
MS is a chronic neurological disease often interfering with life and career plans of an individual [8].

MS is categorized into 4 distinct types, primarily based on its clinical course, which are
characterized by increasing severity: (a) Relapsing/remitting MS (RRMS), the most common form,
affecting 85% of all MS patients which involves relapses followed by remission; (b) secondary
progressive MS (SPMS), which develops over time following diagnosis of RRMS; (c) primary
progressive MS (PPMS) affecting 8–10% of patients, noted as gradual continuous neurologic
deterioration; and (d) progressive relapsing MS (PRMS) the least common form (<5%), which is
similar to PPMS but with overlapping relapses [9–11]. MS leads to a wide range of symptoms with
various severity involving different parts of the body. MS diagnosis is mainly clinically based however,
magnetic resonance imaging (MRI) assists in diagnosis [12]. As such, examination of the cerebrospinal
fluid (CSF) and visual induced potentials with MRI can assist in confirming the clinical suspicion of
MS [12,13]. MS symptoms and disease progression are varied, with some individuals experiencing
little disability while most (up to 60%) require a wheelchair 20 years from diagnosis [9].

Although treatments against MS are able to decrease the relapse rate in RRMS, the prevention
of long-term effects remains a problem; medications for progressive forms of MS are also limited
in their efficacy. Hence, new improved drugs are required to effectively treat MS. One of the major
pathophysiological mechanisms of MS involves autoreactive T cells, primarily T helper (Th)-1 CD4+ T
cells and Th17 cells leading to cytokine secretion and activation of an inflammatory cascade resulting in
demyelination within the brain and spinal cord and axonal damage; autoreactive antibodies cannot be
discounted. Indeed, MS is generally known as a chronic autoimmune disorder of the central nervous
system (CNS) [14,15]. MS causes breakdown of the blood brain barrier (BBB) leading to migration
of immune cells (macrophages, T cells, B cells) and secretion of pro-inflammatory cytokines and
chemokines [16] which induces inflammation, formation of sclerotic plaques (lesions), demyelination
and neurodegeneration [17]. MS lesions may form in any location of the CNS white matter or in
grey matter, often leading to physical disability and sometimes, decline in cognitive ability [16,18].
It is therefore, conceivable to target immune cells and their products in order to prevent tissue
damage by modulating inflammation [9,19] while reducing potential side effects such as global
immunosuppression [6,19,20]. The major constituents of the myelin sheath in which autoreactive T cells
and antibodies recognize, include, myelin basic protein (MBP), myelin oligodendrocyte glycoprotein
(MOG) and proteolipid protein (PLP).

2. Immunopathophysiology of MS

The brain has primarily been considered to be an organ which is highly immune-advantaged,
although a number of studies have challenged this [6]. In the last 10 years an important shift has
surfaced in MS research, suggesting that MS is not just a disease of the immune system, but equally
involves factors contributed by the CNS [21,22]. Immune cells residing in the CNS get activated
following damage to CNS tissue; notably microglial cells whereby they upregulate MHC class I and II
molecules and cell surface co-stimulatory molecules and secrete cytokines and chemokines, paving
entry for T (CD4 and CD8) cells, B cells, monocytes, macrophages and dendritic (DC)-like cells into
CNS lesions [6]. Infiltrating immune cells secrete pro-inflammatory cytokines, nitric oxide, and matrix
metalloproteinases [23,24], leading to destruction of the myelin sheath.

It has been generally accepted that chronic inflammation is the hallmark of neurodegenerative
diseases, such as MS, Alzheimer’s disease and Parkinson’s disease [6,7]. Myelin-reactive auto-T cells
cross the BBB [19] and their migration into the CNS consequently initiates an inflammatory cascade
followed by demyelination of the CNS and axonal damage. These cells reside in the perivenous
demyelinating lesions which generate distinct inflammatory demyelinated plaques situated within
the white matter [25]. MS lesions appear in the white matter inside the visual neuron, basal ganglia,
brain stem and spinal cord [26]. White matter cells transmit neural signals from grey matter, where
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information is gathered, and transferred to the rest of the body [25,27]. MS involves 2 main steps,
(i) myelin sheath damage resulting in formation of lesions in the CNS and (ii) inflammation, which
together destroy the neuron tissue [25,28]. In MS, damage of oligodendrocytes and destruction of
myelin sheath leads to breakdown of the nerve axon and loss of neuronal function [28]. Demyelination
increases the inflammatory activation processes leading to damage of BBB and stimulation of
macrophage activation and oxidative stress pathways [29]. The white matter lesions include myelin
breakdown together with infiltration of monocytes, B cells, T cells and DC [30]. Microglia and
macrophages are the main innate immune cells present in MS lesions where they either act together
with T and B cells, or directly cause neuroinflammatory tissue damage [31]. Cells involved in the
inflammatory process include those that are both in the innate and adaptive immune systems and are
described below (Figure 1).

Figure 1. The immunological complexity of the immune/cytokine network in multiple sclerosis.

2.1. Natural Killer T (NKT) Cells

NKT cells share properties of both T cells and NK cells and recognize glycolipid antigens presented
in complex with the MHC class I-like molecule, CD1d. Two subsets of NKT cells have been identified
(type I, invariant NKT (iNKT) cells and type II, variant NKT (vNKT) cells) and are implicated in
the pathogenesis of MS in humans and in the murine model of MS, experimental autoimmune
encephalomyelitis (EME). iNKT cells express cell surface markers characteristic of activated or memory
T cells (CD25, CD44, CD69) with the majority being CD4+ as well as markers characteristic of NK cells
(NK1.1 or CD161, Ly49). Following activation of iNKT cells (via binding to α-GalCer-CD1d complex)
an array of cytokines is secreted that are associated with both pro- and anti-inflammatory immune
responses and play a role in both innate and acquired immunity. As such, iNKT cells, (i) secrete
interleukin (IL)-4 and IL-13 which stimulate CD4+ T cells to differentiate into anti-inflammatory
Th2 cells (IL-4, IL-10 producers) which inhibit Th17, Th1, CD8+ T cells in the CNS; (ii) secrete IL-2
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and tumor growth factor (TGF)-beta which stimulate the production of T regulatory (Treg) cells
(IL-10, TGF-beta producers) which inhibit Th17, Th1 and CD8+ T cells in the CNS; and (iii) secrete
IL-4, IL-10, IL-13, interferon (IFN)-gamma and GM-CSF which activate suppressive myeloid derived
suppressor cells (MDCs), DC and macrophages which in turn secrete IL-10 to activate Treg cells
and suppress Th17, Th1 and CD8+ T cells in the CNS [32]. Due to the pleiotropic properties of
iNKT cells, they play a role in protecting the host against pathogens, tumors, autoimmunity and are
involved in tissue rejection, ischemia reperfusion injury and obesity related diabetes [32]; deficiency or
dysfunction of iNKT cells has been shown to be linked to the development of autoimmune diseases.
Indeed, iNKT cell numbers are decreased in patients with MS [32] and are restored in patients in
remission [33]. Analysis of iNKT cells in MS patients in remission showed a Th2 cytokine profile,
suggesting an immunoregulatory effect of iNKT cells in MS [34]. Similarly, in the EAE mouse model,
protection of EAE development is associated with high levels of iNKT cells and suppression of Th1
and Th17 cells [35]. Interestingly, injections of α-Galactosylceramide (α-GalCer), and analogues
thereof, have potent activities in protecting mice against, cancer, infections, inflammatory conditions
and autoimmune disorders. Hence, it is possible to develop iNKT cell based modulating therapies
against MS [36,37]. Like iNKT cells, variant NKT (vNKT) cells also share properties of both T cells
(CD4+) and NK cells (NK1.1) and recognize β-linked glycolipid antigens in complex with CD1d.
They are less common in mice compared to iNKT cells but are more abundant in humans. Of interest,
vNKT cells recognize the self-glycolipid, sulphatide, which is abundantly expressed within the myelin
sheath suggesting a role in MS although not yet established [38]. Likewise, vNKT cells recognizing
sulphatide self-myelin ligand are present in high levels in mice with EAE suggesting their role in
disease progression [38].

2.2. Mucosal-Associated Invariant T (MAIT) Cells

MAIT cells are a subset of T cells of the innate immune system to defend against microbial
infections. They are present in the liver, lungs, mucosa and blood and make up to 25% of CD8
T cells in healthy individuals; they also support adaptive immune responses in that they have a
memory like phenotype [39]. The MHC class I-like molecule, MRI, presents microbial antigens and
vitamin B metabolites to MAIT cells, leading to their activation [39,40]. However, MAIT cells have also
been implicated in autoimmune diseases such as MS, inflammatory bowel disease and rheumatoid
arthritis where they are often noted at the site of autoimmune attack. Recently, it was reported that
in MS, MAIT cells are highly present at the sites of demyelination and secrete pro-inflammatory
Th1 cytokines (IFN-gamma and TNF-alpha) and activate Th17 cells (IL-17 and IL-22 cytokines) [22];
the major cytokines in the pathogenesis of chronic inflammatory and autoimmune diseases. In addition,
MAIT cell have been noted in white matter inflammatory lesions [41] as well as transcription over
expression of MR1 in MS lesions. Conversely, it has been reported that MAIT cells are decreased
in blood of patients with RRMS [42]. It is not clear whether MAIT cells exert a protective or a
non-protective role, thus a better understanding of how MAIT cells are involved in MS and of their
interactions would aid in a better understanding of the pathogenesis of MS and development of
therapeutic strategies.

2.3. Regulatory T Cells (Tregs)

Regulatory T cells (Tregs; originally known as suppressor T cells) are a subset of CD4+ T cells that
modulate immunity, maintain tolerance against self-antigens and prevent autoimmunity. Tregs are
primarily characterized as Foxp3+CD25+CD4+ and are anti-inflammatory (secrete IL-10). One of the
first evidence of the role of Treg cells in MS was in mouse EAE models, where adoptive transfer of Treg
cells from control mice into MOG or PLP induced EAE mice prevented the onset and progression of
EAE [43,44]. Adoptive transfer of Treg cells recovering from EAE into MOG-induced active EAE mice
resulted in resolution of EAE [45]. In addition, induction of Treg cells by estradiol or by monocytes
under glatiramer acetate treatment reduced clinical signs of MOG-EAE [46,47]. Furthermore, injection
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anti-CD28 monoclonal antibody in Lewis rats results in Treg cell expansion and reduction in EAE
disease severity [48]. Interestingly, injection of anti-CD25 monoclonal antibody, which blocks the effects
of Treg cells into C57BL/6 mice increased susceptibility to EAE induction [45]. In patients with MS
however, the frequency of Foxp3+CD25+CD4+ Treg cells does not differ to those in healthy individuals,
although the function of such cells are impaired (maturation and migration) [49]. In addition, mRNA
and protein levels of Foxp3 are impaired in Treg cells of patients with MS especially in RRMS and are
normalized during SPMS [49]. Hence, impaired functionality of Treg cells is primarily observed in
the early stages of MS but not in their chronic stage, suggesting a causative role [50]. Further studies
of Treg cells in MS may aid in the understanding for why tolerance against self-antigens is broken,
leading to disease. However, it is not clear whether the impaired function of Treg cells is a direct cause
of MS or whether such impairment is a general outcome for all autoimmune disorders.

2.4. Macrophages and Microglia

Macrophages are divided into M1 or M2 based on their pro- or anti-inflammatory cytokine
secretion phenotype [51]. M1 macrophage phenotype of mice (F4/80+CD11b+CD11c+iNOS+)
and human (CD40+CD86+CD64+CD32+) is induced in the presence of interferon (IFN)-gamma
and/or toll-like receptor (TLR) ligands such as lipopolysaccharide (LPS). M1 macrophages are
pro-inflammatory and primarily secrete IL-1, IL-6, IL-12, TNF-alpha, iNOS and MCP-1 [51].
In general, they stimulate adaptive immune responses. The M2 macrophage phenotype of mice
(F4/80+CD11c−CD301+Arg1+CD206+) and humans (CD163+CD206+) is induced in the presence of
IL-4, IL-10, IL-13 and Arg1 that blocks iNOS activity [51]. M2 macrophages are anti-inflammatory
and primarily secrete IL-1 receptor antagonist, IL-4, IL-10, transforming growth factor (TGF)-beta1.
Macrophages play a crucial role in the pathogenesis of MS. In fact, in active demyelinating and early
re-myelinating lesions, macrophages are highly present compared to inactive, demyelinated or late
re-myelinated lesions [52]. However, a distinction of M1 vs M2 macrophages in human brain tissues
is not so clear, with both M1 macrophages and an intermediate subtype (M1/M2, CD40+CD206+)
being present [53]. Like macrophages, microglia cells are divided into M1- and M2-polarized microglia
cells. M1 microglia cells are pro-inflammatory and express CD40, CD74, CD86 and CCR7, whereas,
M2 microglia cells are anti-inflammatory and express mannose receptor (CD206) and CCL22. In MS
brain lesions however, like macrophages, an intermediate microglia phenotype is present expressing
CD40, CD74, CD86 and CCL22 but not CD206 markers [54]. Interestingly, in an EAE model it was
shown that suppression of CCL22 decreased M1 macrophage accumulation in the CNS, thus therapies
designed to suppress CCL22 have the potential to decrease demyelination and progression of disease.
In addition, in mice M1 microglia cells have been found to switch to M2 microglia cells during
remyelination, hence M2 polarization is necessary for efficient remyelination [55]. Indeed, fasudil
(a selective Rho kinase inhibitor), injected into EAE bearing mice shifted M1 to M2 macrophages and
ameliorated the clinical severity of EAE [56].

2.5. T Helper Cells

CD4 T cells or T helper (Th) cells, recognize short 9–17 amino acid peptides presented on the
surface of antigen presenting cells (APC) in complex with MHC class II. CD4 T cells differentiate into
distinct Th cells depending on the cytokine secretion profiles [57]. (i) Th1 cells are pro-inflammatory
and produce high levels of IL-2, IL-12, TNF-alpha and IFN-gamma; (ii) Th2 cells are anti-inflammatory
and secrete IL-4, IL-5, IL-6, IL-10, IL-13, IL-25; (iii) Th17 cells are pro-inflammatory and secrete high
levels of IL-17A, IL-17F, IL-21, IL-22, IL-24, IL-26 and low levels of IL-9 and IFN-gamma; (iv) Th22 cells
which are a combination of Th1, Th2, Th17 phenotype and secrete IL-13, IL-22 and TNF-alpha and
(v) the newest addition to the Th subset, Th9, was identified for its potent secretion of IL-9. Th1, Th9,
Th17 cells are key contributors to MS by increasing inflammation within the milieu of the myelin site.

Th1 cells and their pro-inflammatory cytokine products are present in high levels within the
demyelinating axon and CNS lesions of humans and in MOG, PLP or MBP induced EAE in mice.

58



Brain Sci. 2017, 7, 78

Th1 cells recognize MOG, PLP and MBP peptide epitopes presented in the context of MHC class
II, HLA-DRB1*1501 (HLA-DR2, HLA-DR15) and HLA-DRB1*04 (HLA-DR4) alleles. As a result
CD4 T cells become activated, cross the blood brain barrier and induce CNS autoimmunity. Some
drug therapeutics target the MHC class II-peptide-T cell receptor (TCR) complex in an attempt to
modulate or divert Th1 responses to therapeutic Th2 responses. Indeed, it was recently shown that
dimethyl fumarate (DMF) injection in RRMS patients reduced Th1, Th17 and CD8 T cells and increased
Th2 cells; this resulted in high levels of IL-4 and decreased levels of IFN-gamma and IL-17 [58].
In addition, we have shown that mannan conjugation of self-MBP, PLP or MOG native peptides or
altered peptide ligands, are able to divert Th1 responses to Th2 responses in human PBMC from MS
patients, in immunized mouse spleen cells and are able to ameliorate EAE in mice [59–73]. The role
of Th9 cells in MS is not as clear although in mice, IL-9 and Th9 cells induce EAE and inflammation
and IL-9 knockout mice are protected from developing EAE [74]. Th17 cells play a crucial role in the
pathogenesis of MS in both mice and humans by inducing an inflammatory milieu. In fact, IL-17A is
present at high levels in CNS lesions, cerebrospinal fluid and in the serum of patients with MS [75].
Th17 cells express high levels of CCR6 which binds to the ligand CCL20 on vascular endothelial cells,
enabling their entry through the blood brain barrier where they secrete pro-inflammatory cytokines
including IL-17A. In addition, IL-17 interferes with the remyelination process. Of interest, anti-IL-17A
humanized neutralizing monoclonal antibody (AIN457 or Secukinumab) injected in patients with MS
showed reduction of lesions compared to placebo-treated control subjects [75]. In addition, Th22 cells
are highly present in the peripheral blood and cerebral spinal fluid of patients with active RRMS [76],
and IL-22 mRNA and Th22 cells are increased in relapsing MS compared to remitting MS patients [77].
Furthermore, Th22 cells specifically recognize MBP and are resistant to IFN-beta therapy [76].

IL-27, a member of the IL-6/IL-12 cytokine family, is secreted by macrophages, dendritic cells and
microglia cells, with pleiotropic roles in immunomodulation being either pro- or anti-inflammatory.
IL-27 also stimulates or inhibits T cell differentiation. Th1 cells are induced by IL-27 whereas Th2,
Th17 and Treg cells are inhibited by IL-27. In addition, Tr1 cells a specialized subset of T cells which
secrete IL-10 are induced in the presence of IL-27 [78]. In 40 patients with RRMS, circulating plasma
IL-27 levels were significantly higher compared to healthy control subjects [79]. Likewise, IL-27 and
IL-27R are elevated in post-mortem MS brain lesions compared to non-MS control brains. Macrophages
and microglia were identified to be the source of IL-27 and triggering infiltration of CD4 and CD8 T
cells [80]. In addition, the effects of IL-27 on microglia cells showed that nitric oxide, TNF-alpha
and IL-6 were secreted, promoting Th1 polarization, suggestive that IL-27 enhances microglia
neuroinflammation [81]. Hence, suppressing IL-27 may be a strategy to modulate inflammatory
responses in patients with MS.

2.6. CD8 T Cells

Classical CD8 T cells or cytotoxic T cells (Tc1 cells), recognize short antigenic 7-9-mer peptide
epitopes presented on the surface of APC in complex with MHC class I. In MS there is a genetic
association with HLA-A3 [82]; HLA-A2 has been shown to reduce the risk of MS in individuals
that also express MHC class II, HLA-DRB1*1501. The antigen specificity of CD8 Tc1 cells isolated
from patients with MS, has been suggested to be against MOG, MBP and PLP with cytolytic activity
against neuronal cells in vitro [83] although their pathogenic role in MS is still not clear. More recently
other subsets of CD8 T cells have been identified and are grouped into different subsets based on
their cytokine profile. In as such, classical Tc1 cells secrete IFN-gamma, Tc2 secrete IL-4, Tc10 secrete
IL-10, Tc17 secrete IL-17, Tc21 secrete IL-21, Tc22 secrete IL-22 and another subset is characterized
by secreting TNF-alpha. In MS, regardless of the stage and activity of disease CD8 T cells are noted
in high numbers, much higher than CD4 T cells at a ratio of 10:1 CD8:CD4 T cells. MHC class I
is highly expressed within MS lesions and astrocytes, oligodendrocytes, neurons in addition to the
classical APC, DCs and macrophages. In fact, CD8 T cells are found in great abundance within CNS
tissues and cerebrospinal fluid of patients with MS. CD8 T cells present in both acute and chronic
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MS lesions secrete high levels of IL-17 (classed as, Tc17 CD8 T cells) [84]. Tc17 cells secrete IL-17 and
TNF-alpha and low IFN-gamma and are negative for granzyme B, perforin and cytolytic activity unlike
the classical CD8 Tc1 cells. In peripheral blood of patients with SPMS and RRMS elevated levels of
Tc1 and Tc17 cells are noted as well as a high percentage of TNF-alpha secreting CD8 T cells [85];
Tc21 cells are increased in the remission phase of RRMS compared to SPMS. In addition, higher levels
of CD8+IFN-gamma+TNF-alpha+IL-17+ T cells in the relapsing phase of RRMS compared to remission
phase, SPMS and controls [85]. It is clear that CD8 T cells contribute to the pathogenesis of MS, and it
is important to understand how such cells escape T cell tolerance and induce CNS autoimmunity in
order to design and develop new therapeutics against MS.

2.7. B Cells

Although there is a presence of T cells in MS plaques, B cells also contribute to the pathogenesis of
MS where they secrete autoantibodies and cytokines and being APC they activate T cells. In patients
with MS the presence of oligoclonal bands (OCB) in cerebrospinal fluid and brain parenchyma is a
consistent finding in over 95% of patients. OCB is a product of clonally expanded B cells and IgG
synthesis. In MS plaques plasma cells are noted in large numbers where antigen uptake, processing
and presentation takes place as well as synthesis of IgG. Interestingly, over 50 antibodies isolated
from cerebrospinal fluid from patients with MS did not react to MBP, PLP or MOG [86] but some
groups reporting that they bind to intracellular proteins such as, MKNK1/2, FAM84A, AKAP12A
and glial potassium channel KIR4.1, or, against intracellular lipid determinants [87,88]. Moreover,
anti-MOG autoantibodies is a hallmark of childhood MS as well as in some patients with neuromyelitis
optical spectrum disorder. It is clear, that abnormal activation of B cells within the CNS of patients
with MS, suggests that B cells play a role in the pathophysiology of the disease. Further studies are
required to ascertain whether B cell depletion is able to restore immune function and hence, be used as
a therapeutic target against MS.

2.8. Dendritic Cells

DC are professional APC which process and present antigenic peptide epitopes on their surface
in complex with MHC class I or class II, resulting in CD4 or CD8 T cell stimulation respectively.
Even though MS is generally associated with predominant auto-reactive T cells, emerging evidence
indicates that DCs play an important role in the pathophysiology of MS, primarily due to their T cell
activating and cytokine secreting properties. Following activation of DCs in the periphery, T cells
specific to myelin epitopes are activated inducing pro-inflammatory cytokines aiding their entry
through the BBB into the CNS. In the CNS resident APC and T cells are further activated leading to
demyelination and motor deficits. In patients with MS, DCs are abundantly present within inflamed
lesions, cerebrospinal fluid and in the circulation and produce high levels of TNF-alpha, IFN-gamma
and IL-6 [89]. In addition, the expression of co-stimulatory molecules, CD40 and CD80 on DCs
are increased in RRMS and SPMS patients, suggesting an activated pro-inflammatory state of DCs,
hence their contributing role in the pathogenesis of MS.

2.9. Myeloid Derived Suppressor Cells

Myeloid-derived suppressor cells (MDSC) are myeloid progenitors, the same lineage to that of
macrophages, DC and neutrophils. However, MDSC have strong immunosuppressive properties rather
than immune-stimulatory properties as noted with macrophages, DC and neutrophils [90]. Their major
role is in tumor development and chronic inflammation having immune suppressive effects [90].
As such, it was recently shown following MBP1–11 peptide immunization in mice, that MDSCs were
increased adopting a suppressive phenotype, inhibiting the activation of CD4+ T cells via arginase-1
and inducible nitric oxide synthase; such approach inhibited the development of EAE in mice [91].
In addition, MDSC secrete inhibitory enzyme indoleamine 2,3-dioxygenase and Th2 cytokine, IL-10 [92].
It is not clear whether the number of MDSCs are reduced or whether their functionality is altered
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in patients with MS, leading to the failure of MDSCs to suppress autoimmune T cells, as a result of
disease progression. The use of ex vivo cultured MDSCs could be a viable strategy to develop new
improved treatments against MS.

3. Current Drug Therapies for Multiple Sclerosis

The majority of the treatments for MS are long term mainly suppressing the immune system
however, such immune-suppressants pose increased risks for infections and cancer [27]. Alternative
treatment options involve disease-modifying therapies such as, interferons, glatiramer acetate,
monoclonal antibodies and sphingosine-1-phosphate receptor modulators (Table 1, Figure 2). These
therapies have dramatically reduced the number of attacks and decreased disease progression. In fact,
interferons are effective in the early relapsing phases of MS but not in the advanced phases of the
disease [27]. Ultimately, induction of tolerance against self-antigens and re-establishing immune
homeostasis can effectively “cure” the disease; such strategies have been the focus of recent research.

Table 1. Disease-modifying drugs available to patients with RRMS.

Drug Brand Dose
Number of of

Injections, Route
Actions

IFN-β1a Avonex®

7.5 mg 1st dose

1/week, i.m

Balances pro- and
anti-inflammatory cytokines

15 mg 2nd dose Decreases Th17 cells
22.5 mg 3rd dose

Decreases IL-1730 mg all subsequent doses
Rebif® 22 mg or 44 mg 3/week, s.c

IFN-β1b Betaseron® 62.5 mg and increase over
6 weeks to 250 mg 1/2 days, s.c

Extavia® 62.5 mg and increase over
6 weeks to 250 mg 1/2 days, s.c

pegIFN-β1a Plegridy® 63 mg 1st dose
1/2 weeks, s.c95 mg 2nd dose

125 mg all subsequent doses

Glatiramer acetate,
EKAY

Copaxone® 20 mg or 40 mg 1/day, s.c Blocks pMHC
3/week, s.c

Dimethyl fumarate Tecfidera® 240 mg 2–3/day, oral Anti-inflammatory Anti-oxidative stress

Teriflunomide Aubagio® 7 or 14 mg 1/day, oral Inhibits dihydroorotate dehydrogenase, T,
B cells and IFN-γ secreting T cells

Fingolimod Glenya® 0.5 mg 1/day, oral Antagonist of SIP receptor Decrease T,
B cells activates SIP signaling in CNS

Mitoxantrone Novatrone® 12 mg/m2 1/3 months up to
2 years

Suppresses T, B cells and macrophages.
Reduces Th1 cytokines

Dalfampridine Ampyra® 10 mg 2/day, oral Potassium channel blocker Improves
motor symptoms, i.e., walking

Humanized Monoclonal Antibody Treatments

Natalizumab Tysabr® 300 mg 1/28 days, i.v
Humanized anti-α4-integrin Mab. Affects

cell migration, division, growth
and survival

Ofatumumab Arzerra® 3–700 mg 1/2 weeks, i.v Humanized anti-CD20 Mab. Cytotoxic to
CD20+ cells via CDC and ADCC

Ocrelizumab Ocrevus® 300–600 mg
300 mg weeks 1

and 3, then 600 mg
1/6 months, i.v

Humanized anti-CD20 Mab

Alemtuzumab Lemtrada® 12 mg 5 days in a row;
after 1 year, 3 days

Humanized anti-CD52 Mab. Depletes T,
B cells, increases Treg, Th2, decrease

Th1 cells

Daclizumab Zinbryta® 150 mg 1/month, s.c Humanized anti-CD25 Mab.Blocks IL-2R,
decreases T cells, increases NK cells

ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; DC, dendritic cells;
EKAY, single amino acid code for L-glutamic acid, lysine, alanine, tyrosine; IFN, interferon; IL-2R, interleukin-2
receptor; i.m, intramuscular; i.v, intravenous; Mab, monoclonal antibodies; NK, natural killer cells; pegIFN,
polyethylene glycol linked to IFN; pMHC, peptide-major histocompatibility complex; RRMS, relapsing remitting
multiple sclerosis; s.c, subcutaneous; SIP, sphingosine-1-phosphate; Th, helper T cells; Treg, regulatory T cells
(CD4+CD25+FoxP3+).
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Figure 2. Chemical/schematic structures of treatments/drugs for MS.

3.1. Treatment of MS Relapses

Patients with MS who present with a relapse are generally treated with corticosteroids
intravenously, plasma exchange or adrenocorticotropic hormone injections [50,93]. Although
effective in reducing the duration of the relapse and patients recovery faster there are no long-term
neuroprotective benefits [27,94–97].

3.2. Long-Term Treatment of MS with Disease-Modifying Agents

The treatment of MS has been a challenge with treatment options being limited mainly to
corticosteroids, the potent alkylating agent cyclophosphamide and potent immunosuppressant
methotrexate (Table 1, Figure 2). However, with the advent of immunomodulatory drugs in mid-1990s,
a big shift was carried to treatment options for the first time [50]. The first disease-modifying drug for
RRMS, interferon beta-1(IFNβ-1) was the primary key breakthrough for the treatment of MS [98,99].
Disease-modifying agents intend to modify the course of the disease rather than improving symptoms.

Until the approval of the first oral treatment in 2010 [11], all MS treatments consisted of either
intramuscular or subcutaneous injectable drugs. To date, 13 FDA approved disease-modifying drugs
are available for RRMS, and several more agents are in different developmental stages [9,11,65,66,69].
In the last 20 years there has been an evolving trend in novel treatments for MS and the global
progress of therapies for MS has been quite promising. In general treatments consist of Ampyra®,
Aubagio®, Avonex®, Betaseron®, Copaxone®, Extavia®, Gilenya®, Lemtrada®, Novantrone®,
Plegridy®, Rebif®, Tecfidera® and Tysabri® [100]. Such treatment options consist of alemtuzumab
(depletes lymphocytes), daclizumab (blocks the cytokine receptor IL-2), dimethylfumarate (combines
features of immunomodulatory and immunosuppressive actions), fingolimod (modulates the
sphingosine-receptor system), natalizumab (inhibits the migration of lymphocytes) and teriflunomide
(inhibits activated T and B cells) [9,27,50]. Examples of current interferons include, Schering AG’s
Betaferon/Betaseron (IFNβ-1b), Biogen’s Avonex (IFNβ-1a) and Serono/Pfizer’s Rebif (IFNβ-1a).
In addition, immune modulating agents include, Teva’s Copaxone® (copolymer glatiramer acetate),
Amgen/Serono’s (Novantrone®; mitoxantrone), azathioprine, cyclophosphamide (Endoxan®) and
Natalizumab® an a4-integrin antagonist [101–103]. Disease-modifying agents have commonly been
shown to reduce the rate of relapses, reduce MRI lesions and stabilize or delay MS disability.
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The key therapeutic features of disease-modifying drugs are their anti-inflammatory effects in the
relapsing phase of MS, although demyelination leading to chronic disability still remains a major
hurdle [27,104–106]. Some studies, however, have shown that early intervention of disease-modifying
drugs to patients with RRMS can reduce acute disability or death [27,107–110].

In general, disease-modifying drugs main action is by suppressing or altering the immune system.
Hence, based on this theory that MS is, at least in part, a result of altered or abnormal immune response
that results in attack of the myelin sheath. Current available drugs and their actions are described
below (Table 1, Figure 2).

