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Human muscle progenitor cells transduced with lentiviral vectors secreted high levels of blood
clotting factor IX (FIX). When bioengineered into postmitotic myofibers as human bioartificial
muscles (HBAMs) and subcutaneously implanted into immunodeficient mice, they secreted FIX into
the circulation for N3 months. The HBAM-derived FIX was biologically active, consistent with the
cells’ ability to conduct the necessary posttranslational modifications. These bioengineered muscle
implants are retrievable, an inherent safety feature that distinguishes this ‘‘reversible’’ gene therapy
approach from most other gene therapy strategies. When myofibers were bioengineered from
human myoblasts expressing FIX and vascular endothelial growth factor, circulating FIX levels were
increased and maintained long term within the therapeutic range, consistent with the generation of
a vascular network around the HBAM. The present study implicates an important role for
angiogenesis in the efficient delivery of therapeutic proteins using tissue engineered stem cell-
based gene therapies.
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INTRODUCTION

The development of new efficient and safe gene delivery
approaches is necessary to overcome some of the bottle-
necks of current gene transfer technologies and to move
the field of gene therapy forward. Hemophilia A and B are
attractive target diseases for gene therapy since factor VIII
(FVIII) or factor IX (FIX) levels above 1% of normal are
already considered therapeutic. Several phase I in vivo
gene transfer clinical trials for hemophilia have been
performed, but immune responses to the viral vectors
and/or transduced cells following direct in vivo gene
delivery thwarted long-term expression [1,2]. Ex vivo gene
therapy obviates the risk of inducing innate and adaptive
immune responses against the viral vector particles [3].
Two phase I ex vivo clinical trials were performed using
ectopically transplanted autologous human fibroblasts
engineered with the FVIII or FIX gene, but clotting factor
expression was either transient or not detectable [4,5].
The exact mechanism of this curtailed clotting factor
expression would need to be understood before new ex
vivo gene therapy clinical trials for hemophilia are
initiated. This curtailed clotting factor expression could
be due to transgene silencing, inefficient off-loading, cell
death, or a combination of these. The present study
focuses on understanding the mechanisms that influence
the outcome of ex vivo gene delivery and whether
angiogenesis plays a role.

Long-term therapeutic efficacy following ex vivo gene
therapy has been demonstrated [6] but the risk of
neoplastic transformation [7] underscores the need of
developing safe, potentially reversible gene therapy
paradigms. The objective of the present study is to
explore an ex vivo approach using retrievable cellular
implant technology for the delivery of therapeutic
proteins following tissue engineering of genetically
engineered adult human stem/progenitor cells. Skeletal
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muscle is a particularly attractive target for ex vivo gene
transfer since it can be used to deliver various ther-
apeutically relevant secretable proteins, including bio-
active FVIII and FIX [8–13]. Moreover, skeletal muscle
contains human adult stem/progenitor cells, i.e., satel-
lite cells, that can easily be isolated and expanded as
myoblasts in vitro [14,15]. Primary human myoblasts are
nontumorigenic and long-lived when implanted in vivo
[16,17] and can be bioengineered into retrievable
implants [18,19].

RESULTS

We transduced human myoblasts using lentiviral vec-
tors expressing either GFP or FIX [20]. We observed a
reproducible dose-dependent increase in transduction
efficiency, resulting in nearly 100% stable gene transfer
efficiency and high GFP expression (Figs. 1A–1C, Table
1). When we used a similar lentiviral vector expressing
FIX (HIV-CAG-FIX), the cells stably expressed from 5.9
to 21.4 Ag FIX/million cells per day (Table 1). Bio-
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activity testing on the conditioned medium of differ-
entiated myofibers by activated partial thromboplastin
time (aPTT) assay revealed that 87 F 17% secreted FIX
was biologically active, indicating that myofibers are
capable of posttranslational modifications necessary to
produce functional FIX, consistent with previous obser-
vations [9]. These FIX secretion levels are 1 to 2 logs
greater than the levels obtained previously with other
viral vectors used ex vivo on unselected primary human
cells [10,21–23]. Southern blot analysis indicated that
the vector copies per diploid genome corresponded to
1.55 (CAG-GFP) and 1.42 (CAG-FIX) (data not shown).
Consequently, this limited number of gene copies per
cell in conjunction with the self-inactivating (SIN)
vector design limits the risk of insertional mutagenesis.
Lentiviral transduction and expression of high FIX
levels by the myoblasts did not interfere with their
ability to differentiate into postmitotic myofibers (Figs.
1D–1E). The differentiated myofibers secreted similar
high levels of FIX compared to the nondifferentiated
myoblasts, indicating that differentiation did not sup-
FIG. 1. In vitro characterization of transduced myo-

