Cell Reports

AMPK Activation Regulates LTBP4-Dependent
TGF-B1 Secretion by Pro-inflammatory Macrophages
and Controls Fibrosis in Duchenne Muscular

Dystrophy

Graphical Abstract

Ly6Cr°s macrophages

TGFB1
Latency associated peptide

LTBP4 ~»

)
Metformin L

Proteolytic
cleavage

<IN
CMMP12 D . Il TGFB1
,zl/
f’/ / .
Fibroblasts @

S i
ey

I b-f
£2ZL
W W
AMPK EOEG mEm—— BOEO n
\ EORO mmmmmmn EOESO
LTBP4
] | LTBP4
| TGFB1 N
\ Collagen/fibrosis ™

=> improvement of DMD muscle

Highlights
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e Metformin treatment of DMD mice decreases fibrosis and
improves muscle function

e Fibroblast-derived enzymes activate latent TGF-1, which
acts on fibroblasts
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In Brief

Juban et al. show that, in DMD muscle,
macrophages produce LTBP4, inducing
the secretion of latent TGF-B1.
Fibroblast-derived enzymes activate
TGF-B1, which promotes collagen
secretion by fibroblasts. AMPK activation
inhibits LTBP4 expression and TGF-pB1
production by macrophages. Metformin
treatment of DMD mice reduces fibrosis
and increases muscle regeneration and
strength.
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SUMMARY

Chronic inflammation and fibrosis characterize
Duchenne muscular dystrophy (DMD). We show
that pro-inflammatory macrophages are associated
with fibrosis in mouse and human DMD muscle.
DMD-derived Ly6CP°® macrophages exhibit a profi-
brotic activity by sustaining fibroblast production of
collagen I. This is mediated by the high production
of latent-TGF-B1 due to the higher expression of
LTBP4, for which polymorphisms are associated
with the progression of fibrosis in DMD patients.
Skewing macrophage phenotype via AMPK activa-
tion decreases Itbp4 expression by Ly6C”°® macro-
phages, blunts the production of latent-TGF-$1,
and eventually reduces fibrosis and improves DMD
muscle force. Moreover, fibro-adipogenic progeni-
tors are the main providers of TGF-B-activating en-
zymes in mouse and human DMD, leading to
collagen production by fibroblasts. In vivo pharma-
cological inhibition of TGF-B-activating enzymes
improves the dystrophic phenotype. Thus, an
AMPK-LTBP4 axis in inflammatory macrophages
controls the production of TGF-B1, which is further
activated by and acts on fibroblastic cells, leading
to fibrosis in DMD.

INTRODUCTION

Inflammation following tissue damage is essential for the recov-
ery of tissue integrity. Macrophages play pleiotropic roles in both
the inflammatory response and the process of tissue repair that
ensues. These various functions are supported by the different
phenotypes and inflammatory status that macrophages adopt,
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depending on their environment (Wynn and Vannella, 2016). In
many organs, a general picture of macrophage activation was
established during tissue repair after acute injury. Soon after
damage, the tissue is invaded by Ly6CP°® pro-inflammatory
macrophages that support the mounting of the inflammatory
response. Once phagocytosis of tissue and cell debris is
achieved, a second phase of tissue repair occurs, which is char-
acterized by the presence of Ly6C"®9 macrophages, exhibiting
anti-inflammatory properties and restorative functions (Cha-
zaud, 2014). The precise phenotype of these anti-inflammatory
macrophages is not well characterized in vivo and likely depends
on the tissue and type of injury. For instance, restorative macro-
phages may depend (in skin) or not (in skeletal muscle) on
interleukin-4 [IL-4] signaling to express the anti-inflammatory
phenotype (Knipper et al., 2015; Varga et al., 2016a). However,
all restorative macrophages exhibit a low expression of pro-
inflammatory effectors and express anti-inflammatory mediators
(IL-10, transforming growth factor  [TGF-B]). Moreover, in all of
the tissues examined so far, Ly6C"®9 macrophages that support
tissue repair arise from resident macrophages and/or circulating
Ly6CP°® monocytes that have entered into the tissue and then
are converted into Ly6C"9 macrophages at the time of resolu-
tion of inflammation (Wynn and Vannella, 2016).

In comparison to the acute injury response, the phenotypes
and roles played by macrophages during chronic diseases are
poorly understood. The persistence of tissue injury, whatever
its origin (e.g., toxic, genetic), leads to chronic inflammation
and, most of the time, to the establishment of fibrosis that pro-
gressively replaces the parenchyma. Roles of macrophage sub-
sets in this context are still debated and likely depend on the
tissue and the disease. For instance, alternatively activated mac-
rophages were shown to promote fibrosis in chronic pancreatitis
(Xue et al., 2015), while similar IL-4/IL-4R (IL-4 receptor)-acti-
vated macrophages reduce fibrosis after helminth infection in
lung and liver (Minutti et al., 2017). In several organs, fibrosis
is induced or aggravated by blood-derived Ly6CP°® macro-
phages (Misharin et al., 2017; Tacke and Zimmermann, 2014).
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Macrophages have been known for decades to express TGF-,
which is secreted as a latent protein and must be activated to
signal in target cells, for example, to induce collagen production
by fibroblasts (Biernacka et al., 2011). However, the mechanisms
by which macrophages regulate TGF-$ secretion have been
overlooked.

