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Summary

Limb Girdle Muscular Dystrophy R3 (LGMDR3), previously known as LGMD2D, is a
rare autosomal recessive primary myopathy, clinically characterized by progressive
involvement of the pelvic and shoulder girdles, and genetically by mutations in the αsarcoglycan gene (SGCA) coding for α-sarcoglycan (SG). The clinical course of LGMDR3
presents a great variability, ranging from severe form with onset in the first decade of life
and rapid progression, to milder form with later onset.
Currently, physical therapy and prevention of secondary cardiac, pulmonary or orthopedic
complications are the only possible care interventions and no disease-specific therapies are
yet available.
As other muscular dystrophies, LGMDR3 muscle histology is characterized by myofiber
necrosis and regeneration, reactive fibrosis, and inflammatory infiltrates. However, to date,
no data exploring the role of immune response on disease progression have been published.

The primary objective of this PhD thesis was therefore to deepen the contribution of
inflammatory processes to the severity of α-sarcoglycanopathy.

AIM1. -to correlate the inflammatory infiltrates extension with the age at onset, the clinical
severity, and the muscle involvement at MRI, in a cohort of patients followed at Istituto
Giannina Gaslini, Genova
In a cohort of 8 LGMDR3 patients, we characterized the clinical course, the MRI
muscle pattern, and the histological parameters, focusing on inflammatory features.
Overall, our data on muscle biopsies showed a high variable degree of the immune
response, and a correlation was found between the degree of inflammation and the severity
of the disease.
AIM2.-to immunophenotype the composition of muscular immune infiltrates in different
sarcoglycanopathies and verify whether differences would be detectable between distinct
subtypes of sarcoglycan-related LGMDs
In a multicenter study involving Italian tertiary centers for neuromuscular
disorders, we analysed muscle expression of inflammatory markers in two forms of
sacoglycanopathies LGMDR3 and LGMDR5, the latter due to deficiency of γ-sarcoglycan.
A consistent involvement of the immune response was detected in both the diseases, that
shared an abnormal expression of MHCI, and a comparable composition of the muscular
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immune infiltrates.
AIM3.-to study the in vivo effect of anti-purinergic molecules on disease progression in the
Sgca null mouse
In two pre-clinical studies, we explored the role of the P2X7 receptor, a
ionotrophic receptor involved in the inflammasome pathway which mediates the release of
pro-inflammatory cytokines, in a mouse model lacking the α-sarcoglycan gene (Sgca-null).
Mice treated with two different molecules that antagonize P2X7 receptor activity, showed
improvements in functional muscle performance, biochemical, and histological parameters,
by reducing muscle fibrosis and inflammation.
In sum, from these studies, inflammation emerges as a crucial player of αsarcoglycanopathy disease progression, and we therefore suggest that a fine-tune
immunomodulatory regimen should be offered to LGMDR3 patients, especially considered
the emerging disease specific gene-therapy. In this scenario, selective P2X7 antagonists
could represent candidates for a combination therapy to endorse the efficacy of gene
therapy by dampening the basal muscular inflammation.
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Sommario

La Distrofia Muscolare dei Cingoli da difetto di alfa-sarcoglicano (LGMD2D) è una rara
malattia muscolare ad ereditarietà autosomica recessiva, caratterizzata da una progressiva
debolezza ed ipotrofia della muscolatura dei cingoli, e geneticamente da mutazioni nel
gene alfa-sarcoglicano (SGCA), che codifica per l’omonima proteina (α-SG). Il quadro
clinico è molto variabile, con uno spettro fenotipico che comprende sia casi ad esordio
precoce e progressione rapida, che casi più lievi. Al momento attuale le uniche terapie
utilizzabili sono terapie di supporto volte alla prevenzione di complicanze secondarie di
tipo cardiologico, respiratorio ed ortopedico, ed una cura specifica per la patologia non è
disponibile.
Come in altre distrofie muscolari, il quadro istologico della LGMDR3 è caratterizzato dalla
presenza di necrosi e rigenerazione delle fibre muscolari, fibrosi e infiltrazione del tessuto
muscolare da parte di cellule infiammatorie. Tuttavia il ruolo della componente
infiammatoria nella progressione della LGMDR3 non è noto.

Scopo principale di questa Tesi di Dottorato è stato indagare la rilevanza della risposta
immunitaria nel determinare la gravità e la progressione di malattia nella sarcoglicanopatia
da deficit di α-sarcoglicano.
AIM1. – correlare l’estensione degli infiltrati infiammatori a livello muscolare con l’età di
esordio della malattia, la severità clinica e il pattern di interessamento muscolare alla
RMN, in una coorte di pazienti LGMDR3 afferenti all’Isituto Giannina Gaslini di Genova
In una coorte di LGMDR3, abbiamo caratterizzato la severità clinica della
malattia, il grado del coinvolgimento muscolare misurato con RMN, e la gravità del quadro
bioptico, focalizzando l’attenzione su parametri istologici di infiammazione. L’analisi
istologica, ha evidenziato una grande variabilità della risposta infiammatoria, ed è stato
possibile identificare una correlazione tra l’entità dell’infiltrato infiammatorio e la severità
clinica.
AIM2.- caratterizzare la composizione degli infiltrati infiammatori in due tipi di
sarcoglicanopatia (LGMDR3 e LGMDR5), evidenziando eventuali differenze tra le diverse
forme
Nell’ambito di uno studio multicentrico che ha coinvolto differenti centri
neuromuscolari italiani di terzo livello, abbiamo analizzato l’espressione di alcuni
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marcatori di infiammazione a livello muscolare in due forme di sarcoglicanopatia.
Abbiamo trovato un consistente coinvolgimento della risposta infiammatoria in entrambe
le patologie, LGMD R3 e R5, che condividono una aumentata espressione di molecole
MHC di classe 1 e una simile composizione degli infiltrati infiammatori muscolari.
AIM3.-verifica dell’efficacia di molecole antagoniste dei recettori purinergici, ad azione
anti infiammatoria, sull’andamento della malattia nel modello animale di LGMDR3 (Sgca
null)
Abbiamo esplorato il ruolo del recettore purinergico P2X7, un recettore
ionotropico coinvolto nell’attivazione del pathway dell’inflammasoma e nel rilascio finale
di citochine pro-infiammatorie, in un modello animale di LGMDR3 (Sgca null). Il
trattamento con due differenti antagonisti del P2X7 ha dimostrato la loro efficacia nel
migliorare misure di outcome funzionale, aspetti biochimici e parametri istologici,
riducendo la fibrosi e l’infiammazione muscolare.
In conclusione, questi studi dimostrano come l’infiammazione giochi un ruolo cruciale
nella progressione della distrofia muscolare da deficit di α-sarcoglicano, suggerendo che i
pazienti affetti da questa forma di distrofia potrebbero beneficiare di un regime
immunomodulatorio, soprattutto in previsione di trial di terapia genica dedicati alla
LGMDR3. In questo contesto, gli antagonisti del recettore P2X7 potrebbero rappresentare
una strategia terapeutica per aumentare l’efficacia della terapia genica, grazie ad un
miglioramento dell’omeostasi muscolare dovuto alla loro azione antinfiammatoria.
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1. Introduction
1.1

Limb girdle muscular dystrophy due to alpha-sarcoglycan gene deficiency

(LGMD R3)

Clinical features
Muscular dystrophies are rare, genetically inherited disorders, characterized by a wide
spectrum of clinical presentations. Duchenne Muscular Dystrophy (DMD), a severe
muscular dystrophy leading to loss of ambulation within the first decade, was the first
muscular dystrophy described in 1852 [1, 2] and, in association with its milder form,
Becker Muscular Dystrophy (DMB), accounts for the two-thirds of muscular dystrophies.
About a century later, other primary myopathies, described as Duchenne-like muscular
dystrophies, were reported, affecting both males and females, and with an autosomal
inheritance [3].
The identification of pathogenic mutations on the dystrophin (DYS) gene as the genetic
cause for DMD and DMB [4], shed light to the definition of a dystrophin associated
protein complex (DAPC) (Figure 1). Further analysis of the DAPC components led to the
identification of the four sarcoglycan proteins, the α-, β-, δ- and ɣ-sarcoglycan, encoded
respectively by four different sarcoglycan genes, SGCA, SGCB, SGCD and SGCG.
Pathological mutations in α- sarcoglycan [5], β- sarcoglycan [6], δ- sarcoglycan [7], and ɣsarcoglycan [8], have been firstly reported in the 1990s, associated to autosomal recessive
proximal muscular dystrophies, thus identifying the sarcoglycanopathies as a clinical
entity.
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Figure 1. Molecular organisation of the dystrophin-associated glycoprotein complex (DAPC)
in skeletal muscle. Dystrophin binds to cytoskeletal F-actin and associates with several proteins
of the DGC, including the sarcoglycan complex. The DAPC stabilises the cell membrane
during cycle of muscle contraction and relaxation.

Sarcoglycanopathies (LGMDR3–6; LGMD2D–F), as a group, represent the third most
common

cause

of

recessive

muscular

dystrophies

after

calpainopathies

and

dysferlinopathies [9-11].
The prevalence of the different subtypes of sarcoglycanopathy varies according to
geographic region. LGMD2D/LGMD R3 α-sarcoglycan-related is the most common
sarcoglycanopathy in US, Brazil, Europe, and China, with a prevalence per 100000
abitants ranging from 0.07 to 0.13, whereas the second common sarcoglycanopathy is
variably represented by LGMD2C/LGMD R5-y-sarcoglycan- or LGMD2E/LGMD R4 βsarcoglycan-related depending on different series reports [11-13]. Contrarily with the
above, in the Iranian and Indian populations, LGMD2E/LGMD R4 β-sarcoglycan- and the
LGMD2C/LGMD R5

y-sarcoglycan-related respectively are the most frequent

sarcoglycanopathies [14, 15]. LGMD2F/LGMD R6 δ-sarcoglycan-related is the less
frequent sarcoglycanopathy in all series, despite the region and etnicity.
Since sarcoglycans were discovered in 1990s, several studies reported the clinical features
in cohorts of sarcoglycan deficient patients [16-20]. The clinical presentation of
sarcoglycanopathies is characterized by a progressive muscle weakness, that primarily
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affects the proximal skeletal muscles, and the clinical course ranges from cases with a
severe childhood-onset, resulting in loss of ambulation in the first decades, to rarer cases of
asymptomatic hyperCKemia or exercise-induced myalgia and myoglobinuria [11-13, 2125] (Figure 2).

Age

Age

11

34

Figure 2. Patterns of initial muscular weakness in different muscular dystrophies. In Limb
Girdle Muscular Dystrophies, girdle muscles are primarly affected.

A correlation between reduction of sarcoglycans level and disease severity was observed in
LGMDR3–6 patients, indicating that disease severity may be predicted by residual
sarcolgycan expression at muscle biopsy in these patients [17] (further explored in the
following paragraph “Histological Findings”).
Within sarcoglycanopathies, LGMD2D/LGMDR3 α-sarcoglycan-related (henceforth
LGMDR3) represents the most clinically heterogeneous form, and it is often reported as
the mildest sarcoglycanopathy [13, 16-18]. The age at onset in LGMDR3 patients, around
the 10th year of age, is later than in other sarcolgycanopathies (5.8 years for LGMDR4 and
R5) [13, 26]. In LGMD R3 patients, the most common symptom at onset is proximal lower
legs (44%) or upper limbs weakness (18%), or hyperckemia (20%), and loss of ambulation
(LOA) occurs at a median age of 18 years. An earlier LOA, before the age of 18, has been
associated with a precocious onset of the disease, earlier than 10 years. Cardiac
involvement is described in 10% of patients at an average age of 34 years and respiratory
support is required in 27% of LGMDR3 patients at a median age of 29 years [13].
A specific muscular MRI pattern has been identified in sarcoglycanopathies, although it
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was not possible to highlight differencies among the different subtypes of sarcoglycan
deficiencies [27]. MRI data in LGMDR3s reflected the clinical heterogeneity of this
disorder, with 13% presenting normal lower limb MRI and 5% showing only minor
changes. In patients with overt muscle MRI abnormalities, the overall involvement was
symmetrical. Adductor magnus was the most frequently and severely affected muscle,
followed by adductor longus, vastus intermedius, biceps femoris long head and
semimembranosus. In the posterior thigh, semitendinosus was more affected than
semimembranosus only in two patients. Among the vasti muscles, vastus intermedius was
the most severely involved, followed by vastus medialis and lateralis. Sartorius and gracilis
were the most spared muscles. Lower leg was not significantly involved until loss of
ambulation occurs, and it was always less affected than pelvis and thigh. The sparing of the
distal quadriceps also seemed to be very specific for LGMDR5–R6 and not reported
elsewhere (Figure 3).

A

B

Figure 3. Representative T1-weighted muscle MRI performed in LGMDR3 patients at 11 and 34
years of age. Glutei muscles are involved, as well as proximal quadriceps and posterior thigh.
Lower leg remains spared even when the thigh and pelvis are significantly affected, and sartorius
and gracilis (arrow and arrowhead) may show relative hypertrophy. Adapted from [27].
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Histological features
The four sarcoglycan proteins (SG), form a tetrameric complex on the sarcolemma.
Together with other two complexes, (i) syntrophin, nNOS, and dystrobrevin, and (ii) αdystroglycan and β-dystroglycan [28, 29], sarcoglycans take part to the DAPC, that
sustains sarcolemmal integrity during muscle contraction, providing a molecular link
between the actin cytoskeleton and the extracellular matrix in muscle cells. Mutations in
any of the DAPC member, including sarcoglycans, induce a disruption of the whole
DAPC, thereby producing a common histological pattern, “dystrophic pattern”, i.e. wide
range variation in fiber size (10-100um), excess internal nuclei, muscle fiber necrosis,
inflammation and replacement of muscle with fibro-adipose tissue (Figura 4). Depending
on the missing protein, the relative abundance of these features can vary, as well as the
severity and the extension of the histological changes.

A

C

B

Figure 4. Haematoxylin and eosin (H&E) representative images from a quadriceps biopsy in a
patient with limb-girdle dystrophy aged 39 years. (A) shows a wide range in fiber size (10-100
um), with necrosis (*), excess internal nuclei (large arrow) and little endomysial connective tissue
(small arrow); in (B) a necrotic fiber invaded by immune cells (*) and a cluster of regenerating
basophilic fibers (mean diameter 30 um) with large and surrounded by mononucleas cella of
various type. In (C) most fibers are surrounded by endomisial connective tissue (arrow), note also
a little adipocyte (*). Adapted from Dubowitz.
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A correlation between reduction of sarcoglycans level and disease severity was observed in
LGMDR3–6 patients in several studies and with different techniques. In details, an
immunohistochemistry study on 18 muscle biopsies from LGMDR3 patients showed a
highly variable expression of α-SG, ranging from the complete absence to a mild
reduction, to some cases with normal α-SG expression [12], and a statistically significant
positive correlation between reduction of α-SG levels and disease severity was observed,
indicating that disease severity may be predicted by α-SG expression in these patients.
Similar results were obtained by a western blot study, detecting α-SG residual protein
expression by Western Blot (WB) in 55 LGMDR3 patients. The age of onset, the age of
loss of ambulation and the time from onset of symptoms to being wheelchair-bound, were
significantly different between patients with no α-SG expression, patients with <30%
expression, and those patients with expression >30% compared to controls (Figure 5). The
authors obtained the same results for other sarcoglycanopathies, as they also performed
WB studies on 20 biopsies from LGMDR4 and 35 from LGMDR5.

Figure 5. Kaplan-Meier estimates influence of residual protein expression in age at wheelchair
LGMDR3 (alpha patients). Patients were stratified into three groups: no protein expression
(absent), remaining protein expression lower than 30% (<30%) and remaining protein
expression higher than 30% (>30%). Adapted from [13].
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Immunohistochemistry has also shown that the sarcoglycans act as a complex, such that a
defect in one gene causes variable secondary reduction in protein expression of the whole
complex (Figure 6).

Control

LGMDR3

LGMDR4

LGMDR5

Figure 6. Representative images of immunofluorescence analysis of dystrophin (DYS) and
sarcoglycans (α-, β-, γ-, δ-SG) in control subject and LGMD due to defects in α-, β-, and γ-SG
(LGMDR3, R4 and R5 respectively). Normal control subject showed positive staining of the four
sarcoglycans; LGMDR3, R4 and R5 patients showed a variable reductio-to absent expression in all
the four sarcoglycans, despite their genetic background.

14

Genetic features
The nomenclature of the α-sarcoglycan has changed and developed over the years.
Originally, in 1993, Roberds et al. cloned a cDNA sequence encoding for the 50-kD
Dystrophin-associated Glycoprotein (50-DAG) from rabbit skeletal and cardiac muscle, the
terminology reflected the molecular mass of the protein and its membership of the DAG
complex [30]. The deduced amino acid sequence predicted a protein of 387-amino acid
with a 17-amino acid signal sequence, 1 transmembrane domain, and 2 potential sites of Nlinked glycosylation. Since the 50-DAG was firstly involved in the pathogenesis of a
severe childhood autosomal recessive muscular dystrophy (SCARMD), with a high
prevalence in Arabic countries, Roberds et al. suggested to re-name the protein “50-DAG”
with “adhalin”, which derives from the Arabic word “adhal” for muscle. In 1994, the same
group isolated human adhalin cDNA from a human skeletal muscle library and determined
the adhalin gene sequence (now known as SGCA) [31]. The gene is located on the 17q21
chromosome and encompasses 10 exons.
To date, 413 variants in SGCA gene have been reported (UniProt, ClinVar, VarSome and
PubMed), 135 being pathogenic, 181 with uncertain significance and 97 bening
[VarSome.com search engine, 32]. Most of the pathogenic variants were missense
mutations (50%), followed by frameshift (28%), splice junction loss (11%), and nonsense
mutations (9.6%).
A large study on 159 LGMDR3 European patients, pointed out that most of the patients
carried two missense mutations (74.8%), while only 3.1% carried two frameshift or
nonsense mutations [13]. Frequency analysis of mutations in the study population showed
that 60% of LGMDR3 patients carried one of the following mutations, either in a
homozygous or heterozygous: c.229C4T, p.(Arg77Cys), that was present in at least one
allele in 75 patients (47.2% of all LGMDR3), c.850C4T, p.(Arg284Cys), present in 30
patients (18.9%), and c.739G4A, p.(Val247Met) found in 26 patients (16.4%) (Figure 7,
adapted from Alonso-Pèrez J. et al, 2020). Among the most common SGCA variants, the
c.229C>T, p.(Arg77Cys), causes protein aggregation in the Endoplasmic Reticulum, thus
preventing the formation of the sarcoglycan complex [33], and leading to a very reduced
muscular residual protein expression, always <30%, with a consequent worse prognosis,
characterized by early onset of symptoms, more rapid progression and early loss of
ambulation [13]. In contrast, c.850C4T, p.(Arg284Cys) and c.739G4A, p.(Val247Met)
have been associated with a higher protein expression and a better prognosis.
Moreover, it has been suggested that LGMDR3 patients carrying two missense mutations
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had milder forms of disease compared to subjects harboring null mutations (splicing,
nonsense, initiation codon loss, large deletion or duplication, and frameshift mutations) in
at least one of the mutated alleles [12, 24, 34].

Figure 7. Distribution of the pathogenic variants found in a large cohort of European patients
in the SGCA gene. The graph shows the distribution of the pathogenic variants throughout the
different exons. Adapted from [13].

Animal models
The first experimental model for the study of LGMDR3 was generated by Duclos et al in
1998 [35], a null mutant mouse that helped to further define the biological role of the
sarcoglycans. The authors showed that the absence of the sarcoglycan–sarcospan complex
due to a null mutation in the Sgca gene causes dissociation of the DAPC, contributing to
progressive muscle degeneration in LGMDR3. The mouse model developed dystrophic
histopathological features shortly after birth, showing fiber degeneration until the 9th month
of age.
Almost twenty years later, two studies explored the disease progression in Sgca-null mice
at different time points (at 8-16-24 and 34 weeks) [36, 37]. As a result, muscle function
was already impaired at 8 weeks of age and showed a rapid decline with age. Histological
analyses showed severe dystrophic features in all examined muscles, including fibrosis,
inflammation and necrosis at all ages. Contrarily to LGMDR3 progression in patients,
muscle pathology in Sgca-null mice did not show a drastic increase in severity with age, as
in the mouse model for Duchenne Muscular Dystrophy (the mdx mouse). Different
hypothesis suggested that mouse muscle regeneration capacity might be more efficient, and
that mouse muscles might be less stressed due to the reduced muscles load considered their
small body size and, the load distribution on the four limbs.
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Current therapeutic strategies
Current therapeutic strategies under development for LGMDR3 patients can be divided in
two groups: the gene therapy and other approaches, small molecule correctors aiming to
guide the folding of the α-SG protein, and cell therapy [38].

Gene replacement therapy (GRT)
The first Phase I clinical trial for α-SG deficient patients was completed almost a decade
ago (NCT00494195) [39, 40], with the main objective of testing doses, assessing adverse
effects, and proving efficacy in term of expression of the missing α-SG protein. In details,
a small group of LGMDR3 patients was treated with local intramuscular (i.m.) gene
delivery mediated by adeno-associated virus (AAV), under control of a muscle-specific
promoter (tMCK). The rAAV1.tMCK.hSGCA vector (3.25 X 1011 vg) was delivered to the
extensor digitorum brevis muscle (EDB) muscle and the α-SG expression tested at 6 weeks
or 3 months (in 3 subjects) [39], and at 6 months (3 subjects) [40]. These encouraging
proof of principle trials, proving sustained muscular gene expression without overt immune
response to α-SG or AAV1 capsid, led 10 years later, to a Phase II clinical trial
(NCT01976091). The latter aimed both to test ascending doses and safety (primary
outcomes) and to assess meaningful motor achievement in terms of Change in Six-MinuteWalk-Test (6MWT) distance (secondary outcome) [41]. Six LGMDR3 patients received
1012 vg/kg or 3 X 1012 vg/kg of scAAVrh74.tMCK.hSGCA via isolated limb infusion (ILI)
through percutaneous access to the femoral artery. The rational for ILI gene delivery was
based on targeting gene delivery to the predominant area of muscle weakness. Moreover, at
the time of the study, concerns around high-dose of AAV gene for systemic delivery
remained, and ILI offered an alternative route using less viral load compared to systemic
delivery. ILI delivery of AAVrh74.tMCK.hSGCA was effective at producing SGCA
protein (Figure 8) that correlated with local functional improvement restricted to targeted
muscles, while the 6MWT decreased or remained unchanged [41].
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Pre-infusion

Post-infusion

Figure 8. SGCA expression following isolated limb infusion (ILI) demonstrated by
immunofluorescence alpha-sarcoglycan (a-SG) antibody staining of muscle biopsies taken pre
and post gene transfer for subject for subjects 3–6 (quadriceps). Membrane staining intensity
post gene transfer showed increased intensity. Adapted from [41].

Recently, a systemic approach was tested in a pre-clinical study on sgca-null (sgca-/-)
mice, a mouse model that recapitulates the clinical phenotype of patients with LGMDR3,
including dystrophic features, elevated serum creatine kinase (CK), and reduction in the
generation

of

muscle

force

and

locomotor

activity

[42].

In

sgca-/-

mice,

scAAVrh74.tMCK.hSGCA administration resulted in a significantly increased expression
of α-SG at sarcolemma of skeletal muscle cells, together with an improvement of
histopathological parameter, and a significant increase of locomotor activity.
Taken into account these data, and the emerging gene therapy clinical trials for other
neuromuscular disorders, such as DMD and X-linked myotubular myopathy, as well as, the

18

already approved onasemnogene abeparvovec-xioi (Zolgensma) for the treatment of spinal
muscle atrophy (SMA), a systemic delivery of scAAVrh74.tMCK.hSGCA in a clinical
setting for the treatment of LGMDR3 might be available soon.

Small molecules
Small molecule correctors application for LGMDR3 treatment aim to guide the correct
folding of the protein in the route from the endoplasmic reticulum (ER) to the membrane
final localization. Sarcoglycans are transmembrane proteins that mature in the endoplasmic
reticulum (ER), where reach their native conformation through the activity of a quality
control (QC) system. The majority of the SGCA disease-causing defects are missense
mutations, often resulting in misfolded α-SG proteins, recognised by the QC system, are
translocated back to the cytosol for proteasomal degradation through the ER-associated
protein degradation (ERAD) pathway [43, 44]. Thereby, interventions targeting the correct
protein folding emerged as potential novel therapeutic targets. With this respect, drugs
used in other genetic diseases sharing a similar primary pathogenic event, i.e. Cystic
Fibrosis (CF) determined by mutations in the CFTR gene, have been re-purposed for the
treatment of α-sarcolgycanopathy in in vitro studies, proving efficacy in recovering
missense mutants of α-SG [45, 46]. Recently, Sandonà and co-authors, further explored the
efficacy of C17, the most promising CFTR corrector, with a pre-clinical in vivo study that
proved a significant improve at both histological, molecular, and functional levels, without
signs of toxicity (Figure 9) [47].
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Figure 9. H&E staining and IF analysis of representative TA muscle cryo-sections of mice
expressing the R98H-α-SG treated for 5 weeks with either VEHICLE (3 mice, marked as 1-23) or corrector C17 (3 mice, marked as 1-2-3). A significant increase in sarcoglycans muscle
expression was detected in mice treated with the corrector C17. Adapted from [47].
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Cell Therapy
Experiments with autologous muscle stem cells transplantation are also ongoing in a preclinical phase [48]. Human muscle cells from two patients, harboring the c.157G>A
mutation on the SGCA gene, were gene-edited through the Adenine base editing (ABE),
rescuing the defect with > 90% efficiency, and leading to α- sarcoglycan expression
(Figure 10). The cells were then transplanted in a xenograft model mouse via i.m.
injection, boosting regenerative pathways acting on the Pax7+ satellite cell compartment in
skeletal muscles. These data provide a proof-of-principle for routine generation of generepaired primary MuSC to use in a clinical setting, although further studies are needed to
adapt the gene delivery methods, and to avoid off-target effects.
A

B

Figure 10. (A) α-Sarcoglycan immunostaining in control myotubes (Control MT), as well as
untreated (Patient MT) and in gene-edited patients myotubes (c.157Grep MT). Compared to
untreated Patietns MT, the gene-edited c.157Grep MT express α-SG. (B) graphical abstract of
the study. Human muscle stem cells were isolated from 2 donors, with the common SGCA
c.157G>A mutation, inducing skipping of 2 coregulated exons. Using adenine base editing, we
corrected the mutation in the cells from both donors with > 90% efficiency, thereby rescuing
the splicing defect and α-sarcoglycan expression. Base-edited patient cells regenerated muscle
and contributed to the Pax7+ satellite cell compartment in vivo in mouse xenografts. Adapted
from [48].
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1.2

The role of inflammation in the pathogenesis of LGMDR3

In physiological conditions, skeletal muscle is considered a privileged immunological site,
with few immune cells, poorly able to generate a local immune response. Conversely,
during acute muscle damage, i.e. muscle trauma or muscle invasions by myotrophic
infectious organisms, the immune system takes part in muscle repair and regenerative
processes. Inflammatory cells are rapidly mobilized to the injured site, where they drive
mechanisms such as necrotic debris removing, finally leading to a complete muscle repair.
In muscular dystrophies, the absence or reduction of structural membrane proteins, such as
DAPC components, makes the sarcolemma weak and leaking, inducing the release of
molecules known as danger-associated-molecular-patterns (DAMPs) in the extracellular
space [49]. This provokes a chronic and self-renewing activation of inflammatory
pathways that fail to complete an efficient tissue repair, contributing to muscle fibrosis as a
downstream consequence.The dystrophic-associated immune response involves both innate
immunity, with myeloid cells (neurtrophils and macrophages) as the primary populations
infiltrating muscles, and the acquired immune system, with central role of cytotoxic T cells
(CD8+) and helper T cells (CD4+), that not only increases muscle fiber death through direct
cytolysis, but also amplifies the innate immune response [50]. Different subsets of
inflammatory infiltrates follow one another in a well-orchestrated sequence. First
neutrophils infiltrate the necrotic area, followed by M1 macrophages and CD4+/CD8+ T
cells with a pro-inflammatory phenotype, gradually replaced by M2 macrophages and T
regulatory cells with a pro-regenerative activity (Figure 11). These interactions between
damaged myofibers with the immune system resolve quickly with return of function in
normal muscle [51], while in the chronic muscle injury that occurs in muscular
dystrophies, immune response often contribute to amplify rather than resolve the
pathology.
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Figure 11. Inflammation and muscle regeneration. Three waves of immune cells were
recruited to the muscle injury site orderly. The recruitment of various types of immune cells
regulates the activation, expansion and differentiation of muscle stem cells to facilitate muscle
regeneration. Adapted from [50].

Most of the data on the immunobiology of muscular dystrophies have been generated from
studies on dystrophinopathies and dysferlin-related LGMD (LGMDR2), and relatively few
groups explored the role of inflammation on disease progression in LGMDR3 [52].
Nevertheless, a common process of inflammatory events could be assumed in LGMDR3,
considered that much of the pathology is attributable to the loss of mechanical functions
served by the DAPC, with subsequent DAMPs release in the extracellular space and
immune system activation.
Among DAMPs, the extracellular ATP (eATP) becomes an important signal, triggering
inflammatory response binding the P2X7 receptor, an ionotropic receptor involved in the
induction of the inflammasome, one of the most relevant pathway for innate immune
response [49, 53], leading to interleukin-1 (IL-1) release by mononuclear and
polymorphonuclear phagocytes [54-57]. P2X7 is also over-expressed in dystrophic muscle
cells [58, 59], where it contributes to exacerbate myofiber injury by increasing sarcolemma
permeability, and participates in the amplification of the inflammatory process by releasing
IL-1 (Figure 12).
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Figure 12. NLRP3 inflammasome activation in skeletal muscle. Skeletal muscle cells are
equipped with a functional inflammasome pathway and actively participate to the
inflammatory response upon P2X7R stimulation.Adapted from [60].

We and others already proved that interfering with P2X7 receptor activity, by genetic
ablation or pharmacological inhibition, determined an improvement of functional,
biochemical, and histological muscle features in the mouse model for Duchenne Muscular
Dystrophy (the mdx mouse) [61-63].
The regulation of the eATP/P2X7R axis might be even more complex in
sarcoglycanopathies: indeed, eATP concentration is regulated by extracellular hydrolyzing
enzymes (nucleotidases) [64]. Importantly, 25% of eATP degradation in muscles is
performed by the muscle-specific ATP hydrolase α-sarcoglycan [65, 66] (Figure 13). Thus,
in LGMDR3-R6, where α-SG can be reduced or absent, an impaired hydrolysis of eATP
might lead to further activation of the aATP/P2XR axis.
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Figure 13. Purinergic signal in normal and dystrophic muscles. (A) Healthy skeletal muscle.
Note the plasma membrane’s integrity, and the physiological low concentration of eATP. (B)
Dystrophic skeletal muscle. The membrane instability, due to DAPC alteration, induces
chronic release of ATP in the extracellular space, and recalls pro-inflammatory immune cells
(i.e., neutrophils, M1 macrophages and CD3+ Tcells). eATP, in turn, activates P2X7R
receptors on muscular and immune cells, leading to pro-inflammatory citokines release via
NLRP3 inflammasome activation. Adapted from [60].

Some of these topics have been reviewed in the following manustript:
Panicucci C, Raffaghello L, Bruzzone S, Baratto S, Principi E, Minetti C, Gazzerro E, Bruno
C. eATP/P2X7R Axis: An Orchestrated Pathway Triggering Inflammasome Activation
in Muscle Diseases. Int J Mol Sci. 2020 Aug 19;21(17):5963. doi: 10.3390/ijms21175963.
PMID: 32825102; PMCID: PMC7504480 (see Appendix).
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2.

Natural history data and muscle biopsies analysis in a population of LGMDR3
patients

2.1

Objectives

Aim of this chapter was to deeply characterize the phenotype of 8 LGMDR3 patients
currently in follow-up at our center, and to exploit a link between the clinical course and
inflammation at muscle biopsy.
We considered the genotype, the age at onset, the clinical course, the muscle MRI pattern,
and some histological features, i.e. the extent of inflammatory infiltrates, and the residual
amount of α-SG measured by immunohistochemistry.
We correlated inflammatory infiltrates with the age at onset, the clinical course, and the
muscle involvement at muscle MRI.

2.2

Materials and Methods

Clinical data collection
This study was designed as retrospective study, collecting clinical and genetic data from
patients affected by LGMDR3, with a genetically confirmed diagnosis of α-sarcoglycanopathy.
The data were collected from clinical records to define disease onset and progression,
muscle function status, and respiratory, cardiac and bone secondary complications.
The age at onset was defined as the age when the parents or the patient noticed the first
symptoms. The age of loss of ambulation (LOA) was defined as the time when patients
were not able to walk 10 meters independently.
At last examination, the best motor performance scored with a 4 point scale as follow: 3
(running), 2 (walking), 1 (sitting), 0 (laying).
Muscular function in ambulant patients was assessed by the North Star Ambulatory
Assessment (NSAA), the timed-tests (time to climb 4 stairs, time to descend 4 stairs, time
to rise from floor and time to run 10 meters) and the 6MWT. In not-ambulant patients, the
Performance Upper Limb (PUL) was applied.
Respiratory function was evaluated by Forced Vital Capacity (FVC) and Forced Expiratory
Volume in 1 second (FEV1) through Pulmonary Function Test (PFT).
Cardiac function was evaluated by ECG, echocardiography and Holter-ECG when
appropriate.
Bone health was evaluated by dual-energy-x-ray absorptiometry (DXA) measurements
(Lunar Prodigy, GE) of lumbar spine bone mineral density (LS BMD Z-score) and, total
body less head bone mineral density (TB BMD Z-score). A pathologic bone mineral
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density was defined when the BMD Z-score values were below -2.
Muscular MRI of the thighs was performed to assess the degree of fibroadipose
substitution. MRI studies were performed using a 1.5 Tesla scanner according to standard
protocols [67]. All the scans were analyzed by two blinded evaluators (C.P. and C.B.),
applying a 5-point scale which evaluates the extent of fatty replacement of single muscles
as previously reported [27], with scores ranging from 0 (normal signal) to 4 (complete fatty
replacement). A cumulative score per patient (T1-MRI score) was calculated as the sum of
the median score for the following muscles: vastus lateralis, vastus intermedius, vastus
medialis, rectus femoris, sartorius, gracilis, adductor longus, adductor magnus, adductor
minimus, adductor brevis, semi tendinosus, semi membranosus, biceps femori long head,
biceps femori short head.

Muscle biopsy analysis in LGMDR3 patients
Muscle specimens’ collection and preparation
Open muscle biopsies were performed under general anesthesia and processed according to
standard protocols. In details, quadriceps muscle specimens were mounted on cork discs
with a small amount of OCT mounting medium (Merck) at the base of the specimen and
immerged for 20 seconds in isopentane cooled in liquid nitrogen to -160 °C, then stored in
liquid nitrogen until processed.
Muscle sections were then cut in a cryostat at -23 to -25 °C and collected on poly-L-lysine
(0.5 mg/mL) coated glass slides. Section thickness measured 8 um for histology, and 5 um
for immunohistochemistry.

Histological and immunohistochemistry procedures and analysis
Histological Stains. Haematoxylin and eosin (H&E) stain was used to show the overall
structure of the tissue in relation to the fibers, nuclei, fibrous and adipose tissue, the
presence of inflammatory cells and vacuoles.
Acid phosphatase (AP) stain was used to detect the inflammatory infiltrate areas,
exploiting the properties of AP-rich inflammatory cells producing an azo dye when
coupled with a naphthol based buffer. The whole section was scanned at a 20X
magnification by Axioplan Imager M2 microscope software AxioVs40 version 4.8.2.0
(Zeiss, Jena, Germany) and the positive signal was captured in a semi-automatic scheme
using the Color Detection function of the IHC Toolbox developed for ImageJ (ImageJ
1.53k free software). For the Color Detection, the functions of semi-automatic color
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selection and automatic statistical color detection model were combined together. Color
selection was used to select and reserve the positive color pixels while the background
color pixels were eliminated. Then, the area of the Color Detection Mask was calculated by
a function of ImageJ and referred to the total area of the section, and later expressed as
percentage of the total area of the section.
Immunofluorescence (IF) stains. The sarcoglycan complex expression was tested by IF
labelling according to manufacturer instructions. Primary antibody: Monoclonal Antibody
Alpha-Sarcoglycan (Adhalin) 3.7g/L (mouse-anti human, clone Ad1/20A6, Novocastra
Leica Biosystems Newcastle Ltd, NCL-L-a-SARC, indiluited), Monoclonal Antibody
Beta-Sarcoglycan

5g/L (mouse-anti human, clone βSarc1/5B1, Novocastra Leica

Biosystems Newcastle Ltd, NCL-L-b-SARC, indiluited), Monoclonal Antibody GammaSarcoglycan 4.3g/L (mouse -anti human, clone 35DAG/21B5, Novocastra Leica
Biosystems Newcastle Ltd, NCL-L-g-SARC, indiluited), Monoclonal Antibody Delta
Sarcoglycan 4.3g/L (mouse-anti human, clone δSarc3/12C1, Novocastra Leica Biosystems
Newcastle Ltd, NCL-L-d-SARC,

indiluited). Secondary antibody:

Anti-mouse IgG,

Biotinylated species-specific whole antibody (from sheep) Cytiva (GE Healthcare UK
Limited, RPN1001V, 1/100), Streptavidin, Alexa Fluor™ 488 Conjugate 2mg/ml
(Invitrogen Life Technology Corporation, S32354, 1/250).
Immunolabelled muscle specimens were blindly evaluated by two different operators (C.P.
and P.B.) and the protein expression quantified by a 5-point scale, ranging from 0 to 5: 0
(no expression), 1 (severely reduced), 2 (moderately reduced), 3 (mild reduction), 4
(normal expression).

