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Abstract

Muscular dystrophies are genetic diseases characterized by chronic inflammation and fibrosis. Macrophages are
immune cells that sustain muscle regeneration upon acute injury but seem deleterious in the context of chronic
muscle injury such as in muscular dystrophies. Here, we observed that the number of macrophages expressing the
transcription factor Nfix increases in two distinct mouse models of muscular dystrophies. We showed that the
deletion of Nfix in macrophages in dystrophic mice delays the establishment of fibrosis and muscle wasting, and
increases grasp force. Macrophages lacking Nfix expressed more TNFa and less TGFp1, thus promoting apoptosis
of fibro-adipogenic progenitors. Moreover, pharmacological treatment of dystrophic mice with a ROCK inhibitor
accelerated fibrosis through the increase of Nfix expression by macrophages. Thus, we have identified Nfix as a
macrophage profibrotic factor in muscular dystrophies, whose inhibition could be a therapeutic route to reduce
severity of the dystrophic disease.
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Introduction

Muscular dystrophies (MDs) are a heterogeneous group
of inherited disorders caused by mutations in genes cod-
ing for components of the structural dystrophin—
glycoprotein complex that induce its disassembly. This
leads to sarcolemma fragility and myofiber necrosis
especially during intense contractile activity, provoking
cycles of regeneration—degeneration [1-3]. These con-
tinuous cycles induce muscle wasting, chronic inflam-
mation, and fibrosis, which can cause patients’ death
[4,5]. MDs remain incurable and currently, drug therapy
brings only limited results. Chronic use of glucocorti-
coids delays the progression of MDs but has numerous
side effects such as bone fragility, weight gain, and mus-
cle weakness [6-9].

Dystrophic muscle cells are at the origin of the
disease, but several other cell types participate in MD
progression. While the timely appearance of specific
populations of macrophages (MPs) is required for suc-
cessful muscle regeneration upon acute injury, it is not
clear if MPs act negatively or positively in MDs. General
impediment of MP infiltration within the mdx muscle, a

mouse model for Duchenne muscular dystrophy (DMD),
improves both muscle histology and function [10-12].
However, a recent study demonstrated that a decrease of
MP infiltration induced by blood monocyte depletion pro-
motes the conversion of satellite cells (SCs), the muscle
stem cells, into adipocytes [13]. Anti-inflammatory
TGFp1, which is secreted mainly by MPs, induces the
expression of extracellular matrix (ECM) components by
fibro-adipogenic progenitors (FAPs) and thus promotes
fibrosis [14-16], but, conversely, pro-inflammatory
markers have been associated with the profibrotic function
of MPs and DMD worsening [17-20]. More than simply
the presence or absence of MPs, their phenotype and secre-
tion of specific cytokines seem to have an important func-
tion in MD progression.

Nuclear factor I X (Nfix) is a transcription factor
belonging to the highly conserved DNA-binding nuclear
factor I family [21]. We demonstrated previously the
essential function of Nfix expression by myogenic cells
during muscle development [22] and regeneration upon
acute injury [23]. Importantly, the total deletion of Nfix
in two murine models of MDs improves muscle histol-
ogy and function [24]. Nfix is also important for the
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correct phenotypic switch and function of MPs upon acute
muscle injury. In particular, ROCK inhibition stimulates
phagocytosis in MPs, which induces the expression of
Nfix that drives a decrease of pro-inflammatory markers
and an increase of anti-inflammatory markers [25].

Here, we demonstrated that Nfix expression by MPs
during development of dystrophy is associated with its
progression by acting both on myogenic cells and FAPs.
Nfix-specific deletion in a-sarcoglycan null mice (here-
after called Sgca null), the mouse model for limb—girdle
muscular dystrophy 2D, protects myofibers from apo-
ptosis and decreases the establishment of fibrosis, lead-
ing to increased grasp force. We showed that MPs with
Nfix deleted express more TNFa and less TGFf1, induc-
ing apoptosis of FAPs. Moreover, pharmacological inhi-
bition of ROCK in Sgca null mice accelerated fibrosis by
increasing the number of MPs expressing Nfix. With this
study, we have demonstrated that Nfix expression by
MPs is involved in the progression of MDs in vivo. Tar-
geting Nfix in MPs could represent a valid approach to
delay muscle wasting and fibrosis in MDs.

Materials and methods

Animal models and in vivo experimentation

Mdx, Sgca null, Nfix o/ (for Nﬁxﬂ/ﬂ:sgca(*/ *)),
ONfix"™ a7 (for LysMRE:Nfix"M:sgca™ ), and
ONfix™':a~7 (for LysMCRE:Nﬁxﬂ/ ﬂ:sgca(_/ ~)) mice
were used in this study. ®Nfix"/ ™ (for
LysM“RE:Nfix":sgca ") mice were generated by
crossing ONfix™™ (or LysMCRE:Nﬁxﬂ/ﬂ) mice with
the Sgca null mice [25,26]. The LysM“RF mouse is used
to abbreviate B6.129P2-Lyz2tm1(cre)Ifo/J mouse. All
mice having the LysMCRE gene were heterozygous for
it. For some experiments, 10-week-old Sgca null mice
and ®Nfix"™":a 7 (for LysMCRE:Nﬁxﬂ/ﬂ:sgca(f/ )
mice were injected i.p. with saline solution or Y-27632
ROCKI1 inhibitor (10 mg/kg, sc-281642; Santa Cruz
Biotechnology, Dallas, TX, USA) 3 times per week for
2 weeks. Mice were kept in pathogen-free conditions,
and all procedures conformed to Italian law (D. Lgs
n° 2014/26, implementation of the 2010/63/UE) and
were approved by the University of Milan Animal Wel-
fare Body and by the Italian Minister of Health.

Histology and immunofluorescence analyses

The fascia of tibialis anterior (TA) muscles was
removed, and muscles were frozen in liquid nitrogen-
cooled isopentane (VWR, Radnor, PA, USA) and stored
at —80 °C until cut. Eight-micrometer-thick cryosec-
tions were stained using hematoxylin and eosin (H&E)
or Milligan’s trichrome, or were used for immunofluo-
rescence. For some experiments, the weights of TA mus-
cles and mice were recorded.

