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ABSTRACT 
Emerging researches highlight a significant interplay between the immune system and skeletal 

muscle, par8cularly in the context of inflammatory muscle disorders and dystrophic condi8ons like 

Duchenne Muscular Dystrophy (DMD), as well as during the natural process of muscle 

regenera8on. Conven8onally, immune system ac8va8on was regarded as a consequence of muscle 

atrophy. However, recent findings have unveiled a malfunc8on in central tolerance due to thymus 

altera8ons and the presence of autoreac8ve T-lymphocytes in pa8ents with DMD. Moreover, the 

development and equilibrium of both innate and adap8ve immune systems have become 

increasingly linked to the microbiota, the microorganisms inhabi8ng the gut. For this purpose, we 

inves8gated the role of the commensal microbiota in exacerba8ng muscle damage via immune 

system ac8va8on. We created a network of exper8se to characterize the intes8nal environment 

and its microbial ecology in murine models of muscular dystrophies and we proposed that 

altera8ons of commensal communi8es ac8vely contribute to disease pathogenesis by a 

combina8on of adap8ve and innate pathways. We also inves8gated whether healthy and 

dystrophic aging lead to the prolifera8on of pathobionts or protec8ve taxa, as well as 

microorganisms contribu8ng to muscle degenera8on and inflamma8on. Overall, this study provide 

valuable insights into how the intes8nal microbiota shapes the inflammatory response, thereby 

conferring dis8nct suscep8bility to muscle pathology. Furthermore, we poten8ally iden8fied novel 

biomarkers associated with gastrointes8nal involvement and disease progression predic8on, which 

could be translated into human studies and aid in stra8fying pa8ents based on the most 

appropriate treatments. 
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INTRODUCTION 
Muscular dystrophies (MDs) are a group of neuromuscular diseases characterized by progressive 

muscle damage and was8ng of skeletal muscle 8ssue, which involves pa8ent mobility, respiratory 

and cardiac func8onality leading to premature death1. The classifica8on is based both on the 

resul8ng expressed protein and on their localiza8on and func8on2 and several forms of MDs can 

be dis8nguished: Duchenne Muscular Dystrophy (DMD), Becker Muscular Dystrophy (BMD), Emily-

Dreifuss Muscular Dystrophy, Facioscapulohumeral Muscular Dystrophy (FSHD), Oculopharyngeal 

and Limb-girdle Muscular Dystrophies (LMGD) (Fig. 1). 

 

Figure 1. (A) Duchenne and Becker muscular dystrophy. (B) Emery-Dreifuss muscular dystrophy. (C) Limb girdle 

muscular dystrophy. (D) Facioscapulohumeral muscular dystrophy2. (E) Distal, (F) oculopharyngeal.  

DUCHENNE MUSCULAR DYSTROPHY 
DMD is an X-linked disease caused by muta8ons in the DMD gene, leading to a truncated and 

unstable dystrophin protein and myofiber membrane fragility and necrosis3. Normal skeletal 

muscle consists of muscle fibers that are evenly spaced and uniform in size and, being a syncy8um, 

is mul8nucleated with nuclei located at the periphery of the fiber. All postnatal DMD muscle 

biopsies reveal necro8c and degenera8ng muscle fibers: these degenera8ng/necro8c fibers are 

oVen seen in clusters and are subject to phagocytosis, showing the presence of inflammatory cells 

at the perimysial and endomysial sites (Fig. 2). Another sign of muscle fiber necrosis, at the early 

stages, is the ac8va8on of regenera8ve pathways trying to repair damaged fibers. Early 

regenera8ng fibers are recognized by their small diameter, basophilic RNA-rich cytoplasm, and 

large, centrally placed myonuclei. The lack of regenera8ve capacity leads to gradual replacement 

of the fibers with adipose and fibrous connec8ve 8ssue, giving rise to the clinical appearance of 
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pseudohypertrophy followed by atrophy condi8on. Finally, progressive fibrosis and con8nued 

muscle fibers loss result in muscular was8ng and weakness4. In addi8on to muscular symptoms, 

cogni8ve impairment also develops, resul8ng from defects in the synap8c func8on of the Central 

Nervous System organiza8on and loss of neurons. Moreover, aVer 10 years of age, clinically 

apparent cardiomyopathy is evident, affects one-third of pa8ents by the age of 14 and all pa8ents 

over 18 years of age. Cardiorespiratory failures are the most common causes of death in DMD 

pa8ents5,6: death takes place at around 20-30 years of age. 

 
Figure 2. Hematoxylin and Eosin (H&E) staining of normal skeletal muscle (a) and DMD muscle (b) 

DYSTROPHIN GENE 
The DMD gene, discovered by posi8onal cloning, is the largest known gene with a 2.5 MB and is 

encoded on the X chromosome (Xp21). It spans a total of 79 exons and encodes a ~14-kb cDNA7 

(Fig. 3). The dystrophin gene has seven promoters known to ini8ate protein transcrip8on and three 

of these generate full-length dystrophin transcripts: the M promoter produces the Dp427m 

isoform, expressed in skeletal and cardiac muscle; the B promoter produces Dp427c, expressed in 

the brain; the P promoter produces Dp427p, expressed in the Purkinje cell in the brain. The 

remaining four 8ssue-specific promoters regulate the N-terminus truncated short isoforms: 

Dp260, Dp140, Dp116, and Dp71. Dp260 is expressed in high concentra8ons in the re8na. Brain, 

re8na, and kidneys 8ssues express Dp140. Adult peripheral nerves express Dp116. Dp71 is found 

in cardiac muscle but absent in skeletal muscle, and it is found in the majority of brain, re8na, 

kidney, liver, and lung8. Dp427m is responsible for DMD and BMD and it is expressed mainly in 

skeletal and cardiac muscle. MDs are caused by muta8ons in one or several of the 79 exons of 

dystrophin, in par8cular the muta8ons in DMD result in a prematurely truncated, unstable 

dystrophin protein. Most DMD pa8ents have a dele8on as a muta8on, which accounts for 65–70% 

of all muta8ons. Most commonly, dele8ons occur in two ‘hotspot’ muta8onal regions: the first 
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region spanning exons 45–53 and the second one is localized between exon 2 and exon 19.  

Duplica8ons are found in 7% of all pa8ents and point muta8ons or small dele8ons/inser8ons are 

found in the remainder9 . 

 

Figure 3. Genomic organizaKon of the dystrophin gene, located in Xp21. The black verKcal lines represent the 79 exons 

of the dystrophin gene and the arrows represent the different promoters (a). RepresentaKon of the different dystrophin 

isoforms (b)10.  

DYSTROPHIN PROTEIN 
Dystrophin is a large rod-shaped cytoskeletal protein that is a member of the beta-spectrin/alpha-

ac8nin protein family. This family is characterized by an NH2-terminal ac8n-binding domain 

followed by a variable number of repea8ng units known as spectrin-like repeats11 . Dystrophin 

contains about 3685 amino acids with a molecular weight of 427 KDa, it localizes to the cytoplasmic 

face of the sarcolemma and is enriched at the costameres in muscle fibers12. It is composed of four 

structural domains based on sequence homologies and protein-binding capabili8es. The NH2-

terminal domain consis8ng of 220 aminoacidic residues binds F-ac8n, linking dystrophin to the 
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subsarcolemmal ac8n network. The rod domain consists of 24 repea8ng units with α-helical 

secondary spectrin-like structures; the α-helical coiled coil repeats are separated by four proline 

hinge regions. The 24 repea8ng units account for most of the dystrophin protein and are thought 

to give the molecule a flexible rodlike structure like beta-spectrin, they are also required for the 

organiza8on of microtubule in skeletal muscle cells. This proline hinge region is followed by a 

domain made up of two conserved Triptofan residues (WW) and a Proline one, which are 

responsible for media8ng interac8ons between dystrophin and β-dystroglycan and func8on as an 

iden8fica8on unit for regulatory molecules13. The rod domain confers a huge flexibility to 

dystrophin, a property required to maintain an efficient structural bridge between the extracellular 

matrix and the sarcomeres. Another important region is the cysteine-rich domain which contains 

two EF-hand helix-loop-helix mo8fs able to bind the intracellular Ca2+ and the ZZ domain which 

contains cysteine residues which bind to the calmodulin in the presence of Ca2+ allowing 

interac8on between the calmodulin and other dystrophin proteins. The COOH terminal domain 

consists of helical coiled coil regions and connects the proteins associated with dystrophin such as 

dystrobrevin and syntrophin to the sarcolemma: it binds to F-ac8n through the amino-terminal 

domain, while it binds to β-dystroglycan through the carboxyl-terminal domain and acts as an 

anchor point for the dystrophin-associated glycoprotein complex (DAGC) at the sarcolemma14 (Fig. 

4). In this way it func8ons as a linker between the intracellular space and the extracellular matrix 

(ECM) conferring mechanical resistance during muscle contrac8on. Beyond the linker ac8vity, 

dystrophin within the cell shows numerous diverse func8ons, one of the most important is that 

DAGC is involved in signaling, in fact it is involved in the localiza8on of neuronal nitric oxide 

synthase (nNOS) at the level of the sarcolemma. In skeletal muscle, the nNOS plays an important 

role in the regula8on of many muscle func8ons, including blood flow, contrac8on, and muscle 

metabolism. NOS localized in the sarcolemma enhances blood flow and oxygen delivery, thereby 

more efficiently matching the blood supply to the metabolic demands of ac8ve muscle15. Among 

other func8ons, dystrophin is also involved in the essen8al signaling plaqorm that orchestrates 

membrane lipids and proteins (cholesterol, cavins, ion channels, caveolins and G protein coupled 

receptors). For this reason, muta8ons with dystrophin loss cause muscle was8ng and mechanical 

damage sensi8vity and damage to the membrane16 with an increased intracellular calcium influx, 

dysregulated cellular signaling, mitochondrial malfunc8oning, and an inadequate an8oxidant 

response. All these condi8ons have fiber necrosis and the ac8va8on of an inflammatory response17 
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as result. 

 

Figure 4. The dystrophin-associated protein complex. This image shows how Dystrophin acts as an important link 
between the internal cytoskeleton and the extracellular matrix (From: The Extracellular Matrix An Overview; Jeffrey 
H. Miner, Chapter: Basement Membranes). 

ANIMAL MODEL OF DUCHENNE MUSCULAR DYSTROPHY 
Dystrophin-deficient mdx mouse which was described for the first 8me in 198418 and it is the result 

of a spontaneous muta8on which occurred in an inbred colony of C57BL/10 mice19. Examina8on 

of mdx skeletal muscle shows progression in necrosis at around 3 weeks of post-natal life, followed 

by an extensive period of degenera8on and regenera8on (star8ng at 2 weeks, peaking at 12 

months, con8nuing for the life of mdx). Necro8c process gradually decreases, remaining at a 

rela8vely low level in adult mice (3-4 months) due to pathology stabiliza8on20. Chronic 

inflamma8on, as evidenced by the infiltra8on of inflammatory cells, is found in mdx peripheral 

skeletal muscles, such as in DMD. Another sign in DMD pa8ents and in mdx mice is myocardial 

fibrosis. This process begins at 2 months of age in mdx mice with cardiac dysfunc8on and 

morphological changes detected from 8 months of age. Connec8ve 8ssue accumulates in mdx 

hearts, sugges8ng that fibrosis can lead to some features of the cardiomyopathy6.  The similarity 

in pathological phenotype of DMD leads us to use mdx murine model for our studies. Four 

chemical varia8on (cv) mdx strains were released in 1989. These mice, known as mdx2cv, mdx3cv, 

https://link.springer.com/chapter/10.1007/978-3-642-16555-9_4#auth-Jeffrey_H_-Miner
https://link.springer.com/chapter/10.1007/978-3-642-16555-9_4#auth-Jeffrey_H_-Miner
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mdx4cv, and mdx5cv, were produced on the C57BL/6 background using the mutagen N-ethyl-N-

nitrosourea (ENU) and they differ in the point muta8ons. For example, a point muta8on in intron 

65 causes incorrect splicing and impaired produc8on of a disrupted dystrophin in mdx3cv mice, 

while a nonsense point muta8on in exon 53 causes premature transla8on termina8on in mdx4cv 

mice21. Each line has dis8nct characteris8cs, even though the clinical presenta8on is remarkably 

similar to mdx mice. mdx5cv mice have a more severe skeletal muscle phenotype; mdx4cv and 

mdx5cv mice rarely have revertant fibers. Apart from the strains already men8oned, mul8ple other 

lines lacking in dystrophin (Dup2, MD-null, Dp71-null, mdx52, and mdx βgeo) have been generated 

by diverse gene8c engineering methodologies22. 

INNATE IMMUNE SYSTEM IN MUSCULAR DYSTROPHY  
Inflamma8on and innate immune response ac8va8on are firstly a consequence of the physiological 

func8on of skeletal muscle, but their chronic ac8va8on is determined by a con8nuous cycle of 

muscle fiber degenera8on/regenera8on. Under physiological condi8ons, skeletal muscle contains 

resident immune cells, mainly macrophages, which play mul8ple roles such as phagocytosis of 

cellular debris and microbes, secre8on of cytokines and growth factors, an8gen-presenta8on. 