Statistical analysis
For descriptive statistics, continues variables are shown as median values and interquartile
ranges (IQR), while nominal variables as relative and percentage frequencies. Kruskall
Wallis, Mann Whitney test and Fisher’s test were applied when appropriate. Correlations
between variables were assessed by Spearman correlation test for non-parametric data. pvalues < 0.05 was considered statistically significant. Graphs were performed with
GraphPad8 (Graph-Pad Software, San Diego, CA, USA) or JAMOVI free software.
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2.3

Results

Natural history data in our LGMDR3 cohort

Medical records of 8 patients affected by LGMDR3 were revised and summarized in Table 1.

ID Sex

Allele 1
mutation

Allele 2 mutation

Age
at
onset
(yrs)

Symptoms
at onset
hyperckemia,
exercise
intolerance
hyperckemia,
exercise
intolerance
hyperckemia,
exercise
intolerance
proximal
weakness

Age at
cardiac
involvement
(yrs)

Cardiac
features

Age at
NIV
support
(yrs)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

1

F

c. 329C>T
p.Arg77Cys

c.1005C>A
p.Cys335X

10,1

2

M

c.409G>A
p.Glu1137Lys

c.850C>T
p.Arg284Cys

16,4

3

F

c.308T>C
p.Ile103Thr

c.850C>T
p.Arg284Cys

22,2

4

F

c.329C>T
p.Arg77Cys

IVS5:c.584+5G>A

5

M

c.409G>A
p.Glu1137Lys

c.739G>A
p.Val247Met

8,6

proximal
weakness

NA

NA

NA

6

M

c.329C>T
p.Arg77Cys

c.346A>C
p.Thr116Pro

9,9

proximal
weakness

NA

NA

NA

7

M

c.92T>C
p.Leu31Pro

c.739G>A
p.Val247Met

4

proximal
weakness

14,8

8

M

c.739G>A
p.Val247Met

c.739G>A
p.Val247Met

4

proximal
weakness

18,7

4

Mild left
ventricular
dysfunction
Dilatative
cardiomiopathy,
WPW

NA

17,2

Table 1. Genetic mutations, age at onset, respiratory and cardiological complications are
summarized in the table.

Onset and diagnosis
Symptom’s onset occurred at a median age at onset was 9,3 years (IQR 4.0-11.7). The
most frequent symptom was proximal lower limb weakness, resulting in limitation in
climbing stairs, that occurred in 5/8 of patients (62,5%). Three/8 patients (37,5%) were
referred to our neuromuscular unit for hyperckemia and mild exercise intolerance.
Although a muscle biopsy was performed in all patients, the diagnoses was achieved by
genetic test.
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Last examination
Last evaluation was performed at a median age of 27.7 years (IQR 15.9-30.8). At last
examination, the best performance was “running” for 3/8 (37,5%) subjects, “walking” for
2/8 (25%) and “sitting” for 3/8 patients (37,5%). Functional outcome measures performed
at last examination are shown in Table 2. LOA occurred in 3/8 patients (37,5%) at a
median age of 13 years (IQR 11.5-20.5).

ID Sex

Age at last visit
(yrs)

Best performance

6MWT
(m)

NSAA
(X/34)

FVC (%)

FEV1 (%)

1

F

10,5

running

417

34

34

93

2

M

39,2

running

614

34

103

104

3

F

26,5

running

496

34

110

117

4

F

13,8

walking

225

17

101

108

5

M

31,4

walking

220

12

95

83

6

M

30,6

sitting

NA

NA

69

71

7

M

16,7

sitting

NA

NA

79

87

8

M

29

sitting

NA

NA

8

9

Table 2. Age at last visit and the relative oucome measures are summarized are summarized in
the table.
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Muscle MRI study
Muscular MRI scans were performed in all patients at a median age of 20 years (IQR 8,526) to assess the muscular fibro adipose substitution of the tights (Figure 1).

1

2

3

4

5

6

7

8

7

Figure 1. T1-weighted MRI sequences of the tights in our LGMDR3 patients, showing a
variable degree of muscle substitution with fibro-adipose tissue.
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Single and cumulative T1-MRI scores are shown in Table 3.

Table 3. Sex, age at muscle MRI, singular T1 scores of all the tight muscle and total T1-MRI
tig score are shown in the table.

We observed a marked variability of the T1-MRI tigh score (median=39; IQR 4,5-81).
Patients 1 and 2 presented with an almost normal muscle MRI pattern, patient 3 showed
only minor changes, patients 4 and 5 an intermediate MRI, while patients 6, 7, and 8
showed a severe muscle substitution, with almost all the tigh muscle involved. Overall the
involvement was symmetrical. Adductor magnus, minimus and brevis were the most
frequently and severely affected muscles, followed by vastus intermedius, biceps femoris
shoer head and semimembranosus. Among the vasti muscles, vastus intermedius was the
most severely involved, followed by vastus medialis and lateralis. Sartorius and gracilis
were the most spared muscles. Patients 4, 5 and 6 were also included in a multi-center
study for the evaluation of lower limb MRI pattern in sarcoglycanopathies (marked as
patients ITA3_1, ITA3_3 and ITA3_6 respectively) [27].
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Comorbidities
Non-invasive respiratory support was required in 1/8 patient (12,5%) from the age of 17.21
years.
Two/8 patients (25%) required cardiological interventions from a median age of 16.7
years. Patient 7 was started on bisoprololo at 14.8 years, for a mild left ventricular
dysfunction; patient 8 was started on ACE inhibitors and beta-blockers at 18,7 years, and
underwent a radiofrequency ablation for a Wolf Parkinson White syndrome at 21 years. At
last cardiological examination, at the age of 29, patient 8 presented a severe dilatative
cardiomyopathy with a Left Ventricular Ejection Fraction of 20%, requiring an implantable
cardioverter-defibrillator.
Bone mineral density was below the normal ranges for age and sex in 2/8 patients (25%)
(patients 3 and 8). They presented a low-trauma fracture at femur at the age of 11 and 25
years respectively. At the time of fracture, both patients presented pathologic values of the
Total Body BMD Z-score and normal values of the Lumbar Spine BMD Z-score. Patient 3
underwent XII cycles of intravenous bisphosphonate with a stabilization of the BMD Zscore values, while patient 8 refused to be treated with bisphosphonate. None of them
presented further fractures.

Genetic features
Genetic mutations are listed in Table 1. Two/8 (25%) patients were homozygous for a
single variant. The most common mutation previously reported in a European cohort [13]
were distributed as follow: c.229C>T, p.(Arg77Cys) was present at least in on allele in 1
patient (12,5%), c.850C>T, p.(Arg 284Cys) in 2 patients (25%), and c.739G>A,
p.(Val247Met) in 4 patients (50%). Four/8 carried two missense mutations (50%), while
4/8 patients presented at least one deletion, or frameshift or nonsense mutation (50%).

Muscle biopsy
All patients underwent an open muscle biopsy (MB) of quadriceps muscle at a median age
of 10 years (IQR 5-13), between the 1997 and the 2020. MB was performed as first
diagnostic tool in 7/8 patients (87,5%), and in 1/8 case (12,5%) it served to assess the α-SG
expression for a prognostic purpose.
α-SG residual expression highly varied between patients, ranging from patients with
normal expression (patients 2 and 3), and patients with very low levels (patients 4, 6, 7,
and 8) (median α-SG expression Arbitrary Unit (AU)= 1,5, IQR 0,75-3,25). The reduction
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of the other component of the SG complex was also variable (Table 4).

ID

Age
at
MB
(yrs)

CK at MB
(UI/l)

1

10,2

229

2

19,5

237

3

11,9

585

4

0,8

2734

0

0

1

5

26,3

3013

3

3

3

6

9,9

1457

1

2

2

7

2,2

14271

1

8

6

1

NA

α-SG β-SG γ-SG δ-SG
(AU) (AU) (AU) (AU)
2
4
4

1
0

3
4
4

SG-complex
(AU)

AP
(%)

11

0,003

3

3

4

4

16

0,006

4

4

16

0,009

0

1

0,23

3

12

0,07

2

7

0,1

1

2

5

1

2

4

0,6
NA

Table 4. Age and serum CK levels at muscle biopsy (MB), protein expression of singular
sarcoglycans, and % of acid phosphatase (AP) stain are shown in the table.

Inflammatory infiltrates analyzed by AP stain
At the time of the Acid Phosphatase study, only 7 out of 8 muscle specimens were
available for analysis (muscle biopsy of patient 8 was not available). Representative
images of the H&E stain, performed to assess the general architecture of the tissue, and
Acid Phosphatase (AP) stain, used to define the inflammatory infiltrates, are shown in
Figure 2 (H&E left column, AP right column).
We appreciated a great variability dystrophic pattern severity, as muscle abnormalities
ranged from mild fiber diameter variability (subjects 1, 2, 5), and mild increased
extracellular fibrosis (subjects 1, 3), to severe distruption of muscular architecture with
muscle fiber necrosis, inflammatory cells infiltration and mild to severe fibro-adipose
substitution (subjects 4,6,7).

34

H&E

AP

1

2

3

4

5

6

7

Figure 2. Representative images of H&E and AP stains in our cohort of LGMDR3 patients
show a high variability in dystrophic pattern severity. Original magnification 20X.
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AP stain was quantified with a semi-automatic approach, as explained in Material and
Methods. The positive pink/red signal (Figure 3, left panel) was detected by the IHC
Toolbox for ImageJ software and a Color Detection Mask was generated (Figure 3, middle
panel) and the area reported as a percentage of the total section area (Table 4).

Original

Color Detection Mask

Merged

Figure 3. The original AP images (left panel) were quantified with a semi-automatic approach
in Image J, that treansformed the AP pink/red signal in a grey-scale image (Color Detection
Mask, middle panel).

The median % of the AP positive area measured 0.07 % of the total section area (IQR
0.007-0.16).
In a Spearman correlation analysis, the % of the AP positive area was inversely related to
the age at onset (rho -0.82, p<0.05), and to the best performance at last visit (rho -0.87,
p<0.05), whereas it was positively correlated with the CK value measured at the time of
muscle biopsy (rho 0.86, p<0.05), and with the T1-MRI tigh score (rho 0.8, p<0.05) (Table
5). AP% was negatively related the sarcoglycan protein expression, β-SG or γ-SG or δ-SG
or expression, while a trend, although not significant, was noted for α-SG and the whole
SG complex (Table 5).
A positive correlation linked the residual α-SG expression and the age at onset (rho 0.8,
p<0.05) and the best performance at last visit (rho 0.74, p<0.05) (Table 5).
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Age
at
onset
(yrs)

ID

α-SG
(AU)

β-SG
(AU)

γ-SG
(AU)

δ-SG
(AU)

SGcompl
ex
(AU)

AP
(%)

CK at
MB
(UI/l)

T1MRI
score
(AU)

Onset (yrs)

Spearman rho
p-value

-

α-SG
(AU)

Spearman rho
p-value

0,80
0,016

-

β-SG
(AU)

Spearman rho
p-value

0,89
0,03

0,96
<0,001

-

γ-SG
(AU)

Spearman rho
p-value

0,93
0,001

0,95
0,001

0,98
0,001

-

δ-SG
(AU)

Spearman rho
p-value

0,83
0,001

0,95
0,001

0,98
0,001

0,94
0,001

SG-complex
(AU)

Spearman rho
p-value

0,84
0,009

0,98
0,001

0,98
0,001

0,97 0,97
0,001 0,001

-

AP
(%)

Spearman rho
p-value

-0,82
0,034

-0,71
0,074

-0,8
0,031

-0,83 -0,77
0,022 0,042

-0,74
0,058

-

CK at MB (UI/l)

Spearman rho
p-value

-0,86
0,024

-0,56
0,187

-0,69
0,086

-0,73
0,006

-0,64
0,12

-0,61
0,144

-0,86
0,027

-

T1-MRI score
(AU)

Spearman rho
p-value

-0,66
0,073

-0,66
0,072

-0,62
0,10

-0,71 -0,63
0,049 0,091

-0,59
0,119

-0,81
0,02

0,775
0,04

-

Best
performance at
last visit
(score 1-4)

Spearman rho
p-value

0,79
0,19

0,74
0,037

0,74
0,037

0,817 0,752
0,013 0,031

0,697
0,055

-0,869
0,011

-0,79
0,033

-0,951
0,001

-

Table 4. Correlation matrix summarizing the Spearman analysis. In bold are indicated the
statistically significant results. In red, the most relevant results discussed in the test.

37

Best
performance
at last visit
(score 1-4)

-

2.4 Discussion

We report on clinical, functional, radiological, genetic, and histological findings in 8
LGMDR3 patients.
In a previous multicenter study, we already demonstrated that the genetic background plays
an important role as a prognostic tool for LGMDR3 patients and that c.850C4T,
p.(Arg284Cys) and c.739G4A, p.(Val247Met) variants are often associated to higher
protein expression at muscle biopsy [13]. Conversely, it is known that the missense
mutations c.229C>T, p.(Arg284Cys) is associated with a very reduced protein expression,
always <30%, leading to with a worse prognosis, and that harboring two null mutations is
generally associated with total or severe loss of protein expression [13].
Indeed, we noticed that patients homozygous or compound heterozygous for the c.850C4T,
p.(Arg284Cys) and c.739G4A, p.(Val247Met) variants, namely patients 1-2 and 3,
presented with an age of onset later than 10 years and a mild clinical course. At last visit,
two of them were in their second and third decade of life, all of them showed the best
functional performance (running), a good respiratory function, no cardiac involvement and
normal muscle MRI (median T1-MRI tigh score =0; IQR 3).
Patient 4, heterozygous for the c.229C>T, p.(Arg284Cys) variant, presented an early onset
of symptoms (<10 years), and a more rapid progression of the disease. At last visit, 13.8
years, her best performance was “walking”, and the muscle MRI performed at the same
age of patient 1, showed a more severe involvement of the thigh muscles (T1-MRI tigh
score =16).
Patients 6, 7, and 8, harboring 1 or 2 null mutations, presented the most severe phenotypes
(median T1-MRI tigh score =90; IQR 84-101). Patient 7 and 8 showed the most rapid
disease progression, with onset at 4 years, loss of ambulation within the 10th year, and
cardiac involvement. Muscle MRI showed the worst T1-MRI tigh scores, measured as 78
and 112 respectively.
Our muscle MRI data confirm previous results [27], i.e. i) a variability MRI severity, with
some cases presenting with normal MRI or minor changes, and patients showing an over
muscle fibro-adipose substitution, ii) a symmetrical involvement, iii) a predominance of
posterior thigh muscle involvement, and iv) a sparing of sartorius and gracilis.
To the best of our knowledge, this is the first time that bone mineral density has been
assessed in LGMDR3. We diagnosed a low mineral density in 2 patients (subjects 7 and 8)
that led to long bone fragility fractures. It is established that muscle mass and force are
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primary determinants of bone mineral density (BMD) in healthy children, therefore we
suggest that LGMDR3 patients should be included in bone health monitoring program as
per guidelines of Duchenne Muscular Dystrophy management, at least those LGMDR3
patients with an early age at onset and rapid disease course.
Muscle biopsy data showed a broad spectrum of abnormalities, ranging from cases with
only mild myopathic changes, to cases with a severe dystrophic pattern encompassing
muscle fiber necrosis, inflammatory infiltrates and fibrosis. These results are consistent
with the general understanding that patients with severe clinical course usually have severe
histological alterations [68]. Moreover, a statistically significant positive correlation
between the residual muscular α-SG level and residual muscle motor function was
observed, thus confirming that disease severity may be predicted by α-SG expression in
LGMDR3, as previously reported [12].
Data on inflammation, measured by Acid Phosphatase, were also informative on clinical
course. Indeed, our results indicated that the higher the amount of inflammation, the earlier
is the age at onset and the worse the residual muscle motor function. More severe
inflammatory infiltrates were also found in patients with higher CK levels at muscle biopsy
and with higher degree of muscle substitution measure at muscle MRI. The role of
inflammation in LGMDR3, and, in general, in sarcoglycanopathies, has been studied in a
separate project, in part 3, and remain an interesting topic to be further studied, with some
important clinical implications in term of defining a specific immunomodulatory regime
for patients with major inflammatory features.
Despite muscle biopsies showed the potential to link with some crucial clinical
information, it was not enough to reach a diagnosis. As already known [12, 17], patients
with LGMDR3 show a variable reduction not only of α-SG expression, but also of the
other component of the SG-complex, making difficult to predict the genotype from
immunohistochemistry studies. Therefore, in the diagnostic-workout we suggest to firstly
perform the genetic, considering a muscle biopsy as a second step, to obtain further
prognostic information.
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Part of these results were included in the following manuscript:
Alonso-Pérez J, González-Quereda L, Bello L, Guglieri M, Straub V, Gallano P,
Semplicini C, Pegoraro E, Zangaro V, Nascimento A, Ortez C, Comi GP, Dam LT, De
Visser M, van der Kooi AJ, Garrido C, Santos M, Schara U, Gangfuß A, Løkken N,
Storgaard JH, Vissing J, Schoser B, Dekomien G, Udd B, Palmio J, D'Amico A, Politano
L, Nigro V, Bruno C, Panicucci C, Sarkozy A, Abdel-Mannan O, Alonso-Jimenez A,
Claeys KG, Gomez-Andrés D, Munell F, Costa-Comellas L, Haberlová J, Rohlenová M,
Elke V, De Bleecker JL, Dominguez-González C, Tasca G, Weiss C, Deconinck N,
Fernández-Torrón R, López de Munain A, Camacho-Salas A, Melegh B, Hadzsiev K,
Leonardis L, Koritnik B, Garibaldi M, de Leon-Hernández JC, Malfatti E, Fraga-Bau A,
Richard I, Illa I, Díaz-Manera J. New genotype-phenotype correlations in a large
European cohort of patients with sarcoglycanopathy. Brain. 2020 Sep 1;143(9):26962708. doi: 10.1093/brain/awaa228. PMID: 32875335 (see Appendix).
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3. Immunophenotype on LGMDR3 and LGMDR5 biopsies: a multi-center study
3.1

Objectives

Aim of this project was to characterize the immune cell infiltrates in muscle biopsies
collected from a cohort of sarcoglycan-deficient patients afferent to several Italian Tertiary
Neuromuscular Centers, with the goal to determine possible differences between α- and γsarcoglycanopathy (LGMDR3 and R5).
Immune cells invasion is a histological hallmark of diverse muscular dystrophies, but only
few data are available on the relative contribute of inflammatory sub-type populations in
the dystrophic process in sarcoglycanopathies.

3.2

Materials and Metods

Muscle specimens’ collection and preparation
Muscle biopsies from 10 LGMDR3 alpha-sarcoglycan and 8 LGMDR5 gammasarcoglycan genetically confirmed patients were retrospectively collected from 6 Italian
tertiary Neuromuscular Centers.
Quadriceps muscle biopsies were performed for diagnostic purposes. Families of patient
gave their consent for research studies in muscle specimens. As positive controls, we
analyzed muscle biopsies from 6 patient with DMD. Six muscle biopsies, from patients
with not specific muscle weakness or myalgia and without dystrophic signs at pathological
examination, served as negative controls.
Muscle specimens were processed as previously reported in part 2 (see “Muscle
specimens’ collection and preparation”).
Other than H&E stain, sections were also stained for the following antibodies according to
the manufacturer’s instruction and developed in 3,3’-diaminobenzidine (DAB) substrate:
CD45 (Clone 2B11, Invitrogen, Carlsbad, CA, USA), MHCI (Clone W6/32, Sigma, St.
Louis, MO, USA), CD68 (Clone 514H12, Leica, Newcastle, UK), CD8 (Clone 4B11,
Leica), and CD4 (Clone 4B12, Leica).
For each staining, muscle sections were scanned with Axioplan Imager M2 microscope
software AxioVs40 version 4.8.2.0 (Zeiss, Jena, Germany). Non-overlapping images at ×
10 magnification were snapped through the whole section to cover the entire muscle crosssectional area. For CD45, CD68, CD8, and CD4 staining, the positive cells were blindly
manually enumerated throughout the whole section and reported as density of positive cells
to the unit of area (amount of cells/number of sections).
For MHC class I stain, the signal was quantified as previously reported [69]. MHCI
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staining was considered as negative if only capillaries were stained, and positive when both
capillaries and sarcolemma were positive for MHCI.

3.3 Results
LGMDR3 and R5 patients’ information, including gender, gene mutations, histological
parameters, and clinical features such as age, symptoms, and serum CK at onset, cardiac
involvement, respiratory insufficiency, and MRI study are listed in Table 1.
Patient ID Sex

Age at
MB (y)

Allele 1 mutation

Allele 2 mutation

Fiber size
variability

Central
nucleation

Necrosis and
inflammation

Fibrosis

Dystrophic
score

LGMD
R3.1

M

9,9

c. 329C>T
p.Arg77Cys

c.1005C>A
p.Cys335X

2

0

2

2

6

LGMD
R3.2

F

4,0

c.409G>A
p.Glu1137Lys

c.850C>T
p.Arg284Cys

2

1

3

1

7

LGMD
R3.3

F

7,4

c.308T>C
p.Ile103Thr

c.850C>T
p.Arg284Cys

1

1

1

1

4

LGMD
R3.4

F

0,8

c.329C>T
p.Arg77Cys

IVS5:c.584+5G>A

1

1

1

2

5

LGMD
R3.5

M

26,3

c.409G>A
p.Glu1137Lys

c.739G>A
p.Val247Met

2

2

0

1

5

LGMD
R3.6

M

49,6

c.329C>T
p.Arg77Cys

c.346A>C
p.Thr116Pro

2

1

0

1

4

LGMD
R3.7

F

19,2

c.92T>C
p.Leu31Pro

c.739G>A
p.Val247Met

1

1

0

1

3

LGMD
R3.8

F

9,1

c.739G>A
p.Val247Met

c.739G>A
p.Val247Met

1

0

1

1

3

LGMD
R3.9

F

41,8

c.739G>A
p.Val247Met

c.739G>A
p.Val247Met

2

1

0

1

4

LGMD
R3.10

F

25,2

c.92T>C
p.Leu31Pro

c.850C>T
p.Arg284Cys

2

0

0

1

3

LGMD
R5.1

F

19,5

c.525delT
p.Phe175Leufs*20

c.525delT
p.Phe175Leufs*20

3

1

2

3

9

LGMD
R5.2

F

15,6

c.525delT
p.Phe175Leufs*20

c.525delT
p.Phe175Leufs*20

3

1

0

2

6

LGMD
R5.3

M

13,4

IVS4:c.385+2T>C

c.801_802delTC
p.Pro268Argfs*24

2

1

1

1

5

LGMD
R5.4

M

1,5

c.848G>A
p.Cys283Tyr

c.848G>A
p.Cys283Tyr

2

1

3

1

7

LGMD
R5.5

F

2,2

c.342dupT
p.Ala115Cysfs*41

c.525delT
p.Phe175Leufs*20

1

1

2

3

7

LGMD
R5.6

F

6,2

c.371G>A
p.Gly124Asp

c.371G>A
p.Gly124Asp

2

1

0

1

4

LGMD
R5.7

F

6

c.89delG
p.Gly30fs*20

c.307C>G
p.Leu130Val

1

1

2

2

6

LGMD
R5.8

M

3,5

deletion exon 7

deletion exon 7

2

0

3

2

7

Table 1. Genetic mutations, age at onset, and the dystrophic score are summarized in the table.
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The H&E staining was performed to assess the overall architecture of the tissues (Figure 1
a-d). To quantify the common dystrophic features, a dystrophic score was assigned (Table
1). MHCI signal was absent in the negative controls and was up-regulated in all the
dystrophic patients. Positive MHCI staining was localized both on the surface of
inflammatory cells and on the sarcolemma of several myofibers (Figure 1 e-h).

Figure 1. Dystrophic features and MHC class I molecules expression in DMD and LGMDR3R5. Representative pictures of the H & E staining of negative controls (a), Duchenne muscular
dystrophy (b), limbgirdle muscular dystrophy R3 (c), and limb-girdle muscular dystrophy R5
(d). Original magnification × 10. Representative pictures of the MHC class I (MHC I)
molecules in negative controls (e), Duchenne muscular dystrophy (f), limb-girdle muscular
dystrophy R3 (g), and limb-girdle muscular dystrophy R5 (h). Original magnification × 20.
Black arrows show positive staining on the membrane of immune cells, and white arrows show
positive staining along the plasma membrane of muscle cells.
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To detect the infiltrating immune cells, muscle tissues were stained for CD45, a
panleucocytes marker (Figure 2 a-d). CD45+ cells were significantly higher in DMD and
LGMDR3-R5 groups in comparison to the negative controls (Figure 2 e).
To characterize the inflammatory infiltrates, muscle samples were stained for markers of
the innate and adaptive immune response. Specifically, for the innate immune cells, we
checked CD68 (Figure 2 f-i), a surface marker for macrophages; and for the adaptive
immunity, we analyzed the CD8+ (Figure 2 m-p) and CD4+ T cells (Figure 2 r-u). CD68+
cells were significantly higher in DMD and LGMDR3-R5 groups in comparison to the
negative controls (Figure 2 l). CD8+ cells/area of tissue were significantly increased in the
DMD compared to the negative controls and to the sarcoglycanopathies (Figure 2 q). The
amount of CD4+ T-cells was significantly higher in the DMD and LGMDR3-R5 than in the
negative control group (Figure 2 v). No significant correlations were found between the
dystrophic score and the age at muscle biopsy, although a trend showed the two parameters
to be linked by an inverse correlation in sarcoglycanopathies (Figure 2 z). A significant
inverse correlation was found between the age at muscle biopsy and the number of CD45+
cells in the sarcoglycan group (Figure 2 z).
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Figure 2. Immunophenotype of the muscle inflammatory infiltrates DMD and LGMDR3-R5.
Representative pictures of the CD45 (a, b, c, d), CD68 (f, g, h, i), CD8 (m, n, o, p), and CD4 (r,
s, t, u) staining. The muscle biopsies were taken from negative controls (a, f, m, r), Duchenne
muscular dystrophy (b, g, n, s), limb-girdle muscular dystrophy R3 (c, h, o, t), and limb-girdle
muscular dystrophy R5 (d, i, p, u). Original magnification × 20. Box plots represent the
number of CD45+ cells (e), CD68+ cells (l), CD8+ cells (q), and CD4+ cells (v), showing the
median, the 10th, and the 90th percentiles.
*p-value< 0.05, **p-value < 0.01, ***p-value < 0.001. z: The table shows the results of the
Spearman correlation between the number of CD45 + cells, the age at muscle biopsy, and the
dystrophic score. DS = dystrophic score. The p-value was considered as statistically significant
when < 0.05.
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3.3

Discussion

In this multicenter study, we immunophenotyped the intra-muscular inflammatory
infiltrates in muscle biopsies from LGMDR3 and R5 patients in parallel with samples from
DMD patients, which we used as disease controls for their known inflammatory features.
We found that MHC class I pattern expression was similar throughout all the dystrophic
samples. MHCI molecules are not constitutively expressed in skeletal muscle tissue under
physiological conditions [70]. It is known that upon exposure to a high concentration of
interferons IFN-α, -β, or -γ, myo cells markedly increase the transcription of MHCI that
binds peptides generated mainly from the degradation of cytosolic proteins by the
proteasome. So far, MHCI up-regulation has been considered a diagnostic marker of
inflammatory myopathies [71-73], while its detection in muscular dystrophies is rather
inconsistent [74-77]. In our samples, all dystrophic muscles expressed MHC class I
molecules, specifically on the surface of inflammatory cells and on the sarcolemma of
almost all muscle fibers. According to these results, MHCI abnormal expression, besides
being a diagnostic marker of inflammatory myopathies, can be considered a sign of the
inflammatory activation of dystrophic muscles, likely due to the direct involvement of the
muscle cells in promoting the local immune response by antigen presentation.
Nevertheless, further studies are needed to systematically quantify the MHC class I
expression in inflammatory myopathies and muscular dystrophies to identify possible
differential involvement of the antigen-presenting system.
The CD45 staining provided a general view of the muscular immune infiltrates that were
evident in LGMDR3-R5, although in both cases less evident than in DMD. In LGMDR3R5, the density of CD45+ cells inversely correlates with the age at muscle biopsy,
mimicking what is already shown in DMD where inflammatory pathways predominate in
the early stages, suggesting a stage-specific remodeling of human dystrophic muscle [78].
We immunophenotyped the CD45+ cell infiltrates by checking macrophages, CD8+, and
CD4+ T cell markers. All the disease groups showed a predominance of CD4+ Tcells, less
macrophages, and occasional CD8+T cells as previously reported in DMD and
dysferlinopathy [75, 76], and to our knowledge, this is the first immuno-characterization of
cell infiltrates in LGMDR3 and R5. Dystrophic patients showed a significantly higher
density of CD45+, CD68+, and CD4+ cells compared to the negative controls, without
statistically significant differences between DMD and sarcoglycanopathies. The only
exception was represented by CD8+ effector T cells, which were significantly up-regulated
in DMD compared to sarcoglycanopathies, suggesting that a different regulation of the
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cell-mediated adaptive immunity might occur in the two groups. Nevertheless, no
information about the activation state of the immune cells infiltrating the dystrophic
muscles can be assumed from this paper.
Despite the difference in the density of CD8+ T cells, overall, our data show that DMD and
α- and γ-sarcoglycanopathies share a common immune response, involving both innate and
adaptive response. We hypothesize that the instability and loss of the dystrophin-associated
protein complex (DAPC) might be the trigger of the chronic inflammatory response. A
possible correlation between the extension of the immune response and the representation
of the DAPC on muscle membranes needs to be explored in further studies.
DMD therapeutic approach includes low doses of continuative oral steroids, as they proved
to slow down disease progression [79], dampening the muscle inflammatory status [80].
Conversely, a placebo-controlled trial assessing the effects of steroids in sarcoglycanrelated muscular dystrophies has never been proposed, although the efficacy of
immunomodulatory treatments improved muscle repair and performance in α- and γsarcoglycan deficient mouse models [81, 82] and in 1 female patient affected by LGMD
R3 [83]. Thus, sarcoglycan LGMDs might benefit from an immunomodulatory regimen.
In conclusion, we characterized the intramuscular immune infiltrates in patients with αand γ-sarcoglycan gene deficiencies. However, we recognize some limitations in our study:
the groups were not homogeneous by gender and age at muscle biopsy, given the limited
number of patients, and due to the parceling of the muscular immune infiltrates analyzed.
Currently, clinical trials offer different approaches, including gene therapy, which is
rapidly developing for many muscular dystrophies. In this scenario, the right
immunosuppressant scheme could endorse the efficacy of disease-specific gene therapy by
dampening the basal muscular inflammation, and our findings might be useful to fine-tune
a disease-specific immunomodulatory regimen.

These results have been published in the following manuscript:
Panicucci C, Baratto S, Raffaghello L, Tonin P, D'Amico A, Tasca G, Traverso M, Fiorillo
C, Minetti C, Previtali SC, Pegoraro E, Bruno C. Muscle inflammatory pattern in alphaand gamma-sarcoglycanopathies. Clin Neuropathol. 2021 Nov-Dec;40(6):310-318. doi:
10.5414/NP301393. PMID: 34281632 (see Appendix).
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4. In vivo study on a model of Sgca null mouse: the effect of anti-purinergic molecules
on disease progression

4.1

Objectives

Aim of this research was to evaluate the effect on disease progression of pharmacological
P2X7 receptor inhibition in a mouse model of LGMDR3.
Two different drug regimens were applied: the first, the oxidase ATP (oATP) was a broad
purinergic inhibitor, the second, the A438079, consisted in a specific P2X7 receptor
antagonist. Both treatments provided encouraging results, indicating that purinergic signal
might be deleterious for disease progression in LGMDR3.

4.2

oATP study

4.2.1. Materials and methods

In vivo experiments
Sgca null mice were treated with oATP at 6 mmol/L or phosphate-buffered saline (PBS)
alone daily for 4 weeks by i.p. injection and were sacrificed at the end of treatment by
carbon dioxide inhalation. A group of age-matched wild-type (WT) C57Bl/6J male mice
was used as internal control. The experiment was repeated
in two separate 4-week trials, which both included 5 to 7 mice in each experimental group.
Thus, the results are indicative of at least 10 animals per group. The Sgca mice were
randomly assigned to the experimental groups, and the testing of samples was performed
blindly (S.A. and S.Bal.).
Blood samples were collected by intracardial puncture at the end of the fourth week of
treatment and centrifuged for 10 minutes at 7000 x g. Immediately after centrifugation, the
serum was isolated and stored at -20°C. Serum creatine kinase levels were measured using
the creatine kinase N-acetyl cysteine quantitative system, according to manufacturer’s
instructions (BPC BioSED, Rome, Italy).
All animal experiments were performed in accordancewith the Swiss Federal Veterinary
Office guidelines and authorized by the Animal Studies Committee of Cantonal
Veterinary.

Four-Limb Hanging Test
At the beginning of the study and at the end of the second and fourth week of treatment,
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the muscle strength of oATP-treated, PBS-treated Sgca, and WT control mice was scored
through the four-limb hanging test. In this method, mice are subjected to a 180-second
lasting hanging test, during which a falling score is recorded. In each of the two treatments,
all the mice had to hang for three trials, and the average maximum hanging time of the
three

trials

was

measured

(standard

operating

procedure,

http://www.treat-

nmd.eu/research/ preclinical/preclinical-efficacy-standards).

Reagents and Antibodies
oATP (Sigma-Aldrich, St. Louis, MO) was reconstituted at a final concentration of 100
mmol/L in PBS and stored at -80 àC; the reconstituted drug was thawed and diluted in PBS
at 6 mmol/L immediately before use. Lipopolysaccharide (LPS; Sigma-Aldrich) was
reconstituted at a final concentration of 1 mg/mL in Hanks’ balanced salt solution and
stored at -20 °C, ATP (Sigma-Aldrich) was reconstituted at 100 mmol/L (pH 7) in water
with sodium hydroxide and stored at -20 °C, and benzoyl ATP (BzATP; Sigma-Aldrich)
was reconstituted at 10 mmol/L in water and stored at -20°C.
The antibodies and dilutions used in the study include the following: mouse monoclonal
antibody to collagen type I [1:500 for Western blot (WB) analysis] and rat monoclonal
antibody to Ly6C [1:500 for immunohistochemistry (IHC)] from Abcam (Cambridge,
UK); rat monoclonal antibody to CD45 (1:10 for IHC) from BD Pharmigen (San Jose,
CA);mouse monoclonal antibody to activating signal cointegratore1 (ASC-1) (1:500 for
WB analysis) and rabbit
polyclonal antibodies to glyceraldehyde phosphate dehydrogenase (1:500 for WB analysis)
from Santa Cruz
Biotechnology (Dallas, TX); rabbit polyclonal antibody to CD3 (1:20 for IHC); rabbit
polyclonal antibodies to P2X7 receptor (R; extracellular) and P2X4R (1:50 and 1:300,
respectively, for immunofluorescence) from Alomone Labs (Jerusalem, Israel); rabbit
polyclonal antibody to transforming growth factor (TGF)-b (1:1000 for WB analysis) from
Cell Signaling Technology (Danvers, MA); mouse monoclonal antibody to CD39 (1:1000)
from Abcam; mouse monoclonal antibody to a-SG (1:100 for WB analysis) from
Novocastra (Newcastle upon Tyne, UK); mouse monoclonal antibody to b-dystroglycan
(1:50 for WB
analysis) from Novocastra; mouse monoclonal antie caveolin-3 (1:10,000 for WB analysis)
from BD Bioscience (Milan, Italy); mouse monoclonal antibody to myosin heavy chain
(fast; 1:1000 for WB analysis) from Novocastra; rabbit anti-mouse IgG horseradish
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peroxidaseeconjugated (1:700 for WB analysis) antibodies from Dako (Glostrup,
Denmark); donkey anti-rabbit IgG horseradish peroxidaseeconjugated (1:5000 for WB
analysis) antibodies from GE Health Care (Little Chalfont, UK); mouse monoclonal antirat k and l light chain horseradish peroxidaseeconjugated (1:100 for IHC) antibody from
Sigma-Aldrich; rat monoclonal to FOXP3 (1:20 for IHC) from eBioscience (Waltham,
MA); and goat anti-mouse AlexaFluor 488 and donkey anti-rat AlexaFluor 594 (1:750 for
immunofluorescence) antibodies from Thermo Fisher Scientific (Waltham, MA). The
EnVision Detection System Peroxidase/Diaminobenzidine, rabbit and mouse, was from
Dako. The Annexin A5-FITC/7-AAD Kit was purchased from Beckman Coulter
(Marseille, France).

