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Treatment with Recombinant Human MG53 Protein
Increases Membrane Integrity in a Mouse Model
of Limb Girdle Muscular Dystrophy 2B
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Limb girdle muscular dystrophy type 2B (LGMD2B) and other
dysferlinopathies are degenerative muscle diseases that result
from mutations in the dysferlin gene and have limited treat-
ment options. The dysferlin protein has been linked to multiple
cellular functions including a Ca®*-dependent membrane
repair process that reseals disruptions in the sarcolemmal
membrane. Recombinant human MG53 protein (rhMG53)
can increase the membrane repair process in multiple cell types
both in vitro and in vivo. Here, we tested whether rhMG53
protein can improve membrane repair in a dysferlin-deficient
mouse model of LGMD2B (B6.129-Dysf™ ™ /1), We found
that rhMG53 can increase the integrity of the sarcolemmal
membrane of isolated muscle fibers and whole muscles in a
Ca’*-independent fashion when assayed by a multi-photon
laser wounding assay. Intraperitoneal injection of rhMG53
into mice before acute eccentric treadmill exercise can decrease
the release of intracellular enzymes from skeletal muscle and
decrease the entry of immunoglobulin G and Evans blue dye
into muscle fibers in vivo. These results indicate that short-
term rhMG53 treatment can ameliorate one of the underlying
defects in dysferlin-deficient muscle by increasing sarcolemmal
membrane integrity. We also provide evidence that rhMG53
protein increases membrane integrity independently of the
canonical dysferlin-mediated, Ca**-dependent pathway known
to be important for sarcolemmal membrane repair.

INTRODUCTION

Dysferlinopathies are a heterogeneous group of degenerative muscle
disorders associated with autosomal recessive inheritance that ex-
hibits full deficiency or mutations in the gene encoding dysferlin
(DYSF) protein. Dysferlin-deficient patients may show heterologous
phenotypic progression of muscle wasting and weakness, with no
clear correlation between their specific mutations and the onset or
severity of muscle weakness. Recently, dysferlinopathies were divided
into four main clinical types: limb girdle muscular dystrophy type 2B
(LGMD2B) with primarily proximal weakness,'* Miyoshi myopathy
(MM) with primarily distal weakness,™* distal myopathy with ante-
rior tibial onset (DMAT),2 and proximodistal weakness, which can
include the symptom combinations described above.'* LGMD2B is
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the most frequently diagnosed type of dysferlinopathy and it affects
approximately 1 in 100,000-200,000 male and female patients, with
a mean age of onset at around 26 years.””’

Current treatments for LGMD are limited, and proposed therapeutic
approaches are palliative and intended to allow patients to remain
mobile as long as possible.>" " However, to our knowledge, none
of these treatments has any effect on the underlying pathology. While
possible future therapies for LGMD (including gene therapy replace-
ment of affected genes'"'? and the use of stem cells'*~') hold prom-
ise, these treatments are still years away from application in human
patients. Genetic replacement approaches are further complicated
by the number of different genes compromised in other LGMDs.
As a result, there is a great need for intermediate therapies to reduce
the pathology associated with LGMD and other muscular dystro-
phies. Potentially, a therapeutic agent would be more viable if it could
treat multiple forms of LGMD by targeting a shared conserved path-
ologic mechanism in these distinct diseases.

Human dysferlin is a 237-kDa (2,080-amino-acid) transmembrane
Ca"-binding protein that belongs to the ferlin family and localizes
to the plasma membrane and t tubules of skeletal muscle fibers.'®!”
Various studies indicate that dysferlin contributes to plasma mem-
brane repair in cultured myoblasts and in skeletal and cardiac mus-
1217221 plasma membrane repair is an active process in which
multiple cellular mechanisms contribute to restoring membrane
integrity following a break in the plasma membrane,** **

cles.

" including
when exocytotic intracellular vesicles traffic to sites of membrane
disruption to form a repair patch.”> Additional studies link dysferlin
function to related cellular activities, including cell survival,
regulation of endo- and exocytosis, vesicle fusion, trafficking, and
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logical examinations of cardiac and skeletal muscles
from dysferlin-deficient mice suggest the existence of an alternative
dysferlin-independent pathway for the cellular membrane repair pro-
cess in cardiac cells.”

Interestingly, the histopatho-
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Different dysferlin-deficient mouse models of LGMD2B and related
dysferlinopathies have been created and characterized.** Two mouse
strains, SJL/J and A/J, contain spontaneous mutations in the dysferlin
gene. The SJL/] spontaneous model of LGMD2B and MM harbors
a mutation where the C2E dysferlin domain®®*' encoded by exon
45 has been removed.””*’ The A/J model,”® generated by insertion
of an ETn retrotransposon at intron 4 of the dysferlin gene, shows
slower progression of muscular dystrophy than the SJL/]. However,
both models demonstrate a mild phenotype in the development
of muscle pathology, which complicates their use in research.
The need for a genetically engineered and backcrossed mouse
model lead to the generation of various mouse models, including
Dysf”” mice (B6.129-Dysf™ ™/]),  B6.129S6-Dysf™>Kmy],
B10.SJL-Dysf™/Awa] mice, Dysf”~ (129-Dysf™¥ ™), and
others."**#**>** The B6.129-Dys™ ' “™/] mouse is the result of
the deletion of a 12-kb genomic region, which corresponds to human
exons 53-55 (1,983-2,080 amino acids), that encode the transmem-
brane domain of the dysferlin protein.