H&E staining was processed according to standard
protocols. For Milligan’s trichrome staining, sections
were fixed for 1 h with Bouin’s fixative (Sigma-Aldrich,
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Burlington, MA, USA) and rinsed for 1 h under running
water. Sections were then dehydrated to 95% EtOH in
graded ethanol solutions, successively passed in 3%
potassium dichromate (Sigma-Aldrich) for 5 min, washed
in distilled water, stained with 0.1% acid fuchsin (Sigma-
Aldrich) for 30 s, washed again in distilled water, passed
in 1% phosphomolybdic acid (Sigma-Aldrich) for 3 min,
stained with Orange G (2% in 1% phosphomolybdic acid;
Sigma-Aldrich) for 5 min, rinsed in distilled water, passed
in 1% acetic acid (VWR) for 2 min, stained with 1% Fast
Green for 5 min (Sigma-Aldrich), placed in 1% acetic acid
for 3 min, rapidly dehydrated to 100% EtOH, and placed
in xylene before mounting with Eukitt (Bio-Optica,
Milano, Italy).

For immunofluorescence analysis, sections or cells
were fixed for 15 min with 4% paraformaldehyde
(except for F4/80). Then samples were permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich) in PBS for
10 min and blocked with 4% BSA (Sigma-Aldrich) in
PBS at room temperature for 1 h. Primary antibodies
were incubated overnight at 4 °C in PBS. After three
washes of 5 min with PBS, samples were incubated with
secondary antibodies (1:500; Jackson ImmunoResearch,
Cambridge, UK; fluorochromes used: 488 and 594) and
Hoechst (1:500, Sigma-Aldrich) in PBS for 45 min at
room temperature, then washed 4 times for 5 min with
PBS and mounted with Fluorescence Mounting Medium
(Sigma-Aldrich). For Nfix-F4/80 double immunolabel-
ing, cryosections were labeled with antibodies against
F4/80 (1:400, NB300-605; Novus Biologicals, Centen-
nial, CO, USA) overnight at 4 °C, and Nfix labeling
using NBP2-15038 antibody (1:200, Novus Biologicals)
was performed for 2 h at 37 °C. Pax7 immunolabeling
was done on fresh cut muscle sections and antigen
retrieval was performed by incubating muscle sections
in boiling 10 mu citrate buffer, pH 6 for 20 min. Muscle
sections were then incubated overnight with Pax7 (1:2;
Developmental Studies Hybridoma Bank, Iowa City,
IA, USA). Anti-collagen I (1:200, 1310-01; Southern
Biotech, Birmingham, AL, USA), anti-PDGFRa
(1/500, AF1062; R&D Systems, Minneapolis, MN,
USA), and anti-laminin (1:300, L9393, Sigma-Aldrich)
antibodies were used on muscle sections. Anti-TNFa
(1:100, GTX54419; Genetex, Irvine, CA, USA), anti-
TGFP1 (1:100, ab64715; Abcam, Cambridge, UK),
anti-cleaved caspase-3 (1:300, 9661S; Cell Signaling
Technology, Danvers, MA, USA), and anti-Ki67 (1:50,
550609; BD Biosciences, Franklin Lakes, NJ, USA)
antibodies were used on FAPs or sorted MP cells.

Evans blue dye uptake

Evans blue dye (solution at 5 mg/ml, Sigma-Aldrich)
was injected 24 h intraperitoneally before sacrifice
(10 pl per g of mouse). Positivity for Evans blue dye
was revealed through its fluorescence after excitation at
546 nm. Sections were fixed with acetone (VWR) for
10 min at —20°C, permeabilized in 0.5% Triton
X-100 (Sigma-Aldrich) for 10 min, blocked for 1 h in
4% BSA, and incubated overnight with rabbit anti-
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laminin antibody (1:300, Sigma-Aldrich) to reveal myo-
fiber outlines. The day after, sections were washed, incu-
bated with a goat anti-rabbit 488 secondary antibody
(1:250, Jackson ImmunoResearch) and Hoechst (1:500,
Sigma-Aldrich) in PBS for 45 min at room temperature,
then washed 4 times for 5 min with PBS and mounted with
Fluorescence Mounting Medium (Sigma-Aldrich). Mea-
surement of the percentage of Evans blue dye uptake was
performed by counting the number of Evans blue dye-
positive fibers on total muscle section reconstructions,
using ImageJ software (NIH, Bethesda, MD, USA).

RNA extraction and RT-qPCR

RNA was isolated from TA using TRIzol Reagent
(15596026, Invitrogen) according to the manufacturer’s
instructions. RNA was quantified using a NanoPhotometer
(Implen, Miinchen, Germany). For reverse transcription,
500 ng of RNA was used with an iScript Reverse Tran-
scription Supermix for RT-quantitative qPCR (1708840;
Bio-Rad, Hercules, CA, USA). For qPCR, cDNA was
diluted 1:10 and 5 pl of the diluted cDNA was loaded in a
total volume of 20 pl of SYBR Green Supermix (172-
5124, Bio-Rad) and run on a Bio-Rad CFX Connect
Real-Time PCR System. The relative quantification of
gene expression was determined by the comparative CT
method and normalized to Gapdh. The following primers
were used: Tgfbl forward AACAACGCCATCTATGA-
GAAAACC; Tgfbl reverse CCGAATGTCTGACG-
TATTGAAGAA; fibronectin (Fnl) forward
AGGACTGGCATTCACTGATGTG; fibronectin (Fnl)
reverse GTCACCCTGTACCTGGAAACTTG; aSMA
(Acta2?) forward GTACCACCATGTACCCAGGC;
aSMA (Acta?) reverse: GCTGGAAGGTAGACAGC-
GAA; Gapdh forward AGGTCGGTGTGAACG-
GATTTG; Gapdh reverse TGTAGACCATGTA
GTTGAGGTCA.

