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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.

Keywords: Neurofilament light chain, multiple sclerosis, clinically isolated syndromes, radiologically isolated 
syndrome, neuromyelitis optica spectrum disorders, myelin oligodendrocyte glycoprotein, aquaporin-4
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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 group[1]. Neuromyelitis optica 
spectrum disorders (NMOSD), which preferentially involve the spinal cord and optic nerve[2], and acute 
disseminated encephalomyelitis (ADEM), a typically monophasic disease of children[3], are also part of 
CNS IDD. Other acute inflammatory conditions including idiopathic optic neuritis[4] and acute transverse 
myelitis[5] 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[6]. 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”[7]. 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 α-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[8]. 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[9]. 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[10]. 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 [11], 
Creutzfeldt-Jakob disease[12], frontotemporal dementia[13], amyotrophic lateral sclerosis[14], parkinsonian 
disorders[15], traumatic brain injury[16], stroke[17], peripheral neuropathies[18], autoimmune encephalitis[19], 
and in particular MS[20], in correlation with disease activity and post-mortem neurodegeneration[21]. 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[22], the development of novel ultrasensitive assays and the extensive applicability of serum 
NfL measurement have provided major advantages in this field.
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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[23]. 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[24]. 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, Håkansson et al.[25] 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[26]. 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[27]. 
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[28]. 

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.[29] 
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[30]. 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[31]. 

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 
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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[32].

NfL IN RELAPSING-REMITTING MS
RRMS is the most common form of MS, involving 85% of affected patients[33]. 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[33]. 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[34]. 
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[20,25,35,36]. In particular, NfL levels have been analyzed and 
compared to glial fibrillary acidic protein (GFAP)[25,36], S100B, neuron-specific enolase (NSE)[5], chitinase 
3-like 1 (CHI3L1) levels[20,25], and to a panel of chemokines, matrix metalloproteinase-9, and ostepontin[25] 
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)[35].

The potential role of NfL in MS was proposed for the first time by Lycke et al.[37] 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[37]. 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[20,35,38-40]. 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[41]. These 
assays ranged from a second-generation ELISA[37,39,42-44], to a third-generation electrochemiluminescence 
technology[9,45] and, finally, to a fourth-generation SiMoA[9,20,25,38,40,46-48] 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[22]. This technical improvement, together with the 
demonstration of a clear correlation between serum/plasma and CSF NfL levels[45,49], 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 
CSF[9,25,37,39,46,48] and serum[9,38,45,48] 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[35]. Actually, an attempt to identify specific diagnostic cut-offs for CSF, plasma, 
and serum through a receiver operating characteristic analysis[46] was reported in a recent prospective 
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 CSF, 13.0 pg/mL (47% sensitivity) for plasma, and 
15.6 pg/mL (43.2% sensitivity) for serum[46].

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)[34]. 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[37]. 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[49]. 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[9,20,49] and with new or enlarging 
T2 lesions[20,40,50]. Moreover, NfL concentration progressively increases in correlation with the number 
of contrast enhanced lesions[9,38,50] and T2 lesion load[38] detected in both brain and spinal cord[9]. 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[9].

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 
concentration could correlate with clinical and radiological biomarkers of future disease activity[9,40,45,47-49,51,52], 
with treatment response[20,38,39,42,46,49,53], and with progression to a secondary progressive course[54].

In particular, serum NfL levels at baseline have displayed a significant association with the number of 
clinical relapses in the subsequent 18 months[40] and consequently with an increase in annual relapse rate 
at 1 and 2 years follow-up[9], 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[51]. 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[48] and brain/spinal cord volume loss as measured after 2 and 5 years from blood sampling[51]. In 
particular, Barro et al.[51] 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[47]. 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[47]. 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[47]. 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[55]. Several 
studies have reported that NfL levels at baseline are significantly lower in patients with no evidence of 
activity during the subsequent follow-up[25,48], therefore showing an accuracy of 85% in correctly classifying 
NEDA3 cases over the following 2 years[25]. 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[56]. 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[54].

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[9,49] and that initiation and escalation of such therapies significantly decrease NfL 
concentrations[49] 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[20]. Natalizumab 
initiation resulted in a 3-fold reduction in CSF NfL values, which reached levels compatible with those 
measured in healthy controls[39]. The efficacy of fingolimod in reducing NfL concentration in serum[38] and 
CSF[42] has been demonstrated, also in comparison with IFN[38], in a phase 3 placebo-controlled clinical 
trial (FREEDOMS)[38,42] and in a phase 3 active-controlled vs. IFN trial (TRANSFORMS)[38]. 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[46]. 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[53]. 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[57]. 

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[49] 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 years[1]. 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[58]. 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[59,60]. However, the absence of correlation between NfL 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[27]. 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.[61] 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.[62] 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[61]. 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)[63]. 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[64]. 

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)[49]. In a longitudinal 
study, Disanto et al.[9] 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[51]. More recently, Ferraro et al.[65] 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[66].  

NFL IN NMOSD AND RELATED DISORDERS
NMOSD is an inflammatory CNS syndrome currently diagnosed on the basis of clinical, neuroimaging 
and laboratory features[2]. 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[67,68]. However, unilateral optic neuritis, short-segment myelitis and other limited forms of neurological 
syndromes do not exclude NMOSD diagnosis[69]. The course is usually relapsing (90%), with increasing 
burden of impairment resulting from incomplete attack recovery[70], and it is influenced in particular by 
onset age, onset phenotype, and ethnicity[71]. In most patients with a diagnosis of NMOSD, AQP4-Abs 
are detectable in serum, reflecting the autoimmune pathogenesis of the disease[2]. 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[7] and, more rarely, CSF[72] 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)[73-76]. 

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[76-78], 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[78] and encephalitis[77,80] 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[76,78]. 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[81]. Up to 
now, only monitoring of MOG-Abs titer has been proposed as a possible predictor of disease course. In 
particular, disappearance of MOG-Abs in serum is considered prognostic of cessation of relapses[77,82], 
although seropositivity can be maintained over years even without clinical activity[83]. 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[84]. 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 onset attack. Good recovery is more frequent in cases with unilateral ON or ADEM and in younger 
patients[78]. 

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%)[85]. These antibodies 

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



target aquaporin-4, an integral membrane protein of astrocytes and ependymal cells of CNS, and have 
pathogenic potential[6]. 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[86]. 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 [87]. 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[88]. 

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.[87], 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[89]. 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[89]. 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[90]. 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[90]. 
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[91]. 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[92]. 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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Abstract
For many years, quantifiable biomarkers in neurological diseases have represented a hot topic. In multiple sclerosis 
(MS), cerebrospinal fluid biomarkers have played a diagnostic role since the introduction of Poser’s criteria in 
1983, with IgG oligoclonal bands playing a supporting role in an epoch prior to magnetic resonance imaging and 
a complementary one after the introduction of McDonald criteria in 2001. Nowadays, that supporting role has 
turned into a main one in substituting for dissemination in time and defining the diagnosis of MS in patients with 
a first clinical event, according to the 2017 revised McDonald criteria. Possibly kappa free light chains, N-CAM, 
chitinase 3-like protein 1 and IgM oligoclonal bands, not yet implemented in clinical practice, could similarly gain 
importance in the near future. Furthermore, the increasing knowledge of molecular mechanisms leading to chronic 
inflammation has enhanced interest in looking for biomarkers of disease activity, better defining the MS phenotype 
and patients with highly active disease. Accordingly, myelin proteins, intermediate filaments, metalloproteinases 
and other molecules involved in the inflammatory cascade, are currently under investigation. Finally, it has long 
been known that axonal loss occurs from the early phases, leading to a progressive neurological deterioration. 
Since established criteria to assess treatment failure and transition to progressive forms are still lacking, both 
treatment response and prognostic biomarkers would be useful to predict MS course, and neurofilaments seem to 
have this potential. The purpose of this review article was to illustrate biomarkers that have been already validated 
or require further validation after proving to be useful in exploratory studies and potentially could prove useful in 
clinical practice in the coming years.

Keywords: Multiple sclerosis, biomarkers, cerebrospinal fluid, neurofilaments, oligoclonal bands, disease activity



INTRODUCTION
In the framework of neurological diseases, the need for objective and measurable indicators of the 
underlying pathological processes is more and more pressing. Therefore, the search for biological markers, 
or biomarkers, is a continuously expanding field, and a large number of molecules have been explored so 
far; but only a few have been validated, and even fewer are currently used in clinical practice[1]. 

Indeed, the assessment of the clinical validity and utility of a biomarker requires a multistage process, 
which has been proposed as a five-phase procedure going from preclinical exploratory studies (phase 1) 
to clinical assay development (phase 2), retrospective studies (phase 3), prospective diagnostic accuracy 
studies (phase 4), and disease burden reduction studies (phase 5)[2]. Moreover, the level of evidence relies 
on the number of supporting studies and patients included while exploring the independence of the results 
in independent cohorts[3].

With effective therapeutic strategies in neurodegenerative diseases still lacking, biomarkers would allow 
us to define the start time of degeneration and make an early diagnosis, to monitor the disease course and 
predict the prognosis, but also to identify potential therapeutic targets[4]. 

In the context of inflammatory diseases, biomarkers would be useful to specifically define the involved 
actors of the immune response and potential therapeutic targets, and also to better understand the 
etiopathogenesis and to monitor disease activity and treatment response[5].

Multiple sclerosis (MS) is a challenging disease, since it is now clear that both inflammatory and 
degenerative components occur since early phases[6]. Although the introduction of the first approved 
medications for progressive MS (PMS) is a recent achievement[7,8], therapeutic options are actually 
limited in progressive phases. The majority of currently available disease-modifying drugs (DMDs) 
target inflammation, and therapeutic efforts are mainly focused on early phases of the disease, with the 
purpose of influencing long-term evolution[9]. It is for this reason that the concept of “no evidence of 
disease activity” (NEDA) has been introduced as the main therapeutic goal to achieve in patients with MS. 
Extensively used in clinical trials to define and compare the efficacy of DMDs, the concept of NEDA is 
still evolving, integrating an increasing number of measures able to define the absence of disease activity. 
Even though the achievement of this goal is the main one in a clinical real-life setting while monitoring 
patients under treatment as well, long-term studies are needed to provide evidence of its utility in clinical 
practice[10]. Currently, NEDA-3 is mainly used in clinical trials and considered the aim of therapeutic 
strategies in clinical practice, consisting in the absence of relapses, magnetic resonance imaging (MRI) 
activity and sustained disability worsening during follow-up[11]. Indeed, the increasingly prominent role 
of MRI and recent advances in technology have led to the inclusion of the measurement of brain volume 
loss in NEDA (NEDA-4), which may further evolve with the inclusion of biomarkers (NEDA-5)[12]. In this 
respect, the role of neurofilament light chain (NF-L) as a marker of disease activity, correlating with long-
term prognosis seems to be promising[11]. The availability of biological markers reflecting such a disease 
heterogeneity would definitely help us to better understand its complexity and would be an instrument of 
unquestionable value.

According to the functional classification provided by the FDA-NIH Biomarker Working Group, such 
molecules can be categorized in susceptibility, diagnostic, monitoring, prognostic, safety and response 
biomarkers[13] [Table 1].

Susceptibility biomarkers would be useful to detect among asymptomatic individuals those at risk of 
developing MS, potentially including genetic investigation in first-degree relatives of MS patients[13]. 

Toscano et al. Neuroimmunol Neuroinflammation 2021;8:14-41  I  http://dx.doi.org/10.20517/2347-8659.2020.12  Page 15



Status Function Evidence
IgG OCB Clinically 

useful
Diagnostic Nearly 86% specificity and more than 95% sensitivity for the diagnosis of 

MS[19]. Implemented in 2017 McDonald criteria as indicator of DIT[20]

Prognostic for conversion Associated with higher risk of conversion in MS when detected in CIS[28,29] 
and RIS[30-32]

IgG index Clinically 
useful

Diagnostic Positive values found in 70-80% of MS patients[18]. Useful as a 
complementary tool, without replacing CSF IgG OCB[41]

Disease-activity Associated with MRI activity[45]

Prognostic for conversion Associated with higher risk of conversion in MS when detected in CIS[43]

Prognostic for progression Associated with disability progression[44]

KFLC Validated Diagnostic Useful for the diagnosis of MS[49,51,53,54,58]. Increased levels detected in MS 
patients with no IgG OCB[50,55,62]

Prognostic for conversion Associated with higher risk of conversion in MS when detected in CIS[43,60]

Prognostic for progression Associated with disability progression[60,64-66]

IgM OCB Validated Disease-activity Associated with aggressive disease course[248,250]

Prognostic for conversion Lipid-specific IgM OCB are associated with higher risk of conversion in CIS 
patients[252,253]

Prognostic for progression Associated with disability progression and conversion to SPMS[247,248,256]

Treatment-response Lipid-specific IgM OCB predict a decreased response to IFN-β[256]

N-CAM Validated Diagnostic Lower levels detected in MS patients and in PPMS compared with RRMS 
ones. Considered as an indicator of poor remyelination and repair[180,181]

Disease-activity Increased levels detected after relapses, especially under steroid treatment, 
and related to clinical remission[183]

CHI3L1 Validated Diagnostic Increased levels in MS and NMO patients[185,188,189]

Prognostic for conversion Associated with higher risk of conversion to MS in CIS patients[190,192]

Disease-activity Increased levels associated with higher clinical and MRI disease-
activity[190,193]

Treatment-response Increased levels in non-responder patients under IFN-β treatment compared 
with responders[193]

NFs Validated Prognostic for conversion In RIS increased CSF NF-L are an independent risk factor for the 
conversion into CIS and MS, with greater values related to shorter times 
of conversion[32]. Associated with higher risk of conversion to MS in CIS 
patients[224,234]

Disease-activity Double NF-L levels in relapsing patients compared with remitting ones[228]. 
CSF NF-L levels correlate with NEDA-3, MRI activity and brain atrophy[11]. 
Serum NF-L in early phases contributed to predict the lesion load and brain 
volume loss over a period of 10 years[238]

Prognostic for progression High NF-L concentrations associated with progression in both clinically 
stable patients and relapsing ones[226,227]. In CIS patients with optic neuritis, 
CSF NF-L predicted long-term cognitive and physical disability over a follow-
up period ranging between 9-19 years[235]. Higher NF-H levels in SPMS 
patients[224,225]

Treatment-response NF-L concentrations decreased after 12-24 months of immunosuppressive 
therapy in active progressive MS patients[239], after switching from first-line 
therapies to fingolimod[240] and after 12 months of NTZ[241,242]

MBP Validated Disease-activity Higher values detected in active RRMS compared with stable patients 
and progressive MS. Increased levels in MS are temporally related to 
relapses and detectable up to 5-6 weeks after, with greater values in 
polysymptomatic and severe exacerbations[158,159,166-168]. Reduced levels after 
steroid treatment[168,169]

GFAP Validated Prognostic for progression Elevated levels in MS compared with controls[265-267], with higher values in 
patients with EDSS greater than 6.5[266]. Associated with greater EDSS score, 
longer disease duration and progressive course[268]. Increased levels of GFAP 
in MS predictive for the disability achieved 8-10 years later[267]

Disease-activity Associated with MRI parameters as infratentorial chronic lesion load and the 
intensity of Gd+ in both CIS and RRMS patients[269]

MMP-9 Validated Disease-activity Elevated values during clinical relapses, related to a greater number of MRI 
Gd+ lesions[144]. Higher values in MS compared with controls and in RRMS 
compared with PPMS[148]

Treatment-response Decreased levels after treatment with IFN-β[152-154] and NTZ[155]

CXCL13 Validated Diagnostic Higher levels in MS patients compared with controls, though low 
specificity[126-128]

Prognostic for conversion Associated with higher risk of conversion to MS in CIS patients[130]

Disease-activity Associated with clinical and radiological activity[126,127]. Decreased levels after 
steroid treatment[127]

Treatment-response Decreased levels after treatment with NTZ[127,132], RTX[129,131]

Table 1. Clinically useful and validated CSF biomarker in MS
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OPN Validated Diagnostic Significantly greater levels in MS patients compared with controls[102,107,108,110]

Disease-activity In RRMS patients, higher levels detected in active disease compared with 
stable disease and during relapses compared with remission phases[100-103]

NO 
metabolites

Validated Disease-activity Increased levels in body fluids of MS patients, particularly RRMS compare 
with SPMS. Higher values detected during relapses[78,90]

MRZ 
reaction

Validated Diagnostic A humoral response against at least 2 of 3 viruses is detected in 78% of 
patients with MS with high specificity[73]

Prognostic for conversion Associated with higher risk of conversion in MS when detected in CIS[69,70]

MS: multiple sclerosis; CIS: clinically isolated syndrome; RIS: radiologically isolated syndrome; MRI: magnetic resonance imaging; OCB: 
oligoclonal bands; RRMS: relapsing-remitting multiple sclerosis; SPMS: secondary progressive multiple sclerosis; NMO: neuromyelitis 
optica; NEDA: no evidence of disease-activity; N-CAM: neuronal cell adhesion molecule; CHI3L1: chitinase-3-like-1; MBP: myelin basic 
protein; GFAP: glial fibrillary acidic protein; Gd+: gadolinium-enhancing; MMP-9: matrix metalloproteinase-9; CXCL13: C-X-C motif 
ligand 13; NFs: neurofilaments; NF-L: light chains of neurofilaments; NF-H: heavy chains of neurofilaments; OPN: osteopontin; NO: nitric 
oxid; MRZ: measles-rubella-varicella; NTZ: natalizumab; RTX: rituximab

Diagnostic biomarkers should be able to confirm the diagnosis of MS, improving diagnostic accuracy 
when applied together with clinical and MRI criteria. Thus, they can allow clinicians to exclude other 
possible differential diagnoses, including different autoimmune disorders and other neurological diseases. 
They should also ideally detect patients with clinically isolated syndrome (CIS) and radiologically isolated 
syndrome (RIS) and distinguish between different subtypes of the disease[5,13].

