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Neurofilament light chain in drug
development for amyotrophic lateral
sclerosis: a critical appraisal

Michael Benatar,® Joanne Wuu® and ®Martin R. Turner?

Interest in amyotrophic lateral sclerosis (ALS) biomarkers has grown exponentially over the course of the last 25
years, with great hope that they might serve as tools to facilitate the development of meaningful therapies for this
otherwise inexorably progressive and invariably fatal disease. Effective use of biomarkers, however, requires an un-
derstanding of what it means for them to be ‘fit-for-purpose’ as well as an appreciation of the nuances of the clinical
context(s) in which they will be applied.

Neurofilament light chain (NfL) has emerged as a leading candidate with enormous potential to aid ALS therapy de-
velopment; it is, however, also profoundly misunderstood. Within the conceptual framework of the BEST
(Biomarkers, EndpointS, and other Tools) Resource, developed by the National Institutes of Health and the Food
and Drug Administration in the USA, we consider the evidence supporting the use of NfL for a variety of purposes
in different clinical contexts.

We conclude that: (i) it may serve as a susceptibility/risk biomarker in populations at elevated risk for ALS; (ii) it has
value as a prognostic biomarker when measured early in the course of established disease, empowering stratification
or dynamic randomization to amplify the signal-to-noise ratio of promising therapeutics; and (iii) there is sufficient
evidence to support the use of a reduction in NfL in response to an experimental therapeutic as a pharmacodynamic
biomarker that may aid in phase 2 trial go/no-go decisions. Moreover, the basis for expecting that a reduction in NfL is
a reasonably likely surrogate end-point (i.e. reasonably likely to predict clinical benefit—which may be more than
simply survival) is nuanced, and depends on when in the course of disease the experimental therapeutic is
administered.
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Introduction

Almost half a century of trials for the neurodegenerative disorder
amyotrophic lateral sclerosis (ALS) has, to date, resulted in the licens-
ing of just three drugs based on different outcome measures: riluzole,
on the basis of modestly extended tracheostomy-free survival at 12
months; and edaravone (Japan and North America only) and
AMXO0035 (North America), both on the basis of a modest reduction
in functional disability after 6 months follow-up. The Food and Drug
Administration (FDA) in the USA recently approved AMXO0035
(Amylyx Pharmaceuticals), and is currently reviewing a new drug ap-
plication (NDA) for tofersen (Biogen) as a disease-modifying therapy.
In both cases, the importance (or not) of a reduction in the level of neu-
rofilaments in response to the experimental therapeutic, has been spe-
cifically highlighted. In seeking approval for their SOD1 antisense
oligonucleotide, tofersen, under the FDA'’s accelerated approval path-
way, Biogen’s application refers to their study’s ‘use of neurofilament
as a surrogate biomarker that is reasonably likely to predict clinical
benefit.! Conversely, an FDA advisory board meeting about
AMXO0035 questioned whether the lack of a reported difference in neu-
rofilament concentrations between placebo and active treatment cast
doubt on the other putative signals of efficacy.” To that end, the
authors of a recent editorial arguing in favour of AMX0035’s approval
addressed this by stating that ‘there is at present no evidence that
changes in neurofilament levels predict the efficacy of an agent.”

In light of the interest and excitement around neurofilament light
chain (NfL) and the dismal record to date of successfully identifying ef-
fective treatments for ALS, this is an opportune time to appraise the evi-
dence for the utility of NfL as a biomarker in ALS therapy development.
The discussion about NfL, however, has often either neglected the crit-
ically important concept that biomarkers should be fit-for-purpose* or
failed to adequately consider the clinical context in which the biomark-
er will be used. Overcoming these blind spots requires a nuanced un-
derstanding of the temporal dynamics of changes in NfL in ALS, as
well as the relationship between levels of NfL and clinically meaningful
end-points. We begin, therefore, by briefly revisiting the existing and
emerging framework for biomarker conceptualization.

