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A map of neurofilament light chain species
in brain and cerebrospinal fluid and alterations
in Alzheimer’s disease

®Melissa M. Budelier',"2 ®Yingxin He,I Nicolas R. Barthelemy,I Hongjiang,"3’4 Yan Li,I
Ethan Park,’ Rachel L. Henson,'"* Suzanne E. Schindler,"* David M. Holtzman'?>* and
Randall J. Bateman'3*

See Leckey and Zetterberg (https://doi.org/10.1093/braincomms/fcac070) for a scientific commentary on this article.

Neurofilament light is a well-established marker of both acute and chronic neuronal damage and is increased in multiple neurodegenera-
tive diseases. However, the protein is not well characterized in brain tissue or body fluids, and it is unknown what neurofilament light
species are detected by commercial assays and whether additional species exist. We developed an immunoprecipitation-mass spectrom-
etry assay using custom antibodies targeting various neurofilament light domains, including antibodies targeting Coil 1A/1B of the rod
domain (HJ30.13), Coil 2B of the rod domain (H]30.4) and the tail region (H]J30.11). We utilized our assay to characterize neurofilament
light in brain tissue and CSF of individuals with Alzheimer’s disease dementia and healthy controls. We then validated a quantitative
version of our assay and measured neurofilament light concentrations using both our quantitative immunoprecipitation-mass spectrom-
etry assay and the commercially available immunoassay from Uman diagnostics in individuals with and without Alzheimer’s disease de-
mentia. Our validation cohort included CSF samples from 30 symptomatic amyloid-positive participants, 16 asymptomatic amyloid-
positive participants, 10 symptomatic amyloid-negative participants and 25 amyloid-negative controls. We identified at least three major
neurofilament light species in CSF, including N-terminal and C-terminal truncations, and a C-terminal fragment containing the tail do-
main. No full-length neurofilament light was identified in CSF. This contrasts with brain tissue, which contained mostly full-length neu-
rofilament and a C-terminal tail domain fragment. We observed an increase in neurofilament light concentrations in individuals with
Alzheimer’s disease compared with healthy controls, with larger differences for some neurofilament light species than for others. The
largest differences were observed for neurofilament light fragments including NfL.165 (in Coil 1B), NfL.324 (in Coil 2B) and NfL530
(in the C-terminal tail domain). The Uman immunoassay correlated most with Nf[.324. This study provides a comprehensive evaluation
of neurofilament light in brain and CSF and enables future investigations of neurofilament light biology and utility as a biomarker.
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AP 42/AB 40 = concentration ratio of amyloid beta peptide 1-42 divided by amyloid beta peptide 1-40; aa = amino
acids; ACN = acetonitrile; CDR = Clinical Dementia Rating; CDR-SB = CDR Sum of Boxes; C-terminal = carboxyl-terminal; HSA =
human serum albumin; IP-MS=immunoprecipitation-mass spectrometry; ISTD =internal standard; LC-MS/MS = liquid
chromatography-tandem mass spectrometry; MMSE = Mini-Mental State Exam; NfH =neurofilament heavy chain; NfL=
neurofilament light chain; NfL101 = neurofilament light chain tryptic peptide FASFIER (NfL amino acids 101-107); NfL117 =
neurofilament light chain tryptic peptide VLEAELLVLR (NfL amino acids 117-126); NfL165 = neurofilament light chain tryptic
peptide EGLEETLR (NfL amino acids 165-172); NfL284 = neurofilament light chain tryptic peptide FTVLTESAAK (NfL amino
acids 284-293); NfL324 =neurofilament light chain tryptic peptide GMNEALEK (NfL amino acids 324-331); NfL530=
neurofilament light chain tryptic peptide VEGAGEEQAAK(NfL amino acids 530-540); NfL-L1 = CSF pool with the lowest NfL
concentrations; NfL-L2 =CSF pool with the highest NfL concentrations; NfM = neurofilament medium chain; N-terminal =
amino-terminal; PIB = Pittsburgh Compound-B; PRM = parallel reaction monitoring; PTMs = post-translational modifications;
rec-NfL = recombinant NfL protein; TEABC = triethyl ammonium bicarbonate buffer; t-tau = total tau
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. sclerosis” and other neurodegenerative disorders to varying
Introduction

Neurofilaments are important structural components of
myelinated axons and help to increase axon diameter, allow-
ing for faster nerve conductance. In the CNS, neurofilaments
are protein polymers composed of the following four pro-
teins: neurofilament light chain (NfL) and alpha-internexin
form the neurofilament core and co-assemble with neurofila-
ment medium chain (NfM) and neurofilament heavy chain
(NfH). All four proteins contain conserved rod domains
and unique amino-terminal (N-terminal) and carboxyl-
terminal (C-terminal) domains." Of these proteins, NfL is a
well-established marker in CSF and plasma of both acute
and chronic neuronal damage,” and is increased in
Alzheimer’s  disease,”  frontotemporal  dementia,®
Parkinson’s disease,” progressive supranuclear palsy,® trau-
matic brain injury,” multiple sclerosis,® amyotrophic lateral

degrees.'” While a commercially available immunoassay is
utilized for research and has been successful at differentiat-
ing neurodegenerative diseases from healthy controls,'!*'?
it is unclear what NfL species the commercial assay detects,
and whether additional species exist. The increase of NfL
concentrations in multiple diseases that cause neurodegen-
eration limits its utility in diagnosing and staging disease
and potentially monitoring treatment response.'?