Recent studies identified additional molecular components of the
membrane repair process, particularly those involved in a pathway
thought to be specific to striated muscles.*’ Previous discoveries
from our laboratory group and collaborators demonstrated that mit-
sugumin 53 (MG53), a muscle-enriched tripartite motif (TRIM) fam-
ily protein®® also known as TRIM72, is an essential component of the
cell membrane repair machinery in striated muscle.”’ "> To reseal dis-
ruptions in cellular membranes, dysferlin-containing vesicles can be
recruited by oligomerized MG53 protein that localizes on an intracel-
lular membrane. MG53 oligomerization is presumably promoted by
the changes in the oxidation state that occurs during acute membrane
disruption between the intracellular and extracellular spaces from
reduced to oxidized states.”® While MG53 is an important driver of
the membrane repair mechanism, targeting this process to treat
LGMD requires a method that directly modulates the membrane
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Figure 1. Histological Features of Muscular
Dystrophy in Dysf”~ Mice

(A) H&E-stained histological sections from the gastroc-
nemius (Gast) and gluteus (Glut) muscle of Dys™~ mice
at 3, 6, 10-12, and 15-16 months of age. Scale bars
represent 50 um. (B and C) Quantification analysis
of H&E-stained sections from the indicated muscles
displaying the percentage of (B) histopathological
area and (C) central nuclei in the gastrocnemius and
gluteus muscle of Dysf/’ mice at 3, 6, 10-12, and
15-16 months (ms) of age. Data are means + SEM
(n = 3-6 mice).

repair capacity in skeletal muscle fibers. We previously found that re-
combinant human MG53 protein (thMG53) can be directly applied
to cells and tissues to increase the integrity of the plasma membrane
in muscle and non-muscle cells.”* This exogenously applied rhMG53
can interact with the plasma membrane at disruption sites and in-
crease the resealing of the membrane both in vitro and in vivo with
a mouse model of Duchenne muscular dystrophy.

In this study, we assess the therapeutic potential of rhMG53 admin-
istration to prevent muscle damage following eccentric exercise in the
B6.129-Dys™™!<™/] dysferlin-deficient mouse model of LGMD2B.
This dysferlin-deficient model does not show any dysferlin expression
in skeletal tissues and thus can be used to study the pathology associ-
ated with LGMD2B and the therapeutic effects of rhMG53. These
rhMG53-treated Dysf”~ mice displayed improved skeletal muscle fi-
ber integrity in response to laser-induced damage and decreased
release of biomarkers of muscle injury following in vivo muscle
injury. Taken together, our data demonstrate that rhMG53 improves
muscle fiber survival and suggest that this protein therapy may be
beneficial for patients with LGMD2B.

RESULTS

Histopathological Characteristics of Muscular Dystrophy in
Dysferlin-Deficient Mice

Numerous publications report a slow progression of muscle
pathology in dysferlin-deficient mice that can occur in different
timescales in different dysferlin-deficient mouse lines.'®**>” Thus,
to assess the rate of development of muscle pathology in the
B6.129-Dysf™ X<“™/] (Dysf" ) mice, we conducted a histological
study in mice aged 3-15 months. Paraffin-embedded gastrocnemius
(gastroc) and gluteus muscle cross-sections were stained with H&E
(Figure 1A). By the age of 3 months (Figure 1A), an increase in muscle
fibers with internal nuclei was detected in dysferlin null samples.
Previous studies reported that most pathological characteristics of
muscular dystrophy could be identified in skeletal muscle of dysfer-
lin-deficient mice aged 4 and 8 months.'®°*>? In our hands, we found
that at age 6 months (Figure 1A), this strain of Dysf”~ mice demon-
strated mild defects that included common fibers with central nuclei
and limited histopathological areas. Between 6 and 10 months (Fig-
ure 1A), the Dysf”~ mice developed progressive muscular dystrophy
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Figure 2. Ex Vivo Studies of rhMG53 Efficacy on Single FDB Fibers Derived
from Dysf”’~ Mice

(A) Representative images. (B and C) Time-dependent accumulation of FM4-64 dye
(B) and the area under the curve (AUC) (C) demonstrate that rhMG53 protein
efficiently accelerates membrane resealing in the micromolar concentration range
on individual fibers damaged by an infrared laser. (D) The maximum fluorescence
intensity indicates the mean peak value at 51 s seen for the FM4-64 signal in each
group over the course of the experiment. White arrows indicate a wounding site
at 0 and 45 s after laser injury. Scale bars represent 10 um. Data are means + SEM
(n = 10-17). The Student’s t test was used for statistical analysis.

with extensive symptoms, including extensive fibrosis and the major-
ity of muscle fibers containing central nuclei. Quantification of these
events in Dysf”~ mice at different ages indicated a significant increase
in histopathological area and centrally located nuclei in myofibers
at 6-10 months and older compared to 3- to 6-month-old Dysf”"
mice (Figures 1B and 1C; complete statistics appear in Table S1).
The morphological changes were more pronounced in the gluteus
compared with other skeletal muscles, as expected from previous
studies. Thus, the development of pathology in these dysferlin-
deficient animals was relatively similar to those shown in previously
published studies in other dysferlin-deficient animals.

Exogenous Application of rhMG53 Increases Membrane

Integrity Ex Vivo in a Ca%*-Independent Manner

Since previous studies indicate that muscle fibers from dysferlin-
deficient animals display compromised membrane repair,'® we tested
whether increasing membrane repair capacity could have protective
effects in the Dysf”~ mouse model. One approach to increase mem-
brane repair is through providing additional rhMG53 to isolated cells
or through injection into experimental animals.”**’ Lyophilized re-
combinant human MG53 (rhMG53) with greater than 97% purity
based on high-performance liquid chromatography (HPLC) was re-
constituted into physiological saline solution and its capacity as a pro-
tein agent was tested in resealing membrane disruption experiments.
Complete flexor digitorum brevis (FDB) muscles and enzymatically
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isolated individual muscle fibers from Dysf”~ mice were damaged us-
ing infrared multi-photon laser microscopy. Internalized FM4-64 dye
entry was used to determine membrane integrity in these muscle
fibers. FM4-64 dye shows poor fluorescence in the aqueous solution
outside the cell, with increased fluorescence once it enters the cell
and binds lipids. When the membrane reseals, dye entry will cease
and the fluorescent signal stabilizes. While these experiments are typi-
cally done on isolated muscle fibers, we developed an approach using
whole FDB muscles that allows for these measurements to be madeina
more native environment where the extracellular matrix surrounding
the muscle fiber remains intact. We conducted comparative studies to
determine differences in the response to these two approaches. In the
individual FDB fibers we found that injury to the membrane results in
local contraction of the fiber at the injury site (Figure 2A), as has been
observed previously by multiple laboratories.'®**%°"** thMG53 pro-
tein applied to the external solution in the presence of Ca** showed
reduced dye entry compared to the equimolar BSA protein control
(Figures 2A and 2B). Moreover, the maximum intensity of FM4-64
fluorescence is considerably less for the rhMG53 group versus the
BSA group. To quantify the differences, we calculated the total area
under the curve (AUC) (Figure 2C), a useful tool for estimating the
bioactivity of protein drugs, and the maximum intensity of FM4-64
dye uptake for the curve (Figure 2D) for both the rhMG53 and BSA
groups. We determined that individual dysferlin-deficient fibers in
the presence of thMG53 and Ca** reduced the FM4-64 dye entry
into the muscle fiber, as we previously observed.” These results indi-
cate that externally delivered rhMG53 protein significantly increases
the integrity of a disrupted plasma membrane.

