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The development of innovative therapeutic strategies for
muscular dystrophies, particularly cell-based approaches,
is still a developing field. Although positive results have
been obtained in animal models, they have rarely been
confirmed in patients and resulted in very limited clinical
improvements, suggesting some specificity in humans.
These findings emphasized the need for an appropriate
animal model (i.e., immunodeficient and dystrophic) to
investigate in vivo the behavior of transplanted human
myogenic stem cells. We report a new model, the Rag2~
112rb—Dmd~ mouse, which lacks T, B, and NK cells, and
also carries a mutant Dmd allele that prevents the produc-
tion of any dystrophin isoform. The dystrophic features of
this new model are comparable with those of the classi-
cally used mdx mouse, but with the total absence of any
revertant dystrophin positive fiber. We show that Rag2~
I2rb~Dmd~ mice allow long-term xenografts of human
myogenic cells. Altogether, our findings indicate that the
Rag2~112rb—Dmd~ mouse represents an ideal model to
gain further insights into the behavior of human myo-
genic stem cells in a dystrophic context, and can be used
to assess innovative therapeutic strategies for muscular
dystrophies.

Received 14 May 2013, accepted 25 July 2013, advance online
publication 24 September 2013. doi:10.1038/mt.2013.186

INTRODUCTION

Muscular dystrophies are a heterogeneous group of inherited
disorders characterized by progressive muscle weakness and
wasting. The most severe form, Duchenne muscular dystrophy
(DMD), affects 1:5,000 live male births and is caused by muta-
tions in the dystrophin gene."! Dystrophin is a very large pro-
tein that is part of a complex linking the extracellular matrix
and the sarcolemma to the cytoskeleton and sarcomeres; its
absence causes permanent fragility and leakiness of the sar-
colemma, leading to Ca*" influx and disruption of the muscle

fibers resulting in repeated cycles of degeneration-regenera-
tion.? These cycles will gradually deplete the endogenous pool of
myogenic precursor cells that eventually can no longer compen-
sate for the ongoing fiber disruption.’

The availability of reliable animal models is essential for evaluat-
ing therapeutic approaches in preclinical studies for such muscular
dystrophies. Many animal models of muscular dystrophies, either
naturally occurring or genetically engineered, have been described
in the past.* The first to be reported - and the most widely used -
is the mdx mouse with a point mutation resulting in a premature
stop codon in exon 23 of the dystrophin gene (Dmd™¥).>¢ However,
mdx muscles show the presence of a variable number of dystrophin-
positive “revertant” fibers, whose number increases with age rising
up to 200 or more dystrophin-positive fibers in the quadriceps of
adult mdx mice.” Although this number rarely exceeds 5% of the
total number of fibers, their presence can hinder the precise assess-
ment of a dystrophin-restoring therapeutic approach. The mdx
mouse has been widely used to assess different kinds of therapeutic
approaches, including pharmacological,® gene,” or cell-based thera-
pies.' The latter has been pioneered by the group of T Partridge and
colleagues as early as 1978." Since then, it has been further explored
by many research groups using transplanted dystrophin-expressing
myoblasts, either autologous and genetically engineered or derived
from a healthy donor. As a result of these promising results, a num-
ber of clinical trials were initiated in the 1990’s on DMD patients,
mainly using allogenic transplantation of myoblasts, but despite
the promising results observed in mdx mice, they failed to bring
significant therapeutic benefits to the patients. In fact, even though
no severe side effects were reported, in the best-case scenario only
short-lasting dystrophin expression and a slight improvement in
muscle strength was achieved, see'® for a review. The discrepancy
of the results obtained in mouse and in clinical trials emphasized
the importance of developing better animal models (i.e., immuno-
deficient and dystrophic) to investigate in vivo the limiting param-
eters, taking into account the specific requirements and behavior
of human myogenic progenitors (e.g., myoblasts, mesoangioblasts,
CD133%, ALDHT, and so on, see'® for a review).
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Currently available immunodeficient dystrophic mouse mod-
els used to assess the success of human cell transplantation present
some drawbacks: maintenance of the colony, which may be ham-
pered by excessive immunodeficiency, or rejection of the trans-
planted cells due to unstable immunodeficiency. The most widely
used strains are the nude/mdx (Foxnl~Dmd™®) and the scid/mdx
(Prkdc™ Dmd™) mice; the former is only partially deficient, since
it lacks only T-cells due to thymic dysgenesis, whereas the latter
has a defect in both T- and B-cell development.'*"* Importantly,
both strains retain NK-cell activity, which can give rise to an
immune response against the grafted cells. Moreover, as scid mice
have a ‘leaky’ phenotype, they show the spontaneous production
of functional lymphocytes with age and increased propensity for
thymic lymphoma development, both of which limits long-term
graft survival." These limitations are in addition to the problem of
revertant fibers formation in the mdx background.

