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Adeno-associated viral vectors do not efficiently target muscle

satellite cells

Andrea LH Arnett’”, Patryk Konieczny??, Julian N Ramos?3, John Hall?, Guy Odom?, Zipora Yablonka-Reuveni*, Joel R Chamberlain® and

Jeffrey S Chamberlain®®

Adeno-associated viral (AAV) vectors are becoming an important tool for gene therapy of numerous genetic and other disorders.
Several recombinant AAV vectors (rAAV) have the ability to transduce striated muscles in a variety of animals following intramuscu-
lar and intravascular administration, and have attracted widespread interest for therapy of muscle disorders such as the muscular
dystrophies. However, most studies have focused on the ability to transduce mature muscle cells, and have not examined the
ability to target myogenic stem cells such as skeletal muscle satellite cells. Here we examined the relative ability of rAAV vectors
derived from AAV6 to target myoblasts, myocytes, and myotubes in culture and satellite cells and myofibers in vivo. AAV vectors are
able to transduce proliferating myoblasts in culture, albeit with reduced efficiency relative to postmitotic myocytes and myotubes.
In contrast, quiescent satellite cells are refractory to transduction in adult mice. These results suggest that while muscle disorders
characterized by myofiber regeneration can be slowed or halted by AAV transduction, little if any vector transduction can be
obtained in myogenic stems cells that might other wise support ongoing muscle regeneration.
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INTRODUCTION
Adeno-associated virus (AAV) is a small, single-stranded DNA par-
vovirus that has featured prominently in the field of gene therapy.
Recombinant AAV (rAAV) is a promising therapeutic candidate for
use in gene replacement strategies due to encouraging results in
numerous animal models of genetic disease and in human clini-
cal trials. Unlike the wild-type virus, recombinant AAV vectors lack
the viral genes that promote integration, and thus persist almost
entirely in episomal form within transduced tissues.' This feature
of rAAV biology contributes to the safety profile of the vector by
reducing the risk of deleterious integration near oncogenes and in
germ cells.*®

Numerous primate serotypes and over 100 AAV variants have
been isolated, many of which exhibit unique patterns of tissue tro-
pism and transduction.® The transduction profile of several of these
vectors has been extensively compared in multiple studies, and a
high degree of tropic variability has been observed between sero-
types. For example, rAAV8 and rAAV9 have been shown to achieve
high levels of hepatocyte transduction,”® whereas rAAV1 and rAAV5
perform effectively within the central nervous system.®'? In striated
muscle, high transduction levels have been attained using rAAV1,
6, 7, 8, and 9 (refs. 8,13-19). In particular, rAAV6 is strongly tropic

for striated muscle and has demonstrated the highest efficiency of
cardiac transduction among rAAV serotypes 1-9 (refs. 13-16). Thus,
rAAV6 is a candidate for treatment of a large number of genetic dis-
orders related to skeletal and cardiac muscle.

The muscular dystrophies comprise a heterogeneous group of
genetic disorders affecting striated muscle. The most common of
the dystrophies is Duchenne muscular dystrophy (DMD), a lethal
X-linked recessive disorder affecting ~1 in every 3,500 live male
births.?> DMD is characterized by progressive and debilitating
wasting of striated muscle, culminating in cardiac and respiratory
failure by the third decade of life. At this time, no curative treat-
ment exists, and high-dose corticosteroids remain the primary
component of the majority of established treatment regimens.”!
DMD is caused by mutations in the gene encoding for dystrophin.
The full-length isoform of dystrophin is a structural protein that
localizes to the sarcolemma of myofibers and serves to stabilize
the muscle membrane during periods of mechanical stress.?’
In the absence of dystrophin, muscles are highly susceptible to
contraction-induced injury and are repeatedly damaged during
normal use.?>* This leads to a chronic cycle of necrosis and regen-
eration that ultimately results in widespread fibrosis and deposi-
tion of adipose tissue.
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The successful use of rAAV to treat DMD depends on efficient
transduction of muscle tissue in a proinflammatory, dystrophic
environment. Histologically, dystrophic muscles are character-
ized by a chronic inflammatory cell infiltrate and a heterogeneous
combination of myofibers at various stages of degeneration and
regeneration.?’ Activated and proliferating muscle progenitor cells
can be observed in response to a high degree of dystrophic turn-
over. While it has been clearly demonstrated that rAAV6 can trans-
duce mature myofibers in vivo,'*'*'¢ the transduction efficiency of
muscle precursor cells (MPCs) and immature myotubes has not
been characterized. The capacity to target MPCs is an important
aspect to consider in the development of any gene replacement
strategy for the muscular dystrophies, as transduced MPCs could
potentially serve to replenish myofibers that are lost during normal
fiber turnover.