Protein extraction and immunoblotting

Protein extracts were obtained from TA lysed using
RIPA buffer [10 mm Tris—HCI (pH 8.0), 1 mm EDTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
sodium dodecylsulfate (SDS), 150 mm NaCl, in deio-
nized water] plus protease and phosphatase inhibitors
for 30 min on ice. Then, samples were centrifuged at
11 000 x g for 10 min at 4 °C, and the supernatants col-
lected for protein quantification (DC Protein Assays,
5000111, Bio-Rad). Aliquots (40 pg protein) of each
sample were denatured at 95 °C for 5 min in SDS PAGE
sample-loading buffer [100 mm Tris (pH 6.8), 4% SDS,
0.2% bromophenol blue, 20% glycerol, 10 mm dithio-
threitol] and loaded onto 8% SDS acrylamide gels. After
electrophoresis, the protein was blotted onto nitrocellu-
lose membranes (Whatman Protran nitrocellulose trans-
fer membrane, Sigma-Aldrich) for 2 h at 70 V, 4 °C.
Membranes were then blocked for 1 h with 5% dried
milk powder in Tris-buffered saline plus 0.02% Tween
20 (Sigma-Aldrich). Membranes were incubated with
primary antibodies overnight at 4 °C, using the
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following antibodies: rabbit anti-P-Smad3 (1:2000,
ab52903, Abcam), rabbit anti-Tot-Smad3 (1:1000,
#9523, Cell Signaling Technology), and mouse anti-
vinculin (1:2500, V9131, Sigma-Aldrich). After incuba-
tion with the primary antibodies, the membranes were
washed 3 times for 5 min and incubated with a secondary
antibody (1:10 000, IgG-HRP, Bio-Rad) for 45 min at
room temperature, and then washed again 5 times for
5 min. Bands were revealed using ECL detection reagent
(Thermo Fisher Scientific, Waltham, MA, USA), with
images acquired using a ChemiDoc MP system (Bio-
Rad). After incubation with rabbit anti-P-Smad3 antibody,
the 4-month TA sample membrane was stripped with a
mild stripping solution (200 mm glycine, 1% SDS, 10%
Tween 20, pH 2.2). After verification of stripping by incu-
bating membrane with anti-rabbit-HRP secondary anti-
body for 45 min at room temperature, the membrane was
then incubated with anti-Tot-Smad3 antibody overnight.
Image Lab software (Bio-Rad) was used to measure and
quantify the bands of at least three independent samples.
The obtained absolute quantity was compared with the ref-
erence band (vinculin) and expressed in the graphs as nor-
malized volume (Norm. Vol. Int.).

Isolation of MPs and FAPs from skeletal muscle

The fascia of TA muscles was removed; then muscles
were dissociated and digested in RPMI medium contain-
ing 0.2% (w/v) collagenase B (11088815001; Roche
Diagnostics GmbH, Mannheim, Germany) at 37 °C for
1 h and passed through a 70 pm and then a 30 pm cell
strainer (Miltenyi Biotec, Bergisch Gladbach, Germany).
CD45% cells were isolated using magnetic beads
(130-052-301, Miltenyi Biotec) and incubated with FcR
blocking reagent (130-059-901, Miltenyi Biotec) for
20 min at 4 °C in PBS with 2% FBS. CD45™ cells were
then incubated with Ly6C-PE (12-5932; eBioscience,
San Diego, CA, USA) and CD64-APC (558539, BD Bio-
sciences) antibodies for 30 min at4 °C. CD45™ cells were
incubated with CD31-FITC (1:1000, 11-0311-82; Invitro-
gen, Waltham, MA, USA), CD45-FITC (1:1000, 11-0451-
82, Invitrogen), ITAG7(a7)-APC (1:1000, MA5-23555,
Invitrogen), and Scal-PeCy7 (1:5000, 25-5981-82, Invi-
trogen) antibodies for 30 min at 4 °C. MPs (CD64 " cells)
and FAPs (CD31 /CD45 /a7 /Scal™ cells) were ana-
lyzed and sorted using a FACS Aria III Cell Sorter
(BD Biosciences) with a purity of 96.9% and 97.5%,
respectively. In some experiments, Ly6C* and Ly6C~
MPs, or CD64" MPs and FAPs were cytospinned on
StarFrost (Knittel, Braunschweig, Germany) slides and
immunostained.

Treadmill test and grasp strength test

For the treadmill test functional assay, 4-week-old mice
were exercised 3 times, once a week, before recording
their performances. The treadmill test was therefore per-
formed starting from 7-week-old mice, once a week for
6 weeks. The test was conducted on a treadmill
(Bioseb, Vitrolles, France) with a 10% incline, starting
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from a speed of 6 cm/s and increasing it by 2 cm/s every
2 min. For each test, the time to exhaustion of each
mouse was measured.

For the grasp strength test functional assay, 2- and
6-month-old mice were tested 3—5 times by using a grid
connected to a dynamometer. The average force in milli-
newtons (mN) was graphed as a measure of grasp
strength.

Image acquisition and assessment

Images were acquired using an inverted microscope (Leica
DMI6000 B; Leica Microsystems, Wetzlar, Germany)
equipped with Leica DFC365FX and DFC400cameras
and 10x, 20x, and 40X magnification objectives. For
each condition of each experiment, at least eight fields
chosen randomly were assessed. Measurement of central
nucleation and myofiber cross-sectional area (CSA) was
performed using ImageJ software. At least 500 myofibers
per mouse were analyzed. Collagen I quantification was
performed using a macro in Image] to identify and quan-
tify positive areas. The number of labeled MPs or FAPs
was calculated using the cell tracker in ImageJ software
and expressed as a percentage of total MPs or FAPs.

Statistical analyses

All data shown in plots are expressed as mean + SEM. All
experiments were performed using at least three different
animals in independent experiments. Statistical analysis
was performed using two-tailed unpaired Student’s r-tests,
one-way ANOVA or two-way ANOVA (*p <0.05;
#xp < 0.01;  **p <0.001; “p<0.05 ¥p<001;
3% p < 0.001; confidence intervals 95%; o level 0.05).

