Neurobiology of Disease 160 (2021) 105538

ELSEVIER

Contents lists available at ScienceDirect
Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

Neurobiology

Check for

CXCR2 increases in ALS cortical neurons and its inhibition prevents motor @&
neuron degeneration in vitro and improves neuromuscular function in

SOD1G93A mice

Valentina La Cognata ™', Elisabetta Golini ™', Rosario lemmolo ?, Sara Balletta ",

Giovanna Morello?, Carla De Rosa”, Ambra Villari %, Sara Marinelli °, Valentina Vacca”,

b
b,d

Gabriele Bonaventura “, Paola Dell'Albani “, Fleonora Aronica “, Fabio Mammano ~¢,

Silvia Mandillo ™", Sebastiano Cavallaro®"

2 Institute for Biomedical Research and Innovation, National Research Council, Via P. Gaifami 18, 95126 Catania, CT, Italy
Y Institute of Biochemistry and Cell Biology, National Research Council, Via E. Ramarini 32, 00015 Monterotondo Scalo, RM, Italy
¢ Department of (Neuro) Pathology, Amsterdam UMC, University of Amsterdam, Amsterdam Neuroscience, Meibergdreef 9, 1105 Amsterdam, the Netherlands

9 Department of Physics and Astronomy “G. Galilei”, University of Padua, Padova, Ttaly

ARTICLE INFO ABSTRACT

Keywords:

Amyotrophic lateral sclerosis
CXCR2

IL-8

iPSC

Motor neurons
Neurodegeneration
Reparixin

SOD1G93A mouse

Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disease characterized by depletion of
motor neurons (MNs), for which effective medical treatments are still required. Previous transcriptomic analysis
revealed the up-regulation of C-X-C motif chemokine receptor 2 (CXCR2)-mRNA in a subset of sporadic ALS
patients and SOD1G93A mice. Here, we confirmed the increase of CXCR2 in human ALS cortex, and showed that
CXCR2 is mainly localized in cell bodies and axons of cortical neurons. We also investigated the effects of
reparixin, an allosteric inhibitor of CXCR2, in degenerating human iPSC-derived MNs and SOD1G93A mice. In
vitro, reparixin rescued MNs from apoptotic cell death, preserving neuronal morphology, mitochondrial mem-
brane potential and cytoplasmic membrane integrity, whereas in vivo it improved neuromuscular function of

SOD1G93A mice. Altogether, these data suggest a role for CXCR2 in ALS pathology and support its pharmaco-
logical inhibition as a candidate therapeutic strategy against ALS at least in a specific subgroup of patients.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a notoriously intractable
neurodegenerative disorder involving specific loss of both upper and
lower motor neurons (MNs). Approximately 10% of ALS cases are fa-
milial (FALS) and are mainly due to mutations occurring in C9ORF72,
SOD1, FUS and TDP-43 genes (Mathis et al., 2019), while the great
majority are sporadic (SALS) and arise from multiple pathological
drivers (e.g. oxidative stress, mitochondrial dysfunction, axonal trans-
port alteration, inflammation, excitotoxicity and proteins aggregation)
(van Es et al., 2017). Despite massive investments and intensive research
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in drug discovery, there is currently no available treatment to halt or
reverse ALS. The only two approved drugs, riluzole and edaravone, exert
limited effects in patients, whereas further pharmacologic agents which
had seemed promising when tested in animal models, failed when
translated into humans (Turner et al., 2001). These modest results may
be due to both the poor knowledge of ALS pathophysiology and the use
of animal models that do not faithfully reproduce the complexity and
heterogeneity of the human disease (Bendotti et al., 2020).

We have recently used a genomic-based patient stratification
(Aronica et al., 2015; Morello et al., 2017a) to portray sporadic ALS from
a systems biology perspective and identify potential therapeutic targets
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strategies (Lederer et al., 2007; Morello and Cavallaro, 2015; Morello
et al., 2015; Morello et al., 2018; Morello et al., 2019; Morello et al.,
2020). In particular, using transcriptional signatures of motor cortex
samples, we discriminated control from sporadic ALS patients (SALS),
and distinguished these latter into two greatly divergent subtypes
(SALS1 and SALS2), each associated to different molecular features and
potential drug targets (Aronica et al., 2015; Morello and Cavallaro,
2015; Morello et al., 2017b; La Cognata et al., 2020). Interestingly, some
of these targets and related biological processes were shared by the
SOD1G93A mice (Morello et al., 2017c), the most popular ALS animal
model, thus providing a rationale starting point for their preclinical
validation and the development of personalized treatments.

