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Abstract

Background

Masitinib is an orally administered tyrosine kinase inhibitor that targets activated
cells of the innate neuroimmune system. We have studied the neuroprotective action
of masitinib on the manifestations of experimental autoimmune encephalitis (EAE)
induced axonal and neuronal damage. EAE is a model of neuroimmune-driven
chronic neuroinflammation and therefore highly relevant to masitinib’s mechanism of
action in neurodegenerative diseases. Importantly, neuronal damage, or prevention
thereof, can be rapidly assessed by measuring serum neurofilament light chain (NfL)
concentration in EAE-induced mice.

Methods

EAE induction was performed in healthy female C57BL/6 mice via active MOG 35-55
peptide immunization. Treatments were initiated 14 days post EAE induction. On day-
0, 39 mice with established EAE symptoms were randomly assigned to 3 treatment
groups (n = 13): EAE control, masitinib 50 mg/kg/day (M50), and masitinib 100 mg/
kg/day (M100). The treatment started on day-1 and ended on day-15. Blood samples
were collected on day-1 and day-8, via tail vein sampling, and on day-15, via intrac-
ardiac puncture. Assessments included quantification of serum NfL levels along the
disease duration, cytokine quantification at day-15, and clinical assessments.
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Results

Masitinib treatment significantly (p < 0.0001) limited NfL production with respect to
control; specifically, relative change in serum NfL concentration at day-8 was 43%
and 60% lower for the M50 and M100 groups, respectively. Likewise, for the assess-
ment of absolute serum NfL at day-8 and day-15, there was a significantly lower NfL
concentration for masitinib treatment as compared with control. Furthermore, EAE
mice treated with masitinib showed significantly lower concentrations of several
well-established pro-inflammatory cytokines relative to control at day-15. A beneficial
effect of masitinib on functional performance was also observed, with both M50 and
M100 groups showing significantly less relative deterioration in grip strength at day-
15 as compared with control (p < 0.001).

Conclusion

This study is the first demonstration that masitinib, a drug that targets the innate
as opposed to the adaptive neuroimmune system, can lower serum NfL levels, and
by extension therefore, neuronal damage, in a neuroimmune-driven neurodegen-
erative disease model. Overall, findings indicate that masitinib has a neuroprotec-
tive effect under conditions of chronic neuroinflammation and therefore plausible
disease-modifying activity across a broad range of neurodegenerative diseases.

Background

The measurement of neurofilament light chain (NfL) in biological fluids has been
proposed for monitoring the therapeutic effect of drugs aimed at reducing axonal
damage. NfL are cytoskeletal proteins that are highly specific for neurons in both the
central nervous system (CNS) and the peripheral nervous system. NfL in cerebro-
spinal fluid (CSF) or the bloodstream is therefore indicative of axonal lesions and/or
degeneration and elevated NfL levels are associated with traumatic brain injuries or
neurodegenerative diseases (NDD), including amyotrophic lateral sclerosis (ALS),
multiple sclerosis (MS), and Alzheimer’s disease (AD). Although this non-specificity
limits the use of NfL as a diagnostic biomarker, a growing body of literature shows
that because the level of free NfL in serum directly reflects neuronal damage within
the CNS, it can be used as a reliable and easily accessible marker of disease inten-
sity and/or activity across a variety of neurological disorders. As such, serum NfL

is being widely touted as a future biomarker for prognosis, progression, and early
detection of general neurodegenerative processes, as well as for monitoring the
response of disease-modifying treatment [1,2].

In MS, clinical relapses and new/active MRI lesions (i.e., CNS injury caused by
focal inflammation) result in the release of NfL. Thus, elevated levels of NfL are seen
in the CSF and serum of patients with active MS and clinically isolated syndrome. In
short-term prognosis studies, baseline serum NfL levels have been associated with
worsening of the expanded disability status scale (EDSS) in the first year, number of
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relapses, and progression of brain atrophy, while in long-term prognosis studies, both baseline and longitudinal measures
of NfL levels have been linked to greater cerebral MRI-based brain atrophy [1,3]. The potential role of NfL as a promis-
ing long-term disability prognostic marker has also been demonstrated, with baseline serum NfL levels identified as the
most efficient marker for distinguishing aggressive RRMS (defined as patients with an EDSS score of 26 at <15 years of
follow-up) from benign RRMS (defined as patients with an EDSS score of <3 at 210 years of follow-up) [3]. Finally, serum
NfL has been shown to significantly decrease in patients with active forms of MS following 12 months of treatment with
disease-modifying therapies that target immune-mediated CNS injury, providing proof-of-concept for NfL as a marker of
response to therapy in NDDs [1].

