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Editorial on the Research Topic

“Inside-Out” vs “Outside-In” Paradigms in Multiple Sclerosis Etiopathogenesis

Multiple sclerosis (MS) is a chronic inflammatory/demyelinating disease of the central nervous
system (CNS) (Filippi et al., 2018) of unknown etiology.

Two complementary paradigms, indicated as “outside-in” and the “inside-out,” are leading
discussions about the MS origin (Stys et al., 2012). The outside-in paradigm posits a peripherally-
elicited autoimmune attack against myelin as root cause for MS, whereas inside-out implicates
a primary CNS cytodegenerative process alarming secondary autoimmune reactions against
myelin debris.

Which of the two theories better depicts the very first pathological changes in MS is debated.
Since a better evaluation of MS etiopathogenesis could also optimize patients’ management, the
present issue was aimed to stimulate a discussion about possible overlooked candidates in support
of each theory. We collected nine contributions where authors discuss the outside-in/inside-out
paradigms from different angles.

Three main aspects were discussed: (i) animal models of MS etiopathology, (ii) cellular
processes in MS pathophysiology, and (iii) tools and biomarkers enabling investigation of in vivo
pathophysiological mechanisms already from the prodromic/early phases of MS.

Titus et al. and Sen et al. summarized the most updated models supporting either the outside-in
or the inside-out theory ofMS. In particular, the first study concluded that, due to the heterogeneous
manifestation of MS pathology, a combination of both paradigms, rather than one of the two, may
better explain the origin of MS. Conversely, the second article supported the value of more recently
developed models, like the cuprizone (CPZ) mouse, to investigate primitive changes occurring
in MS brains. Interestingly, CPZ models seem ideal to reveal the mechanisms involved in MS
origin before the immune attack intervenes, and to study MS progression in conditions of immune
reaction and protection.

It is well-known that several genetic factors contribute to the increased risk to develop MS
(International Multiple Sclerosis Genetics Consortium, 2019). In their opinion article, Ferrè et
al. provided an update of genetic factors associated with MS onset, progression and treatment
response. At present, themajority of genes and biological processes associated with a higherMS risk
are implicated in immune functions (International Multiple Sclerosis Genetics Consortium, 2019).
Conversely, only a few genetic loci involved in oligodendrocyte maturation have been suggested to
contribute toMS occurrence (Factor et al., 2020). Accordingly, dysregulation of immune responses,
promoted by the genetic background and potentially triggered by environmental factors, could
represent the main mechanism in MS onset and progression.
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Of the variety of molecular pathways involved in MS
origin, several emphasize a central role of the immune system.
Misrielal et al. review the role of autophagy, whereas Morgan
et al. underline the role of the complement system in MS
pathophysiology. The novelty resides in the completely renewed
look that authors gave to these two processes in MS pathogenesis.
Both autophagy and complement production could be equally
supportive of either a primary immune attack against myelin or a
primary response to a CNS cytodegenerative process, paving the
way for future experiments that can potentially unveil the real
cause of MS.

Interestingly, both autophagy and complement production
may hold consequences for the stability of mitochondria, whose
role in MS is not new (Witte et al., 2014). Recent attention
has been dedicated to these organelles due to their putative
involvement in the destabilization of the newly described axon-
myelinic synapse (AMS), a dynamic form of communication
between axon and myelin whose malfunction has been proposed
to explain the origin of different neurodegenerative conditions
(Micu et al., 2018), including MS (Luchicchi et al., 2021).
In line with this notion, two articles by Bergaglio et al. and
Poertoawmodjo et al. focused on the role of mitochondria
instability as primitive trigger ofMS pathology from two different
angles: the role of oxidative stress-derived mitochondrial
impairment and the possible interplay between mitochondria
and Ca2+-dependent cysteine proteases.

Pathological studies and experimental models are the
gold standard approaches to investigate MS pathophysiology.
However, recently, several laboratory, neuroradiological and
neurophysiological tools have been applied to define reliable
biomarkers for understanding MS development and progression
in vivo. Promising biomarkers have been presented in the two

original research articles of our collection. Cennamo et al.
applied Optical Coherence Tomography to investigate the role
of peripapillary vessel density as an early biomarker in MS. This
tool was relevant for identifying patients in the earliest phases
of MS. Todea et al. showed how magnetic resonance imaging
(MRI) enables identification of focal demyelination in white
matter and cortical lesions already from the earliest phases of
MS. Lesion burden was associated with serum neurofilament
light chain (sNfL) levels, a biomarker of axonal injury. Moreover,
the 2-year longitudinal changes of cortical and white matter
lesion burden correlated with the cognitive performances of MS
patients. This underlined the relevance of MRI biomarkers and
sNfL to identify from the earliest disease phases reliable markers
of neurodegeneration, disease severity and progression.

In conclusion, this issue of Frontiers in Cellular Neuroscience,
-Immunology, and -Neurology provides an integrated overview
of the “hot topics” in the field of MS cause. Emerging from the
article collection is a complex picture where a dichotomy between
outside-in/inside-out theories is replaced by a more integrated
vision where both theories might equally apply according to the
specific condition. The studies published in this issue emphasize
the need for a re-evaluation of cellular processes, previously
regarded as pure indicators of immune attack (e.g., complement),
in combination with the individual (genetic) variability of MS
patients, and the development of highly predictive experimental
models/accurate biomarkers to unravel the unknown cause of the
MS in the coming years.
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Peripapillary Vessel Density as Early
Biomarker in Multiple Sclerosis
Gilda Cennamo 1†, Antonio Carotenuto 2†, Daniela Montorio 2, Maria Petracca 2,

Marcello Moccia 2, Antonietta Melenzane 2, Fausto Tranfa 2, Anna Lamberti 2,

Antonio L. Spiezia 2, Giuseppe Servillo 2, Marcello De Angelis 2, Martina Petruzzo 2,

Chiara Criscuolo 2, Roberta Lanzillo 2*‡ and Vincenzo Brescia Morra 2‡

1 Eye Clinic, Public Health Department, University of Naples Federico II, Naples, Italy, 2Department of Neurosciences,

Reproductive and Odontostomatological Sciences, Federico II University, Naples, Italy

Background: To evaluate retinal vessel density (VD) in macular and in peripapillary

regions in patients with recent onset of multiple sclerosis, at initial demyelinating event

(IDE) and in matched relapsing-remitting multiple sclerosis (RRMS) patients.

Methods: We evaluated VD in superficial capillary plexus, deep capillary plexus,

choriocapillaris and radial peripapillary capillary plexus in IDE, RRMS patients and in

matched healthy controls (HCs) through Optical Coherence Tomography Angiography

(OCT-A). Clinical history, including history of optic neuritis, Expanded Disability Status

scale and disease duration of patients were collected.

Results: Thirty patients (20 with IDE and 10 with RRMS) and 15 HCs were enrolled. IDE

patients showed a lower VD in radial peripapillary capillary plexus compared with controls

(coeff. β = −3.578; p = 0.002). RRMS patients displayed a lower VD in both superficial

capillary plexus and radial peripapillary capillary plexus compared with HCs (coeff. β =

−4.955; p= 0.002, and coeff. β=−7.446; p< 0.001, respectively). Furthermore, RRMS

patients showed a decreased VD in radial peripapillary capillary plexus compared with

IDE patients (coeff. β = −3.868; p = 0.003).

Conclusions: Peripapillary region vessel density reduction, revealed through OCT-A,

might be considered as an early event in MS, and might be relevant as a biomarker of

disease pathology.

Keywords: vascular pathology, biomarker, angio-optical coherence tomography, clinically isolated syndrome,

vessel density (VD)

INTRODUCTION

Multiple sclerosis (MS) is characterized by inflammation, demyelination and axonal loss
throughout the central nervous system. Markers for disease pathology are highly needed.
The introduction of the optical coherence tomography (OCT), fast and non-invasive imaging
technique, allowed to investigate and monitor the structural retinal damages, in particular the
ganglion cell and retinal nerve fiber layers in neurological diseases. Previous studies, analyzing
the different disease stages often accompanied by optic neuritis, demonstrated that the retinal
changes reflect not only the neurodegenerative processes but also the inflammatory disease activity.
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Cennamo et al. Angio-OCT in Early Multiple Sclerosis

Since the strong association described between the retinal
impairment and brain atrophy on MRI, the OCT parameters
play a significant role as biomarkers for MS diagnosis and follow
up (1–3). Several reports also described cerebral hypo-perfusion
and vascular pathology as pathological changes underpinning
MS etiology and evolution (4, 5). Besides the application of
advanced MRI techniques such as arterial spin-labeling, optical
coherence tomography angiography (OCT-A) offers the unique
opportunity to assess integrity of brain vasculature by looking at
vascular networks within the retina (6, 7). We recently described
a reduction of retinal vessel density (VD) on OCT-A in MS
compared with controls. Reduced VD was associated with higher
disability, as measured with Expanded Disability Status Scale
(EDSS) (8), and was further confirmed over the 1-year follow-
up, suggesting VD is a marker of disability, with improved
vascularization being inversely associated with lower disability
accrual. However, the inclusion of very early cases of MS would
have allowed a better understanding about implication of retinal
vasculature changes in the disease pathogenesis. Feucht et al.
recently studied retinal vasculature network in patients with
clinically isolated syndrome (CIS), and found vessel rarefaction
of superficial and deep retinal plexus only in eyes suffering from
previous optic neuritis, while a higher VD in choriocapillaris
layer was associated with recent relapses and MRI activity (9).

The aim of this study is to investigate VD in macular and
peripapillary regions in patients with an initial demyelinating
event (IDE), namely patients experiencing the first neurologic
symptom referable to demyelination in the central nervous
system regardless they meet MS or CIS diagnosis at MRI scan
according with 2017 McDonald criteria (10). We also aimed to
compare vascular changes in the retina between controls, IDE
and relapsing-remitting MS (RR-MS) patients through OCT-A.

METHODS

In this cross-sectional study, we enrolled IDE patients and
healthy controls (HCs) at the MS Center of the University of
Naples “Federico II,” from January 2018 to June 2019. “IDE
(initial demyelinating event) was defined as the first neurologic
symptom referable to demyelination in the central nervous
system, lasting for at least 48 h, regardless patients met RR-MS or
CIS diagnosis according with 2017 McDonald criteria (10). We
excluded patients with any history of optic neuritis, in order to
avoid a bias related to optic nerve direct damage. Family history,
motor disability assessed through EDSS, disease duration and
previous relapses were recorded for all patients. HC presented
with normal neurological and ophthalmic examinations.

Exclusion criteria were (i) a relapse and/or corticosteroid use
in the previous month (ii) the presence of systemic vascular
diseases (high blood pressure, diabetes, and heart diseases), (iii)
clinically relevant lens opacities, (iv) low-quality images obtained
with Spectral Domain (SD)-OCT and OCT-A, (v) myopia >6
diopters, (vi) history of intraocular surgery, vitreoretinal, and
retinal vascular diseases, uveitis, congenital eye disorders.

Each subject underwent evaluation of best-corrected visual
acuity according to the Early Treatment of Diabetic Retinopathy
Study (11), slit-lamp biomicroscopy, fundus examination For
each subject, we also assessed the mean deviation and pattern
standard deviation as measures of visual field for subject with
visual fixation above 20%. Finally, we performed both SD-
OCT and OCT-A. Ophthalmological evaluation was blinded
to subjects’ clinical status. The study was approved by the
Institutional Review Board of the University of Naples “Federico
II” and all investigations adhered to the tenets of the Declaration
of Helsinki (protocol number: 142/19). Written informed
consents were obtained from the subjects enrolled in the study.
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

SD-OCT
The retinal nerve fiber layer and ganglion cell complex thickness
were obtained with SD-OCT (software RTVue XR version
2017.1.0.151, Optovue Inc., Fremont, CA, USA). The acquisition
protocol for optic nerve head map was used to calculate
the retinal nerve fiber layer thickness and it was based on
measurements around a circle 3.45mm in diameter centered
on the optic disc. The ganglion cell complex thickness was
obtained centering the scan 1-mm temporal to the fovea and
covering a 7 × 7mm area over the macular region. The
ganglion cell complex thickness included themeasurements from
the internal limiting membrane to the outer boundary of the
inner plexiform layer (12). Each OCT scan was analyzed in
alignment following APOSTEL recommendations and applying
the OSCAR-IB protocol for quality control (13, 14). These
guidelines were adapted for our device.

OCT-A
OCT-A images were performed using the RTVue XR Avanti,
Optovue, Inc. (software RTVue XR version 2017.1.0.151
Freemont, California, USA) following a standardized protocol
based on the split-spectrum amplitude de-correlation algorithm,
as previously described (15). Macular capillary plexus was
visualized performing a 6 × 6mm scan over the macular
region and the percentage area occupied by the large vessels
and microvasculature in the analyzed region defined the vessel
density (16). The software identified the VD in whole area
of the macular scan considering the two retinal vascular
networks, namely the superficial and deep capillary plexuses,
and choriocapillaris. The Angio-Vue disc mode automatically
segmented the radial peripapillary capillary plexus VD analyzing
the whole papillary region with a scanning area of 4.5 × 4.5mm.
VD for the radial peripapillary capillary plexus was analyzed in
the superficial retinal layers and extended from the inner layer
membrane to the retinal nerve fiber layer posterior boundary
(17). From the analysis were excluded the images with a signal
strength index <40 and residual motion artifacts. A summary
of measures evaluated through SD-OCT and OCT-A is reported
in Figure 1.
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FIGURE 1 | Anatomic illustration of macular and optic nerve head regions showing the retinal structures analyzed by optical coherence tomography (ganglion cell

complex and retinal nerve fiber layer) and the retinal and choriocapillaris vascular networks evaluated by OCT-Angiography.

Frontiers in Neurology | www.frontiersin.org 3 June 2020 | Volume 11 | Article 5428

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Cennamo et al. Angio-OCT in Early Multiple Sclerosis

TABLE 1 | Demographic and clinical characteristics of IDE, RRMS patients and healthy controls.

Control IDE RR-MS

Eyes (N.) 30 40 20

Age, mean ± SD (years) 28.2 ± 8.6 28.9 ± 9.5 29.7 ± 6.3

Sex (female/male) 10/5 10/10 7/3

EDSS, mean ± SD (Range) - 1.85 ± 0.95 (0–2.5) 2.3 ± 0.57 (1.5–3.5)

Annualized relapse rate, mean ± SD - - 0.99 ± 1.05

Disease duration, mean ± SD (years) - 1.7 ± 2.3 4 ± 1.3

Onset modality

Brainstem, N. (%) - 6 (30%) 4 (40%)

Pyramidal, N. (%) - 5 (25%) 2 (20%)

Cerebellar, N. (%) - 1 (5%) 1 (10%)

Sensory, N. (%) - 7 (35%) 3 (30%)

Bowel/Bladder, N. (%) - 0 (0%) 0 (0%)

Cerebral, N. (%) - 1 (5%) 0 (0%)

OCT-A parameters (%)

Superficial capillary plexus, mean ± SD 53.63 ± 2.53 50.43 ± 4.47 48.75 ± 4.41

Deep capillary plexus, mean ± SD 55.97 ± 4.86 55.15 ± 6.53 53.25 ± 7.06

Choriocapillaris, mean ± SD 74.10 ± 2.66 74.08 ± 2.34 74.15 ± 2.54

Radial peripapillary plexus, mean ± SD 53.23 ± 3.35 49.62 ± 2.90 45.9 ± 3.93

OCT parameters (µm)

Ganglion cell complex average, mean ± SD 100.2 ± 6.79 98.61 ± 9.89 89.54 ± 9.85

Retinal nerve fiber layer average, mean ± SD 103.1 ± 8.19 101.83 ± 10.88 95.15 ± 13.18

Visual Field parameters

Mean Deviation, mean ± SD −0.51 ± 1.18 −0.59 ± 1.61 −1.19 ± 2.09

Pattern standard deviation, mean ± SD 2.1 ± 0.46 2.42 ± 1.12 2.25 ± 0.83

Best-corrected visual acuity, mean ± SD (logMAR) 0.03 ± 0.04 0.02 ± 0.04 0.01 ± 0.03

IDE, Initial Demyelinating Event; RRMS, Relapsing–Remitting Multiple Sclerosis; EDSS, Expanded Disability Status Scale; OCT-A, Optical Coherence Tomography Angiography; logMAR,

logarithm of the minimum angle of resolution; SD, Standard Deviation.

Statistical Analysis
Statistical analysis was performed with the Statistical Package for
Social Sciences (Version 20.0 for Windows; SPSS Inc., Chicago,
Ill, USA). One-way analysis of variance followed by Bonferroni
post hoc analysis was used to evaluate differences in visual field
parameters, age and best-corrected visual acuity amongHCs, IDE
and RR-MS patients. Chi-squared test was used to determine
sex differences among groups. Linear mixed models, including
subject, age and sex as covariates, was used to evaluate VD
differences in each retinal vascular network (superficial capillary
plexus, deep capillary plexus, radial peripapillary capillary plexus)
and in choriocapillaris, using group as factor of interests. The
same model was used to analyze differences in structural OCT
parameters (ganglion cell complex average and retinal nerve
fiber layer average) among the groups. Correlations between SD-
OCT and OCTA parameters were assessed using linear mixed
model for both IDE and RR-MS. Moreover, we analyzed the
correlations between best-corrected visual acuity, mean deviation
and pattern standard deviation, neurological (EDSS, annualized
relapse rate, and disease duration) and OCT-A parameters.
Since we evaluated VD in four different regions as dependent
variables for the linear mixed models, to correct analysis for
multiple regressions, we set the p-value for significance at p =

0.05/4 (0.012).

RESULTS

Demographic and Clinical Features
Thirty patients (20 with IDE and 10 with RR-MS) for a total
of 60 eyes and 15 HCs for a total of 30 eyes, were enrolled.
There were no significant differences for age, sex, best-corrected
visual acuity, and visual field parameters in the three groups.
After MRI evaluation, 16 out of 20 IDE (80%) patients met
criteria for CIS whereas 4 IDE patients met MRI criteria for RR-
MS. Demographic, clinical and OCT features are summarized
in Table 1.

SD-OCT
At SD-OCT exam, RR-MS patients showed lower ganglion cell
complex values compared with IDE patients (89.54 ± 9.85 vs.
98.61± 9.89; p= 0.017) and HCs (89.54± 9.85 vs. 100.2± 6.79;
p = 0.006). Ganglion cell complex thickness was not different
between IDE group and HCs. Retinal nerve fiber layer did not
differ between HCs, IDE, and RR-MS patients.

OCT-A
The VD in radial peripapillary capillary plexus was significantly
lower in IDE group compared with HCs (coeff. β = −3.578;
p = 0.002). VD for both superficial capillary plexus and radial
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TABLE 2 | Differences in OCTA parameters among IDE, RRMS and control

groups.

OCT-A parameters IDE vs. control

β (95% CI) P-value

Superficial capillary plexus −3.180 (−5.696 to −0.664) 0.015

Deep capillary plexus −0.534 (−4.021 to 2.952) 0.758

Choriocapillaris −0.111 (−1.518 to 1.296) 0.874

Radial peripapillary capillary plexus −3.578 (−5.724 to −1.431) 0.002

RRMS vs. control

β (95% CI) P-value

Superficial capillary plexus −4.955 (−7.933 to −1.977) 0.002

Deep capillary plexus −2.996 (−7.122 to 1.131) 0.15

Choriocapillaris 0.129 (−1.536 to 1.794) 0.877

Radial peripapillary capillary plexus −7.446 (−9.906 to −4.986) <0.001

RRMS vs. IDE

β (95% CI) P-value

Superficial capillary plexus −1.775 (−4.361 to 1.080) 0.216

Deep capillary plexus −2.461 (−6.418 to 1.496) 0.216

Choriocapillaris 0.240 (−1.357 to 1.837) 0.763

Radial peripapillary capillary plexus −3.868 (−6.289 to −1.448) 0.003

IDE, Initial Demyelinating Event; RR-MS, Relapsing–Remitting Multiple Sclerosis; OCT-A,

Optical Coherence Tomography Angiography; CI, Confidence Interval.

peripapillary capillary plexus was lower for RR-MS patients
compared with HCs (coeff. β = −4.955; p = 0.002, and
coeff. β = −7.446; p < 0.001, respectively; see Table 2).
RR-MS patients showed a lower VD in radial peripapillary
capillary plexus compared with IDE patients (coeff. β =

−3.868; p = 0.003; see Table 2). The VD in choriocapillaris
and deep capillary plexus did not differ between the three
groups (see Figure 2). There were no significant correlations
between OCT-A measures and visual field parameters (mean
deviation and pattern standard deviation) while VD in the
deep capillary plexus showed a significant correlation with
best-corrected visual acuity (coeff. β = −0.002; p = 0.007;
Table 3). No correlation was found between OCT-measures
and neurological parameters (EDSS, annualized relapse-rate and
disease duration).

OCT-A Correlates to SD-OCT
In patients, ganglion cell complex thickness was associated

with VD in superficial capillary plexus and radial
peripapillary capillary plexus (coeff. β = 1.474; p <

0.001 and coeff. β = 1.101; p < 0.001). Similarly, retinal
nerve fiber layer thickness was associated with VD in
radial peripapillary capillary plexus (coeff. β = 0.817;
p= 0.009; Table 4).

DISCUSSION

Notwithstanding the many progresses achieved over the last
years in uncovering different mechanisms contributing to tissue
damage and clinical disability in MS, a full understanding of

the disease pathogenesis is still hampered by the impossibility
to study the premorbid stages of the disease. To overcome this
obstacle, a valuable opportunity is provided by the exploration
of pathology abnormalities occurring in very early disease
phases. Specifically, we hereby investigated the role of vascular
abnormalities in MS pathogenesis. We evaluated their role as
early marker of disease, analyzing retinal and choriocapillaris VD
in patients with recent onset of their first demyelinating episode.
OCT-A is a reliable marker of disease and disability accrual in
definite MS (8, 15, 18), especially in later stages. However, its
role in earlier disease stages is less clear. To our knowledge,
only two studies exploring VD variations enrolled early-stage MS
patients, but in both cases these were considered in a pooled
analysis including also RR-MS patients, making impossible to
draw specific conclusions to early stage MS (9, 18). In the
present study, the comparison of patients with IDE, RR-MS,
and HCs in terms of retinal VD suggests an early involvement
of the radial peripapillary capillary plexus, regardless of the
presence of retinal atrophy or ongoing inflammation. Feucht
and colleagues recently reported a reduced VD of the superficial
capillary plexus and deep capillary plexus in eyes of MS and
CIS patients affected by optic neuritis, with no changes in
the healthy eye (9). In addition, Murphy et al. described a
reduction of superficial capillary plexus in eyes affected by optic
neuritis and, to a lesser extent, in the healthy eye (18). In
our sample, we identified a rarefaction of radial peripapillary
capillary plexus both in IDE and RRMS with no history
of optic neuritis. Both previous studies (9, 18) described an
association between inner retinal layer volumes and density
of both the superficial and deep vascular plexuses, suggesting
a relationship between retinal atrophy and the consequent
reduction in vascularization, induced by the reduced metabolic
request of the atrophic layers. In our study, similar associations
were identified between OCT-A and structural-OCT parameters
in the entire patients’ group but, as no retinal atrophy was
present in IDE patients, VD reduction in radial peripapillary
capillary plexus should not be ascribed to macroscopic structural
abnormalities of the retina nor to the presence of optic nerve
atrophy. Radial peripapillary capillary plexus rarefaction could
be indeed the proxy of a more diffuse vascular involvement
in MS pathogenesis or, alternatively, it might be related to
subtle microstructural changes of the optic nerve fibers, which
might explain the selective VD reduction in radial peripapillary
capillary plexus rather than in all the explored vascular districts.
Fibers within the retinal nerve fiber layer might suffer indirectly
from vascular damage of the optic nerve, in the frame of a
more diffuse white matter microstructural damage, that has
been described as an early finding in CIS patients (19, 20). As
per the insight gained from RR-MS patients, later on in the
disease course, radial peripapillary capillary plexus rarefaction
increased, with superficial capillary plexus showing VD reduction
too, mirroring the development of atrophy in retinal nerve
fiber layer and ganglion cell complex. Finally, similarly to what
reported by Feucht et al. for CIS/MS patients (9), abnormalities
in choriocapillaris VD were not detected in our IDE/RRMS
patients. Unfortunately, no formal analysis of the association
between choriocapillaris VD and previous relapse rate could be
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FIGURE 2 | Optical coherence tomography angiography (OCT-A) images from a healthy subject’ s left eye (male, 28 years) in the first row show normal vessel density

in superficial capillary plexus (A), deep capillary plexus (B), choriocapillaris (C) and radial peripapillary capillary plexus (D). The second row depicts OCTA features in

the left eye for a patient (female, 28 years) with initial demyelinating event. OCTA reveals normal vessel density in superficial capillary plexus (A1), deep capillary plexus

(B1), choriocapillaris (C1) with a decrease for vessel density in the radial peripapillary capillary plexus (D1). The bottom row shows a patient’s right eye (male, 29 years)

affected by relapsing-remitting multiple sclerosis. Here, vessel density is reduced in the superficial capillary plexus (A2) and radial peripapillary capillary plexus (D2)

without vessel density changes in the deep capillary plexus (B2) and choriocapillaris (C2).

performed, as the majority of our sample was constituted by
IDE subjects for whom, by definition, no past disease activity is
present in terms of more than one relapse. Furthermore, the lack
of correlation between OCT-A and clinical parameters, which
might seem counterintuitive, considering previous reports in
MS (8, 15, 18), might be similarly accounted for by the mild
clinical status of IDE patients. Eventually, due to the cross-
sectional nature of the study, we cannot completely rule out
that changes in VD without structural-OCT abnormalities might
depend on the lower inter-subject variability of OCT-A measures
compared with structural OCT measures. When analyzed over
the follow-up, SD-OCT shows high level of sensibility for
detecting retinal structural changes (21, 22). Longitudinal studies
with a larger sample size are highly needed to evaluate the
sensitivity for OCT-A in detecting progressive VD loss over the
disease course regardless of the inter-subject variability and to
assess the contribute of this technique to the already validated
standard-OCT. In addition, it is worthy to mention that OCT-
A might be more sensitive than SD-OCT in detecting retinal
abnormalities associated with subclinical optic neuritis. When

compared with visual evoked potentials, SD-OCT was shown to
be less sensitive in detecting subclinical optic neuritis (23, 24).
To explore this hypothesis a multimodal assessment of optic
nerve through SD-OCT, OCT-A, visual evoked potentials and,
eventually, MRI scans might shed further lights on this topic. In
conclusion, our data suggest that retinal vascular abnormalities
are possibly driven by primary vessel involvement, or secondary
to structural damage ongoing in the retina and optic nerve
during the disease course. The role played by each mechanism
seems to differ according to the disease stage, with VD being
the proxy of primary vessel involvement or subclinical white
matter macrostructural abnormalities in an early stage, and
retinal atrophy in a later stage. Regardless of the causative
mechanism, our results confirm the relevant role of retinal VD
as a non-invasive, early biomarker of disease, independently
from the presence of inflammation, although we recognize
that the applications of radial peripapillary capillary plexus
VD measurements as diagnostic marker in clinical settings will
require further studies to explore the specificity of such vessel
density rarefaction.
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TABLE 3 | Correlations between vessel density, visual field, and visual acuity for MS patients.

Regions Mean deviation

β (95% CI) P-value

Superficial capillary plexus 0.079 (−0.023 to 0.182) 0.127

Deep capillary plexus 0.035 (−0.016 to 0.087) 0.173

Choriocapillaris −0.046 (−0.189 to 0.097) 0.517

Radial peripapillary capillary plexus −0.103 (−0.200 to −0.005) 0.038

Pattern standard deviation

β (95% CI) P-value

Superficial capillary plexus −0.018 (−0.098 to 0.062) 0.654

Deep capillary plexus −0.015 (−0.058 to 0.028) 0.480

Choriocapillaris −0.001 (−0.116 to 0.113) 0.978

Radial peripapillary capillary plexus 0.017 (−0.057 to 0.092) 0.637

Best-corrected visual acuity

β (95% CI) P-value

Superficial capillary plexus 0.003 (−0.0001 to 0.006) 0.061

Deep capillary plexus −0.002 (−0.005 to 0.0008) 0.007

Choriocapillaris −0.0008 (−0.005 to 0.004) 0.733

Radial peripapillary capillary plexus −0.0002 (−0.003 to 0.002) 0.855

CI, confidence interval.

TABLE 4 | Correlations between OCTA and OCT parameters in the group including IDE and RRMS patients.

OCT-A parameters Ganglion cell complex average Retinal nerve fiber layer average

β (95% CI) P-value β (95% CI) P-value

Superficial capillary plexus 1.474 (0.910 to 2.039) <0.001 0.486 (0.138 to 1.389) 0.123

Deep capillary plexus −0.215 (−0.549 to 0.118) 0.197 −0.145 (−0.442 to 0.152) 0.321

Choriocapillaris −0.166 (−0.983 to 0.649) 0.683 0.712 (−0.142 to 1.567) 0.098

Radial peripapillary plexus 1.101 (0.591 to 1.612) <0.001 0.817 (0.218 to 1.416) 0.009

OCT-A, Optical Coherence Tomography Angiography; CI, Confidence Interval.
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Introduction: Changes in cortical and white matter lesion (CL, WML) load are pivotal

metrics to diagnose and monitor multiple sclerosis patients. Yet, the relationship between

(i) changes in CL/WML load and disease progression and between (ii) changes in

CL/WML load and neurodegeneration at early MS stages is not yet established. In

this work, we have assessed the hypothesis that the combined CL and WML load as

well as their 2-years evolution are surrogate markers of neurodegeneration and clinical

progression at early MS stages. To achieve this goal, we have studied a group of RRMS

patients and have investigated the impact of both CL and WML load on neuroaxonal

damage as measured by serum neurofilament light chain (sNfL). Next, we have explored

whether changes in CL/WML load over 2 years in the same cohort of early-MS are related

to motor and cognitive changes.

Methods: Thirty-two RRMS patients (<5 years disease duration) underwent: (i) 3T MRI

for CL/WML detection and clinical assessment at baseline and 2-years follow-up; and

(ii) baseline blood test for sNfL. The correlation between the number and volume of

CL/WML and sNfL was assessed by using the Spearman’s rank correlation coefficient

and a generalized linear model (GLM). A GLM was also used to assess the relationship

between (i) the number/volume of new, enlarged, resolved, shrunken, stable lesions and

(ii) the difference in clinical scores between two time-points.

Results: At baseline, sNfL levels correlated with both total CL count/volume

(ρ = 0.6/0.7, Corr-P < 0.017/Corr-P < 0.001) and with total WML count/volume (ρ

= 0.6/0.6, Corr-P < 0.01 for both). Baseline sNfL levels also correlated with new

WML count/volume (ρ = 0.6/0.5, Corr-P < 0.01/Corr-P < 0.05) but not with new CL.
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Longitudinal changes in CL and WML count and volume were significantly associated

with (i) sustained attention, auditory information, processing speed and flexibility (p <

0.01), (ii) verbal memory (p < 0.01); (iii) verbal fluency (p < 0.05); and (iv) hand-motor

function (p < 0.05).

Discussion : Changes in cortical and white matter focal damage in early MS patients

correlate with global neuroaxonal damage and is associated to cognitive performances.

Keywords: early relapsing remitting multiple sclerosis, MRI, MP2RAGE, cortical lesions, serum neurofilamants

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory demyelinating
disease of the central nervous system, which leads to the
formation of focal demyelinating plaques in white and gray
matter (1, 2). These lesions appear on a background of
an inflammatory reaction—characterized by accumulation of
lymphocytes and activated microglia—and show demyelination,
in which axons are at least partially preserved (3). At all MS
stages, white matter lesions (WML) are characterized by different
levels of inflammatory activity, remyelination and axonal loss,
with more evident ongoing activity in lesions of patients at early
MS stages (4–7).

Cortical demyelination—which may be focal or diffuse—is
also frequent in MS and present at early MS stages (8). Cortical
lesions appear inflammatory and strongly associated with
meningeal inflammation (8) and encompass plaques affecting
both the cortex and the underlying white matter (leukocortical
lesions), small perivascular lesions that completely located within
cerebral cortex (intracortical lesions) and subpial cortical lesions
(9, 10).

The presence and changes in cortical and white matter lesions
(CL, WML) load are pivotal metrics for the management of
multiple sclerosis (MS) patients (11).

The number of WML and CL in patients with suspicious
symptoms of MS is a fundamental criterion for the diagnosis
of the disease (12). WML number at baseline is predictive
of conversion to MS at 20-years follow-up in patients with
clinical isolated syndrome (13), and WML volume appears to
be associated with disability, motor and cognitive outcome at
long-term follow-up (14). The number of CL appears to correlate
with disability and cognition in early MS stages and shows
even stronger associations with those outcome measures than
WML load (15). Besides, CL load is strongly and positively
associated with cognitive dysfunction andwith severe graymatter
atrophy (10). Also, cortical pathology—better than WML load—
is related to disability progression in all MS disease phenotypes
(16) and extensive cortical damage at onset is associated with
both florid inflammatory clinical activity and rapid occurrence
of the progressive phase (16).

Regarding patient monitoring, the accumulation of focal
damage (i.e., the increase in WML number) is one of the
criteria that is currently used to follow-up therapy response and
eventually therapy-switch in MS patients (17, 18).

Irreversible central nervous system damage occurs in the
early phase of MS and significantly contributes to disability

progression in later stages of the disease (19, 20). That is why
it is currently accepted that early treatment favorably impacts
the long-term outcomes of MS patients (17, 21, 22), reduces
disability progression in patients with RRMS, and decreases
the risk of developing clinically defined MS in patients with
clinically isolated syndrome (23–26). Nonetheless, with the
current plethora of MS therapies, it is of outmost importance
to stratify patients that might benefit from more aggressive
therapeutic regimens than others at early disease stages.

To date, it remains unclear (i) whether changes in CL/WML
load during the first years of MS disease parallel changes in
clinical outcome and (ii) whether CL/WML load in early MS is
proportional to ongoing neurodegeneration.

In this work, we have assessed the hypothesis that—in early
MS—the combined CL and WML load as well as the 2-
years evolution of CL/WML number and volume are surrogate
markers (i) of neurodegeneration and (ii) of clinical progression.
To achieve this goal, we have studied a group of RRMS patients
and have investigated the impact of both CL and WML load on
neuroaxonal damage as measured by serum neurofilament light
chain (sNfL) (27, 28). Next, we have explored whether changes in
CL/WML load over 2 years in the same cohort of early-MS are
related to motor and cognitive changes.

METHODS

Population and Clinical Assessment
We performed a retrospective analysis in a cohort of patients
enrolled at Lausanne University Hospital. Thirty-two early
RRMS patients with <5 years disease duration were enrolled in
the study (TP1) and followed up 2 years later (TP2). Inclusion
criteria for patients were the following: definite MS diagnosis
according to the revised McDonald criteria 2017, <5 years
disease duration at enrolment, age between 20 and 70 years old
and no other neurological or psychiatric disorder more than 3
months after the last relapse and/or end of corticosteroid therapy.
Exclusion criteria were: claustrophobia and contraindications
to MRI.

Also, at both TP1 and TP2, each of the 32 subjects underwent
advanced MRI and a clinical examination, and 25 of them had
blood sampled to measure sNfL levels at TP1.

Clinical assessment was performed using: (i) Expanded
Disability status scale (EDSS) (29), (ii) Multiple Sclerosis
Functional Composite score (MSFC) (30), (iii) Brief Repeatable
Battery of Neuropsychological Tests; (BRBN) (31), (iv) Hospital
Anxiety and Depression scale (HAD) (32), (v) Fatigue Scale for
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Motor and Cognitive functions (33). Physical disability of the
patients was scored using the Expanded Disability Status Scale
(EDSS). The difference between clinical scores at TP2 and TP1
(TP2–TP1) was used as a measure of clinical changes over time.

The institutional ethics review board approved the study and
all patients gave their written informed consent.

MR Imaging Acquisition
Images were acquired on a 3T scanner (MAGNETOM Trio
a Tim system, Siemens Healthcare, Erlangen, Germany) using
a 32-channel head coil. The imaging protocol included:
Magnetization-Prepared 2 Rapid Acquisitions Gradient Echo
(MP2RAGE, TR/TI1/TI2= 5,000/700/2,500ms, vs= 1.0× 1.0×
1.2mm3, acquisition time:∼8min) (34) and 3D Fluid-attenuated
inversion recovery (FLAIR, TR/TE/TI = 5,000/394/1,800ms, vs
= 1.0× 1.0× 1.2mm3, acquisition time:∼6 min).

Image Analysis
WML/CL were segmented by consensus by a neurologist and
a neuroradiologist on 3D FLAIR and MP2RAGE images using
ITK-SNAP [http://www.itksnap.org, (35)]. WML/CL number
and volumes were then extracted from the segmented lesion
masks using MATLAB.

The detection of CL and the definition of CL types was
performed on MP2RAGE images, which are known to be more
sensitive to cortical focal pathology than both MPRAGE and
3D FLAIR (36). Cortical lesions were segmented if they were
characterized by a local cortical hypointensity on MP2RAGE
compared to the surrounding gray matter and they had at least
1mm in plane resolution and more than three pixels in size.

The experts who manually performed lesion detection were
unaware of the patients clinical status and cognitive tests results.

MS lesions were then classified in five groups as proposed in
(37) depending on their evolution between the two time-points:
new (identifiable on the TP2 images but not on the TP1 images);
enlarged (characterized by a diameter increased at TP2 by at least
50%); resolved (clearly visible on the TP1 images but not on the
TP2 images); shrunken (characterized by a diameter decrease at
TP2 by at least 50%); stable: do not follow any of the above criteria
(Figure 1). For the segmentation of new, resolved, shrunken,
enlarged and stable lesions, we applied an automated method
developed in house (38).

Serum Neurofilaments Measuring
Serum neurofilament light chain levels were measured using an
electrochemiluminescence-based immunoassay (27).

Statistical Analysis
Assessment of the relationship between (i) CL/WML load at
baseline and baseline sNfL and (ii) 2-years changes in CL/WML
load and baseline sNfL

In patients, we performed Spearman’s correlations between
baseline sNfL and baseline number/volume of CL/WML. We
also performed Spearman’s correlations between baseline sNfL
and changes in number/volume of CL/WML at 2-years follow-
up. P-values were obtained from the permutation test with a
case resampling rate of 10,000. False discovery rate correction

was performed by using the Benjamin-Hochberg procedure to
account for multiple comparisons.

A univariate general linear model (GLM) was also performed
to assess the relative contribution of CL and WML to sNfL
variations, which were transformed by Box-Cox transformation
to be normally distributed since the p-value of the Shapiro-Wilk
test on the sNfL is <0.001. The best GLM model was selected
by Akaike information criterion (AIC) to reduce the risks of
overfitting and underfitting.

Assessment of the relationship between changes in CL/WML
load and clinical changes

General linear model was performed using: (i) the number
of new, enlarged, resolved, shrunken, stable lesions as well as
the volume of new, enlarged, resolved, shrunken, stable lesions
as predictors and (ii) the delta (TP2-TP1) of each cognitive,
motor and disability score as outcome. We checked the delta
of all measures for normality by the Shapiro-Wilk test and the
following were Box-Cox transformed: PASAT, SRT-LTS, SRT-
D, and SDMT. The delta of each measure to be transformed
was rendered positive by subtracting the minimum of the
delta and adding 0.01∗ the maximum of the delta to avoid
having negative values in the Box-Cox transformation. Age,
gender, number of education years, and the change of the
anxiety and depression scores were considered as covariates. This
cohort of stable patients did not exhibit any relapses between
TP1 and TP2. Backward-stepwise analyses based on AIC were
performed to select the best prediction model for each clinical
score. Bonferroni correction was applied to correct for the
familywise error rate. A leave-one-out cross-validation (LOOCV)
was conducted to assess the prediction quality of each model
measured by the Spearman’s correlation coefficient between the
true and predicted outcomes in the validation sets of all folds.

Statistical analysis was performed using the R-project for
statistical computing (https://www.r-project.org/).

RESULTS

Our cohort of RRMS patients consisted of 32 subjects, 13 males,
19 females with age at enrollment 35 ± 9.9 years (mean ±

standard deviation, range 20–70 years); follow-up interval 21.4±
2.5 months, (mean ± standard deviation, range 16–27 months).
All patients were < 5 years from initial symptoms 32 ± 21.6
months (mean ± standard deviation, range 3–70 months) and
disease diagnosis 26± 19.3 months (mean± standard deviation,
range 0–59 months) at TP1. 88% of patients were on treatment at
the baseline and 94% on treatment at the follow-up.

At baseline, 76% of patients (n= 24) were on Interferon Beta,
15% (n= 5) on Fingolimod and 9% (n= 3) onGlatiramer acetate.
Treated patients remained on the same treatment for the entire
duration of the study. There was no corticosteroid therapy within
the 3 months preceding the enrollment and follow-up MRI.