3.2.1. Interferons (Avonex®, Biogen, Cambridge, MA, USA; Betaseron®, Bayer, Leverkusen, Germany;
Extavia®, Novartis Pharma AG, Basel, Switzerland; Rebif®, EMD Serono Inc., Darmstadt, Germany;
Plegridy®, Biogen, Cambridge, MA, USA)

Interferon (IFN) type 1 consist of a group of IFNs (IFN-α, -β, -ε, -κ, -τ, -δ, -ζ, -ω, -ν) which help
regulate the immune system. IFN-β is primarily produced by fibroblasts but other cells such as NK
cells, B cells, T cells, macrophages also secrete IFN-β. IFN-β has anti-viral and anti-tumor activity as
well as being effective in reducing the relapse rate in patients with MS [106]. The mechanism by which
IFN-β acts, is that it balances the expression of pro- and anti-inflammatory cytokines in the brain and
decreases the number of inflammatory cells crossing the blood brain barrier. As a consequence, there
is decreased inflammation of neurons, increases nerve growth factors and improves neuronal survival.
Moreover, IFN-β reduces Th17 population and IL-17 cytokine which are known to be involved in the
immunopathophysiology of MS [111]. IFN-β injection subcutaneously or intramuscularly to patients
with RRMS aims to decrease the relapse rate, duration and severity, however, there is lack of efficacy
to long-term disability. Avonex was approved in 1996, the first FDA approved treatment for RRMS.
To date there are 3 approaches using IFN-β; IFN-β1a low dosage (Avonex®), IFN-β1a (Rebif®) high
dosage, and, IFN-β1b (Betaseron®, Extavia®) high dosage. Furthermore, pegIFN-β-1a (Plegridy®) has
polyethylene glycol linked to IFN-β-1a allowing it to be active for longer in the body, hence fewer
injections are required compared to Avonex®, Rebif®, Betaseron® and Extavia®. The first large scale
human clinical trial in patients with RRMS using IFN-β was published in 1993 and showed that relapse
rates were reduced by 34% in high dose IFN-β1b and by 8% in lower dose compared to placebo
group and severity of relapses were also reduced [112]. Subsequent 5 year follow-up data showed
that IFN-β1a and IFN-β1b decreased lesions up to 30% and reduced the formation of new lesions up
to 50%, however, the study failed to show any reduction in disability progression in patients [113].
IFNs have no direct neuroprotective effects, however, through their direct effect on CD4+Th1 cells and
altering their profile results in decreased demyelination of neurons, which prevents further neuronal
damage [114]. Despite the impact of IFN-β in disease progression in patients with RRMS there are
limitations in their use, with side effects ranging from local body aches, skin reactions (swelling,
redness), fever, myalgia, flu-like symptoms to more serious side effects such as suicidal thoughts,
hallucinations, seizures and heart and liver problems [9]. As a result, many patients have stopped
treatment and overall the benefit of using IFNs is relatively small.

3.2.2. Glatiramer Acetate (Copaxone®, Inc., Petah Tikva, Israel)

Glatiramer acetate (GA) is a synthetic 4-mer peptide (L-glutamic acid, lysine, alanine, and tyrosine)
mimic of MBP, which competes with short antigenic MBP peptides in complex with MHC class II.
Initially, GA was designed to induce EAE but instead it suppressed EAE, which was quickly translated
into human trials with MS in order to prevent disease progression, as it bound to MHC class II and
inhibited the activation of encephalitogenic T cells [115–118]. GA diverts Th1 cells to Th2 cells that
suppress inflammatory responses and activate Tregs in the periphery [119]. In patients, GA significantly
reduced disease symptoms and development of new lesions by up to 30% in RRMS, although it showed
no improvement in long-term efficacy on progression of disability [120]. GA injection in patients
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results in side effects ranging from minor (fever, chills) to more serious (cardiovascular, digestive,
muscular, respiratory issues).

3.2.3. Dimethyl Fumarate (Tecfidera®, Biogen, Cambridge, MA, USA)

Dimethyl fumarate (BG-12) is a methyl ester of fumaric acid that modulates immune responses
and was approved by the FDA in 2013. BG-12 was shown in phase III clinical trials to reduce relapse
rate and increase the time to disability progression in patients with RRMS [121]. BG-12 reduces
the migration of inflammatory cells through the blood brain barrier and activates nuclear factor
erythroid 2-related factor (Nrf2) [122]. Nrf2 regulates anti-oxidative proteins that protect cells against
oxidative damage and inflammation. In fact, BG-12 protects neuronal cells from oxidative stress
by increasing glutathione levels and suppressing pro-inflammatory cytokines from splenocytes
in vitro [123]. Side effects of BG-12 include diarrhea, abdominal pain, nausea, abnormal liver enzymes
and decreased lymphocyte counts.

3.2.4. Teriflunomide (Aubagio®, Sanofi Genzyme, Cambridge, MA, USA)

Teriflunomide is an active metabolite of leflunomide (an immunosuppressive disease-modifying
drug used for rheumatoid arthritis) which inhibits the enzyme dihydroorotate dehydrogenase [124]
and inhibits the proliferation of B and T cells. In addition, teriflunomide exerts anti-inflammatory
properties by inhibiting IFN-gamma producing T cells while IL-4 and IL-10 producing T cells are
unaffected [125]. In MS, oral administration of teriflunomide reduced relapse rates, MS lesions and
decreased disability progression [126–131]. Moreover, permanent discontinuation due to side effects
was substantially less common in MS patients who received teriflunomide compared to IFN-β-1a. Side
effects include, reduced white blood cell count, alopecia, hepatic effects, nausea, diarrhea, numbness
in hand and feet, allergic reactions, breathing issues and increased blood pressure. Teriflunomide was
approved by the FDA in 2012 and by EMA in 2013 for use in patients with RRMS.

3.2.5. Fingolimod (Gilenya®, FTY720, Novartis Pharma AG, Basel, Switzerland)

Fingolimod was granted FDA approval in 2010 and was the first oral therapy (0.5 mg once daily)
available for patients with relapsing forms of MS. Fingolimod is a sphingosine 1-phosphate (S1P)
receptor modulator, which acts as a super agonist of S1P receptor causing receptor internalization
and leading to reduced infiltration of potentially auto-reactive lymphocytes into the CNS, and as
such, they remain localized in the lymph nodes [132–134]. In addition, a secondary beneficial
effects of fingolimod is that it targets SIP receptors on glia cells in the CNS, activating signaling
pathways within the CNS [132,135]. Based on Phase III human clinical trials in patients with RRMS
(TRANSFORMS, FREEDOMS and FREEDOMS II), fingolimod was more effective compared to first
line treatment IFNβ-1a and placebo, in reducing the frequency of flare-ups (clinical exacerbations),
disability progression, MRI outcome measures, including brain volume loss and was associated with
clearly identified adverse events [103,136,137]. More than 180,000 patients have been treated with
fingolimod in clinical trials and post-marketing settings globally, and the total patient exposure now
exceeds 395,000 patient-years. Side effects include bradycardia (within 6 h after treatment initiation),
blurred vision, diarrhea, back pain, headache, cough and vomiting. With reasonable data showing its
long-term safety and disease improvement, fingolimod is a great alternative choice for patients with
highly active RRMS and who prefer the oral treatment option.

3.2.6. Mitoxantrone (Novantrone®, Immunex/Amgen, Thousand Oaks, CA, USA)

Mitoxantrone is primarily used to treat certain types of cancers, in particular, non-Hodgkin’s
lymphoma, acute myeloid leukemia, breast and prostate cancer. Mitoxantrone is a type-II
topoisomerase inhibitor, which disrupts DNA synthesis and DNA repair of cancer cells, however,
normal cells are also affected. It is a potent immune suppressant, suppressing T cells, B cells and
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macrophages and reduces pro-inflammatory cytokines (IFN-γ, TNF-α, and IL-2) [138,139]. In patients
with SPMS, intravenous injection of 12 mg/m2 mitoxantrone every 3 months up to 2 years resulted
in reduced disability progression by 84% [140,141]. However, several side effects are associated with
mitoxantrone which range from nausea, vomiting, hair loss, to, cardiotoxicity, leukemia, infertility,
infection, leukopenia and thrombocytopenia [11]. As a result, its use has significantly been reduced
over time. Furthermore, due to the risk of cardiotoxicity and leukemia, there is a limit on the cumulative
lifetime dose to be administered to patients [11,142].

3.3. Treatment Using Humanized Monoclonal Antibodies

3.3.1. Natalizumab (Tysabr®, Biogen, Cambridge, MA, USA)

Natalizumab is a humanized monoclonal antibody against the cellular adhesion molecule
α4- integrin. Integrins are transmembrane receptors that enable cell-extracellular matrix adhesion
activating cell signaling which regulate cell growth, division, survival, differentiation and migration.
Integrins are expressed on T cells, B cells, monocytes, macrophages, NK cells, DC, neutrophils and
eosinophils. Interfering or blocking α4-integrin affects immune cell migration across the blood brain
barrier, thus, by blocking the interaction between α4-integrin and vascular endothelial adhesion
molecule-1, inhibits transendothelial migration to the CNS [143]. Natalizumab is administered
intravenously once a month [144] which reduces activated T cells within the CNS, resulting in
anti-inflammatory responses and hence, neuroprotective effects [114]. In a phase III clinical trial
natalizumab reduced brain lesions and the rate of disability progression up to 24 months [12,145].
In addition, natalizumab decreased by 92% of contrast-enhancing lesions, by 83% of new or expanding
T2-weighted lesions, and by 76% in new T1-weighted hypointense lesions [146,147]. Natalizumab,
was approved by the FDA in 2004, but was withdrawn due to 3 cases of rare brain infection, progressive
multifocal leukoencephalopathy (PML; that usually leads to death or severe disability), but was
re-introduced in 2006 under a special prescription program. However, by 2012 a further 212 cases
(or 2.1/1000) of PML were reported to be attributed to natalizumab [148]. Despite these reports the FDA
has not withdrawn natalizumab from the market as the clinical benefits outweigh the risks involved.
Other side effects include, hepatotoxicity, allergic reactions and increased risks of infection. Due to the
risks involved with natalizumab, there are reservations over its use as a preferred treatment option.

3.3.2. Ofatumumab (Arzerra®, Novartis Pharma AG, Basel, Switzerland)

Ofatumumab (OMB157) is the first fully human type 1 IgG1 kappa (IgG1κ) monoclonal
antibody and is currently licensed for the treatment (of patients with chronic lymphocytic leukemia
(intravenously (iv), Arzerra®). It has also been shown to be beneficial to patients with rheumatoid
arthritis, follicular non-Hodgkin’s lymphoma, diffuse B cell lymphoma and MS. B cells play a role in
the pathogenesis of MS. B cells have essential functions in regulating immune response, by activating
CD4+ T-cells and regulating T-cell responses via the secretion of cytokines and antibodies. B cells
are present at demyelinating areas and in cerebrospinal fluid of patients with MS [149]. CD20 is
a marker and present on the cell surface of all B cells. In an attempt to reduce the number of B
cells including autoreactive B cells, the use of anti-CD20 antibodies would conceivably improve
MS relapses and progression. In fact, there are several humanized anti-CD20 antibodies, such as
rituximab [150], ocrelizumab [151] and ofatumumab [152], which have shown high efficacy in patients
with RRMS. In 2015, Novartis acquired the rights from GlaxoSmithKline for the development of
ofatumumab in oncology and other autoimmune indications. Ofatumumab binds to 2 unique novel
epitopes on the CD20 molecule, induces B-cell depletion via complement dependent cytotoxicity
and antibody-dependent cell-mediated cytotoxicity causing B cell apoptosis [153]. Ofatumumab has
demonstrated high efficacy in hematologic malignancies and in rheumatoid arthritis. Based on 2 Phase
II dosing human clinical studies, ofatumumab demonstrated high efficacy in reducing new MRI lesion
activity more than 90% and was well tolerated in patients with MS [152]. Currently, ofatumumab is
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being further investigated in 2 Phase III trials (ASCLEPIOS I AND ASCLEPIOS II) and are recruiting
patients with relapsing forms of MS (ofatumumab versus teriflunomide). The adaptive study design of
both trials was recently presented by Hauser SL and colleagues at the American Academy of Neurology
April 2017 in Boston, USA and results are highly anticipated [154].

3.3.3. Ocrelizumab (Ocrevus®, Genentech Inc., San Fransisco, CA, USA)

A few months ago (March 2017), the FDA approved ocrelizumab to be used in PPMS, the first
drug approved by the FDA for this form of MS and phase IV clinical trials were a requirement of the
FDA to be conducted in order to determine the safety of ocrelizumab in younger patients with MS,
ie, risk of cancer and effects on pregnancy (study outcomes due by 2024); although clinical trials in
patients with lupus and rheumatoid arthritis were halted due to high rates of infections and increased
risk of progressive multifocal leukoencephalopathy [155]. In addition, in patients with MS, there was
an increased risk of breast cancer (6/781 females with MS on ocrelizumab compared to 0/668 females
with MS in other trials) [155].

3.3.4. Alemtuzumab (Lemtrada®, Sanofi Genzyme, Cambridge, MA, USA)

Alemtuzumab is a humanized monoclonal antibody against CD52, a cell surface molecule
expressed on B and T cells; mature NK cells, plasma cells, neutrophils and importantly, hematological
stem cells do not express CD52. In phase III clinical trials in patients with RRMS, alemtuzumab
showed significantly lower annualized relapse rates and MRI measures (gadolinium-enhancing lesions,
new or enlarging T2 lesions and brain atrophy) and were free of clinical disease longer, compared to
IFNβ-1a [156,157]. Alemtuzumab can cause serious side effects including, immune thrombocytopenia,
kidney problems, serious infusion problems (trouble breathing, swelling, chest pain, irregular heart
beat), certain cancers (blood cancers, thyroid cancer), cytopenia and serious infections. It was approved
by the FDA in 2014 to be used in RRMS patients, but due to the frequent and significant adverse events
of alemtuzumab, it is generally used in patients with RRMS who have used 2 or more MS drugs and
have failed to work.

3.3.5. Daclizumab (Zinbryta®, Biogen, Cambridge, MA, USA)

Daclizumab is a humanized monoclonal antibody against CD25, the IL-2 receptor expressed on
the surface of T cells. The mechanism by which daclizumab works is that it blocks the IL-2 receptor on
T cells, preventing the activation of T cells. It was originally approved by the FDA in 1997 to prevent
acute kidney transplants (together with corticosteroids and cyclosporine) however its use was halted
due to low market demand. In recent years its use has re-emerged to treat patients with RRMS, it is
injected subcutaneously, once a month [158]. In human clinical trials, daclizumab showed 45% reduced
annualized relapse rates and 54% lower in the number of new lesions [158]. The side effects associated
with daclizumab are relatively minor compared to other MS drugs, and include infections, skin rashes
and liver complications.

4. New and Emerging Immunotherapeutic Strategies against MS

Antigen/peptide specific immunotherapy or using immune cells (i.e., stems cells), aim to restore
tolerance while avoiding the use of non-specific immunosuppressive drugs as describe in Section 3,
is a promising approach to fight autoimmune diseases including MS. As such, a number of approaches
have been utilized.

4.1. Stem Cells

Multipotent hematopoietic stem cells (HSC) are cells isolated either from the bone marrow,
umbilical cord blood or peripheral blood and are transplanted into the recipient. More commonly used
for hematological malignancies (leukemia, multiple myeloma) its application has also expanded into

66



Brain Sci. 2017, 7, 78

autoimmune diseases. The first report of a bone marrow transplant in 1997 in a chronic myelogenous
leukemia patient with MS which showed marked improvements in MS brain lesions [159] quickly led
to the use of HSC transplantation (HSCT) in MS patients. HSCT in patients with active RRMS, reduce
progression in about 70% of patients, decrease relapses dramatically and suppresses inflammatory
MRI activity [160]. MS patients who have not responded to conventional therapy, who’s disease is
aggressive with relapsing-remitting course and who are not presenting with high level of disability,
are considered appropriate candidates for such treatment [161]. Although the clinical efficacy of HSCT
long term has not been established. The mechanism by which HSCT works is that HSCT “reboots” the
immune system and thus, prevents inflammation associated with the disease.

Mesenchymal stem cells (MSC) are isolated from an adult’s bone marrow, are differentiated
in vitro for 2–3 weeks and re-injected back into the patient. In recent years a vast amount of research
has been conducted in MSCs to treat MS with most studies being in mice and EAE models, and more
recently in human clinical trials. In fact, in a pilot study in advanced MS patients, MSC transplantation
improved expanded disability scale score with stabilization in 1/7 and disease progression in 1/7
patients and vision and low contrast sensitivity test showed improvement in 5/6 patients with 1/6
showing worsening effects [162]. In a phase II randomized double-blind, placebo-controlled crossover
clinical trial showed lower mean cumulative number of lesions in patients receiving MSCs compared
to placebo [163]. No serious adverse events were reported. The mechanism of action of MSC includes
immunomodulation, neuroprotection and neuroregeneration [162]. The use of MSCs that reduce MRI
parameters is a new and emerging research focus to develop new improved treatments for MS.

4.2. DNA Vaccine Studies

BHT-3009, a DNA vaccine that encodes the full-length human MBP, was developed with the
aim to tolerize patients with MS against MBP [9,164,165]. In fact, in 30 patients with RRMS or SPMS
who received 4 injections of BHT-3009 on weeks 1, 3, 5, 9 with escalating doses of 0.5 mg, 1.5 mg or
3 mg was reported to be safe and conferred positive changes on brain MRI and reduced the number
of CD4+ T cells [9,164,166]. In addition, in a retrospective, randomized double blind, phase II study
in 155 MS patients, BHT-3009 had no impact on the risk for persistent black holes (axonal loss and
disability progression). However, there was a correlation to those who had generated high anti-IgM
MBP antibodies to reduced risk of persistent black holes [167].

4.3. Nanoparticles

Nanoparticles have extensively been characterized and used as vaccine formulations in pre-clinical
models of cancer and infectious diseases [168,169]. Polymeric biodegradable lactic-glycolic acid
(PLGA) nanoparticles loaded with MOG35–55 peptide together with recombinant IL-10, were partially
endocytozed by dendritic cells, secreted both MOG35–55 peptide and IL-10 in culture media for several
weeks in vitro [170]. In mice, PLGA nanoparticles (MOG35–55 + IL-10) showed significant amelioration
of EAE and reduction of IL-17 and IFN-gamma secretion by splenic T cells in vitro [170]. Recently,
poly(ε-caprolactone) nanoparticles loaded with recombinant human MBP reduced IFN-gamma
cytokines, reduced the clinical score and showed only mild histological changes of the myelin
sheath [171]. Hence, nanoparticles as a delivery method of self-antigens are a promising tool to
treat MS.

4.4. Altered Peptide Ligands

Altered peptide ligands (APL) are peptides closely related to the native (agonist) peptide with
defined 1–2 substituted amino acid residues which interact with the T cell receptor (TCR) yet retains
its binding ability to the MHC [65]. In phase I/II clinical trial by Neurocrine Biosciences Inc, used
an APL of MBP83−99, where L-amino acids were changed to D-amino acids at positions 83, 84, 89, 91
(NBI-5788) [172]. However, this mode of APL induced T cell cross reactivity between the APL and the
wild-type/agonist MBP83−99 peptide and adverse events in some patients resulted [173]. A subsequent
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multi-center double-blinded phase II clinical trial with NBI-5788 was suspended—Th2 responses were
induced (IL-5, IL-13), however, 13/142 patients developed immediate-type hypersensitivity, who also
generated anti-NBI-5788 antibodies which cross-reacted with native agonist MBP83–99 peptide [172,174].
National Institute of Neurological Disorders and Stroke sponsored trial, CGP77116, was used in a
MRI-controlled phase II clinical trial. CGP77116, has Ala D-amino acids of MBP83–99 peptide at
positions 83, 84, 89, 91 (CGP77116) of MBP83–99 peptide, in order to enhance stability [174]. However,
this peptide was poorly tolerated at the dose tested, and the trial had to be discontinued. Three
patients showed exacerbations to disease of which two were linked to CGP77116 injection with high
IFN-gamma and low IL-4 (Th1-skewing) were secreted by activated CD4+ T cells. These CD4+ T cells
also cross reacted with the native agonist MBP83–99 peptide [175]. Accordingly, the problems noted
with both NBI-5788 and CGP77116 were likely due to inadequate pre-screening of APL effects on
the many clonotypes against the targeted epitopes. Thus, although the APL was highly effective at
blocking or switching some clones, it activated others. Thus, further pre-clinical testing is required and
new modified peptides need to be designed, or a carrier needs to be used which further changes the
resulting immune response.

4.4.1. Cyclic Peptides

Cyclization of peptides increases the stability, since linear peptides are sensitive to proteolytic
enzymes. In addition, cyclic peptides are an important intermediate step and a useful template towards
the rational design and development of non-peptide mimetics. While mimetic strategy is a challenging
perspective it is worth pursuing in particular for MBP epitope-based MS therapy as it is still in its
infancy. Efforts to design semi-mimetics of MBP72–85 epitope by combining non-natural amino acids
as spacers and MBP epitope immunophores (Ser, Arg, Glu, Ala, Gln), led to substances that were
effective to some extent in inducing the onset of EAE. Cyclic peptides are not only as a step towards
non-peptide mimetics but also as putative therapeutics in MS [66].

Structure activity studies of the immunodominant agonist peptide MBP87–99, have shown that
K91, P96 are important T cell receptor contact residues. Double mutation of K91, P96 to R91,A96 or
single mutation of P96 to A96 (APL) of either in their linear or cyclic forms, results in suppression
of EAE and decreased inflammation in the spinal cord of Lewis rats [71]. Single and double
cyclic[A91]MBP83–99 peptide and cyclic[A91A96]MBP83–99 peptides emulsified in CFA induced IL-4
cytokines in SJL/J mice [62] however conjugation to reduced mannan further enhanced IL-4 cytokines
with no IFN-gamma responses [63]. In guinea pigs and Lewis rats, cyclic[A91A96]MBP83–99 showed
significantly reduced mechanical pain hypersensitivity compared to cyclic MBP83–99 peptide. This was
associated with reduced T cell and macrophage infiltration to injured nerves of the spinal cord of
animals [176–178]. In addition, these APL decreased CD4+ T cell line proliferation raised from a patient
with MS, increased IL-10 cytokine secretion, bound to HLA-DR4 and were more stable to lysosomal
enzymes (cathepsin B, D, H) compared to their linear counterparts [70]. Double mutation of K91, P96 to
A91, A96 in either linear or cyclic forms were also shown to be active, with suppression of EAE in
SJL/J mice, higher Th2 over Th1 cytokines produced, bound to HLA-DR4, the cyclic forms were more
stable to lysosomal enzymes and induced high levels of IL-10 of peripheral blood mononuclear cells
from patients with MS [61]. Recently, cyclic native agonist MOG35–55 peptide was shown to ameliorate
clinical and neuropathological features of EAE in mice compared to its linear counterpart [179]. Thus,
cyclic peptides, which offer greater stability and are able to modulate immune responses, are novel
leads for the immunotherapy of many diseases, such as MS [66].

4.4.2. Mannan as a Carrier to Modulate Immune Responses

Mannan, a polymannose, isolated from the wall of yeast cells has been shown to bind to
the mannose receptor on dendritic cells as well as being a ligand for toll-like receptor 4 [180,181].
Mannan conjugated to MUC1 cancer protein induces immune responses in mice and protects mice
against tumor challenge. This work was translated into human phase I, II and pilot III clinical
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trials; mannan-MUC1 induces protection against cancer recurrence at 18 years follow-up [182–185].
Furthermore, ex vivo cultured dendritic cells pulsed with mannan-MUC1 (CVacTM) and re-injection
into patients induces strong cellular and clinical responses in ovarian cancer patients [186,187]. Due to
the immunomodulatory properties of mannan, its effects as a carrier to MS peptides were determined.

Mutations of MBP83–99 agonist native peptide to result in mutant peptides (APL)—linear
[A91]MBP83–99, [E91]MBP83–99, [F91]MBP83–99, [Y91]MBP83–99 and [R91, A96]MBP83–99, induced
IFN-gamma albeit reduced compared to the native agonist peptide, however, only the double
APL [R91, A96]MBP83–99 induced IL-4 secretion by T cells and antagonized IFN-gamma production
in vitro by T cells against the native MBP83–99 peptide [67]. In addition, T cells against the native
MBP83–99 peptide cross-reacted with all peptides except [Y91]MBP83–99 and [R91,A96]MBP83–99 [68].
Conjugation of [R91,A96]MBP83–99, [A91,A96]MBP83–99, F91]MBP83–99, [Y91]MBP83–99 peptides to
mannan, completed abrogated IFN-gamma responses and elicited high IL-4 (i.e., Th1 to Th2
switch) [63,69,188]. Likewise, linear double-mutant APL [L144R147]PLP139–151 induces high levels
of IL-4, and cyclization of this analog elicited low levels of IFN-gamma. When conjugated to mannan,
[L144R147]PLP139–151 peptide completely abrogated IFN-gamma, while both linear and cyclic native
agonist PLP139–151 peptides stimulated IFN-gamma secreting T cells [64]. Furthermore, mannan
conjugated to the immunodominant agonist MOG35–55 peptide primes non-pathogenic Th1 and Th17
cells and ameliorates EAE in mice [73]; a phase I human clinical trial is planned using mannan
conjugated to MOG35–55 peptide later this year. It is clear that, mannan is able to divert immune
responses from Th1 to Th2 and is a promising carrier for further studies for the development of
immunotherapeutics against MS.

5. Symptomatic Medication

Dalfampridine (Ampyra/Fampyra®, Acorda Therapeutics)

Dalfampridine is not intended to delay symptoms or change the course of disease, but rather,
to improve motor symptoms such as walking. Dalfampridine, is a potassium channel blocker, resulting
in improved potassium currents and nerve conductance. Dalfampridine is used in patients who have
had MS for more than 3 years and it was approved by the FDA in 2010. Common side effects include
nausea, nervousness and dizziness, which are relatively minor compared to other MS drugs.

6. Conclusions and Future Prospects

MS is an autoimmune disorder of the CNS with an array of immune cells being either activated
or suppressed leading to demyelination and disease progression. In addition, genetic predisposition,
viral mimicry, vitamin and mineral deficiency, geographical location are also etiological factors that
contribute to disease. More recently, citrulination of myelin peptides have been shown to contribute to
disease activation [59,60]. A number of treatment options are available to patients with MS, in particular
those with active disease, however due to side effects, limited long term effectiveness and inability to
reverse disease, new improved treatment options are required. As described here a number of new
and upcoming promising therapeutic candidates are becoming available, although their effectiveness
in human clinical trials remains to be determined. Recently, it was reported that non-peptide mimetics
mapping the MBP83–96 T cell epitope can function as T cell receptor antagonists, hence such an approach
may pave the way to developing alternative and improved immunotherapeutics against MS [189].
With the plethora of information regarding the immunopathophysiology of MS and availability of
treatment options and new upcoming treatments, the future holds promise for managing and treating
the disease.
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Abstract: Fatigue is a common and disabling symptom in Multiple Sclerosis (MS). However,
consistent neuroimaging correlates of its severity are not fully elucidated. In this article, we study the
neuronal correlates of fatigue severity in MS. Forty-three Relapsing Remitting MS (RRMS) patients
with MS-related fatigue (Fatigue Severity Scale (FSS) range: 1–7) and Expanded Disability Status
Scale (EDSS) ≤ 4, were divided into high fatigue (HF, FSS ≥ 5.1) and low fatigue groups (LF, FSS ≤ 3).
We measured T2 lesion load using a semi-automated technique. Cortical thickness, volume of
sub-cortical nuclei, and brainstem structures were measured using Freesurfer. Cortical Diffusion
Tensor Imaging (DTI) parameters were extracted using a cross modality technique. A correlation
analysis was performed between FSS, volumetric, and DTI indices across all patients. HF patients
showed significantly lower volume of thalamus, (p = 0.02), pallidum (p = 0.01), and superior cerebellar
peduncle ((SCP), p = 0.002). The inverse correlation between the FSS score and the above volumes was
significant in the total study population. In the right temporal cortex (RTC), the Radial Diffusivity
((RD), p = 0.01) and Fractional Anisotropy ((FA), p = 0.01) was significantly higher and lower,
respectively, in the HF group. After Bonferroni correction, thalamic volume, FA-RTC, and RD-RTC
remained statistically significant. Multivariate regression analysis identified FA-RTC as the best
predictor of fatigue severity. Our data suggest an association between fatigue severity and volumetric
changes of thalamus, pallidum, and SCP. Early neuronal injury in the RTC is implicated in the
pathogenesis of MS-related fatigue.

Keywords: fatigue; multiple sclerosis; diffuse tensor imaging; fatigue severity scale; deep gray matter
nuclei volume; cortical thickness

1. Introduction

Multiple Sclerosis (MS) is a chronic immune-mediated central nervous system disease and a
leading cause of non-traumatic disability in the young adult population [1]. Up to 80% of patients with
MS report fatigue that severely impacts their daily activities, quality of life, and employment status,
frequently leading to part-time employment or early retirement [2–4]. Furthermore, the impairment
resulting from MS-related fatigue is recognized by the United States Social Security Administration as
a criterion for disability [2,3].
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MS-related fatigue is characterized by the constant feeling of exhaustion and limited endurance
of sustained physical and mental activities [4–6]. Since fatigue is a subjective symptom with a physical
and mental component, the objective assessment of its severity is often challenging. The Fatigue
Severity Scale (FSS) and Modified Fatigue Impact Scale (MFIS) are the most commonly used measures
of fatigue severity. FSS is reported to have higher test-retest consistency compared to MFIS [7–9]. It
seems that MS-related fatigue is multidimensional and cannot merely be explained by the degree of
clinical disease activity, neurological disability, or the extent of Magnetic Resonance Imaging (MRI)
abnormalities [10]. Although the pathology of MS-related fatigue is not clear, previous studies have
reported atrophy of gray (GM) and white matter (WM), disruptions in cortico-subcortical connections
involving the fronto-parietal cortex, and reduction in thalamus and basal ganglia nuclei volume in
MS patients compared to healthy controls [11–13]. In contrast, other studies reported no correlation
between fatigue severity and white matter disease, and the role of cortical atrophy in MS-related
fatigue remains controversial [14,15]. In this retrospective cross-sectional study, we used volumetric
and diffusion metrics to investigate the anatomical and neuronal integrity of specific brain structures
in relation to fatigue severity in MS patients with low disability.