Biomarker framework

In an effort to harmonize the terms used in translational science and
medical product development, the FDA and NIH have developed the
BEST (Biomarkers, EndpointS, and other Tools) Resource.® A clinical
trial end-point is an event or outcome that can be measured to deter-
mine whether the intervention being studied is beneficial. The most
reliable end-points are clinical outcomes that directly measure what
matters most to patients—how they feel, how they function, and
whether they live longer. In certain circumstances, biomarkers
may be used as surrogate end-points, which are further explained be-
low. The BEST framework emphasizes the need to conceptualize bio-
markers as being fit-for-purpose—meaning that biomarkers might
have different utility or clinical application and that the performance
characteristics of the biomarker may well vary based on the intended
used of the biomarker. Equally important, however, albeit less em-
phasized by the BEST Resource, is the clinical context in which the
biomarker will be used. The following FDA biomarker categories
are most relevant to the potential utility of NfL in ALS.

Susceptibility or risk biomarkers indicate the potential for develop-
ing a disease or medical condition in an individual who does not
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currently have clinically apparent disease or the medical condition.
A high serum cholesterol, for example, indicates elevated future
risk of a myocardial infarction or stroke. In the context of ALS this
currently has relevance to studies of asymptomatic carriers of gen-
etic variants with potential value in predicting when clinically
manifest ALS will emerge. Indeed, an increase in NfL above a pre-
specified threshold (along with a minimum increase in concentra-
tion compared to prior assessment) is being pioneered as an
eligibility criterion to enroll select presymptomatic SOD1 variant
carriers into the randomized, double-blind, placebo-controlled
phase of the ongoing ‘ATLAS’ trial of tofersen.®

Prognostic biomarkers are used in individuals who have the disease
or medical condition of interest, to predict the likelihood of a clin-
ical event, disease recurrence or progression. For example, in males
who have undergone radical prostatectomy, a rising concentration
of prostate-specific antigen (PSA) may indicate residual or recurrent
disease.>’ In the context of ALS, a prognostic biomarker might be
used to facilitate dynamic randomization or to stratify patients
based on expected prognosis to better discern heterogeneity of out-
come that is attributable to an experimental treatment rather than
variability in natural history. The prognostic value of NfL will, of
course, be greatest when measured early in established disease
(Period 3in Fig. 1) when much of the course of symptomatic disease
still lies ahead. At end stage disease, by contrast, there is unfortu-
nately little future prognosis left to predict.

Predictive biomarkers, which should be distinguished from prog-
nostic biomarkers, may be used to identify individuals who are
more likely than others to experience a benefit (or harm) from an in-
vestigational product. In ALS, gene mutation status (e.g. presence of
an SOD1 mutation) is expected to be predictive of which patients
would most likely benefit from an anti-sense oligonucleotide or
gene therapy approach that targets SOD1, for example. NfL, on
the other hand, is a non-specific marker of axonal injury; itis, there-
fore, not expected to be useful as a predictive biomarker.

Response biomarkers may be used to show that a biological re-
sponse, potentially beneficial (or harmful), has occurred in an indi-
vidual who has been exposed to a medical product. In ALS the
current ‘gold standard’ clinical outcome measures are survival or
significant slowing of the rate of disability accrual according to
the ALS Functional Rating Sscale-revised (ALSFRS-R), or a compos-
ite of the two such as the Combined Assessment of Function and
Survival (CAFS).2 Of note, steady-state NfL concentrations do not
correlate with contemporaneously collected ALSFRS-R scores
(which may continue to decrease), but there is a robust association
between higher steady-state NfL concentrations and faster future
rates of progression as measured by the change in ALSFRS-R over
time and shorter survival time.’

