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Abstract

Background
Trained immunity (TI) refers to a hyperresponsive functional state of innate immune cells, such as
inflammatory monocytes, induced in response to a variety of stimuli including signals released from
damaged tissue, and characterised by increased cytokine production. Inflammatory monocytes play a
critical role in Duchenne muscular dystrophy (DMD) by driving chronic muscle inflammation and disease
progression. In this study we examined the role of trained immunity in dystrophic muscle pathology by
specifically targeting this process in monocytes.

Methods
We used the mdx mouse model of DMD to investigate TI induction in splenic and bone marrow
monocytes isolated during the peak of muscle injury and inflammation. Transcriptional changes in
monocytes were examined by performing RNA-Seq, while cytokine production following stimulation with
LPS was examined by multiplex ELISA. Mice were treated for two weeks with twice weekly i.v. injections
of apolipoprotein A1–based, rapamycin-loaded nanobiologics (mTORi-NB) to specifically target TI in
monocytes within the bone marrow and the spleen through the inhibition of the mTOR pathway which
plays a central role in TI induction. Inhibition of TI in monocytes was assessed in vitro by measuring
cytokine production following stimulation with LPS. Satellite cells and FAPs were sorted from limb
muscles and cultured in vitro to assess the effect of the treatment on their proliferation and
differentiation properties.

Results
Dystrophic muscle injury was associated with transcriptional changes in mdx monocytes linked to
chromatin and metabolic remodelling as well as with hyperproduction of proinflammatory cytokines,
consistent with TI induction. Treatment of mdx mice with mTORi-NB resulted in improved skeletal
muscle regeneration and reduced fat deposition. In vitro experiments confirmed the enhanced myogenic
properties in satellite cells and reduced adipogenesis in FAPs mediated by the inhibition of TI in
monocytes.

Conclusions
Dystrophic muscle injury induces TI in both bone marrow and splenic monocytes characterised by
hyperproduction of proinflammatory cytokines. Targeting TI specifically in monocytes through mTOR
inhibition enhances muscle regeneration and reduces intramuscular fat deposition. Overall, our findings
suggest that inhibition of TI represents a promising therapeutic strategy to slow DMD progression.
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Background
Duchenne muscular dystrophy (DMD) is a severe X-linked muscular disorder caused by mutations in the
dystrophin gene, leading to the absence of functional dystrophin and progressive muscle degeneration
(1). Dystrophin is a membrane-associated cytoskeletal protein, essential for maintaining sarcolemma
integrity; its loss renders myofibers highly unstable and prone to contraction-induced membrane
damage. Repeated cycles of muscle injury promote the release of damage-associated molecular
patterns (DAMPs), which triggers chronic activation of innate immune pathways and a persistent
inflammatory milieu that exacerbates disease progression (2). Numerous studies have identified
inflammatory monocytes as major contributors to dystrophic muscle pathology, with their sustained
recruitment and chronic activation driving progressive myofiber degeneration and fibrosis (3–5). In
healthy skeletal muscle, tissue repair is coordinated through finely tuned interactions between
inflammatory monocyte-derived macrophages (Mo-MP), muscle stem cells (satellite cells; MuSCs), and
fibro-adipogenic progenitors (FAPs). Following acute injury, inflammatory monocytes are transiently
recruited to damaged muscle tissue, where they differentiate into pro-inflammatory macrophages that
clear necrotic myofiber debris and stimulate MuSCs activation and proliferation through the production
of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6 (5, 6). Subsequently, these macrophages
undergo a tightly regulated transition toward pro-regenerative phenotypes characterized by the secretion
of anti-inflammatory mediators such as IL-10, and promote SC differentiation, myoblasts fusion, and the
formation of new myofibers (6). Likewise, Mo-MP tightly regulate the activation, expansion and
subsequent clearance of FAPs, preventing excessive fibrotic and fat tissue deposition (7). In DMD,
however, recurrent cycles of myofiber degeneration drive persistent recruitment and activation of
inflammatory monocytes, resulting in impaired SC regenerative capacity, and sustained FAPs activation
and survival. Emerging evidence further suggests that inflammatory monocytes in dystrophic muscle
may acquire features of trained immunity (TI). TI is a type of non-specific immune memory induced in
innate immune cells such as monocytes that results in enhanced cytokine responses after secondary
stimulation (8, 9). The TI phenotype depends on activation of the mammalian target of rapamycin
(mTOR) pathway and relies on epigenetic and metabolic reprogramming in myeloid progenitors in the
bone marrow (BM) and spleen, giving rise to hyper-responsive monocytes (10). In addition to microbial
stimuli, endogenous signals such as cytokines (i.e., IL-1β, GM-CSF and IFN-γ) and DAMPs (11) have also
been linked to TI induction in monocytes.

While protective against infections (12, 13), persistent activation of TI has been associated with
worsening of chronic inflammatory disorders such as atherosclerosis, cardiovascular disease, and
autoimmunity (14–17). Furthermore, in a recent study, Bhattarai et al. demonstrated that BM-derived
macrophages from the mdx mouse model of DMD display features consistent with TI and suggested
that increased cytokine production by trained inflammatory monocytes may exacerbate chronic
inflammation and contribute to disease progression (18). However, the extent to which TI drives chronic
muscle injury in DMD, and whether it can be therapeutically modulated, remains largely unexplored.
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We recently developed apolipoprotein A1 (apoA-I)-based nanobiologics that preferentially target myeloid
cells in hematopoietic organs, enabling cell-specific delivery of immunomodulatory cargo while
minimizing systemic toxicity (19–21). When loaded with rapamycin these nanobiologics inhibit the
mTOR pathway (mTORi-NB), which plays a central role in TI (10). Of note, the clinical translatability of
these nanobiologics has already been demonstrated by scaling production, for example apoA-I has been
produced (in sufficient amounts) for safe application in humans and toxicology studies in nonhuman
primate models (19, 21–23).