Clinical scores at the time of enrollment (TP1), at the follow-
up (TP2) and the difference in clinical scores between the two
time-points (TP2-TP1) as a measure of clinical changes over time
are shown in Table 1.

Frontiers in Neurology | www.frontiersin.org 3 September 2020 | Volume 11 | Article 97316

http://www.itksnap.org
https://www.r-project.org/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Todea et al. Cortical and White Matter Lesions

FIGURE 1 | Top row: Exemplary sagittal view in one patient showing WML and CL type 1, 2, and 3. Bottom rows: Axial slices of MP2RAGE and 3D FLAIR images

showing exemplary new, enlarged, shrunken and resolved WML as automatically detected.

Longitudinal Changes in CL/WML
Baseline numbers and changes in WML and CL number over 2
years are reported in Figures 2, 3.

Correlation Between sNfL and CL/WML at
Baseline and With Changes in CL/WML
Over 2 Years
At baseline, 164 (80.4%) of CL were type 1, 39 (19.1%) were type 2
and 1 only of type 3 (0.5%) in patients havingmeasured sNfL. The
sNfL levels in MS patients correlated with total CL count/volume
(ρ = 0.6/0.7, Corr-P < 0.01/Corr-P < 0.001) to a similar extent
than with total WML count/volume (ρ = 0.6/0.6, Corr-P < 0.01
for both),Table 2. Specifically, sNfL correlated with both CL-type
I number/volume (ρ= 0.5/0.6, Corr-P< 0.05/Corr-P< 0.01) and

with CL- type II number/volume (ρ = 0.5/0.5, Corr-P < 0.05 for
both), Table 2.

The best GLM model included CL count/volume and WML
volume as predictors and revealed a moderate association
between sNfL at baseline and WML/CL volume (adj-R2

= 0.5,
p = 0.0006, pred-R2

= 0.09). Besides, sNfL levels at baseline
correlated with new WML count/volume (ρ = 0.6/p = 0.5, p =

0.002/p = 0.01, Corr-P < 0.01/Corr-P < 0.05) but not with new
CL count/volume, Table 2.

Correlation Between Changes in CL/WML
and Changes in Clinical Scores
Table 3 shows that the longitudinal changes in CL and
WML volume and number were significantly associated with
changes in:
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TABLE 1 | Clinical scores at the time of enrollment (TP1), at the follow-up (TP2) and the difference in clinical scores between the two time-points (TP2-TP1) as a measure

of clinical changes over time.

TP1 TP2 TP2-TP1

Disability and motor function EDSS 1.6 ± 0.3 1.7 ± 0.5 —

9-HPT (Arm function) 19.8 ± 2.8 19.6 ± 2.7 −0.21 ± 2.13

T25FWT (Leg function) 4 ± 0.8 3.4 ± 0.5 −0.62 ± 0.69

Cognition (BRB-N) PASAT (cognitive) 46.8 ± 10.4 48.7 ± 11.1 1.84 ± 6.71

SRT-LTS (verbal memory) 62.3 ± 7.2 65.7 ± 5 3.41 ± 6.32

SRT-CLTR (verbal

memory)

57.6 ± 11.4 61.6 ± 10 3.94 ± 9.15

SRT-D (verbal memory) 11.4 ± 1.1 11.8 ± 0.5 0.38 ± 1.1

SDMT (attention) 60.5 ± 17.3 57.2 ± 11.6 −3.34 ± 18.7

SPART10/36 (visuospatial

memory)

23.2 ± 4.3 23.2 ± 3.9 −0.03 ± 4.07

WLG (verbal fluency) 27.6 ± 5.4 27.4 ± 7.9 −0.19 ± 5.4

Mood and fatigue HAD-A (anxiety) 6 ± 4.1 5.7 ± 3.8 −0.28 ± 3.34

HAD- D (depression) 2.9 ± 2.4 2.1 ±2.1 −0.78 ± 2.56

FMSC-Cognitive 23 ± 8.4 22.7 ± 9.6 −0.31 ± 7.33

FMSC-Motor 22.7 ± 9.6 23.1 ± 10.9 −0.84 ±7.41

Values are expressed in mean ± standard deviation unless otherwise indicated.

BRB-N, Brief repeatable battery of neuropsychological tests; EDSS, Expanded Disability Status Scale; T25FW, Timed 25-Foot Walk—leg function; 9-HPT, 9 Hole Peg Tests -arm

function; BRB-N, Brief Repeatable Battery of Neuropsychological Tests; PASAT, paced auditory serial addition test; SRT-LTS, selective reminding test-long term storage; SRT-CLTR,

selective reminding test—Consistent long-term storage; SRT-D, selective reminding test-delayed; SDMT, symbol digit modalities test; cSPART 10/36, Spatial Recall Test; WLG: word list

generation; HAD-A, Hospital Anxiety and Depression scale- Anxiety; HAD-D, Hospital Anxiety and Depression scale-Depression; FMSC, Fatigue scale for Motor and Cognitive functions.

FIGURE 2 | Total white matter lesions (WMLs) and cortical lesions (CLs) number at baseline (TP1) and at 2 years follow-up (TP2) in the studied cohort of RRMS

patients.

(i) Hand function (9HPT, adj-R2: 0.5, Corr-P= 0.03, and ρ= 0.5
after leave-one-out cross-validation, LOOCV)

(ii) Sustained attention, auditory information, processing speed
and flexibility (PASAT, adj-R2: 0.5, Corr-P = 0.01, and ρ = 0.5
after leave-one-out cross-validation, LOOCV)

(iii) Verbal memory (SRT-D, adj-R2: 0.5, P = 0.01 and ρ = 0.45
after LOOCV)

(iv) Semantic verbal fluency (WLG- word list generation
test, adj-R2: 0.5, Corr-P = 0.05, and ρ = 0.4
after LOOCV)
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FIGURE 3 | Total number of new, enlarged, stable and resolved cortical and white matter lesions at follow-up (TP2) in the studied cohort of RRMS patients. WMLs,

white matter lesions; CLs, cortical lesions.

TABLE 2 | Correlation between baseline sNfL with baseline WML/CL and new

WML/CL load.

Number Volume

Spearman ρ P-value Corr-P Spearman ρ P-value Corr-P

WML 0.58 0.003 0.003 0.61 0.002 0.003

CL 0.60 0.002 0.003 0.69 0.0002 0.0006

Lesion Type 1 0.54 0.005 0.01 0.64 0.0008 0.003

Lesion Type 2 0.45 0.025 0.025 0.50 0.013 0.018

New WML 0.58 0.002 0.009 0.51 0.01 0.022

New CL 0.38 0.06 0.085 0.31 0.13 0.13

P-values and Corr-P given are before and after Benjamini-Hochberg

procedure, respectively. Bold values indicates the statistically significant values.

Specifically, changes in 9-HPT scores were associated with the
gender (p < 0.05), number (p < 0.05) and volume (p < 0.01) of
new lesions, number of enlarged lesions (p < 0.05) and number
of shrunken lesions (p < 0.05), Table 1 Supplementary data.

Changes in PASAT (sustained attention, auditory
information, processing speed, and flexibility) score were
significantly associated with the patients age (p < 0.01)
and number of CL/WML that shrunk in size (p < 0.05),
Table 2 Supplementary data.

Changes in SRT-D were mainly associated with resolved
CL/WML volume (p < 0.001), stable CL/WML volume (p <

0.001), new CL/WML number (p < 0.05), resolved CL/WML
number (p< 0.001), sex (p< 0.01),Table 3 Supplementary data.

Changes in WLG test (semantic verbal fluency) was
associated to the shrunken CL/WML volume (p < 0.01),
stable CL/WML volume (p < 0.001), shrunken CL/WML
number (p < 0.05), stable CL/WML number (p < 0.01),
Hospital Anxiety and Depression scale-Depression (p < 0.05),
Table 4 Supplementary data.

DISCUSSION

Our work shows that the number and volume of focal CL
and WML are moderately related to neuroaxonal damage—as
measured by sNfL—at early MS stages. We also determined
that the changes in CL/WML load are associated with
changes in cognition and in motor performance in our
cohort of patients with short disease duration and on
stable therapy.

MS is characterized by multifocal inflammatory processes,
which lead to the formation of demyelinating lesions in
cortical gray and white matter. These inflammatory processes
dominate in early stages of the disease and can be targeted
by current anti-inflammatory treatments (39), thereby slowing
the accumulation of disability (40). Hence, early biomarkers
of ongoing disease activity are fundamental to judge on
the need of therapy-switch and escalation at early disease
stages (41).

In this work, we have studied patients with early RRMS and
mild physical disability, who were on first-line treatment at time
of enrollment.

We assessed whether CL and WML load and their changes
over 2 years might be a useful biomarker to quantify neuroaxonal
damage in those patients. To assess neurodegeneration, we used
a serum biomarker i.e., sNfL, since a previous study in the same
cohort showed the absence of brain atrophy over the 2-years
follow-up (42).

We found a moderate correlation between CL and WML
load at baseline and sNfL measures at the same time point,
confirming and extending previous knowledge that focal WM
lesions affect overall neuroaxonal damage in patients with MS
(43, 44). The measure of sNfL levels at baseline also showed
a correlation with the increase in WML number over 2 years.
These findings confirm and extend previous knowledge that sNfL
levels are related to WML volume at 2 years follow-up in MS
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TABLE 3 | Multiple regression between change of MRI metrics and change of clinical scores.

Stepwise regression LOOCV

Adjusted-R2 P-value Minimum, maximum, lambda Corr-P Spearman ρ P-value Corr-P

T25FWT 0.07 0.233 — 1 — — —

9-HPT 0.48 0.003 — 0.03 0.52 0.002 0.02

PASAT 0.46 0.001 (−11,24,0.4) 0.01 0.56 0.001 0.008

SRT-LTS 0.39 0.004 (−8,21,0.4) 0.04 0.4 0.025 0.2

SRT-CLTR 0.24 0.03 — 0.27 0.43 0.013 0.1

SRT-D 0.57 0.0003 (−2,4,0.8) 0.003 0.45 0.009 0.08

SPART 10/36 0.07 0.074 — 0.66 — — —

WLG 0.43 0.003 — 0.03 0.64 0.0001 0.001

SDMT 0.04 0.146 (−96,16,2.4) 1 — — —

Stepwise regression: The given P-values and Corrected P-values (Corr-P) are before and after Bonferroni correction, respectively. LOOCV: Spearman’s rank correlation coefficient (ρ)

between real and predicted outcome obtained through “leave-one-out” cross-validation (LOOCV). T25FWT, Timed25-Foot Walk Test- leg function; 9-HPT, 9-Hole Peg Test—arm function;

PASAT, paced auditory serial addition test; SRT-LTS, selective reminding test-long-term storage; SRT-CLTR, selective reminding test-consistent long-term storage; SRT-D, selective

reminding test-delayed recall; SPART 10/36, spatial recall test; WLG, word list generation; SDMT, symbol digit modality test. Bold values indicates the statistically significant values.

patient at more advanced disease stage (43); additionally, these
data suggest that sNfL measurements at baseline may provide
important complementary information overWM disease activity
during the 2 years that follow but not of CL activity.

Interestingly, we did not measure any significant correlation
between sNfL and changes in CL at 2 years follow-up, which is
probably due to the low number of CL compared to WML in our
cohort of patients.

We also showed that changes in size and number of lesions
were strongly associated with changes in cognition (sustained
attention, processing speed and flexibility as well as in spatial
memory and semantic verbal fluency) but also with changes
in hand motor function. It is known that some lesions—
especially the recent ones—may shrink in size over time and
their intensity on T2-weighted (i.e., FLAIR) images decreases as
edema resolves and some tissue repair occurs, leaving a smaller
lesion or an undetectable plaque (45). Other lesions undergo
little changes in size (stable lesions) and some others significantly
increase in volume over-time (e.g., lesions with chronic activity)
(46). Much is known about the relationship between new and
enlarging lesions and clinical outcome in MS (47, 48) but there
is currently little knowledge about the contribution of shrinking
and resolving lesions. Our results provide a new window into
the complex changes in CL and WML, which influence mild
changes in cognition and motor function in early MS patients
on therapy.

Remarkably, our data also provide evidence that the
reparatory activity in focal plaques– as measured through the
number and volume of resolved and shrunk lesions—appear
to strongly correlate with cognitive changes in our cohort of
patients. Since a comprehensive cognitive assessment in clinical
practice may be time consuming and unrealistic for routine
follow-up of MS patients, the detection of new CL and WML
during the early stage of the disease may support with alternative
monitoring tools.

Detection of CL and of changes in WML and CL load in
clinical practice is challenging. We have assessed the number and
volume of cortical lesions and their changes over time by using
MP2RAGE; this is a clinically available MR sequence that has
shown similar sensitivity to double inversion recovery (DIR) for
CL detection (36) and that appears to be artifact free in contrast
to DIR (49). MP2RAGEmay therefore provide the opportunity—
together with a 3D FLAIR sequence for optimalWML detection–
to assess the overall burden of focal activity in early MS patients
in clinical practice.

Limitations of this study are the relatively small and
homogeneous sample size and the fact that, due to the moderate
number of patients studied, we could not consider treatment as a
covariate in our regression models. We also acknowledge that the
absence of information about gadolinium-enhancement at the
time of the MRI might have influenced the sNFL results although
this is not highly probable since patients were clinically stable and
on therapy. In addition, we did not have a matched population
of healthy controls to determine whether the measured sNFL
levels were increased in patients. Future work should confirm
these finding in larger cohorts of patients, including subjects
with higher disability scores and disease activity as well as
healthy controls.

In summary, our results suggest that early assessment of
CL/WML load and their short-term evolution during the first
year of disease are sensitive to ongoing axonal damage and related
to subtle clinical changes. New efforts should be devoted to using
these metrics to stratify patients at the beginning of the disease
and hence to identify the ones who needmore aggressive first-line
therapies or therapeutic escalation.
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Multiple Sclerosis (MS) is traditionally considered an autoimmune-mediated

demyelinating disease, the pathoetiology of which is unknown. However, the key

question remains whether autoimmunity is the initiator of the disease (outside-in)

or the consequence of a slow and as yet uncharacterized cytodegeneration

(oligodendrocytosis), which leads to a subsequent immune response (inside-out).

Experimental autoimmune encephalomyelitis has been used to model the later stages

of MS during which the autoimmune involvement predominates. In contrast, the

cuprizone (CPZ) model is used to model early stages of the disease during which

oligodendrocytosis and demyelination predominate and are hypothesized to precede

subsequent immune involvement in MS. Recent studies combining a boost, or

protection, to the immune system with disruption of the blood brain barrier have

shown CPZ-induced oligodendrocytosis with a subsequent immune response. In this

Perspective, we review these recent advances and discuss the likelihood of an inside-out

vs. an outside-in pathoetiology of MS.

Keywords: inside-out, outside-in, immune response, oligodendrocytosis, cuprizone, experimental autoimmune

encephalomyelitis, demyelination, CNS disorder

INTRODUCTION

Sir Robert Carswell, in his account of spinal cord lesions in humans, was the first to described
demyelination in the human central nervous system (CNS) in 1838. These lesions were
accompanied by atrophy and discolouration that were termed “a peculiar disease,” (1) but made
no attribution to Multiple Sclerosis (MS). Twenty-eight years later, in 1866, the French neurologist
Jean-Martin Charcot first described these lesions as MS, “la Sclerose en plaques disseminee,” and
delineated it from other neurological diseases such as neurosyphilis, epilepsy, and progressive
amyotrophies. Charcot also established diagnostic criteria based on the loss of myelin, thickening of
small blood vessels, and the presence of fatty macrophages around vessels. In addition, he described
that axons were more resistant to injury than myelin and the disability was linked to the axonal
damage [reviewed by (2)]. Over 150 years (1866–2020) from the initial description, demyelination
in the CNS remains the central McDonald criterion for MS in current diagnostic schemes (i.e., two
or more separate episodes of hyperintense demyelinating lesions in at least two or more separate
CNS locations) (3). Although the presence of oligoclonal bands in the cerebrospinal fluid of
MS patients is used as an additional diagnostic criterion (3), the antigen(s) against which these
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FIGURE 1 | Pathoetiology of oligodendrocytosis and autoimmunity in MS. There are two principal competing hypotheses of MS pathoetiology. In the “outside-in”

hypothesis, an unknown trigger activates peripheral T- and/or B-cells and leads to an infiltration of these cells into the CNS via an apparently dysfunctional blood brain

barrier (BBB). T-cells attack myelin in the CNS causing oligodendrocytes to degenerate, resulting in myelin loss and the release of myelin debris. Innate immune cells

(e.g., microglia) engulf the myelin debris and act as antigen presenting cells to T-cells that then exacerbate the process of oligodendrocyte damage and demyelination.

In contrast, in the “inside-out” hypothesis, oligodendrocyte degeneration is initially triggered by internal metabolic dysfunction in the CNS leading to demyelination and

gliosis with subsequent release of inflammatory cytokines and chemokines. This cascade of events compromises the integrity of the BBB resulting in permeability to

peripherally circulating T- and B-cells. Within the CNS, T-cells (CD4+ and CD8+) interact with antigen presenting cells, via major histocompatibility complex, and

become activated. These activated T-cells also release inflammatory mediators such as cytokines, nitric oxide, and glutamate, which exacerbate the degenerative

process leading to a subsequent immune response which further accelerates oligodendrocytosis and demyelination [adapted from (11)]. Figure was constructed using

CorelDraw-version 2018 (www.coreldraw.com, Ottawa, ON, Canada) image processing software.

antibodies react remain poorly defined and are not disease-
specific (4). For example, oligoclonal bands can be found in
patients with other diseases such as neurosyphilis (5), subacute
sclerosing panencephalitis (6), and falciparum malaria (7).
Furthermore, it is not unusual for patients to be diagnosed with
MS in the absence of oligoclonal bands (8, 9). These observations
suggest that demyelination is the primary criterion (disseminated
in time and space) to diagnose MS patients and the involvement
of immune cells in MS is not necessary for the diagnosis.

Two opposing hypotheses have been proposed to explain
the pathoetiology of MS: “outside-in” and “inside-out” (10–
12). Figure 1 summarizes these hypotheses of MS pathoetiology.
In this Perspective, we first outline these hypotheses, explain their
compatibility to the pathoetiology of MS, and examine how well
these hypotheses are aligned with the outcomes of pre-clinical
and clinical research. Finally, we show how recent advances

using the cuprizone (CPZ) animal model support the inside-out
hypothesis of MS pathoetiology, and how this research can be
used to further investigate the earliest stages of demyelination,
as well as the subsequent involvement of the adaptive immune
response in aggravating the demyelinating lesions.

“Outside-in” theorists propose that an undefined
dysregulation of the peripheral immune system and BBB
leads to an autoimmune response against myelin components in
the CNS. The central concept of and support for this hypothesis
have been extensively drawn from studies using an animal model
of experimental autoimmune encephalomyelitis (EAE). The
EAE model was developed from a sequence of observations.
The initial concept of EAE came from several observations
of clinical interventions. First, 1885 rabies vaccinations to
humans were shown, by 1888, to cause paralysis (13). Likewise,
in 1925, repeated inoculation of humans with rabbit spinal
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cord homogenates was shown to cause paralysis (13). Later,
these observations motivated neurologists and researchers
to investigate the effect of inoculating live animals with
CNS extracts [e.g., spinal cord homogenates; (13)]. In the
original article “Observations on attempts to produce acute
disseminated encephalomyelitis in monkeys,” the introduction
revealed prevailing concerns about neurological disease and
immunization and prophetically noted that “The etiology of this
malady is unknown in spite of the fact that considerable work
has been done to disclose it” (14). This study demonstrated that
peripheral inoculation of monkeys with whole rabbit brain
homogenate (injected intramuscularly) can induce a central glial
reaction, loss of myelin sheaths, and “cellular infiltration into the
CNS” (14). By 1934, a “specific antigenicity of homologous brain
runs parallel to the myelin content of the tissue” was described and
led to the speculation of post-infection encephalitis (15). In 1947,
peripheral inoculation with brain homogenates in rabbit and
rhesus monkey when combined with complete Freund adjuvant
[paraffin oil plus heat-killed tubercle bacilli; (16)] resulted in
a distribution of lesions with a “distinct resemblance to that in
disseminated encephalomyelitis and multiple sclerosis of human
beings” (17). It was also demonstrated that “the perivascular
position of the lesions, more particularly about venules and veins,
is much like that in disseminated encephalomyelitis” (17). Notably,
the occurrence of relapse and remission cycles were similar to
those seen in human MS (17). This model then underwent a
progressive renaming from allergic encephalomyelitis (18) to
EAE following the identification of the peripheral immunogenic
role of exogenous human and guinea pig myelin basic protein
(19, 20). The immunogenic/antigenic role of myelin basic protein
may account for the over-/misinterpretation of the EAE model
that has led to the widespread correlation of this model with
MS rather than acute disseminated encephalomyelitis (ADEM).
The correlation between EAE and the autoimmune aspects of
MS has generated over 13,000 articles (https://pubmed.ncbi.
nlm.nih.gov/2020) in the current form of EAE (mainly in mice)
that relies on peripheral immunization with exogenous (human)
antigens (e.g., myelin basic protein). Proponents of the EAE
model, particularly with regard to immune cell involvement,
have thus focused extensively (if not almost exclusively) on
the immunological elements and argued for an (almost purely)
immunological pathoetiology of MS [e.g., (21–23)]. Moreover,
there is limited evidence (24) in EAE as to how autoantigens
that originate in the CNS are recognized by the peripheral
immune system. However, recent evidence indicates that CNS
inflammation in EAE may be regulated by the meningeal
lymphatic vasculature (24). Meningeal lymphatics assist in the
drainage of cerebrospinal fluid-derived soluble molecules and
immune cells into the lymph nodes. The ablation of meningeal
lymphatics reduces the inflammatory response of brain-reactive
T-cells in EAE, suggesting that drainage contributes to the
activation of encephalitogenic T-cells in the lymph nodes (24).
The selectivity of the immunological response tomyelin elements
within the CNS was questioned in studies showing that EAE
also resulted in disruption of myelin structure in the peripheral
nervous system and induced changes in sensory-motor functions
(25–28). However, inMS, peripheral nerve involvement is limited

to ∼5% of patients with chronic inflammatory polyneuropathy
that is responsive to corticosteroid therapy (29). In this regard,
the cross-reactivity of EAE with myelin in the peripheral and
central nervous systems, which resembles only a very small
subset of MS patients, may well reflect immunological aspects
that are shared between EAE and ADEM rather than reflecting
the pathoetiology of MS per se.

Arguments in support of the outside-in hypothesis have
focused on the presence of T-cells, activated glial cells, and
focal demyelination (types I–II, Box 1) in autopsy specimens
from patients with advanced MS (30). It thus remains
uncertain whether or not the focus on the immune aspects
actually addresses the primary causes of disease initiation
(i.e., pathoetiology), as inflammatory cells are evident in both
demyelinated and non-demyelinated sites, indicating that the
presence of inflammatory cells alone is insufficient to induce
demyelination (31). Likewise, a detailed histological analysis of
MS lesions demonstrated that “1/3 of CNS brain lesions did not
involve peripheral inflammatory cells such as T-cells” suggesting

BOX 1 | Key summary of the heterogeneity of MS lesions in the CNS based

on oligodendrocytes loss, immune cell involvement, demyelination, and

BBB disruption using histological examination [adapted from (30)].

Patterns I and II:

Similarities:

• Disruption of BBB which is confirmed by the presence of

immunoglobulin G

• Plaques are centered by small veins and demarcated edges with peri-

venous extensions

• Presence of remyelination shadow plaques (incomplete remyelinated

lesions)

• Presence of T-lymphocytes and macrophages

• Less oligodendrocyte damage than in patterns III and IV

• A similar pattern of loss of myelin proteins (e.g., myelin basic protein)

Differences:

• Pattern I is found mainly in acute MS (patients who die or are subjected to

biopsy within the first year after disease onset) whereas pattern II occurs

mostly in chronic, relapsing-remitting MS, secondary progressive MS, and

primary progressive MS

• Deposition of complement complex (part of the immune system promoting

phagocytosis and inflammation) is found only in pattern II lesions

Patterns III and IV:

Similarities:

• Absence of remyelination shadow plaque

• Presence of T-lymphocytes and macrophages

• Large numbers of oligodendrocytes damaged

• Demyelinating lesions are around inflamed blood vessels

• Absence of immunoglobulin G and complement complex

Differences:

• Preferential loss of myelin-associated glycoprotein in pattern III

• Pattern III lesions are mostly found in patients with acute MS whereas

pattern IV is found in primary progressive MS with prominent cerebellar

and brain stem involvement.
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an alternative pathoetiology of inflammation and demyelination
(30). Specifically, MS lesions were characterized by extensive
oligodendrocyte dystrophy and glial activation with little or no
lymphocyte involvement, as seen in type III–IV lesions [Box 1;
(30)]. Likewise, autopsy samples from a highly progressive MS
patient (Marburg type) showed marked demyelination and glial
activation in the CNS (32). In contrast, subtle perivascular
infiltration of lymphocytes in the CNS and detection of few
lymphocytes in the cerebrospinal fluid without any oligoclonal
band were found in a 27-year-old woman (32). Additionally,
autopsy samples from patients with acute MS showed nominal
T- and B-cell involvement in the lesions, yet with marked
oligodendrocyte loss and glial activation (33). Although MS
lesions are heterogeneous (e.g., early, late, acute, or chronic), the
staging or timing of MS lesion initiation and progression remains
elusive (34).

These observations indicated that oligodendrocyte loss
preceded the involvement of autoreactive T- or B-cells in the
lesion site, i.e., oligodendrocyte loss is an early disease event that
can trigger (or otherwise be followed by) a subsequent autoimmune
response. Moreover, these observations highlighted the question
as to what aspect of MS is being studied in EAE models given
that the autoimmune response in humans occurs spontaneously,
whereas in EAE the immune response is initiated in the periphery
by the acute administration of relatively large amounts of
exogenous antigens and immune activators. Additionally, there
are notable differences in the cellular immune responses of MS
and EAE: first, CD8+ T-cells are the predominant immune
cells in the CNS lesions of MS patients whereas, in EAE,
CD4+ T-cells predominate. Second, the demyelinating lesions
in EAE are mainly located in the spinal cord, whereas in
MS patients, lesions are mainly in the cerebral and cerebellar
cortices [reviewed in (35–37)]. Third, there is a limited overlap
of proteins and genes identified as being involved in EAE and
MS (38, 39). Fourth, when ablation of the immune system in
MS patients was followed by autologous haematopoietic stem
cell transplantation, a reduction in the autoimmune response
was observed but disease progression continued (40). That
same study also demonstrated that over 74% of MS lesions
in patients who received autologous stem cell transplantation
had an active or complete demyelination with <26% of lesions
showing signs of remyelination (40); furthermore, there was
little T- or B-cell involvement indicating that these lesions did
not originate due to an autoimmune response. However, recent
work using bone marrow transplants in patients with primary
progressive MS and secondary progressive MS showed reduced
neurological dysfunction, better survival rates [i.e., longer lives;
(41)], and a significant reduction in relapses (42), but the
disease still progresses. Moreover, transplant-related mortality
and exacerbation of neurological disabilities are not uncommon
(41, 43, 44).

For how long can these marked differences between EAE
and MS be ignored before we question the merit of accepting
a correlation between an acute, peripherally-induced immune
response and central demyelination (as seen in EAE) as an
effective model for the pathoetiology of MS? It has been
taken ipso facto as proof that a similar process underpins

the initiation of EAE and MS, rather than a demonstration
that EAE models a later immunological response to an earlier
(and likely longer-term) oligodendrocytosis (i.e., degeneration or
loss of oligodendrocytes resulting in subsequent demyelination).
The almost overwhelming focus on EAE has thus allowed the “tail
to wag the mouse” rather than the more realistic circumstance in
which effect follows cause. In this scenario, MS (unlike EAE) is
not a disease that is initially mediated by the T-cells trafficking
from the periphery but is caused by another mechanism, namely
“degeneration of oligodendrocytes” (11, 45). This must be the
target if we are to understand the origins of the disease and
effectively target a potential cure, a task from which we may have
been diverted by focusing on EAE.

Despite nine decades (1930–2020) of intensive research,
EAE has neither revealed a reliable early biomarker for MS
nor aided in the development of a therapeutic that fully
and effectively halts MS. Notably, EAE has most certainly
advanced our understanding of the autoimmune aspects of
MS, albeit later in the “clinical” stages of the disease (22, 46).
Thus, several medications (e.g., glatiramer acetate, mitoxantrone,
natalizumab), that are used for the symptomatic treatment of
MS were developed after showing promising effects in EAE
(47). Nevertheless, while these immunosuppressive therapies are
not without the risk of significant side-effects, they can reduce
the severity of the autoimmune attacks in some patients (e.g.,
decreasing the number of relapses in relapsing-remitting MS).
However, they have little or no effect during the progressive
phase (e.g., primary progressive and secondary progressive MS)
of the disease (48, 49) suggesting alternative mechanism(s)
underpinning the pathoetiology and/or disease progression
of MS.

Due to the inability of EAE to address the initial, underlying
pathoetiology of MS, recent studies have instead focused on
the “inside-out” hypothesis of MS (50–52). This hypothesis
argues that MS is initiated in the CNS as a degeneration of
oligodendrocytes that subsequently triggers an innate immune
response involving microglia and astrocytes, which act as
antigen-presenting cells. This likely slow (i.e., perhaps over
decades) degradation of oligodendrocytes results in the release
of antigenic myelin proteins, such as myelin basic protein,
into the circulatory and lymphatic systems, that trigger a
subsequent autoimmune response in which peripheral T-
and/or B-cells are activated and migrate into the CNS (10,
11). The inside-out hypothesis is consistent with autopsy
findings showing extensive oligodendrocyte loss in MS patients
(disease duration ∼39 months) with histologically proven
active lesions (30). But notably, at the early time points
(acute lesions with disease duration ∼20 days) of disease
presentation, few inflammatory parenchymal T- and B-cells
were found at the active demyelinating sites in the brain stem
of MS patients (33, 53). Qualitative and quantitative magnetic
resonance imaging and histopathologic analysis of the brains of
chronic (disease duration ∼20 years), secondary, and primary
progressive MS patients showed demyelination, extensive axonal
loss, and chronic gliosis rather than focal inflammation (54). In
the early clinical stages of MS (e.g., 2 weeks to 8 months following
clinical diagnosis), electron microscopic studies have shown that
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myelin degeneration or abnormal changes start at the innermost
layers of the myelin sheaths, even at sites that are remote to
the inflammatory CNS lesions. This suggests that the process
of demyelination is not inevitably linked to inflammation and
immune autoreactivity (55). Additionally, inadvertent detection
of multifocal periventricular or juxta-cortical lesions in patients
with non-neurological symptoms such as tumor, intracerebro
ventricular bleeds, or headaches indicated the presence of lesions
prior to the onset of clinical symptoms of MS (56). Likewise,
samples analyzed from live MS patients also revealed less
association of T- or B-cells inMS as seen in post-mortem samples
(57–65). For example, changes of metabolites (e.g., a 30–40%
increase of choline lipid) in normal-appearing white matter from
MS patients are observed (measured by magnetic resonance
spectroscopic imaging) before demyelinating lesions are detected
using magnetic resonance imaging (65). When cerebrospinal
fluid, blood, tear, or urine samples from live MS patients were
analyzed few T-cell markers were detected compared to a host
of other protein changes (57–64). For example, marked changes
in apolipoprotein, ceruloplasmin, creatinine kinase, superoxide
dismutase formed a major cluster of metabolic pathway changes
in MS patients (57–64).

A genome-wide association study from 1,470 MS cases,
including ∼2.5 million single-nucleotide polymorphisms
revealed no single genome-wide significance indicative of MS
susceptibility loci influencingMS severity [InternationalMultiple
Sclerosis Genetics Consortium (66)]. However, bioinformatic
(KEGG pathway) analysis showed the enrichment of genes such
as Ptprd, Ywhag, or Ifna16 from different pathways including
natural killer cell-mediated cytotoxicity and Wnt signaling
[regulates key aspects of organogenesis, neural patterning,
cell migration (67)] may contribute to the perturbation of not
only immune function but also extend to oligodendrocyte
degeneration [International Multiple Sclerosis Genetics
Consortium; (66)]. For example, overexpression of interleukin-
2 (68) or natural killer cells (69) has been shown to evoke
oligodendrocyte degeneration. Moreover, dysregulation of the
Wnt signaling cascade impedes oligodendrocyte differentiation
and maturation resulting in impaired myelination (70, 71)
by modifying energy metabolism (72). Likewise, another
genome-wide association study from MS patients revealed
dysregulation of genes involved in immune regulation and
metabolism (73). In addition, neuronal DNA damage (measured
using γH2A.X as a marker) leads to abnormal cell cycle re-entry
of oligodendrocytes (using cyclin D1 as a cell cycle marker)
resulting in their death in MS (74). This evidence suggests that
oligodendrocyte degeneration in MS is more heterogeneous
than currently perceived and both metabolic dysregulation and
genetic predisposition may contribute to disease initiation and
progression (75).

Radiological abnormalities (identified in T2-weighted brain
magnetic resonance imaging as hyperintense foci) are detectable
in clinically asymptomatic relatives (e.g., parents, siblings, or
children) of MS patients, suggesting that shared susceptibilities
can manifest as radiological markers (76) which may indicate
structural changes in myelin and infiltration of immune cells
(77, 78). While such individuals may be clinically asymptomatic,
they do display tell-tail signs of changes in sensory functions,

such as poorer vibration perception, suggesting that there
are underlying functional changes (35, 76). Furthermore,
longitudinal sampling in military personnel revealed that the
serum level of neurofilament light chain (a marker of axonal
degeneration) was significantly elevated up to 6 years prior
to the onset of clinical MS symptoms (79). Likewise, a
30-month longitudinal study revealed axonal injury (measured
by proton magnetic resonance spectroscopy) in the “normal-
appearing” white matter where magnetic resonance imaging was
unable to show any changes (80). The interplay between the
axon and its supporting oligodendrocytes was evident when
the loss of myelin-associated glycoprotein and apoptotic-like
oligodendrocyte destruction (as seen in type III MS lesions,
Box 1) were seen at the inner layers of the myelin sheath
whereas the outer layers, which are more readily accessible to
interact with the immune system, were unaffected (81). Overall,
a substantial body of data indicates that inherent early and
long-term oligodendrocyte malfunction is the primary driver of
demyelination, rather than autoimmune responses.

In MS patients, it is clear that adaptive immune cells do play
a key role in the longer-term, clinically-defined pathology of the
disease. However, the most important question is whether these
immune cells instigate the primary pathology (as in the outside-
in hypothesis) or represent a normal immune response directed
against a preceding oligodendrocytosis/cytodegeneration (as in
the inside-out hypothesis). If the latter hypothesis is correct,
then the key is to identify the underlying mechanism(s) of
primary oligodendrocyte death (i.e., oligodendrocytosis). For
now, this is still uncertain, but there is growing evidence
arising from research using the non-immune CPZ model
of a demyelination mechanism based primarily on metabolic
susceptibility (50, 82, 83).

This model is generated by feeding CPZ to rodents, resulting
in oligodendrocytosis and subsequent CNS demyelination and
gliosis (35, 82, 84, 85). In this model, CPZ also induces atrophy
of the peripheral immune organs (e.g., spleen and thymus) and
thus reduced T-cell levels, thereby suppressing the functions
of the adaptive immune system. Therefore, the demyelinated
lesions in the CNS of the CPZ-fed animals do not involve
adaptive immune cell [i.e., T-cell; (82)]. In addition, as the
BBB remains intact in the CPZ model this further reduces the
capability of T-cells to infiltrate the CNS (82, 86), although
the lymphatic system remains functional. While some have
interpreted this lack of adaptive immune involvement as a
shortcoming of the CPZ model, this was largely based on
the longstanding dogma developed from the use of the EAE
model. In fact, what the CPZ model demonstrates in the
first instance is very selective and progressive MS-like damage
without the involvement of the peripheral immune system (35,
85, 87). The importance of this observation was nonetheless
downplayed in the literature for quite some time. Nonetheless,
the CPZ model has now been further refined using strategic
modifications that either boost the immune system following
cessation of CPZ-feeding (50) or protect the peripheral immune
system (51) thereby resulting in progressive demyelination, local
inflammation (micro/astrogliosis), and subsequent CD8+ T-cell
infiltration into the CNS (inside-out response) when the BBB
is breached.
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CPZ MODEL: RELEVANCE TO MODELING

MS

It is commonly considered that mature oligodendrocytes are
susceptible to CPZ toxicity that induces mitochondrial oxidative
stress (82, 88–90). Some authors have argued that CPZ can
be used as a model to explore the mechanisms involved in
the later, rather than early, disease stages of MS (36, 91).
However, we, and others, have reported that CPZ can be
used to investigate both aspects of the disease. For example,
when CPZ is fed for a short period or at a low dose
(e.g., 0.1%), significant oligodendrocytosis, demyelination, and
accelerated remyelination are observed (51, 82, 92–94). In
addition, oligodendrocyte degeneration (95) and glial responses
(96) can be observed before detectable demyelination in the CPZ
model. However, prolonged CPZ-feeding (e.g., 0.2% for 12 or
more weeks) leads to a progressive ablation of oligodendrocytes,
massive demyelination, and axonal injury (97–99). These data
suggest that CPZ can be used to investigate both early and
progressive stages of MS by titrating the dose and duration
of CPZ-feeding.

Although there is limited evidence of successful translation,
unlike EAE, of a remyelinating drug tested in CPZ and
approved for human use (100), encouragingly, a large number
of therapeutics are now being tested in the CPZ model
for generating drugs to promote remyelination. For example,
in 2020, 25/70 published papers have investigated different
medications (PubMed by July 2020). However, studies using the
CPZ model to investigate drug development started just over a

decade ago (101) compared to EAE where efforts began over
70 years ago (102). Some authors have argued that both EAE
and CPZ are important for investigating the different aspects of
MS disease (36, 91, 103). To develop therapeutics against the
autoimmune response in MS, the EAE model may be used since
it is immune-driven (22, 46), if we accept that the disease process
is mediated by CD4 T-cells. In contrast, to promote new myelin
formation (demyelination is proven as the hallmark of MS) and
minimize progressive degeneration, use of CPZ would be the
best choice (100). However, perhaps the more important point
with CPZ is that it may better reflect the preclinical stages of the
disease [or perhaps the milder form of MS (104)], and thus its
potential contribution to identifying much earlier, fundamental
drug targets that might fully halt the disease process (and that
could thus also be used as an adjunct to the current immune-
related therapeutics).

Oligodendrocyte degeneration is followed by demyelination
and activation of microglia and astrocytes, resulting in gliosis.
This gliosis is distributed throughout all parts of the CNS but
it is most marked in the cerebrum and cerebellum compared
to the brain stem and spinal cord (82, 84, 96, 105). However,
a recent study demonstrated that CPZ-feeding does not induce
the degeneration of mature oligodendrocytes in the spinal cord
(84). With only three studies (84, 106, 107) examining the
effects CPZ on the spinal cord, using varying techniques in
different mouse strains it may well be premature to assert a
single action. For example, 4-weeks of CPZ-feeding in C57BL/6
mice appeared to have no impact on the luxol fast blue

staining and immunodetection of myelin basic protein but did
reduce mitochondrial complex IV abundance in the spinal cord;
gliosis was not investigated (106). In SJL mice, TUNEL-positive
apoptotic cells were found in the white matter of the spinal
cord with reduced NogoA (a mature oligodendrocytes marker)
and myelin basic protein mRNA expression; whereas no changes
was observed in C57BL/6 mice (107). However, none of the
mouse strains showed demyelination and glial activation (107).
In contrast, in our recent study, 5 weeks of CPZ-feeding was
associated with astro- and microgliosis in both the gray and
white matter of the spinal cord (84). While preliminary evidence
of reduced myelin basic protein staining (unpublished data),
suggested demyelination, this was not confirmed using Silver
staining (84). Whether the limited demyelination in the spinal
cord of the CPZ model is due to technical issues [e.g., saturation
of Silver staining in the high-density tracts of the spinal cord
(vis-a-vis low-density tracts where demyelination was readily
shown) (84)] or the use of different staining methods (e.g., Silver,
myelin basic protein) remains unclear.

The apparent limited demyelination in the spinal cord in CPZ,
unlike that seen in EAE, is less consistent withMS in which spinal
cord lesions are seen, but less so than in the brain (108–111).
However, the detection of spinal cord demyelination in humans
is technically demanding (due to the thin cord, cerebrospinal
fluid, bone, fat) with conventional imaging techniques and may
go undiagnosed during asymptomatic stages (109, 110, 112,
113). Moreover, differential pathological outcomes are found
in different segments of the spinal cord of MS patients; for
example, lesions are more common in the cervical (∼60%) than
the thoracic or lumbar spinal cord (114, 115). In addition to brain
and cerebellum lesions, we have shown demyelination and gliosis
in the brain stem of CPZ-fedmice (84) which is also seen in newly
forming demyelinating lesions in MS patients (33, 116).