Results

Nfix-positive MPs increase with the progression of
muscular dystrophy

MPs are linked to MDs [17,20,27,28] and as we demon-
strated a pivotal function of Nfix in MP function during
muscle regeneration [25], we decided to analyze the
number of Nfixt MPs during the progression of MD
within the tibialis anterior (TA) and diaphragm (Dia) of
the mdx and Sgca null dystrophic mouse models. We
observed an increased number of MPs expressing Nfix
in muscles of both mdx and Sgca null mice from 2 to
6 months (Figure 1A,B and supplementary material,
Figure S1A,B). During muscle regeneration after acute
injury, we showed that Nfix is required for Ly6C™
anti-inflammatory phenotype acquisition [25]. Although
the concept of pro- and anti-inflammatory MPs does not
seem to be conserved in the context of chronic muscle
injury compared to acute muscle injury, we decided to
look at the number CD64 " MPs positive for Nfix within
the Ly6C™" and Ly6C ™~ populations sorted from the TA
of Sgca null mice. In contrast to what happens during
acute damage, Nfix was found at comparable levels
between Ly6C/CD64" and Ly6C /CD64" MPs, and
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Figure 1. The number of Nfix™ MPs increases with age in Sgca null
and mdx mice. (A, B) Percentage of F4/80™ MPs positive for Nfix in
tibialis anterior muscles (TA) and diaphragm (Dia) of Sgca null mice
(A) and mdx mice (B) at 2 and 6 months of age. (C) Percentage of
Ly6C"/CD64" and Ly6C~/CD64 " sorted MPs positive for Nfix from
the TA of Sgca null mice at 2, 3, and 4 months of age. Statistical sig-
nificance was determined using a two-tailed Student's t-test, one-
way ANOVA test or two-way ANOVA test. *p < 0.05, ™p < 0.01,
**p < 0.001. For C, *p < 0.05 Ly6C™ 2 months versus 4 months.
Means + SEM. N = 3-6 mice per group.

its expression increased by the same extent from 2 to
4 months in both populations in dystrophic muscles
(Figure 1C). These results suggest an involvement of
Nfix in MPs in MD progression and confirm the current
knowledge that Ly6C™ and Ly6C~ MPs have different
biological functions depending on whether the context
is acute or chronic muscle injury.

Ablation of Nfix in MPs protects the dystrophic
muscle

We previously demonstrated that Nfix silencing delays
the progression of MD [24]. To understand to what
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extent the rescue of dystrophic phenotype was due to the
lack of Nfix in MPs, we generated Sgca null dystrophic
mice in which Nfix is deleted in MPs: the LysM“®E:
Nfix™:g gca( =) mice (hereafter named
ONfix:a""7). We used the Sgca null mouse model
because its phenotype better recapitulates the progression
of DMD patients than mdx mice [4,26,29 30] LysMCRE
Nfix":sgca™ ™) (hereafter named ®Nfix"™/:a ™~ ))
mice and Nfix™™ :sgea’” /=) (hereafter named Nfix"
:67)) mice were used as non-dystrophic and dystro-
phic controls, respectively. We looked at TA histology
at2,4, and 6 months by H&E staining (Figure 2A and sup-
plementary material, Figure S2A). Consistent with our
previous observation in ®Nfix"/ mice [25], non-
dystrophic ONfix"™:a ) mice displayed a homoge-
neous caliber of myofibers with myonuclei in peripherical
positions (Figure 2A and supplementary material,
Figure S2A). Conversely, the muscle structure of the dys-
trophic control Nfix™":a ™"~ mice at 2 months was char-
acterized by necrotic myofibers, centrally nucleated
myofibers, and inflammation. At 4 months, small and
large fibers were present in the same muscles. All these
features worsened at 6 months (Figure 2A and supple-
mentary material, Figure S2A). In the ®Nfix .o/
TA, myofibers in regeneration with few inflammatory
areas, were detected (Figure 2A and supplementary mate-
rial, Figure S2A). The CSA distribution of the non-dystro-
phic control exhibited a bell shape characteristic of WT
muscles (Figure 2B). At 2 months, the CSA distribution
was identical for the Nfix"™:a"~"~ and ®Nfix ™ :a
mice. Over time, a shift towards an increase of small myo-
fibers was observed in the Nfix"™ o™~ mice, while the
CSA distribution of ®Nfix™":a”™ mice remained
unmodified up to 6 months (Figure 2B). We then analyzed
the number of regenerative myofibers by quantifying the
percentage of centrally nucleated myofibers. Almost no
regenerating myofibers were detected in the
®ONfix"™:0 ) mice. In the Nfix":o " mice, 86% of
myofibers were regenerative at 2 months and reached 92%
at 6 months (supplementary material, Figure S3A). A signif-
icant decrease of the percentage of regenerative myofibers
was observed in the ®Nfix"™:a"™~) mice compared with
the Nfix"™:~"~) mice at 2 months, which disappeared at
4 and 6 months (supplementary material, Figure S3A). We
then analyzed an important hallmark of dystrophies, that
is, myofiber fragility, using Evans blue (EB). As expected,
we did not detect EB" myofibers in the TA of
®ONfix" 0™ mice (Figure 2C,D). In the Nfix o /)
mice, we observed that damaged myofibers appeared in
foci and the quantification revealed a huge heterogeneity
in the percentage of necrotlc myofibers between animals.
At 6 months, few EB” myofibers were present, except
for one TA reaching 35% of damaged myofibers
(Figure 2D). On the contrary, the percentage of necrotic
myofibersin the TA of ®Nfix~~:a~"~ mice was homo-
geneous and strikingly low (Figure 2C,D). All these
results demonstrate that Nfix deletion in MPs has a posi-
tive effect on the fragility of myofibers, delaying the
appearance of regenerating myofibers and protecting
dystrophic muscle.
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Fibrosis decreases in the absence of Nfix in MPs