Pharmacodynamic biomarkers are a type of response biomarker
that indicate biological activity of a medical product without
necessarily drawing conclusions about clinical efficacy. The inter-
national normalized ratio (INR), for example, may serve as a
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Figure 1 Temporal trajectory of neurofilame NfL, and its utility as a biomarker, through the course of pre-symptomatic and symptomatic ALS. During
the pre-symptomatic stage of disease (Period 1), NfL generally increases ahead of the emergence of weakness. A rise in NfL during this stage of disease
may serve as a susceptibility/risk biomarker, predicting the impending emergence of clinically manifest ALS. During early symptomatic disease (Period
2), NfL continues to rise, before reaching a plateau as disease becomes established (Period 3) and a diagnosis is made. Since the average latency from
symptom onset to diagnosis is ~12 months, we conceptualize early symptomatic versus established disease as within versus after ~12 months follow-
ing symptom onset, respectively. The utility of once-off measurement of NfL during Period 2 is unclear, but longitudinal measures that reveal the rate
of change in NfL might have prognostic value. By contrast, the steady state level of NfL measured during Period 3 has established value in predicting
prognosis (future rate of disease progression and survival duration). NfL also has pharmacodynamic value during this stage of disease, as areduction in
NfL plausibly predicts a future clinical benefit. NfL levels are projected to remain stable into advanced or late-stage disease (Period 4). Although NfL is
stable during Periods 3 and 4, the level differs between individuals, with higher levels being reached among those with faster progressing disease. It s,
however, far less clear that a reduction in NfL during Period 4 is likely to translate into a clinical benefit since significant pathology and disability has
already accrued. Of note, during Periods 3 and 4, the level of NfL serves a marker of disease aggressivity (speed or rate of progression) and not of clinical
stage (cumulative disability) (inset).

pharmacodynamic biomarker when evaluating response to treat-
ment with the anti-coagulant, warfarin.>*°

alonglatency from symptom onset to evaluation by a specialist. By
then, disease is sufficiently progressed that a diagnosis can readily
be made by a specialist based on clinical findings alone, thereby
limiting the need for a diagnostic biomarker to atypical pheno-
types.'” The frustratingly long diagnostic delay reflects the fact
that ALS is a relatively rare disorder that is characterized by insidi-
ous onset and progression of largely painless weakness. Failure to
identify early symptoms as potentially representing ALS and to ini-
tiate appropriate referral'® are ‘health system’ problems, requiring
an educational solution. Whether or not NfL. may become a useful
screening tool for use in the primary care setting, for example, to
prompt referral to an ALS specialist, is yet to be determined. This
does, however, require focused investigation as the potential for
both false positive and false negative results may limit the predict-
ive value of NfL as a screening tool.

Surrogate end-point biomarkers

Surrogate end-point biomarkers are another type of response bio-
marker that serve as a substitute for a direct measure of how a pa-
tient feels, functions, or survives. Importantly, surrogate end-
points do not directly measure the clinical benefit (or harm) but, ra-
ther, are expected to predict it. Reduction in HIV viral load, for ex-
ample, is a validated surrogate end-point for HIV clinical disease
control.® From a regulatory standpoint, depending on the level of
clinical validation, the FDA recognizes: (i) validated surrogate
end-points; (ii) reasonably likely surrogate end-points; and (iii) can-
didate surrogate end-points.

Diagnostic biomarkers

Diagnostic biomarkers are used to detect or confirm the presence of
a disease or condition of interest or to identify individuals with a
subtype of the disease. In this context, the sensitivity and specifi-
city of the biomarker for the condition of interest are of paramount

Neurofilament light chain in the context
of ALS

Neurofilaments are neuron-specific cytoskeletal intermediate fila-

importance. Much has been written about the potential value of
neurofilaments, measured in CSF or blood, as tools to facilitate
the diagnosis of ALS.*"** The concentration of NfL is generally ele-
vated among patients with ALS compared to controls and even dis-
ease mimics. In current clinical practice, however, there is typically

ments that comprise heteropolymers of NfL, neurofilament me-
dium chain (NfM) and neurofilament heavy chain (NfH)."” These
polymers, which also contain a-internexin in the CNS or peripherin
in the PNS, are major structural components of axons.™® CSF levels
were first noted to be significantly raised in ALS patients, compared
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to both healthy and Alzheimer’s disease controls, more than
25 years ago.™ Catalysed by the development of sensitive assays
capable of measuring blood levels (which correlate very closely
with CSF levels?®??), NfL has emerged most consistently as a non-
specific marker of axonal loss across a wide range of mainly CNS
neurological disorders.”” Older age remains a confound to be unrav-
elled more fully, but ALS is among the diseases with the highest
levels of NfL in most cases.??