In contrast to the isolated FDB muscle fibers, the multi-photon laser
injury to muscle fibers in an intact FDB muscle does not produce the
localized contraction that distorts the muscle fiber (Figures 3A and
3B). Thus, we used this methodology to test the effects of rhMG53
on these muscle preparations to determine the Ca** dependence of
rhMGS53 function. Previous studies demonstrated the essential role
of Ca®" in vesicle trafficking and vesicle fusion that leads to mem-
brane repair in many model systems.'®**°' We then tested whether
BSA, saline, or rhMG53 and Ca®" concentration in the extracellular
solution affects the sarcolemma repair process in the intact FDB mus-
cle from Dysf”~ mice. We conducted muscle laser injury experiments
with the Tyrode solution calcium concentration at 0 or 2.0 mM
(Figures 3A and 3B). In the presence of either BSA or saline, 0 or
2.0 mM extracellular Ca** resulted in no significant changes in
FM4-64 dye influx (Figures 3A and 3C). This similar response with
and without extracellular Ca** would be expected in these muscle
fibers, since the loss of membrane repair capacity in Dysf”~ muscle
leads to a similar level of dye entry under both conditions.'® This con-
trasts with the response seen in C57BL/6] WT mouse muscles, where
the membrane efficiently reseals in the presence of extracellular Ca**
and removal of extracellular Ca®" significantly increases dye influx
following laser wounding (Figures 3D and 3E).

Addition of rhMG53 to the external solution decreased the FM4-64
dye influx into the Dysf”~ muscle fibers within FDB muscles
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following laser injury. Interestingly, rhMG53 produced the same in-
crease in membrane repair in either a 0 mM or 2.0 mM Ca** environ-
ment (Figures 3B and 3C). This suggests that while the canonical
membrane repair process requires extracellular Ca*", the effect of
rhMG53 on membrane repair is not dependent on the presence
of extracellular Ca** in Dysf”~ muscle fibers. Quantitative analysis
of these changes in dye influx (Figures 3D and 3E; Table S2) shows
an approximately 72%-80% and 68%-77% decrease of total AUC
and maximum fluorescence intensity for rhMG53-treated Dysf”
muscles compared to BSA and saline either in the absence and pres-
ence of extracellular Ca**, respectively.

rhMG53 Reduces Release of Serum Markers of Eccentric
Exercise-Induced Injury in Dysferlin-Deficient Mice

Since the Dysf~ mice show mild histopathology at an early age, we
accelerated the cellular membrane disruptions in muscle fibers®
using acute treadmill exercise to establish whether rhMG53 treatment
might improve muscle membrane integrity in vivo. For these studies,
3-month-old Dysf”~ mice were randomly separated into three
groups: a sedentary (control) group and two exercise groups where
animals received either saline or 5 mg/kg rhMG53 intraperitoneal
(i.p.) injections before exercise. The exercise groups of mice began
running 1 hr after injection on a downhill treadmill (—15° angle)
for 40-45 min at a speed of 18 m/min. Serum creatine kinase (CK)
and lactate dehydrogenase (LDH) profiles, as markers of muscle
cell damage and tissue injury due to disease or trauma,”* were used
to assess the extent of sarcolemmal membrane disruption. Levels of
both enzymes increased with the eccentric contractions produced
during treadmill running.®> *® Serum levels of both CK (Figure 4A)

Figure 3. Ex Vivo Studies of rhMG53 Efficacy on
Whole FDB Muscle Derived from Dysf’~ Mice

(A-C) Representative images (A and B) and time-depen-
dent accumulation of FM4-64 dye in whole FDB muscles
from Dysf” ~ (C). White arrows indicate the wounding site
at 0 and 45 s after laser injury. Scale bars represent
10 um. (D) The area under the curve (AUC) of FM4-64
fluorescence traces display the membrane-resealing
process in the presence of saline-only and BSA protein
(as controls) and rhMG53 on the intact skeletal muscle in
the presence and absence of calcium ions. (E) The
maximum fluorescence intensity (MaxFluor) at 51 s post-
injury closely follows the AUC measurements. AUC and
MaxFluor FM4-64 values of sedentary C57BL/6J (WT)
mice are provided to display the contribution of dysferlin
deficiency on those parameters and the Ca®*-indepen-
dent manner of rhMG53 function. Data are means + SEM
(n = 4-12). The Tukey-ANOVA test was utilized for sta-
tistical analysis.
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and LDH (Figure 4B) were significantly

elevated in response to downhill exercise in

both saline- and rhMG53-treated groups versus

control group. However, exercised Dysf”~ mice

receiving a single dose of rhMG53 showed
significantly reduced serum CK (~22%) and LDH (~20%) levels
compared to the saline-treated group. To evaluate the contribution
of dysferlin deficiency that may lead to an elevation in muscle markers
level, both CK and LDH were also measured in the serum of C57BL/6]
(WT) mice. Compared to WT mice, observed serum CK and LDH
levels increased approximately 230% and 39% respectively in the con-
trol (sedentary) Dysf”~ group (Figures 4A and 4B; Table S3).