Satellite Cell Isolation from Total Muscle
Satellite cells were isolated from WT and Sgca mice at passage 8 to passage 10. Forelimb,
hind limb, and diaphragm muscles were dissected, mechanically cut, and enzymatically
digested at 37°C under constant shaking with a solution containing collagenase I (100
mg/mL; Sigma-Aldrich), dispase (500 mg/mL; Gibco, Waltham, MA), and DNaseI (100
mg/mL; Roche, Basel, Switzerland) in PBS (Sigma-Aldrich). Undigested tissue was
precipitated for 5 minutes, and the supernatant was centrifuged for 5 minutes at 1200 x g.
The cell pellet was resuspended in Dulbecco’s modified Eagle’s medium plus 10% fetal
bovine serum, 1% L-glutamine, 1% penicillin/streptomycin, and 1% gentamicin; then, it
was preplated in 150-mm Petri uncoated dishes for 1 hour. After preplating, the
nonadherent satellite celleenriched population was collected and plated in collagen-coated
(collagen from calf skin; Sigma-Aldrich) 90-mm Petri dishes at a density of 30,000 cells
per Petri dish. After a few days in proliferation, the myoblasts were eventually plated at
high density in differentiation medium (Dulbecco’s modified Eagle’s medium, 10% donor
horse serum, 1% L-glutamine, 1% penicillin/streptomycin, 1% gentamicin, and 2.5 ng/mL
basic fibroblast growth factor).

Histologic Studies
Sections (7 mm thick) from gastrocnemii (GN) and anterior tibialis muscles isolated from
PBS-treated mice, oATP-Sgca mice, and WT controls were cut on a cryostat and stained
with standard hematoxylin and eosin and acid phosphatase for inflammatory reactions and
Masson trichrome stain. Image analysis in terms of area fraction quantification, signal
intensity, and object counting was performed using semiautomated measurement tools in
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NIS-Elements AR software version 4.20.00 (Laboratory Imaging, s.r.o., Prague, Czech
Republic). Central nucleation (expressed as percentage of the total nuclei in each section)
was quantified in a blinded manner (S.A. and S.Bal.) in three sections for each muscle (n Z
10 mice for each experimental group, n Z 400 to 600 myofibers per single animal) with the
Axioplan Imager M2 microscope software AxioVs40 version 4.8.2.0 (Zeiss, Oberkochen,
Germany). Paraffin-embedded diaphragms isolated from PBS-treated oATP-Sgca and WT
control mice were cut in cross section at the midbelly of the muscle (7 mm thick). After
deparaffinization, the slides were stained with hematoxylin and eosin12 and Picrosirius red
staining for collagen fibers.

Immunohistochemistry
Cryosections (5 mm thick) of GN and anterior tibialis muscles isolated from PBS-treated,
oATP-Sgca, and WT control mice were fixed in acetone at -20°C for 10 minutes, washed
three times in PBS, and then washed twice in 0.025% PBS/Triton. Sections were incubated
in 8% bovine serum albumin in PBS (blocking solution) for 1 hour at room temperature.
Then, sections were incubated with primary antibodies diluted in 1% bovine serum
albumin in PBS solution overnight at 4°C. The next day, sections were washed two times
with 0.025% Triton in PBS, incubated 15 minutes in 0.3% H2O2 in PBS, and subsequently
incubated with an Envision secondary antibody for 1 hour. After being rinsed two times
with PBS (5 minutes each), the sections were stained with a diaminobenzidine substrate
solution (freshly made just before use), counterstained with hematoxylin, washed with
deionized water, dehydrated through five changes of alcohol (70%, 90%, 95%, 100%, and
100%) for 1 minute each, cleared in two changes of xylene (3 minutes each), and mounted
with a Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Slides were
observed under a Leica Diaplan microscope (Leica, Wetzlar, Germany). The number of
positive cells was blindly counted (S.Bar. and S.A.) on the whole sections per mouse. The
total area of the section was measured and expressed in arbitrary units.
For immunofluorescence, unfixed cryosections (5 mm thick) of GN and anterior tibialis
muscles were incubated in common antibody diluent (BioGenex, San Ramon, CA) for 10
minutes and after with primary antibodies (CD45, P2X4, and P2X7 antibodies) overnight
at 4°C. After three washes with PBS, sections were incubated with fluorescent secondary
antibodies in common antibody diluent for 1 hour at room temperature in the dark. After
being washed three times with PBS, sections were mounted with Vectashield mounting
medium with DAPI (Vector Laboratories). Images were obtained using a Leica SPE
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confocal microscope equipped with argon/He-Ne laser sources and an HCX PL APO CS
63.0 x 1.40 oil objective. During image acquisition, the 488 and 594 lasers were set at 20%
energy, and the emission range was between 500 and 550 and between 650 and 700 nm for
P2X 488 and CD45 594, respectively. The photomultiplier voltage gain was set to
eliminate cell autofluorescence. Single-plane images were taken at the center of cell
thickness.

Western Blot Analysis
Total protein lysates were isolated from PBS-treated mice, oATP-Sgca mice, and WT GN
muscles, as previously described [62]. Equal amounts of protein (40 to 120 mg) were
resolved in 8% to 15% SDS-PAGE gel and transferred onto polyvinylidene difluoride
membranes (Immobilon PVDF, Billerica, MA). Membranes were blocked with 5% bovine
serum albumin in PBS/0.1% Tween 20. Blots were then incubated overnight at 4°C with
primary antibodies. Horseradish peroxidase anti-IgG was used to visualize bound primary
antibodies with the chemiluminescence system (Bio-Rad Laboratories). Band intensities
were evaluated by densitometry using the Alliance Mini HD9 AutoAutomatic system
(Uvitec, Cambridge, UK).

Ecto-ATPase Activity
Satellite cells were seeded in 24-well plates (5.5 x 104 cells/ well) and cultured until they
completely differentiated into mature myotubes. After removal of the culture medium, cells
were washed once with 1 mL Hanks’ balanced salt solution, and 0.35 mL Hanks’ balanced
salt solution containing 0.3 mmol/L ATP was added. At various times (0, 5, and 15
minutes), 100-l aliquots of the incubations were withdrawn and incubations were stopped
by filtration with a multiscreen vacuum manifold using Immobilon-P membrane plates
(Millipore, Bedford, MA). ATP degradation was determined by the phosphate highperformance liquid chromatography analysis, as previously described [84]. Cells were
lysed, and protein content in each well was determined by Bradford assay.

Apoptosis
Satellite cells were seeded in 24-well plates (6 x 104 cells/ well) and cultured until they
completely differentiated into mature myotubes. The cells were pretreated with LPS (1
mg/mL) for 4 hours and then incubated with 3 mmol/L ATP and 300 mmol/L BzATP for
16 hours. Then, myotubes were analyzed by flow cytometry, according to other studies that
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have adopted the same technique [85-87]. Specifically, the cells were stained with the
Annexin A5 FITC/7-AAD Kit, and apoptosis was evaluated by flow cytometry, according
to the manufacturer’s instructions. Sample analysis was performed using a Gallios
cytometer (Beckman-Coulter) and Kaluza software version 1.1 (Beckman-Coulter).

Statistical Analysis
Most of the analyzed variables were not normally distributed, as confirmed by the ShapiroWilk test, and therefore differences of quantitative parameters between two groups of mice
were analyzed by the U-Mann Whitney test for nonparametric data. P < 0.05 was
considered statistically significant. Data are expressed as medians, first and third quartiles,
as described in Results and figure legends. Statistica software version 9.1 (StatSoft Co,
Tulsa, OK) was used for all of the statistical analyses. Graphs were generated with Graph
Pad Prism software
version 6.0 (Graph Pad Software, San Diego, CA).

4.2.2. Results
Sgca Primary Myotubes Are Characterized by a Defect in Ecto-ATPase Activity and
Undergo Apoptosis on ATP Treatment

Primary satellite cells were isolated from the forelimb, hind limb, and diaphragm muscles
of passage 8 to passage 10 old Sgca and WT mice and cultured until they completely
differentiated into mature myotubes. The absence of expression of a-SG was confirmed by
Western blot analysis on total cellular extracts. Sgca-deficient cells displayed normal levels
of caveolin-3 and myosin heavy chain, thus indicating the achievement of a functional
muscle cell phenotype. The decrease observed in b-dystroglycan levels is in accordance
with the disruption of the dystrophin-glycoprotein complex in a-sarcoglycanopathies
(Figure 1A).
The ecto-ATPase activity was quantified by measuring ATP metabolism in mass
spectrometry, in WT and Sgca cells switched to a basal medium containing ATP at 0.3
mmol/L. When compared with theWT, Sgca cells were characterized by decreased ectoATPase activity (Figure 1B), resulting in increased ATP levels in culture medium. Muscle
cells express the ecto-ATPase CD39, which converts ATP to ADP. However, the increase
in ATP levels observed in the Sgca group appeared to be specifically related to the absence
of the a-SG ecto-ATPase activity because the protein levels of CD39 were not modified
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between Sgca and WT muscle lysates (Figure 1C).
For the evaluation of apoptosis, the cells were pretreated with 1 mg/mL LPS for 4 hours,
incubated with 3 mmol/L ATP and 300 mmol/L BzATP for 16 hours, and then stained with
the Annexin A5 FITC/7-AAD Kit. The feasibility of a citofluorimetric assay in myotubes
has been previously determined [85-87]. The number of apoptotic muscle cells was
determined measuring the percentage of Annexin V+/7- AAD- and Annexin V+/7-AAD+
cells (early and late apoptosis, respectively). The pretreatment with LPS is supported by
the observation that LPS caused a marked up-regulation of striatal P2X7 expression.18
ATP and, more potently, BzATP induced apoptosis, an effect that was further enhanced by
a pretreatment with LPS (Figure 1D).

Figure 1. Sgca myoblasts display a decreased ecto-ATPase activity and undergo apoptosis on treatment
with ATP or benzoyl ATP (BzATP).
(A) Total protein lysates, isolated from primary myotubes from Sgca and WT age-matched controls,
were subjected to Western blot analysis. Membranes were probed with a mouse monoclonal antiea-SG,
b-dystroglycan (b-DG), antiecaveolin-3 (Cav-3), and myosin heavy chain (MyHC) antibody.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Representative
images are shown. (B) Primary myotubes isolated from Sgca and WT mice were cultured in basal
medium containing ATP at 0.3 mmol/L. At subsequent times (0, 5, and 15 minutes), 100-mL aliquots of
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the incubations were withdrawn and ATP degradation was determined by the phosphate highperformance liquid chromatography analysis. (C) Total protein lysates, isolated from primary myotubes
from Sgca and WT age-matched controls, were subjected to Western blot analysis. Membranes were
probed with a mouse monoclonal anti-CD39 antibody. GAPDH was used as a loading control.
Representative images are shown. (D) Primary myotubes isolated from Sgca mice were pretreated with
1 mg/mL lipopolysaccharide (LPS) for 4 hours and then incubated with 3 mmol/L ATP and 300
mmol/L BzATP for 16 hours. The cells were stained with the Annexin A5 FITC/7-AAD Kit, and
apoptosis was evaluated by flow cytometry.

P2XR Is Expressed in Sgca Muscle Tissue

The pattern of expression of the P2XR was evaluated in muscle lysates from the GN of
Sgca mice and age-matched WT controls. A specific up-regulation of P2X4R and P2X7R
transcripts (sixfold and fourfold, respectively) was observed (Figure 2), whereas P2X2R
transcript levels were not measurable (Figure 2).

Figure 2. P2X4 and P2X7 purinergic receptors are significantly up-regulated in Sgca muscle tissue.

To determine whether P2X4R and P2XR7 were expressed in myofibers or in infiltrating
inflammatory cells, a coimmunostaining was completed with the pan-granulocyte marker
CD45 and P2X4 and P2X7R antibodies, respectively, in GN sections. P2X4R was hardly
detectable on the muscle cell membrane in WT mice, and it was up-regulated and
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colocalized with CD45+ cells in the Sgca mutants (Figure 3A). P2X7R expression was
weak in WT myofibers, whereas clear and specific P2X7R patches at the plasma
membrane level were detected in Sgca muscle fibers, suggesting an induction and a higher
functionality of the receptor because of its cell surface localization. This same feature has
been previously shown in the monocytic subset of myeloid-derived suppressor cells
isolated from tumor bearing mice (Figure 3B).

Figure 3. P2X7R is overexpressed in Sgca muscle cells, whereas P2X4R is mainly expressed in
CD45+ cells. (A) Frozen muscle tissue sections of gastrocnemii from Sgca and WT mice were
immunostained with a monoclonal anti-CD45 antibody (red) and a monoclonal P2X7R antibody (red).
(B) Frozen muscle tissue sections of GN from Sgca and WT mice were immunostained with antiCD45 antibody (red) and a monoclonal P2X4R antibody (red). Representative images are shown.
Scale bar 25 mm (A and B). Original magnification, 40X (A and B).
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Targeting P2X Signaling in Vivo Improves Biochemical and Functional Parameters of
Disease Progression in Sgca Mice

Given the representation of different P2XR in Sgca muscles, we aimed at initially
achieving a pleiotropic antagonistic effect on eATP signaling cascade. Four-week-old Sgca
mice were treated with oATP, a compound known to act on multiple P2X receptor
molecules. oATP was administered via i.p. injections, at the dose of 6 mmol/L. Sgca mice
injected with vehicle alone (PBS) and a group of age- and sex-matched WT C57Bl/6 mice
served as controls. Mice were weighted at the beginning (baseline) of the treatment and
then on a weekly basis. No significant difference was
detected between the various groups (data not shown). The evaluation of muscle strength
was completed by the four-limb hanging test at the beginning of the treatment (time 0) and
at the end of the second and fourth weeks of treatment. As expected from the literature, the
untreated Sgca group displayed a progressive worsening of muscle strength along time,
whereas the oATP-Sgca cohort maintained the scores measured at time 0 (P < 0.05 for
oATP-treated mice versus PBS-treated mice after 4 weeks) (Figure 4A).
Serum creatine kinase concentrations, a marker of muscle cell degeneration, were
evaluated at the end of the trial by cardiac puncture. Creatine kinase was markedly
increased in PBS-Sgca mice when compared with the WT cohort, whereas the treatment
with the P2X antagonist led to a 35% decrease of this effect (Figure 4B).

Figure 4. oATP improves muscle strength and
ameliorates creatine kinase (CK) serum levels in
Sgca mice. (A) Four-limb hanging test was
performed on PBS-Sgca (light gray line), oATP-Sgca
(dark gray line), and age-matched WT controls
(black line). (B) Serum CK levels were evaluated at
the end of the fourth week of treatment.
Data are expressed as Medians, first and third
quartiles. Statistical analysis was performed using
the U-test. n 10 animals for each experimental group
(B). *P < 0.05 for oATP-treated mice versus PBStreated mice.
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Inhibition of P2X Signaling Ameliorates Morphologic Features and Reduces the
Amplitude of the Innate and Adaptive Immune Responses in Sgca Mice

The fraction area and the intensity of the inflammatory reactions surrounding
degenerative/necrotic muscle cells were evaluated in GN from PBS- and oATP-treated
animals by acid phosphatase staining, which provides a red positive signal in activated
macrophages and degenerative myofibers. These parameters were decreased in the oATPtreated group by 46% and 38%, respectively (P < 0.01 and P < 0.05, respectively) (Figure
5, A and B).

Figure 5. oATP improves the extension of reactive inflammatory infiltrates and morphologic
features in Sgca mice. (A) Frozen muscle tissue sections of gastrocnemii (GN) from PBS-Sgca
and oATP-Sgca mice were collected at the fourth week of treatment and stained with acid
phosphatase. Black arrows indicate inflammatory infiltrates. Representative images are shown.
(B) Graph of the analysis of the fraction areas and intensities of inflammatory infiltrates/total
section area of muscles represented in A. Statistical analysis was performed using the U-test.
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Muscle morphology was quantified in GN by standard hematoxylin and eosin staining.
Central nucleation (percentage), a sign of dystrophic myopathic damage, was reduced by
14% in GN of oATP-treated animals. Moreover, muscle tissue from untreated Sgca
mutants, when compared with WT mice, displayed an increase of myogenin transcripts, a
muscle-specific transcription factor expressed by committed myoblasts in regeneration and
typically up-regulated in the degenerative/regenerative cell cycles of active muscular
dystrophies. This effect was blunted by 67% after oATP treatment, thus suggesting an
inhibition of degenerative cellular events (data not shown).
Immunostaining and measurement of the CD45+ and Ly6C+ leukocytes infiltrating the
muscle tissue revealed a positive signal for both markers in different sites of the
inflammatory responses surrounding necrotic fibers. When quantified by automated
microscopy on the total section area, the number of CD45+ and Ly6C+ cells in the total
areas was inhibited by 45% and 25%, respectively, in oATP-treated mice (Figure 6, A and
B). Accordingly, the protein levels of ASC-1, a coactivator of NF-kb, were undetectable in
WT mice, markedly increased in Sgca muscle lysates, and significantly inhibited after P2X
blockade (Figure 6C).
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Figure 6. oATP induces a decrease of inflammatory cytokines and monocyte infiltration in muscles from
Sgca mice. (A) Frozen muscle tissue sections of gastrocnemii (GN) from PBS-Sgca and oATP-Sgca mice
were collected at the fourth week of treatment and immunostained with a monoclonal anti-CD45 antibody
(red), monoclonal anti-Ly6C antibody (red), and monoclonal antiecaveolin-3 antibody (green). (B) Graph of
the number of CD45+, Ly6C+ cells/arbitrary unit (AU) of total section area of muscles represented in A.
Statistical analysis was performed using the U-test. (C) Total protein lysates,
were subjected to Western blot analysis. Membranes were probed with a mouse monoclonal antieactivating
signal cointegratore1 (ASC-1) antibody. Representative images are shown. n 10 (A, PBS-Sgca and oATPSgca mice). Original magnification, 20X (A).

The immunostaining and measurement of the CD3 lymphocytes infiltrating the muscle
tissue showed a CD3-positive signal in different sites of reactive inflammatory responses.
When quantified by automated microscopy on the total section area, the fraction areas of
CD3-positive signal were reduced by 52% in oATP-treated mice (data not shown). Despite
the decrease in the total number of CD3+ cells, FOXP3+ cells were increased in muscle
tissue of oATP-treated Sgca mutants by 34% (Figure 7, A and B). The mechanisms of how
oATP affects innate and adaptive response in Sgca skeletal muscle were also investigated
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by quantification of muscular IL-1b, IL-6, and IFN-g transcripts. When compared with the
PBS cohort, these cytokines were reduced by 49%, 39%, and 44%, respectively, in the
oATP group (Figure 7C).

Figure 7. oATP decreases the total number of CD3+ lymphocytes but increases the extension of forkhead box
protein P3 (Foxp3)+ positive cells in Sgca mice. (A) Frozen muscle tissue sections were collected at the
fourth week of treatment and immunostained with a monoclonal anti-FOXP3 antibody. (B) Graph of the
number of CD3+ and FOXP3+ cells/arbitrary unit (AU) of total section area of muscles represented in A. (C)
Total RNA isolated from GN lysates from PBS-Sgca and oATP-Sgca mice was reverse transcribed. IL-1b,
IL-6, and interferon (IFN)-g transcripts were quantified by real-time quantitative PCR.

Targeting P2X Signaling in Vivo Decreases Muscular Fibrotic Degeneration

In accordance with this anti-inflammatory image, P2X blockade led to a reduction of the
transcription of fibrogenic factors, which ultimately stimulate endomysial fibrosis and
connective replacement of muscle tissue. The effects of oATP on collagen type I and on
TGF-b were tested at the protein levels. P2X antagonism prevented the up-regulation of
collagen type I observed in the untreated cohort, and it led to a reduction of both dimeric
(25 kDa) and monomeric (15 kDa) active TGF-b isoforms (Figure 8A). Accordingly,
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histologic analyses by Masson trichrome staining on GN sections revealed that oATP
treatment led to a 20% decrease of the fraction area (Figure 8, B and C).

Figure 8. oATP induces a decrease of collagen profibrotic factors in muscles from Sgca mice. (A) Total
protein lysates, were subjected to Western blot analysis. Membranes were probed with a rabbit
polyclonal anti-collagen type I and a mouse monoclonal anti-transforming growth factor-b (TGF-b; the
25-kDa dimer and the 15-kDa monomer) antibody. Representative images are shown. (B) Frozen
muscle tissue sections were stained with a standard Masson trichrome stain protocol. (C) Graph of the
fraction areas of fibrotic blue positive signal/arbitrary unit (AU) of total section area of muscles
represented in B.

62

4.2.3. Discussion
In sarcoglycanopathies, the mechanically weaker plasma membrane is easily damaged
during muscle contraction, allowing release of intracellular antigens, infiltration of immune
cells, and induction of profibrotic cytokines and growth factors [88]. Although different
experimental models have shown how distinct anti-inflammatory approaches may enhance
stem cell therapy in mice [89], the molecular mechanisms that trigger the immunemediated damage in this disorder have not been described yet. Likewise, limited are the
clinical studies and the clinical experience on anti-inflammatory strategies in human
sarcoglycanopathies.
Conversely, in Duchenne muscular dystrophy, it has been extensively highlighted that the
immune system exerts a dichotomous role because two types of inflammation that promote
and repair muscle injury are activated in the muscle tissue [90-94]. Type 1 inflammation is
characterized by increased expression of IFN-g and is counterregulated by type 2
cytokines, such as IL-4 and IL-13, and the Treg anti-inflammatory cytokine IL-10.
Herein, it was found that type 1 and type 2 inflammation are activated also in a-SG
deficiency. When compared with WT animals, a-SG deficient muscle tissue displayed
higher expression levels of proinflammatory cytokines, such as IL-1b, IFN-g, and IL-6,
augmented content of the proinflammatory molecule ASC-1, and increased infiltration of
CD45 leukocytes, macrophages (innate immunity), and CD4+ lymphocytes (adaptive
immunity). This process was counteracted by an increase in the number of FOXP3+ CD4+
Tregs, which also showed an activated phenotype, as confirmed by induced levels of the
cytokine IL-10.
The potential role of the DAMP molecule eATP was next studied in the development of
this tissue-specific immune-mediated damage, and it was shown, for the first time, that
P2X-purinergic signaling is involved in this pathologic cascade.
Sgca mice were characterized by an enhanced expression of P2X4 and P2X7 receptors in
muscle tissue, confirming that SG defects, as dystrophinopathies, result into a purinergic
pathway overactivation. Although P2X4R was mainly up-regulated in CD45+
inflammatory cells infiltrating the muscle, P2X7R was overexpressed on the plasma
membrane of Sgca muscle fibers. Noteworthy, in dystrophic cells, the receptor molecules
were found to be organized in specific patches, suggesting in the monocytic subset of
myeloid-derived suppressor cells isolated from tumor-bearing mice [95].
An excess of ATP in the extracellular milieu can be counteracted by the action of the ectoATPases CD39 and CD73, which in subsequential order convert ATP to adenosine.
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However, also, a-SG displays in its C-terminal domain an ecto-ATPase function, and its
absence causes a more consistent accumulation of ATP in the culture medium of primary
myotubes. In turn, as already shown in distinct cell systems, an excessive extracellular
ATP stimulation is able to exert a direct toxic effect in muscle cells because it induces
apoptosis [96, 97]. The molecular basis of the proapoptotic effect can be because of an
effect on mitochondrial metabolism or the association with pannexin molecules and the
formation of a cytolytic pore (ie, a large conductance channel).
According to these first observations, the pharmacologic inhibition of purinergic signaling
via oATP led to an improvement of muscular function and structure, a reduction of the
innate/adaptive immune response and fibrosis, and an increase in FOXP3+ CD4+ Treg
muscle infiltration. In this scenario, it is likely that the oATP-mediated boosting of Treg
muscle infiltration played a role in ameliorating the Sgca mice phenotype. It has been
shown that skeletal muscle resident Treg, producing IL-10 and expressing Areg, controls
the switch of type 1 to type 2 inflammation in injured muscle and acts directly on muscle
satellite cells, improving muscle repair [98-100]. Noteworthy, myoblasts isolated from
mdx mice showed an increased cytosolic Ca2+ ion influx and IL-1b release when
stimulated with BzATP [101], thus evoking an active role of skeletal muscle cells in the
inflammatory mechanism through P2X-purinergic signaling. The assessment of Sgca and
LGMDR3 primary myoblast behavior under eATP stimulation and the direct effect of
P2XR inhibition on these cells will be evaluated in our future studies.
oATP was originally described as an irreversible P2X7R antagonist [102] but was shown
later to also block other P2XRs, such as the P2X4 subtype [103], making this compound a
good candidate for a first proof of principle of our hypothesis in Sgca mice, in which an
up-regulation of both P2X7 and P2X4 receptors was found. oATP has also demonstrated
promise as a treatment modality in several models of autoimmune diseases. Successful
examples are experimental models of collagen-induced arthritis, autoimmune diabetes,
allergic encephalitis, autoimmune colitis, and allograft rejection in cardiac and islet
transplantation [103-109]. In these disorders, the compound works as a suppressor of the
innate and adaptive immunity as well as an inductor of Treg expansion.
However, numerous other P2XR antagonists, more efficient and more specific, have been
discovered in the past few years, especially anti-P2X7R [110-113]. CE-224,535 has been
tested in clinical trials for rheumatoid arthritis in patients with an inadequate response to
methotrexate. The drug was not efficacious, compared with placebo, but demonstrated an
acceptable safety and tolerability profile (NCT00628095) [114, 115]. The purinergic P2X7
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antagonist AZD9056 was shown to have the potential to improve symptoms in patients
with moderate-to-severe Crohn disease combined with a beneficial risk profile. AZD9056
was well tolerated, and no serious adverse events were reported [116]. The molecule
GSK1482160 has already been explored as a possible tool to detect neuroinflammation,
and a phase I clinical study in humans is currently undergoing (NCT00849134) [117].
Currently, no therapies are available for LGMDR3 patients. Many studies in each of the
four sarcoglycan deficiencies demonstrated that viral-mediated gene transfer, using adenoassociated vectors, can correct the pathologic signs of the disease in animal models [40,
118-124]. However, some previous a-SG gene transfer experiments revealed the
occurrence of specific immune response, leading to generation of a-SG specific antibody,
T-cell infiltration of treated muscles, and disappearance of the vector. In this respect, we
suggest that P2X-purinergic signal antagonism, with its double anti-inflammatory effect
(inhibition of innate/adaptive inflammatory response and enhancement of immune
tolerance by Treg expansion), could be associated with gene transfer therapies for the
treatment of LGMDR3 to obtain a more stable a-SG expression.
Moreover, this study is in agreement with recent lines of research, which emphasize the
relevance of DAMPs in chronic degenerative disorders. Intriguingly, these sophisticated
molecules are danger signals important not only for the inflammatory response but also for
tissue repair because they can orchestrate tissue healing by acting on different receptors.
Thus, better understanding of the consequences of DAMP signaling on muscle
inflammation and on muscle regeneration is the key to promote tissue repair and healing

These results have been published in the following manuscript:
Gazzerro E, Baratto S, Assereto S, Baldassari S, Panicucci C, Raffaghello L, Scudieri P,
De Battista D, Fiorillo C, Volpi S, Chaabane L, Malnati M, Messina G, Bruzzone S,
Traggiai E, Grassi F, Minetti C, Bruno C. The Danger Signal Extracellular ATP Is
Involved in the Immunomediated Damage of α-Sarcoglycan-Deficient Muscular
Dystrophy. Am J Pathol. 2019 Feb;189(2):354-369. doi: 10.1016/j.ajpath.2018.10.008.
Epub 2018 Nov 16. PMID: 30448410 (see Appendix).
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4.3

A438079 study

4.3.1. Materials and Methods

In vivo experiments
C57BL/6 Wild Type (WT) and Sgca knockout mice (also termed Sgca-null) were bred in
the animal facility at Policlinico San Martino, Genova. All mice were housed under
standard specific pathogen–free conditions and allowed access to food and water ad
libitum. All experimental protocols were approved by the Policlinico San Martino Animal
Welfare Body and by the Italian Ministry of Health (Authorization n° 215-2018-PR). Sgcanull (here from referred as Sgca) mice were previously described [62]. Four week old male
mice were randomly divided into two groups: one treated by i.p. injections with A438079
(Tocris Bioscience Bristol, UK) at 3 mg/Kg every other day for 24 weeks (Sgca A438079)
and one treated with the same volume of phosphatase-buffered saline (PBS, Sigma
Aldrich, St. Louis, MO) every other day for 24 weeks (Sgca Control: Sgca CTR). The dose
of 3 mg/kg of A438079 proved to be well tolerated by wild type rats [125]. A438079 was
reconstituted at a final concentration of 1 mg/mL in PBS and stored at -20°C; the
reconstituted drug was thawed and immediately used at a final concentration of 3 mg/Kg.
All animals were euthanized at the end of treatment by carbon dioxide inhalation and
muscles were collected for histological and cytofluorimetric analysis. A group of agematched WT C57Bl/6 male mice was used as internal control. All animals were weighed
and followed for any sign of toxicity, including ruffled fur, numbness, vomiting,
hyperactivity or loss of deambulation, and breathing depression once a week. Blood
samples from Sgca CTR and Sgca A438079 mice were obtained by saphenous vein (90
µl), before treatment, 12 and 24 weeks after treatment. The samples were centrifuged at
3600 x g for 30 minutes and immediately after centrifugation, the serum was isolated and
stored at – 80°C. Serum creatine kinase (CK) levels were measured using a clinicalstandard automatic chemistry analyzer (BS-380 Mindray, Milan, Italy).

Functional tests, muscle specimens, pheripheral blood and spleen processing methods
Before treatment and at the end of the sixth, twelfth, eighteenth and twentyfourth week of
treatment, the muscle strength of WT, Sgca CTR and Sgca A438079- mice was scored
through the Four-Limb Hanging Test. Mice were subjected to a 180-second lasting
hanging test, during which a falling score is recorded. The animals had to hang for three
trials, and the average maximum hanging time of the three trials was measured (standard
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operating

procedure,

https://treat-nmd.org/research-overview/preclinical-

research/experimental-protocols-for-dmd-animal-models/ last accessed December, 2019).

Histological studies, imaging and analysis
Quadriceps isolated from WT, Sgca CTR and Sgca A438079 mice were cut on cryostat
and 7 um thick sections were stained with standard Hematoxylin and Eosin (H&E)
(reagents from Sigma Aldrich), acid phosphatase (reagents from Sigma Aldrich) to detect
inflammatory reactions and Masson trichrome (reagents from Sigma Aldrich) to evaluate
muscle fibrosis. Representative pictures were taken at 20X magnification. To quantify the
extension of the inflammatory response and fibrotic area, images of stained sections were
acquired using a Nikon Ti Eclipse microscope equipped with a 20X objective. Whole
sections were imaged with an automated tile scan acquisition (usually over a 45 mm2surface) by using the perfect focus system (PFS) to control the focal plane. Quantification
of acid phosphatase and trichrome staining was performed using semi-automated
measurement tools in NIS-Elements AR software version 4.20 and expressed in terms of
fraction area (the ratio between total section area and the area of the stained objects that
were detected by HSI thresholding mode).

Immunofluorescence
The Wheat Germ Agglutinin (WGA)/DAPI (WGA Alexa Fluor™ 488 Conjugate
Invitrogen, Thermo Fisher Scientific, Waltham, USA; DAPI, Fluoromount-G® Southern
Biotech, Birmingham, USA) staining was performed on quadricep 5 um thick sections, in
order to calculate the Minimum Feret's Diameter and the percentage of centralized nuclei.
Briefly, unfixed quadriceps sections were incubated with a blocking solution containing
0.2% TritonX-100 (Sigma Aldrich), 2% Bovine Serum Albumin (Sigma Aldrich), 5%
Fetal Bovine Serum (GIBCO, Thermo Fisher Scientific), 2% Goat Serum (GIBCO) in PBS
for 1 hour at room temperature (RT) and then with WGA Alexa Fluor 488 conjugated
diluted 1:200 in Hank's Balanced Salt Solution (HBSS) (GIBCO) for 2 hours at RT.
Finally, sections were mounted with Fluoromount G. Images were acquired by Axioplan
Imager M2 miscroscope software AxioVs40 version 4.8.2.0 (Zeiss, Oberkochen, Germany)
and manually overlapped using Adobe Photoshop CS6 to generate whole cross-section.
Image analysis was performed using Fiji, ImageJ, open-source software (NIH, USA). A
plugin (Muscle Morphometry) developed as described in [126] was used to quantify the
muscle fiber diameter (minimal Feret’s diameter) and the percentage of centralized nuclei,
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as described in TREAT-NMD-recommended protocol (https://treat-nmd.org/researchoverview/preclinical-research/experimental-protocols-for-dmd-animal-models/).

Flow cytometry
Hematopoietic cells were collected from different districts, namely: peripheral blood (PB),
spleen and limb muscles. Cells collected from PB were first incubated with 2 l/sample of
TruStainFcXTM anti-mouse CD16/32 for 5 minutes in order to block Fc receptor and then
with cocktails of antibodies specific for CD45, CD3, CD4, CD8, CD11b, CD11c, CD25,
F4/80, Ly-6C, Ly-6G, Foxp3, for 30 minutes. The intracellular staining of transcription
factor Foxp3 was performed using the Foxp3/Transcription factor staining buffer set
(Thermo Fisher) as described by the manufacturer. After antibody incubation, samples
were lysed (Becton Dickinson Pharm Lyse TM, San Josè, CA, USA), washed and
resuspended in 300 ul of PBS (Sigma Aldrich). All the antibodies were purchased from
Biolegend (San Diego, CA, USA).
Gastrocnemius, quadriceps, anterior tibialis excised from WT, Sgca CTR and Sgca
A438079 mice were resuspended in RPMI 1640 base medium (Euro Clone, Milan, Italy),
mechanically and enzimatically digested using Skeletal Muscle Dissociation Kit (Miltenyi
Biotec, Bologna, Italy) and filtered through 100 and 70 μm mesh filters (BD Bioscience,
San Jose, CA, USA). After filtration, cells were purified using gradient centrifugation by
Percoll solution (GE Healthcare Bio-sciences, Uppsala, Sweden) and stained with
Live/DeadTM Fixable Yellow Dead Cell Stain Kit (Invitrogen, Thermo Fisher Scientific)
and the antibodies listed above. The spleen from WT, Sgca CTR and Sgca A438079 mice
was mechanically digested, filtered through 100 and 70 μm mesh filters, counted and
stained as described for PB and muscle.
All acquisitions were performed with a three laser LSR Fortessa X20 (Becton Dickinson)
and obtained FSC files were analysed with Kaluza Software (version 2.1, Beckman
Coulter).

Statistical analysis
Statistical parameters, including the exact value of n and statistical significance, are
reported in the figures and their associated legends. Results were analyzed using an
unpaired t Test or a one-way ANOVA where indicated, using GraphPad Prism 3.0
software (GraphPad Software, El Camino Real, San Diego, CA, USA). Asterisks indicate
statistical significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).
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4.3.2. Results
P2X7 targeting by A438079 improves functional, biochemical and morphological
parameters in Sgca mice.

To evaluate the therapeutic efficacy of a selective P2X7-targeting compound in an
experimental model of α-sarcoglycanopathy, we treated four-week-old male Sgca mice
with A438079, a specific antagonist of P2X7 [127]. The drug was administered to Sgca
mice by i.p. injections at the dose of 3 mg/kg every other day for 24 weeks (Figure 1).
Sgca mice injected with PBS (Sgca CTR) and WT mice served as controls.

Figure 1. Experimental design. Four-week-old male Sgca mice were treated with PBS vehicle
(Sgca CTR, n=12) and A438079 (Sgca A438079 n=8) that was administered intraperitoneally
at the dose of 3 mg/Kg every other day for 24 weeks. Age-matched male C57BL/6 Wild Type
(WT n=12) mice were used as negative control.
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The animals were weighted and followed once a week for signs of toxicity until the
sacrifice. As shown in Figure 2, the weight gain curve of Sgca mice treated with A438079
was not significantly different to that of Sgca CTR mice. In addition, no signs of toxicity,
including ruffled fur, numbness, vomiting, hyperactivity or loss of ambulation and
breathing depression, were observed (data not shown).