A full profile of NfL species and their relationship to differ-
ent diseases can help inform our understanding of the patho-
physiological processes that generate extracellular NfL as
well as potentially identify disease-specific species. Similar
to recent discoveries related to specific tau fragments and
post-translational modifications (PTMs) as biomarkers, !¢
there may be NfL species, such as protein fragments and
PTMs, that vary by neurodegenerative process (e.g.
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inflammatory process versus astrocytic process), by neuron
type (e.g. inhibitory versus excitatory, cortical versus subcor-
tical) or mechanism of cell death (e.g. apoptosis or autophagy
versus necrosis). Current methods measuring NfL concentra-
tions in biofluids rely on immunoassays. While NfL immu-
noassays are sensitive, the NfL species targeted by the
antibodies used in these assays are not well characterized.

To better understand the diverse forms of NfL present in
the brain and biofluids, analytical methods that directly char-
acterize the structure of NfL are needed.'” Mass spectrometry
offers direct protein characterization, and when combined
with purification methods such as immunoprecipitation, pro-
vides the analytical specificity needed to fully characterize
NfL. We developed antibodies that bind to various regions
of NfL and characterized NfLL domains recovered by these
antibodies using immunoprecipitation-mass spectrometry
(IP-MS) in brain tissue and CSF. We demonstrate that most
brain NfL is a full-length protein while CSF NfL consists of
a mixture of different protein fragments. We then tested the
newly identified NfL fragments in a discovery cohort of con-
trols and Alzheimer’s disease samples, and further validated
our findings in a confirmation cohort.

Methods

This study was approved by the Washington University
Institutional Review Board. The pooled CSF samples used
for assay development were previously obtained from human
subjects and stored at —80°C. At the time of initial collection,
CSF was centrifuged at 1000x g for 10 min to remove cell
debris and was immediately frozen at —80°C. Brain samples
included previously lysed samples stored at —80°C for assay
development, and were from controls without amyloid or tau
pathology.'* All Alzheimer’s disease samples and control
CSF samples were collected during a previous study,'® ali-
quoted and stored at —80°C. Amyloid status was previously
defined by PET Pittsburgh Compound-B (PET PIB mean cor-
tical binding potential >0.18 =amyloid-positive) when
available, and by CSF AB 42/AB 40 (concentration ratio of
amyloid beta peptide 1-42 divided by amyloid beta peptide
1-40) when PET PIB was not available (CSF AB 42/Ap 40
concentration ratio <0.12 = amyloid-positive).'® The valid-
ation cohort included CSF samples from 30 symptomatic
amyloid-positive participants, 16 asymptomatic amyloid-
positive participants, 10 symptomatic amyloid-negative par-
ticipants and 25 amyloid-negative controls. Participant
demographics are shown in Supplementary Table 1.

Monoclonal antibodies against recombinant human NfL were
generated by immunization of 8-week-old Balb/c3 mice with
recombinant NfL protein (rec-NfL) produced in bacteria
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(head + core, see Supplementary Material for amino acid se-
quence) using complete Freund’s adjuvant (Sigma) as previous-
ly described for generation of tau monoclonal antibodies.'® For
the initial screening of antibodies, supernatants from hybrido-
ma cells were added to 96-well plates coated with rec-NfL.
After binding to rec-NfL, the H]30 series of antibodies were de-
tected by horseradish peroxidase-conjugated anti-mouse IgG.
Clones that reacted with rec-NfL and bovine NfL, but not
with a negative control protein were grown, sub-cloned and
subsequently frozen in liquid nitrogen. Reactivity against hu-
man NfL was determined by western blot from the cortex of
human brain samples. Twenty-three antibodies underwent fur-
ther screening and were cross-linked to M270 Epoxy
Dynabeads (Invitrogen) according to the manufacturer’s in-
structions and assessed for their ability to immunoprecipitate
full-length rec-NfL and native NfL from pooled CSF used for
assay development. Briefly, for rec-NfL, 10 pl of 5 ng/pl
rec-NfL in 1% human serum albumin (HSA) were added to
40 pl of 100 mM triethyl ammonium bicarbonate buffer
(TEABC). For native NfL, frozen CSF samples were thawed
at room temperature, and 450 pl of the thawed CSF was trans-
ferred to a new tube. 25 pl of a master mix containing detergent
(1% NP-40), chaotropic reagent (5 mM guanidine) and prote-
ase inhibitors (Roche complete Protease Inhibitor Cocktail),
and 20 pl of 0.5 ng/ml NfL internal standard (ISTD) in
50 mM TEABC was then added. Lys, Arg, ">C'*N labelled full-
length rec-NfL (Promise Advanced Proteomics) was used as the
ISTD. Both recombinant and native NfL were immunoprecipi-
tated by adding 30 pl of a 30% (i.e. 3 mg/ml) slurry of an
antibody-conjugated bead preparation and rotating the sample
for 120 min at room temperature. The antibody-conjugated
beads were magnetically separated, and the post-IP super-
natant was removed. The beads were washed three times in
1 ml of 25 mM TEABC (per wash). The bound NfL was di-
gested on beads with 400 ng MS-grade trypsin/Lys-C
(Promega) for 16 h at 37°C. Digests were loaded onto
TopTip C18 (Glygen, TT2C18.96), desalted and eluted per
the manufacturer’s instructions. The eluants were dried in va-
cuo without heat and stored at —80°C until analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
(see the ‘Liquid chromatography-tandem mass spectrometry’
section). Sixteen antibodies recovered full-length recombinant
protein (Supplementary Fig. 1). Based on peptide profiles
from native NfL immunoprecipitated from pooled CSF, anti-
bodies were determined to have epitopes against the
N-terminal portion of the rod domain, the C-terminal portion
of the rod domain or the C-terminus of NfL (Supplementary
Fig. 2). Antibodies with high recovery and NfL specificity
were chosen for each of these NfL domains and used in quali-
tative and quantitative IP-MS assays. None of the custom anti-
bodies recognized the N-terminus of NfL.