A growing body of scientific evidence supports the use of NfL as a prognostic biomarker in the broad ALS population,
and a risk/susceptibility biomarker among a subset of SOD1 pathogenic variant carriers [4]. Notably, it has been shown
that the baseline level of NfL in blood and CSF correlates with the speed and severity of ALS progression, with levels
remaining relatively stable over time and disease stage [5—7]. Hence, serum NfL may one day provide a more objective
and reliable pharmacodynamic biomarker for therapeutic trials than methods currently used for patient stratification and
enrichment; e.g., the ALSFRS-R progression rate (AFS).

In patients with AD and mild cognitive impairment (MCI), there is a correlation between plasma NfL concentration and
cognitive impairment, MRI hippocampal volume loss and brain atrophy. Moreover, higher plasma NfL levels predict faster
cognitive deterioration and a higher rate of brain atrophy and hypometabolism in MCI patients over time [2]. The potential
predictive biomarker utility of serum NfL was also demonstrated in familial Alzheimer’s disease, with NfL dynamics predict-
ing disease progression and brain neurodegeneration at the early presymptomatic stage of the disease [8].

Evidently therefore, NfL may become an indispensable biomarker for MS, ALS and AD to assess neuronal alterations.
Indeed, regulatory proof of potential for this biomarker has now been established through the FDA approval of tofersen for
ALS, based on that drug’s ability to lower blood levels of NfL [9,10]. Importantly, NfL can serve as a biomarker of a drug’s
ability to produce a neuroprotective effect across a broad range of NDD indications, and any meaningful claim of clinical
benefit is expected to be supported by a response in NfL.

Masitinib is a tyrosine kinase inhibitor that selectively inhibits c-Kit, colony-stimulating factor 1 receptor (CSF1R), LYN,
and FYN, in the sub-micromolar range, and which is capable of accumulating in the CNS at therapeutically relevant
concentrations [11,12]. Masitinib also inhibits cellular events mediated by activation of these receptor kinases, with its neu-
roprotective action resulting predominately from dual targeting of mast cell and microglia/macrophage activity and subse-
quent remodeling of the neuronal microenvironment. Microglia, macrophages and to a lesser extent mast cells, are types
of innate immune cells that are present in the CNS and peripheral nervous system, and which are increasingly recognized
as being involved in the pathophysiology of NDDs [13—26].

To date, masitinib has demonstrated neuroprotective benefits in three challenging NDDs; namely, mild-to-moderate AD,
progressive forms of MS, and ALS, both in terms of preclinical models and clinical phase 2b/3 studies [27-37]. However,
none of these studies performed fluid-based biomarker analysis. As such, evidence to support modification of underly-
ing disease processes, and in particular neuroprotection resulting in the reduction of neuronal damage, is lacking. As an
initial step to address this gap in our knowledge, we have studied the neuroprotective action of masitinib treatment on the
manifestations of experimental autoimmune encephalitis (EAE) induced axonal and neuronal damage, using the MOG
35-55 peptide-induced EAE model. EAE is a CNS model of the neuroimmune system (including components of the innate
immune system such as mast cells and microglia) that mimics aspects of MS and more generally the features of chronic
neuroinflammation, which is a common pathological characteristic of most NDDs [38,39]. In EAE-affected mice, persistent
axonal damage occurs from the early disease phase, as revealed by analysis of NfL leakage into the bloodstream along
the disease duration, with clinical symptoms typically seen 12—-16 days after disease induction (depending on EAE induc-
tion protocol and age of mice). Hence, axonal and neuronal damage, or prevention thereof, can be rapidly assessed by
measuring serum NfL concentration in EAE-induced mice, along the disease duration.
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Materials and methods
EAE model and negative (non EAE) control animals

A total of 60 female C57BL/6 mice, aged 9—11 weeks old, were purchased from the Charles River Laboratories
(Saint-Germain-Nuelles, France). All mice were housed in individually ventilated cages of standard dimensions (maximum
occupancy of 6 animals) in an environmentally monitored area (temperature and relative humidity), with sterilized litter,
standard food and water ad libitum, at room temperature under a 14:10-hour light-dark cycle. Animals were acclimated
to the study conditions for a period of 7 days prior to experimentation. Animals following the EAE protocol received diet
supplementation (Dietgel” Recovery capsules) with their food pellets. No special procedure was followed for negative (non
EAE) control mice.

Animals were monitored daily by authorized, qualified research staff and the following humane endpoints were used to
determine when animals should be euthanized: general comportment (behavior) alteration, clinical score of greater than
3 (see section below on clinical assessments for details), or body weight loss of at least 20% at any time compared to
baseline weight. Any animal reaching the humane endpoint was euthanized (via cervical dislocation) within 2 hours and all
surviving animals were euthanized at the end of the study period (a total of 28 days post EAE induction).

Ethics approval

All experiments were performed in accordance with the European Directive 2010/63/EU and under valid experimental
authorization issued by the French Research Ministry: APAFIS #45222-2023102009547945 v2. This experimental proce-
dure was approved by the French experimental animal ethics committee n°051 (CERFE, approval D91228107) under the
number 2023-011-B.