Figure 2. Weight of Sgca CTR (n=12) and Sgca A438079 (n=12) mice was recorded from 4 to
24 weeks. Weight was not significantly modified by A438079. Statistical analysis was
performed by One-Way-ANOVA.

At the beginning (0 time), and after 6, 12, 18 and 24 weeks of treatment, animals were
evaluated for muscle strength by the Four-Limb Hanging Test. Figure 3, panel a shows that
Sgca CTR mice progressively lost muscle strength up to 18 weeks. At 24 weeks, they still
showed significantly lower strength when compared to WT mice. The apparent slight
recovery between 18 and 24 weeks was not significant. On the contrary, Sgca A438079
initially showed reduced functional performance, similarly to Sgca CTR mice, but after 6
weeks of treatment, muscle strength began to recover, almost reaching the performance of
WT animals up to 24 weeks. The difference between Sgca CTR and Sgca A438079 mice at
12, 18 and 24 weeks was highly significant (p<0.0001 at 12 and 24 weeks, p<0.001 at 18
weeks). Accordingly, muscle strength in WT and Sgca A438079 mice was not significantly
different at any time point. The efficacy of A438079 was confirmed by the analysis of
serum levels of CK, a marker of muscle degeneration. As shown in Figure 3, panel b, CK
serum levels of Sgca CTR mice measured >10 times more than the WT levels (mean value
of WT mice: 406 UI/l, n=9; mean value of Sgca CTR mice: 5537 UI/l, n=12, p<0.05).
Interestingly, A438079 treatment significantly reduced (by 76%) serum CK in Sgca mice
after 12 weeks of treatment (mean value in Sgca A438079 mice: 1338 UI/l, n=8 vs Sgca
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CTR mice p<0.05). After 24 weeks of treatment serum CK levels of Sgca CTR mice were
6,3 times higher than the WT levels and A438079 led to a serum CK decrease in the
treated mice, although it did not reach statistical significance, likely due to increased
variability of the measurements (mean value of WT mice: 829 UI/l, n=12; mean value of
Sgca CTR mice: 5235 UI/l, n=10, p<0.05).

a

b

Figure 3 A438079 improves functional, biochemical parameters in Sgca mice.
Panel a: Four-Limb Hanging Test was performed before treatment and at the end of 6, 12, 18
and 24 weeks of treatment. Each value represents the mean ± SD of animals evaluated.
Panel b: serum creatine kinase (CK) levels were evaluated at the end of the twelfth and the
twentyfourth week of treatment. Blood samples were obtained by retro orbital withdraw from
WT, Sgca CTR and Sgca A438079 mice. Data are expressed as mean ± SD of animals
evaluated.
Statistical analysis was performed by Two-tailed Unpaired t test. Asterisks indicate statistical
significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).
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To investigate whether the improved functional performance of Sgca A438079 mice
correlated with decreased inflammation and muscle degeneration, we performed
histological analysis by H&E staining of quadriceps from WT, Sgca CTR and Sgca
A438079 mice. Quadriceps from Sgca CTR mice presented areas of necrotic cells
surrounded by reactive macrophage infiltration which were reduced upon A438079
treatment (Figure 4, panel a). According to the histological analysis (Figure 4, panel b), the
percentage of centrally nucleated myofibers dramatically increased in quadriceps of Sgca
mice in comparison to WT animals (p<0.0001) and was reduced by 12% in A438079treated animals (p<0.0001) (Figure 4, panel c). As expected, the fiber size variability,
calculated as coefficient variance Z of minimal Feret's diameter, was wider in Sgca
compared to WT mice (p<0.0001) but was significantly down-modulated by A438079
treatment (p<0.05) (Figure 4, panel d).
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Figure 4. A438079 ameliorates the muscle morphology of Sgca mice. Panel a: frozen
quadriceps tissue sections from WT, Sgca CTR and Sgca A438079 mice were collected at the
end of the twenty-fourth week of treatment and stained with standard H&E technique. Black
arrows indicate inflammatory infiltrates, white arrows indicate degenerating muscle fibers.
Final magnification, 20X. Panel b: frozen quadriceps tissue sections from WT, Sgca CTR and
Sgca A438079 mice were collected at the end of the 24th week of treatment and stained with
Wheat Germ Agglutinin (WGA) and DAPI. Panel c: percentage of central nuclei was
quantified in four consecutive fields for each muscle section stained with Wheat Germ
Agglutinin (WGA) and DAPI and normalized for the fiber number of each field. Panel d:
muscle fiber diameter variability from WT, Sgca CTR and Sgca A438079 mice was calculated
in the whole area as variance coefficient Z of minimal Feret’s diameter. Statistical analysis was
performed by Two-tailed Unpaired t test. Asterisks indicate statistical significance (*, p < 0.05;
**, p < 0.01; ***, p < 0.001, ****, p < 0.0001).
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A438079 reduces muscular fibrosis and inflammation in Sgca mice

Fibrosis as characterized by replacement of muscle tissue with collagen deposits is the
histopathological

hallmark

of

end-stage

muscular

dystrophies

including

alfa-

sarcoglycanopathy [126]. To establish whether A438079 might impact on collagen
deposits, we performed a Masson trichrome staining on quadriceps of WT, Sgca CTR and
Sgca A438079 mice and evaluated the fraction area of fibrotic reactions. As shown in
Figure 5, panels a-b, Sgca CTR quadriceps accumulated abundant extracellular matrix
deposits which were increased in comparison to WT mice (mean value of WT mice: 1.47,
n=7; mean value of Sgca CTR mice: 2.92, n=11, p<0.05). A438079 treatment led to a 37%
reduction of extracellular matrix deposition fraction area as compared to Sgca CTR mice
(mean of Sgca A438079 mice: 1.85, n=7, p<0.05). No significant difference was observed
between WT and Sgca A438079 animals.
To evaluate the anti-inflammatory effect of A438079, quadricep sections of WT, Sgca
CTR and Sgca A438079 mice were stained with acid phosphatase, which provides a red
positive signal in activated macrophages and degenerative myofibers. As shown in Figure
5, panels c-d, the acid phosphatase-positive area fraction of quadriceps from Sgca CTR
mice was increased in comparison to that of WT mice (mean value of WT mice: 0.26, n=8;
mean value of Sgca CTR mice: 1.47, n=12, p<0.0001). Interestingly, A438079 led to 52%
reduction of inflammatory area fraction of Sgca mice (mean of Sgca A438079 mice: 0.70,
n=8, p<0.01).
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Figure 5. A438079 reduces muscle fibrosis and inflammatory infiltrates in Sgca mice. Panel a:
frozen sections of quadriceps from WT (n=7), Sgca CTR (n=11) and Sgca A438079 (n=7)
were collected after 24 weeks and stained with a standard Masson trichrome stain protocol. A
representative image is shown. Final magnification, 20X.
Panel b: graph of the fraction areas of fibrotic green positive signal/fraction area (%) of total
section area of muscles represented in A is shown. Data are expressed as mean ± SD.
Statistical analysis was performed by One-tailed Unpaired t test. Asterisks indicate statistical
significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).
Panel c:frozen sections of quadriceps from WT (n=8), Sgca CTR (n=12) and Sgca A438079
(n=8) were collected after 24 weeks and stained with a acid phosphatase technique. A
representative image is shown. Black arrow indicate inflammatory infiltrates. Final
magnification, 20X.
Panel d:graph of the fraction areas of inflammatory red positive signal/fraction area (%) of
total section area of muscles represented in A is shown. Data are expressed as mean ± SD.
Statistical analysis was performed by Two-tailed Unpaired t test. Asterisks indicate statistical
significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).
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A438079 reduces innate inflammatory cells and increases T regulatory lymphocytes in
limb muscles of Sgca mice

To better characterize the phenotype of inflammatory muscle infiltrates, we performed a
cytometric analysis of a pool of limb muscles including gastrocnemius, quadriceps and
anterior tibialis, isolated from WT, Sgca CTR and Sgca A438079 mice. As expected,
Figure 6, panel a, limb muscles of Sgca CTR mice were characterized by the presence of
CD45+ hematopoietic immune cells which, in contrast, were not detected in WT mice (WT
vs Sgca CTR, p<0.01). A438079 treatment significantly reduced the percentage of CD45+
cells infiltrating the limb muscles of Sgca mice (Sgca CTR vs Sgca A438079, p<0.05). The
further characterization of CD45+ cells was only performed for Sgca animals since the
amount of CD45+ cells was negligible in the muscle of WT mice. Sgca A438079 mice
presented a significant reduction of muscle infiltrating innate inflammatory cells, including
Ly6G+/CD11b+ neutrophils (Figure 6, panel b, Sgca CTR vs Sgca A438079, p<0.05),
Ly6G-/CD11b+/Ly6C+ activated monocytes (Figure 6, panel c, Sgca CTR vs Sgca
A438079, p<0.01), Ly6G-/CD11b+/F480+ macrophages (Figure 6, panel d, Sgca CTR vs
Sgca A438079, p<0.05) and Ly6G-/CD11c+/F480-dendritic cells (DC) (Figure 6, panel e,
Sgca CTR vs Sgca A438079, p<0.001) in comparison to Sgca CTR animals. In contrast,
the percentage of CD3+/CD4+/CD25+/Foxp3+ T Regulatory (T reg) was significantly
increased in the muscles of A438079 Sgca mice in comparison to Sgca CTR mice (Figure
6 panel i, Sgca CTR vs Sgca A438079, p<0.001).
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Figure 6. A438079 reduces innate inflammatory cells and increases T regulatory lymphocytes
in limb muscles of Sgca mice. Flow cytometric analysis of immune cells isolated from a pool
of gastrocnemius, quadriceps, anterior tibialis excised from WT (n=6), Sgca CTR (n=7) and
Sgca A438079 (n=5) mice and stained with specific anti-surface markers mAbs are shown.
Panel a: percentage of CD45+ cells gated on alive cells. Panel b: percentage of
Ly6G+/CD11b+neutrophils gated on CD45+ alive cells. Panel c: percentage of Ly6G/Ly6C+/CD11b+ activated monocytes gated on CD45+ alive cells. Panel d: percentage of Ly6G/F480+/CD11b+ macrophages gated on CD45+ alive cells. Panel e: percentage of Ly6G-/F480/CD11c+ dendritic cells gated on CD45+ alive cells. Panel f: percentage of CD3+ T cells gated
on CD45+ alive cells. Panel g: percentage of CD3+ /CD4+ T cells gated on CD45+ CD3+ alive
cells. Panel h: percentage of CD3+ /CD8+ T cells gated on CD45+ CD3+ alive cells. Panel i:
percentage of CD3+ /CD4+/CD25+/Foxp3+ T cells gated on CD3+ alive cells. Data are
expressed as mean ± SD.
Statistical analysis was performed by Two-tailed Unpaired t test. Asterisks indicate statistical
significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).
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Furthermore, the analysis of the PB immune cell populations of WT, Sgca CTR and Sgca
A438079 mice showed that the dystrophic animals presented significantly higher
percentages of DC and T lymphocytes compared to WT animals (Figure 7, panels c-d, WT
vs Sgca CTR, p<0.001 for DC and p<0.05 for T lymphocytes). Within CD3+ T cells,
treatment with A438079 significantly reduced the percentage of CD8+ lymphocytes and T
reg cells (Figure 7, panels f-g, Sgca CTR vs Sgca A438079, p<0.001 for CD8+
lymphocytes and p<0.001 for Treg).

Figure 7. A438079 reduces peripheral cytotoxic and T regulatory cells in Sgca mice. Flow
cytometric analysis of peripheral blood immune cells isolated from WT (n=6), Sgca CTR
(n=9) and Sgca A438079 (n=6) mice and stained with specific anti-surface markers mAbs are
shown.
Panel a: percentage of Ly6G+/CD11b+neutrophils gated on CD45+ alive cells. Panel b:
percentage of Ly6G-/Ly6C+/CD11b+ activated monocytes gated on CD45+ alive cells. Panel c:
percentage of Ly6G-/F480-/CD11c+ dendritic cells gated on CD45+ alive cells. Panel d:
percentage of CD3+ T cells gated on CD45+ alive cells. Panel e: percentage of CD3+ /CD4+ T
cells gated on CD45+ CD3+ alive cells. Panel f: percentage of CD3+ /CD8+ T cells gated on
CD45+ CD3+ alive cells. Panel g: Percentage of CD3+ /CD4+/CD25+/Foxp3+ T cells gated on
CD3+ alive cells. Statistical analysis was performed by Two-tailed Unpaired t test. Asterisks
indicate statistical significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001, ****, p < 0.0001).

No significant changes were observed in the spleen of WT, Sgca CTR and Sgca A438079
mice, with the only exception of CD3+ T lymphocytes, which were slightly increased in
Sgca A43879 mice vs Sgca CTR (Sgca CTR vs Sgca A438079, p<0.01, data not shown).

78

4.3.3.

Discussion

In the present study, we provide evidence that the pharmacological inhibition of P2X7 by
the selective antagonist A438079 attenuated the dystrophic phenotype of Sgca-deficient
mice by reducing fibrosis and inflammation and improved muscle performance.
P2X7 is an ATP receptor belonging to the ionotropic purinergic P2X subfamily, which is
expressed on virtually all cell types of the immune system and regulates the innate and
adaptive immune responses [127]. Alongside its expression on immune cells, P2X7
expression and function are up-regulated in the dystrophic muscle [61, 62, 128, 129]. In
this context, we and other groups demonstrated that the genetic ablation of P2RX7 and its
pharmacological inhibition by oATP, which is an irreversible, broad-spectrum P2X7
antagonist [130], produced significant improvements in key functional and molecular
disease parameters in mdx mice [61, 62]. However, oATP can also interact with other P2X
receptors including P2X4 [103, 131, 132], and appears to exert anti-inflammatory effects,
modulating the immune response independently of P2X7 blockage [103, 130, 133].
Therefore, experiments using oATP cannot unambiguously establish a role in
inflammatory diseases for a specific member of the P2X family. Noteworthy, neurotoxicity
has been described for oATP, likely due to the low specificity of the drug [134].
In order to overcome the above-described limitations, and to define the therapeutic effect
of P2X7 targeting approaches in α-sarcoglycan-deficient muscular dystrophy, we
specifically inhibited P2X7 using the A438079 molecule, one of the most potent and
selective antagonist that competitively blocks P2X7 receptor in vitro activation and
produces anti-nociceptive effects in in vivo settings [135-137]. Beside nociception,
A438079 has been already successfully used in in vivo models of hyperalgesia [138],
epilepsy [139], Parkinson's disease [140], and Charcot-Marie-Tooth 1A disease [125].
Our results clearly show that, by targeting P2X7, A438079 ameliorated functional and
morphological parameters in Sgca mice. In particular, A438079 improved muscle
morphology by reducing the percentage of centralized nuclei and the coefficient variance Z
of minimal Feret's diameter (Figure 2 panels C and D), which are typical signs of a
dystrophic damage [141]. Furthermore, according to previous studies [61], a relevant
therapeutic effect exerted by A438079 was the reduction of muscle fibrosis (Figure 3 panel
A). P2X7 has been described to play a nodal role in triggering fibrosis through activation
of multiple intracellular pathways that converge in inducing the collagen biosynthetic
machinery in various organs [142]. As such, P2X7 blockade may interfere with the main
pro-fibrotic pathways, thus possibly representing a target for the pharmacological
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modulation of fibrotic processes.
The most evident beneficial effect of A438079 in Sgca animals was a significant
modulation of muscle inflammation, a key feature of muscular dystrophies participating in
the disease progression but also mediating muscle repair. The dichotomous role of
inflammation has been extensively studied in Duchenne Muscular Dystrophy (DMD)
where CD4+ and CD8+ T cells, macrophages, eosinophils and natural killer T cells
infiltrated both human and mouse dystrophic muscle [49, 143]. In particular,
proinflammatory monocytes CD11b+/Ly6G-/Ly6c+ have been reported to be the first innate
immune cells to be mobilized from the bone marrow into the circulation and recruited to
the site of tissue injury [144], such as dystrophic muscles, where they differentiated into
inflammatory macrophages [145, 146]. Different studies demonstrated that neutrophils
actively participated in the exacerbation of muscular dystrophy and their specific depletion
reduced muscular necrosis and inflammation in mdx mice [147-149]. Moreover,
neutrophil-derived elastase impaired myoblast proliferation, survival and differentiation
[150]. In line with this notion, we found that A438079 caused a significant reduction of
innate immune cells including neutrophils, activated monocytes and dendritic cells
infiltrating the limb muscles of Sgca mice.
The downregulation of innate immune response by P2X7 blockade was also observed in
dystrophic mice (mdx and Sgca animals) treated with other P2X7 antagonists, i.e. oATP or
Zidovudine (AZT) [62, 63]. However, the mechanism underlying the latter effect is still
unclear. P2X7 antagonists could directly inhibit P2RX7 expressed by inflammatory innate
immune cells infiltrating the dystrophic muscle. Alternatively, these agents might reduce
inflammatory cell migration into the injured tissue. In favor of the first hypothesis, innate
immune cells are known to express functional P2X7, which in turn triggers inflammasome
activation [127, 151-153]. The second hypothesis is sustained by data showing P2X7dependent release of chemotactic factors by macrophages. These factors, including
CXCL2/macrophage inflammatory protein-2 (MIP-2), were involved in the recruitment of
neutrophils into the injured tissue [154].
The immune phenotype of limb muscle from Sgca mice treated with A438079 also showed
that the pharmacological treatment significantly increased Foxp3+ Treg without affecting
CD4+ and CD8+ T lymphocytes. These findings are consistent with previous studies where
P2X7 blockade by oATP or P2X7 genetic ablation in dystrophic mice resulted in a
significant increase of Foxp3+ Treg [61, 62]. Treg have been described to play a dual
beneficial role in dystrophic muscles. On one side they suppress type 1 inflammation by
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secreting IL-10; on the other side, Treg may also have direct effects on muscle growth and
regeneration through secretion of amphiregulin, an epidermal growth factor family
member, whose receptors are expressed on muscle satellite cells that are critical for muscle
regeneration [98, 155]. Interestingly, our results showed that A438079 exerted not only a
local, but also a systemic anti-inflammatory effect by reducing circulating CD8+ cytotoxic
T lymphocytes in Sgca mice.
Currently, physical therapy and prevention of secondary cardiac, pulmonary, or othopedic
complications are the only possible care interventions. Although a chronic inflammatory
response is documented in muscle specimens from LGMDR3 patients, no trials assessing
the effects of immunosuppressive therapies have never been proposed in alphasarcoglycan-deficiency. However, two unrelated LGMDR3 patients treated with steroids
showed clinical improvement [83, 156, 157]. In light of these considerations, strategies
aimed at reducing muscle inflammation, increasing the amount of Treg infiltrating an
injured muscle and exerting a systemic anti-inflammatory effect, i.e. antagonists of P2X7,
might represent a therapeutic approach for LGMDR3. Immunomodulatory regimens
become even more relevant considered that new gene therapy or gene editing approaches
are developing for alpha-sarcoglycanopathy [42, 158, 159], with gene therapy being in
Phase I/II clinical trials for LGMDR3 patients (NCT01976091; NCT00494195). Since the
successful of gene therapy in the muscle tissue has to challenge pre-existing status of
chronic tissue inflammation typically identified in these diseases [42, 48, 158-160], our
data suggest that P2X7 antagonism might represent a good strategy to dampen chronic
inflammation, possibly leading to a better delivery of gene therapy.
To date P2X7 selective antagonists have already been tested in Phase I/II clinical trials for
the treatment of Crohn disease, Rheumatoid arthritis, Basal cell carcinoma with an overall
good tolerability and variable efficacy [161] and a new trial is currently ongoing assessing
the effects of JNJ-54175446, a potent, brain-penetrant, selective P2X7 antagonist [162] in
patients with Major Depressive Disorder (ClinicalTrials.gov Identifier: NCT04116606).
In conclusion, A438079 ameliorated the dystrophic phenotype of Sgca mice by reducing
muscle fibrosis and inflammation and by improving functional muscle performance. In the
current scenario of clinical trials including gene therapy, selective P2X7 antagonists could
represent candidates for a combination therapy to endorse the efficacy of disease-specific
gene therapy by dampening the basal muscular inflammation.
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5.

Conclusions

In this PhD thesis, focusing on a rare LGMD, the LGMDR3 due to alpha-sarcoglycan
deficiency, we have analyzed for the first time the link between the disease course and the
inflammation,

providing new

data

on

the

role

of

the

immune

system

in

sarcolgycanopathies.
By confirming the variable clinical course and the genetic background, immunological
processes emerge as crucial players of α-sarcoglycanopathy disease progression.
Considering the absence of specific drugs, a fine-tune immunomodulatory regimen should
be proposed for LGMDR3 patients, at least for those with a high degree of inflammatory
infiltrates at muscle biopsy. A limitation to this approach, is that muscle biopsy does not
currently represent a fundamental step in the diagnostic process, therefore further
researches are needed to identify circulating biomarkers reflecting the severity of immune
system activation in these patients.
Moreover, with the imminent advent of gene-therapy for LGMDR3, the availability of
immunosuppressant strategies aimed to dampen the basal immune-mediated damage, and
favoring a better engraftment of the transgene, assumes even more importance.
In two in vivo treatments using P2X7 selective antagonisms, we demonstrated that P2X7
inhibitors were effective to counteract the progression of the dystrophic phenotype in Sgcanull mouse, by reducing the local inflammatory response. Thus, P2X7 antagonists could be
suggested as good candidate to dampen muscle chronic inflammation in LGMDR3 and
used in a combination therapy to endorse the efficacy of gene therapy.
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In muscular dystrophies, muscle membrane fragility results in a tissue-speciﬁc increase of dangerassociated molecular pattern molecules (DAMPs) and inﬁltration of inﬂammatory cells. The DAMP
extracellular ATP (eATP) released by dying myoﬁbers steadily activates muscle and immune purinergic
receptors exerting dual negative effects: a direct damage linked to altered intracellular calcium
homeostasis in muscle cells and an indirect toxicity through the triggering of the immune response and
inhibition of regulatory T cells. Accordingly, pharmacologic and genetic inhibition of eATP signaling
improves the phenotype in models of chronic inﬂammatory diseases. In a-sarcoglycanopathy, eATP
effects may be further ampliﬁed because a-sarcoglycan extracellular domain binds eATP and displays an
ecto-ATPase activity, thus controlling eATP concentration at the cell surface and attenuating the
magnitude and/or the duration of eATP-induced signals. Herein, we show that in vivo blockade of
the eATP/P2X purinergic pathway by a broad-spectrum P2X receptoreantagonist delayed the progression of the dystrophic phenotype in a-sarcoglycanenull mice. eATP blockade dampened the
muscular inﬂammatory response and enhanced the recruitment of forkhead box protein P3epositive
immunosuppressive regulatory CD4þ T cells. The improvement of the inﬂammatory features was associated with increased strength, reduced necrosis, and limited expression of proﬁbrotic factors, suggesting that pharmacologic purinergic antagonism, altering the innate and adaptive immune
component in muscle inﬁltrates, might provide a therapeutic approach to slow disease progression in asarcoglycanopathy. (Am J Pathol 2019, 189: 354e369; https://doi.org/10.1016/j.ajpath.2018.10.008)

Sarcoglycanopathies represent a subgroup of autosomal
recessive limb-girdle muscular dystrophies (LGMDs) caused
by mutations in one of the four sarcoglycan (SG) genes,
which encode four transmembrane proteins (a-, b-, g-, or dSG) organized in a tetrameric structure on the cell surface.1
The clinical phenotype of a-sarcoglycanopathy
(LGMD2D; Online Mendelian Inheritance in Man number
608099) is heterogeneous.2 Progressive degeneration of
skeletal muscle leads to loss of ambulation, respiratory

insufﬁciency, and often premature death in the early
thirties.3 The rapidity of disease progression and the age of
onset are variable, ranging from severe forms with onset in
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Extracellular ATP in a-Sarcoglycanopathy
the ﬁrst decade of life and rapid evolution, to milder forms
with later onset and slower progression. Currently, no
treatment is available for these patients.
Sarcoglycans and dystrophin are main components of the
dystrophin-glycoprotein complex, the crucial structural linkage between the intracellular cytoskeleton and the extracellular matrix that provides stability to the sarcolemma and
offers
muscle
ﬁbers
protection
from
muscle
contractioneinduced stress. In both sarcoglycanopathies and
dystrophinopathies,
dystrophin-glycoprotein
complex
disruption leads to a mechanically weaker muscle plasma
membrane that is easily damaged during contraction, allowing release of intracellular molecules, which act as damageassociated molecular pattern molecules (DAMPs).4 These
self-molecules execute precise intracellular tasks in both
innate and adaptive immunity, exerting disparate functions
when released into the extracellular space. Among DAMPs,
extracellular ATP (eATP) and its derivates are pleiotropic
regulators of cell function.5 In muscle, the primary function of
ATP is energy transfer; however, after cell damage, it is
quickly released in the extracellular space, where it acts as
DAMP. Once in the extracellular space, eATP activates
plasma-membrane nonselective ion channels purinergic P2X
1 to 7 receptors and P2Y 1, 2, 4, 6, and 11 to 14, guanine
nucleotide binding protein-coupled receptors.6,7 The role of
eATP and P2X purinergic signal on mdx dystropathology has
been recently well established. We have shown that blockade
of eATP/P2X purinergic signaling by periodate-oxidase ATP
(oATP) delayed the progression of the dystrophic phenotype,
dampening the local inﬂammatory response in dystrophindeﬁcient mdx mice.8 These results are in agreement with
the phenotype displayed by mdx/P2X7 double-knockout
mice, which showed a reduction of the inﬂammatory and
ﬁbrotic response in skeletal muscles and heart.9
We hypothesized that the role of eATP may be equally
relevant in a-SG deﬁciency because this protein displays in
its extracellular domain an ecto-ATPase activity, which allows conversion of ATP to the inactive form ADP.10,11
Herein, we provide the ﬁrst set of evidences of a pathogenetic role of eATP in a-sarcoglycanopathy. Short-term
pharmacologic inhibition of eATP signaling improved
muscular function and morphology, inhibited the effector
adaptive and the innate immune response, reduced the
expression of proﬁbrotic factors, and enhanced forkhead
box protein P3epositive (Foxp3þ) CD4þ T-regulatory cell
muscle inﬁltration in a-sarcoglycan (Sgca) mice. It is thus
feasible that a-SG deﬁciency can amplify the magnitude of
eATP-induced signals, worsening the immunomediated
damage in LGMD2D patients.

Materials and Methods
In Vivo Treatment with oATP
Sgca knockout mice [kindly donated by Prof. Giulio Cossu
(University of Manchester, Manchester UK)] were treated
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with oATP at 6 mmol/L or phosphate-buffered saline (PBS)
alone daily for 4 weeks by i.p. injection and were sacriﬁced
at the end of treatment by carbon dioxide inhalation. A
group of age-matched wild-type (WT) C57Bl/6J male mice
was used as internal control. The experiment was repeated
in two separate 4-week trials, which both included 5 to 7
mice in each experimental group. Thus, the results are
indicative of at least 10 animals per group. The Sgca mice
were randomly assigned to the experimental groups, and the
testing of samples was performed blindly (S.A. and S.Bal.).
Blood samples were collected by intracardial puncture at
the end of the fourth week of treatment and centrifuged for
10 minutes at 7000  g. Immediately after centrifugation,
the serum was isolated and stored at 20 C. Serum creatine
kinase levels were measured using the creatine kinasee
N-acetyl cysteine quantitative system, according to manufacturer’s instructions (BPC BioSED, Rome, Italy).
All animal experiments were performed in accordance
with the Swiss Federal Veterinary Ofﬁce guidelines and
authorized by the Animal Studies Committee of Cantonal
Veterinary.

Four-Limb Hanging Test
At the beginning of the study and at the end of the second and
fourth week of treatment, the muscle strength of oATPtreated, PBS-treated Sgca, and WT control mice was scored
through the four-limb hanging test. In this method, mice are
subjected to a 180-second lasting hanging test, during which a
falling score is recorded. In each of the two treatments, all of
the mice had to hang for three trials, and the average maximum
hanging time of the three trials was measured (standard
operating procedure, http://www.treat-nmd.eu/research/
preclinical/preclinical-efﬁcacy-standards, last accessed
December 1, 2017).

Reagents and Antibodies
oATP (Sigma-Aldrich, St. Louis, MO) was reconstituted at
a ﬁnal concentration of 100 mmol/L in PBS and stored at
80 C; the reconstituted drug was thawed and diluted in
PBS at 6 mmol/L immediately before use. Lipopolysaccharide (LPS; Sigma-Aldrich) was reconstituted at a ﬁnal
concentration of 1 mg/mL in Hanks’ balanced salt solution
and stored at 20 C, ATP (Sigma-Aldrich) was reconstituted at 100 mmol/L (pH 7) in water with sodium hydroxide and stored at 20 C, and benzoyl ATP (BzATP;
Sigma-Aldrich) was reconstituted at 10 mmol/L in water
and stored at 20 C.
The antibodies and dilutions used in the study include the
following: mouse monoclonal antibody to collagen type I
[1:500 for Western blot (WB) analysis] and rat monoclonal
antibody to Ly6C [1:500 for immunohistochemistry (IHC)]
from Abcam (Cambridge, UK); rat monoclonal antibody to
CD45 (1:10 for IHC) from BD Pharmigen (San Jose, CA);
mouse monoclonal antibody to activating signal
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cointegratore1 (ASC-1) (1:500 for WB analysis) and rabbit
polyclonal antibodies to glyceraldehyde phosphate dehydrogenase (1:500 for WB analysis) from Santa Cruz
Biotechnology (Dallas, TX); rabbit polyclonal antibody to
CD3 (1:20 for IHC); rabbit polyclonal antibodies to P2X7
receptor (R; extracellular) and P2X4R (1:50 and 1:300,
respectively, for immunoﬂuorescence) from Alomone Labs
(Jerusalem, Israel); rabbit polyclonal antibody to transforming growth factor (TGF)-b (1:1000 for WB analysis)
from Cell Signaling Technology (Danvers, MA); mouse
monoclonal antibody to CD39 (1:1000) from Abcam;
mouse monoclonal antibody to a-SG (1:100 for WB analysis) from Novocastra (Newcastle upon Tyne, UK); mouse
monoclonal antibody to b-dystroglycan (1:50 for WB
analysis) from Novocastra; mouse monoclonal antie
caveolin-3 (1:10,000 for WB analysis) from BD Bioscience
(Milan, Italy); mouse monoclonal antibody to myosin heavy
chain (fast; 1:1000 for WB analysis) from Novocastra;
rabbit anti-mouse IgG horseradish peroxidaseeconjugated
(1:700 for WB analysis) antibodies from Dako (Glostrup,
Denmark);
donkey
anti-rabbit
IgG
horseradish
peroxidaseeconjugated (1:5000 for WB analysis) antibodies from GE Health Care (Little Chalfont, UK); mouse
monoclonal anti-rat k and l light chain horseradish
peroxidaseeconjugated (1:100 for IHC) antibody from
Sigma-Aldrich; rat monoclonal to FOXP3 (1:20 for IHC)
from eBioscience (Waltham, MA); and goat anti-mouse
AlexaFluor 488 and donkey anti-rat AlexaFluor 594 (1:750
for immunoﬂuorescence) antibodies from Thermo Fisher
Scientiﬁc (Waltham, MA). The EnVision Detection System
Peroxidase/Diaminobenzidine, rabbit and mouse, was from
Dako. The Annexin A5-FITC/7-AAD Kit was purchased
from Beckman Coulter (Marseille, France).

Satellite Cell Isolation from Total Muscle
Satellite cells were isolated from WT and Sgca mice at
passage 8 to passage 10. Forelimb, hind limb, and diaphragm muscles were dissected, mechanically cut, and
enzymatically digested at 37 C under constant shaking with
a solution containing collagenase I (100 mg/mL; SigmaAldrich), dispase (500 mg/mL; Gibco, Waltham, MA), and
DNaseI (100 mg/mL; Roche, Basel, Switzerland) in PBS
(Sigma-Aldrich). Undigested tissue was precipitated for 5
minutes, and the supernatant was centrifuged for 5 minutes
at 1200  g. The cell pellet was resuspended in Dulbecco’s
modiﬁed Eagle’s medium plus 10% fetal bovine serum, 1%
L-glutamine, 1% penicillin/streptomycin, and 1% gentamicin; then, it was preplated in 150-mm Petri uncoated
dishes for 1 hour. After preplating, the nonadherent satellite
celleenriched population was collected and plated in
collagen-coated (collagen from calf skin; Sigma-Aldrich)
90-mm Petri dishes at a density of 30,000 cells per Petri
dish. After a few days in proliferation, the myoblasts were
eventually plated at high density in differentiation medium
(Dulbecco’s modiﬁed Eagle’s medium, 10% donor horse
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serum, 1% L-glutamine, 1% penicillin/streptomycin, 1%
gentamicin, and 2.5 ng/mL basic ﬁbroblast growth factor).

Histologic Studies
Sections (7 mm thick) from gastrocnemii (GN) and anterior
tibialis muscles isolated from PBS-treated mice, oATP-Sgca
mice, and WT controls were cut on a cryostat and stained
with standard hematoxylin and eosin and acid phosphatase
for inﬂammatory reactions and Masson trichrome stain.
Image analysis in terms of area fraction quantiﬁcation, signal
intensity, and object counting was performed using semiautomated measurement tools in NIS-Elements AR software
version 4.20.00 (Laboratory Imaging, s.r.o., Prague, Czech
Republic). Central nucleation (expressed as percentage of the
total nuclei in each section) was quantiﬁed in a blinded manner
(S.A. and S.Bal.) in three sections for each muscle (n Z 10
mice for each experimental group, n Z 400 to 600 myoﬁbers
per single animal) with the Axioplan Imager M2 microscope
software AxioVs40 version 4.8.2.0 (Zeiss, Oberkochen, Germany). Parafﬁn-embedded diaphragms isolated from PBStreated oATP-Sgca and WT control mice were cut in cross
section at the midbelly of the muscle (7 mm thick). After
deparafﬁnization, the slides were stained with hematoxylin and
eosin12 and Picrosirius red staining for collagen ﬁbers.

Immunohistochemistry
Cryosections (5 mm thick) of GN and anterior tibialis
muscles isolated from PBS-treated, oATP-Sgca, and WT
control mice were ﬁxed in acetone at 20 C for 10 minutes,
washed three times in PBS, and then washed twice in
0.025% PBS/Triton. Sections were incubated in 8% bovine
serum albumin in PBS (blocking solution) for 1 hour at
room temperature. Then, sections were incubated with primary antibodies diluted in 1% bovine serum albumin in
PBS solution overnight at 4 C. The next day, sections were
washed two times with 0.025% Triton in PBS, incubated 15
minutes in 0.3% H2O2 in PBS, and subsequently incubated
with an Envision secondary antibody for 1 hour. After being
rinsed two times with PBS (5 minutes each), the sections
were stained with a diaminobenzidine substrate solution
(freshly made just before use), counterstained with hematoxylin, washed with deionized water, dehydrated through
ﬁve changes of alcohol (70%, 90%, 95%, 100%, and 100%)
for 1 minute each, cleared in two changes of xylene
(3 minutes each), and mounted with a Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). Slides
were observed under a Leica Diaplan microscope (Leica,
Wetzlar, Germany). The number of positive cells was
blindly counted (S.Bar. and S.A.) on the whole sections per
mouse. The total area of the section was measured and
expressed in arbitrary units.
For immunoﬂuorescence, unﬁxed cryosections (5 mm
thick) of GN and anterior tibialis muscles were incubated in
common antibody diluent (BioGenex, San Ramon, CA) for
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Table 1

List of Primers Used in This Study

Name

Accession number

Primer sequence

mPTPRC-F
mPTPRC-R
mADGRE-1-F
mADGRE-1-R
mEGR2-F
mEGR2-R
mCD3e-F
mCD3e-R
mCD4-F
mCD4-R
mCD8a-F
mCD8a-R
mFOXP3-F
mFOXP3-R
mAREG-F
mAREG-R
mIL10-F
mIL10-R
mMYOG-F
mMYOG-R
mSPP1-F
mSPP1-R
mIFNg-F
mIFNg-R
mIL6-F
mIL6-R
mCTGF-F
mCTGF-R
mTGFb1-F
mTGFb1-R
mGAPDH-F
mGAPDH-R
mPPIA-F
mPPIA-R
mRPL13a-F
mRPL13a-R

NM_001111316.2
NM_001111316.2
NM_010130.4
NM_010130.4
NM_010118
NM_010118
NM_007648.4
NM_007648.4
NM_013488.2
NM_013488.2
NM_001081110.2
NM_001081110.2
NM_001199347
NM_001199347
NM_009704
NM_009704
NM_010548
NM_010548
NM_031189
NM_031189
NM_001204201
NM_001204201
NM_008337
NM_008337
NM_001314054
NM_001314054
NM_010217
NM_010217
NM_011577
NM_011577
NM_008084
NM_008084
NM_008907
NM_008907
NM_009438
NM_009438

50 -ATCTATCCCGCCCAGAATGG-30
50 -TGCTGTCTTCCTGGGCTTTA-30
50 -CCCCAGTGTCCTTACAGAGTG-30
50 -GTGCCCAGAGTGGATGTCT-30
50 -GGACCCAGGTCTCATTCCTA-30
50 -GAGTCCAGAGGACAGGGAAA-30
50 -AAGCCTGTGACCCGAGGAAC-30
50 -CTGGGTTGGGAACAGGTGGT-30
50 -GACAGTGTTCCTGGCTTGCG-30
50 -GCACCTGACACAGCAGAGGA-30
50 -ATGGCTTCATCCCACAACAAG-30
50 -CGTGTCCCTCATGGCAGAA-30
50 -CAGTCAAAGAGCCCTCACAA-30
50 -AAGGCAGGCTCTTCATGTTT-30
50 -AAGGAGGCTTCGACAAGAAA-30
50 -TTTACCCTGCATTGTCCTCA-30
50 -CCCAGAAATCAAGGAGCATT-30
50 -TCACTCTTCACCTGCTCCAC-30
50 - AGTGAATGCAACTCCCACAG-30
50 -CTGTCCACGATGGACGTAAG-30
50 -TGACGATGATGATGACGATG-30
50 -GGGACGATTGGAGTGAAAGT-30
50 -TCCTTTGGACCCTCTGACTT-30
50 -GTAACAGCCAGAAACAGCCA-30
50 -CTGGAGCCCACCAAGAACGA-30
50 -TGTGAAGTCTCCTCTCCGGACT-30
50 -GAGTGTGCACTGCCAAAGAT-30
50 -GGCAAGTGCATTGGTATTTG-30
50 -CCCTATATTTGGAGCCTGGA-30
50 -CTTGCGACCCACGTAGTAGA-30
50 -AACTTTGGCATTGTGGAAGG-30
50 -CCATCCACAGTCTTCTGGGT-30
50 -TCCTGGCATCTTGTCCATGG-30
50 -TTCAGTCTTGGCAGTGCAGA-30
50 -TCCGATAGTGCATCTTGGCC-30
50 -AAGTACCAGGCAGTGACAGC-30

Accession numbers from https://www.ncbi.nlm.nih.gov/pubmed/Nucleotide.
F, forward; R, reverse.