Adult skeletal muscle fully regenerates without scarring after
acute injury. During this process, macrophages adopt sequential
pro- then anti-inflammatory phenotypes to exert specific func-
tions toward myogenic precursor cells and to support adult
myogenesis (Arnold et al., 2007; Mounier et al., 2013; Saclier
et al., 2013; Varga et al., 2016b), and toward fibroblastic cells
to prevent excessive matrix deposition (Lemos et al., 2015).
Inversely, in degenerative myopathies, skeletal muscle fails to
regenerate due to permanent and asynchronous cycles of
degeneration-regeneration, such as with mutations of genes en-
coding for proteins of the dystrophin-glycoprotein complex,
which ensures myofiber integrity (Lapidos et al., 2004). In these
disorders, recurrent myofiber damage leads to chronic inflam-
mation and the eventual establishment of fibrosis. Macrophages
are associated with fibrosis in mdx muscle, the mouse model for
Duchenne muscular dystrophy (DMD) (Vidal et al., 2008). Pre-
venting the entry of circulating monocytes into mdx muscle
improves muscle histology and function for several weeks
(Mojumdar et al., 2014; Wehling et al., 2001). Inhibition of the
pro-inflammatory nuclear factor kB (NF-kB) pathway is similarly
associated with a lower macrophage number and a better
phenotype of the muscle (Acharyya et al., 2007). However,
although the presence of several macrophage subsets in dystro-
phic muscle was proposed (Vidal et al., 2008; Villalta et al., 2009,
2011), their precise functions in the establishment of fibrosis
remain uncharacterized.

Here, we show evidence in dystrophic fibrotic muscle of a spe-
cific cellular interplay between Ly6CP°® macrophages and fibro-
blastic cells in which Ly6CP°® macrophages promoted survival
and matrix deposition by fibroblastic cells through the secretion
of TGF-B1. Specifically, Ly6CP°® macrophages secreted high
amounts of latent TGF-B1 due to increased expression of
latent-TGF-B-binding protein (LTBP)4, which is a known gene
modifier in DMD patients (Flanigan et al., 2013). Fibroblastic cells
known as fibro-adipogenic progenitors (FAPs) secreted
increased amounts of enzymes responsible for latent TGF-j acti-
vation. Moreover, the expression of LTBP4 in Ly6CP°® macro-
phages was controlled by AMP kinase (AMPK) activation in
mdx muscle. Cross-talk between inflammatory Ly6CP°® macro-
phages and FAPs leads to increased collagen deposition in
dystrophic muscles that can be pharmacologically controlled
by the regulation of AMPK activity.

RESULTS

Macrophages Are the Main Immune Cells Present in
Mouse Degenerative Myopathies and Are Associated
with Fibrosis

Investigation of macrophages was carried out in two murine
models (the dystrophin-deficient mdx and the a-sarcoglycan-
deficient sgca™~ mouse strains) of degenerative myopathies
that develop fibrosis with different kinetics. Mdx mice were
used at 8-10 weeks of age—at a stage of chronic disease—
and tibialis anterior muscle was experimentally microinjured
over 2 weeks to induce the establishment of fibrosis after
1 week of rest (fib-mdx) (Desguerre et al., 2012). As shown in Fig-
ure S1A, fib-mdx muscle presented higher irregularity in myo-
fiber shape and size, as compared with mdx muscle, and was
characterized by inflammatory infiltrates and endomysial
fibrosis. sgca’/’ mice develop spontaneous fibrosis at 3 months
(Duclos et al., 1998). At 4 months of age, tibialis anterior muscles
of sgca™~ mice exhibited necrosis, inflammatory infiltrates, and
myofibers of various sizes with centrally located nuclei, which re-
flects recent muscle regeneration and endomysial fibrosis (Fig-
ure S1A’). Flow cytometry analysis (Figures S1B and S1B’) of
immune cells showed that in both models, the main cell type pre-
sent in dystrophic fibrotic muscle was macrophages, which were
increased in number (Figures S1C and S1C’) and represented
73% and 68% of CD45P° cells in fib-mdx and sgca™~ muscles,
respectively. Among these cells, the Ly6C"*® subset was the
most abundant, accounting for approximately 73%-77% of all
muscle macrophages.

Comparing mdyx, fib-mdx, sgca*’~ and sgca™~ muscles, we
showed that collagen | deposition positively correlated with the
number of fibroblastic cells (platelet-derived growth factor re-
ceptor a-positive [PDGFRaP°%] cells [Joe et al., 2010; Uezumi
et al., 2010]) (Spearman’s p = 0.796, p < 0.0001) (Figure S2A),
following an sgca*’~ < mdx < sgca™~ = fib-mdx gradient of
fibrosis, which was also associated with the total number of infil-
trating F4/80P°° macrophages in the muscle (Figure S2B).
Myopathic muscles being characterized by a highly heteroge-
neous histological pattern (Rosenberg et al., 2015), we looked
at the distribution of macrophages. Within fib-mdx muscle, mac-
rophages were not preferentially associated with small or large
myofibers (Figures S2C and S2D); however, the number of mac-
rophages positively correlated with the collagen | area (Figures
S2E and S2F). These results indicate that (1) macrophages
were the main immune cells in dystrophic fibrotic muscle;
(2) the more the muscle was fibrotic, the more macrophages
were numerous; and (3) macrophages specifically associated
with fibrotic areas.

