Bozzetti et al. Neuroimmunol Neuroinflammation 2021;8:1-13 N eu rOi mmun Ology
DOI: 10.20517/2347-8659.2020.26 and Neuroinflammation

Review Open Access

1) Check for updates

Neurofilament light chain in demyelinating
conditions of the central nervous system: a
promising biomarker

Silvia Bozzetti, Sergio Ferrari, Alberto Gajofatto, Sara Mariotto
Neurology Unit, Department of Neuroscience, Biomedicine and Movement Sciences, University of Verona, Verona 37134, Italy.

Correspondence to: Dr. Sara Mariotto, Neurology Unit, Department of Neuroscience, Biomedicine and Movement Sciences,
University of Verona, Policlinico GB Rossi, P.le LA Scuro 10, Verona 37134, Italy. E-mail: sara.mariotto@gmail.com

How to cite this article: Bozzetti S, Ferrari S, Gajofatto A, Mariotto S. Neurofilament light chain in demyelinating conditions of
the central nervous system: a promising biomarker. Neuroimmunol Neuroinflammation2021;8:1-13.
http://dx.doi.org/10.20517/2347-8659.2020.26

Received: 27 Mar 2020 First Decision: 17 Jun 2020 Revised: 23 Jun 2020
Accepted: 16 Jul 2020 Fisrt online: 15 Aug 2020  Published: 21 Mar 2021

Academic Editor: Roberta Magliozzi Copy Editor: Cai-Hong Wang Production Editor: Tian Zhang

Abstract

Neurofilaments are the major structural proteins of the neuronal cytoskeleton and are classified according to
molecular weight into heavy, intermediate, and light chains. They are released into the interstitial fluid and
cerebrospinal fluid (CSF) as a consequence of axonal damage. In particular, the light chain (NfL) represents
the most abundant and soluble subunit and has been demonstrated to be increased in the CSF of patients with
inflammatory, degenerative, vascular, or traumatic injuries in correlation with clinical and radiological activity.
Similar results have been obtained measuring serum NfL with high-sensitivity single-molecule array, which
enables reliable and repeatable measurement of the low NfL concentrations in serum. In particular, CSF and serum
NfL values are strongly correlated in patients with multiple sclerosis (MS) and have been demonstrated to be
increased in patients with MS and clinically isolated syndromes (CIS) in accordance with clinical and radiological
activity. NfL levels increase in patients with a recent relapse and seem to predict cognitive impairment, long-
term outcome, and conversion of CIS to MS. The few available data on patients with other demyelinating diseases
suggest that NfL levels are also increased in neuromyelitis optica spectrum disorders and related conditions in
correlation with attack severity, suggesting that axonal damage may occur in these disorders. We herein report
and discuss published data on the role of NfL as a possible predictor of disease activity, clinical outcome and
treatment response in patients with demyelinating conditions of the central nervous system.
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INTRODUCTION