To avoid the possibility of immune-mediated rejection of
human xenografts, mice that have stable and complete lymphoid
deficiencies have been developed. These are based on mice with
combined mutations in the recombinase-activating gene 2 (Rag2,
which blocks T- and B-cell development)® and in cytokine recep-
tors, such as the B or y subunits of the IL-2 receptor gene (II2rb
or II2rg) that block NK cell development. As such, Rag2~I12rb~
and Rag2~1I12rg™ mice'®'” are completely alymphoid and lack B,
T, and NK cells. These mice have proved useful for the study of
human myoblast xenografts but require recipient mouse muscle
conditioning (cryolesion, toxins) in order to create a ‘niche’ for
subsequent human muscle fiber development.

In this report, we have introduced a nonrevertant mutant dys-
trophin (Dmd"*Ps; harboring an insertion of ROSABgeo vector
in the 3’ of exon 63 of the murine Dmd gene) onto the Rag2~II2rb~
background. In the Dmd"*P# mouse, PBgeo is spliced to dystro-
phin exon 63, replacing the sequences encoding the cysteine-rich
domain and the C-terminus, resulting in a mutation that affects all
presently known dystrophin isoforms and prevents any dystrophin
re-expression and thus completely eliminates the problem of rever-
tant fiber formation.'® This new mouse model (Rag2~I12rbDmd™)
is therefore highly and stably immunodeficient and cannot form
revertant dystrophin fibers.

The Rag2-112rb-Dmd- Mouse Model

This study presents a full characterization of the muscle pheno-
type of this new immunodeficient and dystrophic model. As refer-
ence, we choose the most commonly used dystrophic model, the
mdx mouse. We show that Rag2~1I2rb~Dmd~ mice display char-
acteristic dystrophic features: compensatory hypertrophy of hind
limb muscles, elevated creatine kinase serum levels, intense mus-
cle regeneration, and decreased muscle strength. Importantly, we
also performed xenotransplantation of human myoblasts in this
model, showing that Rag2~II2rb~Dmd~ mice are perfectly suited
to investigate long-term xenografts, with maturation of donor-
derived muscle fibers, thus making this model an ideal candidate
to gain further insights into the behavior of human stem cells, the
feasibility of innovative cell and gene therapeutic strategies, and
the multiple consequences of restoring dystrophin in a dystrophic
context.

RESULTS

We measured whole body weight, tibialis anterior (TA), and gas-
trocnemius muscle weights of Rag2~II2rb-Dmd~, mdx, and wt
age-matched males mice over time (Table 1). Global body weight
was not statistically different between Rag2~II2rb-Dmd~, mdx,
and wt strains; however, while TA and gastrocnemius muscle
weights were comparable between Rag2~II2rb~Dmd~ and mdkx,
they were significantly heavier than wt muscles.

In order to assess the kinetics of the cycles of degeneration/
regeneration in the Rag2~II2rb"Dmd~ mice, we measured serum
creatine kinase (CK) levels as an index of ongoing muscle mem-
brane instability and evaluated the number of fibers with centrally
located nuclei that already regenerated as well as the number of
fibers expressing neonatal MyHC as a marker of ongoing regenera-
tion. Rag2~I12rb-Dmd~ mice had high CK levels at all time points
analyzed, with however some differences in the time course of
CK levels between Rag2~1I2rb-Dmd~ and mdx mice (Figure 1a).
Mdx mice reached a maximum CK level at 8 weeks, whereas
Rag2~112rb~Dmd™~ mice had CK values slightly lower than mdx
until 24 weeks where it reached a maximum. The number of fibers
with centrally located nuclei evaluated in TA muscles ranged from
35% at 4 weeks up to over 65% after 12 weeks, comparable with mdx
TA muscles (Figure 1b). Neonatal MyHC-staining on TA sections

Table 1 Measurement of body and skeletal muscles weights of dystrophic and control mouse strains

Muscle weight (mg)

Body weight (g) TA GAS
RagZli12rb~ RagZ lI2rb~
wt mdx RagZ 112rb"Dmd~ wt mdx Dmd~ wt Mdx Dmd~
4 weeks 21.6+1.0 16.4£0.7 14.5£0.9"1" 34.9+29 27.6+£1.4" 22.3£2.011 88.7+10.7 67.1+£3.0° 52.8+7.1"
6 weeks 22.7+0.3 219+1.3 25.0+1.4"" 36.4+3.3 44.9+7.7 48.1+2.97 83.8+2.0 103.6£15.0" 108.3+6.4"
8 weeks 233+22 26.3+2.3 26.0+1.8 47.4£2.0 62.9+1.2" 54.9+6.4" 116.7+15.2  143.9+34.7 132.4+14.1
12 weeks 25.7+0.7 31.1+1.6' 32,9423 489+44 73.8+8.8™ 75.2+14.3"" 128.6+8.7 185.1+£16.7"" 136.1+12.1""
16 weeks 31.6+2.6 32.5+£0.5 34.3+0.6 52.2+4.7 78.6+9.7' 89.2+4.4'  120.2+16.6  205.3+12.9" 179.0+33.4'"
24 weeks 36.9+4.7 344+24 33.4+23 529+4.1 83.3+6.1M" 79.8+10.171"  134.7+13.1 199.7+£24.9"  147.9+12.0"
43 weeks 27.3+2.3 36.6+2.3" 34.6+3.9 48.4+6.7 93.1+9.9" 8394125  123.0+8.1 181.7+22.1"  165.0+23.2"