In the following studies, we evaluated the capacity of rAAV6 to
transduce both MPCs and myofibers in wt and mdx mice. The mdx
mouse demonstrates many of the pathological features of DMD
and serves as a well-established genetic model for this disease.”
Our results demonstrate that rAAV6 does not effectively transduce
muscle satellite cells, but preferentially transduces differentiated
myofibers, both in vitro and in vivo.
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Figure1 rAAV6 transduction of myotubes is more efficient that myoblast
transduction in vitro. MM14 myoblasts or myotubes were transduced
with rAAV6-CMV-AP, and both AP expression (a) and vector genome
number (b) were quantified. Myoblasts were incubated with vector for
either 1 hour (0d A) or 3 days (0d B) subsequent to withdrawal of FGF-2
and serum to halt proliferation. Shortened exposure to vector did not
result in a statistically significant decrease in transduction. Myotubes
were transduced at either 5 days (5d) or 10 days (10d) post-differentiation.
Myotubes transduction at either timepoint was significantly increased
compared to myoblasts. * indicates significantly different compared to
5d and 10d cohorts. ** indicates significantly different in comparison to
10 day cohort only. P < 0.05. FGF, fibroblast growth factor.
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RESULTS
rAAV6 transduces myotubes more efficiently than myoblasts in
culture

The MM14 cell line is an immortalized mouse myoblast line that has
been extensively utilized to study skeletal muscle myogenesis.?’=°
When grown in appropriate culture conditions, including serum
and fibroblast growth factor (FGF-2) supplementation, MM14 myo-
blasts proliferate and remain in a mononuclear state. Serum deple-
tion and withdrawal of FGF-2 induces withdrawal from the cell cycle
and terminal differentiation into myocytes and myotubes within a
few days of induction.?2831

We independently evaluated rAAV6 transduction of myoblasts
and myotubes in vitro utilizing an alkaline phosphatase (AP) reporter
(Figure 1). Serum and FGF-2 were withdrawn from proliferating myo-
blasts and rAAV6-CMV-AP (3 x 10° vector genomes per well in 1 ml of
media) was added to the culture media. Cells were harvested 3 days
post-transduction, and reporter expression and vector genomes (vg)
were quantified via a chemiluminescence assay (Figure 1a) and by
quantitative-polymerase chain reaction (QPCR) (Figure 1b), respec-
tively. An additional cohort of myoblasts was incubated with vector
for a shorter duration of time (1 hour), at which point the media was
exchanged and maintained until the 3-day endpoint. Interestingly,
shortened exposure to vector was not associated with a statistically
significant decrease in transduction, suggesting that the majority of
transduction-competent vector particles are taken up by the cells
within the first hour in culture. This is consistent with previous reports
demonstrating rapid uptake of rAAV particles in cultured fibroblasts.>

A similar transduction protocol was evaluated in maturing myo-
tubes. Differentiation was induced via withdrawal of serum and FGF-
2, and cells were transduced at either 5 or 10 days postinduction.
As described above, cells were harvested for analysis 3 days post-
transduction. We observed a significant increase in transduction of
differentiating MM 14 myotubes in comparison to myoblasts. In con-
trast, there was no significant difference in transduction between
cultures transduced at 5 versus 10 days postdifferentiation. This
implies that modulation of transduction efficiency occurs early in
the differentiation process, prior to 5 days postinduction.
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Figure 2 Vector-mediated reporter expression is diminished under
conditions of high myoblast proliferation and turnover. C2C12
myoblasts were transduced with rAAV6-CMV-BGal at an MOI of 100.
Cells were serially passaged every 2 days and diluted 1:10 with each
passage. 90% of the population was discarded with each passage. At
each passage, a cohort of wells (n = 2) was stained for BGal expression
and the number of positive cells was quantified. Myoblasts gradually lost
reporter expression over multiple cycles of dilution and proliferation.
After four passages, the number of positive cells was reduced to ~2 per
well. MOI, modality of infection.
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Vector-mediated reporter expression is diminished under
conditions of myoblast proliferation and turnover

rAAV vectors integrate only at very low frequencies,® and thus, vec-
tor-mediated transgene expression is predicted to diminish over
time under conditions of ongoing cellular proliferation and turn-
over. Cells were transduced with rAAV6-CMV-lacZ at an modality
of infection (MOI) of 100. This MOI was sufficient to induce visually
detectable levels of B-galactosidase (BGal) expression in nearly all
cells, whereas an MOI of 50 resulted in ~60% of cells staining posi-
tively for BGal (data not shown). Transduced cells were passaged
and diluted 1:10 every 2 days (90% of the population was discarded
with each passage) (Figure 2). Prior to each passage, a subset of
wells was stained for fGal expression, and the total number of posi-
tive cells was quantified. We observed an ~90% decrease in the total
number of positive cells following a single cycle of proliferation and
dilution. This loss was less dramatic at subsequent passages, but
the total number of positive cells continued to decline. After four
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Figure 3 In vitro rAAV6-mediated transduction of single myofiber
cultures reveals a marked preference for multinucleated muscle cells.
Single myofibers from both wt (top) or mdx (bottom) mice were isolated
and cultured to establish a mixed population of mononuclear muscle
progenitor cells and multinuclear myotubes. Cultures were transduced
with rAAV6-mCherry on either day 7 or day 9. Cells were stained for
desmin expression 2 days post-transduction, and the number of cells
coexpressing both desmin and mCherry was quantified. Multinucleated
muscle cells (dark bars) were preferentially targeted at both transduction
timepoints relative to mononuclear cells (white bars). In cultures
transduced on day 9, the total number of desmin-positive cells was
reduced, but the proportion of myofiber transduction increased.
*P < 0.05;***P < 0.01; ****P < 0.001.
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passages, only a few cells stained positive for Gal expression. These
results confirm that rAAV6-mediated transgene expression is nega-
tively impacted by cellular turnover in cultured myoblasts.