Monitoring biomarkers play a relevant role in MS, allowing neurologists to serially assess the status of the 
disease[13]. Particularly, disease activity biomarkers may crucially affect therapeutic decisions by detecting 
high disease activity and rapid disability worsening in early phases of MS[9,14]. Correlating with clinical 
and radiological activity, they may aid in identifying aggressive forms of MS and also provide an indirect 
assessment of low therapeutic response in patients under DMDs[1]. 

The definition of prognostic biomarkers as a separate class is slightly more controversial, since a prognostic 
impact is recognized in other categories of biomarkers[1]. Indeed, those markers able to predict either 
the risk of relapses or progression or both would belong to this group[13]. However, this term is usually 
attributed to those molecules reflecting axonal damage, astrocyte activation and remyelination, prevailing 
in progressive phases of disease[4]. They would also be important in identifying transitional progressive 
forms of MS, since reliable indicators are not available[9]. Alongside these, many studies have considered 
those molecules that are predictive of conversion to clinically definite MS when detected in patients 
with CIS as being “prognostic”. To distinguish these “prognostic for conversion” biomarkers from the 
aforementioned “prognostic for progression” ones, their role in this review will be discussed as belonging 
to the diagnostic category for conceptual similarity. 

Finally, the monitoring of treatment response in terms of both efficacy and safety may be very important in 
personalizing therapies and planning switches whenever appropriate[5] and may be of benefit in the use of 
pharmacodynamic/response and safety biomarkers[13].

However, boundaries are blurred and some markers may exhibit more than one function. Moreover, to 
be validated, exploratory molecules have to be reproducible among independent studies, and only easily 
detectable and cost-effective ones truly impacting the diagnostic therapeutic processes would be used in 
clinical practice[5]. 

For both anatomic and physiological reasons, cerebrospinal fluid (CSF) represents the main source of 
potential biomarkers for MS among body fluids[4]. Indeed, its composition may reflect the impairment of 
brain metabolism, the breakdown of the blood-brain barrier (BBB) and many ongoing processes occurring 
in the central nervous system (CNS) with a consequent production of catabolites[15]. However, requiring 
less invasiveness and due to blood continuity with CSF, serum samples are being increasingly used and 
explored as a source of biomarkers[1].
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Considering the extensive number of molecules that are currently under investigation and detected in body 
fluids, this review will focus on CSF biomarkers that are currently used in clinical practice, those that have 
not been clinically implemented although validated and those requiring further validation after proving 
to be useful in small exploratory single-site studies. Since some molecules may potentially fall in more 
than one category according to a functional classification, they will be classified according to their main 
recognized role.

DIAGNOSTIC BIOMARKERS
IgG oligoclonal bands 
CSF IgG oligoclonal bands (IgG OCB) are detected in almost 90% of patients with MS and in nearly 70% of 
patients with CIS[16]. It does not seem that OCB-negative MS shows different characteristics, even though a 
different immunogenetic phenotype of HLA-DRB1 has been identified in some studies[17]. Among several 
techniques, isoelectric focusing followed by immunofixation in parallel CSF and serum samples is mainly 
used for their detection due to a high sensitivity[18,19]. Of all possible patterns, type 2 is detected when at 
least two bands of IgG are present in CSF but not in serum, which is suggestive of intrathecal IgG synthesis 
and thus of an inflammatory disease of the CNS[18]. 

As a qualitative assessment, CSF IgG OCB detection is actually considered a more reliable test than 
any quantitative assessments of intrathecal synthesis[20]. With nearly 86% specificity and more than 95% 
sensitivity, CSF IgG OCB do not represent a pathognomonic finding of MS, but they may strongly support 
the diagnosis of MS when other causes of CNS inflammation have been ruled out[19]. 

In 2017, the latest revised McDonald criteria gave great significance to CSF OCB as a substitute for 
dissemination in time[20], increasing sensitivity in the diagnosis of relapsing-remitting MS (RRMS) in 
patients with a first clinical event[21]. CSF IgG OCB already had a role as a diagnostic biomarker before, 
first in Poser’s criteria (1983) to define “laboratory supported” definite and probable MS diagnosis[22]. Years 
later, both the McDonald et al.[23] and Polman et al.[24] criteria considered the presence of CSF IgG OCB as 
sufficient to provide the evidence of dissemination in space (DIS), together with the detection of at least 
two MRI lesions consistent with MS. Although not being included in 2010 revised criteria[25], CSF analysis 
with IgG OCB detection still represents a common step of the diagnostic program, particularly because 
it may allow us to exclude other diagnoses adding a different type of information compared with MRI, 
which may be unable to allow the distinction between MS and mimics at early stages[26]. Moreover, it has 
been argued that the presence of CSF OCB may increase the specificity of those criteria when considered 
together with DIS[27]. 

Concerning the diagnosis of primary progressive MS (PPMS), the presence of CSF OCB is one of the 
required criteria[20] and its role has been confirmed over time in the consecutive revisions after Poser’s 
criteria[23-25]. In addition to a diagnostic role, CSF IgG OCB also has a prognostic role for conversion to MS, 
since their identification in patients with CIS increases the risk to convert into clinically definite MS with a 
negative predictive value of 88%[28]. In a prospective study conducted by Tintoré and coworkers in 572 patients 
with CIS, the detection of CSF IgG OCB almost doubled the risk of a second relapse, regardless of baseline 
MRI, without affecting disability outcomes during a follow-up of 50 months[29]. 

Despite recognizing the presence of CSF IgG OCB as one of the factors predicting an increased risk to 
develop MS in patients with RIS[30], specific criteria have not been established in the 2017 latest revision[20]. 
Results from a recent study showed that the presence of CSF OCB in children with RIS increased the 
risk to develop pediatric MS and improved specificity of MRI criteria in these patients [31]. In another 
study conducted in 75 patients with RIS, CSF OCB also proved to be an independent risk factor for the 
conversion to CIS and MS and were associated with shorter times of conversion[32].
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It has been suggested that the presence of CSF OCB, indicative of intrathecal synthesis, may both directly 
and indirectly perpetuate the inflammatory damage through the chronic stimulation of microglia via 
immunoglobulin and immunocomplexes. Occurring even once acute perivascular inflammation has 
stopped, such an activation facilitates further and mutual activation of both microglia and astrocytes. As a 
result, antibody-mediated inflammation promotes a microenvironment of chronic inflammatory damage 
and neurodegeneration[33]. From this perspective, the administration of a drug able to affect local humoral 
production would be further useful. However, among the currently available drugs, only natalizumab (NTZ) 
and cladribine proved to affect intrathecal Ig synthesis, ultimately leading to CSF OCB disappearance in 
some cases[34-37]. Nevertheless, the presence of CSF OCB does not seem to be associated with an aggressive 
disease course or a faster disease progression in MS[17,38].

IgG OCB represent a validated and clinically implemented biomarker for both the diagnosis of MS and the 
detection of CIS converters. Its validity relies on numerous confirmatory studies conducted in more than 
200 patients, thus providing a strong level of evidence[3]. 

IgG index 
The ratio between IgG quotient and albumin quotient, known as the Link Index[39], is largely used to assess 
a quantitative evaluation of intrathecal synthesis, enough to be considered an alternative to the detection of 
CSF OCB in previous MS diagnostic criteria[22-24]. However, the latest revision of McDonald criteria clearly 
states that the identification of CSF IgG OCB is superior to any quantitative assessments, whose results 
have to be cautiously considered when isolated or conflicting with the aforementioned tool[20]. In addition, 
it has been clearly defined in two different consensus statements that IgG index and other quantitative 
assessments are just complementary tests, less sensitive than qualitative detection of CSF OCB[18,19]. A value 
greater than 0.70 is universally considered suggestive of pathological intrathecal synthesis for IgG index, 
with abnormal values detected respectively in 70%-80% of patients with clinically definite MS[18]. With 
a cut-off value of 0.7, a positive predictive value by 60% for the diagnosis of demyelinating CNS disease 
has been found[40]. Considering that a correlation exists between IgG index and positive predictive value 
for MS, increasing IgG index values correlate with a greater probability of MS diagnosis[40]. Nonetheless, 
abnormal values are rarely detected in MS patients with no CSF OCB[41].

Nephelometry is the most used technique to measure albumin in CSF and serum as well, to provide a 
quotient that is a reliable measure of blood-CSF barrier function, especially when age-related[18,19]. This 
is crucial, since the increased concentration of a substance in CSF can be the result of either intrathecal 
synthesis or increased permeability of the blood-CSF barrier. Moreover, interindividual variability in serum 
IgG concentrations is similarly reduced by using a CSF/serum IgG quotient[18].

Applying different mathematical models, several indices have been derived[42], including Tourtellotte’s, 
Reiber’s, Link’s and intrathecal IgG fraction. Actually, although the IgG index is the most commonly 
used quantitative measure of intrathecal synthesis in clinical practice, other indices using hyperbolic 
mathematical functions, such as Reiber’s index, are considered more accurate, resulting in few false 
positives[18,19]. Senel and coworkers found 43% sensitivity and 64% specificity for IgG index regarding 
conversion of CIS to clinically definite MS, with a positive predictive value of 53% and a negative one of 
54%[43].

As a prognostic biomarker, a very high IgG index has been related to a major disability progression with 
greater values in secondary progressive MS (SPMS) compared with PPMS and RRMS patients in a study 
conducted by Izquierdo and coworkers[44]. 

Finally, a recent retrospective study involving 149 patients with CIS and MS investigated a possible 
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association between CSF parameters and MRI activity. IgG index was highly correlated with the detection 
of new cerebral lesions on MRI scan and proved to be an independent predictor of future MRI activity[45].

Currently, IgG index is clinically implemented as additional evidence of CNS local humoral response, with 
the advantage of being based on easily achievable information from a simple CSF analysis[46]. Thus, it is 
useful in supporting the diagnosis of MS and could represent a complementary screening test in patients 
suspected of MS, without replacing the diagnostic value of CSF OCB[41]. 

Kappa free light chains and kappa index
CSF kappa free light chains (KFLC) result from intrathecal humoral activity of plasma cells. Being 
normal constituents of human Ig structure together with lambda light chains, they tend to accumulate 
together with Ig in inflammatory disease of CNS[47] and can be detected by ELISA, Western blotting[48] 
or nephelometry[49-51]. Several studies reported an increased concentration of free light chains in CSF of 
patients with MS[49,51]. As for IgG index, the use of a ratio between KFLC CSF/serum quotient and albumin 
quotient has been considered by the majority as the best method to represent intrathecal FLC synthesis[47,51], 
with some exceptions[49,52]. Conversely, lambda FLC Index did not prove to have comparable values of 
sensitivity and specificity, and it is currently not considered a potential diagnostic biomarker for MS[49,53].

KFLC index has been explored as a diagnostic biomarker, despite the lack of an unequivocal cut-off value 
currently causes some difficulties in comparing results from several studies [Table 2]. As an indicator of 
intrathecal synthesis, KFLC index correlates well with IgG index[54], using a cut-off value of 5, although 
showing greater sensitivity (more than 96% vs. nearly 50%) for CSF IgG OCB identification and MS 
diagnosis and according to higher negative predictive values, with comparable specificity. 

Although different thresholds have been used in several studies, ranging from 4.25[55] to 12.3[53], KFLC 
index extensively proved to have a higher sensitivity and a lower specificity with a similar diagnostic 
accuracy compared with IgG OCB in discriminating MS and controls[53,55-59]. In a recent study by Gaetani 
and coworkers, KFLC index distinguished precisely as did IgG OCB between MS and non-inflammatory 
diseases using a cut-off value of 7.83[56]. It has been suggested that a higher cut-off value (10.6) could 
be useful to differentiate MS from other inflammatory diseases by increasing specificity and to predict 
conversion in CIS with greater accuracy as compared with OCB[56]. Similarly, high levels of CSF KFLC 
have also been demonstrated in CIS patients, showing a correlation with the risk of conversion to clinically 
definite MS within 2 years[43,60]. Moreover, unlike KFLC index threshold, a cut-off value for intrathecal 
KFLC synthesis has proved to be more reproducible[58,61,62]. 

Noteworthy, KFLC index proved to be increased in MS patients with no evidence of IgG OCB, amounting 
to almost 5% of cases[50,55,62], showing a greater sensitivity but a less specificity by using a threshold of 5.9. 
In a recent study by Ferraro and coworkers, a KFLC index ≥ 5.8 was detected in 25% of OCB-negative MS 
patients and in 98% of OCB-positive ones[63].

It has been hypothesized that KFLC index may replace IgG index as a first-line test, but some disagreement 
remains about the need to determine both KFLC index and IgG OCB in patients with suspected MS[63] or 
to use them sequentially[56]. Probably, the higher sensitivity of KFLC index compared with IgG OCB would 
allow clinicians to screen patients in a shorter time, with lower costs and the advantage of a quantitative 
assessment[49,58], restricting the use of IgG OCB to patients with positive KFLC index. Such a diagnostic 
route would allow clinicians to reduce false positive results when faced with an inflammatory disease of the 
CNS. Showing a comparable or higher specificity[50,54], IgG index could still have a role as a screening test 
complementary to KFLC index for the detection of intrathecal Ig synthesis. However, KFLC index currently 
shows an intermediate level of evidence as a diagnostic biomarker, requiring other confirmatory studies in 
larger cohorts[3].
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Study cohort 
(number of analyzed 

paired serum and 
CSF samples)

True 
positives

True 
negatives Cut-off Sensitivity Specificity

McDonald’s 
diagnostic 

criteria

Crespi et al .[54] 385 MS (127) Other neurological diseases:
IND (117)
NIND (141)

≥ 5 96 78 2017

Gaetani et al .[56] 170 RIS, CIS, 
MS (64)

Other neurological diseases 
(106):
IND (24)
NIND (82)

≥ 7.83 89 81 2010

Gurtner et al .[57] 320 RIS, CIS, 
MS (67)

Other neurological diseases 
(258):
autoimmune (53),
NIND (50),
IND (38),
degenerative (28), peripheral 
neuropathy (24),
infection (13), 
cancer (11),
neuromyelitis optica (10), 
others (31)

≥ 10.5 87 76 2010

Leurs et al .[59] 745 (from 18 
centers)

CIS, MS 
(526)

Controls (219): 
IND (67) 
NIND (76)
Symptomatic controls (49)
Healthy controls (27) 

≥ 6.6 88 

93 (MS 
and 
controls)

83

83 (MS 
and 
controls)

2010 (84%)
2005 (16%)

Pieri et al .[53] 176 MS (71) Other neurological diseases:
IND (33)
NIND (72)

≥ 12.3 93 100 2010

Presslauer et al .[58] 438 (from 4 
centers)

CIS/MS 
(70)

Other neurological diseases 
(368), including meningitis/
encephalitis (41)
Guillain-Barré (15)
Neuroborreliosis (15)
CIDP (7)

≥ 5.9 96 86 2010

Puthenparampil et al .[55] 137 MS (70) Healthy controls (symtpomatic 
despite no neurological and 
systemic disorders) (37)

≥ 4.25 94 100 2017

Table 2. Different cut-off values for kappa index and characteristics of study cohorts

MS: multiple sclerosis; CIS: clinically isolated syndrome; RIS: radiologically isolated syndrome; IND: inflammatory neurological diseases; 
NIND: non-inflammatory neurological diseases; CIDP: chronic inflammatory demyelinating polyneuropathy

It has also been pointed out that higher values of KFLC index are associated with greater disability[60,64-66], 
even though previous authors did not go in the same direction but hypothesizing a prognostic role for this 
marker[61,67].

