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Shifts in macrophage phenotypes and macrophage
competition for arginine metabolism affect the
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Duchenne muscular dystrophy (DMD) is the most common, lethal, muscle-wasting disease of childhood.
Previous investigations have shown that muscle macrophages may play an important role in promoting
the pathology in the mdx mouse model of DMD. In the present study, we investigate the mechanism through
which macrophages promote mdx dystrophy and assess whether the phenotype of the macrophages
changes between the stage of peak muscle necrosis (4 weeks of age) and muscle regeneration (12 weeks).
We find that 4-week-old mdx muscles contain a population of pro-inflammatory, classically activated M1
macrophages that lyse muscle in vitro by NO-mediated mechanisms. Genetic ablation of the iINOS gene in
mdx mice also significantly reduces muscle membrane lysis in 4-week-old mdx mice in vivo. However,
4-week mdx muscles also contain a population of alternatively activated, M2a macrophages that express
arginase. In vitro assays show that M2a macrophages reduce lysis of muscle cells by M1 macrophages
through the competition of arginase in M2a cells with iNOS in M1 cells for their common, enzymatic substrate,
arginine. During the transition from the acute peak of mdx pathology to the regenerative stage, expression of
IL-4 and IL-10 increases, either of which can deactivate the M1 phenotype and promote activation of a
CD163+, M2c phenotype that can increase tissue repair. Our findings further show that IL-10 stimulation
of macrophages activates their ability to promote satellite cell proliferation. Deactivation of the M1 phenotype
is also associated with a reduced expression of iNOS, IL-6, MCP-1 and IP-10. Thus, these results show that
distinct subpopulations of macrophages can promote muscle injury or repair in muscular dystrophy, and that
therapeutic interventions that affect the balance between M1 and M2 macrophage populations may influence
the course of muscular dystrophy.

The complex response includes a cellular immune response
in which cytotoxic T-lymphocytes (CTLs) promote muscle
apoptosis by the release of perforin in the dystrophic

INTRODUCTION

Duchenne muscular dystrophy (DMD) results from mutation of

dystrophin, a membrane-associated structural protein in striated
muscle (1). Loss of functional dystrophin causes weakening of
the muscle cell membrane (2), resulting in muscle cell damage
and necrosis that lead to muscle wasting and finally to death
of the afflicted. However, much of the muscle injury that
occurs in dystrophin-deficiency is attributable to secondary
damage caused by an immune response to dystrophic muscle,
rather than mechanical damage to the weakened muscle per se.

muscle, and an innate response in which muscle damage is
attributable in part to invading neutrophils and mast cells, as
well as an increase in muscle cytolysis and muscle fibrosis
that are mediated by the release of major basic protein from
eosinophils (3-8). Despite the complexity of the inflammatory
infiltrate, macrophages are the primary inflammatory cell type
involved in dystrophinopathy, and their depletion from mdx
mice, a genetic model for DMD, reduces muscle cell necrosis
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by 80% at early stages of the disease (9). Thus, macrophages
play a primary role in the pathogenesis of muscular dystrophy.

The importance of inflammation in promoting dystrophinopa-
thies likely underlies many of the beneficial effects of corticoster-
oid treatments of DMD. In particular, prednisone and deflazacort
are lead compounds in the treatment of DMD patients, and both
can reduce muscle damage and slow the progressive weakness
(4,10,11). Although early investigators disputed that the bene-
ficial effects of prednisone were attributable to its effects as an
immunosuppressant in DMD patients, those conclusions were
largely based on the observations that azathioprine worsened
the pathology of DMD (12). However, azathioprine is an anti-
mitotic drug that does not specifically target inflammatory cells,
and its administration would also impair the proliferation of sat-
ellite cells that would participate in muscle regeneration. More
recently, prednisone has been shown to reduce the numbers of
macrophages and other myeloid cell populations in dystrophic
muscle and produce a concomitant reduction in muscle mem-
brane lysis, supporting the conclusion that the beneficial effects
of prednisone treatment in dystrophinopathy lie in its anti-
inflammatory effects, at least in part (13).

Although corticosteroids have beneficial effects in the treat-
ment of DMD and depletion of macrophages from the mdx
mouse model of DMD reduces mdx pathology at the early
stages of the disease, macrophages are a phenotypically
diverse population that can promote tissue repair as well as
injury (14-16). According to the macrophage nomenclature
that we will use (discussed in 15), M1 macrophages are classi-
cally activated macrophages that participate in Thl immune
responses, and are capable of damaging host tissue. M2 macro-
phages, a more diverse group, participate in Th2 immune
responses and can promote tissue repair. M2 macrophages are
categorized into three sub-groups: M2a macrophages that are
activated by interleukin-4 (IL-4) and IL-13, M2b macrophages
that can be activated by immune complexes or toll-like receptors
or M2c macrophages that can be activated by IL-10. Following
muscle injury, macrophages are capable of promoting either
further injury or repair, according to macrophage phenotype.
For example, macrophages that are driven in vitro to a
pro-inflammatory, M1 phenotype lyse muscle cells through
inducible nitric oxide synthase (iNOS)-mediated processes,
and macrophages that express CD68, a marker of M1 macro-
phages, are the first to invade injured muscle following acute
injury (17—-19). However, a later-invading population of M2
macrophages that express markers of M2a or M2¢ phenotype,
such as CD163, can promote muscle growth and regeneration
(18,20). Thus, according to this model of inflammation follow-
ing acute muscle damage, suppression of macrophage activation
or numbers at early stages of muscular dystrophy could reduce
muscle damage, as has been previously demonstrated in mdx
mice (9). However, suppression at later stages may have a less
beneficial effect, or even a detrimental effect, if M2 macro-
phages that promote tissue repair are present during the sub-
sequent, regenerative phase of mdx muscular dystrophy.

Macrophages that shift from an M1 phenotype to an M2a
phenotype experience an increase in arginase expression that
is concomitant with their reduction in inducible nitric oxide
synthase (iNOS) expression (21,22). The down-regulation of
iNOS and elevated expression of arginase reflects a major
shift in the metabolism of arginine, which is the substrate for
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both enzymes. Within 1-2 days of tissue damage in at least
some injury models, most arginine at injury sites is converted
to citrulline (23), reflecting the activities of early-invading,
M1 macrophages in which iNOS converts arginine to citrulline
and nitric oxide (NO). However, from 3 to 15 days following
tissue damage, most arginine at the injury site is hydrolyzed
to ornithine and urea (23), reflecting arginase activity in M2a
macrophages. These products of arginine metabolism are
physiologically important in influencing the course of tissue
injury and repair because an early metabolite, NO, can increase
damage to the tissue while metabolites of the subsequent cata-
bolism of arginine by arginase can increase tissue repair (24).

In the present investigation, we test the hypothesis that
macrophages in dystrophin-deficient muscles shift from an
M1 phenotype to an M2 phenotype during the course of the
disease. We characterize the phenotype of macrophages at
the acute peak of the pathology of muscular dystrophy,
using the mdx mouse model. Similarly, we characterize the
phenotype of macrophages that dominates the inflammatory
infiltrate during tissue repair and regeneration, and assay for
substrate competition between iNOS and arginase expressed
by M1 and M2a macrophages. Finally, we test whether NO
generated by iNOS in M1 macrophages from mdx mice
lyses muscle cells in vitro and in vivo, and test whether M2
macrophages stimulated with IL-10 can promote the prolifer-
ation of satellite cells. Collectively, our findings clarify
important roles that arginine metabolism by macrophages
may play in the pathophysiology of muscular dystrophy, and
identify potential consequences of perturbations of arginine
levels or macrophage phenotype in muscular dystrophy. Fur-
thermore, our results show that M1 macrophages that are at
elevated levels in 4-week-old mdx muscle, increase muscle
cell damage, and that IL-10-stimulated, M2c macrophages
are capable of promoting satellite cell proliferation.