A three-step, sequential immunoprecipitation was used to
characterize NfL in brain lysate and CSF. Antibodies
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targeting Coil 1A/1B of the rod domain (HJ30.13), Coil 2B
of the rod domain (HJ30.4) and the tail region (H]J30.11)
were used. Frozen brain lysates were thawed and a 450 pl ali-
quot of the thawed brain lysate was diluted 1:1000 with 1%
HSA. Frozen CSF samples were thawed at room tempera-
ture, and 450 pl of the thawed CSF was transferred to a
new 1.6 ml new tube for immunoprecipitation.

Both brain and CSF samples were immunoprecipitated as
described above for native CSF using 30 pl of a 30% (i.e.
3 mg/ml) slurry of an antibody-conjugated bead preparation
of HJ30.13 (Coil 1A/1B antibody). Washed beads were
stored on ice until all samples were ready for on-bead diges-
tion. In the second step, 20 pl of 0.5 ng/ml NfL ISTD in
50 mM TEABC was added, and NfL was immunoprecipi-
tated a second time by adding 30 pl of a 30% (i.e. 3 mg/
ml) slurry of an antibody-conjugated bead preparation of
HJ30.4 (Coil 2B antibody). The remaining steps were identi-
cal to the first immunoprecipitation. Ten nanograms of ISTD
in 50 mM TEABC were again added to the post-IP super-
natant prior to the third sequential immunoprecipitation,
which was performed with HJ30.11 (tail antibody). Bound
NfL was digested on beads with 400 ng MS-grade trypsin/
Lys-C (Promega) for 16 h at 37°C and samples were ex-
tracted as described above.

To eliminate the need for sequential addition of ISTD, anti-
bodies targeting Coil 1A/1B of the rod domain (H]30.13),
Coil 2B of the rod domain (HJ30.4) and the tail region
(HJ30.11) were mixed 1:1:1 to generate an antibody slurry
with a final concentration of 10% (i.e. 1 mg/ml) of each anti-
body. Twenty-five microlitres of a master mix containing de-
tergent (1% NP-40), chaotropic reagent (5 mM guanidine)
and protease inhibitors (Roche Complete Protease
Inhibitor Cocktail) were added to 96-well plates. Five micro-
litres of ISTD (0.1 ng/pl in 1% HSA; ISTD solvent and
amount optimized for quantitative recovery and assay’s dy-
namic range) were then added, followed by 450 pl of thawed
CSF and 30 pl of the antibody slurry. Immunoprecipitation
and on-bead digestion were performed as described above.

Pooled CSF was screened to identify pools with low and
high concentrations of NfL. The CSF pools with the lowest
(NfL-L1) and highest (NfL-L2) NfL concentrations were se-
lected and used to determine the assay’s linear range. NfL-L.2
CSF was serially diluted with NfL-L1 CSF to generate an
8-point curve with 100, 50, 25, 12.5, 6.25, 3.13 and
1.56% of NfL-L2. NfL was immunoprecipitated as de-
scribed above, in triplicate. The N14/N135 ratios were deter-
mined for each of the six peptides in the quantitative method,
and the average N14/N135 ratios of the replicates were plot-
ted against %NfL-L2 and linear regression was performed.
All six peptides showed good linearity across the tested
NfL concentrations, with R*>0.988 (Supplementary Fig.
3). Average % coefficient of variation for each peptide across
the linear range was 8-12% (Supplementary Table 2).

M. M. Budelier et al.

Extracted digests were reconstituted with 25 pl of 0.1% for-
mic acid/0% acetonitrile (ACN). A 4.5 pl aliquot of each di-
gest was then injected into nano-Acquity LC for MS analysis.
The nano-Acquity LC (Waters Corporation, Milford, MA,
USA) was fitted with HSS T3 75 pm x 100 um, 1.8 pm col-
umn and a flow rate of 0.5 pl/min of a gradient of solutions
A and B was used to separate the peptides. Solution A was
composed of 0.1% formic acid in MS-grade water and solu-
tion B was composed of 0.1% formic acid in ACN. Samples
were analysed in positive ion mode, with a spray voltage of
2200V and ion transfer tube temperature of 275°C. Data
were collected with parallel reaction monitoring (PRM) for
endogenous (N14) and isotopically labelled (Lys, Arg: '>C
15N) peptides. Tryptic peptides specific to NfL were identi-
fied via the Blast search, and those with good ionization
were included in the qualitative PRM, designed to optimize
sequence coverage. The quantitative method was optimized
for assay precision, and multiplexing was reduced to the ana-
lysis of six NfL peptides across various NfL domains and
their corresponding ISTDs (Supplementary Table 3).

Data were extracted using Skyline software (MacCoss
Laboratory, University of Washington, WA, USA) and ex-
ported for further analysis. Peptide trace graphs, amyloid
+/— group comparisons and correlation scatterplots were
generated using GraphPad Prism version 8.3.0. The associa-
tions among NfL peptides, other biomarkers and cognitive/
clinical measures were evaluated using Spearman’s correla-
tions. The confidence intervals and P values for the correla-
tions were based on Fisher’s 7-to-z transformation. #-tests
were used to compare amyloid-positive and amyloid-
negative groups. Data were log-transformed prior to #-tests
to account for the right skew. R software version 4.0.4 was
used for statistical analysis.