In this study we further investigated one of these potential targets,
the C-X-C motif chemokine receptor 2 (CXCR2), which was previously
found upregulated by transcriptomic analysis in a subset (SALS2) of ALS
patients (Aronica et al., 2015) and in SOD1G93A mice at symptomatic
stages (Morello et al., 2017a). This G-protein-coupled receptor is known
for its main role of mediating neutrophils/monocytes chemotaxis and
neuro-inflammatory response (De Paola et al., 2007; Won et al., 2016)
through binding with at least seven C-X-C chemokines (Horuk et al.,
1997; Nguyen and Stangel, 2001; Popivanova et al., 2003) and is
involved in release of growth factors, chemotaxis of oligodendrocyte
precursors during development, self-defense mechanisms against
apoptotic cell death and modulation of synaptic transmission (Semple
et al., 2010).

In order to understand the role of CXCR2 in ALS pathophysiology, in
the present work we aimed to verify the expression of CXCR2 in human
ALS cortex and investigate the effects of its pharmacological inhibition
in degenerating human MNs derived from induced Pluripotent Stem
Cells (iPSCs) and in SOD1G93A mice.

2. Methods
2.1. Motor cortex samples from SALS patients

Post-mortem frozen sections (thick 10 pm) of motor cortex samples
of control, SALS1 and SALS2 patients (n = 3, 3 slides/patient) were
obtained as described elsewhere (Aronica et al., 2015). Origin, source
code, age, gender, race, disease state, survival time from diagnosis date
and post-mortem interval of samples of patients used in the present
study are reported in Suppl. Table 1.

For immunohistochemistry, slides were fixed with 4% para-
formaldehyde (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
for 15 min, permeabilized with 0.1% of Triton-X for 10 min, washed 3x
with phosphate-buffered saline (PBS) (Sigma Aldrich, Saint Louis, Mis-
souri, USA) and stained with CXCR2 antibody (Suppl. Table 2) using
EnVision™ Flex stain system according to manufacturer's instructions
(Agilent Technologies, Santa Clara, California, USA). Sections were
counterstained with Harris modified hematoxylin (Agilent Technolo-
gies, Santa Clara, California, USA) and mounted with crystal mount
aqueous mounting medium (Sigma Aldrich, Saint Louis, Missouri, USA).
Slides were examined under a Imager.D2 optical microscope through a
40x oil immersion lens (Carl Zeiss, Oberkochen, Germany). Represen-
tative photomicrographs were captured with an Axiovision Imaging
System.

For immunofluorescence, fixed motor cortex slides were blocked and
permeabilized with 5% normal goat serum (NGS), 0.1% of Triton-X in
PBS for 45 min and incubated at room temperature with NF-H and
CXCR2 primary antibodies (Suppl. Table 2). TRITC and FITC-conjugated
secondary antibodies were used for 1 h at room temperature in dark.
Tissues were washed 3x in PBS after every step. Slides were mounted
with glycerol mounting medium containing 4',6-diamidino-2-phenyl-
indole (DAPI) and analyzed with a Nikon Al confocal inverted micro-
scope equipped with a Plan Apochromat lambda 60x /1.4 oil immersion
lens (Nikon, Tokyo, Japan). Fluorescence was quantified by converting
pixels in brightness values using the RGB normalized to the background
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as previously described (Inman et al., 2005).
2.2. Generation of iPSCs-derived MN and evaluation of reparixin effects

Reprogramming of human fibroblasts from a healthy donor subject
into iPSCs was performed by transducting cells with Sendai Virus (SeV)
vector harboring OCT3/4, SOX2, KLF4, and c-MYC in a feeder-free
condition according to manufacturer's instructions (CytoTune-iPS Kit,
Life Technologies Corporation, Carlsbad, CA) (Suppl. Fig. S1). Tral-60",
Tral-81" and OCT4" colonies were manually picked and transferred
onto prepared vitronectin-coated well culture plates and checked for
virus-free (Suppl. Fig. S1). MNs differentiation was performed as previ-
ously described (Hu and Zhang, 2009; Bonaventura et al., 2018; Bona-
ventura et al., 2021) (Suppl. Fig. S1). Differentiating medium lacked
CXCR2 ligands and contained DMEM/F12, N2, MEM non-essential
amino acids, heparin, BDNF, GDNF, IGF1, cAMP, ascorbic acid, reti-
noic acid and SHH.

For characterization, cells were fixed with 4% PFA for 15 min, per-
meabilized with 0.1% TRITON-X in PBS for 10 min and incubated
overnight at 4 °C with anti-TUJ1, anti-SMI32, anti-ChAT, anti-CXCR2,
anti-HB9 primary antibodies (Suppl. Table 2). TRITC and FITC-
conjugated secondary antibodies were used for 1 h at room tempera-
ture in dark. Coverslips were then washed 3x in PBS, mounted with
glycerol mounting medium containing DAPI on glass microscope slides,
and analyzed with Nikon A1l confocal inverted microscope equipped
with a Plan Apochromat lambda 60x/1.4 oil immersion lens (Nikon,
Tokyo, Japan).

