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Abstract

Background: Neurofilament light chain (NfL) is a promising marker of disease activity/treatment
response in multiple sclerosis (MS), although its predictive value for long-term clinical outcomes remains
unclear.

Objective: We measured NfL from a phase 3 trial in relapsing-remitting MS and investigated its associa-
tion with outcomes after 8 and 15 years.

Methods: NfL concentrations were measured by single molecule array assay in cerebrospinal fluid (CSF)
from MS patients (n=235) in a 2-year randomized clinical trial (RCT) of intramuscular interferon 3-1a,
and in serum (n=164) from the extension study.

Results: Year 2 CSF and Year 3 serum NfL were associated with brain parenchymal fraction (BPF)
change over 8years (p<<0.0001, r=-0.46; p<0.05. r=—0.36, respectively) and were predictive of
reaching Expanded Disability Status Scale (EDSS)=6.0 at Year 8 (odds ratio (OR) (upper vs lower
tertile)=3.4; 95% confidence interval (CI)=1.2-9.9, p <0.05; OR=11.0, 95% CI=2.0-114.6; p <0.01,
respectively). Serum NfL concentration (Year 4) was predictive of reaching EDSS score =6.0 at 15 years
(OR (upper vs lower tertile)=4.9; 95% CI=1.4-20.4; p <0.05). NfL concentrations were complementary
to 2-year BPF change in predicting long-term outcomes.

Conclusion: Serum and CSF NfL concentrations were associated with long-term clinical outcomes in MS
patients and are promising biomarkers for disease severity stratification supporting treatment decisions.
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Introduction

Multiple sclerosis (MS) is a chronic immune-mediated
disease with large heterogeneity in clinical presenta-
tion and course. The unpredictable course of MS on an
individual level complicates treatment choices—in
particular, deciding whether to escalate therapy over
time or implement early aggressive induction therapy.
For this reason, there is a clinical need for biomarkers
that are able to identify underlying disease severity
and predict long-term outcomes. !

Neurofilament light chain (NfL) has been proposed as a
biomarker in MS.2# NfL is a scaffolding protein of the
neuronal cytoskeleton’ and is released into the extracel-
lular space following neuronal damage. Due to its
exclusive expression in neurons, NfL offers excellent

specificity for neuroaxonal damage.>’ Concentrations
of NfL have been reported to be increased in the cere-
brospinal fluid (CSF) of patients with MS, with concen-
trations rising during relapse and associated with
magnetic resonance imaging (MRI) lesion load and dis-
ability scores.®!! The recently developed single mole-
cule array NfL assay allows accurate quantification of
NfL in serum. Higher serum NfL concentrations, as
measured by this assay, are associated with increased
clinical and MRI disease activity, increased risk of
relapses, worsening Expanded Disability Status Scale
(EDSS) scores, and more severe brain and spinal cord
volume loss.!12

The pivotal randomized clinical trial (RCT) of intra-
muscular (IM) interferon (IFN) B-la (Avonex,
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Years BL/YO Y2 Y3 Y4 Y8 Y15
MSCRG - Follow-up
Study Phase 3 Enxﬁ;?jr; Physician-selected
IM IFNB-1a, placebo treatment
EDSS 172 105 99 842
MSFC 77 94
Measurements Gadolinium-enhancing 169 104
lesions
T2 lesions 142 97
BPF 68 68 67
Samoies 235 CSF 172 107
5 164 serum 101 136

Figure 1. Schematic diagram of the study and available data points and samples. Values indicate the number of available
data points or samples at each time point. CSF samples were available from 235 patients: 172 at baseline and 107 at Year
2; 44 had CSF samples available from Year 0 to Year 2. Serum samples were available from 164 patients: 101 at Year 3
and 136 at Year 4; 73 had serum samples available from Year 3 to Year 4.

BL: baseline; BPF: brain parenchymal fraction; CSF: cerebrospinal fluid; EDSS: Expanded Disability Status Scale; IFN: interferon; IM:
intramuscular; MSCRG: Multiple Sclerosis Collaborative Research Group; MSFC: Multiple Sclerosis Functional Composite; Y: year.

aSelf-reported.