Following pathophysiological s8muli, the skeletal muscle is invaded by several immune cells that 

secrete soluble molecules, affec8ng the viability and transcrip8onal ac8vi8es of regenera8ve 

muscle cells. Muscle innate immune response to injury is mediated by Th1 cytokines (cytokines 

expressed by T helper cells subset). These cytokines, such as the tumor necrosis factor-α (TNF-α), 

trigger the ac8va8on of M1 proinflammatory macrophages, which in turn promote the produc8on 

of prostaglandins, cytokines, and chemokines. Following the early invasion of 

macrophages/neutrophils, TNF- α is highly expressed, ac8va8ng macrophages in the M1 

phenotype and inducing the produc8on of other proinflammatory cytokines. This inflammatory 

condi8on is essen8al for ac8va8ng the Nuclear Factor Kappa-light-chain-enhancer of ac8vated B 

cells (NF-kB). NF-kB allows the expression of the transcripts needed for cell cycle progression 

therefore increasing prolifera8on and inhibi8ng differen8a8on of muscle stem cell, through the 

destabiliza8on of MyoD mRNA and the degrada8on of MyoD protein. We know that cells must stop 

prolifera8on to differen8ate and that MyoD is important for the differen8a8on, so NF-kB nega8vely 

affects the capacity of muscle at terminal differen8a8on23. There must be sufficient prolifera8on 

of satellite cells to repair an injured site before myogenic differen8a8on begins. Recent discoveries 

reveal that TNF-α secre8on in the injury site is necessary to asract the satellite cells (SCs) in situ 
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and, thus, to promote muscle regenera8on. When M1 macrophages reached their peak of 

concentra8on in injured/regenera8ve muscle, Th2 cytokines (such as the interleukins IL-4, IL-10 

and IL-13) s8mula8on promotes a switch toward M2 an8-inflammatory macrophages, which 

decreases the inflammatory response and promotes 8ssue repair23. Conversely, the con8nuous 

ac8va8on of regenera8ve process leads to the rising of inflamma8on, with the ac8va8on of the 

immune system and the consequent infiltra8on of inflammatory cell popula8on, promo8ng muscle 

damage and the ac8va8on of fibro8c process24 (Fig. 5).  

 

Figure 5. (A) In the iniKal phase of muscle repair in healthy subjects, a well-balanced innate immune response regulates 

the expression of pro-inflammatory cytokines like IL-6, TNFα, and IL-1. These cytokines are essenKal for inducing muscle 

fiber necrosis and clearing cellular debris by acKvaKng M1 macrophages. The secreKon of anK-inflammatory mediators 

such as IL-4, IL-10, and Areg facilitates the transiKon of macrophages towards an M2 phenotype, sKmulates Treg 

proliferaKon, and establishes a connecKon between Tregs and FAPs through IL-33 expression. These coordinated 

processes result in the resoluKon of inflammaKon and muscle regeneraKon. (B) In a dystrophic context, degeneraKng 
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dystrophin-deficient fibers release pro-inflammatory cytokines and chemokines, leading to the recruitment of mast 

cells and neutrophils to the muscles. These cells, in turn, acKvate the proliferaKon of M1 macrophages. Concurrently, 

professional anKgen-presenKng cells (APCs) such as dendriKc cells (DCs) acKvate CD4+ and CD8+ lymphocytes, which 

contribute to the release of TNFα, IL-6, and INF-γ and evolve into cytotoxic T-cells. In this scenario, the inflammatory 

milieu results in the down-regulaKon of IL-10, IL-4, and Areg, inhibiKng the presence of anK-inflammatory cells like M2 

macrophages and Tregs. The overexpression of TGF-β, mediated by M1 macrophages, acKvates fibro-adipogenic 

progenitors (FAPs), whose proliferaKon is driven by eosinophils due to the scarcity of IL-4. All of these cell types 

collecKvely disrupt muscle homeostasis, promote muscle necrosis, and contribute to fibrosis. Cytokines with inhibitory 

effects are highlighted in red, while acKvaKng cytokines are highlighted in black, with arrow thickness corresponding 

to the cytokine abundance in both normal and pathological muscle condiKons6. 

FIBROSIS IN MUSCULAR DYSTROPHY 
Fibrosis is the result of a reac8ve or repara8ve process involving mechanical, humoral, and cellular 

factors. Fibrosis originates from vulnerable myofibers, muscle cells in necrosis and inflammatory 

processes which are present in DMD25 (Fig. 6). Fibrosis is characterized by an excessive deposi8on 

of extracellular matrix (ECM) proteins with the prolifera8on and ac8va8on of myofibroblasts, 

including collagens and fibronec8n that can impair 8ssue func8on26 27. It was demonstrated that 

Toll-Like Receptor (TLR) ac8va8on is an important link between the innate and adap8ve immune 

responses and it was shown to be expressed in the major an8gen-presen8ng cells, dendri8c cells 

(DCs)28. TLRs are prototype pasern-recogni8on receptors (PRRs) that discern pathogen associated 

molecular paserns (PAMPs) from microorganisms, and DAMPs from damaged 8ssue. DAMPs 

include several molecules, the most important are the alarmins. Alarmins are chemotac8c, 

endogenous, cons8tu8vely expressed proteins/pep8des that are released following cell injury or 

death to trigger a rapid response by immune cells. These proteins are said to exert dual-func8on 

proteins that have dis8nct roles inside or outside the cells. This group of proteins includes the high-

mobility group box 1 protein (HMGB1), IL-1α, IL-33 and the Ca2+-binding S100 proteins29. TLR 

signaling pathways ac8va8on is mediated through intracytoplasmic TIR domains, which are 

conserved among all TLRs. Recent studies have demonstrated that TIR domain-containing 

adaptors, such as MyD88, TIRAP, and TRIF, modulate TLR signaling pathways. In the MyD88-

dependent pathway, upon TLR ac8va8on, MyD88 interacts with the death domains of members of 

the IRAK (IL-1 receptor-associated kinase), leading to the ac8va8on of TRAF6 factor. These 

interac8ons recruit a protein kinase complex involving TAK1 (transforming growth factor-b-

ac8vated kinase-1, TGFβ Ac8vated Kinase) and TABs (TAK1 binding proteins) (TAB1, TAB2 and 

TAB3), which then ac8vate two dis8nct pathways involving the IKK complex and the mitogen-
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ac8vated protein kinase (MAPK) (ERK, JNK, p38) pathway. TLR pathways ends in NF-kB ac8va8on, 

which controls the expression of numerous inflammatory cytokines and pro-fibro8c genes30. One 

of the target genes of NF-kB is the fibronec8n gene.  Fibronec8n (FN) is a glycoprotein of the 

connec8ve 8ssue and expressed on the cell surface together with, collagen, glycosaminoglycans 

and proteoglycans. It is synthesized by many types of differen8ated cells and is involved in the 

asachment of cells to the surrounding extracellular matrix. The cells found in fibrous 8ssue are 

mainly fibrocytes and myofibroblasts. Precursor cells differen8ate into these cell types through 

various s8mulators. One of them is the transforming growth factor-β (TGF-β). TGF-β increases ECM 

deposi8on by s8mula8ng synthesis of matrix proteins, reducing produc8on of matrix-degrading 

proteases, and modula8ng expression of ECM receptors on the cell surface. Fibrosis has a double 

nega8ve consequence for the poten8al treatment of DMD since it not only alters muscle func8on, 

but also reduces the amount of target muscle available for therapy and repair31. 

 

Figure 6. The absence of dystrophin results in the destabilizaKon of cell membranes, leading to uncontrolled leakage of 

cytoplasmic contents into the surrounding extracellular matrix. These processes iniKate the destrucKon of muscle fibers 

and trigger a persistent acKvaKon of the innate immune system. Damage-associated molecular paferns (DAMPs) are 

released, while muscle anKgens sKmulate the recruitment of neutrophils, followed by the rapid involvement of M1 

macrophages and eosinophils. These immune cells release pro-inflammatory cytokines and free radicals, contribuKng 

to an increase in oxidaKve stress and the characterisKc inflammatory environment seen in DMD muscles. This condiKon 

leads to a subsequent wave of infiltraKon by inflammatory cells, primarily comprised of CD4+ and CD8+ cytotoxic T-

lymphocytes. The unresolved inflammaKon ulKmately results in muscle fiber necrosis and, subsequently, the 

replacement of muscle Kssue by adipose cells, which is a major contributor to muscle weakness32. 
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THYMUS AND ADAPTIVE IMMUNE SYSTEM IN MUSCULAR DYSTROPHY 
In DMD, muscle degenera8on is caused by inflamma8on and cellular infiltra8on triggered by 

damage-associated molecular paserns (DAMPs) resul8ng from damaged muscle fibers, oxida8ve 

stress, and impaired calcium handling. However, specific ac8va8on of adap8ve immunity has also 

been observed in DMD subjects. Mendell et al found the presence of circula8ng CD4+ T cells 

reac8ve against self-dystrophin epitopes in two pa8ents before func8onal dystrophin transgene 

vector treatment33. Similarly, Flanigan et al demonstrated the presence of a spontaneously 

developed T-cell-mediated immune response against dystrophin in one-third of the 70 pa8ents in 

the DMD cohort34. Based on this, it is possible that in DMD pa8ents not all dystrophin-reac8ve T 

cells are correctly deleted in the thymus, leading to a T cells ac8va8on by revertant myofibers 

expressing dystrophin protein35-37. Normally, the thymus produces mature T lymphocytes from 

bone marrow-derived cells, screening them for autoreac8vity (Fig. 7). Thymic immune ac8vity is 

compromised by aging process, which leads to a con8nuous loss of thymic epithelial cells (TECs), 

determining a thymic involu8on38,39. This condi8on causes impaired nega8ve selec8on of self-

reac8ve T cells and an autoimmune response ac8va8on with 8ssue damage and chronic 

inflamma8on. TECs are important fot the maintenance of thymic architecture and func8onality 

and they can be divided into cor8cal TECs (cTECs) and medullary TECs (mTECs). cTECs are involved 

in early T cell differen8a8on process, while mTECs are important to establish the self-tolerance 

through nega8ve selec8on and genera8on of regulatory T cells. Since it is known thymus is 

important to maintain immunity reac8on40,41, in the first year of my PhD program, we inves8gated 

mdx thymic structure and we observed that it is severely altered, correla8ng to ghrelin (GHR) 

expression and autophagy ac8va8on with a dysfunc8on of the GHR-GHR axis receptor (GHS-R)42. 

Moreover, we demonstrated that transplanta8on of mdx thymus in nude mice increased the 

expression of inflamma8on-fibrosis and metabolic breakdown markers, sugges8ng that 

degenera8on of the dystrophic thymus exacerbates muscular dystrophy by impairing central 

immune tolerance. This represent the first evidence that impaired immune system ac8va8on is a 

primi8ve feature of MD independently from gene8c muscle defects. Indeed, the age-related 

changes that normally affect thymus func8ons dras8cally deteriorate both nega8ve selec8on and 

Treg induc8on: all these events determine self-tolerance breakdown and altera8ons in T cell 

development and differen8a8on. In par8cular, aging can lead to accumula8on of specialized mTECs 

that express myogenic markers like the myoid cells, preven8ng central tolerance thus causing the 

development of autoimmunity; the amount of thymocyte is reduced due to the rising of 
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inflamma8on and oxida8ve stress; the accumula8on of adipose 8ssue in thymus parenchyma as 

well as altered glycosyla8on all drama8cally impaired immune homeostasis.   

 

Figure 7. Thymic epithelial cells and hematopoieKc anKgen-presenKng cells play a crucial role in guiding the 
maturaKon of αβT cells and inducing central tolerance within the thymus43.  

 

GUT-MICROBIOTA IN MUSCULAR DYSTROPHY 
The gastrointes8nal tract is colonized by huge number of commensal microorganisms that form 

the so-called microbiota44. In recent years, it was recognized that altera8ons of gut microbiota 

(dysbiosis) can cause immune dysregula8on, contribu8ng to mul8tude of diseases of different 

e8ology and DMD pa8ents present altera8on of gastrointes8nal mo8lity and suffer from 

cons8pa8on, pseudo-obstruc8on, acute dilata8on.  Dysbiosis condi8on could be responsible for 

the uncontrolled passage of components of the microbiota towards the immune cells of the lamina 

propria, leading to pathological ac8va8on of these cells. Altered intes8nal permeability in DMD 

represents a poten8al source of metabolites and microbial products, also referred to as pathogen-

associated molecule paserns (PAMPs) that could contribute to muscle was8ng and ac8va8on of 

the immune system, thus contribu8ng to DMD disease45,46. Among the PAMPs, lipopolysaccharides 

(LPS), a cell membrane component of gram-nega8ve bacteria, is known to interact with the innate 

sensors like TLR4, resul8ng in a strong immune response47. However, an immune-mediated effect 
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of microbiota-derived PAMPs in the context of the DMD features has not been considered yet. In 

addi8on, microbial dysbiosis interferes with the development of muscle progenitor cells48, 

endothelial cell func8ons49, as well as the regulatory molecules secreted by skeletal muscle cells 

and adipose 8ssues, which are dependent on the produc8on of short-chain fasy acids (SCFAs) and 

branched-chain amino acids (BCAAs)50. Given the progressive deteriora8on of the alimentary 

tract's physiology with age, the loss of dystrophin in the gastrointes8nal system of individuals with 

DMD may exacerbate aging-associated inflamma8on. In line with these hypotheses, we and others 

demonstrated that age-dependent dysbiosis in 3-month-old mdx mice is associated with 

altera8ons in SCFAs, changes in the peripheral and local immune landscape, and compromised 

muscle integrity51,52. 