rAAV6 transduction of single-fiber cultures reveals a marked
preference for multinucleated muscle cells and mature myofibers
To investigate transduction of MPCs and myofibers, we isolated
single, intact myofibers from both wt and mdx mouse muscles
(Figure 3). Fibers were cultured to stimulate proliferation and differ-
entiation of resident satellite cells on the isolated fibers, and cultures
were maintained briefly in proliferation media prior to induction of
differentiation, as previously described.® Single myofibers cultured
in this manner produce a mixed population of mononuclear acti-
vated satellite cells and myoblasts and multinucleated myotubes.
Thus, single fiber cultures can be utilized to investigate the in vitro
tropism of rAAV6 in a mixed population of MPCs and myofibers.

Fiber cultures were transduced with rAAV6-CMV-mCherry follow-
ing either 7 or 9 days in culture and fixed for immunofluorescent
staining 48 hours post-transduction. The total number of transduced
muscle cells was quantified and subdivided into mononuclear and
multinuclear components. Positivity was defined as coexpression of
mCherry and the muscle-specific marker, desmin. Both transduc-
tion timepoints revealed a significant bias toward transduction of
multinucleated muscle cells (Figure 3). Similar trends were observed
in both mdx and wt fiber cultures, indicating that transduction bias
towards multinucleated muscle cells is independent of dystrophin
expression.

Transduction efficiency is reduced during the proliferative phase of
skeletal muscle regeneration

In skeletal muscle, the regenerative response to injury is character-
ized by an inflammatory response and satellite cell activation, fol-
lowed by a rapid increase in myoblast proliferation.>*-¢ Within a few
days postinjury, MPCs fuse to regenerate damaged myofibers, and
normal muscle architecture is gradually restored during the process
of fiber maturation. Thus, the early stages of muscle regeneration
present an opportunity to evaluate rAAV6 transduction of skeletal
muscle during a period of high myoblast proliferation and myofiber
formation in vivo.

We employed a notexin (NTX)-induced injury model, which was
previously shown to destroy the majority of muscle fibers and
induce generation of fibers de novo in the extensor digitorus lon-
gus (EDL) muscle of the hindlimb* and evaluated the efficiency
of muscle transduction following sequential, timed injections
of rAAV6 at different stages post-NTX treatment (Figure 4). Mice
received an intramuscular (IM) injection of NTX into EDL, followed
by IM injection of rAAV6-CMV-AP (1x10'° vg) at either 2, 3, 4, or 5
days postinjury. Muscles were harvested at 2 weeks postinjection
of rAAV6 and stained for AP expression (Figure 4a). In addition, vec-
tor genomes were quantified via QPCR (Figure 4b). We observed
a progressive increase in transduction efficiency as the interval
between injury and AAV injection increased. AAV injection 2 days
postinjury resulted in minimal transduction and a mosaic pattern of
AP expression. In contrast, AAV injection 4 days postinjury resulted
in an approximately fivefold increase in transduction compared
to the initial 2-day timepoint, and a more even distribution of AP
expression. This correlates with the timing of fusion of proliferat-
ing myoblasts and myofiber formation, which have been shown
to occur 3-4 days postinjury®**° (unpublished data). Transduction
increased approximately ninefold when the interval between injury
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rAAV6 transduction efficiency is reduced during the early proliferative and inflammatory phase of muscle regeneration. Mice (n = 3) received

an intramuscular (IM) injection of notexin in the extensor digitorus longus muscle, followed by rAAV6-CMV-AP injection at 2, 3, 4, or 5 days postinjury.
Muscles were collected 2 weeks following rAAV6 injection and evaluated for AP expression (a) and vector genomes (b). We observed a trend towards
increased transduction efficiency that correlated with an increase in the interval between injury and rAAV6 injection. Vector genome ratio is reported

relative to copy number at the earliest injection timepoint (2 days).

and rAAV6 injection was increased to 5 days. These data are con-
sistent with our in vitro results indicating that myofibers are more
efficiently targeted than myoblasts, and suggests that the rate of
myoblast proliferation and myofiber formation may limit the effi-
ciency of rAAV6 in regenerating muscle. Once the myofibers were
formed, no significant change in the transduction efficiency was
observed when compared to uninjured muscles, suggesting that
the process of fiber maturation does not adversely affect transduc-
tion efficiency.