Measles-rubella-varicella-zoster reaction
In the 1994 consensus report about CSF analysis in the diagnosis of MS, the detection of intrathecal Ig 
synthesis against neurotrophic viruses, such as measles, rubella and varicella-zoster, was considered a 
complementary diagnostic test for MS[18]. Such kind of local humoral response, called measles-rubella-
varicella-zoster (MRZ) reaction (MRZR), has been reported in up to 94% of patients with MS if at least one 
intrathecal virus-specific response is detected[68], with anti-measles response as the most frequent one[69-71]. 
However, MRZR is usually considered positive if a humoral response against at least 2 of 3 viruses is 
reported, with a commonly used cut-off value of 1.5 for antibody index[72,73]. The reason for this local 
humoral response, which occurs without active replication of the virus[74], has not been entirely clarified[75]. 
An involvement of T lymphocytes promoting the differentiation of memory B cells into antibody secreting 
ones has been suggested[70]. 

High specificity of up to 97% for MRZR was also reported by Jarius and coworkers, who found a positive 
reaction in 78% of patients with MS compared to 3% of controls. Moreover, MRZR has proved to be able to 
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distinguish between MS and other diseases, such as neuromyelitis optica (NMO)[73], anti-MOG associated 
encephalomyelitis[73], and primary CNS lymphoma[72].

In a prospective 2-year study involving 89 patients with CIS, MRZ reaction was associated with a greater 
risk to convert to clinically definite MS, showing a greater positive predictive value (70%) than OCB (64%) 
and MRI (64%)[70]. In patients with acute optic neuritis with positive MRZR and MRI, conversion to 
clinically definite MS occurred in 86% of them after 4 years, with a prevalence of 73% for MRZR in those 
who converted[69]. Thus, MRZR can further support the diagnosis at onset and assist in discrimination 
between MS and other clinically similar inflammatory diseases, representing a complementary diagnostic 
biomarker with an intermediate level of evidence[3,74]. Nevertheless, further studies in additional cohorts are 
required[3].

DISEASE ACTIVITY BIOMARKERS
Nitric oxide metabolites
Due to the role of oxidative stress in MS pathogenesis, nitrate and nitrite have been investigated as disease 
activity biomarkers[76]. Indeed inflammatory processes produce, as a result of the activation of immune cells, 
reactive oxygen species, including nitrogen-based oxidants[76]. Moreover, Nitric oxide (NO) seems to have 
much more roles than being a blood flow controller and a synaptic transmitter, regulating the permeability 
of the BBB, exerting immunomodulatory properties and mediating axonal damage and demyelination[77].

Increased levels of nitrate and nitrite have been identified in body fluids of MS patients in several studies. 
Particularly, many studies have reported greater concentrations of these molecules in CSF[78-80], serum[81,82] 
and urine[83] of MS patients compared with controls. Accordingly, the inducible form of nitric oxide 
synthase has been detected in CSF of MS patients, while not in healthy controls[84], and its mRNA has 
been found in cerebral tissue of MS patients[77]. Interestingly, interferon-beta (IFN-β) has proved to exert a 
remarkable inhibition of inducible NO synthase expression in astrocytes[85].

Meanwhile, it is still controversial whether the concentration of NO metabolites is significantly different in 
RRMS compared with PMS. Indeed, some studies found higher CSF and serum levels of NO metabolites in 
RRMS compared with SPMS[86,87], while others did not detect any differences[80,88].

Speculating a role as a disease activity biomarker, the association between NO metabolites and the 
occurrence of relapses in RRMS patients has been explored, and several studies have confirmed this 
hypothesis[78,89-91], but longitudinal and multicenter studies are needed.

In a study by Yamashita et al.[78], significantly higher nitrite and nitrate levels were detected among patients 
in relapse compared with those in remission and patients treated with steroid in the previous 1-2 months. 
Acar et al.[90] found higher nitrate and nitrite concentrations in relapsing patients than in remitting ones, 
with the latter ones still showing greater values than controls. Accordingly, NO metabolites predicted 
disease activity with 71% specificity and 66% sensitivity. In contrast, few studies reported evidence of 
an association between NO metabolites and MRI findings[90,92], as well as between the development of 
disability and EDSS progression[92].

Osteopontin 
Osteopontin (OPN) is a sialoprotein, whose role in bone remodeling has long been known [93]. Beyond 
this, it is closely linked to the immune system, since it mediates chemotaxis, cell adhesion and signaling, 
and it also promotes cytokine and interleukin (IL) function, inducing IL-12 and inhibiting IL-10 among 
others. In its soluble form, indeed, it is secreted by and also interacts with macrophages and activated 
leukocytes, reduces the inducible form of NO synthase, promoting inflammation. In its intracellular 
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form, it is expressed by dendritic cells and promotes Th17 and Treg differentiation[94]. Moreover, it is 
thought to mediate the upregulation of Th1 and Th17 cytokines, mainly IFN-γ and IL-17[95], and the 
inhibition of pro-apoptotic proteins, favoring T cell survival[96]. It has been suggested that a specific subset 
of Th1 cells, particularly arising in CSF during relapses, produces OPN, high levels of IFN-γ and matrix 
metalloproteinase-9 (MMP-9) after polyclonal stimulation, playing a pathogenetic role[97].

In experimental models of relapsing-remitting experimental autoimmune encephalomyelitis (EAE), OPN 
expression was constantly evidenced in microglia next to periventricular lesions and in neurons limited to 
the relapse phase, which increased in mice with greater disease severity[98]. Moreover, when recombinant 
OPN was given to mice, severe relapses occurred after 1-3 days. Conversely, knockout mice for OPN 
seemed to be protected from the development of severe EAE[96].

Accordingly, immunohistochemistry analysis of MS brain lesions in humans identified marked OPN 
expression immediately near the lesions, in vascular endothelial cells, microglia and astrocytes, which was 
greater in more active lesions[98,99].

High levels of OPN have been found in plasma of RRMS patients, with greater concentrations in patients 
with active disease compared with those without exacerbations[100-103] and during relapses compared with 
remissions[102,104,105]. Similar results were found in other studies[96,101,106], with significantly higher CSF and 
serum OPN levels in MS patients compared with controls[102,107-110]. A positive correlation between IL-17 
and both OPN and IL-23 concentrations has also been found[106]. Moreover, CSF concentrations of OPN 
in MS patients, re-evaluated 5 years after sampling, proved to be not only elevated but also related to the 
occurence of relapses and to clinical severity[111]. It has been supposed that the increase in OPN during 
relapses has an inverse correlation with the concentration of serum extracellular proteasome, with marked 
effects on chemotaxis[112]. However, other studies did not find a clear association between OPN levels and 
disease activity[107,113]. 

According to some studies, SPMS patients exhibited elevated OPN values as well compared with 
controls[102,107], while a significant difference was not reported by other studies[104]. In a recent meta-analysis 
by Agah and coworkers, all MS patient subtypes showed higher OPN levels compared with controls, except 
for CIS[101]. However, greater concentrations were found in RRMS patients compared with all other groups 
and in those with exacerbations compared with patients with stable disease.

IFN-β proved to downregulate OPN and IL-17 in MS patients and to decrease the incidence of EAE and 
the amount of Th1 and Th17 cells in mice[114,115]. Indeed, RRMS patients treated with IFN-β showed OPN 
at similar levels compared to untreated patients in remission phase[96]. Glatiramer acetate and NTZ lead 
to the decrease of plasma OPN levels as well[107,116]. Several polymorphisms of the OPN gene have been 
investigated to find an association with disease course or activity[117-120]. A few have been correlated with the 
level of disability[118], with disease course and risk for conversion to SPMS[119,120], and with susceptibility to 
MS development and relapse rate[121].

Additional studies are needed to confirm the role of OPN as a useful disease activity biomarker. 

C-X-C motif ligand 13
C-X-C motif ligand 13 (CXCL13), also known as B cell attracting chemokine (BCA-1), is a protein favoring 
the chemotaxis of mature B lymphocytes by interaction with its receptor CXCR5. This receptor is also 
expressed by CD4+ T follicular helper cells, CD4+ Th17 cells, activated Treg cells and a subgroup of CD8+ 
T cells[122]. 
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Together with other lymphoid chemokines, it favors the organization of germinal centers in lymphoid 
follicles, including meningeal tertiary lymphoid organs in the CNS[122]. Indeed, CXCL13 has been found to 
be overexpressed in active MS lesions and in intrameningeal B-cell follicles of chronic white matter lesions, 
sustaining humoral autoimmunity and disease activity[122,123]. Not coincidentally, mice lacking CXCL13 
develop milder forms of disease[124], and its expression correlates with intrathecal Ig syntesis[125].

In a recent meta-analysis conducted on 226 studies about the role of several cytokines in patients with MS, 
CSF CXCL13 levels proved to differentiate well between patients with MS and controls and to decrease 
after DMDs[126,127]. Accordingly, in a study by Khademi and coworkers, CSF CXCL13 was found to be 
significantly higher in infectious neurological diseases and MS. The latter group showed significantly higher 
values than CIS and other controls[128]. However, its lack of high specificity was confirmed by overexpression 
of CXCL13 in the CNS in other diseases, such as neuroborreliosis and primary CNS lymphoma[129]. Next to 
its diagnostic role, it also proved to be higher in CIS converting to clinically definite MS[130] and to correlate 
with both clinical and radiological disease activity[127,128]. Currently, its role as predictive for CIS conversion 
has an intermediate level of evidence, needing replication in additional cohorts[3]. 

Elevated levels of CSF CXCL13 also seem to decrease after B-cell depleting treatment such as 
rituximab[129,131], after methylprednisolone[127] and NTZ[127,132]. High CSF CXCL13 levels also correlated with 
low expression of immunoregulatory IL-10 and TGF-β1[127]. On the basis of this evidence, CSF CXCL13 has 
been mainly suggested as a disease activity and treatment response biomarker.

MMP-9
MMPs are zinc-endopeptidases, able to catalyze the cleavage of many substrates in several physiological and 
physiopathological processes. Indeed, MMPs play a role in tissue remodeling, angiogenesis and cell migration, 
but also in inflammation, wound healing and malignancies[133]. During inflammation, many molecules 
are able to activate MMPs, including reactive oxygen species and both TNF-α and IL-17 via NF-kB[134,135]. 
MMPs, in turn, are able to activate cytokines, adhesion molecules, receptors and microglia[136,137]. Moreover, 
MMPs may determine BBB dysfunction by proteolyzing capillary basement membrane and tight junction 
proteins between endothelial cells[133,138].

MMPs seem to be involved in several neurological diseases, such as MS, Alzheimer’s disease, Parkinson’s 
disease, cancer and cerebrovascular diseases[133]. In EAE, elevated levels of several MMPs have been found, 
considered responsible for major severity of the disease[133,139,140]. It has been supposed that MMPs may act 
in MS through the digestion of myelin basic protein (MBP) as well, besides favoring leukocyte leakage 
at post-capillary venules[138]. Among six subfamilies, gelatinases (MMP-2 and MMP-9) are constitutively 
expressed in brain and best explored in MS pathogenesis[133]. Particularly, there is slightly more evidence 
about MMP-9 as a disease activity biomarker in MS, while results on MMP-2 are more controversial[141,142].

Elevated levels of MMP-9 have been detected in serum and CSF of patients affected by MS and other 
neurological diseases compared with controls, showing an association with disease activity[143-149]. In a 
study by Lee and coworkers, higher values of MMP-9 were found during clinical relapses, also related to a 
greater number of MRI gadolinium-enhancing (Gd+) lesions[144]. Similarly, another study confirmed higher 
concentrations of CSF MMP-9 in MS patients compared with controls, more in RRMS compared with 
PPMS ones, but there was no unequivocal association with clinical disease activity[148]. 

Considering the role in MMP inhibition played by tissue inhibitors of MMPs (TIMPs), the ratio MMP-9/
TIMPs has also been considered as an equally valid biomarker and has been found to be increased in the 
serum of MS patients compared with controls, accordingly to elevated MMP-9 levels[149].
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An increased expression of MMP-9 in active MS lesions and in active borders of chronic lesions has been 
found in some studies employing brain tissue from MS patients[150,151], confirming previous results and 
corroborating MMP-9 as a potentially valid disease activity biomarker.

Some studies have explored the variations of MMPs levels in patients under DMDs. A significant decrease 
in serum MMP-9 mRNA in RRMS patients under IFN-β has been noted after a 12-month follow-up by 
Galboiz and coworkers[152] and confirmed by other studies[153]. Among these, changes in MMP-9 levels 
occurred under IFN-β-treatment in a study by Comabella and coworkers, with a trend of reduction 
during the first 3 months and then an increase until reaching baseline values. Worthy of note, a significant 
increase in TIMP-1 concentrations occurred in the responder group compared with non-responders[154]. 
A possible response to NTZ treatment has also been explored. Balasa and coworkers reported a significant 
decrease in serum MMP-9 after 8 months of treatment and a good correlation between the biomarker 
and disease activity[155], but this finding was not confirmed by other studies[156]. In NTZ-treated patients, 
decreased baseline levels of MMP-9 were found in patients who developed progressive multifocal 
leukoencephalopathy compared with those who did not[157].

However, additional studies are needed for its validation, providing evidence of its role as a potential 
disease activity biomarker for MS.

Myelin basic protein
It has long been known that MBP is a potential disease activity biomarker for MS[158], since it displays 
an acute damage to CNS myelin, despite not being specific for the disease[159]. MBP is a polypeptide 
that assures the preservation of myelin structure and membrane compaction[160]. Four human isoforms 
are known, one of them prevailing in adult CNS myelin as a polypeptide containing 170 amino acid 
residues[161]. MBP contains multiple epitopes, with the ones recognized by monoclonal and polyclonal 
antibodies mainly allocated in 80-100 residues[161,162]. MBP-specific effector T lymphocytes have proved to 
play an essential role in the pathogenesis of experimental EAE models[163], which is rather suppressed when 
T cells are inhibited by MBP-specific Tregs[164]. 

Several studies have found increased CSF levels of MBP in patients with MS, temporally related to 
relapses[158,159,165-167] and detectable up to 5-6 weeks later[168]. Accordingly, RRMS patients with disease 
activity show higher values than progressive MS and stable patients[165]. CSF MBP concentrations are also 
greater when polysymptomatic and severe relapses occur, correlating with EDSS score and MRI activity 
and decreasing after corticosteroid treatment[168,169]. Zhou et al.[170] explored the association between MBP 
gene variations and MS course in a 5-year prospective study involving 127 patients with CIS, identifying a 
risk genotype (CT+TT of rs12959006) for the risk of conversion to MS, disability progression and relapses. 
MBP-like material has been found in the urine of MS patients as well, although its concentration fluctuates 
and does not seem to be temporally related to acute myelin damage. Conversely, higher values have been 
found in SPMS patients and are supposed to be related to disease progression[161]. Considering the role of 
MBP in the pathogenesis of MS and its potential role as a therapeutic target, several clinical trials have been 
carried out or are currently ongoing to evaluate possible new drugs[171-174]. However, this biomarker has not 
been validated and the preliminary results need to be replicated in additional cohorts.

Neuronal cell adhesion molecule
Neuronal cell adhesion molecule (N-CAM) is considered a marker of repair and remyelination[175] and it 
is mainly expressed in the CNS, but its involvement in neoplastic diseases has also been documented[176]. 
During the development of the CNS, the polysialylated form of N-CAM is actively involved in myelination, 
axonal growth and neural cell migration[177]. It has been found to be expressed by neural precursors of 
oligodendrocytes, astrocytes and neurons, supporting the process of myelination in the olfactory bulb in 
mouse brain[177]. 
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In animal models, increased N-CAM expression has been identified in astrocytes in acutely demyelinated 
areas[178] and, similarly, in areas damaged by kainic acid[179]. Soluble forms of N-CAM have also been found 
to be involved in peripheral nerve myelination and repair, with Schwann cells expressing specific receptors 
for the molecule[177]. Both soluble and membrane-bound forms of this molecule exist, with different and 
little known expression and specific functions, and N-CAM belongs to the immunoglobulin superfamily[180]. 
Normal CSF values of soluble N-CAM range between 460 and 1,060 ng/mL[177]. Among several neurological 
diseases, CSF levels were found to be reduced in MS patients, who showed a mean value of 250 ± 107 ng/mL, 
compared with healthy controls (mean value of 412 ± 109), with similar findings when comparing patients 
affected by Alzheimer’s disease and meningitis with controls, regardless of age and gender[180]. Moreover, 
PPMS patients exhibited lower levels compared with RRMS ones[181]. These data confirmed the results of a 
previous study showing lower soluble N-CAM concentrations in non-acute phase MS patients compared 
with controls and acute-phase MS patients[182]. In the last group, indeed, increased CSF N-CAM levels 
were noted, gradually increasing in the first week after relapse and correlating well with the remission of 
symptoms[183]. Moreover, comparing acute-phase patients who underwent steroid treatment with those who 
did not, significantly greater values were recorded in the first group[183]. However, steroid treatment does 
not determine an increase in N-CAM levels in itself, and this finding was not reported in non-acute phase 
MS patients who were treated[183].

Among DMDs, NTZ and mitoxantrone proved to significantly increase N-CAM levels in MS patients, 
while fingolimod did not[181].