ENTERO-THYMIC CIRCUIT 
It was assessed that gut microbiota has a strong interplay with the immune system53 and, in 

par8cular, with the unconven8onal T-cells. These unique cells possess characteris8cs of both 

innate and adap8ve immune cells and include gd-T cells (gd T), invariant natural killer T (iNKT) cells, 

and mucosa-associated invariant T (MAIT) cells. Unlike conven8onal B and T cells, unconven8onal 

T-cells do not respond to an8gens presented by major histocompa8bility complex (MHC) 

molecules. Instead, they recognize signals derived from the microbiota, such as glycolipid an8gens 

(iNKT cells) and microbial vitamin deriva8ves (MAIT cells). Specifically, MAIT cells are regulated by 

microbial metabolites derived from vitamins B2 and B9. One such metabolite is 6-hydroxymethyl-

8-D-ribityllumazine, which binds to the non-classical MHC class I-like molecule MR1, on 

thymocytes. This binding influences the expression of pro-inflammatory cytokines such as IFN-γ 

and IL-1754. At barrier sites, MAIT cells determine barrier integrity through close interac8ons with 

both innate and adap8ve cells of the immune systems. In par8cular, at early stage of inflammatory 

events, MAIT cells ac8vate not only dendri8c cells (DCs) but also macrophages, effector 

lymphocytes and memory T-cells. Consistent with these evidences, Ennamora8 et al showed that 

early-life microbiota regulates the development and distribu8on into the thymus of innate 

lymphocytes (ILCs) expressing the transcrip8on factor PLZF through the migratory plasmacytoid 

DCs. Intriguingly, MAIT cells abundantly express the PLZF and ILCs are upregulated in DMD, causing 

the prolifera8on of eosinophils and overstate inflamma8on55.  
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AIM OF THE STUDY 
In this study, we inves8gated whether healthy and dystrophic aging lead to the prolifera8on of 

pathobionts or protec8ve taxa, as well as microorganisms contribu8ng to muscle degenera8on and 

inflamma8on. Furthermore, we revealed similar altered microbiota richness and metabolism in 

young and older mdx mice, thereby shedding light on a sustained microbiota dysbiosis during DMD 

course. Interes8ngly, microbiota deple8on in mdx induced catabolic and autophagic pathways, 

while coordina8ng fibro8c and inflammatory signaling nega8vely in dystrophic muscles. Of note, 

thymic involu8on together with increase in peripheral naïve T cell pool and reduced helper and 

memory ac8vity occurred in microbiota-depleted mdx mice following an8bio8cs treatment. Since 

structural integrity of the thymic niche is disrupted in mdx, including disorganiza8on of the cor8cal 

and medullary junc8on56, we argued that microbiota deple8on contributes significantly to 

accelerate dystrophic thymic involu8on and reduce the microbial-dependent s8mula8on of muscle 

T cells. Overall, this study provide valuable insights into how the intes8nal microbiota shapes the 

inflammatory response, thereby conferring dis8nct suscep8bility to muscle pathology. 

Furthermore, we poten8ally iden8fied novel biomarkers associated with gastrointes8nal 

involvement and disease progression predic8on, which could be translated into human studies and 

aid in stra8fying pa8ents based on the most appropriate treatments.  
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MATERIALS AND METHODS 
ANIMAL ETHICS STATEMENT 
Procedures involving living animals were conformed to Italian law (D.L.vo 116/92) and approved 

by local ethics commisees. This work was authorized by the Ministry of Health and Local University 

of Milan Commisee, authoriza8on number 859/2017-PR (5247B.35, 10/07/2017). C57BL/10 and 

mdx male mice from Charles River were maintained at the Policlinico Hospital animal facility. All 

animals were housed in ven8lated cages in a 12 h light/dark cycle, with free access to water and 

standard autoclaved chow. Food intake was measured. No food intake differences were observed 

between C57BL/10 and mdx mice. For the microbiota deple8on experiments, mice were orally 

gavaged with a mix of an8bio8cs (ABX) containing vancomycin (1.25 mg), ampicillin (2.5 mg) and 

metronidazole (1.25 mg) in 200 μl of water for 4 weeks. Animals that eventually suffered from 

clinical complica8ons during each treatment (enhancement of stress, motor impairments) were 

excluded from the experimental plan. 

GFmdx DERIVATION 
We par8cipated at the EC Horizon 2020 funded INFRAFRONTIER2020 project (2017–2020), to 

obtain mouse axenic service implemented as a Trans-na8onal Access ac8vity. INFRAFRONTIER is 

the European Research Infrastructure for phenotyping, archiving and distribu8on of model 

mammalian genomes by the European Mouse Mutant Archive (EMMA), providing access to tools 

and data for biomedical research (www.infrafron8er.eu). Through the “INFRAFRONTIER2020 

project and microbiome research”, in collabora8on with the Gnoto/Axenic Facility of the Ins8tuto 

Gulbenkian de Ciência—partner and founding member of the ECGnoto network 

hsp://www.ecgnoto.eu—we generated the GFmdx. Detailed procedure is described below. 

STANDARD OPERATIVE PROCEDURE FOR GENERATING GERM-FREE (AXENIC) MICE USING 
CESAREAN SECTION REDERIVATION 
Equipment 

- Sterile isolator and set up for rearing germ-free mice. 

- Transfer chamber compa8ble with the isolator. 

- Autoclaved water inside the transfer chamber. 

Surgical equipment 
- Medroxiprogesterone acetate (150 mg/ml, Pfizer). 

- VirkonS, 1% solu8on at room temperature (RT) (Antec Int. Ltd.). 
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Method 
Ensure availability of isolator reared, germ-free surrogate mother with newborn pups (< 5 days old) 

at day 19 of procedure (see below). 

Day 2—Set up the relevant ma8ng of foster strain inside the recipient isolator (usually on Sundays). 

Day 1—Check for ma8ng plugs inside the isolator and iden8fy the foster females. 

Day 0—Check for ma8ng plugs inside the isolator and iden8fy the foster females. If more than two 

plugs between day 1 and 0, set up the relevant ma8ng of mouse strain to be converted to germ-

free status (usually on Wednesdays). 

Day 1—Check for ma8ng plugs inside and outside the isolator. Iden8fy the foster and donor 

female(s) for the experiment. 

Day 2—Check for ma8ng plugs inside and outside the isolator. Iden8fy the foster and donor 

female(s) for the experiment. Separate females from males (if some remain without plug) inside 

the isolator. 

Day 3—Check for ma8ng plugs outside the isolator. Iden8fy the donor female(s) for the 

experiment. Separate females from males (if some remain without plug), from the strain to be 

converted to germ-free. 

Day 18—Check pregnancies inside and outside the isolators. Give pregnant donor female(s) from 

day 1, at 17.5 days post coitus (dpc), a subcutaneous injec8on of medroxiprogesterone acetate (5 

mg/0.1 ml). 

Day 19—Carefully following the SOP for isolator entry procedures, transfer the sterile instruments 

and supplies required for surgery into the isolator in which the surrogate female(s) are housed. 

Prepare the hysterectomy suite/surgical transfer chamber: fill up the reservoir with 1% VirkonS, 

sterilize the surgical compartment and ven8late it overnight. Give pregnant donor female(s) from 

day 2, at 17.5 dpc, a subcutaneous injec8on of medroxiprogesterone acetate (5 mg/0.1 ml). 

Day 20—Give pregnant donor female(s) from day 3, at 17.5 dpc, a subcutaneous injec8on of 

medroxiprogesterone acetate (5 mg/0.1 ml). Transfer water, paper towels and surgical instruments 

from the isolator to the sterilized compartment of the transfer chamber. Working in the non-sterile 

compartment of the surgical transfer chamber or the place where the animals are allocated, 

sacrifice the donor female by cervical disloca8on and submerge the whole animal in the 1% VirkonS 
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solu8on for 1 min. Use sterile scissors to open the abdomen. Clamp the top of each uterine horn 

and the base of the uterus close to the cervix, with mosquito scissors. Cut out the “uterine 

package,” and place it in the transfer chamber reservoir filled with 1% VirkonS for 1 min. This 

procedure can be performed for a maximum of two females at the same 8me. Inside the sterile 

compartment of the transfer chamber rinse the “uterine package” with sterile water to remove 

the VirkonS (200 ml of minimal volume of water). On top of a hea8ng pad at 37°C, open the 

“uterine package” with scissors and take out the pups, taking care do not cut the umbilical cord. 

AVer removing the pup from the placenta gently pull the umbilical cord with your forceps. 

S8mulate breathing of the pups while cleaning them with dry paper towel. When pups are 

breathing normally and have gained a healthy skin color, transfer them to the isolator housing the 

foster mother. Gently rub the pups with bedding material from the foster mother's cage. Leave 

them mixed with the bedding 1 or 2 min. Remove some of the original pups so that the foster 

mother has the same number of pups to feed. If some pups from the foster mother remain in the 

cage, mix the adopted ones with them (clean the bedding). Check for adop8on not earlier than 

24 h aVer transfer. Monitor a microbiological status of the isolator and the animals it houses 

3 weeks aVer transfer. 

Day 21/22—repeat step 20 for pregnant donor females of days 2 and 3, if necessary. 

SERUM ANALYSIS 
CPK, ALT, AST analyses were performed on serum samples of ABX-treated mdx, GFmdx and 

untreated mdx mice with CPK/ALT/AST kit (Cobas), according to manufacturer's instruc8ons. 

FACS ANALYSIS 
Pooled muscle from the leg (QA, TA and gastrocnemius), colonic and splenic 8ssues of ABX-treated 

mdx, age-matched mdx and C57BL/10 mice are minced slightly to remove blood trapped vessels 

and washed in PBS, and then digested at 37°C with 0,2 mg/ml Liberase in DMEM culture medium. 

Undigested 8ssues are mashed with a plunger through the filters and washed with DMEM with 

serum. Then, they are filtered through a 70µm filter, placed on Histopaque 1077 gradient and 

centrifuged at 400g for 45 min. Cells will be harvested at the interface, washed two 8mes with PBS 

and then used for flow cytometry analysis. Similarly, murine lamina propria mononuclear cells 

(LPMC) will be isolated as described in 35. Briefly, the cells are isolated via incuba8on with 5 mM 

EDTA at 37°C for 30 min, followed by mechanical disrup8on with GentleMACS (Miltenyi Biotec). 

AVer filtra8on with 100μm and 70μm nylon strainers (BD), the LPMC are counted and stained for 
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immunophenotyping. The cells are evaluated for the expression of different immunological 

subpopula8ons and mul8ple-labelled with different groups of an8bodies to recognize specific sub-

popula8ons (CD45 PerCp, CD4 Pe-Cy7 and Pacific Blue, CD8 efluor 450, CD44 FITC, CD62L PE, CD25 

APC, GITR Pe-Cy7, CD3 FITC, Foxp3 Alexa fluor 488, CD11b PE). Murine MAIT cells are iden8fied by 

ga8ng on the lymphocyte popula8on and excluding doublets using forward/side-scaser 

proper8es. At first, we will u8lize the MR-1 tetramer that is composed of MR1-5-OP-RU and MR1-

6-FP bio8nylated monomers in TBS, addi8onated with 0.5 mg/ml streptavidin-PE, streptavidin-

BV421, or unlabeled streptavidin (all from BD Biosciences). This way, 7AAD−CD45+ lymphocytes 

are gated and further selected as CD19−TCR-β+ while auto-fluorescent cells are excluded according 

to BV525 and BV585 fluorescent channels. In the end, we will isolate TCR-β+MR1-5-OP-RU 

tetramer+ MAIT. To isolate γδ T-cells, we will employ TCRγδ-eBioGL3-PE while – for the NKTs – 

CD49b-APC, and NKp46-PE or NK1.1-PE. Alterna8vely unloaded and α-GalCer analogue (PBS-57)-

loaded CD1d tetramers will be provided by Thermofisher and used for iNKT cell detec8on (1.2μg 

for 106 cells in 100μl), together with an8-mouse TCRβ an8body (REA318; Miltenyi Biotec). In a 

second step, to assess the cytokines produced or pro-inflammatory mediators expressed by ITC, 

we can analyze mdx-derived ITC cells for the expression of IFNγ-PE-Cy7; IL-17-PE; T-bet-PE-Cy7; 

RORγt-APC (all from eBioscience) by means FACS. We will grossly isolate DCs for the expression of 

CD45, CD11c and MHC-II and then follow the expression of CD317, Siglec-H, CD45R and Ly-6C for 

the plasmacytoid DCS (pDCs); CD8a, XCR1, CD24 and CLEC9A for conven8onal DC1 (cDC1); CD4, 

SIRP� and CD11b for conven8onal DC2 (cDC2). Tissues will be depleted from fat and connec8ve 

8ssue, transferred to 6-well plate containing Liberase (Invitrogen) solu8on and incubated at 37 °C 

for 20 min. Following dissocia8on, we will iden8fy the main thymic cellular subpopula8ons 

according to the combined expression of CD4 (Pacific Blue-A) and CD8 (APC-Cy7-A). CD4+/CD8+ 

double posi8ve cells will be subsequently characterized for the expression of CD69 (AF 488-A) and 

TCR� (PE-A); the double-nega8ve cells for the expression of CD44 (AF 488-A) and CD25 (APC-A); 

the CD4+ subpopula8on for Foxp3 (AF 488-A) and CD25 (APC-A) to iden8fy the T-regs. For FACS 

characteriza8on, data are acquired with the BD Canto II machine and analyzed with FlowJo 9 

soVware. Each analysis includes at least 105 events for each gate.   

