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Duchenne muscular dystrophy (DMD) is an X-linked, degenerative muscle disease that is exacerbated by sec-
ondary inflammation. Here, we characterized the immunological milieu of dystrophic muscle in mdx mice,
a model of DMD, to identify potential therapeutic targets. We identified a specific subpopulation of cells
expressing the V(8.1/8.2 TCR that is predominant among TCR-3* T cells. These cells expressed high levels of
osteopontin (OPN), a cytokine that promotes immune cell migration and survival. Elevated OPN levels cor-
related with the dystrophic process, since OPN was substantially elevated in the serum of mdx mice and muscle
biopsies after disease onset. Muscle biopsies from individuals with DMD also had elevated OPN levels. To test
the role of OPN in mdx muscle, mice lacking both OPN and dystrophin were generated and termed double-
mutant mice (DMM mice). Reduced infiltration of NKT-like cells and neutrophils was observed in the muscle
of DMM mice, supporting an immunomodulatory role for OPN in mdx muscle. Concomitantly, an increase
in CD4* and FoxP3* Tregs was also observed in DMM muscle, which also showed reduced levels of TGF-3, a
known fibrosis mediator. These inflammatory changes correlated with increased strength and reduced dia-
phragm and cardiac fibrosis. These studies suggest that OPN may be a promising therapeutic target for reduc-
ing inflammation and fibrosis in individuals with DMD.

Introduction
Muscle damage due to muscular dystrophy is associated with mus-
cle inflammation, which is a secondary feature that can exacerbate
disease. In particular, muscle inflammation exacerbates pathology
in the mdx mouse, an animal model for the human disease Duch-
enne muscular dystrophy (DMD). The mdx mouse has a naturally
occurring mutation in the gene encoding the cytoskeletal-protein
dystrophin. Muscles of the mdx mouse undergo a moderate dys-
trophy with a predictable course, consisting of an early prenecrotic
period (1-3 weeks of age), followed by a wave of necrosis at 3.5
weeks that continues until 8 weeks of age. Because of the predict-
able disease course and the distinct phases observed, it is infor-
mative to examine specific points in the life of the mouse to gain
insight into processes of muscle degeneration, regeneration, and
fibrosis. For example, at 3.5-4 weeks of age, information can be
gained about necrotic and regenerative processes. By 6-12 months
of age, the diaphragms and hearts of mdx mice are fibrotic, so the
study of mice at this age can lend insight into fibrotic processes.
Muscle lesions of mdx mice are filled with invading cells from the
immune system that include T cells (1), macrophages (2), neutro-
phils (3), mast cells (4), and eosinophils (5, 6). Similarly, an inflam-
matory mRNA signature has been detected in DMD biopsies soon
after birth (7). Several previous studies have demonstrated that
experimental interventions that reduce subsets of immune cells
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in vivo can reduce muscle pathology in the mdx mouse (1, 2, 8, 9).
Depletion of CD8* T cells (10), CD4* T cells (1), macrophages (2),
eosinophils (6), neutrophils (3), and TNF (11-15) or treatment
with immunosuppressants (9, 14) have all been shown to improve
pathogenic features of the disease in mouse models. These studies
support a role for the immune system as an exacerbating factor
that promotes muscle pathology in the muscular dystrophies and
suggest that interventions that target these invading cells might
provide therapeutic benefit.

Diaphragm and cardiac fibrosis are hallmark characteristics of
pathology resulting from dystrophin mutations that cause marked
functional impairment in boys with DMD. In the mdx mouse, only
the diaphragm and heart become increasingly fibrotic, while exten-
sive connective tissue proliferation is evident in all DMD muscles
from a very young age. Despite this prominent role in dystrophic
muscle, the mechanism of ECM deposition is not well understood.
Fibroblasts are often presumed to be the key secreting cell; however,
muscle is also capable of secreting ECM proteins (16) and will need
to be considered as a source of ECM secretion. Since fibrosis is only
markedly increased in the 6-month-old mdx diaphragm and the
1-year-old mdx heart, these muscles are often the focus of investiga-
tions that are devoted to searching for mediators of fibrosis in DMD.

Alink between fibrosis and inflammation has been demonstrated
in many studies using the mdx mouse, with TGF-f} emerging as a key
regulator of the process. TGF-f is elevated in mdx (12) and DMD
muscle (17), especially in the later years of the disease (7). While the
specific source of TGF-f is still not known, fibroblasts and leuko-
cytes are likely to be important contributors. Reductions in lympho-
cyte populations in mdx, achieved by crossing the nude (18) or SCID
mouse (19) with mdx, correlated with reductions in fibrotic tissue
Volume 119 1583

Number 6  June 2009



research article

A 87 gcsy **
@ mdx
. TA
s2 ]
a el *k
o=
5T 57
X ®©
(O]
< Z 4 *k
Z 3
o _f‘P 3
€
; *
g’& 2_ *k
C !—.
o [l
Ifng 14 I o Tgfb Tnfa
C 2wk @120-
@ 3
® 120 o 1001
g - =
S 100+ x 80
X 4 (2]
0% 2 60
2 60 ok 8
S % 401
@ 401 S
2 20+ . o 207
o * * *k z
> 0- 0-
< IFN-y IL-2 IL-4 IL-6 IL-12 TNF-a. IFN-y
Figure 1

B 8,
.71
S 0
% % 64
g8
5T 51
ISl
o =
T 4
o
o g 3 *
[S
2 21 = "
e
. LI
Ifng 114 16 1o Tagfb Tnfa
4 wk 2120_ 2yr
©
S 100
=)
T 80
*%k C:;
@ 60
2
@ 40
8'
20
2 ok
< *
IL-2  IL-4 TNF-a IFN-y  IL-2 IL-4  IL-6  IL-12  TNF-o

Characterization of inflammatory cytokines in mdx muscle and spleen. Cytokine mRNA expression was assessed by QPCR in C57BL/6 (C57)
and mdx quadriceps muscles at (A) 4 weeks of age (n = 4) and (B) 6 months of age (n = 4). Expression was normalized to GAPDH mRNA.
(C) Cytokine secretion was assessed in C57BL/6 and mdx splenocytes by ELISPOT. Data are presented as average (avg) values. Error bars

represent SEM (A and B). *P < 0.05, **P < 0.01.