RESULTS
Dystrophic muscle contains M1 and M2 macrophages

We tested whether M1 and M2 macrophages were present in
dystrophic muscle by double-labeling frozen cross-sections
of 4-week-old mdx quadriceps with antibodies to F4/80, a
pan macrophage marker and markers of M1 (iNOS) or M2
macrophages (CD206). F4/80-expressing cells were abundant
in the quadriceps of mdx mice (Fig. 1A and D). Mdx quadri-
ceps also contained necrotic lesions with densely packed
iNOS-expressing cells (Fig. 1B), and mononucleated cells
that strongly expressed CD206 (Fig. 1E). Superimposed
images demonstrate that iNOS and CD206-expressing cells
co-expressed F4/80, indicating that M1 and M2 macrophages
are present in dystrophic muscle at the acute peak of muscle
pathology at 4 weeks of age (Fig. 1C and F).

Activation of dystrophic muscle macrophages
is mediated by IFN+y or IL-4 signaling

Interferon-y (IFNvy) and IL-4 induce activation of M1 or M2a
macrophages, respectively, and are expressed in DMD patients
and mdx mice (25,26). Therefore, we used an immuno-
histochemical approach to test whether macrophages in
4-week-old mdx quadriceps express receptors for IFNvy or
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Figure 1. Thl and Th2 responsive macrophages that express markers of M1 or M2 phenotype are present in mdx muscle. Cross-sections of 4-week-old mdx
mouse quadriceps were immunolabeled with rat anti-mouse F4/80 to identify macrophage populations (A and D). The expression of iNOS (B) and CD206
(E), markers of classical and alternative activation, respectively, were simultaneously assayed by double immunofluorescence staining to determine the activation
state of macrophages. Superimposed images demonstrate that macrophages undergo classical, M1 (C) and alternative, M2 activation (F) in mdx dystrophic
muscle. Scale bar: 50 pm. Macrophages in mdx muscle express receptors for IFNvy and IL-4, suggesting that their activation may occur through IFNy and
IL-4-mediated signaling. Cross-sections of 4-week-old C57 (G, J) and mdx (H, I, K and L) quadriceps were immunohistochemically stained to determine
the tissue distribution of IFNyR1 and IL-4R. Red reaction products, reflecting IFNyR1 (H) and IL-4R (K) expression, were noted in inflammatory cells
present in necrotic lesions of mdx quadriceps, but absent in C57 quadriceps (G, J). Labeling of adjacent cross-sections with antibodies against F4/80 indicated
that IFNyR1 and IL-4R-expressing cells were macrophages (I, L). Scale bar: 50 pm.

IL-4. Mononucleated cells in the necrotic lesions of dystrophic
muscle expressed IFNvy receptor-1 (IFNvyR1) (Fig. 1H) and
IL-4 receptor (IL-4R) (Fig. 1K). Furthermore, the immunohis-
tochemical staining of adjacent cross-sections with anti-F4/80

indicated that the majority of cells expressing IFNyR1 or
IL-4R within these lesions were macrophages (Fig. 1I and
L). Age-matched wild-type controls did not show any immu-
noreactivity for IFNyRI (Fig. 1G) or IL-4R (Fig. 1J).
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Figure 2. Macrophages isolated from mdx muscle express iNOS and
arginase-1, further supporting the conclusion that M1 and M2a macrophages
are present in mdx muscle. Western blot shows that IFNvy induces iNOS
expression in mdx muscle macrophages, which is further increased with the
addition of TNFa (A, top panel). However, IL-4 reduced the expression of
iNOS protein by mdx muscle macrophages (A, top panel). IFNvy reduced
arginase-1 expression, while IL-4 or IL-10 increased arginase-1 expressed
by mdx muscle macrophages (A, bottom panel). Representative blots from 3
to 4 independent experiments are shown. The treatment of muscle macro-
phages with IL-4 further decreased iNOS expression with time, and a
greater repression was observed when IL-4 was used together with IL-10
(B, top panel). IL-4 treatment of muscle macrophages maximally induced
arginase-1 expression by 24 h (B, bottom panel). However, arginase-1
expression was further induced by IL-4 in the presence of IL-10 with levels
peaking by 48 h (B, bottom panel).
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We tested whether cytokine treatment of macrophages puri-
fied from 4-week-old mdx hindlimb muscles induced activation
of the M1 or M2a phenotype by assaying for changes in the
expression of iNOS or arginase-1 protein. Western analysis
showed that iNOS is expressed by muscle macrophages
(Fig. 2), consistent with the immunofluorescent detection of
iNOS-expressing macrophages in vivo (Fig. 1B). IFNvy treatment
of mdx muscle macrophages caused an upregulation iNOS
protein following 24 h of treatment. TNFa caused a further
increase in iINOS expression when used simultaneously with
IFNv to stimulate macrophages (Fig. 2A). In contrast, treatment
with IL-4 alone or IL-4 and IL-10 caused a marked reduction in
iNOS expression by muscle macrophages, whereas IL-10 alone
had a negligible effect after 24 h of stimulation (Fig. 2A). We
also performed a time-course stimulation to test whether 1L-4
or IL-10 would further decrease iNOS expression with time.
IL-4 or IL-10 caused a time-dependent decrease in iNOS
expression, while IL-4 and IL-10 treatment had a greater repres-
sive effect on iNOS expression when compared with IL-4- or
IL-10-alone treatment (Fig. 2B).

We observed a reciprocal effect of cytokine treatment when
using arginase-1 as indicator of activation of the M2a pheno-
type. Western blots indicated that muscle macrophages
express arginase-1, suggesting that macrophages isolated
from 4-week-old hindlimb are a heterogeneous population
that includes M1 and M2a macrophages. IFNvy decreased the
expression levels of arginase-1, while TNFa had no effect
after 24 h of treatment (Fig. 2A). In contrast, IL-4 induced
the expression of arginase-1, while IL-10 had a minimal
effect (Fig. 2A). However, we noted that IL-10 potentiated
IL-4-mediated induction of arginase-1 in a time-dependent
manner. While IL-4 or IL-10 treatment did not further
induce arginase-1 expression after 24 h, the simultaneous
treatment of macrophages with IL-4 and IL-10 caused a
further increase of arginase-1 that was evident by 48 h
(Fig. 2B). Collectively, these findings indicate that IFNvy and
IL-4 signaling contribute to activation of the M1 or M2a phe-
notype of macrophages in dystrophic muscle.