10 minutes and after with primary antibodies (CD45, P2X4,
and P2X7 antibodies) overnight at 4 C. After three washes
with PBS, sections were incubated with ﬂuorescent secondary
antibodies in common antibody diluent for 1 hour at room
Table 2

List of Primer/Probe Sets Used in This Study

Probe

Catalog number

mP2RX1
mP2RX2
mP2RX3
mP2RX4
mP2RX5
mP2RX6
mP2RX7
mIL1b
mGAPDH
mACTA1

Mm00435460_m1
Mm01202368_g1
Mm00523699_m1
Mm00501787_m1
Mm00473677_m1
Mm00440591_m1
Mm00440578_m1
Mm00434228_m1
4352932E
Mm00808218_g1
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temperature in the dark. After being washed three times with
PBS, sections were mounted with Vectashield mounting
medium with DAPI (Vector Laboratories). Images were obtained using a Leica SPE confocal microscope equipped with
argon/He-Ne laser sources and an HCX PL APO CS
63.0  1.40 oil objective. During image acquisition, the 488
and 594 lasers were set at 20% energy, and the emission
range was between 500 and 550 and between 650 and 700 nm
for P2X 488 and CD45 594, respectively. The photomultiplier
voltage gain was set to eliminate cell autoﬂuorescence.
Single-plane images were taken at the center of cell thickness.

Real-Time Quantitative PCR
Total RNA was extracted from GN muscles (from 20 to 55
mg) isolated from PBS-treated mice, oATP-Sgca mice, and
WT controls, according to the manufacturer’s protocol
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Figure 1 Inﬂammatory response and T-regulatory cell (Treg) activation in Sgca mice. Total RNA isolated from the gastrocnemii of 10 Sgca and 7 age- and
sex-matched WT mice was reverse transcribed. The pattern of expression of molecular markers of innate [receptor-type tyrosine-protein phosphatase C (PTPRC),
adhesion G-proteinecoupled receptor E1 (ADGRE1), and early growth response protein 2 (EGR2)] and adaptive [CD3, CD4, and T-cell surface glycoprotein CD8 a
chain (CD8A)] immunity, of Treg activation [forkhead box protein P3 (FOXP3), amphiregulin (AREG), and IL-10)], and of proinﬂammatory cytokines [interferon
(IFN)-g, IL-1b, and IL-6] was determined by real-time quantitative PCR. PPIA and RPL13A transcript levels were used as housekeeping genes. Data are
expressed as medians  ﬁrst and third quartiles. PTPRC: WT Z 0.11 (0.05 to 0.18), Sgca Z 0.82 (0.39 to 1.05). ADGRE1: WT Z 0.21 (0.09 to 0.24),
Sgca Z 0.85 (0.43 to 0.96). EGR2: WT Z 0.05 (0.01 to 0.32), Sgca Z 0.59 (0.29 to 1.02). CD3: WT Z 0.25 (0.02 to 0.52), Sgca Z 0.89 (0.06 to 1.36). CD4:
WT Z 0.06 (0.06 to 0.11), Sgca Z 0.63 (0.44 to 1.05). CD8A: WT Z 0.09 (0.04 to 0.17), Sgca Z 0.06 (0.04 to 0.11). FOXP3: WT Z 0.31 (0.30 to 0.31),
Sgca Z 0.43 (0.41 to 0.57). AREG: WT Z 0.001 (0.001 to 0.17), Sgca Z 0.40 (0.07 to 0.57). IL-10: WT Z 0.02 (0.01 to 0.05), Sgca Z 1.00 (0.39 to 1.18).
IL-1b: WT Z 0.02 (0.062 to 0.21), Sgca Z 0.38 (0.31 to 1.05). IL-6: WT Z 0.37 (0.22 to 0.489), Sgca Z 0.67 (0.52 to 0.86). IFN-g: WT Z 0.06 (0.0 to
0.27), Sgca Z 0.66 (0.49 to 1.24). Statistical analysis was performed using the U-test. *P < 0.05, **P < 0.01, and ***P < 0.001.

(DNase treatment). Quality and quantity of RNA were
analyzed using a NanoDrop spectrophotometer (NanoDrop
Technologes, Inc., Wilmington, DE).
The cDNA was synthesized from 350 ng of total RNA
with the iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
Hercules, CA). Each RNA sample was controlled for
genomic DNA contamination without reverse transcriptase
addition into a cDNA synthesis mixture. For receptor-type
tyrosine-protein phosphatase C (CD45), adhesion G-proteine
coupled receptor E1 (F4/80), early growth response protein 2,
CD3 ε chain, CD4, CD8 a chain, interferon-g (IFN-g), IL-6,
FOXP3, IL-10, amphiregulin, myogenin, osteopontin
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(secreted phosphorylated protein 1), connective tissue growth
factor, and TGF-b1 transcript quantiﬁcation, real-time
quantitative PCR (qPCR) was performed in triplicate with
the 2 Sso Fast EvaGreen Supermix in the CFX96 RealTime PCR Detection System (Bio-Rad Laboratories). Speciﬁc primers for the mouse genes were designed through
Beacon Designer software version 2.0 (Premier Biosoft
International, Palo Alto, CA) and are listed in Table 1.
Brieﬂy, the 15-mL PCR mixture contained diluted cDNA
that corresponded to 8.75 ng of total RNA and 0.2 mmol/L
of each primer. Relative expression levels were normalized
using the comparative Ct (DDCt) method with two
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Figure 2 Sgca myoblasts display a decreased ecto-ATPase activity and undergo apoptosis on treatment with ATP or benzoyl ATP (BzATP). A: Total protein
lysates, isolated from primary myotubes from Sgca and WT age-matched controls, were subjected to Western blot analysis. Membranes were probed with a
mouse monoclonal antiea-SG, b-dystroglycan (b-DG), antiecaveolin-3 (Cav-3), and myosin heavy chain (MyHC) antibody. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. Samples were run in triplicate. Representative images are shown. B: Primary myotubes isolated from Sgca
and WT mice were cultured in basal medium containing ATP at 0.3 mmol/L. At subsequent times (0, 5, and 15 minutes), 100-mL aliquots of the incubations
were withdrawn and ATP degradation was determined by the phosphate high-performance liquid chromatography analysis. C: Total protein lysates, isolated
from primary myotubes from Sgca and WT age-matched controls, were subjected to Western blot analysis. Membranes were probed with a mouse monoclonal
anti-CD39 antibody. GAPDH was used as a loading control. Samples were run in triplicate. Representative images are shown. D: Primary myotubes isolated from
Sgca mice were pretreated with 1 mg/mL lipopolysaccharide (LPS) for 4 hours and then incubated with 3 mmol/L ATP and 300 mmol/L BzATP for 16 hours. The
cells were stained with the Annexin A5 FITC/7-AAD Kit, and apoptosis was evaluated by ﬂow cytometry. Data are expressed as medians  ﬁrst and third
quartiles (B); statistical analysis was performed using the U-test. Data are expressed as percentage of apoptotic cells (Annexinþ7-AAD- þ Annexinþ7-AADþ;
D). One representative experiment of three performed is shown. n Z 4 wells per genotype (B). *P < 0.05.

housekeeping genes (peptidylprolyl isomerase A and ribosomal protein L 13a) by the Bio-Rad CFX Maestro software
1.0 version 4.0.2325.0418. For each speciﬁc primer set, the
efﬁciency was >95% and a single product was seen on the
melting curve analysis.
For mouse P2X receptors and IL-1b quantiﬁcation, qPCR
was performed in triplicate with the 2 Sso Fast Probes
Supermix (Bio-Rad Laboratories) in a CFX96 Real-Time
PCR Detection System. The 15-mL PCR mixture contained
diluted cDNA that corresponded to 12.5 ng of total RNA,
and premixed primer/probe sets were ordered from Applied
Biosystems (Foster City, CA) (Table 2). Relative expression
levels were normalized using the comparative Ct (DDCt)
method with the housekeeping gene Gapdh and actin-a 1
(Acta1, a muscle speciﬁc gene, NM_001272041.1), by the
Bio-Rad CFX Maestro software.
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Western Blot Analysis
Total protein lysates were isolated from PBS-treated
mice, oATP-Sgca mice, and WT GN muscles, as previously described.8 Equal amounts of protein (40 to 120 mg)
were resolved in 8% to 15% SDS-PAGE gel and transferred onto polyvinylidene diﬂuoride membranes
(Immobilon PVDF, Billerica, MA). Membranes were
blocked with 5% bovine serum albumin in PBS/0.1%
Tween 20. Blots were then incubated overnight at 4 C
with primary antibodies. Horseradish peroxidase anti-IgG
was used to visualize bound primary antibodies with the
chemiluminescence system (Bio-Rad Laboratories). Band
intensities were evaluated by densitometry using the
Alliance Mini HD9 AutoAutomatic system (Uvitec,
Cambridge, UK).

359

Gazzerro et al

Figure 3

P2X4 and P2X7 purinergic receptors are
signiﬁcantly up-regulated in Sgca muscle tissue. Total
RNA isolated from the gastrocnemii of 10 Sgca and 7
age- and sex-matched WT mice was reverse transcribed. The pattern of expression of P2X receptors
(Rs) was determined by real-time quantitative PCR.
P2X2R transcript levels were not measurable. P2X4R
and P2X7R transcripts are signiﬁcantly up-regulated in
a-SGedeﬁcient mice. Gapdh and Acta1 were used as
housekeeping genes. Data are expressed as
medians  ﬁrst and third quartiles. P2X4: WT Z 0.147
(0.140 to 0.249), Sgca Z 0.907 (0.549 to 1.905).
P2X7: WT Z 0.217 (0.167 to 0.258), Sgca Z 0.767
(0.362 to 1.630). Statistical analysis was performed
using the U-test. *P < 0.05.

Ecto-ATPase Activity
Satellite cells were seeded in 24-well plates (5.5  104 cells/
well) and cultured until they completely differentiated into
mature myotubes. After removal of the culture medium, cells
were washed once with 1 mL Hanks’ balanced salt solution,
and 0.35 mL Hanks’ balanced salt solution containing 0.3
mmol/L ATP was added. At various times (0, 5, and 15 minutes), 100-l aliquots of the incubations were withdrawn and
incubations were stopped by ﬁltration with a multiscreen vacuum manifold using Immobilon-P membrane plates (Millipore,
Bedford, MA). ATP degradation was determined by the
phosphate high-performance liquid chromatography analysis,
as previously described.13 Cells were lysed, and protein content
in each well was determined by Bradford assay.

Apoptosis
Satellite cells were seeded in 24-well plates (6  104 cells/
well) and cultured until they completely differentiated into
mature myotubes. The cells were pretreated with LPS
(1 mg/mL) for 4 hours and then incubated with 3 mmol/L
ATP and 300 mmol/L BzATP for 16 hours. Then, myotubes
were analyzed by ﬂow cytometry, according to other studies
that have adopted the same technique.14e16 Speciﬁcally, the
cells were stained with the Annexin A5 FITC/7-AAD Kit,
and apoptosis was evaluated by ﬂow cytometry, according
to the manufacturer’s instructions. Sample analysis was
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performed using a Gallios cytometer (Beckman-Coulter)
and Kaluza software version 1.1 (Beckman-Coulter).

Statistical Analysis
Most of the analyzed variables were not normally distributed,
as conﬁrmed by the Shapiro-Wilk test, and therefore differences of quantitative parameters between two groups of mice
were analyzed by the U-Mann Whitney test for nonparametric
data. P < 0.05 was considered statistically signiﬁcant. Data are
expressed as medians  ﬁrst and third quartiles, as described in
Results and ﬁgure legends. Statistica software version 9.1
(StatSoft Co, Tulsa, OK) was used for all of the statistical analyses. Graphs were generated with Graph Pad Prism software
version 6.0 (Graph Pad Software, San Diego, CA).

Results
Sgca Skeletal Muscle Displays an Increased Expression
of Markers of Innate and Adaptive Immunity
To quantify the inﬂammatory response in muscles isolated
from Sgca mice, the transcript levels of different immune
cell markers and of distinct cytokines were analyzed,
compared with muscles isolated from age-matched WT
mice. a-SGedeﬁcient muscle overexpressed leukocytes as
well as macrophage surface proteins. Receptor-type tyrosineprotein phosphatase C (CD45), adhesion G-proteinecoupled
receptor E1 (F4/80), and early growth response protein 2
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P2X7R is overexpressed in Sgca muscle cells, whereas P2X4R is mainly expressed in CD45þ cells. A: Frozen muscle tissue sections of gastrocnemii
(GN) from Sgca and WT mice were immunostained with a monoclonal anti-CD45 antibody (red) and a monoclonal P2X7R antibody (red). Representative images are
shown. White arrows indicate examples of the positive cells for P2X7R. B: Frozen muscle tissue sections of GN from Sgca and WT mice were immunostained with a
monoclonal anti-CD45 antibody (red) and a monoclonal P2X4R antibody (red). Representative images are shown. Yellow arrows indicate examples of the positive
cells for P2X4R and CD45. n Z 4 (A and B, Sgca and WT mice). Scale bar Z 25 mm (A and B). Original magniﬁcation, 40 (A and B).

Figure 4

were up-regulated by 7.5-, 4.1-, and 10-fold, respectively.17
CD3 transcripts were increased by 3-fold, with a 10 foldincrease of the proportion of CD4-expressing lymphocytes,
and a 30% reduction in CD8A mRNA levels. Moreover, CD4
induction was associated with a 1.8-fold up-regulation of
FOXP3, a marker of CD4þ T-regulatory (Treg) cells.
The recruitment of immune cells in the muscle of Sgca mice
was conﬁrmed by a 4.7-, 1.8-, and 11-fold induction of the
proinﬂammatory cytokines IL-1b, IFN-g, and IL-6, respectively, but also by a 50- and 3-fold induction of the Treg-speciﬁc
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anti-inﬂammatory cytokine IL-10 and of the Treg-secreted
growth factor amphiregulin, respectively (Figure 1).

Sgca Primary Myotubes Are Characterized by a Defect
in Ecto-ATPase Activity and Undergo Apoptosis on ATP
Treatment
Primary satellite cells were isolated from the forelimb, hind
limb, and diaphragm muscles of passage 8 to passage 10 old
Sgca and WT mice and cultured until they completely
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For the evaluation of apoptosis, the cells were pretreated
with 1 mg/mL LPS for 4 hours, incubated with 3 mmol/L
ATP and 300 mmol/L BzATP for 16 hours, and then stained
with the Annexin A5 FITC/7-AAD Kit. The feasibility of a
citoﬂuorimetric assay in myotubes has been previously
determined.14e16 The number of apoptotic muscle cells was
determined measuring the percentage of Annexin Vþ/7AAD and Annexin Vþ/7-AADþ cells (early and late
apoptosis, respectively). The pretreatment with LPS is
supported by the observation that LPS caused a marked upregulation of striatal P2X7 expression.18 ATP and, more
potently, BzATP induced apoptosis, an effect that was
further enhanced by a pretreatment with LPS (Figure 2D).

P2XR Is Expressed in Sgca Muscle Tissue

Figure 5

oATP improves muscle strength and ameliorates creatine kinase
(CK) serum levels in Sgca mice. A: Four-limb hanging test was performed on
PBS-Sgca (light gray line), oATP-Sgca (dark gray line), and age-matched WT
controls (black line) at the beginning and at the end of the second and
fourth week of treatment. B: Serum CK levels were evaluated at the end of the
fourth week of treatment. Blood samples were obtained via cardiac puncture
from PBS-Sgca, oATP-Sgca, and WT mice. Data are expressed as
medians  ﬁrst and third quartiles. WT Z 675 (130 to 1220), PBSSgca Z 8460 (3835 to 24,635), oATP-Sgca Z 5360 (3500 to 5440). Statistical analysis was performed using the U-test. Data are expressed as
means  SD (A). n Z 12 animals (A); n Z 10 animals for each experimental
group (B). *P < 0.05 for oATP-treated mice versus PBS-treated mice.

differentiated into mature myotubes. The absence of expression of a-SG was conﬁrmed by Western blot analysis on total
cellular extracts. Sgca-deﬁcient cells displayed normal levels
of caveolin-3 and myosin heavy chain, thus indicating the
achievement of a functional muscle cell phenotype. The
decrease observed in b-dystroglycan levels is in accordance
with the disruption of the dystrophin-glycoprotein complex in
a-sarcoglycanopathies (Figure 2A).
The ecto-ATPase activity was quantiﬁed by measuring ATP
metabolism in mass spectrometry, in WT and Sgca cells
switched to a basal medium containing ATP at 0.3 mmol/L.
When compared with the WT, Sgca cells were characterized by
decreased ecto-ATPase activity (Figure 2B), resulting in
increased ATP levels in culture medium. Muscle cells express
the ecto-ATPase CD39, which converts ATP to ADP. However, the increase in ATP levels observed in the Sgca group
appeared to be speciﬁcally related to the absence of the a-SG
ecto-ATPase activity because the protein levels of CD39 were
not modiﬁed between Sgca and WT muscle lysates
(Figure 2C).
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The pattern of expression of the P2XR was evaluated in
muscle lysates from the GN of Sgca mice and age-matched
WT controls. A speciﬁc up-regulation of P2X4R and
P2X7R transcripts (sixfold and fourfold, respectively) was
observed (Figure 3), whereas P2X2R transcript levels were
not measurable (Figure 3). To determine whether P2X4R
and P2XR7 were expressed in myoﬁbers or in inﬁltrating
inﬂammatory cells, a coimmunostaining was completed
with the pan-granulocyte marker C45 and P2X4 and P2X7R
antibodies, respectively, in GN sections.
P2X4R was hardly detectable on the muscle cell membrane in WT mice, and it was up-regulated and colocalized
with CD45-positive cells in the Sgca mutants (Figure 4A).
P2X7R expression was weak in WT myoﬁbers, whereas
clear and speciﬁc P2X7R patches at the plasma membrane
level were detected in Sgca muscle ﬁbers, suggesting an
induction and a higher functionality of the receptor because
of its cell surface localization. This same feature has been
previously shown in the monocytic subset of myeloidderived suppressor cells isolated from tumor-bearing
mice19 (Figure 4B).

Targeting P2X Signaling in Vivo Improves Biochemical
and Functional Parameters of Disease Progression in
Sgca Mice
Given the representation of different P2XR in Sgca muscles,
we aimed at initially achieving a pleiotropic antagonistic
effect on eATP signaling cascade. Four-weekeold Sgca
mice were treated with oATP, a compound known to act on
multiple P2X receptor molecules. oATP was administered
via i.p. injections, at the dose of 6 mmol/L. Sgca mice
injected with vehicle alone (PBS) and a group of age- and
sex-matched WT C57Bl/6 mice served as controls. Mice
were weighted at the beginning (baseline) of the treatment
and then on a weekly basis. No signiﬁcant difference was
detected between the various groups (data not shown). The
evaluation of muscle strength was completed by the fourlimb hanging test at the beginning of the treatment (time 0)
and at the end of the second and fourth weeks of treatment.
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Figure 6 oATP improves the extension of reactive
inﬂammatory inﬁltrates and morphologic features in
Sgca mice. A: Frozen muscle tissue sections of gastrocnemii (GN) from PBS-Sgca and oATP-Sgca mice were
collected at the fourth week of treatment and stained
with acid phosphatase. Black arrows indicate inﬂammatory inﬁltrates. Representative images are shown. B:
Graph of the analysis of the fraction areas and intensities
of inﬂammatory inﬁltrates/total section area of muscles
represented in A. Data are expressed as medians  ﬁrst
and third quartiles. Area: WT Z 0.006 (0.002 to 0.0267),
PBS-Sgca Z 0.117 (0.09 to 0.14), oATP-Sgca Z 0.063
(0.04 to 0.09). Signal intensity: WT Z 71,886 (12,400 to
217,000), PBS-Sgca Z 6.30  106 (4.01  106 to 9.12
 106), oATP-Sgca Z 3.85  106 (2.53  106 to 6.13 
106). Statistical analysis was performed using the U-test.
C: The number of central nuclei was quantiﬁed in 600
ﬁbers of three consecutive ﬁelds for each muscle section
stained with hematoxylin and eosin. Data are expressed
as medians  ﬁrst and third quartiles. WT Z 2.00 (1.00
to 3.00), PBS-Sgca Z 82.91 (80.18 to 89.34), oATPSgca Z 70.89 (64.76 to 75.01). Statistical analysis was
performed using the U-test. D: Total RNA isolated from
GN lysates from PBS-Sgca, oATP-Sgca, and WT agematched controls was reverse transcribed. Myogenin
transcripts (Myog) were quantiﬁed by real-time quantitative PCR. Ppia and Rpl13a served as housekeeping
genes. Data are expressed as medians  ﬁrst and third
quartiles. WT Z 0.054 (0.037 to 0.076), PBSSgca Z 0.669 (0.19-1.39), oATP-Sgca Z 0.217 (0.10 to
0.55). Statistical analysis was performed using the Utest. n Z 10 (A, PBS-Sgca and oATP-Sgca mice, C, mice
for each experimental group, and D, PBS-Sgca, oATPSgca, and WT mice). *P < 0.05, **P < 0.01. Original
magniﬁcation, 10 (A). AU, arbitrary unit.

As expected from the literature, the untreated Sgca group
displayed a progressive worsening of muscle strength along
time, whereas the oATP-Sgca cohort maintained the scores
measured at time 0 (P < 0.05 for oATP-treated mice versus
PBS-treated mice after 4 weeks) (Figure 5A).
Serum creatine kinase concentrations, a marker of muscle
cell degeneration, were evaluated at the end of the trial by
cardiac puncture. Creatine kinase was markedly increased in
PBS-Sgca mice when compared with the WT cohort,
whereas the treatment with the P2X antagonist led to a 35%
decrease of this effect (Figure 5B).

Inhibition of P2X Signaling Ameliorates Morphologic
Features and Reduces the Amplitude of the Innate and
Adaptive Immune Responses in Sgca Mice
The fraction area and the intensity of the inﬂammatory
reactions surrounding degenerative/necrotic muscle cells
were evaluated in GN from PBS- and oATP-treated animals
by acid phosphatase staining, which provides a red positive
signal in activated macrophages and degenerative myoﬁbers. These parameters were decreased in the oATP-treated
group by 46% and 38%, respectively (P < 0.01 and
P < 0.05, respectively) (Figure 6, A and B).
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Muscle morphology was quantiﬁed in GN by standard
hematoxylin and eosin staining. Central nucleation (percentage), a sign of dystrophic myopathic damage, was
reduced by 14% in GN of oATP-treated animals (Figure 6C).
Moreover, muscle tissue from untreated Sgca mutants, when
compared with WT mice, displayed an increase of myogenin
transcripts, a muscle-speciﬁc transcription factor expressed
by committed myoblasts in regeneration and typically upregulated in the degenerative/regenerative cell cycles of
active muscular dystrophies. This effect was blunted by 67%
after oATP treatment, thus suggesting an inhibition of
degenerative cellular events (Figure 6D).
In diaphragms, P2X antagonism resulted in a 71% and 11%
decrease in the areas and number of the inﬂammatory reactions
surrounding the muscle cells in necrosis, respectively (hematoxylin and eosin staining). The beneﬁcial effect of purinergic
antagonism was associated also with a 16% reduction of
centralized nuclei (P<0.05) (Supplemental Figure S1).
Immunostaining and measurement of the CD45þ and
Ly6Cþ leukocytes inﬁltrating the muscle tissue revealed a
positive signal for both markers in different sites of the inﬂammatory responses surrounding necrotic ﬁbers. When
quantiﬁed by automated microscopy on the total section
area, the number of CD45þ and Ly6Cþ cells in the total
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Figure 7 oATP induces a decrease of inﬂammatory cytokines and monocyte inﬁltration in muscles from Sgca mice. A: Frozen muscle tissue sections of
gastrocnemii (GN) from PBS-Sgca and oATP-Sgca mice were collected at the fourth week of treatment and immunostained with a monoclonal anti-CD45
antibody (red), monoclonal anti-Ly6C antibody (red), and monoclonal antiecaveolin-3 antibody (green). Representative images are shown. White arrowheads indicate examples of the positive cells for CD45 and Ly6C markers. B: Graph of the number of CD45þ, Ly6Cþ cells/arbitrary unit (AU) of total section area
of muscles represented in A. Data are expressed as medians  ﬁrst and third quartiles. CD45: PBS-Sgca Z 8.80 (5.06 to 13.22), oATP-Sgca Z 4.54 (2.51 to
8.18). Ly6C: PBS-Sgca Z 6.02 (4.35 to 11.36), oATP-Sgca Z 4.51 (3.14 to 5.64). Statistical analysis was performed using the U-test. C: Total protein lysates,
isolated from GN of oATP-treated Sgca (oATPþ), untreated Sgca (oATP-), and WT age-matched controls, were subjected to Western blot analysis. Membranes
were probed with a mouse monoclonal antieactivating signal cointegratore1 (ASC-1) antibody. Samples were run in triplicate. Representative images are
shown. n Z 10 (A, PBS-Sgca and oATP-Sgca mice). Original magniﬁcation, 20 (A). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

areas was inhibited by 45% and 25%, respectively, in
oATP-treated mice (Figure 7, A and B).
Accordingly, the protein levels of ASC-1, a coactivator of
NF-kb, were undetectable in WT mice, markedly increased
in Sgca muscle lysates, and signiﬁcantly inhibited after P2X
blockade (Figure 7C).
The immunostaining and measurement of the CD3 lymphocytes inﬁltrating the muscle tissue showed a CD3-positive
signal in different sites of reactive inﬂammatory responses.
When quantiﬁed by automated microscopy on the total section area, the fraction areas of CD3-positive signal were
reduced by 52% in oATP-treated mice (data not shown).
Despite the decrease in the total number of CD3-positive
cells, FOXP3þ cells were increased in muscle tissue of
oATP-treated Sgca mutants by 34% (Figure 8, A and B).
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The mechanisms of how oATP affects innate and adaptive response in Sgca skeletal muscle were also investigated
by quantiﬁcation of muscular IL-1b, IL-6, and IFN-g transcripts. When compared with the PBS cohort, these cytokines were reduced by 49%, 39%, and 44%, respectively, in
the oATP group (Figure 8C).

Targeting P2X Signaling in Vivo Decreases Muscular
Fibrotic Degeneration, Reducing the Transcription of
Muscle Proﬁbrotic Factors in Sgca Mice
In accordance with this anti-inﬂammatory image, P2X
blockade led to a reduction of the transcription of ﬁbrogenic
factors, which ultimately stimulate endomysial ﬁbrosis and
connective replacement of muscle tissue. The transcripts of
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Figure 8 oATP decreases the total number of CD3þ lymphocytes but increases the extension of forkhead box protein P3 (Foxp3)epositive cells in
Sgca mice. A: Frozen muscle tissue sections of gastrocnemii (GN) from PBS-Sgca and oATP-Sgca mice were collected at the fourth week of treatment
and immunostained with a monoclonal anti-FOXP3 antibody. White arrowheads indicate FOXP3þ cells. Representative images are shown. B. Graph of
the number of CD3þ and FOXP3þ cells/arbitrary unit (AU) of total section area of muscles represented in A. Data are expressed as medians  ﬁrst and
third quartilesPBS-Sgca Z 0.971 (0.72 to 1.07), oATP-Sgca Z 1.308 (1.19 to 1.94). Statistical analysis was performed using the U-test. C: Total RNA
isolated from GN lysates from PBS-Sgca and oATP-Sgca mice was reverse transcribed. IL-1b, IL-6, and interferon (IFN)-g transcripts were quantiﬁed by
real-time quantitative PCR. Ppia and Rpl13a served as housekeeping genes. Data are expressed as medians  ﬁrst and third quartilesIL-1b: PBSSgca Z 0.378 (0.311 to 1.04), oATP-Sgca Z 0.190 (0.13 to 0.49). IL-6: PBS-Sgca Z 0.674 (0.52 to 0.86); oATP-Sgca Z 0.409 (0.28 to 0.54). IFN-g:
PBS-Sgca Z 0.660 (0.49 to 1.23), oATP-Sgca Z 0.367 (0.27 to 0.57). Statistical analysis was performed using the U-test. n Z 10 (A and C, PBS-Sgca
and oATP-Sgca mice). *P < 0.05, **P < 0.01. Original magniﬁcation, 20 (A).

osteopontin (secreted phosphorylated protein 1), connective
tissue growth factor, and TGF-b1 were quantiﬁed in total
muscle lysates isolated from the GN of WT, PBS-treated,
and oATP-treated Sgca mice and displayed a 79%, 45%,
and 77% reduction in the presence of eATP blockade,
respectively (Figure 9).
The effects of oATP on collagen type I and on TGF-b
were also conﬁrmed at the protein levels. P2X antagonism
prevented the up-regulation of collagen type I observed in
the untreated cohort, and it led to a reduction of both
dimeric (25 kDa) and monomeric (15 kDa) active TGF-b
isoforms (Figure 10A).
Accordingly, histologic analyses by Masson trichrome
staining on GN sections revealed that oATP treatment led to
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a 20% decrease of the fraction area (Figure 10, B and C).
Staining with Picrosirius red in diaphragms corroborated a
40% and 43% decrease of the fraction area and the intensity
of ﬁbrotic tissue in the oATP-treated group, respectively
(Supplemental Figure S2).