In addition to demyelination and gliosis, we (84) and
others (117) have shown comparable functional deficits as seen
in human MS [reviewed in (35)]. The apparent absence of
correlation between behavioral deficits and histological changes
may well be attributed to an undue focus on the corpus callosum
(35); our most recent study showed that early motor deficits
are associated with changes in the spinal cord, brain stem, and
cerebella and cortical pathways associated with sensory-motor
function (84). A perhaps more controversial interpretation of
the results with CPZ is that the lack of more profound physical
manifestations as seen in MS indicates that the main clinical
symptoms of MS are not primarily related to demyelination
but rather to molecular/cellular alterations that have yet to be
effectively characterized. Alternatively, it maybe that rodents are
of limited utility in modeling the human disease. As always,
correlations (notably with findings in animal models) are just
that, and interpretations, as to “likely” causation, vary.

These observations indicate that there are regional differences
in the CNS in terms of oligodendrocytosis and highlight the
fact that oligodendrocytosis and inflammatory responses can
occur independently of each other. However, the underlying
susceptibility to the differential response of CPZ on glial cells is
neither clearly understood nor been systematically investigated.
The heterogeneity of the glial response may depend upon the
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differential expression of type III neuregulin-1 (118) and Fyn
(119). For example, loss of the non-receptor tyrosine kinase
Fyn (a signaling molecule of the Src kinase family) causes hypo-
myelination (120) in the brain rather than the spinal cord
(119). Likewise, mice haplo-insufficient for type III neuregulin-1
(a growth factor that promotes oligodendrocyte and Schwann
cell development) showed reduced myelination in the corpus
callosum (118). In contrast, no effect was observed in the optic
nerve and spinal cord, further indicating regional differences in
the regulation of OLG function and their susceptibility to injury
(118).Whether the expression of Fyn or neuregulin-1 contributes
to the regional heterogeneity of oligodendrocytosis in CPZ-fed
animals remains untested.

Another possibility for these effects could be that different
regions of the CNS have different subtypes of oligodendrocytes
(types I–IV) based on biochemical profile and axon myelination
(121). Most recently, RNAscope analysis showed 12 different
subtypes of mature oligodendrocytes that were not only
differentially distributed in the brain and spinal cord but
also responded differently to injury (122). Likewise, single-
cell RNA sequencing of oligodendrocyte lineage cells from
10 CNS regions (e.g., hippocampus, hypothalamus) revealed
13 distinct populations (123), suggesting the region-specific
expression of oligodendrocyte lineage cells in the CNS. In
addition, oligodendrocyte lineage cells from EAE spinal cord
show overexpression of genes involved in antigen processing
and presentation via major histocompatibility complex classes I
and II (124). In contrast, oligodendrocyte progenitor cells are
capable of phagocytosis and activate memory and effector CD4-
positive T-cells (124)—suggesting an oligodendrocyte mediated
immune response in EAE. Likewise, a similar result was found
when demyelinated areas (e.g., normal-appearing white matter)
were investigated using single-cell RNA sequencing from MS
patients (125). This analysis showed a differential expression of
RNAmarkers inMS patients which was either unique or enriched
(125). For example, platelet-derived growth factor receptor A
(pdgfra) is uniquely expressed in oligodendrocyte progenitor
cells, whereas apolipoprotein E (apoE) is expressed in immune
oligodendroglia (125). Whether these aforementioned factors
contribute to the regional distribution of glial responses in the
CPZ model requires future investigation.

Despite the marked CNS oligodendrocytosis, demyelination,
and gliosis in CPZ-fed mice, no involvement of adaptive immune
cells in the CNS lesions was found (82, 86). However, T-cell
infiltration into the CNS was not evident even when the BBB
was disrupted by injection of ethidium bromide, lysolecithin
(86), or pertussis toxin (82). This indicated the presence of an
alternative mechanism(s) in the adaptive immune cell response
in the CPZmodel, independent of BBB integrity or the lymphatic
system. Recent studies have shown CPZ-induced suppression of
the adaptive immune system (82, 126–129). A time-dependent
reduction in the number of CD4+ T-cells (∼50%) and an
inability to detect upregulation of T-cells (using CD44 and CD69
as markers) were observed in the corpus callosum following
CPZ-feeding (126). Likewise, longer observations (10 months
after cessation of CPZ-feeding) did not reveal any T-cell
infiltration into the CNS (52). However, it was hypothesized

that CPZ might have a direct immunosuppressive effect on
the adaptive immune cells (52). Other studies demonstrated
that the involvement of adaptive immune cells in EAE and
Theiler’s murine encephalomyelitis was reduced following CPZ-
feeding, resulting in a delay in the development of disease
characteristics (130–132). Our recent findings have revealed that
the size of the spleen, as well as its T-cell (CD4+ and CD8+)
levels, were reduced in CPZ-fed animals, following both short
and prolonged feeding (82), confirming previous observations
(127–129). Moreover, using a top-down proteomic analytical
approach, a decreased abundance of specific proteoforms (e.g.,
of leukocyte elastase inhibitor A, calcium/calmodulin-dependent
protein kinase type II subunit alpha, and disulphide isomerase)
known to be involved in T-cell function were identified (82,
133). Furthermore, a reduction of the abundance of complement
protein (part of the immune system) was found in the peripheral
blood mononuclear cells of CPZ-fed animals (133). These
findings indicated that CPZ-induced peripheral immune system
suppression would have to be overcome in order to fully address
the inside-out hypothesis of MS.

The molecular basis by which CPZ-ingestion causes adaptive
immune system suppression is unclear, but CPZ chelates copper,
leading to dyshomeostasis of other essential ions such as iron,
zinc, sodium, and manganese in organs such as the brain
and liver (134–138). The reduction in T-cells following CPZ-
feeding is not surprising since copper is required for the
synthesis of interleukin-2, and decreased levels of interleukin-2
interfere with the growth and maturation of T-cells (139, 140).
Beyond the suppressive effect of CPZ (e.g., reduction of T-cell
number), studies have revealed that T-cell functionality relies on
mitochondrial activity (141). In CPZ-fed mice, mitochondrial
division is inhibited resulting in the formation of extremely
enlarged “mega-mitochondria” in oligodendrocytes, hepatocytes,
and thymocytes (128, 142–145). Mega-mitochondria formation
is an abnormal process that can result in excessive amounts of
reactive oxygen species which reduce adenosine triphosphate
supplies leading to cellular energy failure (146). Moreover, CPZ
interferes with the fission and fusion dynamics of mitochondria
due to the reduction of abundance of dynamin 1 protein
(82) leading to the progressive swelling of mitochondria (88),
reduction of mitochondrial transmembrane potential (90), and
reduction of nicotinamide adenine dinucleotide metabolism
(147). In addition, gene expression analysis revealed marked
mitochondrial gene changes in CPZ-fed mice (148). Likewise,
a selective loss of mitochondrial complex IV was found
in cerebellar Purkinje neurons following CPZ-feeding for 5
weeks (149). Moreover, a marked decrease in the activities of
mitochondrial complexes I-III in the brain of CPZ-fed mice
was also found (150). Furthermore, the addition and deletion
of mitochondrial DNA have been shown in CPZ-fed rats (151).
These changes in mitochondrial function are also supported
by human MS studies; for example, microarray analysis of
post-mortem motor cortices from MS patients revealed the
downregulation of nuclear-encoded mitochondrial genes and
decreased activity of mitochondrial respiratory chain complexes
I and III (152). This is also further supported by the elevated
level of mitochondrial stress markers in the serum of MS
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patients (153). Moreover, a case report revealed that mutation
in the DNA polymerase gamma gene is responsible for the
changes in mitochondrial function and has been implicated in
MS-like illness including ophthalmoplegia, ataxia, and cognitive
impairment (154) – suggesting that MS may well originate as a
disease of mitochondrial dysfunction (155, 156).

Furthermore, proteomic and bioinformatic analyses
revealed marked changes in metabolic pathways associated
with mitochondrial functions (82). Thus, dysregulation of
mitochondrial processes may underlie the compromise of
the peripheral immune system in the CPZ model (157). In
addition, since oligodendrocytes depend upon mitochondria for
energy (158), the compromised mitochondria following CPZ-
feeding supply less energy to oligodendrocytes, thus triggering
oligodendrocytosis (i.e., the suggested initial trigger of MS).

Can CPZ-induced immune system suppression be prevented?
We have addressed this question recently (51, 82). CPZ induces
atrophy of the peripheral immune organs such as the spleen,
making it impossible to see whether or not T-cells can invade the
CNSwhen the BBB is breached (82). To circumvent this problem,
we used juvenile mice [to avoid age-related thymic involution
(159, 160)] and fed them 0.1% CPZ for 2 weeks to overcome
the normal CPZ-mediated adaptive immune system atrophy (51).
Juvenile animals showed less splenic and thymic atrophy when
fed with 0.1 or 0.2% CPZ (51) compared with young adult mice
(82, 127–129). However, no CNS T-cell infiltration was seen after
the BBB was breached using pertussis toxin (51). In a parallel
study, we castrated the juvenile mice to completely prevent
splenic and thymic atrophy (51), since it is known that castration
overcomes androgen-dependent (age-related) thymic involution
and maximizes adaptive immune cell maturation and function
(161, 162).When we combined castration, 0.1%CPZ-feeding and
pertussis toxin injection to juvenile mice for 2 weeks, CD8 T-
cell infiltration into the CNS, in addition to demyelination and
gliosis, was observed (51). The result was confirmed by western
blotting, immunohistochemistry, and flow cytometry (51). This
work concluded that “CD8+ T-cell recruitment into the CNS of
CPZ-fed mice, albeit castrated male mice, provides a potential
new variant of the CPZ model with which to explore the early
events involved in CNS demyelinating diseases like MS” when the
BBB is compromised (51). In contrast, gonadally intact female
mice showed the routinely observed CPZ-induced thymic and
splenic atrophy, and no T-cell infiltration into the CNS (51).
It is noteworthy, however, that MS is more prevalent (2–3-
fold) in females than males (163) suggesting that the lack of T-
cell involvement in the CPZ-fed female mice (51) may indicate
that different mechanism(s) are involved in the pathoetiology
of MS in males and females. Whether female hormones (e.g.,
estrogen and progesterone) play a role in CPZ outcome or T-
cell infiltration into the CNS remains untested. However, the
preferential presence of CD8+ T-cells in this model more closely
resembles human MS pathology since CD8+ T-cells outnumber
CD4+ T-cells by 3-10-fold in MS patients (164, 165). The
work of Almuslehi et al. (51) is supported by another recent
observation in which the peripheral immune systems of CPZ-
fed mice were boosted by peripheral injection of complete
Freund’s adjuvant, and the BBB was breached (50). In this model,
CNS infiltration of CD3+ T-cells (a pan T-cell marker) was

evident, and was followed by a secondary demyelination and
inflammatory process. This variant of the CPZ model has been
termed “cuprizone autoimmune encephalitis.” The origin of the
encephalomyelitis was attributed to citrullination (50), a post-
translational modification in which the amino acid arginine is
converted to citrulline leading to conformational changes of the
affected proteins (166). Citrullination of myelin basic protein
is linked with lymphocyte infiltration and demyelination in the
spinal cord in EAE (167) and MS lesions (168). Western blot
analysis showed a shift in the molecular weight in the blot
of peptidyl arginine deiminases which are similar in molecular
weight to myelin basic protein (50). Altogether, the data indicate
that metabolic dysregulation in the CNS can lead to a subsequent
peripheral immune response in CPZ-fed mice.

What happens when adoptive myelin-reactive T-cells
are transferred to the CPZ-fed animal? This question was
addressed recently (169–171). T-cells were transferred from
EAE mice into CPZ-fed mice via intraperitoneal injection
and CD4+ T-cells infiltrated the corpus callosum; delayed
remyelination was observed, suggesting that T-cells promote
continuous demyelination and slowed remyelination in CPZ-
fed mice (170). This model was further developed by Kirby
et al. (171) who demonstrated that the adoptive transfer
of myelin-reactive T-effector cells influenced the properties
and differentiation of oligodendrocyte precursor cells (171).
This work also showed that oligodendrocyte precursor cell
differentiation is reduced by both effector T-cells and interferon-
γ overexpression by astrocytes (171). Moreover, oligodendrocyte
precursor cells exposed to interferon-γ cross-present antigens
to cytotoxic CD8 T-cells, leading to oligodendrocyte precursor
cell degeneration (171). Similarly, peripheral immunization
of myelin oligodendrocyte glycoprotein 35–55 peptide into
CPZ-fed mice induced myelin autoreactive T-cell infiltration
into the CNS (169). All these studies indicate the importance
of brain-intrinsic degenerative cascades for immune cell
recruitment and degeneration of oligodendrocytes. However,
histological investigation mainly concentrated on the corpus
callosum (170, 171) and no reports of either behavioral deficits
or proteomic changes associated with this model were found in
the literature, clearly indicating that further studies are required.
Moreover, these studies (169–171) relied on a preactivated
anti-myelin (e.g., myelin oligodendrocyte glycoprotein) T-cell
mediated immune response (arguably another variant of EAE;
i.e., outside-in) rather than endogenous myelin (50–52).

New CPZ model variants (50, 51) reflect both primary
oligodendrocytosis followed by the production of endogenous
antigens (e.g., myelin debris) and a subsequent adaptive immune
response. Whether or not T-cells were functionally active or if
these treatments resulted in behavioral deficits were not tested
(50, 51) and should be part of the next studies using these
models. However, the microenvironment that facilitates T-cell
infiltration was also not assessed in these recent studies (50, 51,
82). For example, the role of pro-inflammatory cytokines (e.g.,
interleukins-1 and−6, tumor necrosis factor-α, and interferon-γ)
from microglia and astrocytes in the process of T-cell infiltration
should be investigated (172). This would test which cytokine(s)
are responsible for the peripheral T-cell activation and migration
into the CNS following castration and the breach of the BBB
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in CPZ-fed mice. Moreover, Sen et al. recently found a number
of proteoforms (e.g., of calreticulin and dynamin) that appeared
to have arisen due to selective post-translational modifications
following CPZ-feeding (82); however, the antigenicity of these
proteoforms was not tested (82) as for the peptidyl arginine
deiminases (50). While this study (82) used whole-brain samples
to identify proteome changes, detailed proteomic analysis of
tissue from defined regions of the CNS including the cerebellum,
brain stem, and spinal cord may explain the temporal effects
of CPZ.

The presence of an “oligodendrocytosis triggering immune
response” in the CPZ model is also supported by studies
from the diphtheria toxin model (52). In this model, targeted
oligodendrocyte degeneration is achieved either via external
administration (173, 174) or genetic manipulation (52, 175, 176)
of diphtheria toxin in the rodent. However, oligodendrocytosis
triggering immune responses depend upon the duration and
nature of degeneration. For example, when animals are
treated for a short period such as 4 (174), 6 (176), or
5–20 weeks (173), motor behavioral deficits, oligodendrocyte
degeneration, glial activation, and axonal injury are observed,
but no adaptive immune response occurred. On the contrary,
longer incubation leads to immune-mediated oligodendrocyte
degeneration (52). In this work (52), ∼30 weeks after
recovering from oligodendrocyte loss and demyelination, a
secondary disease progression was observed which included
motor behavioral deficits, weight loss, demyelination, and axonal
injury. Importantly, this late-onset disease was also associated
with increased numbers of T-lymphocytes in the CNS and
myelin oligodendrocyte glycoprotein-specific T-cells in lymphoid
organs (52). These data suggest that progressive degeneration
of oligodendrocytes triggers an adaptive autoimmune response
against myelin (52) and this is arguably more consistent with
the apparent slow progression to MS (i.e., the disease, like
other neurodegenerative diseases, may initiate years before the
condition is clinically diagnosed).

While the diphtheria toxin model shows the sensory-motor
behavioral deficits (52, 173, 175–177), these deficits do not extend
to cognitive, affective (anxiety) or visual modalities like those
seen in MS and the CPZ animal model (35). Moreover, studies
revealed diphtheria toxin-mediated oligodendrocyte death and
gliosis in the absence of a peripheral autoimmune response
(173, 176, 177). Whether this effect is due to the effect of
diphtheria toxin on peripheral immune organs, such as the spleen
or thymus remains untested. Furthermore, research from our lab
(82, 133) and others (89, 129, 178, 179) revealed similarities and
differences of proteomic changes in MS and CPZ that remain
unquantified in the diphtheria toxinmodel. In addition, the novel
approaches adopted in the past 5–10 years of combining CPZ and
EAE (169–171) and diphtheria toxin-induced oligodendrocytosis
(52, 173–177) compared to the over 70 years of research on EAE
(14) and ∼60 years on CPZ (180) have yet to reveal their role in
promoting a better understanding of the pathoetiology of MS.

Taken together, evidence from animal models (50–52) thus
support the proposed initial inside-out pathoetiology of MS
(10, 11). While with diphtheria toxin it takes ∼1 year to see
adaptive immune cell recruitment (52), in the CPZ model, this

adaptive immune cell recruitment to the site of demyelination
and subsequent immune-mediated demyelination is seen as early
as 2 weeks after the start of CPZ-feeding (50, 51). Ideally,
while it is quite unequivocal to state that there is no perfect
animal model (perhaps for any human diseases) that mimics
the complete complexity of MS, the legitimate use of an animal
model depends upon the research question to be addressed and
a considered presentation of the findings that acknowledges the
limitations of the model. Having said that, significant progress in
our understanding of MS has been made using animal models
and it is our consistent hope that healthy debate, as presented in
this Perspective, leads to better and more revealing experiments.

CONCLUSIONS

This Perspective describes why the EAE model is widely used
to study the late (autoimmune) aspects of MS. Since, by design,
EAE supports the outside-in hypothesis, it is thus not an effective
model to study MS pathoetiology and should not be the model of
choice when experiments are designed to identify the initiating
trigger(s) of MS. We thus argue that MS primarily originates
from a slow, progressive oligodendrocyte degeneration caused by
metabolic dysfunction that leads to subsequent reactive gliosis in
the absence of adaptive immune cell response. The CPZ model
supports the inside-out hypothesis of MS pathoetiology, and can
be modified to also study CNS infiltration of peripheral immune
cells. The CPZmodel thus has the advantage of enabling the study
of oligodendrocytosis in the absence (immuno-suppression)
and presence (immuno-protection) of the peripheral immune
system via titration of the dose and time. However, the full
extent to which adaptations of the CPZ model mimic human
MS pathology is still unclear but appropriate studies into the
potential underlying/initiating pathological alterations are now
possible. Initially, this will require further optimization of the
new models (e.g., confirming the functionality of T-cells and
testing for behavioral changes) and thus potential validation as
appropriate systems for identifying novel early biomarkers and
therapeutic targets to most effectively address and perhaps even
cure MS.
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Multiple Sclerosis (MS) is an immune-mediated neurological disorder, characterized
by central nervous system (CNS) inflammation, oligodendrocyte loss, demyelination,
and axonal degeneration. Although autoimmunity, inflammatory demyelination and
neurodegeneration underlie MS, the initiating event has yet to be clarified. Effective
disease modifying therapies need to both regulate the immune system and promote
restoration of neuronal function, including remyelination. The challenge in developing
an effective long-lived therapy for MS requires that three disease-associated targets
be addressed: (1) self-tolerance must be re-established to specifically inhibit the
underlying myelin-directed autoimmune pathogenic mechanisms; (2) neurons must
be protected from inflammatory injury and degeneration; (3) myelin repair must be
engendered by stimulating oligodendrocyte progenitors to remyelinate CNS neuronal
axons. The combined use of chronic and relapsing remitting experimental autoimmune
encephalomyelitis (C-EAE, R-EAE) (“outside-in”) as well as progressive diphtheria toxin
A chain (DTA) and cuprizone autoimmune encephalitis (CAE) (“inside-out”) mouse
models allow for the investigation and specific targeting of all three of these MS-
associated disease parameters. The “outside-in” EAE models initiated by myelin-specific
autoreactive CD4+ T cells allow for the evaluation of both myelin-specific tolerance
in the absence or presence of neuroprotective and/or remyelinating agents. The
“inside-out” mouse models of secondary inflammatory demyelination are triggered by
toxin-induced oligodendrocyte loss or subtle myelin damage, which allows evaluation
of novel therapeutics that could promote remyelination and neuroprotection in the
CNS. Overall, utilizing these complementary pre-clinical MS models will open new
avenues for developing therapeutic interventions, tackling MS from the “outside-in”
and/or “inside-out”.
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INTRODUCTION

Multiple Sclerosis presents most often in young adulthood and is
chronic as most patients live with the disease for decades. Recent
studies on prevalence uncovered that nearly a million people live
with MS within the United States (Culpepper et al., 2019; Nelson
et al., 2019; Wallin et al., 2019). Approximately 85% of patients
present with the relapsing-remitting form of MS (RRMS) that
involves episodes of neurological deficits followed by phases of
recovery (Steinman, 2009). The disease often slowly converts to a
secondary-progressive form of MS (SPMS) that shows significant
and irreversible neurological impairment (Stadelmann, 2011).
The primary-progressive form of MS (PPMS) appears in the
remaining patients and results in rapid progressive neurological
decline (Miller and Leary, 2007).

With advances in technology, in addition to the traditional
family history portion of a patient’s medical record, further
characterization of a patient’s predisposition to disease can be
evaluated by genomic sequencing. For example, recent studies
have identified over 200 genomic and proteomic anomalies
prevalent in the MS patient population, all directly or indirectly
linked to the immune system (International Multiple Sclerosis
Genetics Consortium et al., 2013; Manconi et al., 2018;
International Multiple Sclerosis Genetics Consortium, 2019;
Kotelnikova et al., 2019). Clinical presentation of the disease as
well as chronic neuropathology highlight the destructive nature
of the interaction between the immune system and the CNS.

The “outside-in” hypothesis constitutes a primary
pathogenesis of autoimmune inflammation followed by a
secondary pathogenesis of myelin degradation (Table 1).
The “inside-out” hypothesis is a primary pathogenesis of
oligodendrocyte (OL) injury/myelin destabilization and
a secondary pathogenesis due to activation of a reactive
inflammatory response (Table 1). Experimental murine
models can recapitulate patient clinical presentations and
pathological changes including inflammatory demyelination,
axonal pathology, and immune cell infiltration utilizing
both “outside-in” immune mediated demyelination and the
“inside-out” CNS demyelination/neurodegeneration driven
models (Table 2).

Presently, there is no cure for MS and the long-term
treatment of MS patients is based on disease-modifying therapies
that either suppress or modulate the immune system, and
symptomatic management. Ideally, the mechanism(s) of action
for an efficacious therapy would function to specifically target
the root cause of the immune and CNS dysfunction. First,
the underlying autoimmunity must be mitigated through re-
establishing self-tolerance (McCarthy et al., 2014; Luo et al., 2016;

TABLE 1 | “Inside-out” and “Outside-in” hypotheses of MS pathophysiology.

“Inside-Out”
Hypothesis

“Outside-In”
Hypothesis

Primary
Pathogenesis

OL injury / Myelin destabilized Autoimmune
inflammation

Secondary
Pathogenesis

Reactive inflammatory response/
Further myelin degradation

Myelin degradation

Pearson et al., 2017, 2019). Second, neurodegeneration must be
mitigated to protect the remaining function of CNS neurons.
Third, tissue repair within the CNS must restore oligodendrocyte
insulation and myelin sheath formation around damaged axons
(Rodgers et al., 2013). As the etiology of the disease is unknown,
utilizing both “outside-in” and “inside-out” models for single
selective immune regulatory and myelin repair therapy as well
as combination therapy in pre-clinical trials are imperative for
success in developing effective therapeutics in patient clinical
trials. This review will focus on the “outside-in” models, “inside-
out” models of MS, and the multi-directional feedback between
the immune system and the CNS.

“OUTSIDE-IN” MS MODELS

The process of drug discovery, approval, and future patient
use requires initial testing in experimental models that
recapitulate hallmarks of the human disease state. Initial
inflammatory demyelination in Multiple Sclerosis and
subsequent neurodegeneration is a result of multi-directional
feedback involving CNS resident cells (i.e., oligodendrocytes,
neurons, and microglia) and infiltrating immune cells (i.e.,
autoreactive T cells and B cells, inflammatory monocytes,
and macrophages) (McFarland and Martin, 2007; Bhat and
Steinman, 2009; Weiner, 2009). While the primary etiology
of MS remains unknown and is likely multi-determinant, the
disease involves the activation of the peripheral adaptive immune
system against CNS myelin epitopes. However, the triggering
event that initiates this autoimmune response is not understood.
Antigen presenting cells (APCs) (i.e., dendritic cells, monocytes,
macrophages, microglia, and B cells) activate naïve CD4+ T
cells and promote differentiation of CD4+ Th17 and Th1 cells
through inflammatory cytokines (IL-1β, IL-6, and IL-23; and
IL-12, respectively).

Activated microglia are rapidly recruited to sites of CNS
damage (Duan et al., 2009). These APCs upregulate the
expression of MHCII and other costimulatory molecules, such
as CD40, CD80, and CD86 (Windhagen et al., 1995; Gerritse
et al., 1996; Zrzavy et al., 2017). These observations suggest
that activated APCs within the CNS possess the capacity to
present antigens to infiltrating T cells. However, in vitro data
show that microglia have a limited capacity to activate CD4+ T
cells (Mack et al., 2003). In contrast to the in vitro findings, a
dynamic alteration in the presence and phenotype of microglia
within the CNS has been reported with regard to the absence
or presence of lesions within the local microenvironment (Esiri
and Reading, 1987; Ferguson et al., 1997; Prineas et al., 2001;
Zrzavy et al., 2017). For example, microglia activation was more
pronounced and increased with the length of disease even in
the normal-appearing white matter sections from MS patients
as compared to control tissue samples (Zrzavy et al., 2017).
Additionally, active lesions from MS patients contained microglia
and macrophages expressing a pro-inflammatory phenotype
(Zrzavy et al., 2017), suggesting the ability of these cells to activate
CD4+ T cells.

Besides microglia and macrophages, recent evidence suggests
that B cells may serve as an important APC population in
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TABLE 2 | “Inside-out” and “Outside-in” disease model systems highlighted in this review.

“Inside-Out” models “Outside-In” models

Epsilon Toxin
Model

Diphtheria Toxin
A (DTA) Model

Cuprizone
autoimmune
encephalitis
(CAE) Model

Chronic
Experimental
Autoimmune
Encephalomyelitis
(C-EAE) Model

Relapsing
Remitting
Experimental
Autoimmune
Encephalomyelitis
(R-EAE) Model

Theiler’s
Virus-Induced
Demyelinating
Disease

Japanese
Macaque
Encephalomyelitis
(JME) Model

Model species Mouse Mouse Mouse Mouse Mouse Mouse Macaque

Induction of
disease model
(in Adults)

Epsilon toxin,
produced by type B
and D strains of
Clostridium
perfringens, a
spore-forming
gram-positive
bacterium

Timed genetic
expression of
diphtheria toxin
(tamoxifen induced
PLPCreERT for
targeting OL)

Cuprizone diet for
2 weeks, then inject
CFA (SubQ) and
Pertussis Toxin (IP)

MOG35−55 + CFA
(SubQ) and
Pertussis Toxin (IP)

PLP139−151 + CFA
(SubQ)

Theiler’s Murine
Encephalomyelitis
Virus (TMEV)
intracerebral
infection

Japanese Macaque
Rhadinovirus
(JMRV),
spontaneous or
injected

Disease model
trigger

Epsilon Toxin
induced cytotoxicity
(OL)

DTA induced cell
death (OL),
secondary MOG
peptide immune
response

Cuprizone
destabilizes myelin,
Citrullinated MBP
drives immune
response

MOG35−55 peptide
immune response

PLP139−151 peptide
immune response

Response to TMEV
and subsequent
spreading to PLP
and MBP epitopes

JMRV infection,
MBP peptide
immune response

Disease model
pathogenesis

OL cytotoxicity,
triggers
demyelination

OL ablation,
triggers
demyelination/
remyelination,
secondary immune
response (respond
to MOG peptide)

Myelin breakdown,
secondary immune
response (respond
to MBP epitope)

Immune infiltration
(respond to MOG
peptide), secondary
CNS degeneration

Immune infiltration
(initially respond to
PLP peptide, later to
MBP), secondary
CNS degeneration

Immune response
to virus, release of
myelin epitopes
inducing
autoimmune
pathology,
secondary CNS
degeneration

Immune response to
virus and infiltration
(respond to MBP
peptide), secondary
CNS degeneration

RRMS disease pathogenesis. To test this hypothesis, the ability
of memory B cells from RRMS patients to activate CD4+ T
cell in response to MBP and MOG was compared to naïve B
cells from health donors. The data show that the naïve B cells
from healthy donors did not activate the CD4+ T cells in the
presence of MBP and MOG, while the memory B cells from
RRMS patients did activate the CD4+ T cells (Harp et al., 2010).
In the context of anti-CD20 therapy, which deletes peripheral
B cells, the aforementioned findings suggest that the depletion
of B cells following anti-CD20 treatment may be due in-part
to the loss of B cells as an APC population. This possibility is
supported by studies utilizing whole MOG protein-induced EAE
in C57BL/6 mice, in which MOG-specific B cells are activated
(Hausler et al., 2018).

In the “inside-out” model of MS (Figure 1), amplified
inflammation, driven by peripherally derived autoreactive CD4+
Th17 and Th1 cells, directly and indirectly leads to further
myelin destruction (Glass et al., 2010; Prinz and Kalinke,
2010). Based on the presence of T cell-mediated inflammation
within the CNS of MS patients, the field historically utilizes
“outside-in” experimental models of disease (Figure 2). These
experimental models include relapsing-remitting experimental
autoimmune encephalomyelitis (R-EAE) and Theiler’s murine
encephalomyelitis virus (TMEV) infection in SJL/J mice,
chronic experimental autoimmune encephalomyelitis (C-EAE)
in C57BL/6 mice, and more recently a non-human primate
model of virus-induced Japanese macaque encephalomyelitis
(JME) (Table 2).

Experimental Autoimmune
Encephalomyelitis (EAE)
In mice, the MS disease processes, including myelination
defects, axonal pathology, and immune cell infiltration can
be experimentally recapitulated. Classically, the experimental
autoimmune encephalomyelitis (EAE) mouse model has been
used to mimic autoimmune demyelination in response to
a peripheral immune-priming event serving as an “outside-
in” approach. Both relapsing-remitting MS (RR-MS) and
primary-progressive MS (PP-MS) can be arguably modeled by
EAE induced via subcutaneous priming of different mouse
strains with specific myelin peptides in complete Freund’s
adjuvant (CFA). CD4+ Th1/17 cells primed in the peripheral
lymph nodes, traffic to the CNS, and are re-stimulated with
endogenous myelin antigens leading to effector responses and
clinical disease. Priming SJL/J mice with proteolipid protein
(PLP)139−151/CFA results in multiple clinical relapses (R-
EAE) and priming C57BL/6 mice with myelin oligodendrocyte
glycoprotein (MOG)35−55/CFA and pertussis toxin or infection
of SJL/mice with TMEV induces an acute phase of disease
followed by chronic progression (C-EAE) as measured by
clinical scoring (Theiler and Gard, 1940; Veillette et al.,
1989; Ben-Nun et al., 1991; Burns et al., 1991; Sun et al.,
1991; Trotter et al., 1991; Soderstrom et al., 1993; Zhang
et al., 1993; Steinman et al., 2002; Sospedra and Martin,
2005; Robinson et al., 2014; Terry et al., 2016). The use of
the R-EAE and C-EAE mouse models allow assessment of
motor function via clinical scoring, immune cell function,
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FIGURE 1 | “Inside-Out” model of MS pathophysiology. The “inside-out” model of MS pathogenesis begins with the release of myelin antigens from injured or
destabilized myelin to the periphery (1) followed by the presentation of myelin epitopes to (2) and activation of autoreactive T cells (3). Activated autoreactive T cells
then migrate into the CNS, are reactivated by CNS-resident APCs (4), and release cytokines leading to direct as well as indirect damage to myelin (5). Additional
myelin epitopes released by the primary T cell response induce epitope spreading (6) leading to additional myelin destruction (7).

promotion of oligodendrocyte proliferation/maturation, and
formation of new myelin.

Ideally, re-establishing self-tolerance would be induced by
antigen-specific immune therapy (i.e. immune tolerance) in
which the remaining immune system functions remain intact.
The utilization of both R-EAE and C-EAE models of disease
have been used to identify the underlying epitope-spreading
mechanism within autoimmune disease. Epitope spreading in
R-EAE has been clearly defined during the various phases of
disease (Miller et al., 1995). During the immune response to
a foreign or self-protein, the initial CD4+ T cell response
focuses on one or two antigenic peptide epitopes within the
immunogenic protein. These initial immunogenic epitope(s)
are termed the dominant epitope(s). As the immune response
progresses, the process of epitope spreading occurs, which is
defined as the activation of additional antigen-specific CD4+ T
cells that express T cell receptors specific for additional antigens
that are not the dominant epitope(s) (Lehmann et al., 1992,
1993; Vanderlugt and Miller, 2002). For example, in an SJL/J
mouse primed with PLP139−151/CFA, PLP139−151-specific CD4+
T cell reactivity is induced within 3 days of priming in the
draining lymph nodes for the site of PLP139−151/CFA injection,
and this dominant epitope-specific CD4+ T cell response
is maintained throughout the disease course. Immediately
before, and continuing during, the primary relapse phase of

disease, PLP178−191 reactivity (termed intramolecular epitope
spreading, i.e., spreading from one peptide epitope to another
peptide epitope contained within the same protein) is detected
by T cell proliferation and delayed-type hyper-sensitivity
(DTH) assays. During the secondary relapse phase of disease,
MBP84−104 responses (termed intermolecular epitope spreading,
i.e., spreading from one peptide epitope to another peptide
epitope contained within a different protein) are detectible.
Conversely, if SJL/J mice are primed with PLP178−191/CFA, the
acute phase of disease is mediated by CD4+ T cell responses
to the initiating PLP178−191 epitope. Subsequently, PLP139−151
CD4+ T cells are detectible within the spleen and cervical
lymph nodes during the primary disease relapse, and MBP84−104
specific CD4+ T cells during the secondary disease relapse.
Published data show that while the detection of the spread
epitope-specific CD4+ T cells (PLP178−191 or PLP139−151 specific
CD4+ T cells depending on the peptide used to induce disease)
does not occur until the primary disease relapse, these spread
epitope-specific CD4+ T cells are initially activated during the
acute phase of disease via antigen presenting cells presenting
spread epitope peptides within the CNS (McMahon et al.,
2005). Similarly, infection of SJL/J mice with TMEV, results
in the bystander immune-mediated CNS damage leading to
initial epitope spreading to PLP139−151 followed by responses to
additional myelin epitopes. The development of these responses
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FIGURE 2 | “Outside-In” model of MS pathophysiology. The “outside-in” model of MS pathogenesis begins with activation of myelin-specific T cells in response to a
myelin peptide mimic epitope expressed on a pathogenic virus or other microbe exposure (1–2). Activated autoreactive T cells then migrate into the CNS, are
reactivated by CNS-resident APCs (3), and release cytokines leading to direct as well as indirect damage to myelin (4). Additional myelin epitopes released by the
primary T cell response induce epitope spreading (5) leading to additional myelin destruction (6).

correlates with the extent of myelin destruction during the acute
disease phase (McRae et al., 1995). The hierarchy of dominant
epitopes is due to a combination of differential protein processing
and presentation by various APCs, and the precursor frequency
of the antigen-specific CD4+ T cells (Lehmann et al., 1998;
Moon et al., 2007).

The epitope spreading phenomena during autoimmune
disease has been confirmed by the use of antigen-specific
tolerance therapies. For example, immune tolerance is readily
induced by coupling of peptides to donor splenocytes (SP) using
the chemical crosslinker 1-ethyl-3-(3- dimethylaminopropyl)
carbodiimide (ECDI) (Wetzig et al., 1979). Antigen coupled to
splenocytes (Ag-SP) delivers the antigen to APCs that present
the cargo antigen in a tolerogenic manner. The non-specific
crosslinking of antigen to the cell surface while inducing
apoptosis allows the donor cells to be perceived by the host in
a non-inflammatory (non-immunogenic) manner. Ag-SP have
been employed to prevent and treat the relapsing EAE model
of MS (Podojil and Miller, 2009), and type 1 diabetes (T1D)
in the non-obese diabetic (NOD) mouse (Prasad et al., 2012).
A recent publication summarized the results of a phase I trial
in MS patients using apoptotic ECDI-fixed peripheral blood
mononuclear cells (PBMCs) pulsed with a cocktail of myelin

peptides, illustrating the safety and efficacy of this procedure in
human autoimmune disease (Lutterotti et al., 2013). Importantly,
the mechanistic aspects of this study provided an important
proof-of-principle that induced peripheral tolerance can be
successfully employed to induce unresponsiveness in human
autoreactive T cells.

More recently, biodegradable carboxylated nanoparticles
composed of poly(lactic-co-glycolic) acid (PLGA) were
shown to induce antigen-specific tolerance for prevention
and treatment of EAE when encephalitogenic peptides were
EDCI fixed to the surface of the particles or encapsulated
within the particles (Getts et al., 2012; Hunter et al., 2014).
Administration of Ag-bearing PLGA nanoparticles results
in significantly reduced CNS infiltration of encephalitogenic
Th1 (IFN-γ) and Th17 (IL-17a and GM-CSF) cells as well as
inflammatory monocytes/M8s. Tolerance was most effectively
induced by intravenous infusion of Ag-PLG (Getts et al.,
2012), though intraperitoneal delivery was also able to
attenuate disease scores. The intravenous route likely has
greater efficacy due to direct trafficking and uptake of the
nanoparticles by APCs in the liver and spleen via the macrophage
receptor of collagenous structure (MARCO) scavenger receptor
(Getts et al., 2011).
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Theiler’s Murine Encephalomyelitis
Virus-Induced Demyelinating Disease
(TMEV-IDD)
As outlined above, we have previously extensively studied
and reviewed (Croxford et al., 2002; Munz et al., 2009) the
immunopathogenesis of TMEV-induced demyelinating disease
(TMEV-IDD) “outside-in” model of MS. Briefly, TMEV is
a picornavirus which naturally enters the CNS via a fecal-
oral transmission route and enters the CNS via a retrograde
transport mechanism. In experimental TMEV-IDD, disease is
induced by intracerebral injection of TMEV which then induces
a persist infection of microglia which, in susceptible mouse
strains, stimulates inflammatory anti-viral immune responses
(Th1, Th17, and CD8) which cause bystander damage to
oligodendrocytes and myelin in the CNS. Released myelin
antigens then activate myelin epitope-specific autoimmune
responses via the process of epitope spreading (Miller et al.,
1997) leading to a chronic demyelinating and a spastic course
of paralysis. We also showed that a strain of TMEV engineered
to express molecular mimic of the myelin PLP139−151 epitope
sharing only 3 of the 13 amino acid residues (critically including
the primary MHC binding and the primary and secondary
T cell receptor binding residues), could induce demyelinating
disease via the process of molecular mimicry (Olson et al.,
2001). Collectively these studies indicate that myelin-specific
autoimmune pathology can be induced by infection both via
bystander damage induced release of self-antigens (epitope
spreading) and molecular mimicry.

Japanese Macaque Encephalomyelitis
(JME)
Japanese macaque encephalomyelitis (JME) is an inflammatory
demyelinating disease that occurs spontaneously in a colony
of Japanese macaques (JM) at the Oregon National Primate
Research Center (Axthelm et al., 2011; Blair et al., 2016).
The disease only occurs in specific lineages within the colony,
and is triggered by a novel gamma-herpes virus, Japanese
macaque rhadinovirus (JMRV), that occurs spontaneously in
1–3% of the JM colony and with targeted breeding 2–5%
(Axthelm et al., 2011). If needed, based on population and time
constraints, disease can be induced by intracranial injections
of JMRV into animals from affected lineages (Estep et al.,
2013) with the advantage of a known consistent location for
histology and MRI/DTI. Animals with JME display clinical
signs resembling Multiple Sclerosis, such as; ataxia, paresis,
and magnetic resonance imaging reveals multiple T2-weighted
hyperintensities and gadolinium-enhancing lesions in the central
nervous system (i.e., brainstem, cerebellum, and cervical spinal
cord). The prevalent myelin epitope is myelin basic protein
(MBP). Comparable to disease manifestation in MS patients, the
CNS of animals with JME present with active lesions that contain
CD4+ Th1 and Th17 cells, CD8+ T cells, and oligoclonal bands
are present within the CSF (Blair et al., 2016).