accumulation in skeletal muscle, supporting a role for the T lym-
phocytes in promotion of fibrosis. Thus, the fibrotic process in mdx
muscle is complex and is expected to involve multiple cell types.
The design of effective immune-based treatments for DMD relies
on the determination of the contribution of each cell type to the
pathogenesis as well as an in-depth understanding of mechanisms
used by these cells. Infiltrating cells can potentially play 4 different
roles in the disease process, including (a) promotion of necrosis, (b)
promotion of fibrosis, (c) immunomodulation, or (d) promotion
of muscle repair. To suppress cells that promote necrosis or fibro-
sis, ideally one would specifically suppress only the cell types con-
tributing to the pathogenesis. Conversely, immunoregulatory cells
have emerged as important modulators of the immune response
in several experimental systems or in promotion of muscle repair.
Thus, it is feasible that treatments could be designed to attract
and/or activate these specific populations in muscle to improve
disease outcome. Identification of all cells infiltrating dystrophic
muscle and understanding their mechanisms of action is the first
step toward development of immunotherapeutics to treat DMD.
In this investigation, we identify osteopontin (OPN) as an immu-
nomodulator in mdx muscle. OPN is the primary phosphorylated
glycoprotein of bone and is also expressed in a wide variety of
other cells and tissues, including immune cells, skin, and blood
vessels. OPN is an approximately 35- to 60-kDa, highly acidic,
secreted and glycosylated phosphoprotein. Once secreted, OPN
can be cleaved by both thrombin and MMP3 and MMP7. OPN
also binds to trans-membrane proteins such as integrins (20-24)
and CD44 (also known as hyaluronic acid receptor or vitronectin
receptor) (25) and to the ECM molecules fibronectin and collagen
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(26). Transglutamination of OPN can facilitate covalent bind-
ing to fibronectin, creating a strong adhesive link between these
proteins in the ECM (26). While the earliest studies of OPN sug-
gested that it had a central role in bone remodeling and cancer
metastasis (27-30), subsequent studies demonstrated that OPN
also participates in numerous other physiological processes such
as formation of collagen fibrils during tissue remodeling (31),
macrophage and neutrophil migration (32, 33), angiogenesis (28),
and wound healing (31). OPN binding to integrins on the surface
of immune cells is likely the mechanism by which OPN modulates
chemotaxis of these cells. Thus, OPN is considered to be a matrix
factor, a chemotactic factor, and a cytokine, which is expressed in
numerous cell types and which possesses pleiotropic functions.
In the current investigation, we characterized the inflammatory
milieu of mdx muscle and, through this analysis, identified a pre-
dominant T cell subtype (Vf38.1/8.2%) that expresses OPN. A high
concentration of OPN was observed in mdx and DMD biopsies
and mdx serum. OPN was expressed both by muscle and immune
cells. Genetic ablation of OPN from mdx mice caused a consider-
able reduction in intramuscular neutrophils and NKT-like cells and
increased Tregs. Subsequently, these inflammatory changes resulted
in a net decrease in TGF-f in later stages of the disease. Reductions
in TGF-p correlated with a marked decrease in fibrosis of both
diaphragm and cardiac muscles. These studies identify OPN as an
immunomodulator and profibrotic cytokine in dystrophic muscle.

Results
Characterization of the immunological milien in mdx muscle. Character-
izing the immunological milieu in dystrophic muscle is the first
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VB8.1/8.2 is the predominant VB TCR rearrangement in mdx muscle. Infiltrating leukocytes were extracted, purified, and pooled from all skeletal
muscles of 4-week-old mdx mice, stained with various mouse V{3 TCR antibodies, and analyzed by flow cytometry. A representative experiment
showing the distribution of VB TCR rearrangements of leukocytes isolated from muscle (A) and spleen (B) is shown. A clear bias toward the
Vp8.1/8.2 TCR rearrangement is observed in leukocytes isolated from muscle that is not seen in those isolated from the spleen. (C) Leukocytes,
extracted, purified, and pooled from skeletal muscle of four 4-week-old mdx mice, were sorted by FACS into 2 populations, V38.1/8.2- and
Vp8.1/8.2+, and RT-PCR for Opn mRNA expression was carried out. PCR was also carried out on RNA isolated from the quadriceps muscle. (D)
Quantitative RT-PCR of OPN using the same sorted samples shown in C. Stimulated Th1 (Th1-stim) and unstimulated Th1 (Th1-unstim) cells
are shown as controls. **P < 0.01, as assessed by 2-tailed Student’s t test. Error bars represent SEM (D).

step toward identifying disease effectors, enabling development
of pharmacological interventions that slow disease progression.
Thus far, no parallel assessment of intramuscular cytokine pro-
files and cellular infiltrates has been systematically undertaken
over a time course in the mdx mouse. Thus, the first goal of this
study was to determine whether a specific immune effector pre-
dominates in dystrophic muscle, making it an obvious candidate
target for therapy. We first examined cytokine expression profiles
using quantitative real-time PCR (QPCR) of mdx muscles (Fig-
ure 1, A and B) and ELISPOT of mdx spleens (Figure 1C) over a
time course. In the quadriceps muscle, levels of many different
cytokines were observed to be elevated at 4 weeks of age, includ-
ing IFN-y and TNF-o. While many of these levels of intramus-
cular cytokines remained elevated over controls at 6 months of
age, their relative concentration decreased with aging (Figure 1,
compare A to B). Conversely, analysis of the cytokine secretion
profile of spleens using ELISPOT revealed no change in IFN-y and
TNF-a levels in mdx mice versus C57BL/6. Furthermore, levels
of the cytokine IL-4 were elevated in mdx spleens compared with
CS57BL/6 spleens but were not elevated in mdx quadriceps mus-
cle. Therefore, this analysis revealed in spleens from 4-week-old
mice but not in quadriceps muscle from 4-week-old mice. There-
fore, this analysis revealed an important difference between the
cytokine expression pattern of spleens and muscles of mdx mice
and suggested that evaluation of cytokines in dystrophic mice
should involve specific investigation of muscle-specific cytokine
patterns and should not rely on analysis of peripheral lymphoid
tissues. Cellular profiles of mdx muscle infiltrates were also exam-
ined (Supplemental Figure 1; supplemental material available
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online with this article; doi:10.1172/JCI37662DS1). These studies
showed that both myeloid and lymphoid cells infiltrate dystro-
phic muscles, with neutrophils being the predominant cell type
(approximately 40%). T cells represented approximately 3% of all
infiltrating cells, with over half present as double-negative T cells
(lacking both CD4 and CD8 expression). NKT cells, which express
both T and NK markers, have not been previously described in
mdx muscle. Cells expressing both NK and T cell markers were
identified in dystrophic muscle and represented approximately
8%-10% of the CD3" cells. These studies show that the mdx milieu
is diverse, involving numerous cytokines and cell types with
potent immunomodulatory and immune effector activity.

