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Peripherin (PRPH), a type III intermediate filament, assembles with neurofila-
ments in neurons of the peripheral nervous system, including lower motor neu-
rons (LMN). To evaluate the role of PRPH in LMN degeneration, we assessed
PRPH and neurofilament light chain (NfL) in cerebrospinal fluid (CSF) and

serum of 91 patients with motor neuron diseases (MND) and 69 controls.
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Overall, we found PRPH to be more concentrated in serum than in CSF. Serum

PRPH resulted significantly increased in MND patients but it was unrelated to
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Introduction

Neurofilament (NF) levels in cerebrospinal fluid (CSF) and
peripheral blood of patients with neurological and neurode-
generative disorders are recognized as promising biomarkers
of neuronal injury and disease activity.' The increase of both
neurofilament light (NfL) and heavy chain (NfH) appear to
be particularly significant in patients with amyotrophic lat-
eral sclerosis (ALS), where NFs levels strongly correlate with
disease prognosis and contribute to discriminating between
ALS and disease controls.” >

Peripherin (PRPH) is a type III intermediate filament, 58 kD
protein, which assembles with NFs mostly in neurons of the
peripheral nervous system (PNS) and also in neurons of the
central nervous system (CNS) with projections to peripheral
structures, such as lower motor neurons (LMNs).® PRPH func-
tion is incompletely understood though a role in neurite growth
and stability has been suggested.”® PRPH seems to be involved
in motor neuron vulnerability in motor neuron diseases
(MND).” Overexpression of wild-type PRPH in mice provokes

CSE-NfL or survival in the amyotrophic lateral sclerosis (ALS) subset. PRPH
might represent a marker of LMN involvement.

defective axonal transport of NF proteins,'® leading to late onset
degeneration of motor axons.'! PRPH, on the other hand, is
upregulated in damaged LMNSs after nerve injury.'” Together
with NFs, PRPH accumulates in the majority of axonal inclu-
sion bodies, called spheroids, in motor neurons of ALS
patients."? Lastly, PRPH gene mutations have been reported to
disrupt NF assembly in sporadic ALS.'*'> Unlike NFs, PRPH
levels have never been assessed in healthy or disease human
biofluids.

In this study, we exploratively evaluated PRPH concen-
trations in cerebrospinal fluid (CSF) and serum from
patients with MNDs and assessed possible correlation
with motor neuron degeneration.

Materials and Methods

Study cohort

This is a retrospective, longitudinal study on a cohort of
160 patients referring to the Department of Neurosciences
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of the University of Padua, (Italy), from January 2016 to
May 2020, who underwent lumbar puncture and blood
collection for diagnostic purposes. CSF and serum data
from 91 patients with MNDs (63 probable or definite
ALS according to the El Escorial criteria'®; 20 Spinal
Muscular Atrophy, SMA, type 3, and 8 Spinal and Bulbar
Muscular Atrophy, SBMA) were compared to those from
26 patients with dementia, 14 with peripheral neuropathy
(PN) and 29 healthy subjects (healthy controls, HC) who
underwent lumbar puncture because of suspected but
later unconfirmed neurological disease. Demographic and
clinical characteristics of the patients were obtained from
medical records or directly from treating physicians and
patients, as well as controls (Table 1).

Of ALS patients we further recorded: disease extension
assessed with the ALS Functional Rating Scale-Revised
(ALSFRS-R); progression rate (AFS) calculated as follows:
AFS = 48 — ALSFRS-R score at diagnosis/months from onset
to diagnosis”; and overall survival calculated from onset to
death (or tracheostomy or last follow-up) (months).

The study was approved by the local Ethics Committee.
All participants provided written informed consent to the
study.