In addition to testing immune modulatory therapies,
therapies that potentially promote myelin repair by stimulating
oligodendrocyte progenitor cell expansion, homing and/or

differentiation can be assessed in the EAE and TMEV-IDD
mouse and JME primate models of MS. Researchers can examine
clinical disease progression in the form of sensory and motor
function, CNS immune and inflammatory responses, flow
cytometry-based enumeration of cells of the oligodendrocyte
lineage, and changes in myelin. The use of the MS-like animal
disease models provides a robust platform for assessing
combined immune regulation and myelin repair therapies in
an “outside-in” model of CNS immune-induced demyelinating
disease. These in vivo platforms for testing new myelin repair
drugs will hopefully lead to the translation of a novel drug, either
alone or in combination with immune regulatory drugs, for the
treatment of MS.

“INSIDE-OUT” MS MODELS

The “inside-out” model proposed by Stys et al. (2012) argues
that primary degeneration of oligodendrocytes and myelin is the
initial event of MS, and might occur in the earliest years before the
onset of symptoms. Primary oligodendrocyte death and/or subtle
myelinopathy can precede and subsequently drive a secondary
autoimmune attack, resulting in inflammatory demyelination in
MS (Figure 1). Therefore, there has been a search for agents
that could trigger these CNS events, resulting in the onset of an
immune response to myelin.

Epsilon Toxin Model
In the earliest stage of MS, the histologic description of
formation of nascent lesions without inflammatory infiltration
argues for the possibility of an “inside-out” mechanism (Barnett
and Prineas, 2004; Prineas and Parratt, 2012). Observation
of oligodendrocyte apoptosis along with blood brain barrier
disruption in the nascent lesions indicates that MS might arise
from an environmental insult targeting oligodendrocytes, such as
a toxin or virus. Epsilon toxin is produced by the type B and the
type D strains of Clostridium perfringens, a spore-forming gram-
positive bacterium mostly found in the intestines of ruminant
animals (Blackwell et al., 1983; Uzal et al., 2004; Uzal and Songer,
2008). Epsilon toxin is converted into an active form, crosses
the intestinal mucosa and disseminates via the bloodstream,
massively accumulating in the brain and kidneys (Finnie, 1984,
2003; Tamai et al., 2003). The toxin has the capability to cross
the blood brain barrier and infiltrate the brain parenchyma,
which results in MS-like symptoms (Dorca-Arevalo et al., 2008;
Popoff, 2011). Over three decades ago, Murrell et al. (1986) first
hypothesized that epsilon toxin is the potential toxin that triggers
MS, even though humans are not natural hosts for C. perfringens
types B and D. More recently, C. perfringens type B was isolated
from the stool of a female remitting-relapsing MS patient with
an onset 3 months previously (Rumah et al., 2013). Furthermore,
epsilon toxin specific antibodies were found in serum and/or CSF
of 10% of MS patients and 1% of healthy controls from the banked
samples in the United States (Rumah et al., 2013). Similarly,
immunoreactivity toward epsilon toxin in serum is higher in MS
patients than in controls in the United Kingdom (Wagley et al.,
2019). In light of these observations and clinical evidence, it has
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been proposed that epsilon toxin exposure may play a role in
initiating MS lesion formation by binding to oligodendrocytes,
myelin and white matter (Lonchamp et al., 2010; Wioland et al.,
2015). Although the mechanism underlying the effect of epsilon
toxin on oligodendrocytes and subsequent demyelination is not
yet clear, several lines of evidence in vitro indicate that epsilon
toxin selectively attacks mature oligodendrocytes and triggers
demyelination (Linden et al., 2015; Wioland et al., 2015; Bossu
et al., 2020). It has been shown that myelin and lymphocyte
protein (MAL) could be a candidate epsilon toxin receptor
on oligodendrocytes (Rumah et al., 2015). Once bound to
oligodendrocytes, epsilon toxin could lead to the rise of glutamate
and subsequent activation of mGluR, which activates intracellular
Ca2+signaling and eventually triggers demyelination (Lonchamp
et al., 2010; Kostic et al., 2013; Wioland et al., 2015). In line
with this evidence, it is highly possible that an agent cytotoxic to
oligodendrocytes may trigger MS.

Diphtheria Toxin A Chain (DTA) Model
One of the proposed factors in the alternative “inside-out”
theory for initiating MS is the primary cytotoxic death of
oligodendrocytes. A toxin-induced ablation of oligodendrocytes
is useful for testing whether such oligodendrocyte death could
trigger anti-CNS autoimmunity (Jakel and Dimou, 2017). Plp1-
CreERT; ROSA26-eGFP-DTA (DTA) is a mouse model of
oligodendrocyte ablation accomplished via an oligodendrocyte
specific activation of toxin expression in adult mice. The A
subunit of diphtheria toxin (DT-A) induces cell death by
catalyzing the inactivation of elongation factor 2, thereby
halting global protein synthesis (Collier, 2001). The Plp1-
CreERT mouse line drives expression of the tamoxifen-
regulated Cre recombinase under control of the oligodendrocyte-
specific myelin proteolipid protein (PLP) transcriptional control
region (Doerflinger et al., 2003). The DT-A expression in
oligodendrocytes is the result of tamoxifen-induced Cre-
mediated recombination of ROSA26-eGFP-DTA locus via Plp1-
CreERT (Traka et al., 2010). The expression of the DT-A
subunit specifically in CNS myelinating oligodendrocytes results
in widespread oligodendrocyte ablation, CNS demyelination, and
the subsequent development of severe neurological symptoms.
There is no breakdown of the blood brain barrier or detectible
increase in CD4+ T cell into the CNS despite local inflammation,
and there is no apparent loss of CNS axons during the initial
demyelination event. However, the specific phenotype(s) of the
T cells within the CNS during this initial demyelination phase of
disease have not been fully characterized. The clinical symptoms
of the acute phase of the disease are ameliorated during a
recovery phase that correlates with the repopulation of mature
oligodendrocytes and robust remyelination in the following 6–
7 weeks (Traka et al., 2010). Interestingly, as the recovered mice
age, they develop a secondary lethal progressive demyelinating
disease starting around 40 weeks after tamoxifen injection that is
mediated by MOG35−55-specific CD4+ T cell infiltration into the
CNS during the late stages of disease (Traka et al., 2016). While
the MOG35−55-specific CD4+ T cell responses are detectable
in the peripheral lymphoid organs at 40 weeks post induction
and are not present at 10 weeks, there is a significant increased

number of CD4+ T cells in the CNS at 10 weeks (Traka et al.,
2016). This increase in CNS CD4+ T cells may correlate with
the expansion of myelin-specific T cells, similar to the initial
activation and expansion of spread-epitope-specific CD4+ T cells
within the CNS in EAE (McMahon et al., 2005; Bailey et al., 2007).
The late-stage pathology is due to the induction of CD4+ T cell-
mediated autoimmune responses secondary to oligodendrocyte
ablation via a non-immune-mediated event (i.e. DT-mediated
toxicitiy). This is supported by the major findings that adoptive
transfer of the myelin-specific CD4+ T cells derived from DTA
mice into naïve mice consistently results in the induction of
mild neurological symptoms and inflammatory CNS lesions
in the recipients, and induction of immune tolerance using
the MOG35−55-coupled PLG nanoparticles significantly inhibits
the progression of late-onset disease symptoms in DTA mice
protecting animals from eventual fatal demyelinating disease
(Traka et al., 2016).

In addition to the DTA mouse model, other genetic mouse
models were later developed to achieve a faster oligodendrocyte
ablation via expressing diphtheria-toxin receptor (DTR) under
the MOG-promoter accompanied by direct administration of
diphtheria toxin (Ghosh et al., 2011; Locatelli et al., 2012; Oluich
et al., 2012; Gritsch et al., 2014). However, some studies reported
that a secondary anti-CNS immunity did not develop in these
mice, that is most likely due to premature death of these mice
(Locatelli et al., 2012; Gritsch et al., 2014). The development
of CNS immunity after oligodendrocyte death appears to be a
slow process, taking several months in the DTA mouse model
described above.

The DTA mouse model supports the “inside-out” theory,
recapitulating pathological evidence showing that the loss of
oligodendrocytes and subsequent demyelination may result
in the induction of autoreactivity against myelin antigens as
well as secondarily lead to inflammation and demyelination
in the CNS. The unique DTA mouse model system allows
fundamental unanswered questions concerning the molecular
and cellular mechanisms associated with the induction of the
autoimmune response to contribute to the understanding of
MS disease pathogenesis and to the development and testing of
remyelination therapies.

Cuprizone Autoimmune Encephalitis
(CAE) Model
In addition to diphtheria-toxin, cuprizone is a demyelinating
neurotoxin that has been used in testing “inside-out” hypothesis.
Long-term of cuprizone feeding in mice lead to oligodendrocyte
death, demyelination and gliosis (Matsushima and Morell, 2001;
Sen et al., 2019b). Unlike DTA model, cuprizone feeding
did not evoke a peripheral immune response in the CNS
(Caprariello et al., 2018; Sen et al., 2019a). Some studies
reported that the failure of cuprizone feeding to trigger in
triggering CNS immune response is due to the atrophy of
immune organs like the spleen and thymus (Solti et al., 2015;
Partridge et al., 2016; Sen et al., 2019a). A more recent study
reported that cuprizone induced demyelination can trigger an
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“inside-out” immune response when the BBB is disrupted by
pertussis toxin (Almuslehi et al., 2020).

Accumulating clinical evidence suggests that primary myelin
destabilization by citrullination releases immunogenic myelin
debris and subsequently drives a secondary autoimmune attack
(Moscarello et al., 1994; Cao et al., 1999; Stys et al., 2012).
Excessive citrullination of myelin basic protein (MBP) had been
found in normal appearing white matter from postmortem
MS brain tissues and the extent of modified myelin is related
to the severity of MS (Moscarello et al., 1994; Wood et al.,
1996; Bradford et al., 2014). Citrullination is a post-translational
modification mediated by peptidylarginine deiminase (PAD).
Citrullination occurs when a positively charged arginine residue
is deiminated to a neutrally charged citrulline (Vossenaar et al.,
2003; Moscarello et al., 2007). Due to the changed charge
in the protein, citrullinated MBP is partially unfolded and
cannot stabilize a compact myelin sheath (Beniac et al., 2000;
Bakhti et al., 2013). Studies have shown that deiminated MBP
with citrulline is more susceptible to proteolytic digestion
and that the digestion rate is remarkably correlated with the
amount of citrulline present in MBP peptides (Cao et al.,
1999; D’Souza and Moscarello, 2006; Musse et al., 2006).
Increased breakdown of citrullinated MBP results in generating
immunodominant epitopes (Musse et al., 2006); potentially
triggering autoimmunity and eliciting destructive inflammatory
demyelination (Raijmakers et al., 2005).

A newly developed mouse model of cuprizone autoimmune
encephalitis (CAE) provides direct evidence to support the
causative relationship between primary abnormalities of myelin
and inflammation (Caprariello et al., 2018), whereby biochemical
destabilizing myelin triggers a secondary inflammatory
demyelination comparable to active MS lesions. The CAE
is initiated with a 2-week exposure of neurotoxicant cuprizone
to perturb myelin without causing overt demyelination, followed
by an immune boost of complete Freund’s adjuvant (without
exogenous antigen) and pertussis toxin. After 2 weeks, these
mice develop inflammatory demyelination which resembles
pathology found in MS patients and the EAE mouse model
(Caprariello et al., 2018). The histopathological changes of the
CAE model are characterized by periventricular and white matter
tract gadolinium enhancement of MRI of the brain as well as
overt demyelination and cellular infiltration within the corpus
callosum. Gadolinium enhancement indicates breakdown of
the BBB as a result of active inflammation. However, removal
of the immune boost abrogates these responses, implying the
importance of an immune-permissive environment. Most
importantly, suppression of the destructive immune response by
administration of peptidyl arginine deiminase (PAD) inhibitors
to the CAE mice suggests that citrullinated proteins altered by
abbreviated cuprizone exposure possibly drive the inflammatory
demyelinated lesions in CAE.

Additional “Inside-Out” Models
Although genetic mutations of myelin proteins as well as
traumatic brain injury-associated dysmyelination have been
linked to later development of MS, it is not yet clear what initially
triggers citrullination of myelin proteins or subtle dysmyelination

(Warshawsky et al., 2005; Donovan et al., 2014; Sidaway, 2017;
Cloake et al., 2018).

Adrenoleukodystrophy (ALD) is an X-linked neurometabolic
disorder due to mutations in a proximal transporter, adenosine
triphosphate (ATP)-binding cassette, subfamily, member 1 gene
(ABCD1) (Moser et al., 2007; Kemp et al., 2016). The clinical
presentation of ALD is complex; involving adrenal insufficiency
and myelopathy (de Beer et al., 2014; Kemp et al., 2016).
Approximately 60% of male patients develop rapidly progressive
inflammatory cerebral demyelination (Moser et al., 1992), which
clinically coincides with a progressive neurological decline
similar to MS (Ferrer et al., 2010; Brandao de Paiva et al.,
2018). However, the complex mechanisms on how this metabolic
disease is transitioned to a fatal neuroinflammatory disease
remains elusive. ABCD1 mutation may prevent transport of very
long-chain fatty acids (VLCFAs) into peroxisomes for oxidation
and degradation (Moser et al., 2007; Kemp et al., 2016). Some
studies suggest that the accumulation of VLCFAs in myelin
could mediate myelin instability and initial demyelination, which
are believed to contribute to initiation of the inflammatory
disease (Ho et al., 1995; Ito et al., 2001; Singh et al., 2009).
The findings of CD1 (antigen presenting molecule) -mediated
lipid antigen presentation in cerebral ALD lesions supported the
hypothesis that VLCFA-containing proteolipid protein in myelin
may be a potential lipid antigen for triggering autoimmunity after
myelin breakdown (Ito et al., 2001). The lesions progress rapidly
accompanied by the opening of blood brain barrier and invasions
of inflammatory cells (Powers et al., 1992; Ito et al., 2001). Further
evidence for the involvement of different components of the
immune system in the pathogenesis of demyelinating ALD was
reviewed in Hudspeth and Raymond (2007). Interestingly, the
demyelinating progress arrested in a small percentage of patients
with initial cerebral demyelination, in which the disruption of the
blood brain barrier does not occur (Korenke et al., 1996). The
importance of blood brain barrier in ALD was emphasized by
several pieces of evidence that suggested potential environmental
factors, such as head trauma (Weller et al., 1992; Raymond et al.,
2010), possibly increase permeability of the blood brain barrier,
which either trigger or precipitate the demyelination.

Traumatic brain injury (TBI) is most commonly caused by
an external head impact that injures the brain. Demyelination
and irreversible axon damage, particular in the corpus callosum,
represent major pathological features frequently observed in
TBI patients (Rutgers et al., 2008; Armstrong et al., 2016a;
Chung et al., 2018; O’Phelan et al., 2018). Nevertheless, the
progression of white matter injury is poorly understood
in TBI. Oligodendrocytes are known to be vulnerable to
oxidative stress and excitotoxicity following traumatic injury
(Lotocki et al., 2011; Giacci and Fitzgerald, 2018). The loss of
oligodendrocytes could significantly contribute to underlying
demyelination after injury (Dent et al., 2015; Armstrong
et al., 2016b) and activate neuroinflammation (Mierzwa et al.,
2015). Furthermore, the observation that a persistent adaptive
immune response in the CNS developed in the mice weeks
after TBI (Daglas et al., 2019) fits within the “inside-out”
theory. Interestingly, neuroinflammation, which persists for
years after TBI, has recently been shown to largely contribute
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to neurodegeneration and long-term neurological dysfunction
(Bazarian et al., 2009; Amor et al., 2010; Daglas et al., 2019).
In particular, genetic depletion of CD8+ T cells in TBI mouse
model improves neurological outcomes (Daglas et al., 2019),
which indicates the importance of neuroinflammation in the
progression of TBI. Encouragingly, damping neuroinflammation
with immunomodulatory nanoparticles results in reduced
neuropathology and neurophysiological abnormalities
following TBI, suggesting a potential therapeutic strategy
(Sharma et al., 2020).

Pre-clinical and clinical findings in ALD as well as TBI could
shed light on potential MS therapeutics and vice versa. Current
MS treatments are mainly directed to immune suppression, but
the CAE model provides evidence for a potential “inside-out”
mechanism of initiation of chronic demyelination and could
serve as a compelling preclinical model of MS translational
studies for the development of myelin-protective strategies in
early stages of the disease.

RELEVANCE FOR THE CLINIC

As we have highlighted the “outside-in” (Figure 2) peripheral
immune driven models and “inside-out” (Figure 1)
neurodegenerative models (Table 2), the next section will focus
on the relevance for the clinic. The “outside-in” pathogenesis
(Figure 2) begins with activation of myelin-specific T cells
in response to a myelin peptide mimic epitope expressed
on a pathogenic virus or other microbe exposure. Activated
autoreactive T cells then migrate into the CNS, are reactivated
by CNS-resident APCs, and release cytokines leading to direct as
well as indirect damage to myelin. Additional myelin epitopes
released by the primary T cell response induce epitope spreading,
leading to additional myelin destruction. During repair, a mild
inflammatory reaction can stimulate oligodendrocyte precursor
cells and “protective autoimmunity” utilizing T regulatory cells
(Schwartz and Raposo, 2014). Unfortunately, the eventual failure
of myelin repair during RRMS leads to chronically demyelinated
axons, which degenerate over time and contribute to disease
progression (Franklin and Ffrench-Constant, 2008; Trapp and
Nave, 2008). Neuronal injury occurs, in part, as a result of
inflammation mediated by myelin-specific CD4+ T cells. Direct
and indirect effects of neuroantigen-specific Th1/17 cells can
lead to demyelination and subsequent neuronal dysfunction by
mechanisms that include activation of microglia and infiltrating
inflammatory monocytes/macrophages by pro-inflammatory
cytokines (IFN-γ, IL-17, and GM-CSF), which then produce
proteases and additional pro-inflammatory cytokines, nitric
oxide (NO) and reactive oxygen species (ROS), which induce
myelin and axonal damage (Glass et al., 2010). Neuronal loss
is thought to be a consequence of the demyelination, which
causes dramatic ionic and energy imbalances in axons resulting
from the loss of the structural and trophic support provided
by oligodendrocytes (Trapp and Nave, 2008; Nave, 2010).
This subsequent “inside-out” pathogenesis (Figure 1) can
then spread and lead to further loss of axonal integrity. This
perpetuates the release of myelin antigens to the periphery

followed by the presentation of myelin epitopes to and activation
of autoreactive T cells; ultimately leading to the progressive
diffuse atrophy of the brain.

MS Patient Therapeutics
Disease modifying therapies for MS include immunomodulatory
and immunosuppressive medications that suppress or modulate
the self-reactive immune responses. While most of the
medications exert their effects in the peripheral immune
organs or blood stream, some also have the capacity to modulate
the local immune responses and oligodendrocytes in the CNS.

In patients, Dimethyl fumarate (Tecfidera) decreased B
cell CD40 expression (disrupted B-cell activation), decreased
memory T cells, and decreased T cell proliferation and
activation; resulting in lymphopenia (Linker and Gold, 2013).
The mechanism of action of dimethyl fumarate within the CNS
involves both Nrf-2-dependent as well as independent pathways
for neuroprotection involving diminished neuroinflammation
(Mills et al., 2018; Yadav et al., 2019). The Nrf2-dependent
pathway promotes neuroprotection, oligodendrocyte survival,
and decreases astrocyte activation (Linker et al., 2011; Kalinin
et al., 2013; Wang et al., 2015; Zarrouk et al., 2017). The
Nrf2-independent pathway also increases neuroprotection and
decreases astrocyte activation, specifically reactive oxygen species
production (i.e., Nitric Oxide) (Lin et al., 2011). Additionally,
dimethyl fumarate targets innate immunity, in the form of
microglia, resulting in diminished activation by the Nrf2
independent pathway (Parodi et al., 2015).

In patients, Fingolimod (Gilenya) suppresses migration
of peripheral lymphocytes (Brinkmann et al., 2010; Francis
et al., 2014). The mechanism of action of Fingolimod is the
modulation of S1P receptor expression, most notably S1P1
receptor associated with lymphocytes, diminishing the number
of T cells infiltrating into the CNS by retaining T cells in the
lymph nodes (Brinkmann et al., 2002; Mandala et al., 2002;
Fujino et al., 2003; Pham et al., 2008). Additionally, Fingolimod
is neuroprotective, functioning within the CNS on neurons
(Balatoni et al., 2007; Lee et al., 2010), oligodendrocyte lineage
cells (Zhang et al., 2015), and decreasing the hyperactivity of
reactive astrocytes (Choi et al., 2011). Of note, cumulatively
Fingolimod has been shown to improve white matter integrity
in relapsing remitting MS patients (Gurevich et al., 2018).
Fingolimod can have “off target” effects as it can interact with
multiple S1PR subtypes (S1PR1, S1PR3, S1PR4, and S1PR5) in
a variety of tissues, including the heart (Chaudhry et al., 2017).
The field has shifted to developing new therapies to mitigate these
side effects, that selectively target subtype 1 of S1PR, yet this may
diminish the neuroprotective capacity and immune suppression
as S1PR5 is associated with oligodendrocyte function and natural
killer cells (Chaudhry et al., 2017).

Natalizumab (Tysabri) is a monoclonal antibody against
very late activating antigen (VLA)-α4 integrin and can bind
to a majority of leukocytes, impeding cross over through the
blood brain barrier into the CNS, thereby diminishing the
aberrant heightened immune surveillance and inflammation
(Stuve et al., 2006). However, use of Natalizumab in patients
infected with John Cunningham virus (JCV) can result in
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progressive multifocal leukoencephalopathy (PML) in a subset
of patients (Clerico et al., 2017; Ho et al., 2017; Fragoso et al.,
2019; Ryerson et al., 2019). JCV is an opportunistic virus causing
oligodendrocyte destruction, demyelination, and eventually
a detrimental inflammatory reaction. Natalizumab associated
PML, leading to subsequent CNS inflammation and worsening
of MS, underscores the interplay between the generation of free
antigen (viral and myelin), T cell immune surveillance, and the
rebalancing mechanisms of neuroinflammation. Overall, despite
vast strides in disease modifying therapy (DMT) options for MS
patients over the last few decades, substantial risk for adverse side
effects remain with the existing therapies.

DISCUSSION/CONCLUSION

As Multiple Sclerosis is a syndrome with multiple clinical
presentations and not a single disease entity, it is likely that
both immune (outside-in) and neurodegenerative (inside-out)
driven molecular pathways can initiate the etiopathogenesis
of MS in different patients (Table 1). Additionally, it is
important to consider that these two mechanisms are not
mutually exclusive as, regardless of the initiating event,
both Immune-mediated and neurodegenerative processes are
important components of both types of models with the
difference being the timing of the two processes. Each highlighted
model has benefits yet limitations and not all pre-clinical
models of MS were covered (Lassmann and Bradl, 2017). We
highlighted both conventional as well as new experimental
models for testing novel MS therapeutics, while exploring the
underlying role of the adaptive and innate immune systems
(Table 2). The three therapeutic targets for balancing immune
dysfunction and preventing neurodegeneration necessary for
effective amelioration of MS progression include: re-establishing
self-tolerance, neuroprotection, and promotion of remyelination.

Chronic immunosuppression and immunomodulation
are the most commonly used therapeutic strategies for MS,
outside of symptom management. In addition to traditional
disease-modifying therapies, immune reconstitution therapy
(IRT) has emerged as a novel treatment paradigm (AlSharoqi
et al., 2020; Derfuss et al., 2020). The latter is based on partial
or full ablation of the immune system aiming to destroy
self-reactive clones and restore normal function. Though
attractive in principle, immune reconstitution at present is
an uncontrolled process whose long-term efficacy and side
effects remain to be established. Furthermore, IRT is a costly
therapy that is available only in certain medical centers and
typically reserved for patients with highly active disease.
Immunotherapy based on re-establishing of self tolerance
is likely to be more advantageous to patients in terms of
disease control and avoidance of immunosuppressive side
effects. Such strategy also may set the basis for personalized
therapies of MS, where patient specific autoimmune responses
are targeted by tolerizing agents. The Miller lab has recently
demonstrated an effective means of ameliorating ongoing
disease in EAE mouse models of MS by inducing tolerance in
autoreactive CD4+ T cells using intravenous (i.v.) infusion of

500 nM poly(lactic-co-glycolic acid) nanoparticles coupled
with or encapsulating myelin peptides (Ag-PLG) that
effectively reduces disease burden in relapsing-remitting
(R-EAE) and in chronic-progressive (C-EAE) mouse models
of experimental autoimmune encephalomyelitis (EAE) by
reducing inflammatory cell activation and pro-inflammatory
Th1/17 cytokine production (Getts et al., 2012, 2013; Hunter
et al., 2014; McCarthy et al., 2017). Using myelin peptide-
coupled autologous apoptotic leukocytes, we had previously
demonstrated successful tolerance induction in MS patients
(Lutterotti et al., 2013). Clinical testing of the Ag-PLG tolerance
platform will be initiated in MS patients within the next year.
We have recently shown, in a phase 1/2a trial in human celiac
disease, safety and efficacy of PLG nanoparticles encapsulating
gliadin (Kelly et al., 2019).

Interestingly, a recent single cell transcriptome study of
oligodendrocyte lineage cells from the spinal cord of EAE
mice indicated that oligodendrocytes and OPCs may not be
passive targets of the immune attack, but rather involved in
antigen-processing and presentation during the development
of MS (Falcao et al., 2018). This possibility is supported
by a previous study demonstrating that IFN-γ stimulated
the production of chemokines from oligodendrocytes,
while transgenic mice that suppresses oligodendrocyte
responsiveness to IFN-γ developed an accelerated EAE onset
(Balabanov et al., 2007).

The Popko lab has worked to enhance the protection of
oligodendrocytes and myelin by augmenting the integrated
stress response (ISR), a mechanism that protects endangered
cells from inflammatory insults. Using a variety of mouse
models of inflammatory demyelination, they have shown
that genetic manipulations that compromise the ISR increase
the susceptibility of oligodendrocytes in response to CNS
inflammation (Lin et al., 2005, 2007) and that the genetic
enhancement of the ISR, in contrast, provides increased
protection to oligodendrocytes (Lin et al., 2008, 2013).
Encouragingly, it has been shown that the ISR modulators,
guanabenz and Sephin1, are able to protect oligodendrocytes
against inflammatory stress through enhancing the ISR in MS
mouse models (Way et al., 2015; Chen et al., 2019). Based on
the “inside-out” theory, oligodendrocyte protection diminishes
demyelination and reduces the generation of myelin debris,
which likely decreases the exposure of myelin fragments
and limits the autoimmune response. The success of these
studies attests to the potential of oligodendrocyte protective
therapeutics in MS.

At present, there are not any FDA approved therapies
approved for myelin repair in MS despite successful pre-
clinical trials. Utilizing both “outside-in” and “inside-out”
models allows a comprehensive study of the multi-directional
feedback between the CNS and periphery. As both immune
dysregulation as well as inflammatory demyelination and
neurodegeneration lead to disease progression, the field will
need both “outside-in” and “inside-out” models to test single
and combination therapies. Our collective goal as a field,
of clinicians and scientists, is to improve patient outcomes
and quality of life for those living with Multiple Sclerosis.
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In summary, the availability and utilization of these diverse
models allows the MS field a robust platform for developing novel
therapeutics targeting the autoimmune response, neuronal stress
and promoting myelin repair.
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Multiple sclerosis (MS) is a complex auto-immune disorder of the central nervous
system (CNS) that involves a range of CNS and immune cells. MS is characterized
by chronic neuroinflammation, demyelination, and neuronal loss, but the molecular
causes of this disease remain poorly understood. One cellular process that could
provide insight into MS pathophysiology and also be a possible therapeutic
avenue, is autophagy. Autophagy is an intracellular degradative pathway essential
to maintain cellular homeostasis, particularly in neurons as defects in autophagy
lead to neurodegeneration. One of the functions of autophagy is to maintain
cellular homeostasis by eliminating defective or superfluous proteins, complexes, and
organelles, preventing the accumulation of potentially cytotoxic damage. Importantly,
there is also an intimate and intricate interplay between autophagy and multiple aspects
of both innate and adaptive immunity. Thus, autophagy is implicated in two of the main
hallmarks of MS, neurodegeneration, and inflammation, making it especially important
to understand how this pathway contributes to MS manifestation and progression.
This review summarizes the current knowledge about autophagy in MS, in particular
how it contributes to our understanding of MS pathology and its potential as a novel
therapeutic target.

Keywords: autophagy, multiple sclerosis, neurodegeneration, inflammation, resolution

INTRODUCTION

Autophagy is a lysosomal degradation system for damaged or unwanted organelles, aggregates, and
long-lived proteins, which is important for cellular homeostasis (Choi et al., 2013). This process is
responsible for nutrient supply under starved conditions by recycling the metabolites composing
cellular components (Lahiri et al., 2019). Autophagy is also involved in a multitude of other
physiological functions, including the regulation of innate and adaptive immune responses (Beau
et al., 2011; Levine et al., 2011). In recent years, the involvement of autophagy in several pathological
conditions, such as neurodegenerative disorders and autoimmune diseases, has become evident as
well (Mizushima et al., 2008; Law et al., 2010; Ravikumar et al., 2010; van Beek et al., 2018; Yin et al.,
2018; Levine and Kroemer, 2019).

Multiple sclerosis (MS) is a demyelinating auto-immune disorder of the central nervous
system (CNS), which is driven by a complex interaction between environmental, genetic,
and immunological factors. MS is characterized by the interplay of neuroinflammatory and
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neurodegenerative processes, resulting in progressive disability
of patients (Dyment et al., 2006; Sawcer et al., 2011; Dobson
and Giovannoni, 2019). Although this disease has been viewed
for a long time as a T-cell-mediated autoimmune disease, recent
investigations have uncovered that MS is a complex disorder that
involves many cell types, including both other immune cells,
such as dendritic and B-cells, and CNS cells, including neurons
and glial cells. Most patients suffer from a relapsing-remitting
disease course that is characterized by bouts of inflammation and
neurodegeneration, which eventually transitions into progressive
MS (Dobson and Giovannoni, 2019). Yet, the precise molecular
causes underlying MS as well as the mechanisms driving either
relapsing-remitting or progressive disease progression, remain
largely unknown. There is no cure for MS and current treatments
are mainly focused on the relapsing-remitting phase of the disease
and they primarily target the immune system.

In this review, the function of autophagy in regulating
neuroinflammation and neurodegeneration in MS is discussed,
with a particular focus on how autophagy interferes with the
regulation and functioning of different cell types that contribute
to the pathophysiology of this devastating disease.

THE REGULATION AND MECHANISM OF
AUTOPHAGY

Different types of autophagy have been described based on their
differences in regulation, type of cargo, and the lysosomal delivery
mechanism: chaperone-mediated autophagy, microautophagy,
and macroautophagy (Feng et al., 2018). These processes are
described in detail elsewhere (Martinez-Vicente and Cuervo,
2007; Cuervo, 2010; Li et al., 2012; Feng et al., 2014) and here
we focus on the regulation of macroautophagy since this process
is best described in brain disorders (Nixon, 2013; Liang and Le,
2015; Menzies et al., 2017; van Beek et al., 2018; Yin et al., 2018;
Levine and Kroemer, 2019; Stamatakou et al., 2020).

Macroautophagy, hereafter referred to as autophagy, is
characterized by the sequestration of cytoplasmic substrates
by double-membrane vesicles called autophagosomes, which
originates from membranous cisterna, the phagophores,
generated de novo upon autophagy induction. Completed
autophagosomes then fuse with lysosomes to deliver their cargo
in the interior of this hydrolytic organelle. The metabolites
resulting from the degradation of the autophagosomal cargoes
are recycled back to the cytosol for the synthesis of new proteins
or are used for the generation of energy (Lahiri et al., 2019).

Autophagy is a highly conserved and dynamic process that
can be subdivided into five sequential steps; (i) induction
and nucleation of the phagophore, (ii) phagophore elongation,
(iii) phagophore closure and autophagosome maturation, (iv)
autophagosome fusion, and (v) cargo degradation (Figure 1).
These steps involve a cascade of events that are mediated
by proteins, most of which have been named as autophagy-
related (ATG) proteins (Figure 1; Nakatogawa, 2020). Upon
autophagy induction, the ULK kinase complex, which consists
of the serine/threonine kinases ULK1 or ULK2, FIP200, ATG13,
and ATG101, gets activated through self-phosphorylation and

stimulates the formation of the class III phosphatidylinositol
3-kinase (PI3KC3) complex (Nakatogawa, 2020). The PI3KC3
complex consists of the BECLIN1, VPS34, VPS15, ATG14,
and NRBF2 subunits, and generates phosphatidylinositol 3-
phosphate (PI3P) on the phagophore membrane (Nakatogawa,
2020). PI3P is key for the recruitment of several downstream
ATG proteins that bind to this lipid, such as WIPI2 (Qian
et al., 2017). Together with the ULK complex and ATG9A-
positive vesicles, PI3KC3 catalyzes the nucleation of the
phagophore (Figure 1; Nakatogawa, 2020). The elongation
process involves two ubiquitin (Ub)-like conjugation systems
that is composed by several ATG proteins. The first system
involves the activation of ATG12 by ATG7 which is then
transferred via ATG10 to ATG5 to generate the ATG12-
ATG5 conjugate, which associates to ATG16L1. This is then
recruited to the phagophore membrane by WIPI2, forming a
multimeric complex (Figure 1; Nakatogawa, 2020). In parallel,
ATG7, ATG4, and ATG3 are involved in another system
that is responsible for the conjugation of LC3 proteins to
phosphatidylethanolamine (PE). This conjugation occurs on the
phagophore membrane and is guided by the ATG12-ATG5-
ATG16L1 complex (Figure 1; Nakatogawa, 2020). Conjugated
LC3 proteins are present on the internal and external surface
of the expanding phagophore to mediate the expansion and
closure of the autophagosome (Nakatogawa, 2020). Once
autophagosomes are completed, they traffic toward lysosomes
and fuse with these organelles through an event mediated
by SNARE proteins and other fusion co-factors, to form the
so-called autolysosomes (Figure 1). After fusion, the content
of the autophagosome is exposed to lysosomal enzymes and
the metabolites generated by degradation are recycled to the
cytosol via permeases on the limiting membrane of lysosomes
(Lahiri et al., 2019).

Autophagy can either be non-selective, referred to as
bulk autophagy and it is activated, e.g., under starved
conditions to recycle cellular components in an apparent random
manner, or selective. During selective types of autophagy,
damaged or superfluous organelles but also other structures,
including mitochondria (mitophagy), lipid droplets (lipophagy),
ribosomes (ribophagy), and invading pathogens (xenophagy),
are specifically and exclusively sequestered by autophagosomes
(Kirkin and Rogov, 2019). The pool of PE-conjugated LC3
proteins in the inner surface of phagophores promote the
cargo engulfment via LC3-interacting regions (LIR) that are
present on the so-called autophagy receptors, some of which
are soluble (e.g., p62/SQSTM1, NDP52, or OPTN) and bind
to ubiquitinated cargo, while other are present on organelles
(e.g., NIX on mitochondria or FAM134B on the endoplasmic
reticulum) (Figure 1; Kirkin and Rogov, 2019). This recognition
system allows selective degradation of specific cargo.

Under nutrient-rich conditions, autophagy is negatively
regulated by the mammalian target of rapamycin complex
1 (mTORC1) that phosphorylates and inactivates the ULK
kinase complex (Figure 1; He and Klionsky, 2009; Zachari and
Ganley, 2017). Upon removal of nutrients or energy, autophagy
is induced via inhibition of mTORC1 and/or through direct
phosphorylation and activation of the ULK kinase complex by
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FIGURE 1 | Schematic overview of autophagy. Under nutrient rich conditions, the autophagy process is negatively regulated by mTORC1, whose activity can be
inhibited through AMPK activation, starvation, hypoxia, or stress. The latter lead to a de-repression of the ULK kinase complex, which self-activates through
autophosphorylation and stimulates the recruitment and activation of the PI3KC3 complex. PI3KC3 produces PI3P on the phagophore membrane, which is needed
for the recruitment of the ubiquitin complexes to the membrane of the autophagosome. The nucleation is mediated by ATG9A vesicles, ULK, and PI3KC3
complexes. The autophagosome formation requires two Ub-like conjugation systems. LC3 proteins are post-translationally processed by ATG4 proteases and upon
induction of autophagy, they are activated by ATG7 and ATG3 enzymes and conjugated with PE. This event is guided by a complex formed by the second Ub-like
conjugation system. ATG7 activates ATG12, which is then covalently linked to ATG5 by ATG10 and subsequently associates with ATG16L1 to form a multimeric
complex. This complex is anchored onto the phagophore by interacting with the PI3P effector protein WIPI2. The proteins on the external surface dissociate after
completion, whereas LC3-PE permanently integrates on the internal surface of the membrane. The complete autophagosome ultimately fuses with lysosomes in a
SNARE-mediated manner to form an autolysosome, in which the autophagosomal cargo is degraded by lysosomal enzymes.

adenosine monophosphate-activated protein kinase (AMPK),
resulting in the activation of the downstream machinery of
autophagy and consequently initiating this process (Figure 1; He
and Klionsky, 2009; Puente et al., 2016; Keller and Lünemann,
2017; Zachari and Ganley, 2017). The modulation of these kinases
is currently the major strategy to induce autophagy in vivo and in
patients (Menzies et al., 2017; Djajadikerta et al., 2020).

AUTOPHAGY AND
NEURODEGENERATION

A hallmark shared by many neurodegenerative diseases of the
CNS is neuronal loss, which can have a range of causes, from the
formation of cytotoxic aggregates to mitochondrial dysfunction
and/or iron accumulation (Wong and Holzbaur, 2014).

Neurons heavily depend on autophagy for their survival and
maintenance of homeostasis (Hara et al., 2006; Komatsu et al.,
2006), and therefore it is not surprising that dysfunction of
this process causes neurodegenerative diseases (Fujikake et al.,
2018). Defects in different steps of the autophagy process, such
as impaired autophagosome formation, inhibited autolysosome
formation, or disrupted lysosomal function have been observed,

e.g., Alzheimer’s disease (AD), Huntington’s disease (HD), and
Parkinson’s disease (PD) (Nixon, 2013; Menzies et al., 2017).

Consistently, loss of Atg7 or Atg5 in the CNS of mice
or neurons causes neurological defects and severe damage to
neurons (Komatsu et al., 2006; Cuervo, 2010; Nixon, 2013;
Stavoe and Holzbaur, 2019). Autophagy is important to degrade
physiological and potentially cytotoxic protein aggregates and
has a protective effect against the disease-associated aggregates
characterizing AD, HD, and PD (Ravikumar et al., 2004; Nixon
and Yang, 2011; Nixon, 2013; Menzies et al., 2017; Fujikake
et al., 2018). The conditional deletion of ATG genes in mice
leads to the accumulation of aggregates (Hara et al., 2006;
Komatsu et al., 2006) and progressive neuronal death in different
areas of the brain (Menzies et al., 2017). In MS lesions,
extracellular aggregates of fibronectin are observed (Stoffels
et al., 2013), however, it remains to be determined whether
their appearance is connected to a deficient ATG machinery. In
addition to aggregate removal, autophagy can degrade damaged
mitochondria, which when impaired, can also contribute to
neuronal damage and death (Wong and Holzbaur, 2014).
Consequently, pharmacological induction of autophagy showed
beneficial effects in a wide range of neurodegenerative diseases,
such as HD and AD (Menzies et al., 2017).
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Besides the intracellular defects in neurons that lead to
neuronal damage, external stimuli can also cause neuronal
loss. For example, neuroinflammation is often observed in
neurodegenerative diseases, where it contributes to neuronal
damage (Rubinsztein et al., 2015), and autophagy is emerging
as an important modulator of inflammation (discussed below).
Moreover, autophagy is critical for debris clearance, and its
impairment delays myelin debris clearance after nerve injury
(Jang et al., 2016), which prevents efficient remyelination and
further leads to neuronal damage and neurodegeneration, which
are typical in MS.

AUTOPHAGY AND INFLAMMATION

The immune system is essential to maintain systemic health by
eliminating pathogens and preventing infections, and damaged
cells. The inflammatory response of immune cells plays an
essential role in this process and involves many cell types.
Autophagy has been implicated in both the innate and adaptive
immune response, playing a role in pathogen removal, antigen
presentation, cytokine production, lymphocyte survival, and
development of specific cell types (Miller et al., 2008; Levine
et al., 2011; Shi et al., 2012; Deretic et al., 2013; Qian et al., 2017;
Yin et al., 2018). The link between autophagy and inflammation
is complex and reciprocal since they can either induce or
suppress each other through different mechanisms (Levine et al.,
2011; Deretic et al., 2013; Liang and Le, 2015). Therefore, it
is not surprising that autophagy has been functionally and/or
pathologically connected to several neuroinflammatory diseases,
including AD, HD, amyotrophic lateral sclerosis (ALS), and MS
(Levine et al., 2011; Muller et al., 2017; Yin et al., 2018).