All CSF samples were collected previously'® and stored at
—80°C. Ten total samples, four Alzheimer’s disease [Clinical
Dementia Rating (CDR) 0.5-1, amyloid PET-positive] and
six control (CDR 0, amyloid PET-negative), were sequentially
immunoprecipitated using HJ30.13, followed by H]30.4, fol-
lowed by HJ30.11. Samples were processed using sequential
IP-MS as described above.

The validation cohort consisted of 81 CSF samples previous-
ly collected from individuals with Alzheimer’s disease de-
mentia (amyloid-positive, CDR 0-2), non-Alzheimer’s
disease dementia (amyloid-negative, CDR 0.5-1) and
healthy controls (amyloid-negative, CDR 0).'®* Amyloid
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positivity was previously determined by CSF A 42/Ap 40.'8
For each CSF sample, six NfL peptides, corresponding to
four different domains of NfL (Coil 1A, Coil 1B, Coil 2B
and Tail), were measured using the quantitative IP-MS meth-
od described above. NfL was also measured via commercial
ELISA kit (Uman Diagnostics) according to the manufac-
turer’s specifications. Briefly, for ELISA measurement, CSF
samples were thawed on wet ice and vortexed. Samples
were then diluted 2 x with the provided sample diluent in a
96-well pre-plate and mixed prior to transferring to the assay
plate.

To determine the relationship of soluble NfL species to
Alzheimer’s disease clinical, cognitive, imaging and bio-
marker measures, correlation analysis was performed be-
tween each NfL region (IP-MS) and previously obtained
biomarker data. The following measures were evaluated:
age, CDR-global and CDR Sum of Boxes (CDR-SB),
Mini-Mental State Exam (MMSE), amyloid plaque imaging
(PET PIB), CSF AB 42/Ap 40,'® CSF total tau (t-tau), CSF
ptaul81 and ptaul81/taul81, CSF ptau205 and ptau205/
tau205, and CSF ptau217 and ptau217/tau217.'>%°

R scripts and data are available upon request. Antibodies
will also be made available upon reasonable request, as re-
sources allow.

Results

Twenty-three monoclonal antibodies were generated against
NfL and evaluated for their ability to immunoprecipitate
full-length rec-NfL, NfL from brain lysate and NfL from
pooled CSF (see the ‘Methods’ section). Antibodies were
characterized by the NfL domain they targeted, their
IP-efficiency and their specificity. Representative antibodies
for each NfL domain were selected and used for further assay
development. Using antibodies targeting various NfL do-
mains, we determined that multiple NfL species exist in
CSF (Fig. 1). To better elucidate the NfL species in CSF,
pooled CSF samples were sequentially immunoprecipitated
starting with an antibody targeting the Coil 1A/1B [approxi-
mately amino acids (aa)93-252, HJ30.13], followed by an
antibody targeting the Coil 2B (approximately aa272-396,
HJ30.4) and finally with an antibody targeting the
C-terminus of the tail region (aa520-550, HJ30.11). Based
on these protein profiles, we identified a minimum of three
major NfL fragment species in CSF, though it is likely that
multiple variations of these species exist. These include two
different N-terminal and C-terminal truncations containing
rod domains enriched by HJ30.13 (aa92 through at least
aa224, with possible variations extending through aa360)
and HJ30.4 (aa324 through aa360), as well as a
C-terminal fragment containing the tail of NfL (enriched
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by HJ30.11, containing aa530 through at least aa540). No
N-terminal fragments were recovered and full-length NfL
was not present in quantifiable concentrations in CSF
(Fig. 2A and B).

In contrast to the highly fragmented protein in CSF, brain tis-
sue homogenate contained mostly full-length NfL. To deter-
mine if any truncated species were also present in brain, we
performed the same sequential immunoprecipitation on hu-
man brain tissue. While most brain NfL appeared to be full
length, we also observed a C-terminal fragment of tail subdo-
main B containing at least amino acids 530-540 (Fig. 2A
and C), similar to the fragment identified in CSF. A fragment
containing aal65-224 appears to be enriched by HJ30.13.
No additional NfL fragments were enriched in the brain dur-
ing the second IP (H]30.4, Coil 2B of the rod domain).

The sequential IP-MS method initially tested on experimen-
tal, pooled CSF was repeated on CSF samples from a discov-
ery cohort of Alzheimer’s disease dementia (n=4) and
healthy controls (z = 6). The peptides observed in both clin-
ical groups were similar to those observed in the pooled CSF,
but there were increased amounts of the three major NfL spe-
cies in Alzheimer’s disease compared with controls (Fig. 3).
Additionally, some peptides appeared better than others at
differentiating Alzheimer’s disease and control samples.
The most prominent difference was observed for the
NfL530 [neurofilament light chain tryptic peptide
VEGAGEEQAAK(NfL amino acids 530-540)] in the
C-terminal tail and tryptic peptide GADEAALAR, within
Coil 1B of the rod domain.

To better compare CSF NfL species in Alzheimer’s disease,
non-Alzheimer’s disease dementia and healthy controls, we
developed a quantitative NfL assay to reliably measure select
regions across multiple NfL species. To improve precision,
we reduced multiplexing in our quantitative method to
measure six peptides across the various NfL domains and
their corresponding internal standards. We then applied
the IP-MS quantitative method to measure specific CSF
NIfL species in a validation cohort of 81 Alzheimer’s disease
and control samples (30 amyloid-positive, CDR >0; 16
amyloid-positive, CDR=0; 10 amyloid-negative, CDR >
0; 25 amyloid-negative, CDR = 0; Supplementary Table 1).
For comparison, CSF NfL concentrations were also quanti-
fied using the widely used NfL immunoassay from Uman
Diagnostics.

