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Abstract

INTRODUCTION—Erythropoietin promotes myoblast proliferation and inhibits fibrosis, thus it
could impede the pathogenesis of muscle degenerative diseases. However, its stimulation of
erythropoiesis limits its use as a therapeutic. An erythropoietin analog, carbamylated
erythropoietin (C-EPO), retains these protective actions yet does not interact with the
erythropoietin receptor.

METHODS—To determine whether treatment with C-EPO alleviates the signs of muscular
dystrophy in an animal model of Duchenne muscular dystrophy, we treated mdx mice with
intraperitoneal injections of 50 pg/kg and 100 ug/kg C-EPO for 4 and 12 weeks, and we monitored
weight, serum creatine kinase levels, and changes in muscle histology.

RESULTS—We observed moderate histological improvement at 4 weeks which did not translate
into a significantly decreased level of serum creatine kinase.

DISCUSSION—AL the dosages tested, C-EPO is not an effective therapeutic for the treatment of
a mouse model of Duchenne muscular dystrophy.
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Introduction

Muscular dystrophies are a group of diseases characterized by muscle weakness and
wasting. One of the most common forms of muscular dystrophies is Duchenne muscular
dystrophy (DMD), a disease caused by mutations in the dystrophin gene.! This disease is
often modeled using mdx mice,2 which carry a point mutation in the dystrophin gene that
results in premature termination of the protein product.3~® By three weeks of age, mdx mice
exhibit DMD-like histological changes in limb muscles, including variation in myofiber
size, an increase in inflammatory cells, and regenerating myofibers which can be
distinguished by the presence of centrally located nuclei.”~10 The histological changes in the
diaphragm muscle of mdx mice at three weeks of age are similar to those of the limb
muscles, but there is progressive muscle degeneration after this age that is accompanied by
greater connective tissue infiltration. Functionally, the diaphragm muscle in mdx mice
becomes the most severely affected,®10 and it parallels the degeneration observed in the
human disease.1! In both mdx mice and humans with DMD, reduced muscle membrane
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integrity leads to leakage of muscle proteins, usually measured as creatine kinase (CK), into
the bloodstream. Measurement of serum CK levels is an accepted test for supporting a
diagnosis of DMD.12-15

Thus far, no effective specific therapy is available for DMD. Many types of interventions
are undergoing testing in both animal studies and human clinical trials, and these include
approaches aimed at slowing the disease progression via correction of dystrophin expression
in the myofibers,16—20 or by alteration of activity of pathways known to promote myofiber
growth or inhibit myofiber loss and fibrosis.21:22

In the hematopoietic system, the cytokine erythropoietin (EPO) prevents apoptosis of late
erythroid progenitors, and it also supports the proliferation of progenitor cells by signaling
through the EPO receptor. EPO can act through other receptors, such as the GM-CSF and
IL-3 receptors.23:24 Several studies have highlighted EPO’s protective biological effects in
organs other than the hematopoietic system,2> and it is hypothesized that these effects occur
through EPO binding to the common beta receptor, a subunit of GM-CSF, IL3 and IL5
receptors.28 In particular, EPO has shown an anti-apoptotic effect in both the heart and the
central nervous system following ischemic- or trauma-induced injury.26:27

EPO has several effects that could aid in repair of skeletal muscle injury and prevention of
fibrosis. In vitro, EPO promotes proliferation of C2C12 and primary mouse myaoblasts,
suggesting that it can stimulate the progenitor cell population during muscle repair.28 In
vivo, EPO administration for treatment of chronic renal failure increased muscle fiber
diameter.2? It promoted angiogenesis3® and increased capillary density in the muscle of a
mouse injury model of sepsis.31

One side effect of therapeutic EPO administration is a potentially harmful rise in
hemoglobin concentration.32:33 Overexpression of EPO in mice causes excessive
erythrocytosis that leads to multiple organ degeneration, including skeletal muscle
degeneration.34 To avoid the hematopoietic effects of EPO and target its other protective
biological effects, EPO analogs have been developed, such as carbamylated EPO (C-EPQ).
These analogs do not bind to the EPO receptor and lack erythropoietic activity.3® Proof-of-
principle experiments demonstrated that they retain anti-apoptotic, neuroprotective and
regenerative activity in tissues other than the hematopoietic system by binding to the
common p-receptor.26 C-EPO has been effective in preventing tissue degeneration in a
number of disease models, including protecting against motor neuron death in a mouse
model of amyotrophic lateral sclerosis.3¢ C-EPO also reduces the inflammatory response in
cortical3” and cerebral infarcts,3® as well as in experimental autoimmune encephalomyelitis,
38 and it has been indicated to reduce fibrosis in renal damage caused by ureteral
obstruction.39