M1 macrophages lyse muscle cells via
an iNOS/NO-dependent mechanism

M1 macrophages are a cytotoxic population of macrophages
that produce high levels of NO via the induction of iNOS (27).
Therefore, we hypothesized that M1 macrophages present in dys-
trophic muscle contribute to muscle fiber injury via an iNOS/
NO-dependent mechanism. Cytotoxicity assays, in which macro-
phages were cocultured with C,C;, myotubes, demonstrated that
there was a concentration-dependent increase in muscle cell lysis
by macrophages that were isolated from mdx muscle or the per-
itoneal space and then stimulated to an M1 or M2a phenotype
(Fig. 3A). However, muscle and peritoneal macrophages stimu-
lated to the M1 phenotype were the most cytotoxic at all concen-
trations tested (Fig. 3A). Consistent with the increased cytotoxic
potential displayed by M1 muscle macrophages, we noted a con-
comitant increase in iNOS protein and down-regulation of
arginase-1 expression (Fig. 3B), suggesting that M1 macro-
phages lyse muscle via an iNOS/NO-dependent mechanism.
We tested NO-mediated muscle cell lysis by M1 macrophages
by repeating the above-mentioned cytotoxicity assay in the
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Figure 3. Classically activated macrophages mediate muscle cell lysis via an NO-dependent mechanism. Cytotoxicity assays showed that M1 peritoneal (left
panel, PM®) and mdx muscle macrophages (right panel, MM®) had the highest cytotoxic activity (A). *, P < 0.05 when compared with non-stimulated control
at the same concentration. #, P < 0.05 when compared with macro;)hages cultured at 6250 M®/mm? within the same treatment condition. 7, P < 0.05 when
compared with macrophages cultured at 6250 and 12 500 M®/mm~ within the same treatment condition. The increase in muscle cells lysis mediated by M1
muscle macrophages paralleled increases in iNOS expression when they were cocultured with myotubes (B). Cytotoxicity assays performed in the presence
of L-NAME showed that inhibition of NO synthesis resulted in a dose-dependent decrease in muscle cell lysis mediated by M1 peritoneal and muscle macro-
phages (C). *, P < 0.05 when compared with M1. #, P<<0.05 when compared with M1 treated with 50 uM L-NAME. Non, non-stimulated macrophages; M1,
M1 macrophages; M2a, M2a macrophages; PR, nitrocellulose membranes stained with ponceau red to ensure equal loading of total protein. Representative histo-

grams or blots of 2—3 independent experiments are shown.

presence of the NOS inhibitor L-N“-Nitroarginine methyl ester
(L-NAME) and found that L-NAME inhibited the cytotoxicity
mediated by M1 macrophages that were isolated from muscle
or the peritoneal space. In experiments using M1 peritoneal
macrophages, 500 uM L-NAME reduced cytotoxicity by
75% when compared with non-treated M1 peritoneal macro-
phages (Fig. 3C). We did not observe a treatment effect in non-
stimulated peritoneal macrophages in response to L-NAME.
Similarly, 250 uM L-NAME treatment of M1 muscle macro-
phages resulted in 75% reduction in cytotoxicity when com-
pared with non-treated, M1 muscle macrophages (Fig. 3C).
Although the cytotoxicity mediated by non-stimulated muscle
macrophages was further reduced when cells were treated
with 250 uM L-NAME (50% reduction), the decrease was not
quite significant (P = 0.09, Fig. 3C). These results strongly
suggest that M1 macrophages mediate muscle cell lysis via an
iNOS/NO-dependent mechanism.

Null mutations of iNOS in mdx mice reduce muscle
fiber injury

Assays of muscle membrane lysis in soleus muscles of 4 and
12-week-old mdx mice and in mdx mice that were null
mutants for iNOS showed that ablation of the iNOS gene in

mdx mice reduced muscle fiber damage. Analysis of mean flu-
orescence intensities of soleus muscle fibers from mdx mice
that expressed the wild-type iNOS gene (six mice analyzed)
compared with mdx mice that were null mutants for iNOS
(nine mice analyzed) after muscle incubation with procion
orange showed a significant reduction in intracellular fluor-
escence in the double-mutant mice (P < 0.05); Fig. 4A), indi-
cating a significant reduction in membrane lysis in iNOS-null
mdx mice. Furthermore, immunohistochemical assays measur-
ing the concentration of F4/80+ macrophages in the soleus
muscles of iNOS-expressing and iNOS-null mdx mice
showed that there was a significant reduction in macrophage
density with age (Fig. 4B). However, no difference in macro-
phage density was observed between iNOS-expressing and
iINOS-null mdx mice (Fig. 4B). These results suggest that
the observed reduction in muscle fiber injury in the iNOS-null
mdx mouse (Fig. 4A) is attributed to a reduction in macro-
phage cytotoxicity, not macrophage numbers. Similarly, neu-
trophils numbers were unaffected by the mutation (Fig. 4B).
Ablation of iNOS expression in mdx mice also reduced the
percentage of muscle fibers in 4 and 12-week-old soleus
muscles that were central-nucleated, regenerating fibers
(Fig. 4C), which may be a consequence of reduced levels of
muscle fiber injury.
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However, ablation of iNOS caused a significant reduction in the percentage of muscle fibers that were regenerative, central-nucleated fibers. Bars=sem. *,
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ting for iNOS confirmed that iNOS was expressed in mdx muscle extracts, and that no iNOS protein expression was detectble in the double-mutant mouse

muscles.

M2a macrophages inhibit the cytotoxicity of M1
macrophages via an arginase-1 dependent mechanism

Our in vitro assays of macrophage-mediated cytotoxicity indi-
cate that M2a macrophages promote tissue repair by inhibiting
the cytolytic properties of M1 macrophages via an arginase-1
dependent mechanism. Macrophages, isolated from the perito-
neal cavities of C57 mice 3 days after Na-caseinate injection,
were stimulated with IFNy or IL-4 to generate M1 and M2a
macrophages, respectively. Approximately 90% of cells isolated
were F4/80+ (data not shown). We found that cocultures of M1
and M2a macrophages displayed a 30% reduction in muscle cell
lysis when compared with M1 macrophages cocultured with
non-stimulated macrophages (Fig. 5A). Furthermore, cocultures
of M1 and M2a macrophages reduced muscle cell lysis by 17%
when compared with M1 macrophage-only cultures (Fig. 5A). In
contrast, we observed a 17% increase in the amount of muscle
cell lysis in cocultures of M1 and non-stimulated macrophage

when compared with M1 macrophage-only cultures (Fig. 5A).
In addition, the presence of M2a macrophages in cocultures
with M1 macrophages reduced NO levels in the media by 49%
(Fig. 5B). Interestingly, the reduction in muscle cell lysis
observed in cocultures of M1 and M2a macrophages occurred
without any large perturbations in iNOS protein expression
(Fig. 5C).

M2a macrophages express high levels of arginase-1, which
can compete with iNOS for r-arginine and reduce NO pro-
duction by iNOS. Therefore, we anticipated that the protective
effect mediated by M2a macrophages in cytotoxicity assays
was due to their increased expression of arginase-1. Although
iNOS expression was not perturbed, a large increase in
arginase-1 expression was noted in M1 and M2a cocultures,
suggesting that the reduction in NO levels mediated by M2a
macrophages may be attributed to substrate competition
between iNOS and arginase (Fig. 5C). In addition, we found
that arginase inhibition with BEC dose-dependently increased
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Figure 5. M2 macrophages inhibit muscle cell lysis by M1 macrophages via an arginase-1 dependent mechanism. Cytotoxicity assays showed that M1 and M2
peritoneal macrophage cocultures resulted in a 17% reduction in myotube lysis when compared with M1 only cultures (A). In contrast, coculturing M1 macro-
phages with non-stimulated peritoneal macrophages resulted in a 17% increase in myotube lysis when compared with M1 only cultures (A). Measurements of
nitrite showed that the reduction of muscle cell lysis observed in M1:M2 cocultures was attributed to reduced nitrite levels (B) and occurred without a reduction
in iNOS protein (C). Cytotoxicity assays performed in the presence of BEC showed that inhibition of arginase activity resulted in a dose-dependent increase in
nitrite formation (D) and muscle cell lysis (E) in M1:M2 cocultures compared with non-treated macrophage:M2 cocultures. *, P < 0.05 when compared with M1
only cultures. ®, P < 0.01 when compared with non-treated macrophage:M1 cocultures. §, P < 0.05 when compared with non-treated M 1:non-coculture. #, P <
0.01 when compared with same coculture conditions not treated with BEC. £, P < 0.01 when compared with same coculture condition treated with 1 wM BEC. T,
P < 0.05 when compared with same coculture condition treated with 10 wuM BEC. Representative histograms of 2—5 independent experiments are shown.