Biogen, Cambridge, MA, USA) for relapsing-remit-
ting MS (RRMS), conducted by the Multiple Sclerosis
Collaborative Research Group (MSCRG), demon-
strated that EDSS score worsening and relapse inci-
dence were reduced as compared with placebo-treated
patients.!3 After 8years of follow-up, fewer patients
originally randomized to receive IM IFN{-la had
reached an EDSS score of 6.0 compared with patients
originally randomized to receive placebo.'* After
15years, those patients who were still being treated
with IM IFN@-la had significantly lower EDSS
scores and better quality of life outcomes.!> The fol-
low-up studies confirmed the predictive value of early
brain atrophy, new lesions on MRI, and clinical dis-
ease activity observed during the 2-year study'%!7

The aim of this study was to evaluate the potential
utility of serum and CSF NfL concentrations as prog-
nostic biomarkers of long-term disease outcomes in
patients with MS, using samples and well-character-
ized clinical data from the phase 3 study of IM
IFNB-1a in RRMSB and the subsequent 8- and
15-year long-term extension studies.!!3:17

Methods

Patients

This study used samples and data from the MSCRG
trial and its long-term follow-up extensions studies
(Figure 1). The MSCRG trial was a 2-year, randomized,
double-blind, placebo-controlled, phase 3 RCT of IM

IFNB-1a. Details of the study methodology are pub-
lished elsewhere.!3 Briefly, 301 patients with RRMS
were enrolled at four clinical sites in the United States.
Clinical measures during the study included EDSS
scoring and Multiple Sclerosis Functional Composite.
Radiological assessments included T2 hyperintense
and T1 hypointense lesion volume, and gadolinium-
enhancing (Gd+) lesion number and volume. The
number of new and enlarging T2 lesions at Year 2,
brain parenchymal fraction (BPF), and BPF change
over 2 years also were determined.!8-20

Patients who completed the RCT were eligible for the
long-term follow-up studies, as described.'*!7 Eight-
year follow-up assessments included EDSS scores,
relapse, treatment history, Multiple Sclerosis
Functional Composite, and BPF. At 15years of fol-
low-up, patients completed a questionnaire that
included a self-reported EDSS score, among other
scales.!

Samples. CSF samples were collected at baseline and
2years after enrolling into the study. Samples were
stored at —70°C. A total of 235 patients from the origi-
nal study had CSF samples available; of these, 172
had samples available at baseline (Year 0) and 107
had samples at Year 2 (Figure 1). Forty-four patients
had samples from both Year 0 and Year 2.

Serum samples were available from 164 patients, of
whom 101 and 136, respectively, had samples col-
lected at Year 3 and Year 4. Serum samples from both
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time points were available for 73 patients. All serum
samples were stored at —70°C prior to being used for
testing. No serum samples from Year 0 or Year 2 were
available, and CSF sample collection at Year 3 or Year
4 was not part of the trial protocol.

Neurofilament assay. A single molecule array assay
(Quanterix Corporation, Lexington, MA) was used to
measure NfL levels as described.'? The mean intra-
assay coefficients of variation were shown to be
within 6% for both CSF and serum. Inter-assay coef-
ficients of variations for both serum and CSF were
within 12%.