Assays

CSF and serum samples were centrifuged, aliquoted and
stored at —80°C. CSF-NIfL levels were measured using an
enzyme-linked immunoassay (ELISA) (NF-light ELISA
kit, UmanDiagnostic) as previously described.”. CSF-
PRPH and serum PRPH (S-PRPH) levels were deter-
mined wusing a competitive binding enzyme-linked
immunoassay (Human Peripherin ELISA kit, Abbexa).
Each plate contained calibrators (0.312-20 ng/mL). For

Table 1. Characteristics of the study groups.

Male/  Age at LP and blood

Group Ne  female sample (median)
ALS 63 36/27 65
SMA 20 12/8 30.5
SBMA 8 8/0 56.5
Dementia (18 FTD, 4 AD, 4 26 179 62.5
NPH)
PN (7 CIDP, 2 diabetic 14 131 65
polyneuropathies, 1 HDMN, 4
MMN)
HC 29 7/22 50

LP, lumbar puncture; FTD, frontotemporal dementia; AD, Alzheimer's
disease; NPH, normal pressure hydrocephalus; IQR, interquartile range;
SMA, spinal muscular atrophy; SBMA, spinal and bulbar muscular
atrophy; PN, peripheral neuropathy; CIDP, chronic inflammatory
demyelinating polyneuropathy; HDMN, hereditary distal motor neu-
ropathy; MMN, multifocal motor neuropathy; HC, healthy controls.
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each kit, samples were distributed on the plate undiluted
and measured in duplicate. The inter-assay and intra-
assay coefficients of variance were all below 10%. Accord-
ing to manufacturer’s instructions, analytical sensitivity
was set <0.156 ng/mL. Manufacturer declared a Sample
recovery range after spiking of 91-105% and a linearity
range of 90-116% in dilutions up to 1:8 both in serum;
spike recovery test on CSF and serum samples and
dilution linearity test on serum samples were conducted
with protocols adapted from Andreasson et al. with
modifications.'®

Statistics

To verify any deviation from the normal distribution of
the considered variables, the Shapiro-Wilk test was
applied. A natural logarithmic transformation has been
applied to NfL concentrations (log[NfL]) as previously
described.” Kruskal-Wallis and pairwise Wilcoxon rank
sum tests were used to compare NfL and PRPH levels
among disease/HC groups. ANOVA model, Pearson’s
product-moment correlation coefficient and Spearman’s
rho correlation coefficient were assessed to verify a possi-
ble correlation between S-PRPH and CSF-NfL levels, sep-
arately, with age at lumbar puncture or blood sample,
and sex (for each patient group) and progression rate
(AFS) (only for ALS group). It has been evaluated also
the possible correlation between S-PRPH and CSF-NfL
levels for each patients group.

In ALS group, survival was analyzed with death (or tra-
cheostomy) as event while, being a predominantly living
cohort study, 41 patients who were alive by the last follow-
up were censored. ALS patients were divided into different
groups corresponding to S-PRPH and CSF-NfL concentra-
tion quartiles. These groups were used to graphically repre-
sent survival data in relation to PRPH and NfL levels.

A Cox proportional hazards regression model was
devised in the ALS group for S-PRPH and CSFE-NfL
levels, separately, with sex, AFS, and age at onset as
covariates. Hazard ratios (HRs) were calculated for each
quantitative covariate and each level of categorical covari-
ates. Reference levels were assigned HRs of 1.0. Statistical
analyses were performed in R (R Foundation, version
4.0.2), with statistical significance set at p < 0.05 for all
tests (Holm correction applied). Survival'® and survmi-
ner’® packages were used for Kaplan—Meier analysis. To
graphically represent data tidyverse’' and ggpubr®® pack-
ages were used.