Levels of MG53 Accumulation in Skeletal Muscle Tissues

We next confirmed rhMG53 availability and its distribution in the
striated muscle. To confirm the presence of rhMG53 in the serum
samples collected for measurement of CK and LDH, we used west-
ern blotting for MG53 (Figure 4C). We observed a nonspecific band
in all lanes, the size of which is well correlated with serum albumin,
and only exogenously delivered rhMG53 protein in its monomeric
and oligomeric (Figure 4C, top) forms that have been previously
shown to be involved in MG53 function.”” The level of rhMG53
was significantly elevated above the endogenous MG53 serum
levels,”*”° with the endogenous MG53 level only detected in over-
exposed blots.

We also tested the amount of total MG53 protein that accumulated
in the skeletal muscle following injection of rhMG53 (Figure 5).
Exogenously delivered rhMG53 protein in two different skeletal mus-
cles did not display any bands representing oligomeric forms such
as those observed in serum samples. We then compared whether
total MG53 expression in Dysf”~ mice and WT mice is changed
in response to exercise and protein treatment in gluteus and gastroc
tissue extracts (Figures 5A and 5C). We observed a slight and
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Figure 4. Effect of rhMG53 Treatment on Serum Markers in Dysf™~ Mice in
Response to Eccentric Exercise

(A and B) Creatine kinase (CK) (A) and LDH (B) levels after eccentric exercise
demonstrate rhMG53 efficacy as a protein drug to prevent muscle disruptions. CK
and LDH levels in serum of sedentary C57BL/6J (WT) mice show the contribution of
dysferlin deficiency on those cellular markers. Control mice (Contr) are considered to
be sedentary Dysf”~ (KO) mice. These were compared with exercised Dysf”~
mouse serum samples. (C) Western blot of serum from Dysf”~ mice shows
nonspecific MG53 bands and i.p. delivered rhMG53 protein level in eccentric
exercised rhMG53-treated group (top). The higher molecular weight MG53 oligo-
mers (indicated by black arrows) were detected only in the rhMG53-treated group.
The Ponceau S solution blot displays that similar amounts of serum proteins were
loaded in the gel and then transferred to a PVDF membrane (bottom of C). Data are
means + SEM (n = 6 for A and B; n = 3 for C). The Benjamini, Krieger, and Yekutieli
ANOVA test was used for statistical analysis.
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Figure 5. Western Blot Analysis of Dysferlin and MG53 Protein Expression in
Striated Muscle Tissue from Wild-Type and Dysf’~ Mice

(A and C) Western blots of dysferlin and MG53 levels in whole gluteus (A) and
gastrocnemius (C) tissue extracts, and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) as a control, from C57BL/6J (WT, lane 1) and Dysf”~ mice
(sedentary group, lanes 2-4; exercised saline-treated group, lanes 5-7; exercised
rhMG53-treated group, lanes 8-10). (B and D) Densitometric analysis of the western
blots presented in (A) and (C) was carried out using Imaged software. The intensity of
MG53 bands was normalized to the GAPDH band intensity of the respective
sample. Data are means + SEM (n = 3 for each group).

statistically insignificant increase in the level of MG53 protein in the
muscle tissues of the injected mice (Figures 5B and 5D).

Injection of rhMG53 Improved Membrane Integrity in Dysferlin-
Deficient Mice

To determine whether rhMG53 administration can improve sarco-
lemmal membrane integrity in muscle fibers damaged during down-
hill treadmill exercise, we stained histological sections from various
muscles with fluorescent-labeled antibodies against mouse immuno-
globulin G (IgG).”" When IgG is detected in otherwise intact muscle
fibers, it indicates a muscle fiber in which the membrane either has
increased resistance to injury or has been broken and then resealed
by membrane repair. If IgG is observed in muscle fibers without intact
membranes, this suggests these may be necrotic fibers. Confocal
microscopy shows that treadmill exercise increases the number of
IgG-positive fibers in multiple muscle types from the Dysf”~ mouse
hind limb (Figure 6A). Quantification of the number of IgG-positive
fibers (Figures 6B-6D) showed a significant increase in IgG-positive
fibers for the gluteus (~124%), extensor digitorum longus (EDL)
(~23%), and soleus (~60%) muscles after exercise versus control
sedentary Dysf”~ mice. However, the Dysf’~ mice injected with
rhMG53 protein showed a considerable reduction in the number of
IgG-positive fibers. The percentage of IgG-positive fibers was signif-
icantly lower for the gluteus (~26%), EDL (~12%), and soleus
(~27%) muscles between the rhMG53- and saline-treated groups
(Figures 6B-6D; Table S4).

Another method to evaluate cellular membrane permeability in vivo
in Dysf”~ mice after exercise is the injection of Evans blue dye (EBD)
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as a marker to identify damaged skeletal muscle fibers.”> At 18 hr
post-EBD injection, Dysf”~ mice were injected with either saline or
rhMG53 protein and exercised as described above. Following tread-
mill running, various muscles were collected and mounted as frozen
histological sections or for extraction of EBD from the tissues.
Confocal imaging of frozen sections from EDL and gastroc muscles
(Figure 7A) showed increased EBD uptake into individual muscle fi-
bers. To visualize the basement membrane of individual muscle fibers,
EDL and gastroc sections were stained with laminin, followed by
Alexa Fluor 488 (green)-labeled secondary antibody. EBD uptake
was quantified by extraction from various muscles and measuring
EBD differences by spectrophotometry (Figures 7B-7G). These re-
sults showed increased EBD uptake into the gluteus, soleus, EDL, ti-
bialis anterior (TA), and gastroc skeletal muscles of Dysf”~ mice after
a single downhill treadmill running regimen (Figures 7B-7F). We
found that injection of rhMG53 reduced the amount of EBD in these
muscles compared to the saline-treated group back to the levels seen
in the unexercised Dysf”~ control mice, indicating that membrane
repair might be effectively recovered in all presented types of muscle
cells (Figures 7B-7F; Table S5). Since there is only limited damage to
the FDB and diaphragm muscle from treadmill running, we also
measured the EBD uptake in this muscle as a control and saw no sig-
nificant increase in either muscle following exercise (Figure 7G and
not shown). This shows the specificity of this approach for producing
sarcolemmal membrane disruption of targeted muscles.