rAAV6 does not effectively transduce satellite cells in vivo
We employed three strategies to evaluate transduction of skeletal
muscle satellite cells in vivo. Our initial experiment was performed
using both wt and mdx nestin enhanced green fluorescent pro-
tein (eGFP) mice. These latter mice express a eGFP reporter under
control of the nestin promoter, which is active in quiescent satel-
lite cells.*'#2 Mice received bilateral IM injections of rAAV6-CMV-
mCherry (1x10" vg) in the EDL muscle. Approximately 50 fibers
were isolated from both wt and mdx muscles 4 weeks postinjection
and cultured as described above. Of these myofibers, ~80% were
positive for mCherry. Coexpression of eGFP and mCherry was not
observed in any satellite cell (e.g., Figure 5a). This observation held
true irrespective of whether the originating myofiber was positive or
negative for mCherry expression. Instead, eGFP-positive/mCherry-
negative satellite cells were observed to migrate from isolated fibers
and initiate proliferation and differentiation (Figure 5b,c). None of
the derived mononuclear cells and myotubes became positive for
mCherry expression, with the exception of myotubes that fused
with the originally plated mCherry positive fiber (Figure 5¢, inset).
To expand our analysis to a larger population of satellite cells
and other MPCs, we injected the tibialis anterior (TA) of wt mice
with rAAV6-CMV-eGFP (1x 10" vg) and isolated MPCs and mono-
nuclear cells from the entire muscle at 4 weeks postinjection.

Molecular Therapy — Methods & Clinical Development (2014) 14038

Approximately 3 x 10° mononuclear cells were isolated and sorted
for GFP expression via FACS (Supplementary Figure S1a). Of these,
~13% were positive for eGFP expression (Supplementary Figure
S1b). The entire eGFP-positive population was plated under myo-
genic differentiation conditions, and cultures were tracked for 4
days. A total of four myogenic colonies were identified within the
sorted population, but none of these colonies expressed eGFP. In
parallel, ~4x10° cells were directly plated without sorting. The
unsorted population of cells generated a large number of myo-
genic colonies, but none of these were found to originate from
eGFP-positive cells.

It is unclear if satellite cells and MPCs did not express eGFP
because they were not transduced after injection or if the episomal
vector genome was lost through proliferation prior to differentia-
tion in culture. To address this question, we sought to monitor vec-
tor transduction and quantify vector genomes directly in satellite
cells. We initially examined cross-sections from rAAV6-injected wt
and mdx muscles for rAAV transduction. As above, mice received
bilateral IM injections of rAAV6-CMV-GFP (1x 10" vg) in the TA.
Muscles were harvested 4 weeks postinjection, fixed, sectioned, and
stained for Pax7,4* which is expressed in quiescent satellite cells
(Figure 6a). Consistent with our previous results, no Pax7-positive
cells were found to coexpress eGFP in either wt (Figure 6a) or mdx
(not shown) muscles (in ~150 satellite cells per cohort). These
results reveal a lack of satellite cell transduction in vivo and indicate
that rAAV6 preferentially targets myofibers in adult skeletal muscle.

To determine the presence of vector genomes in satellite cells in
vivo, TA and EDL muscles of both wt and mdx mice were injected
with rAAV6-CMV-mCherry. At 4 weeks postinjection, injected mus-
cles were harvested and either directly imaged for mCherry fluo-
rescence or used for satellite cell isolation by MACS (Figure 6b,c).*
DNA extracted from isolated satellite cells as well as whole muscle
was measured by quantitative PCR. No significant level of rAAV DNA
was detected in satellite cells from either strain. However, vector

© 2014 The American Society of Gene & Cell Therapy
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Figure5 Single fiber cultures from nestin-GFP mice injected with rAAV6. Mice received an intramuscular (IM) injection of rAAV6-CMV-mCherry in the
extensor digitorus longus muscle. Fibers were isolated from injected muscles 4 weeks post-transduction and cultured for up to 6 days. At 24 hours,
nestin/eGFP-positive satellite cells could be visualized on myofibers, but no cells stained for both eGFP and mCherry (a). eGFP-positive, mCherry-
negative satellite cells were tracked as they migrated from the parent fibers and established myogenic colonies (b). Satellite cells remained negative for
mCherry expression. By 6 days, numerous myotubes had formed in the cultures from the proliferating and terminally differentiating myoblasts (c), but
the only eGFP-positive myotubes observed were those that had fused with the original myofiber (c, inset). eGFP, enhanced green fluorescent protein.
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Figure6 Analysis of satellite cell transduction in muscles injected with rAAV6. (a) Cross-sections of wild-type muscles injected with rAAV6-CMV-eGFP
(@). Injected muscles were collected 4 weeks postinjection and stained for Pax7 and DAPI, then visualized under a fluorescence microscope. eGFP
expression was not observed in any Pax7-positive cells. (b,c) Both wt and mdx mice were injected with rAAV6-CMV-mCherry with the dose indicated
in (c). The high level of transduction using the 1x 10'° vg dose was evident upon harvesting the muscles (b) (images taken at 7x magnification). No
vector genomes were detected among satellite cells of either mouse strain 4 weeks postinjection (c). However, vector genomes were detected in DNA
extracted from whole, injected extensor digitorus longus muscles (c). DAPI, 4,6-diamidino-2-phenylindole; eGFP, enhanced green fluorescent protein.
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genomes were detected in DNA extracted from whole injected EDL
muscles (Figure 6¢). Together, these data indicate that AAV vector
genomes do not target satellite cells despite the widespread trans-
duction apparent upon gross muscle dissection (Figure 6b).