2. Methods

2.1. Participant Recruitment and Selection Criteria

Forty-three relapsing remitting multiple sclerosis patients (RRMS) patients were enrolled in
this retrospective cross-sectional study from the MS Center, Division of Neurology, Detroit Medical
Center, Michigan. We included patients from 18 to 65 years of age, diagnosed with MS per the
revised McDonald criteria. Patients had a relapsing remitting course and were relapse and steroid
treatment-free for at least one month prior to MRI scan. We excluded patients who were pregnant or had
other neurological or psychiatric disorders, such as depression or anxiety, because of their established
association with fatigue [16]. Patient on antidepressants, psychoactive medications, stimulants, or
medications for symptomatic treatment of fatigue were excluded. All included patients denied sleep
disorders and other causes of fatigue such as active infection, malignancy, anemia, thyroid or adrenal
disease. On the same day of MRI acquisition, MS patients underwent a neurological evaluation,
including the Expanded Disability Status Scale (EDSS). Patients with an EDSS > 4 were excluded
in order to minimize the effect of physical disability on fatigue [17]. Fatigue severity was assessed
using FSS, given the higher Cronbach’s alpha value (0.89) of FSS compared to MFIS (0.81) [7,8].
FSS is a self-report questionnaire consisting of nine statements with a seven-point scale response
per statement, with lower scores indicating less fatigue [18]. The RRMS patients with a mean FSS
score ≥ 5.1 were categorized as high fatigued (HF), those with a mean FSS score ≤ 3 as low fatigued
(LF), and those between FSS score 3.1–5 were classified as moderately fatigued (MF). The effect of
various MS medications was minimal, as all the patients included in this study were on fingolimod.

The study was approved by the Wayne State University Institutional Review Board. A signed
informed consent was obtained from all enrolled participants.

2.2. MRI Image Acquisition

Whole-brain MRI scan was performed using a 3-Tesla Siemens Verio System (Siemens Medical
Systems, Erlangen, Germany). The following protocols were used for this analysis: (1) localizer
sequence, (2) 3-D T1 weighted Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE)
images [Repetition time/Echo time (TR/TE) = 1680/3.52 ms, flip angle 9◦, acquisition matrix size
384 × 384, with 176 slices, giving a nominal voxel size of 0.7 × 0.7 × 1.3 mm], and (3) a DTI sequence
using a single-shot spin-echo diffusion sensitized echo-planar imaging sequence with balanced Icosa21
tensor encoding scheme (TR/TE = 10,400/126 ms, flip angle 90◦, acquisition matrix size 200 × 200,
with 46 consecutive slices, giving a voxel size of 1.3 × 1.3 × 3 mm).
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2.3. MRI Data Processing and Analysis

Cortical reconstruction and volumetric segmentation was obtained from the 3-D T1 images using
Freesurfer image analysis version 5 [19] as described in prior publications [20–23]. We used the
standard protocol including skull stripping and image registration to Talairach brain atlas, followed
by segmentation, topology correction, and placement of gray matter-white matter (GM-WM), white
matter- cerebrospinal fluid (WM-CSF) boundaries using surface normalization and intensity gradients.
In addition to the cortical thickness and volume of subcortical structures that were obtained from
Freesurfer, we used the coordinates of the cortical boundaries to extract the diffusion parameters from
the DTI images, as follows.

The diffusivity maps—no diffusion (b0), Mean Diffusivity (ADC), Radial Diffusivity (RD) and
Fractional Anisotropy (FA) maps—were generated from the DTI sequence using DTI studio 3.0 [24].
We used FSL software to spatially register the Freesurfer brain-extracted FA images of each subject onto
the subject’s 3-D T1 images using a simple rigid body (six degrees of freedom) registration, followed by
a rigorous non-linear image registration (FNIRT) [23]. FA, ADC, and RD images were then resampled
to the structural image space for further analysis. Subsequently, the reconstructed Gray-White and
the Gray-Pial interface surfaces of the structural image from Freesurfer analysis were used as the
boundaries of the gray and the white matter and to generate new surface images [25], which were
then used to obtain the average diffusion value along the normal vector. Finally, the labeled masks of
frontal, temporal, parietal, and occipital lobes were used to measure the FA, ADC, and RD values for
each subject.

2.4. Statistical Methods

Population demographics, diffusivity parameters of cortices, and subcortical nuclei volume
variation between HF and LF groups were analyzed using an independent t-test. Boot strapping was
performed to avoid the assumption of normality. A Mann-Whitney test was used to verify the findings.
We did not find any discrepancy between the results from the non-parametric and boot-strapped
t-tests. We used the Bonferroni method to correct for multiple comparisons, given the large number of
variables used to model the fatigue scores, and both uncorrected and corrected p-values are reported.
Pearson correlation with bootstrapping was used to explore the relation between the fatigue score and
volumetric or DTI measures. A binomial, multivariate regression analysis was used to evaluate the
best predictors of fatigue score from among those independent variables that showed a significant
difference between the high and low fatigue scores. Two-sided bootstrapped p-value < 0.05 was
considered statistically significant. All results are expressed as means ± standard error of mean (SEM),
and statistical analysis was performed using SPSS v23.(International Business Machines Corporation,
SPSS statistics for Windows, version 23.0, Armonk, NY, United States)

3. Results

3.1. Demographics and Clinical Data

Overall, 43 patients with RRMS participated: 15 patients were classified as the HF group, 14
as the MF, and 14 as the LF group. The groups did not differ in age, disease duration, medication,
EDSS, or T2 lesion volume. The sample was primarily female (n = 26) with a mean age of 41 (±2.4)
years. Seventeen patients were men with a mean age of 39 (±2.3) years. Demographic and clinical
characteristics are shown in Table 1.
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Table 1. Demographic and clinical data.

RRMS Population HF Group MF Group LF Group Total p-Value

Number of patients 15 14 14 43

Ethnicity (Cau vs. AA) 9 vs. 6 6 vs. 8 9 vs. 5 24 vs. 19

Age (years) 43 ± 2.9 39 ± 3 39 ± 1.7 41 ± 1.7 0.102
Range (23–55) (26–45) (29–47) (23–55)

Mean FSS score 6 ± 0.12 4 ± 0.14 1.89 ± 0.2 4.35 ± 0.26
Range (5.1–7) (3.1–5) (1–3) (1–7)

Median EDSS score 2 2 1.5 2 0.754
Range (1–4) (1–4) (1–4) (1–4)

T2 lesion volume (mL) 14 ± 2.5 18.8 ± 4.8 15.3 ± 5.9 15.6 ± 2.3 0.859
Range (7.4–27.16) (2.6–40.5) (1.8–39.7) (1.8–40.5)

Disease period (years) 10 ± 1.7 9.2 ± 1.2 8.6 ± 1.9 9.3 ± 1 0.136
Range (0.5–19.17) (0.67–14.4) (0.25–15) (0.25–19.17)

RRMS—Relapsing Remitting Multiple Sclerosis, FSS—Fatigue Severity Scale, EDSS—Expanded Disability Status
Scale, HF—High Fatigue, MF—Moderate Fatigue, LF—Low Fatigue, M—Male, F—Female, Cau—Caucasian,
AA—African American, ml—milliliter. The data represents average and standard error of mean.

3.2. Structural Imaging Findings

Given the number of variables used in this study, we first looked at those variables that were most
strikingly different between the HF and LF groups. The subcortical nuclei volumes were lower in the
high fatigue group compared to the low fatigue group, prior to correcting for multiple comparisons:
thalamic (HF: 11.5 ± 0.3 mL vs. LF: 14 ± 0.6 mL; p = 0.001), pallidal (HF: 2.6 ± 0.07 mL vs. LF:
3 ± 0.13 mL; p = 0.013), and SCP (HF: 207.3 ± 7.1 mL vs. LF: 246.1 ± 9.6 mL; p = 002, Figure 1a–c). Of
these structures, only the thalamic volume retained statistical significance after Bonferroni correction
for multiple comparisons (corrected p-value = 0.007, Supplementary Table S1). In addition to the HF
and LF group differences, we looked at the correlation between the fatigue score and the volume of
thalamus, pallidi, and SCP across all patients. Figure 2a–c show the inverse correlation with the FSS
score: thalamic (r2 = 0.416, p = 0.006), pallidal (r2 = 0.399, p = 0.005), and SCP (r2 = 0.293, p = 0.04).
The relationship between these brain structure volumes and EDSS was not significant.

 

Figure 1. Volumetric and Diffusion measures showing lower Thalamic (a) Pallidal (b), Superior
Cerebellar Peduncle (SCP, c) volume, and higher Radial Diffusivity (RD, d) and lower Fractional
Anisotropy (FA, e) in Right Temporal Cortex (RTC) of High Fatigue group (HF) vs. Low Fatigue Group
(LF). The error bars represent the standard error of mean.
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Figure 2. Correlation graphs showing inverse relation between Thalamic (a), Pallidal (b), Superior
Cerebellar Peduncle (SCP, c) volume, Right Temporal Cortex-Fractional Anisotropy (RTC-FA, e) vs.
FSS score, and positive relation between Right Temporal Cortex-Radial Diffusivity (RTC-RD, d) vs.
Fatigue Severity Scale (FSS) score.

3.3. Diffuse Tensor Imaging Findings

A significant difference in diffusion tensor parameters was observed in the right temporal cortex
(RTC) between the HF and LF groups. Radial Diffusivity (HF: 8.82 × 10−4 ± 0.2 × 10−4 mm2/s vs.
LF: 8.18 × 10−4 ± 0.13 × 10−4 mm2/s; p = 0.016) was significantly higher in the HF group compared
to the LF group (Figure 1d). In contrast, the HF group had significantly lower FA compared to the
LF group (HF: 2.44 × 10−1 ± 0.04 × 10−1 vs. LF: 2.71 × 10−1 ± 0.08 × 10−1; p = 0.004) in RTC
(Figure 1e). Both RD and FA retained statistical significance after correction for multiple comparisons
(Bonferroni uncorrected p-values = 0.004 and 0.016, corrected p-values = 0.005 and 0.026 for FA and RD,
respectively). Furthermore, the RD of RTC (r2 = 0.349, p = 0.01) had a significant inverse correlation
with the FSS score across all patients (Figure 2d), and the FA of RTC (r2 = 0.358, p = 0.01) had a
significant positive correlation with the FSS score (Figure 2e). The RD and FA of other cortices was not
significantly different between the groups, and the variation in ADC of RTC did not reach statistical
significance between the groups (Supplementary Table S1).

3.4. Multivariate Regression Analysis

We further explored the best MRI correlates of fatigue score in our patient group using a binomial
regression analysis. The binomial defendant variable representing HF or LF was modeled using
the independent variables that we found to be significantly different between the two groups in the
univariate analysis, namely, subcortical volumes (thalamus, pallidum, and SCP), as well as FA and RD
of the right temporal cortex. Since fatigue can be significantly affected by age, we included age in one
model; however, since our sample did not have a large age difference between the groups, we also ran
the model without age as a variable to avoid overestimation. Results are presented in Table 2, and
demonstrate that in a multivariate regression model, right temporal cortex fractional anisotropy is the
best correlate of fatigue status among the variables examined (p = 0.11 after correction for age, and
p = 0.023 when age was excluded from the model).
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Table 2. (a). Regression model to predict fatigue level based on neural structures of significance.
(b). Regression model, corrected for age, to predict fatigue level based on neural structures of
significance. FA—Fractional Anisotropy, RD—Radial Diffusivity, RTC—Right Temporal Cortex,
SCP—-Superior Cerebellar Peduncle.

(a)

Standarized Beta Coefficient Standard Error p-Value

Thalamic volume −1.042 0.514 0.043
Pallidal volume 0.068 1.435 0.962

SCP volume −0.014 0.013 0.291
FA-RTC −82.839 36.316 0.023
RD-RTC −8567.04 10.782.51 0.427

(b)

Standarized Beta Coefficient Standard Error p-Value

Age 0.119 0.061 0.058
Thalamic volume −0.96 0.505 0.050
Pallidal volume −0.14 1.474 0.924

SCP volume −0.027 0.016 0.099
FA-RTC −113.826 44.699 0.011
RD-RTC −11070.1 10884.88 0.309

4. Discussion

The main focus of our study was to explore the structural and neuronal integrity measures
of fatigue severity in RRMS patients with low disability, using the combination of structural and
diffuse tensor imaging techniques. The correlation between fatigue and disability status is debated.
Flachenecker et al. showed that fatigue is strongly related to physical disability [7]. Biberacher et
al. reported a significant correlation between fatigue severity and EDSS in all three study cohorts
(discovery, MRI, and CSF validation cohorts) [26]. In contrast, Krupp et al. found no significant
relationship between fatigue and EDSS score [27]. In a large prospective study, Bakshi et al. reported
no significant association between fatigue severity and EDSS [28]. In our study, we recruited MS
patients with low disability in an attempt to study a homogenous population, by minimizing the
potential impact of disability on fatigue severity and potentially on volumetric and DTI indices.

Given the complex nature of fatigue in MS, a wide variety of imaging techniques have been
used in previous studies, and multi-regional damage rather than global brain damage was implicated.
Research has identified a strong link between thalamic and basal ganglia nuclei abnormalities and
the pathophysiology of fatigue [11,29–31]. A recent study reported lower thalamic volume of RRMS
patients with fatigue compared to healthy controls [27,28]. Finke et al. described disrupted functional
connectivity within the basal ganglia nuclei (including pallidi, putamen, and caudate nuclei), which
correlates with fatigue severity in MS patients [29]. However, the literature on the anatomical variation
of the aforementioned structures and their possible correlation with fatigue severity and lesion load in
RRMS is limited.

In our study, we initially divided the MS patients into low and high fatigue groups, and eliminated
patients with moderate fatigue, in order to augment potential groups’ differences in cortical thicknesses,
subcortical volumes, or diffusion indices. We observed significantly lower thalamic, pallidal, and
superior cerebellar peduncles volumes in the HF group compared to the LF group. Furthermore,
the magnitude of thalamic, pallidal, and SCP atrophy correlated positively with the FSS score in the
total study population, which suggests that these structures are affected proportionately to fatigue
severity in RRMS. Our observations support prior findings obtained by using different approaches,
such as functional Magnetic Resonance Imaging (fMRI )and voxel based morphometry [29,32].
Nourbakhsh et al. [33], studied a cohort of early relapsing MS patients and reported an association
between lower thalamic volume at baseline and increasing physical subscale of MFIS during the study.
They also found a trend for baseline thalamic and cerebellar cortical volume to predict subsequent
change in total MFIS in the same cohort of patients.
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Previous studies have reported the involvement of cortical white matter in the fatigue pathology
of RRMS patients. Notably, disruption of the fronto-parietal pathways was implicated based on
increased FA in their respective white matter tract [6,13]. Advanced imaging methods, such as
fluorodeoxyglucose Positron Emission Tomography (PET) have demonstrated dysfunction of the basal
ganglia, fronto-parietal pathways, and cerebellar vermis [30]. Given the wide variability in imaging
techniques used to study the cortical pathology of MS-related fatigue, we implemented a unique cross
modality technique of registering DTI images to structurally sound MPRAGE data and obtained the
DTI measures of their respective cortices [25]. The higher RD in parallel to lower FA indicated more
severe neuronal injury in the right temporal cortex (RTC) of the HF group compared to the LF group.
Furthermore, the RD and FA having direct and inverse correlation, respectively, with FSS score in RTC
across all patients, suggest that the neuronal injury in RTC is proportionate to fatigue severity. Of note,
RD and FA are not significantly affected in the left temporal cortex (LTC), which indicates neuronal
integrity in the LTC. Additionally, the cortical thickness variation in RTC and in other cortices was
not statistically significant between the study groups. These findings suggest that disruption of the
neuronal integrity may occur prior to the evidence of cortical atrophy in the RTC. Moreover, they
support and further expand previous evidence regarding the role of the right temporal lobe in the
pathophysiology of fatigue.

Rocca et al. reported significant atrophy in the right inferior temporal gyrus in pure MS fatigue
patients compared to a healthy control group, using voxel-based morphometry [31]. Hanken et al.
described cortical thinning in the right middle temporal lobe in a subgroup of patients with both
fatigue and depression [34]. Bisecco et al. reported decreased FA and increased RD in the left
superior longitudinal fasciculus (SLF) in a fatigued MS group. However, correlation analysis showed a
significant association between higher FSS scores and lower FA at the level of right SLF [35]. Future
studies on arcuate fasciculus, a part of the SLF that links the temporal cortex with the frontal and
parietal lobes, may confirm these findings and elucidate its role in fatigue pathology. Given the initial
clinical presentation of RRMS in patients enrolled, the aforementioned findings indicate that the RTC is
involved in early fatigue pathology and may occur prior to the involvement of other cortices in RRMS.
Given that the majority of studies in MS-related fatigue focus on white matter pathology, in our study
we provide evidence for the neuronal integrity measures in cortical areas of RRMS patients. Gray
matter imaging studies in MS will eliminate the confounding effect of the variability of FA due to MS
lesions, and can still be able to detect the disease burden on the cortex and deep nuclei. Longitudinal
studies with advanced gray matter imaging techniques may elucidate the role of the RTC in fatigue
and could explain the role of other cortices in the prognosis of MS-related fatigue.

Previous studies have examined the relationship between T2 lesion load and fatigue severity
and yielded conflicting results [36,37]. In our study, no significant correlation was found between
fatigue severity and T2 lesion load. Strengths of this study include a homogenous study population
consisting of patients with RRMS and low EDSS, careful selection criteria, close timing of MRI and
fatigue assessment, a blinded MRI reader to clinical characteristics, and the application of robust
statistical analyses. Our study is not without limitations. First, the small sample size, mainly due to
the strict exclusion criteria, and the cross-sectional design, which interferes with group comparison,
limit the generalization of our findings. Second, the location of MS lesions and their effect on the
integrity of structures located in proximity to them, was not taken into account. Third, this study
provides limited information on the structures involved in the fatigue circuitry of moderately fatigued
RRMS patients. Finally, the exclusion of patients who were on stimulants or other medications for
symptomatic treatment of fatigue may lead to sample bias, as the enrolled patients may represent a
subgroup with the worst fatigue, resistant to therapeutic modalities. However, the robust statistical
methods implemented to analyze the brain structures strengthen the significance of our observations,
and the correlation we observed is unlikely to be affected by these shortcomings.
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5. Conclusions

In conclusion, our study shows that FA-RTC is the best predictor of fatigue severity in RRMS
patients. Additionally, variation in thalamic volume may serve as a biomarker of fatigue in RRMS.
Our study provides further evidence of an association between pallidal and SCP volume variation
and fatigue severity, however, further investigation is required to reveal their role in MS-related
fatigue. Moreover, higher RD in addition to reduced FA in the right temporal cortex indicates the early
involvement of RD in fatigue pathology compared to other cortices in RRMS. Longitudinal integrated
cortical DTI and volumetric studies in a large sample size are needed to confirm our findings and help
in determining the prognosis of fatigue and its response to different treatment modalities.

Supplementary Materials: The supplementary file is available online at www.mdpi.com/2076-3425/7/8/102/s1.
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Abstract: The melanocortins and their receptors have been extensively investigated for their roles
in the hypothalamo-pituitary-adrenal axis, but to a lesser extent in immune cells and in the
nervous system outside the hypothalamic axis. This review discusses corticosteroid dependent
and independent effects of melanocortins on the peripheral immune system, central nervous system
(CNS) effects mediated through neuronal regulation of immune system function, and direct effects
on endogenous cells in the CNS. We have focused on the expression and function of melanocortin
receptors in oligodendroglia (OL), the myelin producing cells of the CNS, with the goal of identifying
new therapeutic approaches to decrease CNS damage in multiple sclerosis as well as to promote
repair. It is clear that melanocortin signaling through their receptors in the CNS has potential for
neuroprotection and repair in diseases like MS. Effects of melanocortins on the immune system by
direct effects on the circulating cells (lymphocytes and monocytes) and by signaling through CNS
cells in regions lacking a mature blood brain barrier are clear. However, additional studies are needed
to develop highly effective MCR targeted therapies that directly affect endogenous cells of the CNS,
particularly OL, their progenitors and neurons.

Keywords: ACTH; melanocortins; melanocortin receptors; multiple sclerosis; neuroprotection;
oligodendroglia; repair

1. Introduction

Melanocortins and melanocortin receptors (MCR) have been extensively investigated for their
roles in the hypothalamo-pituitary-adrenal axis [1–5], and to a lesser extent in immune cells [6–10] and
the nervous system outside the hypothalamic axis [3,11,12]. We have focused on the expression and
function of MCR in oligodendroglia (OL), the myelin producing cells of the central nervous system
(CNS), with the goal of identifying new therapeutic approaches to decrease CNS damage in multiple
sclerosis (MS) as well as to promote repair.

2. Melanocortins

The melanocortins—adrenocorticotropic hormone (ACTH), α-MSH, β-MSH and γ-MSH—are
polypeptides derived from a common precursor, pro-opiomelanocortin (POMC) (Figure 1). ACTH is
39 amino acids in length, and can be cleaved to the smaller 13 amino acid α-MSH. The 12 amino acid
γ-MSH is cleaved from the amino terminus of POMC, while the 20 amino acid β-MSH is cleaved from
POMC towards the carboxy terminus. ACTH has both steroidogenic and nonsteroidogenic actions,
while the other three melanocortins are nonsteroidogenic.
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Figure 1. Melanocortin peptides (shaded boxes) derived from POMC. ACTH: adrenocorticotropic
hormone; CLIP: corticotropin-like intermediate lobe peptide; MSH: melanocyte-stimulating hormone;
POMC: proopiomelanocortin, Reprinted by permission from [8].

3. Melanocortin Receptors

Five subtypes of MCR have been identified and cloned; their distribution, function and
pharmacology are characterized in part [1,2,4,13–17] (reviews). ACTH can activate all five receptor
subtypes; of the melanocortins, only ACTH activates MC2R; ACTH as well as α-MSH, β-MSH and
γ-MSH activate MC1R, MC3R, MC4R and MC5R, although with varying affinities. For example,
α-MSH and β-MSH bind with higher affinity to MC1R, MC3R and MC4R than ACTH, while γ-MSH
has relatively low binding affinities for all the MCR except MC3R [3,7].

All five MCR are G protein-coupled receptors of the Class A rhodopsin-like family and
share 7 homologous membrane spanning domains but differ in their N-terminus and C-terminus
sequences [13]. MC1R has been associated primarily with pigmentation, MC2R with glucocorticoid
biosynthesis, MC3R and MC4R with energy homeostasis and MC5R with exocrine gland
regulation [2,3,13]. However, each of the subtypes is widely distributed in various parts of the body,
where they serve a variety of functions [2,3,6,7,12] (reviews).

Mutations in the genes of each of the MCR subtypes have been identified in humans and
other mammals, as summarized by Switonski et al. [18]. MC1R is prominent in the synthesis of
melanin in melanocytes, and mutations are associated with various skin phenotypes and diseases,
including increased cancer risk, especially for melanomas [19–21]. Of interest, three reports indicate
an association between disability in MS and MC1R gene single nucleotide polymorphisms leading to
MC1R hyporesponsiveness [22–24]. Mutations in the human MC2R gene cause familial glucocorticoid
deficiency; of the 25 missense mutations identified, most result in decreased trafficking of MC2R to the
cell surface. A mutation in the MC2R gene with increased expression and stronger response to ACTH
has been associated with increased responsiveness to ACTH treatment of infantile spasms [25,26].
MC3R, like MC4R, is involved in energy homeostasis; while several human mutations have been
identified [20], there is a less clear association with obesity for these mutations than for MC4R mutations.
MC4R has been extensively investigated in obesity research, and decreased activity of MC4R is the
leading monogenic cause of severe early onset obesity [27,28]. Over 166 mutations in the human
MC4R gene have been identified, many in obese individuals. MC5R is involved in lipid metabolism,
exocrine function and inflammatory activity. Only a few polymorphisms have been identified in the
human MC5R gene; associations with obesity, type 2 diabetes, schizophrenia and bipolar disorder
have been reported [29,30].

4. Melanocortin Receptor Signaling

Melanocortin receptors are coupled to G proteins, and signal primarily via adenylyl cyclase
and multiple down-stream pathways [31,32] (reviews). Other pathways independent of adenylyl
cyclase and cAMP have also been identified. The signaling pathways are complex and pleiotropic,
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depending on the ligand, cell type, MCR surface expression, associated proteins, time of receptor
occupancy and other factors. All 5 MCR are known to be coupled to Gs, but in some instances can
be coupled to Gq or Gi [32] (review). MC1R activation through Gs stimulates adenylyl cyclase to
increase cAMP with activation of protein kinase A (PKA), increases Ca++ levels, and can independently
stimulate the ERK1/2 pathway, but appears to have little effect on the protein kinase C (PKC) pathway.
In general, MC2R and MC3R signal in a similar fashion, but can also activate PKC. MC4R, in addition
to coupling to Gs and activating adenylyl cyclase, can also couple to Gq or Gi to activate other signaling
cascades, including PKC, PI3 kinase and ERK1/2 pathways. MC5R can independently activate the
PKA pathway through Gs or the ERK1/2 pathway through Gi. G protein independent pathways
involving a variety of kinases have been characterized for GPCRs; for example, MC1R activation via
Src kinase has been reported [21]. Activation of MCR can also be regulated by receptor internalization;
for all five MCR, binding of melanocortins or other agonists decreases association of β-arrestins,
disrupting signaling via GPCRs and leading to internalization through clathrin-coated pits [32]
(review). Regulation of MCR function occurs by multiple mechanisms, including transport to the
plasma membrane by chaperones [33], attenuation and selectivity for signaling pathways via MCR
membrane-associated proteins (MRAP) [34] and inhibition by the naturally occurring inhibitors agouti
and agouti-related proteins.

In addition to melanocortins, the naturally occurring agonists of MCR, many pharmacologic
agonists have been synthesized and tested for MCR subtype specificity, for longer half-lives than the
rapidly degraded melanocortin peptides, and for reduction in steroidogenic or other side effects [4,11,35]
(reviews). These include agents targeted to allosteric (extracellular), orthosteric (transmembrane,
where ACTH and melanocortins bind) and signal transduction (intracellular) sites on MCR. The recent
development of allosteric modulators [36,37] and biased agonists [4,38] present new approaches to
activate MCR with potential therapeutic advantages. As one example, modulation of constitutively
activated MC4R with inverse agonists has received recent attention as a promising area for drug
development [39]. Conversely, naturally occurring antagonists include the proteins agouti and
agouti-related protein. While development of specific antagonists for the ACTH-specific MC2R [40]
(review) as well as for MC1R and MC5R has been problematic, synthetic antagonists are available for
MC3R and MC4R [41]. The current development of cyclic peptides or site specific antibodies holds the
promise of more subtype specific agents in the future.

5. Anti-Inflammatory Effects on the Peripheral Immune System

5.1. Corticosteroid Dependent Effects

Activation of MC2R expressed by cells of the adrenal cortex results in increase in circulating
levels of corticosteroids. The control of corticosteroid production and secretion is under control
of ACTH, which in turn is controlled by corticotropin releasing hormone (CRH) made by the
hypothalamus. Levels of CRH and ACTH are controlled by levels of corticosteroids vain a feedback
loop referred to as the pituitary-adrenal axis. Administration of ACTH, the only melanocortin with
the ability to strongly bind to MC2R [2,4,6] and to initiate signaling of MC2R, results in an increase of
corticosteroids. The corticosteroids have extensive effects on many body functions including exerting
anti-inflammatory effects on many cells of the immune system. The effects of corticosteroids on the
trafficking, number and function of the lymphocytes and monocytes have been assumed to be the
mechanism of therapeutic efficacy of ACTH in MS and other immune/inflammatory mediated diseases.
As noted in Section 6, there is evidence that effects of ACTH and other melanocortins on immune and
other inflammatory processes may also involve direct effects on circulating cells of the immune system,
effects on the immune system via the CNS and effects on cells within the CNS [4,6,8,9,42].
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5.2. Corticosteroid Independent Effects

Inflammatory cells including lymphocytes, monocytes/macrophages, and neutrophils as well as
tissue-based cells including mast cells express MCR. Monocyte/macrophages as well as microglia
express MC1R, MC3R and MC5R and lymphocytes express MC1R, MC3R and MC5R as well,
reviewed in [6]. Signaling through these receptors inhibits inflammatory processes and has been
associated with shifts from proinflammatory to inhibitory effects of lymphocytes, perhaps in part
through effects on antigen presenting cells such as monocytes/macrophages. While this is somewhat
difficult to demonstrate with administration of ACTH which increases endogenous corticosteroids,
studies with α-MSH, which does not signal through MC2R, show induction of anti-inflammatory
effects [43–46]. Administration of intravenous ACTH is able to inhibit maturation of B cells obtained
from those MS patients into immunoglobulin secreting cells in vitro [47]. α-MSH inhibits inflammation
in experimental autoimmune uveitis (EAU), induces CD25+ regulatory CD4+ T-cells [45,46,48] and
regulates ubiquitination in T cells as well [49]. MC5R appears to be the important MCR in these latter
functions. Nonsteroidogenic effects of ACTH were demonstrated in a rat model of gouty arthritis;
ACTH administered systemically did not reduce joint inflammation, whereas ACTH or the MC3R
agonist γ-MSH injected locally reduced inflammation in both normal and adrenalectomized rats [50].
Additional studies are clearly needed to study longer term effects of ACTH treatment in patients as
well as in animal models to determine if there are long-term effects that outlast any immediate effects
of the increase in corticosteroids on the peripheral immune system.

6. Direct Effects in the CNS

6.1. Effects Mediated through Neuronal Regulation of Immune System Function

Endogenous ACTH and other melanocortins, as well as presumably exogenously administered
ACTH, can access the CNS in the brain stem and the hypothalamus, bind to MCR, particularly MC4R,
and initiate signaling [10,51–58]. These brain stem neurons trigger vagal activity with release of
acetylcholine (ACh) in peripheral tissue, with binding and activation of acetylcholine receptors (AChR).
An important receptor is α7-AChR, which triggers anti-inflammatory processes and inhibition of
excitatory and other damaging processes [59]. It has been suggested that some of this anti-inflammatory
activity may then feed back to the CNS and further provide neuroprotective effects within the
CNS [6,9,60] (reviews). Bilateral vagotomy interferes with melanocortin protective effects in the
CNS [58], supporting the importance of the vagal pathway in melanocortin neuroprotection and
reparative processes [51,57]. Activation of hypothalamic neurons via MCR seems to be important in
hormonal and metabolic processes as noted in Section 3 [11,13,61]. These important pathways are
covered in greater detail in several review articles [4,6,8,9,11].