Discussion
In sarcoglycanopathies, the mechanically weaker plasma
membrane is easily damaged during muscle contraction,
allowing release of intracellular antigens, inﬁltration of
immune cells, and induction of proﬁbrotic cytokines and
growth factors.3 Although different experimental models
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Figure 9

oATP induces a decrease of proﬁbrotic factors in muscles from
Sgca mice. Total RNA isolated from gastrocnemii lysates from PBS-Sgca,
oATP-Sgca, and WT age-matched controls was reverse transcribed.
Secreted phosphorylated protein 1 (SPP1), connective tissue growth factor
(CTGF), and transforming growth factor-b (TGF-b) transcripts were
quantiﬁed by real-time quantitative PCR. Ppia and Rpl13a served as
housekeeping genes. Data are expressed as medians  ﬁrst and third
quartiles. SPP1: WT Z 0.015 (0.01 to 0.02); PBS-Sgca Z 0.591 (0.16 to
1.34), oATP-Sgca Z 0.123 (0.11 to 0.32). CTGF: WT Z 0.532 (0.51
to 0.71), PBS-Sgca Z 0.822 (0.74 to 1.62), oATP-Sgca Z 0.452 (0.33
to 0.53). TGF-b: WT Z 0.187 (0.15 to 0.40), PBS-Sgca Z 1.491 (0.36 to
1.82), oATP-Sgca Z 0.339 (0.34 to 0.81). Statistical analysis was performed using the U-test. n Z 10 (PBS-Sgca and oATP-Sgca mice); n Z 5
(WT age-matched controls). *P < 0.05, **P < 0.01.

have shown how distinct anti-inﬂammatory approaches may
enhance stem cell therapy in mice,20 the molecular mechanisms that trigger the immune-mediated damage in this
disorder have not been described yet. Likewise, limited are
the clinical studies and the clinical experience on antiinﬂammatory strategies in human sarcoglycanopathies.
Conversely, in Duchenne muscular dystrophy, it has been
extensively highlighted that the immune system exerts a
dichotomous role because two types of inﬂammation that
promote and repair muscle injury are activated in the muscle
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tissue.21e25 Type 1 inﬂammation is characterized by increased
expression of IFN-g and is counterregulated by type 2 cytokines, such as IL-4 and IL-13, and the Treg anti-inﬂammatory
cytokine IL-10.
Herein, it was found that type 1 and type 2 inﬂammation
are activated also in a-SG deﬁciency. When compared with
WT animals, a-SGedeﬁcient muscle tissue displayed
higher expression levels of proinﬂammatory cytokines, such
as IL-1b, IFN-g, and IL-6, augmented content of the
proinﬂammatory molecule ASC-1, and increased inﬁltration
of CD45 leukocytes, macrophages (innate immunity), and
CD4þ lymphocytes (adaptive immunity). This process was
counteracted by an increase in the number of FOXP3þ
CD4þ Tregs, which also showed an activated phenotype, as
conﬁrmed by induced levels of the cytokine IL-10.
The potential role of the DAMP molecule eATP was next
studied in the development of this tissue-speciﬁc immunemediated damage, and it was shown, for the ﬁrst time, that
P2X-purinergic signaling is involved in this pathologic
cascade.
Sgca mice were characterized by an enhanced expression
of P2X4 and P2X7 receptors in muscle tissue, conﬁrming
that SG defects, as dystrophinopathies, result into a purinergic pathway overactivation. Although P2X4R was mainly
up-regulated in CD45þ inﬂammatory cells inﬁltrating the
muscle, P2X7R was overexpressed on the plasma membrane
of Sgca muscle ﬁbers. Noteworthy, in dystrophic cells, the
receptor molecules were found to be organized in speciﬁc
patches, suggesting in the monocytic subset of myeloidderived suppressor cells isolated from tumor-bearing mice.19
An excess of ATP in the extracellular milieu can be
counteracted by the action of the ecto-ATPases CD39 and
CD73, which in subsequential order convert ATP to adenosine. However, also, a-SG displays in its C-terminal
domain an ecto-ATPase function, and its absence causes a
more consistent accumulation of ATP in the culture medium
of primary myotubes. In turn, as already shown in distinct
cell systems, an excessive extracellular ATP stimulation is
able to exert a direct toxic effect in muscle cells because it
induces apoptosis.26,27 The molecular basis of the proapoptotic effect can be because of an effect on mitochondrial
metabolism or the association with pannexin molecules and
the formation of a cytolytic pore (ie, a large conductance
channel).
According to these ﬁrst observations, the pharmacologic
inhibition of purinergic signaling via oATP led to an
improvement of muscular function and structure, a reduction of the innate/adaptive immune response and ﬁbrosis,
and an increase in FOXP3þ CD4þ Treg muscle inﬁltration.
In this scenario, it is likely that the oATP-mediated boosting
of Treg muscle inﬁltration played a role in ameliorating the
Sgca mice phenotype. It has been shown that skeletal
muscle resident Treg, producing IL-10 and expressing Areg,
controls the switch of type 1 to type 2 inﬂammation in
injured muscle and acts directly on muscle satellite cells,
improving muscle repair.28e30 Noteworthy, myoblasts
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Figure 10 oATP induces a decrease of collagen
proﬁbrotic factors in muscles from Sgca mice. A:
Total protein lysates, isolated from gastrocnemii
(GN) of PBS-Sgca, oATP-Sgca, and WT age-matched
controls, were subjected to Western blot analysis.
Membranes were probed with a rabbit polyclonal
anti-collagen type I and a mouse monoclonal anti
etransforming growth factor-b (TGF-b; the 25-kDa
dimer and the 15-kDa monomer) antibody.
Representative images are shown. B: Frozen muscle tissue sections of GN from PBS-Sgca, oATPSgca, and WT age-matched controls were collected
at the fourth week of treatment and stained with a
standard Masson trichrome stain protocol. Representative images are shown. C: Graph of the fraction areas of ﬁbrotic blue positive signal/arbitrary
unit (AU) of total section area of muscles represented in B. Data are expressed as medians  ﬁrst
and third quartiles. WT Z 0.029 (0.026-0-031),
PBS-Sgca Z 0.077 (0.076 to 0.107), oATPSgca Z 0.061 (0.052 to 0.067). Statistical analysis was performed using the U-test. n Z 6 (A,
PBS-Sgca, oATP-Sgca, and WT mice); n Z 5 (B,
PBS-Sgca, oATP-Sgca, and WT mice). *P < 0.05 for
WT versus Sgca. Original magniﬁcation, 10 (B).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

isolated from mdx mice showed an increased cytosolic Ca2þ
ion inﬂux and IL-1b release when stimulated with BzATP,31
thus evoking an active role of skeletal muscle cells in the
inﬂammatory mechanism through P2X-purinergic signaling.
The assessment of Sgca and LGMD2D primary myoblast
behavior under eATP stimulation and the direct effect of
P2XR inhibition on these cells will be evaluated in our
future studies.
oATP was originally described as an irreversible P2X7R
antagonist32 but was shown later to also block other P2XRs,
such as the P2X4 subtype,33 making this compound a good
candidate for a ﬁrst proof of principle of our hypothesis in
Sgca mice, in which an up-regulation of both P2X7 and
P2X4 receptors was found. oATP has also demonstrated
promise as a treatment modality in several models of
autoimmune diseases. Successful examples are experimental
models of collagen-induced arthritis, autoimmune diabetes,
allergic encephalitis, autoimmune colitis, and allograft
rejection in cardiac and islet transplantation.33e39 In these
disorders, the compound works as a suppressor of the innate
and adaptive immunity as well as an inductor of Treg
expansion.
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However, numerous other P2XR antagonists, more efﬁcient and more speciﬁc, have been discovered in the past
few years, especially anti-P2X7R.40e43 CE-224,535 has
been tested in clinical trials for rheumatoid arthritis in
patients with an inadequate response to methotrexate. The
drug was not efﬁcacious, compared with placebo, but
demonstrated an acceptable safety and tolerability proﬁle
(NCT00628095).44,45 The purinergic P2X7 antagonist
AZD9056 was shown to have the potential to improve
symptoms in patients with moderate-to-severe Crohn disease combined with a beneﬁcial risk proﬁle. AZD9056 was
well tolerated, and no serious adverse events were reported.46 The molecule GSK1482160 has already been
explored as a possible tool to detect neuroinﬂammation, and
a phase I clinical study in humans is currently undergoing
(NCT00849134).47
Currently, no therapies are available for LGMD2D patients. Many studies in each of the four sarcoglycan deﬁciencies demonstrated that viral-mediated gene transfer,
using adeno-associated vectors, can correct the pathologic
signs of the disease in animal models.48e56 However, some
previous a-SG gene transfer experiments revealed the
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occurrence of speciﬁc immune response, leading to generation of a-SGespeciﬁc antibody, T-cell inﬁltration of
treated muscles, and disappearance of the vector. In this
respect, we suggest that P2X-purinergic signal antagonism,
with its double anti-inﬂammatory effect (inhibition of
innate/adaptive inﬂammatory response and enhancement of
immune tolerance by Treg expansion), could be associated
with gene transfer therapies for the treatment of LGMD2D
to obtain a more stable a-SG expression.
Moreover, this study is in agreement with recent lines of
research, which emphasize the relevance of DAMPs in
chronic degenerative disorders. Intriguingly, these sophisticated molecules are danger signals important not only for
the inﬂammatory response but also for tissue repair because
they can orchestrate tissue healing by acting on different
receptors. Thus, better understanding of the consequences of
DAMP signaling on muscle inﬂammation and on muscle
regeneration is the key to promote tissue repair and healing.
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Abstract: In muscle ATP is primarily known for its function as an energy source and as a mediator of the
“excitation-transcription” process, which guarantees muscle plasticity in response to environmental
stimuli. When quickly released in massive concentrations in the extracellular space as in presence
of muscle membrane damage, ATP acts as a damage-associated molecular pattern molecule
(DAMP). In experimental murine models of muscular dystrophies characterized by membrane
instability, blockade of eATP/P2X7 receptor (R) purinergic signaling delayed the progression of the
dystrophic phenotype dampening the local inflammatory response and inducing Foxp3+ T Regulatory
lymphocytes. These discoveries highlighted the relevance of ATP as a harbinger of immune-tissue
damage in muscular genetic diseases. Given the interactions between the immune system and muscle
regeneration, the comprehension of ATP/purinerigic pathway articulated organization in muscle cells
has become of extreme interest. This review explores ATP release, metabolism, feedback control and
cross-talk with members of muscle inflammasome in the context of muscular dystrophies.
Keywords: eATP; P2X7R; inflammasome; muscular dystrophies; Duchenne Muscular Dystrophy;
Sarcoglycanopathies

1. Introduction
In muscle cells, intracellular adenosine triphosphate (ATP) is the most abundant energy molecule
participating in various signaling pathways (i.e., substrate in kinase-mediated signal transduction,
synthesis of cyclic (c)AMP, nucleotides and DNA, etc.). However, ATP is also released in the extracellular
space, where it acts as a signaling molecule with paracrine/autocrine effects. It can act as a find me
signal from apoptotic cells, where it helps phagocytes to find and safely clear apoptotic cells [1] or as a
damage-associated molecular patterns (DAMPs) when it is massively dispersed in the extracellular
space in several cell stress—and cell death-inducing conditions, such as mechanical stress, cytotoxic
agents, hypoxia or plasma membrane damage [2–4]. In this scenario, extracellular ATP (eATP)
activates P2 receptors, which include P2XRs and P2YRs, respectively ionotropic and metabotropic
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receptors. Currently, seven P2XRs have been cloned in mammals (P2XR1-7) [5]. Their activation leads
to intracellular modification of cations, such as K+ , Na+ and Ca2+ [6].
Among the P2XRs, P2X7R responds to high concentration of eATP (>100 µM) [5]. P2X7R
is composed by the assembly of three sub-units (homo-trimer) [5]. Each subunit is composed of
595 aminoacids and is formed by a bulky extracellular loop, two transmembrane domains, a short
intracellular N-terminus (26 aminoacids) and an extended intracellular C-terminus [7]. In addition to
be a non-selective cation channel, P2X7R induces the formation of a plasma membrane pore, permeable
to large molecules [8,9] and whose formation can be followed by measurements of the uptake of
fluorescent dyes up to 900 kDa, such as ethidium bromide and YO-PRO1 [10–12]. The P2X7R’s ability
to form the membrane large pore is intrinsic to the receptor itself; however, it has been debated whether
P2X7R requires pannexins, annexins or connexins in order to create the pore [13–15]. Pore formation
occurs upon eATP sustained stimulation and induces cell death via a range of several pathways
(e.g., aponecrosis, autosis and autophagy) [9,16,17]. Experimental evidence indicates that, upon ATP
stimulation, the opening of P2X7R non-selective cation channel occurs within milliseconds, whereas
the formation of a large pore takes place within seconds [18,19].
P2X7R activation results in a plethora of additional downstream effects, including cell proliferation
and differentiation [20–22], release of pro-inflammatory mediators [23] and activation of metabolic
pathways such as the PI3K/Akt/GSK-3 which has been associated with oncogene regulation [24,25] and
tumor progression towards malignancy [26,27]. Most of these effects are due to the P2X7R-mediated
Ca2+ influx or K+ efflux and are mediated by the C-terminus tail, which is involved in the proper
positioning of the receptor in signaling complexes and in the preservation of an efficient channel
function [28,29].
P2XR7 was first described in lymphocytes and macrophages [30,31] and later identified in all
immune cell types belonging to both the innate and the adaptive immunity where its role has been
extensively elucidated [32–34]. Nevertheless, P2X7R has also been detected in non-hematopoietic cells,
which can cooperate with the immune cells and contribute to the amplification of the inflammatory
processes triggered by eATP [34].
The signal triggered by P2X7R is modulated by the activity of ecto-ATPase enzymatic activities,
such as ecto-nucleoside triphosphate diphosphohydrolases (ENTPDases) and ecto-50 -nucleotidase
(50 -NT) [4]. More specifically, eATP is hydrolyzed to ADP and AMP, mainly by CD39, an ENTDPase.
Subsequently, CD73, a 50 -NT, hydrolyzes AMP to adenosine, which, in turn activates receptors of the P1
ADORA receptor family, represented by four subfamilies (A1, A2A, A2B, and A3) [4]. Stimulation of
P1 receptors exerts mostly immunosuppressive and anti-inflammatory effects, contributing to dampen
the inflammatory response induced by P2X7R activation [35]. Adenosine deaminase (ADA) regulates
adenosine levels by deaminating this nucleoside intoinosine.
Hence, P2X7R-mediated signal activity varies according to the tissue availability of eATP,
the receptor density on the cell membrane surface, the co-factors expressed in the specific tissue
and the efficiency of hydrolyzing enzymes, which switch off the purinergic signal. Moreover, in the
same cellular system, the role for P2X7R may profoundly vary according to the proliferative stage,
the functional differentiation phase and the occurrence of pathological derangements.
We will focus on the role of the eATP/P2X7R axis in skeletal muscle cells and muscular tissue
in physiological and pathological conditions. Furthermore, we will represent the purinergic signal
in muscle as a fine tuned signaling, which activates the inflammasome pathway and requires the
orchestrated regulation of different players such as the connexin and pannexin channels, the adenosine
receptors and the toll-like receptors (TLRs).
2. P2X7R in Skeletal Muscle Cells and Muscular Tissue at Steady State and Under
Pathological Conditions
P2X7R activation in muscle cells shows a dichotomic effect: at physiological low eATP
concentrations P2X7R tonic activation is crucial for myoblasts proliferation and differentiation. Under
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pathological conditions, with increased eATP release and pro-inflammatory state, P2X7R signaling
activates cell inflammatory pathways and accelerates cell death.
2.1. P2X7R Signaling in Muscle Cells
P2X7R was first detected in C2C12 cell line, an immortalized mouse myoblast cell line [36],
in which the purinergic signal is developmentally regulated. Mature myotubes present higher ATP
release, P2 receptor surface expression and activity, as well as ATP-hydrolyzing enzyme expression
when compared to undifferentiated myoblasts [37]. Among P2XRs, P2X7R protein expression is low in
quiescent myoblasts, it increases in proliferating myoblasts and is highly represented in myotubes.
In myoblasts, P2X7R stimulates proliferation, which is enhanced by Benzoil ATP (BzATP), an agonist
of P2X7R, and inhibited by oxidized ATP (oATP), an antagonist of P2X7R. P2X7R blockade, via oATP,
prevents myotubes formation, suggesting a role in full myoblast differentiation [38], although the
specific molecular mechanisms still need to be clarified.
P2X7R’s role in muscle regeneration is controversial. Muscle regeneration and growth are
regulated by the muscle stem cells, named satellite cells (SCs), which express the Pax7 transcriptional
factor and support the muscle homeostasis through their capacity to activate and to start differentiation
and self-renewal. The latter processes are driven by the transcriptional factor MyoD, which regulates
the transition of SCs from the state of quiescence toward the activation [39–41]. In the mdx/P2X7R−/−
mice, a double knock-out lacking P2X7R and the dystrophin protein (mdx, a spontaneous mouse model
of Duchenne Muscular Dystrophy), P2XR7 gene inactivation led to enhanced expression of Myogenin
compared to the mdx mice [42]. However, P2X7R indirect inhibitory effects on inflammation with the
consequent reduction of myofiber degeneration/regeneration cycles hinders the dissection of P2X7R
direct action on muscle progenitors in in vivo experiments with dystrophic models. Although the role
of P2X7R in muscle regeneration has been evaluated in different neuromuscular disorders, this aspect
has been not fully characterized in normal muscle after an acute injury.
The ability to dampen the P2X7R signal is also differently modulated during muscle cell
development. Ecto-nucleotidase activity is low in myoblasts and progressively increases during
differentiation [37]. Skeletal muscle also presents with a tissue specific ENTPDase, the α-sarcoglycan,
expressed in fully differentiated myoblasts, which hydrolyzes only ATP and accounts for the 25% of the
total ecto-nucleotidase activity in myoblasts [43]. Contrarily to other ENTPDases [44,45], α-sarcoglycan
shows low affinity for ATP (in the mM range) [43], making its role crucial in muscular diseases such as
muscular dystrophies characterized by an increased availability of eATP.
2.2. P2X7R Triggers the Inflammasome Signaling in Dystrophic Muscle Cells
Primary myoblasts isolated from mdx mice show a significantly increase of P2X7R both at the
transcript and the protein levels compared to wild types (wt) [46]. Indeed, P2X7R expression is
up-regulated by the increased concentration of eATP itself and by exposure to a chronic inflammatory
milieu [47]. Accordingly, mdx myoblasts demonstrate an enhanced P2X7R-dependent calcium
influx and a sustained extracellular signal-regulated kinases 1/2 (ERK1/2) phosphorylation [46,48],
which is involved in Reactive Oxygen Species (ROS) production via NADPH oxidases (NOXs)
phosphorylation [49,50].
Adinolfi et al. reviewed the P2X7R-driven intracellular inflammatory pathways which range from
the leucine-rich repeat (LRR)-containing protein 3 (NLRP3)-inflammasome activation, to the ERK/MAPK
kinases and phospholipase A2 phosphorylation and NF-kB transcription factor induction [51]. Muscle
cells express the inflammasome platform including NLRP3, a member of the Nucleotide-binding
domain (NBD) and leucine-rich repeat (LRR)-containing proteins (NLRs) which contains a pyrin
domain 3, the adaptor protein apoptosis-associated speck-like protein containing a caspase recruitment
domain (ASC), and the cysteine protease pro-caspase-1. The latter cleaves the cytokines pro-IL-1β and
pro-IL-18 into their active forms, facilitating the infiltration of immune cells to damaged or infected
tissues and inducing the IL-18 mediated interferon-gamma (IFN-γ) production [52–54]. An in vitro
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challenge with P2X7R agonists of primary skeletal muscle cells isolated from dysferlin-deficient and
mdx mice was used to simulate the pathological condition occurring in muscular dystrophies [55].
Both myoblasts and myotubes from dysferlin-deficient and mdx mice showed a higher basal expression
of P2XR, and treatment with Lipopolysaccharides/BzATP (LPS/BzATP) increased the levels of ASC,
pro-caspase-1 and pro-IL1b in comparison to wt cells [55]. As a consequence of NLRP3 activation, IL-1β
inhibits muscle regeneration and conversely its blocking with recombinant IL-1 receptor antagonist
(Kineret® ) leads to a marked improvement of in vitro muscle differentiation and in vivo amelioration
of muscle strength [56,57]. Thus, skeletal muscle cells are equipped with a functional inflammasome
pathway and actively participate to the inflammatory response upon P2X7R stimulation. A two-signal
model has been suggested for NLRP3 inflammasome turn-on. The priming signal (first step) is
provided by TLRs, upon DAMPs or pathogen associated molecular patterns (PAMPs) stimulation.
Among DAMPs, the molecules which can trigger TLRs activation are the high-mobility group box
1 (HMGB1), the heat shock proteins (HSPs), as well as extracellular matrix degradation products
(hyaluronan, heparan sulphate and biglycan) generated as a result of proteolytic enzymes derived
from dying cells [58]. Particular interest has been focused on HMGB1, a nuclear protein that acts as a
DNA chaperone in the nucleus and as a signal of tissue damage (DAMP) when extracellularly released,
thus contributing to inflammation [59].
TLRs have raised particular attention as potential contributors to muscular dystrophies
pathogenesis. As such, TLR2 and TLR4 expression has been reported in myoblasts isolated from
wt (C57BL/6J) and dysferlin deficient mice (SJL/J) [55] and mdx mice have shown increased HMGB1
together with increased TLR4 sensitivity [60,61].
The first step induces an intracellular downstream signaling leading to NF-kB nuclear translocation
with the subsequent upregulation of pro-IL-1β and pro-IL-18 transcripts, together with an increase
in NLRP3 expression to a functional level [62]. All TLRs but TLR3, require the Myddosome adaptor
protein to initiate the downstream intracellular signaling. The Myddosome complex is an oligomeric
signaling platform, consisting of the Myeloid differentiation primary response 88 (MyD88) and IL-1
receptor associated kinases 1 and 4 (IRAK1-4) which recruits the TNFR-associated factor (TRAF) 6 to
induce NF-kB nuclear translocation [63,64].
The triggering signal (second step) leads to the NLRP3 inflammasome assembly and is provided
by a multitude of stimuli, ranging from K+ efflux, ROS generation, mitochondrial and lysosomal
damage [62]. Despite the heterogeneity of stimuli listed above, the quick drop of intracellular K+
concentration, caused by opening of plasma membrane channels (P2X7R included) and responsible of
the assembly of the fully active NLRP3 complex (NLRP3-ASC-NEK7-Caspase-1), is considered the
most common event for inflammasome triggering [65–67] (Figure 1).
As shown in other cell types [9,16], also myoblasts are susceptible to the detrimental effect of the
P2X7R-dependent large pore formation. Indeed, a sustained exposure of mdx primary myoblasts to
BzATP induces the formation of a large non-selective membrane pore which leads to an increased cell
death rate mediated by the heat shock proteins HSP90 and HSPA2 [17].
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response in dystrophic muscle [72]. Although macrophages are the most prevalent inflammatory
cell type at early stages, other myeloid cells invade the dystrophic tissue and cooperate with the M1
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The action of eATP/P2X7R in accelerating muscle cell death in muscular dystrophy is realized
through direct and indirect mechanisms. Activation of an abnormal influx of Ca2+ leading to myofiber
The action of eATP/P2X7R in accelerating muscle cell death in muscular dystrophy is realized
apoptotic events, induction of NLRP3 inflammasome and formation of membrane pores in2+muscle cells
through direct and indirect mechanisms. Activation of an abnormal influx of Ca leading to
imbricate with an indirect tissue damage from cells of the innate and adaptive immunity infiltrating the
myofiber apoptotic events, induction of NLRP3 inflammasome and formation of membrane pores
tissue (Figure 3). Indeed, P2X7R participates in a feed-forward loop, which contributes to productive
in muscle cells imbricate with an indirect tissue damage from cells of the innate and adaptive
T-cell activation [79,80], while P2XR7 blockade determines the functional polarization of naive CD4+
immunity infiltrating the tissue (Figure 3). Indeed, P2X7R participates in a feed-forward loop,
cells to adaptive T Regulatory (Tregs) on T-cell receptor stimulation [81,82].
which contributes to productive T-cell activation [79,80], while P2XR7 blockade determines the
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via purinergic antagonism, is of particular interest since Tregs acutely and chronically infiltrate injured
muscle tissue [75,76], exerting a double protective activity. Tregs modulate the myeloid population
from a pro- to an anti-inflammatory phenotype and actively promote muscle repair, directly acting on
satellite cells, via Areg secretion [75].
P2X7R genetic ablation or pharmacological inhibition exerts not only an anti-inflammatory
activity but also an anti-fibrotic effect [42] with a decreased concentration of fibrotic mediators such as
Transforming Growth Factor (TGF)-β and connective tissue growth factor (CTGF) [78]. Interestingly,
P2X7R ablation also ameliorates the cardiac pathology, improves brain performance [42] and bone
osteoporotic phenotype [88].
3. Other Regulators of P2X7R Signaling
The presence of eATP in the extracellular space depends on a balance between ATP release
and ATP-degradation by ecto-enzymes. ATP release occurs through both nonspecific and specific
mechanisms. The former as consequence of plasma membrane disruption or cell death, and the
latter mediated by different mechanisms, including vesicle and microvesicle exocytosis and
transporters/channels, mainly connexin and pannexin hemichannels or the P2X7R itself [4]. In the
context of muscular dystrophy, both the mechanisms including the plasma membrane instability,
pannexin, connexin and P2X7R work together in controlling the release of ATP.
Each connexin hemichannel consists of six protein subunits, and each subunit is characterized by
four transmembrane domains, connected by two extracellular loops and one intracellular loop, with
cytoplasmic carboxyl and amine terminals. Connexins are classified according to the molecular weight
(MW) of their subunits, with connexin 43 being the more abundant and involved in many processes.
A gap junction is formed by two hemichannels exposed by adjacent cells: through gap juctions,
different molecules are exchanged between cells. Instead, a single hemichannel can mediate the release
in the extracellular environment of molecules with a MW below 1–2 kDa, including transmitters, as
for instance ATP and nicotinamide adenine dinucleotide (NAD). Connexin hemichannels opening
can occur at both physiological and pathological conditions and is regulated by different factors,
including Ca2+ concentration, pH, oxidative stress and mechanical stimulation [4,89,90]. Although
connexins and pannexins do not share sequence homology, they possess a similar structure (N and
C terminal domain in the cytosol, four transmembrane domain and extra- and intra-cellular loops).
The pannexin family in humans is composed of pannexin-1,-2 and -3. Pannexins are only present as
hexamerich emichannels, and, as connexin hemichannel, they mediate the extracellular release of small
molecules, including nucleotides. Pannexin channels opening is mediated by different conditions,
i.e., cleavage of the C-terminal tail by caspases, intracellular Ca2+ concentration, plasma membrane
depolarization, activation of the P2X7R, redox potential changes, and mechanical stress [4,91]. In the
following paragraphs we will review the role of pannexins and connexins in skeletal muscle, and the
possibility of targeting these channels in muscle diseases. In addition, we will discuss a novel feedback
loop inactivating P2X7R, i.e., the upregulation of MMP2 expression.
3.1. Pannexins
Pannexin hemichannels were reported to mediate ATP release upon electrical stimulation [92,93],
mechanical stress, and elevated extracellular potassium ion concentration [94]. Pannexin (PANX) 1
and 3 are expressed by myoblasts and SCs and are involved in the regulation of myoblast proliferation,
differentiation and skeletal muscle development [92,95,96]. PANX1 levels are dramatically induced
during myoblast differentiation, whereas PANX3 is mainly expressed in differentiated human
skeletal muscle tissue, and its over-expression inhibits myoblast proliferation and induces their
differentiation [95,96].
In adult muscle tissue, the PANX1-mediated ATP release after electrical stimulation was shown to
potentiate skeletal muscle contraction [97,98] and, as part of a multiprotein complex with the voltage
sensor dihydropyridine receptor and Cav1.1, to regulate gene expression, including slow-type Troponin
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gene [99]. In addition, PANX1 regulates the oxidative state during exercise [100]. PANX3 has also been
demonstrated to mediate eATP release [101], likely being involved in contraction and metabolism [96].
In mdx mice PANX1 and PANX3 levels are dysregulated, even though in different ways depending
on the muscle type [96]. ThePANX3 role in DMD is still to be fully characterized: it has been suggested
that PANX3-mediated ATP release may contribute to attraction of monocytes, which may enhance
muscle inflammation [94].
Overall, pannexins are important to regulate myoblasts proliferation, differentiation and
commitment. Electrical stimulation of myotubes, by causing ATP release, regulates gene expression
and muscle plasticity. Furthermore, and importantly to this review, pannexins are critical in enhancing
the purinergic signaling to potentiate muscle contraction [102]; in muscular dystrophies, the purinergic
signaling seems to be over-activated by the pannexin-mediated eATP release, upon mechanical stress
and high concentration of extracellular K+ . Accordingly, PANX1 and P2X7R were found to functionally
and physically interact [103–105], thus enabling Pannexins to sense the P2X7R mediated K+ efflux and
to release ATP with a positive feedback loop primed by P2X7R activation.
3.2. Connexins
The role of connexins (Cxs), particularly of Cx43, in different cardiomyopathies, including
DMD-associated cardiomyopathies, is well established. Less is known regarding the role of Cx43 and
other connexins in skeletal muscle [106].
Some members of the connexin family, i.e., Cx39, Cx43 and Cx45, are expressed, along with
pannexins, by murine myoblasts and are involved in the regulation of cell proliferation and
differentiation [92,107]. In myofibers, connexin expression is down-regulated, and their re-expression
occurs during healing processes of injured muscle [107].
Muscle biopsies obtained from patients affected by dysferlinopathy are characterized by expression
of Cx40.1 (the Cx hortolog of Cx39 in humans), Cx43 and Cx45. Connexins were expressed by myotubes
in a functional form, as demonstrated by uptake assays, together with P2X7R and the Ca2+ channel
TRPV2. These three channels are likely responsible for a dysregulation in Ca2+ homeostasis [108].
Similarly, also myofibers from DMD patients and from mdx mice express Cx40.1/Cx39, Cx43 and
Cx45 and form functional hemichannels, likely representing key elements in the pathogenesis of the
disease [109].
The main isoforms shown to determine ATP release are Cx43, Cx37, Cx26 and Cx36 [110].
Cx43 activation is triggered by changes in the intracellular calcium concentration, cell membrane
depolarization, ROS and nitric oxide (NO) [111]. Moreover, in monocytes and macrophages, it has
been reported a role of TLR 2-4 in Cx43 activation [111,112]. All these trigger factors have been
reported in dystrophic mouse models, making likely an involvement of these channels in ATP release
in muscular dystrophies.
Recently, Nouet and coll. confirmed that Cx43 is over expressed in DMD skeletal muscle, by the
use of a mouse mdx/wt chimera, a mouse model of DMD manifesting female carriers. Interestingly,
in their study, they unveil that Cx43 is not expressed by wt or dystrophinopathic muscle fibers but
rather by infiltrating F4/80+ mononuclear cells. Cx43 gene inactivation improved histological features
of muscular dystrophy in mdx/chimera mice suggesting that the development of anti-Cx43 therapies
could be beneficial to ameliorate inflammation in DMD [106].
3.3. eATP/P2X7R Turning off Mechanisms in Skeletal Muscle
No studies reported the role of the ectoenzymes CD39 and CD73, hydrolyzing extracellular
nucleotides, in regulating P2X7R opening in skeletal muscle. Nevertheless, as previously reported,
skeletal muscle presents with a tissue specific ENTPDase, the α-sarcoglycan, which carries on the 25%
of the total ecto-nucleotidase activity in myoblasts [43].
A novel feedback loop inactivating P2X7R and involving the matrix metalloproteinases (MMPs) has
been proposed in muscular cells as in different cell types [113,114]. MMPs are a family of zinc-dependent

Int. J. Mol. Sci. 2020, 21, 5963

10 of 18

endopeptidases that are involved in the degradation of various proteins in the extracellular matrix
(ECM) [115] and recently, the P2X7R has been unveiled as a MMP2 target [114]. In presence of chronic
P2X7R stimulation, MMP-2 activity is up-regulated in skeletal muscle and MMP-2 takes part in an
autocrine P2X7R negative feedback signaling. Indeed, high eATP concentration leads to P2X7R large
pore formation, which triggers MMP-2 translocation from the cytosol into the extracellular space.
The released MMP-2, in turn, exerts its proteolytic function, inactivating the P2X7R [114,116].
3.4. Adenosine and ADORA Receptors
Adenosine, the nucleoside derived primarily from the extracellular hydrolysis of adenine
nucleotides, is a potent regulator of inflammation and mediates the transition from inflammation to
healing, negatively feedbacking eATP effects. Adenosine is active on inflammatory cells (monocytes,
macrophages and T cells) by engaging one or more cell-surface receptors. The adenosine receptors
belong to the category of purinergic P1-receptors, which have been classified into different subtypes
(A1, A2A, A2B, A3) [4]. The cellular effects are mediated by G-proteins. A1 and A3 adenosine receptors
exert an inhibitory action on adenylyl cyclase via Gi-proteins, while A2A and A2B receptors stimulate
the enzyme by virtue of the Gs-protein. A1 and A2A are high affinity receptors with activity in
the low to mid-nanomolar range whereas A2B has a substantially lower affinity and it is triggered
by high and rapid eATP accumulation and conversion to adenosine [117]. Adenosine-A2A binding
turns-on a wide range of anti-inflammatory pathways among which inhibition of NF-kB signaling
and NLRP3 inflammasome, ultimately inducing the switch from M1 to modified M2 macrophage
phenotype [118,119]. The role of A2B is not completely clear and the results of current research seem
ambiguous. While some studies indicate that Th17 differentiation is stimulated by increasing IL-6
production in dendritic cells upon A2B triggering [120], others sustain that A2B, when stimulated,
promotes T cell differentiation in Tregs [121]. Similarly, the A3 receptor function varies from a pro-to
an anti-inflammatory and anti-fibrotic effect in different cell types [122,123]. The adenosine A2A and
A2B, but not the A1 receptors were found to be present in human skeletal muscle cell membrane
and cytosol. The adenosine A1, A2A and A2B receptors were also observed in smooth muscle cells
as well as in the endothelial cells [124]. The main intracellular pathway allocated downstream of
adenosine A2 receptors in muscular cells is the cAMP/PKA cascade. Stimulation of the adenosine A2
receptors will lead to activation of adenylyl cyclase and the production of cAMP, causing activation of
the cAMP-dependent protein kinase (PKA) which in turn may phosphorylate an array of different
proteins, e.g., transcription factors such as the cAMP response element binding protein (CREB), thus
leading to changes in gene transcription [125].
In cardiac and skeletal muscle adenosine is involved in both the regulation of blood flow [126]
and in the synergistic effect of contraction and insulin stimulated glucose uptake [127].
Injured murine skeletal muscle is characterized by increased expression of A2B and A3; however,
different cell types including macrophages infiltrating the site of injury express adenosine receptors
and a complete study dissecting the involvement of the different cells has not been performed yet [124].
A recent study showed that increased number of systemic CD8/CD26 T cells correlated with
muscle strength in DMD patients. The binding of ADA to T cells and the conversion of adenosine
to inosine was increased in subject with high CD8/CD26 cells [128], suggesting that prevention of
adenosine accumulation may protect muscle from immune damage. However, adenosine/inosine role
in muscular dystrophies has not been investigated yet.
4. Prospects, Challenges and Future Directions
In muscular dystrophies, the close coupling between stages of inflammation and stages of muscle
regeneration is encouraging preclinical approaches that explore whether manipulating inflammation
can promote muscle growth and regeneration and can be used in conjunction with gene therapies to
ensure efficacy. In this context, eATP and purinergic signaling seem to be ideal harbingers of tissue
damage in muscular dystrophies. They activate both innate and adaptive immune responses and inhibit
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Treg immunosuppressive feedback mechanisms. eATP also exerts a direct toxic effect on muscle cells
through P2X receptors. Therefore, the inhibition of purinoreceptors represents a translational potential
as a therapeutic strategy for muscular dystrophies. Moreover, due to the fact that the inflammatory
response in DMD and sarcoglycanopathies may abrogate the efficacy of gene replacement therapies,
therapeutic approaches subduing the immune response, can be used in conjunction with gene therapies
to ensure efficacy. However, anti-inflammatory approaches should be considered with extreme caution
since inflammation not only causes detrimental effects in muscular tissue but can also support muscle
regeneration, as demonstrated in experimental models [129,130]. So far, different P2X7R antagonists
have been tested in clinical trials for chronic inflammatory disorders in the past few years (Supplemental
Table S1). Although characterized by satisfactory safety and tolerability profile, they were not effective
at the designed outcomes. New emerging compounds targeting P2XR7 with high specificity and efficacy
were produced [131,132]. Noteworthy, before proposing new P2XR7 antagonists for muscle diseases,
the analysis of in vivo P2X7R conditional gene inactivation in muscle cells versus innate/adaptive
immune cells can provide relevant and novel inputs. Moreover, targeting other components of the
inflammatory machinery such as IL-1β and NLRP3 inflammasome have to be considered. In this
regard, IL-1 receptor antagonist has been shown to improve motor functional outcomes in mdx mice,
although dosage and timing optimization is needed before application in dystrophic patients [57].
In addition it has to be considered that IL-1β production can be mediated by other inflammasomes
rather than NLRP3 or by inflammasome-independent pathways; thus inhibitors aimed at IL-1β can
result in unintentional immunosuppressive effects. In the past decade, many small molecule inhibitors
for NLRP3 inflammasome have been reported and some of them have shown remarkable therapeutic
potential, i.e., MCC950, Tranilast and OLT1177 [133]. However, there are no evidences of efficacy of the
latter compounds in experimental models of muscular dystrophies.
As in other biological systems, the eATP/purinergic pathway is finely modulated also in muscle
cells, which are adequately fitted with molecules regulating ATP release, metabolism, feedback control
and signal activation. Challenging is the development of additional preclinical studies aimed to evaluate
the relevance and potential therapeutic effectiveness of other ATP receptors, of the ATP channels,
Pannexins and Connexins and of adenosine receptors in dystrophic or inflammatory muscle diseases.
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Ana Camacho-Salas,31 Béla Melegh,32 Kinga Hadzsiev,32 Lea Leonardis,33
Blaz Koritnik,33 Matteo Garibaldi,34 Juan Carlos de Leon-Hernández,35 Edoardo Malfatti,36
Arturo Fraga-Bau,37 Isabelle Richard,38 Isabel Illa1,4 and Jordi Dı́az-Manera1,2,5

Sarcoglycanopathies comprise four subtypes of autosomal recessive limb-girdle muscular dystrophies (LGMDR3, LGMDR4, LGMDR5
and LGMDR6) that are caused, respectively, by mutations in the SGCA, SGCB, SGCG and SGCD genes. In 2016, several clinicians
involved in the diagnosis, management and care of patients with LGMDR3–6 created a European Sarcoglycanopathy Consortium. The
aim of the present study was to determine the clinical and genetic spectrum of a large cohort of patients with sarcoglycanopathy in
Europe. This was an observational retrospective study. A total of 33 neuromuscular centres from 13 different European countries collected
data of the genetically conﬁrmed patients with sarcoglycanopathy followed-up at their centres. Demographic, genetic and clinical data
were collected for this study. Data from 439 patients from 13 different countries were collected. Forty-three patients were not included in
the analysis because of insufﬁcient clinical information available. A total of 159 patients had a conﬁrmed diagnosis of LGMDR3, 73 of
LGMDR4, 157 of LGMDR5 and seven of LGMDR6. Patients with LGMDR3 had a later onset and slower progression of the disease.
Cardiac involvement was most frequent in LGMDR4. Sixty per cent of LGMDR3 patients carried one of the following mutations, either
in a homozygous or heterozygous state: c.229C4T, c.739G4A or c.850C4T. Similarly, the most common mutations in LMGDR5
patients were c.525delT or c.848G4A. In LGMDR4 patients the most frequent mutation was c.341C4T. We identiﬁed onset of symptoms before 10 years of age and residual protein expression lower than 30% as independent risk factors for losing ambulation before 18
years of age, in LGMDR3, LGMDR4 and LGMDR5 patients. This study reports clinical, genetic and protein data of a large European cohort of patients with sarcoglycanopathy. Improving our knowledge about these extremely rare autosomal recessive forms of LGMD was
helped by a collaborative effort of neuromuscular centres across Europe. Our study provides important data on the genotype-phenotype
correlation that is relevant for the design of natural history studies and upcoming interventional trials in sarcoglycanopathies.
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Introduction

of patients with mutations in the sarcoglycan genes followed
at neuromuscular centres across Europe. Our aims were to
describe the main clinical and genetic features of the disease
subtypes, investigate potential correlations between genotype
and phenotype, and identify factors influencing the progression of the disease.

Materials and methods
Study design
This study was designed as an observational retrospective study
collecting clinical and genetic data from patients with confirmed
pathogenic mutations in the sarcoglycan genes (SGCA, SGCB,
SGCD or SGCG). The data were collected from clinical assessments during patient clinical care visits. A total of 33 centres
from 16 different countries provided data from their patients.

Patient cohort
The inclusion criteria for the study were: (i) genetically confirmed
diagnosis of sarcoglycanopathy by identification of two heterozygous or one homozygous pathogenic mutation in one of the sarcoglycan genes; and (ii) sufficient data available in the clinical
records to answer questions about disease onset and progression,
presence or absence of cardiac and respiratory involvement and
muscle function status at last clinical assessment. To analyse all
the collected data, patients were categorized according to the
mutated gene in four groups, LGMDR3, R4, R5 and R6, and
then further stratified by presence or absence of symptoms.