The ability of mTORi-NBs to selectively inhibit TI in inflammatory monocytes was recently demonstrated
in a mouse model of heart transplantation (21, 23, 24), where treatment prolonged allograft survival, and
atherosclerosis, where it significantly reduced chronic inflammation (24). Here, we extend those findings
by showing that inhibition of TI in inflammatory monocytes with mTORi-NB in the mdx mouse model of
DMD reduces dystrophic muscle pathology by ameliorating muscle fiber regeneration and reducing
intramuscular fat deposition.

Methods
Mice

C57BL/6J and C57BL/10ScSn-Dmdmdx mice were purchased from the Jackson laboratory (Bar Harbor,
ME, USA). Only male mice were used. The mice were housed in the histology department-accredited
animal facility at the University of Sapienza. Mice were randomly allocated to control and intervention
groups. All the procedures were approved by the Italian Ministry for Health and were conducted
according to EU regulations and the Italian Law on Animal Research. The study is compliant with all
relevant ethical regulations regarding animal research as well as the principles of the 3Rs (Replacement,
Reduction and Refinement).

Isolation of monocyte from spleen and bone marrow

Monocytes were isolated from the spleen and BM of wild-type (WT) uninjured mice and mdx mice at
different ages (from 2 to 8 weeks of age) and experimental conditions (mTORi-NBs and empty-NBs
treatment). Splenocytes were obtained by grinding the spleen between the rough edges of 2 microscopy
slides (Thermo Fisher Scientific), while BM cells were flushed from femurs and tibias by centrifuging at
10.000 rpm for 30 sec. Following the lysis of RBCs with PBS 10x (PanReac AppliChem) and ddH2O, cells
were resuspended in RPMI-1640 (Sigma Aldrich) 10% FBS (Life Technologies). Cell suspensions were
obtained by passing through a 40 µm cell strainer (BD Falcon). BM and splenic monocytes were isolated
using the miltenyi negative selection kit (Miltenyi Biotec) according to the manufacture’s protocols or the
pre-plating method (25) . Briefly, BM cells were plated at a density of 3 x 105 cells per well in a 96 well
(BD Falcon) and incubated for 3 hours at 37 °C, 5% CO2 in RPMI 10% FBS. After preplating, non-adherent

cells were removed with PBS with Ca2+/Mg2+ (Sigma Aldrich) and the adhered monocytes were cultured
in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin
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(Euroclone), 1% glutamine, sodium pyruvate (Sigma Aldrich) and M-CSF (R&D systems) at 37 °C , 5% CO₂
for 7 days (the growth medium was changed on day 3 of culture), to allow differentiation into monocyte-
derived macrophages (Mo-MP). After 7 days, Mo-MP were stimulated with lipopolysaccharide (LPS, 100
ng/ml) for 4 or 24 hours according to the experimental design. Splenocytes were cultured at a density of
1 x 106 cells per well in a 48-well (BD Falcon) and subjected to two sequential preplating steps (1 hour
each at 37 °C, 5% CO2), as described above.

Control wells were maintained in parallel under identical conditions without LPS stimulation. Following
stimulation, cells and supernatants were collected for downstream analyses, including gene expression
profiling and cytokine quantification.

RNA seq

Total RNA from splenic Mo-MP was extracted using Qiagen RNeasy mini kits following the
manufacturer’s protocol. RNA was sent to The Institute of Applied Genomics (IGA) of Udine (IT)
(https://appliedgenomics.org/it/) for sequencing. The libraries for sequencing were prepared using the
Illumina kit and sequenced with Illumina NovaSeq X Plus (paired end 150pb). For each biological
condition three independent experiments were carried out for the isolation of RNA. Base calling and
demultiplexing were carried out with BCL Converter v4.3.13. Low quality bases and adapters were then
removed with Trim Galore (v0.6.10). Subsequently, reads were aligned to mouse transcriptome GRCm39
(mm39) using STAR with default parameters and counts tables were generated using featureCounts
program. Differential expression of genes was conducted using the R package DESeq2 (v1.50.2). For
downstream bioinformatic analysis and Gene Ontology only differentially expressed genes with adjusted
p value <0.05 and log2FC >0.5 or <-0.5 were considered.

Multiplex immunoassay

A panel of 23 inflammatory mediators was measured in the supernatant of cultured splenic Mo-MP
following or not LPS stimulation using the commercially available Bio-Plex Pro Mouse Cytokine 23-plex
immunoassay kit (#M60009RDPD), following the manufacturer’s protocol. The panel included cytokines
such as IL-1a, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17A, TNF-α, IFN-γ,
G-CSF, GM-CSF and chemokines such as MCP-1, MIP-1a, MIP-1b, Eotaxin, RANTES, KC. Data acquisition
performed on a Bio-Plex® System with Luminex xMap Technology (Bio-Rad). Defaults settings of the
instrument were used and concentrations were calculated using Bio-Plex Manager Software (Bio-Rad).
Before data export, optimization of standard curves across all analytes was performed and outliers were
removed.