In time, dystrophic muscle is replaced by fibrotic tissue
that can be highlighted in blue after Milligan trichrome
staining. The ECM appeared thin between the myofibers
in the TA of ®Nfix~'~:a™~ mice (Figure 3A and sup-
plementary material, Frgure S2B). At 2 months, the TA
of Nfix"™:a~'~) mice presented large deposits of ECM
which increased until 6 months (Figure 3A and supple-
mentary material, Figure S2B). On the contrary, the
TA of ®Nfix"':a~"~) mice exhibited less ECM than
the Nfix":q /7 mice, with no large areas observed
(Figure 3A and supplementary material, Figure S2B).
We then performed immunofluorescence staining for col-
lagen I and we quantified the positive area. Around 5% of
collagen I was present in the TA of ®Nfix"/:a™
mice, and Nfix"™:a~"~) mice contained more than 20%
of collagen I at all time points (Figure 3B,C). The TA of
ONfix"™ """ mice displayed a significant reduction
of collagen I deposits compared with Nfix"™:a~"~ mice
(Figure 3C). All these histological differences, however,
did not induce a modification of the TA muscle mass
(supplementary material, Figure S3B). To understand if
the improvement of dystrophic muscle histology might
also correlate with better muscle functionality, we
carried out a treadmill and grasp strength test. For
the treadmill test, no differences in the total and
weekly runnmg times between Nfix""a™™ and
ONfix":a" mice were observed (supplementary
material, Frgure S3C). On the contrary, Nfixf: o~
mice had a reduced grasp force compared with
®Nfix":a"’ mice, while no difference was
observed compared with ®Nfix™:a"™ mice at
2 months (supplementary material, Figure S3D). At
6 months, no differences in grasp force were observed
between any of the genotypes (supplementary material,
Figure S3D). These results demonstrate that the lack of
Nfix in MPs improves several dystrophic signs of the
disease, inducing an increase of muscle grasp strength
during early life. On the contrary, no muscle perfor-
mance was observed when mice were forced to run,
which likely depends on muscle cells.

Ablation of Nfix in MPs preserves the diaphragm
from fibrosis

We also analyzed diaphragmatic histology because it
better reflects the dystrophic phenotype [29,31]. Normal
histology was observed in ®Nfix ™" :a "'~ mice, while
the diaphragm (Dia) of Nfix”®:a"~ mice exhibited a
worsened phenoty e than the TA; conversely, the Dia
of ®Nfix"™ ) mice displayed a better histology
compared w1th the dystrophic control (Figure 4A and
supplementary material, Figure S4A). After Milligan tri-
chrome staining, we observed that ®Nfix™:aH™)
Dia displayed a thin ECM (supplementary material,
Figure S4B). As expected, the Dia of NfixVq )
mice contained large ECM deposits that increased from
2 to 6 months (supplementary material, Figure S4B).
The Dia of ®Nfix""":a~'~) mice showed zones of
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Figure 3. Ablation of Nfix in MPs delays fibrosis. (A) Milligan trichrome staining of ®Nfix' '~ ’. (” ) Nfix:o =/~ ]and ONfix/ o TA

muscles at 2, 4, and 6 months of age. (B) Immunofluorescence for collagen | (green) of ®Nfix™

H/ ) Nflxﬂ/fI - ) and ®Nfix =)

TA muscles at 2 months of age. (C) Quantification of collagen I area at 2, 4, and 6 months of age. Statlstlcal S|gn|ﬁcance was determined
using a one-way ANOVA test. **p < 0.01, **p < 0.001. Means £+ SEM. N = 4-6 mice per group. Scale bar: 100 pm.

ECM that were thinner compared with the Nfix™:a ™'~
mice (supplementary material, Figure S4B). Quantifi-
cation of the collagen I area showed an increase in both
Nfix"":o ™7 and ®Nfix"™:a"™ mice Dia com-
pared with the TA (Figure 4B,C versus Figure 3B,C),

but the collagen I area in the Dia of ®Nfix™:a ™™
mice remained reduced compared with the
Nfix"®:"~=) mice at 4 and 6 months (Figure 4B,C).
Thus, the ablation of Nfix in MPs protects the Dia
from dystrophy.

Figure 2. Ablation of Nfix in MPs protects dystrophic muscle. (A) H&E staining of ®Nfix 10 NFix™ /), and ONFix' /i) TA
muscles at 2, 4, and 6 months of age. (B) Proport|on [0/0] of the cross-sectional area (CSA) (C] Evans blue (EB, red) and immunofluorescence for

Lam (green) and Hoechst (blue) of ®Nfix"~ ) Nfixfo (/)

,and ®Nfix~

) TA muscles at 2 months of age. (D) Percentage of

EB™ myofibers at 2, 4, and 6 months of age. EB was mJected 24 h before sacrifice. Statlstlcal 5|gn|f|cance was determined usmg a one way or
a two-way ANOVA test.*p < 0.05, *p < 0.01. ns, not significant. For B, *p < 0.05, **p < 0.001 Nfix"™:al /=) versus @Nfix =/ :a /). Mean-

s = SEM. N = 4-7 mice per group. Scale bar: 100 pm.
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Nfix induces a profibrotic phenotype of MPs in
dystrophic muscle

Within the muscle, FAPs are the main source of ECM. In
MDs, MPs induce the survival of FAPs, thus leading to
fibrosis. In the TA of ®Nfix"’ ™’ mice, we
observed a decrease in the number of FAPs
(PDGFRa" cells) and MPs (F4/80" cells) compared
with Nfix" ™"~ mice (Figure 5A). ECM deposits
are due to excessive TGFf1 signaling, whose expression
does not reflect its biological availability. TGFP1 is
secreted in a latent form that is cleaved to be active
[32]. As previously shown [33,34], we observed no dif-
ferences in TGFpPl expression between our two
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dystrophic models (supplementary material,
Figure S5A), but the analysis of its downstream Smad3
signaling pathway showed a decrease of TGFp1 path-
way activation at 2 and 4 months (Figure 5B). This
induces a decrease of FN (fibronectin 1) expression but
has no effect on aSMA (a-smooth muscle actin; Acta2)
expression (supplementary material, Figure S5A). After
acute injury, pro-inflammatory MPs express TNFa,
which induces the apoptosis of FAPs, while TGFp1
secreted by anti-inflammatory MPs rescues them from
TNFa-induced apoptosis and stimulates their prolifera-
tion. In a dystrophic context, more than 75% of MPs
express TGFf1, inducing the survival of FAPs [28].