Body weights. Mean + SEM are shown for each mouse model and for each age group. n = 3-6 per point. Differences between dystrophic strains are indicated as follow:
*P < 0.05, *** P < 0.001 compared with mdx, TP < 0.05, /P < 0.01, "'P < 0.001 compared with wt control. Muscle weights. Mean + SEM are shown for Tibialis anterior
(TA) and Gastrocnemius (GAS) muscles, for male animals of each mouse model, and for each age group (n > 3). Differences between dystrophic strains are indicated
as follow: *P < 0.05, *** P < 0.001 compared with mdx, P < 0.05, P < 0.01, TP < 0.001 compared with wt control.
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Figure 1 Evaluation of creatine kinase (CK) levels and chronology of regeneration. Time course representation of the CK serum levels of Rag2™
112rb™Dmd~ mice compared with mdx (a). Evaluation (c) and quantification (b and d) of the regeneration process in muscles of Rag2~112rb™Dmd~
mice compared with mdx: muscle sections from 12-week-old mice stained for neonatal MyHC (green), laminin (red), and nuclei (blue). Numbers of
fibers with central nuclei or expressing the neonatal MyHC protein are expressed as percentage of the total number of fibers; error bars are shown as
mean + SEM. n = 3—4 per time-point. *P < 0.05, **P < 0.01. Scale bar 200 pm.

(Figure 1c) confirmed a delayed degeneration/regeneration process
in Rag2~I12rb~Dmd~ compared with mdx mice with a statistically
significant increase in the number of regenerating fibers at 10, 12,
and 16 weeks with a maximum at 12 weeks (Figure 1d).

We then assessed Rag2~II2rbDmd~ and mdx mice for
absolute maximal force generation of the TA at 16 weeks
and observed in both cases a 15% decrease compared with
wt mice (P < 0.05, data not shown). Maximal force was then
normalized for muscle weight to assess specific maximal force
(Figure 2a), which clearly showed a significant force deficit in
both dystrophic animal models (39 and 34% decrease for mdx
and Rag2~112rb~Dmd", respectively, P < 0.001 in both cases).
Following a series of lengthening contractions, we further con-
firmed that the TA muscles of both mdx and Rag2~I12rb=Dmd~
mice underwent a progressive and similar force drop, resulting
in an overall force deficit of ~90% when normalized to the ini-
tial maximal force (Figure 2b). In contrast, the TA muscle of wt
mice tolerated this level of contraction-induced muscle injury,
decreasing by only 12%.

We next quantified the amount of connective tissue in TA
and diaphragm muscles of Rag2~II2rb”Dmd~ mice by Sirius Red
staining. In the TA, although we found an increase of inflamma-
tory cells (neutrophils and macrophages) that correlates with the
degeneration/regeneration processes (Supplementary Figure S1),
the amount of connective tissue were below 10% at all time points
(data not shown), whereas a high level of fibrosis was observed in
the diaphragm at 43 weeks, a value similar to that observed in mdx
mice (Figure 2c). This phenotype is not further aggravated with
time, since the level of fibrosis quantified in the diaphragm at 43
weeks is not statistically different from that observed at 56 weeks.

1952

By immunostaining, we confirmed that no revertant fibers were
ever present in the Rag2~I12rb~ Dmd~ mouse (Figure 3a), also when
muscle sections were stained with an anti-n-terminal antibody
(data not shown). We then investigated the efficacy of xenotrans-
plantation of human primary myoblasts in TA muscles of Rag2~
I12rb=Dmd~ mouse, as a proof of concept for this model to be used
to assess the regenerative capacity of human cells in a dystrophic
and immunodeficient environment. We performed intramuscular
injections of 5x 10° cells with and without cryodamage, in order to
test the natural dystrophic environment versus enhanced degenera-
tion. Immunohistochemical analysis of TA muscles 4 weeks after
injection using human specific antibodies, revealed the presence of
mature fibers in both conditions. A higher number of spectrin-pos-
itive fibers was obtained when the cryodamage was applied, but the
difference was not statistically significant upon ¢-test (Figure 3b). It
should be noted that all fibers expressing human spectrin that were
analyzed were also positive for human dystrophin.

We also verified if newly formed human-derived muscle fibers
were capable of expressing human dystrophin. Muscle sections were
stained with antibody against human spectrin and lamin A/C, in
order to identify human fibers and nuclei, and we then detected fibers
expressing dystrophin with human specific antibodies (Figure 4a).
To further assess the properties of dystrophin™ fibers, we checked
the localization of the dystrophin-associated protein complex by
immunostaining using human specific antibodies. 3-dystroglycan
and B-sarcoglycan were each observed at their proper location,
the sarcolemma (Figure 4b). Importantly, we also verified whether
injected human myoblasts could enter the satellite cell (SC) pool
into the host tissue by staining muscle section with an antibody
against Pax7. Human Pax7-positive cells were found between the