NO levels in cocultures of M1 and M2a macrophages (Fig. 5D).
A smaller increase in NO was also observed in cocultures of M1
and non-stimulated macrophages (Fig. 5D). Consistent with the
increases in NO production, macrophage-mediated muscle cell
lysis was dose-dependently increased in cocultures of M1 and
M2a macrophages when arginase activity was inhibited
(Fig. 5E). Interestingly, a maximal dose of 100 uM BEC com-
pletely inhibited the protective effect of M2a macrophages,
achieving cytotoxic levels no different than those of cocultures
of M1 and non-stimulated macrophages (Fig. SD). No significant
increase in cytotoxicity caused by the addition of BEC to non-
stimulated macrophage and M1 macrophage cocultures was
observed at either high macrophage concentrations (12 500
macrophages/mm?; Fig. 5E) or relatively low concentrations
of macrophages (6250 macrophages/mm?; data not shown), indi-
cating that BEC does not increase the cytotoxicity of M1 macro-
phages directly. Collectively, these findings suggest that M2a
macrophages are a protective subpopulation that inhibits the
cytotoxic activities of M1 macrophages through an arginase-1
dependent mechanism.

Macrophages in mdx muscle shift to an M2c phenotype
after 4-weeks of age

We found using *'Cr cytotoxicity assays that macrophages iso-
lated from 4-week-old mdx muscle were more cytolytic than
muscle macrophages isolated at 12 weeks (Fig. 6A). Inducible
NOS protein levels were similarly elevated in macrophages
from 4-week-old mdx muscles (Fig. 6B). Previous reports
indicate that STAT-1 is a key transcription factor in IFNvy-
dependent iNOS expression (28). Consistent with elevated
levels of iNOS at 4 weeks, we noted an increased expression
of STAT-1 at this age, which leads to increased levels of
STAT-1 activation (phosphorylated STAT-1; Fig. 6B). These
results suggest that the age-associated decrease in muscle
cell lysis may reflect a switch in macrophage phenotype, in
which there is a reduction in M1 macrophages during
muscle regeneration. However, we also observed that there
was a similarly large reduction of arginase expression in
macrophages isolated from regenerative, 12-week-old muscle
compared with 4-week-old muscle (Fig. 6B). This indicates



Human Molecular Genetics, 2009, Vol. 18, No. 3 489

A B 4wk 12wk
B 4wk MM® iNOS ﬁ.- - — an ‘
40.
[ 12wk MM® Arg-‘!.‘," — ]
g # porara
(1]
G
j 201 +
S
10 4
0.
W 4wk C57 [ | 4wk mdx [ 12wk C57 12wk mdx
C 251 21 #
'] @
g 4] . g 15
2 £
c 154 ]
z T 14
g g
£ 051 3 05
04 0-
D
35 0 12 o 2 *
5 3 *H# 2 1 «# 2 101
S 251 2 5
s - R S 81
2 =l °
-] — 4 —_ 4
S 151 ..E . g e
: 5 g
= 051 2 24 N
0 0 0

m

51 40

301
251
201
154

10 4 #

m
@

1.2

1
08
0.6
04
02

0

C2C1z Ol'lly
C;Cyz + IL-10-stimulated M®

CD163 fold change
Cell number (*10%)

MCP-1 fold change
v
‘% *
- *
IP-10 fold change
e O -
IL-6 fold change

Figure 6. M1 macrophages in mdx muscle undergo deactivation as the disease progresses from the acute peak of pathology (4-weeks-old) to the regenerative
phase of the disease (12 weeks). Cytotoxicity assays showed that macrophages isolated from 4-week-old mdx muscle are more cytolytic in vitro compared with
macrophages isolated at 12 weeks (A). A representative of three independent experiments is shown. The greater cytotoxicity of 4-week-old macrophages corre-
lated with higher expression levels of iNOS protein (B). The elevated levels of iNOS at 4 weeks are partly attributed to increased expression of STAT-1, which
leads to increased levels of STAT-1 activation (phosphorylated STAT-1, B). Measurements of IFNy by real-time PCR showed that it was elevated in mdx ham-
strings but did not differ significantly between 4 and 12 weeks (C, left panel). Transcript levels of IL-4 were upregulated in 12-week-old mdx hamstrings (C, right
panel). Representative histograms of two independent experiments are shown. Consistent with the increased expression of IL-4, genes associated with alternative
activation increased in 12-week-old mdx hamstrings relative to 4-week-old mdx hamstrings (D). Measurements of genes associated with classical activation
showed a downward trend of expression in 12-week-old mdx hamstrings relative to 4-week-old mdx hamstrings (D, top panel). *, P < 0.05, relative to age-
matched control. #, P < 0.05, relative to 4-week-old mdx. T, P < 0.01, relative to 4-week-old mdx. @, P < 0.01, relative to C,C), cultures grown without macro-
phages (C,C, only).
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that there was a coinciding shift in macrophages away from
the M2a phenotype.

Because IFNv is necessary for activation of macrophages to
the M1 phenotype and IL-4 is necessary for activation of the
M2a phenotype, we assayed whether changes in expression
of these cytokines coincided with the reduced levels of
iNOS and arginase expression that occurred in macrophages
during muscle regeneration. Measurements of IFN+vy and IL-4
expression by real-time PCR showed that both were upregu-
lated in mdx muscles at 4 weeks of age relative to age-
matched controls (Fig. 6C). Interestingly, IFNvy expression
did not change significantly between 4-week-old and
12-week-old mdx muscles and the expression of IL-4
increased between 4 and 12 weeks of age in mdx muscles
(Fig. 6C). We also noted that the expression of Dectin-1,
another gene that is upregulated during M2 activation, was
increased in 12-week-old mdx muscles relative to
4-week-old mdx and wild-type controls (Fig. 6D) and the
expression of IL-6, which is associated with the M1 pheno-
type, was decreased in 12-week-old muscles relative to
4-week-old mdx muscles (Fig. 6E). Most importantly, we
observed a large increase in IL-10 expression in
12-week-old mdx muscle; as shown in our in vitro studies,
IL-10 is sufficient to potentiate the deactivation of the M1 phe-
notype and the reduction of iNOS expression caused by IL-4,
and thereby induce a net shift to the M2 phenotype. Further-
more, the shift to the M2 phenotype at 12-weeks of age in
mdx muscle macrophages compared with 4-week-old mdx is
specifically attributable to an increase in the proportion of
M2c¢ macrophages, shown by the significant elevation in
expression of CD163 (Fig. 6F).