Inflammatory demyelinating diseases (IDD) represent a spectrum of heterogeneous disorders affecting
the central nervous system (CNS). Multiple sclerosis (MS) is classified as a chronic, immune-mediated,
demyelinating disorder, and it is the most well-known disease of this groupm. Neuromyelitis optica
spectrum disorders (NMOSD), which preferentially involve the spinal cord and optic nerve”, and acute
disseminated encephalomyelitis (ADEM), a typically monophasic disease of children™, are also part of
CNS IDD. Other acute inflammatory conditions including idiopathic optic neuritis* and acute transverse
myelitisls] also enter in the differential diagnosis. A major discovery in this field was the association between
NMOSD and serum aquaporin 4 IgG (AQP4-IgG), confirming that it is a different disease from MS and needs
different treatment'. On the other hand, the association of serum anti-myelin oligodendrocyte glycoprotein
(MOG)-Abs with ADEM, NMOSD and other demyelinating events also clarify the final diagnosis in
many conditions previously classified as “idiopathic’”. In addition to the difficulty in the diagnostic
process, one of the main issues of IDD is the correct assessment of disease activity and the prediction of
long-term prognosis. Different clinical scales, radiological parameters, and biological markers have been
studied, with the aim of identifying reliable and easily accessible measures of disease activity, treatment
response, and prognosis in these conditions. Neurofilament proteins recently emerged as a promising
biomarker in this context. Neurofilaments are cylindrical proteins located in dendrites, soma and, in
particular, axons of neurons, with their specific role in conferring structural stability and promoting axonal
growth and intracellular transport. They are classified as intermediate filaments (i.e., 10 nm in diameter,
intermediate between actin and myosin) and include neurofilament light chain (NfL), neurofilament
middle chain, neurofilament heavy chain (NfH), and a-internexin, depending on the length of the carboxy-
terminal region. Since NfLs are the most abundant and soluble subunit among intermediate filaments,
research has mainly focused on them'. Low levels of NfL are constantly released from axons under
normal conditions, in an age-dependent manner. However, as a consequence of axonal damage due to
inflammatory, degenerative, vascular, or traumatic injury, NfL release significantly increases. After reaching
the interstitial fluid, NfL are detectable in CSF and in serum at lower but comparable levels”. Enzyme-
linked immunosorbent assay (ELISA) technology allows the measurement of the higher NfL values present
in CSF; however, it is not sensitive enough to measure the significantly lower serum/plasma levels. The
recent development of ultrasensitive electrochemiluminescence-based immunoassay [in particular, single-
molecule immunoassay, single-molecule array (SiMoA) technology] enables reliable measurement of the
low NfL concentrations in serum and the monitoring of minor changes over time"""’. This single-molecule
immunoassay is based on antibody capture agents bound to the surface of paramagnetic microbeads
containing approximately 250,000 attachment sites. The beads are added to the sample solution and then
incubated with a second biotinylated detection antibody and beta-galactosidase-labeled streptavidin. In
this manner, each bead that has captured a single protein molecule is labeled with an immunocomplex.
During the detection process, a fluorescent signal is generated in sealed wells that contain beads combined
with immuno-captured and enzyme-labeled protein molecules. Concentrations are determined digitally to
further increase the sensitivity of the assay. With this recently developed technique, a significant increase
in serum NfL levels has been demonstrated in different conditions, including Alzheimer’s disease'",
Creutzfeldt-Jakob disease!?, frontotemporal dementia?, amyotrophic lateral sclerosis"”, parkinsonian
disorders"”, traumatic brain injury“ﬁ], stroke""”, peripheral neuropathies”, autoimmune encephalitis"”,
and in particular MS™, in correlation with disease activity and post-mortem neurodegeneration”. The
lower invasiveness of serum NfL measurement allows repeatable analyses over time and expands the
potential utility of NfL as a biomarker of disease activity and treatment response in a wide spectrum
of neurological disorders. Although the actual applicability of this assay in daily clinical practice is still
limited and influenced by critical aspects that need to be considered for the correct interpretation of this
measurement™, the development of novel ultrasensitive assays and the extensive applicability of serum
NfL measurement have provided major advantages in this field.



Bozzetti et al. Neuroimmunol Neuroinflammation 2021;8:1-13 | http://dx.doi.org/10.20517/2347-8659.2020.26 Page 3

NfL IN SUBJECTS WITH CLINICALLY ISOLATED SYNDROME AND RADIOLOGICALLY
ISOLATED SYNDROME

Clinically isolated syndrome (CIS) is defined as the first episode of clinical symptoms that potentially
precedes MS. About 85% of patients with CIS experience a second clinical episode, thus evolving into
MS within the subsequent 10 years[”]. Radiologically isolated syndrome (RIS) is defined by MRI findings
suggestive of MS in the absence of clinical symptoms. Progression to MS usually occurs in approximately
66% of patients with RIS”*, The uncertain evolution and variable long-term prognosis of patients with CIS/
RIS make attractive the discovery and validation of specific biomarkers able to identify cases that will have
future clinical attacks.

In this scenario, the potential utility of CSF NfL as a predictive marker of disease evolution has
been recently explored. In particular, Hakansson et al.”” analyzed CSF levels of NfL, NfH, and other
neurodegenerative and inflammatory markers in 19 patients with CIS, 22 cases with relapsing remitting
multiple sclerosis (RRMS), and 22 sex- and age-matched healthy controls in a prospective longitudinal
study. Disease activity (i.e., radiological lesion load, presence of relapses, and disability worsening) was
recorded at 2 years follow-up and compared with the levels of specific biomarkers measured at baseline.
Interestingly, NfL values were the only prognostic marker potentially able to predict disease activity in
subjects with CIS and MS. A different study compared CSF NfL levels with brain volume measured in 41
patients with CIS and 30 controls and demonstrated that NfL values were higher in subjects with CIS and
were inversely associated with grey matter volume™. CSF NfL and progranulin levels were also evaluated
in subjects with RIS and compared with those determined in subjects with CIS, MS, and healthy controls™”.
Interestingly, NfL levels were significantly lower in subjects with CIS and RIS in comparison with patients
with RRMS and primary progressive multiple sclerosis (PPMS), suggesting that the detection of this
biomarker could parallel clinical evolution in these disorders. In addition, CSF NfL values recently emerged
as an independent risk factor for clinical conversion in subjects with RIS with higher levels associated with
shorter time to progression””