In addition to rAAV6, vectors derived from AAV8 and 9 have
emerged as promising vectors for muscle transduction®'®'” To
examine whether vectors pseudotyped with AAV8 or 9 capsids
could target satellite cells we injected rAAV6, 8, or 9 vectors express-
ing CMV-eGFP into the TA muscles of wild-type mice. In other stud-
ies, we have observed that rAAV6 gives higher levels of transduction
when intramuscularly injected into mouse muscles (unpublished
data). Also, since we had already established that rAAV failed to
transduce satellite cells, we injected ~40-fold higher levels of rAAV8
and 9thanrAAV6. All three vector types efficiently transduced myofi-
bers, as expected (Figure 7). By costaining with Pax7 and laminin, we
were able to identify satellite cells in each cohort. As before, we saw
no Pax7+/eGFP* cells when using rAAV6 nor did we observe positive
satellite cells with rAAV9 (Figure 7). With rAAVS8, we did observe rare
Pax7*/eGFP* satellite cells, but they represented less than 5% of the
observed satellite cells in the injected muscles. Interestingly, either
due to injection site trauma or perhaps toxicity of eGFP expression,
we observed areas of regenerating myofibers in the rAAV6-injected
muscles. In these regions, we found rare Pax7-negative/eGFP* cells
between the basal lamina and the sarcolemma, suggesting that
they might be activated satellite cells.

Finally, since therapeutic approaches for muscular dystrophy
using rAAV vectors will likely reply upon systemic delivery proto-
cols to target muscles bodywide,'* we asked whether systemically
injected mice would allow for satellite cell targeting. For this study,

rAAV6

GFP

rAAV8

rAAV vectors expressing CMV-eGFP were retro-orbitally injected
into wild-type mice. However, as with the intramuscular injections,
no Pax7+/eGFP* satellite cells were observed (Figure 8).

DISCUSSION

Dystrophic muscle is characterized by a chronic state of degenera-
tive turnover. Cycles of degeneration and regeneration lead to a
heterogeneous population of MPCs and regenerating myofibers in
different stages of maturation. This diverse population represents a
potential target for gene replacement strategies. rAAV6 is known to
transduce skeletal muscle with high efficiency,'*'*'¢ but transduc-
tion of MPCs and developing myofibers is less well-characterized. As
rAAV6 is a candidate for treatment of genetic disorders of muscle, it
is important that we possess a thorough knowledge of its transduc-
tion profile in myogenic cells. Thus, we evaluated both in vitro and in
vivo rAAV6-mediated transduction of satellite cells, myoblasts, and
developing myotubes and myofibers.

Our results demonstrate that rAAV6 preferentially targets myofi-
bers and transduces myoblasts with reduced efficiency. This trend
was apparent in both MM14 cells (Figure 1) and primary myogenic
cultures (Figure 3). In a mixed population of mononuclear MPCs and
developing myotubes, we observed a significant bias toward trans-
duction of multinucleated muscle cells (Figure 3). Myoblast differ-
entiation and myotube formation are complex processes governed
by a number of transcriptional elements and regulatory factors
(reviewed in Broek, et al. ). Myoblasts undergo extensive remod-
eling and reorganization as they fuse to form myotubes, and dif-
ferentiation is accompanied by significant changes in extracellular
matrix (ECM) composition and expression of cell-surface receptors.

rAAV9

Control

DAPI

Figure7 Comparison of rAAV6, 8, and 9 for satellite cell transduction. Eight-week-old C57BI/6 mice were injected intramuscularly into the TA muscle
with rAAV-CMV-eGFP vectors pseudotyped with either the serotype 6 (left panels), 8 (middle panels), or 9 (right panels) capsids. After 2 weeks,
muscles were harvested, and cryosections were imaged for eGFP (top panels). The inset shows background eGFP fluorescence in uninjected muscles.
Cryosections were also stained with DAPI, and immunostained with antibodies against laminin (not shown) and Pax7. Vector doses were adjusted to
generate similar levels of transduction (rAAV6: 5x 10 vg; rAAV8 and 9: 2x 10" vg; N = 4 muscles each). As in the studies in Figure 6, no Pax7*/eGFP*
cells were observed following rAAV6 injection. However, a few rare instances were observed of cells between the basal lamina and the sarcolemma
that were Pax7-negative/eGFP+ (bottom left panel, arrowheads). As with rAAV6, no Pax7+/eGFP* cells were observed following rAAV9 injection (e.g.,
bottom right panel, arrowhead points to a Pax7* satellite cell). In contrast, following injection of rAAV8 several Pax7*/eGFP* cells were observed, but
these represented less than 5% of the total Pax7* cells scored (bottom of middle panel, arrowhead; the positive satellite cell adjacent to the myofiber
with the asterisk is shown in the inset minus the red (Pax7) fluorescence). Scale bars: 150 um top; 30 um bottom. DAPI, 4,6-diamidino-2-phenylindole;
eGFP, enhanced green fluorescent protein.
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Laminin DAPI

Figure8 Analysis of satellite cell transduction following systemic injection of rAAV6. Four-week-old C57BI/6 mice were retro-orbitally injected with
4% 10" vg of rAAV6-CMV-eGFP and analyzed 4 weeks later (N = 4 mice). (@) eGFP fluorescence in a cryosection of an isolated TA muscle showing
transduced myofibers. (b—e) cryosections were stained with DAPI to visualize nuclei, and immunostainied with laminin and Pax7. An example of a Pax7+/
eGFP-negative satellite cell is shown. Laminin + DAPl imaging (b); Pax7 + DAPI + eGFP imaging (c); GFP + DAPI imaging (d); merge (e). The arrowhead
points to a Pax7*/eGFP-negative satellite cell. No Pax7+/eGFP* cells were observed. Scale bars: 150 um. DAPI, 4,6-diamidino-2-phenylindole; eGFP,

enhanced green fluorescent protein.