HISTOLOGICAL ANALYSIS MICROBIOTA ANALYSIS 
TA muscle 8ssues were collected from ABX-treated mdx, GFmdx, untreated mdx and C57BL/10 

mice, frozen in liquid-nitrogen cooled isopentane and cut on a cryostat into 10 μm. Gömöri 
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trichrome staining was performed to evaluate the morphology and the percentage of fibrosis. 

Adjacent sec8ons were stained with H&E. Frozen sec8ons were brought to RT and placed in 

preheated Bouin's fluid (BF) at 56°C for 15 min. Equal volumes of Hematoxylin Weigert's Iron Part 

A and B (Bio-Op8ca, Milan S.p.A. Italy) were applied to 8ssue sec8ons for 5 min. Then, acid alcohol 

solu8on (0.5%) was applied to sec8ons for 10 s, to stain cytoplasm, followed by Acid Fuchsin 

solu8on (Bio-Op8ca, Milan S.p.A. Italy) diluted 1:2 in deionized water for 5 min. Tissue sec8ons 

were incubated with phosphomolybdic acid (Bio-Op8ca, Milan S.p.A. Italy) for 5 min to block the 

staining of all 8ssue components other than connec8ve 8ssue fibers. Then, slides were incubated 

with Aniline Blue solu8on (Bio-Op8ca, Milan S.p.A., Italy) for 5 min to stain collagen fibers. Finally, 

slides were washed in deionized water combined with 1% glacial ace8c acid (Carlo Erba, Milan, 

Italy) and incubated for 30 s in 100% ethanol solu8on, for dehydra8on. 100% Xylene (Sigma-

Aldrich, USA) for 1 min before moun8ng with DPX reagent (VWR Interna8onal, USA) and coverslips. 

Frozen sec8ons were characterized by immunofluorescence staining. Slides were fixed with 4% 

paraformaldehyde for 10 min, permeabilized with 0.3% Triton X-100 for 15 min and incubated with 

10% donkey serum to block non-specific binding for 1 h and then incubated with the primary 

an8bodies (overnight at 4°C) diluted in blocking solu8on. Fluorochrome-conjugated secondary 

an8bodies were diluted in PBS and added for 1h at RT. Primary an8bodies were used at the 

following dilu8ons: fibers type I 1:50 (BA-D5, Developmental Studies Hybridoma Bank, Douglas 

Houston); fiber type IIA 1:50 (sc-71, Developmental Studies Hybridoma Bank); fiber type IIB 1:50 

(BF-F3, Developmental Studies Hybridoma Bank). Slides were then mounted with Prolong Gold® 

An8fade Reagent with DAPI (Thermo Fisher, Carlsbad, CA). Leica Dmi8 fluorescence microscope 

was used for acquiring images. Histological iden8fica8on of slow/type I, fast fa8gue resistant/type 

IIa, and fast fa8gable/type IIb fibers was performed by staining for either myosin ATPases or 

oxida8ve enzyme capacity (succinate dehydrogenase, SDH). Enzyma8c ac8vity of SDH was assayed 

by placing the slides in SDH incuba8ng solu8on, containing sodium succinate as a substrate and 

nitro-blue tetrazolium (NBT) for visualiza8on of reac8on for 1 h at 37°C. At first, slides were 

incubated for 10 s in 30–60–90–60–30% acetone solu8on and, then, for 30 s in 80–90–100% 

ethanol solu8on for dehydra8on. Finally, 100% Xylene (Sigma-Aldrich, USA) for 1 min before 

moun8ng with DPX reagent (VWR Interna8onal, USA) and coverslips. For Gömöri trichrome and 

SDH staining, images were captured by Leica microdissector (CTR6000). 
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WESTERN BLOT ANALYSIS 
Tibialis anterior skeletal muscles and colonic 8ssues were isolated from ABX-treated mdx, GFmdx, 

and age-matched untreated mdx or C57Bl mice and total proteins were obtained as in57. Samples 

were resolved on polyacrylamide gels (ranging from 6 to 14%) and transferred to nitrocellulose 

membranes (Bio-Rad Laboratories, California, USA). Filters were incubated overnight with 

following an8bodies: LC3B (1:500, L7543, Sigma-Aldrich); TGFβ (1:500, e-ab-33090, Elabscience); 

NF-kB (1:500, sc-514451, Santa Cruz Biotechnology – SCB); RELb (1:500, sc-48366, SCB); FKHR-

FOXO1 (1:500, sc-374427, SCB); TLR4 (1:500, sc-293072, SCB); vinculin (1:500, MA5-11690, 

Invitrogen); TOMM20 (1:500, AB186735, Abcam); DRP1 (1:500, AB184247, Abcam); P62 (1:500, 

P0067, Sigma-Aldrich); COX IV (1:500, AB16056, Abcam); AKT 1-2-3 (1:500, ab179463, Abcam); 

PPARγ (1:500, AB59256, Abcam); HDAC1 (1:500, MA5-1807, Invitrogen); HDAC2 (1:500, 51-5100, 

Invitrogen); ATG7 (1:500, PA5-35203, Thermofisher Scien8fic); PKCa (1:500, ab32376, Abcam); 

AMPKa (1:500, sc74461, SCB); Atrogin (1:500, ab168372, Abcam); Murf-1 (1:500, PA5-76695, 

Invitrogen); p-4EBP1 (1:500, 9451, Cell Signaling Technology); 4EBP1 (1:500, 9644, Cell Signaling 

Technology); S6RB (1:500, 2217, Cell Signaling Technology); Filters were detected with peroxidase 

conjugated secondary an8bodies (Agilent Technologies, California, USA) and developed by ECL 

(Amersham Biosciences, UK). 

MICROBIOTA ANALYSIS 
We performed DNA extrac8on, 16S rRNA gene amplifica8on, purifica8on, library prepara8on and 

pair-end sequencing on the Illumina MiSeq plaqorm as previously described in58. MICCA pipeline 

(v.1.7.0) (hsp://www.micca.org) was used to pre-process the reads59 while micca trim and micca 

filter were employed for forward/reverse primers trimming and quality filtering, respec8vely. 

Filtered sequences were denoised using the UNOISE algorithm implemented in micca otu to 

determine true biological sequences at the single nucleo8de resolu8on by genera8ng amplicon 

sequence variants (ASVs). Micca classify and the Ribosomal Database Project (RDP) Classifier v2.11 

were used to classify taxonomically the bacterial ASVs60  while Nearest Alignment Space 

Termina8on (NAST) algorithm performed the mul8ple sequence alignment (MSA) of 16S 

sequences61 as described in detail in62 (release 13_08). Phylogene8c trees were inferred using 

micca tree63. Indeed, we reduced sampling heterogeneity rarefying samples at the depth of the 

less abundant sample using micca tablerare while we performed the phyloseq R package to assess 

alpha (within-sample richness) and beta- diversity (between-sample dissimilarity)64. P-values were 

False Discovery Rate corrected using the Benjamini-Hochberg procedure implemented in DESeq2 
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and the R package DESeq2 was used to test differen8al abundance65. The psych R package was 

used to compute Spearman’s correla8on tests. Predic8on of func8onal metagenomic content was 

inferred by using Piphillin66 with the reference curated databases BioCyc67 and Kyoto Encyclopedia 

of Genes and Genomes (KEGG)68. iPATH 3 was used to construct the metabolic pathway 

(hsps://pathways.embl.de/). 

METABOLOME ANALYSIS 
To extract the metabolome from the GI 8ssues of ABX-treated and age-matched untreated mdx or 

C57Bl mice we used the the MetaboPrep kit (Theoreo, Montecorvino Pugliano, SA) as in69,70 

according to manufacturers' protocol. Analysis was conducted in gas-chromatography coupled 

with mass spectrometry (GC-2010 Plus gas chromatograph and 2010 Plus single quadrupole mass 

spectrometer; Shimadzu Corp., Kyoto, Japan). Chromatographic separa8on was achieved as 

previously reported using a 30 m 0.25 mm CP-Sil 8 CB fused silica capillary GC column with 1.00 μm 

film thickness from Agilent (J&W Scien8fic, Folsom, CA, USA), with helium as carrier gas. 

Untargeted metabolites were iden8fied by comparing the mass spectrum of each peak with the 

NIST library collec8on (NIST, Gaithersburg, MD, USA). To iden8fy metabolites, the linear index 

difference max tolerance was set at 50, while the minimum matching for the NIST library search 

was set at 85%. According to MSI level 1 standard71, the relevant puta8ve metabolites was further 

confirmed using an independent analy8cal standard analysis. The normaliza8on procedures 

consisted of data transforma8on and scaling. Sta8s8cal analyses were conducted on transformed 

(og transforma8on) and autoscaled (mean-centered and divided by the standard devia8on of each 

variable) data. Par8al least square discriminant analysis (PLS-DA) was performed on internal 

standard peak area normalized chromatogram using R. Classifica8on and cross-valida8on were 

performed using the wrapper func8on included in the caret package. A permuta8on test was 

performed to assess the significance of class discrimina8on. Variable importance in projec8on (VIP) 

scores were calculated for each component. For each relevant metabolite, the Mouse Metabolome 

Database ID number was determined. Metabolic pathways associated with these metabolites were 

analyzed using the MetScape applica8on72. Metabolic pathways involvement was also evaluated 

using the MetPa tool73. 

RNASEQ ANALYSIS 
Library Prepara8on and DNA Sequencing: 150–300 ng of total RNA determined by InvitrogenTM 

QubitTM high-sensi8vity spectrofluorometric measurement was poly-A selected and reverse 
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transcribed using Illumina's TruSeq stranded mRNA library prepara8on kit. Each sample was fised 

with one of 96 adapters containing a different 8-base molecular barcode for high-level 

mul8plexing. AVer 15 cycles of PCR amplifica8on, completed libraries were sequenced on an 

Illumina NovaSeqTM 6000, genera8ng 20 million or more high-quality, 100-base, long-paired end 

reads per sample. RNA-Seq Analysis: A quality control check on the fastq files was performed using 

FastQC. Upon passing basic quality metrics, the reads were trimmed to remove adapters and low-

quality reads using default parameters in Trimmoma8c174. Alignment, Transcript Abundance and 

Differen8al Gene Expression Analysis: The trimmed reads were then mapped to a reference 

genome using default parameters with strandness (R for single-end and RF for paired-end) op8on 

in Hisat2275. In the next step, transcript/gene abundance was determined using kallisto376. We first 

created a transcriptome index in kallisto using Ensembl cDNA sequences for the reference genome. 

This index was then used to quan8fy transcript abundance in raw counts and transcript per million. 

Fold-changes between groups were calculated using EdgeR from the Bioconductor package77. PCA 

on differen8ally expressed genes was performed using ClustVis78. Gene ontology (GO) analysis was 

conducted submi�ng gene lists to the PANTHER Enrichment Test (release 16.0), built-in analy8cal 

tool in the AmiGO2 soVware suite by the GO consor8um79. GO analyses were conducted on the 

GO database (version 2021-05-01), using all genes in the Mus musculus database as reference list 

and the GO Biological Process Complete as annota8on dataset. Significantly enriched GO terms 

were iden8fied by adjusted P-value < 0.05. GSEA was performed via dedicated soVware (release 

4.2.3) by Molecular Signatures Database (MSigDB). The “Hallmark” annotated gene set collec8on 

was used for analysis of ranked gene lists. 

IMAGE QUANTIFICATION 
Histological images were captured by Leica microdissector, fluorescent microscope and confocal 

microscopy. Quan8ta8ve analyses were performed by ImageJ SoVware (NIH). Threshold color Plug 

in of ImageJ SoVware was used to quan8fy the Gömöri trichrome staining as percentage of area 

over a fixed grid area. For IF quan8fica8on, confocal acquisi8on of n = 12 muscle cross-sec8ons for 

dis8nct TA muscles were obtained from each experimental animal used for each protocol. Data 

were analyzed by GraphPad Prism and expressed as means ± SD. 