ELISA assay

Cytokine levels in cell culture supernatants were quantified using enzyme-linked immunosorbent assays
(ELISA). After LPS stimulation (4 hours), supernatants from monocyte-derived macrophage cultures
were collected and stored at −80 °C until analysis. Concentrations of cytokines, including TNF-α and IL-6,
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were measured using commercially available mouse ELISA kits (R&D systems), according to the
manufacturer’s instructions. Absorbance was read at 450 nm with a reference wavelength of 570 nm
using a microplate reader. (Digital and analog systems s.r.l.) Cytokine concentrations were calculated
from standard curves generated using recombinant standards provided in the kits and expressed as
pg/mL.

Treatment with mTORi-NB

mTORi-NB were made as reported (21) and administered at 5 mg/kg (in 0.1 ml PBS solution) via tail vein
injection using a 28-gauge needle. C57BL10 ScSn-Dmdmdx/J mice were treated with the nanoparticles
by twice weekly tail vein injections starting at 4-6 weeks of age for 2 weeks. Untreated control mice
received empty NBs or PBS vehicle. At the end of the treatment tissues were harvested for FACS,
histological and molecular analysis.

Nanobiologics cellular uptake

DiO-labeled nanobiologics (DiO-NBs) were administered to C57BL10 ScSn-Dmdmdx/J mice at a dose of
5 mg/kg (in 0.1 ml PBS solution) via tail vein injection using a 28-gauge needle. 24 hours after
administration, skeletal muscle, spleen and bone marrow were collected for flow cytometry analysis.
Tissue processing and FACS procedures were performed as described below.

Histological analysis

For immunofluorescence, tibialis anterior muscles were embedded in tissue freezing medium and snap-
frozen in liquid nitrogen-cooled isopentane (Sigma Aldrich). 10 μm muscle cryosections were
permeabilized with 100% acetone (Sigma Aldrich) for 1 min or PFA 4% (MilliporeSigma) for 10 minutes at
RT followed by blocking for 1 h with a blocking solution containing 4% BSA (MilliporeSigma, A7030-
100G) in PBS 1X. Primary antibodies were diluted in blocking solution, with incubation performed
overnight at 4 °C. Antibody binding specificity was revealed using secondary antibodies coupled to Alexa
Fluor 488, 594 or 555, or mouse monoclonal antibody from the Development Studies Hybridoma Bank
(DSHB, Iowa, USA) for IgG (1:300). Incubation with secondary antibody was carried out at room
temperature for 1 h.

The primary antibodies used for immunofluorescence included: anti-laminin (1:300, MilliporeSigma,
L9393) and mouse monoclonal antibody from the Development Studies Hybridoma Bank (DSHB, Iowa,
USA) for eMHC (1:20, DSHB, F1.652)

After immunostaining, sections were incubated with DAPI (Thermo Fisher Scientific, D1306) in PBS for 5
min for nuclear staining, washed in PBS, and mounted with glycerol (3:1 in PBS). Transverse sections
were visualized on a Zeiss confocal microscope and images acquired using a Zeiss Imager A2. Muscle
fibers cross-sectional area (CSA) analyses were performed using ImageJ software. All reported images
are representative of all examined fields.
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For Oil Red O (ORO) staining cryosections were fixed in 4% PFA for 1 h at room temperature, washed with
H2Odd, and then in 60% isopropanol for 10 min at RT. Sections were dried and then stained with ORO
solution in 60% isopropanol for 30 min at RT. After 3 x washes with tap water, slides were mounted in
10% glycerol solution. Images were acquired using a Zeiss Imager A2.

For Hematoxylin and Eosin staining, muscles cryosections were fixed in PFA 4% for 15 min at and then
stained with Mayer’s Hematoxylin for 8 min followed by washing under running tap water for 10’. Eosin
counterstain was applied for 1’ a RT. Following staining, slides were dehydrated by 75%, 90% and
absolute alcohol cleared in Xylene and mounted with Eukitt (Sigma Aldrich, 03989). Images were
acquired using a Zeiss Imager A2.

For sirius red staining, muscle cryosections were fixed for an 1 h at 56 °C in Bouin’s Solution (Sigma) and
then stained in Picrosirius red solution (0.1%) (Sigma) for 1 h protected from light. After a brief washing
step in acidified water 0.5% v/v, sections were fixed in 100% ethanol (Sigma) and a final dehydration step
was performed in xylene 100%. Sections were mounted with EUKITT®. Images were acquired using a
Zeiss Imager A2.

TUNEL assay

Apoptosis was assessed using the In Situ Cell Death Detection Kit (Roche) according to the
manufacturer’s instructions. Briefly, cultured monocytes were fixed with 4% PFA for 15 min at room
temperature. Cells were then permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate for 2 minutes
on ice. Following permeabilization monocytes were incubated with TUNEL reaction mixture for 60 min at
37°C in a humidified chamber in the dark. Images were acquired using a Zeiss confocal microscope

Quantitative Real-Time PCR

Total RNA was extracted from frozen muscle and spleen cells suspension using Tri-reagent (Zymo
Research) and RNAeasy mini kits (Qiagen) according to the manufacturer’s instructions. RNA
quantification was performed using a NanoDrop ONEc spectrophotometer (Thermo Scientific). First-
strand cDNA was synthesized from the extracted RNA using a PrimeScript RT Reagent Kit with gDNA
Eraser (Takara) following the manufacturer’s protocols. mRNA expression levels were determined by
quantitative real-time PCR via QuantStudio 7 Flex (Applied Biosystems, Thermo Scientific) system using
the ExcelTaq 2X Fast Q-PCR Master Mix (SYBR, ROX) (Smobio). Relative gene expression was calculated
using the 2-DDCT method and normalized to the expression of the housekeeping gene actin beta (ActB).
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Primer list

IL1β FW: AGTGTGGATCCCAAGCA

RV: CACTGTTGTTTCCCAGGA;