MTT cell viability experiments were conducted as previously
described (Dell'Albani et al., 2017) in differentiated MNs cultured in
complete medium (CTRL), growth factors starved medium, (-GF;
without BDNF, GDNF, IGF1 and cAMP), and in -GF with the addition of
reparixin (MedChem Express, NJ, USA) in order to characterize the
maximum effective dose in vitro. This dose (10 uM for 48 h) was used in
following assays to verify the pharmacological effects of reparixin on
apoptosis, cellular morphology and mitochondrial membrane potential.

Apoptosis was determined by double-staining with Click-iT™ TUNEL
Alexa Fluor™ 488 Imaging assay (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and anti-TUJ1 primary antibody (Suppl. Table 2).
Apoptotic cells were calculated by counting cells with NIS-Elements AR
v4.60 software (Nikon, Tokyo, Japan) as follows: Al = number of
apoptotic cells (TUNEL" nuclei)/total cell number (DAPI™ nuclei) *100.

Neurite extensions were measured from ten fluorescent images of
Tuj1l immunoreactivity from all experimental conditions, randomly ac-
quired with Nikon Ti-Eclipse inverted microscope (Nikon, Tokyo,
Japan) and using the “Annotations and Measurements” command of
NIS-Elements software (Nikon, Tokyo, Japan).

Mitotoxicity and cytotoxicity levels were detected with the HCS
Mitochondrial Health Kit (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) according to manufacture instructions. The MitoHealth
stain accumulates in mitochondria in live cells proportional to the
mitochondrial membrane potential, while the Image-iT® DEAD Green™
stain forms highly fluorescent dye-DNA complexes when plasma mem-
brane integrity is compromised. Cells were scanned with a Nikon Ti-
Eclipse inverted microscope through a Plan Fluor 20x/0.50 lens
(Nikon, Tokyo, Japan) and acquired with NIS-Elements AR v4.60 soft-
ware (Nikon, Tokyo, Japan). The fluorescence of different stains was
quantified by converting pixels in brightness values using the RGB
(green and red) normalized to the background as previously described
(Inman et al., 2005).

2.3. Quantitative reverse-transcriptase polymerase chain reaction

RNA from motor cortex samples, iPSCs and differentiated MNs was
isolated using TRIzol reagent (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) according to the manufacturer's instructions, as
described elsewhere (D'Agata et al., 2002; Aronica et al., 2015).
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Quantity and purity (260/280 and 260/230 ratios) of samples were
determined using NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) and Bioanalyzer RNA 6000
Nano chips (Agilent Technologies, Santa Clara, CA) as recommended by
manufacturer. RNA was reverse transcribed with SuperScript™ III
Reverse Transcriptase Kit (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA) as previously described (Cavallaro et al., 2004). cDNA
samples were used as template for RT-qPCR assays. Each reaction was
run in triplicate and included 100 ng of cDNA, 4 ul of LightCycler®
FastStart DNA Master SYBR Green I Plus (Roche Diagnostics, Monza,
Italy), forward and reverse primers (250 nM), in a final volume reaction
of 20 pl. All used primer pairs are listed in Suppl. Table 3. PCR conditions
were set as follow: 1 cycle at 95 °C x 10 min; 45 cycles at 95 °C x 10 s,
55°Cx 155, 72 °Cx 20 s and finally a single cycle at 65 °C x 1 min and
40 °Cx 30 s. Gene expression profiles were evaluated by using the 2°ACq
normalized with the housekeeping gene as previously reported (Taylor
et al., 2019).

2.4. Reparixin administration to SOD1G93A mice and evaluation of its

effects

Male B6.Cg-Tg(SOD1*G93A)1Gur/J mice (SOD1G93A) carrying a
high copy number of mutant human SOD1 allele were purchased at the
Jackson Laboratories (Bar Harbor, ME, USA, stock n. 004435) (Gurney
et al., 1994) and a mouse colony was established in-house at the CNR-
EMMA facility (Monterotondo, Italy) by crossing hemizygous trans-
genic males with C57BL/6 J females. Progeny was genotyped by stan-
dard PCR following the Jackson Lab protocol (www.jax.org).

Litter- and sex-matched pups were group-housed in standard housing
conditions (room temperature 21 + 2 °C, relative humidity 50-60%, and
12 h light/dark cycle with lights on at 7 am). Animals were subjected to
experimental protocols approved by the Local Animal Welfare Com-
mittee and the Veterinary Dept. of the Italian Ministry of Health (Aut.
#914/2016-PR), and experiments were conducted according to the
ethical and safety rules and guidelines for the use of animals in
biomedical research provided by the relevant Italian laws and European
Union's directives (Italian Legislative Decree 26/2014 and 2010/63/
EU). All adequate measures were taken to minimize animal pain or
discomfort. Extra wet food was provided inside the cage as needed.