After the discovery of highly sensitive techniques able to measure the lower values of NfL in plasma/serum,
the potential utility of serum NfL in predicting CIS conversion to MS has been explored. Disanto et al !
demonstrated that serum NfL levels are higher in subjects with CIS in comparison with healthy controls
and are associated with T2 hyperintense MRI lesions, gadolinium-enhancing lesions, and disability score
at CIS diagnosis, but do not allow subjects with CIS who will convert to definite MS after a short interval
(n = 100) to be distinguished from subjects with CIS who will not evolve (n = 100). The potential effect
of riluzole treatment in subjects with CIS and early MS (n = 22 CIS/MS cases randomized to riluzole and
n = 21 to placebo) in comparison with clinical parameters and serum NfL/NfH values was also analyzed.
Despite the absence of treatment effect, the authors demonstrated that NfL levels correlated with Expanded
Disability Status Scale (EDSS) changes and neuropsychological outcome™. Furthermore, higher NfL levels
at baseline were associated with a more rapid decrease in brain volume and predicted higher number of
enhancing lesions, confirming the role of NfL as a potential marker of neuronal and axonal damage in CIS
and early MS. Finally, in a case-control study performed among US military that analyzed serum samples
of 60 subjects asymptomatic at time of sampling who then developed MS (6 years later as a median), the
authors observed increased serum NfL levels in cases that would develop MS in comparison to healthy
controls, demonstrating a potentially useful value of serum NfL in predicting future development of/
evolution to MS"".

Taken together, available data support the role of CSF NfL levels as a predictive and prognostic marker of
CIS/RIS. On the other hand, serum NfL levels are increased in patients with a recent relapse and a high
number of T2/enhancing lesions on MRI. Despite the more evident association between NfL levels and



Page 4 Bozzetti et al. Neuroimmunol Neuroinflammation 2021;8:1-13 | http://dx.doi.org/10.20517/2347-8659.2020.26

disability at baseline than at follow-up, recent studies indicate that serum NfL values could also be useful to
predict MS conversion in patients with a first demyelinating event, with lower NfL levels indicating reduced
risk of receiving a future MS diagnosis™”

NfL IN RELAPSING-REMITTING MS

RRMS is the most common form of MS, involving 85% of affected patients””. RRMS is characterized by
discrete and clearly definite attacks lasting days to weeks, followed by periods of partial/complete remission
in the absence of progressive clinical deterioration™. Disease severity and lifelong prognosis of patients
with RRMS are highly variable, so that a correct subclassification of this condition according to risk of
future disease activity and final disability is of utmost importance to guide prompt therapeutic strategies "

The combination of clinical and radiological indicators of disease activity have long been used, despite the
high costs and incomplete predictive strength. To overcome these limitations and increase the sensitivity of
outcome prediction, the potential utility of different serum and CSF biomarkers have been explored over
the last years using high-sensitivity technology”******", In particular, NfL levels have been analyzed and
compared to glial fibrillary acidic protein (GFAP)[25’36], S100B, neuron-specific enolase (NSE)[S], chitinase
3-like 1 (CHI3L1) levels®*", and to a panel of chemokines, matrix metalloproteinase-9, and ostepontin[zsl
with divergent data on the value of combining these biomarkers. The comparison between these biomarkers
and previously recognized clinical/radiological parameters of disability aimed to distinguish MS patients
and healthy controls, to improve the prediction of ongoing and future disease activity, to better predict
long-term outcome in terms of brain and spinal cord atrophy, final disability and risk of progression, and to

evaluate response to disease modifying therapy (DMT)".