www.moleculartherapy.org vol. 21 no. 10 oct. 2013



© The American Society of Gene & Cell Therapy The RagZ’IIZrb’Dmd’ Mouse Model

a b c -
*kk *kk { w
25 = elakd LU TR— —-———— - 45 -
— | ~——— NS
. 901 -—
€5 88 75+ g
35 15 82 o 52 304
EZ 53 So
cE EE J Zz2
% 3 104 g% 45 g g
28 S 0 e—wm T 181
@ 5 = 454 — max *x 3
—— Rag2 l12rb"Dmd"
0 T 0 T T 1 0 r r
wt mdx  Rag2 li2rb"Dmd™ 0 3 6 9 wt max Rag2 ll2rb"Dmd

n° of lenghtening contractions

Figure 2 Measures of muscle force and analysis of fibrosis deposition. Tibialis anterior muscles of 16-week-old male Rag2~112rb"Dmd™ mice were
analyzed for their specific maximal force compared with mdx (a); muscles from male wt animals were used as age-matched controls. Dystrophic and
control muscles were assessed for force drop following a series of nine lengthening contractions. The extent of force drop over successive length-
ening contractions was measured and is presented as the percentage of the initial maximal force (b). Diaphragm muscle sections of 43-week-old
Rag2~112rb~Dmd~ and mdx mice were stained with Sirius Red to evaluate the fibrosis deposition, muscles from wt animals were used as age-matched
controls. Total amount of connective tissue (endomysial plus perymisial) is expressed as percentage of the total muscle area (c). Error bars are shown
as mean + SEM. n = 3-9 per group. **P < 0.01, ***P < 0.001 compared with wt.
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Figure 3 Proof of concept of human myoblast transplantation into the tibialis anterior of Rag2~1I12rbDmd™~ mice. Sections of TA muscle from
Rag2~l12rbDmd~ and mdx mice were stained for dystrophin and B-dystroglycan (green) and nuclei (blue) to verify the presence of revertant fibers
(a). At least three TAs from three different animals were analyzed. Human myoblasts contributed to the generation of new muscle fibers following
injection into TAs of Rag2~1l2rb"Dmd™ mice (b). Spectrin antibody (green) is used to identify human specific muscle fibers. Human nuclei are identi-
fied with a human-specific lamin A/C staining (red, white arrows in middle panel in b) among all nuclei (hoechst, blue), and are found either within
human fibers or located in the interstitial space. Injection of human myoblast after cryodamage results in an higher number of Spectrin® fibers per
cross sectional area (right panel, b). Error bars are shown as mean + SEM. n = 3 per condition. Scale bar 100 pm in a and b.

sarcolemma and the basal lamina of human spectrin* muscle fibers
(Figure 5d), and they represent 4.3% of the total donor nuclei when
injected into cryodamaged TAs. Moreover, human lamin A/C*
Pax7t SCs were also found within mouse muscle fibers, probably
representing human nuclei that have been very recently integrated
into the host’s fibers (data not shown).

DISCUSSION

The field of therapeutic strategies for muscular dystrophies
includes a very wide variety of approaches: pharmacologi-
cal therapies, gene therapy, gene surgery, cell transplantation
are different strategies — which can be used individually or in

Molecular Therapy vol. 21 no. 10 oct. 2013

combination - that aim to replace, correct or repair the gene or
transcript, or providing the missing protein, that are being devel-
oped to treat muscular dystrophies.

The variability of the results obtained in cell therapy clini-
cal trials for skeletal muscle disorders in terms of clinical benefit
for the patient, and the multiple therapeutic cell candidates that
emerged in the past years - such as mesoangioblasts, CD133,
ALDHT™, adipose-derived mesenchymal stem cells and so on
(see!®® for review) — emphasize the urgent need to define a reli-
able animal model to assess and quantify the myogenic poten-
tial of these human myogenic stem cells within a dystrophic
environment.
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Figure 4 Restoration of the dystrophin-glycoprotein complex (DGC)
by human transplanted cells. Human fibers, identified by human-spe-
cific antibodies against Spectrin and Lamin A/C (green), were also posi-
tive for human dystrophin (red, a). Human dystrophin™ fibers colocalize
with B-dystroglycan (upper row, b). Human nuclei are identified with a
human-specific lamin A/C staining (middle panel, upper row, b). In the
lower row is shown the colocalization of dystrophin and B-sarcoglycan
in human dystrophin* fibers. Human nuclei are identified with a
human-specific lamin A/C staining (middle panel). The colocalization
of dystrophin and B-sarcoglycan was determined using human specific
antibodies. All nuclei were counterstained using Hoechst (blue channel).
Scale bar 100 um in a and b.

Figure 5 Transplanted human myoblasts enter the endogenous SC
pool. Immunofluorescence analyses were used to visualize human lamin
A/C and spectrin (a, green), Pax7 (b, red), and laminin (¢, gray). Nuclei
are counterstained with Hoechst. Human lamin A/C* Pax7* SCs were
localized between spectrin and basal lamina (arrowhead), as shown
in d. Inset: higher magnification picture showing a human SC located
between Spectrin (green) and Laminin (gray). Scale bar = 50 ym.