Approximately 15% of ALS cases are linked to a highly-
penetrant, dominantly inherited, monogenetic pathological vari-
ant. From studies of asymptomatic carriers of these variants, blood
NfL concentrations appear to significantly increase pre-
symptomatically in ALS,?* with the temporal course of this rise de-
pendent, at least in part, on underlying genotype.?® Among carriers
ofhighly penetrant SOD1 mutations that are associated with rapidly
progressive disease, this rise in NfL occurs 6-12 months before phe-
noconversion and predicts the emergence of clinically manifest ALS
with high sensitivity and specificity.® We do recognize, however,
that ALS is biologically and phenotypically heterogeneous and
that observations from this most aggressive forms of SOD1 ALS
may not always be generalizable to other forms of disease.?®

NfL concentrations continue to increase to some extent during,
on average, the first year or so following phenoconversion in muta-
tion carriers (or following symptom onset in patients with appar-
ently sporadic ALS), after which the levels reach a plateau and
then remain relatively stable through most of the course of symp-
tomatic disease®?°?*?” (Fig. 1). The biochemical reasons why NfL
concentrations stabilize are unclear; nonetheless, the stable levels
indicate that the rate of release of this relatively soluble and small
molecule from what is an essentially inexhaustible pool of degener-
ating axons (even in late-stage ALS) reaches an equilibrium with
blood clearance mechanisms. The concentration at which NfL
reaches a steady state (i.e. plateau) varies widely from patient to pa-
tient. Higher steady state concentration is associated with more ag-
gressive disease that is characterized by more rapid rate of
functional decline and shorter survival from initial symptom on-
set®?%?’ (Fig. 1). As such, NfL has emerged as a clinically validated
prognostic biomarker.’

Perhaps the most important question, however, is the extent to
which NfL might be used as a response biomarker—either pharma-
codynamic or surrogate end-point in ALS. Most would probably
agree that NfL would have value as a pharmacodynamic biomarker
if there were a consistent reduction in concentration following ad-
ministration of an experimental therapeutic. Indeed, NfL has been
shown to be a pharmacodynamic biomarker in other neurological
disorders, including HIV-related neurodegeneration,”® multiple
sclerosis® and spinal muscular atrophy.?® Moreover, there is strong
face validity in the idea that a reduction in NfL, a marker of axonal
damage, should be favourably regarded. Similarly, a rise in NfL fol-
lowing administration of an experimental therapeutic, would intui-
tively be considered a potential sign of harm.

Since there is currently no published evidence that NfL is a sub-
stitute for a direct measure of how patients with clinically manifest
ALS feel or function, or how long they survive, NfL cannot yet be
considered a validated surrogate end-point. Whether or not NfL
might be regarded as a reasonably likely surrogate end-point (spe-
cifically, that its reduction will predict some future clinical benefit)
is, however, much less clear. To understand why, it is helpful to
think of NfL as a marker of the rate with which disease is progres-
sing—akin to the speed at which a runaway train is moving towards
a cliff. (Notably, a steady state level of NfL, as shown in Periods 3
and 4 in Fig. 1, is not a marker of how many motor neurons have
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been lost, how much disability has accrued, or how far advanced
the disease has become—all of which may be considered ‘distance
travelled’, in the speeding train analogy.) Whether or not reducing
NfL will predict meaningful preservation of function depends on
when in the course of disease, the reduction occurs. In the runaway
train analogy, reducing the train’s speed means that it will take
longer before reaching the edge of the cliff. This is a benefit (because
there is more time for rescue); and this benefit can be predicted.
When train is near the cliff's edge, however, there is little to no
time left for rescue. And in the absence of a benefit, there is nothing
to predict. Similarly, a reduction in NfL occurring earlier (rather
than later) in the course of disease is more plausibly a reasonably
likely surrogate end-point.

According to the BEST framework, a reasonably likely surrogate
end-point is an ‘endpoint supported by strong mechanistic ... ra-
tionale such that an effect on the surrogate endpoint is expected
to be correlated with an endpoint intended to assess clinical benefit
in clinical trials, but without sufficient clinical data to show thatitis
a validated surrogate endpoint’.> For NfL, there is indeed a strong
mechanistic rationale to expect that its reduction might correlate
with a clinical benefit. Whether or not NfL can be considered a rea-
sonably likely surrogate, however, depends to a significant extent
on when in the course of disease NfL is reduced by the therapeutic
intervention.