Data sources
All participating centres completed a survey for each patient followed and evaluated at the centre. The survey collected demographic, clinical and genetic data and muscle biopsy
information if performed.
Clinical features at first visit and during disease progression
were collected from medical records. The age of disease onset
was defined as the age at which the first symptoms were noticed
by the patients or parents. The following data were collected to
analyse disease progression: age at which patients were not able
to run, age at which patients were not able to get up from a
chair without support, age at which patients were not able to
climb up stairs without using the handrail and age at which
patients began using any walking aids, such as canes, sticks or
walkers. The age of loss of ambulation was defined as the time
when patients were not able to walk short distances (such a
crossing a room) and needed a wheelchair both at home or
when out. Cardiac involvement was defined by a left ventricular
ejection fraction lower than 50% or fractional shortening lower
than 25%, the existence of morphological abnormalities in the
ventricular walls evaluated by echocardiography or the existence
of cardiac conduction defects (Ponikowski et al., 2016;
Lipshultz et al., 2019). The need for ventilatory support was
also recorded as well as the age at which it was started.
We collected the following data on the muscle biopsies:
which muscle was biopsied, age at which the muscle biopsy
was performed, main characteristics observed in the haematoxylin-eosin staining including the presence of internal
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Limb girdle muscular dystrophy (LGMD) is a genetically
inherited condition that primarily affects skeletal muscle leading to progressive, predominantly proximal muscle weakness
at presentation caused by a loss of muscle fibres (Straub
et al., 2017). Mutations in 32 genes have been reported to
cause different types of LGMD, with the sarcoglycanopathies
being one of the most frequent forms (Vainzof et al., 1999;
Straub et al., 2017; Winckler et al., 2019). There are four different sarcoglycan genes associated with autosomal recessive
LGMD (LGMDR3–6; LGMD2D–F): SGCA, SGCB, SGCD
and SGCG encoding for the alpha-, beta-, delta- and
gamma-sarcoglycan proteins respectively. Two other sarcoglycan genes, SGCE and SGCZ have not been associated
with any muscular condition so far. Sarcoglycans are transmembrane glycoproteins that form a tetrameric complex
across the cell membrane of skeletal and cardiac muscle
fibres (Ervasti et al., 1990; Chan et al., 1998; Tarakci and
Berger, 2016). They play an important role in maintaining
muscle membrane integrity during cycles of contraction and
relaxation through association with the dystroglycan complex, which links the subsarcolemmal protein dystrophin to
the basement membrane (Ozawa et al., 2005; Tarakci and
Berger, 2016). Mutations in any of the four sarcoglycan
genes disrupt the whole complex, leading to the loss of
muscle membrane integrity (Duclos et al., 1998; Lim and
Campbell, 1998).
The sarcoglycan genes were identified in the 1990s, and
since then several studies have reported the clinical features of
small cohorts of patients (Eymard et al., 1997; Angelini et al.,
1999; Nalini et al., 2010; Ferreira et al., 2011; Semplicini
et al., 2015; Winckler et al., 2019; Xie et al., 2019). Most
patients develop progressive proximal muscle weakness during the first decade of life, although other rarer phenotypes,
such as asymptomatic hyperCKemia or exercise intolerance,
have also been reported (Trabelsi et al., 2008; Tarnopolsky et
al., 2015; Kyriakides et al., 2020). In general, sarcoglycanopathies are severe disorders characterized by loss of ambulation
during adolescence or in early adulthood, though milder
cases, in which patients are still ambulant at 50 or 60 years
of age, have been described (Gonzalez-Quereda et al., 2018;
Oliveira Santos et al., 2020). Cardiac and respiratory muscle
involvement is frequently part of the clinical picture (Melacini
et al., 1999; Politano et al., 2001; Sveen et al., 2008). Several
studies have tried to establish a correlation between genetic
findings and phenotypes. It has been suggested that mutations
leading to the absence of protein expression cause a severe
phenotype characterized by early loss of ambulation, but it is
not entirely clear if partial loss of expression is associated
with milder phenotypes (Guglieri et al., 2008; Semplicini
et al., 2015). Moreover, even if there are certain clinical similarities between the different types of sarcoglycanopathies,
their relative frequency and the natural history of the individual subtypes is not fully understood.
To answer these questions, we collected demographic,
genetic, clinical and muscle protein data from a large cohort
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sensitivity and specificity loss of ambulation before 18 years of
age, we generated a receiver operating characteristic curve
(ROC). Area under the curve (AUC) and the optimal cut-off
point (also known as Youden’s index) are provided. We used a
Cox proportional hazard regression model for the analysis of
time to wheelchair. To select which variables were associated
with loss of ambulation before 18 years old, we performed a
two-step analysis. First, we performed a univariate analysis using
the chi-squared test for categorical variables and the Student’s ttest for quantitative variables. Those variables that showed a significantly different distribution among groups (considering in
this case P 5 0.1) were included in a multivariable logistic regression modelling and backward eliminated until reaching significance. A ROC curve was generated to test the predictive
power of the final model and AUC is also provided. P was considered significant if 50.05. Statistics analysis was performed by
J.D-M. and J.A-P. using SPSS software version 20 from IBM.

Statistical analysis

Results

Quantitative variables were analysed using the KolmogorovSmirnov test, to verify the normal distribution. Comparison between the different subgroups of patients was performed using
the ANOVA test for quantitative variables and the chi-squared
test for categorical variables. To identify which level of protein
expression, quantified using western blot, predicted with highest

Data availability
The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Patient cohort
A total of 439 patients were collected (Fig. 1, STARD
diagram). Forty-three patients were not included in the analysis because of insufficient genetic or clinical data. We

Figure 1 STARD diagram showing the flow of patients throughout the study.
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nuclei, existence of necrotic fibres, inflammatory infiltrates,
fibrosis or fat replacement. We also collected data on the
remaining protein expression analysed by western blot and
stratified this quantification into: no protein expression
(51%), 530% protein expression, 30–60% protein expression and 460% protein expression compared to controls.
Western blots were performed in all hospitals at the time the
muscle biopsy was performed for diagnosis.
Mutations in the SCGA, SCGB, SCGG or SCGD genes were
collected and centrally reviewed by experienced geneticists from
Hospital Santa Creu I Sant Pau (L.G-Q and P.G.) to predict
pathogenicity. We considered nonsense, frameshift and canonical
splice site mutations as incompatible with full-length protein production as these mutations are predicted to cause a disruption of
the reading frame or a considerable shortening of the transcript
resulting in aberrant degradation. Missense variants and mutations that maintained the reading frame were considered as compatible with protein production. Deep intronic mutations were
also considered as compatible with protein production, as mutations affecting splicing, located outside canonical splice sites, usually produces a certain amount of wild-type transcript.
To reduce the selection bias, patients with more than 30% of
missing data were excluded from the study.
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case of gamma patients, 27.7% had a Roma and 17.8% a
Maghreb background.
There were not significant differences in gender in any of
the subgroups studied (ANOVA, P = 0.69). Thirty-seven per
cent of alpha, 28.8% of beta, 43.3% of gamma and 57.1%
of delta patients had relatives affected by the disease.
Consanguinity was reported in 15.5%, 25%, 49.2% and
85.7% of cases, respectively (Table 1).

Symptoms and muscle function
status
Ninety-six per cent of the patients were symptomatic at the
time of inclusion in the study (Table 1). Non-symptomatic
patients were diagnosed either because they were relatives of
patients with the disease or because they had asymptomatic
hyperCKemia. Age at symptoms onset varied between the
different subtypes: alpha patients experienced first symptoms
later (mean: 10.2; range: 1–45 years) than beta (5.8; 1–22

Table 1 Clinical and demographic features for each type of sarcoglicanopathy

Patients, n
Sex, male/female (Unk)
Families, n
Affected related, n (%)
Symptomatic, n (%)
Age onset, average ± SD [range]
Diagnostic delay, average ± SD [range]
Age at last evaluation, average ± SD [range]
Evolution of the disease, years,
average ± SD [range]
Symptom onset, n (%)
Proximal LL weakness
Proximal UL weakness
HyperCKemia
Symptoms, n (%); average ± SD [range]
Tiptoe gait
Calf hypertrophy
Scoliosis
Scapular winging
Motor function, n (%); average
age ± SD [range]
Running
Walk without aids
WCB
Cardiac involvement, n (%); average
age ± SD (range)
Heart rhythm abnormalities, n (%)
Dilated cardiomyopathy, n (%)
Unknow type of cardiac involvement, n (%)
Respiratory support, n (%); average
age ± SD [range]
Non-invasive ventilation
Invasive ventilation
Death, n (%)

Alpha patients (LGMDR3)

Beta patients (LGMDR4)

Gamma patients (LGMDR5)

159
70/75 (14)
133
60 (37.7)
148 (93.1)
10.2 ± 9 [1–45]
14.1 ± 13.9 [–2–53]
28.9 ± 17.8 [2–74]
19.1 ± 13.6 [0–54]

73
36/37
62
21 (28.8)
73 (100)
5.8 ± 4.1 [1–22]
14.3 ± 13.4 [1–50]
28.3 ± 15.9 [8–66]
21.5 ± 14.2 [4–60]

157
77/80
135
68 (43.3)
152 (96.8)
5.8 ± 3.4 [1–20]
9.2 ± 11.6 [–5–50]
19.9 ± 13 [2–61]
14.7 ± 11.6 [0–50]

n = 102 (46 Unk)
45 (44.1)
30 (20.3)
27 (18.2)
n = 87 (61 Unk)
20 (22.9); 7.4 ± 5.4 [3–25]
50 (57.5); 12.4 ± 11.5 [3–51]
29 (33.3); 16 ± 7.5 [6–35]
39 (44.8); 20.5 ± 12.2 [6–51]
n = 129 (19 Unk)

n = 46 (27 Unk)
25 (54.3)
9 (19.6)
13 (28.3)
n = 35 (28 Unk)
23 (65.7); 8.9 ± 5.9 [2–25]
21 (60); 6.1 ± 2.6 [2–12]
17 (48.6); 17.6 ± 13.6 [7–37]
18 (51.4); 14.9 ± 13 [4–43]
n = 65 (8 Unk)

n = 107 (45 Unk)
53 (49.5)
15 (14)
28 (26.2)
n = 103 (49 Unk)
38 (36.9); 5.7 ± 3 [1–11]
66 (64.1); 6.4 ± 3.7 [2–16]
43 (39.8); 14.7 ± 8 [7–31]
41 (39.8); 12.5 ± 7.3 [2–30]
n = 135 (17 Unk)

15 (11.7); 13.1 ± 4.6 [5–19]
30 (23.4); 29.7 ± 18.5 [4–63]
72 (56.3); 18.6 ± 11.9 [6–62]
14 (10.4); 34.1 ± 14.4 [11–55]

2 (3.2); 16 ± 2.8 [14–18]
7 (10.9); 19.3 ± 11.6 [8–34]
50 (78.1); 16.7 ± 9.5 [5–45]
30 (41.1); 25.8 ± 13.1 [12–54]

10 (7.7); 8.4 ± 8.7 [2–9]
25 (19.2); 12.2 ± 8.7 [4–48]
87 (66.9); 14.6 ± 7 [8–42]
32 (22.5); 21.1 ± 11.2[5–48]

10 (71.4)
1 (7.1)
3 (21.4)

4 (13.3)
19 (63.3)
7 (23.3)

6 (18.8)
19 (59.4)
7 (21.8)

40 (27); 29 ± 11 [12–58]
1 (0.7); 51
3 (1.9)

21 (28.8); 29.8 ± 9.2 [12–44]
3 (3.9); 47,7 ± 8.3 [41–57]
2 (2.7)

35 (23.6); 28.7 ± 11.4 [8–58]
2 (1.4); 37
4 (2.6)

LL = lower limbs; UL = upper limbs; Unk = unknown; WCB = wheelchair-bound.
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included 396 patients from 329 different families in the analysis. We divided the cohort in four different subgroups
depending on the mutated gene (Fig. 1): 159 patients were
classified as LGMDR3 (alpha patients), 73 as LGMDR4
(beta patients), 157 patients as LGMDR5 (gamma patients),
and seven as LGMDR6 (delta patients). Delta patients were
excluded from the general comparisons between groups due
to the low number of patients.
Patients data were collected from 33 hospitals in 13
European countries including: Spain, Portugal, Italy, The
Netherlands, UK, Finland, Czech Republic, Hungary,
Slovenia, France, Germany, Denmark and Belgium. We did
not identify significant differences in the geographic distribution of subgroups across the 33 recruiting sites. However,
beta patients were more prevalent in northern countries,
such as The Netherlands, UK and Denmark, while gamma
patients were more prevalent in southern countries, such as
Spain, Italy and Portugal (Supplementary Fig. 1B and C).
Most of the patients had Caucasian origin (91.9% alpha,
84.5% beta, 45% gamma and 57.1% delta patients). In the
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years) and gamma (5.8; 1–20 years) patients (ANOVA test,
P 5 0.001), while there was no difference in the age of onset
between beta and gamma patients (Table 1 and Fig. 2A).
Mean age at symptoms onset in delta patients was 8.5 years
(range 1–30). Delay in diagnosis, defined as the time from
onset of symptoms to the genetic confirmation of the disease
varied from one subtype to the other, but it was significantly
shorter in gamma patients compared to alpha and beta
patients (ANOVA test, P = 0.004) (Table 1 and Fig. 2B).
The most frequent symptom at onset in all subgroups was
proximal lower limb weakness. However, 25% of all
patients were diagnosed because of the presence of asymptomatic hyperCKemia, muscle pain or because they were relatives of already diagnosed patients (Table 1). At the time of
the survey, 4% of all patients were considered non-symptomatic, as these patients did not have any symptom of
muscle weakness and clinical examination was normal.
Supplementary Table 1 describes their clinical data.
In summary, there were 11 alpha, 0 beta and 5 gamma
patients considered non-symptomatic. Mean age at last visit
was 14.6 years old (range: 2–38) for the alpha and 11 years

(range: 3–24) for the gamma. Clinical examination was normal, and these patients did not have cardiac or respiratory
involvement.
At the time of the survey, 23.4% of all alpha patients
were able to walk without aids while 56.3% were wheelchair-bound. Only 10.9% of beta patients were able to walk
without aids while 78.1% of them were wheelchair-bound.
In the case of gamma patients, 19.2% were able to walk
without aids and 66.9% were wheelchair-bound (Table 1).
Only two of the seven delta patients had lost ambulation at
the time of the survey (mean age of loss of ambulation was
12 years). There were not significant differences in the age at
loss of ambulation between subgroups (ANOVA,
P = 0.053), but we identified a non-significant trend for an
earlier loss of ambulation in beta and gamma patients compared to alpha patients (Fig. 2C). We identified a significant
correlation between the age of onset of symptoms and the
age at loss of ambulation (Pearson correlation, P 5 0.001,
r = 0.61) (Fig. 2D). Interestingly, there were significant
differences in the age at loss of ambulation when patients
were classified as age of onset of symptoms before and after
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Figure 2 Demographic and clinical data of patients with sarcoglycanopathy. (A) Age of onset of the global cohort, the alpha, beta and
gamma patients are shown. (B) Diagnostic delay measured as time in years from onset of symptoms to a genetic confirmatory diagnosis for the
global cohort, alpha, beta and gamma patients. (C) Age of loss of ambulation for the global cohort, alpha (SCGA), beta (SCGB) and gamma (SCGG)
patients. (D) Correlation between age of onset of symptoms and age of loss of ambulation. Pearson test was performed showing a statistically
significant correlation (P 5 0.001) with a correlation coefficient of 0.61. (E) Age at which cardiac involvement was detected for the global cohort,
alpha (SCGA), beta (SCGB) and gamma (SCGG) patients. (F) Age at which ventilatory support was required for the global cohort, alpha (SCGA),
beta (SCGB) and gamma (SCGG) patients. The box plot includes the 25th–75th percentile, the mid lines indicate the median, bars are the 5th–
95th percentiles. Dots represent outlier patients who were standard deviation outliers. ANOVA test, *P 5 0.05, **P 5 0.01. WCB = wheelchair-bound; y = years.
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10 years old (Mantel-Cox test, P 5 0,001) both when the
analysis was performed with all sarcoglycan patients and
when it was performed in each subgroup (Fig. 3).
Furthermore, we observed that the patients who began with
muscle weakness after 18 years of age (n = 20) did not lose
ambulation
during
the
follow-up
assessments
(Supplementary Fig. 2).

Cardiac and respiratory
involvement
The frequency and type of cardiac involvement varied
between subgroups and are described in Table 1. Nineteen
per cent of all patients had cardiac involvement as defined in
the ‘Materials and methods’ section. There were significant
differences in the frequency of cardiac involvement
(ANOVA test, P = 0.001) between the subgroups, with beta
patients showing more frequent cardiac involvement than
alpha or gamma patients, but no differences in the age at
which cardiac involvement was identified (ANOVA test,
P = 0.34) (Fig. 2E). However, we identified a statistically significant correlation between the duration of the disease,
measured as the time from the onset of symptoms, and the
presence of cardiac involvement both in beta and gamma
patients.

Up to 25% of all patients required ventilatory support,
with the treatment recommended at a mean age of 29.1
years (range 8–58). Between the different subgroups we neither identified differences in the frequency of patients requiring ventilatory support (ANOVA test, P = 0.64) nor in the
age at which it was recommended (ANOVA test, P = 0.93)
(Fig. 2F). However, patients requiring ventilatory support
had a significant longer duration of the disease. We specifically analysed the potential influence of scoliosis in the need
of ventilatory support: 69.1% of patients requiring ventilation had scoliosis, while only 31.9% that did not require
ventilation support had scoliosis. These differences were statistically significant (chi-square, P 5 0.001). Additionally, we
observed a non-significant trend of starting the ventilation
earlier for patients with scoliosis compared to those patients
without scoliosis (Student t-test, P = 0.085).
We did not identify differences in the age at onset, age at
loss of ambulation or the remaining sarcoglycan expression
between patients with or without cardiomyopathy and those
with or without ventilatory support.

Genetic studies
A total of 131 different pathogenic variants were identified
in the four sarcoglycan genes (Fig. 4). Interestingly, in each
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Figure 3 Influence of age of onset of symptoms on the time to wheelchair. Kaplan-Meier estimates age in age at wheelchair based in
the age of the patients for all sarcoglycan patients (A), alpha patients (B), beta patients (C) and gamma patients (D). Patients were stratified into
two groups: onset of symptoms before 10 years of age and onset of symptoms after 10 years of age. SGC = sarcoglycan; SGCA = alpha patients;
SGCB = beta patients; SGCG = gamma patients.
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gene two or three mutations were more prevalent than the
others. Moreover, mutations were mainly concentrated in
two or three exons of the genes.

patients having their two variants in these exons. Fifty-three
per cent of the patients had two missense mutations while
28.7% carried two frameshift or nonsense mutations.

Alpha patients

Gamma patients

Eighty-three alpha patients (52.2%) were homozygous for a
single variant. In total, 52 different pathogenic variants were
found in the SGCA gene and three of them were more
prevalent than the others: c.229C4T, p.(Arg77Cys) was
present in at least one allele in 75 patients (47.2% of all
alpha patients), c.850C4T, p.(Arg284Cys) was present in
30 patients (18.9%) and, c.739G4A, p.(Val247Met) in 26
patients (16.4%). Nine of the 53 variants had not been previously described (Fig. 4). Most of the variants were located
in exons 3, 6 and 7, with 103 of 159 (64.4%) patients having their two variants in these exons. Most of the patients
had two missense mutations (74.8%), while only 3.1% carried two frameshift or nonsense mutations.

Beta patients
Fifty-five beta patients (75.2%) were homozygous for a single
variant. In total, 34 different pathogenic variants were found
in the SGCB gene, but one of them, c.341C4T,
p.(Ser114Phe), was the most prevalent, being found in 30
patients (41.1% of all beta patients). Twelve of 34 variants
had not been previously described (Fig. 4). Most of the variants were located in exons 3 and 4, with 55 of 73 (75.4%)

One hundred and thirty-five gamma patients (86%) were
homozygous for a single variant. In total, 41 different pathogenic variants were found in the SGCG gene and two of
them were more prevalent than the others: c.525delT,
p.(Phe175Leufs*20) was present in at least one allele in 71
patients (45.2% of all gamma patients) and c.850C4T,
p.(Arg284Cys) was present in 38 patients (24.2% of all
gamma patients). Thirteen of 41 variants had not been previously described (Fig. 4). Most of the variants were located
in exons 6 and 8, with 112 of 157 (71.3%) patients having
their two variants in these exons. Most of the patients had
two frameshift or nonsense mutations (47.7%) while 33.8%
carried two missense mutations. Interestingly, 43.9% of
gamma patients carried the mutation c.525delT (known as a
Maghrebian founder mutation), while 43.9% carried the
c.848G4A mutation (known as a Roma founder mutation).

Delta patients
The seven delta patients were all homozygous for a single
variant. Four different pathogenic variants were found in the
SGCD gene. Five patients (71.4%) were homozygous for a
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Figure 4 Distribution of the pathogenic variants found in our cohort of patients among the different sarcoglycan genes. The
graph shows the distribution of the pathogenic variants identified in the patients that participated in the study. New variants not previously
described are underlined. Bottom right: legend describes the type of mutation. Delins = deletion or insertion.
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deletion mutation. Two of the four variants had not been
previously described (Fig. 4).

Genotype-protein expressionphenotype correlation
To analyse the potential genotype-phenotype correlation we
studied the impact that the mutation had on the residual
protein expression.
A muscle biopsy was performed in 208 patients (101
alpha patients, 42 beta patients and 65 gamma patients).
Western blot analysis was performed in 55 (54.5% of
patients with muscle biopsy) alpha patients, 20 (47.6%)
beta patients and 35 (53.8%) gamma patients. However,
because of the high frequency of patients sharing the same
mutations and the fact that many patients harboured two
out of frame mutations, we were able to predict remaining
protein expression in 139 alpha patients, 67 beta and 148
gamma patients. There were 20 (12.6%) alpha patients,
six (8.2%) beta patients and nine (5.7%) gamma patients
where it was not possible to know the level of protein
expression.
To identify if protein expression, analysed using western
blot, predicted with high sensitivity and specificity loss of
ambulation before 18 years of age, we generated a ROC
curve (Fig. 5). We observed that optimal cut-off point was
27.5 expression which had an 83.3% sensitivity and
100% specificity. To compare clinical features depending

on the remaining protein expression we categorized all
patients in no expression (51%), 530% expression and
430% expression. We observed significant differences in
the age of onset of the disease (ANOVA, P 5 0.001), the
age of loss of ambulation (ANOVA, P 5 0.001) and the
time from onset of symptoms to being wheelchair-bound
(ANOVA, P 5 0.001) between patients with no expression or 530% expression and those patients with expression 430% (Fig. 6). When we performed the analysis by
gene subgroups, we observed that age of ambulation loss
in alpha patients was significantly influenced by protein
expression (Mantel-Cox study, P 5 0.001) (Fig. 6B). In
the case of beta patients, there was a non-significant trend
in the age at being wheelchair-bound depending on protein expression levels (Mantel-Cox, P 4 0.05), although
we observed that those expressing 430% of protein had
a longer time from onset of symptoms to the loss of ambulation (Fig. 6C). In gamma patients, significant differences
were only found between patients having no expression or
530% and patients having 430% expression (MantelCox, P 5 0.05) (Fig. 6D).

Risk factors associated with rapid
disease progression
To determine which risk factors could be associated with
early loss of ambulation, before the 18 years of age, we
performed a multivariate logistic regression analysis. First,
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Figure 5 ROC curve of the influence of remaining protein expression for distinguishing patients at risk of losing ambulation
before the age of 18 years. The ROC curve analysing remaining protein expression and risk of losing ambulation before 18 years of age,
showed an AUC of 0.986 (0.67–1). The Youden’s index (optimal point with higher sensitivity and specificity) was 27.5% expression.
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we identified which factors could be associated using a
univariate analysis including clinical (age of onset, age at
diagnosis, gender, scoliosis, need of ventilation, cardiac involvement), genetic data (gene mutated, harbouring two
out-of-frame mutations, harbouring two in-frame mutations) and protein expression. This univariate study identified age of onset, protein expression 530% and
mutations in the SGCG gene as factors with a significant
relation with early loss of ambulation. These variables
were further included in the multivariable logistic regression model that confirmed that age of onset fodds ratio
(OR) = 1.37 [confidence interval (CI):1.18–1.59],
P = 0.001g and protein expression 530% [OR = 10.7 (CI
: 2.04–56.22), P = 0.020] were independent risk factors
for losing ambulation before age 18 years of age. The
ROC curve for the final model, showed an AUC of 0.77
(Supplementary Fig. 3). In addition, we performed a ROC
analysis to identify which age of onset cut-off point had
the most balanced sensitivity/specificity to predict loss of
ambulation before the age of 18 years (Supplementary
Fig. 4A). We found that the most balanced cut-off point
was age of onset 46 years, which showed a sensitivity of
69.33%, a specificity of 68.63% and an AUC of 0.74 to
predict loss of ambulation before 18 years of age. The
ROC curve for this age cut-off point is shown in
Supplementary Fig. 4B.

Discussion
We report the clinical, genetic and protein expression data
of the largest series of patients with mutations in the sarcoglycan genes described so far. The analysis of this international cohort revealed crucial information to establish a
prognosis for the diseases as we have observed that onset
of symptoms during the first decade of life and protein expression in muscle biopsy lower than 30% were independent risk factors associated with loss of ambulation before
18 years of age. In contrast, onset of symptoms later than
10 years of age and/or protein expression higher than
30% was associated with a slower progression and lower
risk of losing ambulation before the age of 18 years.
These data are especially relevant at present, as genetic
therapies are under development and interventional clinical trials in patients with sarcoglycanopathies are being
designed (Israeli et al., 2019; Vita et al., 2019).
Sarcoglycanopathies, as a group, are a common cause of
recessive LGMD (Vainzof et al., 1999; Fanin et al., 2009)
and the third most common cause of recessive muscular dystrophies after calpainopathies and dysferlinopathies (Ghaoui
et al., 2015; Liu et al., 2019). Mutations in these genes have
classically been associated with a rapid progression of muscle
weakness leading to severe disability, loss of ambulation in
the second decade of life and frequently associated with
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Figure 6 Influence of remaining protein expression on the time to wheelchair. Kaplan-Meier estimates influence of remaining protein
expression in age at wheelchair for all sarcoglycan patients (A), alpha patients (B), beta patients (C) and gamma patients (D). Patients were stratified into three groups: no protein expression (absent), remaining protein expression lower than 30% (530%) and remaining protein expression
higher than 30% (430%). SGC = sarcoglycan; SGCA = alpha patients; SGCB = beta patients; SGCG = gamma patients.
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p.(Arg77Cys) in the SGCA gene, c.341C4T, p.(Ser114Phe)
in the SGCB gene and c.848G4A, p.(Cys283Tyr) in the
SGCG gene were associated with a very reduced protein expression, always 530%, and consequently with a worse
prognosis characterized by early onset of symptoms, more
rapid progression and early loss of ambulation. In contrast,
c.850C4T, p.(Arg284Cys) and c.739G4A, p.(Val247Met)
in the SGCA gene were associated with a higher protein expression and therefore a better prognosis. It is also important to note that other factors could influence the progression
of the disease (apart of the mutated gene and the remaining
protein expression), which have not been assessed in this
study such as epigenetic factors and modifier genes or even
social aspects such as nutrition status, exposition to toxics,
or access to physiotherapy and general care. All these
aspects could also potentially influence disease’s progression.
In our opinion, the data reported here can help in the
design of clinical trials in sarcoglycanopathies. These trials
should identify two groups of patients: (i) those with two
truncating mutations; and/or (ii) those with none or 530%
protein expression because these patients were commonly
associated with an earlier onset of the disease, a quicker progression and a loss of ambulation before 18 years of age. To
determine the effectiveness of gene therapy in these cases, we
suggest including children younger than 10 years of age in
the clinical trials. In contrast, patients with protein expression 430% were often associated with milder progression,
with most of them still ambulant in the fourth decade of
life. If these patients were also included in clinical trials, analysis of the effectiveness of the therapy should be performed
separately to the other group, as results could be biased by
the milder progression of the disease.
Our results can also provide insight into the expected effect
of therapeutic approaches that aim to restore protein expression. We have shown that protein expression 430% was
associated with a better prognosis. Therefore, gene replacement therapies able to reach almost this range of expression
should be effective enough to show a change in the progression of the disease. These data, although hypothetical, are
extremely important, as the efficacy of gene replacement
therapies could depend on the amount of protein expression
levels reached, which are probably influenced by the number
of viral genomes infused.
Another interesting finding of our analysis was the low
frequency of cardiac and respiratory involvement. Most of
the previous cohort descriptions pointed out that 450% of
patients developed cardiac and respiratory problems,
although another recently published study described the frequency of cardio-respiratory involvement to be 55% in sarcoglycan patients (Melacini et al., 1999; Calvo et al., 2000;
Politano et al., 2001; Fanin et al 2003; Winckler et al., 2019).
The study also provided information about the delay in
the diagnosis of the patients. The mean delay in diagnosis
was 14 years for alpha and beta, and 8 years for gamma
patients. There are many factors that could increase the
delay, such as the lack awareness of the disease among nonspecialized services, the difficulties accessing genetic studies
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cardiac and respiratory problems (Semplicini et al., 2015).
However, several reports suggested that disease progression
is not homogeneous, as there were patients who never lost
ambulation or patients in which the onset of symptoms was
in the third or fourth decade of life. Our data show that a
series of factors may influence clinical progression including
the mutated gene, age of onset of symptoms and residual
protein expression. For example, progression of the disease
was more rapid and severe for beta patients as a group than
for alpha patients, as it has previously been suggested
(Semplicini et al., 2015). The onset of symptoms for beta
patients was during the first decade of life in 87% of cases,
and 78.4% of them were wheelchair-bound before 18 years
of age. However, we also identified beta patients with milder
clinical progression and in all these cases the remaining protein expression was higher than 30%. Previous series had
suggested that gamma patients may have a milder progression than beta patients (Guglieri et al., 2008; Ferreira et al.,
2011). However, our data show that gamma patients have a
more severe clinical phenotype than previously reported:
87.2% of them started with symptoms before 10 years of
age and 84.4% of them were wheelchair-bound before 18
years old. In contrast, only 32% of alpha patients had their
first symptoms before 10 years of age and just 56.3% were
wheelchair-bound by the age of 18 years. In addition, our
study supports that remaining protein muscle expression is
an independent risk factor for disease progression as previously suggested (Guglieri et al., 2008; Semplicini et al.,
2015). It was especially interesting that alpha patients, as a
group, needed less remaining protein expression than beta
and gamma to maintain ambulation beyond 18 years of age.
However, these results should be interpreted carefully, as we
have identified patients in which protein expression was
430% who lost ambulation before 18 years of age.
Analysis of mutations can be useful to predict protein
expression in many disorders. Harbouring two truncating
mutations is generally associated with total or severe loss of
protein expression; however, the effect of having one or two
missense mutations is not always easy to predict (Guglieri
et al., 2008, Winckler et al., 2019). We cannot discount that
an apparently missense mutation detected in genomic DNA
could create a cryptic splice site that causes a frameshift,
only perceptible when analysing mRNA. It is also well
known that after protein translation, sarcoglycans are glycosylated in the endoplasmic reticulum where some aberrant
proteins could be identified by the ubiquitin-proteasome
system and degraded. Consequently, some missense
mutations can induce very low or no protein expression
(Sandonà and Betto, 2009; Bianchini et al., 2014).
Therefore, in our opinion, caution is needed to predict protein expression based on genetic results only. In our study,
we had information about protein expression studied by
skeletal muscle western blot in a considerable number of
patients, which, together with the fact that many patients
shared the same mutations, allowed us to predict protein expression in a large proportion of cases. Some of the most
common missense mutations, such as c.229C4T,
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Quereda et al., 2018). Based on these reports, we decided to
use 30% protein expression as a threshold to potentially
identify milder cases. However, future studies analysing protein expression of a large collection of muscle biopsies in a
centralized laboratory would be useful to confirm our observation. Another clear limitation is that we were not able to
collect consistent data on respiratory muscle function. Many
centres did not perform spirometry until patients began having symptoms of respiratory involvement, and therefore we
could not be sure of the real values of forced vital capacity in
our cohort. Therefore, we chose to analyse only the needed
of ventilatory support. Obviously, not all European patients
were included in this analysis and although 62 centres were
contacted and invited to participate, not all of them
responded and we missed data from some countries such as
Turkey, Russia, Romania and Bulgaria. However, the data
presented here are still relevant, because they describe the distribution of patients among many European countries, their
clinical symptoms and the correlation between protein
expression, age of onset and age of lost ambulation.

Conclusion
Our study provides important information about the clinical
and genetic features of a large cohort of LGMD patients
with mutations in the sarcoglycan genes. We have identified
the age of onset of symptoms before 10 years old and a protein expression 530% as independent risk factors for losing
ambulation before the age of 18 years. These data will be
useful for the design of clinical trials, including gene replacement therapy studies, that are currently under development.
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in some countries and the fact that many patients with a
Duchenne-like clinical picture could be first assessed for
mutations in the dystrophin (DMD) gene. We hope that
next generation sequencing will allow faster diagnosis in the
future and shorten the time to reach a diagnosis. We identified 131 variants in the three genes, but most of these variants were concentrated in two to three exons per gene
confirming that there are hot spots in these genes as previously described. It was interesting to see the long delay.
Our study has some limitations because data were collected retrospectively, came from different countries and it is
likely that the protocol to assess cardiac and respiratory
involvement is different between countries, and they may
not be up to date for all patients. Moreover, in the case of
respiratory involvement, we only collected data regarding
age at which ventilatory support was begun. However, our
results show that only 21.6% of the patients had cardiac
involvement and 26.2% required ventilatory support. We
did not identify any correlation between protein expression,
age of onset or age of losing ambulation and the development of cardiac and respiratory involvement. Therefore, it
was not possible to predict the development of these symptoms based on protein expression data and periodic assessments of cardiac and respiratory involvement are needed in
all cases. Moreover, the data were retrospectively collected
and there were missing data for many patients that could
have enriched the data analysed. Another limitation is that
western blots were performed at local hospitals at the time
the muscle biopsies were obtained. Our study covers a long
period of time, from the 1990s to the present, and therefore
the methods used for western blots were different between
laboratories, including commercial antibodies used to detect
the expression of sarcoglycans, proteins used as loading controls (GAPDH, b-tubulin, actin or the developing methods
used (colorimetric, chemiluminescence, etc). These factors
could add a degree of variability to the quantification of sarcoglycans expression. Moreover, there is also an inherent
variability in the western blot itself when a protein is quantified. Therefore, we decided not to take into account the exact
amount of protein expressed, because we considered that we
could not compare an analysis performed in one
laboratory with another performed in a different laboratory,
many years later and using different technology; instead,
we used a range of expression. To our knowledge, there are
no reports in the literature that used western blot analysis to
quantify the remaining protein expression in sarcoglycanopathies and correlate these results with muscle function in a
large cohort of patients. In most previous reports, authors
quantified sarcoglycan expression based on immunofluorescence studies and the cohort was divided into two groups:
absence or reduction (Guglieri et al., 2008; Semplicini et al.,
2015). However, there are some reports describing sarcoglycan patients with milder forms of the disease in which western blot was performed and protein expression was
quantified (n = 7 cases). The remaining protein expression in
these cases is variable, ranging from 18% to 45%
(Tarnopolsky et al., 2015; Cantero et al., 2018; Gonzalez-
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Abstract. Aim: Since the immune system
plays a role in the pathogenesis of several
muscular dystrophies, we aim to characterize several muscular inflammatory features
in α- (LGMD R3) and γ-sarcoglycanopathies
(LGMD R5). Materials and methods: We explored the expression of major histocompatibility complex class I molecules (MHCI),
and we analyzed the composition of the immune infiltrates in muscle biopsies from 10
patients with LGMD R3 and 8 patients with
LGMD R5, comparing the results to Duchenne muscular dystrophy patients (DMD).
Results: A consistent involvement of the
immune response was observed in sarcoglycanopathies, although it was less evident
than in DMD. LGMD R3-R5 and DMD
shared an abnormal expression of MHCI,
and the composition of the muscular immune
cell infiltrate was comparable. Conclusion:
These findings might serve as a rationale to
fine-tune a disease-specific immunomodulatory regimen, particularly relevant in view of
the rapid development of gene therapy for
sarcoglycanopathies.