Statistical — analysis. Continuous variables were
described by mean and standard deviation, except NfLL
that is described by median and interquartile ranges;
categorical variables by counts and percentages. Cor-
relations between longitudinal NfL concentrations and
their associations with clinical and radiological assess-
ments were calculated using Spearman’s rank correla-
tion coefficients and analysis of variance (F test). The
association of NfL concentration (separated into ter-
tiles by NfL concentration) with cumulative incidence
of progression to an EDSS score of 6.0 was conducted
using Fisher’s exact test and Wald chi-square test
based on Firth’s penalized univariate logistic regres-
sion. To explore the potential additive value of NfL
concentration and brain atrophy, patients with both
NfL concentrations and brain atrophy data were
divided into four groups based on their CSF or serum
NfL and BPF 2-year change values (below or above
median for both serum NfL and BPF change). Mean
NfL concentrations (mean of two time points when
both measurements were available, and single value
when only one measurement was available) were used
for stratification to increase the number of measure-
ments. Analyses were adjusted for age, and the results
were similar between the analyses with and without
adjustment for age. Therefore, we presented results
not adjusted for age. All analyses were performed
using R statistical software (R Foundation for Statisti-
cal Computing) and SAS version 9.4 (SAS Institute
Inc.) on an HP-UX platform (Hewlett Packard).
GraphPad Prism 7 software (GraphPad Software, Inc.)
was used for graphical representation.

Results

Baseline characteristics

Demographic and clinical characteristics of patients
with CSF (n=235) and serum NfL assessments
(n=164) were similar to those in the overall RCT
population (Table 1). Demographic and clinical

characteristics by NfL tertile concentration are pro-
vided in Supplementary eTable 1.

CSF NfL concentrations during the RCT and

serum NfL concentrations at Year 3 and Year 4

For 44 patients with available CSF samples at both
time points, median (range) NfL concentrations were
1906 pg/mL (993-5669) at Year 0 and 1654 pg/mL
(899-3110) at Year 2 with a positive correlation
between the two measurements (#=0.65; p <0.001).
No significant difference in CSF NfL change from
Year 0 to Year 2 was observed when comparing
patients in the placebo arm CSF NfL change (median
% (interquartile range): —5.1% (—38.9% to 37.6%);
n=18) with the IM IFNB-1a arms (—29.0% (—53.5%
to 19.4%); n=26; p=0.68), respectively. The median
(range) serum NfL concentrations at Year 3 and Year
4 were 34.5 pg/mL (24.6-55.9) and 34.8 pg/mL (25.3—
54.4), respectively. A positive correlation between
serum NfL at Year 3 and Year 4 was observed (r=0.62;
p<0.00001; n=173).

Association between CSF NfL concentrations and
disease activity during 2 years of the RCT
Consistent with previously published data, CSF
NfL concentrations at baseline were associated
with baseline Gd+ lesion number (r=0.46;
p<0.0001) and volume (r=0.47; p<<0.001), as
well as T2 lesion volume (r=0.36; p<0.0001;
Supplementary eTable 2). Similarly, CSF NfL con-
centration at Year 2 was associated with several
clinical and MRI parameters at Year 2
(Supplementary eTable 2). Baseline CSF NfL con-
centration also correlated with the number of new
T2 lesions (r=0.34; p <0.01) and BPF change over
2 years (r=—0.27; p<0.05; Supplementary eTable
2). Similar associations were observed between
CSF NfL concentration at Year 2 and measures of
disease activity that occurred over the 2-year study
period (Supplementary eTable 2). The correlations
were more pronounced in patients treated with IM
IFNB-la versus placebo during the RCT
(Supplementary eTable 2).

Association between CSF NfL concentrations and
outcomes at 8 and 15 years

CSF NfL concentrations at Year 2 were associated
with BPF change (Supplementary eTable 2, Figure
2(a)) and EDSS score change (Figure 2(b)) at 8-year
follow-up (baseline to Year 8). The correlations
between Year 2 NfL concentrations and 8-year
changes in BPF and EDSS were significant for the
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Table 1. Baseline characteristics.

Variable MSCRG cohort (N=301) Patients with CSF NfL Patients with serum
(N=235) NfL (N=164)
Placebo, 7 (%) 143 (48) 111 (47) 84 (51)
IM IFNB-1a, n (%) 158 (52) 124 (53) 80 (49)
Age, mean (SD), years 36.8 (7.4) 36.7 (7.3) 37.2(7.5)
Female, n (%) 221 (73) 170 (72) 120 (73)
Disease duration, mean (SD), years 6.5 (5.8) 6.6 (5.9) 6.5 (6.0)
EDSS score, mean (SD) 2.3(0.8) 2.4 (0.8) 2.3(0.8)

MSFC score, mean (SD) [n]?