6.2. Effects on CNS Neurons

Within the CNS, neuronal expression of MCR has been characterized most extensively in the
central hypothalamic melanocortin pathway, where MC4Rs are the subtype involved in regulation
of metabolism [5] (review). For example, genetic regulation of MC4R expression in cholinergic
neurons in several extrahypothalamic brain regions implicate MC4R in regulation of energy balance
and glucose homeostasis [28,62]. A recent study shows that constitutive activity of MC4R inhibits
L-type voltage-gated calcium channels in cultured neurons [63]. Activation of MC4R shows
neuroprotective and neuroregenerative effects in several models of neurodegenerative diseases [52],
including neurogenesis and cognitive recovery in an animal model of Alzheimer’s disease [64].
We reported that the MCR agonist ACTH1-39 protects cultured rat forebrain neurons from excitotoxic,
apoptotic, oxidative and inflammation related insults [65], but the specific MCR subtypes involved are
not known.

Melanocortins are increasingly being investigated for their effects on synaptic remodeling [3]
(review). For example, in the hippocampal C1 region, activation of MC4R at the postsynaptic ending
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increases cAMP levels and activates PKA, thus modulating long-term potentiation and long-term
depression. In dopaminergic neurons, cross talk between MC4R and dopamine receptors regulates
increased expression of AMPA receptors to increase dopamine responsiveness, or promotes endocytosis
of AMPA receptors to reduce long-term depression [3].

6.3. Effects on Glia

MCR expression and function has been previously characterized in astroglia, and to a lesser
extent in microglia and Schwann cells. Our recent studies, summarized in later Sections 7 and 8
of this review, are the first to examine MCR expression and subtypes in OL and their precursors.
Melanocortin effects on astroglia point to their roles in inflammation, obesity and regeneration [66]
(review). Experiments to date in astroglia indicate that message for MC1R and MC4R but not MC3R
is expressed, as analyzed by RT-PCR [7,67]. An early study on astroglia with a panel of MCR
agonists showed that morphologic changes, including rounding of the cell body and process extension,
were mediated by a cAMP mediated pathway, while proliferation was stimulated by an alternative
pathway independent of cAMP [68]. More recently, MC4R activation in astroglia with the long acting
α-MSH analogue NDP-MSH was shown to increase expression of brain-derived neuronotrophic
factor [69] and stimulate the release of the anti-inflammatory TGF-β [70], in part via the ERK-cFos
pathway. Microglia, the endogenous macrophages of the CNS, express MC4R [70] as well as MC1R,
MC3R and MC5R [7,8]. Melanocortin peptides decrease microglial production of nitric oxide (NO) and
the proinflammatory cytokines TNF-α and IL-6 [43,71], but increase release of the anti-inflammatory
cytokine IL-10 [70]. In addition, NDP-MSH promotes an M2-like phenotype in microglia and inhibits
microglial activation induced by Toll-Like Receptors 2 and 4 [72]. MCR expression and function have
been less well studied in Schwann cells in the PNS. ACTH promotes peripheral nerve regeneration
and axonal growth in vivo [73], while α-MSH inhibits inflammatory signaling in cultured Schwann
cells [74]. The melanocortin analogue Org2766 as well as α-MSH stimulates Schwann cell proliferation,
upregulates the NGF low-affinity receptor p75, induces release of an unidentified neurotrophic
activity [75] and enhances nerve regeneration [76].

7. Effects on Endogenous Cells of the CNS with Potential Protective and Reparative Importance
in MS and Other CNS Disorders

As noted in Section 6, MCR are expressed by neurons, astroglia, microglia and OL with some
differential expression in different regions of the brain. Additionally there is in vitro and in vivo
evidence, cited earlier, that these receptors are functional. Since MCR are known to be present within
the CNS, some of the therapeutic effects in EAE and in the PNS experimental model experimental
autoimmune neuritis (EAN) as well as in other animal models and in human diseases might be
independent of the stimulation of endogenous corticosteroid production via MC2R signaling in the
adrenal gland. While some of these non-corticosteroid disease modifying and anti-inflammatory
effects might be due to stimulation of MC1R and other MCR expressed by peripheral immune cells,
including lymphocytes and monocytes, direct effects on endogenous CNS cells may also occur.

An important animal model of MS is experimental autoimmune encephalomyelitis (EAE,
originally called experimental allergic encephalomyelitis), which is induced by sensitization of
experimental animals with CNS tissue, CNS myelin or specific constituents of myelin including myelin
basic protein (MBP, originally called basic protein or encephalitogenic protein), proteolipid protein
(PLP) and myelin oligodendrocyte glycoprotein (MOG). Alternatively, EAE can be induced in naive
animals by passive transfer of lymphocytes, T cells or T cell lines or clones. Depending on the
sensitizing antigen, the sensitization protocols, the species and strain of animals employed acute,
hyperacute, chronic and relapsing courses of EAE can develop. Prevention and treatment of EAE can
be achieved with many agents and treatments with EAE serving as a test system to screen for potential
treatments for MS, both relapses and as disease modifying therapies [77,78]. ACTH was among the
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first experimental therapy employed in EAE [79] and as treatment for relapses (exacerbations) of MS;
see Section 9, Treatment of Neurologic Diseases with Melanocortins.

Inhibition of EAE by ACTH may involve both corticosteroid and non-corticosteroid effects on the
immune system. As noted there is indirect evidence of protective effects within the CNS including
less demyelination along with evidence of repair; i.e., remyelination [80]. α-MSH, which cannot signal
through MC2R expressed in the adrenals, inhibits the development of EAE [81,82] and EAN [83],
a peripheral neuropathy, that serves as a model for some variants of Guillain-Barre Syndrome (GBS).
An α-MSH analog, SValpha-MSH also inhibits EAE, acting to inhibit CD4+ T cells [84]. Since α-MSH
cannot increase endogenous corticosteroids and yet inhibits development of EAN, this supports the
idea that inhibition of EAN is due to the direct effects of α-MSH on immune cells and/or Schwann cells,
the myelin forming cells of the PNS. Indeed it has been shown that a-MSH inhibits the translocation
of NFκB in Schwann cells in vitro [74] demonstrating the potential for a direct effect of ACTH on
Schwann cells in ameliorating EAN. Similarly, NDP-MSH, a long-lived analog of α-MSH, ameliorates
EAE and restores BBB in mice; in vitro, protection of mouse and human neurons from excitotoxicity
occurred via MC1R activation [85]. Melanocortins have been reported to be neuroprotective in animal
models of excitotoxic injury [86], subarachnoid hemorrhage [87], traumatic CNS injury [88], an animal
model of Alzheimer’s disease [64] and in peripheral nerve injury and repair [76,89,90] as well as the
previously mentioned EAN and EAE.

Melanocortins have been shown to provide protection in vitro for neurons from toxic effects of
cisplatin [91], protect neuronal cell lines from serum-induced apoptosis [92], provide trophic effects
to neurons [93] and enhance neurite outgrowth in vitro [94]. Melanocortins can inhibit production of
proinflammatory molecules by microglia [71]. Prior to our investigations, there has been little work
done on MCR expression and effects of melanocortins on OL function. MCR expression in vitro has
been discussed earlier and importantly all MCR are expressed by OL (Figure 2) [95]. The expression of
MC4R in differentiated OL is shown in Figure 2A.

Figure 2. Oligodendroglia express melanocortin receptors and produce larger membrane sheets
in response to ACTH. (A) Mixed glial cultures from rat brain were immunostained with antibody
for MC4R (red) before (a–c) and after (d–f) permeabilization to visualize surface and total MC4R
respectively; differentiated oligodendroglia were immunostained for surface galactolipid with
antibody A007 (green) [96]. (B) Oligodendroglia were treated with 200 nM ACTH 1-39 for 3 days,
then immunostained with O1 antibody to detect surface galactolipids; ACTH induced larger,
more dense membrane sheets [97].
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In order to dissect the mechanisms that may be involved in interactions between ACTH and
other melanocortins and cells of the OL lineage, we undertook a series of experiments employing glial
and neuronal cultures. ACTH inhibits death of OL and OPC induced by several mechanisms that
are involved in damage to the CNS in MS as well as other disorders of the CNS, including glutamate
(excitotoxicity) [96,97], apoptosis (induced by staurosporine, a widely employed molecule in apoptosis
research) [96,97], reactive oxygen species (ROS) induced by hydrogen peroxide (H2O2) [96,97] and
inflammation mediated by quinolinic acid (QA), a product downstream of kynurenic acid in the
tryptophan indoleamine pathway [96,97] (Table 1). In the case of glutamate induced OL and OPC
death, ACTH inhibited cell death mediated through all three of the ionotropic glutamate channels,
NMDA, AMPA and kainate [96,97]. There was no protection of OL and OPC from toxicity induced by
kynurenic acid, an earlier metabolite in the indoleamine tryptophan inflammatory pathway [96,97].
ACTH did not protect OL from either slow or rapid release of nitric oxide (NO) but provided modest
protection of OPC from slow but not rapid release of NO [96,97].

Table 1. ACTH Protects Oligodendroglia, Oligodendroglial Progenitors and Neurons from Multiple
Toxic Agents.

Toxic Agent OL OPC Neurons

Glutamate + + +
Staurosporine + + +
Quinolinic acid + + +
Kynurenic acid none none none
H2O2 (reactive oxygen species + + +
Nitric oxide (slow release) none slight none
Nitric oxide (rapid release) none none slight

ACTH at 200 nM protects cultured rat oligodendroglia (OL), oligodendroglial progenitors (OPC), and neurons from
excitotoxic, apoptotic and inflammatory insults, as well as from reactive oxygen species [65,96,97]. No protection
was found against kynurenic acid or nitric oxide, except for modest protection for OPC (slow release NO), and for
neurons (rapid release NO). Cells were treated for 24 h with the toxic agents in the absence or presence of 200 nM
ACTH, the concentration shown to cause maximal protection in these cultures. +, ACTH significantly protected
cells from death induced by the toxic agents.

Neurons and axons are also targets of pathologic processes in MS and therefore we also examined
whether ACTH could protect neurons from these same pathologic mechanisms. As noted, neurons in
several regions of the CNS are known to express MCR. ACTH inhibited neuronal death induced by
staurosporine, quinolinic acid and ROS induced by H2O2 as well as glutamate, including via NMDA,
AMPA and kainate (Table 1). ACTH protected neurons from death induced by rapid release of NO but
not slow release, the opposite of the findings in OPC. As with OL and OPC, ACTH failed to provide
any protection from cell death induced by kynurenic acid [65].

In order to determine whether protection of OL was a result of direct effects of ACTH on OL,
or whether astrocytes or microglia, which express MCR and are present in our mixed glial cultures,
were potentially involved in protection of OL from the different toxic molecules, we undertook
another series of experiments. Using highly purified OL cultures, we found that ACTH directly
protected OL from staurosporine (apoptosis), H2O2 (ROS), glutamate including NMDA, AMPA and
kainate, and quinolinic acid. As with the mixed glial cell cultures, OL in purified cultures were not
protected from kynurenic acid or NO. Conditioned medium from astrocytes treated with ACTH was
able to protect purified OL from glutamate, AMPA, quinolinic acid, and ROS but not from kainate,
staurosporine, kynurenic acid or NO [98]. Thus, astrocytes may contribute to protection of OL from
some but not all toxic molecules. Similar experiments with conditioned medium from microglia
treated with ACTH failed to provide protection, suggesting that if microglia are also providing help in
protecting OL from these molecules it is not through secreted molecules, but potentially could occur
through cell-cell interactions.
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In addition to MCR being important in inhibiting inflammation via stimulation of endogenous
corticosteroid production, acting directly on cells of the immune system and providing protection
for OL, OPC and neurons, we have been interested in the potential of MCR signaling to contribute
to repair in the CNS in MS, as well as in other diseases of the CNS. Incubation of mixed glial cell
cultures, containing mature OL, with ACTH resulted in striking extension of the OL membrane [97]
(Figure 2). Incubation of OPC with ACTH resulted in both an increase in the rate of OPC proliferation
and rate of maturation from OPC (expressing platelet derived growth factor alpha receptor; PDGFαR)
to cells expressing both PDGFαR and O1, a marker of galactolipids (a phenotypic marker of mature
OL) and to cells expressing only O1, i.e., mature OL. Since the OPC themselves, not being a clone
but rather primary cultures, may be at different stages of maturation, this likely explains the
effect of both enhanced OPC proliferation and maturation. An increase in the number of OPC
and more rapid maturation of OPC into mature OL both have the potential to enhance repair by
increasing remyelination.

8. Melanocortin Receptor Signaling in Oligodendroglial Protection

As described earlier, we reported that OL express MC4R in vitro and more recently, we have
shown that OL also express MC1R, MC3R and MC5R but not MC2R [95]. Employing agonists and
antagonists, we have found that MC1R, MC3R, MC4R and MC5R are functional in protection of OL
from the toxic effects of staurosporine, glutamate, quinolinic acid and ROS. We have also shown
that MC4R is functional in protecting OPC and stimulating their proliferation, but have not yet
investigated the function of the other MCR subtypes in OPC. Additional studies employing other
strategies including silencing RNA will be required to further characterize the relative roles of each of
these receptors in signaling for protection as well as in OPC proliferation and maturation.

To further understand the role of MCR in protection of OL from cytotoxic mechanisms important
in the pathogenesis of the MS lesion, we examined different signaling pathways activated by
ACTH, which is known to bind and signal via all 5 MCR. To do this, we tested the ability of
inhibitors of several intracellular signaling pathways to block the ACTH inhibition of toxicity of
the different cytotoxic molecules. Purified OL cultures were incubated with inhibitors of PI3 kinase,
MAP kinase (MAPK) and protein kinase C α,β isoforms (PKCα,β) followed by ACTH and the test
molecules with the controls of the toxic molecules and toxic molecules and ACTH without prior
incubation with the kinase pathway inhibitors [65,99]. PI3 kinase is used for ACTH protection from
staurosporine (apoptosis), quinolinic acid (inflammation), glutamate including NMDA, AMPA and
kainate (excitotoxicity). The MAP kinase pathway was also used for protection from staurosporine,
and glutamate. Neither pathway was involved in ACTH induced protection from ROS. MCR are known
to signal by activating adenylyl cyclase and upregulating intracellular cyclic adenosine monophosphate
(cAMP). Inhibition of adenylyl cyclase prevented ACTH from protecting OL from the toxic effects of
glutamate, quinolinic acid, ROS and staurosporine, demonstrating that in our system ACTH signaling
involves activation of adenylyl cyclase [99]. PKCα,β inhibition did not block or enhance ACTH
protection from any of the toxic molecules but inhibition of PKCα,β per se protected OL from the same
molecules as ACTH, suggesting that cell death from those molecules involves the PKCα,β pathway or
alternatively that inhibiting PKCα,β activates adenylyl cyclase.

9. Treatment of Human Neurologic Diseases with Melanocortins

ACTH has been used as treatment for a wide variety of non-neurological diseases including
nephrotic syndrome, sarcoidosis, and rheumatologic disorders [4], but has been less explored for
treatment of neurologic diseases. ACTH in a depo form is called ACTHar gel. It is prepared
from pituitary extract and likely contains other peptides and melanocortins, including α-MSH as
a breakdown product of ACTH. ACTH is used as treatment for West syndrome, which is characterized
by infantile spasms and an EEG pattern referred to as hypsyrrythmia. In several studies, ACTH has
been found to be more effective than corticosteroids [100–102], suggesting that ACTH may act, in part,
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independent of the ability to increase levels of endogenous corticosteroids. Studies have suggested
that exogenous ACTH does not readily cross the blood CSF barrier but this may be different than the
blood brain barrier (BBB), and CSF levels are what have been examined in patients; see Section 10,
Future Directions. Endogenous ACTH appears to be lower in the CSF of patients with West syndrome
but treatment with ACTH does not seem to increase concentrations of total CSF ACTH [103–105].
ACTH also stimulates production of the mineralocorticoid deoxycorticosterone by the adrenal cortex.
This molecule can be metabolized to allotetrahyrodeoxycorticostereone, a neurosteroid that is known
to cross the BBB [106]. In the case of activating brain stem neurons, the BBB is absent in parts of the
brain stem. Direct effects on abnormally firing cortical neurons may be possible, since ACTH and
other melanocortins are small polypeptides and the BBB is not fully developed in infants. There is also
a report on higher levels of CSF corticosteroids in patients with opsoclonus myoclonus treated with
ACTH than treated with corticosteroids [107].

ACTH is used for the treatment of relapses of MS and was the first agent found to be effective in
shortening the duration of relapses [108–113]. It is now administered intramuscularly as ACTHar gel.
ACTH has been mainly replaced by very high doses of corticosteroids administered intravenously or
by mouth, resulting in much higher but shorter lived blood levels of corticosteroids when compared
to blood levels resulting from ACTH [114]. In one head to head study, ACTH has been shown to be
equally effective in reducing duration of relapses compared to corticosteroids [113]. In a small study,
dexamethasone was superior to methylprednisolone and ACTH in shortening duration of relapses,
but there were only 30 patients in that study [115]. More recently, a small randomized open label rater
blinded study demonstrated that ACTH was more effective than intravenous methylprednisolone
for relapses and had greater effects on plasma cytokines, when added to interferon beta [116].
ACTH as treatment for relapses is generally reserved for patients who are allergic to corticosteroids,
develop psychosis with corticosteroid therapy or who fail to respond to treatment with corticosteroids.
Whether the beneficial effect on relapses is due to corticosteroids, direct effects of ACTH on immune
cells and/or effects on endogenous cells of the CNS is not clear and may well involve all of these
mechanisms. There are no studies on ACTH entry into the CNS in any animal models but again ACTH
and other melanocortins are relatively small molecules and in relapses it is clear that large proteins,
including serum albumin and immunoglobulins (Ig) enter the CNS. ACTH and ACTH followed
by prednisone were more effective in reducing CSF IgG synthesis rate than oral prednisone alone,
dexamethasone or intrathecal hydrocortisone. However, oligoclonal bands persisted and there was
no clinical effect in a group of patients who were in progressive stage of MS [117]. What is needed
is a large study comparing the longer term effects of ACTH with corticosteroids for relapses using
both clinical outcomes as well as MRI, VEP and OCT to determine if the use of ACTH, which has both
steroidogenic and non-steroidogenic effects, is superior to corticosteroids for treatment of relapses.
A study of secondary progressive MS (SPMS), for which there is currently no approved therapy other
than the mitoxantrone with the problems of sterility, congestive heart failure and leukemia, would also
be of interest, again using imaging as one of the outcomes. There are currently a large number of
studies underway testing the effect of ACTH activation of MCR in different diseases including several
neurologic disorders [4].

10. Future Studies

There is a need to further characterize the relative roles of MC1R, MC3R, MC4R and MC5R
in vitro and in vivo so that one might develop new small molecules that bind with high avidity to the
specific receptors most important for protection and repair. Silencing genes specific for each receptor
and testing both the in vitro and in vivo effects would be a useful approach to this problem.

While there are many studies on the effects of ACTH on EAE, more studies are needed examining
the effects on passive EAE and chronic EAE; the former to look at effects in MCR signaling limited
to the effector stage of EAE and the latter to see if there are protective and reparative effects during
a more chronic stage of EAE at a time the inflammatory phase of the disease with influx of cells
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from the peripheral immune system into the CNS is less marked. Chronic EAE is a better model for
progressive phases of MS than acute EAE. In addition, studying the effects of natural melanocortins like
ACTH and α-MSH on non-immune mediated models of demyelination including acute and chronic
cuprizone poisoning and CNS lysolecithin injections would allow one to separate demyelination and
remyelination from the role of exogenous inflammatory cells as in these models where the inflammation
is basically activation of the endogenous microglia.

Studies using the available ACTH as ACTHar gel looking the effects at one and two years
post-treatment of a relapse in comparison to corticosteroids employing advanced MRI metrics,
MRS and/or OCT in a phase 2 study would be of interest and might help separate out the effects
of melanocortins directly on the CNS and immune system from those of corticosteroids. A study of
progressive MS, SPMS and/or PPMS should also be considered using the same type of metrics given
the limited availability of highly effective treatments for PPMS and the lack of currently approved
treatments for SPMS.

The issue of whether ACTH and perhaps even the smaller melanocortins can get through the BBB
when there is not a major breakdown of the barrier and thus interact directly with MCR on glia and
neurons deserves additional attention. The breakdown of the BBB in MS is likely underestimated since
we know that using triple dose gadolinium compared to the single dose used for clinical MRI scans
reveals many more enhancing lesions [118–120]. As pointed out, proteins considerably larger than
ACTH and α-MSH do get through the BBB to a limited extent during periods of clinical stability and
to a greater extent during relapses accompanied by gadolinium enhancing lesions on MRI scans. It is
now well established that in patients with secondary progressive MS (SPMS) and primary progressive
MS (PPMS), gadolinium enhancing lesions occur in as many as 13–25% of patients [120–125]. It should
also be remembered that most studies of gadolinium enhancing lesions in patients with MS employ
standard doses of gadolinium and often 1.5 Tesla magnets. It has been shown using triple dose
gadolinium infusions and 3 Tesla magnets that routine single dose gadolinium and 1.0 or 1.5 Tesla
magnets greatly underestimate the number of lesions with changes in the BBB [126,127]. There are
differences in the BBB and the blood-CSF and blood-meningeal barriers and studies of ACTH within
the CNS measure CSF levels, not brain/spinal cord or meningeal levels [128–135]. Thus, even with
the rapid breakdown of the peptides, the amount of ACTH and α-MSH that is in the brain and
spinal cord may be greater than might be suspected. Additional studies to examine this question are
clearly needed.

Exosomes are known to cross the blood brain barrier, and the use of exosomes as a form of delivery
has been suggested as a strategy for delivery of disease modifying treatments to the CNS [136–138] as
has delivery employing nanotechnology [139–142]. In addition, the problem of breakdown of smaller
melanocortins like α-MSH has been approached by modifying the peptide as with NDP-MSH [143],
allowing the MSH to better stimulate MCR in vivo. Finally, development of non-peptide ligands for
the different MCR that would readily cross the BBB would also have the potential to mediate protection
and repair within the CNS in MS and other neurodegenerative diseases.

11. Conclusions

It is clear that signaling by melanocortins through their receptors in the CNS has potential for
neuroprotection and repair in diseases like MS. This concept is reinforced by our published results
showing that the MCR agonist ACTH protects OL, OPC and neurons from excitotoxic, apoptotic,
oxidative and inflammation-related effects likely to play a role in CNS damage in MS and other
neurodegenerative diseases. While effects on the immune system by direct effects on the circulating
cells (lymphocytes and monocytes) and by signaling through CNS cells in regions lacking a mature
BBB are clear, additional studies are needed to develop highly effective therapies that directly affect
endogenous cells of the CNS, particularly OL, OPC and neurons.
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Abstract: During recent decades, the autoimmune disease neuromyelitis optica spectrum disorder
(NMOSD), once broadly classified under the umbrella of multiple sclerosis (MS), has been extended
to include autoimmune inflammatory conditions of the central nervous system (CNS), which are now
diagnosable with serum serological tests. These antibody-mediated inflammatory diseases of the CNS
share a clinical presentation to MS. A number of practical learning points emerge in this review, which
is geared toward the pattern recognition of optic neuritis, transverse myelitis, brainstem/cerebellar
and hemispheric tumefactive demyelinating lesion (TDL)-associated MS, aquaporin-4-antibody
and myelin oligodendrocyte glycoprotein (MOG)-antibody NMOSD, overlap syndrome, and some
yet-to-be-defined/classified demyelinating disease, all unspecifically labeled under MS syndrome.
The goal of this review is to increase clinicians’ awareness of the clinical nuances of the autoimmune
conditions for MS and NMSOD, and to highlight highly suggestive patterns of clinical, paraclinical
or imaging presentations in order to improve differentiation. With overlay in clinical manifestations
between MS and NMOSD, magnetic resonance imaging (MRI) of the brain, orbits and spinal cord,
serology, and most importantly, high index of suspicion based on pattern recognition, will help lead
to the final diagnosis.

Keywords: MS; NMOSD; clinically isolated syndrome (CIS); optic neuritis; transverse myelitis;
brainstem syndrome; tumefactive demyelinating lesions; AQP4 antibodies; MOG antibodies

1. Introduction

A multiple sclerosis (MS) diagnosis is at the forefront when a woman or man aged 20–50 years
presents neurological symptoms and/or white matter lesions on magnetic resonance imaging (MRI) of
the brain. Although MS remains the most common etiology for inflammatory demyelinating diseases
of the central nervous system (CNS), the autoimmune disease neuromyelitis optica spectrum disorder
(NMOSD) is a major differential diagnosis. The discovery of autoantibodies, such as aquaporin
4-IgG (AQP4-IgG) followed by myelin oligodendrocyte glycoprotein-IgG (MOG-IgG), and likely
more to come [1,2], has further broadened the differential diagnosis of inflammatory demyelinating
diseases. This is with the understanding that AQP4-antibody-associated NMOSD is frequently added
to primarily inflammatory demyelinating diseases, although it is an astrocytopathy followed by
oligodendrocytopathy and demyelination [3,4]. With more literature being published on MS and
NMOSD, pattern recognition emerges. Pattern recognition not only affects the clinical manifestations
of MS and NMOSD, such as recognizing the spectrum of optic neuritis, transverse myelitis, and
brainstem syndrome, but also affects MRI findings in the brain, brainstem, spinal cord and the orbits.
This review focuses on pattern recognition of these clinical presentations therefore our descriptive
designation as the MS syndrome.
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2. Brief Historical Overview of Multiple Sclerosis (MS) Diagnosis

The first diagnostic criteria for MS were introduced by Allison and Millar in 1954, followed
by McAlpine in 1965. That same year, the Schumacher Committee formally published the first
MS diagnostic criteria, heralding a half-century of intense research in the field of MS diagnosis,
prognosis, pathophysiology, immunopathology, and treatment [5,6]. Due to the absence of a gold
standard for unequivocally diagnosing MS, such as blood or cerebrospinal fluid (CSF) tests, the
patterns of dissemination in time (DIT) (i.e., progression in time for primary progressive disease)
and dissemination in space (DIS) have been considered diagnostic of the disease. These patterns at
first relied on clinical data, limited paraclinical criteria [5,7], and subsequently on MRI [8–11]. Since
the publication of the first McDonald criteria in 2001 [8], these diagnostic criteria have undergone
numerous modifications but the criteria of DIS and DIT by clinical and/or MRI remain paramount
to the diagnosis (Supplementary Material Table S1). Today, MRI of the brain and spinal cord is used
to diagnose and prognosticate MS pre- and post-treatment. The emergence of disease-modifying
therapies, with proven effectiveness in clinically isolated syndrome and MS, has called for further
refinement of MRI criteria with exceptional sensitivity, specificity, and accuracy, thus allowing for
an earlier diagnosis of the disease. Nevertheless, confusion of other inflammatory demyelinating
diseases with MS remains problematic, particularly with practitioners who do not commonly see
demyelinating diseases.

3. Overview of Neuromyelitis Optica Spectrum Disorder

The presence of a longitudinally extensive transverse myelitis (LETM) typically alerts the
neurologist to the diagnosis of NMOSD, which is confirmed by testing positive for the neuromyelitis
optica or the APQ4 antibody [12]. However, short segment spinal cord lesions (SSSCLs), that might
not be unusual in early [13] and seronegative NMOSD can be easily confused with MS. Clinical
presentation with bilateral simultaneous or sequential optic neuritis, with or without transverse
myelitis, is highly suggestive of NMOSD. However, longitudinally extensive optic neuritis (LEON)
might be overlooked because of the lack of routine use of MRI for the orbits in the diagnosis of
optic neuritis. The differential diagnosis of a large edematous corpus callosal lesion is broad, and
includes lymphomas, tumors, trauma, infections, metabolic (Marchiafava-Bignami) and vascular
abnormalities, to cite a few [14], but the pattern is increasingly recognized in NMOSD (Table S2 and
Figure S3a,b) [15,16]. Area postrema syndrome (Figure S4a,b), another core clinical presentation of
NMOSD can be easily mistaken for a gastrointestinal illness in the hands of non-neurologists. Because
of the pleomorphic presentation of demyelination and its variable outcome, there is a lack of unanimity
between MS/NMOSD experts. A study by Jurynczyk et al. evaluated the agreement between different
MS and NMOSD experts on the diagnosis of the seronegative AQP4-antibody NMOSD, MS and
overlapping syndrome. Not surprisingly, the mean proportion of agreement for the diagnosis was
low (ρ0 = 0.51) and ranged from 0.25 to 0.73 for individual patients. Clinical presentations associated
with very low agreement (ρ0 < 0.5) included optic neuritis with limited recovery and short transverse
myelitis, mild optic neuritis with short transverse myelitis and normal brain MRI, optic neuritis and
borderline LETM, optic neuritis and transverse myelitis with brain lesions not fully typical of MS or
NMO, and monophasic acute disseminated encephalomyelitis (ADEM)-like with optic neuritis and
LETM [17].

Brain and spinal cord MRI have a significant role in differentiating MS from NMOSD, but there
remains a group with demyelinating disease where the separation remains challenging. For instance,
Barkhof’s criteria for DIS have been fulfilled by 5–42% of patients with NMOSD [18–21]. This MRI
overlap between MS and NMOSD extends to both the AQP4 antibody and MOG antibody-associated
NMOSD [22]. Clinical, imaging and differentiating patterns that suggest and support NMOSD
are examined below. A historical overview, pathophysiology, and pathogenicity of two important
biomarkers that can differentiate the two conditions are included. Additionally, brain MRI
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findings characteristic of NMOSD are summarized in Supplementary Material Table S2 [18–20,23–29],
Figures S1–S5 and Figures 1–4.

Figure 1. Evolution of clinically isolated syndrome (CIS) optic neuritis: The majority of patients with
ON will evolve into RION, CRION, MS or NMOSD. A percentage of patients will stay as isolated ON.
Furthermore, there is more data that at least a subset of patients with CRION are indeed MOG-antibody
associated NMOSD. AQP4-ON: Aquaporin 4-antibody-associated optic neuritis; MOG-ON: Myelin
oligodendrocyte glycoprotein-antibody-associated optic neuritis.

 
Figure 2. Axial short tau inversion recovery (STIR and T1 with contrast orbital MRI of an 18-year-old
Caucasian male, with bilateral longitudinally extensive (small arrows) optic neuritis with anterior
predominance, perineural sheath swelling (long arrows) and tilting and twisting of both optic nerves
better seen on axial STIR (2a,2b). Serum MOG-antibody was positive.
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Figure 3. Evolution of clinically isolated syndrome (CIS) transverse myelitis.