T lymphocytes isolated from mdx muscle predominantly express the
VB8.1 /8.2 TCR. Given that our preliminary studies did not identify
a single immunomodulator as an obvious effector of intramuscu-
lar inflammation in mdx mice, we chose to focus more closely on
intramuscular T lymphocytes. Previous studies have shown that a
specific TCR rearrangement is over represented in DMD muscles
(34) and that reductions in T cells correlate with improved indi-
cators of necrosis and fibrosis in DMD (35) and the mdx mouse
(1, 10, 18). Overrepresentation of T cell populations expressing a
restricted set of TCR variable genes could derive from clonal expan-
sion, conserved antigen recognition, or the emergence of a regu-
latory population. To determine whether any TCR subtypes were
overrepresented in the infiltrate, we isolated muscle-infiltrating
leukocytes at the first peak of disease (4 weeks of age) and examined
TCR Vf expression using flow cytometry. T cells from a diverse rep-
ertoire of VP families were represented in the infiltrate; however, in
4 out of 4 independent experiments, there was a predominance of
Volume 119 1585
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T cells expressing VB8.1/8.2 in mdx muscle (Figure 2A). On average,
VP8.1/8.2 was expressed by approximately 30% of all Vp-expressing
cells (i.e,, TCR-B* T cells) isolated from mdx muscle. In comparing
the TCR Vp usage in mdx muscle versus spleen, a bias toward an
elevated appearance of the V8.1/8.2 TCR was observed in dystro-
phic muscle that was not present in the spleen (Figure 2, compare
A and B). Thus, VB8.1/8.2* cells are not generally overrepresented
in circulating cells, and, therefore, it is likely that these cells either
selectively home to or expand in mdx muscle.

We further examined the V[38.1/8.2* cells to ascertain activation
in vivo. Assessment of known T cell activation markers revealed

As *acs B
Q | max
[\ i *%k
S 25
L 2
2 Opn
T 151 ’
[ = Loading |
< 4] :
=z
o
€ 051
s
QO o
4 wk 24 wk
C 17 D
0.8 A .
£
0.6 - g
2 =
0.4 4 &
2
0.2 A <
0 A
4 wk 10 wk 16 wk 10 wk 28 wk
madx mdx mdx C57 C57
Figure 4

3yr Figure 3

OPN is expressed in immune and muscle cells.
Assessment of cellular distribution of OPN was
performed using biopsies from patients with
DMD. Cross sections were stained with goat
anti-OPN (red) and counter stained with hema-
toxylin (blue/purple). OPN was observed in
both muscle fibers that appeared to be healthy
and in clusters of mononucleated cells (B, C,
E, and F); thus, OPN is widely expressed in
muscle and in immune cells. Negative control
sections were stained with goat IgG instead of
OPN antibody (A and D). Original magnifica-
tion of x20.

that the majority of cells expressing V38.1/8.2 also expressed the
activation markers CD69, CD154, CD134, CD49d, and CD106
(Supplemental Table 1). Furthermore, CD69, CD106, CD134,
and CD154 were observed at a higher frequency on V[38.1/8.2*
cells than on all TCR-B* expressing cells, suggesting that these
VP8.1/8.2% cells might be a more active T cell subtype than the
general population of T cells.

VB8.1/8.2* cells secrete OPN. To gain insight into the potential role
of the VB8.1/8.2* cells in muscular dystrophy, we examined pro-
teins synthesized by this cell population. We analyzed V[38.1/8.2*
and VB8.1/8.2" sorted populations and found that the cytokine
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OPN levels are elevated in dystrophic muscle and blood. OPN levels are elevated in mdx mice compared with C57BL/6 controls after disease
onset. OPN was assessed by (A) QPCR of quadriceps muscles and (B) Western blot of diaphragm muscles. (C) Densitometry of the Western
blot is shown in C. (D) OPN levels are also elevated in mdx blood coincident with the onset of disease, as assessed by ELISA. Data are pre-
sented as average values. Error bars represent SEM (A, C, and D). **P < 0.01, as assessed by a 2-tailed Student’s ¢ test.

1586 The Journal of Clinical Investigation

htep://www.jci.org

Volume 119  Number 6  June 2009



w
o

i+
o

dedke

compared with mdx
o =

% Change in DMM

- —

N
=]

204 B220 CD3 NK1.1/

DX5

F4/80 LY6G

mdx

OPN was expressed at high levels in the VB8.1/8.2" cells. Both
RT-PCR (Figure 2C) and QPCR (Figure 2D) revealed high expres-
sion of OPN in the sorted VB8.1/8.2* cells compared with the
VP8.1/8.2" cells. Thus through these studies, OPN emerged as a
candidate modulator of inflammation, because it is secreted by
a subpopulation of activated T cells that appear to be overrepre-
sented in dystrophic muscle.

OPN is highly expressed in dystrophic muscle. Even though we initially
identified OPN as a protein expressed by T lymphocytes infiltrat-
ing mdx muscle, it is known that OPN is a widely expressed pro-
tein found in numerous cells types. Because dystrophic muscle
contains a mixture of cell types, including muscle cells, immune
cells, and fibroblasts, we sought to determine whether other cells
in mdx muscle besides lymphocytes might express OPN. To deter-
mine the localization of OPN in dystrophic muscle, we examined
frozen sections of DMD biopsies by immunohistochemistry with
OPN-specific antibodies. This analysis showed that OPN is pri-
marily expressed by infiltrating immune cells as well as in some
muscle fibers that showed light, cytoplasmic staining (Figure 3).
These observations suggest that in addition to immune cells, mus-
cle fibers could be an additional source of OPN.

The induction of OPN in both muscle and immune cells from
dystrophin-deficient tissue suggests that OPN expression might
also be a marker for disease activity in human muscular dystro-
phies. To test this, we queried the expression of OPN mRNA in a
125 muscle biopsy human data set (36, 37). Of DMD (P = 0.0001),
dysferlin (P = 0.0190), and calpain (P = 0.0086) deficiencies, each
showed very high and statistically significant expression of OPN
mRNA relative to both normal muscle, and other muscle disorders
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Figure 5

Ablation of OPN leads to changes in intramuscular inflammatory cells.
Infiltrating leukocytes were isolated from mdx and DMM mice and
characterized by flow cytometry as described in Methods. Each experi-
ment was performed on leukocytes isolated from muscles of 4 grouped
4-week-old mdx or DMM mice, which were stained for cell surface
markers and analyzed by flow cytometry. Data represent the per-
centage difference in DMM muscles of intramuscular inflamma-
tory cells bearing the indicated cell surface markers compared with
mdx muscles. Data were assessed from 6-8 experiments per stain.
*P <0.05,**P <0.01, as assessed by Mann-Whitney U test (top panel).
Cross sections of 6-month-old mdx and DMM diaphragm muscles
immunostained for Ly6G, a neutrophil marker (red) and counterstained
for hematoxylin (blue). Original magnification of x20 (bottom panel).