An immediate role for neurofilament
light chain in ALS therapy development

Considering what is already known about NfL in ALS and other
neurological disorders, there is something circular in the reasoning
that, in order to consider it a potential biomarker of pharmacody-
namic response, we must first evaluate it in the context of a highly
effective disease-modifying drug for ALS. After all, no such therapy
currently exists; and once we have a highly effective therapy, the
need for a pharmacodynamic biomarker may be less pressing.
Parenthetically, riluzole and edaravone both have very small abso-
lute effects, neither of which are quantifiable in, or perceptible to,
the treated individual; and neither drugis expected to make a patient
‘feel’ better. It is perhaps not surprising that NfL concentrations do
not appear to change in response to treatment with riluzole.** (The
impact of edaravone on NfL is currently unknown.) Interestingly, a
recent phase 2 futility trial of guanabenz, a selective inhibitor of
endoplasmic reticulum stress-induced elF2a-phosphatase, met its
primary end-point of non-futility but did not show a change in NfL
over a 6-month treatment period.*> The authors concluded that a lar-
ger trial of a molecule targeting the unfolded protein response path-
way, but without the alpha-2 adrenergic side effects of guanabenz, is
warranted. Whether the lack of an NfL response in phase 2 should
have led to a different conclusion will only be revealed by the results
of the proposed follow-up trial.

As we contemplate the challenges of ALS therapy development,
there appear to be a wide range of candidate therapeutics now jost-
ling for priority testing in phase 3 clinical trials. Many of these have
emerged from the development of high-throughput screening
methodologies, with ‘promising signals’ in cellular and rodent
models. Importantly, compounds with ‘safety and tolerability’
data from small phase 2 human subject studies must not be por-
trayed as having evidence of therapeutic efficacy. [Incidentally,
those living with ALS, and the clinicians advising them, must ob-
jectively navigate the interests (including commercial) of an in-
creasing number of entities purporting to have the most
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promising candidate.] A crucial rate-limiting step in assessing the
aforementioned plethora of drug candidates is the availability of fi-
nancial resources for and the logistical feasibility of large (>200 pa-
tients) and lengthy (12-18 month) phase 3 randomized
placebo-controlled trials that meet the currently acceptable end-
points for licensing.

An immediate solution might be to use NfL as a pharmacody-
namic biomarker, with a significant reduction in NfL concentration
in response to an experimental therapeutic as a mechanism of tri-
age. This could be achieved through studies involving a relatively
small group of ALS patients, and undertaken over a shorter period
(e.g. 6 months). Candidate drugs achieving a pre-specified thresh-
old for group mean reduction in NfL could be prioritized for the ne-
cessarily longer phase 3 randomized placebo-controlled trials.
Smaller triage studies would lend themselves to being conducted
at fewer centers, allowing faster screening of more candidates
and supported by existing international platforms for trial registra-
tion to minimize duplication. Despite the accepted risk of overlook-
ing a highly effective drug that, for some reason, did not impact NfL
at all, the gains in terms of accelerating screening to clear the cur-
rent backlog of candidates remains a strong appeal.

Concluding remarks

NfL, despite its lack of specificity for ALS, is currently the most ac-
cessible, quantitative, and robust marker of disease ‘aggressivity’ in
ALS, a concept that warrants consideration for incorporation into
the BEST framework. As a marker of the speed with which ALS is
progressing, NfL holds immediate value as a prognostic biomarker,
especially in early established disease. It has the additional value of
predicting phenoconversion to clinically manifest ALS in those at
high genetic risk, offering the first opportunity to administer poten-
tially preventative therapeutics. A nuanced understanding of the
temporal dynamics of NfL in ALS, however, only partially support
the notion that NfL is a reasonably likely surrogate end-point—
because the correlative clinical effects of lowering NfL depend on
the timing of treatment. Nevertheless, NfL has enormous face val-
idity as a pharmacodynamic biomarker and is worthy of immediate
consideration for its utility in making go/no-go decisions in phase 2
clinical trials.
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