EAE model induction

EAE induction was performed in 47 healthy female mice (aged 10—12 weeks old) via active immunization using an EAE
induction kit by Hooke Lab (MOG 35-55/CFA emulsion PTX, ref. EK-2110), administered subcutaneously at two sites (i.e.,
on midline of upper and lower back) at 0.1 ml/site (i.e., a total of 0.2 ml per mouse). Ready-to-use antigen (MOG 35-55)
emulsion was kept on ice during the entire induction period. Immediately prior to injection, the pertussis toxin solution
(PTX) was prepared by diluting the stock solution in cold PBS (2—8°C) to obtain a final concentration of 110ng/pl. The
solution was gently mixed by inverting (i.e., no vortexing) and kept on ice until used. The PTX solution was administered
intraperitoneally at 0.1 mL/dose, 2 hours after antigen emulsion administration. This PTX procedure was repeated 24
hours later. The remaining 13 healthy mice were assigned to a negative (non EAE-induced) control group, in order to
verify that EAE-induced treatment groups had successfully developed an EAE phenotype and were showing the expected
axonal damage (as indicated by elevated serum NfL concentrations, and concomitant deterioration in clinical performance
with disease progression). The quality of EAE induction was further verified via measurement of serum interleukin-17 (IL-
17) concentration at D15, elevated levels of IL-17 being an established biomarker for development of EAE [40,41].

Experimental groups and blood sampling

Treatments were initiated 14 days post EAE induction. On Day 0 (D0), 39 mice with established EAE symptoms were
randomly assigned to 3 treatment groups, comprising 13 mice per group (namely, EAE [vehicle] control, masitinib at
50mg/kg/d, and masitinib at 100 mg/kg/d). Stratification of these EAE-induced mice was performed based on baseline
rotarod performance, this parameter providing an earlier and more objective indication of EAE onset than clinical signs
alone, thereby ensuring homogenous clinical functionality across groups at baseline. Treatment started on D1 and ended
on D15. The test items, masitinib (AB Science, France) or its vehicle (NaCl 0.9%), were dosed twice a day (i.e., at 25mg/
kg or 50 mg/kg for the total daily doses of 50 mg/kg/d or 100 mg/kg/d) for 14 consecutive days by oral gavage applicator
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with at least 6.5 hours between the 2 daily doses. Blood samples were collected from all animals once a week during the
treatment period, at D1, D8 and D15. For intermediate blood sampling (D1 and D8 after the morning dose), up to 40 pl

of whole blood was collected from each animal via tail vein sampling. Because samples drawn in this manner were too
small for testing of individual animals it was necessary to pool these intermediate samples according to treatment group,
the pooled sample being stored overnight at +4°C prior to serum separation via centrifugation at 5000 rpm for 10 min-
utes at +4°C. For terminal blood sampling on D15, intracardiac puncture was performed under general anesthesia with

a solution of ketamine at 100 mg/kg (Ketamine®) and xylazine at 10 mg/kg (Rompun® 2%). At least 500 pl of whole blood
was collected from each animal, thereby allowing for testing of individual animals, and stored for at least 2 hours at +4°C
prior to serum separation via centrifugation at 1500 rpm for 20 minutes at +4°C. Serum samples were stored at -80°C until
analysis.

Serum biomarker assessments

NfL levels in serum samples from EAE mice and negative controls were quantitated using the R-PLEX Human Neu-
rofilament L assay (Catalog # K1517XR-2, Meso Scale Discovery), which employs advanced Meso Scale Discovery®
(MSD) electrochemiluminescence (ECL)-based detection technology. Pooled serum samples from D1 and D8 were
diluted 2-fold, 4-fold and 8-fold, and were run in duplicates (i.e., a total of 6 wells per sample). Likewise, pooled sam-
ples from D15 were diluted 4-fold, 8-fold and 16-fold, and run in duplicates (i.e., a total of 6 wells per sample). Individ-
ual sera from D15 were diluted 10-fold. The volume of original sample used was 25 pL of serum per replicate for the
NfL quantification and 50 pL of serum per replicate for the cytokine quantification. Because of the larger sample vol-
umes required for cytokine detection, this evaluation was conducted only for D15 intracardiac samples. Cytokines were
quantified in serum samples using MSD’S V-PLEX mouse cytokine panel 1 (K15245D) and V-PLEX Proinflammatory
Panel 1 Mouse Kit (K15048D-1), according to the manufacture’s instruction, for IFN-gamma, IL-1beta, IL-6, KC/GRO,
IL-10, IL-12p70, IL-2, TNF-alpha, IL-33, IL-17A/F, MIP-2. The kit supplied calibrators were used as standards, calibra-
tion curves being constructed using 8 calibrators with concentrations ranging from 0 to 50,000 pg/mL for NfL and from 0
to 27,900 pg/mL for cytokines (depending on the cytokine tested). Analysis was done in the MSD Discovery Workbench
software, with signals from calibrators fit to standard curves, which were then used for calculation of NfL and cytokine
concentration in the samples.

