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Immune-mediated pathology in Duchenne muscular dystrophy
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Abstract

Immunological and inflammatory processes downstream of dystrophin deficiency as well as
metabolic abnormalities, defective autophagy, and loss of regenerative capacity all contribute to
muscle pathology in Duchenne muscular dystrophy (DMD). These downstream cascades offer
potential avenues for pharmacological intervention. Modulating the inflammatory response and
inducing immunological tolerance to de novo dystrophin expression will be critical to the success
of dystrophin-replacement therapies. This Review focuses on the role of the inflammatory
response in DMD pathogenesis and opportunities for clinical intervention.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a genetic disorder of muscle caused by mutations
in the DMD gene encoding the dystrophin protein on the X chromosome. Dystrophin is a
large (427 kD) membrane cytoskeletal protein that imparts structural stability to the plasma
membranes of myofibers, so that they are better able to withstand the contraction/relaxation
cycles and force generation required of muscle tissue. DMD patients are unable to produce
dystrophin. This lack of dystrophin in myofibers leads to contraction-induced membrane
damage with release of cytoplasmic contents and stimulation of innate immunity, cycles of
myofiber degeneration/regeneration, age-related replacement of muscle by fibrofatty
connective tissue, muscle weakness, and, ultimately, death. DMD is among the most
common of neuromuscular disorders, due in large part to the high mutation rate of the very
large gene (2.3 million base pairs). It is also one of the more rapidly progressive of the
neuromuscular disorders: A seemingly healthy young child first shows difficulties keeping
up with peers in early school age, then experiences progressive weakness followed by loss of
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ambulation in the second decade, and typically succumbs to the disease due to
cardiorespiratory complications within his or her mid-to-late 20s.

Spontaneously occurring mouse (mdx), dog (CXMD), and cat models of DMD have been
identified and characterized. These animal models show remarkable variation in the age of
onset and severity of the muscle disease. Within an individual animal, specific muscles are
differentially affected. Indeed, a notable feature of both DMD and its animal model
counterparts is the variable response of certain muscles to the same biochemical defect, with
some showing a hypertrophic rather than a wasting phenotype (1). The species- and muscle-
specific involvement is thought to be driven by differences in the response to muscle damage
and repair, with inflammation playing a major role.

The extent of muscle pathology generally correlates with decreased muscle function. DMD
fetal muscle shows little evidence of pathology, despite the marked dystrophin deficiency at
the myofiber plasma membrane. However, soon after birth, there is strong activation of
multiple components of the innate immune system before the onset of clinical symptoms,
including altered signaling via Toll-like receptors (TLR4, TLR7) and via nuclear factor xB
(NF-xB), and expression of major histocompatibility complex (MHC) class | molecules on
muscle cells (which do not normally express MHC class I). There is increasing evidence that
membrane instability and associated release of cytoplasmic contents into the extracellular
space mediate this chronic activation of the innate immune system and associated
inflammatory response. A second pathological process, which is superimposed on the
chronic proinflammatory state, is that of segmental degeneration and regeneration of
myofibers. In this process, fibers (singly or in groups) are infiltrated by neutrophils and
phagocytosed by macrophages. Meanwhile, resident myogenic stem cells are activated and
differentiate into myoblasts, and regeneration of the myofiber occurs within the preexisting
basal lamina. As the regenerated myofibers remain dystrophin-deficient, this leads to
successive focal bouts of degeneration and regeneration, with a specific temporally staged
pattern of inflammatory infiltrates. Although such bouts of degeneration and regeneration
are successful in the healing of wild-type muscle, they fail to heal DMD muscle. Ultimately,
with increasing age, the interplay between chronic activation of innate immunity and
asynchronous and neighboring bouts of degeneration and regeneration combine to yield a
poorly orchestrated repair response that may itself drive disease progression.

DYSTROPHIN-DEFICIENT SKELETAL MUSCLE: LOSS OF IMMUNOLOGICAL
PRIVILEGE

Skeletal muscle tissue has unique features that appear to result in a relatively low capacity to
generate localized immune responses. The tissue has a low number of resident dendritic
cells, mast cells, and other proinflammatory cells per gram of tissue. It is a preferred site of
immunization because of such immunological privilege, which confers a very low rate of
abscess and granuloma formation compared to the subcutaneous route of administration.
Underlying such observations, muscle as a site of immunization has also been found to be
less sensitive to adjuvants, with less necrosis and irritation compared to subcutaneous
delivery (2).
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Critical aspects of the normal biology of muscle necessitate its immune privileged status, a
phenomenon that is highlighted by its failure in DMD. As part of normal intensive muscle
activity, large syncytial myofibers show leakage of cytoplasmic contents into the
extracellular milieu, with muscle cytoplasmic enzymes (creatine kinase) appearing in blood
and microscopic and cellular evidence of the unrestricted flow of cytoplasmic content across
membranes. It is well established that leakage of cell cytoplasm into the extracellular milieu
is a potent trigger of innate immune responses, including the binding of damage-associated
molecular pattern (DAMP) molecules (for example, heat shock proteins and nucleic acids) to
TLRs with subsequent inflammasome formation (3). Although leakage of cytoplasmic
contents in actively exercising normal muscle (particularly eccentric or lengthening
contractions) activates TLRs, the relative immune privilege coupled with rapid membrane
repair and intact dystrophin appear to limit and quickly resolve inflammation. Moreover,
given that there is no constitutive MHC class | expression on skeletal muscle cells, there is
no progression from innate to adaptive immune responses with exercise-induced injury.

Upon trauma or other acute damage, muscle can become necrotic. However, muscle is also a
regenerative tissue with myofiber necrosis resulting in a highly orchestrated sequence of
cellular events involving different subsets of inflammatory infiltrates that unfolds over about
2 weeks. First, neutrophils infiltrate the necrotic area within hours, followed by M1
(inflammatory) macrophages within days. Subsequently, M2 (modulatory) macrophages
gradually replace the M1 macrophages. As with subnecrotic damage, the interactions of
myofibers with the immune system are highly staged and resolve quickly with return of
function in normal muscle. The nature of muscular activity is captured in the term “bout
effect,” conveying the concept that all types of damage to normal muscle are typically
episodic and have a well-orchestrated resolution of inflammation and repair (4).

In DMD, on the other hand, dystrophin deficiency leads to chronic membrane instability
with a continuous release of TLR ligands into the extracellular milieu (Fig. 1). Persistent
membrane instability leads to self-sustaining activation of the innate immune response.
Proinflammatory cytokines induce constitutive MHC class | and 11 expression on muscle
cells, recruitment of T and B cells, and generation of an adaptive immune response in the
muscle milieu. This proinflammatory micro-environment is often superimposed on the
neutrophil and macrophage infiltrations induced by successive courses of myofiber
degeneration and regeneration. In contrast to the full resolution of a single bout of
inflammation and repair of normal muscle, dystrophin-deficient muscle loses the bout effect.
Neighboring fibers or groups of fibers enter the necrotic stage at different times in the 2-
week degeneration/regeneration cycle (asynchronous regeneration), thus sustaining a chronic
inflammatory state, which, in turn, creates a more proinflammatory environment with
activation of innate immune pathways, and evidence of increased antigen presentation (5)

(Fig. 2).

As noted above, specific muscles show marked variability in pathology, both within an
individual biopsy, between muscles in a human patient, and among species. One potential
explanation for this variability is the extent to which inflammation is provoked. The
interplay between the effects of chronic stimulation of innate immunity by membrane
leakage (primary defect) and bouts of asynchronous degeneration/regeneration may be kept
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at a low level in some muscles, but in others may synergize to become destructive. Many of
these immunopathological features of dystrophin-deficient muscle vary depending on
muscle group and age (6-10). For example, in both dystrophin-deficient humans and dogs,
the sartorius muscle is spared; although the basis for such sparing is uncertain, studies
suggest that multiple interacting pathways may have protective roles (7). Notably, there are
additional aspects of pathophysiology, over and above inflammation, that likely contribute to
variability including induction of compensatory pathways (utrophin, myostatin, and others),
type of activity of specific muscle groups (for example, stress on myofibers), and others.

WHERE IT BEGINS: ACTIVATION OF THE INNATE IMMUNE RESPONSE

Pattern recognition receptors such as TLRs detect not only materials originating from
microbes but also those arising from damaged cells of the host. Self-molecules released from
damaged cells that activate TLRs are those displaying DAMPs. DAMPs arising from
damaged or necrotic muscle include heat shock proteins, high-mobility group box 1
(HMGB1) proteins, and reactive oxygen species as well as nucleic acids.

In dystrophin-deficient muscle, myofiber-derived RNA molecules may be the most potent
DAMPs as TLR7 (specific for single-stranded RNA) expression is up-regulated at very early
stages of the disease in muscle, in infiltrating mononuclear cells, and in blood vessels of
presymptomatic DMD patients (<1 year of age) (Fig. 1) (11). TLR7 up-regulation is
accompanied by activation of inflammatory signaling pathways, leading to elevated
expression of MHC class I and Il molecules and complement factors D and H, as detected
by mRNA profiling and immunohistochemistry studies. Expression of subsets of this early
inflammatory gene cluster (HLA-DQp, HLA-DRp, and complement factor D) increases
with age in presymptomatic DMD patients, but most remain stably up-regulated throughout
the disease course (11). Expression of other TLRs should be investigated in DMD given that
TLR1 to TLR4 and TLR7 to TLR9 were found to be up-regulated in the mdx murine model
of DMD (12). Also consistent with a key role for TLR7-induced inflammation in DMD
muscle is the highly up-regulated NF-xB signaling pathway that acts downstream of TLR7
(Fig. 1) (11). NF-xB activation is known to induce expression of downstream mediators of
inflammation including cytokines, chemokines, and adhesion molecules, which recruit
innate immune cells to infiltrate the tissue and activate local cells at the damaged tissue site.

COMPLEMENT ACTIVATION: A PLAYER IN DYSTROPHIN-DEFICIENT
MUSCLE?