/

Figure 1. Macrophages, Fibrosis, and Myogenesis in Human DMD Muscle
(A-C) Serial sections of DMD muscles were immunolabeled for macrophages (CD68), collagen |, myogenesis markers (eMHC, myogenin), or macrophage
markers (e.g., CD163, CD206, Arg1, iINOS, TNF-a). Scale bars, 50 pm. Correlation analyses were done in individual fascicles (line depicted in A, where LM is

laminin and Hoechst is blue ).

(B) Spearman correlation was made between fibrosis (collagen | area, in percentage of total area) and myogenesis (number of eMHCP®* fibers or myogenin®®® cells).
(C) Spearman correlation was made between myogenesis (number of myogenin®°® cells or eMHCP®* fibers, left) or fibrosis (collagen | area, right) and the number
of (a, a’) total macrophages (CD68°® cells), (b, b’) CD163P°°CD68P°® macrophages, (c, c’) CD206P°°CD68P° macrophages, (d, d’) Arg1P°*CD68P°® macro-
phages, (e, €’) INOSP°*CD68P°° macrophages, and (f, ') TNFaP°>CD68P°° macrophages. Results are from 34 fascicles from 6 DMD patients.

See also Figures S1 and S2.
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Figure 2. Functions of Macrophage Subsets Isolated from Re-
generating and Dystrophic Muscle toward Fibroblasts

Ly6CP°® and Ly6C"*® macrophage subsets were sorted from regenerating (left)
and dystrophic (mdx or fib-mdx, right) muscle and were co-cultured with NIH
3T3 fibroblasts.

(A) Luciferase activity as a surrogate of collagen | expression from fibroblasts
previously transfected with a plasmid encoding luciferase under collagen |
promoter.

(B) Fibroblast proliferation (Ki67P°° cells).

(C) Fibroblast differentiation into myofibroblasts (o-SMAP® cells).

(D) Fibroblast apoptosis (caspase 3P°° cells).

Results are means + SEMs of three (regenerating muscle, left) or four (dystrophic
muscle, right) experiments. *p < 0.05, **p < 0.01, **p < 0.001 using Student’s t test.
See also Figure S3.
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Macrophages Expressing Pro-inflammatory Markers

Are Associated with Fibrosis in Human DMD and Mouse
Dystrophic Models

Serial sections of human DMD muscles were stained by immu-
nofluorescence for a series of myogenic (embryonic myosin
[eMHC], myogenin), fibrosis (collagen 1), and macrophage
markers (CD68 coupled to pro-inflammatory markers such as
inducible nitric oxide synthase [INOS], tumor necrosis factor o
[TNF-a], or anti-inflammatory markers such as Arg1, CD163,
and CD206), as was previously done for regenerating muscle
(Saclier et al.,, 2013). Because DMD muscles are highly
heterogeneous, correlation analyses were done in individual
fascicles (example in Figure 1A). Myogenesis did not corre-
late with fibrosis (Figure 1B). The total number of macro-
phages correlated with both the number of myogenin®®® cells
(Figure 1C, a) and collagen | area (Figure 1C, a’), indicating
that macrophages were associated with both myogenesis
and fibrosis. As already shown in normal human muscle regen-
eration (Saclier et al., 2013), myogenesis markers (myogenin,
eMHCQ) positively correlated with anti-inflammatory marker-ex-
pressing macrophages (e.g., CD163, CD206, Arg1; Figure 1C,
b-d), while they were not associated with pro-inflammatory
marker-expressing macrophages (e.g., iINOS, TNF-a; Figure 1C,
e and f). In contrast, collagen | area positively correlated with
only one anti-inflammatory marker (CD163) (Figure 1C, b’-d’).
Moreover, a positive correlation was observed between the
collagen | area and the pro-inflammatory iINOS expressing
macrophages (Figure 1C, €’) and TNF-a expressing cells (Fig-
ure 1C, ).

These results were confirmed in both fib-mdx and sgca™
muscles. Because only a few markers of macrophage activation
have been developed for cytometry analysis, immunolabeling on
muscle sections was performed for 10 different markers. The
number of F4/80P°® macrophages expressing anti-inflammatory
(IL-10, CD206, Dectin 1, CD301, and Arg1) and pro-inflammatory
(TNF-a,, C-C chemokine receptor type 2CCR2, Cox2, CCL3, and
iNOS) markers both increased in dystrophic muscle (sgca™~,
mdx, fib-mdx) as compared with normal muscle (sgca*’~) (Fig-
ures S2G, S2H, and S2l). However, when comparing fibrotic
(sgca™’~, fib-mdx) to non-fibrotic dystrophic muscle (mdx),
only the number of macrophages expressing pro-inflammatory
markers was increased (with the exception of Arg1 and C-C che-
mokine ligand 3 [CCL3]) (Figures S2G, S2H, and S2I). These re-
sults show that in both human and mouse dystrophic muscle,
fibrosis was associated with pro-inflammatory macrophages.