Considering the evidence of lower N-CAM levels in PPMS compared to RRMS[181], in RRMS compared to 
CIS, and in polyneuropathy compared to Guillain-Barré syndrome[180], this molecule is actually considered 
mainly as an indicator of scarce repair capability more than a marker of severe neuronal damage[180]. 
However, it is not currently used in clinical practice and needs further validation[1,184].

Chitinase-3-like-1
Chitinase-3-like-1 (CHI3L1) (or YKL-40) belongs to the family of chitinases, enzymes that catalyze the 
cleavage of chitin by hydrolysis. Its biological role in humans has not been definitely clarified, despite many 
proofs of its involvement in several processes exist, such as tissue remodeling, angiogenesis, tumorigenesis 
and inflammation[185]. Belonging to the same family, chitotriosidase is known to be associated with several 
diseases, including infectious and inflammatory ones[186]. 

Though it is not a specific marker for MS, CSF CHI3L1 levels have been found to be increased in RRMS 
and NMO patients compared with controls, including healthy people, patients suffering from other 
inflammatory diseases and SPMS patients[185,187,188]. Conversely, serum CHI3L1 levels were not significantly 
different between groups in the aforementioned studies[185,187]. Elevated levels of CHI3L1 were also detected 
in both PPMS and SPMS compared with healthy controls[189]. Patients who fulfilled diagnostic criteria for 
active progressive MS or showed elevated levels of MMP-9 and CXCL13 also had higher concentrations of 
CHI3L1[189]. However, as a diagnostic biomarker, CHI3L1 needs further replication in additional cohorts[3].

Particular attention has been given to the prognostic role of this molecule, whose CSF concentration has 
proved to be an independent predictor for the risk of conversion to clinically definite MS in CIS[187,190-192], 
but not in RIS[32]. In a study by Comabella and coworkers, CSF CHI3L1 levels additionally correlated 
with shorter latency time of conversion and with disability progression during follow-up and radiological 
disease activity[190]. 

In a large multicenter study involving 813 patients with CIS, the aforementioned results were confirmed. 
Not only CSF CHI3L1 concentration was associated with the risk of conversion to clinically definite MS, 
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but it also was correlated with shorter time to conversion and to disability worsening, for which it was an 
independent risk factor[192]. As a consequence, there is strong evidence of its role as a biomarker able to 
predict CIS conversion, and it should be assessed for clinical implementation[3].

As a treatment response biomarker, serum CHI3L1 levels were measured in 76 RRMS patients under IFN-β 
treatment and were found to be increased in the non-responder group compared with the responder one. 
As there was such a difference since baseline, it was suggested that non-responders had higher disease 
activity and accordingly greater CSF CHI3L1 levels[193]. 

Other biomarkers requiring further validation
Several T-cell cytokines have been explored as potential biomarkers for MS, but which are crucial in MS 
pathogenesis has not been entirely elucidated yet[194]. 

IL-12 and IL-23 respectively induce the differentiation of naive T cells in IFNγ-producing Th1 cells and 
IL-17-producing Th17 cells[195]. Both interleukins increase the encephalitogenic potential of T lymphocytes, 
but only IL-23 has been found to be a critical molecule in the development of EAE[196]. On the basis of 
results coming from EAE models, where animals improved after administration of neutralizing antibodies 
against the shared IL-12/IL-23 p40 subunit, a phase II double-blind placebo-controlled trial with the 
monoclonal antibody ustekinumab was conducted in 249 RRMS patients, although it did not show 
substantial efficacy[197]. 

Differently, IL-17 does not seem to be crucial to EAE development, though increasing its severity and 
atypical presentation, maybe through the recruiting of neutrophils and the effect of MMPs[194]. Nevertheless, 
increased IL-17 mRNA expression in mononuclear cells was found in MS lesions and in CSF and blood of 
MS patients[198,199], and Th17 cells were found to undergo a more marked increase in CSF during MS relapses 
than Th1 cells, which usually prevail in both blood and CSF[200]. A monoclonal antibody against IL-17A 
(secukinumab) has proved to reduce MRI activity in MS, but further studies are needed[201]. 

Tumor necrosis factor alpha (TNF-α) is a cytokine involved in the pathogenesis of several autoimmune 
diseases, including MS, wherein increased CSF and serum levels of this molecule have been detected[202-204]. 
Today, it is known that TNF-α may exert different biological effects, depending on the involved receptor, 
both stimulating inflammatory processes and apoptosis (via TNF receptor 1) or inducing a pro-survival 
pathway and reducing inflammation (via TNF receptor 2). This might explain the failure and the 
unexpected results of treatment approaches with unselective anti-TNF-α drugs in MS patients, which lead 
to an increase in disease activity in MS[205,206]. The modulation of TNF-α signaling has provided promising 
results in EAE, whose remission has been induced by selective inhibition of the soluble form of TNF-α, 
which mainly acts via TNF receptor 1[207]. 

B cell-activating factor (BAFF), belonging to the TNF family, is a maturation and survival factor for B 
lymphocytes, whose serum levels have been found to be increased in several autoimmune diseases [208]. 
In MS, increased BAFF concentrations in CSF and in demyelinating lesions have been detected[209]. The 
association with disease activity has not been elucidated, since some controversial results have been 
reported[1,209]. Moreover, the clinical significance of increased BAFF levels under treatment with some 
DMDs is not clear[209].

PROGNOSTIC BIOMARKERS
Neurofilaments
Neurofilaments (NFs) are components of the neuronal cytoskeleton, responsible for the increase in nerve 
conduction velocity in myelinated fibers and for their structural support[210]. Consisting of heavy (NF-H), 
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medium (NF-M) and light (NF-L) chains[211], their detection in CSF and blood samples has been the subject 
of interest for years. Several studies investigated the increase in NFs in several neurological diseases[212], 
such as amyotrophic lateral sclerosis[213], Alzheimer’s disease[214], frontotemporal dementia[215], stroke[216], 
MS[211], Huntington disease[217], atypical parkinsonian syndromes and neurocognitive impairment in HIV-
positive individuals[218]. 

In most cases, NFs have been investigated as a potential prognostic and disease activity marker related to 
axonal damage, speculating a relation between the quantitative amount of CSF and serum NFs and the rate 
of neurodegeneration[218].

In MS, NFs have also been extensively examined as a diagnostic, disease activity and drug response 
biomarker. Moreover, serum NF-L levels, detected through a single molecule array (Simoa), appear 
strictly related to CSF levels[219-222], despite being approximately 42-fold lower[223]. Cut-off values have not 
been unequivocally established as for CSF ones. However, serum NF-L values between 16-20 pg/mL have 
been identified as a normal range among a heterogeneous group of healthy controls enrolled in various 
studies[211], without gender difference and with a trend to increase along with age-related physiological 
axonal damage[223].

Particularly, while the detection of higher CSF NF-H levels in SPMS patients suggests a major correlation 
with chronic axonal damage and is accordingly age-related[224,225], CSF NF-L seem to be better related to 
acute axonal damage due to inflammation. Indeed, increased levels of NF-L were found in CSF of MS 
patients compared with controls, with greater concentrations during exacerbations. Moreover, such high 
concentrations were associated with progression in both clinically stable patients and relapsing ones[226,227]. 
A recent meta-analysis confirmed these results, finding higher CSF NF-L levels in RRMS patients compared 
with PMS and double concentrations in relapsing patients compared with remitting ones[228]. 

In a longitudinal study involving 22 IFNβ-1a- and riluzole-treated patients and 20 IFNβ-1a- and placebo-
treated ones with early MS, serum NF-L concentrations were assessed over a 24-month period, correlating 
well with EDSS changes, Gd+ lesions and the development of brain atrophy. Moreover, increased 
serum NF-L levels were associated with worse results in neuropsychological tests assessing visuospatial 
functioning, recall and both verbal and non-verbal episodic learning[229]. 

Similar results concerning the association between serum NF-L levels and cognitive impairment in early 
stages of MS[230] and between serum NF-L concentrations and EDSS changes[231] were confirmed by other 
studies, though not all agreed[232]. Despite correlating with EDSS in PMS patients, serum NF-L levels failed 
to correlate with EDSS progression in the previous year and during a median follow-up of 27 months. 
Particularly, serum NF-L increased in all PMS patients, including those who did not exhibit changes in 
EDSS or an increase in disability[232].

In patients with RIS, increased CSF NF-L levels were found to be an independent risk factor for the 
conversion to CIS and MS. Matute-Blanch and coworkers considered a cut-off value equal to 619 ng/L, 
since greater values were related to shorter times of conversion[32]. CSF NF-L concentrations have been 
found to be increased in patients with CIS as well[233], with greater ones in those who converted to clinically 
definite MS[224,234]. Despite these promising results, their role as prognostic biomarker for CIS conversion is 
still weak, and replication in larger cohorts is needed to confirm it[3].

In 86 CIS patients with optic neuritis as the first clinical event, CSF NF-L levels also predicted long-term 
cognitive and physical disability over a follow-up period ranging between 9 and 19 years[235].
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As a disease activity and prognostic biomarker, the amount of CSF NF-L levels showed a significant 
association with NEDA-3 status, MRI activity and brain atrophy and significantly correlated with serum 
NF-L ones[11]. In several studies, serum NF-L also correlated with MRI activity, predicted the development 
of brain volume loss in a period of 2 years and decreased under DMDs[236,237]. A recent study obtained 
similar results, with serum NF-L detected in early phases contributing to the prediction of lesion load and 
brain volume loss over a period of 10 years[238].

CSF NF-L concentrations proved to decrease after 12-24 months of immunosuppressive therapy in active 
progressive MS patients[239] and after switching from first-line therapies to fingolimod in RRMS ones[240]. 
Moreover, compared with NF-H, CSF NF-L has been found to be superior as a therapeutic biomarker 
after 12 months of NTZ-treatment in RRMS patients[241,242]. Nevertheless, the potential role of CSF NF-L 
as a treatment response biomarker is severely limited by the invasiveness of performing serial lumbar 
punctures. Conversely, serial serum NF-L assessments would represent a more easily detectable marker 
and a reliable indicator of CSF NF-L levels[219,221]. Results from a recent study conducted on 15 MS patients 
treated with alemtuzumab and monitored with serial serum NF-L measurements were significant[243]. 
Indeed, serum NF-L levels correlated well with clinical and radiological activity at baseline and during 
follow-up, decreasing within 6 months from drug administration until reaching stable values under 8 pg/ml 
in those patients who achieved NEDA-3. Moreover, patients who showed clinical and radiological disease 
activity during follow-up also exhibited increased levels of serum NF-L up to 5 months before relapses.

So far, several studies have confirmed the reliability of NF-L as a disease activity and treatment response 
biomarker for MS, even though it does not represent a MS-specific biomarker. However, a precise cut-off is 
still missing, precluding the chance to stratify the risk of clinical and radiological disease activity according 
to NF-L levels. The opportunity to consider only intra-individual values is still debated, without focusing 
on their deviation from values reported in healthy people[237].

Further replication in larger, multicenter cohorts is needed. A randomized controlled trial, prospectively 
recruiting 900 patients from 45 sites in the USA, will provide further information about the potential role 
of serum NF-L as a prognostic and treatment response biomarker for MS[244].

IgM oligoclonal bands 
Unlike small and monomeric IgG, IgM are large molecules consisting of pentameter units and ten 
antigen-binding sites and are strong activators of complement[245]. In a similar way to CSF IgG OCB, their 
identification is considered a sign of intrathecal synthesis, suggesting an inflammatory disease of the 
CNS[246]. However, CSF IgM oligoclonal bands (IgM OCB) are mainly considered a prognostic and disease 
activity biomarker than a diagnostic one, though not routinely used in clinical practice[1]. 

In a study involving 29 MS patients who were followed-up for 5 to 16 years, the presence of CSF IgM OCB 
was strongly associated with conversion to SPMS and the achievement of greater EDSS scores[247]. In a 
similar way, IgM OCB-positivity strongly predicted a severe disease course influencing the probability of 
developing greater disability in a cohort of 64 MS patients[248]. 

In patients with CIS, the identification of CSF lipid-specific IgM OCB was associated with greater MRI 
lesion load and brain atrophy at the first clinical event [249] and with an aggressive disease course[250]. 
Periventricular lesion load during the first years of disease proved to be related as well to the entity of IgM 
intrathecal synthesis in CIS patients, so that an active role of IgM in the development of demyelinating 
lesions has been supposed[251].

Moreover, both the risk of a second clinical event and its earliness were strongly increased when both CSF 
lipid-specific IgM OCB and IgG OCB were detected, as in 22% of 192 patients with CIS[252]. In another 
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study by Ferraro and coworkers, the identification of CSF IgM OCB in CIS patients was predictive of 
the occurrence of another relapse within a year[253]. Results from a blinded multicenter study involving 
52 neurological patients and 13 centers confirmed the reproducibility of the test[254]. However, further 
confirmatory studies in additional cohorts are needed, and IgM OCB detection currently has an 
intermediate level of evidence as a predictive biomarker for CIS conversion[3].

The presence of CSF IgM OCB has been also associated with a severe disease course in RRMS patients, 
while it seems to be less frequent among PPMS compared with RRMS ones[255]. Strong evidence of its value 
as a prognostic biomarker for RRMS exists[3,249], so its potential clinical implementation has to be evaluated.

Finally, there is little evidence for the possible interactions between DMDs and CSF IgM OCB. The 
response to IFN-β treatment in RRMS seems to be reduced in patients exhibiting CSF lipid-specific IgM 
OCB, who showed a minor reduction in relapse rate and a higher probability of achieving greater EDSS 
values[256]. 

NTZ has proved to reduce serum IgM and IgG levels after 2 years of treatment in a time-dependent 
manner[257]. In a study by Villar and coworkers, NTZ determined a decrease in CSF IgM OCB in patients 
with no active disease, with complete disappearance in 70% of them, while no effects were reported in 
those with active disease[258].

Glial fibrillary acidic protein
Glial fibrillary acidic protein (GFAP) is highly expressed in the cytoskeleton of astrocytes, and it belongs 
to the family of intermediate filaments, which are highly cell type specific[259]. Since GFAP is upregulated 
in astroglial cell activation (astrogliosis), occurring in many inflammatory and non-inflammatory 
diseases[167,259-261], it has been explored as a biomarker for MS. Particularly, reactive astrocytes proved to 
be actively involved in neurodegenerative diseases, probably losing their protective role and developing 
neurotoxic functions[262-264]. The glial scar itself, which physically protects a damaged area, may also 
physically obstruct remyelination[264]. Finally, A1 astrocytes were found in MS lesions, as in EAE models 
where they were associated with neuronal and oligodendrocytic death[262]. On the basis of these remarks, 
an association between GFAP and disability in MS has been investigated. Elevated CSF GFAP levels were 
found in MS patients compared with controls[265-267], showing higher concentrations in patients with EDSS 
greater than 6.5 compared with those with minor disability[266]. In a study by Högel and coworkers, serum 
levels of GFAP proved to be associated with a greater EDSS score as well, but also with longer disease 
duration and progressive course[268]. On this issue, positive correlations have been found between CSF 
GFAP and disease duration, likewise between serum GFAP and disease severity, in a cohort of 93 PPMS 
patients[264]. In a study by Axelsson and coworkers, the increased levels of GFAP in MS patients were 
predictive for disability resulting 8-10 years later, confirming the association of this molecule with disability 
and progression in MS patients[267]. A similar result was obtained in a more recent longitudinal study 
involving 301 patients with CIS/MS with a mean follow-up time of 11 years, showing a correlation between 
GFAP levels and an early progression in the EDSS score[234]. However, further studies are needed to confirm 
its role as a prognostic biomarker for MS. 

Evidence of an association between GFAP and high disease activity also exists, showing correlation with 
MRI parameters such as infratentorial chronic lesion load and the intensity of Gd+ in both CIS and RRMS 
patients[269]. Effectively, there is evidence that GFAP may increase in CSF and serum soon after (4-24 h) 
traumatic brain injuries, as a marker of acute lesion[261]. Due to its high cell type specificity and good 
correlation with neuronal degeneration, GFAP is currently considered a potential prognostic biomarker for 
progression[4].
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CONCLUSION
Research on biological markers is very active and current. At present, there are few molecules available, 
considering the hundreds under investigation. But they are continuously increasing due to a greater 
knowledge of MS and its underlying physiopathology. For instance, there are no clinically useful disease 
activity biomarkers, despite the large number of exploratory molecules described for this functional group. 

As for the group of diagnostic biomarkers, previously dominated by IgG OCB analysis, the possibility to 
rely on quantitative, less expensive and less time-consuming assessments as a first-line screening, is moving 
forward. 