Clinical assessments

The body weight of each animal was recorded twice per week. Each animal was observed twice a day over the study
duration with any change in behavior, physical appearance or clinical signs recorded. Health status and disease progres-
sion were evaluated daily using an EAE-specific clinical scoring method, with scores and clinical observations related as
follows: score of 0 — no obvious changes in motor function compared to non-immunized mice; 0.5 — tip of tail is limp; 1.0
— no signs of tail movement observed; 1.5 — limp tail and hind leg inhibition; 2.0 — limp tail and weakness of hind legs or
poor balance; 2.5 — limp tail and dragging of hind legs; 3.0 — limp tail and complete paralysis of hind legs; 3.5 — limp tail
and complete paralysis of hind legs in addition to no righting reflex (euthanasia recommended); 4.0 — limp tail, complete
hind leg, and partial front leg paralysis (euthanasia recommended); 4.5 — complete hind and partial front leg paralysis
with no movement around the cage (euthanasia recommended); 5.0 — dead or mouse is spontaneously rolling in the cage
(euthanasia recommended).

The effect of masitinib on motor coordination and muscle tone was evaluated by the rotarod test and grip strength test,
with animals tested under non-blind conditions. Disease progression impairs motor coordination/muscle tone, thereby
decreasing the time (seconds) an animal can remain on a rotating rod or decreasing the grip force (forelimb and hind-
limb) recorded via a strain gauge in Newtons (N). Both tests were performed twice a week, in the morning, at least 1 hour
after starting the light circadian cycle. Mice were evaluated on the rotating rod with a starting speed of four rotations per
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minute (rpm) and acceleration up to the maximum speed of 40 rpm within 300s (i.e., a single acceleration ramp of 1rpm
every 8.3s). Each mouse was tested in 3 consecutive trials, with 2—5 minutes between trials, and the best score retained
for analysis. Grip strength was obtained by pulling the animal backwards along the platform until the animal’s paws grab
the mesh grip piece on the push-pull gauge. The animal was gently pulled backwards with consistent force by the experi-
menter until it released its grip. Again, each mouse was tested in 3 consecutive trials and the best score was retained for
analysis.

Data analysis

Relative change in NfL over time was calculated at D8 relative to D1, using pooled tail vein samples according to treat-
ment group. Because D15 blood samples were collected via intracardiac puncture, intergroup comparison was based on
absolute NfL and cytokines concentrations at this single, terminal timepoint. Analysis of pooled samples was performed
on replica tests (2 duplicates of 3 dilutions per sample). All group values are presented as mean and standard error of the
mean (SEM), with statistical comparisons computed using the unpaired t-test. All statistical analyses were performed with
GraphPad Prism10. Statistical significance is indicated by an asterisk * for p < 0.05, ** for p < 0.01, *** for p < 0.001, *#**
for p < 0.0001.

Results
Baseline characteristics and EAE disease course

Table 1 shows that at the time of treatment initiation (D1, 14 days post EAE induction), the EAE treatment groups showed
a clear deterioration of functional performance (as measured by rotarod test, grip strength and clinical score) and deterio-
ration of axonal integrity (as measured by serum NfL concentration), when compared with the negative (non-EAE) control
group. These observations are consistent with the description of the EAE model.

Comparison of absolute NfL measurements at D1 served as a check of possible bias in axonal damage at baseline.
Clinical baseline characteristics were balanced between the masitinib treatment arms, but both arms appeared to show
slightly more severe disease relative to the EAE control group, as evidenced by the latter having a lower NfL concentra-
tion (7.3 versus 9.4 and 13.5ng/ml), higher function scores (grip strength 198 versus 172 and 183 N; rotarod 109 versus
100 and 100s), and lower clinical score (0.35 versus 0.58 and 0.58). One mouse from the EAE control group was euth-
anized at D8, according to the ethical criteria. All the other animals were alive and with a clinical score of less than 3.5 at
the terminal timepoint (D15).

All clinical assessments, including average relative changes in grip strength, clinical score, rotarod performance, and
body weight, showed a significant (p < 0.001) worsening during the treatment period (D1 to D15) for the EAE control
group with respect to the non-EAE cohort (which conversely remained stable). Such deterioration in clinical performance
is consistent with the description of the EAE model. The quality of EAE induction was further verified via measurement of

Table 1. Baseline characteristics at time of treatment initiation (D1) according to treatment group.