ONfix:at

| uabejjon

| B onfix™ e Bl NG D okt |

Flgure 4, Ablatlon of Nfix in MPs also preserves the diaphragm (Dia) from fibrosis. (A) H&E staining of ®Nfix
®Nfix— ’]: (= Dla muscles at 2, 4, and 6 months of age. (B) Immunofluorescence for collagen | (green) of ®Nfix\~
) Dia muscles at 2 months of age. (C) Quantification of collagen | area at 2, 4, and 6 months of age Statlstlcal signif-

and ®Nfix/ Dz~

—/- ) (+/ ) NfIXﬂ/ﬂ (—/— )
(+/ ) NfIXﬂ/ﬂ - / )

icance was determined using a one-way ANOVA test. *p < 0.05, **p < 0.001. Means &+ SEM. N = 3-6 mice per group. Scale bar: 100 pm.
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Thus, we decided to sort FAPs and MPs from hindlimb
muscles of Nfix"%:q™™ and ®Nfix"™:a""™ mice
(supplementary material, Figure S5B,C). This analysis

A

Nfix"m: o)

ONfix:al+

M Saclier et al

confirmed the decrease of the numbers of FAPs and
MPs within the muscles of ®Nfix~":a'~'~ mice com-
pared with those of Nfix

/. 6 ~'=) mice (supplementary
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material, Figure S5D). Then we quantified the number of
MPs positive for TNFa or TGFp1 and the number of
apoptotic or proliferating FAPs (Figure 5C). We
observed an increase of TNFa" MPs and a decrease of
TGFB1 " MPs in ®Nfix™':a""~ mice compared with
Nfix":a~=) mice. This modification of cytokine
expression did not modify the proliferation of FAPs
but induced their apoptosis (Figure 5C). The proportions
of Ly6C" and Ly6C~ MPs were unchanged between
Nfix": = and ®Nfix~:a'~ mice, meaning that
the Ly6C receptor does not define a pro- and anti-inflam-
matory-like MP population in dystrophic muscle (sup-
plementary material, Figure SSE). To conclude, we
observed that Nfix is involved in the profibrotic pheno-
type of MPs and that its deletion rebalances TNFo—
TGFp1 expression, promoting apoptosis of FAPs.

Pharmacological inhibition of ROCK in dystrophic
muscle promotes fibrosis by inducing Nfix in MPs

We previously demonstrated that Nfix is expressed upon
RhoA/ROCK-dependent phagocytosis after muscle
acute injury [25]; thus, we asked whether this pathway
was conserved in a dystrophic context and if the stimula-
tion of Nfix expression by MPs could accelerate fibrosis.
Therefore, we treated Sgca null mice with Y27632
ROCK inhibitor (hereafter called Y) or its control,
3 times per week for 2 weeks. ®Nfix"™":a~'™) mice
were also treated to distinguish the effect of ROCK inhi-
bition on MPs with respect to other cell types (supple-
mentary material, Figure S6A). Y treatment increased
ECM deposits within the TA of Sgca null mice com-
pared with control-treated Sgca null mice, while this
effect was not observed in Y-treated ®Nfix~/:a™
mice compared with control-treated ®Nfix™:a™")
mice (Figure 6A). In Sgca null mice, Y injection induced
an increase of MPs positive for Nfix (Figure 6B). In con-
trol and Y-injected ®Nfix"':a "~ mice, around 15%
of MPs were positive for Nfix (Figure 6B). This result is
in line with our study showing that resident MPs are pos-
itive for Nfix in uninjured muscle and that around 10%
of resident MPs are Nfix " [25]. While Y injection did
not modify the number of MPs/mm” in each murine
model, the number of MPs positive for Nfix increased
in Sgca null and not in ONfix™:a™ mice
(Figure 6B and supplementary material, Figure S6B).
Thus, the increase of Nfix" MPs in treated Sgca null
mice was due to a modification of the MP phenotype

361

and not to an increase of infiltrated MPs. This phenome-
non is not observed in ®Nfix"™:a '~ mice. We pre-
viously reported that Nfix overexpression in myofibers
exacerbates the dystrophic phenotype and that ROCK
inhibition induces Nfix expression in embryonic myo-
blasts but not in juvenile satellite cells (SCs) [24,35].
Here, we observed that Y treatment in both Sgca null
mice and ®Nfix"":a"’~ mice had no effect on Nfix
expression by SCs but decreased the number of SCs
per mm? (supplementary material, Figure S6C). On the
contrary, we observed an increase in the percentage of
Nfix " myofibers, suggesting that ROCK inhibition stim-
ulates Nfix expression by myofibers (supplementary
material, Figure S6D). While our previous study on the
overexpression of Nfix in myofibers showed a decreased
CSA and an increase of the percentage of centronu-
cleated myofibers, ROCK inhibition did not modify
these two parameters or the number of myonuclei/
myofibers in Sgca null mice or ®Nfix"™":a"™' ™ mice
versus their respective controls (supplementary material,
Figure S6D). We observed an increase of CSA in the TA
of ®Nfix"/:a""~) mice compared with Sgca null mice
and an increase in the percentage of perinucleated myo-
fibers (supplementary material, Figure S6D). Y injection
increased collagen I deposits and the number of FAPs in
Sgca null mice and not in ®Nfix"™:a"™™ mice
(Figure 6C,D). Although we cannot exclude a role for
Nfix in other cell types, such as the same FAPs, we can
conclude that the pharmacological inhibition of ROCK
promotes fibrosis at least by increasing Nfix expression
in MPs.