STATISTICS 
To determine the significance of the varia8on of cellular concentra8on throughout the 8me, we 

used the linear regression for repeated measures. To compare mul8ple-group means, one-way 
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ANOVA followed by Tukey's mul8ple-comparison test or non-parametric test followed by Kruskal–

Wallis test were used to determine significance (*P < 0.05, **P < 0.01, ***P < 0.001; 

****P < 0.0001). To compare two groups, Student's t-test was applied assuming equal variances 

(*P < 0.05, **P < 0.01, ***P < 0.001; ****P < 0.0001). Sample size was determined by using a 

sample-size calculator freely available on internet. All the samples that did not rich quality control 

standards due to the presence of contaminants for RNA or to problems in freezing procedures for 

histological analysis were excluded. The analysis of Alpha diversity index to evaluate microbiota 

richness was based on Wilcoxon rank-sum test on row data. 
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RESULTS 
AGE-RELATED DYSBIOSIS IN mdx 
To evaluate the impact of aging on the intes8nal microbial community of mdx and C57Bl mice, we 

conducted a metataxonomic analysis comparing 3 and 9-month-old (respec8vely, 3m and 9m) 

animals. This comprehensive analysis of the gut microbiota revealed reduced enrichment of 

amplicon sequence variants (ASV) in mdx mice of both age groups compared to age-matched wild 

type C57Bl mice, confirming the presence of dysbiosis in dystrophic animals. Furthermore, we 

observed that the differences in microbiota composi8on between aged mice were less 

pronounced compared to younger mice, indica8ng that aging affects microbiota richness even in 

healthy condi8ons (Fig. 1A). Principal Coordinates Analysis (PCoA) demonstrated the dis8nct 

separa8on of healthy and dystrophic mice, emphasizing both individual and group dissimilari8es 

(Fig. 1B) that we further elucidated employing linear discriminant analysis Effect Size (LEfSe) to 

examine the biological consistency of divergent organisms80. We found that Helicobacter, 

Firmicutes, and Clostridium were abundant in 9m C57Bl mice, while Bacteroides, Prevotella, and 

Odoribacter were upregulated in age-matched mdx mice (Fig. 1C). When comparing the 

microbiota content of C57Bl and mdx mice across different ages, we iden8fied Prevotella, Alis8pes, 

Anaeroplasma, and Odoribacter as common signatures in mice with Duchenne muscular dystrophy 

(DMD) (Fig. 1D), consistent with previous findings9. Addi8onally, comparing 3m and 9m mice, we 

observed an upregula8on of Akkermansia and Lactobacillus in younger C57Bl mice, whereas 

Helicobacter and Alis8pes were more abundant in 3-month-old mdx mice (Fig. 1E).  
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Figure 1. Microbiota dysbiosis is a common feature of 3m mdx and 9m mdx mice 

(a) Observed number of enriched ASVs in 3m C57Bl, 3m mdx, 9m C57Bl and 9m mdx (n=5 each). (b) Unweighted UniFrac 

PCoA of 3m C57Bl, 3m mdx, 9m C57Bl and 9m mdx (n=5 each). (c) LEfSe Analysis among groups. Enrichment of specific 
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micro-organisms according to the pathology – 3m C57Bl vs 3m mdx and 9m C57Bl vs 9m mdx – (d) and to the age – 

3m C57Bl vs 9m C57Bl and 3m mdx vs 9m mdx (e). 

 

Consistent with the findings, the predicted func8onal poten8al of the microbiota associated with 

mdx mice and aging revealed notable altera8ons in metabolic pathways (Fig. 2A, B). Specifically, 

9m mdx mice exhibited upregula8on in pathways related to the biosynthesis of amino acids 

(tyrosine and tryptophan), lysine, and fasy acids. Addi8onally, they displayed changes in the 

metabolism of various molecules including his8dine, nitrogen, riboflavin, and 

glycerophospholipids. In contrast, age-matched C57Bl mice showed upregula8on in glutathione, 

glyoxylate, and dicarboxylate metabolism. Furthermore, in the analysis of 3m mdx mice, we 

iden8fied an overac8ve glycolysis and gluconeogenesis, glycerol lipid metabolism, and biosynthesis 

of unsaturated fasy acids (Fig. 2A, B). Given the slight differences observed previously in 3-month-

old mice, we examined the levels of SCFAs in aged animals. We discovered a significant 

downregula8on of SCFAs, par8cularly butyric acid, ace8c acid, and propionic acid, in 9m mdx mice 

compared to age-matched controls. Addi8onally, isobutyric acid levels increased, while isovaleric 

acid was not detectable in dystrophic mice (Fig. 2C). Intriguingly, we also inves8gated whether 

aging had an impact on SCFAs content. We found an upregula8on of total SCFAs, par8cularly ace8c 

acid and propionic acid, in 9m C57Bl mice compared to 3m C57Bl mice. However, the only 

discernible difference in the dystrophic background was related to butyric acid (Fig. 2C). 
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Figure 2. KEGG metabolic pathways and SCFAs content in 3 months-old and 9 months-old healthy and dystrophic 

mice  

(a) The iPath3.0 representaKon of KEGG metabolic pathways inferred from Piphillin analysis significantly upregulated 

(in red) or downregulated (in blue) in 3m C57Bl, 3m mdx, 9m C57Bl and 9m mdx (n=5 each). Nodes in the map coloured 

in green, yellow, and orange correspond to acetate, propionate, and butyrate, respecKvely. Line thickness represents 

the level of staKsKcal significance for the inferred pathways; thick lines with FDR-corrected p-value<0.05, thin lines with 

nominal p-value <0.05. (b) Enriched KEGG pathways representaKon in 3m C57Bl, 3m mdx, 9m C57Bl and 9m mdx (n=5 

each). (c) SCFA faecal quanKficaKon of 3m C57Bl, 3m mdx, 9m C57Bl and 9m mdx (n=5 each). 
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Recognizing the crucial role of the metabolome in determining host-microbe interac8ons and 

immune system development, we conducted a metabolomic analysis of the small intes8ne in aged 

mice (Fig. 3A, B) and reconstructed pathways using metabolites with the highest discriminatory 

power. In the small intes8ne of 9m mdx mice, we observed an overexpression of propylene glycol, 

ethanolamine, and simple sugars (lactose and maltose), while myo-inositol, glucose, and uridine 

were downregulated. Myo-inositol is known to be involved in lipid signaling, glucose metabolism, 

and insulin regula8on, while glucose and uridine play roles in glucose balance as well as lipid and 

amino acid metabolism81,82. Conversely, age-matched C57Bl mice exhibited upregula8on of myo-

inositol, glucose, and uridine (Fig. 3B). Consistent with these findings, we determined that the most 

enriched sets of metabolites were associated with an8bio8cs biosynthesis, galactose metabolism, 

sucrose metabolism, and lipid metabolism (Fig. 3C). To assess whether aging significantly affected 

the modula8on of metabolites previously reported in the intes8nes of younger mice83, we re-

analyzed the data. We found that 3m and 9m C57Bl mice both exhibited overexpression of 

metabolites involved in simple sugar metabolism such as glucose, ribose, galactose, and 

phenylalanine. Addi8onally, dystrophic mice showed upregula8on of 3-phenyllac8c acid (Fig. 3D, 

E). Interes8ngly, the metabolome of 9m C57Bl mice was dis8nct from that of all other animals (Fig. 

3E). Finally, we determined that the most enriched sets of metabolites were associated with 

galactose metabolism, sucrose metabolism, fructose metabolism, and amino acid biosynthesis 

(tyrosine, phenylalanine, tryptophan, arginine) (Fig. 3F). 
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Figure 3. Metabolome variaKons in intesKnal samples of 3 months-old and 9 months-old healthy and dystrophic 

mice  

(a) ParKal Least Square Discriminant Analysis (PLS-DA) score plot of 9m C57Bl and mdx (n=4 each) gut Kssue samples. 

(b) ConcentraKon of the metabolites with a variable importance in projecKon (VIP) score higher than 1.5 isolated from 

the small intesKnal content and the heatmap of the concentraKon of the top 10 metabolites according to ANOVA. The 

metabolites in blue have a negaKve fold change while those in red have a posiKve fold change. (c) Overview of the 

enriched metabolite sets. (d) PLS-DA score plot of 3m C57Bl, 3m mdx, 9m C57Bl and 9m mdx (n=4 each) gut Kssue 

samples. (e) ConcentraKon of the metabolites with a VIP score higher than 1.6 isolated from the small intesKnal content 

and the relaKve heatmap of the concentraKon of the top 14 metabolites according to ANOVA. (f) Heatmap showing all 

the relevant metabolites concentraKon change among the 4 groups. Both metabolites and classes were clusterized 

according to the Wald method. (g) Overview of the enriched metabolite sets. 

UNCONVENTIONAL T CELLS MODULATION IN DYSBIOTIC mdx MICE 
To correlate how our data concerning the differences in microbiota and SCFAs could impact on 

muscular phenotype in mice according to dystrophic background and aging and how these 

variables could influence the sustained ac8va8on of the innate immune response of mdx mice84, 

we took into considera8on conven8onal and unconven8onal T-cells abundancy in 8ssues normally 

affected by dystrophin deficiency (skeletal muscle) and organs that are the well-recognized sites 

for inflammatory responses (colon, thymus and spleen). MAIT are ac8vated by the riboflavin 35, 

whose metabolism is upregulated in 9m mdx metabolic pathways (Fig. 2B) and SCFAs could alter 

the an8microbial ac8vity of MAIT or the pro-inflammatory switch of iNKT 36, paving the way for 

addi8onal regula8on of these cell according to aging and pathology (Fig. 2C). In the spleen of 9m 

C57Bl we found an upregula8on of CD3+ cells, while their abundance diminished according to 

aging in mdx mice (Fig. 4A). As the subpopula8ons of CD4+ T-cells did not change significantly (Fig. 

4B), we assessed notable upregula8on of CD8+ T-cells in 9m C57Bl according to 3m C57Bl and age-

matched mdx mice while – as expected – CD8+ inflammatory subpopula8ons (as those expressing 

CD69+, IFN-γ, IL-17) were upregulated in dystrophic mice and slightly diminished according to the 

age (Fig. 4C). In last analysis, bone-marrow derived circula8ng CD45+CD11+ myeloid cells were 

over-expressed in 9m mdx related to 3m mdx mice while in C57Bl we found an opposite situa8on 

(Fig. 4D). iNKT cells were drama8cally upregulated in 9m mdx mice compared to 3m mdx mice and 

age-matched C57Bl mice, as were the IFN-γ+ iNKT cells (Fig. 4E). Accordingly, infiltra8ng CD69+ 

and ac8vated IFN-γ+/IL-17+ subpopula8ons of MAIT were significantly increased in spleen of older 

mdx compared to age-matched C57Bl mice (Fig. 4F). These data suggest a possible correla8on 

between increased riboflavin and ac8va8on of spleen-derived MAIT and iNKT cells 14 in older mdx. 
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In last analysis gd T-cells were up-regulated in dystrophic mice related to age-matched controls: 

significant differences were assessed in those expressing IL-17 (Fig. 4G).  

 

 

Figure 4. Splenic convenKonal and unconvenKonal T-cells evaluaKon in 3m and 9m mdx mice 

FACS analysis of immune cells from spleen of 3m C57Bl (n=5), 3m mdx (n=5), 9m C57Bl (n=4) and 9m mdx (n=4). Graphs 

show cumulaKve frequencies of convenKonal CD3+ T cells (a); CD4+ T-cells and subpopulaKons expressing CD69, IFN-

g and IL17 (b); CD8+ T-cells and subpopulaKons expressing CD69, IFN-g and IL17 (c); CD45+CD11c+ myeloid cells (d). 
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Graphs show cumulaKve frequencies of unconvenKonal CD3+ iNKT (e), MAIT (f) and gd (g) T-cells expressing CD69+, 

IFN-g+ and IL17+ markers.  

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Student t-Test 

with Welch’s correcKon). 

Colonic CD3+ T-cells were up-regulated in 3m mdx related to age-matched C57Bl and 9m mdx mice 

(Fig. 5A), while ac8vated CD4+ subpopula8ons were increased in 3m C57Bl according to pathology 

and the age (Fig. 5B). CD8+ T-cells were over-expressed in 3m mdx related to 3m C57Bl and in 9m 

C57Bl related to younger ones: in par8cular, the CD8+CD69+ cells were increased in 9m C57Bl 

while CD8+IFNγ+ in 9m mdx (Fig. 5C). CD45+CD11+ myeloid cells were over-expressed in 3m mdx 

and 9m C57Bl mice (Fig. 5D). The number of iNKT and MAIT cells in the colon of older C57Bl and 

mdx mice was decrease compared to younger ones (Fig. 5E). Addi8onally, ac8vated CD69+ iNKT 

cells and pro-inflammatory IFN-γ+ iNKT cells were downregulated in aged mdx mice (Fig. 5F). gd T-

cells expressing CD69+ were over-expressed in 3m C57Bl while those expressing IFN-γ+ in 9m mdx 

(Fig. 5G). This age-related decline in the frequency of MAIT and iNKT cells has been previously 

described in both human and mice 15 and might correlate to the reduced amounts of SCFA in the 

colon (Fig. 2C).  
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Figure 5. Colonic convenKonal and unconvenKonal T-cells evaluaKon in 3m and 9m mdx mice 

FACS analysis of immune cells from colon of 3m C57Bl (n=5), 3m mdx (n=5), 9m C57Bl (n=4) and 9m mdx (n=4). Graphs 

show cumulaKve frequencies of convenKonal CD3+ T cells (a); CD4+ T-cells and subpopulaKons expressing CD69, IFN-γ 

and IL17 (b); CD8+ T-cells and subpopulaKons expressing CD69, IFN-γ and IL17 (c); CD45+CD11c+ myeloid cells (d). 