Pax7 FW: GTCCCAGTCTTACTGCCAC,

RV: TGTGGACAGGCTCACGTTTT

MyoD FW: CGCGCTCCAACTGCTCTGATGG

RV: CTCGACACAGCCGCACTCTTCC

MyoG FW: GTCCCAACCCAGGAGATCAT

RV: GCTGTCCACGATGGACGTAA

ActB FW: CACTGTCGAGTCGCGTCC

RV: TCATCCATGGCGAACTGGTG

Isolation and culture of satellite cells and FAPs

Satellite cells and FAPs were FACS-sorted from muscle as previously described (26). Briefly, tibialis
anterior and gastrocnemius muscles were dissected with scissors and finely diced with a scalpel into 1-
mm pieces. Processed muscles were then subjected to enzymatic digestion in PBS with 2 mg/mL
Collagenase A (Roche), 2.4 units/mL Dispase I (Roche), 10 ng/mL DNase (Sigma Aldrich), 0.4 mM CaCl2
and 5 mM MgCl2 for 30 min at 37 °C. The cell suspension was filtered through a 100 μm and 40 μm
nylon filter (BD Falcon) and incubated on ice with the following antibodies for 30 min: CD45 (1:50, eFluor
450, eBioscience), CD31 (1:50, eFluor 450, eBioscience), TER119 (1:50, eFluor 450, eBioscience), Sca1
(1:50,FITC, cloneD7, eBiosceince), Itga7 (1:500,AbLab).

Satellite cells were identified as TER119−/CD45−/CD31−/Itga7+/Sca1− cells; FAPs were isolated as TER-
119−/CD45−/CD31−/Itga7-/SCA-1+ cells.

After isolation, satellite cells were counted, washed and resuspended in growth medium (GM) containing
DMEM + Pyruvate (Gibco), 20% fetal bovine serum (FBS, Life Technologies), 10% horse serum (HS,
Gibco), 1% penicillin/streptomycin (P/S,Euroclone) and 1% chicken embryo extract (CEE), and cultured in
GM for 3 days, after which, cells were switched to differentiation medium (DM) containing DMEM
+Pyruvate, 5% HS, 1% P/S for 24 hours and then stopped for IF analysis. To analyse the morphology of
the myotubes, they were fixed in 4% PFA (MilliporeSigma) for 10 min at room temperature and then
permeabilized with 0.1% Triton X-100 (Sigma Aldrich) for another 10 min. The myotubes were then
blocked for 1 h with a solution containing 4% BSA (Millipore Sigma) in PBS 1X (PanReac Apllichem). The
primary antibody (anti-Myosin; 1:20, DSHB) immunostaining was performed overnight at 4 °C, and
antibody binding specificity was revealed using a secondary antibody coupled to Alexa Fluor 488 (goat
anti-rabbit Alexa Fluor 488, Invitrogen). Nuclear staining was performed by incubating cells with DAPI in
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PBS for 15 min. Images were acquired using a Zeiss confocal microscope. The morphological analysis
of myotubes size was conducted using ImageJ software. The mean value of these measurements was
used for the subsequent statistical analysis. The reported figures are representative of all the examined
fields.

After isolation, FAPs were counted, washed and resuspended in culture medium containing DMEM +
Pyruvate (Gibco), 20% FBS (Life Technology) and 1% P/S (Euroclone) or culture medium plus conditioned
medium from Mo-MP at different conditions, at a ratio of 1:2. Culture medium and CM were changed
every 3 days. Cells were stopped 6 days after culture for IF analysis. FAPs were fixed in 4% PFA (Millipore
Sigma) for 10 min at room temperature, followed by permeabilization with 0.1% Triton X-100 (Sigma
Aldrich) for 15 min, and incubation in blocking solution 4% BSA (Millipore Sigma), 0.1% Triton X-100 and
10% goat-serum in PBS 1X for 1 h. The primary antibody (anti-perilipin; 1:500, Invitrogen) staining was
performed overnight at 4 °C, and antibody binding specificity was revealed using a secondary antibody
coupled to Alexa Fluor 594 (goat anti-rabbit Alexa Fluor 594, Invitrogen). Nuclear staining was performed
by incubating cells with DAPI in PBS for 15 min. Images were acquired using a Zeiss confocal
microscope. The morphological analysis of myotubes size was conducted using ImageJ software. The
mean value of these measurements was used for the subsequent statistical analysis. The reported
figures are representative of all the examined fields.

Tissue processing and cell isolation for flow cytometric analysis

Muscle single-cell suspensions were obtained from mice, killed by cervical dislocation and perfused with
PBS, and the hind limb musculature (tibialis anterior and gastrocnemius) was excised, weighed, cut into
1-mm pieces and digested with 1 mg/ml Collagenase type 4 (Worthington) for 1.5 h in a pre-warmed (37
°C) water bath with agitation. Muscles from each mouse were processed individually. The digested
muscle preparation was first passed through a 70 μm cell strainer (BD Falcon) and then through a 40 μm
cell strainer (BD Falcon), washed in Dulbecco’s modified eagle’s medium (DMEM, Life Technologies) 10%
fetal bovine serum (FBS, Life Technologies) and resuspended in FACS buffer (PBS 2%FBS).

