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Abstract: Duchenne muscular dystrophy is an X-linked disease afflicting 1 in 3500 males that is
characterized by muscle weakness and wasting during early childhood, and loss of ambulation and
death by early adulthood. Chronic inflammation due to myofiber instability leads to fibrosis, which
is a primary cause of loss of ambulation and cardiorespiratory insufficiency. Current standard of
care focuses on reducing inflammation with corticosteroids, which have serious adverse effects. It is
imperative to identify alternate immunosuppressants as treatments to reduce fibrosis and mortality.
Serp-1, a Myxoma virus-derived 55 kDa secreted glycoprotein, has proven efficacy in a range of
animal models of acute inflammation, and its safety and efficacy has been shown in a clinical trial. In
this initial study, we examined whether pegylated Serp-1 (PEGSerp-1) treatment would ameliorate
chronic inflammation in a mouse model for Duchenne muscular dystrophy. Our data revealed
a significant reduction in diaphragm fibrosis and increased myofiber diameter, and significantly
decreased pro-inflammatory M1 macrophage infiltration. The M2a macrophage and overall T cell
populations showed no change. These data demonstrate that treatment with this new class of
poxvirus-derived immune-modulating serpin has potential as a therapeutic approach designed to
ameliorate DMD pathology and facilitate muscle regeneration.

Keywords: Duchenne muscular dystrophy; serpin; fibrosis; inflammation; Myxoma virus

1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked disease afflicting 1 in 3500 males,
and is characterized by muscle weakness and wasting during early childhood, with a severe
loss of ambulation and death by early adulthood [1]. Significant cardiac complications begin
to be detected in boys at 9–10 years of age, eventually causing severe systolic and diastolic
dysfunction. Approximately 90% of DMD patients experience myocardial cell death and
dilated cardiomyopathy, with associated increases in mortality [2]. In both skeletal and
cardiac muscle, functional loss is linked to chronic inflammation and the accumulation
of endomysial fibrosis [3,4]. Despite identifying mutations in the dystrophin locus as the
genetic basis for DMD, there is still no curative treatment [5]. Thus, the development of
therapeutic approaches that mitigate fibrosis remains imperative for improving the quality
of life for these individuals.

Skeletal muscle possesses an intrinsic ability to repair acute injuries dependent on
signaling crosstalk between the myogenic cells and the innate immune system [6,7].
Chemokines and T helper type 1 (Th1) cytokines that activate and recruit the satellite cells
necessary for new muscle formation also recruit the pro-inflammatory polymorphonuclear
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cells and M1 macrophages. In mice, M1 macrophage infiltration peaks 3 days post-injury;
these cells clear necrotic muscle fibers by phagocytosis and the release of reactive oxygen
species and inflammatory cytokines, such as interferon-γ (IFNγ) and tumor necrosis factor-
α (TNFα) [8,9]. This phase of the repair process then transitions to an anti-inflammatory
response that promotes skeletal muscle differentiation and maturation, and inhibition of
myolysis, through the release of T helper type 2 (Th2) cytokines. These changes coincide
with the infiltration and polarization of macrophages of the pro-regenerative M2 pheno-
type, which peak at 7 days post-injury. The M2 macrophages secrete cytokines, such as
interleukin-10 (IL-10) and transforming growth factor β (TGFβ), to aid in the resolution of
inflammation and induce the differentiation of satellite cells [10,11].

In individuals with DMD, the loss of the dystrophin protein and the decoupling of
the force-transmitting costameric cytoskeleton disrupts the sarcolemmal membrane in-
tegrity [12]. This results in constant repeated asynchronous rounds of muscle injury, causing
chronic inflammation and disrupting the balance of M1 and M2 macrophages, leading to the
recruitment of an alternate M2 macrophage subtype that expresses high levels of TGFβ and
fibronectin [13–15]. TGFβ, in turn, promotes fibrosis through excessive collagen deposition
from activated resident fibroblasts [16,17] and differentiated fibro–adipogenic progenitor
cells (FAPs) [18]. Chronic inflammation also disrupts the expression of the pro-regenerative
cytokines required for muscle fiber differentiation and maturation. Consequently, this
results in the disruption of efficient skeletal muscle repair and reduced contractility.