Graphs show cumulaKve frequencies of unconvenKonal CD3+ iNKT (e), MAIT (f) and (g) gd T-cells expressing CD69+, 

IFN-γ + and IL17+ markers.  

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Student t-Test 

with Welch’s correcKon). 
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According to the inflammatory background of 3m mdx mice, we found in the hindlimb muscles of 

these mice that CD4+ T-cells were over-expressed as well as CD4+CD69+ T-cells (Suppl. Fig. 1A, B). 

Similarly, dystrophic mice up-regulated the CD8+ cells (Suppl. Fig. 1C). CD45+CD11+ myeloid cells 

were barely detectable in 9m C57Bl and were more abundant in 3m and 9m mdx mice (Suppl. Fig. 

1D). As expected, due to the low abundance of these cells in skeletal muscles, we did not observe 

significant modula8on of iNKT and MAIT cells in limb muscles (Suppl. Fig. 1E,F) while gd T-cells and 

CD69+ gd T-cells were dras8cally over-expressed in dystrophic mice (Suppl. Fig. 1G). 

 

Suppl. Fig. 1. Muscular evaluaKon of convenKonal and unconvenKonal cells in 3m and 9m mdx mice  

FACS analysis of immune cells from hindlimb muscles of 3m C57Bl (n=5), 3m mdx (n=5), 9m C57Bl (n=4) and 9m mdx 

(n=4). Graphs show cumulaKve frequencies of convenKonal CD3+ T cells (a); CD4+ T-cells and CD4+CD69+ T-cells (b); 

CD8+T-cells and CD8+CD69+ T-cells (c); CD45+CD11c+ myeloid cells (d). Graphs show cumulaKve frequencies of 

unconvenKonal of total and CD69+ CD3+ iNKT (e), MAIT (f) and (g) gd T-cells.  

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Student t-Test 

with Welch’s correcKon). 

THYMIC INVOLUTION IS DEPICTED IN AGED mdx MICE 
Thymic involu8on is an age-related decline in organelle size and func8on, and it is normally 

accompanied to diminished cellularity as mTEC and cTEC; disrup8on of stromal microenvironment 

that is evident in nega8ve modula8on of the cor8cal-medullary junc8on and perivascular space85. 

All these events determine dras8c down-regula8on of immune func8ons as the accumula8on of 

specific dysregulated CD4 T-cell subsets (as the memory T-cells in place of naïve ones) and, as 

opposite, the development of autoimmune phenomena. Following these premises, we evaluated 

these aspects in thymi obtained from 9mo mdx mice in comparison to younger ones.  
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In the thymus, interac8ons with both cor8cal and medullary microenvironments determine the 

development of self-tolerant conven8onal CD4+ and CD8+ αβT cells. Indeed, the cortex is 

fundamental for guiding the prolifera8on of iNKT cells and it is the necessary to regulate innate 

and adap8ve immune responses. Interes8ngly, we determined that in 3m mice there was a down-

regula8on of medullary/cortex ra8o in mdx mice while, in opposite, there was an upregula8on in 

older mdx mice related to age-matched C57Bl. Indeed, we found that aging in C57Bl determined 

a down-regula8on of medullary/cortex ra8o while in mdx we described an upregula8on of this 

value, sugges8ng a significant long-term effects on T-cells (Fig. 6A,E). In general, we showed that 

the larger medulla zone in 3m C57Bl is scasered and faintly defined in the cor8co-medullary 

junc8on in mdx; thus, aging determined dysfunc8ons in the organiza8on of thymic architecture, 

leading to forma8on of medullary islands (Fig. 6A). In the thymic medulla, it is well described the 

presence of the myoid cell, that share a structure closely related to that of the muscle as express 

MyoD, AChR and muscle crea8ne kinase and are regulated by myogenin and myf586. Since myoid 

cells are responsible for enhancing the autoimmune response in myasthenia gravis (MG), it was 

proposed a role in DMD in the regula8on of autoimmunity and tolerance induc8on, as well as in 

the selec8on during of mature and immunocompetent T-lymphocytes. This way, we performed 

immunofluorescence staining for the expression of MyoD+ cells in thymus and we found that these 

cells were more abundant in 3m C57Bl mice related to 9m C57Bl and 3m mdx mice, in accordance 

with data published by. Intriguingly, we found that the MyoD+ cells in 9m mdx mice were 

comparable to those of younger ones (Fig. 6B,D). Indeed, we calculated the vascularized area 

according to medulla/cortex ra8o and we assessed no modula8ons in control mice and significant 

down-regula8on in 9m mdx mice (Fig. 6D). Dendri8c cells (DCs) in the thymus are involved mainly 

in central tolerance forma8on, but also in pathogen recogni8on. We performed 

immunofluorescence on thymic 8ssues to evaluate the presence CD11c+CD11b+ DCs and we 

found that aging determined a down-regula8on of these cells in C57Bl mice while it caused an 

over-expression in dystrophic thymi. Intriguingly, we found that in age-matched thymi there was 

an upregula8on of DCs in 3m C57Bl mice while we found a diminished expression in 9m C57Bl 

related to mdx mice (Fig. 6E), sugges8ng modulatory effects on autoreac8ve thymocyte screening.  
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Figure 6. Thymus morphology and cellularity is affected by aging in mdx mice.  

RepresentaKve HE staining of thymus from 3m and 9m C57Bl and mdx mice (n=4 each) (a). Immunofluorescence 

staining for the expression of Myod+ cells in cortex and medulla (b) and of CD11b+CD11c+ cells (c) from 3m and 9m 

C57Bl and mdx mice (n=4 each). Histograms showing the quanKficaKon of medulla/cortex raKo; of MyoD+ cells; of 

vascularized area (d) an CD11b+CD11c+ cells (e) in 3m and 9m C57Bl and mdx mice (n=4 each). 

Data informaKon: data are presented as mean ± SD (**p<0.01; ****p<0.0001; Student t-Test with Welch’s correcKon). 
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To precisely determine the effects of these morphological changes in thymi cellularity, we 

performed FACS analysis: as we did not find differences in the amount of CD3+ T-cells (Fig. 6.1A), 

the percentage of single-posi8ve (SP) CD4+ T-cells was significantly upregulated in 3m mdx mice 

related to age-matched C57Bl and 9m mdx (Fig. 6.1B): intriguingly, we found a down-regula8on of 

CD4+ cells expressing both IFN-g and IL17 related 9m mdx mice and 3m C57Bl (Fig. 6.1B). Similar 

to CD4+ cells, we found an up-regula8on of SPCD8+ T-cells and the down-regula8on of CD8+ cells 

expressing Cd69, IFN-g and IL17 in 3m mdx compared to 9 mdx mice and 3m C57Bl (Fig. 6.1C). 

Myeloid CD11+ CD45+ cells were upregulated in 3m C57Bl related to 3m mdx and older C57Bl mice 

(Fig. 6.1D). Regarding the expression of double posi8ve CD8+CD4+ T-cells, we evidenced a 

diminished percentage in 3m mdx 8ssues as well as for the CD8+CD4+IFN-g+ and CD8+CD4+IL17+ 

T-cells while we demonstrated that aged 9m mdx mice over-expressed the CD8+CD4+CD69+ T-cells 

related to 3m mdx mice (Fig. 6.1E). Interes8ngly, we found that iNKT cells were upregulated in 3m 

C57Bl, while all the other subpopula8ons of iNKT were significantly over-expressed in 9m mdx 

related to 3m mdx mice and age-matched control animals (Fig. 6.1F). Similarly, the percentage of 

MAIT cells expressing IFN-g and IL17 was increased in 9m mdx mice while these cells diminished 

in 3m mdx according to age-matched C57Bl mice (Fig. 6.1G). The paucity of unconven8onal T-cells 

in 3m mdx mice was confirmed also for gd T-cells and their subpopula8ons expressing CD69 and 

IFN-g: intriguingly, these cells were up-regulated in 9m mdx thymi (Fig. 6.1F). 
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Figure 6.1. Thymic convenKonal and unconvenKonal T-cells evaluaKon in 3m and 9m mdx mice. 

FACS analysis of immune cells from thymus of 3m C57Bl (n=5), 3m mdx (n=5), 9m C57Bl (n=4) and 9m mdx (n=4). 

Graphs show cumulaKve frequencies of convenKonal CD3+ T cells (a); single-posiKve CD4+ T-cells and subpopulaKons 

expressing CD69, IFN-g and IL17 (b); single-posiKve CD8+ T-cells and subpopulaKons expressing CD69, IFN-g and IL17 

(c); CD45+CD11c+ myeloid cells (d); double-posiKve CD4+CD8+ T-cells and subpopulaKons expressing CD69, IFN-g and 

IL17. Graphs show cumulaKve frequencies of unconvenKonal CD3+ iNKT (f), MAIT (g) and gd (h) T-cells expressing 

CD69+, IFN-g+ and IL17+ markers.   

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; Student t-Test 

with Welch’s correcKon).  
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DEPLETED GUT MICROBIOTA IN AGED mdx MICE AFFECTS IMMUNE RESPONSES 
AND MODULATES MUSCLE METABOLISM AND MORPHOLOGY 
Microbial signals, such as microbial-associated molecular paserns (MAMPs) and metabolites, can 

be transported via the bloodstream and reach the thymus, where interact with thymic epithelial 

cells and influence the selec8on and educa8on of developing T cells. Thus, perturba8on of gut 

microbiota should represent a model for understanding the contribu8on of conven8onal T cell in 

muscle disease of mdx mice, as iNKT and MAIT cells are either absent or expressed at barely 

detectable levels in these animal models, as previously reported87,88. We ini8ally inves8gated the 

impact of gut microbiota deple8on on lymphocyte popula8ons in 9m ABX-treated mdx mice. We 

observed that the percentage of splenic CD4+ T cells was lower in both 9m mdx mice and 9m 

mdx+ABX mice compared to age-matched C57Bl mice. However, no significant changes were found 

among the groups in CD8+ T cell popula8ons (Fig. 7A). Similarly, in muscle 8ssue from 9m mdx 

mice, we observed a high abundance of CD4+ and CD8+ T cells, with no differences between the 

ABX-treated and untreated groups (Fig. 7B). Nevertheless, ABX treatment led to a reduc8on in 

splenic CD4+ IFN-γ-producing cells in 9m mdx mice, as confirmed by FACS analysis (Fig. 7C). 

Addi8onally, altered immune ac8va8on was observed in central memory and effector CD4+ T cell 

subsets in the spleen of ABX-treated mdx mice (Fig. 7D). To further support our findings, we 

examined whether disrup8on of the gut microbiota using an8bio8cs had effects on lymphocyte 

subsets in skeletal muscle of 9m mdx mice. We observed significant modula8on of immune cell 

popula8ons in the muscles of 9m mdx+ABX mice compared to 9m mdx mice, including an 

upregula8on of central memory CD4+ cells, central memory CD8+ cells, and effector CD4+ cells 

(Fig. 7E).  
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Figure 7. Spleen and muscle immune cells’ modulaKon in 9m mdx+ABX mice 

FACS analysis of spleen and muscle homogenates from 9m C57Bl (n=3), 9m mdx (n=4) and 9m mdx+ABX (n=4). Graphs 

show cumulaKve frequencies of CD4 and CD8 T cells on live cells in the spleen (a) and muscle (b). (c) Graphs show 
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cumulaKve frequencies of IFN��-producing splenic T cells. RepresentaKve dot-plots depicKng CD4 and CD8 T cell 

subpopulaKons and relaKve cumulaKve frequencies in the spleen (d) and in the muscle (e). Gate strategy for cytometry 

quanKficaKon of spleen (d) and muscle (e) CD4+ and CD8+ T cell naïve, central memory and effector compartments are 

shown.  

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01; One Way ANOVA Kruskal-Wallis test). 