While the mechanisms regulating enhanced myofiber transduc-
tion remain unclear, these changes have the potential to influence
tropism of rAAV6. We have previously demonstrated that heparin-
binding capability in rAAV6 positively influences skeletal muscle
transduction,® indicating that heparin interactions could differen-
tially impact transduction efficiencies.

We also evaluated rAAV6 transduction efficiency in regenerating
muscle (Figure 4). Though environmental factors in vivo are signifi-
cantly more complex than in vitro, the results were generally con-
sistent with our earlier findings. We observed a significant increase
in transduction efficiency as the interval between notexin-injury
and rAAV6-injection was increased. Notexin induces rapid necrosis
of muscle fibers, but does not disrupt the basal lamina or promote
satellite cell necrosis.®

Reduced transduction efficiency and clearance of vector at ear-
lier rAAV6-injection timepoints may be influenced by a number of
factors. Within 3-4 days postinjury, myoblasts begin to fuse and
initiate formation of new myofibers.*4 Thus, the increase in trans-
duction may simply reflect an increase in the percentage of avail-
able myofibers, which are more efficiently targeted by rAAV6. We
did detect rare Pax7-negative cells under the basal lamina that had
been transduced by rAAV6 vectors in some intramuscular injec-
tion studies, suggesting that activated satellite cells are able to
be transduced in vivo following injury (Figure 7). However, rapid
proliferation of satellite cells and myoblasts during the initial injury
response may reduce transduction efficiency. As shown in Figure 2,
proliferation and turnover negatively impacts transgene expres-
sion. Thus, it is conceivable that a substantial number of activated
satellite cells and/or myoblasts transduced within the first few days
of the injury response lose transgene expression during prolifera-
tion. Additionally, the inflammatory response to injury may increase
clearance of vector.

Together our results indicate that rAAV6 does not effectively trans-
duce satellite cells in vivo. All of the detection methods employed
failed to obtain evidence of satellite cell transduction, with the
exception of rare Pax7* cells transduced by rAAV8 (Figures 5-8;
Supplementary Figure S1). It is unclear why quiescent satellite cells
are not targeted by rAAV vectors. Skeletal muscle satellite cells
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reside in a quiescent state beneath the basal lamina until activated
in response to muscle injury. It is possible that either the quiescent
state of satellite cells or intrinsic features of the satellite cell niche
limit transduction.

Our survey of rAAV-injected muscles was extensive, but the
possibility exists that satellite cells were transduced at only a very
low frequency, and were thus undetected by our methodologies.
Nevertheless, a low level of satellite cell transduction is unlikely
to be therapeutically relevant due to significant dilution and loss
of vector genomes during the proliferative response. Since vec-
tor genomes remain primarily in an episomal state,? persistence of
viral DNA and transgene expression is limited under conditions of
high cellular turnover. Our analysis of reporter gene expression in
rapidly proliferating C2C12 cells support this hypothesis (Figure 2).
In addition, loss of vector genomes and transgene expression has
been demonstrated in a model of partial hepatectomy.* Nakai et al.
evaluated rAAV2 injection via portal vein, followed by partial hepa-
tectomy. They observed a 92% reduction in vector genomes follow-
ing liver regeneration. In contrast, transgene expression via a stably-
integrated construct was unaffected by partial hepatectomy. Thus,
as a nonintegrating vector, the persistence of rAAV in vivo is limited
during tissue regeneration.

Our results also do not rule out the possibility that rAAV vectors
may enter satellite cells and possibly express genes transiently
before being lost. Such loss of vector would need to occur rapidly,
as we did not detect vector genomes in freshly isolated satellite cells
harvested 4 weeks after vector injection (Supplementary Figure S1),
nor did we detect significant numbers of Pax7-positive satellite
cells expressing vector-delivered transgene at 2 weeks postinjec-
tion (Figure 7). If even low levels of transgene expression could
be obtained for short intervals then it might be possible to use
genome editing strategies, such as Cas9/CRISPR or AAV-mediated
homologous recombination to permanently modify the genome of
muscle stem cells prior to vector loss.*4’

These data have implications for the design of future therapies, as
a failure to deliver therapeutic genes to muscle stem cells indicates
that any subsequent cycle of myofiber degeneration and regenera-
tion would result in a loss of AAV genomes. It is unknown what the
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half-life of a normal myofiber is in humans, but it seems reasonable
to assume that such cells will display a low rate of turnover dur-
ing normal activity. These results therefore suggest that readmin-
istration of vector will likely be necessary to maintain persistent
transgene expression in skeletal muscles of dystrophic patients.
However, the use of therapeutically protective constructs and
other treatment strategies that reduce the rate of myofiber turn-
over or enhance muscle regeneration should effectively minimize
the required frequency of vector readministration. Moreover, these
results emphasize a niche for integrating vectors and cell-based
therapies, and predict significant benefit from a combined thera-
peutic approach.