Though it is true that CSF is the most suitable means for getting information about CNS physiopathology [15], 
it is equally true that much of interest is moving towards serum biomarkers. For quite some time, their 
clinical use has been limited by both a greater variability and very low concentrations, a problem overcome 
by the introduction of increasingly sophisticated tools (e.g., the detection of serum NF-L levels through 
Simoa)[222]. Furthermore, treatment response biomarkers, such as anti-IFN-β and anti-NTZ antibodies, 
are mainly determined in serum and have not been included in this review, which is focused on CSF 
biomarkers. Despite requiring a more invasive approach, CSF still represents a unique source of data about 
the CNS, enough to have been defined as a “liquid biopsy” of CNS[4]. This is even more true since the 
histological analysis of brain tissue cannot be routinely performed and almost any study on new potential 
biomarkers has to start from CSF analysis. There is no doubt that we are now able to diagnose and treat 
patients in early phases and even wondering about treating asymptomatic patients with only radiological 
signs suggestive of the disease. Thinking of how MS diagnosis has been revolutionized by MRI in the last 
20 years, it would not be impressive if new and promising biomarkers might lead to a new revolution in MS 
in the coming years. 

HIGHLIGHTS
1. CSF is a unique source of potential biomarkers for MS, despite requiring a certain invasiveness for its 
collection. 
2. Only CSF diagnostic biomarkers are currently used in clinical practice, though hundreds of molecules 
have been validated as disease activity and prognostic biomarkers.
3. IgG OCB maintain a prominent role as a validated diagnostic biomarker and are considered an 
alternative tool to MRI which can substitute for dissemination in time according to the 2017 revision of 
McDonald criteria. They also retain a prognostic role for conversion to MS when detected in patients with 
CIS.
4. NF-L has proved to be a useful biomarker as indicator of disease activity in MS. The possibility of 
measuring NF-L at different time points through serum detection makes it also suitable for the monitoring 
of treatment response.
5. KFLC index has proved to be a more sensitive but less specific diagnostic biomarker compared with IgG 
OCB, representing a potential first-line assessment in patients with suspected MS and reducing the request 
for IgG OCB analysis. It has a role as a prognostic for CIS conversion biomarker as well, but the lack of a 
universal cut-off value still represents a limit.
6. IgM OCB show good potential as a prognostic biomarker, since they are associated with an aggressive 
disease course, a higher risk of conversion to MS in CIS patients, disability progression and conversion to 
SPMS.
7. Several disease activity biomarkers seem promising, though requiring further validation. Increased levels 
of NO metabolites, OPN, MBP, MMP-9, N-CAM, CXCL13 and CHI3L1 have been detected in a close 
temporal correlation with relapses. 
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Abstract
Slow biphasic complexes (SBC) were found in the electroencephalogram (EEG) of patients with inflammations of 
the brain. We have developed an automated method to identify them and proved that they represent a sensitive 
marker of the severity of encephalitis. Here we focus on another property of SBCs, i.e., the localization of their 
sources. We present two encephalitic patients, showing lesions in the magnetic resonance images, which are 
either spread in the brain or focused on the left hemisphere, respectively. Applying a source localization algorithm 
to the identified SBCs, we found either a diffused or a left-focused distribution, respectively. This result further 
suggests a relation between neuroinflammation and appearance of SBCs, indicating that their distribution reflects 
in part the localization of brain lesions. This promising result extends the information that can be extracted from 
EEG, promoting the reduction of expensive or invasive measurements in encephalitic patients.

Keywords: EEG, encephalitis, slow biphasic complex, source localization

INTRODUCTION
Encephalitis is an inflammatory process of the cerebral parenchyma associated with neurological 
dysfunctions[1], which requires prompt diagnosis and intervention[2]. It is caused mainly by infectious 
diseases or immune disorders, cancer, and vascular problems[3,4]. It can have different progressions (acute, 



subacute, or chronic) and patients frequently report neurological sequelae[3,4]. The incidence of infectious 
encephalitis is estimated at 1.5-7 cases per 100,000 inhabitants/year in the world[5], and 10.09 cases per 
100,000 in Italian infants[4]. Encephalitis is a serious problem requiring hospitalization and giving a 
significant economic burden on society[6]. 

In more than 50% of cases the etiological cause is unknown and patients are admitted with non-specific 
symptoms at the time of presentation[7]. However, the main manifestations are brain suffering and/or 
altered state of consciousness, possibly in addition to fever, focal neurological deficits, epileptic seizures, 
abnormalities in the electroencephalogram (EEG) or neuroimaging, and cerebrospinal fluid (CSF) 
pleiocytosis. After a rapid evaluation of basic vital functions, serological and instrumental tests, empirical 
urgent therapy is usually adopted for symptomatic patients, in association with antiviral, antibiotic, and 
steroid drugs[8]. Prognosis is difficult to evaluate, mainly due to the multiple possible aetiologies (for 
example, in the case of herpes simplex encephalitis, which is the most common one, mortality in the range 
of 5%-20% was documented for patients treated with antiviral, 70% in those who did not receive treatment)[9].

The EEG has a fundamental role in the diagnostic framework. Different aetiologies of encephalitis were 
found to be associated with specific EEG patterns: for instance, triphasic waves are pathognomonic of 
hepatic encephalopathy[10] and lateralized periodic discharges or periodic lateralized epileptiform discharges 
are found in herpetic encephalopathy[11]. Moreover, stage II of subacute sclerosing panencephalitis is 
characterized by bilaterally symmetrical and synchronous generalized, stereotyped high amplitude delta 
waves, called Radermacker or “R” complexes[12]. Here we are interested in a specific EEG element, called 
slow biphasic complex (SBC), described as identical in the first part to the “R” complex even if it has 
different spatial and temporal properties[13]. SBC has been described as associated with the inflammatory 
processes of the central nervous system[13-17]. We have recently proposed an automated method to identify 
SBCs in an EEG trace, opening the possibility of quantifying them and investigating their origin. In 
particular, we have demonstrated that the number and amplitude of complexes reflect the severity of the 
inflammation in pediatric encephalitic patients[14]. Moreover, we have proposed to integrate information 
from different features of SBC to improve the diagnosis[18]. 

Herein, we focus on the relation between the location of SBCs and brain lesions found in magnetic 
resonance images (MRI). Methods for EEG source detection are applied to the identified SBCs to 
localize the brain areas producing them. This could be a promising tool to investigate the topography of 
inflammatory activity[19]. We report the application of this method in two specific cases.

CASE REPORT
We applied our processing to the EEG recorded from two patients also considered in a previous paper[14] 
(to which the reader can refer for details on EEG recordings), for which MRIs were also available. For each 
patient, we considered EEG data recorded close to the day in which the MRI was acquired. The two patients 
were very different, the first showing diffused lesions due to acute disseminated encephalomyelitis (ADEM) 
and the second with inflammatory processes, caused by infectious etiology, focused in one hemisphere. In 
this section, we first introduce the processing methods; then the two cases are discussed.

Methods
An algorithm we introduced before was applied to identify the SBCs[14]. Then, a method for source 
localization was used to identify the brain areas involved in the production of the complexes. These 
locations were compared to those of lesions identified in the MRIs by an expert neuro-radiologist.

Identification of slow biphasic complexes
SBCs were identified by the method described in a previous paper[14]. In brief, each EEG trace was 
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processed with a set of match filters, each comparing the signal with a scaled version of a prototype 
biphasic waveform. The identified complexes were then automatically reviewed, excluding outliers and 
waveforms showing repetitive firings, as some waveforms could have a shape similar to that of an SBC, but 
they could not satisfy some properties indicated in previous publications[14,17,18].

Source localization
Source localization in EEG refers to the detection of the sources inside the brain that generate the electrical 
activity acquired on the scalp. When the available electrodes are in a small number (as in our cases, in 
which either 12 or 18 channels were available for the two cases, respectively), the source detection may 
have low accuracy[20], but can provide useful information on the brain areas that are most involved in the 
inflammatory activity.

From the mathematical point of view, the dipoles inside the brain that produce a scalp potential that best 
fits the original data are sought. The problem can be written as follows:

M = GD + n                                                                                  (1)

where each row of the matrix M contains a measured EEG, G is the Lead-Field matrix that describes 
the response of the activation of N different dipoles, whose level of activity (collected in D) should be 
estimated, and n is an additive noise, assumed spatially and temporally white. Different methods have been 
proposed in the literature to solve this problem[19,21]. In this study, the minimum norm estimation (MNE) 
was used[22]. It searches for the solution with minimum power, by minimizing the following regularized 
functional

U(D) = ll M - GD ll2 + all D ll2                                                (2) 

where a  is a regularization parameter to constrain the power of the solution (chosen in this study to be 
equal to the mean of the eigenvalues of GTG divided by 2,500; however the estimation was stable to a 
variation of a  by an order of magnitude). It brings to the following solution to recover the sources:

 DMNE = (GTG + aIN)-1GTM                                                        (3) 

where IN is the identity matrix of dimension N × N.

Localization of sources of SBCs
The waveforms of interest are concentrated in a low-frequency band. After visual inspection of the 
portions containing SBCs, each EEG trace was then band-pass filtered between 0.5 and 5 Hz (Chebychev 
filter of order 6 of type I), and the common-mode was removed. This filter provided clean EEG traces, 
focusing the source detection mostly on the waveforms of interest. Half second long windows centered 
on the identified SBCs were concatenated to generate the rows of matrix M in equation (1). Then, MNE 
(FieldTrip implementation[23]) provided a discrete brain model made of equivalent current dipole sources, 
containing the mean activation over time for each source location. The same procedure was applied to EEG 
data with the same duration obtained concatenating windows not including SBCs, to estimate the average 
background activity. The difference between the medians of dipole intensities during SBC onsets and in the 
background was then investigated (checking significant differences with the Wilcoxon rank-sum test for 
equal medians, with significance level P = 0.001). 

First case 
A 4-year-old subject was considered. At the time of the presentation, the patient presented with fever, 
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headache, lower back pain, and somnolence. The symptoms, after a temporary regression with nonsteroidal 
anti-inflammatory drugs, deteriorated in the following days leading to confusion, plaintive, and drowsiness 
and patient was hospitalized. Empirical therapy was administered with antibiotics, antiviral, and steroid 
therapy. Lumbar puncture was performed which demonstrated an elevated CSF pressure, but laboratory 
tests (i.e., physical chemical test and cell counting) were negative. Blood chemistry tests showed a mild 
increase in white cells and high inflammation indexes.

The EEG performed at the onset showed a severe widespread brain suffering from SBCs on the frontal 
areas. The first brain MRI showed an ADEM-compatible result, with cortico-subcortical lesions prevalently 
observable in the frontal lobe (bigger on the left), medial temporal cortex, and basal ganglia.

We processed an EEG trace acquired the day before the MRI registration. The results are shown in Figure 1. 
The MRI is shown on the left with an indication of the main lesions. A portion of EEG is shown in the 
center, with the identified SBCs super-imposed in red color. The localization of SBC sources (emerging 
from the background) is shown on the right. The intensity of dipole sources during SBC activity resulted 
significantly different from the background (higher, actually) in 99% of cases. An important increase in 
intensity can be appreciated for the dipoles in the frontal area and the parietal-occipital lobe. The activity is 
quite spread across the two hemispheres.

During hospitalization, there was a slow improvement in clinical and instrumental examinations. The 
patient after a month was dismissed from the hospital with ADEM diagnosis and a schedule of follow-up.

Second case 
A 10-year-old subject was considered. In the beginning, the child was diagnosed with a rubella type rash 
that after 5 days evolved presenting neurological symptoms with photophobia and drowsiness alternating 

Figure 1. Coronal, axial, and sagittal magnetic resonance images sections of the brain for the first case. The lesions are highlighted with 
red arrows (radiological convention) (A); a portion of electroencephalogram (filtered between 0.5 and 5 Hz) with an indication of the 
identified slow biphasic complexes (SBC) in red color (B); the normalized mean power of the difference between the intensities of the 
sources of the signal during SBCs activation and background (neurological convention) (C)
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with psychomotor agitation. The results of serology and bacteriological tests showed a slight increase in 
inflammatory parameters, in particular of lymphocytes. The examination of the CSF extracted by a lumbar 
puncture reported increased cellularity. Due to the worsening condition, the child was transferred to our 
tertiary children’s center to be admitted to the intensive care unit. The adopted empirical therapy consisted 
of a triad of drugs formed by the antibiotic, steroid, and antiviral drugs (as in the previous case), with the 
addition of antifungal therapy.

The EEG traces initially showed a very slow widespread electrical activity that after a few days has been 
focused on the left hemisphere, in particular on the frontal areas. The MRI, acquired after the admission 
of the patient in the intensive care unit, showed lesions in particular in the flair sequence in the areas 
parasagittal frontal and mesial - insular temporal in the left hemisphere.

We processed an EEG trace acquired two days before the MRI registration. The results are shown in Figure 2. 
The MRI is shown on the left, a portion of EEG in the center, and the localization of SBC sources (emerging 
from background) on the right. Also, in this case, the intensity of dipole sources during SBC activity 
was significantly higher than the background in 99% of cases. An important increase in intensity can be 
appreciated for the dipoles in frontal area (mainly on the left) and a superficial portion of the occipital lobe. 
Most activity is found in the left hemisphere.

Afterward, the clinical situation improved, but the child showed a deficit in the right side of the body. She 
was dismissed with a diagnosis of encephalitis during rubella infection. 

DISCUSSION
In the literature, several studies recognized the possibility to identify the etiological causes of different 
pathologies based on the EEG[24,25]. This allows us to advance diagnostic hypotheses and to outline 

Figure 2. Coronal, axial, and sagittal magnetic resonance images sections of the brain for the second case. The lesions are highlighted 
with red arrows (radiological convention) (A); a portion of electroencephalogram (filtered between 0.5 and 5 Hz) with an indication of 
identified slow biphasic complexes (SBC) (B); the normalized mean power of the difference between the intensities of the sources of the 
signal during SBCs activation and background (neurological convention) (C)
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predictive factors, establishing different outcomes. Early EEG alterations suggest a negative prognosis, 
supporting the use of aggressive anti-inflammatory neuroprotection therapies[26,27]. 

SBCs have been observed in patients with brain inflammations[13,15,28,29]. We have developed an automated 
processing method to identify SBCs and we have shown in previous studies a good correlation between 
their onset and the severity of encephalitis[14,18]. Here we have focused on the distribution of the sources of 
SBCs and their relation with the lesions identified in MRIs. 

Two different cases are discussed. In the first, lesions were widespread in the brain, whereas in the second 
they were more focused on the left hemisphere. Sources of SBCs were also found more widespread in the 
first case and predominantly on the left hemisphere in the second, indicating that the localization of SBC 
sources can provide some insights on the location of the lesions. 

However, we should notice that SBC sources were identified quite superficial, mostly in frontal location 
and not exactly in the sites of the lesions. Notice that the low-frequency activity investigated in this study 
(predominantly in the delta range and increased in our patients, due to brain suffering from encephalitis) 
is larger in the frontal lobe, even during periods in which SBCs are not present. However, the sources of 
SBCs are significantly larger than those producing background activities, indicating that the predominant 
identification of SBC sources in the frontal lobe is not a bias. 

Possibly, our results could be biased by both the source localization algorithm and the surface EEG 
technique in general, which emphasizes cortical contributions. Indeed, the activity of cortical neurons is 
recorded with a larger amplitude than that of deeper sources (possibly, even appearing under the noise level 
or covered by the synchronous cortical activity of areas also affected by the inflammation). Consider also 
that a small number of electrodes was used in our clinical recordings, hampering the identification of deep 
sources[20]. Moreover, lesions affect the activity of cortical neurons connected to the inflamed ones: these 
connected neurons could also be far apart from the lesions. Thus, it could be possible to observe altered 
activity not only in a contiguous area, but also distant from the lesions, i.e., produced by cortical neurons 
in connection with the focal area of inflammation, but located far apart (reflecting a well-known difference 
between anatomical and functional correlates in the brain). Notice also that, if the area of inflammation 
is located in the white matter, it affects only axons and action potentials propagating along them are less 
visible from EEG than post-synaptic potentials. However, as mentioned above, even if the exact locations 
of the lesions are not easy to be identified, our results suggest that the spread of the lesions and a possible 
asymmetry can be found (indeed, in the first case, the identified SBC sources are widespread and, in the 
second case, SBC sources are predominantly found in the same hemisphere in which lesions are located). 

Further work is suggested to deepen the promising results found in this pilot study on a few patients. In 
particular, using a high-density system for EEG acquisition could allow us to better locate the sources of 
SBCs, to be correlated with MRI results[30]. Moreover, the use of functional MRI in synchronous with EEG 
registration[31] could help in investigating better SBC sources. 

As EEG acquisition is cheaper and faster than MRI recording, the possible confirmation of the relation 
between SBC sources location and lesions could have relevance in the clinical practice. Specifically, EEG 
could support the follow-up of the patient, e.g., with daily monitoring of the effect of the treatment on 
the possible reduction of the lesions. This method, if confirmed in an extended study, could support the 
clinician in rapid diagnosis, allowing the fast implementation of specific therapy to improve the prognosis 
and simple monitoring of the progress of the patient.
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Abstract
This is a case report of a COVID-19 infection in a young male, previously healthy. The infection evolved with 
intense headache as the main symptom for 2 weeks. The headache was throbbing, severe, continuous, and 
worsened with efforts such as coughing. The patient presented no meningeal signs and neurological examination 
was normal. This is the first report of severe headache at the onset and main symptom of COVID-19 infection.