Male and female mice, SOD1G93A and non-transgenic (WT) litter-
mates (males, n = 29/genotype, females n = 32/genotype) were sub-
mitted from the age of 6 weeks to specific behavioral tests to evaluate
the onset and progression of ALS symptoms: body weight decline,
neuromuscular deficits (grid hanging and grip strength tests), splay re-
flex and survival (age at humane endpoint). To evaluate the effects of a
prolonged anti-inflammatory treatment, male and female, SOD1G93A
and WT mice were randomly assigned to treatment groups as described
in the Statistical analysis section. Mice were injected i.p. with either 30
or 60 mg/kg reparixin i-lysine salt (MedChemTronica, Sollentuna,
Sweden). Control group mice were administered saline (0.9% NaCl).
Mice were injected 2 times/week from the age of 14 weeks (ca. 100 days,
initial symptomatic stage) until humane endpoint. Behavioral tests were
conducted during the course of the disease until SOD1G93A mice were
no longer able to perform the task. Experimenters performing behavioral
tests were blind to the treatment groups but not to the genotype since
specific symptoms were clearly visible in SOD1G93A mice.

2.4.1. Body weight, symptoms and humane endpoint assessment

Body weight (BW) was measured weekly from age 6 weeks and after
each behavioral test. Body weight gain was calculated and data were
expressed as percentage variation of weight compared to the first mea-
sure taken at 6 weeks of age. Monitoring of disease symptoms was
achieved by direct observation and annotation of tremors, splay reflex
loss, bradykinesia and paralysis (Deitch et al., 2014). Disease onset was
set at age of splay reflex loss and peak body weight (Melanie Leitner and
Lutz, 2009). Humane endpoint was set at loss of righting reflex or weight
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loss >25% of peak BW. Age (days) at humane endpoint was used to
perform survival analysis.

2.4.2. Grid hanging test

Mice were tested weekly from the age of 6 weeks. Each mouse was
placed in the center of a wire grid (1-cm squares) raised about 50 cm
from a bench covered with sawdust bags and forced to grip it by gentle
shaking. After rotating the grid upside down the latency to fall from the
grid was recorded over two trials of 60 s each, with an inter-trial interval
of approx. 30 min (Weydt et al., 2003; OlivAN et al., 2015). For each
time point the total time of the two trials was considered in the analysis.

2.4.3. Grip strength test

Mice were tested on the grip strength meter apparatus (Bioseb,
France) every two weeks from the age of 7 weeks until 21 weeks. Each
mouse was held gently by the base of its tail over the top of the grid with
its torso in a horizontal position, then it was pulled back steadily until it
could no longer resist the increasing force and the grip was released
(Mandillo et al., 2008). The grip strength meter digitally displays the
maximum force applied as the peak tension (in grams) once the grasp is
released. For each mouse the grip test consisted of three trials with
forelimbs and three trials with all four paws with an inter-trial interval
of 60 s. For each time point the mean of the three trials was taken as an
index of forelimb and all four paws grip strength.

2.5. Statistical analysis

For in vitro experiments, one-way analysis of variance (ANOVA) was
used to compare differences among groups, and statistical significance
was assessed by the Tukey-Kramer post hoc test. In the in vivo experi-
ments, estimated sample size (n = 10/group) was determined by power
analysis (G*Power 3.1). Male and female, SOD1G93A and WT mice were
randomly assigned to the three treatment groups so that all cage-mates
received the same treatment and, in case of litters split among multiple
cages, the mice of the same litter were homogeneously distributed to
different treatment groups. Repeated measures ANOVA (RM ANOVA)
was performed on most datasets with Genotype, Sex and Treatment as
between-subject factors and Age as within-subject factors. For each
behavioral test repeated-measures analyses were performed until an age
at which data were available for all animals (19-20 weeks of age
depending on test). Post-hoc analysis (Bonferroni test) was performed
where possible. Survival and time to 20% decline of grid hanging
endurance of SOD1G93A mice were represented with Kaplan-Meier
curves and were analyzed using a Log-rank (Mantel-Cox) test followed
by corrected multiple comparisons using Gehan-Breslow-Wilcoxon test.
Mean + SEM of survival days was also used to assess survival differences
and analyzed with one-way analysis of variance. Subjects whose indi-
vidual values differed more than 2 standard deviation units in module
from the group average were considered outliers and were excluded
from the analysis. Significance level was set at P < 0.05. Data are pre-
sented as mean + SEM. All statistics were run using the StatView 5.0
PowerPC and Prism 5.0a (GraphPad Software Inc., La Jolla, CA, USA)
software packages.