Preclinical cell-therapy studies are usually limited to intra-
muscular or systemic injections of murine (or eventually canine)
myogenic stem cells in mice, but very few studies take into account
the specificity of human cells. In vivo evaluation of therapeutic
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approaches based on human cells will necessarily involve the use
of immunodeficient animal models, capable of tolerating xeno-
grafts. Consequently, an appropriate animal model that would be
a good host for injection of human cells into a dystrophic con-
text is required. At present, three dystrophic immunodeficient
mouse models have been described: the nude/mdx,”** the scid/
mdx® and the recently made Rag2/mdx mouse model.** All three
murine models lack dystrophin but their immunodeficient phe-
notype is not complete, since the genetic mutations harbored by
these mouse models do not affect the NK-cell activity.'***?¢ This
latter point appears important for human myoblast transplanta-
tion efficiency,” as the NK-cell activity participates in death of the
grafted cells.”® One additional drawback of all of these models is
the fact that they are all crossed into the mdx background and
consequently the muscles will contain revertant fibers,” which can
bias the readout based on the amount of dystrophin expressing
fibers.”

In the present study, we describe the characterization of the
newly developed Rag27II2rb-Dmd~ immunodeficient mouse
model, which lacks T, B, and NK cell activity.’® The initial analyses
were focused on body and muscle weights, showing that the com-
pensatory hypertrophy described in the mdx model is also pres-
ent in Rag2~II12rb”Dmd™ mice; measurements were very similar
between the two strains (Table 1). Similar to the mdx mice, the
specific muscle force and the resistance upon multiple lengthen-
ing contractions were both reduced in Rag2~II2rb™Dmd~ mice.

Positive confirmation of a dystrophic condition was also pro-
vided by the measurement of circulating creatine kinase, where
both dystrophic models showed highly elevated levels caused by
the membrane leakage induced by dystrophin deficiency.

A crucial point for assessing the regenerative capacity of
human progenitors is to know precisely the natural kinetics of
regeneration of the host. In both mouse models, the percentage of
fibers with nonperipheral nuclei progressively increases over time
(Figure 1b), as a result of at least one degeneration-regeneration
cycle, and reached a plateau around 24 weeks, in agreement with
the literature concerning the mdx model.*® As for neonatal MyHC,
most of the muscles of Rag2~112rb"Dmd~ mice showed a higher
percentage of fibers expressing neonatal MyHC, indicating that
there was more active regeneration between 10 and 16 weeks of
age compared with the mdx model. This means a 6-week long
period of intensive regeneration, as opposed to a shorter 2-week
long interval around the age of 3 weeks in the mdx mouse.* This
wider window of intense regeneration in our new model could be
due to the nature of the Dmd"#Pe allele that induces repeated
cycles of muscle regeneration, or to the genetic background onto
which this mouse strain is based: recent data have shown that the
genetic background affects the endogenous muscle regeneration
and therefore the phenotype severity.”’ However, we cannot rule
out a potential effect of the immunodeficiency in the regeneration
delay found in Rag2~112rb™Dmd™ mice.

As several studies suggested a correlation between inflam-
matory response and fibrosis,?>* it could be expected that there
would be less fibrosis in our new murine model deficient for both
T and B cells, as it has been previously described in mdx mice lack-
ing either T cells,” or both T and B cells.** Even if the infiltration
of the residual inflammatory cell populations (i.e., macrophages

www.moleculartherapy.org vol. 21 no. 10 oct. 2013
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and neutrophils) correlates with degeneration/regeneration pro-
cesses (Supplementary Figure S2), our quantification of the
fibrotic deposition in the diaphragm muscle - a known hallmark
for the progression of degenerative changes occurring in aged
mdx mice” — revealed similar results in both dystrophic models
(43% in the mdx and 37% in the Rag2~1I12rb"Dmd~, P < 0.05).
The complete absence in our model of both lymphocyte popu-
lations as well as NK cells, did not influence fibrosis; the slight
difference observed between the two models is potentially due to
the delay in the timing of muscle regeneration, which starts at 10
weeks of age in Rag2~I12rb™Dmd~ mice instead of 3 weeks in the
madx. Altogether, our results indicate that Rag2~112rb™Dmd™ mice
still have an important ongoing fibrotic process in certain muscles
despite their lack of most inflammatory cells and suggest that B, T,
and NK cells deficiencies do not seem to be involved in the devel-
opment of fibrosis in the diaphragm in dystrophic mice; the slight
difference observed between the two models is potentially due to
the delay in the peak of muscle regeneration we discussed above.

At a molecular level, we confirmed the complete absence of dys-
trophin, and the associated dystrophin-glycoprotein complex, con-
firming that the Dmd"#-#s allele completely inhibits the production
of truncated forms of dystrophin, contrary to what is classically
observed for the mdx murine model (see* and Figure 3a). We also
checked the presence of a fusion protein between dystrophin exons
1-63 and bGeo with an anti-n-terminal antibody, which did not
reveal any positive signal (data not shown). The absence of revertant
fibers will be a very important factor when evaluating the efficacy of
therapeutic approaches since their presence will confound the quan-
tification of the dystrophin™ fibers, as we would not know if they had
reacquired the expression of dystrophin because of their “revertant”
phenotype or due to the therapy that has been applied. An example
of such problem goes back to the pioneer studies using bone mar-
row-derived myogenic cells, which turned out to be less efficient in
restoring dystrophin than the natural reversion phenomena.””