IL-10 activated macrophages promote satellite cell
proliferation in vitro

We tested whether activation of macrophages with IL-10 prior
to their co-culture with C2C12 myoblasts would affect the pro-
liferative capacity of myoblasts, and observed a 26% increase
in myoblast proliferation in the presence of IL-10-stimulated
macrophages compared with unstimulated macrophages
during a 48 h period of co-culture (P < 0.01) (Fig. 6QG).
Thus, enhancement of myogenic cell proliferation may
provide a mechanism through which M2c macrophages may
promote muscle repair or regeneration.

DISCUSSION

The results of the present investigation reveal that arginine
metabolism by macrophages can play an important role in
the pathophysiology of muscular dystrophy. Our findings
show that null mutation of iNOS in dystrophin-deficient
mice significantly reduces muscle membrane lysis at the
acute peak of the disease in vivo, indicating that arginine oxi-
dation by iNOS to form NO promotes injury of dystrophic
muscle. Similarly, our in vitro cytotoxicity assays show that
muscle macrophages that are collected at the acute peak of
pathology lyse muscle fibers through an iNOS-dependent
mechanism but that macrophages from regenerative mdx
muscles in which iNOS levels have declined are less cyto-

toxic. However, our results disprove our initial hypothesis
that the regenerative stage of mdx pathology would be charac-
terized by increases in macrophages expressing relatively high
levels of arginase. Instead, we found that there was also a dra-
matic decrease in arginase expression during the transition
from the acute pathology at 4 weeks of age to the regenerative
stage at 12 weeks. Thus, mdx muscles do not show the antici-
pated shift in arginine metabolism from iNOS to arginase as
tissue regeneration occurs; both enzymes are expressed at
high levels concurrently at the acute peak of the disease,
suggesting that they may compete for substrate.

Substrate competition between iNOS and arginase can play
an important role in influencing macrophage lysis of muscle
cells. We observed that M1 macrophages in which iNOS
expression was induced were cytolytic to muscle cells, but
that cytolysis by M1 macrophages was greatly reduced by
the additional presence of M2a macrophages. Furthermore,
we demonstrated that the protective effect of M2a macro-
phages was attributable to arginase activity because the
reduction in cytolysis did not occur if arginase activity were
inhibited. We also observed that M1 and M2 macrophages
were both present at high numbers in lesions within muscles
of 4-week-old mdx mice, which would make their competition
for substrate in vivo feasible. The occurrence of substrate com-
petition between arginase and iNOS is supported by enzyme
kinetics, in addition to our empirical findings. Although the
K,, for mammalian arginases is about 10 mMm and the X, for
iNOS is about 10 uM, the V., for arginase is more than
1000-times greater than NOS (29—33). Thus, the rates of sub-
strate use by the two enzymes would be similar and compe-
tition for substrate would occur, especially in injured,
inflamed tissue, where arginine concentrations are low.

Collectively, these data indicate that arginase-expressing,
M2a macrophages can reduce muscle cell damage caused by
M1 macrophages in mdx dystrophy. This finding may be rel-
evant for predicting the consequences of currently employed
therapeutic treatments for DMD, in which dietary supple-
mentation with arginine is provided. Arginine-supplemention
in the diets of DMD boys has been employed for several
years, through dietary supplements such as Juven™ that can
provide 14 g of dietary, supplemental arginine per day in
some treatment protocols; for a 35 kg boy, this dosage is
400 mg/kg/day. Experimental investigations have shown that
injured tissue exhibits substrate competition for arginine
between iNOS and arginase (34—36), and that supplemental
arginine can increase iNOS activity in vivo (23). Thus, the
present investigation suggests that arginine supplementation
in inflamed, dystrophin-deficient muscles in which there is
substrate competition between iNOS and arginase could
promote iNOS-mediated muscle damage. Nevertheless, pre-
vious investigators have found that supplemental arginine
can also have beneficial effects in treatments of mdx mice.
For example, mdx mice that received 400 mg arginine/kg of
body weight for 28 days showed fewer muscle fibers into
which the extracellular marker dye Evans Blue entered, indi-
cating less membrane damage (37). However, there was no
reduction in serum creatine kinase concentration, which
also provides a measure of muscle membrane damage, and
no reduction in the proportion of regenerative fibers and no
improvement in specific force in arginine treated mice (37).



Conversely, other investigators reported that 200 mg of argi-
nine/kg for 6 weeks reduced serum creatine kinase and
increased force production in mdx mice (38). Importantly,
both of these investigations were performed on mice during
the regenerative stage of mdx pathology; the present investi-
gation indicates that iNOS expression by macrophages
would be low at that stage.

Previous, in vivo studies showed that macrophage pheno-
type switching occurs in skeletal muscle following acute
damage, as macrophage populations change from a phago-
cytic, M1 population to an M2 population that promotes
muscle growth, differentiation and regeneration (18,20,39).
However, we find that the shifts in macrophage phenotype
in muscular dystrophy are more complex. Although our
in vitro findings show that stimulation of mdx muscle macro-
phages with IFN-y or IL-4 produces macrophages that have
characteristic M1 or M2 phenotypes, the expression of both
IFN-vy and IL-4 is elevated concurrently in mdx muscle macro-
phages at the acute peak of the pathology. Similarly, macro-
phages that express receptors for IFN-y or IL-4 are both
present in 4-week-old mdx muscle. As mdx dystrophy pro-
gresses to the regenerative phase, when previous models
would predict a decline in IFN-y stimulation of M1 macro-
phages, IFN-y levels in mdx muscle macrophages remain
high. However, expression levels of other proteins or tran-
scripts that are characteristic of the M1 phenotype decline
(INOS, IL-6), showing deactivation of the M1 phenotype,
despite the constant level of IFN-y production. Although
IFN-vy expression in mdx muscle macrophages remains elev-
ated into the regenerative stage of the pathology, expression
of IL-4 and IL-10 are increased in 12-week-old mdx muscle,
which indicates a net shift toward an M2 phenotype. Further-
more, our in vitro findings show that mdx muscle M1 macro-
phages can be deactivated by IL-4, which may be sufficient to
attenuate activation of M1 macrophages, even in the presence
of IFN-vy. We also show that IL-4 deactivation of M1 macro-
phages from mdx muscle is potentiated by co-stimulation with
IL-10 in vitro, and that IL-10 expression is greatly increased in
mdx regenerative muscle. Thus, our in vivo and in vitro data
support a model of mdx muscle inflammation in which the
acute peak of the muscle pathology is characterized by Ml
macrophages (iNOS™&"/IFN-yR*) and M2a macrophages
(Arg"EIL-4RT/CD206™), after which high levels of IL-4
and IL-10 production leads to deactivation of M1 macro-
phages, and a reduction in muscle membrane damage
(Fig. 7). Elevation of IL-10 production could then drive the
macrophages toward an M2c phenotype (iINOS%/Arg*"/
CD163%/CD206™"), that is associated with tissue repair and
remodeling (15,16,21,40).