3. Results

3.1. CXCR2 mRNA and its encoded protein are up-regulated in motor
cortex of SALS2 patients

In our previous work, whole-genome transcriptional profiling of
human SALS motor cortex revealed a significant up-regulation of
CXCR2-mRNA in a subgroup of patients (SALS2) (Aronica et al., 2015).
To corroborate these data, we measured CXCR2-mRNA by RT-qPCR (n
= 3/group) and confirmed the increased expression levels in SALS2
cortex compared to both control and SALS1 (ANOVA: F(;, ) = 391.9, p
< 0.0001; Fig. 1la). Immunohistochemistry and immunofluorescence
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Fig. 1. CXCR2 is up-regulated in motor cortex of SALS2 patients and is localized in cortical neurons.
a) RT-qPCR assay showing a statistically significant up-regulation of CXCR2 gene expression in SALS2 compared to both SALS1 and CTRL groups (n = 3 per group).
Data are normalized with the amount of p-actin mRNA, and are expressed as mean + SEM. Tukey—Kramer post hoc test: *** and ### p < 0.001 SALS2 vs CTRL and

SALS1 respectively, ** p < 0.01 SALS1 vs CTRL.

b) Representative photomicrographs showing CXCR2 immunoreactivity in motor cortex samples of normal subjects, SALS1 and SALS2 patients examined under a
light microscope (Axiovert, Carl Zeiss Inc) equipped with a digital color camera. Scale bar 50 pm.

¢) Representative photomicrographs showing CXCR2 immunoreactivity in motor cortex samples of CTRL, SALS1 and SALS2 subjects examined with a Nikon Al
confocal inverted microscope equipped with a Plan Apochromat lambda 60x /1.4 oil immersion lens. Scale bar 50 pm. Zoom-in with distinct channels are provided.
d) Brightness intensity of CXCR2 immunoreactivity from motor cortex samples of CTRL, SALS1 and SALS2 patients (n = 3/group). Brightness values were calculated
as described in Materials and methods section and expressed as mean + SEM. Tukey—Kramer post hoc test: ***p < 0.001 SALS2 vs CTRL; *#p < 0.01 SALS2 vs SALS1.

experiments (Fig. 1b, c) detailed the expression of CXCR2 protein in
human motor cortex, revealing its localization in cell bodies and axons
of cortical neurons (pyramidal cells in layer V) and a significant increase
in SALS2 patients compared to both control and SALS1 (ANOVA: F (2, 24)
= 13.27, p = 0.0001; Fig. 1d).

3.2. CXCR2 inhibition by reparixin preserves human iPSC-derived MNs
from degeneration

To investigate the pharmacological effects of CXCR2 inhibition in
vitro, we examined the effects of reparixin, an allosteric inhibitor of
CXCR2, in degenerating human MNs-like cells derived from iPSC
reprogramming and motor neuronal induction (Suppl. Fig. S1) (Hu and
Zhang, 2009; Bonaventura et al., 2018). Once differentiated, cells
expressed mature MN biomarkers (SMI32, ChAT, HB9 and Tujl), CXCR2
(Fig. 2a) and its main ligand IL-8 (Suppl. Fig. 2). Deprivation of growth
factors from culture medium (-GF condition) for 48 h determined an
increase of both mRNA and protein IL-8 levels (Suppl. Fig. 2) and
prompted neuronal death (Fig. 2b). The simultaneous administration of
10 pM reparixin significantly preserved cellular viability (ANOVA:
F(2,27) = 68.33, p <0.0001; Fig. 2b), reduced MN apoptosis (calculated as
the percentage of Tujl"/TUNEL" cells; ANOVA: Fro,12) = 138.6, p <

0.0001; Fig. 2c), and preserved neurites length (ANOVA: F(a, 400) =
49.88, p < 0.0001; Fig. 2d). Moreover, by using both MitoHealth (which
accumulates in mitochondria in live cells proportional to the mito-
chondrial membrane potential) and Image-iT DEAD Green (which
penetrates inside cells when plasma membrane integrity is compro-
mised) stains, we quantified mitotoxicity and cytotoxicity (Fig. 2e).
Treatment with reparixin increased MitoHealth stain accumulation in
mitochondria compared to -GF condition, and preserved the integrity of
cytoplasmic membrane (ANOVA RGB MitoHealth stain: F (9, 24y =11.18,
p = 0.0004; ANOVA RGB DEAD Green stain: F (o, 24y = 12.50, p =
0.0002; Fig. 2e).

3.3. Reparixin reduces body weight loss and improves neuromuscular
function in SOD1G93A mice

To investigate the pharmacological effects of CXCR2 inhibition in
vivo, we examined the effects of reparixin in SOD1G93A mice. Male and
female SOD1G93A mice and their WT littermates were monitored from
6 weeks of age until humane endpoint. From symptomatic stage (around
100 days, i.e. 14 weeks of age) mice were administered saline, 30 or 60
mg/kg reparixin 2/week until 21-24 weeks of age (humane endpoint).
Body weight, neuromuscular function and symptoms were assessed



Neurobiology of Disease 160 (2021) 105538

TUJ1/CXCR2/DAPI

*
CH—— 3= 3+
ES *
*
*| +*
*| =
:
(2}
— * pd
» * *
> * :
©
c
©
T
o
8 R vY
a]
g 8 8 $ & ° 8 8 8 & ¢ ° g8 g § & < T =2 ® ° e & < N 00O
s|1e2 os13ojdody yllea O W SenjeA ssaujybug us219Q@VvaQA sanjeA ssaujybug