/—

Ly6CP°® Macrophages Exert Profibrotic Functions
toward Fibroblasts in DMD Muscle

While pro-inflammatory macrophages were associated with
fibrosis in these muscles, Ly6C"®9 macrophages were more
numerous than Ly6CP°® macrophages in fibrotic dystrophic
muscle (cf. Figures S1C and S1C’). In post-injury regenerating
muscle, Ly6CP°® macrophages are pro-inflammatory cells at
early steps of regeneration, while Ly6C"*® macrophages exhibit
an anti-inflammatory profile during the later recovery steps of
muscle regeneration (Varga et al., 2016a). gRT-PCR analysis of
the expression of seven genes associated with macrophage
activation inflammatory status indicated that both subsets
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expressed both pro- and anti-inflammatory markers (Figures
S3A and S3B). This indicates the presence of a mixed pheno-
type, as previously suggested, because 43% of macrophages
in fib-mdx co-express tnfa and tgfb1 (Lemos et al., 2015).

We therefore focused on the function of macrophage subsets
in fib-mdx muscle. Because fibroblastic cells are the main pro-
vider of collagen in mdx muscle (Pessina et al., 2015) and
because macrophages regulate fibroblastic cell death during
muscle regeneration (Lemos et al., 2015), the effects of Ly6CP°®
and Ly6C"®9 macrophage subsets on fibroblasts were compared
in regenerating and dystrophic fibrotic muscle. Fluorescence-
activated cell sorting (FACS)-sorted FAPs from mdx and fib-
mdx muscle poorly survive and poorly grow in short-term
(2 days) culture, although surviving cells expand after 4-5 days
of culture. However, properties of macrophages must be tested
shortly after their sorting (i.e., 24 hr) because they rapidly adapt
or alter their inflammatory phenotype to their novel environment.
Therefore, long-term FAP culture is not compatible with short-
term macrophage analysis. Consequently, we used fibroblastic
cells (NIH 3T3) as a surrogate of FAPs. In regenerating muscle,
only the Ly6C"®9 macrophage subset stimulated the expression
of a collagen | reporter gene transfected into fibroblasts (+200%
at D2 and +60% at D4 post-injury) (Figures S3C and 2A), in
accordance with previous results obtained with FAPs (Lemos
et al., 2015). Conversely, in both sgca™~ and fib-mdx muscles,
only Ly6CP°® macrophages increased collagen production by fi-
broblasts by 208% and 309%, respectively (Figures S3C and
2A). Furthermore, proliferation and differentiation of fibroblasts
was decreased by Ly6CP°® macrophages that issued from re-
generating muscle (Figures 2B and 2C), while inversely, Ly6CP°®
isolated from fib-mdx muscle stimulated the differentiation of fi-
broblasts into a-smooth muscle actin-positive (a-SMAP°®) cells
(Figure 2C). It is worth mentioning that in mdx, both subsets
increased the number of a-SMAP®® fibroblasts (Figure 2C).
Finally, we showed that Ly6CP°® macrophages from regenerat-
ing muscle induced fibroblast apoptosis, as it was shown for
FAPs (Lemos et al., 2015), and that Ly6CP°® macrophages issued
from fib-mdx lost this property and even protected fibroblasts
from death (Figure 2D). These results show that in fibrotic dystro-
phic muscle, Ly6CP°® macrophages favored fibroblast persis-
tence and their production of collagen |, thus contributing to
the establishment of fibrosis.

TGF-B1 Controls the Profibrogenic Properties of
Ly6CP°® Macrophages in Dystrophic Skeletal Muscle

As in various other tissues, TGF-B1 has been involved in the
establishment of fibrosis in skeletal muscle, particularly in DMD

(Andreetta et al., 2006; Chen et al., 2005; Vetrone et al., 2009;
Vidal et al., 2008). TGF-B1 is secreted in the milieu as a single
latent molecule comprising an N-terminal latency-associated
peptide and the C-terminal mature TGF-B, which dimerizes
and complexes with latent TGF-B binding protein (LTBP) to be
secreted and to interact with the extracellular matrix (Travis
and Sheppard, 2014). Figure 3A shows that TGF-B1 protein level
(as the staining area on the muscle tissue section) was increased
2.6-fold in fib-mdx as compared with mdx muscle. Measurement
of tgfb1 mRNA showed no difference between Ly6CP° and
Ly6C"* macrophages that issued from regenerating, mdx, or
fib-mdx muscle (Figure S3B). However, macrophages ex-
pressed TGF-B1 in dystrophic muscle as assessed by F4/80
and TGF-B1 co-staining (Figure 3B). Moreover, TGF-B1 mean
fluorescence intensity (MFI) of macrophages was increased by
15% in fib-mdx as compared with mdx muscle (Figure 3B).
More precisely, ELISA measurement of TGF-B1 secreted by
sorted macrophages showed that Ly6C"®® macrophages from
regenerating muscle produced 10-fold more TGF-B1 than their
Ly6CP°® counterpart (Figure 3C). Conversely, Ly6CP°® macro-
phages isolated from fib-mdx muscle secreted 6.3-fold more
TGF-B1 than Ly6C"*? macrophages in fib-mdx (Figure 3C) (and
3.5- and 34-fold more than Ly6C"®? and Ly6CP°® macrophages
from regenerating muscle), in accordance with their stimulating
effect on fibroblasts (see Figure 2). In both conditions, TGF-$1
was mainly secreted in a latent form (Figure 3C). In co-culture ex-
periments of macrophages isolated from fib-mdx with fibro-
blasts, blocking anti-TGF-f1 antibodies abolished the protective
effect of Ly6CP°® macrophages on fibroblast apoptosis (Fig-
ure 3D) and blunted the stimulation of collagen | expression by
Ly6CP°® macrophages (Figure 3E). Finally, to investigate whether
the dystrophic environment affects naive unactivated macro-
phages, bone marrow-derived macrophages (BMDMs) were
treated with protein homogenate from fib-mdx muscle or with
IL-4, which is a well-known inducer of TGF-B1 production in
macrophages. Fib-mdx muscle homogenate triggered TGF-f1
secretion as efficiently as IL-4 did (Figure 3F). These results indi-
cate that the fib-mdx muscle environment stimulated Ly6CP°®
macrophages to secrete high amounts of latent TGF-B1, which
directly acted on fibroblastic cells to promote fibrosis.