blasts. (A–C) GFP expression determined by confocal

microscopy of 90% confluent expanded primary

human skeletal muscle progenitor cells transduced

with HIV-CMV-GFP at different multiplicities of infec-

tion: (A) 8, (B) 80, or (C) 800. FACS analysis indicated

27, 94, and 99% GFP+ transduced cells, respectively.

Bar, 10 Am. (D) GFP expression after differentiation of

HIV-CAG-GFP-transduced myoblasts into myofibers

grown as monolayers or (F) engineered into HBAMs.

(E) Sarcomeric tropomyosin expression in HIV-CAG-

FIX-transduced myofibers. (G) Unstained HBAM in

vitro. (H) Transdermal imaging of GFP-HBAMs 3

months postimplantation.
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TABLE 1: Lentiviral transduction of human myoblasts

Biopsy

Volunteer

age (sex) % Myoblastsa %GFP+b

Undifferentiated muscle

cell FIX secretion

(ng/106 cells/day)c
Differentiated myofibers

in monolayersd
Myofiber

bioactivitye
Fusion into

myofibersf

7 32 (M) 68 94 ND +

9LB 24 (F) 63 96 5,980 F 923 5950 F 238 87 F 17% +
3B 53 (F) 71 96 14,534 F 793 +

13 52 (M) 69 98 21,454 F 1625 +

Cells were transduced with HIV-CAG-GFP or HIV-CAG-FIX vectors (m.o.i. 8–11). ND, not determined.
a Desmin-positive cells.
b FACS GFP analysis.
c Determined 2 days posttransduction, mean F SEM (N = 6).
d After muscle cells were in differentiation medium for 4 days.
e Bioactive FIX (aPTT)/total FIX (ELISA).
f +, multinucleated myofibers as observed by inverted phase microscopy after 4 days in differentiation medium (N = 6).
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press CAG-driven FIX expression (Table 1). We sub-
sequently bioengineered the transduced human myo-
blasts into human bioartificial muscles (HBAMs)
containing several thousand aligned postmitotic myo-
fibers [24] that expressed high levels of GFP (Fig. 1F). A
typical HBAM is depicted in Fig. 1G. HBAMs are 20–25
mm long, 1–3 mm diameter cylindrical-shaped struc-
tures. The HBAMs engineered from the HIV-CAG-GFP-
transduced myoblasts (GFP-HBAM) and implanted sub-
cutaneously into immunodeficient SCID-NOD mice
were intensely fluorescent, even upon transdermal
imaging in living animals (Fig. 1 H). GFP expression
was detectable for at least 3 months in vivo, indicating
long-term cell survival and promoter activity (Fig. 1H),
though some cell loss was apparent (Fig. 4). We then
engineered HBAMs from HIV-CAG-FIX myoblasts and
implanted them in vivo (FIX-HBAM). The total mean in
vitro production capacity of the FIX-HBAMs implanted
per animal corresponded to 39 Ag FIX/day. Circulating
levels of FIX could be detected for N3 months,
FIG. 2. FIX expression levels in vivo. (A) Circulating FIX plasma levels in mice i