(lonuos 30 %) Autqera sied

(wd) 3yBus| a3anaN

(caption on next page)

V. La Cognata et al.

iPSC-derived MNs

ChAT/DAPI HBY/DAPI

SMI32/DAPI

| | -GF + 10 uM reparixin | ‘

£
B

sabewl jsesjuoo-aseyd _ _

Idva/1annuing

Idva/ing

1dva/usa16avaa/ullesHoNIN

o

©

[J CTRL [EHE -GF I -GF + 10 uM reparixin



V. La Cognata et al. Neurobiology of Disease 160 (2021) 105538
Fig. 2. Reparixin preserves cellular viability, neurites outgrowth, membrane integrity and reduces apoptosis of iPSC-derived MNs.

a) Immunocytochemistry experiments in differentiated MNs-like cells at 35th day showing the expression of Tuj1, SMI32, and ChAT, HB9 and CXCR2 (white arrows).
Nuclei were counterstained with DAPI. Photomicrographs are representative of randomly selected fields and scanned by Nikon Ti Eclipse inverted microscope. Scale
bar 50 um.

b) Representative phase-contrast photomicrographs and MTT viability analysis of iPSC-derived MNs cultured in complete growth medium (CTRL), growth factor
starved medium (-GF) or -GF + 10 pM reparixin. Scale bar 50 pm. Data are expressed as percentage of control (mean + SEM) and are representative of at least three
independent experiments. Tukey—Kramer post hoc test: ***p < 0.001 vs Ctrl; *##p < 0.001 vs -GF.

¢) Apoptotic counting by TUNEL assay of iPSC-derived MNs cultured in complete (CTRL), -GF or -GF + 10 pM reparixin medium. Photomicrographs are repre-
sentative of randomly selected fields and were scanned by Nikon Ti Eclipse inverted microscope. Scale bar 50 pm. Data are representative of at least three inde-
pendent experiments. The apoptotic index was calculated as described in Material and Methods Section and is expressed as mean + SEM. Tukey—Kramer post hoc test:
##%p < 0,001 vs Ctrl; ###p < 0.001 vs -GF.

d) Effects of growth factors starvation and reparixin treatment on neurites outgrowth. Representative cropped photomicrographs showing Tujl immunoreactivity in
human iPSC-derived MNs cultured in complete (CTRL), -GF or -GF + 10 puM reparixin medium. Representative results are taken from randomly selected fields of
slides scanned by a Nikon Ti Eclipse inverted microscope (scale bar 25 pm). Neurite length (in micron) was evaluated with NIS Elements software and is represented
as mean + SEM. Data are representative of three independent experiments. Tukey—Kramer post hoc test: ***p < 0.001 vs Gtrl; **#p < 0.001 vs -GF.

e) Representative photomicrographs of human iPSC-derived MNs cultured in complete (CTRL), -GF or -GF + 10 pM reparixin medium stained with HCS Kkit.
Representative results were taken from randomly selected fields of slides scanned by a Nikon Ti Eclipse inverted microscope (scale bar 50 pm). Brightness values
(mean + SEM) were calculated as described in Material and Methods Section. Tukey—Kramer post hoc test: ***p < 0.001 vs Ctrl; **#p < 0.001 vs —-GF, *#p < 0.01

vs —GF.

throughout the experiment (Fig. 3a). As expected, body weight of both
male and female control SOD1G93A mice started declining around 17
weeks of age, reflecting a reduction in muscular mass. In particular,
body weight and grip strength in the transgenic mice differed signifi-
cantly from WT littermates earlier in males than in females (Suppl.
Fig. S3a, b). Treatment with reparixin from age 14 weeks elicited a
significant effect in reducing the % body weight loss at endpoint only in
female SOD1G93A mice and in a dose dependent fashion (ANOVA:
F(o,28) = 4.633, p = 0.0183; Fig. 3b, c). Moreover, systemic adminis-
tration of reparixin was able to improve neuromuscular function in
SOD1G93A mice (Fig. 3d-g). This effect was clearly evident and dose
dependent in the grid-hanging test (a measure of resistance) both in
males (between 16 and 20 weeks of age; RM ANOVA: Treatment F(3 51)
=4.907, p = 0.01; Genotype, F(1 51) = 144.163, p < 0.0001; Treatment x
Genotype, F2 51) = 4.856, p = 0.01; Fig. 3d) and females (from 17 until
22 weeks of age; RM ANOVA: Treatment, F(3 57) = 12.503, p < 0.0001;
Genotype, F(1,57) = 49.441, p < 0.0001; Treatment x Genotype, F2 57) =
12.503, p < 0.0001; Fig. 3e). Interestingly, in SOD1G93A mice, the
reparixin-induced improvement of neuromuscular resistance compared
to the saline treated group was more effective in females at the highest
dose, delaying the onset of motor deficit by about 4 weeks (Fig. 3e;
Suppl. Fig. S3d). Similarly, reparixin administration affected the grip
strength performance of SOD1G93A mice compared to WT littermates
(RM ANOVA Males: Genotype x Treatment, F(350) = 3.196, p < 0.05;
Females: Genotype x Treatment, F(3 57) = 4.72, p = 0.012; Fig. 3f, g). In
this case, the highest dose of reparixin was effective only in females
(Fig. 3g). With disease progression, the beneficial effect of reparixin on
neuromuscular function was overcome by more severe symptoms and
treatment was not able to increase the survival of SOD1G93A mice
(Suppl. Fig. S3e, f).