The complement system, part of the innate immune system, links the capacity of antibodies
and phagocytic cells to clear opsonized cells and proteins, promotes chemotaxis, and targets
cells for lysis by the membrane attack complex. Three biochemical pathways lead to
complement activation: the classical, alternative, and lectin pathways (13). The classical and
alternative pathways are triggered by the C1 complex and hydrolysis of C3, respectively,
whereas opsonins, mannose-binding lectins, and ficolins activate the lectin pathway.
Complement-mediated damage may be an underappreciated element of muscle pathology
and myofiber damage in DMD. Indeed, in DMD and other inflammatory myopathies,
complement membrane attack complexes with complement components C5b-C9 have been
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detected (using a monoclonal antibody specific for the neoantigens of the attack complex)

on necrotic muscle fibers, but not on nonnecrotic fibers (14). Immunoglobulin was not
detected on such fibers, indicating that complement was activated by the alternative pathway,
a finding further supported by the up-regulation in DMD of complement factors B and D and
properdin, which are known to interact with C3. Moreover, the C5a cleavage fragment
generated during activation of the alternative pathway is chemotactic for macrophages and
neutrophils, the former being highly abundant in DMD muscle. Thus, agents that inhibit
formation of the complement membrane attack complex have the potential to diminish
muscle necrosis in DMD. These include eculizumab, a monoclonal antibody that specifically
binds to C5, preventing generation of the terminal attack complex. Eculizumab is approved
for use in paroxysmal nocturnal hemoglobinuria (15). The role of C3, however, is not clear.
Although C3 was localized to all necrotic fibers in DMD, usually well above background
levels, the receptor for C3 has been found to negatively regulate TLR7-mediated signaling
(by degrading MyD88). Thus, C3 may be serving an anti-inflammatory role in this setting
(16). Therefore, it is puzzling that ablation of C3 in mdx mice failed to have an effect on
muscle pathology. This finding may reflect the overall lesser degree of muscle pathology in
mdx mice than in DMD patients or could indicate species-specific differences in activity of
this complement element (17).

CYTOKINES AND CHEMOKINES

Cytokines and chemokines often serve a modulatory role at the interface of innate immune
activation and adaptive immunity (Fig. 1). A number of chemokines have been associated
with DMD pathology, as determined by studies of gene expression and
immunohistochemistry. Studies profiling gene expression in DMD muscle indicate that four
chemokines—CCL14, CCL2, CXCL12, and CXCL14—are up-regulated (18). In
immunohistochemistry studies, CXCL12, CXCL11, and CCL2 all showed increased
expression in the blood vessel endothelium of DMD patients. CXCL14 was not evaluated in
DMD by this method (19). CXCL14 has been shown to be a chemoattractant for and an
activator of dendritic cells, although its receptor is currently unknown (20). Activated
dendritic cells, marked by positive staining for or up-regulation of CD86, DC-LAMP, and
HLA-DR, are prominent in DMD muscle and may well reflect upstream activation of
CXCL14, but further studies are needed to better define this mode of dendritic cell
activation.

Intriguingly, mdx mouse muscle shows expression of an array of chemokines that are quite
distinct from those in DMD, which may help to explain the differences in pathogenesis
between the two diseases (21). Especially intriguing is the finding that resident regulatory T
cells (Tregs) in muscle express CCR1, a receptor for CCL5 and CCL7 that is expressed in
mdx muscle but not in DMD muscle (22). Thus, the milder disease phenotype in mdx mice
could be attributable to better recruitment of cells with immunosuppressant properties.

CXCL12 is present on normal muscle fibers and is highly expressed in regenerating muscle
fibers in DMD. CXCL12, acting through CXCR4, attracts the majority of leukocytes and
lymphocytes including macrophages, CD4* T cells, and CD8" T cells, the very portrait of
the cellular infiltrate in DMD muscle (19). However, the CXCL12/CXCR4 axis is also
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important in muscle regeneration as demonstrated in mice, where it regulates migration of
both proliferating and terminally differentiated muscle cells and is necessary for proper
fusion of muscle cells (23). In this regard, plerixafor, the first CXCR4 antagonist approved
by the U.S. Food and Drug Administration for mobilization of hematopoietic stem cells in
the setting of malignancy, is a potential investigative treatment option to decrease
inflammation in DMD (Table 1). However, the reduction in inflammation may come at the
cost of inhibiting the mobilization of satellite cells important in muscle repair (24).

Tumor necrosis factor-a (TNF-a) is associated with inflammation in numerous
autoimmune and inflammatory settings, but whether it contributes to inflammation in DMD
is not clear. Although it has been detected in 62% of DMD patient biopsies (19), it has not
been cited in the list of top inflammatory mediators in more recent gene expression profiling
studies (18). Moreover, TNF-a appears to have a dichotomous role in muscle physiology as
illustrated by studies in mdx mice: mice lacking both dystrophin and TNF-a showed
decreased muscle mass and evidence of accelerated pathological progression (in diaphragm
muscles). This is consistent with the finding that TNF-a has a prominent role in promoting
muscle maintenance and repair. In contrast, mdx mice treated with infliximab (that express
TNF-a during early development and as neonates) had a delayed appearance of muscle
pathology, potentially supporting the use of TNF-a blockade to slow disease progression
(25) (Table 1). Additional studies are therefore needed to clarify the time course and
correlation of TNF-a expression with pathological changes in DMD to better understand
whether blockade with approved TNF-a inhibitors should be considered further.

Other inflammatory cytokines including interleukin-1p (IL-1p), interferon-y (IFN-y), IL-6,
and type | IFNs do not appear prominent in gene expression arrays, but several proteins
induced by IFN-+y are indeed up-regulated. Moreover, although direct evidence that IFN-y
contributes to inflammation in DMD is lacking, genetic deletion of IFN-y in mdx mice
attenuated myofiber injury and increased running time on a treadmill (26). In addition,
specific deletion of Tregs led to enhanced expression of an IFN-y genetic signature,
suggesting that IFN-y may indeed have a role in the immunopathology of DMD and thus
warrants further study. Although detection of IL-1p and IL-6 in tissues by
immunohistochemistry and reverse transcription polymerase chain reaction (RT-PCR) is
variable, dystrophin-deficient primary muscle cells have been shown to produce substantial
amounts of IL-1f (27). Importantly and unexpectedly, in mdx mouse studies in which IL-6
was blocked with a monoclonal antibody, muscle pathology worsened, suggesting a
paradoxical anti-inflammatory role for IL-6 at least in the mdx mouse (28) (Table 1). Insight
into why IL-6 may diminish inflammation rather than promote it comes from studies
demonstrating that signaling through the IL-6R induces expression of IL-4R on
macrophages, which is essential for them to switch from a proinflammatory M1 type to an
M2 type that boosts tissue repair (29).

INNATE IMMUNITY AND THE ROLE OF MACROPHAGES

An increasing appreciation of the diverse nature of infiltrating macrophages in mdx mice has
led to consideration of additional strategies to minimize damage and promote healing of
muscle in DMD (Fig. 1). M1 macrophages (classically activated, proinflammatory) play a
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strong role in muscle injury in mdx mice early in disease because of the nitric oxide—
mediated cytolytic capacity of such cells. Elimination of macrophages early in mdx disease
produced a reduction in muscle lesions (30). Later in the course of disease, IL-10—-induced
M2c macrophages (activated by an alternative pathway) deactivate these proinflammatory
M1 cells, resulting in tissue repair (31). Thus, suppression of a proinflammatory response in
mdx mice by IL-10—producing cells including Tyeqs may be critical for permitting the
generation of reparative M2 macrophages (26). Treatment with IL-10 would therefore
appear worthy of investigation, although to date there is no evidence of its efficacy in studies
of autoimmunity (32). However, this may be due to failure to deliver the agent in sufficient
amounts to the afflicted cells or tissues when administered systemically. Whether a sufficient
dose of IL-10 would enable its access to muscle if given systemically is not known but could
be tested in animal models. Direct injection or gene-induced expression in muscle is also a
possibility, at least to evaluate proof of concept.

CHRONIC TRANSFORMING GROWTH FACTOR— SIGNALING AND
FIBROSIS IN DMD MUSCLE

As with many chronic inflammatory conditions, DMD muscle shows age-related increases
in transforming growth factor—p (TGF-p) and associated fibrotic replacement of the tissue.
The regulation of the immune system by TGF- is highly complex and context-dependent
(33), making development of TGF- inhibitors difficult. However, TGF-p is the one factor
that all studies agree is consistently up-regulated in DMD, with expression of TGF-f and
TGF-B receptors (TGFBR) associated with symptomatic disease (34). Patients with DMD
show higher expression of TGF-B1, with peak expression between 2 and 6 years of age, and
more fibrosis than do patients with Becker’s muscular dystrophy or other muscular
dystrophies (35).

When bound by TGF-B, its receptor canonically signals through Smad2/3 (TGF-p Smads)
and Smad4 (36). However, in the context of TGF-f overexpression in disease settings,
Smad?2/3 aberrantly associates with Smad1 and Smad5 (bone morphogenetic protein Smads)
forming “mixed Smad” complexes (37) that have been observed in mouse models of
pathological fibrosis. Indeed, Smadl and Smad5 are up-regulated and activated in DMD
(38).

TGF-p is secreted as an inactive protein that requires additional processing to assume its
active form. It is worth noting that matrix metalloprotease 2 (MMP2), known to activate
TGF-p (39), is up-regulated in DMD muscle, suggesting a possible role for MMP2 in
activating TGF-p in this setting (40). TGF-p may also be activated in response to pH
changes, reactive oxygen species, and matrix rigidity (41). The part played by these factors
in converting TGF-B to its active form in DMD is not known. Also supportive of a key role
for TGF-B1 pathways in DMD disease progression is the identification of two genetic
modifier loci (SPP1 and LTBP4) both known to alter TGF-B1-mediated pathways and DMD
disease severity (42, 43). Indeed, data about genetic modifiers suggest that TGF-p1
pathways may be more important than any other downstream pathway in driving the
progressive muscle wasting and weakness observed in DMD.

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.
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Recent data on regenerating microenvironments in wild-type mouse muscle have shown that
connective tissue remodeling is a normal part of a “bout” of muscle regeneration (5).
However, with asynchronous bouts of regeneration in neighboring microenvironments, TGF-
B1 becomes constitutively activated, leading to continuous connective tissue remodeling
eventually resulting in fibrosis (Fig. 2) (5). Thus, mouse model data also support the
importance of TGF-p1 pathway modulation in the chronically inflamed muscle of DMD
patients. A key feature of this model is that the normally tightly orchestrated influx of
neutrophils, M1 macrophages, and then M2 macrophages during normal myofiber
regeneration is perturbed because of inappropriate crosstalk between neighboring
asynchronously remodeling myofibers in DMD muscle (Fig. 2).

Myostatin or GDF8, a member of the TGF-p superfamily, negatively regulates muscle
differentiation and growth. Spontaneous mutations in humans or deliberate knockout of this
factor in mice induces muscle hypertrophy; hence, this factor has been targeted as a way to
improve muscle function (44). In the mdx mouse and in DMD skeletal muscle, myostatin
MRNA expression appears to be down-regulated (45). This may represent an adaptive
response to maintain muscle mass and to rescue dystrophic muscle. Further investigations
into myostatin protein expression and its relationship to the inflammatory response, fibrosis,
and loss of muscle mass in DMD are needed to evaluate whether this protein could prove to
be a therapeutic target.