The potential role of NfL in MS was proposed for the first time by Lycke et al.”” in 1998, who detected
increased levels of NfL in the CSF of RRMS patients in comparison with healthy controls. The authors
also demonstrated a significant correlation between NfL values and disability as assessed by EDSS score,
exacerbation rate, and time from last relapse. These findings gave important insight into MS pathogenetic
mechanisms, suggesting the presence of axonal damage in subjects with a relapsing-remitting course
and postulating a contribution of axonal pathology to disability[”]. Subsequently, the potential utility of
measuring NfL levels in subjects with RRMS, monitoring longitudinal levels over time, offered indirect
cues to the understanding of NfL kinetics in blood and CSF*******"!, Different studies displayed substantial
differences in terms of the matrix analyzed (serum, plasma, or CSF) and the performance of the assays used,
giving a clear spectrum of the evolution of the detection techniques and their related sensitivity[“]. These
assays ranged from a second-generation ELISA""****, to a third-generation electrochemiluminescence
technology™*” and, finally, to a fourth-generation SiMoA""***********| that enables a reliable and highly
sensitive quantification and monitoring of serum/plasma NfL levels. In particular, the SiMoA novel
ultrasensitive technology increases the sensitivity of the assay allowing comparisons between pathological
and normal NfL values using small sample volume™”. This technical improvement, together with the
demonstration of a clear correlation between serum/plasma and CSF NfL levels"**’, now enables the
reliable measurement of NfL in blood samples, avoiding more costly and invasive procedures such as
lumbar puncture. This concept further supports the potential use of NfL as a promising biomarker useful
for longitudinal monitoring of disease activity and treatment response.

NfL values help to distinguish patients with RRMS from healthy controls

The first objective when investigating NfL levels in RRMS patients was to evaluate whether this biomarker
could be useful to differentiate patients from healthy controls. Significantly higher NfL levels in both
CSE"#7#4%) 4nd serum™***** have been reported in patients vs. healthy controls using different
techniques. However, the substantial variation in NfL values observed in different studies prevented the
identification of a reproducible cut-off and suggested a great inter-individual variability, possibly influenced
by differences in measurement sensitivity, but not clearly related to demographic characteristics, sample
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storage, or disease duration”. Actually, an attempt to identify specific diagnostic cut-offs for CSE, plasma,
and serum through a receiver operating characteristic analysis'**
phase IV study conducted with the aim of evaluating the effect of dimethyl-fumarate on NfL values. The
authors identified specific NfL cut-offs to discriminate between MS patients and healthy controls with a

100% specificity, i.e., 807.5 pg/mL (80% sensitivity) for CSE, 13.0 pg/mL (47% sensitivity) for plasma, and

[46]

was reported in a recent prospective

15.6 pg/mL (43.2% sensitivity) for serum

NfL levels correlate with disease activity at sampling

NfL levels have also been demonstrated to correlate with disease activity in RRMS patients, which is
commonly assessed using a combination of different surrogate biomarkers, including clinical parameters
such as relapse-rate, and MRI signs (i.e., the presence of gadolinium-enhancing lesions or new or
unequivocally enlarging T2 hyperintense lesions)™”. In particular, in one of the first attempts to correlate
NfL levels with disease activity, the authors demonstrated that CSF NfL values were significantly increased
2-3 months after a clinical relapse and tended to gradually decrease thereafter™”. This pioneer finding was
confirmed using more sensitive fourth-generation methods, which allowed the demonstration of increased
CSF/serum NfL concentrations in patients who experienced a relapse within 3 months before sample
collection, compared to those in remission™. In addition, a robust association between NfL values and
radiological parameters of disease activity has been demonstrated. In particular, CSF/serum NfL levels
are significantly higher in patients with gadolinium-enhancing lesions”***! and with new or enlarging
T2 lesions”***". Moreover, NfL concentration progressively increases in correlation with the number
of contrast enhanced lesions™****' and T2 lesion load"" detected in both brain and spinal cord™. As for
correlations between NfL values and clinical measure of disability, a robust correlation has been reported
between NfL levels and EDSS score at sampling[9’35’38’49]. In a recent cross-sectional study performed on two
Swiss MS cohorts, serum NfL concentration at baseline emerged as an indicator of previous clinical disease
activity, being significantly associated with a relapse within 60 days before sampling, mean annual relapse
rate in the last 1 and 2 years, and with the probability of EDSS worsening during the last 6 and 12 months".