Keywords: Coronavirus, headache, pain, COVID-19

Dear Editor,
The year 2020 started with a pandemic coronavirus infection that is expected to change human behavior 
for years to come. The initial cases started in late 2019, and this is the second coronavirus to lead to severe 
acute respiratory syndrome (SARS); thus, it has been named COVID-19 or SARS-CoV-2[1]. The clinical 
manifestations of COVID-19 vary from none to mild, moderate, severe, and rapidly progressive and 
fulminant disease. Its main symptoms include fever (up to 98% of cases), dry cough (68%-76%), dyspnea 
(circa 55%), and myalgia or fatigue (35%-44%)[2]. Anosmia, ageusia, and diarrhea are now recognized 
as symptoms of the disease. Headache has been reported as affecting 8%-13% of patients[2,3]. However, 
headache has not been described as the most disabling symptom of COVID-19 yet. We would like to report 
a case recently seen in our Neurology Unit.

A healthy and athletic Brazilian male aged 29 years, who did not suffer from headaches, gave consent for his 
case to be reported. In mid-March 2020, the patient woke up with bitemporal throbbing headache of severe 
intensity. He could not tolerate light and noise and presented low fever (37.8 °C). This headache persisted 
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for 3 days, as did the increased temperature. No analgesic or anti-inflammatory drug affected the intensity 
of the headache. On the fourth day, his temperature returned to normal and a persistent dry cough started. 
The intensity of headache during the episodes of cough increased. The patient slept for many hours a 
day and remained in a dark, silent bedroom. PCR was positive for COVID-19. His parents tested PCR-
positive for COVID-19 a week later. His father, who is a medical doctor, had moderate symptoms of the 
viral infection while the mother remained asymptomatic. Two weeks after the patient’s initial symptoms, 
he recovered fully and had no more headaches. At no time did he have abnormalities in his neurological 
examination, including meningeal signs. He has been followed for 6 weeks now and has returned to his 
usual healthy condition.

To the best of our knowledge, this is the first report of severe headache as the onset and main symptom of 
COVID-19 infection. It can be classified as “9.2.2.1-Acute headache attributed to systemic viral infection”[4]. 
Physicians at the front line of COVID-19 management should be aware of severe headache as a possible 
main symptom of this infection. This patient had a migraine-like headache, but he had high temperature 
and no previous history of migraine. Although neurological examination was normal, we must consider 
the possibility of meningeal involvement in the inflammatory process. The intolerance to light and sound, 
the worsening with coughing, and the throbbing characteristic of the headache which was irresponsive 
to treatment suggest meningeal vascular involvement. Although a case of meningitis and encephalitis by 
COVID-19 has been recently published, the clinical presentation of that patient was a lot more serious and 
life-threatening[5]. In our case, we emphasize that patients seen at the Emergency Department complaining 
of severe headache might be dismissed without a COVID-19 hypothesis.
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Abstract
Spinal cord injury (SCI) is a debilitating injury that results from traumatic or non-traumatic insults to the spinal 
cord, causing significant impairment of the patient’s activity and quality of life. Bone morphogenic proteins 
(BMPs) are a group of polyfunctional cytokines belonging to the transforming growth factor beta superfamily 
that regulates a wide variety of cellular functions in healthy and disease states. Recent studies suggest that 
dysregulation of BMP signaling is involved in neuronal demyelination and death after traumatic SCI. The focus 
of this article is to describe our current understanding of the role of BMP signaling in the regulation of cell fate, 
proliferation, apoptosis, autophagy, and inflammation in traumatic SCI. First, we will describe the expression of 
BMPs and pattern of BMP signaling before and after traumatic SCI in rodent models and in vitro . Next, we will 
discuss the role of BMP in the regulation of neuronal and glial cell differentiation, survival, functional recovery from 
traumatic SCI, and the gap in knowledge in this area that requires further investigation to improve SCI prognosis. 

Keywords: Spinal cord injury, bone morphogenic protein, apoptosis, proliferation, autophagy, differentiation, 
inflammation

INTRODUCTION
Spinal cord injury (SCI) can be either traumatic or non-traumatic damage to the spinal cord and has a 
peak prevalence of approximately 906-1800 cases per million people in the United States[1-3]. SCI usually 
causes complete or partial motor and sensory neurological deficits with deleterious outcomes[4]. Traumatic 
SCI can be caused by major trauma to the spinal cord following road traffic accidents, falls in the elderly, 
and violent and sport-related injuries[1,3]. Non-traumatic SCI usually result from ischemic-reperfusion 
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injury, congenital malformations, degenerative diseases, malignancy, autoimmune diseases, or infections 
in the spinal cord[2,5,6]. Traumatic SCI is a devastating neurological condition characterized by both acute 
and chronic phases of progressive spinal cord damage that involve neuroinflammation, oligodendrocytes 
loss, neuronal loss, demyelination, and reactive astrogliosis with scar formation[7,8]. The acute phase is 
characterized by oligodendrocyte death and demyelination, reactive astrocyte proliferation, axonal swelling, 
and acute inflammatory cell infiltration[9,10]. The chronic phase is characterized by chronic infiltration of 
inflammatory cells, partial neuronal regrowth and remyelination, and glial scar establishment[10,11]. The 
upregulation of detrimental factors and pathways cause progressive pathogenesis leading to the activation 
of cysteine proteases (calpains and caspases) for neuronal and glial cell death, and declining neurological 
function (motor and sensory) in both acute and chronic traumatic SCI[12,13]. Current research is mostly 
focused on traumatic SCI for understanding of its pathogenesis and developing effective new therapeutic 
strategies. The main goals in developing new therapies for traumatic SCI are to minimize neural cell loss 
and prevent glial scar formation to promote remyelination and functional recovery[8,14]. 

Bone morphogenetic proteins (BMPs) are a group of approximately 15 growth regulating polyfunctional 
cytokines that belong to the transforming growth factor beta (TGFβ) superfamily and are widely expressed 
in both the intact and injured spinal cord[15,16]. Signal activation and transduction include the binding 
of BMP cytokines to BMP receptor 1 (BMPR1A, BMPR1B, or ActR-1A) and BMP receptor 2 complex, 
followed by phosphorylation and activation of Smad1/5/8 intracellular receptor regulated proteins or 
R-Smads[15,17,18]. Smad1/5/8 proteins then bind to the common Smad4 or the Co-Smad4 to form a complex, 
which is translocated to the nucleus to regulate transcription of BMP-targeted genes in a context dependent 
manner[15,17,18]. Inhibition of signaling is usually achieved via the activation and competitive binding of 
Smad6, Smad7, and noggin inhibitory proteins. Smad6 and Smad7 inhibit the interaction between BMP 
receptors and R-Smads and/or the interaction between the R-Smads and the common Smad4[19-21]. Noggin 
inhibitory proteins bind with high affinity to BMP ligand proteins and prevent their association with their 
receptors[22] [Figure 1].

Growing evidence from rodent models of SCI[16,23] show that BMP ligands and receptors are expressed 
in the intact spinal cord and are drastically upregulated post-injury. This is summarized in Table 1. 

Figure 1. Molecular components and pathways of BMP signaling. The BMP signaling is initiated by the binding of BMP ligands to BMPR1 
and BMPR2. In the canonical pathway, BMP receptors phosphorylate Smad1/5/8, which can bind to Co-Smad4 and are translocated 
to the nucleus to regulate the expression of target genes. In the non-canonical pathways, BMP receptors activate non-Smad pathways. 
Termination of BMP signaling is achieved by noggin, Smad6, and/or Smad7. BMP: bone morphogenic protein; BMPR: BMP receptor
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Furthermore, in vitro studies[24,25] extensively elucidated the protective and deregulatory role of BMP 
components in a variety of cellular events on both neuronal and non-neuronal cells, which are summarized 
in Table 2. Most of these studies focused mainly on the level of expression of BMP signaling proteins and 
the resultant cellular damage, describing only limited knowledge on molecular regulation and downstream 
targets. This article will focus mainly on the role of different BMP ligands and receptors on neuronal and 
glial cell differentiation, neuroinflammation, cell death, and autophagy in the in vivo and in vitro models 

Table 1. Expression of BMP signaling components before and after SCI in rodent models

BMP signaling 
component

SCI 
model Outcomes Ref.

BMP ligands Rats BMP7 mRNA was mildly expressed in glial cells in intact spinal cord but markedly expressed in 
glial cells and motoneurons post-SCI

[27]

Rats BMP2/4 mRNA was mildly expressed in intact spinal cord but markedly expressed in 
oligodendrocytes, astrocytes, and microglia surrounding the damaged site post-SCI

[23]

Mice BMP2, 4, and 7 levels were increased in neurons, microglia, oligodendrocytes, and NSCs post-
SCI, which enhanced astrocyte proliferation. BMP4 promoted differentiation of astrocytes and 
inhibited differentiation of neurons and oligodendrocytes

[37]

Rats BMP2 and 4 levels were increased post-SCI and promoted differentiation of the engrafted OPCs 
cells into astrocytes

[40]

Mice BMP7 expression was increased after SCI and further augmented after agmatine treatment, 
leading to reduced collagen scar formation and improved BBB score post-SCI

[30]

Rats BMP4 expression was increased in astrocytes cultured from injured thoracic spinal cord [36]
Rats BMP2/4 expression was increased after SCI and associated with low BBB scores [29]
Rats BMP7 was expressed in glial cells of the intact spinal cord and increased in glial cells and 

motoneurons after SCI
[27]

Mice BMP2 was slightly expressed in intact spinal cord and markedly increased post-SCI [38]
Mice BMP4 level was increased in neurons of gray and white matter and ependyma cells near the 

damaged site post-SCI
[28]

Rats BMP4 was overexpressed after acute SCI [57]
Rats BMP2, 3, 4, 5, 7, 9, 12, and 13 were expressed in intact spinal cord [16]

BMP receptors Rats BMPR1A and BMPR2 expression levels were increased in neurons post-SCI [23]
BMP antagonists Rats Noggin was minimally expressed in intact spinal cord [16]
Canonical pathway Mice p-Smad1, 5, and 8 were activated in neurons, oligodendrocytes, OPCs, astrocytes, and NSCs post-

SCI
[37]

BMP: bone morphogenic protein; SCI: spinal cord injury; OPCs: oligodendrocyte precursor cells; NSCs: neural stem cells; BBB: Basso, 
Beattie, and Bresnahan; BMPR: BMP receptor

Table 2. Effects of BMP treatment on neuronal and non-neuronal cells in SCI in in vitro  models 

BMP signaling 
component Treatment Outcomes Ref.

BMP ligands BMP7 BMP7 inhibited tumor necrosis factor α-mediated oligodendrocyte death [56]
BMP7 BMP7 inhibited glutamate induced neuronal cell death [24]
BMP4 In vitro  culture of NSCs in the presence of BMP4 resulted in amelioration of oligodendrocyte 

differentiation and increase in astrocyte differentiation. Smad1 and 5 were activated in 
response to BMP4 treatment of NSCs

[25]

BMP7 Noggin expressing OPCs treated with BMP7 showed less astrocytic differentiation [16]
BMP antagonists Noggin Noggin treatment reduced astrocyte numbers. Inhibition of BMP4 using noggin attenuated 

differentiation of NSCs into astrocytes
[37]

Noggin Noggin treatment of OPCs partially reduced astrocytic differentiation [40]
Noggin Noggin treatment reduced differentiation of OPCs into astrocytes in astrocyte conditioning 

media. p-Smad1, 5, and 8 levels were increased in OPCs in astrocyte conditioning media 
compared to control. OPCs cultured in astrocyte conditioning media predominantly 
differentiated into astrocytes

[36]

Noggin and 
LDN193189

Treatment attenuated BMP4 induced activation of caspase-3 for cell death in neurons and 
oligodendrocytes post-SCI

[57]

Noggin Noggin treatment reduced astrocytic differentiation and increased the differentiation of NSCs 
into oligodendrocytes

[25]

BMP: bone morphogenic protein; SCI: spinal cord injury; OPCs: oligodendrocyte precursor cells; NSCs: neural stem cells



of traumatic SCI, which are summarized in Figure 2. Next, we will discuss the gap in knowledge in this 
area and suggest future studies for further understanding of the role of BMP signaling in pathogenesis in 
traumatic SCI that remains largely elusive. 

EXPRESSION OF BMP LIGANDS, RECEPTORS, AND SMAD AND NON-SMAD SIGNALING IN 

SPINAL CORD BEFORE AND AFTER INJURY, AND THEIR ASSOCIATION WITH FUNCTIONAL 

RECOVERY IN SCI
Studies in rodent models of SCI have shown that BMP ligands and receptors are expressed in intact spinal 
cord and their expression are further increased following SCI. BMP2, 3, 4, 5, 7, 9, 12, and 13 and the BMP 
receptors 1A, 1B, and 2 are minimally expressed in uninjured spinal cord[16,23,26]. However, after SCI, the 
expression of BMP ligands and their receptors are increased considerably in neuronal and glial cells in 
spinal cord and exert diverse cellular effects[23,27]. The increase in BMP2, 4, and 7 expression levels are 
amongst the most studied BMP ligands after SCI. Expression levels of the ligands and the downstream 
canonical pathway and non-canonical pathways were markedly increased in response to SCI. Chen et al.[28] 
studied the expression of BMP4 and other signaling molecules critical for neuronal development in SCI 
in mice. This study found that BMP4 was upregulated after SCI in the neurons of the gray and white 
matter and ependymal cells (a type of glial cells known to produce cerebrospinal fluid and act as reservoir 
of neurodegeneration) surrounding the SCI lesion[28]. Setoguchi et al.[27] studied the expression of BMP7 
before and after acute SCI in rat model[27]. This study found that BMP7 was expressed in glial cells at low 
levels before injury but its expression was markedly increased in glial cells and expression occurred in 
motoneurons after SCI[27] [Table 1]. 

Cui et al.[29] conducted a study to examine the changes in expression of BMP2 and 4 in a rat model of 
SCI. This study found increases in expression of both BMP2 and 4 after SCI, which correlated with low 

Figure 2. Cellular manifestations of BMP signaling in SCI. This diagram illustrates the in vitro  and in vivo  effects of activation or inhibition 
of BMP signaling on neuronal and/or glial cell proliferation, differentiation, survival, apoptosis, autophagy, and inflammation in SCI. BMP: 
bone morphogenic protein; SCI: spinal cord injury; BAMBI: BMP and activin membrane-bound inhibitor; OPCs: oligodendrocyte precursor 
cells
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Basso, Beattie, and Bresnahan (BBB) motor assessment scores when compared to controls[29]. Furthermore, 
they found that inhibition of BMP signaling using noggin treatment was able to improve BBB scores 
when compared to the untreated group after hemisection SCI[29]. Matsuura et al.[23] studied the changes 
in expression of levels of BMP2 and 4 and the BMP receptor 2 in rats after SCI, and the effect of noggin 
treatment on recovery from SCI. They found that BMP2 and 4 and the BMP receptor 2 were slightly 
expressed in intact spinal cord and expression levels were further increased after SCI. Moreover, noggin 
treatment was able to improve locomotive function after SCI when compared to the non-treated SCI 
group[23]. Besides, several treatments with endogenous BMP components or recombinant BMP protein 
resulted in neuroprotective effects and improved locomotive function by modulating BMP signaling[30-32]. 
Kim et al.[30] compared the effects of agmatine, an endogenous protein with neuroprotective effects, on 
scar formation and functional recovery after SCI in mice. This study found that agmatine reduced scar 
size and improved BBB scores, in part, by increasing expression of BMP7[30]. Park et al.[31] showed that 
intraperitoneal agmatine treatment in a mice model of SCI was associated with increased expression of 
BMP2 and 7 in neurons and oligodendrocytes while expression of BMP4 in astrocytes and oligodendrocytes 
surrounding the damage site was reduced. The treatment resulted in improvement of locomotive function, 
inhibited neuronal death, and reduced scar size[31]. Similarly, Dmitriev et al.[32] studied the effect of intra-
thecal administration of rhBMP2 on expression of p-Smad1, 5, and 8 within the cells of the spinal cord 
after SCI in rats. The study found significant activation of p-Smad1, 5, and 8 in all neuronal cells, glial 
cells, and fibroblasts, which might affect recovery from SCI following rhBMP2 treatment [Table 3]. 