Gd+ lesions, mean (SD) [n]?

Patients with Gd+ lesions at Year 0, n? (%)
T2 lesion volume, mean (SD) [n], mm?

BPF, mean (SD) [n]

0.00 (0.71) [171]
2.8 (6.1) [273]
145/273 (53)
12,993 (13,767) [271]
0.830 (0.017) [137]

0.01 (0.70) [140]
2.9 (6.3) [232]
123/232 (53)
12,770 (14,157) [232]
0.830 (0.018) [114]

0.13 (0.56) [93]
2.8 (6.9) [150]
77/150 (51)
12,148 (13,902) [151]
0.831 (0.015) [82]

MSCRG: Multiple Sclerosis Collaborative Research Group; CSF: cerebrospinal fluid; NfL: neurofilament light chain; IM: intramuscular; IFN: interferon;
SD: standard deviation; EDSS: Expanded Disability Status Scale; MSFC: Multiple Sclerosis Functional Composite; Gd+: gadolinium-enhancing; BPF: brain

parenchymal fraction.

Patients from the randomized clinical trial data are presented.
aIf different from the total » in the group.

entire group of patients (r=—0.46; p<<0.0001 and
r=0.27; p<<0.01, respectively) and for the IM
IFNB-1a cohort (r=-0.56; p<<0.001 and r=0.32;
p<0.05, respectively), but the correlation was less
strong or not significant for the placebo-treated cohort
(r=—0.34; p<0.05 and r=0.14; not significant,
respectively; Supplementary eTable 2).

For patients with CSF NfL concentrations in the upper
tertile at Year 2, the risk of reaching an EDSS score of
6.0 at 8 years was three times higher compared with
patients with NfL concentrations in the lowest tertile
(odds ratio (OR)=3.4; 95% confidence interval
(CI)=1.2-9.9; p<0.05; Figure 3(a)). This increase in
risk did not persist at 15 years of follow-up (OR=1.43;
95% CI=0.49-4.28; p=0.5; Figure 3(b)).

Association between serum NfL concentrations

and outcomes at Year 8 and Year 15

Serum NfL concentrations at Year 3 were associated
with BPF change at 8-year follow-up (r=-0.36;
p<0.05; Supplementary eTable 3, Figure 2(c)). In
addition, serum NfL concentrations at Year 3 and Year
4 were associated with change in EDSS score at Year 8
(r=0.27; p<0.05 and r=0.26; p <0.05, respectively).
The concentration of serum NfL at Year 4 was also
associated with EDSS score change at Year 15 (»=0.3;
p <0.05; Supplementary eTable 3, Figure 2(d)).

The risk of reaching an EDSS score of 6.0 after
8years of follow-up was significantly increased in
patients in the upper serum NfL tertile compared

with the lowest tertile (Year 3, OR=11.0; 95%
CI=2.0-114.6; p<0.01; Year 4, OR=7.3; 95%
CI=2.0-33.3; p<0.01; Figure 3(a)). Similar results
were observed for the EDSS outcome at Year 15, but
only associations with serum NfL at Year 4 reached
statistical significance (OR=4.9; 95% CI=1.4-20.4;
p <0.05; Figure 3(b)).

Likelihood of reaching an EDSS score =6 at Year

8 when stratifying by early BPF change and NfL
concentration

Patients with CSF NfL concentrations (mean concen-
tration between Year 0 and Year 2) and BPF change
(baseline to Year 2) below the median had a lower
likelihood of reaching an EDSS score =6 (16%;
n=31) by Year 8 compared with patients with both
NIfL levels and BPF change above the median (50%;
p <0.05; n=24; Figure 4(a)).

Similarly, patients with both serum NfL concentration
and BPF change below the median had a lower likeli-
hood of reaching an EDSS score =6 (6%; n=17) by
Year 8 compared with patients with both serum NfL
concentrations and BPF change above the median
(54%; p <0.01; n=24; Figure 4(b)).