OTHER FACTORS CONTRIBUTING TO FIBROSIS

The increased expression in DMD muscle of collagen species, connective tissue growth
factor, osteopontin (46), and the tissue inhibitor of metalloproteinases-1 (TIMP1), which has
been linked to development of pulmonary and liver fibrosis (46, 47), may similarly
contribute to fibrosis in DMD muscle. Osteopontin is highly expressed in muscle and by
infiltrating T cells in the mdx mouse, and its MRNA is up-regulated in DMD (48). Knocking
out osteopontin in the mdx mouse reduced fibrosis and enhanced muscle strength through a
combined effect that resulted in reduced TGF-B and increased Tgg infiltration. However, as
with other proinflammatory agents, osteopontin may have a positive effect on muscle
regeneration as shown in vitro (49). Agents that antagonize or neutralize osteopontin will
need to be evaluated in animal models of DMD (Table 1).

“ORPHAN” MARKERS

In a study of DMD muscle biopsies (50) using an Affymetrix microarray (HuGeneFL) and
confirmed by immunohistochemistry, factor XIlla was shown to be overexpressed
concomitantly with HLA-DRa by activated dendritic cells. The function of factor Xllla, a
tissue transglutaminase, in activated dendritic cells is not clear, but it may contribute to
collagen formation and fibrosis in DMD muscle. More data are clearly needed to identify the
role, if any, of this factor in disease pathology (51). Although muscle cells do not express
MHC class Il antigens under normal physiological conditions, they may do so in some
inflammatory myopathies and thus are important markers of inflammation (52, 53).
Moreover, the dendritic cells and macrophages invading inflamed muscle do express MHC
class Il, and both of these populations can therefore serve as antigen-presenting cells for
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CD4* MHC class ll-restricted T cells that provide help to CD8* cytolytic cells that are
specific for muscle-derived peptides (for example, dystrophin) in the context of MHC class
I

Thrombospondin 4 (TSP-4) is up-regulated in DMD by as much as 15-fold. A role for
TSP-4 in inflammation has been shown in mouse models of atherosclerosis in which TSP-4
was ablated. These studies revealed that TSP-4 activates endothelial cells and macrophages
and promotes macrophage adhesion and migration (54). TSP-4 may well contribute to
inflammation in the setting of DMD, but this requires further investigation.

MUSCLE MAST CELLS: EXACERBATION OF CHRONIC INFLAMMATION

Mast cells are typically associated with allergic inflammation, particularly in lung and skin.
In normal muscle, the few resident mast cells are localized around arteries and veins, and are
small and quiescent. Dystrophin-deficient muscle exhibits marked proliferation of mast cells
throughout the endomysial connective tissue that surrounds myofibers; these mast cells are
typically large or degranulated, and are chronically activated (55). This suggests that the
chronic inflammatory state in mdx mouse muscle and DMD muscle leads to recruitment of
mast cells from the circulation or induces proliferation of tissue-resident populations, which
then degranulate in the proinflammatory milieu. Consistent with this model, mild damage to
normal skeletal muscle induces mast cell recruitment from the peripheral circulation (56).

The proteases and cytokines released by degranulation of mast cells localized in endomysial
connective tissue might be expected to exacerbate the already fragile dystrophin-deficient
plasma membrane, and this is indeed the case (57). Also consistent with a role for mast cells
in exacerbating both the proinflammatory state and membrane damage is the finding that
engineering mdx mice to produce more mast cells led to a worsening of disease pathology
including increased fibrosis (58). In contrast, pharmacological inhibition of mast cell
production in mdx mice ameliorated the disease phenotype (Table 1) (59, 60). Thus, a
potential therapeutic strategy may be to counter mast cell degranulation.

ADAPTIVE IMMUNITY: T CELL INVOLVEMENT IN DMD

The roles of CD4* T cells and CD8* T cells in DMD muscle pathology have been examined
critically in humans and in animal models. Steinman and colleagues in 1994 discovered that
the T cells in the muscle of 12 DMD patients expressed the VB2 T cell receptor (TCR) and
also predominantly the JB1.3 segment (61). Additionally, in 5 of 12 patient samples (all
HLA-A A2- or Al-positive), there was a common amino acid motif, RVSG, in the CDR3
region of V2. This proclivity for VB2 TCR sequences was not observed in muscle from
patients with other muscle diseases such as polymyositis (which had a predominance of
VB15 TCR) (61). Although the antigenic specificity of these T cells was not evaluated, these
studies suggest that among CD8" T cells (assumed to be such by HLA-A restriction)
infiltrating DMD muscle, there may be selection for a subset of T cells that are specific to a
restricted set of muscle antigens. Oligoclonality of T cell subsets was also observed in the
mdx mouse model, with V8.1/8.2 being the predominant population in muscle but not in
spleen (48), further supporting antigen restriction of the T cell response in dystrophin-
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deficient muscle. It is likely that these oligoclonally derived T cells are specific for
dystrophin peptides in the context of MHC class | and 11 expressed on revertant myofibers.
Nonetheless, specificities for other muscle proteins should be investigated because it is
possible that prolonged inflammation has unleashed an autoimmune response that has spread
to other epitopes in different muscle proteins.

In other patient studies, dystrophin-specific CD8" T cells were detected in the peripheral
blood lymphocyte population of patients with DMD and were presumed to originate through
exposure of T cells to expression of a partial dystrophin molecule on revertant myofibers
(62). However, these dystrophin-specific T cells were evaluated neither for their use of
restricted VB2 CDR3 segments nor for the presence of the RVSG CDR3 motif.

In mdx mice, elimination of either CD4* or CD8* T cell populations had a salutary effect on
muscle histopathology: there was a 61% reduction in histopathology after CD4* T cell
depletion and a 75% reduction after CD8* T cell depletion (63). Both perforin-mediated and
non—perforin-mediated mechanisms appear to be involved in the damage caused by CD8* T
cells. One mechanism by which CD8" T cells potentially contribute to muscle damage
involves recruitment of inflammatory cells such as eosinophils, an immune cell type that was
reduced in mdx muscle after CD8" T cell depletion in mice (64). Critically, T cell depletion
[by breeding mdx mice onto a SCID (severe combined immunodeficient) background]
significantly reduced both TGF-B expression as well as fibrosis in the muscles of these
animals (65). The prominence of CD8" T cell-mediated pathology in DMD is further
supported by the effect of steroid treatment in DMD patients. Improvements in muscle
strength in DMD patients treated with low-dose (0.75 mg/kg per day) or high-dose (1.5
mg/kg per day) steroids correlated with a reduction in total T cell number, particularly in
CD8™* T cells, as well as a reduction in the number of muscle fibers focally invaded by
lymphocytes (66).

REGULATORY T CELLS IN MDX MOUSE MUSCLE AND DMD MUSCLE

Many of the CD4* T cells infiltrating DMD muscle appear to be regulatory in nature, that is,
Tregs In the mdx mouse model, the number of Tyegs increases in dystrophic muscle at early
and late time points in disease, and, similar to DMD muscle, shows evidence of clonal
expansion suggesting antigen specificity. Eliminating the Tyeq population with the highest
expression of CD25 by treating mdx mice with an anti-CD25 monoclonal antibody
worsened disease by histopathological assessment, induced a modest increase in creatine
kinase (a muscle-specific enzyme released after muscle damage), and up-regulated genes
encoding osteopontin and connective tissue growth factor, both of which are associated with
fibrosis (22). In contrast, administration of antibody-complexed IL-2 (IL-2C) expanded the
number of Tegs, reduced inflammation and muscle damage, and caused a marked reduction
in creatine kinase (67) (Table 1). The activity of Tregs in these studies was attributed to Tyeg-
mediated secretion of IL-10, an immunosuppressive cytokine. These findings indicate that
Tregs likely dampen both the inflammatory and fibrotic processes affecting DMD muscle.
Tregs May also have direct effects on muscle growth and regeneration through secretion of
amphiregulin, an epidermal growth factor family member whose receptors are expressed on
muscle satellite cells that are critical for muscle regeneration (22).
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Increased numbers of Treqs in DMD muscle have been reported and correlate with an
increase in IL-10 expression as measured by gPCR (quantitative real-time fluorescence
PCR) (67). Thus, indiscriminate elimination of CD4* T cells in DMD may prove damaging
rather than beneficial. Rapamycin spares and even induces production of Tyegs in diverse
clinical settings (68, 69). This drug also preserves Tegs in mdx mouse muscle while
reducing CD4* and CD8" effector T cells and decreasing muscle fiber necrosis (70). The
Akt/mTOR (mammalian target of rapamycin) pathway targeted by rapamycin is a critical
regulator of many muscle phenomena including hypertrophy, atrophy, and fiber size, and its
down-regulation has the potential to negatively affect muscle regeneration. Bearing in mind
the requirement for Akt/mTOR signaling in muscle regeneration, rapamycin treatment
reduced muscle fiber regeneration in mdx mice, but overall had favorable effects on disease
due to its immunomodulatory capabilities (70). Rapamycin may also have an overall positive
impact on autophagy, which fails in DMD muscle due to chronic activation of the Akt/
mMTOR pathway (Table 1) (71, 72). Treatment with low-dose IL-2 enhanced Teg eXpansion
in the settings of graft-versus-host disease and vasculitis induced by hepatitis C virus
infection (73, 74). Together with treatment of mdx mice with antibody-complexed I1L-2,
these studies provide a rationale for considering IL-2 as a treatment for DMD.

THERAPEUTIC OPPORTUNITIES IN DMD

Glucocorticoids

Steroid therapy is a mainstay of treatment for DMD patients with beneficial effects on
muscle strength, muscle mass, and a delay in disease progression (75). Such effects are
assumed to occur through the immunomodulatory activities of these drugs. This has been
substantiated in part in a study of DMD patients treated with steroids. Improvements in
muscle strength in DMD patients treated with low-dose (0.75 mg/kg per day) or high-dose
(1.5 mg/kg per day) steroids correlated with a reduction in total T cell number, particularly
CD8™ T cells, as well as in the number of muscle fibers focally invaded by lymphocytes
(66). No changes were observed in B cells, CD4" T cells, macrophages, or muscle fiber
necrosis. A recent study of dystrophin-specific T cell immunity in DMD as a function of
steroid treatment—DMD patients received either prednisone (24 patients) or deflazacort (29
patients) compared to no treatment for patients (19) or healthy controls (21 individuals)—
confirmed the correlation between steroid treatment and a reduction in muscle-specific T
cells. There was a substantial reduction in dystrophin-specific T cells [measured by IFN-y
ELISPOT (enzyme-linked immunospot)—positive peripheral blood lymphocytes, which may
have underestimated their frequency] in steroid-treated DMD patients: 0% dystrophin-
specific T cell responses in healthy controls; 9 of 17 (53%) dystrophin-specific T cell
responses in untreated DMD patients; and 11 of 53 (21%) dystrophin-specific T cell
responses in steroid-treated DMD patients (5 of 29 with deflazacort; 6 of 24 prednisone)
(Table 1). Deflazacort appeared to be more effective than prednisone in this study. Moreover,
older subjects (in their teens) had a higher incidence of dystrophin-specific T cells, which
also decreased after steroid therapy. There was an 82% response rate in the treatment-naive
group and a 55% response rate in the steroid-treated group by age 20. This higher incidence
may be due to the increased frequency in expression of dystrophin by revertant myofibers as
DMD patients advance in age (62). Studies of a new steroid-like molecule (VBP15) in mdx
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mice suggest that the ability of glucocorticoids to block the master transcription factor NF-
xB is crucial for steroid efficacy (transrepression). On the other hand, steroid action on gene
promoters (transactivation) may drive the side effects seen in DMD patients and other
patient populations treated chronically with steroids (Table 1) (76). VBP15 also shows
membrane stabilization properties that may counteract dystrophin deficiency.