Splenocytes were obtained by grinding the spleen between the rough edges of 2 microscopy slides,
while BM cells were obtained by centrifuging the hind limb bone inside a pierced 0.5 ml and 1.5 ml
Eppendorf at 10.000 rpm for 30 sec. Single cells were counted with a hemocytometer and incubated
with anti-CD16/32 (Biolegend, clone 93, 1 μl/test) to block non-specific binding to Fc receptors. Samples
were then stained with the relevant antibodies including anti-CD45 (PE-Cy7, clone 30-F11,Biolegend); ant-
CD11b (APC-Cy7, clone M1/70, Biolegend) anti-Ly6C (PerCP-Cy5.5, clone HK14, Biolegend); anti-Ly6g
(PE, clone 1A8, eBioscience); anti-F4/80 (APC, clone BM8, Biolegend); anti-CD3 (FITC, clone 145-2C11,
Biolegend) Samples were acquired with a CyAn ADP (DAKO), and acquired data were analysed using
FlowJo software version 10.

Statistical analysis
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Data are presented as mean ± SEM. Comparisons were conducted using Student’s t test, assuming a
two-tailed distribution, or two-way ANOVA multiple-comparison test, with significance defined as p < 0.05
(*), p < 0.01 (**), p < 0.001 (***) or p < 0.0001 (****).

Results
Dystrophic muscle injury alters the transcriptional response of mdx splenic monocytes to secondary
stimulation

Inflammatory monocytes are the major immune cell type recruited to dystrophic muscle, where they
differentiate into pro-inflammatory macrophages and contribute to chronic inflammation and
progressive muscle degeneration (5, 27). We previously showed that the spleen is a major source of
Ly6Chi inflammatory monocytes in the mdx mouse model of DMD (3). To investigate whether chronic
muscle injury induces transcriptional changes consistent with TI, we performed RNA-Seq on splenic
monocyte-derived macrophages (splenic Mo-MP) from mdx and wild-type (WT) control mice, after ex
vivo stimulation with lipopolysaccharide (LPS) or unstimulated control (Fig. 1A).

Principal Component Analysis (PCA) revealed a slight but clear separation between unstimulated WT
and mdx Mo-MP (Fig. 1B) with the identification of 1610 differentially expressed genes (DEGs) (Fig. 1C-
D). Interestingly, this segregation was drastically more pronounced upon LPS stimulation, resulting in the
identification of 5024 DEGs in stimulated mdx versus WT Mo-MP (Fig. 1B-C). Gene ontology (GO)
analysis performed on DEGs between stimulated mdx and WT Mo-MP showed the modulation of several
biological processes involved in chromatin organization, RNA transcription and DNA damage response,
indicating that Mo-MP derived from mdx mice exhibit a greater induction towards chromatin
modifications and remodelling upon LPS stimulation (Fig. 1E).

To investigate the transcriptional differences underlying the activation programs of WT and mdx Mo-MP
upon LPS stimulation, we compared stimulated and unstimulated WT and mdx Mo-MP and intersected
the resulting sets of DEGs (Fig. 1F). Next, we performed GO analysis on the mdx-specific DEGs, with the
goal of examining transcriptional differences related to TI. Interestingly, this analysis revealed a marked
enrichment of pathways related to translation and ribosome biogenesis, accompanied by suppression of
autophagy (Fig. 1G). These processes are typically associated with activation of mTOR-dependent
anabolic programs, likely indicating a metabolic shift from a catabolic to a biosynthetically active state in
mdx Mo-MP upon LPS stimulation.

To further investigate whether this transcriptional signature reflects a broader metabolic rewiring, we
examined the expression of genes involved in major metabolic pathways. As shown in Fig. 1H, pathways
known to be associated with TI, such as glycolysis, the TCA cycle, oxidative phosphorylation, purine
metabolism, cholesterol biosynthesis, and amino acid metabolism (including tryptophan and glutamine),
displayed a stronger deregulation in mdx compared to WT Mo-MP following LPS stimulation. Overall,
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these results suggest that dystrophic injury is associated with transcriptional changes in Mo-MP
consistent with TI induction.

Splenic Mo-MP from mdx mice exhibit trained immunity hallmarks

To verify these transcriptomic differences at the functional level, we quantified a set of inflammatory
mediators by multiplex immunoassay on supernatants collected from cultured splenic Mo-MP following
LPS stimulation.

Basal cytokine and chemokine levels were comparable between unstimulated mdx and WT Mo-MP;
however, upon LPS stimulation, mdx-derived Mo-MP exhibited a significantly enhanced cytokine
response compared to WT Mo-MP (Fig. 2A-B). The level of pro-inflammatory cytokines such as TNF-α
and IL-1β was significantly greater in mdx compared with WT Mo-MP at 4 and 24 hours post-stimulation
with LPS (Fig. 2A-B). Moreover, several chemokines were significantly modulated - either upregulated
(i.e. MIP-1α, RANTES) or downregulated (i.e. KC) – in stimulated mdx Mo-MP, compared to stimulated
WT (Fig. 2C-D). Consistent with these findings, macrophages differentiated from bone marrow (BM)
monocytes of mdx mice at 4 weeks of age also showed a marked upregulation of multiple cytokines
(Suppl. Figure 1A-B) and chemokines (Suppl. Figure 1C-D) compared to WT controls following LPS
stimulation.

Altogether, these data indicate that chronic muscle injury in dystrophic mice is associated with a
sustained, increased responsiveness of both splenic and BM monocytes upon secondary stimulation,
consistent with TI.

Inhibition of trained immunity enhances muscle regeneration.

Excessive activation of TI in the context of chronic inflammatory diseases, has been associated with
worsening of the pathology (28, 29). Therefore, we sought to determine whether modulation of TI in the
context of DMD may ameliorate the disease. To inhibit TI specifically in monocytes, we employed
apolipoprotein A1 (apoA-I)–based, rapamycin-loaded nanobiologics (mTORi-NBs) (19).