Introduction
Sarcoglycanopathies are a group of recessive inherited limb-girdle muscular dystrophies
(LGMDs) due to mutations in sarcoglycan
genes that primarily affect proximal skeletal
muscles leading to progressive muscle weakness [1]. Among LGMDs, sarcoglycanopathies
are classified as LGMD R3 α-sarcoglycanrelated, LGMD R4 β-sarcoglycan-related,
•

LGMD R5 γ-sarcoglycan-related, and LGMD
R6 δ-sarcoglycan-related [2].
Despite their genetic heterogeneity, muscular dystrophies are characterized by myofiber necrosis and regeneration, reactive fibrosis and adipose tissue substitution, reduced
long-term regenerative capacity, and inflammatory infiltrates [3, 4, 5]. Inflammatory processes in muscular dystrophies are triggered
by release of danger-associated molecular
patterns (DAMPs) in the extracellular space
by damaged or necrotic cells [6]. Upon release, DAMPs activate Toll-like receptors
(TLRs) and type 2 purinergic receptors (P2s)
expressed in non-immune cells, such as endothelial cells and fibroblasts, and innate immune cells, such as neutrophils, macrophages,
and dendritic cells (DCs) [7]. DAMPs-activated cells secrete potent pro-inflammatory
molecules, such as interleukin 1-β (IL1-β),
TNF-α, reactive oxygen species (ROS), and
chemokines, thus recruiting and activating other innate and adaptive immune cells.
Taken together, these mechanisms establish
a chronic inflammatory milieu in muscular
tissue, which contributes to worsen the underling dystrophic process [8, 9].
The involvement of the immune system
has been illustrated in mouse models and in
human muscle samples of different muscular dystrophies such as Duchenne muscular
dystrophy (DMD), dysferlinopathies, and
facioscapulohumeral muscular dystrophy
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(FSHD) as reviewed by Tidbal et al. [10].
DMD muscle tissue shows an up-regulation
of DAMPs-sensing receptors like TLRs and
P2 receptors [11, 12], muscle infiltration by
macrophages, neutrophils, dendritic cells,
and T cells [13], increased muscle transcripts
of major histocompatibility complex class I
(MHCI) [14] and IL-17 [15]. As such, steroid
therapy is a mainstay of treatment for DMD
[16].
However, there are no studies unveiling the contribution of the immune system
to the onset and progression of sarcoglycanopathies, although muscle biopsies from
sarcoglycan-deficient patients often display
inflammatory features. Increased transcripts
of macrophagic and T-cell markers [17, 18,
19], combined with an up-regulation of the
purinergic signal and up-raised levels in proinflammatory cytokines, have been shown in
Sgca and Sgcg-deficient mice, lacking the αand the γ-sarcoglycan protein, respectively
[19, 20]. Moreover, Sgcg-deficient mice,
which represent a suitable LGMD R5 experimental model, showed a reduction of muscle
inflammation and membrane damage upon
treatment with the immunomodulatory drug
FTY720 [20].
To better characterize the inflammatory
response in sarcoglycanopathies, we analyzed muscle biopsies of 10 patients with αand 8 patients with γ-sarcoglycanopathy. The
muscle infiltrates were immunophenotyped
by the evaluation of CD45, CD68, CD8,
CD4 expression, and the detection of MHC
class I molecules.
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Materials and methods
Patients
Muscle biopsies from 10 LGMD R3
α-sarcoglycan and 8 LGMD R5 γ-sarcoglycan
genetically confirmed patients were retrospectively collected from 6 Italian tertiary neuromuscular centers.
Quadricep muscle biopsies were performed for diagnostic purposes. Families of
patients gave their consent for research studies in muscle specimens.
As positive controls, we analyzed muscle biopsies from 6 patients with DMD. Six
muscle biopsies from patients with not spe-
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cific muscle weakness or myalgia and without dystrophic signs at pathological examination served as negative controls.

when both capillaries and sarcolemma were
positive for MHCI.

Statistical analysis
Histology and
immunohistochemistry
8-mm sections from frozen quadricep
muscle were cut on a cryostat, collected
on poly-L-lysine (0.5 mg/mL) coated glass
slides and subsequently stained with Hematoxylin and Eosin (H & E). Muscle biopsies
were also stained for the following antibodies according to the manufacturer’s instruction and developed in 3,3’-diaminobenzidine
(DAB) substrate: CD45 (Clone 2B11, Invitrogen, Carlsbad, CA, USA), MHCI (Clone
W6/32, Sigma, St. Louis, MO, USA), CD68
(Clone 514H12, Leica, Newcastle, UK),
CD8 (Clone 4B11, Leica), and CD4 (Clone
4B12, Leica). For each staining, muscle sections were scanned with Axioplan Imager
M2 microscope software AxioVs40 version
4.8.2.0 (Zeiss, Jena, Germany). Non-overlapping images at × 10 magnification were
snapped through the whole section to cover
the entire muscle cross-sectional area.
Two blinded examiners performed the histological examinations. H & E staining was
evaluated with a “dystrophic score” adapted
from Statland et al. [21] and Peverelli et al.
[22]. Four dystrophic features were considered: 1) fiber size variability, 2) nuclear
internalization, 3) cell necrosis and inflammatory infiltrates, and 4) interstitial fibrosis. The extent of each pathological change
was judged by visual inspection and scored
between 0 and 3 (0 = normal; 1 = slightly
increased; 2 = moderately increased; 3 = severely increased) (Supplementary Table 1).
The total score ranged from 0 (normal histological phenotype) up to 12 (severe histological phenotype).
For CD45, CD68, CD8, and CD4 staining, the positive cells were blindly manually
enumerated throughout the whole section
and reported as density of positive cells to
the unit of area (number of cells/number of
sections).
For MHC class I staining, the signal
was quantified as previously reported [23].
MHCI staining was considered as negative
if only capillaries were stained, and positive
•

Differences of quantitative parameters
between the groups were analyzed by the
Kruskal-Wallis test for non-parametric data.
p < 0.05 was considered statistically significant. Graphs show medians +/– 10th and 90th
percentiles. Correlations between variables
were assessed by Spearman correlation test
for non-parametric data. Statistical analysis
and graphs were performed with GraphPad8
(Graph-Pad Software, San Diego, CA, USA).

Results
LGMD R3 and R5 patients’ information,
including gender, gene mutations, histological parameters, and clinical features such as
age, symptoms, and serum CK at onset, cardiac involvement, respiratory insufficiency,
and MRI study are listed in Table 1.
The H & E staining was performed to
assess the overall architecture of the tissues
(Figure 1a, b, c, d). In order to quantify the
common dystrophic features, a dystrophic
score was assigned (Table 1).
MHCI signal was absent in the negative
controls and was up-regulated in all the dystrophic patients. Positive MHCI staining was
localized both on the surface of inflammatory cells and on the sarcolemma of several
myofibers (Figure 1e, f, g, h).
To detect the infiltrating immune cells,
muscle tissues were stained for CD45, a panleucocytes marker (Figure 2a, b, c, d). CD45+
cells were significantly higher in DMD and
LGMD R3-R5 groups in comparison to the
negative controls (Figure 2e).
To characterize the inflammatory infiltrates, muscle samples were stained for
markers of the innate and adaptive immune
response. Specifically, for the innate immune
cells, we checked CD68 (Figure 2f, g, h, i), a
surface marker for macrophages; and for the
adaptive immunity, we analyzed the CD8+
(Figure 2m, n, o, p) and CD4+ T cells (Figure 2r, s, t, u). CD68+ cells were significantly
higher in DMD and LGMD R3-R5 groups
in comparison to the negative controls (Figure 2l). CD8+ cells/area of tissue were sig-
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Figure 1. Dystrophic features and MHC class I molecules expression in DMD and LGMD R3-R5. Representative pictures of the H & E staining of negative controls (a), Duchenne muscular dystrophy (b), limbgirdle muscular dystrophy R3 (c), and limb-girdle muscular dystrophy R5 (d). Original magnification × 10.
Representative pictures of the MHC class I (MHC I) molecules in negative controls (e), Duchenne muscular dystrophy (f), limb-girdle muscular dystrophy R3 (g), and limb-girdle muscular dystrophy R5 (h). Original magnification × 20. Black arrows show positive staining on the membrane of immune cells, and white
arrows show positive staining along the plasma membrane of muscle cells.

•
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Figure 2. Immunophenotype of the muscle inflammatory infiltrates DMD and LGMD R3-R5. Representative pictures of the CD45 (a, b, c, d), CD68 (f, g, h, i), CD8 (m, n, o, p), and CD4 (r, s, t, u) staining. The
muscle biopsies were taken from negative controls (a, f, m, r), Duchenne muscular dystrophy (b, g, n, s),
limb-girdle muscular dystrophy R3 (c, h, o, t), and limb-girdle muscular dystrophy R5 (d, i, p, u). Original
magnification × 20. Box plots represent the number of CD45+ cells (e), CD68+ cells (l), CD8+ cells (q),
and CD4+ cells (v), showing the median, the 10th, and the 90th percentiles. *p-value< 0.05, **p-value <
0.01, ***p-value < 0.001. z: The table shows the results of the Spearman correlation between the number
of CD45+ cells, the age at muscle biopsy, and the dystrophic score. DS = dystrophic score. The p-value
was considered as statistically significant when < 0.05.

nificantly increased in the DMD compared
to the negative controls and to the sarcoglycanopathies (Figure 2q). The amount of
CD4+ T-cells was significantly higher in the
DMD and LGMD R3-R5 than in the negative control group (Figure 2v).
No significant correlations were found
between the dystrophic score and the age at
muscle biopsy, although a trend showed the
two parameters to be linked by an inverse
correlation in sarcoglycanopathies (Figure
2z). A significant inverse correlation was
found between the age at muscle biopsy and
the number of CD45+ cells in the sarcoglycan group (Figure 2z).
•

Discussion
We immunophenotyped the intra-muscular
inflammatory infiltrates in muscle biopsies
from LGMD R3 and R5 patients in parallel
with samples from DMD patients, which we
used as disease controls for their known inflammatory features.
We found that MHC class I pattern expression was similar throughout all the dystrophic samples. MHCI molecules are not
constitutively expressed in skeletal muscle
tissue under physiological conditions [8]. It is
known that upon exposure to a high concentration of interferons IFN-α, -β, or -γ, myo-
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cells markedly increase the transcription of
MHCI that binds peptides generated mainly
from the degradation of cytosolic proteins by
the proteasome. So far, MHCI up-regulation
has been considered a diagnostic marker of
inflammatory myopathies [23, 24, 25], while
its detection in muscular dystrophies is rather
inconsistent [14, 23, 26, 27, 28]. In our samples, all dystrophic muscles expressed MHC
class I molecules, specifically on the surface
of inflammatory cells and on the sarcolemma
of almost all muscle fibers.
According to these results, MHCI abnormal expression, besides being a diagnostic
marker of inflammatory myopathies, can be
considered a sign of the inflammatory activation of dystrophic muscles, likely due to
the direct involvement of the muscle cells in
promoting the local immune response by antigen presentation.
Nevertheless, further studies are needed
to systematically quantify the MHC class I
expression in inflammatory myopathies and
muscular dystrophies in order to identify
possible differential involvement of the antigen-presenting system.
The CD45 staining provided a general
view of the muscular immune infiltrates that
were evident in LGMD R3-R5, although
in both cases less evident than in DMD. In
LGMD R3-R5, the density of CD45+ cells
inversely correlates with the age at muscle
biopsy, mimicking what is already shown
in DMD where inflammatory pathways predominate in the early stages, suggesting a
stage-specific remodeling of human dystrophic muscle [29].
We immunophenotyped the CD45+ cell
infiltrates by checking macrophages, CD8+,
and CD4+ T cell markers. All the disease
groups showed a predominance of CD4+ Tcells, less macrophages, and occasional CD8+
T cells as previously reported in DMD and
dysferlinopathy [26, 27], and to our knowledge, this is the first immuno-characterization
of cell infiltrates in LGMD R3 and R5.
Dystrophic patients showed a significantly higher density of CD45+, CD68+, and
CD4+ cells compared to the negative controls, without statistically significant differences between DMD and sarcoglycanopathies. The only exception was represented
by CD8+ effector T cells, which were significantly up-regulated in DMD compared
•
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to sarcoglycanopathies, suggesting that a different regulation of the cell-mediated adaptive immunity might occur in the two groups.
Nevertheless, no information about the activation state of the immune cells infiltrating
the dystrophic muscles can be assumed from
this paper.
Despite the difference in the density of
CD8+ T cells, overall, our data show that
DMD and α- and γ-sarcoglycanopathies share
a common immune response, involving both
innate and adaptive response. We hypothesize that the instability and loss of the dystrophin-associated protein complex (DAPC)
might be the trigger of the chronic inflammatory response. A possible correlation between
the extension of the immune response and
the representation of the DAPC on muscle
membranes needs to be explored in further
studies. DMD therapeutic approach includes
low doses of continuative oral steroids, as
they proved to slow down disease progression [16], dampening the muscle inflammatory status [13]. Conversely, a placebo-controlled trial assessing the effects of steroids
in sarcoglycan-related muscular dystrophies
has never been proposed, although the efficacy of immunomodulatory treatments improved muscle repair and performance in
α- and γ-sarcoglycan deficient mouse models
[30, 31] and in 1 female patient affected by
LGMD R3 [32]. Thus, sarcoglycan LGMDs
might benefit from an immunomodulatory
regimen.
In conclusion, we characterized the intramuscular immune infiltrates in patients with
α- and γ-sarcoglycan gene deficiencies. However, we recognize some limitations in our
study: the groups were not homogeneous by
gender and age at muscle biopsy, given the
limited number of patients, and due to the
parceling of the muscular immune infiltrates
analyzed.
Currently, clinical trials offer different
approaches, including gene therapy, which
is rapidly developing for many muscular
dystrophies. In this scenario, the right immunosuppressant scheme could endorse the
efficacy of disease-specific gene therapy by
dampening the basal muscular inflammation,
and our findings might be useful to fine-tune a
disease-specific immunomodulatory regimen.
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Abstract: Limb-girdle muscular dystrophy R3, a rare genetic disorder affecting the limb proximal
muscles, is caused by mutations in the α-sarcoglycan gene (Sgca) and aggravated by an immunemediated damage, finely modulated by the extracellular (e)ATP/purinoceptors axis. Currently, no
specific drugs are available. The aim of this study was to evaluate the therapeutic effectiveness of a
selective P2X7 purinoreceptor antagonist, A438079. Sgca knockout mice were treated with A438079
every two days at 3 mg/Kg for 24 weeks. The P2X7 antagonist improved clinical parameters by
ameliorating mice motor function and decreasing serum creatine kinase levels. Histological analysis
of muscle morphology indicated a significant reduction of the percentage of central nuclei, of fiber
size variability and of the extent of local fibrosis and inflammation. A cytometric characterization
of the muscle inflammatory infiltrates showed that A438079 significantly decreased innate immune
cells and upregulated the immunosuppressive regulatory T cell subpopulation. In α-sarcoglycan
null mice, the selective P2X7 antagonist A438079 has been shown to be effective to counteract the
progression of the dystrophic phenotype and to reduce the inflammatory response. P2X7 antagonism
via selective inhibitors could be included in the immunosuppressant strategies aimed to dampen the
basal immune-mediated damage and to favor a better engraftment of gene-cell therapies.

with regard to jurisdictional claims in
published maps and institutional affil-

Keywords: muscular dystrophy; limb girdle muscular dystrophy; purinergic receptors

iations.

1. Introduction
Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Limb girdle muscular dystrophy R3 (LGMD R3), an autosomal recessive primary
myopathy characterized by progressive involvement of the pelvic and shoulder girdles, is
caused by mutations in the α-sarcoglycan gene (SGCA) [1,2]. SGCA encodes a transmembrane protein, α-sarcoglycan (α-SG), which, together with other 3 SG members (β, γ and δ),
interacts with dystrophin, forming the dystrophin-glycoprotein complex (DGC) [3]. The
DGC is crucially responsible for connecting the muscle fiber cytoskeleton to the extracellular matrix, preventing damage to the muscle fiber sarcolemma through shearing forces [4].
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As other muscular dystrophies [5], LGMD R3 muscle histology is characterized by myofiber
necrosis and regeneration, reactive fibrosis and adipose tissue substitution, reduced longterm regenerative capacity and inflammatory infiltrates [6–8]. In physiological conditions,
skeletal muscle is considered a privileged immunological site characterized by few immune
cells, poorly able to generate localized immune responses. In contrast, the dystrophic
muscle presents a high level of inflammation associated with the activation of an innate and
adaptive immune response [9,10]. In LGMD R3, the DGC disruption causes fragile muscle
fibers and unstable sarcolemma, which, in turn, leads to muscle necrosis and to the release
of damage-associated molecular pattern molecules (DAMPs), such as ATP, thus initiating a
well-orchestrated immune reaction. Specifically, in α-SG-deficient muscle cells, the effect of
ATP release can be further amplified since the ecto-ATPase activity of sarcoglycan, responsible for extracellular ATP (eATP) hydrolysis, is lost [11,12]. Once in the extracellular space,
eATP binds and activates ionotropic (P2X) or metabotropic (P2Y) receptors [13]. Among
P2X receptors, P2X7 has attracted vivid interest since it plays a relevant role in the induction
of immune cell responses via inflammasome activation [14], and the consequent release of
interleukin-1β (IL-1β) by mononuclear and polymorphonuclear phagocytes [14–17]. P2X7
is also over-expressed in dystrophic muscle cells [18–21], where it contributes to exacerbate
myofiber injury by increasing sarcolemma permeability [22] and participates in the amplification of the inflammatory process by releasing IL-1β [20]. From these observations, P2X7 is
an attractive therapeutic target, not only for reducing inflammation but also for decreasing
myofiber damage and supporting the regenerative potential of dystrophic myoblasts [23].
In this respect, genetic ablation and pharmacological inhibition of the eATP-P2X7 axis by
the broad-spectrum antagonist oxidized ATP (oATP) alleviated dystrophic phenotypes
in mouse models of dystrophinopathy and sarcoglycanopathy [18,24,25]. In this study,
we performed a long-term treatment in Sgca null mice with A438079, a potent and selective P2X7 antagonist. Functional, biochemical, cytofluorimetric and histological analysis
are shown, providing evidence that A438079 improved muscle force and morphology by
dampening the extent of muscle fibrosis and local inflammation.
2. Results
2.1. P2X7 Targeting by A438079 Improves Functional, Biochemical and Morphological Parameters
in Sgca Mice
In order to evaluate the therapeutic efficacy of a selective P2X7-targeting compound
in an experimental model of α-sarcoglycanopathy, we treated four-week-old male Sgca
knockout mice (also termed Sgca-null) mice with A438079, a specific antagonist of P2X7 [26].
The drug was administered to Sgca-null (here from referred as Sgca) mice by i.p. injections
at the dose of 3 mg/kg every other day for 24 weeks (Figure 1a). Sgca mice injected with
PBS (Sgca CTR) and Wild-Type (WT) mice served as controls.
The animals were weighted and followed once a week for signs of toxicity until the
sacrifice. As shown in Supplementary Figure S1, the weight gain curve of Sgca mice treated
with A438079 (Sgca A438079) was not significantly different from that of Sgca CTR mice.
In addition, no signs of toxicity, including ruffled fur, vomiting, hyperactivity or loss of
ambulation and breathing depression, were observed (data not shown). At the beginning
(0 time) and after 6, 12, 18 and 24 weeks of treatment, animals were evaluated for muscle
strength by the four-limb hanging test. Figure 1b shows that Sgca CTR mice progressively
lost muscle strength up to 18 weeks (Sgca CTR vs. WT at 12 week p < 0.001, at 18 week
p < 0.0001). At 24 weeks, they still showed significantly lower strength when compared
to WT mice (p < 0.0001). The apparent slight recovery between 18 and 24 weeks was not
significant. On the contrary, Sgca A438079 initially showed reduced functional performance,
similarly to Sgca CTR mice, but after 6 weeks of treatment, muscle strength began to recover,
almost reaching the performance of WT animals up to 24 weeks. The difference between
Sgca CTR and Sgca A438079 mice at 12, 18 and 24 weeks was highly significant (p < 0.05 at 12,
p < 0.0001 at 18 and 24 weeks). Accordingly, muscle strength in WT and Sgca A438079 mice
was not significantly different at any time point. The efficacy of A438079 was confirmed by
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the analysis of serum levels of CK, a marker of muscle degeneration. As shown in Figure 1c,
CK serum levels of Sgca CTR mice measured >10 times more than the WT levels (mean
value of WT mice: 406 UI/l, n = 9; mean value of Sgca CTR mice: 5537 UI/l, n = 12, p < 0.05).
Interestingly, A438079 treatment significantly reduced (by 76%) serum CK in Sgca mice
after 12 weeks of treatment (mean value in Sgca A438079 mice: 1338 UI/l, n = 8 vs. Sgca
CTR mice p < 0.05). After 24 weeks of treatment serum CK levels of Sgca CTR mice were
6.3 times higher than the WT levels and A438079 led to a serum CK decrease in the treated
mice, although it did not reach statistical significance, likely due to increased variability of
Pharmaceuticals 2022, 15, x FOR PEER REVIEW
3 of 15
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The animals were weighted and followed once a week for signs of toxicity until the
sacrifice. As shown in Supplementary Figure S1, the weight gain curve of Sgca mice
treated with A438079 (Sgca A438079) was not significantly different from that of Sgca CTR
mice. In addition, no signs of toxicity, including ruffled fur, vomiting, hyperactivity or
loss of ambulation and breathing depression, were observed (data not shown). At the beginning (0 time) and after 6, 12, 18 and 24 weeks of treatment, animals were evaluated for
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test. Asterisks indicate statistical significance (*, p < 0.05; ***, p < 0.001,).
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Fibrosis as characterized by replacement of muscle tissue with collagen deposits
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To evaluate the anti-inflammatory effect of A438079, quadricep sections of WT, Sgca
CTR and Sgca A438079 mice were stained with acid phosphatase, which provides a red positive signal in activated macrophages and degenerative myofibers. As shown in Figure 3b,
the acid phosphatase-positive area fraction of quadriceps from Sgca CTR mice was increased in comparison to that of WT mice (mean value of WT mice: 0.26, n = 8; mean value
of Sgca CTR mice: 1.47, n = 12, p < 0.001). Interestingly, A438079 led to 52% reduction of
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3. Discussion
In the present study, we provide evidence that the pharmacological inhibition of P2X7
by the selective antagonist A438079 attenuated the dystrophic phenotype of Sgca mice
by reducing fibrosis and inflammation and improved muscle performance. P2X7 is an
ATP receptor belonging to the ionotropic purinergic P2X subfamily, which is expressed
on virtually all cell types of the immune system and regulates the innate and adaptive
immune responses [28]. Alongside its expression on immune cells, P2X7 expression and
function are upregulated in the dystrophic muscle [18,21,25,29–31]. In this context, we and
other groups demonstrated that the genetic ablation of P2RX7 and its pharmacological
inhibition by oATP, an irreversible, broad-spectrum P2X7 antagonist [17], produced significant improvements in key functional and molecular disease parameters in mdx and Sgca
mice [18,24,25,30]. However, oATP can also interact with other P2X receptors, including
P2X4 [32–34], and appears to exert anti-inflammatory effects, modulating the immune
response independently of P2X7 blockage [33,35,36]. Therefore, experiments using oATP
cannot unambiguously establish a role in inflammatory diseases for a specific member of
the P2X family. Neurotoxicity has been described for oATP, likely due to the low specificity
of the drug [37]. In order to overcome the above-described limitations, and to define
the therapeutic effect of P2X7 targeting approaches in α-sarcoglycan-deficient muscular
dystrophy, we specifically inhibited P2X7 using the A438079 molecule, one of the most
potent and selective antagonists that competitively blocks P2X7 receptor in vitro activation
and produces anti-nociceptive effects in in vivo settings [38–40]. In addition to nociception, A438079 has already been successfully used in in vivo models of hyperalgesia [41],
epilepsy [42,43], Parkinson’s disease [44], salivary gland exocrinopathy [45], and CharcotMarie-Tooth 1A disease [46]. Our results clearly show that, by targeting P2X7, A438079
ameliorated functional and morphological parameters in Sgca mice. In particular, A438079
improved muscle morphology by reducing the percentage of centralized nuclei and the
coefficient variance Z of minimal Feret’s diameter (Figure 2c,d), which are typical signs
of dystrophic damage [47]. Furthermore, according to previous studies [24], a relevant
therapeutic effect exerted by A438079 was the reduction of muscle fibrosis (Figure 3a). P2X7
has been described to play a nodal role in triggering fibrosis through activation of multiple
intracellular pathways that converge in inducing the collagen biosynthetic machinery in
various organs [48]. As such, P2X7 blockade may interfere with the main pro-fibrotic pathways, thus possibly representing a target for the pharmacological modulation of fibrotic
processes. The most evident beneficial effect of A438079 in Sgca animals was a significant
modulation of muscle inflammation, a key feature of muscular dystrophies participating
in the disease progression but also mediating muscle repair. The dichotomous role of
inflammation has been extensively studied in Duchenne muscular dystrophy (DMD), in
which CD4+ and CD8+ T cells, macrophages, eosinophils and natural killer T cells infiltrated both human and mouse dystrophic muscle [9,49]. In particular, proinflammatory
monocytes CD11b+ /Ly6G− /Ly6c+ have been reported to be the first innate immune cells
to be mobilized from the bone marrow into the circulation and recruited to the site of
tissue injury [50], such as dystrophic muscles, where they differentiated into inflammatory
macrophages [51,52]. Different studies demonstrated that neutrophils actively participated
in the exacerbation of muscular dystrophy and their specific depletion reduced muscular
necrosis and inflammation in mdx mice [53–55]. Moreover, neutrophil-derived elastase
impaired myoblast proliferation, survival and differentiation [56]. In line with this notion,
we found that A438079 caused a significant reduction of innate immune cells, including
neutrophils, activated monocytes and dendritic cells infiltrating the limb muscles of Sgca
mice. The downregulation of innate immune response by P2X7 blockade was also observed in dystrophic mice (mdx and Sgca) treated with other P2X7 antagonists, i.e., oATP
or zidovudine (AZT) [18,25,57]. However, the mechanism underlying the latter effect is
still unclear. P2X7 antagonists could directly inhibit P2RX7 expressed by inflammatory
innate immune cells infiltrating the dystrophic muscle. Alternatively, these agents might
reduce inflammatory cell migration into the injured tissue. In favor of the first hypothesis,
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innate immune cells are known to express functional P2X7, which in turn triggers inflammasome activation [17,28,58–60]. The second hypothesis is sustained by data showing
P2X7-dependent release of chemotactic factors by macrophages. These factors, including
CXCL2/macrophage inflammatory protein-2 (MIP-2), were involved in the recruitment of
neutrophils into the injured tissue [61]. The immune phenotype of limb muscle from Sgca
mice treated with A438079 also showed that the pharmacological treatment significantly
increased Foxp3+ Treg without affecting CD4+ and CD8+ T lymphocytes. These findings are
consistent with previous studies in which P2X7 blockade by oATP or P2X7 genetic ablation
in dystrophic mice resulted in a significant increase of Foxp3+ Treg [18,24,25]. Treg have
been described to play a dual beneficial role in dystrophic muscles. On one side, they suppress type 1 inflammation by secreting IL-10; on the other side, Treg may also have direct
effects on muscle growth and regeneration through secretion of amphiregulin, an epidermal
growth factor family member whose receptors are expressed on muscle satellite cells that
are critical for muscle regeneration [62,63]. Interestingly, our results showed that A438079
exerted not only a local but also a systemic anti-inflammatory effect by reducing circulating
CD8+ cytotoxic T lymphocytes in Sgca mice. Currently, physical therapy and prevention of
secondary cardiac, pulmonary or orthopedic complications are the only possible care interventions. Although a chronic inflammatory response is documented in muscle specimens
from LGMD R3 patients, no trials assessing the effects of immunosuppressive therapies
have been proposed in alpha-sarcoglycan deficiency. However, two unrelated LGMD R3
patients treated with steroids showed clinical improvement [64–66]. In light of these considerations, strategies aimed at reducing muscle inflammation, increasing the amount of Treg
infiltrating an injured muscle and exerting a systemic anti-inflammatory effect, i.e., antagonists of P2X7, might represent a therapeutic approach for LGMD R3. Immunomodulatory
regimens become even more relevant as new gene therapies or gene editing approaches
are being developed for alpha-sarcoglycanopathy [67–69], with gene therapy being in
Phase I/II clinical trials for LGMD R3 patients (NCT01976091; NCT00494195). Since the
success of gene therapy in the muscle tissue has to challenge the pre-existing status of
chronic tissue inflammation typically identified in this diseases [67–71], our data suggest
that P2X7 antagonism might represent a good strategy to dampen chronic inflammation,
possibly leading to a better delivery of gene therapy. To date P2X7 selective antagonists
have already been tested in Phase I/II clinical trials for the treatment of Crohn’s disease,
rheumatoid arthritis, basal cell carcinoma with an overall good tolerability and variable
efficacy [72] and a new trial is currently ongoing assessing the effects of JNJ-54175446, a
potent, brain-penetrant, selective P2X7 antagonist [73] in patients with major depressive
disorder (ClinicalTrials.gov Identifier: NCT04116606).
4. Materials and Methods
4.1. In Vivo Experiments
C57BL/6 wild-type (WT) and Sgca knockout mice (also termed Sgca-null) were bred
in the Animal Facility at Policlinico San Martino, Genova. All mice were housed under
standard specific pathogen–free conditions and allowed access to food and water ad libitum.
All experimental protocols were approved by the Policlinico San Martino Animal Welfare
Body and by the Italian Ministry of Health (Authorization n◦ 215–2018-PR). Sgca mice were
previously described [74]. The study design defined a minimum goal of a n = 8 animals
per genotype and experimental group. According amounts of the drug A438079 was
acquired from Tocris Bioscience Bristol, UK. Four week old Sgca male mice were randomly
divided into two groups: one treated by i.p. injections with A438079 at 3 mg/Kg every
other day in the morning between 10–12 for 24 weeks (Sgca A438079) and one treated
with the same volume of phosphatase-buffered saline (PBS, Sigma Aldrich, St. Louis, MO,
USA) every other day for 24 weeks (Sgca Control: Sgca CTR). In consideration of the high
variability of the histological markers in mouse models of muscular dystrophies [18,25],
and in order to increase the statistical power of the study a n of 12 WT mice and a n of
12 Sgca CTR were included. The dose of 3 mg/kg of A438079 proved to be well tolerated
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by wild-type rats [46]. A438079 was reconstituted at a final concentration of 1 mg/mL in
PBS and stored at −20 ◦ C; the reconstituted drug was thawed and immediately used at a
final concentration of 3 mg/Kg. All animals were euthanized at the end of treatment by
carbon dioxide inhalation and muscles were collected for histological and cytofluorimetric
analysis. A group of age-matched WT C57Bl/6 male mice was used as internal control.
All animals were weighed and followed for any sign of toxicity, including ruffled fur,
vomiting, hyperactivity or loss of deambulation and breathing depression once a week.
Blood samples from Sgca CTR and Sgca A438079 mice were obtained from the saphenous
vein (90 µL) before treatment and 12 and 24 weeks after treatment. The samples were
centrifuged at 3600× g for 30 min and immediately after centrifugation the serum was
isolated and stored at −80 ◦ C. Serum creatine kinase (CK) levels were measured using a
clinical-standard automatic chemistry analyzer (BS-380 Mindray, Milan, Italy).
4.2. Four-Limb Hanging Test
Before treatment and at the end of the sixth, twelfth, eighteenth and twenty-fourth
week of treatment, the muscle strength of WT, Sgca CTR and Sgca A438079- mice was scored
through the four-limb hanging test. Mice were subjected to a 180-s lasting hanging test,
during which a falling score was recorded. The animals had to hang for three trials, and
the average maximum hanging time of the three trials was measured (standard operating
procedure, https://treat-nmd.org/research-overview/preclinical-research/experimentalprotocols-for-dmd-animal-models, last accessed on September 2021.
4.3. Histological Studies, Imaging and Analysis
Quadriceps isolated from WT, Sgca CTR and Sgca A438079 mice were cut on cryostat, and 7-µm-thick sections were stained with standard hematoxylin and eosin (H&E)
(reagents from Sigma Aldrich), acid phosphatase (reagents from Sigma Aldrich) to detect
inflammatory reactions and Masson trichrome (reagents from Sigma Aldrich) to evaluate
muscle fibrosis. Representative pictures were taken at 20× magnification. To quantify the
extension of the inflammatory response and fibrotic area, images of stained sections were
acquired using a Nikon Ti Eclipse microscope equipped with a 20× objective. Whole sections were imaged with an automated tile scan acquisition (usually over a 45 mm2 -surface)
by using the perfect focus system (PFS) to control the focal plane. Quantification of acid
phosphatase and trichrome staining was performed using semi-automated measurement
tools in NIS-Elements AR software version 4.20 and expressed in terms of fraction area (the
ratio between total section area and the area of the stained objects that were detected by HSI
thresholding mode). All the histological analyses were performed blind to experimental
group identity. The Masson Trichrome and acid phosphatase staining were completely
negative in WT mice; therefore, the n was reduced to 7 animals.The histological sections of
Sgca CTR and Sgca A438079 treated mice displaying freezing artifacts were not analyzed
and are excluded from the results.
4.4. Immunofluorescence
The wheat germ agglutinin (WGA)/DAPI (WGA Alexa Fluor™ 488 Conjugate Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA; DAPI, Fluoromount-G® Southern
Biotech, Birmingham, USA) staining was performed on quadricep 5-µm-thick sections, in
order to calculate the Minimum Feret’s Diameter and the percentage of centralized nuclei.
Briefly, unfixed quadriceps sections were incubated with a blocking solution containing
0.2% TritonX-100 (Sigma Aldrich), 2% bovine serum albumin (Sigma Aldrich), 5% fetal
bovine serum (GIBCO, Thermo Fisher Scientific), 2% goat serum (GIBCO) in PBS for 1 h at
room temperature (RT) and then with WGA Alexa Fluor 488 conjugated diluted 1:200 in
Hank’s Balanced Salt Solution (HBSS) (GIBCO) for 2 h at RT. Finally, sections were mounted
with Fluoromount G. Images were acquired by Axioplan Imager M2 miscroscope software
AxioVs40 version 4.8.2.0 (Zeiss, Oberkochen, Germany) and manually overlapped using
Adobe Photoshop CS6 to generate whole cross-section. Image analysis was performed
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using Fiji, ImageJ 1.52i (NIH, Bethesda, MA, USA). A plugin (Muscle Morphometry) developed as described in [24] was used to quantify the muscle fiber diameter (minimal
Feret’s diameter) and the percentage of centralized nuclei, as described in TREAT-NMDrecommended protocol (https://treat-nmd.org/research-overview/preclinical-research/
experimental-protocols-for-dmd-animal-models, last accessed on 10 September 2021). All
the analyses were performed blind to experimental group identity.
4.5. Flow Cytometry
Hematopoietic cells were collected from different districts, namely PB, spleen and limb
muscles. Cells collected from PB were first incubated with 2 µL/sample of TruStainFcXTM
anti-mouse CD16/32 for 5 min in order to block Fc receptor and then with cocktails of antibodies specific for CD45, CD3, CD4, CD8, CD11b, CD11c, CD25, F4/80, Ly-6C, Ly-6G and
Foxp3 for 30 min. The intracellular staining of transcription factor Foxp3 was performed
using the Foxp3/Transcription factor staining buffer set (Thermo Fisher) as described by
the manufacturer. After antibody incubation, samples were lysed (Becton Dickinson Pharm
Lyse TM, San Josè, CA, USA), washed and resuspended in 300 ul of PBS. All the antibodies
were purchased from Biolegend (San Diego, CA, USA). Gastrocnemius, quadriceps and anterior tibialis excised from WT, Sgca CTR and Sgca A438079 mice were resuspended in RPMI
1640 base medium (Euro Clone, Milan, Italy), mechanically and enzimatically digested
using Skeletal Muscle Dissociation Kit (Miltenyi Biotec, Bologna, Italy) and filtered through
100- and 70-µm mesh filters (BD Bioscience, San Jose, CA, USA) (Supplementary Method).
After filtration, cells were purified using gradient centrifugation by Percoll solution (GE
Healthcare Bio-sciences, Uppsala, Sweden) and stained with Live/DeadTM Fixable Yellow
Dead Cell Stain Kit (Invitrogen, Thermo Fisher Scientific) and the antibodies listed above.
The spleen from WT, Sgca CTR and Sgca A438079 mice was mechanically digested, filtered
through 100- and 70-µm mesh filters, counted and stained as described for PB and muscle.
All acquisitions were performed with a three laser LSR Fortessa X20 (Becton Dickinson)
and obtained FSC files were analysed with Kaluza Software (version 2.1, Beckman Coulter).
The immune profile of the peripheral blood, spleen and muscles was performed in the
same animals (WT n = 6, Sgca CTR n = 7 and Sgca A438079 n = 5).
4.6. Statistical Analysis
Statistical parameters, including the exact value of n and statistical significance, are
reported in the figures and their associated legends. Results were analyzed using a one-way
ANOVA followed by Tukey’s multiple comparison test or unpaired t-test, where indicated,
using GraphPad Prism 3.0 software (GraphPad Software, El Camino Real, San Diego,
CA, USA). Asterisks indicate statistical significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001,
****, p < 0.0001).
5. Conclusions
In conclusion, A438079 ameliorated the dystrophic phenotype of Sgca mice by reducing
muscle fibrosis and inflammation and by improving functional muscle performance. In the
current scenario of clinical trials including gene therapy, selective P2X7 antagonists could
represent candidates for a combinatory therapy to endorse the efficacy of disease-specific
gene therapy by dampening the basal muscular inflammation.
Supplementary Materials: The following are available at https://www.mdpi.com/article/10.339
0/ph15010089/s1. Figure S1: Weight of Sgca mice treated (not) with A438079; Figure S2: A438079
modulation of splenic immune cells of Sgca mice and Supplementary Methods.
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