Glucocorticoid treatment clearly mitigates symptoms of DMD and has added years of
mobility for patients. One might expect that glucocorticoids would show efficacy in a certain
subset of the 43 genetic subtypes of muscular dystrophy (www.musclegenetable.fr) given
that they all share inflammation as a key symptom (both chronic stimulation of innate
immunity, and cycles of degeneration/regeneration). However, there have been very few
clinical trials of glucocorticoids in other types of muscular dystrophy, due in large part to the
rarity of these conditions and the variability in presentation and disease progression.
Anecdotal evidence suggests that some forms of muscular dystrophy (for example, FKRP
deficiency) may be responsive to steroids, but that such treatment may be detrimental in
others (for example, dysferlin deficiency) (77). There is no convincing explanation for these
differences.

Other immune suppressants

Steroids have activities apart from immunosuppression that appear to contribute to their
activity in DMD, as other immunosuppressant agents generally have failed to affect muscle
function. In a randomized controlled clinical trial, azathioprine reduced the cellular infiltrate
in DMD muscle and yet had no effect on measures of muscle function, either alone or in
combination with low-dose steroids (78). In a randomized double-blind study of
cyclosporine A (CysA), administered either alone or together with steroids, the agent failed
to improve muscle strength or boost improvements beyond those of steroid treatment alone,
although effects on the cellular infiltrate were not assessed in this study (Table 1) (79).
However, in another nonrandomized placebo-controlled study in which the muscle
characteristics of DMD patients showed a defined decline over 4 months, CysA treatment
halted the decline and patients showed improvements in muscle strength with a larger dose
(5 mg/kg versus 3.5 to 4 mg/kg) than that used in the randomized controlled study (80). The
primary effect of CysA may be due to diminished muscle cell apoptosis (81), but this is not
known in the context of DMD. In canine DMD, treatment with CysA and prednisone
demonstrated a mixed outcome with improvement in some muscle characteristics but
worsening of others. Improvements were observed in motor scores, gait analysis, and
possibly contracture relief, but these were offset by the worsening of force measurements
(although this may be due to possible measurement artifact) and worsening of
histopathology (with an increase in calcified myofibers) (82).

Of critical importance to such studies is the effect of various immunosuppressive agents on
induction, proliferation, and activity of Tyegs. Most studies of CysA in diverse clinical
settings indicate that CysA exerts an adverse impact on Tyeqs and may obliterate the
beneficial effects of this crucial T cell population in DMD. In this regard, the
immunomodulatory agent rapamycin might be a better therapeutic option for DMD patients.
Studies in mdx mice have shown that rapamycin ameliorates the dystrophic phenotype by
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suppressing the accumulation of effector T cells in muscle but leaving Tieq responses intact
(70). Other recent studies using IL-2/anti—IL-2 antibody immune complexes suggest that
targeting the 1L-2 pathway to increase Treg numbers and function may ameliorate the
severity of muscular dystrophy (Table 1) (67).

Targeting innate immunity

To block the contribution of the innate immune response to disease, there are agents that
inhibit activation of TLR7 and downstream signaling including the lysosomal inhibitor
chloroquine (83) and immunoregulatory oligodeoxynucleotide sequences (84, 85). Blockade
of TLR7 and TLR9 signaling using systemically administered oligonucleotide antagonists
reduced the inflammatory infiltrate in mdx mouse muscle and damage to muscle as indicated
by decreased creatine kinase and improved muscle function (Table 1) (12). In addition,
inhibition of the NF-xB pathway ameliorated the dystrophic phenotype and improved
muscle function in mdx mice (86-88).

The CXCL12/CXCR4 axis may prove to be a reasonable target for reducing the
inflammatory response, but as with other factors that are proinflammatory, caution is needed
when considering its blockade. In DMD, it is possible that CXCR4 contributes to trafficking
of inflammatory cells from blood to muscle, but therapeutic targeting of CXCR4 with agents
such as plerixafor, an approved CXCR4-specific antagonist (Table 1), may also interfere
with muscle regeneration (89). Blockade of IL-6 is not warranted in DMD, at least based on
data from the mdx mouse model. Although there are approved agents to block IL-1, it is not
clear that such treatment would be appropriate without further data substantiating that this
cytokine does have an impact on disease progression.

Targeting TGF-p

As with other factors implicated in the pathophysiology of DMD, TGFs have opposing
activities that are specific to disease evolution (90). Although strongly associated with
fibrosis, TGF-p also has immunosuppressant activity and is a critical factor in the generation
and potentially the maintenance of Tyegs (91). However, the importance of TGF- to the
muscle-resident Tyegs present in mdx mouse muscle (22) that suppress inflammation is not
known (67). Neutralization of TGF-p early in disease may increase inflammation, preclude
generation or expansion of Tyegs, and increase muscle degeneration, but later in disease, such
neutralization may limit fibrosis. A case could be made for treatment with TGF-f blockers
early in disease in the context of a combination therapy that decreases cellular activation and
inflammation (via NF-xB pathways). This would allow the anti-fibrogenic activity of TGF-p
blockade to predominate while fostering conditions for Tyeq development and expansion.
However, a recent study showed that the proliferation of Tyegs in the presence of TNF-a is
potently inhibited by TGF-B (92). Conditional knockout of TGF-B1 in FOXP3* Tegs resulted
in increased numbers of these cells in the lymph nodes (93), suggesting that, under some
circumstances, TGF-f antagonism might actually expand the Tyeq population. The impact of
TGF-B blockade on the induction and activity of Tyegs in DMD or its animal models requires
more study.
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Further support for the reduction of TGF-p as a therapeutic strategy comes from studies in
mdx mice and in the spontaneously arising canine model of DMD, golden retriever muscular
dystrophy (GRMD). Fibrosis and symptomatology occur early in the dog disease, more
closely mimicking human DMD than does the mouse model, and are associated with an
increase in TGF-B1 expression (94). In mdx mice, antibody-mediated depletion of TGF-p
resulted in a reduction of connective tissue in the diaphragm as well as a large increase in
CD4* T cells (95). It is not clear whether these CD4* T cells are effector or regulatory in
nature given the potential importance of TGF-f in the generation of Tyegs. In additional mdx
mouse studies, treatment with losartan, an angiotensin 11 type 1 receptor antagonist that
attenuates TGF-p—mediated signaling in multiple animal models, diminished fibrosis and
improved muscle performance (96). Preliminary studies in DMD patients treated by
blocking the angiotensin Il type 1 receptor with losartan or the angiotensin-converting
enzyme (ACE) with lisinopril showed improved cardiac ejection fractions (97), although the
improved contractility may be at least partly attributable to afterload reduction. Moreover,
although a control group was lacking, spontaneous improvement in cardiac ejection fraction
in this setting is highly unlikely. Only one patient developed signs of potentially heightened
immunoreactivity (allergic reaction) potentially due to the effect of diminished TGF-f on
Treg development and stability.

The major concern with TGF-p antagonism involves the potential for generation of
widespread inflammation, autoimmunity, or cardiovascular complications, as has been
observed in TGF-p knockout mice (98, 99). However, in human clinical trials of TGF-p
blockade, these outcomes have not been observed (100, 101). Indeed, given the vast
experience with ACE and angiotensin Il type 1 receptor blockers that antagonize TGF-B,
such concerns are at least partially alleviated, although the extent to which TGF- activity is
blocked by these agents at the doses used to treat hypertension is not clear. Thus, approved
drugs including angiotensin Il type 1 receptor antagonists, such as losartan and candesartan,
and ACE inhibitors, such as lisinopril, should be repur-posed and tested for their ability to
reduce TGF-p—mediated fibrosis in DMD (Table 1). However, ACE inhibitors may be less
desirable because they preclude angiotensin signaling through angiotensin 11 type 2 receptor,
which mediates beneficial activities such as vasodilation, natriuresis, inhibition of renin
biosynthesis, and protection of the kidney from inflammation and ischemic injury (102).
Preliminary studies of these agents in DMD suggest acceptable safety and potential efficacy,
and these studies should be expanded. There are many unapproved experimental agents
under development to block TGF- activity including antisense oligonucleotides and RNA,
monoclonal antibodies, ligand traps and peptides, and small-molecule inhibitors, which are
in various stages of clinical development (34, 103). Further, experimental evaluation of such
agents in DMD models should be undertaken.

DRUGS WITH ANTI-FIBROTIC ACTIVITY

Approved phosphodiesterase inhibitors, such as sildenafil, which reduce muscle weakness
and fibrosis in mdx mouse models (104) and alleviate cardiac dysfunction (105), are being
evaluated in clinical trials. This agent does not appear to exert anti-fibrotic effects through
modulation of TGF-p, but instead is thought to counteract nitric oxide synthase deficiency at
the myofiber membrane and improve blood flow. Pentoxifylline, a nonselective
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phosphodiesterase inhibitor with both anti-inflammatory and antifibrotic activities (thought
to act through modulation of TGF-p signaling) (106), nonetheless failed to prevent
deterioration in muscle function over a 1-year evaluation period in DMD patients (Table 1)
(107). Pirfenidone, an antifibrotic agent (108) that has been shown to inhibit the secretion of
TNF-a and TGF-B and to inhibit TGF-B signaling by preventing nuclear accumulation of
active Smad2/3 complexes in animal studies (109), is approved in Europe and the United
States for idiopathic pulmonary fibrosis (Table 1). Such an agent could be considered for
further evaluation in DMD.