We evaluated cellular uptake of mTORi-NB in our mouse model and confirmed that these nanobiologics
are preferentially internalized by monocytes in the BM and the spleen (Suppl. Figure 2A-B).

We treated mdx mice starting at 4–6 weeks of age, during the peak necrotic and inflammatory phase of
the disease, a time when monocytes isolated from the BM or spleen show a TI phenotype as shown
above. mTORi-NBs were administered by intravenous injection twice weekly for two consecutive weeks,
and animals were sacrificed at 6–8 weeks of age for subsequent analysis (Fig. 3A).

mTORi-NB therapy markedly reduced secretion of the major TI- associated cytokines TNF-α and IL-6 as
determined by ELISA (Fig. 3B), and IL-1β expression (by RT- qPCR analysis) (Fig. 3C), compared with
control (empty NBs). These results show that mTORi-NBs treatment reduces pro-inflammatory cytokine
production and support the hypothesis of being effective at inhibiting TI in mdx Mo-MP. Of note, we could
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exclude that the observed reduction in pro-inflammatory cytokines production was due to cytotoxic
effects of the treatment, as no significant differences in apoptotic cell death of isolated monocytes were
observed between treated and control groups. Therefore, mTORi-NBs do not impair monocyte and Mo-
MP viability (Suppl. Figure 2C-D).

To further examine the impact of this immune modulation on dystrophic muscle, we performed
histological analysis of tibialis anterior (TA) muscles from mdx mice treated with mTORi-NB, empty
nanobiologics (empty-NBs) or PBS. Morphometric analysis revealed a significantly higher proportion of
smaller-diameter muscle fibers in mTORi-NB-treated mice (Fig. 3D-E) compared to control, while the
overall muscle cross-sectional area (CSA) did not differ significantly between treatment groups (Suppl.
Figure 3A). This shift in fiber size distribution indicates enhanced muscle regenerative activity following
mTORi-NBs treatment.

Muscle regeneration was further evaluated by immunofluorescence staining for embryonic myosin heavy
chain (eMHC), a marker of newly regenerating fibers. Consistent with the histological findings, mTORi-
NB-treated mice exhibited a significant increase in the percentage of eMHC-positive fibers compared to
the control groups (Fig. 3F-G). On the other hand, the overall extent of muscle necrosis, evaluated by IgG
immunostaining, was not significantly affected by the treatment (Suppl. Figure 3B-C).

To further validate the pro-regenerative potential induced by the treatment, we FACS-sorted satellite cells
(MuSCs), the muscle stem cells, from mTORi-NB, PBS, and empty-NB-treated mdx mice and examined
their function in vitro. Although the total number of MuSCs did not differ among the experimental groups
(Fig. 3H), myogenic differentiation markers MyoD and MyoG in MuSCs derived from mTORi-NB-treated
mice were significantly upregulated, while expression levels of Pax7, a marker of MuSC identity and
quiescence, were comparable across the experimental conditions (Fig. 3I). Upon in vitro differentiation,
MuSCs isolated from mTORi-NB-treated mice displayed an enhanced capacity to form bigger myotubes
with significantly higher number of nuclei compared to MuSCs derived from untreated mice (Fig. 3L-N).
The fusion index (Fig. 3O), differentiation index (Fig. 3P) and total number of nuclei per field of view
(Fig. 3Q) were also increased in the treatment group, although this increase did not reach statistical
significance.

Collectively, these findings demonstrate that inhibition of TI using mTORi-NB treatment ameliorates
dystrophic muscle pathology by enhancing muscle regeneration.

Inhibition of trained immunity reduces fat accumulation in dystrophic muscle.

Given the progressive nature of DMD, improvement in muscle regeneration must be accompanied by
effective control of pathological tissue remodelling, including fibrosis and fat infiltration. To investigate
whether inhibition of TI could modulate these processes, we assessed fibrotic and adipogenic
deposition in TA muscles of mdx mice.
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While the treatment had no effect on the overall extent of fibrotic tissue deposition (Fig. 4A-B) it led to a
significant reduction in lipid accumulation in TA muscles of mdx mice treated with mTORi-NBs compared
with controls (Fig. 4C-D). This decrease in fat deposition suggests a shift toward a muscle
microenvironment that is more permissive to regeneration and less prone to pathological remodelling.

To further investigate the cellular basis of these effects, we FACS-sorted fibro-adipogenic progenitors
(FAPs), the cells responsible for fibrotic and adipose tissue deposition, from muscle of PBS-treated mice,
empty-NB-treated mice, and mTORi-NB-treated mdx mice and analysed their differentiation potential in
vitro.

Consistent with the reduced adipose accumulation observed in muscle sections in vivo,
immunofluorescence analysis of differentiated FAPs revealed a significant decrease in perilipin
expression in cells derived from mTORi-NB-treated mice (Fig. 4E-G).

Taken together, these findings indicate that mTORi-NB treatment selectively restrains adipogenic
differentiation of FAPs without exacerbating fibrosis, thereby promoting a muscle microenvironment
more conducive to regeneration rather than pathological remodelling.

Inhibition of TI in Mo-MP directly impacts FAPs adipogenic
potential
To evaluate whether inhibition of FAPs adipogenic potential upon mTORi-NB treatment was directly
correlated with inhibition of TI in Mo-MP we assessed the capacity of trained mdx Mo-MP to influence
FAPs fate in vitro. FAPs were isolated from WT mice and exposed, during both proliferation and
differentiation phases, to conditioned medium (CM) derived from splenic Mo-MP isolated from mdx mice
at different stages of the disease progression (2, 4, and 8 weeks of age), as well as from mdx mice
treated with mTORi- NBs (Fig. 5A). CM was applied from the onset of culture (1:2 dilution with FAPs
growth medium), and cells were allowed to differentiate for six days.