In 9m germ-free mdx (GFmdx) mice, we observed a slight downregula8on of splenic innate cells, 

including granulocytes, macrophages, and monocytes (Fig. 8A). Furthermore, we demonstrated a 

significant decrease in the abundance of CD4+ cells in the spleen of GFmdx mice compared to age-

matched mdx and C57Bl mice (Fig. 8B). However, regulatory T cells (Tregs) were not affected by 

the germ-free condi8on (Fig. 8C). Regarding the subpopula8on of CD4+/CD8+ cells, we found a 

significant upregula8on of CD4+ and CD8+ naive cells and a downregula8on of effector memory 

cells in GFmdx mice compared to 9m mdx and C57Bl mice (Fig. 8D, E). In skeletal muscle cells, we 

observed a dras8c reduc8on in CD45+ infiltra8ng cells in 9m GFmdx mice compared to age-

matched mice (Fig. 8F). Furthermore, muscle-derived CD4+ cells were diminished in 9-month-old 

GFmdx mice compared to age-matched C57Bl mice, while CD8+ cells and Tregs did not show 

significant varia8ons (Fig. 8G, H). Interes8ngly, CD4+ effector memory cells were upregulated in 9-

month-old GFmdx mice compared to C57Bl mice (Fig. 8I, J). Without any doubts, we observed an 

abla8on of T naive cells in both GFmdx and an8bio8c-treated (ABX) mice. However, there was an 

increase in naive CD4+ T cells due to a reduced response to endogenous an8gens. Despite the 

abroga8on of thymic export under ABX or GF condi8ons, immune homeostasis in the periphery 

did not appear to be compromised. This may be asributed to the deac8va8on of CD4/CD8 T cells, 

which could explain the reduc8on in immune pathology in chronic inflamma8on of mdx. These 

findings suggest the existence of a compensatory homeosta8c mechanism in response to the loss 

of thymic output. 
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Figure 8. Spleen and muscle immune cells’ modulaKon in 9m GFmdx mice 

FACS analysis of spleen and muscle homogenates from 9m C57Bl (n=8), 9m mdx (n=6) and 9m GFmdx (n=7). Graphs 

show cumulaKve frequencies of splenic (a) innate immune cells – granulocytes, macrophages, monocytes; (b) adapKve 

immune CD4+/CD8+ cells and (c) Tregs. Frequency evaluaKon of (d) CD4+ and (e) CD8+ subpopulaKons, as central 

memory, naïve and effector memory cells. Graphs show cumulaKve frequencies of muscular (f) CD45+ infiltraKng cells, 

(g) CD4+/CD8+ cells and (h) Tregs. Frequency evaluaKon of (i) CD4+ and (j) CD8+ subpopulaKons, as central memory, 

naïve and effector memory cells.  

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01; One Way ANOVA Kruskal-Wallis test). 

Regarding the architecture of skeletal muscle, the fiber-type distribu8on was not affected by ABX 

in older mdx but changed significantly in 9m GFmdx, as their distribu8on showed a significant 

upregula8on of smaller fibers (Fig. 9A). According to the observed emerging role of the gut 

microbiota on skeletal muscle physiology, the cross-sec8onal areas (CSAs) of the myofibers 

observed in the muscles of 9m mdx+ABX and GFmdx mice were significantly lower than those 
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observed in the muscles of 9m mdx (mean area for TA ± SEM: 9m C57Bl: 1911 ± 6.7 µm2 N=20682; 

9m mdx, 2292 ± 16.17 µm2 N=15855; 9m+ABX mdx 1636.55 ± 8.31 µm2 N=25061; 9m GFmdx 

1172.10 ± 7.12 µm2 N=19524). In line, the values of frequency distribu8on confirmed the smaller 

area of myofibers in mice with deple8on of microbiota, in par8cular 9m GFmdx mice (25% 

Percen8le: 9m C57Bl: 1175.384; 9m mdx+ABX: 678.447; 9m mdx: 848; 9m GFmdx: 524.69. 75% 

Percen8le: 9m C57Bl: 2529.613; 9m mdx+ABX: 678.447; 9m mdx: 3035; 9m GFmdx: 1486.209) 

(Fig. 9A). Concomitantly, there was also a decrease of muscle fibrosis in the ABX-treated and GFmdx 

mice (mean % area of TA fibrosis for 9m C57Bl: 2.46; 9m mdx+ABX: 16.07; 9m mdx: 18.72; 9m 

GFmdx: 9.97; each difference p<0.0001 except for 9m mdx vs 9m mdx+ABX) (Fig. 9B). The amount 

of myosin isoforms did not show significant changes in dystrophic mice following ABX treatment 

or in GFmdx mice. However, significant differences were observed for the IIa and IIb isoforms 

compared to 9-month-old C57Bl mice. Notably, we found significant differences in the expression 

of myosin I between 9-month-old mdx+ABX mice and 9-month-old GFmdx mice (Fig. 9C). Staining 

for succinate dehydrogenase (SDH) in GFmdx muscles demonstrated the upregula8on of SDH+ 

myofibers compared to untreated and control mice (Fig. 9D). As expected, the expression of serum 

markers of inflamma8on such as alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) were upregulated in mdx mice compared to control mice. However, we observed a slight 

decrease in their values following microbiota deple8on (Fig. 9E). Similarly, crea8ne phosphokinase 

(CPK) levels were mainly upregulated in dystrophic mice, while GFmdx mice showed a slight but 

significant overexpression compared to 9-month-old C57Bl mice (Fig. 9E).  
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Figure 9. Skeletal muscle morphology modulaKon in mdx mice lacking microbiota  

(a) RepresentaKve Trichrome-Gomori staining and quanKficaKon of myofiber area and relaKve frequency of the 

myofiber cross-secKonal area (CSA) expressed as the frequency distribuKon of the TA muscles of 9m C57Bl (n=), 9m 
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mdx (n=), 9 mdx+ABX (n=) and 9m GFmdx (n=) mice. For morphometric analysis, images were quanKfied with Image J 

sovware for each mouse. Scale bars: 2000 �m. (b) Graph showing the percentage of fibrosis in TA of the mice in all the 

groups. (c) RepresentaKve images of skeletal muscle showed the distribuKon and composiKon of the myosin heavy 

chain (MyHC) isoforms (Type IIa, IIx and IIb; Type I). Graph portrays the percentage of myofibers expressing significantly 

different MyHC isoforms in TAs of 9m C57Bl (n=), 9m mdx (n=), 9 mdx+ABX (n=) and 9m GFmdx (n=) mice (n= images 

per animal). Scale bars: 50 �m. (d) RepresentaKve staining and quanKficaKon of SDH+ myofibers percentage of TAs 

from 9m C57Bl (n=), 9m mdx (n=), 9 mdx+ABX (n=) and 9m GFmdx (n=) mice (n= images per slide). Scale bars: 200 �m. 

(e) ALT, AST and CPK quanKficaKon in the serum of 9m C57Bl (n=), 9m mdx (n=), 9 mdx+ABX (n=) and 9m GFmdx (n=) 

mice. 

Data informaKon: data are presented as mean ± SD (*p<0.05; **p<0.01, ***p<0.001, ****p<0.0001; One-Way ANOVA 

Kruskal-Wallis test). 

Since the aging process that naturally occurs in muscle determine the atrophy or sarcopenia, we 

followed the expression of FOXO1 and – also – of the FOXO dependent autophagy-related 

proteins89. FOXO1 was detected only in 9m mdx and 9m mdx+ABX mice, no changes were reported 

in in autophagosome related LC3 while the modula8on of ATG-7 and P62 may be ascribable to an 

autophagic flux disrup8on (Fig. 10A). The over-expression of SDH+ fibers in microbiota-depleted 

mice prompted us to monitor the mitochondrial ac8vity in skeletal muscle. The mitochondrial 

TOMM20 content was down-regulated in 9m mdx+ABX and 9m GFmdx as well as DRP-1 and COX-

4, sugges8ng dysfunc8ons affec8ng mitochondria in these animals (Fig. 10B). This condi8on was 

hampered by differences in PPAR-�, whose func8on in mitochondrial biogenesis is well 

described90, and PKC-�, that is associated with mitochondrial-dependent apoptosis91 and ROS 

produc8on92 (Fig. 10B). Next, we focused on HDACs, that are commonly over-expressed in mdx 

mice93 and ac8vely par8cipate into regula8on of metabolism and inflamma8on94,95. The 

immunoblot analysis of skeletal muscles showed that HDAC1 and HDAC2 were expressed mainly 

in 9m mdx and 9m mdx+ABX (Fig. 10C). Indeed, we assessed the expression of NF-kB and Proto-

Oncogene-NF-kB Subunit (RelB) that resembled that of HDACs (Fig. 10C). As expected we found 

the up-regula8on of atrophic markers – namely atrogin and MuRF-1 – in GFmdx and mdx+ABX 

mice (Fig. 10D) while we did not find the expression of mTOR but, surprisingly, we noted that the 

mTOR effectors 4EBP1 and S6RB were significantly modulated in muscular 8ssues (Fig. 10E). 
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Figure 10. Proteomic evaluaKon of pathological phenotype in in mdx mice lacking microbiota  

Cropped images of representaKve WB analysis of TA muscle of 9m C57Bl, 9m mdx, 9 mdx+ABX and 9m GFmdx mice 

(n=3 each) mice showing the expression of the proteins specifically involved in (a) atrophy and apoptosis; (b) 

mitochondrial biogenesis and funcKon; (c) inflammaKon; (d,e) atrophic markers. 

RNA-SEQ ANALYSIS REVEALED CONVERGENT PATHWAYS IN 3M AND 9M mdx 
MUSCLE DEPENDING ON MICROBIOTA 
We thus performed RNA-seq on muscles of 9m mdx+ABX and 9m GFmdx compared to age-

matched mdx. PCA analysis of RNA-seq datasets demonstrated treatment-dependent clustering of 

samples, differen8a8ng ABX and GF mdx from mdx controls (Fig. 11A). To detect the gene 

expression trends that were induced by treatments in mdx muscle throughout the age, we 

overlayed the convergent gene trends at 3 and 9 months of age (Suppl. Fig. 3A, B). We found 6585 

genes whose expression trend was convergent according to treatment and age (Fig. 11B). Of those, 

1481 genes were upregulated by both ABX and GFmdx over 8me, while 5105 were downregulated. 

GO analysis of the age-convergent upregulated genes showed a clear enrichment for catabolic and 

autophagic processes, oVen associated with muscle atrophy and was8ng. Conversely, GO analysis 

of the age-convergent downregulated genes s8ll confirmed the downregula8ng effects of both ABX 

and GF mdx on inflamma8on and fibrosis gene pathways (Fig. 11B). ABX and GF mdx convergently 

upregulated markers of autophagy and nega8ve mass remodeling in mdx muscle at both 3 and 9 
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months of age (Trim63, Aq4, Gaff45a, Map1lc3a/b, Bnip3, Smad3). Interes8ngly, Tripar8te Mo8f 

Containing 63 (Trim63/MuRF1) coordinates the autophagy pathway that modulates the basal and 

atrophy-induced turnover of the muscular form of CHRN (cholinergic receptor, nico8nic/nico8nic 

acetylcholine receptor)96. Ac8va8ng Transcrip8on Factor 4 (Aq4) is ac8vated by stress response 

and it is fundamental to correlate autophagy with unfolded protein response97 while Growth Arrest 

DNA Damage Inducible Alpha (Gaff45a) is a key gene to link autophagy and muscle metabolism98. 

Myogenic markers like Myog and Pax7 were also convergently downregulated over 8me (Fig. 11C). 

In addi8on, gene markers of inflamma8on and fibrosis (N�b2, Postn, Tnf, Ltbp4) were found 

convergently downregulated over 8me, sugges8ng a long-term effect of microbial abla8on on 

fibroinflammatory remodeling of mdx muscle (Fig. 11D). Many genes associated with fibrosis and 

extracellular matrix remodeling (Adamts, Col, Lamb, Mmp gene families, as well as Fn1 and Itga8) 

were downregulated by both ABX and GF in mdx muscle at 3 and 9 months of age (Fig. 11D).  

Fibronec8n 1 (Fn1) is drama8cally diminished in aged stem cell niche of skeletal muscle leading to 

inhibi8on of satellite cells prolifera8on99  and – together with other Mmp genes – was suggested 

as an8-fibrogenic target100. Integrin alpha-8 (Itga8) is determinant in the development of lung 

fibrosis101 and it is oVen associated to Col13a1 gene in fibroblasts102. 
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Figure 11. Go analysis of RNAseq datasets of skeletal muscles of old ABX-treated and GFmdx mice 

(a) PCA analysis of RNA-seq datasets of TA muscle of 9m mdx, 9m mdx+ABX and 9m GFmdx. (b) GO analysis of the age-

convergent/divergent up and downregulated genes. (c) Myogenic, inflammatory, and fibroKc gene markers 

convergently downregulated by both ABX and GF condiKons in young and older mdx mice. 
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DISCUSSION and CONCLUSIONS 
The age-related deteriora8on of 8ssue structure and physiological func8on is frequently 

accompanied by detrimental modula8on of the immune system. In the context of aging, the innate 

immune system experiences a decline in prolifera8on and ac8vity of neutrophils, dendri8c cells, 

and natural killer cells. Addi8onally, macrophages upregulate the expression of pro-inflammatory 

cytokines, such as IL-6 and IL-8. Concurrently, significant changes occur in the adap8ve immune 

system following thymus atrophy. Naive and Th1 T-cells decrease, while memory T and Th2 T-cells 

increase. Importantly, the inhibi8on of B cell an8body produc8on nega8vely affects helper T-cell 

ac8va8on103. In DMD, muscular degenera8on is driven by inflamma8on and cell invasion triggered 

by DAMPs released by injured myofibers, oxida8ve stress, and impaired calcium handling. 

Asynchronous cycles of muscle fiber regenera8on and degenera8on exacerbate the muscle 

infiltra8on of immune cells, along with their secre8on of pro-inflammatory cytokines. The severity 

of muscle injury and inflamma8on determines changes in muscle structure, such as modifica8ons 

in fiber type and increased connec8ve and fat content104,105, which worsen with age, contribu8ng 

to DMD muscle weakness106. Considering the various factors influencing the aging phenotype in 

the context of DMD, mul8ple pathological sources have been inves8gated. As men8oned in the 

introduc8on sec8on, metabolites, and microbial products, including PAMPs, may contribute to 

muscle atrophy and immune system ac8va8on in DMD pa8ents due to altered intes8nal 

permeability 107,108. In this study we provide insights into the impact of aging and muscular 

dystrophy on the gut microbiota composi8on. The observed differences between healthy and 

dystrophic mice, as well as the age-related changes in microbiota composi8on, could have 

implica8ons for understanding of how the gut microbiota interacts with these condi8ons and may 

offer poten8al avenues for further research and therapeu8c interven8ons. We chose to analyze 

both 3m mdx, given that inflamma8on and muscle damage occur at this age and 9m mdx, to 

evaluate the role of aging in the development of the pathology and to consider the cardiac 

involvement109.  