The elevated expression in CD163 in 12-week-old mdx
muscle compared with 4-week-old mdx muscle is consistent
with previous speculations concerning the role of CD163+
macrophages in muscle repair and regeneration following
acute injury. CD163+4 macrophages begin to increase in
numbers in damaged muscle just before the increased
expression of proteins that are indicators of muscle repair
and regeneration and they are present in highest numbers
near regenerative fibers (18,41). Furthermore, our observation
that IL-10 promotes the stimulation of muscle cell prolifer-
ation by macrophages is consistent with previous reports that
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have shown that IL-10 is a powerful inducer of CDI163
expression (42—44) and that CD163 4 peritoneal macrophages
release factors in vitro that can promote myoblast proliferation
(45). Nevertheless, our observation that CD163 expression is
higher in 4-week-old wild-type muscle appears to be inconsist-
ent with the role of CD163+ macrophages in promoting pro-
liferation of myogenic cells. However, previous investigations
have demonstrated healthy muscle contains resident popu-
lations of apparently quiescent macrophages that express
CD163; thus, the relatively lower levels of CD163 expression
in 4-week-old mdx muscle may reflect a shift of the resident
macrophage population to the M1 or M2a phenotype during
the acute peak of mdx pathology.

The change in macrophage phenotypes during the course of
mdx dystrophy may underlie the differences in efficacy of glu-
cocorticoid (GC) treatments of DMD boys that vary with the
ages at which GC treatments are initiated. DMD patients
who begin prednisone treatments at 3—5 years of age retain
ambulation significantly longer than DMD patients who
begin treatments later in the disease (46—48). Because predni-
sone is capable of inhibiting macrophage activation and
reducing the expression of adhesion molecules that would
be necessary for extravasation of macrophages into the dys-
trophic muscle, this age-influenced effect may reflect the
presence of greater numbers of muscle-damaging, M1 macro-
phages at early stages of the disease (13). GCs can also affect
macrophage phenotype, especially by favoring a shift to an
M2 phenotype. For example, dexamethazone treatments of
macrophages induce their stimulation of IL-4 production and
inhibit their stimulation of IFN-y production by T-cells,
which would bias the inflammatory response to an M2 type
(49,50). Furthermore, GCs can cause an over 10-fold induction
of CD163 expression by macrophages (44) that could lead to a
shift to the M2c phenotype that would promote myoblast pro-
liferation, according to the present findings.

Macrophage phenotype switching during the course of mus-
cular dystrophy may play a significant role in the regulation of
muscle regeneration by direct effects on muscle cells, as well
as influencing muscle death through the deactivation of cyto-
lytic, M1 macrophages. Previous investigators have shown
that IL-4 is chemoattractant to myoblasts, and can promote
their fusion with existing myotubes, thereby promoting their
growth in vitro (51). Muscle fibers in mice that are null
mutants for IL-4 or the IL-4 receptor o chain are smaller in
diameter than wild-type muscle fibers, which also suggests
that 1L-4 promotes muscle growth in vivo (51). Furthermore,
IL-4 can promote the recruitment of mesenchymal adult
stem cells to muscle fibers with which they fuse, which
could further promote muscle growth and repair (52). Thus,
the elevated production of IL-4 during the regenerative
phase of mdx dystrophy may boost the regenerative capacity
of the muscle cells.

Although numerous treatment strategies, including genetic,
oligonucleotide, and cellular therapies, are currently under
development and may be clinically available in the future
for DMD (4,53-55), more immediate treatment options
may lie in manipulations of the immune response to dystrophic
muscle. The findings reported in this study provide evidence
of the complex interactions that exist between macroph-
ages during dystrophinopathy and identify macrophages as
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Figure 7. Summary diagram of the macrophage phenotypes that dominate the acute necrotic phase and the regenerative phase of mdx muscular dystrophy.
Muscle in the acute necrotic phase of the disease contains iNOS-expressing, M1 macrophages that are capable of lysing muscle fibers by NO-mediated cyto-
toxicity, and arginase-expressing M2a macrophages that compete with iNOS for arginine, which can thereby reduce M1 macrophage cytotoxicity. As mdx mice
enter the regenerative phase, there is an increase in IL-10 expression that accompanies deactivation of the M1 and M2a phenotypes, reflected in a reduction in
iNOS and arginase expression. Macrophages in regenerative muscle resemble an M2c population in which cytotoxicity is low, and the production of anti-
inflammatory cytokines (IL-10, IL-1, IL-1Ra) are elevated, but arginase expression is greatly reduced.

potential therapeutic targets. However, our data emphasize the
importance of targeting M1 macrophages in order to optimize
this intervention strategy. In addition to the M1 macrophages
themselves, potential targets would include signaling path-
ways activated by Thl cytokines that lead to M1 macrophage
activation, or signaling molecules downstream of Thl cyto-
kine stimulation (e.g. JAK-STAT1 and NF-«B pathways).
The potential efficacy of this approach was recently demon-
strated by the myeloid cell-specific genetic ablation or
pharmacological inhibition of the NF-kB pathway in mdx
mice that decreased the number of macrophages in dystrophic
muscle, reduced the proportion of injured muscle fibers and
decreased the expression of proinflammatory cytokines that
are produced by M1 macrophages (56). Finally, disrupting
the production or reactivity of cytolytic substances by Ml
macrophages, such as iNOS-derived NO, may provide an
additional option to delay disease progression in muscular
dystrophy.

MATERIALS AND METHODS
Animals

C57BL/6, C57BL/10ScSn-Dmd™"/J and B6.129P2-Nos2"" "/
mice were purchased from The Jackson Laboratory (Bar
Harbor, ME) and bred in pathogen-free vivaria at the Univer-
sity of California, Los Angeles. Mice carrying null mutation
for iNOS (B6.129P2-Nos2™/*/] mice) were crossed into
the mdx background using a breeding strategy previously
described (3). Null mutation of iNOS was confirmed by
PCR using an upstream primer that was common for both

wild-type and mutant DNA (5-ACA TGC AGA ATG AGT
ACC GG-3’), a wild-type downstream primer (5-TCA ACA
TCT CCT GGT GGA AC-3') and a downstream primer for
the neomycin cassette (5-AAT ATG CGA AGT GGA CCT
CG-3’). Null mutation of the dystrophin gene was confirmed
using mdx-amplification-resistant mutation system PCR (57).
All animals were handled according to guidelines approved
by the Chancellor’s Animal Research committee at the Uni-
versity of California, Los Angeles.

In vivo detection of M1 and M2 macrophages

Muscles from 4-week-old mdx mice were dissected,
embedded in OCT compound, and frozen in liquid nitrogen-
cooled isopentane and stored at —80°C. Frozen muscle sec-
tions of 10 wm thickness were prepared with a Microm 550
cryostat unit and then stored at —20°C. On the day of staining,
sections were air-dried, acetone-fixed and blocked with 10%
normal horse serum and 0.05% Tween-20 diluted in 50 mm
Tris—HCI and 150 mm NaCl buffer. M1 macrophages were
identified by incubating sections overnight at 4°C with anti-
bodies against iNOS (Upstate Biotechnology, 1:50). Sections
were then washed with phosphate buffered saline (PBS) and
then incubated with fluorescein-conjugated anti-rabbit sec-
ondary antibody (Vector Laboratories, 1:200) for 1h at
room temperature. Sections were subsequently washed and
blocked for another 30 min before probing with anti-F4/80
for 3h at room temperature. Anti-F4/80 was obtained by
ammonium sulfate precipitation from HB-198 hybridoma cul-
tures (ATCC). Sections were washed with PBS and incubated
with Texas Red-conjugated anti-rat secondary antibody for 1 h



at room temperature (Vector Laboratories, 1:200). M2 macro-
phages were identified in sections incubated overnight with
anti-F4/80 followed by labeling with Texas Red-conjugated
anti-rat IgG secondary antibody. Sections were then washed,
blocked and incubated with rat anti-CD206 (Serotec, 1:50)
for 3h at room temperature. Sections were subsequently
washed and incubated with fluorescein-conjugated anti-rat
IgG secondary antibody (Vector Laboratories, 1:200). Sections
were washed with PBS and treated with RNase A (Sigma,
0.2 pg/ml) and DAPI diluted 1:100 000 in PBS for 5 min. Fol-
lowing washes with PBS, sections were mounted with Gel
Mount (Biomedia) and glass coverslips. Images were captured
with a Zeiss Axio Imager M1 microscope and AxioVision LE
release 4.4 software.