At the end of the differentiation period, adipogenic commitment was quantified by immunofluorescence
analysis of perilipin-positive area (Fig. 5B). FAPs treated with CM from mdx Mo-MP displayed a
progressive increase in perilipin expression that correlated with donor age and disease stage, indicating
an enhanced pro-adipogenic influence of trained Mo-MP during disease progression. By contrast, FAPs
exposed to CM derived from Mo-MP isolated from mTORi-NB-treated mdx mice exhibited a significant
reduction in perilipin expression (Fig. 5C), indicating that TI inhibition in Mo-MP reduces adipogenic
differentiation of FAPs.

Discussion
Over the past decade trained immunity (TI) has emerged as a fundamental feature of innate immune
cells, such as monocytes. While this process has been extensively characterized in the context of

Page 14/27



infections and vaccinations, where it is associated with improved outcomes, its role in chronic
inflammatory conditions is less clear.

Here, we show that dystrophic muscle injury leads to transcriptional changes in monocytes at the level
of the bone marrow and the spleen, with enrichment of pathways related to chromatin organization,
transcriptional regulation, ribosome biogenesis, suppression of autophagy, and activation of mTOR-
dependent anabolic programs. In addition, genes associated with multiple metabolic pathways were
markedly upregulated and/or downregulated further supporting the presence of a broad metabolic
rewiring in monocytes in the context of chronic muscle injury. Although epigenetic and metabolic
alterations were not directly assessed in this study, the observed transcriptional landscape strongly
supports the establishment of a primed functional state, which is a defining feature of TI (30, 31).

At a functional level, mdx monocytes showed markedly enhanced pro-inflammatory cytokine production
upon secondary stimulation, a functional phenotype consistent with TI induction. These results are in
line with the study by Bhattarai et al. (18) showing enhanced responsiveness of BM–derived
macrophages in mdx mice. We extend these findings by demonstrating that not only BM, but also splenic
monocytes are similarly reprogrammed, in line with our previous observation of the spleen as an
important reservoir of inflammatory Ly6Chi monocytes and a possible ‘training’ site during dystrophic
muscle inflammation (3).

Consistent with the central role of chronic inflammation in DMD pathogenesis, glucocorticoids remain
the current standard of care (32, 33). However, their broad immunosuppressive effects and long-term
adverse outcomes underscore the need for more targeted immunomodulatory approaches (34). Here we
show for the first time that inhibition of TI specifically in monocytes at the level of the BM and the spleen
could represent a novel immunomodulatory approach in DMD. By selectively inhibiting mTOR signalling
in monocytes, we were able to attenuate key features of TI and rebalance cytokine production by
otherwise hyper-responsive mdx Mo-MP. Importantly, inhibition of TI resulted in improved regeneration
and reduced fat accumulation within dystrophic muscles, highlighting the functional relevance of
inflammatory monocytes reprogramming in driving DMD pathology. Macrophage derived cytokines are
critically involved in the regulation of both SC regenerative potential and FAP responses to muscle
damage (5). Cytokine hyperproduction by trained Mo-MP might therefore alter the otherwise finely tuned
muscle microenvironment resulting in impaired regeneration, increased fibrosis and fat deposition. By
rebalancing cytokine production by mdx Mo-MP through the inhibition of TI we were able to improve the
regenerative capacity of satellite cells both in vitro and in vivo. Moreover, we show for the first time, that
TI in mdx monocytes can directly influence FAPs differentiation fate through paracrine signaling. Soluble
mediators released by mdx monocytes promoted adipogenic differentiation of FAPs in a disease stage-
dependent manner, whereas inhibition of TI reversed this effect. These findings suggest that chronic
activation of TI contributes to pathological FAPs differentiation, highlighting an altered crosstalk
between Mo-MP and FAPs as a possible driver of fat deposition in dystrophic muscle.
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Although we found no effect on muscle necrosis and fibrosis following a relatively short two-week
treatment administered during the early stages of the disease, future studies are needed to assess the
effect of a longer treatment duration as well as the effect on later stages of the disease.

Conclusions
Dystrophic muscle injury is associated with the induction of TI in both BM and splenic monocytes
characterised by hyperproduction of pro-inflammatory cytokines. Targeting TI specifically in monocytes
through mTOR inhibition improves muscle regeneration and reduces fat accumulation. Overall, the
results of this study suggest that inhibition of TI represents a promising novel therapeutic modality to
slow DMD progression.
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Figure 1

Splenic Mo-MP from mdx mice exhibit altered transcriptional response to secondary stimulation.

(A) Schematic representation of experimental approach: Inflammatory Ly6Chi monocytes were isolated
from the spleen of mdx mice at 4 weeks of age (mdx 4wks) and age-matched wild-type mice (WT),
differentiated in vitro for 7 days, and stimulated with LPS (100 ng/ml) for 24h, and gene expression
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analysed by RNA-Seq. (B) Principal Components Analysis of RNA-Seq performed on Mo-MP. (C) Venn
diagram showing the intersection between DEGs in mdx unstimulated versus WT unstimulated Mo-MP
and mdx stimulated versus WT stimulated Mo-MP. (D) Volcano plot showing differential gene expression
(DEG). Significant DEGs in the mdx vs WT unstimulated comparison are highlighted in orange, while
DEGs in the mdx vs WT stimulated comparison are shown in blue. Non-significant DEGs are shown in
grey. (E) Gene ontology enrichment analysis (biological process) performed with DAVID on up- and
down-regulated DEGs in mdx stimulated versus WT stimulated comparison. (F) Venn diagram showing
the intersection between DEGs in mdx stimulated versus mdx unstimulated and WT stimulated versus
WT unstimulated Mo-MP. (G) Gene ontology enrichment analysis (biological process) performed with
DAVID on up- and down-regulated DEGs characterizing the mdx Mo-MP-specific response to LPS. (H)
Heatmap showing the expression of genes involved in selected metabolic processes across the
analyzed samples.