Experimental group n Rotarod (s) Body weight (g) | Grip strength (N) | Clinical score | Serum NfL (ng/ml) | D1 Relative
NfL"

Negative [non-EAE] control |13 |167.1+15.3 |19.8+0.3 2294 +84 0 3.2+0.04 N/A

EAE [vehicle] control 13 11094 +172 (19.5+0.6 197.9 + 16.1 0.35+0.13 7.3+0.2 1.0

Masitinib 50 mg/kg/d 13 1004 +13.5 [19.2+0.5 172.3 £ 14.8 0.58 +0.12 9.4+0.2 1.3

Masitinib 100 mg/kg/d 13 1100.2+124 |19.4+0.3 183.1 £13.0 0.58 £ 0.10 13.5+0.2 1.8

Values are expressed as mean = SEM.
‘D1 Relative NfL is the ratio of concentrations with respect to the EAE [vehicle] control group.
N/A = not applicable.

https://doi.org/10.1371/journal.pone.0322199.t001
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serum interleukin-17 (IL-17) concentration at D15, with each EAE-induced treatment group showing an approximate 2-fold
increase relative to the negative (non-EAE) control group.

Masitinib slows deterioration of grip strength in the EAE mouse model

The non-EAE cohort served as a negative control group to verify that EAE-induced animals were experiencing a deterio-
ration in clinical performance consistent with the description of the EAE model. All clinical assessments, including average
relative changes in grip strength, clinical score, rotarod performance, and body weight, showed a significant (p < 0.001)
worsening during the treatment period (D1 to D15) for the EAE control group with respect to the non-EAE cohort (which
conversely remained stable), confirming development of an EAE phenotype. A beneficial effect of masitinib on functional
performance was observed in terms of grip strength. While there was a significant deterioration in relative grip strength
over the 15-day treatment period for the EAE control group as compared with the negative control group, the grip strength
capabilities of masitinib treated mice initially deteriorated but then recovered to their pretreatment (D1) level by D15.
Indeed, both the 50 and 100 mg/kg/d masitinib groups showed significantly less relative deterioration in grip strength at
D15 with respect to the EAE control group (p < 0.001) (Fig 1). Conversely, there was no discernable difference between
EAE control and masitinib treated groups for any of the other clinical assessments over the treatment period.

Masitinib reduces serum NfL concentration in the EAE mouse model

As expected, all EAE groups showed an increased concentration of serum NfL with disease evolution, while that of the
negative control group remained stable or decreased slightly. However, assessment of relative change in serum NfL
concentration over a duration of 8 days (pooled tail vein sampling) showed that masitinib treatment significantly reduced
NfL production in EAE mice with respect to the EAE control group (Fig 2A and Table 2). The relative increase at D8 with

1.00 - l

0.90 +

1 / —
R
060 \/

0.50

Relative change in grip strength force (N)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Treatment duration (days)

-=-Negative CTRL ——EAE CTRL --M50 M100

Fig 1. Average relative deterioration in grip strength force (N) over treatment period, according to treatment group. CTRL = EAE control group.
M50 = Masitinib 50 mg/kg/d. M100 = Masitinib 100 mg/kg/d. N = Newtons. Relative grip strength normalized to value at start of treatment period (DO).
Values are expressed as mean + SEM.

https://doi.org/10.1371/journal.pone.0322199.9001
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Fig 2. (A) Day-8 relative change from baseline in serum NfL concentrations, according to treatment group. (B) Day-15 absolute serum NfL
concentrations, according to treatment group. CTRL = EAE control group. M50 = Masitinib 50 mg/kg/d. M100 = Masitinib 100 mg/kg/d. Values are
expressed as mean + SEM. Statistical significance (unpaired t-test) is indicated by an asterisk * p < 0.05, *** for p < 0.001, **** for p < 0.0001.

https://doi.org/10.1371/journal.pone.0322199.9002

Table 2. Assessment of serum NfL concentration — Relative change in serum NfL concentration over time (D8 relative to D1), and D8 absolute
concentration.

Experimental group | n | Absolute NfL | Absolute NfL | Relative (D8:D1) Relative | p-value® | D8 Relative Difference in p-valuet
at D1 (ng/ml) | at D8 (ng/ml) | Change (D8:D1) | difference in NfL NfL absolute concentration

EAE [vehicle] control |13 | 7.3 £0.21 25.7 £ 0.67 85 N/A N/A N/A N/A

Masitinib 50mg/kg/d |13 /9.4 £ 0.21 19.2+£0.39 2 -43% <0.0001 | -25% <0.05

Masitinib 100mg/kg/d | 13 | 13.5 + 0.24 18.8 £ 0.44 1.4 -60% <0.0001 | -27% <0.05

Values are expressed as mean + SEM. P-value with respect to the EAE [vehicle] control group.

TUnpaired t-test with respect to the EAE [vehicle] control group.