Consistent with sequential IP-MS results of the discovery
cohort (Fig. 3), we confirmed increases in NfL concentrations
in a confirmation cohort of symptomatic, amyloid-positive


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data

6 | BRAIN COMMUNICATIONS 2022: Page 6 of 12 M. M. Budelier et al.

/JL\HJSU.H )L\HBOA /JL\HBO'H

I
I 1 I 1 I 1
Tail Tail
Subdomain A Subdomain B

2 93 124 138 234 253 271 281 396

443 54
Head Domain Coil

. Coil .
1A Coil 1B 2 Coil 2B

Amino Acid Number 50 100 150 200 250 300 350 400 450 500

8 B B N B |
[ . _§ & B §® & N &0 §B °® B B B B §®B B B |
. N N &N N N _§ &8 & N &R & & &8 § & &8 _§ & &8 & &R &8 B &R _§B §B B B |
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individuals (N = 30) compared with amyloid-negative healthy domain (NfL324; GMNEALK, aa324-331) and in the
controls (N=235) (Fig. 4). Interestingly, the difference be- C-terminus of the tail (NfL530; VEGAGEEQAAK, aa530-
tween groups was larger for some regions than for others, 540). NfL324 [neurofilament light chain tryptic peptide
with the biggest differences observed in Coil 2B of the rod GMNEALEK (NfL amino acids 324-331)] was 1.5-fold
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sequential IP-MS/MS assay purifying and identifying at least three NfL fragment species (A). Sequential NfL IP from pooled CSF (n = I) indicates
three main NfL domains: a mid-domain region from NfL93 to NfL224, another region from NfL324 to NfL359 and a C-terminal region at NfL530
(B) and brain cortex lysate (n = ) showing full-length NfL from NfL2 to NfL540, with a C-terminal peptide at NfL 530 (C). The blue line depicts
peptides identified following the first IP with HJ30.13, the red line depicts peptides identified during the second IP with HJ30.4 and the green line
represents peptides identified during the third IP with HJ30.1 1.
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Figure 3 NfL species are increased in Alzheimer’s disease CSF compared with healthy controls. Sequential IP-MS of the three main
CSF NfL species identifies increased NfL levels in Alzheimer’s disease dementia (n =4) compared with controls (n = 6) for each main species. Red
lines represent relative amounts of NfL species for individuals with Alzheimer’s disease dementia as determined by the presence of amyloid
plaques by PET and very mild dementia (CDR =0.5) and black lines represent healthy age-matched controls (CDR = 0).

increased in Alzheimer’s disease compared with control (P =
0.001, Fig. 4F) and NfL530 was 1.7-fold increased (P =
0.0001, Fig. 4G). We also measured NfL concentrations for
asymptomatic amyloid-positive and symptomatic amyloid-
negative individuals and observed an increase in all NfL
regions for symptomatic amyloid-negative individuals

(Supplementary Fig. 4). The increase in symptomatic amyloid-
negative individuals was greater than that for asymptomatic
amyloid-positive individuals for all regions except NfL530.
We observed a statistically significant increase in all NfL
regions for CDR > 0 individuals compared with CDR = 0, in-
dependent of amyloid status (Supplementary Fig. 5).


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data
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Figure 4 Validation cohort confirms increased NfL324 and NfL530 in Alzheimer’s disease compared with healthy controls.
Schematic showing NfL map and location of peptides in quantitative IP-MS method (A). Comparison of NfL peptides between symptomatic
Alzheimer’s disease participants (n = 30; amyloid-positive, CDR > 0) and healthy controls (n = 25; amyloid-negative, CDR = 0) for Coil |Aand IB
regions NfLIO1 (B), NfL117 (C) and NfL165 (D) show non-significant increased trends in Alzheimer’s disease, no difference in Coil 2B NfL284
region (E) and highly significant increases in NfL324 (F), and C-terminal region NfL530 (G). Data are right skewed and as such, t-tests were
performed on log-transformed data. To accurately depict the absolute differences between groups, the y-axes were not log-transformed.
*Statistical significance at P < 0.01; **Statistical significance at P<<0.001.
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Figure 5 Correlation between IP-MS and ELISA by NfL species. Spearman’s correlation between IP-MS and the Uman Diagnostics ELISA
results vary by NfL species: NfLI01 (A), NfL 117 (B), NfL 165 (C), NfL284 (D), NfL 324 (E) and NfL530 (F). The highest correlation is observed

between the ELISA and NfL324.

Using the Uman NfL immunoassay, values were 1.4-fold
increased in Alzheimer’s disease compared with controls.
The strongest correlation was with NfL.324 peptide concen-
trations (r=0.92) suggesting that the Uman immunoassay
targets CSF NfL fragments containing the Coil 2B region.
Importantly, correlations between the immunoassay and
other investigated peptides were lower for NfL101 [neurofi-
lament light chain tryptic peptide FASFIER (NfL amino acids
101-107)], NfL117 [neurofilament light chain tryptic pep-
tide VLEAELLVLR (NfL amino acids 117-126)], NfL165
[neurofilament light chain tryptic peptide EGLEETLR (NfL
amino acids 165-172)]and NfL530 (7 ranging from 0.58 to
0.70) and no correlation was found with Nf[.284 [neurofila-
ment light chain tryptic peptide FTVLTESAAK (NfL amino
acids 284-293)] (Fig. 3).