Discussion

MDs are incurable diseases and although several
approaches such as cellular or gene therapies aim to treat
MDs, these have been demonstrated to be of low clinical
benefit so far [36-38]. Most of these strategies are obvi-
ously focused on muscle cells, which are at the origin
of the disease; it is now clear that non-muscle cells,
and particularly MPs, play a role in MD progression
[20,27,39-42]. In this study, we used the LysMCRE
mouse model to delete Nfix in MPs, although neutro-
phils also express LysM. However, in Sgca null mice,
macrophages are much more prevalent in the dystrophic
muscle compared with neutrophils [17], and in our

Figure 5. MPs lacking Nfix rescue FAP apoptosis by reducing TGFP1 S|(qnallng and expressing TNFa. (A) Top panels: immunofluorescence for

PDGFR(x (green) and Hoechst (blue) of Nfix™™:o~/~) and ®Nfix'

mm?. Bottom panels: immunofluorescence for F4/80 (green) and Hoechst (blue) of Nfix"/:q!
2 months of age and number of MPs™ per mm?®. (B) Representative immunoblot for P-Smad3 and tot-Smad3 in Nfix

JTA muscles at 2 months ofage and number of PDGFRa™ cells per
) and ©Nfix/:oa™"7) TA muscles at
fI/fI ( 1-) and

@Nfix/:o"/7) TA muscles at 2 months of age and quantification. Inmunoblots were realized on two different membranes or the mem-

brane was stripped, and vinculin was used for normalization (see supplementary material, Figure S7). (C) Immunofluorescence for TNFa (red)
or TGFB1 (green) and Hoechst (blue) on cytospinned sorted MPs (top panels, left) and for cleaved caspase-3 (red) or Ki67 (green) and Hoechst
(blue) on cytospinned sorted FAPs (bottom panels, Ieft] and percentage ofTNFoc orTGFﬁt positive MPs (top, right) and cleaved caspase-3- or
Ki67-positive FAPs (bottom, right) sorted from Nfix™™ ) and ©Nfix— ) hindlimb muscles at 2 and 4 months of age. Statistical
significance was determined using a two-tailed Students t-test or a two -way ANOVA test. *p < 0.05, *p < 0.01. Means & SEM.
N = 3-11 mice per group. Scale bar: 100 pm.
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previous study, LysMCRE:Nﬁxﬂ/ﬂ mice exhibited a
defect of muscle regeneration after the disappearance
of neutrophils in the injured muscle [25]. Thus, the effect
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of Nfix deletion observed in Sgca null dystrophic muscle
is likely mainly carried by macrophages than by neutro-
phils. Recently, several studies demonstrated that the
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expression of foreign Cre recombinase has unanticipated
effects on the biology of cells and, as a consequence, on
the physiology of tissues [43—45]. These studies used a
CreER" and aMHC-MerCreMer model in which the
Cre is active upon tamoxifen injection. Here, we used
the LysMCRE (B6.129P2-Lyz2tm1(cre)Ifo/J) mouse,
which is not an inducible Cre mouse. While CreER"
and aMHC-MerCreMer induce cell apoptosis, we did
not observe any difference in macrophage infiltration
after cardiotoxin injection or in the number of macro-
phages in resting muscle between LysMCRE:Nﬁxﬂ/ i
and Nfix™ mice [25]. More importantly, several studies
using the same LysM“®F mouse model observed that the
presence of Cre has no effect on macrophage phenotype
and function in different tissues [46—49]. Moreover, we
previously demonstrated that macrophages infected with
lentivirus carrying shNfix display the same impairment
of anti-inflammatory  phenotype acquisition as
LysM“RENfix" macrophages [25]. In addition, we
showed that activation of the ROCK pathway in Sgca null
mice induces Nfix expression in the macrophage popula-
tion which in turn leads to fibrosis (Figure 6), thus exclud-
ing a possible effect due to LysM“RE,

Here, we demonstrated that expression of the tran-
scription factor Nfix induces profibrotic features in
MPs in a chronic muscle injury context. MPs in which
Nfix is deleted secrete more TNFa and less TGFPI,
pushing FAPs towards apoptosis. Pharmacological treat-
ment of Sgca null mice with the ROCK inhibitor shapes
MPs towards Nfix expression, inducing the persistence
of FAPs and exacerbating fibrosis. Genetic deletion of
Nfix in MPs rescues dystrophic muscle by decreasing
myofiber death, and some studies have already demon-
strated the protective effect of MPs on extensive tissue
damage or cellular death [50-52]. Thus, in our
®Nfix™:a~"" murine model, myofibers probably
enter late in degeneration/regeneration cycles, explain-
ing the decrease of regenerative centronucleated myofi-
bers at 2 months compared with Nfix":a™ mice.
This protective effect also acts on the caliber of myofi-
bers: while an increase of the percentage of small myofi-
bers was observed in NfixV™:o(™'™ mice in time, the
distribution of myofiber size was unchanged from 2 to
6 months in ®Nfix™:al~~) mice. The mechanisms
linking MPs to fibrosis are beginning to be better known
now. It has been shown that MPs are the main source of
TGFp1 that promotes FAP survival and collagen I
expression but also reprograms endothelial cells and
SCs toward a fibrotic phenotype [17,28,53,54]. Here,
we observed that Nfix is a profibrotic factor in MPs,
since its absence rebalances cytokines secretion toward
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more TNFa and less TGFp1. Moreover, since asynchro-
nous muscle regeneration has been associated with
inflammation and fibrotic signatures [55], our study
shows that Nfix deletion in MPs rescues MDs from fibro-
sis directly by inducing FAP apoptosis and indirectly by
protecting myofibers from injury. Importantly, the histo-
logical improvement of dystrophic muscle correlates with
an increase of grasp force.