The fibrinolytic/plasmin cascade is another important pathway for regulating in-
flammation and extracellular matrix (ECM) remodeling during muscle repair [19–21].
Urokinase-type plasminogen activator (uPA), a key component of the pathway, coordi-
nates a plasmin-mediated proteolytic cascade when bound to its receptor (uPAR). This
uPA/uPAR complex activates matrix metalloproteinases (MMPs) that are essential for
ECM breakdown, activation of TGFβ and IGF-1, and inflammatory macrophage invasion
at sites of tissue injury [22]. Furthermore, the uPA/uPAR complex binds to integrins at
the cell surface to directly coordinate cell migration. uPA activity can be inhibited by the
product of the serine proteinase inhibitor SERPINE1 gene, known as plasminogen activator
inhibitor-1 (PAI-1) [23,24], through mechanisms that include serine protease inhibitory func-
tion, increased endocytosis, blocking activation of matrix metalloproteinases (MMPs), and
reducing immune cell invasion [25,26]. TGFβ has been shown to promote the expression of
PAI-1, suggesting the presence of an autocrine loop with uPA [27].

In mouse studies of cardiotoxin-induced acute muscle injury, uPA activity rapidly
increased and was critical for pro-inflammatory macrophage and T cell infiltration and
muscle regeneration [28,29]. In contrast, PAI-1−/− mice demonstrated enhanced skeletal
muscle repair in response to acute injury [20,28], consistent with PAI-1 inhibition of acute
muscle regeneration. Interestingly, the uPA/uPAR signaling pathway appears to exacerbate
fibrosis under chronic inflammatory conditions associated with DMD [27]. Using DMDmdx

(mdx) mice that recapitulate DMD pathology in the aging process, inactivation of PAI-1
led to increased fibrosis, which can be ameliorated by the inactivation of uPA. It has been
proposed that disruption of the uPA/PAI-1 autocrine loop via the overexpression of TGFβ
in resident fibroblasts is the primary cause of fibrosis. This indicates that uPA/uPAR, as
well as PAI-1, may provide potential therapeutic target pathways for DMD.

The current standard of care for DMD patients is corticosteroid therapy, such as treat-
ment with prednisone/prednisolone [30]. These drugs have potent anti-inflammatory
effects, but there are severe side effects, such as excessive weight gain, diabetes, cataracts,
behavioral changes, delayed growth, and osteoporosis, that can contraindicate use [31]. In
addition, long-term use of glucocorticoids is associated with skeletal muscle atrophy [32–34].
More recently, deflazacort, a derivative of prednisolone, has been approved for DMD; it
has similar efficacy to prednisone with fewer side effects, but is associated with behav-
ior changes and cataracts. Furthermore, data on the role of deflazacort in bone fractures
and growth delay are not consistent [31]. The cardiac effects of corticosteroids are poorly
studied. Some reports indicate improved cardiac function and delayed onset of cardiomy-
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opathy [35–37]. However, it was also demonstrated that beginning treatment in younger
DMD patients actually led to premature cardiomyopathy development [38].

There is an unmet need for pharmacological agents that inhibit inflammation without
the adverse side effects of corticosteroids for DMD patients. In this study, we describe
the evaluation of a new class of immune-modulating therapeutic for treating DMD that
targets both inflammation and fibrosis. The Myxoma virus-derived serpin, Serp-1, binds
and inhibits uPA/uPAR in activated macrophages, and has some shared protease targets
with PAI-1 [39]. Treatment with purified native Serp-1 has demonstrated both acute and
long-term efficacy in modulating inflammation in a wide range of inflammatory disor-
ders and injuries, including atherosclerosis, transplant, wound healing, and spinal cord
injury [39–42]. More recently, a modified Serp-1 protein, PEGSerp-1, with a longer half-
life (~8 h), was shown to reduce inflammation and fibrosis in healing corneal wounds,
and reduced macrophage invasion of alveoli in a mouse model of diffuse alveolar hem-
orrhage [43–45]. Based on these previous studies, we examined whether the pegylated
version of the viral Serp-1 protein, PEGSerp-1, would ameliorate the chronic inflammatory
pathology of DMD. Using mice deficient in dystrophin and the related utrophin gene
(DMDmdx /Utrn−/−), which recapitulates the juvenile pathology of DMD [46,47], we ob-
served that PEGSerp-1 reduced diaphragm fibrosis after 28 days of treatment. This effect
was associated with reduced pro-inflammatory M1 macrophage infiltration and improved
skeletal muscle repair.