Finally, we tested our Rag2~112rb”Dmd~ model as a recipient
for human cell transplantation by direct intramuscular injection.
Primary human myoblasts integrated into the host muscle tissue
and contributed to the generation of new muscle fibers express-
ing human proteins, where the only trigger was the natural exist-
ing dystrophic condition. Fibers that integrated human myoblasts
were able to express and properly localize the human dystrophin
and dystrophin-associated proteins at the sarcolemma. Moreover,
transplanted cells could become part of the SC pool into the host
tissue, as shown by the Pax7 immunostaining in Figure 5. Either
mouse or human SCs were found between the sarcolemma and
the basal lamina in human spectrint muscle fibers. In addition,
human lamin A/C* Pax7% SCs were also found within mouse
muscle fibers (data not shown), suggesting that human SCs recog-
nize and interact with the mouse SC niche.

Previous studies on nondystrophic immunodeficient mice
showed that without external stimuli (e.g., cryodamage, toxin
injection, irradiation, and so on), the simple injection of human
cells generated very few fibers, if any.*”*® In our context, when
cryodamage was applied higher numbers of spectrin™ fibers and
human lamin A/C* nuclei were obtained, although the difference
was not statistically significant. These first results suggest that no
additional damage is needed to assess the integration of human
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myoblasts in muscle fibers, and thus this mouse model can be used
to analyze and study human cell behavior in a natural and physi-
ologic dystrophic environment, although further experiments are
required to confirm these results, and compare in terms of trans-
plantation efficacy our model with the scid/mdx or the nude/mdx,
which has been recently shown to allow the intramuscular injec-
tion of human cells into TAs after cryodamage.*

While this manuscript was finalized, a report described a new
immunodeficient and dystrophic mouse strain (NSG-mdx*®).
However, even though its immunodeficient background is com-
plete, the transplantation of allo and xenogeneic cells (from pig
and dog) is only enhanced when the host muscle is precondi-
tioned with irradiation and cardiotoxin.*

The Rag2~I12rb"Dmd~ mouse model carries a complete
immunodeficient phenotype, lacking T- and B-cells, as well as the
NK cell activity. In addition, it carries a new Dmd allele, which
prevents the production of any truncated dystrophin. Both these
features make this a superior model compared with the models
that are presently available, and provide an appropriate model that
do not require muscle conditioning to evaluate the graft efficiency
of human myogenic stem cells, whether they are grafted intramus-
cularly or systemically, in order to assess and optimize human-
targeted therapeutic strategies for muscular dystrophies.

Altogether, these data confirm that our Rag2~II2rb~Dmd~
model presents a clear dystrophic phenotype that is comparable
with what is observed in the mdx mouse, and will be even better
for stem cell assessment, thanks to its complete immunodeficient
phenotype and prolonged window of regeneration.

MATERIALS AND METHODS

Animals. Rag2-112rb-Dmd- mice were generated by intercrossing Rag2-I12rb-
mice!! with Dmd"#Ps mice.'® Mice bearing homozygous mutant alleles
for all three genes were identified by genotyping DNA from tail clips
(primer sequences available upon request). Two strains of dystrophic mice
were used in this study: Rag2 I12rb-Dmd-, C57BL10ScSn-Dmd™*/] (mdx)
and C57BL/6] (wt), the latter used as age-matched controls. All experi-
ments were carried out in the specific pathogen-free animal facilities at
the Faculty of Medicine of the University Pierre and Marie Curie (UPMC,
Paris, France). Age-matched mice of each strain were sacrificed at different
ages (4, 6, 8, 10, 12, 16, 24, and 43 weeks; at each time points 1 > 6). All
experiments were performed in accordance with the legal regulations in
France and European Union ethical guidelines for animal research.

Histology and immunohistochemistry. For histological and immunohisto-
chemical analyses, TA, extensor digitorum longus, gastrocnemius, soleus
and diaphragm muscles, were dissected, mounted in gum tragacanth (6%
in water; Sigma-Aldrich, St. Louis, MO) on cork supports, frozen in iso-
pentane precooled in liquid nitrogen, and stored at —80 °C until sectioning.
The amount of total (endomysial plus perimysial) connective tissue was
determined by Sirius red staining on 10-um thick transverse cryosections
of the tibialis anterior and diaphragm muscles.

For immunohistochemical analyses of muscle, cryosections were fixed
with 4% PFA for 10 minutes at room temperature (RT), washed twice in
PBS, and nonspecific binding was blocked in 1% BSA/PBS for 30 minutes
at RT. Sections were then incubated with different primary antibodies:
neonatal myosin heavy chain (neonatal MyHC) (rabbit polyclonal antibody,
produced by GS Butler-Browne as previously described*?), laminin (rabbit
polyclonal, 1:400, Dako, Trappes, France), B-sarcoglycan (NCL-b-SARC,
clone B Sarc/5B1, mouse monoclonal IgG1, 1:100, Novocastra, Newcastle
upon Tyne, UK), dystrophin (rabbit polyclonal, 1:500, Thermo Fisher