ROLE OF BMP SIGNALING IN DIFFERENTIATION OF GLIAL CELLS AFTER SCI
Astrocytes, oligodendrocytes, ependymal cells, and microglia are non-neuronal heterogenous cell types that 
maintain spinal cord integrity, homeostasis, and myelination[33]. Marked increase in astrocyte differentiation 

Table 3. Therapeutic and genetic targeting of BMP signaling in SCI in in vivo  models

Treatment SCI model Effects Ref. 
BMP7 Rats BMP7 promoted neuroprotection via an increase in the number of surviving neurons, in 

part, via increased p38 non-canonical signaling
[24]

Agmatine Mice It augmented BMP7 expression, reduced collagen scar formation, and improved BBB 
scores 

[30]

Agmatine Mice It reduced neuronal cell death and scar formation, leading to improved locomotive 
function. This effect was achieved, in part, via increased expression of BMP2/7 in 
neurons and oligodendrocytes, and decreased expression of BMP4 in the damaged site 

[31]

Conditional deletion of 
astrocytic BMPR1A and 1B

Mice Knockouts of astrocytic BMPR1A cause reduction in astrocytic hypertrophy, decrease in 
axonal density, and enhancement of the inflammatory response. In contrast, knockouts 
of astrocytic BMPR1B increase astrocytic hypertrophy and reduce lesion size and glial 
scar formation post-SCI

[26]

Transplantation of OPCs 
expressing BMPR1A, 1B, 
and 2 

Rats Transplantation of OPCs expressing (BMPR1A, 1B, and 2) into rat spinal cord led to their 
differentiation into astrocytes

[40]

Administration of AAV 
vector encoding BMP4 

Mice Intra-thecal administration of AAV vector encoding BMP4 led to Smad1 activation in 
dorsal motoneuron and increased axonal regrowth after SCI

[42]

Conditional knockout of 
β1-integrin in ependymal 
stem cells 

Mice Conditional knockout of β1-integrin in ependymal stem cells increased the movement of 
BMPR1B into lipid rafts while enhancing BMP signaling (canonical and non-canonical) 
and glial scar formation 

[39]

Noggin Rats Administration of recombinant mouse noggin intra-thecally improved locomotive 
function post-SCI and enhanced axonal regrowth

[23]

Noggin Rats Noggin treatment reduced BMP2/4 expression and improved motor scored post-SCI [29]
Transplantation of 
Smad6, Smad7, or noggin 
expressing NPCs 

Mice It promoted differentiation of NPCs into oligodendrocytes and neurons but inhibited 
their differentiation into astrocytes, leading to improvement of BBB scores in mice post-
SCI

[38] 

Transplantation of noggin 
expressing neuronal stem 
cells 

Rats It led to macrophage infiltration and widening of lesion size, but prevented astrocytic 
differentiation post-SCI

[16] 

BAMBI Rats Overexpression of BAMBI inhibited inflammation and promoted autophagy post-SCI [54]
BMP2 Rats Intra-thecal administration of rhBMP2 resulted in increases in expression of p-Smad1, 5, 

and 8 in most spinal cord cell types
[32]

BMP: bone morphogenic protein; SCI: spinal cord injury; OPCs: oligodendrocyte precursor cells; NSCs: neural stem cells; BBB: Basso, 
Beattie, and Bresnahan; BMPR: BMP receptor; BAMBI: BMP and activin membrane-bound inhibitor; AAV: adeno-associated virus
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was observed in response to SCI, which contributed to glial scar formation in SCI tissue[34]. On one hand, 
glial scar provides protective mechanisms to limit the lesion size after SCI; on the other hand, it leads to 
deleterious effects by the inhibition of axonal regeneration[34,35]. Recent studies suggest that BMP signaling 
promotes differentiation of neuronal stem cells (NSCs) and oligodendrocyte precursor cells (OPCs) into 
astrocytes predominantly[36-38]. Wang et al.[36] studied the effect of the microenvironment created by reactive 
astrocytes on the differentiation of OPCs after SCI in rats. They found that SCI increased the expression 
of BMP4 in astrocytes isolated from the site of injury, and it further released BMP4 in their conditioning 
media. They also found that in vitro culture of OPCs in astrocytes-derived conditioning media activated 
Smad1, 5, and 8, which led to differentiation of a significant number of OPCs into astrocytes, while 
inhibiting differentiation of oligodendrocytes[36]. 

In contrast, noggin treatment reduced astrocytic differentiation and increased oligodendrocytic 
differentiation[36]. Similarly, Xiao et al.[37] conducted a study to test the effect of BMP signaling on the 
differentiation of NSCs after SCI in mice. This study found that BMP2, 4, and 7 were expressed in intact 
spinal cord and their expression was further increased after SCI in the following cell types: neurons, 
NSCs, microglia, and oligodendrocytes, but not in astrocytes[37]. They also found that the expression of 
phosphorylated Smad1, 5, and 8 were increased after SCI in the above cell types, OPCs, and astrocytes[37]. 
Furthermore, they found that BMP4 was highly expressed in neutrospheres (free-floating clusters of neural 
stem cells) cultured from the spinal cord and it promoted astrocytic differentiation from NSCs, while 
inhibition of BMP signaling using noggin treatment reduced astrocytic differentiation[37]. Setoguchi et al.[38] 
examined the effect of BMPs on the differentiation of transplanted NPCs in vitro and after SCI in mice. 
This study found that BMP2 was expressed in the spinal cord before injury and was upregulated drastically 
after[38]. They also found that BMP2 and 7 promoted the differentiation of NPCs to astrocytes in vitro, 
while the inhibition of BMP signaling using Smad6, Smad7, or noggin overexpressing NPCs resulted in 
the differentiation of NPCs into neuronal cells and inhibited the differentiation of NPCs into astrocytes[38]. 
Similarly, transplanting the above-modified NPCs into a mice model of SCI resulted in improvement of the 
motor scores with inhibition of astrocytic differentiation and promotion of neuronal and oligodendrocytic 
differentiations in vivo[38]. Together, these studies imply that targeting BMP signaling could be beneficial 
for ameliorating astrocytic scar formation, and for enhancing oligodendrocytic differentiation for 
remyelination after SCI. 

In addition, North et al.[39] showed that the conditional deletion of β1 integrin from ependymal stem cells 
resulted in an increase in their differentiation into astrocytes, which could promote glial scar formation 
after SCI and reduce BBB motor scores in SCI mice, which were found to be associated with increases in 
canonical (Smad1/5/8) and non-canonical (p38) signaling. Furthermore, Song et al.[25] found that BMP4 
treatment of NSCs in culture promoted astrocytic differentiation via activation of Smad1/5/8, while 
noggin treatment resulted in reduction of astrocytic differentiation and an increase in oligodendrocytic 
differentiation in vitro. In contrast, Enzmann et al.[16] showed that the intra-thecal transplantation of noggin 
overexpressing NSCs or progenitor cells was unable to restrict astrocytic differentiation in rats after SCI, 
suggesting additional regulatory mechanisms were controlling astrocytic differentiation.  

Studies also showed that the expression of BMP receptors was increased after SCI, particularly affecting 
astrocytic hypertrophy (an astrocyte grown bigger than its normal size to adapt to changes) and 
differentiation. Astrocytes play both physiological and pathological roles after traumatic SCI, which triggers 
an initial astroctytic hypertrophy and subsequently, an astrocytic hyperplasia. In astrocytic hypertrophy, 
astrocytes are reactive with bigger bodies, thicker processes, and overexpression of their intermediate 
filament proteins such as glial fibrillary acidic protein and vimentin to help repair the blood-brain barrier 
and reduce the spread of inflammatory cells at the site of SCI. On the other hand, in astrocytic hyperplasia, 
astrocytes increase their numbers around the injury site and produce much finer processes to contribute to 
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the development of the glial scar that becomes an impediment to axonal regeneration after SCI. Conditional 
deletion of astrocytic BMPR1A in mice has adverse effects on recovery after SCI via impairing astrocytic 
hypertrophy, reducing axonal density, and fostering inflammation[26]. In contrast, conditional deletion 
of astrocytic BMPR1B has more beneficial effects by increasing the number of hypertrophied astrocytes, 
attenuation of the glial scar, and diminishing lesion size in mice after SCI[26]. In addition, expression of 
BMPR1A, 1B, and 2 in OPCs that were transplanted into rat spinal cord predominantly promoted their 
differentiation into astrocytes[40]. Similarly, culture of OPCs in the presence or absence of BMP2/4 and 
noggin showed that BMP treatment increased their differentiation into astrocytes while noggin treatment 
enhanced it[40]. 

ROLE OF BMP SIGNALING IN AXONAL GROWTH AND GLIAL CELL PROLIFERATIONS AFTER 

SCI
Reactive astrogliosis (also known simply as astrogliosis or astrocytosis) and neuronal regrowth occur in 
response to the loss of glial cells and neurons after SCI to partially promote healing of tissue damage and 
attempt neuronal recovery[10,41]. Recent studies suggest that BMP signaling causes astrocytic proliferation 
and neuronal growth after SCI[23,37,42]. Parikh et al.[42] studied whether Smad1 activation could have a 
beneficial effect on axonal regeneration in mice after SCI. BMP4 overexpression in dorsal motoneurons was 
achieved by the intra-thecal administration of viral vectors overexpressing BMP4 in mice after SCI[42]. The 
results show activation of Smad1 in dorsal neurons, which is associated with improving axonal growth after 
SCI[42]. The administration of recombinant mouse noggin intra-thecally improved locomotive function 
and increased axonal regrowth after SCI[23]. Xiao et al.[37] found that the levels of BMP2, 4, and 7 expression 
were all increased in neurons, microglia, oligodendrocytes, and NSCs after SCI, which enhanced astrocytic 
proliferation, while noggin treatment diminished astrocyte numbers.

ROLE OF BMP SIGNALING IN AUTOPHAGY AFTER SCI
Autophagy or “self-eating” is a central molecular mechanism that regulates tissue homeostasis in health 
and disease[43]. Autophagy is characterized by direct or indirect lysosomal degradation of damaged 
mitochondria, misfolded proteins, and other cellular debris for recycling to maintain energy metabolism 
in response to stressful stimuli[43]. Macroautophagy is the major type of autophagy, which includes 
sequential events of autophagosome formation, autophagosome-lysosome fusion, and autolysosomal 
degradation of cargos[44]. Autophagy flux is defined as the total dynamics of autophagy and thereby it is 
the progression of cargo sequestration into autophagosomes, delivery to lysosomes, and degradation by 
lysosomal enzymes[45]. Autophagy flux is usually increased in mechanical injury such as mild traumatic 
SCI or metabolic stress such as starvation, but autophagy flux is decreased due to suppression of autophagy 
at an upstream (autophagosome formation) or downstream step (autolysosome formation)[46]. Recent 
studies suggest an impairment of autophagy flux after moderate to severe SCI, which leads to neuronal cell 
death and adversely affects oligodendrocyte-mediated neuronal myelination and functional recovery[47,48]. 
On the other hand, activating autophagy improves neurological recovery in rodent models of SCI due to 
activation of autophagosome formation and/or enhancement of autophagy flux[49-51]. Although modulation 
of autophagy plays a crucial role in the pathogenesis in SCI, there is limited knowledge on the role of 
BMP signaling in the regulation of autophagy after SCI. BMP and activin membrane-bound inhibitor 
(BAMBI) is a pseudo-receptor that lacks the kinase activity and inhibits the signaling of TGFβ family[52]. 
BAMBI has been found to be down regulated in rats after SCI, while intraspinal injection of the BAMBI 
expressing vector after SCI promotes autophagy and improves locomotive function in rats[52]. The BAMBI 
overexpression causes activation of Beclin-1 and LC3B II, two proteins critical for inducing autophagy 
and maintaining autophagy flux; on the other hand, it results in down regulation of autophagy inhibitor 
proteins such as Bim and p62[52]. The role of BMP ligands and receptors in disruption of autophagy post-
SCI remains largely unknown; however, modulating BMP signaling to restore autophagy may provide a 
new therapeutic avenue in treating SCI. 
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ROLE OF BMP SIGNALING IN INFLAMMATION AFTER SCI
Inflammation is encountered in both the acute and chronic phases of SCI and results in expansion of 
the initial lesion, destruction of nearby tissue, neuronal loss, axonal demyelination, and fibrosis or scar 
formation[53]. Shortly after SCI, there is massive infiltration of neutrophils and after 24 hours, infiltration 
of reactive microglia/macrophages increases progressively[9]. Several weeks following SCI, there is an 
increase in the infiltration of CD45-positive cells and CD68-positive reactive microglia/macrophages, 
which mark the phase of chronic inflammation in SCI and are associated with impairment of locomotive 
function[11]. Recent studies suggest contradictory roles of the inhibition of BMP signaling on inflammatory 
responses after SCI. The transplantation of noggin-expressing NSCs in SCI rats results in a marked increase 
in macrophage infiltration[16]. In contrast, the overexpression of BAMBI in a rat model of SCI results 
in inhibition of neuroinflammation, which is characterized by reduction in the levels of expression of 
interleukin (IL)-1β, IL-6, IL-10, TGFβ, and mechanistic target of rapamycin[54]. 

ROLE OF BMP SIGNALING IN NEURONAL AND GLIAL CELL DEATH AFTER SCI
Both neurons and oligodendrocytes are highly susceptible to cellular damage and death following SCI 
resulting in axonal demyelination and neurological deficits[7,55]. In vitro and in vivo studies have shown that 
BMP7 exerts beneficial effects on neuronal and oligodendrocyte cell survival[24,56]. de Rivero Vaccari et al.[24] 
studied the protective mechanism of BMP7 on neuronal survival after SCI in vitro and in vivo. BMP7 
promotes neuronal survival after SCI in rats and inhibits glutamate induced neuronal cell death in vitro[24]. 
Similarly, Wang et al.[56] tested the effects of BMP7 on the survival of oligodendrocytes in vitro. Results 
showed that BMP7 treatment prevented tumor necrosis factor α-induced oligodendrocyte death. These 
results imply that BMP7 protects neurons and oligodendrocytes from cell death in SCI models. On the 
other hand, a recent study conducted by Hart et al.[57] has shown that BMP4 induces apoptosis in both 
neurons and oligodendrocytes via the activation of caspase-3 (the final executioner of apoptosis) after SCI, 
while its inhibition using BMP signaling inhibitors attenuates the activation of caspase-3. These results 
suggest different roles of different BMP ligands on neuronal and glial cell survival post-SCI, which requires 
further investigation. 

CONCLUSION AND FUTURE PROSPECTIVE
BMP ligands, receptors, and inhibitors are differentially expressed in the intact spinal cord in rodents. 
BMP ligands, receptors, and canonical and non-canonical pathways are upregulated after SCI. In general, 
augmented BMP signaling results in adverse cellular responses and impairs functional recovery in SCI 
animal models. On the other hand, the inhibition of BMP signaling improves neuronal cell survival, 
neuronal outgrowth, and functional recovery after SCI. Although BMP dysregulation is reported in SCI, 
the cell-type specific role of BMP signaling in SCI remains poorly understood. Several gaps in knowledge 
still exist regarding the molecular mechanisms underlying BMP dysregulation, the direct causal link 
between individual BMP ligands and receptors and progression of pathogenesis in SCI, the spatial and 
temporal effects of BMP signaling in the pathogenesis of acute, subacute, and chronic phases in SCI, and 
the mechanisms by which BMP ligands regulate autophagy, inflammation, differentiation, and apoptosis. 
Further in vivo studies using conditional knockout rodent models are needed to understand the specific 
requirements of different BMP ligands in SCI and neurological recovery, the ligand-receptor pairs that are 
involved in the regulation of SCI pathogenesis, and the downstream canonical or non-canonical pathways 
that impact neuronal survival after SCI. 
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Abstract
Glioma is a malignant brain tumor with a poor prognosis. Surgical resection is usually the first line of treatment. 
However, animal models of glioma do not include surgical resection and tumors are typically treated before they 
become advanced. This report demonstrates the feasibility of surgical resection of advanced gliomas in mice. The 
described technique establishes a murine model which could be used for the development of immunotherapy for 
advanced glioma after surgical resection. Use of surgical resection in murine models could increase the probability 
that therapies developed in mice will translate to human patients. 

Keywords: Glioma, surgical resection, immunotherapy, overcoming immunosuppression, surgical stress, prolonged 
survival

INTRODUCTION
Glioma is a type of brain or spinal cord tumor that originates from glial cells; 80% of all malignant brain 
tumors are gliomas[1]. These tumors are typically asymptomatic in people until they reach an advanced 
stage. The standard of care for glioma includes surgery, radiotherapy and chemotherapy. Combining 
radiotherapy with the chemotherapy agent temozolomide may prolong survival and delay tumor 
progression modestly[2]. Despite the current standard of care, prognosis for glioma patients remains poor: 
the median survival for high-grade glioma, glioblastoma, is about 12-15 months with only 5% patients 



living longer than 5 years[3]. These facts indicate that there is a strong need to develop novel treatments for 
glioma. 

Recently, our group developed a novel viro-immunotherapy for early-stage murine glioma with 83% 
tumor regression rate[4]. Despite the impressive response that this treatment elicits, such a response is not 
representative of what occurs in the clinical setting, since patients are usually diagnosed at an advanced 
stage of tumor progression. 