In a proof-of-principle experiment for the treatment of DMD, we tested whether
administration of C-EPO to mdx mice could ameliorate dystrophic signs in muscle. madx
mice were injected intraperitoneally 3 times/week with 50 pg/kg or 100 ug/kg C-EPO for 4
and 12 weeks. Following treatment, serum CK levels were assessed, and histological
evaluations of myofiber size, percentage of regenerating myofibers and presence of fibrotic
tissue were performed in the diaphragm, gastrocnemius, tibialis anterior and quadriceps
muscles of treated and control mdx mice. Our studies demonstrated that, although moderate
histological improvement was observed 4 weeks following C-EPO treatment in some
muscles, lowered serum creatine kinase levels did not accompany these changes.
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Materials and Methods

Animals

Histological

C57BL/10ScSn-Mdx/J mice (mdx) were purchased from the Jackson Laboratory (Bar
Harbor, ME). The mice were 5-8 week old females that were homozygous for the mdx
mutation (a nonsense mutation in exon 23 of the dystrophin gene).* Doses of 0 pg/kg
(control), 50 pg/kg or 100 ug/kg weight of carbamylated-erythropoietin (C-EPO) in 0.2%
bovine serum albumin in phosphate-buffered saline were administered 3 times weekly via
intraperitoneal (IP) injection, for 4 or 12 weeks. C-EPO was provided by Shire Human
Genetic Therapies. Previous studies found beneficial effects at these dosages in the central
and peripheral nervous systems and in the myocardium.3%:38:40.41 The total volume of each
IP injection did not exceed 100 pL. Animals were weighed once a week for the duration of
the study. Prior to euthanasia, blood was collected from the tail vein to measure serum CK.
Animals were euthanized via CO, asphyxiation, and the diaphragm, gastrocnemius,
quadriceps, and tibialis anterior muscles were collected from each animal and snap frozen in
Optimal Cutting Temperature (OCT) for histological analysis. Animal groups consisted of
5-7 mice. All animals were handled in accordance with protocols approved by Animal
Resources at Children’s Hospital, Boston.

analyses of muscle tissue sections

For each muscle collected, 10 um thick tissue sections were stained with hematoxylin and
eosin. Measurements were made from 3 to 4 representative fields per muscle. Individual
myofiber size was determined by measuring the shortest diameter of the fiber (n = 200 to
600 myofibers per muscle). Measurement of shortest diameter was chosen over
measurement of cross-sectional area to reduce the bias in size due to obliquely cut fibers. To
determine the fraction of regenerating muscle fibers, the number of myofibers with centrally
located nuclei was counted and divided by the total number of myofibers in a field (n = 50 to
200 per field, n = 150 to 600 per muscle). The presence of fibrotic tissue was assessed by
determining the area of extracellular spacing between muscle fibers using the NIH ImageJ
software and dividing it by the total area of the muscle tissue within each section. The use of
interstitial area as a measure for fibrotic area was validated by staining some sections for the
intermediate filament protein, vimentin. The area of extracellular spacing between fibers
calculated from H&E-stained tissue corresponded to the area expressing vimentin (data not
shown).

Evaluation of CK levels in serum

Statistics

Results

One day prior to euthanasia, 200 pL of blood was collected via tail vein nick into BD
Microtainer serum separator tubes from at least 5 mice per group. Blood was allowed to
coagulate for 1 hour at room temperature and then centrifuged. Five to 25 uL of plasma
serum were used in the Stanbio CK-NAC (UV-Rate) CK test to determine serum CK levels.
For each blood sample, two measurements were taken and averaged.

Data is presented as mean values; error bars denote standard error of measurement. For all
tests, one-way ANOVA with alpha = 0.05 was calculated using the ANOVA: Single Factor
analysis tool in Excel. If significance was found (p < 0.05), pair wise comparisons were
made using Student’s t-test. The resulting t-test p-value is reported.

To test the effectiveness of C-EPO in reducing the signs of muscular dystrophy, 5-8 week
old mdx female mice were injected IP with vehicle only, 50 pg/kg, or 100 pug/kg C-EPO.
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Throughout the study, the weight of the animals was monitored to determine whether
treatment promoted muscle growth and concurrent gains in muscle weight. Administration
of C-EPO did not significantly change the weight of the animals compared to vehicle-only
controls (Fig. 1). Due to the sacrifice of some of the mice for the 4 week time point, the
relative weights between treatment groups at 5 weeks changed. Outside of this imbalance,
the weights of treated mice did not change significantly over time compared to control mice.