DISCUSSION

LGMD2B is a degenerative genetic muscle disease with limited treat-
ment options for patients with this rare disorder. To date, proposed
treatments for LGMD2B include Resolaris (a physiocrine-based pro-
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Figure 6. A Single Dose of rhMG53 Prevents
Exercised-Induced Sarcolemmal Membrane
Damage in Dysf’~ Mice

(A) Representative images of IgG staining. Paraffin sec-
tions of gluteus, EDL, and soleus muscle stained with
fluorescent anti-mouse-IgG  antibodies [IgG  (H+L)]
demonstrate the distribution of IgG-positive and IgG-
negative fibers in selected skeletal muscles, showing the
loss of membrane integrity in response to exercise and its
improvement in the rhMG53-treated group. Scale bars
represent 100 um. (B-D) Quantification analysis of IgG-
positive fibers for the gluteus (B), EDL (C), and soleus
muscles (D). Dysf”~ mice show significant reductions in
positive muscle fiber damage in the rhMG53-treated
group relative to both the control and saline-treated
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The Benjamini, Krieger, and Yekutieli ANOVA test was
used for statistical analysis.
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(AAV)-mediated gene therapy based on target
gene replacement'” in dysferlin-deficient pa-
tients, and the potential use of stem cell regen-
erative medicine approaches. As LGMD2B patients currently lack
effective treatment options, there is an unmet medical need for novel
therapeutic approaches that can treat the underlying pathogenic
mechanisms at work.

In this study, we demonstrate the therapeutic potential for thMG53
protein to treat one of the underlying defects associated with
LGMD2B. Previous studies showed that thMG53 increased mem-
brane repair in muscle and non-muscle cells when the cell is
injured.”**” In this study, the effects of rhMG53 were established
in ex vivo FDB muscle fibers and then in vivo on dysferlin-deficient
mice using multiple experimental approaches. Our initial proof-of-
concept studies used both isolated muscle fibers and whole FDB mus-
cles injured by multi-photon microscopy. In both preparations, we
found that dye entry decreased following laser injury when exogenous
rhMG53 protein is present in the low micromolar range. Addition-
ally, we found that whole muscles injured with multi-photon micro-
scopy behaved differently than isolated, individual muscle fibers un-
der the same conditions. While individual fibers show distension due
to local contraction, muscle fibers within the bundle maintain their
normal structure, possibly as a result of maintaining their extracel-
lular connections within the native tissue. This may result in the vari-
ation in the kinetics of dye entry in these assays, where the individual
muscle fibers show a longer phase of dye entry but the dye entry in
fibers remaining in muscle bundles stabilizes shortly after injury.
These results emphasize that the tissue environment is an important
component of sarcolemmal membrane repair in native skeletal mus-
cle through mechanism(s) that remain to be elucidated. It is also
possible that there is a variation in the amount of membrane damage
produced in these two preparations; however, the similar levels of
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Figure 7. Effect of Acute rhMG53 Administration on
Skeletal Muscle Membrane Permeability after
Exhaustion Exercise in an LGMD2B Mouse Model
(A) Representative images of EBD uptake and laminin
immunostaining in EDL (left) and gastrocnemius (Gastroc,
right). Tissues harvested from the same Dysf™ /= mice
used for spectrophotometric quantification in (B) through
(G). Scale bars represent 100 um. (B-G) Quantification of
EBD extraction from gluteus (B), soleus (C), EDL (D), TA
(E), gastroc (F), and FDB (G) muscles from Dysf~~ mice.
Measurements as duplicates. Data are means + SEM
(n = 6 for each group). The Benjamini, Krieger, and
Yekutieli ANOVA test was used for statistical analysis.
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mechanism. This may explain why rhMG53
can effectively increase membrane integrity in
Dysf”~ muscle fibers when the canonical mem-
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disruption site to assist in increasing membrane
integrity or with resealing the injured mem-
brane. One potential lipid target for the effect
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total fluorescence signal and peak signal seen in the two preparations
argue that similar levels of damage did occur. As expected, our studies
confirmed that the Dysf”~ muscle fibers did not show differences in
FM4-64 dye influx when Ca®" was removed from the extracellular so-
lution. This is in contrast to wild-type muscle fibers that show
elevated dye entry in the absence of extracellular Ca®* even with
the complete muscle preparations used in these studies, which indi-
cates that our use of whole muscles in this assay provides a reliable
measurement of membrane repair. These results indicate that dysfer-
lin-deficient muscle fibers fail to repair independently of Ca** entry,
causing similar dye entry values for dysferlin-deficient fibers as the
WT fibers injured in absence of Ca®" (Figure 3).

We also found that the function of extracellularly delivered rhMG53
protein is not dependent on the presence of extracellular Ca>* outside
the muscle fiber. This is an interesting finding because the canonical
cell membrane repair mechanism is thought to be dependent on
extracellular Ca®* entry into the cell.*>*® Our data support that exog-
enous rhMG53 does not act through a Ca**-dependent process since
it has identical effects on membrane repair when extracellular Ca*" is
removed from the external solution. These results suggest that while
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is phosphatidylserine, which binds with high af-
finity and specificity to rhMG53 and frag-
ments of the MG53 protein.*®’* Future studies
will be necessary to resolve whether this lipid
binding characteristic contributes to the function of hMG53. These
studies could help to establish whether rhMG53 acts through modu-
lation of membrane repair or by increasing the resistance of the mem-
brane to damage. Previous studies concluded that rhMG53 increased
membrane repair when applied externally to multiple cell types®*®;
however, the Ca®*-insensitive nature of thMG53 function found
here suggests that direct effects on membrane integrity could also
contribute to the function of rhMG53.