NfL levels have a role in the prediction of future disease activity
Attention has more recently been devoted to the possible prognostic role of NfL, to determine whether its

. . - . . . . e o, [9,40,45,47-49,51,52]
concentration could correlate with clinical and radiological biomarkers of future disease activity ,

. [20,38,39,42,46,49,53] . . . [54]
Wlth treatment response ’ and Wlth progressmn toa secondary progresswe course

In particular, serum NfL levels at baseline have displayed a significant association with the number of
clinical relapses in the subsequent 18 months™ and consequently with an increase in annual relapse rate
at 1 and 2 years follow-up", supporting the value of this biomarker in predicting future disability. A strong
and independent correlation between serum NfL levels above the 90th percentile of healthy controls values
and EDSS worsening in the following 12 months was recently observed in a cohort including 189 patients
with RRMS, 70 progressive cases, and 259 healthy controls”’. Different studies have also confirmed a
significant association between high serum NfL values at baseline and radiological hallmarks of disease
activity/progression during the follow-up, i.e., new T2-lesions and brain volume loss during the subsequent
4 years and brain/spinal cord volume loss as measured after 2 and 5 years from blood sampling™”. In
particular, Barro et al.*"' reported a correlation between the percentage of brain/spinal cord volume changes
and serum NfL levels, that in a multivariate model remained the only predictors of brain volume loss at
2 years follow-up.

NfL levels help to predict long-term outcome

The possible role of NfL in predicting long-term clinical and radiological outcome in RRMS patients has
been investigated assessing serum and/or CSF NfL values in the course of a phase 3 randomized placebo-
controlled trial of intramuscular interferon-beta*”. A robust association emerged between CSF NfL
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concentration measured at year 2 from the beginning of the trial and EDSS changes, as well as brain
atrophy, expressed by brain parenchymal fraction (BPF) change at 8 years follow-up. Similarly, serum NfL
levels at 3 years displayed a correlation with both BPF and EDSS changes at 8 years follow-up, whereas
NfL values at 4 years showed a significant association with EDSS changes over 15 years'”. CSF NfL
concentrations at year 2 and serum NfL levels at year 3 in the upper tertile predicted an increased risk of
reaching an EDSS score of 6.0 or higher at 8 years follow-up”. During the last years, a composite clinical
and paraclinical definition of “no disease activity” (NEDA) that includes the absence of relapses, disability
worsening, and new or enlarging MRI lesions was proposed as the main target of MS treatment””’. Several
studies have reported that NfL levels at baseline are significantly lower in patients with no evidence of
activity during the subsequent follow-up”**, therefore showing an accuracy of 85% in correctly classifying
NEDA3 cases over the following 2 years[“]. These findings have led to the proposal of expanding the
concept of NEDA, taking into consideration also the assessment of brain atrophy and the evaluation of
serum and CSF biomarkers, including NfL"*". Finally, a recent longitudinal study in a Norwegian cohort of
44 patients with newly diagnosed MS and a long-term follow-up of 10 years demonstrated that CSF NfL
values were significantly higher in patients evolving from RRMS to secondary progressive multiple sclerosis
(SPMS) over 5 years, suggesting a possible role of NfL in predicting the risk of a secondary progressive

disease course’™”

NfL levels as a measure of treatment response

Besides the role as a diagnostic and disease activity biomarker, one of the most attractive applications of
NfL is their possible use in monitoring therapeutic response. The evidence that serum NfL levels are lower
in patients under DMT™*' and that initiation and escalation of such therapies significantly decrease NfL
concentrations™” has further confirmed this hypothesis. In particular, starting on an IFNB-1a therapy
led to a sustained reduction of serum NfL levels over the following 12 and 24 months"”. Natalizumab
initiation resulted in a 3-fold reduction in CSF NfL values, which reached levels compatible with those
measured in healthy controls™. The efficacy of fingolimod in reducing NfL concentration in serum"" and
CSF"? has been demonstrated, also in comparison with IFN", in a phase 3 placebo-controlled clinical
trial (FREEDOMS)"**! and in a phase 3 active-controlled vs. IFN trial (TRANSFORMS)"". NfL levels
have been reported to be significantly reduced by 73% in CSF, 69% in serum, and 55% in plasma 1 year
after dimethyl fumarate initiation in a prospective open-label phase 4 clinical trial designed to evaluate
the effect of dimethyl fumarate in a cohort of newly-diagnosed RRMS patients (TREMEND). NfL values
were similar to those measured in healthy controls in all serum samples, in 96% of plasma samples, and in
72% of CSF samples of treated patients 1 year after treatment initiation'. Finally, the therapeutic switch
from IFNB or glatiramer acetate to rituximab has been demonstrated to produce a significant (i.e., 21%)
reduction of CSF NfL values during the subsequent year in a cohort of 75 patients with RRMS'"™. The role
of NfL as drug-response markers has recently been confirmed in a study analyzing the distribution of NfL
in RRMS patients starting DMTs and the evolution of NfL values over time. The authors observed that
the reduction in plasma NfL concentrations under DMT differed according to specific drugs, although
levels were also influenced by baseline characteristics, clinical improvement, and possibly NfL kinetics. In
particular, the largest reduction in NfL values was noted on treatment with alemtuzumab and the lowest on
teriflunomide, while reduced NfL levels similar to that observed under treatment with alemtuzumab were
noted under dimethyl fumarate, fingolimod, and natalizumab. However, groups were not homogeneous
for characteristics influencing NfL levels, including age, disease duration, and disease severity, potentially
resulting in an indication bias, which the authors tried to overcome with statistical adjustments for baseline

characteristics™”