1955



The Rag2-112rb-Dmd- Mouse Model

Scientific, Fremont, CA). After incubation with the primary antibodies
for 1 hour at RT or at 4 °C over night (ON), sections were washed twice
for 10 minutes in PBS and the primary antibody staining was visualized
with appropriate fluorochrome-conjugated secondary antibodies. The
secondary antibodies used in this study were Alexa Fluor 488 goat anti-
mouse IgG (1:500, Molecular Probes, Montlugon, France), Alexa Fluor
488 goat anti-rabbit (1:400, Molecular Probes) and Cy3 goat anti-rabbit
(1:400, Jackson Immunoresearch, West Grove, PA). For analysis of muscle
regeneration, transverse sections were used for double immunochemistry:
immunostaining with laminin was performed ON and was followed by
incubation with a Cy3-conjugated goat anti-rabbit secondary antibody.
Afterwards, polyclonal antibody raised against neonatal MyHC was applied
for 1h at RT and visualized with an Alexa Fluor 488 goat anti-rabbit antibody.

For the quantification of the immune infiltrate, cryosections were
incubated 1 hour at RT with F4/80 (biotinilated rat monoclonal, clone A3-1,
1:50, AbD Serotec, Oxford, UK) or neutrophil Ly6g (rat monoclonal IgG2b,
clone RB6-8C5, 1:50, Abcam, Cambridge, UK). The secondary antibodies
used were: streptavidine conjugated Cy3 (1:400, Molecular Probes) and
Cy3 goat anti-rat (1:300, Jackson Immunoresearch), respectively.

To visualize nuclei, the sections were mounted in medium
(DakoCytomation Fluorescent mounting Medium, S3023) containing
Hoechst (bis-benzimide, 0.0001% w/v, No. 33258; Sigma-Aldrich).

In order to identify injected human cells and fibers expressing human
proteins, immunohistochemical analyses were performed on 5-um thick
transverse cryosections, incubating muscle sections with the following human-
specificantibodies directed against: lamin A/C (clone JOL2, mouse monoclonal
IgGl, 1:300, Abcam), and spectrin (NCL-Specl, clone RBC2/3D5, mouse
monoclonal IgG2b, 1:50, Novocastra). The secondary antibodies used were
Cy3-conjugated goat anti-mouse IgG1 (1:500; Jackson ImmunoResearch),
Alexa Fluor 488 goat anti-mouse (1:500; Molecular Probes), and Alexa Fluor
488 goat anti-mouse IgG2b (1:300; Molecular Probes).

To visualize the expression of dystrophin by human fibers, cryosections
were first stained with spectrin (NCL-Specl) and lamin A/C (clone 636,
mouse monoclonal IgG2b, 1:400, Novocastra) to identify human fibers,
and subsequently stained with human-specific MANDYS 102 (clone 7D2,
mouse monoclonal IgG2a, 1:5, Developmental Studies Hybridoma Bank
(DSHB), University of Iowa, Iowa City, IA), and MANDYS 106 (clone
2C6, mouse monoclonal IgG2a, 1:4, DSHB). To verify whether injected
human cells also entered the satellite cell pool, sections were stained with
an antibody against Pax7 (mouse monoclonal, IgG1, 1:20, DSHB). The
secondary antibodies used were Alexa Fluor 488 goat anti-mouse IgG2b,
Alexa Fluor 594 goat anti-mouse IgG2a (1:300, Molecular Probes), and
Cy3-conjugated goat anti-mouse IgG1 (1:500; Jackson ImmunoResearch).

To verify the colocalization of dystrophin and dystrophin-associated
proteins, serial cryosections were stained with lamin A/C (clone JOL2,
mouse monoclonal IgG1, 1:300, Abcam), with dystrophin MANEX1216A
(clone 5A4, mouse monoclonal IgG2a, 1:100, DSHB) or dystrophin
MANDYS107 (clone 4H8, mouse monoclonal IgG2b, 1:100, DSHB),
and with B-sarcoglycan (clone RO-17, mouse monoclonal IgG2b,
undiluted, Santa Cruz) or B-dystroglycan (MANDAG2, clone 7D11,
mouse monoclonal IgG1, 1:100, developed by Morris GE). The secondary
antibodies used Alexa fluor 488 goat anti-mouse IgG1 (1:400, Molecular
probes), Alexa fluor 488 goat anti-mouse IgG2a (1:400, Molecular probes)
and Alexa fluor 594 goat anti-mouse IgG2b (1:400, Molecular probes).

Image acquisition and analysis. For histological analyses, the amount of
fibrotic tissue was quantified from Sirius Red stained cryosections on at
least three randomly selected fields from each muscle section. For each
field, the area occupied by connective tissue was measured using the
MetaMorph imaging system (Roper Scientific, Tucson, AZ) software and
expressed as a percentage of the total muscle section area. For immuno-
histochemical analyses, montage images of the whole transverse sec-
tion of the extensor digitorum longus and soleus muscles were acquired
using the motorized stage of the Zeiss Imager.Z1 microscope (Carl Zeiss,
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Oberkochen, Germany) and digitalized using a CCD camera (Hamamatsu
ORCA-ER; Shizuoka, Japan). For the TA and gastrocnemius, three digital
pictures (10-fold magnification) were randomly acquired over the muscle
section, using an Olympus BX60 microscope (Olympus Optical, Hamburg,
Germany) and digitalized using a CCD camera (Photometrics CoolSNAP
fx; Roper Scientific). Images of human nuclei and of fibers expressing
human proteins within the injected muscles were acquired with a confocal
FV-1000 microscope (Olympus) and digitalized with its dedicated soft-
ware. All of the digital pictures were then analyzed using the MetaView
image analysis system (Universal Imaging, Downington, PA).