rhMG53
Dysf KO Dysf KO

When we conducted our in vivo studies, we used the B6.129-
Dysf™ ™ /T (Dysf”") mouse line as a model of LGMD2B. We found
that this model shows similar progression of the dystrophic pheno-
type, as reported in other dysferlin-deficient mouse lines. Slow pro-
gression of the disease state is an advantage in modeling the human
disease in some respects, since LGMD2B displays a relatively late
age of onset and can progress slowly in many patients. In our in vivo
proof-of-concept experiments, we chose to use a downhill treadmill
running protocol to produce eccentric contractions in the hind
limb muscles of these mice. Eccentric contractions increase the
number of membrane disruptions that occur in these muscles, thus
providing an opportunity to test the effects of rhMG53 on membrane
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repair in this model. Injection of rhMG53 could minimize the release
of CK and LDH into the external space through disruption in the
sarcolemmal membrane. While CK is a more specific marker of mus-
cle injury due to its muscle specific nature, the concurrent decrease in
LDH release further supports that rhMG53 increases the integrity of
the sarcolemmal membrane. We also found that two different histo-
logical assays of sarcolemmal membrane repair, IgG staining and
EBD exclusion, support that rhMG53 increases membrane repair ca-
pacity in this LGMD2B mouse model. These results illustrate that
multiple anatomical muscles can be effectively targeted to produce
therapeutic effects at a level that can prevent the loss of membrane
integrity produced by compromised membrane repair capacity. How-
ever, these acute studies are not sufficient to indicate that rhMG53
can prevent the development of pathology in the Dysf”~ mice. Estab-
lishing such therapeutic effects requires prolonged treatment with
rhMG53 over the majority of the lifespan of the animal, as the pathol-
ogy develops slowly in these mouse models.

Analysis of the levels of rhMG53 in serum and muscle tissues show
that we can produce effective therapeutic levels in the serum that
are in excess of the endogenous levels of MG53 previously reported.”
It also appears that the endogenous levels of MG53 in Dysf”~ serum
are lower than those previously observed in the mdx mouse model of
Duchenne muscular dystrophy, which corresponds to the less severe
pathology seen in the muscles of the Dysf”"compared to the mdx
mouse. Oligomers of thMG53 were also present in these serum sam-
ples as expected, since previous studies suggest that rhMG53 forms
dimers or higher molecular weight oligomers through specific resi-

69
" We also observed

dues in the coiled-coil domain of the protein.
that only small quantities of rhMG53 appear to be necessary in the
skeletal muscle in order to generate therapeutic effects in vivo, which
would simplify the use of the recombinant protein for the treatment
of neuromuscular diseases. It should be noted that more sensitive
measurements of the extent of rhMG53 accumulation in skeletal mus-
cle will be required to determine the pharmacodynamic relationship

between rhMG53 and in vivo improvement of LGMD2B.

An additional factor to consider is that recent studies link dysferlin
to other cellular processes aside from membrane repair.”” One addi-
tional function that could contribute to the progression of LGMD2B
is the role of dysferlin in the regulation of t-tubule structure and func-
tion in regulation of Ca®" signaling in skeletal muscle. Dysferlin is

1676 and studies link this localization

known to localize to the t tubules
to regulation of various cell functions. Loss of dysferlin can compro-
mise the ability of muscle fibers to maintain t-tubule structures
following stress’” and to function properly in intracellular Ca**
release pathways.”® It is possible that native MG53 could also
contribute to some of these cellular processes through its known
interaction with dysferlin.”’ Indeed, recent studies link native
MG53 to the regulation of t-tubule resident Ca** handing re-
sponses.”® However, we have no data to show that the exogenous
rhMG53 used in this study enters into the cell; thus, to our knowledge,
there is no current evidence that rhMG53 acts directly on these other
functions of dysferlin. While compromised membrane repair is one

mechanism that can contribute to the progression of LGMD2B, these
other functions linked to dysferlin can have pathologic consequences
that could contribute to disease progression. Future studies should
account for concerns that multiple pathogenic mechanisms could
be at work in dysferlin-deficient muscle.

Taken together, our results provide in vitro and in vivo evidence that
rhMG53 is effective in enhancing membrane integrity in a LGMD2B
mouse model. The mechanism of action appears to increase the mem-
brane integrity of skeletal muscle fibers to compensate for the
inherent membrane repair defect seen in these animals. We also see
that rhMG53 may increase membrane integrity by targeting a dysfer-
lin-independent response that is not dependent on the presence of
extracellular Ca®". Future studies will focus on the nature of this pro-
tective response and determine whether chronic treatment of mouse
models of neuromuscular disease can minimize the pathology.

MATERIALS AND METHODS

C57BL/6] (WT) and one breeding pair of B6.129-Dysf™X<"/J
(Dysf”") mice were purchased from The Jackson Laboratory (stock
number 013149) and were bred and maintained in standardized con-
ditions at 22 + 2°C under a 12-hr/12-hr light cycle (lights on at 7 a.m.
EST). Genotypes of Dysf”~ mice were verified as described in the pro-
tocol available on The Jackson Laboratory’s website (https://www2.
jax.org/protocolsdb/f?p=116:5:0:NO:5:P5_MASTER_PROTOCOL_
ID,P5_JRS_CODE:26269,013149). All experimental procedures were
approved by The Ohio State University Institutional Animal Care and
Use Committee. Animals were maintained in accordance with the
recommendations of the NIH Guide for the Care and Use of Labora-
tory Animals.

Treadmill Exercise

At 3 months of age, Dysf”~ mice were randomly assigned into three
groups: one sedentary (considered as control mice) group and two ex-
ercise groups (n = 6-9 per group). The two exercise groups were accli-
mated to the treadmill by moderate exercise training that included a
series of downbhill runs for 5 min at the speed of 8 m/min for 2 consec-
utive days. Exercised animals were injected i.p. once with either saline
solution or 5 mg rhMG53/kg body weight. Saline injections were used
to control for stress induced during i.p. injection. At 60-90 min after
injection, the mice were exercised on an Exer-3/6 rodent treadmill
(Columbus Instruments) at a 15° downward angle for 40-45 min at
18 m per min.”* Mice were euthanized immediately after acute exer-
cise and tissues were collected for analysis.