 

We found that mdx mice, irrespec8ve of age, showed reduced enrichment of amplicon sequence 

variants (ASV) compared to age-matched wild-type C57Bl mice. This indicates the presence of 

dysbiosis in the gut microbiota of mdx mice, which is in line with our previous research108. Dysbiosis 

oVen implies an imbalance in the composi8on of the gut microbiota and can have various health 
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implica8ons. It was observed that the differences in microbiota composi8on between younger and 

older mice were less pronounced in both mdx and C57Bl mice. This suggests that aging itself can 

lead to changes in the gut microbiota composi8on, which is an interes8ng finding and may have 

implica8ons for age-related health issues. Moreover, principal Coordinates Analysis (PCoA) 

revealed a dis8nct separa8on between healthy and dystrophic mice, indica8ng that the microbiota 

of these two groups is significantly different. Among specific microbial abundance changes, the 

Helicobacter, Firmicutes, and Clostridium were found to be abundant in 9-month-old C57Bl mice, 

while Bacteroides, Prevotella, and Odoribacter were upregulated in age-matched mdx mice. 

Interes8ngly, Prevotella, Alis8pes, Anaeroplasma, and Odoribacter were iden8fied as common 

signatures in mice with DMD. This indicates that these microbes might play a significant role in the 

context of DMD and could be poten8al targets for further research or therapeu8c interven8ons. 

When comparing 3-month-old and 9-month-old mice, the study observed changes in microbial 

composi8on in both C57Bl and mdx mice. For example, Akkermansia and Lactobacillus were 

upregulated in younger C57Bl mice, while Helicobacter and Alis8pes were more abundant in 3-

month-old mdx mice. These findings demonstrate that age-related changes in gut microbiota 

composi8on are not limited to dystrophic mice but are also present in healthy mice. We thus 

reconstructed metabolic pathways using metabolites with high discriminatory power. The most 

enriched sets of metabolites in dystrophic mice were associated with an8bio8cs biosynthesis, 

galactose metabolism, sucrose metabolism, and lipid metabolism. Dystrophic mice showed 

upregula8on of 3-phenyllac8c acid; however, the metabolome of 9-month-old C57Bl mice was 

dis8nct from that of all other animals. These pathway enrichments suggest poten8al metabolic 

altera8ons in response to aging and dystrophy. 

We further inves8gated the poten8al impact of changes in the gut microbiota and the presence of 

specific metabolites, such as riboflavin and short-chain fasy acids (SCFAs), on immune cell 

popula8ons focusing on conven8onal and unconven8onal T cells. Riboflavin metabolism was found 

to be upregulated in 9-month-old mdx mice. The study suggests that SCFAs could influence the 

an8microbial ac8vity of mucosal-associated invariant T cells (MAIT) and the pro-inflammatory 

switch of invariant natural killer T cells (iNKT), poten8ally affec8ng these cell popula8ons. In the 

spleen of 9-month-old C57Bl mice, there was an upregula8on of CD3+ cells, while their abundance 

diminished with aging in mdx mice. CD8+ T-cells were notably upregulated in 9-month-old C57Bl 

mice, while CD8+ inflammatory subpopula8ons expressing CD69+, IFN-γ, and IL-17 were 

upregulated in dystrophic mice but slightly diminished with age. Interes8ngly, iNKT cells and 
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ac8vated MAIT cells were significantly increased in the spleen of older mdx mice compared to age-

matched C57Bl mice. These data suggest a correla8on between riboflavin levels and the ac8va8on 

of spleen-derived MAIT and iNKT cells. Colonic CD3+ T-cells were upregulated in 3-month-old mdx 

mice compared to age-matched C57Bl and 9-month-old mdx mice. CD8+ T-cells were also over-

expressed in 3-month-old mdx mice and 9-month-old C57Bl mice. Furthermore, the number of 

iNKT and MAIT cells in the colon of older C57Bl and mdx mice decreased compared to younger 

ones, poten8ally related to reduced levels of SCFAs in the colon. In hindlimb muscles, 3-month-old 

mdx mice showed an increase in CD4+ T-cells, while dystrophic mice up-regulated CD8+ cells. 

CD45+CD11+ myeloid cells were more abundant in 3-month and 9-month mdx mice, and gd T-cells 

expressing CD69+ were over-expressed in dystrophic mice. These findings collec8vely suggest 

complex interac8ons between gut microbiota, metabolites, and immune cell popula8ons in 

different 8ssues highligh8ng the poten8al role of gut-derived metabolites on unconven8onal T 

cells in age-related changes of muscular dystrophy. To beser understand the role of T cells in the 

context of muscular dystrophy, we characterized their development in the thymus 8ssue 

considering also that thymic involu8on is an age-related decline in thymus size and func8on. In the 

context of dystrophic mice, we noted that in 3-month-old mdx mice, there was a down-regula8on 

of the medullary/cortex ra8o compared to age-matched C57Bl mice. Conversely, in older mdx mice 

(9 months), there was an upregula8on of this ra8o compared to both age-matched C57Bl and 

younger mdx mice. Medullary/cortex ra8o showed a down-regula8on with age in C57Bl mice, and 

conversely an upregula8on in mdx mice. These changes in thymic architecture may have significant 

and long-term effects on T-cell development. Thymic myoid cells, which share structural similari8es 

with muscle cells, were evaluated for their presence in the thymus. These cells have been 

associated with enhancing autoimmune responses. The study found that MyoD+ cells were more 

abundant in 3-month-old C57Bl mice compared to 9-month C57Bl and 3-month mdx mice. 

Interes8ngly, MyoD+ cells in 9-month mdx mice were comparable to those in younger mice 

sugges8ng a poten8al role of MyoD+ cells in central tolerance in dystrophic condi8ons. Since 

dendri8c cells (DCs) in the thymus play a relevant role in central tolerance forma8on, we 

inves8gated DCs thymic popula8ons in both young/older wild type and dystrophic mice. We found 

that aging caused a down-regula8on of CD11c+CD11b+ DCs in C57Bl mice but led to an over-

expression in mdx mice. Furthermore, age-related changes were observed in the number of DCs 

in both C57Bl and mdx mice. These findings suggest modulatory effects on autoreac8ve thymocyte 

screening, which could influence immune tolerance. FACS analysis was performed to evaluate 
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thymic cellularity. While there were no differences in the amount of CD3+ T-cells, there were 

significant changes in the percentages of single-posi8ve (SP) CD4+ and CD8+ T-cells, which are 

indica8ve of T-cell development. For example, 3-month mdx mice exhibited an upregula8on of SP 

CD4+ T-cells compared to age-matched C57Bl and 9-month mdx mice. Various subpopula8ons of 

T-cells, including those expressing CD69, IFN-γ, and IL17, showed age-related changes and 

differences between mdx and C57Bl mice. Moreover, iNKT cells were upregulated in 3-month 

C57Bl mice, while in 9-month mdx mice, the iNKT cells were significantly over-expressed compared 

to both 3-month mdx mice and age-matched control mice. Interes8ngly, MAIT cells expressing IFN-

g and IL17 were increased in 9-month mdx mice but diminished in 3-month mdx mice rela8ve to 

age-matched C57Bl mice. Similar age-related changes and differences between mdx and C57Bl 

mice were observed in gd T-cells and their subpopula8ons expressing CD69 and IFN- γ. Overall, 

these data confirmed age- and disease-related changes in T-cell development and unconven8onal 

T cell subpopula8ons that could have implica8ons for immune tolerance in muscular dystrophy.  

To sustain these evidences, we examined the impact of gut microbiota manipula8on on immune 

cell popula8ons and muscle characteris8cs in mdx mice. Deple8on of gut microbiota through 

an8bio8c treatment (ABX) in 9-month-old mdx mice resulted in a reduc8on of splenic CD4+ T cells 

but no significant changes in CD8+ T cell popula8ons. Muscle 8ssue from 9-month-old mdx mice 

exhibited high abundance of both CD4+ and CD8+ T cells, and ABX treatment did not significantly 

alter these popula8ons. In ABX-treated 9-month-old mdx mice, there was a reduc8on in splenic 

CD4+ IFN-γ-producing cells. Moreover, immune ac8va8on paserns were altered in central memory 

and effector CD4+ T cell subsets in the spleen of ABX-treated mdx mice. Gut microbiota deple8on 

caused significant modula8on of immune cell popula8ons in the muscles of 9-month-old mdx 

mice, including an upregula8on of central memory CD4+ and CD8+ cells and effector CD4+ cells. 

Interes8ngly, 9-month-old germ-free (GF) mdx mice, showed a reduc8on in splenic innate cells and 

CD4+ cells compared to age-matched mdx and C57Bl mice. Although the regulatory T cells (Tregs) 

were not significantly affected by the germ-free condi8on, the subpopula8ons of CD4+/CD8+ cells 

showed changes, with an upregula8on of naive CD4+ and CD8+ cells and a downregula8on of 

effector memory cells in GFmdx mice compared to age-matched mdx and C57Bl mice. Importantly, 

total CD45+ and T CD4+ infiltra8ng cells in skeletal muscle were dras8cally reduced despite CD4+ 

effector memory cells were upregulated in 9-month-old GFmdx mice compared to C57Bl mice. 
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The fiber-type distribu8on was not significantly affected by ABX treatment in older mdx mice but 

changed significantly in 9-month-old GFmdx mice, with an upregula8on of smaller type I and SDH+ 

fibers. In line, cross-sec8onal areas of myofibers were significantly lower in the muscles of 9-

month-old mdx+ABX and GFmdx mice compared to untreated 9-month-old mdx mice. Addi8onally, 

muscle fibrosis was decreased in both ABX-treated and GFmdx mice. RNA-seq analysis revealed 

that treatment with ABX and GF caused treatment-dependent clustering of samples, differen8a8ng 

these groups from mdx controls. Convergent gene expression trends were observed in 6585 genes 

that were both upregulated and downregulated by ABX and GF over 8me. GO analysis of the 

upregulated genes revealed enrichment for catabolic and autophagic processes, while 

downregulated genes were associated with inflamma8on and fibrosis pathways. The upregulated 

genes included those associated with autophagy and nega8ve mass remodeling in mdx muscle, 

while the downregulated genes included those associated with inflamma8on and fibrosis. Gene 

markers related to fibrosis and extracellular matrix remodeling were downregulated in both ABX 

and GF mdx muscle. Notably, these analysis indicated that microbial manipula8on had long-term 

effects on inflamma8on, fibroinflammatory remodeling, and muscle physiology. 

The experiments of this work were designed to provide a global picture of the mucosal, 

immunological and microbial altera8ons concurring in determining the intes8nal inflammatory 

environment in dystrophic mice. Taking into account the involvement of the immune system in 

media8ng the pathophysiology of DMD, we aim to unveil the clinical significance of the balancing 

between innate and adap8ve immunity, dissec8ng precisely the involvement of thymus in 

regula8ng different aspects of pathogenesis. In par8cular, with more specific analysis, we will 

deeply inves8gate those subsets of deregulated T cells – MAIT cells, Tregs, DCs – that directly or 

through the release of specific cytokines or the ac8va8on of specific receptor promote muscular 

damage. Thanks to transcriptomic analysis of these cells, we will widely analyze how immunity 

primary affects DMD opening new therapeu8c scenario for these diseases. A limited number of 

studies focused on the impact of gut microbiota on muscle physiology. This way, in parallel, we 

plan to decipher how T-cells interact with microbiota in regula8ng the entero-thymic 

communica8ons and consequently the spreading of inflamma8on in dystrophic background. This 

PhD thesis suggests that the gut microbiota has a significant influence on immune cell popula8ons, 

muscle characteris8cs, and gene expression in mdx mice, poten8ally impac8ng muscle disease and 

inflammatory responses. Deple8on of gut microbiota can lead to changes in immune cell 
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popula8ons and muscle morphology, as well as altera8ons in the expression of genes associated 

with inflamma8on, fibrosis, and autophagy. These findings emphasized the complex rela5onship 

between the gut microbiota, the immune system, and muscle health in the context of muscular dystrophy. 

The approach used in this study will enable the iden5fica5on of the fundamental molecular pathways 

underlying this entero-thymic-muscle axis and provide valuable insights into how the intes5nal microbiota 

shape the inflammatory response and confer dis5nct suscep5bility to muscle pathology. The aim of our 

study is to iden5fy novel biomarkers associated with gastrointes5nal involvement. Our aims are to predict 

disease progression and translate these findings into clinical prac5ce, enabling pa5ents to be stra5fied 

according to the most effec5ve treatments. Addi5onally, our results will support the development of 

innova5ve therapeu5c strategies to improve care for this debilita5ng disease. 
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