Immunohistochemistry

Frozen, serial sections of 4-week-old mdx quadriceps were air-
dried for 30 min and fixed in ice cold acetone for 10 min. Sec-
tions were blocked for 1 h with 3% BSA and 0.05% Tween-20
diluted in 50 mm Tris—HCI pH 7.6 containing 150 mm NacCl.
Sections were then probed with antibodies against IFNyRI1,
IL-4R (R&D systems, 1:50), F4/80 or antibodies to neutro-
phils (rat anti-Ly6G; Pharmingen) for 3 h at room temperature.
Sections were washed with PBS and then probed with biotin-
conjugated secondary antibodies (Vector Laboratories, 1:200)
for 1 h at room temperature. Sections were subsequently
washed with PBS and then incubated for 30 min with Avidin
D-conjugated horseradish peroxidase (Vector Laboratories,
1:1000). Positive staining was visualized with the peroxidase
substrate, 3-amino-9-cthylcarbazole (Vector Laboratories),
yielding a red reaction product.

Peritoneal and muscle macrophage isolation

Four C57BL/6 mice of 3—6 months of age were injected with
1 ml of 12% sodium caseinate in 0.9% sodium chloride. Three
days post-injection, mice were euthanized by inhalation of
32% isoflurane. Mice were then immersed briefly in 70%
ethanol, after which a midline incision was performed. The
peritoneal cavity of incised mice was rinsed with 25 ml of
PBS and lavages collected in 150 mm culture plates.
Lavages from the four mice were pooled, centrifuged and
resuspended with 0.85% ammonium chloride to lyse red
blood cells. Peritoneal cells were then centrifuged, resus-
pended with 15 ml of Dulbecco’s modified eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin and streptomycin (complete DMEM) and
filtered through a 70 pwm cell strainer (BD Bioscience).
Single cell suspensions were overlain on 15 ml of Histopaque
1077 (Sigma-Aldrich) and centrifuged at 1000g for 30 min.
Cells at the Histopaque and DMEM buffer interface were col-
lected, centrifuged, resuspended in complete DMEM and
counted with a hemacytometer.

Muscle macrophages were isolated using a modification of a
previously described procedure (9). Hindlimb muscles of 4—6
mice were dissected and pooled in a 10 cm plate containing
cold PBS. Muscles were cleared of discernible fat, rinsed
with fresh PBS and weighed. Dissected muscles were then
minced to a fine pulp with surgical scissors and placed into
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50 ml conical tubes, which received 10 ml per gram muscle
mass of collagenase Type IV (1.0 mg/ml) in DMEM. Tubes
were incubated in a rotary incubator at 37°C for two 45-min
periods. After completing the initial 45 min of collagenase
treatment, undigested muscle was allowed to settle for
2 min. The resulting cell suspension was aspirated, centrifuged
in new 50 ml conical tubes at 850g and resuspended with PBS.
The remaining undigested muscle was further digested in fresh
collagenase buffer for a second 45-min period, after which the
cell suspensions were centrifuged, resuspended and pooled
with cells from the first 45-min digestion. Pooled single-cell
suspensions were then filtered through a 70 wm cell strainer
and subsequently centrifuged at 850g for 5 min. Filtered,
single-cell suspensions were then applied to 15 ml of Histo-
paque 1077 and centrifuged at 1000g for 30 min. Cells were
collected from the Histopaque and DMEM interface, washed
with complete DMEM and counted.

The efficiency of macrophage purification was assayed by
indirect immunofluorescence of 200 000 peritoneal or muscle-
derived cells that were cultured on glass coverslips and stained
with anti-F4/80 antibody. Cells were visualized by fluor-
escence microscopy and images recorded with AxioVision
LE release 4.4 software. Macrophage purity was expressed
as the percentage of F4/80 positive cells divided by the total
number of cells counted in a randomly chosen field. Data
were expressed as the mean and SEM of five randomly
counted fields in three independent experiments.

Ex vivo stimulation of peritoneal and muscle macrophages
with inflammatory cytokines

Peritoneal (5.0 x 10° cells/well) or muscle-derived (3.0 x 10°
cells/well) macrophages were plated for 3 h in six-well plates
with complete DMEM and then washed with PBS to remove
cellular debris. Macrophages were stimulated with the follow-
ing cytokines at 10 ng/ml: IFN+vy alone, TNFa alone, IFN+y and
TNFa together, IL-4 alone, IL-10 alone or IL-4 and IL-10
together (BD Bioscience). Cells were then incubated at 37°C
with 5% CO, for 24-72h before lysing with reducing
sample buffer containing a protease inhibitor cocktail
(Sigma-Aldrich) diluted 1:100. Samples were heated for
3min at 95°C before colorimetric determination of their
protein concentration and stored at —20°C.

Western blot analysis

The expression levels of iNOS and arginase-1 were assayed by
western blot analysis. Thirty micrograms of total protein from
stimulated macrophages were resolved by SDS—PAGE using
8 or 12% polyacrylamide gels and transferred to nitrocellulose.
Equal loading of samples was determined by staining nitrocellu-
lose blots with 0.1% Ponceau S solution (Sigma-Aldrich). Nitro-
cellulose membranes blocked with 3% milk were probed with
rabbit antibodies against mouse iNOS (Upstate Biotechnology,
1:300), human arginase-1 (a gift from Dr. Tomomi Gotoh,
Kumamoto University School of Medicine; 1:1000), STAT-1
(Santa Cruz Biotechnology, 1:500) or phospho-STAT-1 (Cell
Signaling Technology, 1:500) for 3h at room temperature
with light agitation. Membranes were then washed with PBS
containing 0.05% Tween-20 and probed with horseradish
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Table 1. Real-time-PCR primers

Gene Accession Forward primer Reverse primer Amplicon size
IL-Ra NM_031167 5'-AAGCCTTCAGAATCTGGGATAC-3/ 5'-TCATCTCCAGACTTGGCACA-3’ 193bp
IFN, NM_008337 5'-GACAATCAGGCCATCAGCAAC-3 5'-CGGATGAGCTCATTGAATGCTT-3' 161bp
IL-6 NM_031168 5'-GAACAACGATGATGCACTTGC-3 5'-CTTCATGTACTCCAGGTAGCTATGGT-3' 154bp
1L-4 NM_021283 5-GGATGTGCCAAACGTCCTC-3 5-GAGTTCTTCTTCAAGCATGGAG-3' 126bp
Dectin-1 NM_020008 5'-GCCAAACATCGTCTCACC-3' 5'-GAATCCATACACAATTGTGCAG-3' 165bp
IL-10 NM_010548 5'-CAAGGAGCATTTGAATTCCC-3' 5'-GGCCTTGTAGACACCTTGGTC-3' 157bp
MCP-1 NM_011333 5'-GCTCAGCCAGATGCAGTTAAC-3 5'-CTCTCTCTTGAGCTTGGTGAC-3 153bp
IP-10 NM_021274 5'-CCTCATCCTGCTGGGTCTG-3’ 5'-GTGGCAATGATCTCAACACG-3’ 165bp
CD163 NM_053094 5'-GCAAAAACTGGCAGTGGG -3 5'-GTCAAAATCACAGACGGAGC-3’ 153bp
PPIA NM_008907 5'-GCAAATGCTGGACCAAACAC -3 5'-TCACCTTCCCAAAGACCACAT-3’ 97bp
B-actin NM_007393 5'-CAACCGTGAAAAGATGACCC -3 5'-GTAGATGGGCACAGTGTGGG-3' 157bp

peroxidase conjugated-donkey anti-rabbit IgG (Amersham,
1:10 000) for 1 h at room temperature while slowly agitating.
Membranes were washed and the expression levels of iNOS or
arginase-1 were visualized with chemiluminescent substrate
and a fluorochem imaging system (Alpha Innotech).