Tissue Sample Processing, Histopathology, and IgG
Immunohistochemistry

The blood samples for baseline and post-exercise measurements were
collected by cheek punch using a Goldenrod Animal Bleeding Lancet
(Medipoint) and cardiac puncture, respectively. Serum was separated
and used for measuring enzyme activity immediately after collection.
The remaining serum was frozen and stored at —80°C for future
analysis. Commercial enzyme activity kits were used to measure
LDH (Takara Bio) and CK levels (Sekisui Diagnostics) using a
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Flexstation3 plate reader (Molecular Devices) per the manufacturer’s
directions.

Tissues were harvested and fixed in 10% buffered formalin solution,
which was replaced with 70% ethanol after 24 hr. Skeletal muscle tissues
were embedded in paraffin and then blocked and microtome sectioned
(5 um) at the Pathology Core Facility at The Ohio State University
Wexner Medical Center. All sections were deparaffinized and rehy-
drated in decreasing concentrations of ethanol. H&E (Thermo Scienti-
fic) staining was performed according to the manufacturer’s instruc-
tions to visualize the extent of fibrosis in dystrophic skeletal muscle.
Random images were collected on a Zeiss Axioplan microscope and
then the number of myofibers with centrally located nuclei was deter-
mined by manual counting. The percentage of centralized nuclei was
calculated as the number of fibers displaying internal nuclei divided
by the total number of fibers in the cross-section of corresponding tissue
(approximately 600-1,100 fibers/gluteus and 560-1,250 fibers/gastroc-
nemius). To quantify the percentage of total histopathological area in
the muscles, Image] software (NIH) was used to manually highlight
areas in collected images that showed the appearance of fibrosis and/
or obvious infiltration of immune cells. In these measurements, any
areas that showed separation of the tissue or another fixation artifact
were not highlighted for analysis. The percentage area that contained
immune cells or had a fibrotic appearance was calculated as that area
divided by the total area of muscle tissue that appeared in the image.

Immunoglobulin G stain was used for intracellular IgG [IgG (H+L)]
to determine muscle damage and fibrotic scarring. After dehydration,
gluteus, EDL, and soleus muscle sections from all groups of mice
were subjected to antigen retrieval using 1x Citra Plus (HK086-9K;
BioGenex) solution and heated as described in the instruction manual
and then stained with a 0.04% Alexa Fluor 488 goat anti-mouse IgG
(A-11001; Life Technologies) solution in 2% BSA for 3 hr at room
temperature, washed in PBS, and mounted with coverslips. Images
for IgG staining were taken using an Olympus FluoView FV1000
confocal microscope. 4-10 region-of-interest images were conse-
quently chosen for each muscle section. All images were analyzed
using Olympus FV10-ASW 4.1 Viewer and Image] software. The
IgG-positive and IgG-negative fibers were individually quantified
and then calculated as a percentage of total fibers for each group.

Evans Blue Dye Uptake and Tissue Processing

EBD (Sigma-Aldrich), 1% in physiological saline (0.15 M NaCl,
10 mM phosphate buffer, pH 7.4), sterilized by passage through a
0.22-um membrane filter was intravenously (i.v.) injected via the
tail vein according to the mouse’s body weight. 18 hr later, mice
were injected i.v. with either saline or rhMG53, exercised, and eutha-
nized as described above. The following skeletal muscles (gluteus, gas-
troc, soleus, TA, EDL, and FDB as a control) were bilaterally dissected
and their individual mass weights were recorded. For some samples,
frozen sections were cut using a Leica CM1510S cryostat (Leica Bio-
systems). Sections (10 pum) were fixed in methanol/acetone mixture
(1:1 ratio) at —20°C for 4 min, washed in PBS solution, and incubated
in 2% BSA in PBS solution (blocking buffer) for 30 min at room tem-
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perature. Sections were stained with antibody against laminin (1:500,
rabbit polyclonal, ab11575; Abcam) for 3 hr at room temperature,
washed in PBS, and incubated with a 0.04% Alexa Fluor 488 goat
anti-rabbit IgG (H+L) (A-11034; Life Technologies) solution in
blocking buffer for 2 hr at room temperature, washed in PBS, and
mounted with coverslips. Images were made by an Olympus Fluo-
View FV1000 confocal microscope using 546 nm for EBD and
488 nm for laminin excitation filters. To extract the EBD from the re-
maining samples, 1 mL formamide (47670, 250 mL; Sigma-Aldrich)
was added to each tube and incubated at 55°C for 2 hr. After high-
speed centrifugation for 5 min, the supernatants were collected and
the absorbance of samples and formamide as the blank was read at
620 nm with subtraction background at 800 nm.

Western Blotting

Protein concentrations of extracts from mouse tissues were isolated
and extracted as previously described.”*”” Protein content was deter-
mined using BSA as a standard according to the Bradford assay. Pro-
tein samples (10-20 pg/lane) were separated by SDS-PAGE at room
temperature on 4%-15% gradient gels at 120 V and were transferred
to polyvinylidene difluoride (PVDF) membranes (Bio-Rad) through
electroblotting. Blots were probed with antibodies against dysferlin
(1:2,500, mouse monoclonal antibody), TRIM72/MG53 (1:2,500,
custom rabbit polyclonal antibody), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (1:10,000, D16H11; Cell Signaling), and
appropriate horseradish peroxidase (HRP)-conjugated secondary
antibodies (1:5,000; Santa Cruz Biotechnology). The blots were
developed using enhanced chemiluminescence (ECL) prime detec-
tion reagent (GE Healthcare). Bio-Rad Image Lab (version 4.1) and
Image]J software were used for blot analysis.