We previously demonstrated that the RhoA/
ROCK-dependent phagocytosis pathway induces Nfix
expression during skeletal muscle regeneration upon acute
injury [25]. Here, we observed that pushing Nfix expres-
sionin MPs by treating Sgca null mice withaROCK inhib-
itor accelerates the establishment of fibrosis. Recently,
two studies demonstrated that RhoA is important for niche
retention and maintenance of the myogenic capacity of
SCs. Indeed, inhibition of ROCK accelerates muscle
regeneration after acute injury [56,57]. In overload condi-
tions, RhoA loss in myofibers impairs hypertrophy by
decreasing the number of myonuclei/myofibers, due to
less fusion of SCs with myofibers [58]. In our two murine
models, ROCK inhibition did not modify the number of
SCs expressing Nfix, but we observed a decrease in the
number of SCs per mm? that is consistent with previous
studies [56,57]. In contrast, we observed an increase of
Nfix" myofibers, suggesting that the ROCK/Nfix path-
way is conserved in muscle fibers. While overexpression
of Nfix in myofibers exacerbates dystrophy by decreasing
the caliber of myofibers and increasing the percentage
of centronucleated myofibers [24], the increase of Nfix ™
myofibers in both Y-injected Sgca null mice and
®Nfix"~:a""~) mice has no effect on these two param-
eters. Similarly, we did not observe a modification of
the number of myonuclei within myofibers. Thus, the
effect of ROCK inhibition on the number of SCs and the
percentage of Nfix-expressing myofibers does not corre-
late with a modification of muscle features. This could be
explained by the fact that chronic muscle injury is a differ-
ent situation compared with overload-induced hypertro-
phy or muscle regeneration after acute injury. We
previously observed that the exacerbation of the dystro-
phic phenotype in dystrophic mice overexpressing Nfix
in myofibers correlates with an increase of Nfix levels in
muscle cells [24]; here, itis also possible that our treatment
was not sufficient to reach alevel of Nfix that might be del-
eterious for dystrophic muscle.

Dystrophin/utrophin double knockout mice treated
with a ROCK inhibitor demonstrate a reduction of hetero-
topic ossification in skeletal muscle and heart [59,60]. In
contrast to the mdx and Sgca null mice, the dystrophin/
utrophin double knockout mouse model has a more

Figure 6. Pharmacolot_?lcal ROCK inhibition induces fibrosis through increase of Nfix™ MPs. (A) H&E and Milligan trichrome staining of Sgca

null and ®Nfix"/~
F4/80 (green), and Hoechst (blue) of Sgca null and ®Nfix™/:ol /=

"7V TA muscles injected i.p. with salme solutlon or Y27632 (hereafter called Y). (B) Immunostaining for Nfix (red),
JTA muscles injected i.p. with saline solution or Y, and percentage of dou-

ble Nfix"/F4/80" cells. (C) Immunofluorescence for collagen I (green] of Sgca null and ®Nfix 19:6-) TA muscles injected i.p. with saline
solut|on orY, and percentage of collagen | area. (D) Immunofluorescence for Lam (red), PDGFRa (green) and Hoechst (blue) of Sgca null and
ONfix ol (1= V' TA muscles injected i.p. with saline solution or Y, and number of PDGFRa™ cells per mm?, Statlstlcal significance
was determined using a two-tailed Student's t-test or a one-way ANOVA test. * versus Sgca null: *p < 0.05, **p < 0.01. * versus Sgca null
+Y: 558 p < 0.001. Means 4= SEM. N = 3 or 4 mice per group. Scale bar: 50 pm.
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severe phenotype which is closer to that of DMD patients
[61-63]. They develop calcification within skeletal mus-
cle [64], whereas in Sgca null mice, calcification repre-
sents less than 1% of the area of several muscles [29].
Indeed, the formation of heterotopic ossification seems
to be linked to the total absence of dystrophin expression
[65], but the dystrophin, even if reduced, is still present in
dystrophic muscles of Sgca null mice [26]. This could
explain differences observed upon ROCK inhibition
treatment between these two murine models. Neverthe-
less, we observed that the increase of ECM deposits and
the number of FAPs occur only in Y-treated Sgca null
mice and not in ®Nfix"":a~" mice, correlating with
the number of MPs expressing Nfix without modifying
the total number of MPs present in the muscle. This dem-
onstrates that pushing the MP phenotype through Nfix
expression is sufficient to promote fibrosis.

Considering therapy, to delay the progression of MD it
seems preferable to modulate the MP phenotype rather than
reduce the abundance of MPs within the muscle. Indeed,
the decrease of MP infiltration through to the deletion of
CCR?2 in mdx has beneficial effects in the short term
(12 weeks) which are lost at 6 months [11,66]. Here, we
observed an improvement of dystrophic histopathology
that is conserved until 6 months, and an improvement of
grasp force at early stages. The deletion of Nfix in myo-
genic cells leads to benefits in terms of oxidative phenotype
and improvement of muscle function during forced run-
ning [24], while deletion of Nfix in MPs plays more on
the protection of muscle fibers, inhibition of fibrosis, and
increasing grasp strength. Importantly, we observed some
MPs positive for Nfix in the muscles of ®Nfix'~:a /™
mice; thus, complete depletion of Nfix™ macrophages
could induce a major rescue of muscular dystrophy. There-
fore, targeting Nfix in both myogenic cells and MPs could
be useful to preserve musculature in MD patients. Prospec-
tively, transcriptome analysis of macrophages within
ONfix"™ ) dystrophic muscle would be interesting
to better understand the effect of Nfix deletion on macro-
phage phenotype and function.

Several techniques using nanoparticles, liposomes or
nanogels to encapsulate drugs and use MPs as drug car-
riers, but also as drug targets, are now under develop-
ment [67-69]. Moreover, MPs efficiently take up large
amounts of phosphorodiamidate morpholino oligomers
to deliver them to myoblasts in dystrophic lesions [70].
Thus, we can speculate that upon Nfix inhibition, MPs
would change phenotype and protect dystrophic muscle,
even by delivering drugs to myogenic cells. Of course,
the question of the muscle specificity of drugs that selec-
tively inhibit Nfix in both cell types has to be addressed,
but it could be a promising way to delay both muscle loss
and fibrosis progression in MDs.
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