2. Materials and Methods
2.1. Protein Production and Purification

Serp-1 (m008.1L; NCBI Gene ID# 932146) was expressed in a Chinese hamster ovary
(CHO) cell line (Viron Therapeutics Inc., London, Ontario, CA, USA). The Serp-1 protein
used in this research is GMP-compliant and purified by continuous chromatographic
separation. The purity of Serp-1 is >95%, as determined by Coomassie-stained SDS-PAGE
and reverse-phase HPLC. Serp-1 was endotoxin-free, as detected by limulus amebocyte
lysate (LAL) assay. Serp-1 was incubated with mPEG-NHS (5 K) (Nanocs Inc., #PG1-SC-5k-
1, New York, NY, USA) in PBS (pH 7.8) at 4 ◦C overnight to modify the protein according
to standard PEGylation protocols [43]. PEGylated-Serp-1 was purified by FPLC using an
ÄKTA pure protein purification system with Superdex-200 [43].

2.2. PEGSerp-1 Treatment

PEGSerp-1 (n = 5 mice), or a saline control (n = 4 mice), was administered to DMDmdx

/Utrn−/− mice by intraperitoneal injection (ip.) daily for 28 days, at 100 ng/gm body weight
in 100 µL saline or 100 µL saline only, beginning at 4 weeks of age. Similarly, a preliminary
study was conducted using DKO mice treated with native Serp-1 (n = 3) at 100 ng/gm
body weight or saline (n = 3).

2.3. Mice

DMDmdx/Utrn−/− (DKO) mice were purchased from Jackson Laboratory (Bar Harbor,
ME, USA) and bred and housed in a vivarium at Arizona State University (ASU). For the
fibrosis measurements only, muscle from C57BL/10J (WT) mice (n = 3), which is the genetic
background of the DKO mice, was used. All mice were kept on a 10 h light:14 h dark
schedule with ad libitum access to food and water. ASU is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care (AALAC). All procedures were
carried out in compliance with the ASU Institutional Animal Care and Use Committee
(IACUC) and AALAC under an approved research protocol.

2.4. Histology and Immunohistochemistry

Diaphragm skeletal muscle was dissected from euthanized mice and fixed overnight
at 4 ◦C in 4% paraformaldehyde and embedded in paraffin. For Mason’s trichrome staining,
5 µm sections were dewaxed in xylenes and rehydrated through graded alcohols and then
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post-fixed in Bouin’s fixative (Sigma-Aldrich, St. Louis, MO, USA). Sections were stained
in modified Wiegert’s iron hematoxylin (Sigma-Aldrich), and then color differentiation was
performed in acid alcohol followed by a trichrome stain. Sections were dehydrated through
graded alcohols to xylenes, mounted, and immunohistochemistry (IHC) was performed.
Sections were stained for CD3 (Abcam, 5690; 1:100, Cambridge, MA, USA), iNOS, Abcam
15,323; 1:100), and arginase-1 (Arg1) (Cell Signaling, 93,668, 1:200, Danvers, MA, USA).
HRP-conjugated goat anti-rabbit IgG secondary antibodies were applied at 1:500 for 1 h.
Only the HRP-conjugated secondary antibody, without a primary antibody, was used as a
negative control for each stain. Antigens were revealed with ImmPACT DAB (Vector Labs,
San Francisco, CA, USA), counterstained with Gil’s formula #3 Hematoxylin and mounted
with Cytoseal XY. Random fields were imaged on each section using CellSens software and
an Olympus BX50 microscope. The data are expressed as the average number of positive
cells per 40× field. All counts were performed by blinded evaluators.

2.5. Fiber Diameter

The minimal Ferret’s diameter of muscle fibers containing centralized nuclei was
manually measured on transverse Masson’s trichrome-stained sections using ImageJ soft-
ware. Average fiber diameters were calculated for each treatment. The distribution of fiber
diameters was determined by pooling into 4 µm increments, and are presented as percent
of total fibers. All measurements were performed by a blinded evaluator.

2.6. Statistical Analysis

Data were analyzed in R by one-way ANOVA followed by post hoc Tukey tests.