4. Discussion

ALS is a progressive adult-onset neurodegenerative disease, always
fatal. Although several studies have been granted to develop effective
therapies against ALS, this remains a progressive and incurable disease.
The only two approved treatments, riluzole and edaravone, exert partial
benefits to patients, while other pharmacological agents, successfully
tested in animal models, failed once translated into patients clinical
trials (Turner et al., 2001).

In the present study we investigated CXCR2, a candidate pharma-
cological target that has been formerly observed deregulated by bulk
transcriptomic profiling in both ALS human cortex and SOD1G93A mice
(Morello et al., 2017b). This G-protein coupled receptor is expressed at
low basal level in CNS (projections of cerebral cortex neurons, hippo-
campus, cerebellum and spinal cord motor neurons) (Horuk et al.,
1997), and highly expressed peripherally in neutrophils (Walz et al.,

1987), monocytes (Bonecchi et al., 2000), T-lymphocytes and mast cells
(Nilsson et al., 1999; Lippert et al., 2004), fibroblasts (Nirodi et al.,
2008) and endothelial cells (Strieter et al., 1995). This widespread and
systemic CXCR2 expression correlates with its main biological role,
which is mediating inflammatory mechanisms in response to endoge-
nous ligands (Semple et al., 2010). Upon brain damage (infection,
injury, lesions, amyloid plaques or other neuronal protein aggregates),
CXCR2 ligands are produced by glial (activated microglia and astro-
cytes) and endothelial cells, inducing a high inflammatory state via
neutrophils infiltration into the site of damage and contributing to
neuronal degeneration (Semple et al., 2010; Ha et al., 2017).

Here we showed for the first time the expression of CXCR2 in human
motor cortex specimens of control and SALS patients, describing its
predominant localization in cell bodies and axons of cortical neurons.
Moreover, we reported CXCR2 up-regulation at both transcriptional and
protein levels in a subgroup of ALS patients (SALS2), a finding in
accordance with the deregulation of a SALS2 cluster-specific gene set
involving players of the immune/inflammatory pathways (Morello
et al., 2017c). Interestingly, the up-regulation of CXCR2 has been
observed in various other neuropathological conditions such as multiple
sclerosis, ischemia, traumatic brain injury, and Alzheimer's disease
(Semple et al., 2010; Veenstra and Ransohoff, 2012).

To test the pharmacological effects of CXCR2 inhibition in ALS, we
administered an allosteric inhibitor of CXCR2 (reparixin) in vitro, in
human degenerating iPSC-derived MNs, and in vivo in SOD1G93A mice.
In vitro, reparixin prevented apoptotic neuronal death in iPSC-derived
MNs (Tujl", HB9", SMI32", ChAT', CXCR2") following growth-
factors withdrawal, preserving neuronal morphology, mitochondrial
membrane potential and cytoplasmic membrane integrity. IL-8 quanti-
fication experiments (by RT-qPCR and ELISA assays) revealed the main
CXCR2-ligand is produced under control conditions and that its
expression increases following growth factors withdrawal (Suppl.
Fig. S2). Based on this evidence, the effect of reparixin in vitro may be
related to the antagonism of autocrine/paracrine IL-8 activation of
CXCR2.

In vivo (Gurney et al., 1994), repeated administration of reparixin
was particularly effective in female SOD1G93A mice, where it delayed
by four weeks the onset of neuromuscular decline and reduced body
weight loss at endpoint. Sex differences observed may reflect differences
in disease progression between males and females SOD1G93A mice.
Indeed, reparixin treatment started in both sexes at 14 weeks of age,
when females SOD1G93A mice display less evident symptoms compared
to males (Alves et al., 2011; Cervetto et al., 2013; Olivan et al., 2014).
The exact mechanisms of action underlying reparixin protective effects
in vivo, as well as the role of non-neuronal cell in mediating inflamma-
tory response need further investigations. Additional studies are neces-
sary to characterize the effects of reparixin on neuronal viability,
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Fig. 3. Reparixin treatment effects on body weight loss and neuromuscular function of SOD1G93A mice.

a) Experimental design. Time line of behavioral tests and treatment with reparixin from age 14 weeks to endpoint.