Figure 4. 55-year-old African-American female, with AQP4-NMOSD; sagittal STIR cervical MRI
demonstrates simultaneous linear lesion and LETM from the medulla to C4 (4a) seen at the center of
the cord on axial T2 (4b).

3.1. AQP4-Antibody Positive NMOSD: Pathophysiology and Pathogenicity of Aquaporin 4 Neuromyelitis
Optica Spectrum Disorder (AQP4-NMOSD)

In 1999, Wingerchuk et al. described the clinical, MRI, and CSF features of 71 patients with
NMO, with emphasis on the severity of the disease [30]. A B-cell-mediated pathology was suspected
due to the association of NMO with autoantibodies and B-cell-mediated diseases. In 2004, Lennon
et al. described a new antibody, NMO-IgG, localizing to the blood brain barrier (BBB) that was a
specific serological biomarker of NMO and high-risk syndromes suggestive of NMO, such as LETM
and recurring severe optic neuritis. A subsequent study by the same group demonstrated that the
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water channel aquaporin 4 (AQP4) was the substrate for the NMO-IgG [31]. To clarify, different
types of aquaporins have been involved in water homeostasis in the brain and were associated with
vasogenic and cytotoxic edema. APQs are comprised of highly conserved monomers or units that form
homotetramers. Each unit, or monomer, has eight membrane-embedded domains, six transmembrane
helices, and two short helical segments with a C- and N-terminus on the cytoplasmic side. These
membrane-embedded domains surround a narrow aqueous pore [32]. On the extracellular side, there
are three loops (i.e., A, C and E), and on the intracellular side, there are two loops (i.e., B and D). There
is also a highly conserved asparagine-proline-alanine motif responsible for the selective orientation of
the water transportation and an aromatic/arginine (AR/R) selectivity filter that prevents the entry
of other molecules with water across the water channel [33]. An integral protein of the astrocytic
plasma membrane [34], human AQP4 is expressed by astrocytes, and other AQP4-containing cells,
by alternative splicing in the following two major isoforms: a long isoform called “M1”, and a short
isoform called “M23”. In general, a highly homologous structure is characteristic of all members of
the AQP family [35]. In the case of AQP4, however, M1-AQP4 and M23-AQP4 form heterotetramers
that further aggregate in the cell plasma membrane in supramolecular crystalline assemblies called an
orthogonal array of particles (OAPs). The size, shape, and composition of OAPs depend on the relative
amounts of M1- vs. M23-AQP4, with larger particles formed at an increased M23:M1 ratio [36].

AQP4 is highly concentrated in the foot processes that make contact with micropapillary
endothelia that form the BBB and in ependymal cells at brain cerebrospinal interfaces [34]. AQP4 is
upregulated during astrocytosis and certain scar-forming pathologies but is considerably reduced in
NMO. Other AQP4-expressing tissues include epithelial cells in kidneys, airways, gastrointestinal
organs, and, at low levels, in musculoskeletal cells; thus, the most recent reported cases of acute
myopathies involve AQP4 associated with NMOSD [37–39]. The AQP4 antibody binds to the
extracellular surface of the AQP4 receptor in the three-dimensional form of the epitopes rather than
their linear form, a pattern that is typical in human autoimmune disorders [34]. Despite its polyclonal
production, the APQ4 antibody shows preferential binding and greater affinity to OAPs and thus to
M23-AQP4. The binding of AQP4-IgG1 to AQP4 leads to complement-dependent cytotoxicity [36]
and antibody-dependent cellular cytotoxicity [40]. Efficient complement-dependent cytotoxicity
requires AQP4 assembly in OAPs, and therefore, this mechanism is minimal for M1-AQP4-expressing
cells. Importantly, high concentrations of AQP4-IgG were reported not to inhibit AQP4 water
permeability and not to lead to cellular internalization of AQP4 or AQP4-antibody binding [41]. In vivo
consequences of AQP4 binding to the AQP4 antibody results in complement dependent cytotoxicity
axonal injury followed by recruitment of granulocytes first and macrophages second, further disrupting
the BBB [34]. Astrocyte loss and inflammation, with degranulation of neutrophils and eosinophils,
and cytokine release culminate into secondary damage to the oligodendrocytes, with demyelination
and neuronal/axonal loss. Thus, AQP4-NMOSD is not primarily a demyelinating disorder, but is
nevertheless lumped under the MS syndrome due to clinical phenotypic similarities. In 2006, the NMO
diagnostic criteria were updated to incorporate patients with NMO who had extra optico-spinal disease
and NMO-IgG as a biomarker. Almost a decade later, newer NMOSD guidelines were published [42].
During that decade, numerous studies were published regarding (1) other clinical and inaugural
manifestations of the disease, (2) best diagnostic techniques for the antibody, currently the approved
technique is the cell-based essay, (3) pathogenicity of NMO IgG, and (4) brain, spinal cord, and orbit
MRI findings of the disease, to cite a few. Attempts took place to find other suspected antibodies,
resulting in the anti-myelin oligodendrocyte glycoprotein antibodies (MOG antibodies). It transpires
that MOG antibody is not only associated with NMOSD (MOG-NMOSD), but also other inflammatory
demyelinating disorders, such as pediatric acute disseminated encephalomyelitis (ADEM), pediatric
multiphasic disseminated encephalomyelitis (MDEM), ADEM/MDEM-optic neuritis complex, benign
unilateral cerebral cortical encephalitis with epilepsy and overlap syndrome or NMOSD-encephalitis
complex that will be described later. The quest for further antibodies (such as AQP1, NMDA-R
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antibodies, etc.) associated with NMOSD and other inflammatory demyelinating disorders remains a
work in progress and the future holds more antibodies to come [1,2].

3.2. Pathophysiology and Pathogenicity of Myelin Oligodendrocyte Glycoprotein (MOG) Antibodies

MOG is a mammalian glycoprotein exclusively expressed in the CNS. This glycoprotein is
limited to the external surface of myelin and the plasma membranes of oligodendrocytes, with its
highest antigen density in the outermost lamellae of myelin sheaths, thus making MOG accessible to
autoantibodies [43]. MOG belongs to the Ig superfamily, with a single extracellular immunoglobulin
variable (IgV) domain, a transmembrane domain, a cytoplasmic loop, a membrane-associated region,
and a cytoplasmic tail. In humans, 15 different alternatively spliced MOG isoforms have been detected.
These isoforms have been localized to the cell surface, in the endoplasmic reticulum, in the endocytic
system, or found in secreted form. The secreted form could have important effects in triggering
autoimmunity if released into the CSF and then drained into the bloodstream [44]. MOG antibodies
isolated from animal models of MS target a denatured MOG protein. Similar autoantibodies (both IgG
and IgM) for denatured proteins were present in MS patients with low titers and did not correlate with
disease activity [45–47]. Importantly, the presence of cell-based assays has allowed for the isolation
and quantification of MOG antibodies against the native or conformational epitope of MOG (nMOG),
located on the extracellular domain of the protein [48]. Anti-MOG antibodies are likely relevant to the
pathophysiology of MS, considering that they are present in early states of the disease and are not an
epiphenomenon. Anti-MOG antibodies also persist during the disease course and are likely relevant to
long-term pathophysiology. Brilot et al. investigated the occurrence and biological activity of IgG and
IgM autoantibodies against nMOG in the serum and CSF of 47 children (mean age 7.63 years) during
their first acute demyelinating syndrome (19 with ADEM and 28 with clinically isolated syndrome).
The serum and CSF of these children were taken at the same time and prior to any treatment. Control
groups included healthy children, children with other neurological diseases, children with type I
diabetes mellitus, and adult MS patients. Native MOG antibodies were present in 47% of children with
a demyelinating event (ADEM or clinically isolated syndrome), 6.9% of children with other neurological
diseases, and absent in healthy controls as well as adults with MS and children with type I diabetes
mellitus. The presence of MOG antibodies in pediatric demyelination and other neurological diseases
and their absence in type I diabetes, highlights that these antibodies are markers of demyelination
and not immune dysregulation. Native MOG antibodies were produced peripherally and in the CNS.
The serum and CSF was simultaneously analyzed for a cohort of eight children (five with clinically
isolated syndrome and three with ADEM). All patients, except three with clinically isolated syndrome,
showed reduced antibody titers in the CSF. Native MOG antibodies were cytotoxic in demyelinating
patients using an in vitro antibody-dependent cellular cytotoxicity assay. Furthermore, native MOG
antibody titers inversely correlated with age (r = −0.46), suggesting a temporal evolution of the MOG
antibody [49]. This possible temporal evolution was subsequently studied in 78 pediatric cases of
CNS disease (27 with ADEM, 18 with clinically isolated syndrome, 18 with relapsing-remitting MS,
and 15 with other general neurological diseases), 188 adult cases (71 with MS, 43 with other general
neurological diseases, 20 with clinically isolated syndrome, and 7 with ADEM), and 43 healthy controls.
Increased MOG antibodies serum titers were observed in pediatric ADEM, and these increased titers
were associated with a younger age of onset. Recovery from ADEM was associated with a decrease
in MOG antibody titers at last follow-up, with seroreversion in one patient. Incomplete recovery
from ADEM was associated with a persistently increased antibody titer and reduced fluctuations in
titer levels. Seroreversion was observed in patients with clinically isolated syndrome. Longitudinal
analysis of nine patients with MS revealed stably low titers; three nevertheless became seropositive
with time, with persistently low titers, which indicated ongoing CNS inflammation. Antibodies against
nMOG were present in the CSF when serum titers were high, suggesting a peripheral production of
MOG antibodies [50]. The persistence of MOG antibodies during remission suggests that, in isolation,
these antibodies may be insufficient for disease activity [51]. Lately, MOG-antibody associated ADEM
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was reported in 2 adults. This further highlights the fact that the clinical spectrum of MOG-antibody
associated diseases remains to be defined [52].

4. Optic Neuritis: From Clinically Isolated Syndrome to MS, NMOSD and Others

Although MS remains the most common etiology of ON, other etiologies are possible and
summarized in Figure 1.

4.1. Single Inflammatory Optic Neuritis (SION), Relapsing Inflammatory Optic Neuritis (RION), and Chronic
Relapsing Inflammatory Optic Neuropathy (CRION): “Formes frustes” of MS or NMOSD?

The term idiopathic [53] or isolated optic neuritis is somewhat loosely used in the literature
to refer to optic neuritis without evidence of MS, NMOSD, or other diseases. The diagnosis of
idiopathic or isolated optic neuritis cannot be made with certainty when a patient first presents with
ON. Idiopathic/isolated optic neuritis is frequently limited to one episode [54] and referred to in
the literature as single inflammatory/isolated optic neuritis (SION) or monophasic isolated optic
neuritis [55]. However, isolated optic neuritis might recur outside the context of MS and NMOSD;
while consensus regarding their presence is lacking, the following two forms of relapsing optic neuritis
have been reported in the literature: relapsing inflammatory or isolated optic neuritis (RION) [55]
and chronic relapsing inflammatory optic neuropathy (CRION). The existence of RION is debatable,
considering that the conversion to MS, NMOSD, or other diseases may only be a matter of time.
However, more studies on RION are being published. For example, analyzing the clinical and
demographic criteria for 62 patients with RION, Benoilid et al. found that 40 patients (64.5%) did not
convert to MS, NMO, or other autoimmune diseases over eight years of follow-up [56]. Furthermore,
the natural history of RION was studied in 72 patients with two or more episodes of optic neuritis.
Specifically, in a study by Pirko et al., the one-, five- and 10-year conversion rate of optic neuritis
to MS was 2.8%, 14.4%, and 29.8%, respectively, and the conversion rate of optic neuritis to NMO
was 5.6%, 12.5%, and 12.5%, respectively [57]. Predictors of RION converting to NMO included
decreased visual acuity, shorter time to second relapse, more frequent relapses, and a significant female
predilection. This study published in 2004 did not differentiate between AQP4- or MOG-antibody
associated NMOSD.

CRION is differentiated from RION by the presence of progressive visual loss in between relapses
and corticosteroid dependence, albeit there is no consensus regarding this latter criterion [56]. In 2003,
the first case series of eight patients with CRION was published [58]. Subsequent reports in the
literature were compiled in a systematic review of the clinical, laboratory, and imaging characteristics
of 122 patients with CRION [59]. The age range for CRION is wide, spanning teenage to elderly years.
Unilateral or bilateral, and simultaneous or sequential vision loss has also been reported with fellow
eye involvement occurring days to decades later. The relapse rate for CRION is highly variable. Like
all optic neuritis, pain and/or headache herald the condition and can be sleep disruptive. Visual
loss at onset is variable from none to complete. The optic disc may be normal, swollen, or atrophic.
Findings on visual field testing are variable, similar to MS-ON. Interestingly, uveitis has been reported
conjointly in approximately 7% of cases [60]. Therefore, extensive blood testing should be performed
to rule out systemic diseases. Notably, CSF analysis is typically normal. MRI of the orbits findings
vary from normal to the presence swelling at the optic nerve head and contrast enhancement, T2
hyperintensity, and/or optic atrophy. Brain MRI is typically normal [59]. Recently, a number of
patients with CRION or RION were found to have the MOG antibody [43,51,61,62]. In summary, the
most notable distinguishing characteristics between RION and CRION available to date remains the
progression in between relapses and steroid responsiveness, recognizing the lack of agreement on the
definition. Furthermore, isolated monophasic and recurrent optic neuritis seem to exist as stand-alone
entities. Lastly, time will tell whether all CRION cases are MOG-antibody associated optic neuritis
or not.
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4.2. Multiple Sclerosis-Associated Optic Neuritis (MS-ON)

MS-ON is a common presentation of MS in approximately 20% of patients [63]. The lifetime
prevalence of MS-ON is 50–66% [64–67]. Clinical presentation of retro-orbital, peri-orbital, or
oculomotor pain followed by subacute and varying degrees of visual loss in a young person are
hallmarks of optic neuritis. Confounding factors leading to delayed diagnosis include minimal to
no visual loss with decreased color sensitivity only on examination, the absence of pain, and the
presence of positive visual symptoms in a person with or without a prior history of migraines. While
painful visual loss appears to be the hallmark of optic neuritis, pain has also been reported in 12% of
patients with anterior ischemic optic neuropathy [68]. Further, much information on inflammatory
optic neuropathy results from the optic neuritis treatment trial [69]. In a 1992 study by Beck et al.,
457 patients were randomly assigned to placebo, oral prednisone at a dose of 1 mg/kg/d for two
weeks or high-dose intravenous methylprednisolone (IVMP) for three days followed by an oral taper.
The patients were monitored for six months; 77.2% of the subjects were women. Pain, which was
present in more than 92% of the cases, preceded the visual symptoms and was unrelated to the presence
or absence of optic disc swelling. Visual acuity loss was almost equally distributed between mild
(≤20/40), moderate (20/50–20/190), and severe (≥20/200). Complete visual loss was present in
10% of patients. Noticeably, even when visual acuity was 20/20 or better, many patients had other
abnormalities, such as decreased contrast sensitivity and/or abnormal color vision or unusual visual
field tests. Fellow eye involvement was observed with decreased visual acuity and contrast sensitivity
in 14% and 15% of patients, respectively, and abnormal color vision and visual defects were observed
in 20% and 48% of patients, respectively. Disc swelling was noted in 25–40% of patients, depending on
the time of the exam following the onset of symptoms, <5 days or ≥5 days. Positive visual symptoms,
such as photopsias, were observed in 30% of patients. Notably, the pattern of painful visual loss
and photopsias can be easily confused with migraines. The prolonged duration of visual loss and
photopsias should alert the clinician to an alternative diagnosis considering that it is uncommon for a
migraine aura to last for days and persists beyond the pain [70]. Visual field cut in patients with optic
neuritis was not only centrocecal and central, but also paracentral, altitudinal, quadrantic, hemianopic,
peripheral, arcuate or double arcuate, enlarged blind spot, nasal, and vertical step. Visual recovery,
including acuity, contrast sensitivity, color vision and field-testing, was faster in the IVMP group. At six
months, visual acuity was the same in the three groups, but the difference in low-contrast sensitivity,
color vision, and field-testing persisted between the IVMP and the other groups. Only 5–7% of the
patients in all groups had visual acuity of 20/50 or worse. Furthermore, only one out of 457 cases had
a compressive optic neuropathy due to a pituitary tumor diagnosed by MRI. Based on these findings,
the authors of the optic neuritis treatment trial did not recommend an MRI of the brain to diagnose
optic neuritis unless an atypical course alerts the clinician for further imaging study [71].

4.3. Neuromyelitis Optica Spectrum Disorder-Associated Optic Neuritis

Optic neuritis is a presenting sign of NMOSD more than 50% of the time. However, the difference
between MS-ON and NMOSD-ON might not be evident with the first attack of optic neuritis if the
brain MRI is negative. Fortunately, an orbital MRI performed early and prior to any treatment can
facilitate diagnosis and is commonly abnormal in NMOSD-ON cases [53]. Orbital MRI, however, was
not performed in the optic neuritis treatment trial [72], although the technology was available [73].
A 2016 study found that the MRI of the orbits was less likely to be performed in MS-suspected optic
neuritis when a neurologist, rather than an ophthalmologist, saw the patient [74]. MRI of the spinal
cord might foretell the diagnosis by further disseminating the patient in space (i.e., DIS). However, if no
orbital MRI is completed, and there are no further signs of DIS, the diagnosis is obscured a priori. It has
been suggested that antibody testing for AQP4-IgG be reserved to patients with severe visual loss, poor
visual recovery, bilateral or sequential visual involvement, recurrent optic neuritis [75] and unique
findings on the MRI of the orbits. The efficiency of MRI of the brain and anterior visual pathways for
differentiating NMOSD-ON from MS-ON was retrospectively examined in a study [76]. Brain MRI
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was included to examine the ability of DIS per the 2010 McDonald criteria [9] to differentiate between
the two conditions. The absence of brain DIS, longer optic nerve lesions, an increased number of
segments involved, and optic chiasma and tracts involvement were suggestive of NMOSD-ON. Further,
Buch et al. examined the sensitivity and specificity for a combination of these criteria. Specifically,
bilateral optic nerve, chiasma or optic tracts, and three or more segment involvement in the absence of
MS-like lesions with DIS were suggestive of NMOSD-ON, with a sensitivity of 69% and a specificity of
97% [76]. More specifically, a longitudinally extensive optic neuritis (LEON) with chiasma and optic
tract involvement was found to be strongly suggestive of AQP4-ON [77]. Not all LEON, however, are
associated with AQP4 antibody. The test sensitivity of AQP4 antibody in the serum is about 50–80%,
and MOG antibodies have been described in 25% of cases of AQP4 antibody seronegative NMOSD
and cases of CRION [55]. In a study of optic neuritis by Akaishi et al., the cross-sectional prevalence of
AQP4-ON, MOG-ON, MS-ON, and RION was 30–35%, 25–30%, 25–30%, and 10–15%, respectively [74].
Here, Akaishi et al. reported a comparative study of the clinical, laboratory, and imaging findings of
MS-ON, AQP4-ON, MOG-ON, and RION. Female dominance was overwhelming in the AQP4 group,
at 98% vs 80% in the MS group and 50% in the MOG group, which is different from other reports [43,51].
While the mean age of onset of MS-ON was less than 50 years for the entire cohort, patients with
AQP4-ON had greater mean age of onset. A broader age distribution existed in the MOG-ON group,
with optic neuritis diagnosed in children and the elderly similar to MOG-NMOSD. The number of
optic nerve segments involved during the acute phase of optic neuritis in all groups was assessed. To
clarify, the optic nerve has been divided into the following six segments anteriorly to posteriorly: (1)
pre-orbital, (2) retro-orbital, (3) canalicular, (4) intracranial, (5) chiasmatic, and (6) retrochiasmatic or
optic tract portion [74,77]. On MRI of the orbits, MOG-ON showed longitudinally extensive contrast
enhancement, with severe swelling and a twisted running. The inflammation was anterior, with
70–80% intraorbital perineurial contrast enhancement. An example of MOG-ON is shown in Figure 2.

AQP4-ON was longitudinally extensive, with greater posterior involvement including the
canalicular, chiasmatic, and retrochiasmatic segments, but with milder swelling and rare twisting.
The MS-ON contrast enhancement was less extensive, with a median of only a couple of segments
involved [74], as confirmed by others [77]. Optic nerve head swelling has been observed clinically
with MOG-ON [78]. Significant decrease in visual acuity was associated with AQP4-ON followed
by MOG-ON and MS-ON. In both the MOG-ON and the MS-ON groups, visual acuity loss during
a relapse and the long-term outcome past one year were similar, but they were worse in AQP4-ON
group. The less severe prognosis of MOG-ON was confirmed in a study by Matsuda et al., who also
showed that the residual deficit was commonly present due to an increased number of relapses per
year [62]. A 2017 study by Stiebel-Kalish et al. compared the visual acuity, field defect, and thickness of
the retinal nerve fiber layer over time between a group of MOG-ON and AQP4-ON. In the MOG-ON
group, the final visual acuity, mean visual field defect, and retinal nerve fiber layers were preserved,
while adjusting for the number of relapses [79]. In a separate study by Havla et al., the optical
coherence tomography analysis of eight patients with MOG-ON demonstrated a reduced papillary
retinal nerve fiber layer compared to MS-ON; this study also revealed the presence of microcytic
macular edema in six patients with MOG-ON and in two patients with AQP4-ON. Fellow eye was
also affected in MOG-ON [80]. The favorable long-term prognosis of MOG-ON was not replicated
in one of the largest cohort of patients (n = 50) with MOG-NMOSD [81]. Although short-term visual
acuity was improved in patients with MOG-ON, this long-term outcome was not confirmed compared
to AQP4-ON, a discrepancy that was explained by the increased number of relapses and the lack of
corticosteroid use in some of these patients with MOG-ON. Regardless, a study by Piccolo et al. found
severe visual acuity loss at onset and at last follow-up in five-eighths of patients with MOG-ON [55].
Recently, worse vision-related quality of life in both AQP4- and MOG-NMOSD than in MS patients
was reported, steered by patients with bilateral and severe ON in the NMOSD group. Additionally,
OCT, visual function and vision-related QOL parameters were similar in AQP4- and MOG-NMOSD
groups [82]. Overall, there is convergence of data that visual outcome from MOG-ON is not as
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favorable as MS-ON, but nevertheless the visual outcome from MOG-ON is more favorable than
AQP4-ON. Similar findings were recently reported in 12 Chinese Han patients [83]. The exquisite
steroid sensitivity of MOG-ON, reminiscent of that observed with CRION, raises the possibility that
CRION could be a manifestation of the MOG-inflammatory demyelinating disease spectrum. This
observation was indeed confirmed in more than one study where patients with a clinical diagnosis
of CRION or RION were found to have the MOG antibody [43,51,61,62]. The potential course of
demyelinating optic neuropathy is summarized in Figure 1. Additionally, a summary of pattern
recognition of ON in MS and AQP4- and MOG-NMOSD on orbital MRI is provided in Table 1.

Table 1. Comparative chart of optic nerve (ON) MRI in inflammatory demyelinating diseases (IDDs)
of the CNS. AQP4-NMOSD: Aquaporin 4-antibody Associated neuromyelitis optica spectrum disorder;
LEON: longitudinally extensive optic neuritis; MOG-ON: myelin oligodendrocyte glycoprotein
antibody associated optic neuritis.

MRI MS AQP4-NMOSD MOG-NMOSD

Optic nerve (Range)
[74,76,77]

• Unilateral
• Short segment 13 mm

(8–36 mm)
• Median # segments:

1 (1–4 mm)

• Bilateral
• LEON, median length

26 mm (range 14–46 mm)
• Three segments (1–8)
• Posterior predominance

with chiasma and optic
tract involvement

• Milder swelling
than MOG-ON

• Rare twisting

• Bilateral
• LEON
• Anterior predominance
• Perineural

sheath swelling
• Tilting & twisting of

the optic nerve

5. Transverse Myelitis Pattern Recognition: From Clinically Isolated Syndrome to MS, NMOSD
and Others

5.1. Multiple Sclerosis-Associated Transverse Myelitis (MS-TM) and Myelopathy

5.1.1. Acute Complete Transverse Myelitis (ACTM) versus Acute Partial Transverse Myelitis (APTM)

The distinction between complete and partial/incomplete transverse myelitis was highlighted
a quarter of a century ago [84]. Acute partial transverse myelitis is characterized by an asymmetric
or mild loss of function, which is in contrast to the involvement of all modalities in acute complete
transverse myelitis and severe neurologic deficit. In 2002, the ATM Working Group proposed a series
of laboratory tests to try to differentiate idiopathic from post-infectious or inflammatory transverse
myelitis [85]. Although this list is not fully comprehensive, it provides a framework for the workup
of ATM, and can represent a work in progress that will require occasional refinement to include new
knowledge. Spine MRI findings differ between ACTM and APTM. Lesions in the former involve the
whole cross section of the spinal cord or at least its center. Lesions in the latter are dorsolateral. The
potential for APTM to evolve into MS was recognized early. Lesions longer than three vertebrae in
length exist in MS but typically affect the dorsolateral tracts, an important differentiating factor from
the longitudinally extensive transverse myelitis associated with NMOSD. While an abnormal MRI of
the brain predicts the future conversion into MS [86–88], an estimated 20–30% of patients with APTM
and a negative cerebral MRI will convert into MS [89,90]. The presence of oligoclonal bands in the CSF
appears to increase the conversion likelihood [89].

5.1.2. The Case of Progressive Solitary Sclerosis

A rare phenotype of demyelination reminiscent of primary progressive MS, i.e., progressive
solitary sclerosis [91], consists of a solitary demyelinating CNS lesion most commonly located
within the cervical spinal cord or cervico-medullary junction. Less commonly affected areas include
the thoracic spinal cord, subcortical white matter, and ponto-mesencephalic junction. This spinal
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cord lesion is typically less than three vertebrae segments in length. Bilateral lesions involving
the medullary pyramids or cervicomedullary junction present with quadriparesis but no brainstem
symptomatology [92]. Cerebrospinal fluid analysis characteristics of MS are present in 50% of cases.
Originally described in 7 patients [91], similar clinical, CSF and imaging findings were reported in
10 more patients [93–96]. Time will tell whether solitary sclerosis should belong to the MS disease
or not.

5.2. Neuromyelitis Optica Spectrum Disorder-Associated Transverse Myelitis (NMOSD-TM) and
Longitudinally Extensive Transverse Myelitis (LETM)

5.2.1. LETM versus Spinal Cord Infarct versus Spondylotic Myelopathy

In up to 40% of cases, transverse myelitis can be the presenting manifestation of NMOSD [97,98]
The presence of a LETM almost always evokes the diagnosis of AQP4-NMOSD. However, LETM has
been associated with other inflammatory diseases of the CNS such as ADEM, MS, overlap syndromes
(e.g., Sjogren’s and NMO), sarcoidosis, antiphospholipid syndrome, vasculitis [99], Behcet’s disease,
and paraneoplastic syndrome, in addition to non-inflammatory etiologies such as intramedullary
tumors, dural arteriovenous fistula, Alexander’s disease, metabolic and compressive myelopathies
and spinal cord infarction [100,101]. An extraordinary challenge in the differential diagnosis of LETM
is spinal cord infarction. A study by Kister et al. analyzed the clinical, demographic, and MRI
characteristics of 11 cases with spinal cord infarction and 13 cases with LETM. More commonly
associated with LETM were the female gender, non-White ethnicity, bright spotty lesions on MRI of the
spinal cord described below, location within 7 cm of the cervicomedullary or cervicothoracic junction,
extension to the pial surface, and contrast enhancement. Interestingly, patient age, lesion length
and cross-sectional area, and cord expansion did not differentiate the two conditions [102]. Another
challenging diagnosis is spondylotic myelopathy that might be confused or sometimes associated with
myelitis. Flanagan et al. compiled the findings of 56 patients with the condition. A peculiar pattern of
“transverse pancake gadolinium enhancement” is described caudal to the site of maximal stenosis and
at the craniocaudal midpoint of a spindle-shaped T2 hyperintense lesion. On axial cuts, a complete or
incomplete circumferential pattern of enhancement with gray matter sparing is observed. Distinctively,
spondylotic myelopathy is associated with a prolonged contrast enhancement resolution that might
extend for a year, post-surgical decompression [103].

The following sections focuse on factors differentiating idiopathic LETM, AQP4- and
MOG-antibodies-associated LETM.

5.2.2. Seropositive Versus Seronegative LETM: Does Seronegative LETM Truly Exist?

The answer to this question is a matter of debate in the literature. In an effort to define truly
idiopathic and AQP4-antibody-associated LETM, a 2015 study by Hyun et al. enrolled 108 patients
with first-ever LETM (mean follow-up periods between seropositive and negative groups were
5.4 ± 2.6 years vs. 7.0 ± 4.4 years). To determine the true seropositive and seronegative statuses,
the AQP4 antibody status was repetitively confirmed by three different validated methodologies,
discussed below [104]. CSF glial fibrillary acid protein (GFAP) levels were measured to investigate
astrocytic damage. Of the 108 patients, 55 were positive for AQP4 antibodies (i.e., P-LETM) and 53 were
consistently negative (i.e., N-LETM). Seven out of 53 N-LETM were later diagnosed with seronegative
NMO (49%), and four were positive for MOG antibodies (8.2%). The remaining 42 patients (N-LETM)
showed several features distinct from P-LETM, including male predominance, older age of onset,
milder clinical presentation with partial transverse myelitis features, less frequent relapses, spinal
cord confinement with shorter segments, and the absence of combined autoimmunity. While CSF
GFAP levels were markedly elevated in P-LETM, they were not increased in N-LETM. In the group
of N-LETM, 39% were true seronegative or idiopathic [104], consistent with an Italian study, which
reported 41% idiopathic N-LETM among 37 first-ever LETM [105]. Interestingly, idiopathic LETM was
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not necessarily monophasic, although relapse rate was less than P-LETM [104]. Fewer patients were
treated with immunosuppressants, most likely due to the misconception that idiopathic transverse
myelitis is monophasic. The increased frequency of recurrent N-LETM in the study by Hyun et al.
compared to previous studies may be due to the longer duration of follow-up. Disease heterogeneity
was noted in the N-LETM group where severe cases were present [104]. A study by Kitley et al.
compared P-LETM and N-LETM, and produced discrepant results. In this cohort of 76 patients
presenting with LETM, 58% (n = 44) had the AQP4 antibody and 42% (n = 32) were negative. The
two groups were followed for a median of 61.35 months (with a range of 2.3–260.2 months) and 25.04
months (with a range of 1.9–169.4 months), for AQP4-antibody-positive and AQP4-antibody-negative
respectively. In this series, however, most of the AQP4-antibody-negative group had an identifiable
etiology unlike the above two series. Six of 32 had the MOG antibody (18.75%), five had ADEM, and
the rest had vasculitis, leptomeningeal syndrome, infections, paraneoplastic disease, and spinal cord
infarction. The final rate of true idiopathic N-LETM was 6.5% and true N-LETM could not be clinically
differentiated from P-LETM [106].