MATERIALS AND METHODS
Tissue culture

MM?14 cells and C2C12 cells were cultured as previously described.*® Cells
were maintained at 37 °C in an atmosphere of 5% CO,. C2C12 cells were
transduced with rAAV6-CMV-BGal at an MOI of 100 and all timepoints
were run in duplicate. MM14 cells were plated at 5x 10* cells per well
on 12-well plates and transduced with rAAV6-CMV-AP (3x10° vg per
well) either 0, 5, or 10 days following induction of differentiation. Twelve
wells were transduced per timepoint, and cells were harvested 3 days
post-transduction for quantification of protein expression and vector
genome copy number. Six of the 12 wells were independently analyzed
for AP expression. For vector genome quantification, lysates from wells
were combined in sets of two, for a total of n = 3 samples per timepoint.
Experiments were repeated thrice.

Primary myoblasts were isolated, sorted, and cultured as previously
described.* Briefly, TA muscles were digested in 0.2% collagenase Il (Sigma-
Aldrich, St Louis, MO) and filtered through 70 um and then 40 pum filters (BD,
San Diego, CA). Mononuclear cells were cultured on gelatin-coated plates
with F10C media (Invitrogen, Carlsbad, CA) in the absence of FGF-2, to pro-
mote differentiation and myotube formation. Cultures were maintained for
4 days and GFP-expressing cells were tracked.

EDL myofibers were isolated and cultured as described.***° The first day of
fiber plating was designated as day 1. Three days after plating, cultures were
switched to proliferation media for an additional 3 days. On day 7, cultures
were switched to differentiation media. On the day that cultures were trans-
duced, each well was administered 1x 10" vector genomes of AAV6-CMV-
mCherry mixed into 50 pl of differentiation media. Vector was removed and
media was exchanged for fresh media 16 hours post-transduction. Fibers
were fixed 48 hours post-transduction, as described.®

Animal experiments

Animal studies were performed in accordance with the guidelines set
forth by the University of Washington IACUC. All mice were bred on the
C57BI/6 background, in the University of Washington specific patho-
gen free barrier facility. All in vivo studies used mice that were between
8 and 12 weeks of age at the beginning of the experiment. For satellite
cell transduction experiments, animals received bilateral IM injections
of either rAAV6-CMV-mCherry (1x 10" vg per injection) or rAAV6-CMV-
eGFP (1x 10" per injection; Figures 5 and 6) into the EDL or TA, respec-
tively. rAAV6-CMV-mCherry was delivered to mdx:Nestin-eGFP (n = 2) and
wt:Nestin-eGFP (n = 2) mice,*? and rAAV6-CMV-eGFP was delivered to wt (n
=4) and mdx (n = 2) mice. At 4 weeks postinjection, mice were euthanized
according to approved protocol, and muscles were harvested for single
fiber cultures, primary myoblast cultures, or immunofluorescent stain-
ing. For in vitro transduction assays, fibers were collected from untreated
wt (n=2) or mdx (n=2) EDL muscles, and an additional two wt mice were
used as untreated controls for primary myoblast cultures. For the studies
of multiple vector types (Figure 7), CMV-eGFP vectors pseudotyped with
the AAV capsids for serotypes 6, 8, or 9 were injected at doses provided in
the figure legends into C57BI/6 mice (N = 4 per vector) and tissues were
harvested after 2 weeks. For systemic injection (Figure 8), 4 x 10'2 vg of
rAAV6-CMV-eGFP was injected retro-orbitally into C57BI/6 mice (N = 4)
and tissues were harvested after 4 weeks.

For regeneration studies, wt mice (n = 3 muscles per timepoint) were
given a IM injection of NTX (1 pg/ml; Sigma-Aldrich). Animals were then
administered a second injection of rAAV6-CMV-AP (1x 10" vg per injec-
tion) on days 2, 3, 4, or 5 postinjury. Both injections were performed under
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isofluorane-induced anesthesia. At 2 weeks following rAAV6 injection, ani-
mals were euthanized according to approved protocol, and muscles were
harvested for analysis.

Vector production

rAAV6 vectors were generated as previously described.” An Amersham
AKTA10 HPLC machine (Amersham, Piscataway, NJ) was used for affinity
purification on a HiTrap heparin column (Amersham). Southern analysis was
utilized to determine the number of genome-containing particles in the
vector preparation.

Luminometry assay

MM14 cells were harvested in 0.05% trypsin, 0.53 mmol/| ethylenediami-
netetraacetic acid (Invitrogen). Cells were pelleted at ~2,000 x g and the
supernatant was discarded. Cells were resuspended in tissue lysis buffer
(0.5% sodium deoxycholate, 50 mmol/I Tris, 150 mmol/l NaCl, 1% Triton,
0.8% protease inhibitor cocktail (Sigma-Aldrich). Protein was quantified via
spectrophotometric absorption using Bradford reagent (Peirce, Rockford, IL).
The extract was then analyzed for alkaline phosphatase expression using a
commercial luminometry kit (Applied Biosystems, Carlsbad, CA).