3. Results
3.1. PEGSerp-1 Decreases Skeletal Muscle Fibrosis

Progressive fibrosis of the skeletal and cardiac muscles is a major contributor to mor-
bidity and mortality in DMD patients. The mdx mice commonly used to study DMD
pathology, display modest symptomology until 6 or more months of age [48], which is
inconsistent with the pediatric human disease. Thus, we chose to use DMDmdx/Utrn−/−

double knockout (DKO) mice for these studies [46,47]. Using DKO mice to model the pro-
gression of human DMD, there is onset of symptoms at 4–6 weeks of age, with progressive
loss of ambulation, increased severity of kyphosis, and weight loss. By 10–12 weeks, they
exhibit respiratory insufficiency, loss of hindlimb use, and severe weight loss; most are
unable to survive past 12 weeks of age [46,47].

We assessed the potential of PEGSerp-1 to ameliorate the chronic inflammatory envi-
ronment and subsequent development of fibrosis in DKO skeletal muscle. Four-week-old
DKO mice were administered PEGSerp-1 (n = 5), or a saline control (n = 4), daily for 28 days.
Deposition of endomysial collagen in the diaphragm muscle was used as a measure of the
extent of fibrosis in PEGSerp-1- and saline-treated mice. Collagen was visualized by Mas-
son’s trichrome staining of histological transverse sections (Figure 1A). An initial study, in
which DKO mice were treated with the unmodified Serp-1 protein, demonstrated reduced
fibrosis in the diaphragm (Figure 1C). These diaphragms had an average fibrotic area of
10.61% ± 8.92% s.d., as compared with 22.55% ± 9.77% s.d., for saline-treated controls,
p < 0.01 (Figure 1C). Interestingly, PEGSerp-1-treated DKO diaphragms showed signifi-
cantly less fibrosis than those treated with saline, with an average area of fibrosis of 16.32%
± 4.31% s.d., p < 0.01 (Figure 1A,B). Saline-treated DKO diaphragms demonstrated signif-
icant levels of fibrosis, with an average fibrotic area of 21.87% ± 6.8% s.d. (Figure 1A,B).
PEGSerp-1- and saline-treated DKO diaphragms demonstrated significantly more fibrosis
than WT, p < 0.001. Untreated wild type (WT, n = 3) animals, as expected, had much less
fibrosis, with an average percent area of 2.29% ± 1.68%s.d., p < 0.001 (Figure 1A,B). Thus,
PEGSerp-1 treatment reduced fibrosis in DKO skeletal muscle.
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Figure 1. PEGSerp-1 treatment reduces skeletal muscle fibrosis. (A) Diaphragms stained with
Masson’s trichrome. Note the collagen deposition (blue). (B) Fibrosis was measured as the average
percent area per field ± s.d. using ImageJ (n = 29 fields per treatment group). (C) DKO mice treated
with native Serp-1 protein or saline were similarly analyzed. PEGSerp-1/Serp-1-treated diaphragms
had decreased fibrosis. ** p < 0.01, *** p < 0.001. Scale bars = 10 µm.

3.2. PEGSerp-1 Treatment Increased Fiber Diameter of DMD Muscle

Fibrosis is associated with the loss of skeletal muscle function, and it affects the growth
and maturation of repaired muscle fibers [49]. Thus, the diameter of regenerated myofibers
was used as a measure of the success of the repair process. As above, 4-week-old DKO mice
were administered PEGSerp-1 or a saline control daily for 28 days. The Ferret’s minimal
diameter of myofibers was measured in histological sections for all fibers with centrally
located nuclei, a hallmark of fiber repair.

Interestingly, PEGSerp-1-treated DKO muscle had an increased percentage of fibers with
diameters between 33–64 µm (Figure 2). The overall average diameter of regenerated my-
ofibers in the PEGSerp-1-treated DKO diaphragms was 25.99 µm ± 16.00 s.d. (n = 3693), sig-
nificantly larger than that of the saline-treated DKO muscle, 23.30 µm ± 14.86 s.d. (n = 3479),
p < 0.001. These data are consistent with a preliminary study using with unmodified Serp-1,
which demonstrated an increased percentage of myofibers with diameters of 13–36 µm (Sup-
plementary Material Figure S1). These data indicate that PEGSerp-1 treatment resulted in
significantly increased myofiber diameter in DKO muscle.
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Figure 2. Distribution of Ferret’s minimal diameters of skeletal muscle fibers. Diaphragms from DKO
mice treated with PEGSerp–1 or saline were stained with Masson’s trichrome. Images were taken at
40× and diameters measured. Data are presented as a percentage of total fibers counted. PEGSerp-
1 treatment increased the percentage of myofibers with diameters of 33–64 µm, and significantly
increased overall average fiber diameter as compared to saline-treated muscle, p < 0.001.