Autophagy can be induced by different pro-inflammatory
stimuli, such as toll-like receptor (TLR) activation,
damage-associated molecular patterns (DAMPs), and pathogen-
associated molecular patterns (PAMPs) (Harris and Keane,
2010; Levine et al., 2011; François et al., 2014; Liang and Le,
2015; Yin et al., 2018). On the other hand, it can be inhibited
by Th2-associated pro-inflammatory cytokines, such as IL-
4 and IL-13 (Harris et al., 2007; Harris and Keane, 2010;
Park et al., 2011; Deretic et al., 2013). In its turn, autophagy
inhibits, for example, the inflammatory IL-1β and IL-18
responses (Shi et al., 2012; Liang and Le, 2015; Zhang H.
et al., 2016) by degrading inflammasomes (Shi et al., 2012;
Deretic et al., 2013). Further, it also prevents the production of
reactive oxygen species (ROS) that activate inflammasomes by
eliminating damaged mitochondria (Qian et al., 2017). Overall,
autophagy is a negative feedback regulator of the immune
system, participating in the resolution of inflammation and
returning it to homeostasis (Levine et al., 2011). However,
autophagy is also implicated in T-cell survival and polarization,
the differentiation and survival of antibody-secreting plasma
cells, and the enhancement of antigen presentation in dendritic
cells (DCs) (Pengo et al., 2013; Conway et al., 2013; Deretic
et al., 2013; Qian et al., 2017), which are all processes that
form the core of immune responses. Thus, dysregulation of
autophagy can prolong and make persisting inflammatory

responses after an insult, possibly leading to autoimmune and
inflammatory diseases.

Genome-wide association studies have revealed the
connection of several ATG genes with inflammatory and
autoimmune disorders (Muller et al., 2017). It is important
to note that the regulation of autophagy varies in different
inflammatory diseases. Pharmacological inducers of autophagy
appear to be protective against psoriasis (Varshney and Saini,
2018) and inflammatory bowel disease (Saitoh et al., 2008),
whereas inhibition of this process ameliorates illnesses such as
systemic lupus erythematosus (Clarke et al., 2015), rheumatoid
arthritis (Lin et al., 2013), and MS (Kovacs et al., 2012).

The crosstalk between autophagy and the immune system
emphasizes the importance of this process in the pathogenesis of
autoimmune disorders, including MS.

AUTOPHAGY AND MS

Multiple sclerosis is characterized by inflammation,
demyelination, and neurodegeneration, all processes that
have been connected to autophagy, and therefore, investigating
autophagy in the context of MS is relevant. In blood samples
from MS patients, several ATG genes involved in multiple
steps of the autophagy process were differently expressed;
ATG9A and BECN1 were downregulated, while ULK1, ULK2,
and ATG5 were upregulated (Igci et al., 2016). In addition, in
experimental autoimmune encephalomyelitis (EAE), an MS
mouse model, LC3 and BECLIN1 protein levels were reduced
while those of p62/SQSTM1 were increased in the spinal cords
of these animals. Moreover, inhibition of mTORC1 ameliorated
disease severity (Boyao et al., 2019), suggesting that autophagy
is negatively affected in EAE mice. Inhibition of autophagy can
also result in the accumulation of damaged mitochondria and
the production of ROS (Chen et al., 2008; Hassanpour et al.,
2020), which both contribute to the demyelination process
in MS. Another approach to enhance autophagy is through
caloric restriction, where cycles of a fasting-mimicking diet are
applied, and this regime has been shown to ameliorate disease
severity and stimulates remyelination in both EAE mice and
relapsing-remitting MS patients (Choi et al., 2016).

Importantly, a few studies have indicated that autophagy is
differently involved in both relapsing and progressive forms
of MS. In a cohort study, autophagic activity was increased
in relapsing-remitting MS patients (Hassanpour et al., 2020),
and ultrastructural analyses revealed the presence of synaptic
vesicle-containing autophagosomes in the dentate nucleus from
a chronic MS patient (Albert et al., 2017), suggesting a
pathological role of autophagy in MS. Treatment with an
mTORC1 inhibitor, however, resulted in beneficial effects in
both relapsing-remitting EAE mice (Esposito et al., 2010) and
patients with MS (Hassanpour et al., 2020). This emphasizes the
importance to further elucidate how autophagy is involved in
different forms of MS.

Although autophagy is important to maintain homeostasis
in all cell types, its requirement for other functions and
consequently its regulation varies in the different cell types and
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consequently its regulation differs as well (Liang and Le, 2015).
This aspect also emerges in the context of MS, in which autophagy
appears to contribute to the pathology in DCs, T-cells and B-cells,
while it has a protective role in neurons and glial cells.

Dendritic Cells
DCs are the main peripheral antigen-presenting cells (APCs)
that can trigger a T-cell response (Nuyts et al., 2013). Antigen
presentation is required for both T-cell development and their
activation, through the expression of surface molecules and
cytokine secretion from DCs (Yogev et al., 2012). DCs are the
most efficient APCs for reactivating myelin-specific CD4+ T-cells
in the CNS (Yogev et al., 2012; Mohammad et al., 2013), and they
are present in cerebrospinal fluid (CSF) and CNS lesions of MS
patients (Nuyts et al., 2013).

It was hypothesized that removing DCs could inhibit EAE
development, however, depletion of DCs in mice showed a
stronger inflammatory response and enhanced EAE severity
(Yogev et al., 2012). The levels of regulatory T-cells (Treg)
were also lower (Yogev et al., 2012; Mohammad et al., 2013),
confirming the important role of DCs in regulating T-cell
homeostasis. In addition, a study where major histocompatibility
complex (MHC) class II expression was only restricted to DCs,
revealed that DCs are sufficient to present antigens to T-cells
in order to mediate CNS inflammation in EAE mice (Greter
et al., 2005). Altogether, these data show that the status of DCs
is crucial for MS development, i.e., steady-state DCs play a
protective role by inducing self-tolerance and by differentiating
Treg cells, whereas activated DCs are responsible for the stronger
immunogenic response by activating CD4+ T-cells (Greter et al.,
2005; Yogev et al., 2012; Mohammad et al., 2013). These
observations have raised the question whether the molecular
pathway of antigen presentation to CD4+ T-cells could be
modulated to prevent immune activation.

DCs phagocytose antigens and after their processing, the
resulting peptides are presented on MHC class I and II molecules
on the cell surface to activate CD8+ and CD4+ T-cells,
respectively. During immune activation, autophagy is involved in
host protection by delivering cytoplasmic antigens to lysosomes
for subsequent presentation on MHC class II (Paludan et al.,
2005; Bhattacharya et al., 2014; Yang et al., 2015; Schmid et al.,
2007). In addition, extracellular compounds are degraded by
LC3-associated phagocytosis (LAP), which depends on several
ATG proteins (Lai and Devenish, 2012). This suggests that
the ATG machinery might be involved in the myelin peptide
presentation on MHC class II molecules and subsequently
activation of CD4+ autoreactive T-cells (Figure 2a). Studies
supporting this hypothesis showed that DCs lacking Atg5 or
Atg7 reduced the incidence and severity of EAE (Bhattacharya
et al., 2014; Keller et al., 2017; Hassanpour et al., 2020).
The absence of ATG proteins in DCs caused a reduction of
myelin peptide presentation and less activated CD4+ T-cells
during EAE, however, it did not affect the levels of CD8+
T-cells (Bhattacharya et al., 2014; Keller et al., 2017; Hassanpour
et al., 2020). Interestingly, autophagy-deficient DCs completely
inhibited the development of EAE via adoptive transfer of
primed encephalitogenic T-cells (Keller et al., 2017), suggesting

that ATG proteins are important for the activation of primed
myelin-specific CD4+ T-cells. Moreover, deletion of ATG genes
in DCs did not affect other functions of DCs (Lee et al., 2010;
Bhattacharya et al., 2014; Keller et al., 2017), indicating their
specific importance for antigen presentation. Pharmacological
inhibition of autophagy with chloroquine before EAE onset
delayed disease progression and reduced EAE severity when
administered during EAE development (Bhattacharya et al.,
2014). However, this approach is not specific for autophagy and
also affects LAP as well as other processes relying on lysosomal
proteolytic activity. Therefore, further investigation is necessary
to reveal whether autophagy is involved in antigen presentation
of myelin-derived peptides in DCs or whether this is regulated by
ATG protein-dependent phagocytic processes.

Altogether, DCs have both protective and pathological roles
in MS, and autophagy could be important for the CD4+ T-cell-
mediated autoimmune responses, thereby contributing to the
pathological traits of DCs in MS.

T-Cells
T-cells originate from bone marrow-derived hematopoietic stem
cells. Lymphoid precursor cells migrate via the blood to the
thymus where they develop into mature T-lymphocytes (Jia and
He, 2011; Parekh et al., 2013; Bronietzki et al., 2015). T-cells are
part of the adaptive immune system and are important players
in both the development and modulation of inflammation. It
is generally accepted that autoreactive T-cells against myelin in
the CNS are key contributors to MS pathology (Group Nature
Publishing, 2001; Glass et al., 2010; Liang and Le, 2015). The
current notion is that T-cells are activated in the periphery by
APCs, in particular by DCs, and differentiate into autoreactive
T-cells. These autoreactive T-cells enter the CNS by damaging
the blood-brain barrier, and in the CNS, they get reactivated
and amplified (Group Nature Publishing, 2001; Glass et al., 2010;
Chihara, 2018), and attack myelin sheaths of axons, resulting in
denuded axons and ultimately in neuronal loss (Group Nature
Publishing, 2001; Glass et al., 2010). Although, MS is thought to
be a CD4+ T-cell-mediated autoimmune disease, an increasing
number of studies has reported a role of CD8+ T-cells in
the initial relapse phase of MS since the frequency of CD8+
T-cells appearance in lesions was increased (Friese and Fugger,
2009; Salou et al., 2015). Several studies also highlighted the
importance of T-cells in MS pathology; they showed that the
balance between CD4+ T-cells, CD8+ T-cells, and Tregs is
disturbed (Fletcher et al., 2010; Chihara, 2018). This might be
due to higher levels of autoreactive T-cells that showed increased
proliferation and prolonged survival in MS patients (Sawcer et al.,
2011; Igci et al., 2016).

During the past decades, autophagy has been implicated in
various biological processes of T-cells, such as maintenance of
T-cell homeostasis, differentiation, and activation (Li et al., 2006;
Pua and He, 2007; Pua et al., 2007, 2009; Botbol et al., 2016;
Paunovic et al., 2018; Macian, 2019). The expression levels of
the ATG5 gene in T-cells from MS patients are increased in
blood and brain sections (Alirezaei et al., 2009; Yang et al., 2015),
indicating a possible involvement of autophagy in the activation
of autoreactive T-cells. Consistently, autophagosomes were only
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FIGURE 2 | The possible link between autophagy and MS in different cell types. Autophagy is critical in the development and function of cells that play an important
role in MS pathology. The left side of the diagram shows the effects of an enhancement of autophagy in T-cells, B-cells and DCs, while the right side depicts the
effects of autophagy downregulation in neurons, microglia and other glial cells. (a) Increased myelin processing and antigen presentation to CD4+ autoreactive
T-cells in DCs by either autophagy or LAP. (b) Prolonged survival of activated CD4+ and CD8+ T-cells due to low levels of ROS, resulting in proliferation and secretion
of pro-inflammatory cytokines. (c) Productive processing of antigens in EBV-infected B-cells, that results in citrullinated peptides that are presented as neo-epitopes
to CD8+ T-cells, and prolonged survival of B-cells by degrading damaged mitochondria. (d) Defective autophagy in neurons results in increased ROS levels and
aggregate formation. (e) Insufficient clearance of damaged mitochondria, inflammasomes, and myelin debris in microglia, promotes a pro-inflammatory phenotype
caused by autophagy or LAP. (f) Decreased tissue repair and secretion of pro-inflammatory cytokines by astrocytes (red), aggravates the inflammatory response and
impaired remyelination by OLs (purple).

detected in CD4+ T-cells after T-cell receptor activation, and
not in resting, naïve cells (Li et al., 2006; Hubbard et al.,
2010; Macian, 2019). Mice experiments with either Atg5- or
Atg7-deficient CD4+ and CD8+ T-cells showed indeed multiple
defects, including reduced survival and a defect in T-cell
proliferation in response to antigen stimulation (Pua et al., 2007;
Alirezaei et al., 2009; Keller and Lünemann, 2017; Paunovic et al.,
2018; Yin et al., 2018). Beclin1-deficient CD4+ T-cells prevented
EAE development in mice, and T-cells were absent in the CNS
(Alirezaei et al., 2009; Kovacs et al., 2012; Yin et al., 2018).

It has also been suggested that autophagy regulates cell
death in activated T-cells (Kovacs et al., 2012). Beclin1-
deficient CD4+ T-cells are more susceptible to apoptotic
stimuli since they accumulate cell death-related proteins, such
as procaspase-3, procaspase-8, and BCL2-interacting mediator
(BIM). In particular, cell death-related proteins have been

found in autophagosomes, and these proteins accumulated in
autophagy-deficient T-cells (Li et al., 2006; Pua and He, 2007;
Trapp and Nave, 2008; Pua et al., 2009; Kovacs et al., 2012;
Salminen et al., 2013). This suggests a pro-survival function
of autophagy in activated T-cells through the turnover of cell
death-related proteins, which then will prolong their survival
and consequent rapid amplification in the CNS that will initiate
a persisting immune response (Figure 2b; Botbol et al., 2016).
In addition, other reports have revealed that organelle turnover
in T-cells critically depends on autophagy. Specifically, ER
and dysfunctional mitochondria accumulate in T-cells when
autophagy is blocked, which in turn leads to an increase in ROS
levels and consequent cell death (Pua et al., 2009; Hubbard et al.,
2010; Jia and He, 2011; Kovacs et al., 2012; Macian, 2019). An
important finding is that subtypes of T-cells such as Th17 and
Th1 are not equally susceptible to cell death after Beclin1-deletion

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 November 2020 | Volume 14 | Article 60371058

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-603710 November 16, 2020 Time: 15:14 # 7

Misrielal et al. Autophagy in Multiple Sclerosis

(Kovacs et al., 2012), which might be due to the importance of
autophagy in cell survival in different subsets of T-cells, or other
roles of Beclin1 outside the context of autophagy.

These findings show that enhanced autophagy promotes
T-lymphocyte survival and proliferation, thereby positively
contributing to MS pathogenesis.

B-Cells
B-cells play an important role in immune processes by generating
antibodies that are directed to pathogens (Lehmann Horn et al.,
2013; Li et al., 2018). Moreover, B-cells are recognized as APCs
and thereby contribute to the regulation of immune processes
(Hirotani et al., 2010; von Büdingen et al., 2015; Arneth, 2019).
The crucial role of B-cells in MS pathology became clear when
depletion of B-cells in MS patients with anti-CD20 antibodies
led to the suppression of an inflammatory response, reducing
the formation of new lesions and disease progression (Hauser
et al., 2008; Gelfand et al., 2017; Mulero et al., 2018; Sospedra,
2018; Arneth, 2019). Similar to DCs and T-cells, B-cells consist of
different subpopulations. B-cells in MS patients show increased
secretion of pro-inflammatory cytokines (Bar-Or et al., 2010) and
a deficiency in IL-10 production (Duddy et al., 2007), suggesting
a perturbed balance between pro-inflammatory and regulatory
B-cells, respectively. It is not fully understood how these B-cells
contribute to MS pathology.

One environmental risk factor that has been linked to MS
is the Epstein–Barr virus (EBV) (Sospedra, 2018). EBV infects
B-cells, which in turn cross-present autoantigens that can activate
T-cells against myelin (Bar-Or et al., 2020). The link between EBV
and MS development is quite strong since nearly all MS patients
had a past EBV infection (Ascherio and Munger, 2010; Guan
et al., 2019). It appears that EBV infection during adolescence is
a prerequisite to develop MS, although not sufficient on its own
(Ascherio and Munger, 2010; Guan et al., 2019; Bar-Or et al.,
2020). B-cells from MS patients show an increased expression
of APC-related markers (Sospedra, 2018; Guan et al., 2019)
and experiments in EAE mice uncovered that EBV upregulates
antigen cross-presentation of infected B-cells to CD8+ T-cells
(Dunham et al., 2017; Jakimovski et al., 2017). These results
indicate that EBV influences the antigen presentation of B-cells.
This notion is also supported by EAE animal experiments,
where uninfected B-cells prevented autoimmunity by degrading
self-antigens, while these antigens, which are generated by the
productive processing of myelin oligodendrocyte glycoprotein
(MOG), are presented to autoreactive T-cells in EBV infected
B-cells, thereby inducing an immune activity (Thorley-Lawson
and Mann, 1985; Livingston et al., 1997; Jagessar et al., 2016;
Dunham et al., 2017; Jakimovski et al., 2017; Morandi et al., 2017;
Guan et al., 2019).

It has been suggested that the productive processing of
antigens results from the citrullination of peptides, and this
is enhanced by an EBV infection (’t Hart et al., 2016;
Morandi et al., 2017; Bar-Or et al., 2020). Citrullination is
a posttranslational modification that converts arginine into
citrulline, this conversion is relevant for antigen presentation
because it generates neo-epitopes that can be recognized
by the immune system (Guan et al., 2019). Autophagy is

responsible for the generation and processing of citrullinated
peptides (Ireland and Unanue, 2011; Münz, 2016; Morandi
et al., 2017), resulting in neo-epitopes that could be recognized
by T-cells and induce an autoimmune response (Alghamdi
et al., 2019). An interesting finding has been that the
processing of citrullinated peptides depends on autophagy
induction in B-cells, whereas unmodified peptides are unaffected
when autophagy was blocked in this cell type with 3-
methyladenine (Ireland and Unanue, 2011). In particular,
citrullination of the MOG peptide at Arg46 protected this
peptide from degradation in EBV-infected B-cells. Interestingly,
Arg46 in MOG is positioned within the LIR motif that is
important for its selective targeting by autophagy (Birgisdottir
et al., 2013; Morandi et al., 2017). These findings suggest a
mechanistic link between EBV, autophagy, and autoimmunity.
EBV-infected B-cells indeed display more autophagosomes, and
MOG peptides are present inside these vesicles (Ireland and
Unanue, 2011; Morandi et al., 2017). Moreover, pharmacological
induction of autophagy with rapamycin further enhanced the
protection of citrullinated MOG peptides from degradation
(Camilli et al., 2016; Morandi et al., 2017), indicating that
this pathway protects myelin peptides against destructive
processing and consequently promotes their presentation to
T-cells. Altogether, EBV infection in B-cells is responsible
for inducing autophagy, which is important for altering
antigens that can initiate autoimmunity against myelin in
MS (Figure 2c).

In addition to the role in the generation and processing
of citrullinated peptides in EBV-infected B-cells, autophagy is
also important for B-cell survival, development, and activation
(Rathmell, 2012; Puleston and Simon, 2014; Bhattacharya and
Eissa, 2015), similarly to what happens in T-cells (see section
“T-Cells”). Thus, like DCs and T-cells, autophagy activation in
B-cells appears to contribute to the pathogenicity of MS rather
than to its prevention.

Neurons
Currently, axonal damage is considered part of a secondary
phase of MS, which is caused by an initial inflammation in
the periphery that is subsequently followed by demyelination
in the CNS (Ferguson et al., 1997; Trapp et al., 1998; Tsunoda
and Fujinami, 2002). This concept is known as the outside-
in model. However, this model is debated questioning whether
the axonal injury is exclusively caused by an immune response
initiated in the periphery or directly from the neurons. Moreover,
it cannot be excluded that neuronal loss is the primary phase
of MS, which is then followed by a second phase characterized
by demyelination and an inflammation response (Lovas et al.,
2000; Bjartmar et al., 2001; Tsunoda and Fujinami, 2002).
This scenario is known as the inside-out model. Infections in
neurons can indeed induce neuronal damage, which leads to
demyelination and neurodegeneration (Tsunoda et al., 2003),
and these observations support the inside-out model. However,
there are also examples from experiments with animal models of
MS that showed evidence of axonal injury without any signs of
demyelination (Ferguson et al., 1997; Trapp et al., 1998; Tsunoda
et al., 2003). Thus, it is possible that in addition to demyelination,
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other triggers are involved in the induction of neuronal loss
during MS (Tsunoda and Fujinami, 2002).

Neurons depend on autophagy for clearing misfolded or
aggregated proteins and damaged organelles, and autophagy is
continuously active at basal levels in neuronal cells under normal
conditions (Hara et al., 2006; Plaza-Zabala et al., 2017; Feng
et al., 2018; Stavoe and Holzbaur, 2019). Autophagy is active in
each neuronal compartment, however, the axons and dendrites
are the most metabolically demanding regions where autophagy
is crucial (Stavoe and Holzbaur, 2019). It is known that basal
autophagy in neurons is essential for protein quality control,
pruning, development, and neuronal survival (Hara et al., 2006;
Komatsu et al., 2006; Wong and Cuervo, 2010; Feng et al., 2017;
Plaza-Zabala et al., 2017; Stavoe and Holzbaur, 2019). Defects in
neuronal autophagy results in aggregate formation and neuronal
damage, which ultimately leads to neuronal death (Hara et al.,
2006; Komatsu et al., 2006, 2007; Liang and Le, 2015; Feng
et al., 2017; Stavoe and Holzbaur, 2019; Figure 2d). Defective
autophagy has been observed in the spinal cords of EAE mice,
and pharmacological induction of autophagy with rapamycin
reduced demyelination, inflammation, and neuronal loss (Feng
et al., 2017, 2018). In contrast, inhibition of autophagy non-
specifically with 3-methyladenine, resulted in higher neuronal
apoptosis in EAE mice (Feng et al., 2017), suggesting that
autophagy dysfunction could be associated with EAE-induced
neuronal loss. Another study showed that LC3 protein expression
levels in neurons were higher in control mice compared to
EAE mice (Feng et al., 2018), however, this could indicate
that autophagy is either reduced or enhanced in neurons
during EAE development. Future research has to reveal whether
neuronal autophagy contributes to the neurobiological and
neuropathological features of MS.

Microglia
Microglia are the tissue-resident macrophages of the CNS and
they form the first line of defense in the CNS (Schulz et al.,
2012; Kierdorf et al., 2013; Luo et al., 2017). Microglia get
activated upon tissue injury or a stimulus via a variety of
cell surface receptors (Augusto-Oliveira et al., 2019). Activated
microglia are essential for inflammatory responses in the CNS
(Ponomarev et al., 2005; Luo et al., 2017), where they are involved
in phagocytosis, antigen presentation, and cytokine production
(Benveniste, 1997). Microglia activation can result in either
neurotoxic or neuroprotective effects, depending on the stimulus
(Orihuela et al., 2016).

Activated microglia are present in CNS lesions of MS patients
and animal models, and are found to be an important source
of ROS and nitric oxide (NO) radicals (Gray et al., 2008; Zeis
et al., 2009). Interestingly, genes identified to be associated
with MS susceptibility are enriched in microglia compared to
other CNS cell types (Patsopoulos et al., 2019; Guerrero and
Sicotte, 2020), placing these cells in the spotlight of the disease.
Nowadays, microglia are recognized as one of the key players
in MS pathophysiology. However, the role of microglia in MS
is complex and controversial. Microglia are heterogeneous cells
that can adopt a range of different phenotypes, with different
functions, in response to different stimuli (Durafourt et al., 2012;

Melief et al., 2012, 2013; Boche et al., 2013; Giunti et al., 2014).
A few studies have shown that activated microglia participate
in both the inflammation state and demyelination, by secreting
pro-inflammatory cytokines (Prineas et al., 2001; Lassmann
et al., 2007; Luo et al., 2017). Microglia-deficient EAE mice are
protected against gray and white matter damage (Heppner et al.,
2005), and EAE severity is reduced (Bogie et al., 2014). Inhibition
of microglial activation in EAE mice also resulted in a reduction
of demyelination and preserved mature oligodendrocytes (OLs)
(further discussed in the next section) (Nissen et al., 2018).
Additionally, microglia-deficient mice showed a reduction in
myelin debris clearance, resulting in impaired remyelination
(Lampron et al., 2015). Microglia promote remyelination by
secreting anti-inflammatory cytokines, phagocytosing myelin
debris (Prineas et al., 2001; De Groot et al., 2001; Lassmann
et al., 2007; Kierdorf et al., 2013; Guerrero and Sicotte, 2020), and
enhancing OLs proliferation and differentiation (Li et al., 2005;
Voß et al., 2012; Miron et al., 2013; Bogie et al., 2014; Lloyd et al.,
2017). Taken together, microglia are involved in different phases
of MS, in which they play either a pathological or a protective role.

It has been postulated that autophagy is involved in
microglia-mediated neuroinflammation since there is evidence
that links autophagy to the regulation of microglial inflammation
(Plaza-Zabala et al., 2017). Autophagy induction in pre-
stimulated microglial cells with an inflammatory stimulus,
tumor necrosis factor α (TNF-α) or lipopolysaccharide (LPS),
promotes microglia toward an anti-inflammatory phenotype and
suppresses pro-inflammatory genes (Shao et al., 2014; Su et al.,
2016; Bussi et al., 2017; He et al., 2018; Jin et al., 2018; Hassanpour
et al., 2020). Conversely, autophagy inhibition leads to opposite
results, regardless of the presence of an inflammatory stimulus
(Shao et al., 2014; Su et al., 2016; Bussi et al., 2017; He et al.,
2018; Jin et al., 2018; Hassanpour et al., 2020). Moreover, Atg5
knockdown in microglia, enhances neurotoxicity in microglia-
neuron co-cultures (Bussi et al., 2017; He et al., 2018; Jin et al.,
2018), while autophagy induction by activating cannabinoid
receptor 2 prevents inflammasome activation in both EAE mice
(Shao et al., 2014) and microglia cultures (Shao et al., 2014; Su
et al., 2016). Together, these observations indicate that autophagy
is a key process in microglia as it balances their pro- and anti-
inflammatory responses (Figure 2e).

Besides the involvement of microglial autophagy in
inflammatory responses, ATG proteins are also involved in
the phagocytosis and elimination of myelin debris (Sanjuan
et al., 2007), which indicates the possible involvement of
LAP. As a result, defective ATG machinery in microglia could
lead to an inefficient clearing of myelin debris, which in
turn will cause impairment in remyelination and enhanced
neuroinflammation in neurodegenerative diseases (Sanjuan
et al., 2007; Meikle et al., 2008; Rangaraju et al., 2010). Altogether,
these observations emphasize the importance of microglial
autophagy and ATG proteins in general, in MS etiology since
they negatively modulate the underlying inflammatory response
and promote remyelination.

Microglia are also involved in synaptic pruning during
development. However, they also play a role in the synaptic
loss seen in neurodegenerative conditions, such as MS
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(Ramaglia et al., 2012). This action requires complement
C3 that localizes to synapses which are then recognized by
complement receptors expressed by microglia (Ramaglia et al.,
2012; Werneburg et al., 2020). Besides their importance in
synaptic pruning, these complement molecules are also involved
in microglia priming which leads to an exaggerated response to
a potentially minor secondary stimulus which is also connected
to MS. Interestingly, besides neuronal autophagy, autophagy in
microglia has also shown to control synaptic pruning (Druart
and Le Magueresse, 2019; Lieberman et al., 2019). Mice that
were Atg7-deficient specifically in microglia showed increased
spine density (Kim et al., 2017; Lieberman et al., 2019). One
of the hypotheses is that autophagy in microglia is important
for degrading the phagocytosed components by microglial cells
and this could be performed by LAP, which overlaps extensively
with the conventional autophagy pathway (Lieberman et al.,
2019). Both neuronal and microglial autophagy are involved in
synaptic development and dysfunction of this process might also
be involved in synaptic loss seen in MS. Further investigation is
required to reveal whether inflammation is the main cause of the
pathogenesis or whether dysfunction in autophagy causes both
inflammation and neurodegeneration.

Oligodendrocytes
In addition to microglia, activation of OLs are also important in
neuroinflammation and are involved in the development of MS
(Glass et al., 2010; Liang and Le, 2015).

Oligodendrocytes differentiate from oligodendrocyte
precursor cells (OPCs) and are important for the myelination of
axons in the CNS (Nave and Werner, 2014), where the extensive
loss of OLs has been observed in MS lesions (Wolswijk, 2000).
In MS, several processes result in the injury of both OLs and
OPCs, leading to demyelination and inefficient remyelination,
respectively (Chang et al., 2000; Wolswijk, 2002). Autophagy
is important for the survival and differentiation of OLs, and it
influences their myelinating ability (Bankston et al., 2019). The
enhancement of autophagy increases the thickness of the myelin
sheaths as well as the numbers of myelinated axons (Smith et al.,
2013). Moreover, autophagy-deficient OLs showed a reduction
in the number of myelinated axons and decreased thickness of
the myelin (Bankston et al., 2019). It has been suggested that
a key function of autophagy in OLs is to prevent aggregation
of myelin components, allowing OLs to continue with protein
and lipid synthesis to form compact myelin sheaths (Figure 2f;
Smith et al., 2013). Dysfunction of autophagy in OLs might
also play a role in the field of myelin plasticity, where it may be
involved in cytoplasm decompaction and decreased numbers
of myelin wraps due to lower levels of OLs that ultimately
leads to demyelination in MS (Hill et al., 2018; Belgrad et al.,
2020). However, the exact role of autophagy in OLs and whether
the disrupted OLs protein homeostasis in MS is caused by an
autophagy impairment, remain to be clarified.

Astrocytes
Another important cell type in MS are astrocytes, which
supports and regulates the communication between neurons
and maintains the blood-brain barrier. They also participate in
CNS damage repair by secreting growth factors and extracellular

matrix proteins (Joe et al., 2018). Several studies have shown
that astrocytes have multiple functions in the formation of MS
lesions, where they can be activated during the inflammatory
process and release inflammatory mediators that aggravate brain
lesions (Cotrina and Nedergaard, 2002; Cornejo et al., 2018;
Ponath et al., 2018; Cohen and Torres, 2019; Cressatti et al.,
2019). They can also recruit peripheral immune cells to the
inflammation site of the CNS (Rezai-Zadeh et al., 2009; Chompre
et al., 2013; Clarke et al., 2018). Astrocytes are also involved in the
repair of lesions, restricting the inflammatory damage (Sofroniew
and Vinters, 2010; Cho et al., 2014). Genetic astrocyte ablation
in MS mouse models aggravated tissue damage and clinical
impairment by both preventing the recruitment of microglia
to clear myelin debris and reducing the proliferation of OPCs
(Brambilla et al., 2009, 2005; Skripuletz et al., 2013). These events
result in impaired remyelination and shows the importance of
astrocytes in promoting tissue repair.

Autophagy in astrocytes is important for their differentiation
and maturation (Wang et al., 2014; Wang and Xu, 2020), and it is
implicated in the role of astrocytes in several neurodegenerative
diseases besides MS (Wang and Xu, 2020), including PD and AD.
In particular, autophagy in astrocytes is important in regulating
mitochondria dynamics and preserving mitochondrial network
organization during inflammation. Consequently, impairment of
this process results in the generation of ROS, which in turn
amplifies the pro-inflammatory response and ultimately leads
to the cell death of astrocytes (Lee et al., 2009; Motori et al.,
2013). Moreover, autophagy in astrocytes has also been linked
to neuronal survival since its inhibition with either rapamycin
or transduction with small interfering RNA against Atg5 induces
neuronal death (Figure 2f; Malta et al., 2012; Liu et al., 2018).
Together, these results underline the important role of autophagy
in astrocytes to maintain homeostasis in an inflammatory
environment, which contributes to neuronal survival. Whether
autophagy is dysregulated in astrocytes during MS needs to be
further investigated.

DISCUSSION

Defects in autophagy contribute to MS etiology. Autophagy,
however, acts as a two-edged sword during MS, having both
protective and detrimental effects that are cell type-dependent. As
highlighted in this review, autophagy enhancement in cell types
like DCs, T-cells, and B-cells, is participating to the initiation
of neuroinflammation seen in MS. Inhibition of autophagy in
these cells could be a potential therapeutic target. Yet, autophagy
also appears to be protective against the detrimental effects of
the immune system in neurons and glial cells, where it prevents
both aggregate and ROS formation, modulates the inflammatory
response, and promotes remyelination. To connect the role of
autophagy in MS to one of the paradigms in MS etiopathogenesis
(“inside-out” or “outside-in”) based on the current knowledge
is difficult. Autophagy is involved in both inflammation and
neurodegeneration processes that are seen in MS. The findings
that link autophagy to the pathology of DCs, T-cells, and B-cells,
could be considered as an “outside-in” event. However, the
functional role of autophagy in neurons which is affected in MS
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and clearance of myelin debris by glial cells could be considered
as an “inside-out” event. How the autophagy process is affected
in these different cell types is an important question that needs to
be answered in order to have a significant input in the ongoing
debate whether MS is an “inside-out” or “outside-in” event.

Thus, the available data suggest that autophagy plays an
important role in the regulation of the immune response under
normal conditions and in preventing the development of an
autoimmune response. This raises the possibility that modulating
the autophagy process in a cell type-specific manner may
limit inflammatory CNS damage and demyelination over the
course of MS, which in turn would protect against neuronal
death. It might be possible that the involvement of ATG
genes in the phagocytosis of extracellular myelin debris and
other components by DCs and microglia is rather due to
LAP. However, autophagy and LAP share numerous ATG
proteins, and therefore it is difficult to distinguish between
the two. One known difference between autophagy and LAP
is the requirement of ULK kinase complex in autophagy
and not in LAP (Lai and Devenish, 2012). Additionally,
ultrastructural observations of the phagosome membrane might
reveal the contribution and importance of these processes
in MS pathology.

In the optic of future therapies, it will be important to
elucidate whether autophagy modulation is beneficial in both
relapsing-remitting and progressive MS patients. However,
autophagy might be more therapeutically beneficial for relapsing-
remitting patients since this phase includes active inflammatory
demyelinating lesions, while this phenomenology is absent in
chronic progressive lesions (Dutta and Trapp, 2014).

Pharmacological interventions targeting autophagy in specific
cell types might help to restore the balance of the immune system,
which is a promising avenue for the treatment of autoimmune
disorders. Most of the current pharmacological modulators of
autophagy act on signaling cascades that regulate this process
(Figure 1), rather than specifically target autophagy itself. This
could result in off-target effects, which could be avoided by giving
the treatment in cycles of brief periods. On the other hand, more
direct biochemical approaches to modulate autophagy such as
spermidine (Morselli et al., 2011) and TAT-beclin (Shoji-Kawata
et al., 2013), are promising for the treatment of MS as they are also
less invasive. Moreover, caloric restriction or exercise enhances
autophagy and therefore might be effective as a treatment for MS
(Choi et al., 2016).

Based on the current knowledge about the involvement of
autophagy in different cell types during MS, T-cells and microglia
are promising targets for cell type-specific delivery of autophagy
modulators (Zhang F. et al., 2016; Schmid et al., 2017; Wang
et al., 2019). In this context, nanoparticles that specifically
bind to particular T-cell subsets have been designed (Schmid
et al., 2017), and inhibiting autophagy in CD4+ and CD8+
autoreactive T-cells could prevent the initial activation of the
immune response seen in MS. Since prolonged inhibition of
autophagy in T-cells might negatively affect T-cell homeostasis,
transient therapy is desirable. In addition, autophagy inducers
in nanoparticles that are specifically targeted to microglia and
macrophages (Wang et al., 2019) could selectively promote
both anti-inflammatory responses and dampening of the pro-
inflammatory effects, which will ultimately result in beneficial
effects on the inflammation resolution, clearing of myelin debris,
and remyelination. However, additional research is needed to
investigate whether a nanoparticle or any other approach to
either block or stimulate autophagy in a cell type-specific manner
can delay MS progression. Nonetheless, autophagy is an attractive
and promising target for the development of new treatments
for MS and future studies investigating the precise role of this
pathway in the different cell types during the course of this severe
disease will be key to appropriately intervene therapeutically.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic neuroinflammatory disease of the central nervous system
(CNS) of which the main pathological feature is the loss of white matter myelin (demyelination)
(Ringold et al., 2005).

Although a solid cause to explain MS origin is still debated, a classic etiological view (named
outside-in hypothesis of MS) regards this disorder as primarily mediated by a faulty CD4+

T-lymphocytic attack against the myelin (Lassmann and Ransohoff, 2004; Chitnis, 2007).
Despite its prevalence, this hypothesis has been recently questioned by an opposing view (inside-

out hypothesis of MS) which posits that subtle primary cytodegenerative processes might happen
in the CNS itself, leading to myelin disintegration and a secondary immune system response
(Stys et al., 2012). For instance, studies have shown that MS pathological correlates, like widening
of myelin lamellae and oligodendrocyte apoptosis, are often present in regions separated form
inflammation foci (Barnett and Prineas, 2004; Henderson et al., 2009), and that loss of inner myelin
sheath-expressed proteins (like the myelin associated glycoprotein, MAG) temporarily precedes
that of outer-sheath expressed molecules in newly forming lesions (Aboul-Enein et al., 2003).
Furthermore, clinical observations have recurrently reported that immunosuppressant agents,
elective to treat relapsing-remitting forms of MS, are largely ineffective in halting less inflammatory
progressive forms of the disease (Stys et al., 2012).

Although a solid sequence of events is still elusive, one putative condition to explain this
primary myelin degeneration in MS may be the subtle imbalance at the level of the axon-
myelinic synapse (AMS, Figure 1A; Micu et al., 2018). The AMS is a recently proposed form of
glutamate-mediated communication between axon andmyelin which regulates axonal myelination
and action potential propagation via n-methyl-d-aspartate (NMDA) receptor-dependent myelin
Ca2+ supply (Figure 1A, 1–3; Micu et al., 2018). Briefly, controlled myelinic Ca2+ influx takes
part in glycolysis processes which lead to pyruvate and lactate production (Figure 1A, 4). Lactate
is then back-transported to the axon where it boosts energy production during electric activity
(Figure 1A, 5).

Consequently, alterations at the level of the AMS, triggered by aberrant stimuli like
dysfunctional Ca2+ mobilization from the axoplasmic reticulum (Micu et al., 2018), Na+

homeostasis alterations (Inglese et al., 2010) and/or the pathological presence of axonal
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nanoruptures (Witte et al., 2019) (Figure 1B, a–c) may instigate
an augmented myelinic Ca2+ entrance. As elegantly shown in
studies employing cuprizonemousemodels ofMS, this condition
is responsible of many aberrant biochemical processes relevant
for myelin stability including the citrullination of the myelin
basic protein (MBP) (Caprariello et al., 2018). Citrullination
is a posttranslational modification process instigated by the
activation of the enzyme protein arginine deiminase (PAD)
that promotes the formation of highly immunogenic myelin
(Figure 1B, 1–3).

Several parallel aberrant processes may lead citrullinated
myelin to degrade. Among them, the activation of cysteine
proteases like the Ca2+-dependent non-lysosomal protease
calpain and the lysosomal Ca2+-independent cathepsin might
very well-recapitulate MS myelin degenerative processes.

Calpain and cathepsin play a role in apoptotic processes
(Leist and Jaattela, 2001; Kroemer and Jaattela, 2005), Na+/Ca2+

exchange pump/actin cytoskeleton degradation (McConkey,
1998; Zong and Thompson, 2006), and myelin retraction from
the node of Ranvier (Baraban et al., 2018). Moreover, studies
on ischemia and sporadic Creutzfeldt-Jakob disease have shown
that, under specific circumstances (e.g., aberrant cellular Ca2+

influx), these two proteases engage into a sequential activation
named “calpain-cathepsin axis” where calpain promotes a
cleavage of lysosomal associated membrane 2 (LAMP2). As a
result, a programmed cell death through lysosomal cathepsin
leakage is activated (Miyazawa et al., 1998; Zong and Thompson,
2006; Villalpando Rodriguez and Torriglia, 2013; Llorens et al.,
2017).

This axial activation, combined with the hypothesized role of
cathepsin in degrading the MAG (Stebbins et al., 1997), an inner-
sheath adhesion molecule important for axon-myelinic stability
(Trapp and Quarles, 1982; Pronker et al., 2016), may explain
the primary degenerative processes involved in MS-related AMS
instability and myelin disintegration.

Despite this, whether an aberrant cysteine protease activation
is relevant and alone sufficient to explain demyelination in MS is
still not understood.

In this perspective article we evaluate the possibility that a
disruptive activation of the calpain-cathepsin axis in MS myelin
can be reinforced by the activation of parallel Ca2+-dependent
aberrant events to induce primary myelin degeneration.