Discussion

Here we provide evidence in a large cohort of RRMS
patients that CSF and serum NfL concentrations are
associated with long-term clinical and MRI outcomes.
The design of the MSCRG study, available data from
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Figure 2. Correlation between CSF concentration at

Year 2 and serum NfL concentration at Year 3 with 8-year
outcomes. (a) CSF NfL and BPF change. (b) CSF NfL and
EDSS change. (c¢) Serum NfL and BPF change. (d) Serum
NfL and EDSS change. Scatterplots (log base 2) were used

(Continued)

Figure 2. (Continued)

to depict the association between NfL and clinical and
radiological parameters;  and p values were computed
to characterize the association between NfL levels and
clinical and radiological assessments.

BPF: brain parenchymal fraction; CSF: cerebrospinal fluid;
EDSS: Expanded Disability Status Scale; NfL: neurofilament
light; 7: Spearman’s rank correlation coefficient.

(a) p-value n
CSF NfL Y2 0ots o
upper tertile 179" .
Serum NfL Y3
upper tertile i C—— | 0.004 55
Serum NfL Y4
upper tertile |; =2 0.002 76
Y T T ™

0 10 20 30 40 100

OR for reaching EDSS = 6 after 8 years

p-value n
(b)
CSF NfL Y2
upper tertile TP~ NS 84
Serum NfL Y3
upper tertile ] D NS 45
Serum NfL Y4
upper tertile i~ 0=""= 0015 63
T T T ™

0 10 20 30 40 100

OR for reaching EDSS = 6 after 15 years

Figure 3. ORs for reaching an EDSS score of 6.0. (a)
After 8 years of follow-up. (b) After 15years of follow-
up. For the purpose of illustration, the range of NfL
assessments was broken down into tertiles; » indicates
the total for each category. Hypothesis testing of the
association of NfL levels with cumulative incidence of
progression to EDSS score =6.0 was conducted using
Fisher’s exact test, as well as Wald chi-square test based
on Firth’s penalized univariate logistic regression. OR are
shown relative to the lowest tertile.

EDSS: Expanded Disability Status Scale; NfL: neurofilament light
chain; NS: not significant; OR: odds ratio.

the long-term follow-up studies, and well-preserved
samples allowed the evaluation of CSF and serum NfL
concentration in well-characterized patients with long-
term clinical and radiological data. Our results also
show that NfL can be assessed in CSF and serum sam-
ples stored for more than 20 years, in line with previ-
ous experience on the stability of this protein.52!

Both CSF and serum NfL concentrations were associ-
ated with short- and long-term clinical disability and
brain atrophy. At baseline and after 2years of
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Figure 4. Proportion of patients reaching EDSS score =6.0 at Year 8 stratified by BPF change and NfL levels. (a) CSF:
the proportion of patients reaching an EDSS =6.0 at Year 8 was stratified by BPF change from Year 0 to Year 2 and
mean (Year 0 and Year 2) CSF NfL levels (below or above median). (b) Serum: the proportion of patients reaching an
EDSS =6.0 at Year 8 was stratified by BPF change from Year 0 to Year 2 and mean (Year 3 and Year 4) serum NfL levels
(below or above median). Hypothesis testing of the association of NfL levels with cumulative incidence of progression

to an EDSS score =6.0 was conducted using Fisher’s exact test. Mean NfL levels represent the mean of two time points
when both measurements were available, and a single value when only one measurement was available. Light gray bars
indicate NfL below median; dark gray bars indicate NfL above median.