Surgical resection has always been the first line of treatment for gliomas. However, surgical resection 
promotes an immunosuppressive tumor microenvironment [5]. It has been reported that interferon-γ 
secretion and cell cytotoxicity of natural killer cells are profoundly suppressed[6]; the number of cytotoxic 
T cells and T helper cells[7] markedly decreases, while the number of regulatory T cells (Tregs)[8,9] and low-
density neutrophils[10] significantly increases in the postoperative period. All these factors could contribute 
to the poor prognosis and recurrence of tumor.

As a preliminary step toward testing a novel viro-immunotherapy, we asked whether mice would survive 
resection of an advanced murine glioma. 

METHODS
Cell culture
Glioma 261 (GL261) is a murine glioma cell line. GL261 cells were purchased from the National Cancer 
Institute Division of Cancer Treatment and Diagnosis Repository and tested negative for mycoplasma. 
Cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 10013CV, Corning Incorporated) 
containing 5 mmol/L HEPES, 1.3 mmol/L L-glutamine, 50 µmol/L 2-ME, penicillin, streptomycin and 10% 
fetal bovine serum (FBS) at 37 °C and 5% CO2. GL261 neurosphere (GL261 NS) cells, which are cancer 
stem-like non-adherent cells, were generated by culturing in untreated cell culture flasks (08-757-501, 
Corning Incorporated) with DMEM/F12 + GlutaMAX (10565018, Life Technologies) culture medium 
containing penicillin/streptomycin (17-602E, Lonza), B27 with vitamin A (17504044, Life Technologies), 
20 ng/mL recombinant human epidermal growth factor (EGF; 236-EG-200, R&D Systems), 20 ng/mL 
recombinant human fibroblast growth factor (FGF; 233-FB-025/CF, R&D Systems), and 5 µg/mL heparin 
(H3149100KU, Sigma-Aldrich) in an incubator at 37 °C with 5% CO2

[11].

Animals
C57BL/6J mice were purchased from The Jackson Laboratory and maintained as colonies in animal 
facilities at the University of Illinois Urbana-Champaign. Mice of both sexes were used in experiments 
when they were 2-3 months old. All animal studies were approved by the Institutional Animal Care and 
Use Committee (IACUC) at the University of Illinois Urbana-Champaign.

Intracranial tumor establishment
GL261 NS cells were harvested, washed twice with Hanks’ Balanced Salt Solution (HBSS; 21023CV, 
Corning Incorporated) and stereotactically injected into the brain of mice anesthetized with isoflurane 
(59399-106-01, Akorn). A total of 5 × 104 GL261 NS cells in 0.5 µL HBSS were infused into the ventral 
striatum (0.5 mm rostral; 2.25 mm lateral; 3.3 mm ventral). Mice were euthanized at 75% of baseline body 
weight or when they exhibited symptoms of neurological impairment, lethargy, or pain, in accordance with 
IACUC guidelines.

Intracranial tumor resection
Tumor-bearing mice were anesthetized with isoflurane (59399-106-01, Akorn) and placed in a stereotactic 
stage. Mice were treated with a 200-µL subcutaneous injection of carprofen (0.5 mg/mL; Division of 
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Animal Resources, University of Illinois at Urbana-Champaign). Surgery was performed by experienced 
neurosurgeons (KF and TL), using a Zeiss Opmi Visu Operating Microscope with 200-mm working 
distance and 10-25 × magnification. Microsurgical instruments were obtained from Accurate Surgical and 
Scientific Instruments. A linear incision was made in a para-sagittal direction on the dorsum of the skull 
with a #15 scalpel blade. The skin was reflected laterally, and the peri-cranium was exposed with cotton 
swabs. The bregma and sagittal suture were identified, and a craniotomy procedure was performed just 
lateral to the sagittal suture over the location of interest (site of GL261 glioma cells). Four small burr holes 
(white holes shown in Figure 1) were created in the bone using a hand-held Jacob’s chuck. Using micro-
scissors to cut the bone, three of the four sides (white solid line shown in Figure 1) of the craniotomy were 
opened with the fourth side (white dashed line shown in Figure 1) remaining attached to create a bone 
flap. The overlying dura was opened with micro-scissors and gently peeled back from the cortical surface 
over the site of the tumor. Using micro-dissection under a high-power microscope, an attempt was made 
to remove as much of the tumor mass as possible using a combination of blunt and sharp dissection, while 
minimizing damage to normal neural tissue. Tumor was identified by darker coloration and gelatinous 
texture. No fluorescent dye was used to visualize tumor. Following tumor removal, the extirpated tumor 
bed was copiously irrigated, and hemostasis was ensured. The bone flap was placed gently back over the 
exposed brain. PBS containing penicillin (1000 U/mL) and streptomycin (1 mg/mL) (17-602E, Lonza) was 
used to irrigate the craniotomy. The skin was closed with cyanoacrylate glue (VetBond; 1469SB; 3M).

HE staining
After mice were euthanized, brains were snap-frozen in OCT embedding medium (23-730-571, Fisher 
Healthcare) for cryosectioning. Cryosections (5 µm) were fixed in cold 95% ethanol overnight and stained 
with hematoxylin and eosin.

Data analysis
GraphPad Prism software (La Jolla, CA) was used for all statistical analyses and graph presentation. 
Survival data were recorded from the time of the tumor cell implantation until euthanasia and were plotted 
using a Kaplan-Meier curve. Survival treatment groups were compared with a Log-rank (Mantel-Cox) test. 
P < 0.05 was considered significant.

Figure 1. Performance of craniotomy. Four burr holes (white holes) were placed with a hand-held Jacob’s chuck. A craniotomy was then 
performed by cutting into the skull with micro-scissors and connecting the small burr holes with the base of the flap positioned medially 
(dashed line)

Page 66              Tang et al. Neuroimmunol Neuroinflammation 2021;8:64-9  I  http://dx.doi.org/10.20517/2347-8659.2020.28



RESULTS
Resection of tumor on live mice is feasible and has the potential to prolong survival for mice 
bearing advanced glioma 
A technique was developed to perform tumor resection on live mice bearing advanced glioma in the 
brain. Glioma tumors were established by direct intracranial injection of 5 × 104 GL261 NS cells/mouse 
into the right striatum. Tumor resection was performed 16 days after tumor implantation. Four mice 
were euthanized on day 17 for HE staining, and the remaining four mice were reserved for the survival 
experiment. Figure 2 shows that the advanced glioma occupied about 25% of area of the right hemisphere 
of the brain and that surgical resection removed approximately 85% of the glioma tumor. The survival 
curve [Figure 3] shows that the median survival for resected mice was prolonged by 5 days (although short 
of significant difference) compared to non-resected mice. These results indicate that it is feasible to perform 
tumor resection on mice bearing advanced glioma in the brain, that mice are able to survive the resection, 
and that surgical resection has the potential to prolong survival time.

Figure 2. Efficacy of tumor resection shown by HE staining. Mice received tumor cells (i.c.) on day 0, and tumor resection occurred on 
day 16. Mice were euthanized on day 17, followed by overnight incubation of tissue sections in 95% ethanol and standard HE staining 
protocol. Representative HE stained sections are shown. Pink: normal brain tissue; dark blue: tumor. Scale bar = 2.5 mm, n  = 2 for both 
groups
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DISCUSSION
Gliomas infiltrate the brain, and therefore, it is difficult to differentiate tumor tissue from normal brain. 
Magnetic resonance imaging (MRI) of tumors before surgical resection could help guide how aggressive 
removal of tissue should be. Intraoperative MRI in humans can be performed, but is not yet practical in 
mice. Aggressive surgical resection can lead to neurologic deficits. No neurologic deficits were observed 
in the animals in this study. Future work will determine whether resection as described combined with 
an immunotherapy strategy will lead to a prolongation of survival without adverse side effects. Since 
surgical stress can be immunosuppressive, including resection will provide a more rigorous test of potential 
immunotherapies.
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Manuscripts of different types are structured with different sections of content. Please refer to Types of Manuscripts to 
make sure which sections should be included in the manuscripts.

2.3.2.1 Introduction
The introduction should contain background that puts the manuscript into context, allow readers to understand why the 
study is important, include a brief review of key literature, and conclude with a brief statement of the overall aim of the 
work and a comment about whether that aim was achieved. Relevant controversies or disagreements in the field should be 
introduced as well.

2.3.2.2 Methods
Methods should contain sufficient details to allow others to fully replicate the study. New methods and protocols should be 
described in detail while well-established methods can be briefly described or appropriately cited. Experimental participants 
selected, the drugs and chemicals used, the statistical methods taken, and the computer software used should be identified 
precisely. Statistical terms, abbreviations, and all symbols used should be defined clearly. Protocol documents for clinical 
trials, observational studies, and other non-laboratory investigations may be uploaded as supplementary materials.

2.3.2.3 Results
This section contains the findings of the study. Results of statistical analysis should also be included either as text or as 
tables or figures if appropriate. Authors should emphasize and summarize only the most important observations. Data on 
all primary and secondary outcomes identified in the section Methods should also be provided. Extra or supplementary 
materials and technical details can be placed in supplementary documents.

2.3.2.4 Discussion
This section should discuss the implications of the findings in context of existing research and highlight limitations of the 
study. Future research directions may also be mentioned.

2.3.2.5 Conclusion
It should state clearly the main conclusions and include the explanation of their relevance or importance to the field.

2.3.3 Back Matter
2.3.3.1 Acknowledgments
Anyone who contributed towards the article but does not meet the criteria for authorship, including those who provided 
professional writing services or materials, should be acknowledged. Authors should obtain permission to acknowledge 
from all those mentioned in the Acknowledgments section. This section is not added if the author does not have anyone to 
acknowledge.
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2.3.3.2 Authors’ Contributions
Each author is expected to have made substantial contributions to the conception or design of the work, or the acquisition, 
analysis, or interpretation of data, or the creation of new software used in the work, or have drafted the work or substantively 
revised it. 
Please use Surname and Initial of Forename to refer to an author’s contribution. For example: made substantial contributions 
to conception and design of the study and performed data analysis and interpretation: Salas H, Castaneda WV; performed 
data acquisition, as well as provided administrative, technical, and material support: Castillo N, Young V. 
If an article is single-authored, please include “The author contributed solely to the article.” in this section.

2.3.3.3 Availability of Data and Materials
In order to maintain the integrity, transparency and reproducibility of research records, authors should include this section 
in their manuscripts, detailing where the data supporting their findings can be found. Data can be deposited into data 
repositories or published as supplementary information in the journal. Authors who cannot share their data should state 
that the data will not be shared and explain it. If a manuscript does not involve such issue, please state “Not applicable.” in 
this section.

2.3.3.4 Financial Support and Sponsorship
All sources of funding for the study reported should be declared. The role of the funding body in the experiment design, 
collection, analysis and interpretation of data, and writing of the manuscript should be declared. Any relevant grant numbers 
and the link of funder’s website should be provided if any. If the study is not involved with this issue, state “None.” in this 
section.

2.3.3.5 Conflicts of Interest
Authors must declare any potential conflicts of interest that may be perceived as inappropriately influencing the 
representation or interpretation of reported research results. If there are no conflicts of interest, please state “All authors 
declared that there are no conflicts of interest.” in this section. Some authors may be bound by confidentiality agreements. 
In such cases, in place of itemized disclosures, we will require authors to state “All authors declare that they are bound by 
confidentiality agreements that prevent them from disclosing their conflicts of interest in this work.”. If authors are unsure 
whether conflicts of interest exist, please refer to the “Conflicts of Interest” of OAE Editorial Policies for a full explanation.

2.3.3.6 Ethical Approval and Consent to Participate
Research involving human subjects, human material or human data must be performed in accordance with the Declaration 
of Helsinki and approved by an appropriate ethics committee. An informed consent to participate in the study should also 
be obtained from participants, or their parents or legal guardians for children under 16. A statement detailing the name of 
the ethics committee (including the reference number where appropriate) and the informed consent obtained must appear 
in the manuscripts reporting such research. 
Studies involving animals and cell lines must include a statement on ethical approval. More information is available at 
Editorial Policies. 
If the manuscript does not involve such issue, please state “Not applicable.” in this section.

2.3.3.7 Consent for Publication
Manuscripts containing individual details, images or videos, must obtain consent for publication from that person, or in 
the case of children, their parents or legal guardians. If the person has died, consent for publication must be obtained from 
the next of kin of the participant. Manuscripts must include a statement that a written informed consent for publication was 
obtained. Authors do not have to submit such content accompanying the manuscript. However, these documents must be 
available if requested. If the manuscript does not involve this issue, state “Not applicable.” in this section.

2.3.3.8 Copyright
Authors retain copyright of their works through a Creative Commons Attribution 4.0 International License that clearly 
states how readers can copy, distribute, and use their attributed research, free of charge. A declaration “© The Author(s) 
2019.” will be added to each article. Authors are required to sign License to Publish before formal publication.

2.3.3.9 References
References should be numbered in order of appearance at the end of manuscripts. In the text, reference numbers should 
be placed in square brackets and the corresponding references are cited thereafter. Only the first five authors’ names are 
required to be listed in the references, other authors’ names should be omitted and replaced with “et al.”. Abbreviations of 
the journals should be provided on the basis of Index Medicus. Information from manuscripts accepted but not published 
should be cited in the text as “Unpublished material” with written permission from the source. 
References should be described as follows, depending on the types of works:
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Author Instructions

Types Examples
Journal articles by 
individual authors

Weaver DL, Ashikaga T, Krag DN, Skelly JM, Anderson SJ, et al. Effect of occult metastases on 
survival in node-negative breast cancer. N Engl J Med 2011;364:412-21. [PMID: 21247310 DOI: 
10.1056/NEJMoa1008108]

Organization as author Diabetes Prevention Program Research Group. Hypertension, insulin, and proinsulin in participants 
with impaired glucose tolerance. Hypertension 2002;40:679-86. [PMID: 12411462]

Both personal authors and 
organization as author

Vallancien G, Emberton M, Harving N, van Moorselaar RJ; Alf-One Study Group. Sexual dysfunction 
in 1,274 European men suffering from lower urinary tract symptoms. J Urol 2003;169:2257-61. [PMID: 
12771764 DOI: 10.1097/01.ju.0000067940.76090.73]

Journal articles not in 
English

Zhang X, Xiong H, Ji TY, Zhang YH, Wang Y. Case report of anti-N-methyl-D-aspartate receptor 
encephalitis in child. J Appl Clin Pediatr 2012;27:1903-7. (in Chinese)

Journal articles ahead of 
print

Odibo AO. Falling stillbirth and neonatal mortality rates in twin gestation: not a reason for 
complacency. BJOG 2018; Epub ahead of print [PMID: 30461178 DOI: 10.1111/1471-0528.15541]

Books Sherlock S, Dooley J. Diseases of the liver and billiary system. 9th ed. Oxford: Blackwell Sci Pub; 
1993. pp. 258-96.

Book chapters Meltzer PS, Kallioniemi A, Trent JM. Chromosome alterations in human solid tumors. In: Vogelstein 
B, Kinzler KW, editors. The genetic basis of human cancer. New York: McGraw-Hill; 2002. pp. 93-
113.

Online resource FDA News Release. FDA approval brings first gene therapy to the United States. Available from: 
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm574058.htm. [Last accessed 
on 30 Oct 2017]

Conference proceedings Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. Proceedings of the 5th Germ Cell 
Tumour Conference; 2001 Sep 13-15; Leeds, UK. New York: Springer; 2002.

Conference paper Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic 
programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming; 
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Unpublished material Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis. 
Proc Natl Acad Sci U S A. Forthcoming 2002.

For other types of references, please refer to U.S. National Library of Medicine. 
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to 
avoid typing mistakes and duplicated references.

2.3.3.10 Supplementary Materials
Additional data and information can be uploaded as Supplementary Material to accompany the manuscripts. The 
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is 
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (powerpoint, pdf or zip files), image 
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4, 
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text 
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2, etc.). 
The style of supplementary figures or tables complies with the same requirements on figures or tables in main text. Videos 
and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged 
to present and discuss their findings concisely.

2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files
The journal supports manuscripts with multimedia files. The requirements are listed as follows:
Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The 
frames should be clear, and the speech speed should be moderate.
A brief overview of the video or audio files should be given in the manuscript text.
The video or audio files should be limited to a duration of 3 min and a size of up to 500 MB.
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Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the 
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures
Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, AI or jpeg, with resolution of 300-600 dpi;
Figure caption is placed under the Figure; 
Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.) 
should be editable in word, excel or powerpoint format. Non-English information should be avoided;
Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the 
legend; 
Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified; 
All non-standard abbreviations should be explained in the legend;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial 
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any 
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables
Tables should be cited in numeric order and placed after the paragraph where it is first cited;
The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);
Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);
Abbreviations and symbols used in table should be explained in footnote;
Explanatory matter should also be placed in footnotes;
Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables 
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction 
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations
Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used 
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text. 
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in 
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as r, sample number as n, 
and probability as P; names of genes; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There 
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers 
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10 
should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as 
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation 
Editor or the MathType for display and inline equations.

2.5 Submission Link 
Submit an article via https://oaemesas.com/nn/.
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