One that seems very relevant for MS is the cascade generated
by Ca2+-dependent mitochondrial dysfunctions (Nicholls,
2009). Mitochondria instability is not a new concept in MS
pathology (Witte et al., 2014). In particular, Ca2+-mediated
aberrant events in the mitochondria, such as the opening of
the mitochondria permeability transition pore (mPTP), trigger
the release of intramembrane proteins (like cytochrome
c) which, in turn, activate an apoptotic process named
mitochondrial outer-membrane permeabilization (MOMP)
(Ichas and Mazat, 1998).

Interestingly, cysteine protease activation and mitochondria
pathological events share a number of common pathways.
The activation of these pathways might instigate a “vicious
cycle,” strongly contributing to explain MS-related myelin
degeneration. Here we propose that in MS, following excessive

myelinic Ca2+ influx, calpain-cathepsin axis activation and
MOMP play a synergic role in AMS destabilization and
MAG degradation.

A LOOK AT THE COMPONENTS OF THE

CYCLE: CYSTEINE PROTEASES,

MITOCHONDRIA AND MAG

DEGRADATION

Cysteine proteases actively promote protein catabolism inside
the cellular compartment (Verma et al., 2016). Among them,
calpain co-exists in two main isoforms: calpain-1 (mu-type) and
calpain-2 (m-type, which requires higher Ca2+ concentrations
to be activated) (Yamashima, 2004; Potz et al., 2016). Similarly,
cathepsins are present in different forms (Turk et al., 2012).

Besides their role in cellular degeneration, some of these
proteases seem particularly relevant for MS pathology. For
instance, the L form of cathepsin is thought to play a role in
MAG hydrolysis, truncating this molecule into a less functional
version named dMAG (Stebbins et al., 1997). Notably, a
selective MAG loss is spotted in the lesion formation in several
neurodegenerative diseases including Kearns-Sayre syndrome
(Lax et al., 2012) and MS (Aboul-Enein et al., 2003). Therefore,
a dMAG formation operated by a calpain-cathepsin axis
activation may hold important consequences for AMS stability,
recapitulating the dynamic of AMS destabilization/myelin-
axonal degeneration in MS.

Although the biochemical steps that lead toMAG degradation
are not entirely understood (Paivalainen et al., 2003), studies
have proposed that cathepsin-dependent MAG truncation may
happen via different pathways. One implies a direct effect of
cysteine proteases onMAG intracellular domains (Stebbins et al.,
1997), while another mechanism operates via an indirect Ca2+-
dependent lysosomal fusion with the plasma membrane. The
latter promotes cathepsin secretion through vesicular exocytosis
(Rodriguez et al., 1997; Hashimoto et al., 2015). Finally,
cathepsins are also shown to activate matrix metalloproteases
(MMPs) (Milward et al., 2008). This third pathway may influence
MAG stability through an extracellular matrix degradation and
increase in myelin motility (Kroemer and Jaattela, 2005; Gu et al.,
2015). Altered myelin motility may profoundly affect the ability
of axon and myelin to establish a rigidly regulated point-to-point
synapse (Micu et al., 2018), hampering the metabolic coupling
they share (Beirowski et al., 2014; Micu et al., 2018; Figure 1C).

Mitochondria dysfunctionalities may corroborate the effects
of these proteases on MS myelin. For instance, MOMP is shown
to induce a cascade of deteriorating events such as those catalyzed
by caspase-9 and−3 (Parsons and Green, 2010). Additionally,
due to the role of mitochondria in Ca2+ storage, instability at
the level of these organelles is able to instigate a detrimental
extra-mitochondrial Ca2+ release (Montero et al., 2001). The
latter effect might add up to the effects caused by augmented
NMDAR-dependent myelinic Ca2+ influx.

On top of these processes, mitochondria respiratory chain
defects are thought to cause MAG loss in relatively non-
inflammatory environments. For instance, studies have shown
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FIGURE 1 | Interplay between cysteine protease activation and mitochondrial deteriorating processes in MS myelin degeneration. (A) graphical depiction of the AMS

in physiological conditions (Micu et al., 2018). The action potential (1) is sensed by Ca2+ channels which via a ryanodine receptor-dependent mechanism mobilize the

(Continued)
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FIGURE 1 | axoplasmic Ca2+ reserves. Ca2+ triggers vesicle fusion and glutamate release (2). Glutamate activates NMDA-Rs promoting myelinic Ca2+ influx and

glycolysis processes. This sequence of events leads to pyruvate and lactate production (3). Lactate is ultimately transported to the axon to metabolically assist axonal

mitochondria. (B) In pathological conditions, excessive Ca2+ myelinic influx is promoted via altered stimulation of NMDA receptors (Micu et al., 2018). Possible players

involved in such effect are: (a) an altered Na+ homeostasis, where augmented extracellular Na+ may lead to intra-axonal aberrant processes that promote Ca2+ influx

(Craner et al., 2004); (b) altered Ca2+ mobilization inside the axoplasmic reticulum (Micu et al., 2018) and (c) the presence of subtle axonal nanoruptures which make

axonal cylinder permeable to Ca2+ (Witte et al., 2019). Irrespective of the mechanism by which altered Ca2+ entrance in the myelin is triggered, such phenomenon (1)

may lead to a consequent activation of PADs (2). PADs citrullinate myelin proteins (e.g., MBP). Myelin degenerative processes together with citrullination of MBP

promote biochemically altered (highly immunogenic) debris formation (3). (C) Summary of the principal pathways by which cysteine proteases (blue pathway) and

dysregulated mitochondria (red pathway) can affect myelin and MAG stability. These processes and their interplay may be responsible of myelin and axonal

breakdown in MS. Pink box inside myelin depicts the players of a possible vicious cycle between cysteine protease activation and mitochondrial instability in

MS-related myelin breakdown. (D) Schematic representation of a possible vicious cycle activated by enhanced myelinic Ca2+ entrance. Primary Ca2+ entrance

instigates a parallel activation of mu-type-calpains (calpain-1) and mitochondria degenerative processes. Secondary Ca2+ accumulation due to Na+/Ca2+ exchanger

(NCX) degradation and Ca2+ efflux from mitochondria might take part in a tertiary activation of m-type calpains (calpain-2) which can exacerbate lysosomal and

mitochondria instability leading to heightened myelin damage.

that MAG loss is associated with prominent nuclear expression
of HIF-1α, a marker for hypoxia-like metabolic tissue injury.
HIF-1α can be induced by either mitochondrial increase in
intracellular reactive oxygen species (ROS) production (Aboul-
Enein et al., 2003) or by impaired mitochondrial respiratory
chain functions (Semenza, 2000). Finally, studies on Kearns-
Sayre syndrome reported primary MAG loss and consequent
demyelination (Lax et al., 2012). The onset of this disorder is
thought to be due to primary mitochondrial respiratory chain
defects as a result of a single mtDNA deletion. Therefore, it
might be possible that also in MS mitochondrial instability
instigates MAG loss with consequent induction of AMS
instability/myelin degeneration.

DISCUSSION: THE VICIOUS CYCLE

EXPLAINED

Aberrant myelin Ca2+ influx in the AMS may be an essential
trigger in MS (Micu et al., 2018). Although a clear sequence
of events is still ignored, Ca2+ dysregulations are a potent
source of parallel biochemical processes that may synergistically
partake in degenerative conditions. This interplay might generate
a vicious cycle where Ca2+-mediated events reinforce each other,
explaining complex structural and biochemical alterations like
those observed in MS brains. Interestingly, in the case of cysteine
proteases and mitochondria dysfunctionality, both processes are
crucially involved in degeneration/apoptosis (McConkey, 1998;
Festjens et al., 2006; Zong and Thompson, 2006). Therefore, a
combined activation of these pathways would likely explain the
consequent highly immunogenic myelin fragmentation observed
e.g., in cuprizone mouse models (Caprariello et al., 2018).

As one of the roles of the AMS is to supply the
axonal compartment with lactate for metabolic purposes,
a cysteine protease/mitochondrial-dependent myelin breakup
can induce a secondary stage of axonal virtual hypoxia
leading to axon disintegration (Stys et al., 2012; Micu et al.,
2018).

Cysteine proteases and mitochondria might hypothetically
interact in several ways to decide the fate of myelin in
MS. Following an initial myelinic Ca2+ increase a primary
co-activation of calpain-1 and mPTP/MOMP might occur
(Figures 1C,D). These events may instigate lysosomal

cathepsin outflow and primitive myelin breakdown, respectively
(Figure 1D, 1st cycle). Elevated levels of cathepsins can either
directly or indirectly affect MAG stability (Rodriguez et al., 1997;
Stebbins et al., 1997; Milward et al., 2008; Hashimoto et al.,
2015). Furthermore, simultaneously altered level of calpains
can promote a cleavage of the Na+/Ca2+ exchange pump
(NCX) (McConkey, 1998; Zong and Thompson, 2006). The
latter phenomenon facilitates an additional intracellular Ca2+

accumulation which together with the ability of cathepsin-
L and D to activate caspase-3 (Li et al., 1997; Yamashima,
2000) and MOMP (Kroemer and Jaattela, 2005) might greatly
reinforce the cysteine protease/mitochondria vicious cycle
(Figure 1D, 2nd cycle). In fact, caspase-3 is thought to be
able to cleave calpastatin, an endogenous calpain inhibitor
(Porn-Ares et al., 1998; Yamashima, 2004), instigating a
protracted permanence of calpains in the myelinic compartment.
Cleavage of calpastatin together with mPTP-dependent
mitochondria Ca2+ release (De Marchi et al., 2014) might
promote the activation and accumulation of other forms of
degenerative calpains, like calpain-2, which require Ca2+

in the mM range to be activated (Baudry and Bi, 2016).
Finally, parallel mitochondria disruptions caused by Ca2+

overload can induce ROS enhancement (Festjens et al., 2006)
strongly adding up to the ongoing AMS instability, myelin
breakdown and MAG degradation (Figure 1D, 3rd cycle
and beyond).

CONCLUDING REMARKS

In this opinion article we proposed a scenario where a primary
altered AMS stability might explain myelin breakdown and
axonal degeneration in MS via Ca2+-mediated aberrant
events (Micu et al., 2018). Possible instigators of such
processes are the cysteine proteases and mitochondria
dysfunctionalities. Here we posit that these two players
reinforce each other leading to a possible vicious cycle which
may hold important consequences for myelin stability. To
confirm this hypothesis rigidly controlled experiments should
define whether an actual interplay between the activation
of the calpain-cathepsin axis and MOMP exists and, in
this case, whether one pathway temporarily precedes the
other one.
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INTRODUCTION

Multiple sclerosis (MS) is the most common chronic inflammatory disease of the central
nervous system (CNS) that affects young adults between 20 and 40 years of age, with a higher
prevalence in females (female-to-male ratio 3:1) (Dilokthornsakul et al., 2016). Even though its
etiology is still debated, it has historically been considered an immune-mediated disease, whose
histopathological hallmarks are inflammation, demyelination, and neurodegeneration (Frohman
et al., 2006; Lassmann, 2018). Indeed, acute demyelinating lesions characterized by blood brain
barrier breakdown, lymphocyte infiltration, oligodendrocyte loss and astrocytic activation, mainly
located in myelin-rich white-matter areas, are distinctive of the disease. Nonetheless, in more
recent years it became clear that axonal loss and primary demyelination in the absence of acute
inflammatory infiltrates are also present since the earliest stages of the disease (Henderson et al.,
2009), challenging the idea that neurodegeneration is secondary to CNS inflammation (Louapre
and Lubetzki, 2015). As a matter of fact, it is still unclear whether neurodegeneration is a direct
consequence of inflammatory CNS injury or whether it represents a primitive independent process,
and a better understanding of the interplay between these two aspects of the disease is warranted.
In this perspective, studies investigating genetic factors associated with MS onset and progression
can help to shed light on this matter; in fact, compared to cross-sectional histopathological studies
that do not permit to establish temporal and/or causal relationship, genetic association studies
allow to infer causality and to pinpoint molecular pathways and cell types that play a key role in
MS pathogenesis.

HLA ASSOCIATION

The first MS-associated genetic risk locus discovered in 1972 was located in the human leukocyte
antigen (HLA) class I region on chromosome 6 (Jersild et al., 1972; Naito et al., 1972). Since then,
several HLA class I and II alleles have been associated with an increased risk of developing MS
(Hauser et al., 1989; Patsopoulos et al., 2013) or were found to be protective (Fogdell-Hahn et al.,
2000).

The strongest association has been demonstrated with the HLA DRB1∗1501 allele (Hauser et al.,
1989; Oksenberg et al., 2004; Patsopoulos et al., 2013) that confers an almost 3-fold increased
risk of MS. The most recent genome-wide association study (GWAS) in MS (Patsopoulos et al.,
2019) identified up to 32 independent MS risk-variants in the major histocompatibility complex
(MHC) region and, overall, the MHC locus alone is estimated to explain 20% of MS heritability
(Patsopoulos et al., 2019).
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The HLA locus maps on chromosome 6p21.3 and
encompasses more than 200 genes, with important roles
in maturation and regulation of the T cell compartment as
well as in other immunological processes, supporting the
hypothesis that MS is an immune-mediated disease arising
from a dysregulation of the peripheral immune system which
targets the CNS. Consistently, a fine-mapping study of the MHC
region (Patsopoulos et al., 2013) has shown that some of the
MS-associated variants in this locus affect the amino-acidic
sequence of the peptide-binding groove, potentially influencing
antigen recognition and T-cell repertoire specificity.

GENOME-WIDE ASSOCIATION STUDIES

OF MS SUSCEPTIBILITY

Since 1970s, the knowledge of MS genetic architecture has
extraordinarily advanced and several GWAS have been
performed, identifying hundreds of additional MS genetic risk
variants outside the MHC locus (The International Multiple
Sclerosis Genetics Consortium et al., 2007; Bahlo et al., 2009;
Baranzini et al., 2009; Sanna et al., 2010; Patsopoulos et al.,
2011, 2019; Sawcer et al., 2011; Beecham et al., 2013). GWAS are
particularly helpful in the discovery of novel disease variants,
because they do not depend on “a priori” assumption on
disease pathogenesis and can help to unravel novel molecular
mechanisms underlying the disease.

The first MS GWAS (The International Multiple Sclerosis
Genetics Consortium et al., 2007) was performed on 931 family
trios and identified variants in the interleukin-7 receptor (IL7R)
and in the interleukin-2 receptor (IL2RA) loci (Gregory et al.,
2007; Weber et al., 2008), again pointing to the crucial role
played by the immune system. In the following years, the
collaborative efforts of the International MS Genetic Consortium
(IMSGC) allowed to combine MS cohorts from several countries,
improving the statistical power and leading to a remarkable
increase in the number of the identified MS risk variants. In
2011, the analysis of 9,772MS cases and 17,376 controls from
15 different countries, followed by a replication step in 4,218
cases and 7,296 healthy controls (Sawcer et al., 2011), allowed
to confirm most of the previously reported associations and to
detect 29 novel risk variants. Noteworthy, the prioritized effects
were enriched in genes involved in lymphocyte functions and
in particular in T cell activation and proliferation. Moreover,
genes linked to Vitamin D metabolism, such as CYP27B1,
CYP24A1, and genes coding for targets of MS immune-
modulatory therapies, including VCAM1 for natalizumab and
IL2RA for daclizumab, were also highlighted. More recently, the
greatest advancement in MS genetics field was made possible
by a meta-analysis involving 47,351MS subjects and 68,284
healthy controls (Patsopoulos et al., 2019) that increased the
number of MS-associated variants up to 200 autosomal SNPs
outside the MHC region and one variant on the X chromosome.
Once again, the identified variants seem to be enriched in loci
which are active in immune cells, both from the adaptive (T
and B cells) and the innate (natural killer and dendritic cells)
immune compartments; conversely there was no enrichment of

MS susceptibility loci in CNS tissues and, also when analyzing
induced pluripotent stem cell derived neurons and purified
human astrocytes or microglia, the only significant enrichment
was detected in microglial cells, suggesting that also CNS
resident immune compartment could play a role in the disease.
Similarly, when assessing the effect of the selected variants on
gene expression modulation in specific tissues (eQTL effect)
and when evaluating the biological pathways enriched in MS
genes, findings were indicative of the central role of immune
cells, while putative functional consequences in neurons and
other CNS cells need further investigations. A more recent
study (Factor et al., 2020) applied a so-called “outside variant
approach” to identify additional risk variants that physically
interact with MS-associated genes and to pinpoint cell-types
in which these genes exert their pathogenic role. As expected,
the majority of MS loci were predicted to act in T cells, but
also B cells and myeloid cells were involved, underlining the
role of both the innate and adaptive immune system. Moreover,
the authors also identified 6 loci that were predicted to act
in the CNS and they hypothesized that a dysregulation of
transcriptional elongation in oligodendrocytes could contribute
to MS pathogenesis.

Finally, the main role played by the immune system
is also reflected in the significant proportion of MS risk
variants that is shared with other autoimmune diseases
(Richard-Miceli and Criswell, 2012), such as type 1 diabetes,
rheumatoid arthritis and intestinal bowel diseases, even though
sometimes with opposite effect. The common background
with other immunological conditions seems to imply the
existence of a genetic basis predisposing to peripheral immune
dysregulation; other risk factors, such as environmental
exposures and/or infections, could then play a role in
determining the target tissue and phenotypic expression of
this autoimmune predisposition.

THE ROLE OF LOW-FREQUENCY/RARE

VARIANTS

Classic GWAS take advantage of very large numbers of enrolled
subjects to screen hundreds of thousands common variants
over the entire genome but are largely underpowered to detect
association with low-frequency and rare variants. More recently,
some studies investigated the contribution of rare variants in MS
heritability using a candidate gene approach or a whole exome
analysis in sporadic and familiar MS cases. Specifically, a study
conducted in about 68,000 subjects identified four novel variants
drivingMS risk independently of common-variant signals, which
are implicated in regulatory T cell homeostasis and regulation,
IFN gamma biology, and NFkB signaling (Mitrovič et al., 2018).
Another study identified an increased burden of rare variants
with high predicted pathogenicity in MS cases compared to
controls when analyzing genes of the inflammasome pathway
(e.g., NLRP1/3, CASP1) (Vidmar et al., 2019). Similarly, an
additional work on 34 multi-incident MS families also identified
some putative risk variants implicating the inflammasome
pathway (NLRP12), as well as other biological processes involved
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in innate immunological responses, again stressing the role of
immune factors in the disease (Vilariño-Güell et al., 2019).

GENETIC FACTORS INFLUENCING

DISEASE SEVERITY

Overall, genetic studies on MS susceptibility seem to denote a
major role for immune-related processes in disease pathogenesis;
however, these studies do not take into consideration the
highly variable degree of neurodegeneration and disability
accumulation that characterize the disease. For this reason,
genetic studies investigating variants associated with disease
severity represent a complementary approach in understanding
MS pathological basis.

First of all, candidate gene studies have assessed the role of
genes implicated in MS susceptibility in determining disease
course, failing to identify any significant association (Jensen et al.,
2010) except for the HLA-DRB1∗1501 allele (Hauser et al., 2000;
Barcellos et al., 2003). Interestingly enough, a subsequent GWAS
(Baranzini et al., 2009) also failed to identify an enrichment
of associated genes implicated in immunological functions. On
the contrary, when disease severity was assessed using MRI
measures such as brain volume and T2 lesion load, there was
an over-representation of genes related to neural processes
(e.g., GRIN2A, NLGN1) such as glutamate signaling and axon
guidance. Similarly, a network analysis on results from a GWAS
that used brain glutamate concentrations as endophenotype
(Baranzini et al., 2010) identified a module enriched in genes
implicated in glutamate biology that correlated with the level of
brain atrophy and N-Acetylaspartate decline over time, pointing
to a possible role of excitotoxicity in modulating disease severity.

Furthermore, an additional GWAS (Briggs et al., 2011) that
investigated variants associated with disease severity using the
MS severity score (MSSS) and in which a pathway analysis
was applied showed an enrichment of genes involved in axon
guidance and signaling and neuronal processes as well as
with interferon α/β receptor binding and antigen processing
and presentation.

PHARMACOGENETIC STUDIES

Finally, also works investigating genetic determinants of response
to disease modifying treatments can add to the knowledge of the
biological basis of the disease.

Interferonβ (IFNβ) was the first drug to be approved for MS
and is also the most investigated in pharmacogenomic studies;
specifically, the first of these studies focused on genes known to
be implicated in its mechanism of action applying a candidate
gene approach. At least 15 genes associated with IFNβ response
were identified (Cunningham et al., 2005; Martínez et al., 2006;
Gross et al., 2011; Kulakova et al., 2012), although not all
the associations have been validated in independent cohorts.
Not surprisingly, associated polymorphisms mapped to region
encoding type I IFN receptor (Cunningham et al., 2005), IFN
response-element sequences, IFN regulatory transcription factors
(Gross et al., 2011) and to loci encoding different cytokine

genes (IL10, IFNγ) (Martínez et al., 2006; Kulakova et al., 2012).
Candidate studies also evaluated the role of the HLA class II
locus, and mainly of the HLA DR2 haplotype, in influencing
IFNβ response, but no significant association was found (Gross
et al., 2011).

More interesting were the results of GWAS on response
to IFNβ (Byun et al., 2008; Comabella et al., 2009; Esposito
et al., 2015; Clarelli et al., 2017; Mahurkar et al., 2017); these
investigations not only confirmed the role of genes implicated
in the IFNβ pathway, such as IFNAR2, but also identified
genes involved in neuronal functions like GPC5 (Byun et al.,
2008), the glutamate receptors GRIA3 (Comabella et al., 2009),
GRM3 and GRIK2 (Clarelli et al., 2017) and SLC9A9 (Esposito
et al., 2015), which has been linked to neuronal excitability
(Gu et al., 2001), pointing to a possible role for glutamate
metabolism and excitotoxicity in modulating drug response.
Similarly, candidate gene studies on response to glatiramer
acetate (GA) (Fusco et al., 2001; Grossman et al., 2007; Tsareva
et al., 2012; Kulakova et al., 2017) focused mainly on immune-
related genes and found that the clinical outcome during
GA treatment is associated with HLA class II genes (Fusco
et al., 2001; Gross et al., 2011) and other genes involved
in T cell activation (TCRB, Grossman et al., 2007), antigen
presentation (CD86) or proinflammatory signaling [(IL1R1
and IL12RB2, Grossman et al., 2007), (CCR5, Tsareva et al.,
2012)]. Additionally, a recent GWAS on more than 2,500 GA-
treated MS patients (Ross et al., 2017) selected a set of 4
SNPs mapping to HLA-DQB2, MBP, UVRAG, and ZAK, which
distinguished signature-positive or negative patients, signature-
positive subjects displaying a better outcome over signature-
negative individuals.

DISCUSSION

The results of genetic studies on MS susceptibility (The
International Multiple Sclerosis Genetics Consortium et al.,
2007; Patsopoulos et al., 2019) identified a strong enrichment
of genes and biological processes implicated in immune
functions, suggesting that a dysregulation of immune responses,
promoted by the genetic background and potentially triggered
by environmental factors, is the main mechanism of the disease.
Overall, apart from a single study that predicted 6MS risk
loci to be mainly active in CNS cells, where they can disrupt
oligodendrocyte maturation (Factor et al., 2020), no particular
enrichment in genes and pathways involved in CNS development
and regulation was found, implying that neurodegeneration is
more likely to derive from an inflammatory insult than to be a
primary process itself. However, these studies mainly enrolled
patients with a relapsing-remitting form of the disease, which is
characterized by a high level of inflammatory activity. Thus, it
is possible that genetic variants affecting the degree of neuronal
damage and disability accumulation were not adequately picked-
up by such studies. Indeed, genetic studies that focused on disease
severity showed genes involved in neuronal processes, and in
particular in glutamate biology, as associated with the degree of
disability progression and neurodegeneration (Baranzini et al.,
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2009, 2010). Noteworthy, some of these genes and pathways were
also associated with response to MS treatments (Comabella et al.,
2009; Esposito et al., 2015; Clarelli et al., 2017). Unfortunately,
most of the genetic studies on MS severity and treatment
response have been performed in relatively modest datasets
and lack a validation in larger, independent cohorts due to the
difficulty in obtaining detailed longitudinal clinical information
in huge cohorts. Nonetheless, these results seem to suggest
that inflammation is not the only determinant of disease
course and also neuronal factors can modulate the level of
neurodegeneration and disability progression in MS. Further

studies on larger datasets are required to validate these results
and to help identifying potential therapeutic targets to halt
neurodegeneration in MS.
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The last 15 years have seen an explosion of new findings on the role of complement, a
major arm of the immune system, in the central nervous system (CNS) compartment
including contributions to cell migration, elimination of synapse during development,
aberrant synapse pruning in neurologic disorders, damage to nerve cells in autoimmune
diseases, and traumatic injury. Activation of the complement system in multiple sclerosis
(MS) is typically thought to occur as part of a primary (auto)immune response from
the periphery (the outside) against CNS antigens (the inside). However, evidence
of local complement production from CNS-resident cells, intracellular complement
functions, and the more recently discovered role of early complement components
in shaping synaptic circuits in the absence of inflammation opens up the possibility
that complement-related sequelae may start and finish within the brain itself. In this
review, the complement system will be introduced, followed by evidence that implicates
complement in shaping the developing, adult, and normal aging CNS as well as its
contribution to pathology in neurodegenerative conditions. Discussion of data supporting
“outside-in” vs. “inside-out” roles of complement in MS will be presented, concluded
by thoughts on potential approaches to therapies targeting specific elements of the
complement system.

Keywords: complement, multiple sclerosis, pathology, outside-in, inside-out

INTRODUCTION

Multiple sclerosis (MS) is traditionally considered to be a chronic immune-mediated demyelinating
disease of the central nervous system (CNS) mediated by autoreactive lymphocytes that are primed
against a CNS antigen in the periphery, enter the CNS via breached blood-brain barriers (BBB),
and are reactivated in the perivascular spaces of postcapillary venules and meningeal vessels
(Engelhardt et al., 2016). As such, one could think of MS as a disease mediated by ‘‘outside-
in’’ mechanisms, where the peripheral immune system from the ‘‘outside’’ enters the ‘‘inside’’
of the brain causing injury. Indeed, currently approved disease-modifying treatments (DMT),
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which are effective in modulating peripheral immunity, reduce
demyelinating lesions in relapsing-remitting MS (RRMS). The
‘‘outside-in’’ hypothesis also finds support in genome-wide
association studies that identified immune-related susceptibility
gene variants in a large cohort of MS patients (International
Multiple Sclerosis Genetics Consortium, 2019).

An alternative theory that argues against a causal role of
immune cells in the initiation of MS proposes that a primary
‘‘cytodegeneration’’ in the CNS, originating at oligodendrocytes
and/or neurons, starts years before the manifestation of any
clinical symptoms. In susceptible individuals, this CNS-intrinsic
cytodegeneration is followed by an autoimmune inflammatory
reaction against antigens that are shed as a result of the primary
cellular damage (Stys et al., 2012b). This alternative hypothesis
centered on ‘‘inside-out’’ disease mechanisms, finds support in
ultrastructural evidence of earliest myelin changes identified
in the layer of the myelin sheath that is nearest the axon
(Rodriguez and Scheithauer, 1994), in pathological evidence
of myelin and axonal degeneration that is not accompanied
by evidence of an adaptive immune response in the normal-
appearing white matter (Trapp et al., 1998; Henderson et al.,
2009), and in clinical evidence of the inability to stop disease
progression using immunomodulatory drugs (reviewed in
Ciotti and Cross, 2018).

Overall, while inflammatory processes are detected in the
CNS of MS patients both at the early and late disease stages
(Frischer et al., 2009; Machado-Santos et al., 2018; Fransen et al.,
2020) and are undoubtedly important in shaping pathological
processes, the evidence is equally consistent with either primary
autoimmune pathogenesis of MS (‘‘outside-in’’ hypothesis) or
a model in which an initial injury causes shedding of a
high level of autoantigens, which in turn triggers a secondary
inflammatory reaction (‘‘inside-out’’ hypothesis). Therefore, the
question remains: is MS initiated by ‘‘outside-in’’ or ‘‘inside out’’
disease mechanisms?

One piece of the puzzle is the complement system, a major
arm of the innate immune system that has been implicated in
the pathogenesis of MS since the early 1970s (Lumsden, 1971).
While it is widely assumed that, in MS, complement proteins
derived from the circulation enter the brain parenchyma through
a leaky BBB to tag antigen-antibody complexes (‘‘outside-
in’’ paradigm), a potential role of CNS-derived complement
components in MS disease processes that originate within the
CNS (‘‘inside-out’’ paradigm) has been largely ignored. This
review focuses on how the complement proteins can shape the
MS-affected CNS.

THE COMPLEMENT SYSTEM

Complement plays a central role in the innate immune system.
It consists of approximately 50 fluid-phase and cell surface-
associated proteins that provide the first line of defense
against pathogens and clear immune complexes by tagging and
mediating removal of non-self (i.e., pathogens) or altered-self
(i.e., dead and dying cells) antigens (Ricklin et al., 2010).
Detailed schematics of components and activation products
of the complement cascade have been previously published

including recently (Morgan and Harris, 2015; Carpanini et al.,
2019), and are also shown in Figure 1. The complement system
is activated via three initiating pathways (classical, alternative,
and lectin). Regardless of the initiating pathway, complement
activation converges on a common effector pathway, terminating
in the formation of the terminal complement complex (TCC)
that, in the context of cell membranes, creates a transmembrane
pore, the membrane attack complex (MAC). The classical
pathway is activated by binding of C1q, a component of
the C1 complex, to the Fc domain of antibodies bound to
antigens or directly to ‘‘danger’’ epitopes. The lectin pathway
is initiated by the binding of mannose-binding lectin to certain
carbohydrates expressed on the pathogen surface, whereas the
alternative pathway is a powerful amplification loop initiated
either spontaneously by low-rate hydrolysis of C3 or by C3b
generated in the classical/lectin pathways and progresses through
binding of activated factor B and generation of a C3-cleaving
enzyme (convertase) on surfaces that lack complement inhibitors
(Ricklin et al., 2010).

Regardless of the pathway of activation, complement acts
through the production of opsonins (C3b, iC3b, C4b, et cetera)
which are molecules that enhance the ability of macrophages and
neutrophils expressing complement receptors to phagocytose
material; anaphylatoxins (C3a, C5a) which are peptides that
induce local and systemic inflammatory responses, increasing
the permeability of blood vessels and attracting neutrophils
through their chemotactic properties; and through direct killing
of organisms by the MAC, which disrupts and forms pores in the
phospholipid bilayer of a target cell (Ricklin et al., 2010).

While complement components exert their effector functions
against ‘‘danger’’ signals on pathogens, healthy self tissue
is protected from undesired complement activation by
complement inhibitors present either in the fluid-phase or
on membrane surfaces (Hajishengallis et al., 2017). Key
complement regulators are indicated in Figure 1. A tight balance
between activation and regulation keeps complement in check,
whereas disruption of this balance caused by over-activation
and/or insufficient regulation can result in tissue injury (Ricklin
and Lambris, 2013).

SOURCES OF COMPLEMENT PROTEINS

Although complement components in plasma are synthesized
mainly by hepatocytes in the liver, the discovery that
CNS-resident cells such as glial cells and neurons can produce
complement proteins (Levi-Strauss and Mallat, 1987; Morgan
and Gasque, 1997; Gasque et al., 2000), was a prelude to the
changing view of immune privilege in the CNS (Engelhardt and
Coisne, 2011). For example, it is now appreciated that specialized
pockets in the brain are not immune privileged. In particular,
the dura that lies above the leptomeninges is transversed by
functional lymphatics and fenestrated vasculature that lacks tight
junctions, making it highly permeable to peripheral immune
cells and soluble molecules (including complement proteins)
that enter into the dura, even at a steady-state (reviewed in Rua
and McGavern, 2018; Ramaglia et al., in press b). Therefore, in
addition to a parenchymal source of complement, serum-derived
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FIGURE 1 | Activation and regulation of the complement (C) system. Recognition of target epitopes by C1q (Classical pathway) or MBL (Lectin pathway) result in
the cleavage of C4 and formation of the C3 convertase, cleaving C3. C3 is also activated via the alternative pathway by a constant “tick-over” that can be amplified
during pathological conditions. Cleaved C3 can nucleate the formation of the C5 convertase, cleaving C5 and eventually forming the terminal complement complex
or membrane attack complex (TCC, MAC, C5b9), which can lyse membranes and/or induce cell activation. Activation of C4, C3, and C5 lead also to the formation
of anaphylatoxins which cause chemotaxis and inflammation. Activation of the complement system is tightly regulated by soluble (shown in italics) and
membrane-bound proteins which can either inhibit the formation or accelerate the decay of the convertases or impede assembly of the C5b9 complex.
Abbreviations: C1INH, C1 inhibitor; C4bp, C4 binding protein; FI, factor I; MCP, membrane co-factor protein; CR1, complement receptor 1; DAF, decay-accelerating
factor; FH, factor H; MBL, mannose-binding lectin.
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complement can enter the brain either through a leaky blood-
brain barrier (BBB) and/or through a normally highly permeable
meningeal brain barrier.

While little is known about the synthesis of terminal
complement components in the brain (or whether this occurs at
all), C1q and C3 synthesis in the brain has been studied in more
detail. Astrocytes have been shown to produce C3 and Factor
B, components of the alternative complement pathway, in vitro
(Levi-Strauss and Mallat, 1987). Cultured human microglia
were also shown to express C1q, C3, and C4 (Walker et al.,
1995). Glioma cell lines have also been a useful tool to study
complement biosynthesis by glial cells and have shown to
be able to produce proteins of the complement alternative
pathway, namely C3, factor B, factor H, and factor I (Gasque
et al., 1992) and proteins of the classical complement pathway,
namely C1q, C1r, C1 s, C1-Inh, C2, C4, and C5 (Gasque
et al., 1993). Astrocytes and microglia also express receptors
for the complement activation products C3d and C3a (Gasque
et al., 1996) and C5a (Gasque et al., 1995, 1997). In addition
to glial cells, also neuronal cell lines can express complement
components and regulators (i.e., C3, factor H (FH), factor B (FB),
C4, C1-inhibitor (C1-inh), C1q, C5, C6, C7, and C9; Thomas
et al., 2000). Early studies have also shown local production of
complement proteins in the nervous system in vivo in response
to peripheral nerve injury (Svensson and Aldskogius, 1992) or
experimental lesions in the rat brain (Pasinetti et al., 1992).

More recent studies have shown that during the development
of the visual system, synthesis of C1q is upregulated in neurons
(Stevens et al., 2007). C1q mRNA and protein expression
are also dramatically increased during normal aging of the
mouse and human brain (Stephan et al., 2013; see ‘‘Early
Complement Components in the Developing, Adult, andNormal
Aging CNS’’ section). Using in situ hybridization, western
blot, and immunohistochemical analysis of the myelinated
and demyelinated MS hippocampus compared to controls,
Michailidou and colleagues showed that C1q is synthesized
also by hippocampal neurons and its expression increases
intracellularly in neurons within MS tissue (Michailidou et al.,
2015). A subsequent study showed that neuronal C1q synthesis,
identified by in situ hybridization, occurs also in other areas
of cortical gray matter in the MS brain (Watkins et al., 2016;
see ‘‘Evidence Supporting the ‘Outside-In’ Paradigm’’ section).
However, one study contradicting the concept that neurons
represent an important source of C1q showed that microglial-
specific deletion of C1q in mice results in lack of C1q in
the adult brain while blood C1q levels remain unchanged,
implicating microglia as the predominant CNS source of C1q
(Fonseca et al., 2017).

In terms of C3, its synthesis has been reported in reactive
astrocytes in MS and other neurodegenerative diseases, with
C3 now being considered a marker for the designation of ‘‘A1’’
neurotoxic astrocytes (Liddelow et al., 2017). A1 astrocytes
lose their ability to promote neuronal survival, outgrowth, and
synaptogenesis, and instead induce the death of neurons and
oligodendrocytes (Liddelow et al., 2017). Another study has
shown neuronal synthesis of C3 in advanced MS cases. These
C3-producing neurons were observed close to C3d+ microglial

clusters at the edge of slowly expanding lesions (see ‘‘Evidence
Supporting the ‘Inside-Out’ Paradigm’’ section; Michailidou
et al., 2017). Altogether these data show that early complement
components, particularly C1q and C3, are present in both the
developing brain and normal aging brain independent of the
breakdown of the blood-brain barrier, while the synthesis of
complement proteins by neurons and glia is increased in the
diseased brain, including in MS.

EARLY COMPLEMENT COMPONENTS IN
THE DEVELOPING, ADULT, AND NORMAL
AGING CNS

Stevens et al. (2007) were the first to demonstrate a substantial
role for the upstream ‘‘early’’ classical complement pathway
(C1q and C3) in eliminating redundant synapses during the
development of the retinogeniculate system in the visual
thalamus. In this system, extranumerary synapses are targeted
by the complement component C1q, opsonized by C3 and
phagocytosed by microglia via the complement receptor
CR3 (Schafer et al., 2012), in a process which appears
to be independent of the formation of the terminal ‘‘late’’
activation effector TCC/MAC (Figure 2A). This is supported
by experimental studies in mice, where deletion of C1q, C3 or
CR3, or pharmacological (minocycline) disruption of microglia-
mediated engulfment of synapses during early development
leads to defects in eye-specific segregation of retinal ganglion
cell projections (Stevens et al., 2007; Schafer et al., 2012).
Therefore, the classical complement cascade is involved in
mechanisms of synaptic refinement, similarly to what has been
previously described for other molecules. These include pattern
recognition molecules such as pentraxins (Bjartmar et al., 2006),
the Triggering Receptor Expressed on Myeloid Cells 2 (TREM2;
Filipello et al., 2018), and the Class I Major Histocompatibility
Complex. Involvement of the latter has been shown using mice
in which deletion of two of the MHCI genes [H2-K(b) and
H2-D(b)], impairs developmental refinement of retinogeniculate
projections (Corriveau et al., 1998; Datwani et al., 2009).

During normal development, the complement components
that participate in the pruning of synapses are likely produced
locally in the brain since the BBB protects the CNS parenchyma
from plasma-derived complement and immune cells. As
mentioned, C1q can be expressed by microglia and certain
neurons such as the retinal ganglion cells (RGC) in the visual
system (Stevens et al., 2007). The cytokine transforming
growth factor-β (TGF-β) has been identified as a factor
secreted by astrocytes that is necessary and sufficient for
C1q expression in purified RGC (Bialas and Stevens, 2013).
In vivo, TGF-β receptors (TGFβRII) are expressed in RGC
during development and specific disruption of TGFβRII in
retinal neurons significantly reduces C1q expression, decreases
synaptic localization of C1q, and inhibits synaptic pruning in
the visual thalamus (Bialas and Stevens, 2013). Other cytokines
also play roles in synapse pruning during development. For
example, the interleukin-1 family cytokine interleukin-33
(IL-33) orchestrates astrocyte-microglial communication to
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FIGURE 2 | Complement-mediated synapse elimination during development and in neurodegenerative diseases. (A) In the developing brain, astrocytes produce
TGF-β that promotes the production of C1q by neurons. Neuron-derived and microglia-derived C1q tags weak synapses activating the classical complement
pathway which results in the cleavage of C3 with deposition of C3b at synapses. C3b-tagged synapses are then removed through phagocytosis by microglia
expressing the complement receptor CR3. (B) In neurodegenerative diseases, such as Alzheimer’s disease (AD), oAβ promotes the production of C1q by microglia.
C1q-tagged synapses are then eliminated by microglia via the classical complement pathway as observed for synapses during development. Also, microglia-derived
C1q (together with IL-1α and TNF) induces a subtype of C3+ reactive astrocytes, termed A1 astrocytes, which are neurotoxic. Abbreviations: oAβ, oligomeric
amyloid β; TGFβ, transforming growth factor β; IL, interleukin; TNF, tumor necrosis factor.

tune microglial engulfment of synapses (Vainchtein et al.,
2018). IL-33 is produced by synapse-associated astrocytes
and signals to microglia to promote increased synaptic
engulfment; deletion of IL-33 leads to excess synapses
and abnormal thalamic and sensorimotor (spinal cord)
circuit function, demonstrating the requirement for IL-33
in synaptic development in the thalamus and spinal cord
(Vainchtein et al., 2018).