LTBP4 Controls Latent TGF-B1 Secretion by Ly6CP°®
Macrophages in fib-mdx

Latent TGF-B is secreted when complexed to LTBP (Travis and
Sheppard, 2014). Among the murine LTBPs, LTBP4 was ex-
pressed by macrophages in skeletal muscle, with an increased
expression by Ly6CP°® macrophages in fibrotic dystrophic

Figure 3. Latent TGF-B1 Is Secreted by Profibrotic Ly6CP°® Macrophages in fib-mdx

(A) Area of TGF-B1 immunolabeling on mdx or fib-mdx muscle sections.

(B) Mean fluorescence intensity (MFI) of TGF-B1 immunolabeling in F4/80P°° cells relative to TGF-B1 MFI in the whole picture on mdx or fib-mdx muscle sections.
(C) TGF-B1 production of macrophage subsets sorted from regenerating (day 1 after injury for Ly6CP°® cells; day 4 for Ly6C"*9 cells) or from fib-mdx muscles after

24 hr of culture.

(D and E) Macrophage subsets sorted from fib-mdx muscle were co-cultured with fibroblasts, as in Figure 2, with or without TGF-B1-blocking antibodies.

(D) The number of apoptotic fibroblasts was assessed after caspase 3 immunolabeling.

(E) Luciferase activity was measured as a reporter for collagen | expression, as in Figure 2A.

(F) TGF-B1 production of BMDMs stimulated for 3 days with various cytokines or with total protein extracts from fib-mdx muscle.

Results are means + SEMs of three (A and E), four (B and F), six (C), and five (D) experiments. The Student’s t test was performed between the conditions indicated
by the bars or versus no cytokine in (F). *p < 0.05, **p < 0.01, **p < 0.001; versus all other conditions in C, *#p < 0.001. Scale bar, 50 pm.
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Figure 4. Latent TGF-B1 Secretion by Ly6CP°® Macrophages Is
Regulated by LTBP4

(A) Macrophage subsets were sorted from regenerating (day 1 after injury for
Ly6CP°® cells; day 4 for Ly6C" cells) mdx or fib-mdx muscles, and the /tbp4
mRNA level was analyzed by gRT-PCR. NRQ, normalized relative quantity.

muscle (Figure 4A). LTBP4 was shown to be a gene modifier in
mdx, sarcoglycanopathies, and DMD patients, where it is asso-
ciated with fibrogenesis (Flanigan et al., 2013; Heydemann et al.,
2009). The expression of LTBP4 by F4/80°°° macrophages in fib-
mdx muscle was confirmed at the protein level by immunofluo-
rescence. Confocal analysis showed that macrophages ex-
pressed both LTBP4 and TGF-B1 in fibo-mdx muscle (Figures
4B and S4A). Most (92.5%) of the LTBP4P°® cells were F4/
80P°° cells. Thus, at the protein level, 7.5% of LTBP4-expressing
cells were not macrophages and were possibly fibroblasts.
gRT-PCR analysis on FACS-isolated populations indicated
that FAPs expressed 800-fold more ltbp4 mRNA than macro-
phages (Figure S4B). Given that LTBP4 is synthesized as a
short or long form under the control of two independent pro-
moters (Kantola et al., 2010), that the long form alone was barely
detectable in macrophages, while its expression accounted for
12% of the total /tbp4 mRNA in FAPs (Figure S4B), and that
the antibodies raised against LTBP4 recognize both forms of
the protein, we cannot explain the discrepancy between high
mRNA and low protein amounts of LTBP4 in FAPs. Thus, we
cannot exclude that a LTBP4-latent TGF-p interaction controls
TGF-B1 secretion in other cell types such as fibroblastic cells.
However, given that LTBPs and TGF-B1 assemble together in-
side the cell before being secreted in the milieu as a complex
(Robertson et al., 2015; Miyazono et al., 1991), only macro-
phage-derived LTBP4 can control the latency of macrophage-
derived TGF-B1.

Three different small interfering RNAs (siRNAs) were used to
inhibit /tbp4 expression in BMDMs from 43% to 56% (Figure 4C).
BMDMs treated with fib-mdx muscle homogenates as above
(Figure 3D) showed a strongly reduced TGF-B1 secretion when
Itbp4 was silenced (56%-76% inhibition) (Figure 4D). These re-
sults indicate that the DMD gene modifier /tbp4 controlled
TGF-B1 secretion in Ly6CP°® macrophages in fibrotic muscle.