mean F SEM, n = 4, and error bars are smaller than symbols where not shown. (B

HBAM (diamond), or VEGFhigh/FIX-HBAM (triangle). Each value is the mean F S

animals survived after day 7. (C) Circulating FIX levels in mice implanted with F
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consistent with the GFP expression data (Fig. 2A). We
detected therapeutic levels of circulating FIX in the
FIX-HBAM animals for several weeks and they were
significantly higher ( P b 0.05) at all time points than
the levels in the GFP-HBAM recipients (Fig. 2A).
Animals implanted with HBAMs that yielded a higher
in vitro production rate of 88 Ag FIX/day (Fig. 2C)
resulted in significantly higher circulating FIX levels
(320 ng/ml) than when the animals were implanted
with HBAMs producing less FIX in vitro (in vitro FIX,
49–54 Ag FIX/day; in vivo FIX, 191 ng/ml) (Fig. 2B),
indicating that there is a correlation between in vitro
and initial in vivo FIX levels.

Since the implants were poorly vascularized (Fig. 3A),
we hypothesized that stimulation of local vascularization
of the implant site could improve the pharmacokinetics
of FIX delivery to the circulation. To stimulate blood
vessel formation locally, we engineered HBAMs to coex-
press FIX and vascular endothelial growth factor (VEGF-
A164) [25]. Myoblasts transduced with the HIV-CMV-
mplanted with FIX-HBAMs (circle) or GFP-HBAMs (square). Each value is the

) Circulating FIX levels in mice implanted with FIX-HBAM (circle), VEGFlow/FIX-

EM, n = 4, except in the VEGFhigh/FIX-HBAM group in which only one of four

IX-HBAM (circle) or VEGFmoderate/FIX-HBAM (triangle).
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FIG. 3. Effects of VEGF-A164 on implant vascularization

and vascular permeability. Subcutaneous (A) FIX-

HBAM implant site or (B) VEGF-HBAM implant site

14 days postimplantation. (C) VEGF-HBAM implant

site 131 days postimplantation. (D) Staining of FIX-

HBAMs and VEGFmoderate/FIX-HBAMs recovered from

animals perfused with Evans blue dye 13 days post-

implantation.
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VEGF lentiviral vector secreted 40 times more VEGF-A164