Albeit less common than AQP4-LETM, MOG-LETM is turning out to be an important differential
diagnosis of N-LETM, and clinical features are crucial in differentiating these two conditions. However,
the MOG antibody assay is not available commercially, and the prevalence of MOG-LETM is variable
depending on the series studied. In a 2016 study by Cobo-Galvo et al., 13 cases of MOG-LETM were
compared to 43 cases of N-LETM [107]. Distinctive clinical features in the MOG-seropositive group
included the following: younger age at onset, increased predisposition to optic neuritis relapses,
and improved prognosis. A total of 23% of patients who presented with a first episode of N-LETM
tested positive for the MOG antibody [107] vs. 18.75% in another study [106].These frequencies,
which are greater than previously described (8.2%; [104]), may be explained by discrepancies in
the definition of LETM, which was undefined in the Hyun et al. study, as well as a genetic
predisposition and unintentional selection bias. The Cobo-Calvo study had younger N-LETM patients
with a more homogeneous ethnic background and followed an acknowledged definition for LETM
(≥three vertebral segments). A large and comprehensive workup was also performed to rule out
alternative diagnoses. Equal involvement of male gender and steroid sensitivity were noted similar
to that observed with MOG-ON [74]. The clinical course of MOG-LETM patients was less severe
compared to AQP4-antibody seropositive or truly seronegative forms of NMOSD, despite the similar
frequency of severe episodes at onset and the increased relapse rate during the follow-up. Similar to
AQP4-LETM cases, a spinal cord lesion evanescence by MRI was observed in a significant proportion
of cases. A possible explanation for this recovery is the effect of the MOG antibody itself. Indeed,
the intracerebral injection of the human MOG antibody in mice causes few and transient myelin
changes, alteration of axonal protein expression without leukocyte infiltration, and recovery within
two weeks [107]. The German Study, described in detail later, reported the findings on spinal cord MRI
in MOG-NMOSD [22]. The median length of the LETM and the short segments transverse myelitis
(SSTM) was 4 and 1.5 vertebral segments, respectively. Swelling and contrast enhancement were
commonly present in 70.4% and 67.9% of transverse myelitis cases, respectively. The cervical spinal
cord was most commonly affected, followed by the thoracolumbar areas. Other reports, however,
emphasized the thoracolumbar involvement [108], particularly the conus [109]. Cord lesions were
equally distributed centrally and peripherally. Asymptomatic spinal cord lesions were also present.
In summary, the clinical and MRI phenotypes of MOG-LETM are reminiscent of AQP4-LETM, but
a male prevalence and a less aggressive course are differentiating factors. Additionally, it appears
that MOG-LETM accounts for about 20% of previously reported seronegative LETM. Furthermore,
the existence of idiopathic LETM remains arguable. Further refining its definition and the serological
assays, longer follow-ups, and the identification of more antibodies will likely decrease this group.
In addition to its dubious nature, there needs to be a close follow-up of patients affected by N-LETM
to determine long-term management, considering that the diagnosis of idiopathic LETM is associated
with less potential for long-term treatment.
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5.2.3. Short Segment Transverse Myelitis (SSTM) in Neuromyelitis Optica Spectrum Disorder

The presence of a short segment (<3 vertebral segments) transverse myelitis (i.e., SSTM)
was reported in 14% of patients with AQP4-NMOSD [110] and most recently in patients with
MOG-NMOSD [22,111]. SSTM can occur early in NMOSD, with immunosuppressive treatment
and due to MRI timing [13]. Particularly, an early MRI might detect a lesion at its beginning, and a
late MRI might capture the lesion following improvement. Not surprisingly, a delay in the diagnosis
and treatment of the SSTM associated with NMOSD in comparison to LETM is common. However,
92% of the SSTMs were followed by a LETM. Aside from the presence of the AQP4 antibody, which
is confirmatory for the SSTM disease, there are several clinical features that suggest its diagnosis,
including the following: non-White ethnicity, advanced age, personal history of autoimmunity
and tonic spasms, prior history of severe and bilateral optic neuritis with limited recovery, prior
episode of uncontrollable nausea and vomiting, and lastly, the absence of oligoclonal bands in the
CSF. Additionally, radiological features that suggest the diagnosis of SSTM include a central lesion
associated with T1 hypointensity and the absence of typical MS brain lesions [110]. Interestingly, the
frequency of SSTM at initial presentation was recently reported in 14.5% of 76 patients subsequently
diagnosed with AQP4-NMOSD [112]. Thus, SSTM is not a rare event in NMOSD, and clinical,
paraclinical, and imaging features suggestive of NMOSD are key to the diagnosis.

5.2.4. Imaging Patterns of Neuromyelitis Optica Spectrum Disorder-Associated Transverse
Myelitis (NMOSD-TM)

Linear Lesions in NMOSD

Linear lesions are defined as limited ependymal inflammation in the medulla, which is due
to weakness of the fluid-BBB, spinal cord, or both. While studying the relationship between linear
lesions and LETM, most patients with NMOSD show linear lesions preceding LETM [113]. This
raises the possibility that linear lesions are precursors to LETM. Further, the simultaneous presence
of linear lesions and LETM, or linear lesions following LETM, might reflect a more severe degree of
inflammation [113].

Bright Spotty Lesions (BSLs) in Neuromyelitis Optica Spectrum Disorder

Bright spotty lesions (BSLs) on the spinal cord were observed with or without LETM and in acute
and chronic disease states. BSLs were found in 54% of patients with NMSOD (n = 24 patients) and
3% patients with MS (n = 34) [114]. BSLs are best visualized on axial cuts with T1- and T2-weighted
imaging, where they present as hypointense and hyperintense lesions, respectively, and are located
centrally or peripherally (Figure 5). Their hypointensity on T1-weighted imaging, similar to or greater
than the CSF, and their contrast enhancement might reflect a destructive damage predominantly to the
gray matter and blood spinal cord barrier resulting in microcystic changes [114].

To further differentiate LETM (≥three vertebral segments) associated with NMOSD, MS, and
other neurological diseases of the spinal cord, the most useful MRI characteristics, as found in a study
by Pekcevik et al., were the presence of punctate or large cavities BSL, T1 “dark” lesions, and large
lesions involving more than 50% of the spinal cord cross section [115]. In the two studies, the sensitivity
of BSLs was 88% and 65%, and the specificity of BSLs was 97% and 89%, respectively [114,115]. There
was an emphasis on T1-dark rather than T1-hypointense lesions due to inter-observer disagreement
on the lesion definition for T1 hypointense. The presence of greater than 50% of cross-sectional
involvement or “transversally” extensive lesions was sensitive, but had poor specificity. Other factors
that could not differentiate between the three groups included the presence or absence and the pattern
of contrast enhancement (well-defined homogeneous or ill-defined heterogeneous), as well as spinal
cord abnormality extending into the brainstem [115]. In summary, BSLs are imaging markers of spinal
cord lesions associated with NMOSD and can be present in isolation or in conjunction with LETM;
again, their darkness on T1 should evoke the diagnosis considering that dark or severe hypointense
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lesions on T1 are rarely detected visually in transverse myelitis associated with MS [116]. The potential
course of demyelinating transverse myelopathy is summarized in Figure 3. Additionally, a summary
of pattern recognition of TM in MS and AQP4- and MOG-NMOSD on spinal cord MRI is provided in
Table 2.

Figure 5. Added to above paragraph 55-year-old African-American female, with AQP4-NMOSD
sagittal STIR cervical MRI demonstrates simultaneous linear lesion and LETM from the medulla to
C4 (5a). An axial cut at the level of the cervicomedullary junction, axial T2 demonstrates 4 peripheral
bright spotty lesions (5b).

Table 2. Comparative chart of optic nerve (ON) and spinal cord imaging in inflammatory demyelinating
diseases (IDDs) of the CNS. LEON: longitudinally extensive optic neuritis; LETM: longitudinally
extensive transverse myelitis; MOG-ON: myelin oligodendrocyte glycoprotein antibody associated
optic neuritis; SSTM: short segment transverse myelitis; #: number.

MRI MS AQP4-NMOSD MOG-NMOSD

Spinal Cord (Range)
[113,115,117]

• SSTM
• LETM less frequent
• Dorsolateral lesions

(SSTM & LETM)

• LETM
• SSTM less frequent
• Central cord lesion
• Complete resolution

of lesion
• Bright spotty lesions
• Linear lesions

• LETM
• SSTM less frequent
• Central cord lesion
• Complete resolution

of lesion
• Bright spotty lesions?
• Linear lesions

6. Brainstem and Cerebellar Pattern Recognition: From Clinically Isolated Syndrome to MS,
NMOSD and Others

6.1. Multiple Sclerosis-Associated Brainstem and Cerebellar Symptoms

At onset, optic neuritis, transverse myelitis and vertigo, diplopia, and ataxia in a person between
the ages of 20 and 50 years are quite suggestive of MS. However, although uncommon, isolated
brainstem presentation can be misleading and includes oculomotor nerve palsy, trigeminal neuralgia,
facial nerve palsy of the “peripheral type” and hemifacial spasms, which require a thorough workup
to rule out life-threatening conditions such as an aneurysm or a brainstem tumor [118]. Asymptomatic
brainstem involvement is not unusual either. Like optic neuritis and transverse myelitis, acute
demyelinating brainstem syndrome can remain isolated or can evolve into MS, NMOSD, or recurrent
brainstem encephalitis [119]. On imaging, acute posterior fossa lesions in MS present with T2
hyperintensity and contrast enhancement. Chronic lesions might show continuous T2 hyperintensity,
but it is not unusual for them to also show focal atrophy. The presence of focal lesions and atrophy,
however, is unspecific and is seen in a number of pathologies [120].
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6.1.1. Trigeminal Neuralgia or Facial Sensory Loss

Trigeminal neuralgia at onset of MS is rare, and accounts for <1% of initial MS presentations [121].
However, using routine MRI of the brain in patients with MS (pwMS), trigeminal nerve enhancement
was reported in 24 of 851 (2.8%) patients, with bilaterality in two-thirds of the patients and extension
into Meckel’s cavum in 19 patients [122]. The nerve enhancement was partial or complete, involving the
nerve across its length, from its pontine exit zone (i.e., root entry zone myelinated by oligodendrocytes),
passing by the central-peripheral transitional zone, and up to the Meckel’s cavum (i.e., myelinated
by Schwann cells). This indicates that involvement of peripheral myelin occurs in MS in addition
to the central portion in relation to the dorsal root entry zone, which is supported by pathological
studies [122,123]. A different study conducted by da Silva et al. found a similar frequency of trigeminal
nerve enhancement (2.9% of a cohort of 275 MS patients) with bilateral involvement (75% of the
cohort) [124]. Trigeminal nerve enhancement visualized by MRI is occasionally associated with sensory
symptoms of pain, anesthesia, or paresthesias [124]. A third study by Mills et al. reported an increased
prevalence of trigeminal nerve involvement in 11 of 47 patients (23%) using 3T MRI of the brain, with
1 mm slices through the posterior fossa [123]. Specifically, the intracranial trigeminal nerve pathway
was mapped and showed T2 hyperintensity in the trigeminal root entry zone and intrapontine tract,
with potential extension in either direction to the trans-cisternal portion of the nerve and what was
thought to be the trigeminal nuclei (both ascending and descending). The changes were often bilateral
(50% cases) and symmetrical. In this study, all the patients were asymptomatic [123]. In a study
by Swinnen et al. involving 43 pwMS or clinically isolated syndrome referred for trigeminal nerve
symptoms, the MRI of the brain demonstrated a linear plaque involving the intra-pontine fascicular
portion of the nerve and lesions involving the spinal nucleus and tract in 48.8% and 53.4% of the
patients, respectively. Lesions of the principal sensory nucleus and mesencephalic nucleus of the
trigeminal nerve were less common (12–33%). In this study, however, lesions were most often unilateral
(80% of the cases) [125]. In summary, uni- and bilateral trigeminal nerve enhancement is not unusually
observed on the MRI of pwMS patients, albeit asymptomatic clinically, and is an example of central
and peripheral myelin involvement in MS.

6.1.2. Oculomotor Abnormalities

Unilateral or bilateral internuclear ophthalmoplegia, the most common oculomotor abnormality
in MS and a hallmark of the disease in a person aged 20–50 years, incites practitioners to actively
follow the patient even when brain imaging is normal. [118]. However, isolated sixth nerve palsy is
very rare and was reported in three out 600 pwMS seen at a neuro-ophthalmology clinic. Usually a
brainstem lesion that affects the sixth nerve nucleus results in additional deficits due to the intimate
relationship of the fascicular fibers to other pontine structures [126]. Isolated fourth nerve palsy is also
very rare. Besides the difficulty in diagnosing superior oblique palsy, the condition is rare because
the fascicular course of the trochlear nerve is exposed to little myelin [127]. Other combinations
of oculomotor abnormalities occur in MS both acutely and chronically, including as one-and-a-half
syndrome and walled-eyes bilateral internuclear ophthalmoplegia (WEBINO). A 2016 report detailed
a list of oculomotor abnormalities and ocular instabilities observed in pwMS, including a systematic
approach to their diagnosis [128]. Periaqueductal lesions, commonly seen in NMOSD, were described
in 19.4% of pwMS patients and were associated with oculomotor abnormalities and higher brainstem
disability scores. Some of these lesions were wedge-shaped (42%), and others had an abnormally
hyperintense broad peri-aqueductal gray rim; a third group had both characteristics, meaning severe
involvement. Contrast enhancement was absent. Notably, a three-dimensional direct inversion
recovery technique is optimal in allowing for a strong contrast between periaqueductal gray and
surrounding tissue, due to a suppression of the CSF and white matter. The pathophysiology of
these lesions in the periaqueductal area is likely to involve inflammation around the subependymal
veins, similar to the areas around the lateral ventricles. Moreover, the close vicinity to the CSF and
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potential direct gliotoxic effects from the CSF might be an additional mechanism for the formation of
periacqueductal lesion in MS [129].

6.1.3. Peripheral Type Facial Nerve Palsy

The frequency of facial nerve palsy at the onset of MS varies from 1.4–4.8% [130]. In peripheral
seventh nerve palsy, the lesion of the nerve usually occurs at the level of the geniculate ganglion
(located in the facial canal) and therefore outside of the CNS. Peripheral facial palsy, however, can also
result from a central lesion at the level of the ipsilateral facial nucleus or facial nerve at the pons [131].

6.1.4. Cerebellar Symptoms

Clinically isolated cerebellar syndrome is rare in MS, but cerebellar involvement is very common
in advanced disease states and in pathological studies, even when brain imaging antemortem does not
show any cerebellar findings [132]. Brainstem lesions frequently affect the cerebellum with its afferent
and efferent tracts [133]. The clinical manifestations of cerebellar pathology depend on the lesion site
and include truncal and appendicular ataxia, eye movement abnormalities, cognitive impairment, and
tremors, which are the most common symptom. Common lesion locations include middle cerebellar
peduncles and cerebellar hemispheric white matter [120].

6.2. Acute Brainstem Syndrome Associated with Neuromyelitis Optica Spectrum Disorder

NMOSD-associated acute brainstem syndrome might be difficult to diagnose, particularly when
the brainstem syndrome is a precursor to NMOSD. Notably, brainstem syndromes in NMOSD have a
peculiar pattern that is likely easy to diagnose by a neurologist who is familiar with the presentation, but
might represent a challenge in a gastroenterology clinic. In the latest clinical criteria for NMOSD [42],
the importance of acute brainstem syndrome was highlighted by making it one of the core clinical
criteria for diagnosing seropositive NMOSD; the dorsal medullary or area postrema syndrome was
one of two very specific criteria required for diagnosing seronegative NMOSD [42].

6.2.1. Intractable Hiccups, Nausea and Vomiting

In NMOSD, intractable hiccups and nausea preceded (54% of cases) or accompanied (29% of
cases) neurological symptoms such as optic neuritis and transverse myelitis. Occasionally, a significant
increase was reported in AQP4-IgG titers. Medullary involvement based on MRI, in addition to short
or long segment spinal cord lesions, were present in about 50% of the cases [134]. Similarly, the initial
symptom for 12 patients with NMOSD was intractable vomiting for three months prior to the onset of
optic neuritis or transverse myelitis. The clinical and neuroimaging observations were consistent with
area postrema involvement, a circumventricular organ that lacks the BBB thus allowing diffusion of
stimulating IgG into the CNS [135]. Both intractable hiccups and vomiting were completely resolved
with corticosteroids [134,135]. Heralding brainstem symptoms in demyelinating diseases are not
uncommon. In a study by Cheng et al. involving 352 patients with CNS demyelinating diseases,
31 patients (8.8%) presented with an acute brainstem syndrome. The AQP4 antibody was present in
only 14 of these 31 patients (45%). Intractable hiccups, nausea, and vomiting occurred more often
in the positive group. Also in the positive group, five out of 14 patients had recurrent brainstem
symptoms before optic neuritis or transverse myelitis vs. one out of 17 in the negative group. Dorsal
medullary lesions were more often present in the positive rather than the negative group, but midbrain
and pons were equally affected in the two groups. None of the 31 patients with acute brainstem
syndrome had spinal cord lesions at onset, although LETM was commonly found in the positive group
during follow-up. Over two years, 100% of the positive group and 17.65% of the negative group
converted to NMOSD (i.e., 17 of 31 of the total group). Furthermore, seven of the 31 converted to MS,
and the remaining 7 had no further neurological events. While the Expanded Disability Status Scale
(EDSS) was similar at baseline, the positive group had increased EDSS at last follow-up, underlining
the importance of AQP4-antibody testing for diagnosis and prognosis [136]. Not unexpectedly, in a
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cohort of Chinese patients with NMOSD, medullary involvement was associated with an increased
annual relapse rate, worse medullary symptoms and disability, increased incidences of brain lesions
and LETM, and was frequently associated with thyroid diseases [137]. Interestingly, patients who
had medullary involvement more often had headaches, neuropathic pain, and a movement disorder
compared with other NMOSD patients without medullary involvement [137].

6.2.2. Oculomotor Abnormalities

A number of oculomotor manifestations, similar to the ones described in MS, have been
observed with both AQP4- and MOG-antibody associated NMOSD including (1) walled-eyes bilateral
internuclear ophthalmoplegia (WEBINO) associated with a midbrain tegmentum lesion adjacent to
the aqueduct on brain MRI [138,139], (2) ocular oscillations, including up-beating, down-beating,
central vestibular nystagmus, and opsoclonus myoclonus syndrome, [140], (3) nuclear [141] and
bilateral trochlear nerve palsy [142], and (4) central Horner syndrome [143], which has occasionally
been described in MS in relation to brainstem lesions [144–146]. Thus, with overlay in brainstem
symptomatology between MS and NMOSD, MRI of the brain and spinal cord, serology, and most
importantly, high index of suspicion are expected to lead to the final diagnosis.

6.2.3. Other Atypical Brainstem Presentations

Excessive yawning unrelated to sleep deprivation or fatigue was reported in nine patients with
the MOG antibody; five out of nine patients had yawning as a presentation of the illness in association
with nausea, vomiting, and hiccups. The duration of this excessive yawning lasted two to 16 weeks.
The MRI results were abnormal in all patients with brainstem and hypothalamic lesions [147].

Encephalopathy, albeit not a classical symptomatology of brainstem disease and NMOSD,
has been associated with diencephalic and brainstem involvement and confused with Wernicke’s
encephalopathy. The confusion between the two entities extends to the histological level, particularly
considering that the hallmarks of Wernicke’s encephalopathy are periventricular involvement of
thiamin-metabolism-rich areas with cytotoxic edema of astrocytes and neurons and hemorrhage [148].
While a new onset encephalopathy with focal symptoms and demyelination on CNS imaging is
evocative of ADEM or Susac’s syndrome [149,150], encephalopathy presentation in an established case
of NMOSD should trigger the search for posterior reversible encephalopathy syndrome, a treatment
complication and more recently overlap syndrome or NMOSD-encephalitis complex that will be
discuss later in this review. Subsequent relapses can hint at this diagnosis.

7. Tumefactive Demyelinating Lesion Pattern Recognition: From Clinically Isolated Syndrome to
MS, NMOSD and Others

7.1. Multiple Sclerosis-Associated Tumefactive Demyelinating Lesions (MS-TDLs)

TDL, defined as solitary lesions ≥2 cm, might herald symptoms of MS and represent a diagnostic
challenge when occurring in an isolated manner. Given et al. reported a pictorial essay that summarized
the MRI appearance of TDLs [151]. TDLs tend to be well delineated with minimal mass effects and
edema. TDLs typically occur at the supratentorial level, centered in the white matter, with or without
extension into the cortical gray matter. Fifty percent of TDLs typically enhance in an incomplete ring
pattern, with the open side facing the cortex. Several studies reported a centrally dilated vein and
decreased perfusion in comparison to tumors and normal-appearing white matter [152,153]. The
presence of centrally dilated veins within TDLs was again confirmed using ultrahigh field 7T MRI
of the brain [154,155]. There have been steady attempts to differentiate TDLs from brain neoplasms
through locating a novel combination of imaging techniques that allow clinical rather than surgical
diagnosis. For example, Mabray et al. demonstrated that TDLs can be diagnosed with a high degree of
specificity and differentiated from high-grade gliomas and primary CNS lymphoma on preoperative
MRI by using a combination of criteria including incomplete rim enhancement, the presence of
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multiple lesions, and high minimal apparent diffusion coefficient values on brain MRI [156]. Other
authors used conventional and non-conventional imaging techniques to differentiate brain tumors from
TDL including 11C-methionine positron emission tomography (MET-PET) [157], magnetic resonance
spectroscopy, and conventional angiography. In addition to vessel-like structures on TDLs, multiple
venous dilatations around TDLs based on angiography can be useful for the diagnosis of large
TDLs [158]. Others have attempted to differentiate TDLs from high-grade glioma using cerebral blood
volume (CBV) and flow (CBF), calculated from dynamic contrast enhanced perfusion MRI. Perfusion
MRI of regional CBV and CBF were reduced among demyelinating patients [159]. An additional
challenge of TDL is the possible association of TDL(s) and tumors. This is illustrated by a case of a
tumefactive demyelinating MS and an anaplastic oligodendroglioma where the MRI of a patient’s
brain fulfilled Barkhof’s criteria, and the CSF study was abnormal with the presence of oligoclonal
bands. An 18F-FDG-PET scan was performed that demonstrated increased tracer uptake, as expected
with a brain tumor and brain biopsy showed an anaplastic oligodendroglioma [160].

Another challenging scenario is the association of primary CNS lymphoma and TDLs both
demonstrating the same location predilection and steroid responsiveness. Primary CNS lymphoma
manifests as a uniformly contrast-enhancing mass with predilection to periventricular and superficial
locations, often contacting ventricular and meningeal surfaces. The lesions are hypo- or isointense
on T2-weighted imaging and have prominent perilesional edema. The presence of a mixed iso-
and hyperintense lesion on T2, the lack of cortical involvement, and mass effect are in favor
of TDL. A computed tomography (CT) scan of the brain demonstrates hypoattenuation in TDL
and hyperattenuation in lymphoma, underlining the importance of combining imaging modality
with CT and MRI. In both pathologies, magnetic resonance spectroscopy demonstrates increased
lipid, choline/creatinine, and myoinositol, and decreased N-acetylaspartate peaks, but elevated
glutamate/glutamine peaks favor TDL. Serial MRIs have shown continuous evolution with TDL and
stability of the content of the neoplasm [161]. Long-term evolution of an isolated TDL is unknown
and limited by the duration of the follow-up. However, like any clinically isolated syndrome, a
group will get disseminated in time and space evolving into MS or NMOSD; a second will remain
stable for the duration of follow-up, and a third might evolve into a different diagnosis [162]. Lastly,
TDLs have been reported [163] with fingolimod use in MS and inadvertently in NMOSD, fingolimod
discontinuation [164–166] or de-escalation from natalizumab [167–169]. These situations might pose
a diagnostic challenge in case of lack of familiarity with these scenarios. Albeit an uncommon
problem, TDL might represent an investigation challenge prior to, and following the diagnosis of
MS [170]. Again, ultrahigh field 7T brain MRI might be promising in tumefactive demyelinating from
non-demyelinating lesions [171].

7.2. Neuromyelitis Optica Spectrum Disorder-Associated Tumefactive Demyelinating Lesions (NMOSD-TDL)
and Hemispheric Presentations

Extensive hemispheric lesions in areas that are not enriched with AQP4 is a pattern described in
NMOSD [24,172,173]. A priori, the term tumefactive demyelinating lesion (TDL) evokes the diagnosis
of MS. However, a Korean study followed 31 patients with at least one TDL over a mean period
of 37.6 months. During this observation period, 11 patients remained idiopathic (six had a single
event, and five had recurrent demyelinating disease inconsistent with MS or NMOSD), 11 patients
developed AQP4-NMOSD, seven evolved into MS, and two had an alternative diagnosis. The increased
conversion of TDL to NMOSD in this cohort could be due to the ethnicity of the studied population, but
prior reports on TDL did not systematically test for the AQP4 antibody [162]. A common MRI pattern
of TDL-associated NMOSD includes T2-high and T1-iso-to-hypointense lesions, increased diffusivity
on apparent diffusion coefficient map, and hypo- or isointensity on diffusion-weighted images or
hyperintensity, probably due to T2 shine-through. Contrast-enhancement is typically absent or faint, an
indication of the integrity of the BBB [173]. However, in the absence of other clinical, paraclinical, and
imaging findings, the presence of TDL with partial ring enhancement could be easily confused with
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tumefactive MS [174]. Magnetic resonance spectroscopy of six TDLs in three patients with NMOSD
showed increased Cho/Cr and decreased N-acetylaspartate peaks/Cr ratios in all of the patients
and a lactate peak in two [175]. Posterior reversible encephalopathy syndrome with supratentorial
and asymmetric hemispheric presentation has been reported with NMOSD [172,176]. The clinical
presentation of TDL-associated NMOSD and posterior reversible encephalopathy syndrome-associated
NMOSD is somewhat similar, with a variable degree of encephalopathy and focal symptoms such
homonymous hemianopia [172,176].

7.3. The relationship of Balo’s Concentric Sclerosis to TDL, MS and NMOSD

Balo’s concentric sclerosis lesion, which is not the focus of our review, falls under the category of
atypical demyelination and is characterized radiologically and pathologically by concentric rings of
demyelination and remyelination. Pathologically, the concentric configuration of the lesion is explained
by the presence of radially oriented cytokines gradient that provide Balo’s lesion at the edge with some
preconditionning to ischemia and less demyelination. This is supported by autopsy studies confirming
upregulation of hypoxia-inducible proteins [177]. BCS lesions can be confused with TDL becasuse of
their large size, particularly when the layering is not easily discernible, but multiple Balo’s lesions can
coalesce to form a TDL radiographically. The evolution of a TDL into a BCS has also been reported in
the literature [178]. However, the relationship between BCS, MS and NMOSD has not been clearly
defined. Knowing that demyelination is the common denominator between these 4 entities, there are
unique characterististics for TDL and BCS that differentiate them from MS and NMOSD [179]. Like
TDL, BCS can evolve into MS or NMOSD; conversely, lesions of the Balo’s type can be seen in MS and
NMOSD [180,181]. Ultrahigh field 7T MRI of the brain holds promise in potentially differentiating
MS from NMOSD, TDL from non-demyelinating ones, and prognosticating which CIS might evolve
into MS versus not based on the visualization of the central vein sign [154,171]. The interdependent
relationship between BCS, TDL, MS & NMOSD is summarized in Figure 6.

Figure 6. Diagram summarizing the relationship between TDL, BCS, MS and NMOSD; TDL:
Tumefactive demyelinating lesion; BCS: Balo’s concentric sclerosis; MS: Multiple sclerosis; NMOSD:
Neuromyelitis optica spectrum disorder.