After 4 weeks, H&E-stained muscle sections were examined for improvements in muscle
histology (Fig. 2, A-F). The percentage of regenerating fibers and percent area of fibrosis
were measured in the diaphragm, gastrocnemius, quadriceps, and tibialis anterior muscles of
each animal. The myofiber diameter was measured in the diaphragm only. The percentage of
myofibers with centrally located nuclei was significantly higher in the diaphragm of both the
50 ng/kg and 100 pg/kg treatment groups, as compared to the control group (48%, 43%, and
34%, respectively; p < 0.05; Fig 2G). The average diameter size of the myofibers in the
diaphragm was not changed in the 50 pug/kg group compared to control, while in the 100 ug/
kg group it was decreased (p<0.05; Fig 2H). The distribution of myofiber diameters in the
diaphragm demonstrates that the smaller average size is due to an overall shift towards all
myofibers being smaller (Fig. 21). In the gastrocnemius muscle, the percentage of centrally
located nuclei was also slightly increased with administration of 50 pug/kg C-EPO (80% vs
65%, p = 0.039; Fig. 2G). However, no differences were seen in the tibialis anterior or
quadriceps muscles. Evaluation of the percent area of interstitial connective tissue in the
diaphragms showed a statistically significant increase in the group administered 100 ng/kg
C-EPO (p = 0.007; Fig. 2J). However, no changes were found in any other muscles
analyzed.

After 12 weeks of treatment, each group underwent similar histological analyses (Fig. 3).
Unlike what was seen at 4 weeks, there was no significant difference in the percentages of
regenerating myofibers in treated versus vehicle-treated mice (Fig. 3G). There was also no
significant difference in the average myofiber diameter (Fig. 3H) or in the distribution of
myofiber diameters (Fig. 31). An apparent increase in area of the interstitial tissue was
observed in the diaphragms of treated mice compared to untreated mice, although this
difference was not statistically significant (Fig. 3J).

Previous studies using mdx mice have shown that a growth in the number of regenerating
fibers can be accompanied by a gain in muscle function and a decrease in the levels of serum
CK.*2 To test whether C-EPO administration led to such changes, serum CK levels were
assayed (Fig. 4). At neither 4 nor 12 weeks was there a significant decrease in the levels of
serum CK in C-EPO-treated compared to untreated mdx animals.

Discussion

Because of its known neuroprotective effects, as well as indications from several studies that
erythropoietin had a stimulatory effect on processes that could promote muscle regeneration
and repair, it was proposed that erythropoietin could be a useful therapeutic for muscular
disorders.*3 To harness the neuroprotective effects of EPO, nonhematopoietic derivatives
were created, including C-EPO.35 C-EPO has shown effectiveness in preventing damage in
numerous injury models, including experimental myocardial infarction,*! and brain and
spinal cord injuries.?* In the myocardium after ischemia, C-EPO stimulates PI3-kinase and
Akt, % genes that are also involved in skeletal muscle growth.46:47

We hypothesized that administration of C-EPO would alleviate the pathology of disease in
the mdx mouse model of Duchenne muscular dystrophy by promoting progenitor cell
proliferation in vivo.28 The increased pool of cells would fuse into existing myofibers, thus
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increasing myofiber size, or it would form new (regenerating) myofibers. In addition, it was
thought that C-EPO could deter the development of fibrosis in muscular dystrophy. Two
dosages of C-EPO were selected based on studies by others that had demonstrated efficacy
in central and peripheral nervous system injuries,3%:38:40,41

We found that 50 pg/kg of C-EPO stimulated a significant increase in muscle regeneration
following 4 weeks of administration, however this effect did not persist at 12 weeks. The
observed short-term increase in regenerating myofibers in the diaphragm and gastrocnemius
muscles was not accompanied by a significant increase in myofiber diameter. Surprisingly,
the average myofiber diameter of the diaphragm in the 100 pg/kg group was decreased. This
finding could indicate that, in the presence of C-EPO, activated muscle progenitors formed
new, small myofibers rather than fusing into and increasing the size of existing muscle
fibers. However, the distribution of fiber sizes indicates a slight shift towards all existing
fibers being smaller rather than induction of new small regenerating fibers.

Overall, C-EPO administration did not significantly reduce the amount of interstitial
(fibrotic) tissue in the muscles of treated mdx mice compared to controls. Unexpectedly, at
the highest dosage the amount of fibrosis increased significantly in the diaphragm muscle 4
weeks following C-EPO treatment. This increase was not observed in any other muscle
analyzed at this time point, nor in any of the muscles analyzed from animals that received 12
weeks of C-EPO treatment.