Results

We analyzed CSF and serum of all the patients except for
those with SBMA, who had only serum available for
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testing. All CSF samples had PRPH measurements below
the detection limit of the calibration curve of the assay.
Average recovery range was: 80%—-92% in CSF with serum
spiked, 148%-183% in CSF with calibrator spiked and
147%-177% in serum with calibrator spiked; average lin-
earity range was 99%-103% in serum (data not shown).
A Kruskal-Wallis rank sum Test showed a significant dif-
ference in S-PRPH (Chi-squared = 68.623, df =5,
p <0.001), and CSE-NfL (Chi-squared = 98.51, df = 4,
p < 0.001) levels among the study groups. S-PRPH levels
were significantly higher in all MND patients [ALS (me-
dian, 5.376 ng/mL; interquartile range [IQR], 3.569-
7.422 ng/mL); SMA (median, 5.653 ng/mL; IQR, 2.982—
7.654 ng/mL); SBMA (median, 10.224 ng/mL; IQR,
8.896-14.584)] compared to healthy controls (median,
3.168 ng/mL; IQR 2.422 to —4.726 ng/mL), dementia
(median, 1.793 ng/mL; IQR, 1.287-2.226 ng/mL), and PN
(median, 2.21 ng/mL; IQR 1.313—4.293 ng/mL). Among
MND patients, SBMA group showed the highest values of
S-PRPH (Fig. 1; Table 2).

Gender and age did not influence S-PRPH levels, con-
sidering the phenotypic groups either separately or
together.

We confirmed NfLs values to be significantly higher in
ALS group (median, 4357.8 pg/mL; IQR, 1768.3—
6429.1 pg/mL) compared to healthy controls (median,
376.6 pg/mL; IQR, 240.7-557.1 pg/mL), SMA (median,
168.0 pg/mL; IQR, 141.0-203.5 pg/mL), and PN (median,
1016.7 pg/mL; IQR, 775.9-1294.4 pg/mL), with no signif-
icant difference between ALS and dementia groups (me-
dian, 2923.4 pg/mL; IQR, 1469.3-6688.4 pg/mL) (Fig. 2;
Table 3). A possible correlation between S-PRPH and
CSE-Nf1L levels was not found in any patient group.

In ALS group, Cox proportional hazards regression
analysis showed that PRPH levels and overall survival did
not correlate, even after adjusting for the concurrent
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Figure 1. [PRPH] in serum (ng/mL) in the six main study groups. The
central location, scatter, and dispersion of the observations are
shown. In red amyotrophic lateral sclerosis (ALS); in yellow spinal
muscular atrophy (SMA); in green spinal and bulbar muscular atrophy
(SBMA); in light blue dementia (Dem); in blue peripheral neuropathy
(PN); in pink healthy controls (HC). For a better interpretation of the
graph, a standard log transformation was applied.
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Table 2. Pairwise comparisons of PRPH concentrations in serum using
Wilcoxon rank sum test; p-value adjustment method: Holm.

Group ALS SMA SBMA DEM PN
SMA 0.98 - - - -
SBMA 0.006 0.02 - - -
DEM <0.001 <0.001 <0.001 - -
PN 0.007 0.04 <0.001 <0.001 -
HC <0.001 0.02 <0.001 0.001 0.7
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Figure 2. [NfL] in CSF (pg/mL) in the ALS, SMA, DEM, NP, and
CTRLS study groups. The central location, scatter, and dispersion of
the observations are shown. In red amyotrophic lateral sclerosis (ALS);
in yellow spinal muscular atrophy (SMA); in green dementia (Dem); in
light blue peripheral neuropathy (PN); in pink healthy controls (HC).
For a better interpretation of the graph a standard log transformation
was applied.

Table 3. Pairwise comparisons of NfL concentrations in CSF using
Wilcoxon rank sum test; p-value adjustment method: Holm.