CONCLUSION

In addition to providing short-term benefits akin to steroid therapy, immunomodulation in
DMD could be an adjunct treatment for other therapies (such as gene and exon skipping
therapies) that may provide long-term benefit. Boosting immunosuppression to both reduce
inflammation and induce immune tolerance may foster conditions that increase the
likelihood of success for such treatments. Such worthy goals are likely to be achieved by
activating Tyegs, which reduced inflammation and fibrosis in the mdx mouse model.
Critically, Tyegs and other anti-inflammatory approaches will be of continued importance in
taming inflammation even after successful dystrophin-replacement therapy. Dystrophin-
replacement efforts to date have focused on elaboration of partial dystrophin species such
that chronic inflammation is likely to continue even after the successful deployment of such
treatments. Finally, intervening at the earliest stages of disease, before muscle loss and
fibrosis, will be critical to effect long-term disease amelioration in DMD.

Acknowledgments

K.N. is the co-founder and president of AGADA Biosciences, Halifax, Canada, and is cofounder of ReveraGen
BioPharma, Maryland, USA. E.H. is the founder, the CEO, and a board member of ReveraGen BioPharma and is
vice president and cofounder of AGADA Biosciences. ReveraGen BioPharma is developing an anti-inflammatory
drug, VBP15, for the treatment of DMD.

REFERENCES AND NOTES

1. Kornegay JN, Childers MK, Bogan DJ, Bogan JR, Nghiem P, Wang J, Fan Z, Howard JF Jr,
Schatzberg SJ, Dow JL, Grange RW, Styner MA, Hoffman EP, Wagner KR. The paradox of muscle
hypertrophy in muscular dystrophy. Phys Med Rehabil Clin N Am. 2012; 23:149-172. [PubMed:
22239881]

2. National Center for Immunization, Respiratory Diseases. General recommendations on
immunization—Recommendations of the Advisory Committee on Immunization Practices (ACIP).
MMWR Recomm Rep. 2011; 60:1-64.

3. Pétrilli V, Dostert C, Muruve DA, Tschopp J. The inflammasome: A danger sensing complex
triggering innate immunity. Curr Opin Immunol. 2007; 19:615-622. [PubMed: 17977705]

4. Hyldahl RD, Nelson B, Xin L, Welling T, Groscost L, Hubal MJ, Chipkin S, Clarkson PM, Parcell
AC. Extracellular matrix remodeling and its contribution to protective adaptation following
lengthening contractions in human muscle. FASEB J. 2015; 29:2894-2904. [PubMed: 25808538]

5. Dadgar S, Wang Z, Johnston H, Kesari A, Nagaraju K, Chen YW, Hill DA, Partridge TA, Giri M,
Freishtat RJ, Nazarian J, Xuan J, Wang Y, Hoffman EP. Asynchronous remodeling is a driver of
failed regeneration in Duchenne muscular dystrophy. J Cell Biol. 2014; 207:139-158. [PubMed:
25313409]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Page 16

. Lott DJ, Forbes SC, Mathur S, Germain SA, Senesac CR, Lee Sweeney H, Walter GA, Vandenborne

K. Assessment of intramuscular lipid and metabolites of the lower leg using magnetic resonance
spectroscopy in boys with Duchenne muscular dystrophy. Neuromuscul Disord. 2014; 24:574-582.
[PubMed: 24798221]

. Nghiem PP, Hoffman EP, Mittal P, Brown KJ, Schatzberg SJ, Ghimbovschi S, Wang Z, Kornegay

JN. Sparing of the dystrophin-deficient cranial sartorius muscle is associated with classical and
novel hypertrophy pathways in GRMD dogs. Am J Pathol. 2013; 183:1411-1424. [PubMed:
24160322]

. Willcocks RJ, Arpan 1A, Forbes SC, Lott DJ, Senesac CR, Senesac E, Deol J, Triplett WT, Baligand

C, Daniels MJ, Sweeney HL, Walter GA, Vandenborne K. Longitudinal measurements of MRI-T2
in boys with Duchenne muscular dystrophy: Effects of age and disease progression. Neuromuscul
Disord. 2014; 24:393-401. [PubMed: 24491484]

. Chamberlain JS. Duchenne muscular dystrophy models show their age. Cell. 2010; 143:1040-1042.

[PubMed: 21183068]

. Quinlan JG, Hahn HS, Wong BL, Lorenz JN, Wenisch AS, Levin LS. Evolution of the mdx mouse
cardiomyopathy: Physiological and morphological findings. Neuromuscul Disord. 2004; 14:491—
496. [PubMed: 15336690]

Chen YW, Nagaraju K, Bakay M, Mclintyre O, Rawat R, Shi R, Hoffman EP. Early onset of
inflammation and later involvement of TGF in Duchenne muscular dystrophy. Neurology. 2005;
65:826-834. [PubMed: 16093456]

Henriques-Pons A, Yu Q, Rayavarapu S, Cohen TV, Ampong B, Cha HJ, Jahnke V, Van der
Meulen J, Wang D, Jiang W, Kandimalla ER, Agrawal S, Spurney CF, Nagaraju K. Role of Toll-
like receptors in the pathogenesis of dystrophin-deficient skeletal and heart muscle. Hum Mol
Genet. 2014; 23:2604-2617. [PubMed: 24368419]

Sturfelt G, Truedsson L. Complement in the immunopathogenesis of rheumatic disease. Nat Rev
Rheumatol. 2012; 8:458-468. [PubMed: 22664835]

Engel AG, Biesecker G. Complement activation in muscle fiber necrosis: Demonstration of the
membrane attack complex of complement in necrotic fibers. Ann Neurol. 1982; 12:289-296.
[PubMed: 6753731]

Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, Bedrosian C, Bingham C, Cohen DJ,
Delmas Y, Douglas K, Eitner F, Feldkamp T, Fouque D, Furman RR, Gaber O, Herthelius M,
Hourmant M, Karpman D, Lebranchu Y, Mariat C, Menne J, Moulin B, Nurnberger J, Ogawa M,
Remuzzi G, Richard T, Sberro-Soussan R, Severino B, Sheerin NS, Trivelli A, Zimmerhackl LB,
Goodship T, Loirat C. Terminal complement inhibitor eculizumab in atypical hemolytic—uremic
syndrome. N Engl J Med. 2013; 368:2169-2181. [PubMed: 23738544]

Reed JH, Jain M, Lee K, Kandimalla ER, Faridi MH, Buyon JP, Gupta V, Clancy RM.
Complement receptor 3 influences toll-like receptor 7/8-dependent inflammation: Implications for
autoimmune diseases characterized by antibody reactivity to ribonucleoproteins. J Biol Chem.
2013; 288:9077-9083. [PubMed: 23386618]

Han R, Frett EM, Levy JR, Rader EP, Lueck JD, Bansal D, Moore SA, Ng R, Beltran-Valero de
Bernabe D, Faulkner JA, Campbell KP. Genetic ablation of complement C3 attenuates muscle
pathology in dysferlin-deficient mice. J Clin Invest. 2010; 120:4366-4374. [PubMed: 21060153]
Pescatori M, Broccolini A, Minetti C, Bertini E, Bruno C, D’Amico A, Bernardini C, Mirabella M,
Silvestri G, Giglio V, Modoni A, Pedemonte M, Tasca G, Galluzzi G, Mercuri E, Tonali PA, Ricci
E. Gene expression profiling in the early phases of DMD: A constant molecular signature
characterizes DMD muscle from early postnatal life throughout disease progression. FASEB J.
2007; 21:1210-1226. [PubMed: 17264171]

De Paepe B, Creus KK, Martin JJ, De Bleecker JL. Upregulation of chemokines and their receptors
in Duchenne muscular dystrophy: Potential for attenuation of myofiber necrosis. Muscle Nerve.
2012; 46:917-925. [PubMed: 23225384]

Hara T, Tanegashima K. Pleiotropic functions of the CXC-type chemokine CXCL14 in mammals. J
Biochem. 2012; 151:469-476. [PubMed: 22437940]

Porter JD, Guo W, Merriam AP, Khanna S, Cheng G, Zhou X, Andrade FH, Richmonds C,
Kaminski HJ. Persistent over-expression of specific CC class chemokines correlates with

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 17

macrophage and T-cell recruitment in madlx skeletal muscle. Neuromuscul Disord. 2003; 13:223—
235. [PubMed: 12609504]

Burzyn D, Kuswanto W, Kolodin D, Shadrach JL, Cerletti M, Jang Y, Sefik E, Tan TG, Wagers AJ,
Benoist C, Mathis D. A special population of regulatory T cells potentiates muscle repair. Cell.
2013; 155:1282-1295. [PubMed: 24315098]

Griffin CA, Apponi LH, Long KK, Pavlath GK. Chemokine expression and control of muscle cell
migration during myogenesis. J Cell Sci. 2010; 123:3052-3060. [PubMed: 20736301]

Brzoska E, Kowalewska M, Markowska-Zagrajek A, Kowalski K, Archacka K, Zimowska M,
Grabowska I, Czerwinska AM, Czarnecka-Goéra M, Streminska W, Janczyk-Ilach K, Ciemerych
MA. Sdf-1 (CXCL12) improves skeletal muscle regeneration via the mobilisation of Cxcr4 and
CD34 expressing cells. Biol Cell. 2012; 104:722-737. [PubMed: 22978573]

Grounds MD, Torrisi J. Anti-TNFa (Remicade) therapy protects dystrophic skeletal muscle from
necrosis. FASEB J. 2004; 18:676-682. [PubMed: 15054089]

Villalta SA, Deng B, Rinaldi C, Wehling-Henricks M, Tidball JG. IFN-y promotes muscle damage
in the max mouse model of Duchenne muscular dystrophy by suppressing M2 macrophage
activation and inhibiting muscle cell proliferation. J Immunol. 2011; 187:5419-5428. [PubMed:
22013114]

Rawat R, Cohen TV, Ampong B, Francia D, Henriques-Pons A, Hoffman EP, Nagaraju K.
Inflammasome up-regulation and activation in dysferlin-deficient skeletal muscle. Am J Pathol.
2010; 176:2891-2900. [PubMed: 20413686]

Kostek MC, Nagaraju K, Pistilli E, Sali A, Lai SH, Gordon B, Chen YW. IL-6 signaling blockade
increases inflammation but does not affect muscle function in the mdx mouse. BMC
Musculoskelet Disord. 2012; 13:106. [PubMed: 22716658]

Mauer J, Chaurasia B, Goldau J, Vogt MC, Ruud J, Nguyen KD, Theurich S, Hausen AC, Schmitz
J, Bronneke HS, Estevez E, Allen TL, Mesaros A, Partridge L, Febbraio MA, Chawla A,
Wunderlich FT, Bruning JC. Signaling by IL-6 promotes alternative activation of macrophages to
limit endotoxemia and obesity-associated resistance to insulin. Nat Immunol. 2014; 15:423-430.
[PubMed: 24681566]

Wehling M, Spencer MJ, Tidball JG. A nitric oxide synthase transgene ameliorates muscular
dystrophy in mdx mice. J Cell Biol. 2001; 155:123-131. [PubMed: 11581289]

Villalta SA, Nguyen HX, Deng B, Gotoh T, Tidball JG. Shifts in macrophage phenotypes and
macrophage competition for arginine metabolism affect the severity of muscle pathology in
muscular dystrophy. Hum Mol Genet. 2009; 18:482-496. [PubMed: 18996917]

Donnelly RP, Young HA, Rosenberg AS. An overview of cytokines and cytokine antagonists as
therapeutic agents. Ann N 'Y Acad Sci. 2009; 1182:1-13.