Human myoblast culture and transplantation. Myoblasts isolated from
the quadriceps muscle of a 5-day-old infant, isolated as already described,*
were used in accordance with the French legislation on ethical rules. Cells
were grown in Ham’s F10 growth medium (Life Technologies, Saint Aubain,
France) supplemented with 50 pg/ml of gentamycin (Life Technologies)
and 20% fetal calf serum (Life Technologies) at 37 °C in a humid atmo-
sphere containing 5% CO,. At each passage, the number of divisions was
calculated according to the formula: In (N/n)/In 2, where N is the number
of cells counted and n is the number of cells initially plated. All experiments
were performed using cell populations between 20 and 25 PDLs since isola-
tion, in order to avoid any bias linked to proliferative ageing.

12-week-old Rag2-I12rb-Dmd- mice were used as recipients for human
cell transplantation. Mice were anesthetized with an intraperitoneal
injection of ketamine hydrochloride (80mg/kg) and xylazine (10mg/
kg) (Sigma-Aldrich) as described previously,** in accordance with the
French legislation. In one group of animals, recipient TAs (n = 3) were
exposed and subjected to three cycles of muscle freezing-thawing for 10
seconds each to induce severe muscle damage and trigger regeneration.”’”
Immediately after cryodamage, human myoblasts (15-pl cell suspension
containing 5x10° cells in PBS) were injected, using a 25-pl Hamilton
syringe, in a single midpoint site along the longitudinal axis of the TA
and the skin was then closed using a fine suture. In a second group of
animals, undamaged TAs (n = 5) were injected using the same procedure.
At 4 weeks after transplantation, mice were killed by cervical dislocation
and TA muscles were collected as described above. Surgical procedures
were performed in accordance with the legal regulations in France and
European Union ethical guidelines for animal research.

CK assay. Blood was collected by orbital sinus bleeding using heparinized
hematocrite tubes and centrifuged for 12 minutes at 12,000rpm at 4 °C.
Serum samples were stored at —80 °C prior to analysis, and CK activity was
determined by the CK NAC-activated kit (Randox Laboratories, Antrim,
UK) with the BioTek PowerWave 340 (BioTek UK, Bedfordshire, UK). The
plot was created using JMP 10 software (SAS Institute, Cary, NC) to display
a smoothing spline (cubic with lambda of 0.05).

Measurements of muscle contractile properties. Contractile properties of
the TA muscles were evaluated by measuring the in situ isometric muscle
contraction in response to nerve stimulation as described previously.*” Mice
were anesthetized using a pentobarbital solution (60 mg/kg intraperitone-
ally). The knee and foot were fixed with clamps and the distal tendon of the
TA muscle to a lever arm of a servomotor system (305B, Dual-Mode Lever,
Aurora, Canada). The sciatic nerve (proximally crushed) was stimulated by
a bipolar silver electrode using supramaximal (10V) square wave pulse of
0.1ms duration. All isometric contraction measurements were made at an
initial muscle length of L0 (length at which maximal tension was obtained
during the twitch). Absolute maximal force was measured during isomet-
ric contractions in response to electrical stimulation (frequency of 100-150
Hz, train of stimulation of 500 ms). Specific maximal force was calculated
by dividing absolute maximal force by muscle weight measured just after
the force test. The in situ contraction-induced injury protocol for the TA
muscle used in this study was similar to that described previously.* The
sciatic nerve was stimulated for 700 ms (frequency of 125 Hz). An isometric
contraction of the TA muscle was initiated during the first 500 ms. Then,
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muscle lengthening (1.1 mm, about 10% Lf) at a velocity of 5.5 mm/s (about
0.5 Lf/s) was imposed during the last 200ms. Ten lengthening contrac-
tions of the TA muscle were performed, each separated by a 60-second rest
period. The “force deficit” after eccentric contraction-induced damage was
determined by calculating the difference between the PO measured 1 min-
ute after the lengthening contractions and the PO determined before length-
ening contractions and was expressed as a percentage of PO before damage.

Statistical analysis. Data are presented as the mean of the different animals
+ SEM. All statistical analyses were carried out using GraphPad Prism (ver-
sion 4.0b; GraphPad Software, San Diego, CA). All statistical analyses were
performed using either the Student ¢-test, or the ANOVA one-way analy-
sis of variance followed by the Newman-Keuls post-test. P values <0.05
were considered significant, see figure and table legends for more precise
indications.

SUPPLEMENTARY MATERIAL

Figure $1. Quantification (a and b) of the chronology of regenera-
tion in EDL and Soleus muscles of Rag2-1I2rb-Dmd- mice compared
with mdx.

Figure $2. The number of neutrophils and macrophages was quanti-
fied in TA muscle sections of Rag2-1I2rb—Dmd- mice.
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