b-c) Percentage body weight loss calculated at humane endpoint for male (b) and female (¢) SOD1G93A mice of Sal, Rep30, Rep60 groups. Dot plots and line are
mean + SEM. Tukey's post hoc: *p < 0.05. Males: Sal n = 12; Rep30: n = 7; Rep60: n = 9. Females: Sal n = 11; Rep30: n = 9; Rep60: n = 11. d-e) Latency to fall
(seconds, mean + SEM) of male (d) and female (e) mice in the grid hanging test after reparixin treatment. Pre-treatment data are not shown since all mice reached the
maximum latency 120 s. Bonferroni post hoc's: Red # p < 0.05, color lines p < 0.001, WT vs. SOD1G93A within respective treatment groups at specific time points. In
SOD1G93A mice, red **p < 0.01, Sal vs. Rep30; blue *p < 0.05, **p < 0.01, ***p < 0.001 Sal vs. Rep60, black °°p < 0.01, °°°p < 0.001 Rep30 vs. Rep60. Males: Sal
(WT, n = 12; SOD1G93A, n = 11), Rep30 (WT, n = 8; SOD1G93A, n = 7) or Rep60 (WT, n = 9; SOD1G93A, n = 10). Females: Sal (WT, n = 11; SOD1G93A, n = 11),
Rep30 (WT, n = 9; SOD1G93A, n = 8) or Rep60 (WT, n = 12; SOD1G93A, n = 12). f-g) Grip strength (4-paws force) of male (f) and female (g) WT and SOD1G93A
mice measured bi-monthly from 15 to 21 weeks of age after the injection of either Sal, Rep30 or Rep60. Line colors and symbols are the same as in Panels d-e.
Bonferroni post hocs: lines on top indicate p < 0.001 WT vs. SOD1G93A mice of respective treatment groups at specific time points; blue #p < 0.05 WT vs.
SOD1G93A in Rep60 group; red ##p < 0.01 WT vs. SOD1G93A in Rep30 group.; In SOD1G93A mice: Blue *p < 0.05; **p < 0.01; ***p < 0.001 Rep60 vs. Sal;
Black °°°p < 0.001 Rep30 vs. Rep60. Males: Sal (WT, n = 12; SOD1G93A, n = 12), Rep30 (WT, n = 8; SOD1G93A, n = 7) or Rep60 (WT, n = 9; SOD1G93A, n = 10).

Females: Sal (WT, n = 11; SOD1G93A, n = 11), Rep30 (WT, n = 9; SOD1G93A, n = 8) or Rep60 (WT, n = 12; SOD1G93A, n = 12).

apoptosis and morphology. It is noteworthy that systemic administra-
tion of reparixin at doses similar to those used in the present study
produces significant effects in models of other CNS pathologies, as
shown in models of cerebral ischemia (Garau et al., 2005; Villa et al.,
2007; Sousa et al., 2013), cerebral hemorrhage (Matsushita et al., 2014),
spinal cord injury (Gorio et al., 2007; Marsh and Flemming, 2011), and
low back pain (Krock et al., 2019).

Although a single in vitro study has previously reported some bene-
ficial effects of reparixin in rodent-based motor neuronal primary cul-
tures (De Paola et al., 2007), this is the first evidence in human iPSC-
derived MNs and in a ALS animal model. The effects of reparixin in
SOD1G93A mice are remarkable when compared to riluzole and edar-
avone (Jaiswal, 2018). Riluzole administration improves SOD1G93A
mice lifespan (Gurney et al., 1996) but has no effect on motor functions
(Raoul et al., 2013; Hogg et al., 2017), while edaravone slows motor
decline and body weight loss by 4-11 days in female SOD1G93A mice
but does not significantly increase survival (Ito et al., 2008).

Further studies are still required to fully elucidate the role of CXCR2
in ALS pathogenesis, to define the most appropriate doses, timing or
route of administration of reparixin and, most importantly, to allow
proper translation from animal models to humans. To this regard, we
found deregulated SODI expression in SALS2 patients (Aronica et al.,
2015; Morello et al., 2017a), suggesting that the SOD1G93A mice may
represent a well-suited preclinical model to investigate SALS2
pathology.

In conclusion, our findings suggest CXCR2 as a candidate therapeutic
target for ALS at least in a specific subgroup of patients. Furthermore,
our data highlight that genomic stratification of ALS patients, together
with the appropriate selection and prioritization of potential drug tar-
gets, may represent a promising strategy to rationally design and
develop patient-tailored target therapies.
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PBS Phosphate-buffered saline

PFA paraformaldehyde

SALS Sporadic Amyotrophic Lateral Sclerosis

SALS1  Sporadic Amyotrophic Lateral Sclerosis subgroup 1
SALS2  Sporadic Amyotrophic Lateral Sclerosis subgroup 2
SEM standard error of mean

SMI32  Small Integral Membrane Protein 32

TuJl Neuron-specific class III beta-tubulin
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