8. Clinical Spectrum of MOG-Antibody-Associated-Inflammatory Demyelinating Disorders

8.1. Neuromyelitis Optica Spectrum Disorder-Associated Myelin Oligodendrocyte Glycoprotein
Antibody (MOG-NMOSD)

Until recently, MOG-associated NMOSD has been occluded by its grouping with the
AQP4-antibody seronegative group. Currently, the diagnosis of seronegative NMOSD is made with
at least two clinical core criteria meeting certain specific requirements, as recently reported [42].
With overlap in clinical and MRI presentation of AQP4-associated NMOSD and MOG-associated
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NMOSD, it is necessary and important to determine a pattern to differentiate between the two
conditions. Moreover, the condition of MOG-NMOSD is not yet widely recognized due to the absence
of commercially available tests. Additionally, as of today, there is no gold standard for the optimal
MOG-antibody assay. The largest two series of MOG-NMOSD studies were reported around the
same time by the following two groups: one from Germany (n = 50 patients), referred to as the
“German series”, by the NEuroMyelitis Optica Study group (NEMOS) and one from Spain (n = 56
patients) referred to as the “Spanish series” [22,43]. The findings from these two studies are generally
representative of what is reported in the literature to date on MOG-NMOSD and are comparatively
summarized in Table 3. The two studies share some striking similarities in the mean/median age
group, with wide age range, concordant with other studies including Chinese Han patients [83,108].
Females are affected more often, as observed for MS and by other studies [182], but different from the
1:1 or even male gender dominance reported by others [108]. Unlike AQP4-NMOSD, there was no
female gender skewing. Almost all of the patients were White in both series. The median duration of
follow-up was longer in the German study, but the range was similar in both studies. The number
of relapses was greater in the German study. In both series, optic neuritis was the most common
initial symptom in 60–64% of the patients in isolation and 70–74% in combination, reflecting the
increased expression of MOG in the optic nerve compared to other CNS areas [108,183]. Importantly,
the presentation of bilateral simultaneous optic neuritis or optic neuritis with transverse myelitis is
common in MOG-NMOSD and greater than that seen for AQP4-NMOSD, which invites a careful
search of the diagnostic criteria, as previously reported [108,184]. The German group reported the time
duration for the second attack to be five months, but importantly, presentation of the second attack
was very similar to the first attack. Indeed, 72% of patients who presented with optic neuritis had
recurrent optic neuritis, and 76% who presented with transverse myelitis had recurrent transverse
myelitis. A total of 71% and 81% of the patients in both Spanish and German series, respectively, had a
relapsing course, which was greater than that reported by other groups who had a shorter duration
of follow-up [55,108]. The clinical presentation at last follow-up was not presented similarly in both
studies. At last follow-up, the disease was disseminated in 32% of patients (18 of 56) in the Spain
series and 44% of patients (22 of 50) in the German series. The difference is likely due to the longer
disease duration in the German series (75 months vs. 43 months in the Spanish series). While the
absolute number of relapses was higher in the German group, the annual relapse rate was within
range (equaling 0.8 for the isolated optic neuritis group and highest at 1.17 for the ON-TM combination
group). The final outcome in both series differed, and was worse in the German series. A total of 37% of
patients (14 of 38) were functionally blind or had severe visual loss in at least one eye, defined as 20/100
< visual acuity ≤ 20/40. Weakness or ataxia was the etiology of gait impairment in 25% of the patients.
In the Spanish series, 19% of those affected by optic neuritis had severe vision loss, defined as visual
acuity < 0.1%, and 11% had a moderately severe-to-advanced disability (Expanded Disability Status
Scale (EDSS) 4–7). There was one case of death in the German series due to brainstem encephalitis with
secondary respiratory failure. Explanatory factors for these discrepancies might include differences
in ascertainment of the cases and definition of deficit, and genetic and environmental factors that are
known to somewhat modify the risk for autoimmune diseases (such as sun exposure, vitamin D level,
diet, etc.). Also likely at play are longer disease duration with a cumulative effect on the CNS from
repetitive relapses. Despite the worse outcomes in the German group, comparison of recovery rates
from optic neuritis and/or transverse myelitis attacks to previously published rates for AQP4-NMOSD
showed an improved recovery rate (more complete and less partial/no recovery) [22], but less than
observed with MS [109,185]. Both studies reported serum antibody titers; however, the German group
provided more information on the profile of the antibody as a function of the clinical presentation,
relapsing or remitting status, and in response to treatment. For example, in the German study, antibody
titers were variable from 1/160 to 1/20,480, with the highest titers found for the combination of
optic neuritis-transverse myelitis and the transverse myelitis groups at last follow-up. This trend
was also seen in the Spain series. Serum antibodies sampled within few days to three months of
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disease onset were positive in all patients and persistent in the serum up to 10 years for available
samples of this duration. The greatest antibody titers were observed within 14 days of the attack
onset and occasionally during disease remission. During disease exacerbation, the titers were variable
intra- and inter-individually. Serum antibody titers equally decreased during disease remission,
following relapse treatment with corticosteroids and plasma exchange, and maintenance treatment
with immunosuppressants, a decrease reflective of the natural remission rather than treatment [51].
Decreased MOG antibody titers were observed during rituximab therapy, and MOG antibody titers
increased with B-cells recurrence. MOG antibodies in the CSF were present in 12 of 15 patients tested
during disease exacerbation and decreased during remission [51]. Greatest CSF MOG antibody titers
were observed for transverse myelitis. To determine antibody class and sub-class, the serum and CSF of
eight seropositive patients during exacerbation and six in remission were analyzed. All of the patients
had positive MOG-IgG1 in the serum and in the CSF [51]. Two out of the 20 patients tested from the
MOG antibody group were positive for IgM in the serum only; no CSF or serum tested positive for
MOG-IgA [22]. Overall, the CSF profile of MOG-NMOSD mirrors the profile of AQP4-NMOSD. Like
AQP4-NMOSD, neutrophils and granulocytes were present in the CSF in about two-thirds of the cases.
Consequently, the absence of oligoclonal bands and/or the presence of granulocytes and neutrophils
in the CSF should challenge the diagnosis of MS. MRI of the brain, brainstem, spinal cord, and orbits
in MOG-NMOSD are reminiscent of that seen in AQP4-NMOSD, except for the differences noted
in Table 3. For the brain MRI, supratentorial abnormalities were seen at onset in 35.4% of patients,
and infratentorial was seen in 14.6% of the patients [51]. Supratentorial lesions were periventricular,
involving the corpus callosum in a confluent manner in the frontal, parietal, temporoparietal, and
occipital deep white matter. Some lesions were subcortical or juxtacortical, including the insular cortex.
Leptomeningeal enhancement and basal ganglia involvement were observed in 1 in 50 patients each.
Infratentorial lesions at onset involved the cerebral peduncles, pons, medulla (particularly the area
postrema), the periaqueductal gray matter, and the cerebellar hemisphere and peduncles. Corpus
callosum lesions were longitudinally extensive as seen with patients with AQP4 antibodies [23]. Most
importantly, 50% of the patients fulfilled the McDonald 2010 criteria by MRI, and 62.3% fulfilled the
2006 NMO criteria. Barkhof’s criteria for DIS were fulfilled in 15% of the cases that were positive MOG
antibody and had a history of transverse myelitis and/or optic neuritis, and in 26.9% of the cases that
were positive for the MOG antibody and had a history of brain lesions [51]. Visual evoked potentials
demonstrated subclinical optic nerve damage, and asymptomatic lesions were present in the brain,
cerebellum, or spinal cord, which is a pattern observed in MS but not in AQP4-NMOSD. Importantly,
the presentation of bilateral simultaneous optic neuritis or optic neuritis with transverse myelitis
is common and invites a careful search for the correct diagnosis, as reported by others [108,184].
Typically, optic neuritis patients had improved recovery compared to transverse myelitis patients.
Deterioration was observed after corticosteroid withdrawal, as described by others [61,186]. Treatment
with plasma exchange and immunoadsorption, with or without steroids, has been associated with
complete recovery in about one-third of the cases, and partial recovery has been observed in the
majority of the cases. There were 14 untreated attacks, two without recovery, with one being fatal,
three with partial recovery, and nine with complete, or almost complete, recovery [22].
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Table 3. Comparative chart of the two largest reported series on MOG-NMOSD. * Functional blindness
is defined as a person who has to use many alternative techniques to perform tasks that are ordinarily
performed with sight that his/her pattern of daily living is substantially altered. Such alternative
techniques might include reading a newspaper by listening to it over the telephone or using Braille
to read a book. ** EDSS score includes visual functional score system (VFSS); *** BMRC: British
Medical Research Council score; a score ≤2, refers to severe paresis; ADEM: acute disseminated
encephalomyelitis; CBA: cell-based assay; FU: follow-up; IVMP: intravenous methylprednisolone;
LETM: longitudinally extensive transverse myelitis; MOG: myelin oligodendrocyte glycoprotein; ON:
optic neuritis; VA: visual acuity; TM: transverse myelitis; +/−: with or without.

Spanish Study [76]
Sepulveda et al., 2016; n = 56

German Study [60]
Jarius et al., 2016; n = 50

MOG assay CBA CBA

Gender (Female:Male) 1.67:1 2.8:1

Race 54 Caucasian; 2 others 49 Caucasian; 1 Asian

Median age disease onset (Range)
37 years
(18–70)

31 years
(6–70)

Clinical syndrome at onset (N)

• ON (34)
• LETM (12)/TM (1)
• ON + TM (5)
• ADEM (3)
• Brainstem syndrome (1)

• ON (32)
• TM (9)
• ON + transverse myelitis (5)
• ADEM (3)
• Brainstem syndrome (1)

Median time to second attack No data 5 month

Clinical syndrome at last FU (N)

• ON (27)
• Recurrent (21); CRION (3/21);

BL simultaneous (1/21)
• Monophasic (6); BL

simultaneous (5/6)
• LETM (7)/TM (3)
• LETM (7); Relapsing (1)
• SSTM (3); Relapsing (3)
• ON + TM (1)
• ADEM (2): Monophasic
• MDEM (1): Relapse at 3 and

4 years
• Relapsing brainstem syndrome

(1)
• NMOSD (14)
• Relapsing (12): ON, TM,

brainstem relapse, ON + TM (5)
• Monophasic (2)

• ON (22)
• Recurrent (14)
• Monophasic (8)
• TM (6)
• Multifocal: ON+ transverse

myelitis +/− brain +/−
brainstem (22)

Relapsing% versus Monophasic % 71% versus 29% 80% versus 20%

Median follow-up (range), months 43 (4–554) months 75 (1–507) months

MOG titers, serum (range)
MOG titers, CSF

1/960 (1/160–1/10240)
No data

1/160–1/20480
1/2–1/64

CSF

• Cells

• OCB

Mean= 41 (SD = 70)
3/53

Median = 33 (IQR 13–125)
6/45

Relapse number

125

• 85 ON
• 29 TM
• 2 ON+TM
• 5 brain
• 4 brainstem

• 205 ON
• 73 TM
• 3 cerebellum
• 9 brain
• 20 brainstem

130



Brain Sci. 2017, 7, 138

Table 3. Cont.

Spanish Study [76]
Sepulveda et al., 2016; n = 56

German Study [60]
Jarius et al., 2016; n = 50

Annualized relapse rate 1.11 0.83

Outcome

Data on VA in 46 patients

• VA < 20/100 in 19% (8/46)
ON patients

Last EDSS 2 (0–7)

• 0–2.5: 71%
• 3–3.5: 18%
• 4–5.5: 7%
• ≥6: 4%

Data on VA in 38 patients

• VA ≤ 20/100; 10/38 (26.3%)
• Functional blindness* in at

least one eye
• Severe visual loss at least one

eye 20/100 < VA ≤ 20/40;
4/38 (10.5%)

• Moderate visual loss at least
one eye

• 20/40 < VA < 20/25; 2/38
(5.3%)

• Mild visual loss at least
one eye

• 20/25 < VA < 20/20; 5/38
(13.2%)

Last EDSS** (1–10)

• Median 3 (n = 40
relapsing cohort)

• Median 2.5 (n =47
total cohort)

Data on motor deficit available
for 28 TM patients

• Severe paresis (BMRC*** ≤
2): 1/28 or 3.6%

• Moderate paresis: 4/28 or
14.3%

• Mild paresis: 6/28 or 21.4%
• Impaired ambulation (paresis

+ ataxia): 25%

Concomitant autoimmune antibodies
Concomitant autoimmune disorders

No data
n = 7 (13%)

n = 19/45 (42.2%)
n = 4/47 (8.5%)

Relapse management
• No detailed data
• Corticosteroids

• 122 relapses treated
with IVMP

• Almost-complete recovery:
50%

• Partial recovery: 44.3%
• Almost no recovery: 5.7%

Maintenance Therapy
Medications

46%
No data

Monoclonal B-cell therapies
No data

8.2. Pediatric Acute Disseminated Encephalomyelitis (ADEM)

Few studies demonstrated an increase in serum anti-MOG antibodies in patients with MS
compared to controls. The prevalence and titers of MOG antibodies in the studies were low and
had no predictive or prognostic significance in MS [187]. Subsequently, anti-MOG antibodies were
identified in pediatric demyelinating diseases, including ADEM and clinically isolated syndromes. The
presence of MOG antibodies correlated with a younger age of onset and the initial clinical presentation
of ADEM. Additionally, increased titers correlated with an initial presentation of ADEM rather than
clinically isolated syndrome. Most children with MOG antibody-associated ADEM (i.e., MOG-ADEM)
had a rapid decline in MOG antibody titers with recovery and persistence with incomplete recovery.
Based on the MRI of the brain and spinal cord, these children had more fluffy lesions and LETM with
complete resolution and improved outcome [49,50].

An interesting syndrome associated with MOG-ADEM in children is the ADEM- optic neuritis
(ADEM-ON or ADEMON) or multiphasic disseminated encephalomyelitis (MDEM-ON) complex.
Table 4 summarizes the 2 cases-series reported in the literature. The natural history and prognosis for
ADEM/MDEM-ON remains unknown considering that the median follow-up years was 4–6 years in
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the 2-case series [188]. Another case of ADEM followed by optic neuritis 71 days later and positive
MOG antibody in the serum was reported in a five-year-old Japanese girl [189]. Adding to the list of
cases of MDEM-ON is the case of a 4.5-year-old Malyasian girl with MDEM followed by optic neuritis
and positive MOG antibodies with relapses triggered by viral infections and a gluten rich diet [190].

Extending the spectrum of MOG-antibody inflammatory demyelinating diseases, Baumann et al.
reported a case series involving eight children, six White and two Asian, with MDEM and who were
positive for the MOG antibody. These children were followed for four years. The mean number of
relapses was three, (ranging from 2 to 4), and the mean inter-attack interval was four months (ranging
from one to 48 months). All children had at least two attacks separated by at least three months. Initial
multifocal deficit with and without encephalopathy were followed by optic neuritis in some children
or MDEM-ON. MOG antibodies were present in all children, but none had theAQP4 antibody. Initial
and repeat CSF studies were similar to ADEM-ON and NMOSD. MRI of the brain was characterized
as hazy and with TDLs that improved over time, along with cortical gray matter involvement in seven
patients, an area rarely involved in AQP4-NMOSD [23]. Asymptomatic white matter lesions were seen
in one child. Two LETM and two SSTM were present in four children [191].

Table 4. Summary of the 2-case series on ADEM/MDEM followed by optic neuritis. ADEM: Acute
disseminated encephalomyelitis; AQP4: Aquaporin4; GA: Glatiramer acetate; INF-beta: interferon beta;
IVIG: Intravenous immunoglobulins; MDEM: Multiphasic disseminated encephalomyelitis; MOG:
Myelin oligodendrocyte; ND: No data; OCB: Oligoclonal bands; ON: Optic neuritis; PLEX: Plasma
exchange; TDL: Tumefactive demyelinating lesions.

Hupke et al., 2012 [188] Baumann et al., 2016 [191]

N of patients 7 8

Median Age (range) years 6 (4–8) 3 (1–7)

Gender (F/M) 6/1 5/3

Clinical presentation

• ADEM

• MDEM

• ON

n = 7
n = 3/7
Unilateral in n = 6; Bilateral in n = 1
Always following ADEM/MDEM
N of attacks: 1–7
Inter-attack intervals: 3 weeks-2 years

n = 7
Unilateral/Bilateral: ND; n = 2

Median inter-attack interval Minimum 4 weeks for ON 4 months for MDEM

Preceding febrile illness; N;
(weeks prior)

ND Yes; n = 4; 4 weeks prior

Median follow up (range) years 6 for n = 4/7 4 (1–8)

Autoantibody

ADEM stage: MOG-antibody (+) 3/7
and ND 4/7
MOG- antibody (+) with ON
AQP4-antibody (-)

MDEM stage: MOG- antibody (+) 8/8
AQP4-antibody (-)

CSF
Pleocytosis
Negative OCB

Pleocytosis
Negative OCB in n = 7/8

MRI Brain
MRI spinal cord

Classical ADEM findings
New lesions with MDEM
No new brain MRI lesions during ON
ND

Classical ADEM findings with TDL
and cortical GM lesions.
New lesions with MDEM
LETM n = 2
SSTM n =2

Treatment
Improvement with corticosteroids
Azathioprine: Partial effectiveness
IFN-beta and GA: Not effective

Corticosteroids during attacks (n = 8)
IVIG (n = 1) during attack
PLEX (n = 1) during attack
IVIG Monthly (n = 4)

Outcome
Minimal to no relapses, n = 2
Continuous relapses, n = 2
Mild vision loss, n = 4

Normal n = 4
Mild-moderate deficit n = 4
(psychomotor and/or seizures)

8.3. Overlap Syndrome or Complex Neuromyelitis Optica Spectrum Disorder Encephalitis

In this review, Table 5 summarizes all of the cases of NMOSD associated with encephalitis (n = 46)
reported in the literature from 2010 onward [192–200]. While the authors of these case reports or
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series aimed to report clinical cases with “overlap syndrome”, the series by Hacohen et al. was a
systemic evaluation of CNS autoantibodies in pediatric demyelination syndrome including ADEM,
optic neuritis, LETM, and NMO [194]. The age range for the entire group as shown in Table 5 is broad,
from 16-months- to 65-years-old. The clinical presentation was of encephalitis, abnormal movement
disorders, unilateral or bilateral optic neuritis, transverse myelitis, seizures, or a combination of the
above symptoms. Abnormalities on imaging were variable from normal MRI brain to multifocal
white matter lesions and LETM, multiple cranial nerve enhancement, and gray matter involvement
(e.g., cortical and basal ganglia). Some of these cases were associated with positive serum AQP4-IgG,
others were associated with the MOG antibody, and in the majority of the cases, whenever done,
CSF NMDA-R antibody was positive. Serum NMDA titers were not available for the majority of
cases, except in one study. Glycine receptor and voltage-gated potassium channel antibodies were
positive in one and three cases, respectively [194]. In some case, antibodies for both NMDA-R and
MOG were exclusively present in the CSF. CT scan of the chest, abdomen and pelvis were performed
in a number of cases and were negative, except in one case of ovarian teratoma [199]. Pleocytosis
in the CSF was frequently present with protein elevation. Oligoclonal bands were present in 13
cases, absent in 18 cases, and not available for the rest. Full recovery was reported in 10 cases,
incomplete recovery in 21 cases, unchanged in two patients, death in one case due to rapidly evolving
pneumocystis pneumonia, and data was not available for 12 cases. Acute management included
multimodality treatment with corticosteroids, plasma exchange, and intravenous immunoglobulin
in different combinations. Immunosuppressants, such as rituximab [197,198,200], mycophenolate
mofetil [197,198], and azathioprine [199], were used mostly on acute basis, but for an unknown period
of time. We recently had a referral for diagnosis and treatment of a 21-year-old woman with history of
bilateral LEON associated with perineural sheath thickening and optic nerve twisting on orbital MRI
at the age of 9 (case not published). Throughout the years, she had three more episodes of cerebral
encephalitis (see Figure 7) associated with cortical swelling on brain MRI and seizures at the age
of 13, 17, and 19. A MOG-antibody associated disease was suspected. Extensive serum and CSF
autoantibodies testing was positive for serum NMDA-R, thyroid peroxidase, voltage gated potassium
channel autoantibodies at low titers and for MOG-antibody.

Upon literature review, we found that she had an overlap syndrome reported as benign, unilateral,
cerebral cortical encephalitis with epilepsy associated with the MOG-antibody, recently reported in four
men, aged from 23 to 39 years. All of these men had seizures, and three had associated encephalopathy
and/or psychosis. Unilateral optic neuritis (two cases) and seizures (one case) were observed at
seven months and 35 months prior to encephalitis. Encephalitis, seizure, and optic neuritis were
coincident in one case [192]. Our case was different, as following an initial episode of bilateral LEON,
she had three more episodes of encephalitis and seizures associated with waxing and waning of cortical
T2 hyperintensity over the course of 10 years. She was very recently initiated on Rituximab, and
remains on lamotrigine for seizure management, although she has not had any seizures in isolation of
encephalitis. In summary, the number of overlap syndrome cases might be underestimated. With the
lack of familiarity with this novel entity, it is perceivable that cases of NMOSD-encephalitis complex
are misdiagnosed as ADEM, paraneoplastic syndromes or toxic metabolic encephalopathy, to cite
a few.
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Figure 7. This is the case of a 21-year-old woman who presented with a history of bilateral optic neuritis
at the age of 10. She subsequently had recurrent encephalitis with cortical swelling and seizures at the
age of 13, 17 and 19. Axial FLAIR shows a right parietal cortical T2 hyperintensity with swelling (7a)
associated with minimal T1 hypointensity without contrast enhancement (7b). Recurrent encephalitis
was associated with a new right frontal cortical T2 hyperintensity with swelling (7c) associated with
minimal T1 hypointensity with contrast enhancement. (7d). A third episode demonstrated a new left
frontal cortical T2 hyperintensity with swelling (7e) associated with minimal T1 hypointensity with
contrast enhancement (7f). Serum MOG-antibody was positive.
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8.4. The Myelin Oligodendrocyte Glycoprotein (MOG) Antibody and Its Association to Other Autoantibodies

The association of the MOG antibody in inflammatory demyelinating diseases to other
autoantibodies (e.g., thyroid, celiac, antinuclear antibodies, Sjogren’s, glomerular basement membrane)
has been reported in several papers [22,43,53,55], but this association is less commonly found in
comparison to AQP4-NMOSD. Double seropositivity of AQP4 and MOG antibodies in NMOSD and
its limited forms was found by ELISA techniques [201], by cell-based assays [62,98,202], and in a
single patient with gastric cancer and NMO [53]. Known to be rare, these cases present clinically
with severe deficits because of recurrent optic neuritis or bilateral optic neuritis and simultaneous
transverse myelitis. The frequency of AQP4, glycine receptor alpha 1 subunit, and MOG antibodies
was determined in a cohort of patients with isolated optic neuritis; the combination was found in 45%
(23 of 51) of the cases of the cases and was associated with unilateral or bilateral, severe or recurrent
optic neuritis [203].

9. Other Autoantibodies, Diseases, and Biomarkers Associated with Neuromyelitis Optica
Spectrum Disorder

9.1. Aquaporin 1-Antibody Associated with NMOSD (-NMOSD)

As previously noted, there are at least 12 related AQPs expressed in mammalian tissues, and
a greater number of homologues are expressed in plants and lower organisms. Both aquaporin 1
(AQP1) and APQ4 are expressed in astrocytes, reflecting some redundancy that might functionally
important [33]. The differential expression of AQP1 and AQP4 in different parts of the astrocytes has
been demonstrated in the gray and white matter [204]. In an attempt to determine if AQP4-seronegative
NMOSD had other associated antibodies, a group of researchers from Greece analyzed the sera of
patients with inflammatory demyelinating diseases, other neuroimmune diseases and healthy control
for the presence of AQP1 antibodies. A total of 348 sera referred for AQP4-IgG testing were analyzed.
Antibodies to AQP1 and AQP4 were analyzed using radioimmunoprecipitation assay (RIPA) and
two-steps RIPA, a more sensitive technique. Aquaporin 1 antibodies could not be detected by cell-based
assays. A total of 42 out of 348 sera (12%) tested positive for the AQP4 antibody using RIPA, and
44 out of 306 remaining sera (14%) tested positive for the AQP1 antibody. A total of 14 out of 42
sera (33%) were double positive for the AQP4 and AQP1 antibodies, meaning there were a total of
58 out of 306 patients (19%) who had the AQP1 antibody. None of the MS, neuroimmune diseases
or healthy control samples had the AQP1 antibody. The female-to-male ratio was 2:1 for the AQP1
antibody and 10:1 for the AQP4 antibody. Although both AQPs share amino acid sequence identity
(51%), antibodies in the double-positive sera did not cross-react with the other antigen. Most AQP1
antibodies were more often bound to the extracellular portion of the AQP1 loop A compared to loop
C. Loop A is the more antigenic portion of AQP, has reduced identity, and shows homology to the
corresponding AQP4 sequence. Most APQ1 antibodies were IgG1. The double-positive sera, however,
had high antibody titers, indicating an interdependent immune system triggering mechanism. Epitope
spreading across the AQPs in the double-positive group is also a possibility. The clinical and imaging
data of a cohort of 22 patients, 17 with NMOSD and five with MS were reviewed. A total of 16 out of
these 22 patients with imaging data had LETM, one had transverse myelitis only, and two had MS with
a dominant spinal load. Five out 16 patients had LETM and optic neuritis. Three out of the 22 patients
had classic MS and were positive for the AQP1 antibody. However, the antibodies in the MS sera were
different and could not bind the extracellular portion or the whole AQP1 antigen. Interestingly, these
three patients had neoplasms, thus raising the possibility that the antibodies were triggered by some
neoplastic antigens. The authors concluded that the role of AQP1 in NMOSD remains unknown [205].
Findings in this study were not replicated by two more studies [206,207]. AQP1 antibody was tested
in a group of 249 patients with different types of inflammatory demyelinating diseases, using CBA
with Triton X-100. There were 98 AQP4-antibody-positive and 151 antibody-negative serum. A total of
73 out of 98 serums (74.5%) were positive for AQP1, meaning 73 were double positive. A total of 49

137



Brain Sci. 2017, 7, 138

out of 151 AQP4-antibody-negative cases turned to be AQP1-antibody-positive cases, and these had
relapsing optic neuritis, LETM, MS, or NMO. The authors concluded that there was some limited value
in using the AQP1 antibody when the AQP4 antibody was negative. Interestingly, and in keeping with
the prior group’s findings [205], CBA without the use of Triton X-100 had a low efficiency for detecting
the AQP1 antibody. However, adding Triton X-100 resulted in a dramatic increase in AQP1 antibody
detection/determination. Triton-100 is a detergent commonly used experimentally to permeabilize the
membrane of living cells and increase antigen retrieval [207]. A third group, Sanchez Gomar et al.,
attempted to detect AQP1 antibodies using CBA and ELISA. The AQP1 antibody was undetectable
using CBA and detected with low titers by ELISA in few samples. The conclusion was that the study
did not allow a sustained detection of anti-AQP1 in serum of NMOSD patients analyzed by CBA or
ELISA [206]. This was further confirmed by the absence of AQP1-antibody using a live CBA in a
cohort of patients with NMOSD, MS and controls [208]. Thus, AQP1 antibody does not convincingly
appear to be a biomarker for NMOSD. Nevertheless, the quest for more autoantibodies to diagnose
or prognosticate inflammatory demyelinating diseases will continue. The story of AQP1 antibody
is not unique and the inward rectifying potassium channel 4.1 (KIR 4.1) is another antibody where
different groups across the world had conflicting results [209–214]. KIR 4.1 is a membrane protein
expressed by oligodendrocytes, a subset of astrocytes and various tissues such as kidney. An editorial
by Hemmer provides a comprehensive analysis of the problem of isolating autoantibodies in human
diseases. Detection of autoantibodies by protein based assays remains the winner but even then,
posttranslational modification of the protein needs to be monitored during the assay [215].

9.2. Neuromyelitis Optica Spectrum Disorder as a Paraneoplastic Syndrome

Incidental malignancies were found in 31 patients among 180,000 patients evaluated for
paraneoplastic antibodies and included breast, lung, thymic, uterine cervix, B-cell lymphoma,
monoclonal gammopathy, thyroid Hurthle cell, carcinoid and pituitary somatotropinoma. These
malignancies preceded or ensued NMOSD [216]. Treatment-resistant AQP4-LETM significantly
improved, and autoantibody response reverted following breast cancer treatment. Screening for
malignancy was thus suggested in treatment-resistant demyelinating disorders [217]. A case of
invasive, poorly differentiated breast ductal carcinoma was reported in a 29-year-old woman who
presented with brainstem symptomatology. Because of a prior history of cardiac surgery, brain MRI
was not possible, but a PET scan demonstrated increased tracer uptake in the brainstem, medulla,
pons, dorsal midbrain, and left medial temporal lobe, which was consistent with brainstem and
limbic encephalitis. Serum and CSF were positive for the AQP4 antibody. The patient had a modified
radical mastectomy followed by plasma exchange (PLEX) and rituximab with significant recovery
at three months [218]. Paraneoplastic NMOSD has been also reported in association to a metastatic
carcinoid tumor to the liver. While the tumor antedated the neurological manifestation by six years,
hepatic metastases were coincident. Interestingly, AQP4 cells were present interspersed between
neuroendocrine tumor cells on pathological examination of the metastases [219]. Similar findings of
thyroid cancer expressing AQP4 were reported in a patient with thyroid cancer, predating the onset of
NMOSD [220]. Negative AQP4-antibody NMO-like disorders have been associated with collapsing
response-mediated protein 5 (CRMP5) and different malignancies such as small cell lung, prostate,
thyroid papillary, and renal cancer, and thymoma [221] as well as anti-amphiphysin antibody and
invasive poorly differentiated breast adenocarcinoma [222]. The association of the MOG antibody
inflammatory demyelinating diseases to tumors was reported in the MOG-NMOSD German series;
there was one case of mature cystic teratoma and a ganglioneuroma in one patient. Otherwise, there
were no other cases of malignancy [22].

9.3. Other Biomarkers Associated with Neuromyelitis Optica Spectrum Disorder

As diagnostic biomarkers, AQP4 and MOG antibodies allow for improved tailoring of
maintenance therapy. In a sense, they are also prognostic biomarkers as MOG-inflammatory
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demyelinating disease appears to be less aggressive than AQP4-antibody-associated diseases. The
following section addresses several available biomarkers relevant to the diagnosis and prognosis
of MOG-inflammatory demyelinating diseases and AQP4-antibody-associated diseases and allow
differentiation of the two conditions. This is by no means an exhaustive list, and the reader is directed
to the following update on NMO biomarkers [223].

9.3.1. Cerebrospinal Fluid Myelin Basic Protein (CSF MBP)

Ikeda et al. [224] analyzed MBP and GFAP levels in patients with MOG-NMOSD patients with
the MOG antibody [224]. During an acute attack, CSF MBP was increased by 10-fold, but CSF
and GFAP was undetectable. Similar work was reproduced in a larger multicenter international
collaborative study where MOG and AQP4 antibodies and markers of damage myelin (i.e., MBP)
and astrocytes (i.e., GFAP) were evaluated in the CSF of patients with NMOSD and MS. A third of
the NMOSD patient sera were positive for the MOG antibody and two-third were positive for the
AQP4 antibody. Three-fourths of the patients with NMOSD had either MOG- or APQ4-antibody in
the CSF; again, one-third of the patients were positive for the MOG antibody, and two-thirds were
positive for the AQP4 antibody. CSF GFAP was elevated in the AQP4-antibody-positive patients but
not in the MOG-antibody-positive and MS cases. Elevated CSF MBP was observed in both MOG- and
AQP4-positive antibodies, and both groups exhibited higher MBP levels compared with the MS group.
Myelin damage in AQP4-antibody-positive patients with NMOSD is recognized to be secondary
to antibody-dependent and complement-dependent astrocytic injury. The direct binding of MOG
antibodies to MOG causes myelin damage and/or oligodendrocyte dysfunction. Pro-inflammatory
cytokines released during attacks may induce the recruitment of immune cells (MOG-specific reactive
T-cells and B-cells, macrophages, etc.) and the release or synthesis of other cofactors promoting
demyelination [225].