(Supplemental Figure 2). Furthermore, after surveying the litera-
ture, we discovered that the mRINA for OPN was highly elevated in
numerous microarray studies of mdx and DMD muscle (compared
with controls) (38-42). QPCR of mdx muscle confirmed the high
OPN expression in mdx muscles at both 4 weeks and 24 weeks of
age (Figure 4A). Protein studies also revealed a large increase in
OPN levels in mdx diaphragm muscles, which appeared highly
elevated at 10 weeks of age and remained elevated at 16 weeks of
age (Figure 4, B and C). Because it is a secreted protein, we assayed
mdx and C57BL/6 serum for OPN. Serum OPN concentration was
significantly elevated above that found in control mice at both
4 weeks and 24 weeks of age (Figure 4D). Thus, OPN is highly
upregulated in dystrophic muscle and serum.

OPN modulates cellular immune profiles in mdx muscles. Previous stud-
ies have shown the OPN can modulate immune cell chemotaxis
to tissues through its binding to CD44, avf3, and avf$ integrins
(20,43). To determine the impact of OPN on immune cell profiles
in dystrophic muscle, we crossed OPN-knockout mice (on the
C57BL/6 background) to mdx mice (on the C57BL/10 background)
to generate OPN-null, dystrophin-deficient, double-mutant mice
(referred to as DMM mice). DMM were compared with mdx litter-
mates expressing normal levels of OPN (referred to as mdx mice).

To examine the role of OPN in regulation of muscle inflamma-
tion, muscle-infiltrating leukocytes were quantitatively assessed in
DMM and mdx muscles. In each of 8 independent experiments,
muscle leukocytes were extracted and pooled from all the muscles
of 4 mice of each genotype, stained, and subjected to flow cytom-
etry to quantitate immune cell subsets. Our analysis demonstrated
a specific reduction in neutrophils but not macrophages in DMM
muscles (Figure S, Supplemental Figure 3, and Supplemental
Tables 2 and 3). These studies suggest that the upregulation in
OPN observed after disease onset plays a role in attracting neutro-
phils to dystrophic muscle.

In addition to reductions in neutrophils, we also quantitated a
significant increase in CD3" cells (Figure 5). To further identify
these CD3"-bearing cells, we gated on CD3 and examined addi-
tional cell surface markers (Figure 6A and Supplemental Table 3).
This analysis revealed significant reductions in CD3"/Vf8.1/8.2*
cells and NKT-like cells (both CD3*/DXS5* and CD3*NK1.1* cells)
in DMM muscle (Supplemental Table 3). Thus, OPN appeared to
also play a role in attracting NKT-like cells to dystrophic muscle;
however, these data do not explain the source of the increase in
CD3* cells in DMM muscles. Interestingly, a marked increase in
CD3*/CD4" cells was observed. To investigate whether these cells
might be Tregs, known to promote tolerance and limit activation
Volume 119 1587
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Lack of OPN is correlated with a reduction in TGF-f. (A) Infiltrating leukocytes isolated from mdx and DMM mice were characterized by flow
cytometry. Shown in the graph is the CD3* population (gated from the live cell population) that was analyzed for coexpression of conventional
T cell and NK cell markers. The graph shows the percentage difference of subpopulations of CD3*-infiltrating cells between DMM and mdx
mice, assessed from 6-8 experiments per stain. (B) QPCR analysis of 4-week-old mdx and DMM quadriceps muscles, using FoxP3 primers
(n =4). (C and D) Cytokine mRNA expression was assessed in mdx and DMM quadriceps muscles at (C) 4 weeks (n = 4) and (D) 6 months of age
(n =4) by QPCR. Expression levels for all QPCR are relative to GAPDH mRNA expression levels. Data are presented as average values. Errors

bars represent SEM (B-D). *P < 0.05; **P < 0.01.

of immune cells, we examined forkhead box P3 (FoxP3) mRNA
expression in DMM and mdx muscles, using QPCR. FoxP3 is a
transcription factor involved in the development and function of
Tregs and is a marker of these cells. This analysis showed a sta-
tistically substantial increase in FoxP3 mRNA in DMM muscles
(Figure 6B). The concomitant increase in CD4"* cells and elevated
FoxP3 mRNA suggested that ablation of OPN induces CD4* Treg
infiltration (Figure 6B). Thus, OPN appears to be an immuno-
modulator that specifically impacts the concentration of NKT-like
cells, neutrophils, and Tregs in dystrophic muscle.

DMM mice have reductions in intramuscular TGF- at 6 months of
age. To understand the net effect of the observed inflammatory
changes in 4-week-old DMM mice on the local cytokine milieu,
we examined intramuscular cytokine profiles in DMM and mdx
mice. In comparing the concentration of numerous cytokines in
DMM versus mdx mice, at both 4 weeks and 6 months of age, we
observed that only 1 cytokine, TGF-3, was decreased in DMM mice
at 6 months of age (Figure 6, C and D). A trend toward an increase
in IFN-y was observed, but the data were not statistically signifi-
cant. Thus, these data reveal a correlation among reductions in
OPN, specific inflammatory changes, and a reduction in the pro-
fibrotic cytokine TGF-f3.

Young mdx mice lacking OPN show improved muscle strength. To assess
whether reductions in OPN and these inflammatory changes
might alter the course of muscular dystrophy in the mdx mouse,
1588
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we examined DMM mice for features of disease. We first exam-
ined young mice for evidence of improvement in muscle strength
and histopathology. Analysis of strength using the wire and grip
strength tests showed that both 4- and 8-week-old DMM mice were
stronger than age-matched mdx littermates (Figure 7, A and B).
Thus, a positive relationship between loss of OPN and increased
muscle function was observed. Quantitative histopathology of
the quadriceps did not reveal obvious differences in the amount
of necrosis in the quadriceps muscles. However, the muscles of
DMM and mdx mice were also assayed for regenerating fibers by
staining cross sections of hindlimb muscles with developmental
myosin heavy chain (AMHC) (Figure 7, C and D). The number of
dMHC-positive fibers was statistically increased in DMM muscles.
This increased number of regenerating fibers at the first onset of
pathology suggested that regeneration is improved in the absence
of OPN on the dystrophic background. Future, in-depth studies
will be necessary to prove this hypothesis. Thus, loss of OPN cor-
relates with reductions in inflammation and improvements in mdx
muscle strength that are retained until at least 8 weeks of age.
Older mdx mice lacking OPN show reduced fibrosis in diaphragm and
beart. At older than 3 months of age, mdx mice no longer dem-
onstrate significant muscular inflammation; thus, it was not sur-
prising to find that 6-month-old DMM mice did not retain the
improvements in strength that were observed at 4 and 8 weeks
of age (data not shown). Since older mdx mice begin to show
Number 6
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increased fibrosis in the diaphragm and heart and because a sig-
nificant link exists in the literature between inflammation and
fibrosis (18, 19), we tested whether the reductions in inflamma-
tion observed in early stages of disease (4-8 weeks) in DMM mice
translated into reduced fibrosis in later stages (6 months). Fibro-
sis was assessed using Masson’s trichrome histochemical staining,
Sircol collagen assay for total collagen content, and Western blots
for type I collagen. These studies showed a significant reduction in
fibrotic tissue accumulation in the diaphragm and hearts of DMM
mice compared with age-matched controls (Figure 8). Western blot
analysis demonstrated significantly less collagen type I in DMM
diaphragms and hearts (Figure 8, B and C) and less total collagen
as assessed by the Sircol assay (Figure 8D). These observations sug-
gested that OPN promotes inflammation, and through its effects
on the inflammatory milieu, contributes to the deposition of
fibrotic tissue observed in dystrophic muscle.