Soderberg SS, Karlsson G, Karlsson S. Complex and context dependent regulation of
hematopoiesis by TGF-p superfamily signaling. Ann N'Y Acad Sci. 2009; 1176:55-69. [PubMed:
19796233]

Akhurst RJ, Hata A. Targeting the TGFp signalling pathway in disease. Nat Rev Drug Discov.
2012; 11:790-811. [PubMed: 23000686]

Bernasconi P, Torchiana E, Confalonieri P, Brugnoni R, Barresi R, Mora M, Cornelio F, Morandi
L, Mantegazza R. Expression of transforming growth factor-p1 in dystrophic patient muscles
correlates with fibrosis. Pathogenetic role of a fibrogenic cytokine. J Clin Invest. 1995; 96:1137—
1144. [PubMed: 7635950]

Moustakas A, Heldin CH. The regulation of TGF signal transduction. Development. 2009;
136:3699-3714. [PubMed: 19855013]

Daly AC, Randall RA, Hill CS. Transforming growth factor B-induced Smad1/5 phosphorylation in
epithelial cells is mediated by novel receptor complexes and is essential for anchorage-independent
growth. Mol Cell Biol. 2008; 28:6889-6902. [PubMed: 18794361]

Shi S, de Gorter DJ, Hoogaars WM, Hoen PAt, ten Dijke P. Overactive bone morphogenetic protein
signaling in heterotopic ossification and Duchenne muscular dystrophy. Cell Mol Life Sci. 2013;
70:407-423. [PubMed: 22752156]

Jenkins G. The role of proteases in transforming growth factor-p activation. Int J Biochem Cell
Biol. 2008; 40:1068-1078. [PubMed: 18243766]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 18

Zanotti S, Gibertini S, Di Blasi C, Cappelletti C, Bernasconi P, Mantegazza R, Morandi L, Mora
M. Osteopontin is highly expressed in severely dystrophic muscle and seems to play a role in
muscle regeneration and fibrosis. Histopathology. 2011; 59:1215-1228. [PubMed: 22175901]

Hagler MA, Hadley TM, Zhang H, Mehra K, Roos CM, Schaff HV, Suri RM, Miller JD. TGF-B
signalling and reactive oxygen species drive fibrosis and matrix remodelling in myxomatous mitral
valves. Cardiovasc Res. 2013; 99:175-184. [PubMed: 23554457]

Flanigan KM, Ceco E, Lamar KM, Kaminoh Y, Dunn DM, Mendell JR, King WM, Pestronk A,
Florence JM, Mathews KD, Finkel RS, Swoboda KJ, Gappmaier E, Howard MT, Day JW,
McDonald C, McNally EM, Weiss RB. United Dystrophinopathy Project. LTBP4 genotype
predicts age of ambulatory loss in Duchenne muscular dystrophy. Ann Neurol. 2013; 73:481-488.
[PubMed: 23440719]

Pegoraro E, Hoffman EP, Piva L, Gavassini BF, Cagnin S, Ermani M, Bello L, Soraru G, Pacchioni
B, Bonifati MD, Lanfranchi G, Angelini C, Kesari A, Lee |, Gordish-Dressman H, Devaney JM,
McDonald CM. Cooperative International Neuromuscular Research Group. SPP1 genotype is a
determinant of disease severity in Duchenne muscular dystrophy. Neurology. 2011; 76:219-226.
[PubMed: 21178099]

Krivickas LS, Walsh R, Amato AA. Single muscle fiber contractile properties in adults with
muscular dystrophy treated with MY0-029. Muscle Nerve. 2009; 39:3-9. [PubMed: 19086063]

Tseng BS, Zhao P, Pattison JS, Gordon SE, Granchelli JA, Madsen RW, Folk LC, Hoffman EP,
Booth FW. Regenerated /madx mouse skeletal muscle shows differential mMRNA expression. J Appl
Physiol. 2002; 93:537-545. [PubMed: 12133862]

Gueders MM, Foidart JM, Noel A, Cataldo DD. Matrix metalloproteinases (MMPs) and tissue
inhibitors of MMPs in the respiratory tract: Potential implications in asthma and other lung
diseases. Eur J Pharmacol. 2006; 533:133-144. [PubMed: 16487964]

Lorena D, Darby IA, Gadeau AP, Leen LL, Rittling S, Porto LC, Rosenbaum J, Desmouliére A.
Osteopontin expression in normal and fibrotic liver. Altered liver healing in osteopontin-deficient
mice. J Hepatol. 2006; 44:383-390. [PubMed: 16221502]

Vetrone SA, Montecino-Rodriguez E, Kudryashova E, Kramerova |, Hoffman EP, Liu SD, Miceli
MC, Spencer MJ. Osteopontin promotes fibrosis in dystrophic mouse muscle by modulating
immune cell subsets and intramuscular TGF-. J Clin Invest. 2009; 119:1583-1594. [PubMed:
19451692]

Uaesoontrachoon K, Yoo HJ, Tudor EM, Pike RN, Mackie EJ, Pagel CN. Osteopontin and skeletal
muscle myoblasts: Association with muscle regeneration and regulation of myoblast function in
vitro. Int J Biochem Cell Biol. 2008; 40:2303-2314. [PubMed: 18490187]

Chen YW, Zhao P, Borup R, Hoffman EP. Expression profiling in the muscular dystrophies:
Identification of novel aspects of molecular pathophysiology. J Cell Biol. 2000; 151:1321-1336.
[PubMed: 11121445]

Richardson VR, Cordell P, Standeven KF, Carter AM. Substrates of Factor XI1I-A: Roles in
thrombosis and wound healing. Clin Sci. 2013; 124:123-137. [PubMed: 23075332]

Nagaraju K, Raben N, Merritt G, Loeffler L, Kirk K, Plotz P. A variety of cytokines and
immunologically relevant surface molecules are expressed by normal human skeletal muscle cells
under proinflammatory stimuli. Clin Exp Immunol. 1998; 113:407-414. [PubMed: 9737670]
Wiendl H, Lautwein A, Mitsdorffer M, Krause S, Erfurth S, Wienhold W, Morgalla M, Weber E,
Overkleeft HS, Lochmiiller H, Melms A, Tolosa E, Driessen C. Antigen processing and
presentation in human muscle: Cathepsin S is critical for MHC class Il expression and upregulated
in inflammatory myopathies. J Neuroimmunol. 2003; 138:132-143. [PubMed: 12742663]

Frolova EG, Pluskota E, Krukovets |, Burke T, Drumm C, Smith JD, Blech L, Febbraio M,
Bornstein P, Plow EF, Stenina Ol. Thrombospondin-4 regulates vascular inflammation and
atherogenesis. Circ Res. 2010; 107:1313-1325. [PubMed: 20884877]

Gorospe JR, Tharp MD, Hinckley J, Kornegay JN, Hoffman EP. A role for mast cells in the
progression of Duchenne muscular dystrophy? Correlations in dystrophin-deficient humans, dogs,
and mice. J Neurol Sci. 1994; 122:44-56. [PubMed: 8195802]

Gorospe JR, Nishikawa BK, Hoffman EP. Recruitment of mast cells to muscle after mild damage. J
Neurol Sci. 1996; 135:10-17. [PubMed: 8926490]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Page 19

Gorospe JR, Tharp M, Demitsu T, Hoffman EP. Dystrophin-deficient myofibers are vulnerable to
mast cell granule-induced necrosis. Neuromuscul Disord. 1994; 4:325-333. [PubMed: 7981589]

Granchelli JA, Pollina C, Hudecki MS. Duchenne-like myopathy in double-mutant mdx mice
expressing exaggerated mast cell activity. J Neurol Sci. 1995; 131:1-7.

Granchelli JA, Avosso DL, Hudecki MS, Pollina C. Cromolyn increases strength in exercised mdx
mice. Res Commun Mol Pathol Pharmacol. 1996; 91:287-296. [PubMed: 8829768]

Radley HG, Grounds MD. Cromolyn administration (to block mast cell degranulation) reduces
necrosis of dystrophic muscle in mdx mice. Neurobiol Dis. 2006; 23:387-397. [PubMed:
16798005]

Gussoni E, Pavlath GK, Miller RG, Panzara MA, Powell M, Blau HM, Steinman L. Specific T cell
receptor gene rearrangements at the site of muscle degeneration in Duchenne muscular dystrophy.
J Immunol. 1994; 153:4798-4805. [PubMed: 7963545]

Flanigan KM, Campbell K, Viollet L, Wang W, Gomez AM, Walker CM, Mendell JR. Anti-
dystrophin T cell responses in Duchenne muscular dystrophy: Prevalence and a glucocorticoid
treatment effect. Hum Gene Ther. 2013; 24:797-806. [PubMed: 24010700]

Spencer MJ, Montecino-Rodriguez E, Dorshkind K, Tidball JG. Helper (CD4%) and cytotoxic
(CD8™) T cells promote the pathology of dystrophin-deficient muscle. Clin Immunol. 2001;
98:235-243. [PubMed: 11161980]

Cai B, Spencer MJ, Nakamura G, Tseng-Ong L, Tidball JG. Eosinophilia of dystrophin-deficient
muscle is promoted by perforin-mediated cytotoxicity by T cell effectors. Am J Pathol. 2000;
156:1789-1796. [PubMed: 10793090]

Farini A, Meregalli M, Belicchi M, Battistelli M, Parolini D, D’Antona G, Gavina M, Ottoboni L,
Constantin G, Bottinelli R, Torrente Y. T and B lymphocyte depletion has a marked effect on the
fibrosis of dystrophic skeletal muscles in the sciad/madx mouse. J Pathol. 2007; 213:229-238.
[PubMed: 17668421]

Kissel JT, Burrow KL, Rammohan KW, Mendell JR. Mononuclear cell analysis of muscle biopsies
in prednisone-treated and untreated Duchenne muscular dystrophy. CIDD Study Group.
Neurology. 1991; 41:667-672. [PubMed: 2027481]

Villalta SA, Rosenthal W, Martinez L, Kaur A, Sparwasser T, Tidball JG, Margeta M, Spencer MJ,
Bluestone JA. Regulatory T cells suppress muscle inflammation and injury in muscular dystrophy.
Sci Transl Med. 2014; 6:258ral42.