3.3. PEGSerp-1 Reduced Pro-Inflammatory M1 Macrophage Numbers in DKO Diaphragms

In DMD patients, an increase in sarcolemmal membrane instability leads to elevated
infiltration of pro-inflammatory M1 macrophages associated with chronic inflammation
and cytotoxicity. In an alveoli injury model, Serp-1-induced reduction in inflammation was
associated with reduced macrophage invasion [43,44]. Therefore, we examined the impact
of the Myxoma virus Serp-1 on M1 macrophage infiltration. IHC was performed using a
polyclonal antibody specific for iNOS, a M1 macrophage marker. Diaphragms from DKO
mice treated with PEGSerp-1 had an average of 13.52 ± 2.14 s.d. iNOS positive (iNOS+ve)
cells per field. This was significantly less than saline-treated control DKO mice that had
20.75 ± 2.61s.d. iNOS+ve cells (Figure 3). This suggests that PEGSerp-1 treatment can
reduce the migration of pro-inflammatory macrophages in the chronically injured skeletal
muscle environment.

3.4. PEGSerp-1 Treatment Does Not Affect M2a Macrophage NUMBERS or Polarization

In response to acute muscle injury, Th2 T cells secrete anti-inflammatory cytokines
that induce polarization of alternatively activated, or anti-inflammatory, M2a macrophages,
which promote myoblast differentiation [7]. We assessed whether PEGSerp-1 treatment
would alter the infiltration or polarization of M2a macrophages in DKO skeletal muscle.
As M2a macrophages express arginase (Arg1) [50], we carried out IHC on diaphragms
from PEGSerp-1- and saline-treated DKO mice to assess the number of cells using an
anti-Arg1 rabbit monoclonal antibody, and the proteins were visualized with DAB. Our
data demonstrate that PEGSerp-1-treated DKO muscle had an average of 14.12 ± 5.18 s.d.
Arg1 positive (Arg1+ve) cells per field. This was not significantly different than saline-
treated DKO muscle, which had an average of 13.80 ± 4.70 s.d. Arg1+ve cells per field,
p = 0.84 (Figure 4). These data indicate that PEGSerp-1 treatment had no effect on M2a
macrophage infiltration or polarization.
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Figure 3. PEGSerp-1 regulation of iNOS+ve M1 macrophage infiltration. (A) Representative images
of iNOS+ve M1 macrophages in the diaphragm of DKO mice treated with PEGSerp-1 or saline.
IHC was performed using an anti-iNOS antibody and the proteins were visualized with DAB and
counterstained with hematoxylin (see arrowheads). Scale bars = 10 µm. (B) iNOS+ve cells were
counted in PEGSerp-1- and saline-treated DKO diaphragms. Data are presented as average number
of positive cells per field ± s.d., *** p < 0.0001.

3.5. PEGSerp-1 Treatment Does Not Alter T Cell Infiltration

T cell infiltration into the damaged muscle is integral for the promotion of both the
pro- and anti-inflammatory environments. In mdx mice, both CD4+ and CD8+ T cells
are associated with muscle pathology [51]. Thus, we assessed whether treatment with
PEGSerp-1 would alter the number, or balance, of T cell types in DKO skeletal muscle. To
determine the total number of T cells present, IHC was conducted using a rabbit polyclonal
antibody that recognizes the pan T cell marker CD3. There was no significant difference
between diaphragms treated with PEGSerp-1, which had an average of 7.43 ± 3.45 s.d. T
cells per field, and saline-treated DKO muscle, with an average of 7.82 ± 3.93 s.d. cells per
field p = 0. 76. To determine whether there was a difference in CD8+ve T cells, IHC was
conducted using an anti-CD8 antibody. There was no significant change in the average
number of CD8+ T cells in PEGSerp-1-treated, as compared to the saline-treated, DKO
diaphragms, which had 8.55 ± 5.08 s.d. per field and 9.11 ± 3.77 s.d. per field, respectively,
p = 0.70.
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Figure 4. PEGSerp-1 does not alter Arg1+ve M2a macrophage infiltration. (A) Representative
images of Arg1+ve M2a macrophage in the diaphragm of DKO mice treated with PEGSerp-1 or
saline. IHC was performed to detect Arg1+ve single cells, arrowheads indicate example single cells.
Scale bars = 10 µm. (B) The average number of Arg1+ve cells/field was not significantly different
(p = 0.84) when comparing PEGSerp-1- and saline-treated DKO mice. Data are presented as average
positive cells per field ± s.d.