Taken together, these data led to serum NfL being proposed as a candidate and useful biomarker for
surveilling subclinical activity in clinically stable RRMS patients'*” and for measuring and predicting
disease activity and treatment response, although commonly accepted cut-off values are still lacking and
NfL concentrations are not comparable between different studies.
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NFL IN PROGRESSIVE MS

PPMS is characterized by progressive neurological decline from disease onset, without experiencing attacks,
and accounts for 15% of MS cases at presentation. SPMS in characterized by progression occurring after a
RR course and involves about 50% of cases after 15 yearsm. In this context, the potential role of NfL levels
in predicting and quantifying disease progression has been explored. In one of the first studies considering
95 patients with MS and a long-term follow-up (median 14 years, range 8-20), high CSF NfL levels were
associated with an unfavorable prognosis and with conversion to SPMS®. Although divergent CSF NfL
values have been observed in patients with PPMS and SPMS, the authors suggested that NfL is a useful
prognostic biomarker under these conditions"™”*”. However, the absence of correlation between NIfL levels
and disease duration or disease severity, measured with EDSS, led to the idea that CSF NfL levels could
not properly reflect disease severity in PPMS™". The slow axonal degeneration occurring in subjects with
PPMS together with the more robust NfL increase in the course of acute axonal damage could explain these
results. Different studies further support this hypothesis. Damasceno et al ' analysed CSF NfL values in
consecutive patients with MS, including 32 subjects with RRMS and 15 with progressive MS, and correlated
NfL values with radiological and clinical variables. Interestingly, NfL levels were significantly increased in
patients with RRMS in association with cortical lesions and relapses, whereas they were not different in
patients with progressive MS in comparison with healthy controls. Sellebjerg et al.'”’ measured CSF NfL
levels in 26 patients with PPMS, 26 with SPMS, and 24 healthy controls and observed higher values in cases
with active progressive MS in comparison with those with inactive progressive MS, thus supporting the
role of NfL in distinguishing active vs. inactive cases. These data further confirm the specific association
between NfL concentration and active disease at sampling, which has a significant impact on axonal
damage'’. Partially divergent data emerged according to a recent meta-analysis of case-control studies,
where three times higher CSF NfL levels were observed in 158 patients with progressive MS in comparison
with healthy controls, although significantly lower values were detected in progressive vs. relapsing cases.
NfL values tended to be higher, although not significantly different, in RRMS on remission (229 patients)
in comparison with patients with progressive MS (158)"*"". In addition to the lower levels measured in cases
with progressive vs. relapsing MS, a correlation between CSF levels of sCD27 (a soluble marker of T-cells)
and NfL values in subjects in progression before and after treatment with natalizumab (17 patients) and
methylprednisolone (23 patients) was reported, suggesting a connection between residual inflammation
and axonal damage and a role of these biomarkers in monitoring treatment response'*"

The analysis of serum NfL values in patients with progressive MS further confirmed previous observations
on CSF NfL measurement. In particular, higher values of serum NfL in the presence of disease activity,
defined as a clinical relapse or new gadolinium-enhancing lesions on MRI, were reported in a cohort of 286
patients with MS, including both RRMS and progressive cases (19 PPMS and 63 SPMS)™”. In a longitudinal
study, Disanto et al.” examined paired serum and CSF samples of different subjects (CIS n = 48, RIS n =
13, RRMS n = 62, PPMS n = 16, and SPMS n = 3) and confirmed the strong association between CSF and
serum NfL levels and the presence of 42-fold lower values in serum. A more striking association between
NfL values and disability, measured with EDSS, was noted in cases with CIS/RRMS than in those with
PPMS/SPMS, once again reflecting the predominant axonal damage occurring in active cases.