Laser-Induced Muscle Damage

The membrane injury assay was performed on both isolated FDB
muscle fibers and intact muscle. The FDB muscle from male Dysf”~
mice, aged 3-5 months, was isolated using a standard surgical pro-
cedure. Following isolation, the muscle bundle was placed in Ca**
free Tyrode’s solution, 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, and
10 mM HEPES, pH 7.2. For muscle digestion, the same Tyrode’s
solution was supplemented with type II collagenase (Worthington)
at a concentration of 2 mg/mL. Samples were digested by shaking
for 120 min at 37°C. The digested muscle was dissociated by successive
passages through pipettes of decreasing diameter. After the comple-
tion of muscle digestion, the isolated muscle fibers were plated
onto MatTek glass-bottomed petri dishes in Tyrode’s solution.
No dissociation steps were taken to study membrane repair assay on
intact muscle fibers. Membrane damage was induced in the presence
of 2.5 uM FM4-64 amphiphilic fluorescent styryl pyridinium
dye'®**** (Invitrogen) and rhMG53 and BSA proteins with or without
2.0 mM Ca**, using the Olympus FV1000 multi-photon laser scanning
confocal system. rhMG53 and BSA proteins were dissolved in saline
solution and used in concentrations of 0.4 uM and 0.6 uM for indivi-
dual fibers and whole muscle, respectively. A circular area was selected
along the edge of the sarcolemma and irradiated at 24% of laser
power for 3 s. Pre- and post-damage images were captured every 3 s,
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continuing for 100 s. The extent of membrane damage was analyzed
using Image] software, by measuring the fluorescence intensity en-
compassing the site of damage. To preclude any potential for bias,
all of the experiments were performed in a blinded fashion.

Statistical Analysis

Results of the experiments were analyzed by the Student’s t test or the
Tukey and Benjamini, Krieger, and Yekutieli ANOVA methods using
GraphPad Prism software (version 7.0). A threshold p value is indi-
cated in the figures when statistical significance is determined for
all groups as described in the individual figure legends, except where
otherwise noted. All data are plotted as means + SEM, except where
otherwise described.
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Supplementary Table S1. Statistical analysis of histological features of muscular
dystrophy in Dysf™ mice.

Skeletal P value P value P value P value P value P value
Muscle
(3vs 6 (3vs 10-12 | (3vs 15-16 | (6vs 10-12 | (6 vs 15-16 | (10-12vs
months) months) months) months) months) 15-16
months)
Histopathological area
Gluteus n/s 0.0019 <0.0001 0.0069 0.0002 n/s
Gastroc n/s n/s 0.0021 n/s 0.0027 0.0003
Central Nuclei
Gluteus n/s <0.0001 <0.0001 <0.0001 <0.0001 n/s
Gastroc n/s n/s <0.0001 n/s <0.0001 <0.0001

n/s — measurements are not significantly different

P values are calculated by Tukey-ANOVA method using Prism software (GraphPad Prism 7.0,

USA).

Supplementary Table S2. Statistical analysis of ex vivo studies of rhMG53 efficacy on
whole FDB muscle derived from Dysf’ mice.

P value P value P value P value P value P value
(Dysf KO, | (Dysf KO, | (Dysf KO, | (Dysf KO, | (Dysf KO, (WT
Saline, BSA, BSA, rhMG53, | rhMG53, 0 mM
Ca2+)
2 mM 0mM 2 mM 0 mM 2 mM
Ca2+) Ca2+) Ca2+) Ca2+) Ca2+)
AUC
Dysf KO, | <0.0001 <0.0001 <0.0001 n/s n/s n/s




rhMG53,

0 mM
ca?

Dysf KO,
rhMG53,

2 mM
Ca2+

<0.0001

<0.0001

<0.0001

n/s

n/s

n/s

WT

ca?

0.0006

n/s

n/s

<0.0001

<0.0001

n/s

WT

2 mM
ca?

<0.0001

<0.0001

<0.0001

n/s

n/s

<0.0001

MaxFluor FM4-64

Dysf KO,
rhMG53,

0 mM
ca?

<0.0001

<0.0001

<0.0001

n/s

n/s

n/s

Dysf KO,
rhMG53,

2 mM
Ca2+

<0.0001

<0.0001

<0.0001

n/s

n/s

n/s

WT

ca?

n/s

n/s

n/s

<0.0001

<0.0001

n/s

WT

2 mM
ca?

<0.0001

<0.0001

<0.0001

n/s

n/s

<0.0001

n/s — measurements are not significantly different




P values are calculated by Tukey-ANOVA method using Prism software (GraphPad Prism 7.0,

USA).

Supplementary Table S3. Effect of serum CK and LDH release in Dysf”’~ mice after treatment

and downhill running exercise.

CK level (IU/L) LDH level (IU*10°/L)
WT (C57BL/6J) 177+ 4.6 55.0+ 3.2
Dysf”~ Sedentary (control) 585+6.4 76.5+3.2
Dysf”" Pre-exercise-Saline 67.6+6.7 88.7+5.6
Dysf”" Post-exercise-Saline 157.5+14.8 1489+ 154
Dysf” Pre-exercise-rhMG53 67.0+9.8 745+11.4
Dysf”~ Post-exercise-rhMG53 123.0+£8.0 120.1+12.1

Supplementary Table S4. Quantification analysis of IgG positive fibers from Dysf”’~ mice.

Muscle Control* Post-exercise-Saline* | Post-exercise-rhMG53*
Gluteus 7914 17.7+1.8 13.1+14

EDL 243+1.1 29.8+1.3 26.3+1.0
Soleus 11.6+1.3 185+1.1 135+0.8

*The quantification result was expressed as the mean of positive fibers to the total number of

fibers ratio, expressed as a percentage.




Supplementary Table S5. Absorption spectroscopy analysis of EBD-injected Dysf”~ mice after

treatment and downhill running exercise.

Muscle Control* Post-exercise-Saline* | Post-exercise-rhMG53*
Gluteus 25+0.13 3.2+0.12 29+0.14
Soleus 5.2+0.17 6.0 £ 0.29 5.3+0.21
EDL 25%0.15 3.4+0.19 2.7x0.10
TA 1.7+0.09 24 +0.17 2.2+0.06
Gastroc 2.0x0.10 26+0.14 2.4+0.05
FDB 55+0.59 5.4+0.48 55+0.62
Diaphragm 8.2+0.18 8.4+0.21 8.5+0.26
Kidney 11.4+£0.40 13.7 £ 0.48 13.5+0.43

*The absorption results of EBD uptake were expressed as the mean of OD®**®tissue (g).
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