As NfL is a marker of general neurodegeneration and not
specific to Alzheimer’s disease, we hypothesized that NfL
would be increased regardless of the presence of amyloid pla-
ques in those with clinical dementia and neurodegeneration.
We evaluated the correlation between CDR-SB (a clinical
measure of dementia severity) and NfL species for amyloid-
positive and amyloid-negative samples (Fig. 6). While correl-
ation was slightly higher for some NfL species in the
amyloid-positive group than the amyloid-negative group
(NfL101, NfL117, NfL165 and NfL324), correlation was
minimal or low for all NfL species in both groups.
Correlation between NfL530 and CDR-SB was not signifi-
cantly different from O for either group.

To form hypotheses about the association of different NfL
species with neurodegeneration, we performed Spearman’s

correlation analysis between each of the six quantified NfL
peptides and additional previously measured biomarkers
and clinical measures: general markers of clinical dementia
(CDR-SB, MMSE), biomarkers of amyloid plaques (PET
PiB, CSF AB 42/Ap 40)'® and tau biomarkers (CSF t-tau,
CSF phospho-tau immunoassay and mass spectrometry
measures of CSF ptau 181, 205 and 217 occupancy),'>*°
Supplementary Fig. 6 and Supplementary Table 4. The goal
of this analysis was to form hypotheses about the biology
of the different NfL species in general neurodegeneration
compared with disease-specific neurodegeneration. The
strongest correlations were observed between peptides with-
in Coil 1A (NfL101 and NfL117,7=0.99) and Coil 1B of the
rod domain (NfL101 and NfL165, r=0.98; NfL 117 and
NfL 165 r=0.98). Peptides in Coil 2B of the rod domain
have similar, but slightly lower correlation with the Coil
1A peptides (NfL101 and NfL284, »=0.89; NfL 101 and
NfL324, r=0.87; NfL117 and NfL284, »=0.90; NfL117
and NfL324, r=0.88). The correlation between the
C-terminal tail peptide and Coil 1A was the lowest among
the NfL peptides investigated (NfL101 and NfL530, r=
0.75; NfL117 and NfL530, r=0.76). Interestingly, the
most C-terminal peptides measured (NfL324 and NfL530)
had the highest correlation between disease biomarkers
and NfL. The moderate correlation between NfL324 or
NfL530 and ptau 181, 205 or 217 ranges from r=0.45 to
0.49. The correlation between the same NfL peptides
and t-tau was r=0.42-0.43. Correlation with CSF AP
42/AB 40 and CSF NfL530 was lower at —0.37 (Fig. 6,
Supplementary Table 4).


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data
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Figure 6 NfL species correlation with Alzheimer’s disease dementia stage (CDR-SB). The amount of NfL species are minimally
correlated with the stage of dementia severity. The x-axis of each graph denotes the CDR-SB, a clinical scale of dementia with CDR-SB 0 is normal,
CDR-SB 0.5-6 indicates mild dementia and CDR-SB >6 indicates moderate clinical dementia. The relative amount of NfL species is shown in the
y-axis as the NI14/N 5 ratio of the NfL region. Spearman’s correlation and P-value were calculated for each group—NfL101: Amyloid+ Spearman
r=0.29 (ns, P=0.05), Amyloid— Spearman r=0.18 (ns, P=0.30) (A); NfLI17: Amyloid+ Spearman r=0.30 (P=0.04), Amyloid— Spearman
r=0.18 (ns, P=0.31) (B); NfL165: Amyloid+ Spearman r=0.36 (P=0.01), Amyloid— Spearman r=0.19 (ns, P=0.28) (C); NfL284:
Amyloid+ Spearman r=0.24 (ns, P=0.10), Amyloid— Spearman r=0.31 (ns, P=0.07) (D); NfL324: Amyloid+ Spearman r=0.30 (P=0.04),
Amyloid—Spearman r=0.16 (ns, P= 0.35) (E); NfL530: Amyloid+ Spearman r=0.13 (ns, P = 0.39), Amyloid— Spearman r = 0.25 (ns, P=0.14) (F).
Participants with amyloid plaques are shown with red circles, and amyloid-negative participants are shown with grey squares. NfL101, NfLI 17,
NfL165 and NfL284 each have one outlier not plotted on the graph but included in calculations of correlation.

Discussion

NfL is increased in the brain and biofluids following neuron-
al damage and is elevated in multiple neurodegenerative dis-
eases.””! NfL has been proposed in research studies as a
marker of disease severity,”>*® and is measured longitudinal-
ly in clinical trials to monitor disease progression and re-
sponse to treatment.”*® While NfL is an established
marker of neurodegeneration, to date its measurement has
been almost entirely by immunoassay.!” Due in part to the
limitations of methods used to measure NfL, little is known
about the release of NfL from the brain, including the me-
chanisms of turnover and degradation of NfL, the presence
of NfL isoforms in brain and body fluids and the relation
of these isoforms to disease.!” Here, we have developed anti-
bodies and an analysis strategy to further investigate NfL
biology and develop novel assays for different forms of NfL.