4. Discussion

Duchenne muscular dystrophy is a genetic condition characterized by a progressive
loss of skeletal muscle function due to sarcolemma instability resulting from a deficiency in
dystrophin. Reduced efficiency in skeletal muscle contraction and increased endomysial
fibrosis are both linked to chronic inflammation caused by repeated microtears [3,4]. We ex-
amined whether a pegylated version of the Myxoma virus serpin, Serp-1, would ameliorate
the chronic inflammatory environment in DMDmdx/Utrn−/− mice. This protein has been
shown to induce an anti-inflammatory response in wound healing, transplants, and other
acute injuries without any demonstrated increase in adverse effects in multiple animal
models and in one Phase IIa clinical trial [39–45,52,53]. Systemic PEGSerp-1 treatment
of DKO mice significantly decreased muscle fibrosis and the number of infiltrating M1
pro-inflammatory macrophages. There was also a corresponding significant increase in
fiber diameter (Figures 1–3). We found that PEGSerp-1 treatment did not affect the numbers
of M2a Arg1+ve cells, nor T cells, in the muscle (Figures 4 and 5). While Serp-1 treatment
has been examined in a wide range of animal models of acute inflammation-induced
disease, this is the first study of Serp-1, and specifically PEGSerp-1, as a treatment in a
genetic disorder with chronic inflammation as a hallmark symptom. Our data suggest
that PEGSerp-1 may be an effective anti-inflammatory in DMD, helping to inhibit the
profibrotic environment that contributes to disease progression. Mice were treated with
PEGSerp-1 beginning at 4 weeks old, concomitant with symptom onset in this mouse
model of DMD [46,47]; however, this indicates that muscle damage has occurred already,
and future studies will need to use an alternative delivery method of the Serp-1 protein
at younger ages in order to truly determine the long-term outcomes and efficacy. This
study was focused on skeletal muscle; therefore, future investigations will be necessary to
understand whether PEGSerp-1 can limit fibrosis in cardiac muscle in DMD.
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Figure 5. PEGSerp-1 does not alter CD3+ve or CD8+ve T cell infiltration. The presence of CD3+ve
and CD8+ve T cells was assessed in the diaphragms of DKO mice treated with PEGSerp-1 and saline
using IHC with an anti-CD3 antibody or anti-CD8 antibody. (A) The average number of CD3+ve T
cells in PEGSerp-1- and saline-treated DKO diaphragms was determined. (B) The average number of
CD8+ve T cells in PEGSerp-1- and saline-treated diaphragms was determined. Data are presented as
average positive cells per field ± s.d., p = 0. 70.

4.1. Current Treatment of DMD

Treatment for DMD currently falls into two categories, those trying to target the pri-
mary genetic defect or those that target the pathology. The current standard of care for
DMD symptoms is immunosuppression with corticosteroids. These drugs bind to the
glucocorticoid receptor (GR), which then suppresses pro-inflammatory NF-kB signaling;
this is the mechanism of the potent anti-inflammatory drugs prednisolone, prednisone, and
deflazacort [31,51]. These glucocorticoids will prolong ambulation and reduce inflamma-
tion, but there are many adverse side effects with their long-term use, including weight
gain, diabetes, osteonecrosis, hypertension, behavior changes, growth retardation, and
muscle weakness and atrophy [31]. Since these drugs prolong ambulation for a limited time
only, and have severe adverse effects, there has been development in other pharmacological
approaches. Treatment with this immune-modulating serpin, PEGSerp-1, may thus provide
a steroid-sparing treatment approach for DMD.

Nonsense mutations are the cause of 10% of DMD; ataluren and gentamycin, a small
molecule and an antibiotic, respectively, suppress stop codons during translation, resulting
in readthrough and allowing the expression of dystrophin [54,55]. Gentamycin causes
irreversible ototoxicity, whereas ataluren is well tolerated, but only slows loss of ambulation
for a limited time. Exon skipping can be used to remove exons around the genetic lesion
and restore most of the dystrophin protein expression. Dystrophin exon 51 is the target of
eteplirsen, the only FDA-approved exon-skipping drug; however, there are other drugs
designed to target different dystrophin exons in development currently. These drugs are
expensive, require repeated administration, and, while they seem well tolerated, their
long-term effects are not known [56]. Therefore, new strategies for immunosuppression
with anti-fibrosis functions are essential.