Figure 2

Splenic mdxMo-MP exhibit trained immunity associated hyperproduction of cytokines and chemokines
following secondary stimulation.

(A-B) Multiplex ELISA analysis shows no differences in the levels of cytokines in the supernatant of
splenic unstimulated mdx 4 wks Mo-MP compared to WT control but increased levels of cytokines in the
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supernatant of splenic Mo-MP of mdxmice at 4 weeks of age compared to WT control, after stimulation
with LPS (WT n=3; mdx 4 wks n=3). (C-D) Multiplex ELISA analysis shows no differences in the levels of
chemokines in the supernatant of unstimulated mdx 4 wks Mo-MP compared to WT control but
increased levels of chemokines in the supernatant of splenic Mo-MP of mdx mice at 4 weeks of age
compared to WT control, after stimulation with LPS (100 ng/ml) (WT n=3;mdx 4 wksn=3). Data are
presented as mean ± SEM *p < 0.05; ** p< 0.01; *** p< 0.001; **** p < 0.0001. Two-way ANOVA was used
for multiple comparison, and unpaired two- tailed t test was applied for pairwise analyses.
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Figure 3

Inhibition of trained immunity enhances muscle regeneration.

(A) Experimental design: mdxmice were treated with apolipoprotein A based, rapamycin-loaded
nanobiologics (mTORi-NBs), unloaded (empty-NBs) or PBS by twice weekly i.v. injections for two weeks
starting at 4-6 weeks of age. (B) TNF-aand IL-6 levels in the supernatant of BM Mo-MP from treated mdx
mice following LPS stimulation for 4h (PBS n=2;empty NBs n=3; mTORi-NB n=3) (C) RT- qPCR analysis
IL-1b on expression levels in BM Mo-MP from treated mdx mice following LPS stimulation for 4h. (PBS
n=3; empty NBs n=5; mTORi-NB n=6) (D) H&E staining on TA muscle of mdxmice treated with PBS,
empty-NB and mTORi-NB. (E) Frequency distribution of muscle fibers in TA muscle of mdx PBS, empty-
NB and mTORi-NB- treated mice (PBS n=6; empty-NB n=7; mTORi-NB n=9). (F) Representative
immunostaining and (G) Quantification of eMHC+ fibers (purple) and laminin (green) of PBS control,
empty-NB and mTORi-NB- treated mice (PBS n=6; empty-NB n=7; mTORi-NB n=8). (H) Percentage of
MuSCs relative to total muscle cells (PBS n=3; empty-NB n=3; mTORi-NB n=3). (I) RT- qPCR analysis of
Pax7, MyoD and MyoG expression levels in satellite cells at day 0 isolated from PBS control, empty-NB
and mTORi-NB- treated mice (PBS n=3; empty-NB n=3; mTORi-NB n=3). (L) Representative
immunostaining of MHC+ (green) and DAPI (white) myotubes from PBS control and mTORi-NB treated
mice. (M) Quantification of nuclei per myotube. (N)Quantification of the percentage of myotubes with 2
to 10, 10 to 20, or more than 20 nuclei. (O) Quantification of Fusion Index [(number of nuclei within
myotubes/ total number of nuclei) *100]. (P) Quantification of Differentiation Index [(number of MHC+
nuclei/ total number of nuclei) *100]. (Q) Quantification of number of nuclei per field of view (PBS n=3;
empty-NB n=3; mTORi-NB n=3). Data are presented as mean ± SEM *p<0.05; **p<0.01; ***p<0.001 by
one-way and two-way ANOVA test.
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Figure 4

mTORi-NB treatment reduces fatty tissue deposition.

(A) Representative images and (B) Quantification of sirius-red staining of PBS control, empty-NB and
mTORi-NB- treated mice. (PBS n=3; empty-NB n=3; mTORi-NB n=3) (C) Representative immunostaining
and (D) Quantification of Oil Red O (ORO) staining (red) of PBS control, empty-NB and mTORi-NB-treated
mice (PBS n=3; empty-NB n=3; mTORi-NB n=10). (E) Representative immunostaining and (G)
Quantification of Perilipin (red) and DAPI (white) in differentiated FAPs isolated from PBS control and
mTORi-NB treated mice. Data are presented as mean ± SEM *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001
by one-way, two-way ANOVA and student t test.
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Figure 5

Inhibition of TI in Mo-MP reduces FAPs adipogenic potential

(A) FAPs were isolated from wild-type mice, cultured in growth medium 1:2 with CM of mdx Mo-MP at
different stages of the disease (2,4,8 weeks of age) and mdx treated with mTORi-NBs, for 6 days. (B)
Representative immunostaining of perilipin positive cells (red) and DAPI (white) of FAPs treated with CM
from from Mo-MP from mdx mice at different stages of the disease compared to treated control. (C)
Quantification of percentage of perilipin positive area of FAPs treated with CM from MO-MP from mdx
mice at different stages of the disease compared to treated control. Data are presented as mean ± SEM
*p<0.05 by One way ANOVA test.
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