than cells transduced with the MLV-LTR-VEGF retroviral
vector (801 F 56 vs 20 F 1 ng VEGF-A164/million cells/
day, n = 4). Coexpression of VEGF-A164 and FIX in the
HBAMs was achieved by using both VEGF-A164- and FIX-
expressing myoblasts that fused into hybrid myofibers
upon differentiation. The VEGF-HBAMs stimulated a
robust localized angiogenic response near the implant
site within 7–14 days (Fig. 3B), which persisted for several
months (Fig. 3C). In contrast, HBAMs that did not
express VEGF-A164 failed to induce an angiogenic
response (Fig. 3A). Hybrid HBAMs were then engineered
by mixing together HIV-CAG-FIX myoblasts with either
MLV-LTR-VEGF (VEGFlow/FIX-HBAM) or HIV-CMV-VEGF
myoblasts (VEGFhigh/FIX-HBAM). The total in vitro FIX
and VEGF-A164 production capacity of the engineered
HBAMs implanted per animal corresponded to 49–54 Ag
FIX/day and 0.12 Ag VEGF-A164/day for the VEGFlow/FIX-
HBAM or 4 Ag VEGF-A164/day for the VEGFhigh/FIX-
HBAM. A dose-dependent effect of VEGF-A164 on the
FIX levels and on the duration of FIX production was
apparent. Animals implanted with the VEGFlow/FIX-
HBAM expressed FIX for a longer period and had
significantly two- to fivefold ( P b 0.05) higher circulating
FIX levels for the first 3 weeks compared to FIX-HBAM
animals without VEGF (Fig. 2B). The highest circulating
FIX levels were obtained after implantation with the
VEGFhigh/FIX-HBAMs (Fig. 2B), but resulted in some
morbidity and mortality consistent with the very high
circulating levels of VEGF-A164 (340 pg/ml plasma on day
6 after implantation). This is likely due in part to the
hypotensive effects of VEGF-A164 by increasing vascular
permeability. We therefore reduced the VEGF-A dose by
generating hybrid VEGFmoderate/FIX-HBAMs that pro-
duced an intermediate, nontoxic level of VEGF-A164 in
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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vivo (45.9 F 5.6 pg/ml plasma on day 3, background
levels by day 10 after implantation), by bioengineering
the hybrid HBAMs with fewer HIV-CMV-VEGF myo-
blasts. The total in vitro FIX and VEGF-A164 production
capacity of the engineered HBAMs implanted per animal
corresponded to 88 Ag FIX/day and 1.3 Ag VEGF-A164/
day/animal for the VEGFmoderate/FIX-HBAM. This moder-
ate level of VEGF-A164 resulted in a consistent and
significant increase ( P b 0.05) in circulating FIX levels
over a 3-month interval compared to animals implanted
with FIX-HBAMs, which did not produce VEGF-A164 (Fig.
2C), and was associated with the presence of a vascular
network around the implanted VEGF-Amoderate/FIX-BAMs
(Figs. 3A–3C). The VEGFmoderate/FIX and VEGFlow/FIX
HBAM implants were well tolerated by all of the recipient
mice with no apparent morbidity nor mortality. The
biphasic FIX kinetics in the VEGFhigh cohort is likely due
to the time needed to form functional blood vessels. In
the initial phase (days 0–30), expression declined due to
cell death (Fig. 4) but in the subsequent phase (days 30–
60), FIX levels increased again, consistent with the
development of functional blood vessels. The implanted
VEGFmoderate/FIX-BAMs displayed a localized increase in
vascular permeability, based on the enhanced uptake of
Evans blue (68.5 kDa), which has approximately the
same MW as FIX (52 kDa) (Fig. 3D). Quantification of
the percentage Evans blue-stained areas in the HBAMs
showed 1.58 F 1.54% in the FIX-HBAMs and 44.87 F
11.79% in the VEGFmoderate/FIX-HBAMs (n = 4, P b 0.05).
Hence, the increased vascular permeability (Fig. 3D)
and/or angiogenesis induced by VEGF (Figs. 3A–3C)
likely accounted for the enhanced off-loading of the
secreted FIX into the circulation. Conversely, in the
absence of VEGF, the secreted FIX may accumulate to a
greater extent in the extracellular environment when
445
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FIG. 4. Survival of implanted myofibers. Confocal

microscopic images of GFP-expressing (A, B) human

or (C, D) autologous NOD-SCID myofibers in NOD-

SCID mice are shown preimplant (A, C) and after 28

days in vivo (B, D). (E) Graphic representation of cell

survival of NOD-SCID BAMs (diamonds), FIX-HBAMs

(empty triangles), and VEGFmoderate/FIX-HBAMs (filled

triangles).
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off-loading into local blood vessels does not readily
occur.

To determine whether VEGF also had a direct effect
on survival of the engineered cells in vivo, we monitored
the presence of GFP+ transduced cells over time (Fig. 4).
No significant difference ( P = 0.93, univariate analysis)
was apparent in the percentage of surviving GFP-marked
cells following implantation of VEGFmoderate/GFP-
HBAMs versus control GFP-HBAMs (Fig. 4), consistent
with the survival of sarcomeric tropomyosin-positive
myofibers (data not shown). In addition, there was no
significant difference in the number of viable and dead
cells in the VEGF/FIX-BAM and FIX-BAM implants (%
living/dead cells at 4 months postimplantation, 3.2 F
1.6 vs 3.5 F 1.4, respectively; P = 0.12). When GFP
446
expression ceased, it coincided with the emergence of
dead cells within the implants, indicating that the loss
of GFP expression is most likely due to cell loss. Since
the percentage live cells was similar to the percentage
GFP-positive cells, gene silencing does not account for
diminished FIX expression. Hence, VEGF-A164 had no
direct effect on the transcription or expression of the
transgene in the lentiviral vector. Though VEGF-A164 led
to a significant increase in plasma FIX levels and
prolonged the duration of FIX production, it did not
prevent its eventual decline, which can be ascribed to
the gradual loss of the engineered cells. Nevertheless, a
sufficient number of viable GFP-expressing cells
remained present in the implants even after 3 months,
allowing transdermal imaging of the GFP+ implants (Fig.
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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1H). The use of human cells in the HBAMs contributed
to impaired cell survival due to xenograft rejection.
Indeed, cell survival was significantly improved with
autologous cell implants (81% GFP+ cells) compared to
xenograft human implants (5% GFP+ cells) (Fig. 4).
Gene-marked cells from implanted VEGFmoderate/GFP-
HBAMs were readily detectable by PCR in the implanted
transduced HBAMs up to 4 months postimplantation,
whereas no gene-marked cells were detected in the other
organs or tissue surrounding the implants (data not
shown).