The difference between synapses that are tagged for
elimination by complement vs. those that are spared is a
key question. Certain cell surface markers are implicated as
discriminating signals that direct the sparing of synapses.
For example, a recent study demonstrated that CD47, the
high-affinity receptor for thrombospondin-1, is required to
prevent excess pruning of retinogeniculate synapses during
development (Lehrman et al., 2018). CD47 is a ‘‘don’t eat
me’’ signal and self-associated molecular pattern (SAMP)
that is expressed on many cell types throughout the body
(Reinhold et al., 1995), and is also found on synapses (Mi
et al., 2000). It can directly inhibit phagocytosis by binding
the signaling molecule SIRPα, on macrophages and other
professional phagocytes (Oldenborg et al., 2000; Okazawa et al.,
2005). CD47 can also prevent phagocytosis of cells that are

opsonized with ‘‘eat me’’ flags, such as complement, showing
that it can overrule these signals (Oldenborg et al., 2001).
Interestingly, CD47 was shown to preferentially localize at more
electrically active synapses in wild-type mice (Lehrman et al.,
2018), pointing to the sparing of ‘‘stronger’’ or more active
inputs. In line with this finding, CD47 knockout mice did not
show the expected preferential microglial engulfment of less
active inputs, and both CD47 knockout and SIRPα knockout
mice displayed excess microglial engulfment of retinal ganglion
cell synaptic inputs (Lehrman et al., 2018). Together, these
data suggest that CD47 expression protects certain (potentially
more active) synaptic populations from targeting by microglia,
while CD47low synapses may be preferentially targeted for
removal. Another mechanism potentially regulating the process
of C1q-mediated elimination of synapses involves apoptosis.
Proteomic investigation and pathway analysis of C1q-tagged
synaptosomes revealed the presence of apoptotic molecules
(Vdac1, Prdx6, Uchl1, Eno1, Ppp3r1, and Nptx1) in C1q-tagged
synapses (Györffy et al., 2018), suggesting that synaptic
pruning may involve some of the same molecular triggers that
normally stimulate the homeostatic (non-phlogistic) process of
complement-mediated enhanced clearance of apoptotic cells in
the periphery (Ricklin et al., 2010).
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Pruning of excessive synapses does not only occur during
postnatal CNS development but is also involved in the dynamic
remodeling of synapses which occurs constantly in mature
neurons throughout life as a result of experience and learning
(Trachtenberg et al., 2002; Tropea et al., 2010; Fu and
Zuo, 2011). A recent study showed that the C1q-dependent
classical complement pathway is actively involved in synapse
elimination by microglia in the healthy adult hippocampus
(Wang et al., 2020). C1q was found to localize to synapses and
dendritic spines of engram cells, the neurons responsible for
the storage of memory in the hippocampus. The identification
of C1q-tagged synaptic components within the lysosomes of
microglial cells and the finding that depleting microglia or
inhibiting microglia-mediated phagocytosis prevented loss of
synapses and memory impairment, indicated that microglia
are responsible for the elimination of synapses in the healthy
brain and that complement provides the relevant phagocytic
signal. Also, specific overexpression of the complement regulator
CD55 in engram cells protected from memory loss, further
indicating that the elimination of synaptic elements by microglia
in the healthy adult hippocampus occurs in a complement-
dependent manner. In contrast, inhibiting the activity of engram
cells exacerbates memory loss, and this could be blocked
by depleting microglia or inhibiting complement pathways in
engram cells (Wang et al., 2020). These data indicate that synapse
elimination by microglia in the adult brain is also activity-
dependent, following similar rules to those in the developing
brain (Schafer et al., 2012), thus resulting in the erasure of
less-active synapses.

Finally, C1q-dependent reorganization of brain circuitry
also occurs during normal aging. C1q levels in the brain
dramatically increase during aging (by as much as 300-fold in
24 months old mice compared to early postnatal levels and by
8-fold in hippocampi from 75–77-year-old humans compared
to 1–2 months old infants) and C1q can be found close to
synapses. Importantly, C1q-deficient mice exhibit enhanced
synaptic plasticity and less cognitive and memory decline when
aged (Stephan et al., 2013).

EARLY COMPLEMENT COMPONENTS IN
NEURODEGENERATION

Given that complement plays a key role in developmental
synapse elimination, an intriguing hypothesis is that these
normal developmental mechanisms may become reactivated
during neurodegeneration, driving pathology in settings such
as Alzheimer’s disease (AD) and Prion disease. Indeed, in AD
and prion disease, neuronal death is preceded by synaptic
dysfunction and loss (Schneyer andHall, 1975;Mallucci, 2009). If
synaptic alterations indeed precede and predict neuronal death,
then early targeting of the pathways responsible for synaptic
injury would be an obvious therapeutic approach to prevent loss
of neurons. Since the involvement of key complement factors
in neurodegeneration has been previously reviewed (Bonifati
and Kishore, 2007; Brennan et al., 2016; Carpanini et al., 2019;
Lee et al., 2019) including recently in AD (Tenner, 2020), this

section will focus on the emerging evidence that supports a role
for complement activation in driving loss of synapses early in
the disease.

The initial evidence implicating classical complement
pathway components in synaptic loss during neurodegeneration
comes from studies in glaucoma, a disease characterized by
elevation of intraocular pressure, loss of RGC neurons, and
degeneration of the optic nerve, eventually resulting in blindness
(Williams et al., 2016). Expression profiling approaches in
glaucomatous DBA/2J mice that develop pathology closely
resembling the human disease showed that the expression of
classical complement components is upregulated in the mouse
retina during early glaucoma stages, before detectable signs of
neurodegeneration (Steele et al., 2006; Howell G. R. et al., 2011).
Furthermore, C1q immunoreactivity was upregulated in the
layer of the retina enriched in synapses, specifically post-synaptic
connections of RGCs, and increased C1q expression was
temporally correlated with a decrease in synaptic density
(Stevens et al., 2007). Importantly, the most compelling evidence
that complement-mediated elimination of synapses may be an
early and injurious event in glaucoma is the demonstration that
either deletion of C1q in DBA/2J mice or C1 inhibition in a rat
glaucoma model confers neuroprotection in the glaucomatous
eye (Howell G. R. et al., 2011; Williams et al., 2016).

As mentioned, the complement system has also been
implicated in the pathology of the AD brain where activation
of virtually all complement components and activation products
have been detected (Veerhuis et al., 2011). In terms of
early complement proteins, C1q, C3b, C4b, and properdin
have all been localized to key pathological hallmarks of
AD, such as amyloid plaques and neurofibrillary tangles
(hyperphosphorylated τ) in human AD and animal models,
supporting the activation of both classical and alternative
pathways in vivo (reviewed in Fonseca et al., 2011; Veerhuis,
2011). In this context, complement activation may be beneficial
through the opsonization and clearance of misfolded proteins
(Maier et al., 2008; Fu et al., 2012). Also, C1q has been
shown to promote the clearance of apoptotic neurons and
neuronal blebs in the AD brain (Fraser et al., 2010). Importantly,
sites of protein aggregates and dead cells are decorated with
membrane-bound and soluble complement regulators, such as
CD55, Factor H, and C4 binding protein (C4BP; Strohmeyer
et al., 2002; Trouw et al., 2008; Martin and Blom, 2016),
demonstrating an orchestrated mechanism of a complement-
mediated process comprising activation that is locally controlled
to allow clearance of targeted tissue while limiting activation
downstream of the C3 and C5 convertases and the associated
pro-inflammatory activities.

Studies in mouse models of AD have helped our
understanding of the roles and consequences of early
complement activation in AD pathology. For example, human
amyloid precursor protein (hAPP) transgenic mice deficient in
C3 or overexpressing the C3 convertase inhibitor complement
receptor 1-related protein y (Crry), showed greater amyloid
accumulation and greater cognitive deficits than control mice,
suggesting a protective role for C3 activation (Wyss-Coray
et al., 2002; Maier et al., 2008). In contrast, C1q deletion in the
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Tg2576-transgenic mouse model of AD resulted in diminished
plaque burden, a reduced loss of hippocampal synapses, and
less cognitive decline relative to C1q sufficient Tg2576 mice,
suggesting a detrimental role for C1q in themodel (Fonseca et al.,
2004). Also, microglia-derived C1q (together with IL-1α and
TNF) induced astrocytes to adopt a neurotoxic A1 phenotype
(Liddelow et al., 2017). In more recent studies in other AD
models, C1q was found to be increased and deposited at synapses
before overt plaque deposition, whereas deletion of C1q or C3 or
the complement receptor CR3 (also expressed on microglia),
reduced the number of phagocytic microglia as well as the
extent of early synapse loss, resulting in improved cognitive
function (Hong et al., 2016; Figure 2B). Similar evidence of the
involvement of early complement components in pathological
synapse elimination has been reported in models of frontal
temporal dementia (Lui et al., 2016) and West Nile virus
infection (Vasek et al., 2016).

Loss of synapses and upregulation of complement
components are also major events in other neurodegenerative
diseases including Huntington’s disease (Moller, 2010) and
Parkinson’s disease (Chao et al., 2014), however, it is unclear
whether in these conditions complement plays a crucial role in
the elimination of synapses.

A LINK BETWEEN INFLAMMATION AND
INJURY IN THE MS-AFFECTED CNS

The past decade has produced a wealth of studies aimed
at understanding the link between inflammation and CNS
injury in MS, especially in the later disease stages. Most
patients present with RRMS, but the disease eventually
transitions into a progressive form (secondary progressive
multiple sclerosis, SPMS), and a minority of patients develop
progressive disease from the onset (primary progressive multiple
sclerosis, PPMS; Lublin et al., 2014). While DMT have been
successful in controlling the RRMS form of the disease, they,
unfortunately, perform poorly in preventing disease progression
and accumulation of clinical disability in PPMS and SPMS
patients (Macaron and Ontaneda, 2019). If on one hand, these
clinical observations have validated a key role of inflammation
from the ‘‘outside’’ in the pathogenesis of RRMS, on the
other hand, they have raised doubts regarding whether similar
mechanisms are at play during the progressive stage of the
disease. The reason DMT fail in SPMS and PPMS may be that
the inflammatory targets of these DMT are not relevant in
progressive forms of MS. Alternatively, inflammation may still
be involved during the progressive phase of the disease, but such
inflammatory processes become increasingly compartmentalized
within the CNS behind a relatively intact blood-brain barrier
(Kutzelnigg and Lassmann, 2014). This hypothesis is supported
by pathological (Serafini et al., 2004; Lassmann et al., 2007;
Magliozzi et al., 2007, 2010; Howell O. W. et al., 2011; Howell
et al., 2015; Lucchinetti et al., 2011; Popescu et al., 2011; Choi
et al., 2012; Haider et al., 2016) and imaging studies (Absinta
et al., 2015; Zurawski et al., 2020) which—except for some
studies (Kooi et al., 2009; Ighani et al., 2020)—have identified

aggregates of immune cells in the meninges of MS patients
overlaying areas of cortical injury. While these studies implicate
inflammatory events within the CNS compartment, this theory
still puts the immune system upstream of the diseasemechanisms
in MS (‘‘outside-in’’ hypothesis; Kutzelnigg and Lassmann,
2014). Overall, it is now widely accepted that inflammation
persists and is linked to tissue injury in both white and gray
matter tissue of patients with progressive disease (Magliozzi
et al., 2007, 2010; Frischer et al., 2009; Howell O. W. et al.,
2011; Machado-Santos et al., 2018); however, the evidence is
equally consistent with either the ‘‘outside-in’’ or the ‘‘inside-
out’’ paradigm (Stys et al., 2012b). In this section, we present
the evidence linking key features of progressive MS white
and gray matter pathology with inflammation and specifically
complement activation.

MS White Matter
Early pathological studies had already demonstrated that focal
demyelinated lesions in the white matter are generally centered
on large or medium-sized veins (Rindfleisch, 1863), pointing to
a link between events in the periphery and white matter injury.
Follow up studies have further highlighted the relationship
between inflammation and white matter pathology by showing
that lymphocytes and monocytes/macrophages accumulate in
the perivascular spaces of medium-sized and small veins within
MS plaques. These inflammatory cells can also infiltrate the
tissue parenchyma, while local microglial cells become activated
(Charcot, 1880). In addition to the lesions, unlesioned areas
of the MS-affected CNS also undergo changes that prelude
further injury. The so-called ‘‘normal-appearing white matter’’ is
characterized by perivascular inflammatory infiltrates, astrocytic
gliosis, diffuse axonal injury, and diffuse microglial activation
that increases with longer disease duration (Kutzelnigg et al.,
2005)—thus, not so normal. Also, within unlesioned tissue,
aggregates of HLA+ microglia/macrophages are observed in
proximity to microvessels surrounded by lymphocytic infiltrates
identifying ‘‘(p)reactive lesions’’ (Figure 3A), so-called since they
may or may not represent the earliest stages in the formation
of plaques (Barnett and Prineas, 2004; Marik et al., 2007).
Active lesions are highly inflammatory and are found most
frequently in RRMS (Figure 3B). They are characterized by
loss of myelin, with HLA+ and CD68+ microglia/macrophages
infiltrating across the lesion. Foamy microglia/macrophages
within an MS lesion indicate ongoing phagocytic activity
and myelin proteins are detected within the cytoplasm of
these myeloid cells (Lucchinetti et al., 2000; Kuhlmann et al.,
2017). Histological studies using newly identified markers
selectively expressed on microglia, including TMEM119 which
differentiates yolk sac-derived CNS-resident microglia from
bone marrow-derived recruited monocytes/macrophages, and
the purinergic receptor P2RY12 which identifies a homeostatic
microglia phenotype (Butovsky et al., 2014; Masuda et al., 2020),
showed that ∼45% of macrophage-like cells are derived from
the resident microglia pool in active lesions (Zrzavy et al.,
2017). In these lesions, microglia show reduced expression of
the homeostatic marker P2RY12, which is reacquired in inactive
lesions. T cells and CD20+ B cells are also detected within
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active lesions (Machado-Santos et al., 2018). While B cells in
the lesion are mostly seen in the perivascular space of the
central vein, T cells infiltrate the parenchyma in addition to
populating the perivascular space. Some CD8+ T cells feature a
more tissue-resident memory phenotype (i.e., CD8α/α, CD103+;
Machado-Santos et al., 2018). Tissue-resident memory T cells
lose expression of surface molecules that are involved in the
egress of leukocytes from inflamed tissue (S1P1 or CCR7).
These molecular changes have been suggested as a potential
mechanism responsible for the compartmentalized inflammatory
response in MS lesions (Machado-Santos et al., 2018). In
addition to CD8+ T cells, CD4+ T cells are also found in
MS lesions and have been shown to produce cytokines such
as IL-17 and IL-22 which possibly bind to BBB endothelial
cells expressing IL-17 and IL-22 receptors, thereby gaining
access to the CNS parenchyma (Kebir et al., 2007). Plasma
cells are also detected within MS lesions but their phenotype
is less well understood (Machado-Santos et al., 2018). Over
time, active lesions develop into mixed active/inactive lesions
(Figure 3C). Indeed, these types of lesions are most commonly
found in patients with advanced (disease duration of more than
10 years) or SPMS disease course. They are characterized by a
border of activated HLA+ and CD68+ microglia/macrophages
and a hypocellular core. In a subset of these lesions, called
slowly expanding or ‘‘smoldering’’, microglia/macrophages at
the rim contain MBP or PLP myelin degradation products in
their cytoplasm, indicating either a new wave of inflammation
and demyelination, or documenting the last remnant of an
earlier demyelinating lesion (Frischer et al., 2015). With time,
active and mixed active/inactive lesions transition into inactive
lesions (Figure 3D). These are indeed the dominant plaque
type in patients with advanced disease (duration of more than
15 years) or SPMS without attacks (Frischer et al., 2015).
Inactive lesions are demyelinated but hypocellular throughout
(Frischer et al., 2015).

Overall the pathology of the white matter shows that
inflammation is very much linked to demyelination in the MS
brain, but it does not answer whether inflammation is the
primary cause of the injury (consistent with the ‘‘outside-in’’
paradigm) or a secondary reaction (consistent with the ‘‘inside-
out’’ paradigm).

MS Gray Matter
Although gray matter changes in the MS brain were noted
early on (Dawson, 1916; Brownell and Hughes, 1962), it was
not until the advent of more sensitive imaging and histology
techniques that the true extent of gray matter demyelination
was appreciated, reaching up to 90% of the cortex in extreme
cases (Kidd et al., 1999; Peterson et al., 2001; Bø et al., 2003;
Chard and Miller, 2009; Calabrese et al., 2010). Based on the
location of the demyelinated area, different types of gray matter
lesions have been identified (Bø et al., 2003; Kuhlmann et al.,
2017). Subpial lesions, occurring on the surface of the brain
and often affecting several adjacent gyri are perhaps the most
intriguing since they are unique to MS and not seen in any other
neuroinflammatory diseases (Fischer et al., 2013). Therefore, they
could hold the key to MS-specific disease mechanisms. Subpial

FIGURE 3 | Classification of white matter lesions in multiple sclerosis (MS).
Schematic diagram illustrating different types of MS white matter lesions,
including (A) (p)reactive sites, (B) active demyelinating lesions, (C) mixed
active-inactive demyelinating lesions, and (D) inactive lesions. See the text in
“MS White Matter” section for a detailed description of each lesion type.

cortical demyelination, although present in earlier stages of MS
(Lucchinetti et al., 2011; Popescu et al., 2011), appears to be more
dominant in the later progressive stage of the disease (Peterson
et al., 2001; Bø et al., 2003; Kutzelnigg et al., 2005). Importantly,
subpial changes are not limited to demyelination but also include
neuronal (Magliozzi et al., 2010), axonal (Magliozzi et al., 2007),
and synaptic (Wegner et al., 2006; Dutta et al., 2011) injury
with the extent of subpial cortical damage now considered to
be a major contributor to disease progression in MS including
both physical (Harrison et al., 2015) and cognitive (Calabrese
et al., 2012) impairments. For example, the hippocampus, which
is the portion of the cortex critically important for cognitive
functions such as the formation, consolidation, and recollection
of memories (Squire et al., 2004), is profoundly affected in
MS. Not only is the hippocampus extensively demyelinated
(Geurts et al., 2007), but it also shows evidence of neuronal
injury (Papadopoulos et al., 2009) and synaptic abnormalities
(Dutta et al., 2011). Structural and functional disconnections of
the hippocampus from several brain networks have also been
revealed by magnetic resonance imaging (MRI) studies (Sicotte
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et al., 2008; Gold et al., 2010, 2014; Longoni et al., 2015).
Experimental (Trapp et al., 2007; Werneburg et al., 2020) and
post-mortem (Peterson et al., 2001; Werneburg et al., 2020)
studies indicate that disconnection of brain networks in MS may
be mediated by the loss of synapses via the pruning process, part
of which is complement-mediated (see ‘‘Evidence Supporting the
‘Inside-Out’ Paradigm’’ section).

Whether inflammation causes subpial cortical gray matter
damage has been debated. When compared with the highly
inflammatory features of white matter lesions described above,
subpial gray matter lesions are relatively ‘‘non-inflammatory’’
in nature. They lack evidence of major BBB disturbances (van
Horssen et al., 2007) and display a paucity of parenchymal
immune cell infiltration (Peterson et al., 2001; Bø et al., 2003).
Also, current anti-inflammatory treatments that effectively
modulate peripheral immunity do not prevent or resolve gray
matter damage (Ciotti and Cross, 2018).

One theory supporting a key role of inflammation in
subpial cortical pathology, while reconciling pathological and
clinical findings of progressive MS, proposes that this injury
may be driven by a compartmentalized immune response
involving the inflamed leptomeninges within brains that have
a relatively intact BBB (Serafini et al., 2004; Lassmann et al.,
2007; Magliozzi et al., 2007, 2010; Howell O. W. et al., 2011;
Lucchinetti et al., 2011; Popescu et al., 2011; Choi et al.,
2012; Absinta et al., 2015; Howell et al., 2015; Haider et al.,
2016). Histological examination of autopsy CNS tissue from
progressive MS cases have shown evidence of Tertiary Lymphoid
Tissues (TLT) in the leptomeninges lining the forebrain (Serafini
et al., 2004; Magliozzi et al., 2007), the cerebellum (Howell
et al., 2015) and to a lesser extent the spinal cord (Reali
et al., 2020). MRI studies have also confirmed the presence
of meningeal TLT in the MS brain (Absinta et al., 2015).
Importantly, these leptomeningeal TLT are associated with
underlying (subpial pattern) demyelination, neuronal loss, and a
gradient of microglial activation from the subpial area moving
inward into the tissue (Magliozzi et al., 2010; Howell O. W.
et al., 2011). The meningeal TLTs harbor B cells, T cells,
dendritic cells, macrophages, monocytes, plasma cells, and
stromal cells that resemble Follicular Dendritic Cells (FDC)
normally found in germinal centers (Serafini et al., 2004;
Magliozzi et al., 2007; Howell O. W. et al., 2011; Lucchinetti
et al., 2011; Lagumersindez-Denis et al., 2017; Reali et al., 2020).
While germinal center environments can support the secondary
diversification of B cell receptors (affinity maturation and class
switch) in the context of some animalmodels ofMS (Galicia et al.,
2013), a study using post-mortem samples suggested that the
majority of these secondary diversification events are occurring
within the draining cervical lymph node rather than in the CNS
itself (Stern et al., 2014). Nonetheless, it has been shown that
within TLT, B cells proliferate and CD21+ CD35+ FDC-like
stromal cells produce the chemokine CXCL13, suggestive of
an immunocompetent stromal cell niche that serves to attract
and retain leukocytes, supporting their survival and proliferation
(Serafini et al., 2004).

An important function of cells that reside within themeninges
is the ability to secrete by-products which are released into

the CSF and may diffuse freely throughout the subarachnoid
space. If one considers that there are regions of reduced CSF
flow, particularly within brain sulci, such by-products may
become concentrated in ‘‘hot spots,’’ resulting in the trapping
of immune cells (Howell O. W. et al., 2011). These soluble
molecules are potentially inflammatory, cytotoxic, myelinotoxic
but also potentially anti-inflammatory and neuroprotective.
Indeed, recent studies analyzing the content of CSF in MS
patients have shown that high cortical lesion load correlates
with proinflammatory cytokines (IFNγ, TNF, IL2, and IL22;
Gardner et al., 2013; Magliozzi et al., 2018), molecules related
to sustained B-cell activity and lymphoid-neogenesis (CXCL13,
CXCL10, LTα, IL6; Magliozzi et al., 2018), B-cell survival
factors (BAFF; Magliozzi et al., 2019), factors indicative of BBB
leakage (fibrin, complement and coagulation factors; Magliozzi
et al., 2019) and iron-related proteins (free-hemoglobin and
haptoglobin; Magliozzi et al., 2019), but also anti-inflammatory
mediators such as IL10 (Magliozzi et al., 2019). In line with
the latter, regulatory T (Treg) cells producing IL-10 have
been detected in the MS CSF (Feger et al., 2007) although
deficits of their regulatory functions and migratory properties
have also been reported in MS (Viglietta et al., 2004; Astier
et al., 2006; Martinez-Forero et al., 2008; Venken et al., 2008;
Schneider-Hohendorf et al., 2010).

In summary, while the spatial association between TLT and
subpial injury has suggested a potential role in initiating and/or
modulating demyelinating pathology in the gray matter, these
same pathological features are equally consistent with a potential
reaction of the immune system in the meningeal compartment
to areas of pre-existing injury in the underlying cortex. Without
longitudinal studies, it is impossible to conclude whether these
TLT sites preceed the formation of subpial lesions, or whether
they represent an attempt of the immune system to repair an
existing injury. If the latter scenario is true, then the presence
of meningeal TLT reacting to a site of primary injury would
be consistent with the ‘‘inside-out’’ paradigm. Studies in animal
models that replicate meningeal TLTs and subpial pathology
(Pikor et al., 2015; Ward et al., 2020), emerging MRI approaches
to identify and perhaps monitor the formation of TLT in patients
(Absinta et al., 2015), and multi-dimensional technologies to
phenotype cells in situ (Ramaglia et al., 2019) will be important to
unravel the nature of the relationship between TLTs and subpial
injury in MS.

COMPLEMENT IN MS

A contribution of the complement system to the pathology
of MS has long been suspected based on pathological and
serological studies in MS as well as functional studies in EAE.
However, the extent and trigger(s) of complement activation
and the pathways involved in specific disease processes remain
unclear. In particular, the relative contribution of serum-derived
complement vs. CNS-derived complement in initiating as well
as propagating MS disease processes remains to be determined.
In this section, the evidence is reviewed that supports a role for
complement in both ‘‘outside-in’’ and ‘‘inside-out’’ pathological
mechanisms of the MS-affected CNS.
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Evidence Supporting the “Outside-In”
Paradigm
While the specific antigens responsible for initiating the
immune response in MS remain unidentified, MS patients
commonly have oligoclonal immunoglobulin G in the CSF
(Joseph et al., 2009) and several studies have demonstrated
antibodies to myelin and other CNS autoantigens in patients
(reviewed in Berger and Reindl, 2007). Moreover, T cells
specific for myelin antigens have been detected in the blood
of MS patients (reviewed in Kaskow and Baecher-Allan,
2018) and found to produce inflammatory mediators such
as granulocyte-macrophage colony-stimulating factor (GM-
CSF), tumor necrosis factor (TNF), interferon-gamma (IFN-
γ), interleukin-2 (IL-2) and C-X-C chemokine receptor type 4
(CXCR4; Galli et al., 2019). Importantly, transient gadolinium-

enhancing lesions on magnetic resonance scans have indicated
BBB breakdown, especially in RRMS patients (Stone et al., 1995).
In line with this observation, immunoglobulins and complement
deposits have been described in MS lesions (Compston et al.,
1989; Storch et al., 1998; Lucchinetti et al., 2000; Prineas et al.,
2001; Ingram et al., 2014; Michailidou et al., 2015, 2017; Watkins
et al., 2016; Loveless et al., 2018). Also, plasma proteins including
Factor XIIa, plasmin, and thrombin, which are part of the
coagulation pathway, could leak from the circulation into the
brain parenchyma through a compromised BBB, particularly in
RRMS patients, triggering direct activation of C3 (Markiewski
et al., 2007; Amara et al., 2010) and C5 (Huber-Lang et al.,
2006). Notably, in situ evidence of antibody and complement
deposits within MS plaques in close association with capillary
endothelial cells (Compston et al., 1989; Storch et al., 1998),

FIGURE 4 | A role for complement in the “outside-in” paradigm of white matter demyelination in MS. (A) During steady state, complement components circulate in
the blood. Only leukocyte extravasation across the blood-brain barrier (BBB) occurs but is limited to few activated CD4+ T lymphocytes that perform immunological
surveillance. These activated lymphocytes interact with adhesion molecules (ICAM-1, VCAM-1) expressed on the lumen of vascular endothelial cells. Chemokine
(CXCL12) expression by endothelial cells on the abluminal side contributes to sequestering the activated CD4+ T cells in the perivascular space through binding to
the chemokine receptor (CXCR4) on the T cell. (B) During MS/EAE, the efficiency of leukocyte diapedesis is increased. CCL19, CCL21, and CXCL12 are
up-regulated by cerebrovascular endothelial cells that promote the recruitment and adhesion of CD4+ T cells primed in the periphery against a CNS antigen. On the
abluminal surface of endothelial cells, CXCR7 binds to CXCL12 to reduce T cell sequestration in the perivascular space. Within the perivascular space, activated T
cells produce chemokines and cytokines (such as TNFα and GM-CSF) that promote the recruitment of myeloid cells from the blood. Matrix metalloproteinases
(MMP-2 and MMP-9) are produced and selectively cleave dystroglycan in the astrocytic foot processes, allowing penetration of T cells, B cells, monocytes, and
complement into the CNS parenchyma. Within the CNS, encephalitogenic T cells re-encounter their specific antigen and are re-activated, producing inflammatory
cytokines. T cells can also bind directly to myelin epitopes producing cytotoxic mediators and leading to activation of macrophages. Infiltrating B cells transition into
antibody-producing plasma cells perhaps in situ. Autoantibodies can also enter the CNS through a breached BBB. Complement components enter the CNS via a
breached BBB and are activated either by the recognition of antigen/antibody complexes or directly by “altered self” myelin epitopes. Complement-tagged myelin is
then phagocytosed by phagocytes expressing complement receptors (macrophages and microglia). Activated complement components can also bind T cells and B
cells via their complement receptor modulating their function (see details in text). Abbreviations: CNS, central nervous system; TNFα, tumor necrosis factor α;
GM-CSF, granulocyte-macrophage colony-stimulating factor; CR, complement receptor.
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have suggested a role for an ‘‘outside-in’’ complement/antibody-
mediated injury in lesions (Figure 4). Moreover, complement
components and regulators are elevated systemically and in the
CSF of MS patients (Ingram et al., 2009, 2010a,b, 2012; Zelek
et al., 2019) and early complement pathway gene variants (C3,
C1QA, and CR1) have recently been associated with structural
and functional measures of MS severity (Fitzgerald et al., 2019),
indicating an inherent susceptibility to complement-mediated
injury in some patients.

A detailed pathological analysis performed by Lucchinetti
et al. (2000) on active and early demyelinating MS white
matter lesions from a cohort of patients with relatively short
disease duration (the mean disease duration before autopsy
or biopsy was 39 and 9 months, respectively), identified a
histological pattern (pattern II) of lesions with prominent
complement activation in a distinct but large subgroup (pattern
I: 4%, pattern II: 59%, pattern III: 26%, pattern IV: 11%
of total autopsy cases analyzed) of MS patients. In these
lesions, the terminal complement TCC/MAC was associated
with phagocytic macrophages. These findings suggested that
complement activation may be one of at least four possible
mechanisms of tissue injury leading to demyelination. Other
patterns involve activated macrophages/microglia (but not
complement activation; pattern I), apoptotic (pattern III),
or non-apoptotic (pattern IV) oligodendrocyte degeneration
(Lucchinetti et al., 2000). While this study highlighted the
heterogeneity of early MS lesions, a subsequent report by Breij
et al. (2008) based on the analysis of white matter lesions in
autopsy tissue from MS patients with long disease duration
(mean disease duration was 22 years), showed that complement
deposits can be found consistently in areas of demyelination
across all patients with established MS lesions. The authors
suggested that the previously reported heterogeneity of white
matter lesions (Lucchinetti et al., 2000) may have been specific
to early disease and was therefore not seen in their autopsy
samples. Subsequent immunohistochemical studies analyzing the
presence and localization of key complement components (C3,
factor B, C1q), activation products (C3b, iC3b, C4d, TCC/MAC),
regulators (factor H, C1-inhibitor, clusterin) and receptors
(C3aR, C5aR1) in established MS lesions found that, although
variable between individuals, the presence of complement
proteins and activation products in and around white matter
lesions is a consistent feature of progressive MS (Ingram et al.,
2014; Loveless et al., 2018), echoing the conclusions from
Breij et al. (2008).

Evidence for complement activation in MS gray matter has
also been mixed. Initial histological studies reported evidence
of activated complement (C4d) on oligodendrocytes at the
edge of small cortical plaques (Schwab and McGeer, 2002).
Subsequent studies in autopsy tissue from MS patients with the
long-standing disease showed little evidence for complement
activation products in purely cortical lesions (Brink et al.,
2005). More recent studies in lesions from progressive MS
patients showed evidence of C1q deposition on neurons, as
well as complement activation fragments (Bb, C3b) on neurons
and glia, and TCC/MAC on neurons across cases analyzed
(Watkins et al., 2016).

Intriguingly, complement may also play a role in the context
of compartmentalized inflammation within meningeal TLT (see
‘‘MS Gray Matter’’ section; Ramaglia et al., in press a). Using
the Th17 cell A/T model to induce EAE in SJL/J mice, Pikor
et al. (2015) demonstrated that at the earliest stages of CNS
autoimmunity, meningeal TLTs contain cells that are positive for
the complement component C3. Although the nature of the C3+

cells within TLTs was not explored, deposited C3 could modulate
adaptive immune cell responses. For example, activated C3 (C3d)
bound to antigens has been shown to regulate B cell function
by lowering the threshold for B cells activation through its
interaction with the CR2 co-receptor on B cells (Dempsey et al.,
1996). In terms of T cells, intracellular expression and activation
of C3 have been implicated in the control of human adaptive
T cell responses (Liszewski et al., 2013). One hypothesis is
that C3a-like and C3b-like products are continuously generated
intracellularly within endosomal/lysosomal compartments at low
levels in resting T cells via cathepsin-L (CTSL)-mediated cleavage
of C3; the C3a-like product engages the lysosomal-expressed G-
protein-coupled C3a receptor (C3aR) to sustain the tonic activity
of mammalian target of rapamycin complex 1 (mTORC1) and
survival of circulating T cells at steady-state (Liszewski et al.,
2013). The CTSL-mediated activation of C3 is increased by
T cell receptor (TCR) activation and CD28 co-stimulation.
C3 activation fragments then shuttle to the cell surface where
they engage their respective receptors, C3aR (which binds C3a)
and CD46 (which binds C3b), to induce IFN-γ production
and T helper type 1 (Th1) differentiation (Liszewski et al.,
2013). The same pathway could function in human CD8+

T lymphocytes. According to this hypothesis, C3 protein is
processed intracellularly into activation fragments that engage
the same receptors in an autocrine/paracrine manner and drives
IFN-γ production and cytolytic activity (Arbore et al., 2018).

In line with the potential production and secretion of
complement proteins by immune cells residing in meningeal
TLTs, a recent proteomic CSF profiling in early MS patients
showed that among 227 proteins differentially expressed between
the patients with high vs. low cortical lesion load, 30%
were related to the complement cascade, suggesting, that in
addition to other soluble mediators, complement positively
correlates with cortical damage at early disease stages (Magliozzi
et al., 2019), possibly by diffusing through a disrupted
glial limitans into the subpial cortex causing injury. Other
proteins identified in the CSF of MS patients included the
blood coagulation factor fibrinogen (Magliozzi et al., 2019),
suggesting that the extrinsic pathway of the coagulation system
may also be involved in pathological processes occurring in
the MS brain. From the earliest studies using experimental
animal models of demyelination, particularly EAE, it was
already noted that perivascular deposition of insoluble fibrin
[produced from fibrinogen by perivascular tissue factor and
procoagulant proteins (Thomas et al., 1993; Akassoglou and
Strickland, 2002)], occurred in conjunction with paralytic
episodes (Paterson, 1976). Further studies causing abnormal
cleavage and degradation of fibrinogen (Adams et al., 2004)
or blocking the conversion of fibrinogen into insoluble fibrin
(Akassoglou et al., 2004; Yang et al., 2011), reduced EAE severity.
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Experimental studies into the mechanisms of fibrin-induced
injury performed by genetically blocking the ability of fibrin
to bind the CD11b/CD18 integrin receptor on microglia and
macrophages (without affecting the binding of other ligands
to CD11b/CD18), resulted in reduced microglial activation,
decreased axonal damage, less demyelination, and reduced
paralysis, demonstrating that fibrinogen entry into the CNS
and subsequent CD11b-mediated microglial activation may
be key upstream molecular events that drive inflammatory
demyelination (Adams et al., 2007; Davalos et al., 2012). More
recently, it was shown that fibrinogen stored in extracellular
vesicles from blood plasma induces encephalitogenic CD8+ T
cells, contributing to the perpetuation of neuroinflammation and
relapses in response to immunization with a myelin antigen
(MOG35–55; Willis et al., 2019).

Indications that complement plays a role in the pathology
of MS comes from experimental studies in animal models of
demyelination, particularly EAE. From initial studies that have
used cobra venom factor as a tool to consume complement, to
subsequent studies that have used either untargeted or targeted
pharmacological inhibition of complement activation or that
have used genetic deletion of complement components and
regulators, it has become apparent that reducing complement
activation in EAE is protective (reviewed in Ingram et al.,
2009). In particular, the ‘‘outside-in’’ role for systemically-
derived complement in models of demyelination comes from
recent evidence in the chronic relapsing EAE (crEAE) model of
demyelination in Biozzi AB/H mice (Michailidou et al., 2018).
In these mice, immunization with homogenates of the syngeneic
spinal cord (SCH) in complete Freund’s adjuvant induces a
chronic relapsing form of EAE (Baker et al., 1990), which
pathologically is characterized by inflammatory demyelinating
lesions in the spinal cord and substantial axonal injury (Jackson
et al., 2009). In terms of inflammation, these spinal cord lesions
are populated by macrophages, CD4+ T lymphocytes (Butter
et al., 1991), and deposits of TCC/MAC (Ramaglia et al.,
2015). Notably, post-symptomatic treatment of crEAE with an
antisense oligonucleotide that specifically targets CNS-extrinsic
production of murine C6 mRNA (a component necessary for
the formation of the TCC/MAC complex), inhibited TCC/MAC
deposition inside the CNS, prevented relapses and protected
from relapse-induced axonal and synaptic damage (Michailidou
et al., 2018). Further analysis showed that this protection
was achieved by impeding the activation of parenchymal
neuroinflammatory responses, including the Nod-like receptor
protein 3 (NLRP3) inflammasome (Michailidou et al., 2018).
Therefore antisense-mediated knockdown of C6 expression
outside the CNS is sufficient to impede neuroinflammation in
the crEAE model of MS, pointing to a pathogenic role of the
serum-derived terminal complement components in this model
of demyelination.

Evidence Supporting the “Inside-Out”
Paradigm
Evidence that complement may be triggered as a reaction to
primary damage within the CNS derives from studies in models
of traumatic nerve or CNS injury. In these models, the primary

injury is a mechanical insult either delivered by a compression
of the sciatic nerve, inducing Wallerian degeneration (Ramaglia
et al., 2007) or by a weight drop on a closed skull in the
case of a traumatic brain injury (TBI; Fluiter et al., 2014)
or on the spinal cord in the case of a spinal cord injury
(SCI; Qiao et al., 2010). In each instance, the mechanical
injury results in the activation of the complement system to
completion including the formation of TCC/MAC (Anderson
et al., 2004; Ramaglia et al., 2007; Nguyen et al., 2008; Fluiter
et al., 2014). Importantly, inhibition of the complement system
at various levels of the cascade results in reduced pathology and
ameliorated clinical outcome in rodent models of nerve/CNS
injury. For example, broad inhibition of the complement
system by targeting the C3 convertase reduces neutrophil
accumulation (Kaczorowski et al., 1995), promotes neuronal
survival, induces neuroprotective intracerebral gene expression,
and ameliorates neurological outcome after TBI (Leinhase et al.,
2006). More specific inhibition of the complement cascade
targeting only the alternative pathway of complement also led to
substantial attenuation of cerebral tissue damage and neuronal
cell death, inducing a neuroprotective pattern of intracerebral
gene expression following TBI (Leinhase et al., 2007). Alternative
strategies that have targeted specific pro-inflammatory arms of
the complement system, such as inhibiting the anaphylatoxin
C5a, have also shown protective effects by reducing neutrophil
extravasation into the brain parenchyma after TBI (Sewell et al.,
2004). Inhibition of the most downstream component of the
terminal complement activation pathway, the formation of the
membrane attack complex (TCC/MAC), is also sufficient to
prevent secondary neurologic damage and neurologic deficit
after TBI (Fluiter et al., 2014; Ruseva et al., 2015). In the case
of SCI, deletion of C1q resulted in greater locomotor recovery
and better histological outcome compared to wild-type mice
after a contusion injury of the spinal cord (Galvan et al., 2008),
suggesting that initiation of the classical complement pathway
via C1q is detrimental to recovery after SCI. Involvement of the
classical pathway of complement in determining pathology after
SCI was also confirmed by the protective effects of C1 esterase
inhibitor (C1-INH) on pathology and function after traumatic
SCI in the rat (Tei et al., 2008). Blocking activation of the
complement system at its core by deleting C3 or via targeted
inhibition of C3 activation to sites of C3 deposition (with
CR2-Crry) significantly reduced necrosis, demyelination, and
neutrophil infiltration, improving functional outcome after SCI
in mice (Qiao et al., 2006). Also, deletion of the alternative
pathway component Factor B or pharmacological inhibition of
the alternative pathway with a monoclonal antibody against
Factor B reduced tissue damage and demyelination, reduced
inflammatory cell infiltrate, and improved functional recovery
after SCI in mice (Qiao et al., 2010). On the contrary, deletion
of the TCC/MAC complement regulator CD59a resulted in
significantly increased tissue injury and impaired functional
recovery compared to wild-type mice (Qiao et al., 2010), also
implicating the terminal complement pathway in the nerve
injury caused by spinal cord trauma. Likewise in the peripheral
nerve, blocking the C3 convertase (Ramaglia et al., 2008) or
the TCC/MAC (Ramaglia et al., 2007) reduces pathology and
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neurological symptoms after trauma, whereas deletion of CD59a
exacerbates Wallerian degeneration (Ramaglia et al., 2009a).
Interestingly in the peripheral nerve, inhibition of TCC/MAC
also accelerates the regeneration of the nerve (Ramaglia et al.,
2009b), further proving a detrimental role of complement
activation during nerve damage. Therefore, complement can be
activated by degenerating axons in the absence of antibodies,
demonstrating a reaction to altered-self epitopes. In the context
ofMS, a primary injury tomyelinated axons or axons undergoing
Wallerian degeneration could trigger secondary complement
activation (Figure 5A).