‘D8 Relative Difference NfL is the proportional difference in concentrations with respect to the EAE [vehicle] control group.
N/A = not applicable.

https://doi.org/10.1371/journal.pone.0322199.t002

PLOS One | https://doi.org/10.137 1/journal.pone.0322199 May 14, 2025 8/15



https://doi.org/10.1371/journal.pone.0322199.g002
https://doi.org/10.1371/journal.pone.0322199.t002

PLO\Sﬁ\\.- One

respect to D1 was 3.5-fold for the EAE control group, which was a significantly greater relative change than either the

50 mg/kg/d masitinib group (2-fold increase at D8 with respect to D1, p < 0.0001), or the 100 mg/kg/d masitinib group (1.4-
fold increase at D8 with respect to D1, p < 0.0001). This corresponds to a reduction in serum NfL concentration, relative
to the EAE control group, of 43% and 60% for the masitinib 50 mg/kg/d and masitinib 100 mg/kg/d groups, respectively
(Table 2). Pairwise comparison of the masitinib groups also showed a dose-dependent effect with a significantly smaller
relative change for masitinib 100 mg/kg/d as compared with masitinib 50 mg/kg/d (p < 0.0001) (Fig 2A).

Consistent with what was seen for the relative change in serum NfL over 8 days, the absolute concentration at D8 was
significantly lower by approximately 25% for both masitinib treatment groups (50 and 100 mg/kg/d) relative to the EAE
control group (p < 0.0001) (Table 2). By comparison, at baseline (D1) the EAE control group NfL concentration had started
at a lower absolute concentration than both masitinib groups (Table 1).

Likewise, for the assessment of serum NfL at D15, there was a significantly lower concentration for both masitinib
treatment groups (50 and 100 mg/kg/d) as compared with the EAE control group (Fig 2B). The treatment effect was
more pronounced for the masitinib 100 mg/kg/d group as compared with the masitinib 50 mg/kg/d group, with an average
lower concentration than the EAE control group of 26% (p < 0.0001) and 6% (p < 0.001), respectively, and a significant
dose-dependency (p < 0.0001) between masitinib groups. Due to the larger quantity of serum collected from intracar-
diac puncture sampling, it was possible to also assess samples from each individual animal. As seen in Fig 3, there is a
large inter-subject spread of NfL concentrations, however, the average values generally reflect the pooled D15 results,
with a significantly lower concentration for the masitinib 100 mg/kg/d treatment group relative to the EAE control group
(p < 0.0037), and a significant dose-dependency (p < 0.0086) between masitinib groups.

Masitinib decreases pro-inflammatory cytokine biomarker concentrations in the EAE mouse model

Cytokines that are important in inflammatory responses and immune system regulation, including those associated with
Th1/Th2 pathway biomarkers, were quantified to determine whether masitinib treatment was associated with lower levels
of these inflammatory biomarkers. Serum samples from D15, collected using the intracardiac puncture procedure, were
used for this analysis because of the larger volume requirements necessary.
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Fig 3. Day-15 absolute serum NfL concentrations from individual animals, according to treatment group. CTRL = EAE control group. M50 =
Masitinib 50 mg/kg/d. M100 = Masitinib 100 mg/kg/d. Values are expressed as mean + SEM. Statistical significance (unpaired t-test) is indicated by an
asterisk * p < 0.05, ** for p < 0.01.

https://doi.org/10.1371/journal.pone.0322199.9003
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Overall, EAE mice treated with masitinib showed significantly lower concentrations of several well-established pro-
inflammatory cytokines, i.e., interferon gamma, tumor necrosis factor alpha, human interleukin-1 beta, interleukin-33, KC/
GRO, MIP-2, as compared with the EAE control group (Table 3). This is consistent with a reduction in neuroinflammatory
activity.

Interferon gamma (IFNg), also known as immune interferon, is a pro-inflammatory cytokine produced by lymphocytes
and is a potent activator of macrophages. It plays physiologically important roles in promoting innate and adaptive immune
responses, and is involved in the regulation of anti-inflammatory responses. The absolute concentration of IFNg at D15
was significantly lower for the masitinib 50 mg/kg/d and masitinib 100 mg/kg/d groups relative to the EAE control group, by
40% and 34%, respectively (i.e., 1.8 + 0.6 and 2.1 + 0.1 versus 3.1 £ 0.2 pg/ml, respectively).

Tumor necrosis factor alpha (TNFa) is an inflammatory cytokine that is mainly secreted by macrophages. The abso-
lute concentration of TNFa at D15 was significantly lower for the masitinib 50 mg/kg/d and masitinib 100 mg/kg/d groups
relative to the EAE control group, by 22% and 10%, respectively (i.e., 13.4 + 0.9 and 15.4 + 0.2 versus 17.1 + 0.1 pg/ml,
respectively).