Using an IP-MS approach, we discovered there are at least
three major NfL truncated species in CSF, and these are in-
creased to varying degrees in Alzheimer’s disease.
Furthermore, brain NfL is full length, with a newly identified
C-terminal fragment. The major CSF NfL species have differ-
ent relationships with each other and other Alzheimer’s

disease measures. This would indicate NfL truncated species
could be differentially secreted in physiologic and neurode-
generation conditions and some of them might be more rele-
vant as biomarkers than others. More studies are needed to
investigate the newly identified NfL species. NfL regional le-
vels from NfL Coil 1 domain were highly correlated to each
other but different from peptides measured from Coil 2 and
C-terminal regions. We found a significant increase of NfL
peptides 324 and 530 in symptomatic Alzheimer’s disease
CSF supporting these domains might be more relevant as
biomarkers. High correlations were observed between
NfL324 and the Uman NfL immunoassay and combined
with the similar fold increase between Alzheimer’s disease
and controls for NfL324 (1.5x) and the ELISA assay
(1.4 x), suggests that antibodies used by this Uman propri-
etary assay were likely selected to target these NfL.324 re-
gions. This further supports this domain as being relevant
in biomarker development. The majority of successful NfL
studies used proprietary Uman Diagnostics/Quanterix anti-
bodies to measure NfL concentrations.'”*!"*” NfL peptides
showed modest correlations with CDR, age, and phosphory-
lated and t-tau, while measures of amyloid PET and MMSE
had low correlations. Future studies are needed to
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characterize the production and turnover of various NfL do-
mains and their relationship to disease states.' 7?82

The C-terminal fragment of the NfL tail was present in
both the brain and CSF. This is particularly interesting, as
this fragment, along with the C-terminal portion of Coil
2B, have the largest separation between Alzheimer’s disease
and control samples and have the highest correlation with
disease-specific clinical markers such as markers of tau path-
ology, but have a lower correlation with the ELISA than
NfL324, suggesting that this is a new isoform that may not
be well identified by current ELISA assays.

Another interesting finding was the lack of full-length and
N-terminal species in CSF. While our study was able to de-
tect full-length NfL, we do not have an N-terminal NfL anti-
body, and were unable to determine whether an N-terminal
fragment is present in CSF. The N-terminus contains many
of NfL’s phosphorylation sites. As such, the development
of N-terminal antibodies would be helpful to further charac-
terize NfL in biofluids, and potentially help to identify
disease-specific species.

This study is the first comprehensive evaluation of NfL in
CSF and brain by mass spectrometry mapping, and this ap-
proach will enable future investigations of NfL biology, in-
cluding comparing patterns of NfL species across
neurologic diseases and in response to pathophysiologic pro-
cesses and identification of novel biomarkers.

Acknowledgements

We thank the participants and families from whom these
data and samples were obtained. We thank Melody Li for
her input on revising the manuscript.

Funding

This work was funded by the National Institutes of Health,
National Institute on Aging grant R21AG067559 (PI:
R.J.B.). Sample collection, research participant clinical as-
sessments and data sharing for this project were supported
by the NIH RO1NS065667 (R.].B.), P01 AG03991, P30
AG066444, P01 AG026276 and P30 NS048056.

Competing interests

Washington University and R.]J.B. have equity ownership inter-
est in C2N Diagnostics and may receive income based on tech-
nology licensed or optioned by Washington University to C2N
Diagnostics. R.]J.B. receives income from C2N Diagnostics for
serving on the scientific advisory board. R.]J.B. has received
honoraria as a speaker/consultant/advisory board member
from Amgen, Eisai, and Roche. D.M.H. has equity interest
and is on the scientific advisory board of C2N Diagnostics.
He is on the scientific advisory board of Denali, Genentech
and Cajal Neurosciences. He consults for Takeda and Lilly.
His lab receives research grants from C2N Diagnostics,

BRAIN COMMUNICATIONS 2022: Page |1 of 12 | 11

NextCure and Novartis. Washington University (co-inventors
R.J.B., M.M.B., D.M.H. and H.].) has submitted the US provi-
sional patent application 63/147,833 and 63/183,417
‘Methods for Detecting Neurofilament Light Chain in Plasma
and Cerebrospinal Fluid’.

Supplementary material

Supplementary  material  is
Communications online.

available at  Brain

References

1. Gentil BJ, Tibshirani M, Durham HD. Neurofilament dynamics and
involvement in neurological disorders. Cell Tissue Res. 2015;360(3)
609-620.

2. Gaetani L, Blennow K, Calabresi P, Di Filippo M, Parnetti L,
Zetterberg H. Neurofilament light chain as a biomarker in neuro-
logical disorders. | Neurol Neurosurg Psychiatry. 2019;90(8):
870-881.

3. Zetterberg H, Skillback T, Mattsson N, et al. Association of cere-
brospinal fluid neurofilament light concentration with Alzheimer
disease progression HHS public access. JAMA Neurol. 2016;
73(1):60-67.

4. Meeter LH, Dopper EG, Jiskoot LC, et al. Neurofilament light
chain: a biomarker for genetic frontotemporal dementia. Ann Clin
Transl Neurol. 2016;3(8):623-636.

5. Mollenhauer B, Dakna M, Kruse N, et al. Validation of serum neu-
rofilament light chain as a biomarker of Parkinson’s disease progres-
sion. Mov Disord. 2020;35(11):1999-2008.

6. Donker Kaat L, Meeter LH, Chiu WZ, et al. Serum neurofilament
light chain in progressive supranuclear palsy. Park Relat Disord.
2018;56:98-101.

7. Shahim P, Gren M, Liman V, et al. Serum neurofilament light pro-
tein predicts clinical outcome in traumatic brain injury. Sci Rep.
2016;6(1):36791.

8. Varhaug KN, Torkildsen &, Myhr KM, Vedeler CA. Neurofilament
light chain as a biomarker in multiple sclerosis. Front Neurol. 2019;
10:338.