A study including subjects with CIS, RRMS, PPMS, and SPMS detected an association between the
probability of EDSS worsening and the increase in serum NfL values, with serum NfL levels reflecting
future disease progression in terms of brain and cervical spinal cord atrophy. The authors also confirmed
the association between serum NfL levels and spinal cord volume loss in patients with PPMS, even in the
absence of radiological signs of inflammation, thus supporting the correlation between axonal damage
and spinal cord atrophy in the course of disease progression”". More recently, Ferraro et al."*” specifically
studied 27 patients with PPMS and 43 with SPMS (mean follow-up of 25 months) and demonstrated
a positive correlation between plasma NfL values and disability assessed with EDSS, together with an
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increase in NfL levels over time on repeated measurements. Although data on the difference of NfL levels
between patients with a progressive vs. relapsing course are divergent, a recent systematic review confirmed
that among subjects with a progressive course, higher levels are observed in those with increased clinical
and radiological evidence of disease activity. The impact of disability and the possible role of NfL in
predicting future disability is still debated. Finally, treatments with DMTs including natalizumab, rituximab,
fingolimod, ocrelizumab, and mitoxantrone seem to affect plasma NfL levels. Unestablished treatments,

first-line DMTs, or neuroprotective treatments seem less effective in influencing NfL values'®.

NFL IN NMOSD AND RELATED DISORDERS

NMOSD is an inflammatory CNS syndrome currently diagnosed on the basis of clinical, neuroimaging
and laboratory features'”. The most typical presentations of NMOSD include acute (usually bilateral) optic
neuritis with severe visual acuity impairment and longitudinally extensive transverse myelitis (LETM),
typically presenting with severe symptoms including paraplegia, bowel/bladder dysfunctions, and sensory
loss'*™**
syndromes do not exclude NMOSD diagnosis®”. The course is usually relapsing (90%), with increasing
burden of impairment resulting from incomplete attack recovery[m], and it is influenced in particular by
onset age, onset phenotype, and ethnicity”". In most patients with a diagnosis of NMOSD, AQP4-Abs
are detectable in serum, reflecting the autoimmune pathogenesis of the disease’”. However, seronegative
cases are also part of the spectrum, and often represent a diagnostic challenge, with unpredictable disease
course and final outcome. The development of cell-based assays using transfected cells and a full-length
conformationally intact MOG has allowed the identification of serum and, more rarely, CSF”” antibodies
to MOG in a proportion of patients with NMOSD. However, the clinical spectrum associated with MOG-
Abs encompasses a broadening range of phenotypes, including NMOSD and partial forms of the disease
(prevalent in adults) and ADEM (prevalent in children)[”%].

. However, unilateral optic neuritis, short-segment myelitis and other limited forms of neurological

In cases positive for MOG-Abs, isolated optic neuritis (ON) is the most common onset presentation (55%-
64%), with simultaneous bilateral involvement in 34%-42% of patients ", followed by acute transverse
myelitis (22%-37%), which typically presents as a LETM with enhancement with blurred margins, the
so called “cloud-like enhancement”. Simultaneous ON and myelitis (8%)[79], an ADEM-like presentation
particularly in children, and, more rarely, brainstem presentations””* and encephalitis”™*" are other clinical
phenotypes associated with MOG-Abs positivity. Disease course can be either monophasic or relapsing
(30%-70% of cases), with relapses occurring most frequently in the first year after onset and influenced
by acute treatment choices’®”. Relapses are considered less common in this condition than in AQP4-
Abs-positive NMOSD, manifest more common with ON, and have a great impact on disability™™". Up to
now, only monitoring of MOG-Abs titer has been proposed as a possible predictor of disease course. In
particular, disappearance of MOG-ADbs in serum is considered prognostic of cessation of relapses[”’sz],
although seropositivity can be maintained over years even without clinical activity"®. On the other hand,
MOG-Abs titer at onset does not predict the future disease course in terms of risk of relapses or final
outcome™, As a consequence, antibody titers can help treatment decisions but do not seem reliable enough
to be used in the clinical setting for patients’ management. MOG-Abs related disorders usually have a
favorable prognosis, with a full/good recovery observed in 78% of cases. However, patients can be left with
significant sphincter/erectile dysfunction, cognitive impairment, and poor visual acuity, mainly driven
by onse;c ?ttack. Good recovery is more frequent in cases with unilateral ON or ADEM and in younger
patients .

For the aforementioned characteristics of NMOSD and related conditions, it is evident that there is a need
to improve prediction of disease course and short-/long-term prognosis.