Battaglia M, Stabilini A, Migliavacca B, Horejs-Hoeck J, Kaupper T, Roncarolo MG. Rapamycin
promotes expansion of functional CD4TCD25*FOXP3* regulatory T cells of both healthy subjects
and type 1 diabetic patients. J Immunol. 2006; 177:8338-8347. [PubMed: 17142730]

Noris M, Casiraghi F, Todeschini M, Cravedi P, Cugini D, Monteferrante G, Aiello S, Cassis L,
Gotti E, Gaspari F, Cattaneo D, Perico N, Remuzzi G. Regulatory T cells and T cell depletion:
Role of immunosuppressive drugs. J Am Soc Nephrol. 2007; 18:1007-1018. [PubMed: 17287424]
Eghtesad S, Jhunjhunwala S, Little SR, Clemens PR. Rapamycin ameliorates dystrophic phenotype
in mdx mouse skeletal muscle. Mol Med. 2011; 17:917-924. [PubMed: 21607286]

Bibee KP, Cheng YJ, Ching JK, Marsh JN, Li AJ, Keeling RM, Connolly AM, Golumbek PT,
Myerson JW, Hu G, Chen J, Shannon WD, Lanza GM, Weihl CC, Wickline SA. Rapamycin
nanoparticles target defective autophagy in muscular dystrophy to enhance both strength and
cardiac function. FASEB J. 2014; 28:2047-2061. [PubMed: 24500923]

Boppart MD, Burkin DJ, Kaufman SJ. Activation of AKT signaling promotes cell growth and
survival in a7p1 integrin-mediated alleviation of muscular dystrophy. Biochim Biophys Acta.
2011; 1812:439-446. [PubMed: 21216283]

Koreth J, Matsuoka K, Kim HT, McDonough SM, Bindra B, Alyea EP I1l, Armand P, Cutler C, Ho
VT, Treister NS, Bienfang DC, Prasad S, Tzachanis D, Joyce RM, Avigan DE, Antin JH, Ritz J,
Soiffer RJ. Interleukin-2 and regulatory T cells in graft-versus-host disease. N Engl J Med. 2011;
365:2055-2066. [PubMed: 22129252]

Saadoun D, Rosenzwajg M, Joly F, Six A, Carrat F, Thibault V, Sene D, Cacoub P, Klatzmann D.
Regulatory T-cell responses to low-dose interleukin-2 in HCV-induced vasculitis. N Engl J Med.
2011; 365:2067-2077. [PubMed: 22129253]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 20

Moxley RT I11, Ashwal S, Pandya S, Connolly A, Florence J, Mathews K, Baumbach L, McDonald
C, Sussman M, Wade C. Quality Standards Subcommittee of the American Academy of
Neurology; Practice Committee of the Child Neurology Society. Practice parameter:
Corticosteroid treatment of Duchenne dystrophy: Report of the Quality Standards Subcommittee
of the American Academy of Neurology and the Practice Committee of the Child Neurology
Society. Neurology. 2005; 64:13-20. [PubMed: 15642897]

Heier CR, Damsker JM, Yu Q, Dillingham BC, Huynh T, Van der Meulen JH, Sali A, Miller BK,
Phadke A, Scheffer L, Quinn J, Tatem K, Jordan S, Dadgar S, Rodriguez OC, Albanese C,
Calhoun M, Gordish-Dressman H, Jaiswal JK, Connor EM, McCall JM, Hoffman EP, Reeves EK,
Nagaraju K. VBP15, a novel anti-inflammatory and membrane-stabilizer, improves muscular
dystrophy without side effects. EMBO Mol Med. 2013; 5:1569-1585. [PubMed: 24014378]

Walter MC, Reilich P, Thiele S, Schessl J, Schreiber H, Reiners K, Kress W, Muller-Reible C,
Vorgerd M, Urban P, Schrank B, Deschauer M, Schlotter-Weigel B, Kohnen R, Lochmuller H.
Treatment of dysferlinopathy with deflazacort: A double-blind, placebo-controlled clinical trial.
Orphanet J Rare Dis. 2013; 8:26. [PubMed: 23406536]

Griggs RC, Moxley RT 111, Mendell JR, Fenichel GM, Brooke MH, Pestronk A, Miller JP, Cwik
VA, Pandya S, Robison J, King W, Signore L, Schierbecker J, Florence J, Matheson-Burden N,
Wilson B. Duchenne dystrophy: Randomized, controlled trial of prednisone (18 months) and
azathioprine (12 months). Neurology. 1993; 43:520-527. [PubMed: 8450994]

Kirschner J, Schessl J, Schara U, Reitter B, Stettner GM, Hobbiebrunken E, Wilichowski E,
Bernert G, Weiss S, Stehling F, Wiegand G, Muller-Felber W, Thiele S, Grieben U, von der Hagen
M, Lutschg J, Schmoor C, lhorst G, Korinthenberg R. Treatment of Duchenne muscular dystrophy
with ciclosporin A: A randomised, double-blind, placebo-controlled multicentre trial. Lancet
Neurol. 2010; 9:1053-1059. [PubMed: 20801085]

Sharma KR, Mynhier MA, Miller RG. Cyclosporine increases muscular force generation in
Duchenne muscular dystrophy. Neurology. 1993; 43:527-532. [PubMed: 8450995]

Merlini L, Angelin A, Tiepolo T, Braghetta P, Sabatelli P, Zamparelli A, Ferlini A, Maraldi NM,
Bonaldo P, Bernardi P. Cyclosporin A corrects mitochondrial dysfunction and muscle apoptosis in
patients with collagen VI myopathies. Proc Natl Acad Sci USA. 2008; 105:5225-5229. [PubMed:
18362356]

Barthélémy I, Uriarte A, Drougard C, Unterfinger Y, Thibaud JL, Blot S. Effects of an
immunosuppressive treatment in the GRMD dog model of Duchenne muscular dystrophy. PLOS
One. 2012; 7:48478. [PubMed: 23185260]

Kuznik A, Bencina M, Svajger U, Jeras M, Rozman B, Jerala R. Mechanism of endosomal TLR
inhibition by antimalarial drugs and imidazoquinolines. J Immunol. 2011; 186:4794-4804.
[PubMed: 21398612]

Kandimalla ER, Bhagat L, Wang D, Yu D, Sullivan T, La Monica N, Agrawal S. Design, synthesis
and biological evaluation of novel antagonist compounds of Toll-like receptors 7, 8 and 9. Nucleic
Acids Res. 2013; 41:3947-3961. [PubMed: 23396449]

Yu D, Wang D, Zhu FG, Bhagat L, Dai M, Kandimalla ER, Agrawal S. Modifications incorporated
in CpG motifs of oligodeoxynucleotides lead to antagonist activity of toll-like receptors 7 and 9. J
Med Chem. 2009; 52:5108-5114. [PubMed: 19650625]

Acharyya S, Villalta SA, Bakkar N, Bupha-Intr T, Janssen PM, Carathers M, Li ZW, Beg AA,
Ghosh S, Sahenk Z, Weinstein M, Gardner KL, Rafael-Fortney JA, Karin M, Tidball JG, Baldwin
AS, Guttridge DC. Interplay of IKK/NF-xB signaling in macrophages and myofibers promotes
muscle degeneration in Duchenne muscular dystrophy. J Clin Invest. 2007; 117:889-901.
[PubMed: 17380205]

Messina S, Bitto A, Aguennouz M, Vita GL, Polito F, Irrera N, Altavilla D, Marini H, Migliorato
A, Squadrito F, Vita G. The soy isoflavone genistein blunts nuclear factor kappa-B, MAPKs and
TNF-a activation and ameliorates muscle function and morphology in mdx mice. Neuromuscul
Disord. 2011; 21:579-589. [PubMed: 21658942]

Reay DP, Yang M, Watchko JF, Daood M, O’Day TL, Rehman KK, Guttridge DC, Robbins PD,
Clemens PR. Systemic delivery of NEMO binding domain/IKKy inhibitory peptide to young madx
mice improves dystrophic skeletal muscle histopathology. Neurobiol Dis. 2011; 43:598-608.
[PubMed: 21624467]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 21

Perez AL, Bachrach E, Illigens BM, Jun SJ, Bagden E, Steffen L, Flint A, McGowan FX, Del Nido
P, Montecino-Rodriguez E, Tidball JG, Kunkel LM. CXCR4 enhances engraftment of muscle
progenitor cells. Muscle Nerve. 2009; 40:562-572. [PubMed: 19760789]

Wrzesinski SH, Wan Y'Y, Flavell RA. Transforming growth factor-p and the immune response:
Implications for anticancer therapy. Clin Cancer Res. 2007; 13:5262-5270. [PubMed: 17875754]

Ouyang W, Beckett O, Ma Q, Li MO. Transforming growth factor-p signaling curbs thymic
negative selection promoting regulatory T cell development. Immunity. 2010; 32:642—653.
[PubMed: 20471291]

Chen X, Yang Y, Zhou Q, Weiss JM, Howard OZ, McPherson JM, Wakefield LM, Oppenheim JJ.
Effective chemoimmunotherapy with anti-TGFp antibody and cyclophosphamide in a mouse
model of breast cancer. PLOS One. 2014; 9:e85398. [PubMed: 24416401]

Gutcher I, Donkor MK, Ma Q, Rudensky AY, Flavell RA, Li MO. Autocrine transforming growth
factor-p1 promotes in vivo Th17 cell differentiation. Immunity. 2011; 34:396-408. [PubMed:
21435587]

Passerini L, Bernasconi P, Baggi F, Confalonieri P, Cozzi F, Cornelio F, Mantegazza R. Fibrogenic
cytokines and extent of fibrosis in muscle of dogs with X-linked golden retriever muscular
dystrophy. Neuromuscul Disord. 2002; 12:828-835. [PubMed: 12398833]

Andreetta F, Bernasconi P, Baggi F, Ferro P, Oliva L, Arnoldi E, Cornelio F, Mantegazza R,
Confalonieri P. Immunomodulation of TGF-betal in mdx mouse inhibits connective tissue
proliferation in diaphragm but increases inflammatory response: Implications for antifibrotic
therapy. J Neuroimmunol. 2006; 175:77-86. [PubMed: 16647144]

Cohn RD, van Erp C, Habashi JP, Soleimani AA, Klein EC, Lisi MT, Gamradt M, ap Rhys CM,
Holm TM, Loeys BL, Ramirez F, Judge DP, Ward CW, Dietz HC. Angiotensin Il type 1 receptor
blockade attenuates TGF-B—induced failure of muscle regeneration in multiple myopathic states.
Nat Med. 2007; 13:204-210. [PubMed: 17237794]

Allen HD, Flanigan KM, Thrush PT, Dvorchik I, Yin H, Canter C, Connolly AM, Parrish M,
McDonald CM, Braunlin E, Colan SD, Day J, Darras B, Mendell JR. A randomized, double-blind
trial of lisinopril and losartan for the treatment of cardiomyopathy in Duchenne muscular
dystrophy. PLOS Curr. 2013; 5 ecurrents.md.2cc69aldae4be7dfe2bch420024ea865.