4.2. SERP-1

The thrombotic and thrombolytic cascades of serine proteases in the circulating blood
and in most tissues, both regulate clot formation after injury, as well as demonstrate
bidirectional activation of immune responses. These pathways are regulated by serine
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protease inhibitors, termed serpins. While tPA and uPA both activate thrombolysis, the
uPA/uPAR receptor is now recognized as a central mediator of inflammatory responses,
while tPA is considered the key activator of fibrinolysis. Native, unmodified Serp-1, as
well as PEGSerp-1, are able to bind and inhibit serine proteases, uPA, tPA, and plasmin,
similar to the mammalian serpin, PAI-1. From studies where uPAR has been inactivated,
Serp-1 activity, and its ability to promote wound closure and collagen remodeling, is
disrupted [52,57,58]. For example, the anti-inflammatory activity of Serp-1 is absent in
aortic allograft transplants in uPAR-deficient mice [39]. Furthermore, the efficacy of Serp-1
when used as a topical treatment in full-thickness dermal wound models was blocked by an
anti-uPAR antibody [57]. Thus, both studies demonstrate that Serp-1 activity is dependent,
in part, on uPAR. Serp-1 treatment reduced intimal hyperplasia in PAI-1-deficient aortic
implants. Thus, targeting the uPA/uPAR complex with Serp-1, and investigating all
associated interacting component receptors in the inflammatory response, has excellent
potential for developing new therapeutics. The native Serp-1 protein has been tested and
found safe and effective in animal models of inflammatory vascular disorders, transplants,
wound healing, and after spinal cord crush injury [39–42]. In humans, Serp-1 treatment
following coronary artery stent implant in a Phase 2a clinical trial demonstrated reduced
markers of heart damage, no side effects (MACE = 0), and no neutralizing antibodies at
µg/kg doses in patients. In this trial, Serp-1 was administered immediately after coronary
stent implant in patients with unstable coronary syndromes, unstable angina, and non-ST
elevation myocardial infarctions, where acute chronic plaque inflammation is seen [53].

The present studies are the first analysis of this virus-derived class of immune-
modulating serpin treatment in a genetic muscular dystrophy model, the DMDmdx/Utrn−/−

mouse model. PEGSerp-1 treatment resulted in a significant reduction in the number of pro-
inflammatory M1 macrophages migrating to the site of the necrotic muscle fibers. This is
consistent with the observation that the uPA/uPAR complex regulates the primary invasion
of pro-inflammatory macrophages to the site of injury. There was an overall amelioration
in the pathology of DMD, as judged by a reduction in fibrosis and an increase in skeletal
muscle fiber diameter. PEGSerp-1 modulation of the M1 macrophages is consistent with
what has been reported for atherosclerosis, transplant, wound healing, and spinal cord
injury [39–42]. However, an increase in the anti-inflammatory M2 macrophages described
in wound healing [52] was not observed in the DMDmdx/Utrn−/− mouse diaphragm. This
implies that PEGSerp-1 may not be acting via the same mechanism in skeletal muscle.

Our studies reveal the potential of PEGSerp-1 as a treatment for DMD patients. How-
ever, the therapeutic value of PEGSerp-1 may be extended to other inflammatory dystro-
phies and myopathies treated with corticosteroids [59]. Mutations in dysferlin (dysfer-
linopathies), which cause progressive Miyoshi myopathy and limb girdle dystrophy type
2B, promote the infiltration of pro-inflammatory immune effector cells comprised mainly of
macrophages. Other target conditions could include idiopathic inflammatory myositis [53]
and myopathies due to mutations in fukutin and POMT2 [60,61].

There are many differing serpins naturally occurring in mammals and humans that
may be associated with chronic inflammation, such as is found in DMD. Serpins also
function as inhibitors for activated proteases, and thus may have directed inhibitory
actions towards sites where these serine protease pathways are upregulated. More work is
necessary to better define mammalian serpin pathways in DMD as potential therapeutic
targets. Long-term effects on the development of cardiomyopathies in this DMD model
will also be of great interest, both when using PEGSerp-1, or mammalian serpins, as new
approaches to treatment.

5. Patent

US provisional patent application that has been supplemented and filed internationally
via the Patent Cooperation Treaty (PCT) (Provisional patent -63/017,598; Skysong: M20-
233L-PR1-f, WSGR ref: 58709-701.101) in the USPTO (04/29/2022).
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