Discussion
In this investigation, we characterized the infiltrating T lympho-
cytes in mdx muscle, with the goal of identifying cells that could
serve as potential pharmacological targets for future studies. Cells
expressing the V38.1/8.2 TCR were found to predominate over other
TCR subtypes in dystrophic muscle. Further investigation of the
VP8.1/8.2* cells showed that they secreted OPN and that elevated
OPN expression in muscle and serum correlated with the disease
process. Follow-up studies showed that VB8.1/8.2* cells were not the
only source of OPN in dystrophic muscle and that other immune
cells as well as muscle tissue could also produce it. Ablation of OPN
resulted in a marked reduction in muscle-infiltrating neutrophils,
NKT-like cells, and VB8.1/8.2* cells. Thus, OPN attracts certain
immune cell subtypes to dystrophic muscle. Ablation of OPN also
caused an increase in intramuscular Tregs. These inflammatory
changes resulted in a net reduction in TGF-f and fibrosis.

OPN and disease. Several studies have demonstrated that OPN is
highly inducible in disease states. For example, OPN was highly
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Figure 7

mdx mice lacking OPN show improved
muscle strength and show an increase
in the number of dMHC-positive fibers
at 4 weeks of age. Muscle strength was
assessed in mdx and DMM mice at
4 weeks (n=8and n =24, respectively) and
8 weeks (n =7 and n = 10, respectively)
of age, using the wire and grip strength
tests. (A) Graph of data obtained in the
wire test. (B) Graph of data obtained in the
grip strength test. Data were normalized
to body weight. (C) Quadriceps muscles
of mdx and DMM mice were sectioned
and stained with anti-mouse dMHC (n =8
and n = 16, respectively) at 4 weeks of
age. The average number of dMHC-posi-
tive fibers was quantitated and normalized
per cross-sectional area. (D) Representa-
tive sections of mdx and DMM quadriceps
stained for dMHC. Original magnifica-
tion, x20. Data in graphs are presented
as average values. Error bars represent
SEM (A-C). *P < 0.05, as assessed by a
2-tailed Student’s ¢ test.

DMM

expressed in white matter adjacent to plaques in brains from
patients with MS as well as in the brains from EAE and Lewis rat
models of MS (44). Furthermore, studies with the OPN-knockout
mouse and/or blocking antibodies have elucidated its role in pro-
motion of diseases such as in rheumatoid arthritis (24), concana-
valin A-induced liver disease (45), and EAE. In the case of EAE, the
improved disease in the OPN-knockout mouse was due to reduced
survival of autoreactive T cells (23). OPN promotes tumor metas-
tases in several different hematopoietic cancers, including multiple
myeloma and chronic myelogenous leukemia (46). Its participa-
tion in these cancers has been attributed to several characteristics
of OPN, including its presence in bone near the hematopoietic
compartment, and its promigratory and proangiogenic properties
(46). Thus, while OPN appears to be widely expressed, its levels are
highly upregulated in response to disease states, such as in the case
of DMD muscle. This feature of upregulation may make OPN an
ideal therapeutic target, since its expression is elevated specifically
in the affected tissue to be targeted.

OPN and muscle. The relationship between OPN and skeletal
muscle is not fully understood. In vitro studies have shown that
skeletal muscle-derived cells can produce OPN (47, 48). In particu-
lar, a recent in vitro study showed that myoblasts and myotubes
from C2C12 cells and primary C57BL/6 myoblast cultures synthe-
size OPN in response to cytokines such as IL-18 and TGF-f} (49).
In agreement with our findings, they also found OPN expression
to be low during the prenecrotic stage of mdx disease and increased
during the necrotic/regenerative stage. These observations suggest
that the elevation of OPN in dystrophic muscle occurs in response
to the inflammatory environment of the muscle. While one study
identified OPN to be highly upregulated (by microarray analysis)
in cardiotoxin-injured muscle, the authors concluded that the
source of the OPN in the microarrays was infiltrating immune
cells (42). OPN has been reported to be expressed by cardiomyo-
cytes (50), although this point is controversial (51), and its expres-
sion increases in models of experimental autoimmune myocarditis
Number 6 1589
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(50). Thus, OPN appears to increase in cardiac and skeletal muscle
following cellular stress or injury.

OPN and regeneration. Pagel and colleagues found a positive rela-
tionship between OPN and muscle regeneration in vitro (49), as
would be expected, due to the ability of OPN to bind CD44 on
myoblasts (52). Conversely, we observed that loss of OPN correlat-
ed with increased dMHC-positive fibers. It is possible that because
OPN has such diverse effects on many different cell types, our
observation of increased muscle regeneration in vivo is indirectly
related to the absence of OPN. Alternatively, concentrations of
OPN in vivo may be much lower than those used in the previous
in vitro studies. Regardless, the current study suggests that the net
effect of loss of OPN in vivo is positive for regeneration; however,
in-depth studies need to be carried out to truly address this issue.
Another possible explanation for the increase in dMHC-positive
fibers is that necrosis is worse immediately preceding the 4-week
analysis point. The data do not support this conclusion, since (a)
the mice are stronger at 4 weeks of age and (b) the histopathol-
ogy of the cross sections did not reveal an increase in necrosis.
Thus, while the possibility that necrosis is worse in the absence of
OPN is a possibility that needs to be taken into account, the likeli-
hood that this scenario is taking place is low. These studies point
out the necessity of future preclinical studies that would target
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Figure 8

Ablation of OPN correlates with reductions in diaphragm and cardiac
fibrosis. (A) Micrographs show representative trichrome staining of
diaphragms from mdx (left panels) and DMM (right panels) animals.
The top 2 panels are of 6-month-old mice, whereas bottom 2 panels
are of 7-month-old mice. Areas of blue staining indicate proliferation
of ECM (i.e., fibrosis), and areas of red staining indicate muscle tis-
sue. Original magnification, x20. (B) Graph of densitometry of collagen
type | Western blots assessed in 6-month-old diaphragms (n = 5-7)
and (C) 1-year-old hearts (n = 6-7). IDV, integrated density value. (D)
Total collagen was assessed biochemically in 6-month-old diaphragms
using the Sircol collagen assay (n = 6-7). Error bars show SEM (B-D).
*P < 0.05, as assessed by a 2-tailed Student’s t test.