Group ALS SMA DEM PN
SMA <0.001 - - -
DEM 0.55 <0.001 - -

PN <0.001 <0.001 <0.001 -

HC <0.001 <0.001 <0.001 <0.001

effect of sex, AFS, and age at onset (Fig. S1A and B;
Table S1). S-PRPH levels did not correlate with AFS
Conversely, a significant
between log[NfL] levels and overall survival was found
(HR, 17.75; 95% CI, 3.70-85.2; p < 0.001), adjusting for
the concurrent effect of sex, AFS, and age at onset
(Fig. S2A and B; Table S2). Moreover, log[NfL] levels and
AFS score were found to be strongly correlated (r
(58) = 0.48, p < 0.001), as previously described.’

score. inverse correlation

Discussion

In this report, we describe the first attempt to quantify
PRPH in biofluids of MND patients and, more generally,
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of human subjects. A preliminary analysis indicates that
PRPH can be measured in the serum, whereas the protein
levels in CSF fall beneath the analytical sensitivity of the
ELISA assay. Additional spike and recovery test reported
comparable results in CSF and serum, thus pointing a
matrix effect of CSF in the assay might be excluded.
These findings suggest that PRPH is more concentrated
in serum than in CSF, which might reflect the predomi-
nant localization of PRPH in the neurite cytoskeleton of
PNS neurons.”’

In our cohort, S-PRPH was found to be increased in
all MND patients compared to controls, consistently with
the LMN involvement occurring in these patients. Among
MND patients, S-PRPH levels were higher in the SBMA
group, data that can be ascribed to the concurrent sen-
sory axonal neuropathy observed in the disease.®* S-
PRPH resulted low in patients with dementia, thus
indirectly further supporting the peripheral release of the
protein.

The results of our study confirm that CSF-NfL values
are elevated in patients with ALS and dementia. Low NfL
levels were instead found in SMA CSF. The latter finding,
along with the previous reports of normal NfLs in serum
of SMA and SBMA patients,”*® suggests that S-PRPH
may be more sensitive than NfLs to reveal LMN injury.

We failed to observe any correlation between S-PRPH
and CSF-NfL concentrations in all patient groups. More-
over, no correlation was found between S-PRPH levels
and disease severity or survival in ALS patients. This was
not an unexpected finding, since PRPH is not only
released by damaged neurites, but it is also upregulated
due to the neural injury."> As a consequence, S-PRPH
levels might not exactly reflect the number of damaged
neurons and thus the degree of motor disability.

In conclusion, high serum levels of PRPH might be a
general marker of LMN axon disorders. Further studies
including a larger number of patients and more advanced
techniques of PRPH quantification (i.e., single-molecule
array, SiMoA, technology) are certainly needed to validate
our results.
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Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Figure S1. (A) Kaplan—Meier Plots of the survival proba-
bility relative to time (months) from onset to death (or
tracheostomy or last follow-up) grouped by PRPH con-
centrations in serum for ALS group. 1°q indicates first
quartile, corresponding to a value from 1.546 to
3.569 ng/mL; 2°q, 3.569-5.376 ng/mL; 3°q, 5.376—
7.422 ng/mL; 4°q, 7.422-13.913 ng/mL. (B) The forest
plot shows measures of the Cox proportional hazards
regression analysis of effect of PRPH concentration in
serum, sex, AFS, and age at onset on overall survival.
Figure S2. (A) Kaplan—Meier Plots of the survival proba-
bility relative to time (months) from onset to death (or
tracheostomy or last follow-up) grouped by log[NfL] con-
centrations in CSF for ALS group. 1°q indicates first
quartile, corresponding to a value from 320.695 to
1768.3 pg/mL;  2°q,  1768.3-4357.803 pg/mL;  3°q,
4357.803—-6429.1 pg/mL; 4°q (in violet), 6429.1-
19387.100 pg/mL. (B) The forest plot shows measures of
the Cox proportional hazards regression analysis of effect
of log[NfL] concentration in CSF, sex, AFS, and age at
onset on overall survival.

Table S1. The table shows the number of patients at risk,
the number of events (death or tracheostomy) and the
cumulative survival rate relative to each time point event
for serum PRPH in ALS group.

Table S2. The table shows the number of patients at risk,
the number of events (death or tracheostomy) and the
cumulative survival rate relative to each time point event
for CSFE-NfL in ALS group.
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