BPEF: brain parenchymal fraction; CSF: cerebrospinal fluid; EDSS: Expanded Disability Status Scale; NfL: neurofilament light.

follow-up, CSF NfL concentrations correlated with
measures of MRI disease activity (Gd+ lesions), and
MS disease burden (T2 lesion volume), corroborating
earlier findings.!%22-25 The value of CSF and serum
NfL measurements to predicting longer-term progno-
sis was comparable to MRI predictors such as early
brain atrophy and breakthrough disease activity.!®!7

Our findings add to earlier studies that investigated
the prognostic value of CSF NfL in smaller cohorts.
In a study of 95 patients with MS over 14years of
follow-up, higher CSF NfL concentration was associ-
ated with faster conversion to secondary progressive
MS.2627 In a study of 41 patients with clinically iso-
lated syndrome or RRMS, clinical and MRI disease
activity were best predicted by CSF NfL concentra-
tion after 2 years of follow-up.2® Recently, a study by
Chitnis et al.?® based on the data from 122 patients
reported an association of averaged serum NfL con-
centrations during the first few years after clinical
onset of MS with 10-year MRI brain lesion load and
atrophy. To our knowledge, ours is the first study that
demonstrates associations of serum NfL with not only
long-term brain atrophy but also with other clinically
meaningful long-term outcomes in MS, such as
EDSS. In addition, this study demonstrated the prog-
nostic ability of a single NfL measurement.

Correlations between CSF NfL concentration and
measures of disease activity and progression were
more robust in patients treated with IFN3-1a than pla-
cebo. We hypothesize that the presence of disease
activity on treatment, and consequent elevation in
NfL levels, would be more meaningful than on pla-
cebo as demonstrated in the previous publication in
the same cohort.'” These data suggest that increased
serum NfL levels in patients receiving disease-modi-
fying therapies could indicate suboptimal response to
therapy and the potential need of a therapy change.

In this study, combining NfL concentrations with
short-term brain atrophy produced a more robust pre-
diction for long-term progression of EDSS score than
NfL concentrations alone. This finding suggests that
serum NfL concentrations might complement MRI
measurements, such as brain atrophy rates, in predict-
ing long-term outcome. Further studies using pro-
spective data in a validation cohort could confirm the
improved predictability of such a combined model.

The invasive nature of lumbar punctures limits the
value of CSF NfL in routine clinical settings. Previous
studies have demonstrated associations between serum
and CSF NfL concentrations, as well as serum NfL
association with clinical and radiological measures of
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disease activity in RRMS.!-12 In this study, serum NfL
at Year 3 correlated with brain atrophy and EDSS
change over 8years and was associated with reaching
EDSS 6.0 by Year 8. The inconsistency in the strength
of these associations in samples derived at different
time points likely reflects the heterogeneity in the nat-
ural history of the patients recruited and the relatively
small number of subjects in each analysis. For exam-
ple, patients are likely to have changed treatments over
the follow-up period, which may have altered their
longer-term outcomes. Future work in prospective
cohorts should correct for factors that may influence
natural disease course such as treatment changes.

Limitations of this study include its retrospective
design, the variable number of samples available at
various time points, availability of serum samples at
Year 3 and Year 4 only, and the lack of complete fol-
low-up at 8 and 15 years.

Conclusion

The prognosis of individual patients with MS is a chal-
lenge. Despite decades of research, there are no accu-
rate quantitative metrics to predict long-term outcome
in patients with MS. Notably, brain atrophy measures
have been shown to be predictive in patient popula-
tions, but to date, these metrics have not been widely
applied in the clinical practice setting.!®!7 In addition,
reliable prognostic body fluid biomarkers, especially
blood-based ones, are lacking.’® This inability to pre-
dict disease course is problematic because neurologists
now have a wide range of treatment options, ranging
from less effective but very safe treatments to higher-
efficacy drugs with potentially serious side effects.
Choosing the most appropriate treatment for individual
patients would be informed by accurate quantitative
prognostic markers that could be used early in the dis-
ease, when treatment is likely most effective. Of great
importance is establishing a comprehensive database
of normative NfL values to generate age-related refer-
ence values and to quantify the impact of comorbidities
on NfL as a prerequisite to establish sNfL as a standard
biomarker in clinical practice. Furthermore, commuta-
bility of values across the different assay protocols and
platforms needs to be established. Based on results
from this study, NfL appears to be an attractive candi-
date biomarker for disease severity stratification in
MS, and warrants further evaluation in larger well-
characterized cohorts of patients.
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