Previous reports described astrocytic damage as a primary pathologic process in NMOSD, which is
supported by the presence of AQP4-Abs in the serum of most patients (68%-91%)"". These antibodies



Bozzetti et al. Neuroimmunol Neuroinflammation 2021;8:1-13 | http://dx.doi.org/10.20517/2347-8659.2020.26 Page 9

target aquaporin-4, an integral membrane protein of astrocytes and ependymal cells of CNS, and have
pathogenic potential'. As a consequence, soluble GFAP, which reflects astrocytic damage, has been
proposed as a useful disease-severity marker in subjects with AQP4-Abs related NMOSD"™. In addition,
subjects positive for both AQP4-Abs or MOG-Abs show an increase in CSF myelin basic protein in
comparison with MS cases, reflecting the concomitant presence of myelin injury"*”. This concept is
supported by the demonstration that the main target in MOG-Abs related conditions is located on the
surface of myelin sheath and in the plasma membrane of oligodendrocytes[“]

In this scenario, the possible concomitant increase in biomarkers reflecting axonal damage (i.e., NfL) has
appeared worthy of investigation in the scientific community. A possible implication of axonal damage
in patients with NMOSD was first suggested by Wang et al”™”, who demonstrated an increase in CSF
NfH and NfL in this disorder. However, this study did not explore serum NfL levels and also did not
distinguish patients according to antibody status, which might influence tissue damage according to the
specific target site. We recently analyzed serum NfL levels in patients with NMOSD and related disorders,
and when comparing AQP4-Abs-positive, MOG-Abs-positive and seronegative patients, we observed
increased serum NfL levels in patients with AQP4-Abs and MOG-Abs"™. In particular, we detected higher
NfL levels in AQP4-Abs-positive subjects, possibly reflecting the prominent axonal damage consequent
to astrocytic and cellular injury, and consequently explaining the severe clinical phenotype/evolution
usually described in these subjects. On the other hand, we also detected relatively increased levels of NfL
in MOG-Abs-positive patients, suggesting the concomitant presence of axonal damage in this disorder
and potentially explaining the long-term disability observed in some MOG-Abs-positive cases'®”. We then
replicated these observations focusing on 38 MOG-Abs-positive patients and assessing serum and CSF
NfL concentration according to clinical/paraclinical characteristics to investigate NfL as a biomarker of
disease severity in this condition™. We confirmed previous observations on the increase in serum NfL
levels in patients with MOG-Abs compared with healthy controls, providing more data on the concomitant
presence of axonal damage in this disorder. In addition, when analyzing both serum and CSF samples, we
observed a significant correlation between NfL levels in paired samples, supporting the analysis of serum
as a reliable and more accessible biological fluid. Even more interestingly, we demonstrated that serum NfL
values correlated with attack severity and might predict long-term outcome in patients with MOG-Abs™
These observations support the broader use of NfL as an accessible and repeatable biomarker of tissue
damage in MOG-Abs related conditions, where it is essential to improve the prediction of short- and long-
term prognosis. More recently, the analysis of NfL in a group of 33 NMOSD patients (30 seropositive for
AQP4-Abs) reported increased levels in comparison with those detected in healthy controls together with
a significant correlation between serum and CSF values and a significant association between NfL levels
and age. In addition, serum NfL levels were increased during relapses and correlated with EDSS score
but were not influenced by treatment and did not predict relapse occurrence in the subsequent year after
sampling™’. Altogether, these observations expand the utility of NfL as a possible disease activity biomarker
also in NMOSD and related conditions.

CONCLUSION

NfL recently emerged as a promising biomarker in the spectrum of demyelinating CNS conditions, in
particular after the development of high-sensitivity techniques, which allow us to measure and monitor
serum levels over time. NfL values allow us to distinguish patients vs. healthy controls, as confirmed by
a recent meta-analysis examining 10 studies focused on NfL in CSF and 4 studies on NfL in serum™. In
addition, NfL levels show a correlation with clinical and radiological disease activity and help to predict
MS conversion in patients with a first demyelinating event. Finally, different studies support their role
in predicting future disability/long-term prognosis and in monitoring therapeutic response, further
supporting their role in clinical practice. Additional evidence is needed to clarify whether CSF/blood
NfL assessment is a prognostic/predictive tool in MS patients independently from currently available
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biomarkers. Recent data on the presence of axonal damage also in patients with antibodies targeting
astrocytes (AQP4-Abs) or oligodendrocytes (MOG-Abs) further extend the possible use of this biomarker
in quantifying disease activity in these conditions, although their role in predicting disease course and
long-term prognosis in these disorders has yet to be clarified.
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