AMPK Activation Blunts LTBP4 Expression and Latent

TGF-B1 Secretion by Ly6CP°® Macrophages in fib-mdx

During skeletal muscle regeneration, the transition from pro-in-
flammatory Ly6CP°® macrophages to recovery LyC6"®9 macro-
phages is controlled by AMPKa1 activation (Mounier et al.,
2013). We therefore investigated whether AMPK activation acted
on the LTBP4/TGF-B1 axis in macrophages. We investigated
in vitro the effects of AMPK activation on BMDMs rendered pro-
fibrotic by treatment with fib-mdx muscle homogenates (as in
Figure 3F). We showed that AMPK activation by metformin, an
antidiabetic compound known to activate AMPK (Foretz et al.,

(B) Confocal analysis (z stack increments of 0.5 um) of sections of fib-mdx
muscles immunolabeled for F4/80 (red), LTBP4 (green), and TGF-B1 (gray);
Hoechst (blue). z Stacks are represented for XZ and YZ views along the yellow
lines. Scale bar, 50 um.

(C and D) BMDMs were transfected with three different siRNAs directed
against Itbp4 or with a control siRNA (siScr) and were incubated for 3 days with
a fib-mdx muscle extract. (C) Ltbp4 mRNA level was measured by qRT-PCR
and (D) TGF-B1 production was quantitated by ELISA.

Results are means + SEMs of six (A) and four (C and D) experiments. *p < 0.05,
**p < 0.01, **p < 0.001 between the indicated bars or versus siScr in (C)
and (D).

See also Figure S4.
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Figure 5. AMPKa1 Activation Regulates Latent TGF-B1 Secretion through the Control of /Itbp4 Expression in Macrophages
(A and B) BMDMs were incubated for 3 days with a fib-mdx muscle extract, and DMSO, 991, or metformin (MET) was added for the last 20 hr. (A) Ltbp4 expression

was measured by gRT-PCR and (B) TGF-B1 production was quantitated by ELISA.
(C) Design of metformin treatment of fib-mdx mice for experiments presented in (D)—(L).

(D) Ltbp4 expression in macrophage subsets sorted from muscles of treated and non-treated mice was determined by qRT-PCR.

(E) TGF-B1 production by macrophages sorted, as in (D).
(F) Area of TGF-B1 immunolabeling on muscle sections.

(G-K) Histological analysis of muscle sections of treated (MET) and untreated (H,O) fib-mdx mice.

(G) Number of macrophages (as F4/80°°° cells) per fiber.

(H) Percentage of macrophages (as F4/80P°° cells) expressing pro- (TNF-a, iNOS) or anti-inflammatory markers (CD301, CD206, Arg1).

(l) Area of necrosis.
(J) Area of collagen I.
(K) Myofiber CSA mean (left graph) and distribution (right graph).
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2014), or by its specific activator 991 (Guigas and Viollet, 2016),
strongly reduced /tbp4 expression by BMDMs treated by fib-
mdx muscle homogenates (68% and 61%, respectively) (Fig-
ure 5A). In the same conditions, TGF-1 production by macro-
phages was strongly reduced upon AMPK activation (58% and
37%, respectively) (Figure 5B). To confirm this circuit of regula-
tion in vivo, and since specific activation of AMPK in vivo with
991 is not viable, fib-mdx mice were treated with metformin dur-
ing fibrosis establishment (Figure 5C). Ly6CP°® macrophages
isolated from these muscles exhibited a strong decrease (68%)
in /tbp4 expression (Figure 5D), associated with a reduction
in their TGF-B1 production (55%) (Figure 5E) (note that the
weak secretion of active TGF-B1 was also completely blunted
upon metformin treatment). Consequently, metformin treatment
induced a 25% decrease in TGF-$1 staining in the muscle (Fig-
ure 5F), while the number of macrophages did not change (Fig-
ure 5G). However, their expression of pro-inflammatory marker
TNF-a was decreased and that of anti-inflammatory CD206
(+15%) and CD301 (+41%) markers was increased (Figure 5H).
Furthermore, we observed a decrease in the necrotic (—56%)
(Figure 51) and fibrotic (—23%) (Figure 5J) areas in the muscle
of the treated animals, together with an increased cross-
sectional area (CSA) of the regenerating myofibers (+38%) (Fig-
ure 5K), partly due to an increase in the number of myonuclei/
myofibers (Figure S5A). Accordingly, the number of Pax7P° cells
was decreased upon metformin treatment (Figure S5B), in
accordance with a decrease in their self-renewal upon AMPK
activation (Theret et al., 2017). Finally, we measured the force
produced by the tibialis anterior (TA) in these conditions and
showed that both absolute and specific isometric force produc-
tions were increased in metformin-treated animals (+21%
and +22%, respectively) (Figure 5L).

These results show that activation of AMPK dampened Itbp4
expression by pro-inflammatory macrophages and, conse-
quently, their production of TGF-B1 in the milieu. Therefore, stim-
ulating the shift of pro-inflammatory macrophages toward an
anti-inflammatory status is associated with a decrease in fibrosis
and an improvement in the muscle in DMD.