Vector genome quantification

Muscles were snap frozen in liquid nitrogen and then pulverized with a
mortal and pestle. Pulverized muscle tissue was resuspended in tissue lysis
buffer (0.5% Sodium deoxycholate, 50 mmol/I Tris, 150 mmol/I NaCl, 1%
Triton, 0.8% protease inhibitor cocktail (Sigma-Aldrich). MM14 cell lysates
were prepared as described above. DNA was isolated from cell and tissue
lysates using a DNeasy blood and tissue kit (Qiagen, Valencia, CA) accord-
ing the manufacturer’s guidelines. Genome quantification was performed
utilizing a SV40 polyadenylation site-specific probe and quantitative-PCR, as
described.™

BGalactosidase staining

Media was aspirated and cells were fixed in 2% formaldehyde and 0.8%
gluteraldehyde in phosphate-buffered saline (PBS) for 10 minutes at room
temperature. Wells were then washed in cold PBS and incubated in staining
solution (5 mmol/I K-ferricyanide, 5 mmol/I K-ferrocyanide, 2 mmol/l MgCl,,
and 4% Xgal in PBS) at 37 °C overnight.

Alkaline phosphatase staining

Muscle tissue was embedded in Tissue-Tek optimal cutting temperature
medium (Sakura Finetek USA, Torrance, CA), rapidly frozen, and sectioned
transversely. Sections were fixed with ice cold 4% paraformaldehyde,
washed in cold PBS, placed in 65 °C phosphate-buffered saline for 90 min-
utes, rinsed in room temperature PBS, and washed in alkaline phosphatase
buffer (0.1 mol/I Tris-HCI, 0.1 mol/I NaCl, 0.01 mol/I MgCl,) for 10 minutes.
Excess liquid was removed from the sections, and Sigma FAST BCIP/NBT sub-
strate solution (Sigma-Aldrich) was applied to each section for 30 minutes
at room temperature. Slides were rinsed in PBS, dehydrated in 70% ethanol
(EtOH) for 5 minutes, 2x (95% EtOH for 2 minutes), 2x (100% EtOH for 2 min-
utes), 2x (xylene for 3 minutes), and cover-slipped with Permount mounting
media (Fisher Scientific, Fair Lawn, NJ). Images were captured using Qlcam
or Olympus digital cameras and processed using Qcapture Pro (Qimaging,
British Columbia, Canada).

Satellite cell isolation

TA and EDL muscles were injected with rAAV6-CMV-mCherry in both legs
for wt and mdx mice. Four weeks postinjection, injected muscles were
dissected, minced, and subjected to collagenase Il (Sigma #C6885) and
Dispase (Worthington Biochemical, Lakewood, NJ) digestion. After repeated
trituration and washes, cells were strained through 40 pmol/I filters (BD
Biosciences, San Jose, CA). Filtered cells were incubated with rat anti-CD31,
anti-CD45, anti-CD11b, and anti-Ly-6A/E (Sca-1) antibodies, all conjugated
to biotin (Clones 390, 30-F11, M1/70, and D7, respectively; eBioscience, San
Diego, CA). Cell suspension was then incubated with anti-biotin MicroBeads
(MACS Miltenyi Biotec, Auburn, CA), washed, and then further purified by
negative selection with magnetic affinity chromatography (MiniMACS
Separator, MACS Miltenyi Biotec).
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Immunofluorescent staining

Single fiber cultures were fixed for immunofluorescent staining as previ-
ously described.** Cultures were stained with mouse anti-desmin primary
antibody (clone D33, at 1:100 dilution (Dako, Carpenteria, CA)) with goat
anti-mouse Alexa Fluor 488 (Invitrogen) used as the secondary.

Muscles injected with rAAV6-CMV-GFP were excised and prepared for
immunofluorescent staining as previously written.*? Briefly, muscles were
fixed in 4% paraformaldehyde and 1% sucrose for 2 hours, and were then
successively immersed in 5, 10, and 20% sucrose for 30 minutes at each
concentration. Muscles were then placed in 30% sucrose at 4 °C overnight
and frozen in optimal cutting temperature for sectioning. For Pax7 staining,
muscle cross-sections were incubated in citrate buffer (10 mmol/I citric acid
monohydrate, 0.05% Tween 20, pH 6) for 15 minutes at 100 °C, washed with
room temperature PBS, permeabilized for 10 minutes with 0.25% Triton-X
in PBS, and washed again with room temperature PBS. Sections were then
stained with a M.O.M. kit (Vector Labs, Burlingame, CA) following the manu-
facturer’s instructions, using anti-Pax7 (Abcam 34360, San Francisco, CA),
1:200 for 1 hour, Alexa Fluor 594-streptavidin (Invitrogen), anti-alpha-2 lam-
inin (Sigma-Aldrich L0663), and 4,6-diamidino-2-phenylindole, 1:1,000 for
45 minutes. Images were captured using Qlcam or Olympus digital cameras
and processed using Qcapture Pro (Qimaging). The images in Figures 7 and
8 were acquired in the UW Biology Imaging Facility using a Leica TCS SPV II
laser scanning confocal microscope (Leica-microsystems, Buffalo Grove, IL).
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