Macrophage-mediated cytotoxicity assay

Macrophage-mediated cytotoxicity was assessed with a pre-
viously reported assay (9,17). Ninety-six-well plates were
seeded with 15 000 C,C;, cells per well in complete DMEM
and allowed to reach confluency before overnight serum star-
vation to trigger fusion. Following serum starvation, cells were
returned to complete DMEM and allowed to continue differen-
tiation for 3 days prior to coculturing with macrophages. On
the second day of C,C;, cell differentiation, mdx muscle
macrophages or peritoneal macrophages were isolated as
described earlier and stimulated with recombinant murine
IFNy or IL-4 (R&D Systems; 10 ng/ml) in 100 mm, low-
attachment dishes (Costar). Following 24 h of stimulation,
macrophages were washed with HBSS before coculturing
with myotubes to prevent the stimulation of myotubes by
IFNvy or IL-4. Macrophages were then treated with 8 ml of
0.05% trypsin-EDTA (Invitrogen) for 5 min to dissociate
aggregated cells. Trypsin-treated cells were then given 10 ml
of complete DMEM, centrifuged and resuspended with
HBSS assay buffer (HBSS containing 0.25% FBS and
400 uM L-arginine).

Prior to coculturing with macrophages, myotubes were pulsed
with 0.4% °'Cr in HBSS assay buffer for 2 h. Macrophages were
cocultured with *'Cr-pulsed myotubes at concentrations ranging
from 6250 to 25 000 macrophages/mm2 in 150 ul of HBSS
assay buffer. Following 24 h of coculturing, 75 pl of media
were collected from each well and *'Cr release was measured
using a Beckman Gamma 5500 liquid scintillation counter.
Cytotoxicity was expressed as a percentage of total lysis by
setting 0% as °'Cr released spontaneously by myotubes cultured
without macrophages. Hundred percent cytotoxicity was set
as the *'Cr released into the media by myotubes incubated
with 0.1% Triton X-100 in HBSS assay buffer. L-N°-
Nitroarginine methyl ester, HCI (L-NAME, Sigma-Aldrich) or
(S)-(2-boronoethyl)-L-cysteine, HCL (BEC, Calbiochem) was
added at concentrations ranging from 1 to 500 pM at the begin-
ning of macrophage and myotube coculturing to inhibit iNOS or
arginase activity, respectively.

Assay for muscle membrane lesions in vivo

Muscle fiber membrane lesions were assessed by assaying for
the presence of the extracellular matrix marker dye, procion
orange, within muscle fibers. Procion orange was selected as
a marker of membrane lesions because it is a vital dye that
is not actively transported across cell membranes, instead
entering through membrane lesions. After euthanasia, the
left soleus of each mouse was dissected and incubated in
0.5% procion orange dye (Sigma) in Kreb’s Ringer solutions
for 1 h, followed by three, 5-min rinses in Krebs’ Ringer.
The muscles were then rapidly frozen in liquid nitrogen-
cooled isopentane. Cross-sections 10-wm thick were taken
from the mid-belly of each soleus and viewed by fluorescence
microscopy. Intracellular fluorescence intensity caused by dye
influx was assayed within an §-pm diameter, optical sampling
circle by flourimetry using a microscope equipped with a
digital imaging system (Bioquant, Nashville, TN). Fluor-
escence intensity was measured for every fiber present in com-
plete cross-sections of entire mid-belly cross-sections of each
soleus muscle. Measurements were corrected for background
fluorescence measured at a site on the section that contained
no tissue. Approximately 760 fibers were assayed in each
muscle. Data were expressed as fluorescence intensity in arbi-
trary units and displayed graphically as the distribution fre-
quency of fiber fluorescence in mdx mice versus iNOS-null
mdx mice.

RNA isolation and quantitative PCR

Frozen muscles were homogenized with a mortar and pestle
while partially submerged in liquid nitrogen. One milliliter
of Trizol (Invitrogen) per 50 mg of tissue was pipetted directly
into the mortar and pestle and further homogenized while in
liquid nitrogen. The resulting homogenized powder was
thawed and transferred to 2 ml centrifuge tubes and RNA
extracted according to the manufacturer’s protocol (Invitro-
gen). RNA from freshly isolated muscle macrophages was iso-
lated with RNeasy spin columns (Qiagen). Muscle and
macrophage RNA samples were further cleaned and DNase-
treated using RNeasy spin columns according to the manufac-
tures protocol. Five hundred nanograms of total RNA was
loaded on a 1.2% agarose gel and RNA quality assessed by
determining 28S and 18S ribosomal RNA integrity. Five
hundred nanograms of total RNA were reverse transcribed
with Super Script Reverse Transcripase I using oligo dTs to



prime extension (Invitrogen). The resulting cDNA was used to
measure quantitatively the expression of genes involved in
classical and alternative activation using SYBR green qPCR
master mix according to the manufacturer’s protocol (BioRad).
Real-time measurements of gene expression were performed
with an iCycler thermocycler system and iQ5 optical system
software (BioRad). Primers used to measure gene expression
are provided in Table 1.

Measurement of nitric oxide concentration

Nitric oxide concentration was determined by measuring
nitrite levels in supernatants of macrophages and myotubes
cocultures using a modification of the Griess reaction (58).

Myoblast growth in cocultures with IL-10 stimulated
macrophages

The cell growth of C2C12 myoblasts in coculture with macro-
phages was determined as previously reported (59). Peritoneal
macrophages were seeded at 4.0 x 10 cells/well in six-well
plates and stimulated with IL-10 (10 ng/mL) in DMEM con-
taining 0.25% FBS for 24 h. Macrophages were then washed
with DMEM twice and C2CI12 cells were plated on top of
the stimulated macrophages in DMEM containing 5% FBS
at the density of 1.0 x 10° cells/well. C2C12 cells were
serum starved in DMEM containing 0.1% FBS for 24 h
before adding to macrophages. Following 48 h of coculture,
C2C12 cells were dissociated with 0.05% trypsin-EDTA, col-
lected and counted. Trypsin treatment did not detach the
macrophages.

Statistics

Statistical analysis was performed in InStat version 2.03
(GraphPad Software). For multi-factorial comparisons, we
performed a Kruskal-Wallis test to determine statistical
significance, followed by a post-hoc non-parametric test
(Wilcoxon) to determine significance of differences between
two groups. These tests allow the comparison of groups
without the assumption of normality in data sets. Significance
was accepted at P < 0.05.
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