Activation of Latent TGF-1 by FAPs Promotes Fibrosis
in fib-mdx

Latent TGF-B1 can be activated by a series of molecules,
including enzymes and anchoring proteins such as integrins
(Travis and Sheppard, 2014). We isolated FAPs from regenerat-
ing, mdx, and fib-mdx muscle and identified that FAPs from
fib-mdx exhibited an increased expression of a series of latent
TGF-B activators (Figure 6A). Both matrix metalloproteinase
(mmp) 14 and bone morphogenetic protein (bmp) 1 were almost
exclusively expressed by FAPs and only weakly by the other cell
types in fib-mdx muscle (Figure 6B) (gating strategy is shown in
Figures S6A and S6B). These results suggest that FAPs were the
main producers of BMP1 and MMP14 to activate latent TGF-31
previously secreted by Ly6CP°® macrophages to promote

fibrosis. Expression of both BMP1 and MMP14 by PDGFRa°®
cells (i.e., FAPs) (Lemos et al., 2015) was confirmed at the protein
level in fibo-mdx muscle (Figure 6C). In humans, bmp1 and
mmp14 were highly expressed by fibroblasts issued from DMD
muscle as compared with normal muscle (Figure 6D). Seven-
day cultured FAPs did express much lower levels of bmp1 and
mmp14 than freshly isolated FAPs, indicating that long-term cul-
ture of the cells altered some of their properties (Figure S6C). To
confirm the functional role of MMP14 and BMP1 produced by
fibroblastic cells in the activation of latent TGF-B1, siRNAs
were co-transfected in fibroblasts with a collagen I-LUC reporter
gene. Fibroblastic mmp14 or bmp1 knockdown (Figure 6E)
decreased the stimulation of collagen | expression triggered by
Ly6CP°® macrophages (Figure 6F), demonstrating that these en-
zymes participated in the activation of latent TGF-B1 produced
by fibrotic macrophages. Finally, we treated fib-mdx mice with
specific pharmacological inhibitors of MMP14 and BMP1 activ-
ities (NSC-405020 and UK-383367, respectively) (Bailey et al.,
2008; Zarrabi et al., 2011) and showed a significant improvement
in the muscle, including reduction in necrosis (—60% and —57%,
respectively) (Figure 6G), reduction in fibrosis (—11% and —8%,
respectively) (Figure 6H), and increase in myofiber CSA mean
(+20% and +24% respectively, data not shown), and a myofiber
CSA distribution shift to larger myofibers (Figure 6l).

DISCUSSION

In the present study, we identified a molecular mechanism of
fibrosis establishment in DMD by macrophages. In contrast to
their anti-fibroblastic role during skeletal muscle regeneration
following acute injury, Ly6CP°® macrophages exerted pro-
fibrotic activities in dystrophic muscle. These inflammatory mac-
rophages secreted high amounts of latent TGF-B1 due to a high
expression of LTBP4, which allows its secretion into the milieu.
LTBP4 has been shown to be a gene modifier in DMD patients
(Flanigan et al., 2013), and we show here that its expression
was controlled by AMPK activation. Consequently, pharmaco-
logical activation of AMPK improved the dystrophic muscle.
Moreover, latent TGF-B1 was activated by FAPs through a series
of enzymes; among these were BMP1 and MMP14, whose spe-
cific pharmacological inhibition was also associated with an
improvement of dystrophic muscle.

The inflammatory status of macrophages that are responsible
for fibrosis is still a matter of debate. Some studies show that
anti-inflammatory and alternatively activated macrophages are
responsible for fibrosis (Redente et al., 2014; Xue et al., 2015).
However, other analyses indicate that CCR2P°® or Ly6CP°®
macrophages drive fibrosis establishment (Baeck et al., 2014;
Lebrun et al., 2017), suggesting that depending on the tissue
and disease considered, specific macrophage subsets may be
involved. In dystrophic skeletal muscle, several studies have
implicated macrophages and fibrosis (Vidal et al., 2008; Wehling
et al., 2001). However, the role of macrophage-derived TGF-B1

(L) Absolute and specific force measured on TA of fib-mdx and metformin-treated fib-mdx mice. NRQ, normalized relative quantity.
Results are means + SEMs of three (A), five (B and G-K), four (D-F), and five (L) experiments. *p < 0.05, **p < 0.01, ***p < 0.001 using Student’s t test between the

indicated bars or versus +DMSO in (A) and (B) or versus H,O in (K) and (L).
See also Figure S5.

Cell Reports 25, 2163-2176, November 20, 2018 2171

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

10 I 1 regD1 WM mdx h + [ NM
regD4 M fib-mdx Il DMD

I

Bl Neut 34
MP LyBC"9
Fok
Bl MPLy6CPos o b= fuir
I sC o 2-0.059 *
£C z H
|

E G H
T 1.54 < 1.5
$ ] —_ 307 ety
8 g8 § 8 F= =
08 s e & L4 28{
] 1.0+ 3 s 1.0 s " _E_ g P
gc 8¢ 3 g2 I
® O X O ‘s . o °®
X2o0s 28 05 il € 5 s 2l ) -
Q. + 0.5 Sk Q < 0.5 - ‘!',' . = . el
: = E: 5 & F| -
g % < £ 5 22 o
- —-— Q
£ 0.0 £ 0. Z 0
SiCTL siMMP14 SiCTL  siBMP1 Cont NSC UK Cont NSC UK
#5
F |
p=0.07
10+ * l ok 1 507
— — = Oct
8 [ ] H = NSC
37_\?
2 g
2 O 6+ T 2
T . z
[ My _L )
02 44 T 5
38 1 *
ic
~ 2- °
c Ll I 1 L W W O S O O O O O O O
. S & & PSS L S S S
siRNA - Scr Mmp14 Bmp1 & &S S sES
MPs - Ly6CPos Myofiber size