OPN therapeutically to monitor the effect of drug intervention
on muscle repair.

What is the source of elevated OPN in dystrophic muscle? Numerous
types of inflammatory cells express OPN, including T cells (our
observations), neutrophils (33), and macrophages (50). Further-
more, muscle cells also produce OPN. One possible scenario for the
appearance of elevated OPN levels in dystrophic muscle is the fol-
lowing. The data in this investigation support the hypothesis that
the initial invading immune cells are the first source of OPN. Once
they have entered the muscle, they could secrete OPN, thus trig-
gering further OPN secretion from skeletal muscle. This hypoth-
esis is supported by the observation that elevated OPN levels are
observed after the initial bout of inflammation in mdx dystrophy.
In the current study, increased expression of OPN in DMD biop-
sies was observed in immune cells and in the cytoplasm of muscle
fibers adjacent to necrotic areas. This increase in muscle OPN may
also derive from fibers experiencing an increase in mechanical
loading (i.e., stress) due to their proximity to weakened, necrotic
areas that are not able to bear loads. Studies using a chronic pres-
sure overload model have shown that OPN increases in the heart
during myocardial hypertrophy (53). In addition, previous studies
have shown that osteocytes deprived of oxygen express elevated
levels of OPN (54). In dystrophic muscle, the stresses of both
hypoxia and increased muscle loading on “healthy” fibers could
feasibly trigger the increased muscular expression of OPN that was
observed in this study. Cleavage of OPN by thrombin results in the
exposure of 2 additional cryptic sites that bind with high affinity
to integrins 9B 1 and a4P1 (24), the latter of which is expressed
by differentiated muscle cells. Thus, while the highly elevated OPN
in dystrophic muscle is clearly due to the inflammation and loss of
load-bearing capability, the role of OPN in normal muscle might
be to facilitate sarcolemmal adhesion to the ECM.

OPN is likely to be modulating the course of fibrosis in mus-
cular dystrophy through its chemotactic and proinflammatory
properties. OPN binds to the integrin CD44, a protein that is
expressed on the surface of some immune cells (1, 32, 55). Our
previous results demonstrated that CD44hih is highly expressed in
leukocytes extracted from dystrophic muscle compared with nor-
mal mice and with splenocytes from dystrophic animals (1). Thus,
infiltrating immune cells from mdx mice are already “primed” to
bind to OPN. Furthermore, previous studies have shown that
OPN binding to CD44 on NKT cells can elicit increased cytokine
secretion and enable their resistance to activation induced cell
death (55). This mechanism might explain the reduction in NKT-
like cells observed in the DMM muscles. These studies are also
the first to show a relationship between OPN and Tregs and also
Volume 119
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between Tregs and muscular dystrophy. These relationships will
need further investigation before their role in the disease process
is completely understood.

OPN, neutrophils, and TGF-B. A reciprocal relationship between
neutrophils and OPN was observed in this study. It was previ-
ously shown that neutrophils can produce OPN and that OPN
is chemotactic for neutrophils in a CD44-independent manner
(33). It is possible that the reduction in neutrophils observed in
the DMM muscle is responsible for the concomitant reduction
in TGF-B. While neutrophils can directly produce OPN, they can
also influence TGF-f production by other cell types. For example,
neutrophils can release elastase, which has been shown to activate
immature DCs and induce them to produce TGF-f (56). In vitro
studies have also shown that neutrophils can release ectosomes
that interfere with the phagocytic ability of DCs, while promoting
their production and release of TGF-f} (57). Furthermore, macro-
phages that phagocytose neutrophils can also produce TGF-f (58,
59). Thus, neutrophils can modulate levels of TGF-f§ through a
variety of mechanisms.

A positive relationship between TGF-f and muscle fibrosis has
been demonstrated repeatedly in the muscular dystrophy litera-
ture, in which it has been shown that reductions in TGF-f3 corre-
late with reductions in diaphragm fibrosis (60, 61). In this investi-
gation, we reveal what we believe to be a novel regulator of TGF-f3
levels in dystrophic muscle called OPN. Ablation of OPN impacted
inflammation and correlated with reduced fibrosis. OPN not only
regulates intramuscular immune cell concentrations but might
also regulate secretion of matrix factors by myofibroblasts (62).
Future studies should be designed to identify methods to pharma-
cologically reduce OPN in muscle tissue and to better understand
the relationship between OPN, Tregs, and the dystrophic process.