9. Gaiani A, MartinelliI, Bello L, et al. Diagnostic and prognostic biomar-
kers in amyotrophic lateral sclerosis: neurofilament light chain levels in
definite subtypes of disease. JAMA Neurol. 2017;74(5):525-532.

10. Olsson B, Portelius E, Cullen NC, ez al. Association of cerebrospinal
fluid neurofilament light protein levels with cognition in patients
with dementia, motor neuron disease, and movement disorders.
JAMA Neurol. 2019;76(3):318-325.

11. Allison SL, Koscik RL, Cary RP, et al. Comparison of different
MRI-based morphometric estimates for defining neurodegeneration
across the Alzheimer’s disease continuum. Neurolmage Clin. 2019;
23:101895.

12. Disanto G, Barro C, Benkert P, et al. Serum neurofilament light: A
biomarker of neuronal damage in multiple sclerosis. Ann Neurol.
2017;81(6):857-870.

13. de Flon P, Laurell K, Sundstrém P, et al. Comparison of plasma and
cerebrospinal fluid neurofilament light in a multiple sclerosis trial.
Acta Neurol Scand. 2019;139(5):462-468.

14. Sato C, Barthélemy NR, Mawuenyega KG, et al. Tau kinetics in neu-
rons and the human central nervous system. Neuron. 2018;97(6):
1284-1298.

15. Barthélemy NR, Li Y, Joseph-Mathurin N, et al. A soluble phos-
phorylated tau signature links tau, amyloid and the evolution of
stages of dominantly inherited Alzheimer’s disease. Nat Med.
2020;26(3):398-407.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac045#supplementary-data

16.

17.

18.

19.

20.

21.

| BRAIN COMMUNICATIONS 2022: Page 12 of 12

Barthélemy NR, Mallipeddi N, Moiseyev P, Sato C, Bateman R].
Tau phosphorylation rates measured by mass spectrometry differ
in the intracellular brain vs. extracellular cerebrospinal fluid com-
partments and are differentially affected by Alzheimer’s disease.
Front Aging Neurosci. 2019;11:121.

Gafson AR, Barthélemy NR, Bomont P, et al. Neurofilaments:
Neurobiological foundations for biomarker applications. Brain.
2020;143(7):1975-1998.

Patterson BW, Elbert DL, Mawuenyega KG, et al. Age and amyloid
effects on human CNS amyloid-beta kinetics. Ann Neurol. 2015;
78(3):439-453.

Yanamandra K, Kfoury N, Jiang H, et al. Anti-tau antibodies
that block tau aggregate seeding in vitro markedly decrease
pathology and improve cognition in vivo. Neuron. 2013;80(2):
402-414.

Barthélemy NR, Bateman R], Hirtz C, et al. Cerebrospinal fluid
phospho-tau T217 outperforms T181 as a biomarker for the dif-
ferential diagnosis of Alzheimer’s disease and PET amyloid-
positive patient identification. Alzheimer’s Res Ther. 2020;
12(1):26.

Preische O, Schultz SA, Apel A, et al. Serum neurofilament dy-
namics predicts neurodegeneration and clinical progression in
presymptomatic Alzheimer’s disease. Nat Med. 2019;25(2):
277-283.

22.

23.

24.

25.

26.

27.

28.

29.

M. M. Budelier et al.

Yuan A, Nixon RA. Neurofilament proteins as biomarkers to moni-
tor neurological diseases and the efficacy of therapies. Fromt
Neurosci. 2021;15:689938.

Shin HR, Moon J, Lee WJ, et al. Serum neurofilament light chain as a
severity marker for spinocerebellar ataxia. Sci Rep. 2021;11(1):13517.
Khalil M, Teunissen CE, Otto M, et al. Neurofilaments as biomarkers
in neurological disorders. Nat Rev Neurol. 2018;14(10):577-589.
Gunnarsson M, Malmestrom C, Axelsson M, et al. Axonal damage
in relapsing multiple sclerosis is markedly reduced by natalizumab.
Ann Neurol. 2011;69(1):83-89.

Novakova L, Axelsson M, Khademi M, et al. Cerebrospinal fluid
biomarkers as a measure of disease activity and treatment efficacy
in relapsing-remitting multiple sclerosis. | Neurochem. 2017;
141(2):296-304.

Palmgqvist S, Janelidze S, Quiroz YT, et al. Discriminative accuracy
of plasma phospho-tau217 for Alzheimer disease vs other neurode-
generative disorders. JAMA. 2020;324(8):772-781.

Paterson RW, Gabelle A, Lucey BP, et al. SILK studies—capturing
the turnover of proteins linked to neurodegenerative diseases. Nat
Rev Neurol. 2019;15(7):419-427.

Ovod V, Ramsey KN, Mawuenyega KG, et al. Amyloid B concentra-
tions and stable isotope labeling kinetics of human plasma specific
to central nervous system amyloidosis. Alzbeimer’s Dement.
2017;13(8):841-849.



	A map of neurofilament light chain species in brain and cerebrospinal fluid and alterations in Alzheimer’s disease
	Introduction
	Methods
	Institutional Review Board approval
	Antibody development, screening and characterization
	Qualitative IP-MS method and isoform characterization
	Quantitative IP-MS method
	Liquid chromatography-tandem mass spectrometry
	Data analysis
	Qualitative discovery cohort
	Quantitative validation cohort
	Data and antibody availability

	Results
	CSF contains multiple NfL species
	Brain NfL is mostly full length and a C-terminal fragment
	NfL species are increased in individuals with Alzheimer’s disease compared with healthy controls

	Discussion
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References