(legend on next page)

2172 Cell Reports 25, 2163-2176, November 20, 2018



has not been addressed, nor has the type of macrophage subset
driving fibrosis. Our histological analysis clearly indicates in both
murine and human DMD muscle that macrophages expressing
pro-inflammatory markers were associated with fibrosis, while,
as expected (Arnold et al., 2007; Saclier et al., 2013), areas where
myogenesis took place were associated with macrophages ex-
pressing anti-inflammatory effectors. These results are in accor-
dance with the beneficial effect on diaphragm fibrosis observed
in Toll-like receptor 4 (TLR4)-deficient mdx mice in which pro-in-
flammatory macrophages are reduced (Giordano et al., 2015).
Functionally, Ly6CP°® macrophages exerted the opposite effect
in regenerating muscle and in fib-mdx. In regenerating muscle,
Ly6CP°® macrophages inhibited proliferation and differentiation
of fibroblasts, and induced their apoptosis, as was previously
shown for FAPs (Lemos et al., 2015). Inversely, in fib-mdx,
Ly6CP°® macrophages promoted the differentiation of fibroblasts
along with their production of collagen |, and protected them
from apoptosis. The latter two properties were blunted by inhib-
iting TGF-B1 in the co-culture, indicating the requirement of the
profibrotic cytokine in this process. While the secretion of
TGF-B1 by macrophages has been known for a long time from
seminal in vitro and ex vivo studies (Assoian et al., 1987; Groten-
dorstetal., 1989; Khalil et al., 1996), the secretion of TGF-1 pro-
tein by tissue-derived macrophages has been only rarely directly
documented (Harel-Adar et al., 2011). The mechanisms regu-
lating tgfb1 gene expression by macrophages are poorly known,
the best characterized being phagocytosis of apoptotic and/or
necrotic cells via the phosphatidylserine receptor, which triggers
TGF-B1 synthesis (Huynh et al., 2002). Of note, gRT-PCR anal-
ysis of sorted Ly6CP°® and Ly6C"*® macrophage populations
indicated no difference in tgfb71 gene expression, suggesting
post-transcriptional regulation to explain different TGF-B1 pro-
duction by the two populations.

Latent TGF-B1 is secreted from cells within a complex, where
it is associated with latent associated peptide (LAP) and LTBP
(Miyazono et al., 1991; Robertson et al., 2015). In LTBP4-defi-
cient mice, secretion of TGF-B1 is inhibited, preventing lung
fibrosis (Zhou et al., 2009). We showed that in fibo-mdx, Ly6CP°®
macrophages expressed higher levels of /tbp4 in and that
controlled their TGF-B1 secretion, providing a molecular mecha-
nism sustaining the profibrotic activity of Ly6CP°® macrophages

in muscular dystrophy. LTBP4 is identified as a gene modifier in
muscular dystrophies and in DMD patients, specific polymor-
phisms being associated with different levels of the TGF-B
signaling pathway and fibrosis establishment due to differential
binding to TGF-B1 and cleavage sensitivity (Flanigan et al.,
2013; Heydemann et al., 2009; Lamar et al., 2016).

AMPKGa.1 is required for the resolution of inflammation and the
acquisition of the anti-inflammatory phenotype by macrophages
during normal muscle regeneration (Mounier et al., 2013). In vitro
specific AMPK activation (by 991) in macrophages triggered the
downregulation of /tbp4 expression, which in turn led to a
decreased TGF-B1 secretion by these cells. Although AMPK
likely controls Itbp4 expression indirectly, our data show the
regulation of TGF-B1 secretion by AMPK activation. As a conse-
quence, in vivo pharmacological activation of AMPK by metfor-
min led to an improvement of the dystrophic phenotype,
including at the functional level. Although metformin has
AMPK-independent properties, improvement of the muscle
was associated with a decrease in the pro-inflammatory status
and an increase in the anti-inflammatory status of macrophages.
Under these conditions, we showed that Ly6CP°® macrophages
specifically expressed lower levels of /tbp4 and secreted lower
amounts of TGF-B1 in vivo. While AMPK activation was shown
to reduce fibrosis in several diseases (Jiang et al., 2017) and to
improve dystrophic muscle (Ljubicic et al., 2011; Pauly et al.,
2012), our data provide evidence of an AMPK-controlled
TGF-B1 production by macrophages that can be alleviated
through systemic AMPK activation.

Once in the milieu, latent TGF-B1 must be activated to exert its
properties and bind to its receptors (Travis and Sheppard, 2014).
Activation is made by both enzymatic and mechanical mecha-
nisms. We found that, in fibrotic muscle, FAPs were the main
source of TGF-B-activating enzymes, among which MP1 and
MMP14, that were also overexpressed by human fibroblasts iso-
lated from human DMD muscle. FACS-sorted FAPs from fib-
mdx muscle grew very poorly in culture, however, in contrast
to FAPs sorted from non-dystrophic regenerating muscle. This
limitation prevented the analysis of their secretio