Human interleukin-1 beta (IL-1b) is a pro-inflammatory cytokine that is produced by macrophages/monocytes during
acute inflammation, and which contributes to a variety of NDDs. The absolute concentration of IL-1b at D15 was signifi-
cantly lower for the masitinib 50 mg/kg/d and masitinib 100 mg/kg/d groups relative to the EAE control group, by 33% and
37%, respectively (i.e., 0.7 £ 0.2 and 0.6 + 0.1 versus 1.0 = 0.1 pg/ml, respectively).

Interleukin-33 (IL-33) is @ member of the IL-1 cytokine family and is crucial for induction of Th2-type cytokine-associated
immune responses. Its expression is upregulated following pro-inflammatory stimulation. The absolute concentration of
IL-33 at D15 was significantly lower for the masitinib 50 mg/kg/d and masitinib 100 mg/kg/d groups relative to the EAE
control group, by 82% and 48%, respectively (i.e., 0.8 £ 0.2 and 2.4 + 0.8 versus 4.7 + 0.2 pg/ml, respectively).

Keratinocyte chemoattractant (KC)/human growth-regulated oncogene (GRO) (KC/GRO) is a CXC chemokine that is
involved in neutrophil activation and recruitment during inflammation. The absolute concentration of KC/GRO at D15 was
significantly lower for the masitinib 100 mg/kg/d group, relative to the EAE control group by 15% (i.e., 50.7 + 3.8 versus
59.6 + 1.5 pg/ml, respectively).

Table 3. Relative difference in serum cytokine concentrations with respect to the EAE control group following 15 days of treatment.

n |IFNg TNFa IL-1b
Conc (pg/pL) | Rel Diff (%) |p Conc (pg/pL) | Rel Diff (%) |p Conc Rel Diff (%) | p
(pg/pL)
Ctrl 1 |3.11 N/A 17.13 N/A 1.01 N/A
M50 13 1.85 -40 + 18 <0.0001 | 13.37 -22+5 <0.0001 |0.68 -33 %15 <0.0092
M100 |13 |2.05 -34 % 1 <0.0001 | 15.36 -10 %1 <0.0036 |0.64 -37+5 <0.0011
n  KCIGRO IL-33 MIP-2
Conc (pg/pL) Rel Diff (%) p Conc (pg/uL) Rel Diff (%) p Conc Rel Diff (%) ¢]
(pg/
uL)
Ctrl 1 596 N/A 4.73 N/A 11.98 N/A
M50 13 |60.53 +2+3 ns 0.85 -82+4 <0.0001 |11.52 -4+3 ns
M100 |13 | 50.66 -15+4 <0.0004 |2.44 -48 + 14 <0.0001 |9.47 -21+10 < 0.0004

M50 = Masitinib 50 mg/kg/d. M100 = Masitinib 100 mg/kg/d. Ctrl = EAE control group. Values are expressed as mean + SEM. ns = statistically non-
significant. P = p-value calculated via unpaired t-test. N/A = not applicable. IFNg = Interferon gamma. TNFa = Tumor necrosis factor alpha. IL-1B =
Human interleukin-1 beta. KC/GRO = Keratinocyte chemoattractant/human growth-regulated oncogene. IL-33 = Interleukin-33. MIP-2 = Macrophage
inflammatory protein-2.

https://doi.org/10.1371/journal.pone.0322199.t003
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Macrophage inflammatory protein (MIP-2) is a CXC chemokine, also known as chemokine CXC ligand (CXCL2),
that affects neutrophil recruitment and activation. The absolute concentration of MIP-2 at D15 was significantly lower
for the masitinib 100 mg/kg/d group relative to the EAE control group by 21% (i.e., 9.5 + 1.6 versus 12.0 + 0.6 pg/ml,
respectively).

Other tested cytokines, i.e., IL-6, IL-17, IL-2, IL-10 and IL-12p70, showed no discernable difference between EAE con-
trol and masitinib treated groups.

Discussion

This study is the first demonstration that masitinib can lower serum NfL levels in a neuroimmune-driven neurodegenerative
disease model, with concomitant reduction in pro-inflammatory cytokines and slowing of clinical (EAE) symptoms. Strengths
of this study are that it used the well-established MOG 35-55 peptide-induced EAE model of neuroimmune-driven chronic
neuroinflammation, which is highly relevant to masitinib’s mechanism of action (i.e., targeting of the innate neuroimmune
system and in particular mast cells and microglia). Because chronic neuroinflammation is a common pathological character-
istic of most NDDs, these results should have broad applicability across a range of indications. Moreover, data was derived
after disease onset (i.e., in a therapeutic setting as opposed to an asymptomatic preventative setting), which is of greater
relevance because such models more closely simulate the clinical condition of NDD patients and therefore better represent
their therapeutic needs.