Kulkarni AB, Huh CG, Becker D, Geiser A, Lyght M, Flanders KC, Roberts AB, Sporn MB, Ward
JM, Karlsson S. Transforming growth factor g1 null mutation in mice causes excessive
inflammatory response and early death. Proc Natl Acad Sci USA. 1993; 90:770-774. [PubMed:
8421714]

Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ, Yin M, Allen R, Sidman C, Proetzel G,
Calvin D, Annunziata N, Doetschman T. Targeted disruption of the mouse transforming growth
factor-B1 gene results in multifocal inflammatory disease. Nature. 1992; 359:693-699. [PubMed:
1436033]

100. Gueorguieva I, Cleverly AL, Stauber A, Sada Pillay N, Rodon JA, Miles CP, Yingling JM, Lahn

MM. Defining a therapeutic window for the novel TGF-B inhibitor LY2157299 monohydrate
based on a pharmacokinetic/pharmacodynamic model. Br J Clin Pharmacol. 2014; 77:796-807.
[PubMed: 24868575]

101. Morris JC, Tan AR, Olencki TE, Shapiro GI, Dezube BJ, Reiss M, Hsu FJ, Berzofsky JA,

Lawrence DP. Phase | study of GC1008 (fresolimumab): A human anti-transforming growth
factor-beta (TGFB) monoclonal antibody in patients with advanced malignant melanoma or renal
cell carcinoma. PLOS One. 2014; 9:€90353. [PubMed: 24618589]

102. Padia SH, Carey RM. AT» receptors: Beneficial counter-regulatory role in cardiovascular and

renal function. Pflugers Arch. 2013; 465:99-110. [PubMed: 22949090]

103. Connolly EC, Freimuth J, Akhurst RJ. Complexities of TGF-p targeted cancer therapy. Int J Biol

Sci. 2012; 8:964-978. [PubMed: 22811618]

104. Percival JM, Whitehead NP, Adams ME, Adamo CM, Beavo JA, Froehner SC. Sildenafil reduces

respiratory muscle weakness and fibrosis in the /max mouse model of Duchenne muscular
dystrophy. J Pathol. 2012; 228:77-87. [PubMed: 22653783]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rosenberg et al.

Page 22

105. Adamo CM, Dai DF, Percival JM, Minami E, Willis MS, Patrucco E, Froehner SC, Beavo JA.

106.

107.

108.

109.

Sildenafil reverses cardiac dysfunction in the max mouse model of Duchenne muscular
dystrophy. Proc Natl Acad Sci USA. 2010; 107:19079-19083. [PubMed: 20956307]

Hung KY, Huang JW, Chen CT, Lee PH, Tsai TJ. Pentoxifylline modulates intra-cellular
signalling of TGF-B in cultured human peritoneal mesothelial cells: Implications for prevention
of encapsulating peritoneal sclerosis. Nephrol Dial Transplant. 2003; 18:670-676. [PubMed:
12637634]

Escolar DM, Zimmerman A, Bertorini T, Clemens PR, Connolly AM, Mesa L, Gorni K,
Kornberg A, Kolski H, Kuntz N, Nevo Y, Tesi-Rocha C, Nagaraju K, Rayavarapu S, Hache LP,
Mayhew JE, Florence J, Hu F, Arrieta A, Henricson E, Leshner RT, Mah JK. Pentoxifylline as a
rescue treatment for DMD: A randomized double-blind clinical trial. Neurology. 2012; 78:904—
913. [PubMed: 22402864]

Schaefer CJ, Ruhrmund DW, Pan L, Seiwert SD, Kossen K. Antifibrotic activities of pirfenidone
in animal models. Eur Respir Rev. 2011; 20:85-97. [PubMed: 21632796]

Choi K, Lee K, Ryu SW, Im M, Kook KH, Choi C. Pirfenidone inhibits transforming growth
factor-p1-induced fibrogenesis by blocking nuclear translocation of Smads in human retinal
pigment epithelial cell line ARPE-19. Mol Vis. 2012; 18:1010-1020. [PubMed: 22550395]

Sci Transl Med. Author manuscript; available in PMC 2018 May 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Rosenberg et al.

Dystrophin-deficient muscle

Page 23

e
IS
E ® (9}
c QO . o Leaky membrane
£ ® ) ° o
£ 2 @ o ® o ® o
s ATP Muscle antigen
S "o ® s ® DAMPS® @ . .
@®—RNA
. ) ° ] e ©
PIX7 C\?@ S OMHC Infiltrating
TLRs iiif f [lm immune cells
S NF-kB and @ LS %
% NF-kBand inflammasome <
-E inflammasome A
iz TLR7 1
2 i
g £ © ov o
€ Macrophage .0 e .
= A s Cytoklne§and ° .
§ I > og ochemok;nes o © B ¢
< IRl = = = A o 10 e e s s s e 1
: A LD A o :
1 1 ° 1 H
1 ! ! 1
1 1 ! 1
1 1 ! 1
Y 1 1 1
1 1 1
1 1 1
i i 4
A4 \4
l‘ IL-4, IL-6
e 0@
= IL-4, IL-10, TGF-B
E HC
F=] Plasma class |
3 cell
[}
c
=)
£
£
E IFN-v| -,-7
= A 4
&
°
<

IL-10, TGF-B TNF-a, IL-6, IL-1 ‘

Fig. 1. Initiation and perpetuation of inflammatory responsesin dystrophic muscle

Dystrophin-deficient muscle cells are susceptible to contraction-induced injury, culminating

in muscle necrosis and the release of DAMP molecules including ATP (adenosine 5'-
triphosphate) and nucleic acids. Released muscle proteins may serve as neoantigens.

Engagement by DAMPs of TLR7 and the ionotropic receptor P2X7 on skeletal muscle cells
and macrophages triggers innate immune activation and a chronic inflammatory response.
Concomitantly, MHC presentation of peptides derived from muscle antigens initiates an
adaptive immune response. Cytokines and chemokines released in the milieu attract and
activate additional infiltrating immune cells including neutrophils and antigen presenting

cells (APCs), such as M1 macrophages and dendritic cells. The APCs, in turn, activate
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recruited lymphocytes (CD4* and CD8* T cells), leading to propagation of adaptive immune
responses (T1, TH2), which are dampened by Tregs. Although B cells have been detected in
DMD muscle, there is no known role for B cells in antigen presentation or antibody
production in the context of DMD. The balance between the Tyl and the T2 adaptive
immune response creates a regulatory feedback mechanism that leads to activation of either
M1 or M2 macrophages, which affects the severity of muscle inflammation or the efficiency
of muscle regeneration, respectively.
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A Regeneration in normal mouse muscle
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Fig. 2. Normal but not dystrophic skeletal muscle regener ates after injury
(A) Stages of regeneration in normal mouse muscle after injury. Regeneration of skeletal

muscle in response to injury is a highly synchronized process. Within 24 hours of injury,
mouse muscle becomes infiltrated with neutrophils. Within 2 to 3 days, the injured muscle is
infiltrated by pro-inflammatory M1 macrophages. During days 5 to 10, the resolution and
repair phases of regeneration take place and muscle is predominantly populated by
remodeling M2 macrophages. M2 macrophages are essential for complete muscle
regeneration, which is achieved by day 14. (B) Asynchronous degeneration/regeneration in
human dystrophin-deficient muscle. Repair of human dystrophin-deficient muscle after
injury is impaired due to asynchronous bouts of degeneration and regeneration, leading to
the release of cytokines, such as TGF-p, that initiate and perpetuate fibrosis. Shown is a
muscle biopsy from a DMD patient revealing regions of nearly normal myofibers; chronic
inflammation (between myofibers); phagocytosis by neutrophils and macrophages, and
necrosis; and fibrosis (failed regeneration).
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Table 1

Immunomodulatorsin DMD

NFAT, nuclear factor of activated T cells; PDE, phosphodiesterase.

Page 26

Drug/compound Target Pathological process Preclinical trials  Clinical trials/use
Current treatments
Prednisone, deflazacort NF-xB, others Anti-inflammatory Yes Yes
VBP15 NF-xB, membrane protection Anti-inflammatory, sarcolemma stability Yes Yes ™
Cyclosporine NFAT Anti-inflammatory Yes Yes’
Azathioprine Purine synthesis Anti-inflammatory Yes Yes?
Poloxamer Membrane protection Sarcolemma stability Yes Yes?
Gene therapy Dystrophin replacement Sarcolemma stability Yes Yes
Exon skipping Dystrophin replacement Sarcolemma stability Yes Yes
TLR7/8/9 antagonists TLR7/8/9 Anti-inflammatory Yes No
NEMO peptide NF-xB Anti-inflammatory Yes No
Infliximab TNF-a Anti-inflammatory Yes No
IL-2/anti—1L-2 complex Tregs Anti-inflammatory Yes No
Pentoxifylline PDE inhibitor Anti-fibrotic Yes Yes
Pirfenidone TGF-B signaling Anti-fibrotic Yes No
Losartan Angiotensin type 1 receptor inhibitor Anti-fibrotic Yes Yes
Lisinopril Angiotensin-converting enzyme inhibitor Anti-fibrotic Yes Yes
Anti-IL-6 IL-6 Anti-inflammatory Yes No
Anti-myostatin antibodies Myostatin Anti-fibrotic, hypertrophy Yes Yes
Cromolyn Mast cells Membrane stability Yes No
Future options

Chloroquine Lysosomal pH Anti-inflammatory No No
Eculizumab Complement C5 Anti-inflammatory No No
Rapamycin Tregs +AKUMTOR Anti-inflammatory, regeneration Yes No
Plerixafor CXCR4 Anti-inflammatory No No
I1L-10 Alternatively activated macrophages Anti-inflammatory No No
Anti-osteopontin antibodies Osteopontin Anti-inflammatory, anti-fibrotic No No
Candesartan Angiotensin type 2 receptor inhibitor Anti-fibrotic No No

*
Phase 1, 2015.
7, .
Not effective.

iEf'fective in heart.
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