Serum CK levels at both time points did not decrease in treated versus untreated animals.
This finding supports the conclusion that despite an increase in the number of regenerating
myofibers in some of the muscles of the C-EPO-treated mdx mice, the overall muscle
integrity did not significantly improve. Therefore, we conclude that, although C-EPO has
been effective in preventing damage in other disease conditions, it did not effectively
alleviate the pathogenesis of muscular dystrophy in mdx mice. It is unclear as to why C-
EPO-treatment did not result in the intended effect. Other studies using either erythropoietin
or C-EPO for prolonged therapy in mice have noted development of anemia.3® In the case of
erythropoietin, it has been speculated that anemia might have arisen from development of
neutralizing antibodies that recognize endogenous proteins.*® In our study, possible signs of
anemia, characterized by whiteness in the paws and a lack of blood flow in the tail, were
noted at 12 weeks following treatment (data not shown). These effects seemed worse with
the 100 pg/kg treatment group. It is thus possible that the development of anemia might have
contributed to the lack of efficacy at 12 weeks.

While similar treatment regimens have proven beneficial in decreasing fibrosis and
improving repair in other injury/disease models, we noted only nominal effects 4 weeks
following treatment of mdx mice with C-EPO. It remains possible that lower dosages of C-
EPO may result in beneficial effects in mdx skeletal muscle while reducing the chance of
developing anemia. Future investigations may consider lower dosages to achieve long-term
improvement in muscle diseases.

Acknowledgments

The authors would like to thank Matthew Mitchell and Mckenzie Wessen for technical help with the IP injections
and with tissue harvesting, and Gregory S. Robinson and Arthur O. Tzianabos for insightful discussions and
manuscript review. This work was supported by Shire Human Genetic Therapies. MPW was supported by the NIH/
NIGMS T32 GM007226 Cellular and Developmental Biology Training Grant. EG is supported by grants from
NIH/NINDS: 2R01NS047727 and 5P50NS040828.

Muscle Nerve. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu and Gussoni

Page 6

Abbreviations

C-EPO carbamylated erythropoietin
CK creatine kinase
DMD Duchenne muscular dystrophy
EPO erythropoietin
H&E hematoxylin and eosin
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Figure 1.
Gross weight of female mdx mice treated with C-EPO. Black squares: 0 pg/kg. Gray
squares: 50 ug/kg. White squares: 100 pug/kg C-EPO.
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Figure 2.
Muscle histology of mdx mice treated with C-EPO for 4 weeks. A-C: H&E stained

diaphragm, scale bar = 50 um. D-F: H&E stained gastrocnemius, scale bar = 100 um. A, D:
0 pg/kg treatment. B,E: 50 pg/kg treatment. C,F: 100 pg/kg treatment. G: Percentage of
centrally located nuclei in the diaphragm (Dia), tibialis anterior (TA), quadriceps (Quad),
and gastrocnemius (GA) muscles. H: Average myofiber diameter in the diaphragm. I:
Distribution of fiber diameters in the diaphragm. J. Percentage of interstitial area in
diaphragm, tibialis anterior, quadriceps, and gastrocnemius muscles. G-J: Black squares: 0
ug/kg. Gray squares: 50 pug/kg. White squares: 100 pug/kg C-EPO. “*” denotes statistically
significant difference versus control (p <0.05).
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Muscle histology of mdx mice treated with C-EPO for 12 weeks. A—C: H&E stained
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diaphragm, scale bar = 50 um. D-F: H&E stained gastrocnemius, scale bar = 100 um. A, D:
0 ug/kg treatment. B,E: 50 pg/kg treatment. C, F: 100 pg/kg treatment. G: Percentage of
centrally located nuclei in the diaphragm and gastrocnemius muscles. H: Average myofiber
diameter in the diaphragm. I. Distribution of fiber diameters in the diaphragm. J. Percentage
of interstitial area in diaphragm and gastrocnemius muscles. G-J: Black squares: 0 pg/kg.
Gray squares: 50 ug/kg. White squares: 100 pg/kg C-EPO.
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Figure 4.

Serum creatine kinase activity in mdx mice treated with C-EPO for 4 and 12 weeks. Serum
creatine kinase levels significantly increased in the 50 pg/kg-treated group at 4 weeks (p =
0.02) but returned to normal levels by 12 weeks. “*’ denotes a statistically significant
difference versus control.
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