Methods
Animals. C57BL/6, mdx (C57BL/10ScSn-mdx/J), and OPN-knockout mice
(B6.Cg-Spp1tm1Blh/T) were obtained from The Jackson Laboratory. The OPN-
knockout mouse was created by replacing exons 4-7 with the phosphoglycer-
ate kinase neomycin resistance cassette (31). To create the DMM mice, male
OPN-knockout mice were crossed with homozygous mdx females (on the
CS57BL/10 background) to produce mice that were heterozygotes for the tar-
geted mutation in OPN and hemizygous (male) or heterozygous (female)
for the dystrophin mutation (on the X chromosome). Female and male F1
progeny were crossed to create DMM mice lacking both OPN and dystro-
phin and mdx littermate controls. Mice were screened for the OPN-knockout
cassette according to Liaw et al. (31), while the point mutation in exon 23
of the mdx mouse was identified by mdx-amplification-resistant mutation
system assay (ARMS PCR) (63). All mice were housed and bred in the UCLA
vivarium, according to regulations stipulated by the Department of Labora-
tory and Animal Medicine. Procedures for animal use, euthanasia, and care
were approved by the UCLA Office of Protection of Research Subjects.
QPCR. RNA was isolated from cells or frozen tissue using TrizoL
(Invitrogen), treated with DNase I (Invitrogen), and transcribed with
SuperScript III (Invitrogen). All PCR reactions were carried out using iQ
SYBR Green Supermix (Bio-Rad) for 40-50 cycles, with a melting tempera-
ture of 94°C for 30 seconds, an annealing temperature of 58°C-60°C for
30 seconds, and an extension temperature of 72°C for 30 seconds. The
following primer pairs were used (all shown 5'-3"): GAPDH (forward),
ACTCCACTCACGGCAAATTC, (reverse), TCTCCATGGTGGTGAAGACA,;
VP8.2 (forward), GAGGCTGCAGTCACCCAAAGCCCAAG; CPA (constant
region-reverse primer for V8.2 PCR), CCAGAAGGTAGCAGAGACCC;
OPN (forward), GATGATGATGACGATGGAGACC, (reverse), CGACT-
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GTAGGGACGATTGGAG; IEN-y (forward), GCTTTGCAGCTCTTCCT-
CAT, (reverse), GTCACCATCCTTTTGCCAGT; IL-4 (forward),
CTCACAGAGAGAAGACTCTGTGCACCGAG, (reverse), CACAGGA-
CAGGAATTCAAGCCCGCCAGGC; IL-6 (forward), AGTTGCCTTCTT-
GGGACTGA, (reverse), TCCACGATTTCCCAGAGAAC; IL-10 (forward),
CCAAGCCTTATCGGAAATGA, (reverse), TTTTCACAGGGGAGA-
AATCG; TGF-f (forward), TGCGCTTGCAGAGATTAAAA, (reverse),
CGTCAAAAGACAGCCACTCA; TNF-a (forward), CCCCAAAGGGAT-
GAGAAGTT, (reverse), CACTTGGTGGTTTGCTACGA; FoxP3 (forward),
ACCACACTTCATGCATCAGC, (reverse), ACTTGGAGCACAGGGGTCT.

ELISPOT assay. ELISPOT plates (Millipore) were coated with capture
antibodies (anti-mouse IFN-y, IL-2, IL-4, IL-6, IL-10, IL-12, and TNF-q
BD Bioscience) diluted in coating buffer (1:200, sterile 1X Dulbecco’s
PBS [DPBS]) and incubated overnight at 4°C. After incubation, plates
were washed twice with blocking solution (sterile RPMI 1640, 10% fetal
bovine serum, 1% penicillin-streptomycin, L-glutamine) and incubated for
2 hours at room temperature with blocking solution. Splenocytes (3 x 10°
cells/well) were suspended in complete media and added to the plates and
incubated overnight at 37°C. Plates were washed twice with distilled water,
washed 2 more times with Wash Buffer I (1X DPBS with 0.05% Tween 20),
and then incubated in detection antibodies (diluted 1:250 in dilution buf-
fer; BD Bioscience) for 2 hours at room temperature. Plates were washed
3 times with Wash Buffer I, followed by the addition of streptavidin-horse-
radish peroxidase for ELISPOT (diluted at 1:100 in dilution buffer), and
incubated at room temperature for 1 hour. Plates were washed 4 times with
Wash Buffer IT (1X DPBS), followed by the addition of Detection Substrate
for ELISPOT (prepared according to manufacture instructions; BD Biosci-
ence), and incubated at room temperature in the dark. Spot development
was monitored for the next 5-40 minutes, and the substrate reaction was
stopped by washing plates with distilled water. Plates were left to dry over-
night in the dark and analyzed at the UCLA Immuno/BioSpot Core using
the ImmunoSpot Series 1 Analyzer (C.T.L.) and then analyzed with Immu-
noSpot 4.0 Professional analysis software (C.T.L.).

Isolation of muscle leukocytes. Muscles were collected and washed with DPBS
without Ca* and Mg* (Invitrogen). Muscles were minced in 10 ml of col-
lagenase solution (0.5 mg/ml Type IA collagenase, 0.5 mg/ml Type IV col-
lagenase in complete RPMI media; Invitrogen) and incubated at 37°C for
45 minutes. Following incubation, muscles were transferred into a 50 ml
conical tube and triturated vigorously until the muscle suspension could
pass easily through a 25 ml pipet. The suspension was then equally ali-
quoted into four 50 ml conical tubes, each brought up to 40 ml with DPBS
and left to settle at room temperature for 5 minutes. The top liquid layer
of each tube was transferred into a new 50 ml conical tube and left to settle
for another 5 minutes at room temperature. The top liquid layers were then
filtered through a 70 um basket into new 50 ml conical tubes, brought
up to 40 ml with DPBS, and centrifuged at 670 g for 10 minutes at room
temperature. Pellets were resuspended in 15 ml of DPBS, layered on 15 ml
of Lympholyte-M (Cedarlane Laboratories), and centrifuged at 2,095 g
for 45 minutes at room temperature. Cells at the interface of each sample
were collected and centrifuged at 965 g for 10 minutes at room tempera-
ture and resuspended in PBS. These preparations yielded approximately
1 x 10° to 2 x 106 highly purified leukocytes per 4 mice.

Flow cytometry. For flow cytometry of mdx leukocytes, 100,000 cells were
used for each stain. Prior to staining, mdx leukocyte suspensions were
incubated with anti-CD16/CD32 (FcyRII/III, clone 2.4G2; BD Bioscience
— Pharmingen) to block nonspecific binding to Fc receptors. The follow-
ing mouse monoclonal antibodies used for staining were all obtained from
BD Bioscience — Pharmingen: CD3e (clone 145-2C11), CD4 (clone RM4-5),
CD8a (clone 53-6.7), TCR-f (clone H57-597), VB2 (clone H57-597), VB3
(clone KJ25), VB5.1/5.2 (clone MR9-4), V38.1/8.2 (clone MRS-2), V8.3
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(clone 1B3.3), VB10b (clone B21.5), V11 (clone RR3-15), VB 14 (clone 14-2),
NK-1.1 (clone PK136), pan NK (clone DXS5), CD49d (04 integrin, clone R1-2),
CD106 (VCAM-1, clone 429), and CD134 (OX-40, clone OX-86). The fol-
lowing mouse mAbs were obtained from eBioscience: CD2 (clone RM2-5),
CD28 (clone 37.51), CD154 (gp39, clone MR1), CD152 (CTLA-4, clone
9H10), CD69 (clone H1.2F3), CD45R (B220, clone RA3-6B2), F4/80 (clone
BMB8), and Ly6G (clone RB6-8CS5). Other mouse mAbs were CD68 (clone
FA-11; AbD Serotec) and CD206 (clone MRSD3; AbD Serotec). Antibodies
were conjugated to FITC, PE, CyS, or biotin. For cells stained with bioti-
nylated antibodies, Tri/Color-conjugated streptavidin (eBioscience) was
added. Optimal working dilutions were determined for each antibody prior
to use. All incubations were performed in Ca*, Mg*-free DPBS (Invitrogen)
at4°C for 30 minutes. Following the last wash, 10*live cells per sample were
acquired on a FACSCalibur (Becton Dickinson) and analyzed with CELL-
Quest Pro software (Becton Dickinson).