9.3.2. Cerebrospinal Fluid (CSF) Glial Fibrillary Acid Protein (GFAP) and S100

Glial fibrillary acid protein (GFAP) is a monomeric intermediate filament protein in the astrocytes.
A marked increase in GFAP in the CSF of AQP4-antibody-positive NMO is supported by the work of
Misu et al. [226]. CSF-GFAP values in the AQP4-antibody-positive group were increased by 10,000-fold
compared with the MS and ADEM groups and by 20-fold in the spinal cord infarct group. Treatment
of three NMO patients with corticosteroid remarkably decreased CSF-GFAP close to normal levels.
The significant increase of CSF-GFAP is supported by pathological studies showing a loss of GFAP
and AQP4 reactivity in the acute perivascular lesions [31,227]. In MS, mild CSF-GFAP elevation likely
results from reactive astrogliosis in chronic lesions, whereby GFAP is released into the CSF. In NMO, the
CSF-GFAP levels strongly correlated with EDSS and spinal lesion length (r > 0.9 for both correlations).
The CSF-GFAP levels were reportedly high in other destructive pathologies such as stroke and herpes
encephalitis, but the levels were still 100-fold less than NMO. The CSF levels of S100-B, expressed by
astrocytes ensheathing blood vessels and by glia (microglia and oligodendrocyte), were also analyzed.
During acute NMO exacerbations, CSF-S100B levels were 100-fold greater than MS, ADEM and spinal
cord infarction. Like CSF-GFAP, the values decreased after corticosteroid therapy, and the levels
strongly correlated with the length of spinal cord lesions (r > 0.9). Thus, measuring astrocytic markers,
especially CSF-GFAP, would be useful for assessing astrocytopathy and clinical severity of NMO, as
well as to discriminate between AQP4-antibody-positve NMOSD and MS [226,228].
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9.3.3. Interleukin 6 (IL-6) in Neuromyelitis Optica Spectrum Disorder (NMOSD)

Between all the cytokines and chemokines described with NMOSD, interleukin 6 (IL-6) appears
to be the most relevant clinically, as it has shown the strongest correlation with clinical variables,
including CSF GFAP, cell counts, and AQP4 antibody titers [229,230] and EDSS [230]. IL-6 has
immunologic and non-immunologic roles in the CNS [231]. Parallel to its increase in the CSF, increased
serum IL-6 was observed in patients with NMO [229] Further, IL-6 induces the differentiation and
maturation of B-lymphocytes into plasmablasts further increasing the production of AQP4 antibodies,
and the differentiation of naïve T-cells into TH17 cells. Likewise, TH17 cells produce IL-17 that further
increases the production of IL-6. During initial [229] and recurrent NMOSD exacerbations, CSF-IL6
levels increase to the same extent, independent of lesion location. It is not specifically known if IL-6
is released by astrocytes or responsible for their injury, but an autocrine function of IL-6 has been
reported [232]. The increase in serum and CSF-IL-6 has been therapeutically exploited, allowing for
treatment of NMOSD with tocilizumab, a humanized monoclonal antibody inhibitor of IL-6 that is
described below [229,233,234].

10. Tips on Management of Inflammatory Demyelinating Diseases of the Central Nervous
System (CNS), with a Focus on Neuromyelitis Optica Spectrum Disorder (NMOSD)

10.1. Management of Acute Demyelinating Relapses Of The Central Nervous System

Acute management of demyelinating events is similar across the entire demyelination spectrum
and consists of high doses of intravenous methylprednisolone (IVMP) and plasma exchange (PLEX) for
severe demyelinating attacks of the CNS [235]. High-dose IVMP did not change the six-month
visual acuity in the treated vs. untreated groups during an optic neuritis treatment trial [72].
However, corticosteroids are the cornerstone of CRION management, starting with high-dose pulse
methylprednisolone followed by a prolonged oral prednisone taper [59]. Timely institution of
corticosteroids leads to prompt recovery from pain, but rapid weaning can lead to irreversible
damage. This deleterious response to steroid withdrawal should be an admonition to the diagnosis of
CRION [59]. Likewise, exquisite steroid sensitivity is observed with granulomatous optic neuropathy
and sarcoidosis and both conditions should always be ruled out [57]. Furthermore, corticosteroids
are crucial in the management of NMOSD-ON, specifically MOG-ON. Ultrahigh doses of IVMP
(2–5 g) have been used in severe cases [236]. Furthermore, while oral prednisone taper following
IVMP failed to improve disability from relapses in MS [237], a prolonged prednisone taper is
recommended with MOG-ON and CRION considering that a rapid withdrawal might lead to abrupt
visual loss [22]. This prolonged oral taper is an intermediate therapy providing segue into chronic
management. Additionally, the benefits of PLEX in treating severe demyelinating events have been
reported [235]. PLEX is a standard of care for steroid-refractory demyelinating relapses per the
European guidelines [238] and level B recommendation by the American Academy of Neurology [239].
Due to loss of proteins during plasma exchange, replacement with albumin or other plasma proteins is
required. Immunoadsorption (IA) bypasses this problem and allows for a more selective adsorption
of antibodies using a selective adsorbent to the antibody. Immunoadsorption using tryptophan
or sepharose-conjugated sheep antibodies to human Ig is not infrequently used in Europe for
management of steroid refractory NMOSD relapses [240]. The German Neuromyelitis Optica Study
Group (NEMOS) recently conducted a retrospective analysis of 871 attacks and 1153 treatment courses
in NMO/NMOSD [236]. While steroids were used with the first round of relapse management in 83.6%
cases, PLEX was used in 100% of cases at the fifth round. The frequency of attacks treated with a second,
third, fourth and fifth treatment modality was 28.2%, 7.1%, 1.4%, and 0.5%, respectively. Reportedly, the
percentage of complete and partial recovery increased and the no recovery decreased with successive
treatment courses [236]. Other treatment modalities included 54 identified combination therapies, the
most common being IVMP followed by PLEX. Predictors of complete recovery included younger age
of onset, PLEX/IA as a first treatment course and complete recovery from a prior attack. On the other
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hand, transverse myelitis attack was inversely associated with complete recovery. Characteristics such
as gender, AQP4 antibody status, time from disease onset to attack, and time since previous attack
were not predictors of complete recovery. Importantly, time from attack onset to therapy showed a
trend that appeared significant. The NEMOS group retrospectively reviewed different therapies used
in the management of MOG-NMOSD. High-dose corticosteroids were partially effective, resulting
in ultrahigh doses of IVMP use. Oral prednisone taper and additional PLEX were recommended.
Variable response to PLEX was observed, perhaps due to timing of the procedure, MOG antibody
titers, number of sessions, intensity of the relapse, the extension and site of the demyelinating event,
and optic neuritis vs. transverse myelitis vs. other locations. The exchange sessions varied from three
to 11, with relapses observed when the number of PLEX sessions was less than seven. The authors
recommended using PLEX as a substitute for ultrahigh-dose IV method prednisolone because of the
risk of cerebral venous thrombosis that was reported in one case [22].

10.2. Maintenance Therapy of Neuromyelitis Optica Spectrum Disorder (NMOSD)

A detailed overview of maintenance therapy in NMOSD and MS is beyond the scope of this review
(Table 6). Today, both AQP4- and NMOSD are similarly treated. Regarding maintenance therapies for
MOG-NMOSD, azathioprine was ineffective if used without steroids the first six months of treatment.
Methotrexate caused a reduced relapse rate in some but not all patients. Attacks were observed during
rituximab initiation, likely due to B-cell activating factor (BAFF) increase [241,242]. It is in the present
author’s clinical practice to use 1 g of IVMP a week following the first dose of Rituximab (1 g) as
worsening inflammation has been observed first hand clinically and by imaging (personal observation).
A rapid relapse rate with B-cell repopulation was noticed underlining the importance of monitoring
CD19 cells. Like NMOSD-AQP4, interferon beta caused an increase relapsed rate and glatiramer
acetate was not effective in relapse prevention [22]. Fingolimod exacerbated optic neuritis symptoms
in a case of MOG-ON within three weeks of medication initiation [53]. With the absence of disease
definition and serological markers for NMOSD in the past and the persistence of clinical manifestations
overlap to date between MS and NMOSD, empirical clinical experience, resulted inadvertently, in
morbidity and mortality using MS disease modifying therapies such as interferon beta, glatiramer
acetate, natalizumab and very lately alemtuzumab and dimethylfumarate to treat NMOSD [243–249].
Promising therapies, however, are emerging. Tocilizumab, an IL6- receptor antagonist, was shown
to reduce relapse rate in 8 patients with NMOSD by about 90%. A pragmatic use of the infusion at
the dose of 8 mg/kg administered every 4 weeks might improve its performance [250]. A humanized
IL-6R neutralizing monoclonal antibody, SA237, designed by applying recycling antibody technology
to tocilizumab, is currently being tested in 2 clinical trials [251,252]. Recycling allows SA237 to bind to
IL-6 receptor multiple times and slows medication clearance from plasma [253].
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11. Discussion and Conclusions

A number of practical learning points emerge in this review, which is geared toward the
pattern recognition of optic neuritis, transverse myelitis, brainstem/cerebellar and hemispheric
TDL-associated MS, AQP4-antibody and MOG-antibody NMOSD, overlap syndrome, and some
yet-to-be-defined/classified demyelinating disease all unspecifically labeled under MS syndrome. In the
case of demyelinating syndrome occurring past the age of 50 and as a broad suggestion, one should
suspect AQP4-NMOSD and MOG-NMOSD, although both diseases, particularly MOG-NMOSD, are
seen in the younger population. Whenever a man presents with optic neuritis or other demyelinating
symptom, the most likely root disease is MS or MOG-NMOSD, particularly considering the
overrepresentation of women in relapsing AQP4-NMOSD with a women-to-men ratio of 9:1 [111,254].
Whenever optic neuritis presents in an individual younger than 20-year-old, it is recommended
that the MOG antibody and AQP4 antibody levels be checked [74]. The classical teaching has
been that corticosteroids speed the recovery of optic neuritis but do not necessarily alter the visual
acuity outcome at six months. However, severe visual deficit has been associated with AQP4-ON,
MOG-ON, and CRION, thus calling for prompt treatment with high-dose steroids in any new patients
with optic neuritis particularly when immediate imaging of the brain is not available. With the
broadening spectrum of inflammatory demyelinating optic neuritis, MRI of the orbit is crucial; the
positive findings have diagnostic and prognostic implications, and can help tailor treatment. Because
the long-term management of these conditions differs significantly, testing for both antibodies in a
patient with his or her first optic neuritis relapse and normal MRI of the brain is recommended. The
spectrum of MOG-inflammatory demyelinating diseases underlines that female gender is not always
overrepresented in autoimmune disorders, and the MOG antibody autoimmune phenotype appears
in a considerable proportion of male patients compared to other demyelinating diseases. Although
the McDonald criteria should be reserved for patients suspected to have MS and are supposed to
be of prognostication value, their use to diagnosing MS is common particularly when the clinical
presentation of demyelinating disease is in question. By applying these criteria in clinical practice
to cases of NMOSD, there appears to be a significant phenotypic overlap with the 2006 NMO, 2015
NMOSD, and the 2010 McDonald diagnostic criteria. Whether AQP4-inflammatory demyelinating
diseases and MOG-inflammatory demyelinating diseases should be broadly categorized under the
umbrella of NMOSD remains a subject of debate [3,255]. Clinically, the two conditions share striking
similarities with the presence of longitudinally extensive optic neuritis and transverse myelitis, the
presence of neutrophils and eosinophils in the CSF, and the absence of oligoclonal bands, despite a
different underlying pathophysiology, the first being an astrocytopathy and the second a demyelinating
disease. A peculiar pattern for MOG-NMOSD emerges, including clinically, the striking presentation
of bilateral simultaneous/sequential optic neuritis with transverse myelitis; a dominant optic neuritis
phenotype, with a relapse rate higher than MS or NMOSD, nevertheless an intermediate prognosis
between MS-ON and AQP4-ON; a wide age distribution with the pediatric and geriatric population
on both ends of the spectrum; a versatile clinical phenotypes that has optic neuritis as a component
but does not fulfill MS or NMOSD diagnostic criteria such ADEM-ON [188], MDEM-ON [190,191],
benign unilateral cortical encephalitis with epilepsy [192]. Pattern recognition extends to imaging
with the presence of cortical lesions on MRI; a LEON with anterior involvement, perineural sheath
swelling and optic nerve twisting. The course is less aggressive than AQP4-NMOSD due to the
difference in the substrate of attack by the antibody. In MOG-optic neuritis, the antibody attacks
the MOG antigen, leading to demyelination. In AQP4-optic neuritis, the antibody is pathogenic
against the astrocyte, leading to direct neuronal and oligodendroglia damage. The similarity in clinical
phenotype, however, is intriguing, and raises the possibility of a downstream common pathway for
damage. Another intriguing finding is systemic autoimmunity, which is less often associated with
MOG-NMOSD compared to AQP4-NMOSD. Overlap syndromes or NMOSD-encephalitis complex
associated with NMOSD and neuronal antibodies (NMDA-R, VGKC, glycine receptor alpha 1 subunit
antibodies) have been reported with both conditions but seem to be more common with NMOSD-MOG.
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These findings parallel the auto-antigens present in AQP4- and MOG-NMOSD, the first being present
in the central and peripheral nervous system and other organs, the latter being restricted to the nervous
system. Whether the location of the antigen has a bearing on the presence or absence of systemic
autoimmunity remains to be determined. Whether the proper classification of NMOSD should be
based on clinical or biological phenotype with the identification of new target autoantigens remains
unanswered. However, the nosology of NMOSD might need to be revised. With more antibodies being
unraveled, the seropositive/seronegative terminology should be abandoned or modified, as it will
become a source of confusion once the MOG antibody testing becomes widely available. We propose
using AQP4-NMOSD and MOG-NMOSD for true seropositive NMOSD and undefined NMOSD
when an antibody is unknown/not present. This terminology will allow the incorporation of future
antibodies in the classification of NMOSD. Lastly, based on a recent article showing the MOG antibody
against native MOG in patients with MS [256], a question remains unanswered: whether or not
MOG-NMOSD is the nebulous borderland between MS and NMOSD.

Supplementary Materials: The following are available online at www.mdpi.com/link/2076-3425/7/10/138/s1,
Table S1: Evolution of MRI diagnostic criteria for dissemination in time (DIT) and dissemination in space (DIS).
CEL: Contrast-enhancing lesion, Table S2: Brain Imaging Findings in Neuromyelitis Optica Spectrum Disorder,
Figure S1: 50-year-old female, with seronegative NMO and cloudlike enhancement on axial T1 with contrast
enhancement (1a). 55-year-old African American female, with AQP4-NMOSD; presence of an ovoid right frontal
juxtacortical/subcortical T2 hyperintensity (1b) with cloud like enhancement on axial T1 with contrast (1c).
Repeat MRI of the brain 6 months later showed a significant improvement in T2 hyperintensity (1d) underlining
the evanescent nature of NMOSD lesions, Figure S2: Axial FLAIR cuts (2a and 2c) demonstrate a right middle
cerebellar peduncle and midbrain lesions with leptomeningeal contrast enhancement on T1 with contrast (2b
and 2d) in a 50-year-old female with seronegative NMOSD, Figure S3: Sagittal and axial FLAIR MRI of the brain
demonstrate diffuse involvement and swelling of the corpus callosum (3a and 3c) with high intensity rim and
lower intensity core. Axial T1 with contrast demonstrates heterogeneous contrast enhancement. Repeat brain MRI
(3b), 8 months later, demonstrates resolved edematous state with some callosal atrophy. Figure S4: 40-year-old
Caucasian women presenting with intractable hiccups, nausea and vomiting and a dorsal brainstem lesion with a
linear component involving the medulla and cervicomedullary junction seen on sagittal STIR (4a) and enhancing
with contrast on T1. Aquaporin 4 antibody was positive. Figure S5: 43-year-old female, with AQP4-NMOSD;
axial FLAIR demonstrates non-specific white matter lesions, (5a) a periventricular lesion around the posterior
horn of the left lateral ventricle (5b), confirmed on sagittal FLAIR (5c).
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Abbreviations

The following abbreviations are used in this manuscript:

ADEM Acute Disseminated Encephalomyelitis
ADEM-ON Acute Disseminated Encephalomyelitis-Optic Neuritis
ATM Acute Transverse Myelitis
APTM Acute Partial Transverse Myelitis
ACTM Acute complete Transverse Myelitis
CRION Chronic Relapsing Inflammatory Neuropathy
GFAP Glial Fibrillary Acid Protein
LETM Longitudinally Extensive Transverse Myelitis
MS Multiple Sclerosis
MS-ON MS-Associated Optic Neuritis
MS-TM MS-Asociated Transverse Myelitis
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MS-BS MS-Asociated Brainstem Syndrome
MOG Myelin Oligodendrocyte Glycoprotein
MOG-ON Myelin Oligodendrocyte Glycoprotein- Associated Optic Neuritis
MOG-TM Myelin Oligodendrocyte Glycoprotein- Associated Transverse Myelitis
MDEM-ON Multiphasic Disseminated Encephalomyelitis-Optic Neuritis
MDEM-ON Multiphasic Disseminated Encephalomyelitis-Optic Neuritis
APQ4 aquaporin 4
NMOSD Neuromyelitis Optica Spectrum Disorder
NMOSD-ON Neuromyelitis Optica Spectrum Disorder-Associated Optic Neuritis

NMOSD-TM
Neuromyelitis Optica Spectrum Disorder-Associated Transverse
Myelitis Optic Neuritis

NMOSD-BS
Neuromyelitis Optica Spectrum Disorder-Associated Brainstem
Syndrome

NMDA-R N-Methyl-D-Aspartate Receptor
ON Optic Neuritis
SION Single Inflammatory or Isolated Optic Neuritis
RION Recurrent Inflammatory or Isolated Optic Neuritis
SSTM Short Segment Transverse Myelitis
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Abstract: Pharmacological targeting of memory cells is an attractive treatment strategy in various
autoimmune diseases, such as psoriasis and rheumatoid arthritis. Multiple sclerosis is the most
common inflammatory disorder of the central nervous system, characterized by focal immune
cell infiltration, activation of microglia and astrocytes, along with progressive damage to myelin
sheaths, axons, and neurons. The current review begins with the identification of memory cell
types in the previous literature and a recent description of the modulation of these cell types in
T, B, and resident memory cells in the presence of different clinically approved multiple sclerosis
drugs. Overall, this review paper tries to determine the potential of memory cells to act as a target for
the current or newly-developed drugs.

Keywords: multiple sclerosis; MS; central memory T cells; TCM; effector memory T cells; TEM;
resident memory T cells; TRM

1. Recent Insights into Inflammatory Neuronal Injury in Multiple Sclerosis

Multiple sclerosis is one of the most prominent demyelinating disorders, and makes a bridge
between immune and neuronal systems by degenerating the neuronal myelin sheath through a series
of inflammatory mechanisms. Scientists over the decades have attempted to investigate the exact
immune mechanisms underlying the degeneration of the myelin sheath.

The classification of multiple sclerosis is as clinically isolated syndrome (CIS), primary progressive
multiple sclerosis (PPMS), secondary progressive multiple sclerosis (SPMS), and relapsing-remitting
multiple sclerosis (RRMS), depending on the progression and relapses of the disease [1]. The roles of
memory T or B cells are prominent in each of the different forms of the disease, but its role is more
prominent in the relapsing forms, as explained later in detail. The interesting fact is that the multiple
sclerosis drugs prescribed for various forms of multiple sclerosis have a major impact on the functionality
and abundance of T and B memory cells. Memory cells by definition are a group of cells which have
the experience of antigen recognition in a lifetime of T or B cells. They represent the distinctive
features of the adaptive immune functionality, and their mode of action and phenotypic features are
distinct depending on the cell types. Human memory T cells, B cells, and resident memory T cells are
CD45RO+CD45RA−, IgD+CD27+, and CD69+CD103+, respectively (cell surface antigens). The origins
and functions of the T and B cells are different, but both T and B cells have the same division of labor:
plasma cells secreting antibodies in the B cell part does the job of protective memory, and effector
memory T cells (TEMs) does the same function by migrating immediately to the inflamed peripheral
tissue and displaying necessary effector functions. Memory B cells perform the function of proliferation
and stimulation in response to antigenic stimulation, whereas central memory T cells (TCMs) do the same
job by homing in the secondary lymphoid organs and readily transform into TEMs while encountering
the antigens [2]. To support this function, TCMs express chemokine receptor CCR7 and the adhesion
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molecule L selectin (CD62L), allowing them to access the lymph nodes from blood, and TEMs express
low levels of these two chemokine receptors, permitting them to approach peripheral tissue such as
skin [3,4]. TCMs home to the lymph nodes and have a limited capacity to have effector functions
until they are stimulated by the secondary responses, whereas TEMs home to peripheral tissue and
rapidly produce effector cytokines upon antigenic stimulation. The effector cell type can give rise to
the long-lasting tissue-resident memory T cells (TRMs) which might protect against multiple encounters
of the similar group of pathogens, and which might help to develop vaccines or drugs in future [5].

2. Role of Memory T Cells in the Pathogenesis of Multiple Sclerosis

An earlier report from the group of Hedlund, G. et al. has shown that the sustained increase of
CD4+ memory T cells in the cerebrospinal fluid of multiple sclerosis patients compared to the peripheral
blood was a normal phenomenon [6]. A later report in the 1990s by the group of Zaffaroni, M. et al.
observed the augmented conversion from naïve to memory cells in chronic-progressive multiple
sclerosis [7]. Further, there is a definite trend of increase in memory CD45RO+CD4+ T cells and
a decrease in naïve CD45RA+ T cells in the peripheral blood of multiple sclerosis patients. Additionally,
there is a significant elevation of CD4/CD8 ratio [8]. In parallel, the role of memory cells in identifying
the myelin basic protein (MBP) or myelin antigen-specific T cells was continuously explored in several
publications. Most of the myelin-reactive T cells were shown to exist in the memory T cell subset [9].
Memory T cells are activated and proliferated even with the lack of CD28 co-stimulation [10,11].
Thus, this kind of co-stimulation blockade is not an effective strategy to prevent the MS responses.
Besides CD28, later study initiated the chance of Inducible COStimulator (ICOS)-co-stimulation as
an effective target for the autoimmune demyelinating disorder [12–14]. As mentioned, CD4+CD28−

cells have the full potential to proliferate in the central nervous system—a site which is devoid of any
professional antigen-presenting cells [15]. During this period, there was also a search to determine
if any cytokine has the potential to enhance the effector function of memory cells upon adoptive
transfer. It was indeed possible to find that the transforming growth factor-beta has the efficiency to
increase the memory phenotype of the cultured cells and effector function of the cells upon adoptive
transfer into an experimental autoimmune encephalomyelitis animal model [16]. An enhanced
expression of CD45RO+ memory T cells and decreased expression of CD45RA+ naïve T cells while
immunophenotyping the peripheral blood from the patients of another form of neurodegeneration
(Parkinson’s Disease) was also observed around this time [17]. After the establishment of the role
of memory T cells as one of the major culprits, there was a continuous trial to determine which
memory subset is important in case of the presence of disease or application of the drug. Some of
the examples from this investigation are the following: In a transcriptomic study, fingolimod increases
the effect of CCR7− TEMs in the peripheral blood of the patients [18–21]. On the other hand, another
important drug for this disease, dimethyl fumarate (methyl ester of fumaric acid), was shown to
lower the proportion of circulating TCM and TEM in compared to naïve T cells [22]. Further, there was
a decreased presence of Th1 CD4+ cells, increase in the abundance of Th2 CD8+ cells, and an unaltered
presence of Th17+ cells in the presence of this drug [23]. Interestingly, another clinically approved drug,
natalizumab (monoclonal antibody targeting adhesion molecule α4-integrin), increased the IFN-γ and
IL17A cytokines secreted by CD4+ memory T cells and reduced the CD49d+ Treg cells more than the
Th1 or Th17 cells [24]. In contrast, a later study showed unchanged memory, naïve, or effector T cells
with the affected B cell population [25]. In the presence of other two approved drugs viz interferon
beta (glycoprotein) and glatiramer acetate (immunomodulator), there was a beneficial decline of
TCMs and an increase of naïve cells [26]. In a recent paper, there was an attempt to explain the
association between MS, viral infection, and MS-drugs (fingolimod and natalizumab). They pointed
out Th1/Th17 central memory cells can be targeted to protect from both the MS-induced relapses and
virus-induced encephalomyelitis [27]. The investigation also found that memory cells have a favorable
phenotype compared to the naïve cells to breach the blood–brain barrier. The reason being was
the invadosome-like protrusions in them were 2–3 fold increased compared to the crawling naïve
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T cells that helped them to cross long distances (150 μm) on endothelial tight junctions before crossing
the blood–brain barrier [28,29]. As the functions and origins of TCM and TEM differ, the modulation of
these populations either in the lymph node or periphery in the presence of several MS drugs can also
have an aftermath effect on relapses after exposure to the drugs.

3. Role of Memory B Cells in the Pathogenesis of Multiple Sclerosis

The depletion of CD19+CD27+ B memory cells in the presence of natalizumab and the long-term
persistence of this status in the presence of other depleting factors like CD52 and CD20 strengthened
the importance of B memory cells in this autoimmune demyelinating disorder [30]. Along with this line,
the investigations supported the depletion of memory B cells in presence of other MS drugs, as observed
in case of memory T cells. Exploring different kinds of memory cells also resolves the underlying
mechanism of action of the drugs. For example, the therapeutic mode of action of dimethyl fumarate
(DMF) in treating relapsing-remitting multiple sclerosis is still not properly understood. In a recent
paper, memory B cells in circulating mature/differentiated B cell type was significantly diminished while
treating with this drug. The DMF-mediated decrease leads to the reduction of the pro-inflammatory
signals (GM-CSF, IL-6, TNF-α) compounded with reduced phosphorylation of STAT5/6 and NF-κB in
surviving B cells [31]. An earlier report mentioned that this drug increased the amount of B cells with
regulatory capacity (IL-10 producing B cells) [32]. Fingolimod used for treating relapsing-remitting
multiple sclerosis was shown to have broad effects on the increase/decrease of the cell populations
similar to DMF. It increases the naïve to memory cell phenotype, modulates the circulatory B cells with
an abundance of regulatory capacity and an increase of anti-inflammatory cytokines [33]. Another
first-line disease-modifying drug, interferon-beta (IFN-β), has both anti-inflammatory properties and
can effectively target the memory B cells [34]. To determine whether a single dose of the drug is
sufficient to eradicate the disease-causing cell subsets, it is elucidated that a single dose of rituximab
did not eliminate the IgG memory B cells and might facilitate the presence of auto-reactive immune
cells [35]. Along with memory B cells, the exploration of CD40 co-stimulation helped in identifying
the mechanistic pathway of the currently existing drugs. To support that, CD40-mediated elevation
in pP65 (NF-κB) level was observed in the naïve and memory cells from the relapsing-remitting and
progressive multiple sclerosis patients compared to the control subjects [36]. Further, the combination
therapy of IFN-β-1a (Avonex) and mycophenolate mofetil (Cellcept) and glatiramer acetate leads to
the modulation of hyperphosphorylation of P65 in B cells [36]. There was an intention to search for
the signaling molecule responsible for the propagation of granulocyte macrophage colony-stimulating
factor (GM-CSF) memory B cells, and it was found that the signal transducer and activator of
transcription 5/6 (STAT5/6)-regulated mechanistic pathway is upregulated in untreated MS patients,
and this also reciprocally regulates the IL-10 secretion [37]. It is also interesting to observe how different
external factors (e.g., Epstein-Barr virus, EBV) modulate the self- and poly-reactivity of memory B cells.
In the case of EBV infection, memory cells have evolved to have less self-reactivity which gives the virus
an opportunity to propagate more in B-memory cell type in contrast to others [38].

Table 1 explains a brief overview of the relationship between clinically-approved MS drugs and
modulation of memory cell types.

Table 1. The effect of multiple sclerosis (MS) drugs on different kinds of memory cells.

MS Drugs Memory T Cells Memory B Cells

Fingolimod Increase TCMs [39] Decreased [40]
Dimethyl fumarate Decrease of TEM and TCMs [41] Decreased [32]

Natalizumab Unchanged [25] Increased [25]
Interferon-β Decrease of TCMs [26] Decreased [34]

Glatiramer acetate Decrease of TCMs [26] Decreased [42]
Teriflunomide Not known Decreased [43]
Dalfampridine Not known Not known
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4. Role of Resident Memory Cells in Mediating Demyelinating Disorders

TRMs are the new bunch of memory cells having different transcriptional programs than effector
and central memory T cells. They are mostly present in the barrier tissues like the skin and gut. Among
the two populations of memory T cells (recirculating and resident) present in the peripheral tissue,
residency of the cells in the case of both CD4+ and CD8+ are determined by CD103 expression [44,45].
Other than CD103, the prominent activation marker used to identify the TRMs is CD69 [44,46]. In certain
tissues (e.g., skin and intestinal epithelium), there is no requirement of antigen presentation for
the CD103+CD8+ TRMs formation as a consequence of TGF-β signaling [46,47]. Along with the barrier
tissues, there are recent reports of the presence of TRMs in other non-barrier tissues like kidney and joint
inflammation. TRMs protect the barrier tissue against environmental pathogens, but a recent report
observed that TRM is generated in response to a topically-applied allergen. In a recent publication,
TCM was shown to match TRM in terms of their functions, viz being stimulated by the secondary
responses [48]. The TRMs were shown to present in the brain, evading the blood–brain barrier [49].
In this kind of CD103+CD8+ expression, the local antigen stimulation for CD103+ is necessary.
TRMs were present in the brain tissue after the in vitro infection with vesicular stomatitis virus,
and the effector population here was CD8+CD103+ type, but the factor required for the continuous
stimulation of T cells is still unclear. At the transcriptional level, brain TRM resembles well with
the skin, gut, and lungs but they are transcriptionally distinct from central and effector memory
population [49,50]. There is still a lack of evidence as to whether these kinds of memory cells are
indeed present in the brain. There is a recent report that supports the presence of CD8+ TRMs in
MS patients. In this report, relapsing-remitting and chronic forms of the disease were mediated by
the tissue-resident CD8+ lymphocytes, and the acute form of the disease was regulated by the effector
memory population residing in the meninges and perivascular space [51].

5. Novel Therapies Targeting Memory Cells with a Future in Clinical Development

The most important knowledge that the modulation of memory cells brings to us is the
modification of the MS patients’ immune profiles while taking the clinically-approved drugs.
The immune-modulating mechanism in the case of both T or B cells is the elevation of naïve immune
cells compared to the memory cells and the shift towards the anti-inflammatory paradigm, both of
which ensure the elimination of auto-aggressive immune cells. With the increasing knowledge, the final
goal will be to use different immunomodulators which may prevent the relapsing of MS. One such
example of the new class of modulator is VitD3, the application of which in vitro in the peripheral blood
mononuclear cells can abrogate the proportion of effector memory T cells and enhance the abundance
of naïve cells [52]. Further investigations in this direction may yield innovative treatment either with
the existing approved drugs, or in combination with other new classes of immunomodulators.
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