Additional evidence that CNS-intrinsic complement
activation may occur independently of immune cell-mediated
demyelination comes from observations in the normal-appearing
white matter or periplaque of MS brains. These regions are often
reported to contain clusters of microglia (also called microglial
nodules) around damaged axons coated with complement
deposits (C3d; Prineas et al., 2001; Barnett et al., 2009; Ramaglia
et al., 2012). While these C3d-associated microglial nodules

have been proposed to play a role at the earliest stage of lesion
formation (Marik et al., 2007; Barnett et al., 2009), a more
in-depth analysis showed that, although nodules localize on
axons with impaired transport, they likely do not reflect an acute
attack against myelinated axons because they occur in chronic
but not an acute disease and because they can also be detected
in the brains of patients with non-demyelinating diseases such
as ischemic stroke (Michailidou et al., 2017). Therefore, it was
concluded that it is unlikely that microglial nodules around
C3d-coated axons drive the formation of new lesions but could
represent a physiological mechanism to remove irreversibly
damaged axons in chronic disease (Michailidou et al., 2017;
Figure 5B).

In the gray matter, neurons and synapses could be potential
hotspots of complement-mediated primary cytodegeneration
(Figure 5C). Spurred by evidence implicating early complement
components in the pruning of synapses during development
(Stevens et al., 2007; Schafer et al., 2012), adulthood (Wang et al.,
2020), normal aging (Stephan et al., 2013; see ‘‘Early Complement

FIGURE 5 | A role for complement in the “inside-out” paradigm of demyelination and synapse loss in MS. (A) The “inside-out” model argues that a so far unknown
primary cytodegenerative event leads to myelin changes or Wallerian degeneration or retrograde degeneration which exposes altered highly antigenic myelin
epitopes. In this scenario, the complement system would participate in the secondary autoimmune and inflammatory response by tagging myelin and promoting its
clearance by phagocytes. (B) In the normal-appearing white matter, complement (particularly activated C3) tags axons that may be damaged as a result of Wallerian
degeneration or retrograde degeneration. C3-tagged altered myelin is then removed by clusters of microglia (also called microglial nodules). (C) In the gray matter,
neurons and synapses could be potential hotspots of complement-mediated primary cytodegeneration. (C′) Synapses (of the visual thalamus) are tagged by C3b
and engulfed by microglia. Tagging of synapses by C1q has also been reported in the MS hippocampus but its role in the early engulfment of synapses has not yet
been investigated. Also, microglia-derived C1q (together with IL-1α and TNF) induces a subtype of C3+ reactive astrocytes, termed A1 astrocytes, which are
neurotoxic. (C′′) Neurons upregulate C1q by an unknown trigger. C1q can then potentially bind to its receptor (gC1qR) on the surface of mitochondria triggering the
production of ROS which in turn can induce myelin and neuronal damage. Abbreviations: ROS, reactive oxygen species.
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Components in the Developing, Adult, and Normal Aging
CNS’’ section) and neurodegeneration (Hong et al., 2016; see
also ‘‘Early Complement Components in Neurodegeneration’’
section), studies of early complement components in the
myelinated and demyelinated MS hippocampus were performed;
these showed that C1q and C3d are deposited at synapses that
localize within microglial processes and lysosomes particularly
in the CA2/CA3 hippocampal subfield, supporting a role for
complement-mediated elimination and degradation of synapses
by microglia (Michailidou et al., 2015). A more recent
study showed that in the MOG35–55 EAE mouse model of
demyelination synapses are reduced while C1q and C3 are both
upregulated in the CA1 hippocampal subfield at 28–30 days post-
immunization. Notably, C3 deletion rescued synapse loss and
improved clinical outcomes (Hammond et al., 2020). However,
since complement C3 plays a broader role in the dynamics of
EAE, it is difficult to ascribe the protective effects of C3 deletion
to a local role of C3 within the hippocampus. Studies at early
(pre-onset) stages of EAE or in non-immune mediated models of
hippocampal demyelination (such as the cuprizone model) may
be more informative at pinpointing the kinetics of complement-
dependent pruning of synapses in MS. Indeed, a recent study
analyzing brain tissue at the onset of moderate clinical symptoms
of models of demyelination showed that synaptic material is
tagged by C3 (but not by C1q) and is engulfed by microglia in the
retinogeniculate system of models of demyelination (Werneburg
et al., 2020), dissociating complement activation at synapses from
immune-mediated demyelination in this model (Figure 5C’).

What initiates complement activation in theMS hippocampus
and visual thalamus is unknown but is an important question.
The observations that neuronal production of C1q has been
observed in the MS hippocampus (Michailidou et al., 2015) and
in the retinogeniculate system (Bialas and Stevens, 2013) would
suggest that the signal to eliminate synapses originates from the
target neuron. The mechanisms responsible for the recruitment
of C1q to synapses also remains unknown. Antibodies are the
obvious candidate, but deposits of immunoglobulins were not
detected in the MS hippocampus. An alternative target of C1q
is an apoptotic signal on the surface of dead or dying cells, such
as the previously identified ceramide transporter protein (Bode
et al., 2014) or the externalization of phosphatidylserine (PS;
Scott-Hewitt et al., 2020). Exposed PS have been shown in the
cortex of adult mice in isolated synaptosomes that are also tagged
by C1q (Györffy et al., 2018) and have also been observed in vivo
at presynaptic inputs in the hippocampus and in the dLGN of
developingmice (Scott-Hewitt et al., 2020). During development,
deletion of C1q results in increased PS-labeled presynaptic inputs
and decreased microglial engulfment of PS-labeled elements
(Scott-Hewitt et al., 2020), implicating C1q in the elimination of
PS-labeled synapses. It is likely that in this context, PS-labeled
elements are engulfed by microglia via the phagocytic receptor
TREM2 since, in hippocampal neuron andmicroglia co-cultures,
synapse elimination can be partially prevented by deleting
TREM2 on microglia (Scott-Hewitt et al., 2020). While this
evidence point towards a potential role for an apoptotic signal
in the C1q-mediated elimination of synapses which could be of
significance in the MS brain, MS neurons are quite resistant to

cell death (Dutta et al., 2011) which argues against C1q-driven
opsonization of apoptotic neurons. Notably, local pruning of
dendritic spines can occur by a caspase-3–dependent mechanism
without inducing apoptosis (Ertürk et al., 2014). This evidence
suggests that programmed cell death may be initiated but
spatially restricted by inhibitors that allow the elimination of
synapses without killing the target neuron. This pathway of local
pruning of dendrites is initiated by the mitochondrial production
of reactive oxygen species (ROS) and/or by the activation of
the N-methyl-D-aspartate receptor (NMDA) receptors locally
in dendrites (Ertürk et al., 2014). Both mitochondrial oxidative
stress (Mahad et al., 2009; Witte et al., 2009; Fischer et al., 2012)
and changes in the glutamate neurotransmitter system (Dutta
et al., 2011) have been reported in MS. Based on these findings
it is tempting to speculate that similar pathways may regulate
synaptic pruning in the MS hippocampus. Also, poor tissue
oxygenation (hypoxia) and ‘‘virtual hypoxia’’ could cause axonal
changes that could potentially be targeted by the complement
system. Hypoxia could arise partly from narrow-end arteries
and arterioles that are vulnerable to oxygen desaturation or
from veins that can deplete oxygen from the surrounding
tissue (Martinez Sosa and Smith, 2017). ‘‘Virtual hypoxia’’ could
arise from increased energy demand of demyelinated axons to
generate action potentials and reduced axonal ATP production
(Trapp and Stys, 2009).

In the context of the ‘‘inside-out’’ paradigm, a potential
mechanism that has been suggested as a trigger of
cytodegeneration is a putative deficiency of copper ions in
the MS-affected CNS, with copper deficiency promoting
demyelination and loss of myelinating oligodendroglia. This
hypothesis originates from observations in the cuprizone model
of demyelination, where the copper chelator cuprizone, results in
varying degrees of oligodendroglial damage and demyelination
in the CNS, with limited inflammation (Kipp et al., 2009). Since
copper ions are known to desensitize NMDA receptors (Stys
et al., 2012a; You et al., 2012), and in addition to neurons,
oligodendrocytes and the myelin sheath also express NMDARs
(Karadottir et al., 2005; Micu et al., 2006), it was suggested
that dysregulation of copper homeostasis may result in chronic
overactivation of these receptors, leading to excitotoxicity (Stys
et al., 2012b). In this setting, it is tempting to speculate that
the elimination of synapses by complement may be initially a
protective mechanism that lowers excessive excitatory activity
since such excitatory activity can eventually lead to pathological
synaptic alterations. This hypothesis, however, remains to
be tested.

INTRACELLULAR C1q IN THE
CNS—“INSIDE THE INSIDE”

As mentioned, C1q is at least partially produced by cortical
neurons in MS (Michailidou et al., 2015; Watkins et al., 2016)
and neuronal production of C1q has also been observed in the
retinogeniculate system (Bialas and Stevens, 2013). Intracellular
C1q is emerging as an important modulator of cell metabolism
particularly by acting on mitochondrial activity. For example,
intracellular C1q can be recognized by the mitochondrially
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expressed receptor gC1qR (Dedio et al., 1998) and was shown to
drivemitochondrial production of ROS and subsequent neuronal
death during hypoxia-mediated damage (Ten et al., 2010), which
have been shown to occur in MS lesions (Mahad et al., 2009;
Trapp and Stys, 2009; Witte et al., 2009; Fischer et al., 2012;
Martinez Sosa and Smith, 2017).

ROS are chemically reactive species that can mediate
demyelination and neurodegeneration in the MS-affected CNS.
While in MS lesions the primary source of oxygen and nitric
oxide radicals has been attributed to the oxidative burst induced
in activated microglia and macrophages in the course of
inflammation (Liu et al., 2001;Marik et al., 2007; Gray et al., 2008;
Zeis et al., 2009; Fischer et al., 2012, 2013; Zrzavy et al., 2017),
it remains possible that ROS also originates within neurons.
Evidence of oxidative injury has been found in active MS lesions
and includes oxidized lipids and proteins, as well as nitrosylated
epitopes (Vladimirova et al., 1998; Bizzozero et al., 2005; Zeis
et al., 2009). This is particularly evident in degenerating neurons
and axons as well as in oligodendrocytes dying by apoptosis
(Haider et al., 2011). Oxygen and nitric oxide radicals can
also induce mitochondrial injury by disrupting mitochondrial
enzyme function, by modifying mitochondrial proteins and
accelerating their degradation. Free radicals can also interfere
with de novo synthesis of respiratory chain components and can
directly inducemitochondrial DNA damage (Bolaños et al., 1997;
Smith et al., 1999). Therefore, the role of intracellular C1q in
driving the production of ROS is consistent with the evidence of
ROS and ROS-mediated injury in MS tissue.

In addition to C1q, C1q-TNF family proteins [also known
as C1q-TNF-related protein (CTRP) family] play many roles
in both immunity and metabolism. These molecules are
structurally related to both C1q and TNF and form hybrid
proteins (recently reviewed in Schaffler and Buechler, 2012). The
C1q-TNF-CTRP family member, CTRP3, negatively regulates
lipid metabolism by downregulating PPAR-γ and C/EBPα in
adipocytes (Nishimoto et al., 2017), it has also been shown
to mediate mitochondrial ROS production in smooth muscle
cells (Feng et al., 2016), and it protects mesenchymal stem cells
from ischemia-induced apoptosis via activation of the PI3K/Akt
pathway (Hou et al., 2014). Importantly, CTRP3 knockdown
by siRNA in bone marrow-derived mesenchymal stem cells
proved that intracellular and/or autocrine C1q synthesis rather
than systemic production was important for its function
(Hou et al., 2014). While altered lipid metabolism (Kooij
et al., 2019), mitochondrial ROS production (see above), and
apoptosis (Lucchinetti et al., 2000) occur in MS, whether
intracellular C1q plays a role in the ROS-mediated damage
observed in the MS-affected CNS remains to be investigated
(Figure 5C′′).

APPROACHES TO THERAPIES
TARGETING THE COMPLEMENT SYSTEM
IN MS

Regardless of the modality in which the complement system
is involved in MS, either as part of a primary autoimmune

attack to the CNS (outside-in) or as part of a secondary
event triggered by primary changes in the CNS (inside-out),
uncontrolled activation can ultimately exacerbate an injury.
Thus inhibition of complement may be protective. Identification
of MS patients that may benefit from complement therapy,
or pin-pointing a time-frame when complement therapy may
be appropriate, would be invaluable in guiding clinicians to
decide whether and when an anti-complement drug might be
effective in a given patient. Measuring complement may also aid
diagnosis, assessment of prognosis, and help in the monitoring of
treatment response in this complex and heterogeneous disorder.
Besides, although not reviewed here in detail, complement
can also exert protective functions in the brain (reviewed in
Ingram et al., 2009). Therefore, targeting complement-mediated
injurious signals while maintaining potential protective roles,
would have to be taken into account when designing an
appropriate complement therapy.

Various complement proteins have also been considered as
biomarkers of disease activity. One challenge in the identification
of complement as a serological or CSF biomarker is the fact
that complement components are acute-phase proteins whose
synthesis and consumption are both increased in response to
inflammation. As a consequence, the serum and CSF levels of
a given complement component will be influenced by bouts
of active inflammation, including infection. Nevertheless, while
earlier studies showed inconsistent results (Jans et al., 1984;
Jongen et al., 2000), more recent analysis on well-powered
cohorts stratified based on clinical course and compared to
age-matched controls have shown more consistent outcome
for levels of complement components, activation products and
regulators in serum and CSF (Ingram et al., 2010a,b, 2012).
Systemic complement profiling has shown increased plasma
levels of C3, C4, C4a, C1 inhibitor, and factor H, while levels
of the terminal component C9 were reduced in MS patients
compared with controls. Importantly, combined profiling of
these analytes produced a statistical model with a predictive value
of 97% for MS and 73% for clinical relapse when combined with
selected demographic data (Ingram et al., 2012). Interestingly,
plasma C4a levels were found to be raised only in acute relapse,
decreasing over 2 months (Ingram et al., 2010b) and serum factor
H levels were capable of distinguishing secondary progressive
from relapsing-remitting disease (excluding patients in clinical
relapse) with a sensitivity of 89.41%, a specificity of 69.47%
and a positive predictive value of 72.38% (Ingram et al., 2010a).
Therefore, specific complement components may be an effective
indicator of progression or relapse and accessible biomarker
to stratify patients, providing objective evidence to help guide
therapeutic decisions.

While there is a growing complement therapeutics industry
with many new emerging drugs (Carpanini et al., 2019), to date
CNS targets have been largely ignored. Drug delivery across the
BBB is a major challenge that needs to be considered when
designing CNS-directed therapeutics. Perhaps therapies should
target areas of pathology, as described for the fusion proteins
linking CR2 (localizes to C3 activation products in tissues)
with a complement regulator (see Werneburg et al., 2020), or
they should target complexes, for example, TCC/MAC, which
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is found only in areas of pathology (reviewed in Morgan and
Harris, 2015).

Although much remains to be clarified, targeting specific
effector pathways of complement in (a subgroup of) patients
at a crucial time(s) during the disease course could be a useful
therapeutic approach in the future.

CONCLUSIONS AND FUTURE
DIRECTIONS

In conclusion, while it is clear that the complement system is
involved in the pathology of the MS-affected CNS, the pathways
that the complement system engages to aid in the clearance
of myelin or to shape synaptic circuits in various regions of
the MS brain can differ substantially. Increasing awareness
of the distinct roles of complement components in normal
brain development and in neurodegenerative disorders may
guide our understanding of similar pathological processes in
MS. Understanding the relative contribution of serum-derived
complement proteins vs. those produced locally by brain resident
cells across MS disease stages and how to complement gene
expression is regulated in the brain will be important questions
for future research. For example, conditional knock out mice in
which a particular complement gene can be inactivated in specific
cell types of the brain could help tease apart the contributions
of complement derived from brain-resident cells vs. that derived
from the periphery. Also, viral vector approaches that enable the
expression of complement regulators at targeted surfaces within

the brain could help test the effect of local complement activation
while maintaining intact peripheral complement functions. As
a complementary approach, bone marrow chimeras or targeted
inhibition of hepatic source of complement could help modulate
peripheral complement while maintaining intact complement
produced by cells within the brain. The added knowledge
may help answer the question of whether MS is initiated by
‘‘outside-in’’ or ‘‘inside out’’ disease mechanisms. The current
knowledge is equally consistent with either paradigm, and it is
likely that both mechanisms jointly contribute to the variable
course of MS.
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Multiple Sclerosis (MS) is a complex and chronic disease of the central nervous system
(CNS), characterized by both degenerative and inflammatory processes leading to axonal
damage, demyelination, and neuronal loss. In the last decade, the traditional outside-in
standpoint on MS pathogenesis, which identifies a primary autoimmune inflammatory
etiology, has been challenged by a complementary inside-out theory. By focusing on the
degenerative processes of MS, the axo-myelinic system may reveal new insights into
the disease triggering mechanisms. Oxidative stress (OS) has been widely described
as one of the means driving tissue injury in neurodegenerative disorders, including MS.
Axonal mitochondria constitute the main energy source for electrically active axons and
neurons and are largely vulnerable to oxidative injury. Consequently, axonal mitochondrial
dysfunction might impair efficient axo-glial communication, which could, in turn, affect
axonal integrity and the maintenance of axonal, neuronal, and synaptic signaling. In
this review article, we argue that OS-derived mitochondrial impairment may underline
the dysfunctional relationship between axons and their supportive glia cells, specifically
oligodendrocytes and that this mechanism is implicated in the development of a primary
cytodegeneration and a secondary pro-inflammatory response (inside-out), which in turn,
together with a variably primed host’s immune system, may lead to the onset of MS and
its different subtypes.

Keywords: oxidative stress, mitochondria, axo-myelinic synapse, multiple sclerosis, neurodegeneration

INTRODUCTION

Multiple Sclerosis (MS) is a complex, chronic progressive disorder of the central nervous system
(CNS) and the most prominent cause of neurological disability in young adults (Noseworthy
et al., 2000; Compston and Coles, 2002; Stys et al., 2012). Comprising of damage to both
white and gray matter regions of the brain, evidence from histopathological findings identifies
demyelination and axonal damage, as well as microglia activation, synaptic and neuronal loss
as hallmarks of the disease (Geurts and Barkhof, 2008; Brinar and Braun, 2013; Klaver et al.,
2013; Calabrese et al., 2015). Conflicting ideas have been proposed to explain the etiology
of MS, particularly the origin of lesion formation and disease progression. The indisputable
involvement of inflammatory processes has resulted in the development of the main model of MS,
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namely outside-in, whereby a dysregulated immune system
in the periphery attacks elements within the CNS, causing
demyelination and tissue damage (Stys et al., 2012; Dendrou
et al., 2015). Once inflammation becomes compartmentalized
within the CNS and compensatory mechanisms can no
longer overcome the chronic inflammatory processes, the
progressive phenotype takes over and current anti-inflammatory
therapeutic strategies are no longer effective (Lassmann et al.,
2012). Alternatively, MS may originate from the ‘‘inside-
out,’’ with a primary degenerative episode, possibly evolving
around the axo-myelinic synapse (AMS), disrupting the
dynamic communication between axons and their myelinating
oligodendrocyte, thus initiating a secondary inflammatory
response due to the highly antigenic debris derived from
myelin breakdown (Trapp and Nave, 2008; Stys et al.,
2012). Consequently, the strength of the convolution between
degenerative and inflammatory processes will derive the clinical
course of the disease.

According to the inside-out model, more focus should
be aimed at understanding the mechanisms underlying the
neurodegenerative processes of MS. Observations of early-stage
lesion formation, in both experimental models and human MS,
corroborate on the presence of axonal injury in still myelinated
axons, suggesting that, at least in some cases, degenerative
CNS pathology precedes the peripheral inflammatory attack
(Brück and Stadelmann, 2003; Barnett et al., 2009; Edgar
et al., 2010; Niki ć et al., 2011; Lubetzki and Stankoff, 2014). A
potential mechanism driving inside-out immunopathogenesis
may evolve around the myelinating unit (Stys, 2013). Here,
earlier studies in mice revealed a crucial role of myelin
molecules and oligodendroglial support in the maintenance
of axonal integrity (Griffiths et al., 1998; Yin et al., 1998;
Lappe-Siefke et al., 2003). More specifically, axonal metabolic
support requires specific axo-myelinic communication, and
disruptions to this relationship may induce primary axonal
injury and potentially long-lasting myelin abnormalities
(Micu et al., 2016).

Axonal and oligodendroglial processes are highly energy-
consuming and as such, are vulnerable to metabolic challenges
(Micu et al., 2018). Due to the crucial functions mitochondria
play as the power plants of a cell, it is not surprising that both
genetic and environmental factors altering their functions have
profound downstream effects on axonal health (Campbell et al.,
2014;Witte et al., 2014). One of the mechanisms that cause injury
to mitochondria is Oxidative stress (OS), defined as an imbalance
in Reactive Oxygen Species (ROS) production against the cell’s
antioxidant defenses (Betteridge, 2000). Despite the established
involvement of ROS-mediated tissue injury in MS inflammatory
processes, the induction of pro-apoptotic mechanisms by OS
as well as its impact on the mitochondrial respiratory chain
may induce a state of energy deprivation that, if chronic, may
ultimately initiate a cascade of degenerative processes, including
axonal and neuronal death (Lassmann and van Horssen, 2011;
Franklin et al., 2012; Stys, 2013; Ohl et al., 2016).

This mini review article aims to highlight a specific
component of MS pathogenesis by lending credence to the
role of OS-derived mitochondrial dysfunction as a potential

key mechanism contributing to an unstable AMS, which may
ultimately contribute to a primary cytodegeneration in MS
pathogenesis. To do so, evidence supporting an inside-out view
of MS will be presented, together with the recent insights
into the function of axo-myelinic neurotransmission and the
role of axonal mitochondria and OS-associated mitochondrial
dysfunction. Here, we propose that OS-derived mitochondrial
impairment may underline the dysfunctional relationship
between axons and their supportive glia cells, which later initiates
the primary cytodegeneration and secondary inflammatory
processes of MS.

MULTIPLE SCLEROSIS AS A PRIMARY
CYTODEGENERATIVE DISEASE

Although an outside-in view of MS pathogenesis cannot be
disregarded, the inside-outmodel is equally plausible and equally
consistent with the majority of pathological observations. When
viewing MS pathogenesis from the inside-out, axonal injury and
myelin defects likely act as the initiators of the degenerative
processes underlying the disease, due to their observation
even in the absence of inflammation in human brain samples
(Trapp et al., 1998; Traka et al., 2016). Histopathological analysis
of patient material from very early stages of the disease has
revealed myelin abnormalities, specifically involving the inner
myelin sheath and oligodendrocyte loss with little peripheral
inflammatory infiltration but with a more pronounced innate
immune response (Rodriguez and Scheithauer, 1994; Aboul-
Enein et al., 2003; Barnett and Prineas, 2004; Henderson
et al., 2009). Moreover, the ineffectiveness of available
anti-inflammatory treatments in halting disease progression
further exacerbates the presence of underlying cytodegenerative
processes driving MS progression (Seewann et al., 2009; Hawker,
2011; Lassmann, 2013). This evidence is corroborated by
genetic studies. Immunologically relevant genes are significantly
overrepresented in genome-wide association studies (Compston
and Coles, 2002). Sawcer et al. (2011) found a strong correlation
with immune-related genes within patients with RRMS mainly,
which is to be expected due to the great inflammatory character
of this MS variant and may explain symptomatic heterogeneity
due to a variably primed host’s immune system (Stys et al., 2012).
Interestingly, however, when a subgroup analysis of only PPMS
patients was performed, no associations with genes related to
the immune system were found, further indicating that these
immune-related factors may only determine the intensity of
autoimmune response to a degenerative brain (Stys and Tsutsui,
2019). Instead, a general state of chronic excitotoxicity seems to,
at least in part, drive the degenerative processes of MS, whereby
variations in genes related to glutamate signaling prevailed in
PPMS patients (Baranzini et al., 2010; Strijbis et al., 2013). Due
to the chronic and progressive fate of MS, which will rarely be
fatal in the early stages, all human neuropathological studies will
inevitably mirror a combination of degenerative processes and
inflammatory reactions that have evolved over many months or
years (Stys, 2013). Hence, it is crucial to critically acknowledge
that a single histopathological snapshot in time may not be fully
representative of the initial events of MS pathogenesis.
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If we consider progressive MS to reflect the real pathogenic
mechanisms of the disease, then the origin of lesion formation
lays within episodes of axonal injury and disruptions to
axo-myelinic communication (Lassmann et al., 2012; Friese et al.,
2014; Mahad et al., 2015; Guttmann et al., 2016). Thus, axonal
injury may start at an early, and yet not observable, stage of
the disease and it does not initially manifest in neurological
disability (Trapp et al., 1998). Indeed, the CNS comprises
many reparative mechanisms that allow for the compensation
of axonal loss (Bjartmar et al., 2003). Once acute demyelination
progresses into a more chronic state, demyelinated axons hardly
survive and degenerative mechanisms become more prevalent.
Approximately up to 60–70% of axonal loss was estimated in
chronic white matter lesions in severely disabled MS patients
(Mews et al., 1998). It is still hypothetical which exact mechanism
may generate damage to the axons and whether axonal injury
may represent a primary degenerative process, or maybe caused
by secondary, non-inflammatory, processes (Stys et al., 2012).
However, disruption of the close dynamic relationship between
axons and their insulating myelin sheaths has been identified as
a potential mode of action leading to a state of energy deficiency
and, consequently, axonal injury (Tsutsui and Stys, 2013; Simons
et al., 2014).

AXON-GLIA INTERACTION

The architecture of the axo-myelinic unit is very intricate.
Although the myelin sheath supports the electrical properties
of the axon, it simultaneously limits the access of the axon to
its extracellular environment (Nave, 2010; Simons et al., 2014).
Nevertheless, the studies cited provide strong evidence for the
implication of the myelinating oligodendrocytes in sustaining
the axons by providing the necessary metabolic support (Stys,
2011; Fünfschilling et al., 2012; Lee et al., 2012; Micu et al.,
2016). The large and complex crosstalk network between axons
and oligodendrocytes constitutes an essential part of the proper
functioning of the CNS and exposes the system to a diffuse
vulnerability to disorders affecting the myelin (Ortiz et al., 2016).

Despite the close relationship between axons and myelin,
only recently, an activity-dependent communication between
the two was proposed, namely the axo-myelinic synapse,
whose arrangement presents very similar features to the
traditional interneuronal synapses (Stys, 2011; Micu et al.,
2016, 2018). One critical function of the AMS is thus to
couple electrical activity along the axons to the metabolic
output from the oligodendrocytes. Remarkably, axons may
signal the oligodendrocyte, through AMPA and NMDAmyelinic
receptors, to supply certain metabolites to fuel the electrically
active fiber in response to physiological stimuli; as a result,
the glial cells will transfer such metabolites to the internodal
axon, providing it with the necessary energy support for signal
conductance (Stys, 2011; Micu et al., 2018). In this view,
Micu et al. (2016, 2018) propose a potential mechanism of
neurotransmission underlying the tightly orchestrated complex
directed by the AMS, which is further described in Figure 1.

The continuous supply of energy along the entire length of the
myelinated axon is crucial for the efficient conduction of action

potentials as well as for the proper maintenance of neuronal
functioning, including its myelinating system. Consequently,
the energy supply from the myelinating oligodendrocytes is
suggested to be of vital importance to fuelling the axon, following
transient increases in energy demands and, more generally, to
the vast dynamic range of firing frequencies of myelinated axons
(Trevisiol et al., 2017). Glucose is the primary energy source
in the adult brain and it fuels neuronal activity via aerobic
respiration by mitochondria (Su et al., 2009). Given the crucial
role of mitochondria in driving the majority of cellular processes
by providing the necessary energy, it is not surprising that
mitochondrial dysfunction can result in significant neuronal
injury and degenerative processes (Lin and Beal, 2006; Mahad
et al., 2008; Witte et al., 2010).

The balance between ROS production and antioxidant
defenses under normal physiological conditions can be disrupted
with an overproduction of free radicals, namely OS. Oxidants can
play a dual role as both toxic and beneficial compounds, the latter
due to their crucial role as essential signaling molecules (Pham-
Huy et al., 2008). They are produced from both endogenous
(e.g., cell metabolism) and exogenous (e.g., cigarette smoking,
environmental toxins, chronic physiological stress, iron overload,
inflammation, et cetera) sources and can contribute to disease
via disruptions to cellular homeostasis by redox signaling
(Bhattacharyya et al., 2014; Basria et al., 2019). Over time,
exposure to multiple inciting factors, as well as the failure of
enzymes responsible for redox homeostasis and detoxification
activities, may trigger a chronic imbalance between ROS
production and antioxidant defenses (Bhattacharyya et al., 2014;
Basria et al., 2019). Excess free radicals can lead to mitochondrial
dysfunction by inducing mitochondrial DNAmutations, damage
to its respiratory chain, alteration of its membrane permeability,
and by influencing Ca2+ homeostasis and mitochondrial defense
systems (Guo et al., 2013). Once damaged, mitochondrial
dysfunctional processes can further amplify OS and generate
tissue injury via three crucial mechanisms, including energy
failure, induction of apoptosis, and enhanced production of
ROS (Witte et al., 2014). Energy deficiency derived from
mitochondrial dysfunction poses the axon to a state of ‘virtual
hypoxia’, whereby axon-glia energy metabolism would directly
influence axon-myelin transmission and result in chronic and
progressive damage to the axons (Lassmann et al., 2012). More
specifically, when energy failure occurs, sodium ions begin to
accumulate within the axon, causing, together with membrane
depolarization, the reverse mode of action of the Na+-Ca2+

exchanger (Franklin et al., 2012; Campbell et al., 2014). As a
result, detrimental levels of calcium ions build up to a point
where they can interfere with axon survival and lead to axonal
injury (Tsutsui and Stys, 2013). Through in vivo calcium imaging,
Witte et al. (2019) have shown that activation of calpains, Ca2+-
dependent, non-lysosomal proteases, upon increased levels of
axoplasmic Ca2+, can promote the breakdown of the cytoskeleton
as well as oncotic axonal swelling. Activated calpains are also
responsible for the permeabilization of lysosomal membranes,
which in turn causes the release of the lysosomal hydrolytic
enzyme Cathepsin, an important mediator of apoptosis (Czaja,
2001). Both activation of Ca2+-dependent proteases, as well
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FIGURE 1 | The architecture of axo-myelinic neurotransmission. Traversing action potentials cause depolarization of the axon. The latter is sensed by voltage-gated
Ca2+ channels, which in turn activate and cause intra-axonal Ca2+ release from the axoplasmic reticulum. This stimulates the fusion of glutamatergic vesicles and the
consequent release of glutamate into the periaxonal space, which in turn activates myelinic AMPA and NMDA receptors, located on the innermost myelin sheaths
(AMPARs and NMDARs, respectively), finally promoting Ca2+ influx into the myelin cytoplasm. Myelin receptor activation further results in the recruitment of glucose
transporter type 1 (GLUT1), increased uptake of glucose, and the stimulation of glycolysis by the oligodendrocyte, where the production of pyruvate and lactate is
enhanced. Pyruvate is then used as an energy supply by myelinic mitochondria, whereas lactate is transported across the periaxonal space and into the axon by
monocarboxylate transporters 1 and 2 (MCT1 and MCT2). Finally, lactate is used to fuel aerobic metabolism by axonal mitochondria for the efficient internodal
production of ATP. Adapted from Micu et al. (2018), with permission from the authors and SpringerNature.

as mitochondrial impairment, have been associated with the
degradation of myelin-associated glycoprotein (MAG), an
adhesive protein located on the periaxonal surface of myelin
sheaths and responsible for the inhibition of axon regeneration
and the control of myelin formation and maintenance (Kroemer
and Jäättelä, 2005; Zong and Thompson, 2006). MAG loss,
together with other myelinic proteins, is thought to destabilize
the AMS by dysregulating the axon cytoskeleton and by
inducing myelin breakdown, further exacerbating myelin-axon
communication (Schnaar and Lopez, 2009).

MITOCHONDRIAL OXIDATIVE STRESS IN
AXO-MYELINIC NEUROTRANSMISSION: A
KEY PLAYER IN MS PRIMARY
DEGENERATION?

Here, we propose an alternative view of MS pathogenesis,
whereby OS-derived mitochondrial impairment acts as the
key initiator of a disrupted axo-myelinic relationship and

consequently drives the onset of primary cytodegenerative and
secondary inflammatory processes (Figure 2).

Dysfunctional activation of axo-myelinic neurotransmission
may be driven by complementary processes originating
from excess free radical production. OS can directly affect
mitochondrial functioning via different pathways, each leading
to a state of energy failure within the affected axons (Guo et al.,
2013). The presence of excess ROS, including hydrogen peroxide,
puts pressure on cellular antioxidant defense systems, such as
glutathione peroxidase (GPx), to restore metabolic balance
(Carvalho et al., 2014). GPx is an intracellular antioxidant
enzyme that reduces hydrogen peroxide to water to both limit
its harmful effects and, indirectly, to modulate mitochondrial
oxidative phosphorylation (Lubos et al., 2011). Consequently,
with increasing levels of oxyradicals, the production of ATP
by axonal mitochondria can be depleted via the GPx system.
Additionally, the accumulation of calcium ions derived from
OS processes would result in detrimental effects not only on
the axon itself, via over-activation of Ca2+-dependent axonal
enzymes, but also on the overlying myelin sheath, by stimulating
excessive vesicular glutamate release into the periaxonal
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FIGURE 2 | The alternative view of Multiple Sclerosis (MS) pathogenesis is based on dysfunctional axo-myelinic neurotransmission due to oxidative stress
(OS)-derived mitochondrial impairment. Chronic OS mechanisms, originating from excess free radical production (due to cell metabolism, physiological stress, iron
overload, environmental toxins, cigarette smoking, et cetera) in relation to the cell’s antioxidant defenses, can result in the inability of the axonal mitochondria to
synthesize ATP, leading to a state of chronic virtual hypoxia (energy failure). As a result, the failure of ion transporters and the consequent influx of Na+ ions, activate
voltage-gated Ca2+ channels and induce the excessive intra-axonal release of Ca2+. The latter stimulates the excessive vesicular release of glutamate into the
periaxonal space, over-activating myelinic AMPA and NMDA receptors and resulting in excessive Ca2+ influx into the myelin cytoplasm, leading to two crucial
pathological outcomes: (1) the inability of the oligodendrocyte to generate pyruvate and lactate, by glycolysis, for metabolic support to the axon; (2) activation of
Ca2+-dependent calpains, phospholipases, and PADs, resulting in the degradation of myelin proteins, including myelin-associated glycoprotein (MAG),
phospholipids, and in the conversion of MBP into citMBP, respectively, thus inducing focal disruptions to the myelin sheath and destabilization of the axo-myelinic
synapse (AMS). The consequent release of antigenic citMBP and lipid debris can result in an adaptive immune response, driven by T- and B-cells, which can cause
further inflammatory reactions. Adapted from Micu et al. (2018), with permission from the authors and SpringerNature.

space. Elevated Ca2+ levels also inhibit axonal transport of
mitochondria, thus immobilizing stationary mitochondria to
the affected sites, leading to the degeneration of the entire
axon and, consequently, neuronal injury (Su et al., 2009).
Most importantly, over time, excessive Ca2+ entry into the
myelin sheath, together with a state of energy deprivation,
will cause both the myelin and the oligodendrocyte to become
unable to buffer the Ca2+ loads, thus hindering the transport
of lactate to the axon for metabolic support (Tsutsui and
Stys, 2013; Micu et al., 2018; Poerwoatmodjo et al., 2020).
A recent study presented evidence for impaired glycolysis
and mitochondrial respiration during T-cell activation in
RRMS patients (La Rocca et al., 2017). Here, these changes
were associated with a down-regulation of GLUT1 resulting
from the enhanced entry of calcium ions inside the myelin
sheath. Also, the inability to buffer elevated Ca2+ levels will
likely trigger a series of enzymatic pathways leading to the
degradation of myelin proteins and phospholipids and thus, to
axonal demyelination (Stys, 2013; Micu et al., 2018). Finally,

the loss of positive charge on citrullinated myelin basic protein
(citMBP), induced by the conversion of positively charged
arginine residues on MBP to citrulline by peptidyl arginine
deiminases (Ca2+-dependent enzymes; PADs), causes focal
disruption to the myelin sheath (Caprariello et al., 2018; Micu
et al., 2018). The consequent release of antigenic citMBP and
lipid debris can result in an adaptive immune response in a
host with a reactive immune system (Micu et al., 2018). Primary
injury to axonal mitochondria and subsequent demyelination
may, in turn, attract leukocytes from the bloodstream, which
is in line with the observation that lesions and cell infiltration
tend to occur around blood vessels (Gaitán et al., 2013; Lopes
Pinheiro et al., 2016). This autoimmune attack, driven by
peripheral T- and B-cells, resembles the primary immune-
mediated inflammatory response widely described by supporters
of the outside-in model of MS. Therefore, although the loss
of metabolic support may be the initiator of progressive
degeneration in MS, it is unlikely to be the only underlying
mechanism; a gain of toxic function is likely to promote
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further, and potentially irreversible, neurological damage
(Micu et al., 2018).

Given the supportive interdependence of neuronal and glial
health, pathology from a single axon may spread throughout the
nervous system following both a transversal pattern, as well as
a process similar to Wallerian degeneration in the peripheral
nervous system (PNS; Chong et al., 2012; Singh et al., 2013;
Simons et al., 2014). Both spreading modalities can ultimately
reflect the pattern of pathology in MS patients, whereby both
a longitudinal spread across the pyramidal tracts and a more
transversal spread in white and gray matter regions of the CNS
can be observed (DeLuca et al., 2004). Given the comparable
metabolic rate of white and gray matter, both regions are equally
highly vulnerable to interruptions of energy supply (Goldberg
and Ransom, 2003). Depending on the location of the primary
insult, differences in clinical outcomes, as well as the extent of
neurological disability, may vary.

Although the increased energy demand of an axon may not
be sufficient to trigger axonal degeneration, energy deprivation
likely renders neurons more vulnerable to stress (Simons et al.,
2014). Moreover, age-related iron accumulation in the human
brain, largely stored within the myelin sheaths, may further
amplify oxidative injury to the axo-myelinic unit when it is
liberated upon demyelination and may be partly responsible for
the presence of activated and reactivemicroglia andmacrophages
in MS lesions (Lassmann and van Horssen, 2011; Haider,
2015). Given that processes of cytodegeneration, including early
mitochondrial dysfunction associated with OS, occur during the
first stages of MS, even when no apparent clinical symptom
is visible, it is fair to assume that cellular antioxidant defense
mechanisms may be capable of controlling the extent of
oxidative damage (Fischer et al., 2012). Additionally, efficient
remyelinating mechanisms may be able to sustain the effects of
the oxidative injury on axonal degeneration in the early stages of
the disease (Franklin and ffrench-Constant, 2008). The severity
of the imbalance between OS and antioxidant defenses may
contribute to the severity of MS pathology and ultimately, to
neurological disability.

DISCUSSION

To elucidate whether cytodegeneration or an autoimmune attack
may represent the initial trigger of MS, we presented an
alternative view on MS pathogenesis, which identifies chronic

OS-derived mitochondrial dysfunction as the main initiator
of a primary cytodegeneration and secondary inflammatory
response. Here, we hypothesized that mitochondrial-derived
energy failure caused by oxidative injury represents a potential
mechanism by which the AMS might contribute to MS
pathogenesis. The mitochondria can be thought of as a ‘‘car
engine,’’ which burns fuel and recovers the energy to drive
cellular processes. When dysfunctional, however, the engine not
only will not be as efficient in producing energy, but it will
also create toxic by-products as a result of defective combustion.
This toxic debris, generated by the degradation of myelin
components as well as by the release of biochemical elements
from the dysfunctional mitochondria, may elicit a secondary,
inflammatory response, generating a cascade of detrimental
effects that will result in severe neurological and cognitive
dysfunction in MS patients.

The still hypothetical model for MS pathogenesis described
here is likely describing part of the inside-out process and, most
importantly, it does not reject the argument for the presence of
immune-mediated neuroinflammation in MS. Instead, it aims
to elucidate a novel mechanism that may be implicated in
driving the onset of the disease. If the proposed model were
to reflect the driving mechanisms of progressive degeneration
and perhaps, the causative initiator of MS, antioxidant therapies
could provide novel therapeutic interventions for MS patients
(Adamczyk and Adamczyk-Sowa, 2016). Over-time assessment
of metabolite levels of both aerobic and glycolytic energy
production in patients with RRMS and PPMS may help to
resolve the role that mitochondrial dysfunction and OS play
in MS. Upcoming cell-based approaches for MS should also
take into consideration the crucial role that a dysfunctional
and highly stressed environment may play in the mechanisms
of tissue repair (Witherick et al., 2010). Hence, the direct
targeting of OS processes and mitochondrial dysfunction may
provide a more suitable microenvironment for successful stem
cell transplantations or remyelination therapies.
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