The main limitation of this study was insufficient sample volume to perform both NfL and cytokine assays at mul-
tiple timepoints across the study duration. This constraint comes from the animals’ general state of health, which is
profoundly weakened by EAE, with a consequence that the volume of blood available varies according to the animal’s
state of health. To avoid any sample collection bias, we therefore took the same, minimum (tail vein) volume from
each animal for the longitudinal analysis of relative change in NfL and the larger (intracardiac) volume required for
cytokine analysis only at the synchronized endpoint. The use of dissimilar blood collection techniques at different time-
points (i.e., tail vein at D1 and D8 versus intracardiac at D15), precluded calculation of relative NfL change after D8. It
would therefore be useful to confirm these findings over a longer treatment period and in a larger sample size, using a
sample collection schedule that permits longitudinal analysis of relative NfL change over multiple timepoints and with
tail vein collection just prior to the intracardiac collection. Finally, the synchronized 14-day endpoint was prespecified
to facilitate biomarker analysis, however, this relatively short treatment duration may not have allowed for measurable
cytokine changes (i.e., due to therapeutic lag), with a consequence that the effects of masitinib may be underesti-
mated. Ideally, any confirmatory findings would also be supported by pathological data showing a correlation between
neuronal preservation and NfL concentration, as well as assessment of mast cell activation markers to better discrimi-
nate the respective contributions of microglia and mast cells.

Remarkably, masitinib has so far demonstrated clinical benefit in three challenging neurodegenerative disorders
with an acceptable safety profile given the high unmet medical need of these indications [27-29,42]. In progressive
forms of MS, masitinib administered at 4.5 mg/kg/d showed a statistically significant reduction in cumulative change on
EDSS score (p = 0.0256) [28]. This treatment-effect was consistent for both primary progressive MS and non-active
secondary progressive patient subgroups. Masitinib also significantly reduced the risk of reaching an EDSS score of
7.0, corresponding to disability severe enough that the patient is restricted to a wheelchair (p = 0.0093). The rationale
to use masitinib in progressive forms of MS is supported by evidence from the literature, showing that progressive MS

In mild-to-moderate AD, masitinib administered at 4.5 mg/kg/d as an add-on therapy to standard of care, signifi-
cantly slowed cognitive deterioration relative to placebo with a manageable safety profile. More specifically, the
between-group difference in the Alzheimer’s disease assessment scale-cognitive subscale (ADAS-cog) change
from baseline at week 24 was -2.15 (97.5%CI [-3.48, -0.81]), p = 0.0003 [27]. This change is considered clinically
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meaningful, especially when considering its administration on a background of cholinesterase inhibitors and meman-
tine, a 2-point change being consistent with published recommendations [47] and benchmark ADAS-Cog benefit
according to well-established therapies [48-50]. The rationale to use masitinib in AD is supported by preclinical
evidence demonstrating that the pharmacological action of masitinib in mast cells can restore normal spatial learn-
ing performance in a mouse model of AD and promotes recovery of synaptic markers [13,36]. Overall, these findings
are consistent with a growing body of evidence implicating mast cells and microglia with the pathophysiology of AD
[21-26,51-56].

In ALS, masitinib administered at 4.5mg/kg/d as an add-on to standard riluzole, significantly slowed functional decline
at week 48 relative to riluzole alone by 27% [29]. For the prespecified primary efficacy population, there was a between-
group difference in ALSFRS-R change from baseline of 3.4 points (95%CI [0.65; 6.13]; p = 0.016). Moreover, long-term
follow-up analysis showed a significantly prolonged survival of 25 months (p = 0.0478) and 44% reduced risk of death
(hazard ratio 0.56 (95%CI [0.32;0 .96]), Cox p = 0.036), if treatment was initiated at an early stage of disease [30].
Masitinib’s mechanism of action in ALS has been well-demonstrated in the preclinical setting, with data showing that
masitinib co-targets independent pathological mechanisms in different cell types of the brain, spinal cord and peripheral
nervous system components that taken together conserves neuro-muscular function [12,31-35]. Again, these findings are
consistent with accumulating evidence indicating that immune dysfunction and neuroinflammation are important pathologi-
cal characteristics of ALS [23,24,57—60].

Hence, the preclinical biomarker data reported here, taken together with the positive clinical outcomes and growing
body of literature described above, support a proposition that modulation of the neuroimmune system via inhibition of
microglia and/or mast cell activity, is a valid therapeutic strategy across a broad range of NDD indications. Individu-
ally, each of these neuroimmune cells represents a viable target for therapeutic intervention, with the dual-targeting of
masitinib making it a particularly attractive treatment option.

Conclusions

These results provide further evidence regarding the anti neuro-inflammatory properties of masitinib. Importantly, the
observed NfL treatment response supports the assertion that masitinib has a neuroprotective effect under conditions of
chronic neuroinflammation and therefore plausible disease-modifying activity in each of the NDDs for which it has shown
clinical benefit, i.e. progressive forms of MS, ALS, and mild-to-moderate AD.
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