Differentiation of Th cells for use as controls for quantitative PCR. Splenocytes
from SC.C7 TCR transgenic mice were stimulated with 1 uM of pigeon
cytochrome C protein, residues 88-104, under Th1-differentiating condi-
tions (10 ng/mlIL-12, 10 ug/ml anti-IL-4, 40 U/ml IL-2). Three days after
primary stimulation, cultures were expanded with complete RPMI supple-
mented with 20 U/ml IL-2. One week after primary stimulation, cells were
washed and equal numbers were restimulated with plate-bound anti-CD3
(1 mg/ml) and soluble anti-CD28 (5 mg/ml) under differentiating condi-
tions. Cells were expanded and maintained with complete RPMI supple-
mented with 20 U/ml IL-2. After treatment, more than 97% of cells were
CD4°IL-4*. Restimulated differentiated cells were first rested for 2-3 days
in complete RPMI without IL-2. These cells were used as controls for Opn
mRNA for quantitative PCR experiments.

Immunobistochemistry. Muscles were dissected, placed on balsa wood,
coated with Tissue-Tek OCT mounting media (Sakura Finetek), and fro-
zen in isopentane cooled by liquid nitrogen. Diaphragm muscles were
cut in half down the midline and rolled before freezing. Ten-micron sec-
tions were cut on a Micron HM 505E cryostat (Micron Instruments Inc.)
and stored at -20°C until use. Immunohistochemistry was performed as
previously described (64).

Histopathology index. To quantitatively assess histopathology, muscle
sections were stained with anti-CD11b (clone M1/70; BD Biosciences) to
emphasize necrotic areas and dMHC (clone RNMy2/9D2; Novocastra) to
emphasize regenerating fibers. A mosaic photograph was then taken of
each cross section using an AXIO Imager MI Zeiss Microscope and ana-
lyzed with AxioVision software (Zeiss). Necrotic or regenerating areas were
demarcated using the software, and data were normalized per total cross-
sectional area. All analyses were performed blindly.

Wire test. Mice were tested for grip strength using a wire apparatus sus-
pended 2 feet from the base. The wire test was made up of 5 trials, with
each trial consisting of a hanging period of 1 minute followed by a rest
period of 1 minute. The hanging time was recorded for each trial. The per-
centage of success was determined as the fraction of the 5 trials in which
the mouse was able to successfully hold on for a full 60 seconds.

Forelimb grip strength test. Forelimb grip strength was measured using a
digital force gauge (DFIS 2, Chatillon CE). In each trial, the mouse was
allowed to grasp a metal rod and the technician slowly pulled the mouse
by the tail until the digital gauge recorded the peak tension (in Newtons)
produced. Five trials were performed with a minimum of 30 seconds rest
in between. Upon completion of the grip strength test, the body weight was
recorded. For analysis, peak tension produced in all 5 trials was averaged
and normalized for body weight.

OPN ELISA assay. Serum OPN concentration was analyzed by solid-phase
sandwich ELISA using a Mouse Osteopontin Assay kit (Immuno-Biologi-
cal Laboratories Inc.) according to the manufacturer’s specifications.
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Human biopsies and microarrays. Flash-frozen muscle biopsies were received
by the Research Center for Genetic Medicine, Children’s National Medical
Center for diagnostic purposes. Informed consent was obtained for the
biopsies. After diagnosis, samples were anonymized and sent to UCLA
for histological analyses. DMD biopsies showed histopathology consis-
tent with a severe dystrophic myopathy and showed complete dystrophin
deficiency by both immunostaining (carboxyl terminal antibodies) and
immunoblot (rod domain antibodies) procedures. Normal controls were
referred for molecular diagnostics but showed normal histology and nor-
mal biochemical studies.

mRNA profiling data sets used here were previously published (36, 37)
and included 13 diagnostic groups, with a total of 125 muscle biopsies
tested on both Affymetrix U133A and U133B microarrays (250 microarrays
total). To query this data set, we used a publicly accessible SAS server with
box plot visualizations (http://pepr.cnmcresearch.org and heep://www.
ncbi.nih.gov/geo).

Human subjects. All experiments using materials from human subjects
were reviewed and approved by the Children’s National Medical Center
Institutional Review Board.

Sircol collagen assay. Total collagen (collagens type I-V) content was
assessed in 6-month-old mouse diaphragms, using the Sircol Soluble
Collagen Assay kit (Accurate Scientific) according to the manufacturer’s
specifications. Briefly, mouse diaphragms were homogenized in 7 vol-
umes of Complete Buffer (Roche) to wet-weight of tissue, sonicated for
30 seconds, and centrifuged at 10,000 g for 10 minutes. Supernatants
were filtered through a 1.2 um syringe filter, and 50 ul of each sample
was transferred to a new tube. Each sample received 50 ul of 0.5 M acetic
acid and was mixed by gentle inversion. Then, 1.0 ml Sircol Dye Reagent
was added and gently mixed for 30 minutes at room temperature. Sam-
ples were then centrifuged at 10,000 g for 10 minutes, the supernatant
was discarded, and 1.0 ml of Sircol Alkali Reagent was then added to
each sample and gently mixed until precipitates dissolved completely.
Then, 100 ul of each sample was transferred to a 96-well ELISA plate,
and absorbance was read at 540 nm using a Multiskan plate reader
(Thermo Fisher Scientific).

Western blots. Muscle samples were homogenized in 40 volumes of reduc-
ing sample buffer (100 mM DTT, 2% SDS, 0.08 M Tris, 10% glycerol) with
protease inhibitors (P-8340; Sigma-Aldrich) and analyzed by Western blot-
ting as previously described (64). Blots were probed with anti-collagen type I
(diluted 1:100, Cedarlane Laboratories) and analyzed by densitometry.

Statistics. For all proposed experiments and procedures, a multiple com-
parison, 1-way ANOVA was used for experiments involving more than
2 groups. Two-tailed Student’s ¢ test or Mann-Whitney U test were used
for experiments using only 2 groups. All ¢ tests were 2 tailed. Values were
considered significantly different if P was less than 0.05. For ELISPOT and
QPCR analysis, means were compared using the ANOVA model, with treat-
ment group as fixed effect and plate as random effect. The inclusion of
a random plate effect takes into account the correlation of observations
within a single plate. Prior to the analysis, the data were log10 transformed,
as log transformed data better approximate a normal distribution. The
results are summarized in the form of geometric means. Log10 (0) is unde-
fined and 0 values are substituted by one-half the minimum observed value
for the purpose of analysis.
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