We purified and characterized the rFIX produced by
the HBAMs and plasma-derived (pd) FIX (Fig. 5 and
Supplementary Fig. 1). Both Coomassie brilliant blue
(CBB) and Western blot (WB) immunostaining analyses
(Fig. 5A) revealed two bands for rFIX, whereas only a
single band was apparent for pdFIX. These two bands
FIG. 5. Molecular characterization of rFIX produced by the FIX-transduced myofib

Molecular weight marker (M) is shown; Coomassie brilliant blue (CBB) or Wester

N-glycan analysis of myofiber-derived rFIX and pdFIX. (1) Malto-oligosaccharide

glycans from rFIX treated with an a-2,3-sialidase or a broad-specificity a-2,3/6/8
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likely correspond to fully processed FIX and immature
FIX that was not cleaved by furin. N-terminal sequencing
revealed that a significant fraction of the rFIX (65%) still
contains the propeptide (Fig. 5B) and confirmed the g-
carboxylation of the glutamic acid residues in the mature
processed protein sequence on positions 53, 54, 61, 63,
66, and 67. Also the immature proform could be shown
to be carboxylated at least at positions 53 and 54.
Furthermore, an N-glycan electrophoretic analysis
revealed potential glycosylation differences between rFIX
and pdFIX (Fig. 5C, graphs 2a and 3a). Plasma-derived
FIX was almost exclusively modified with a-2,6-sialic
acid, which is characteristic of human liver-produced
serum proteins. In contrast, approximately half of the
rFIX contains a-2,3-sialic acid. Notably, there were differ-
ences in the N-glycan skeletal structure (Fig. 5C, graphs
2c and 3c). The structures on the pdFIX contain mostly
ers. (A) SDS–PAGE analysis of myofiber-derived rFIX (R) and human pdFIX (P).

n blot (WB) immunostaining. (B) N-terminal sequence analysis of the rFIX. (C)

ladder. (2a) N-glycans derived from myofiber-produced rFIX. (2b and 2c) N-

-sialidase. (3a, 3b, and 3c) Same experiment as in panels 2, but for pdFIX.
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two antennae with a fucose core (largest peak), next to a
smaller amount of tri- or tetra-antennary fucosylated
structures. On the rFIX, rare truncated N-glycans
appeared, which contain terminal mannose and GlcNAc
residues. The spread in N-glycan size also explains the
heterogeneity in rFIX MW.

DISCUSSION

A novel approach for gene therapy of hemophilia was
described with improved safety characteristics over exist-
ing technologies and with implications for delivery of
secretable proteins. It describes, for the first time, a
potentially reversible ex vivo gene therapy approach for
hemophilia, using primary human cells instead of cell
lines. This approach is based on bioengineered cellular
implants derived from lentivirally transduced adult
human stem/progenitor cells. The present findings also
contribute to insights into the mechanisms that influence
the therapeutic outcome of ex vivo gene therapy and have
implications for stem cell technology, regenerative med-
icine, and tissue engineering. The FIX levels obtained with
the engineered HBAMs compare favorably to what had
been achieved previously following direct lentiviral vector
in vivo gene therapy [40,41]. However, in vivo lentiviral
delivery also resulted in inadvertent transduction of MHC
class II+ antigen-presenting cells [20], which increases the
risk of immune complications.

One of the attractive features of this technology for
delivery of therapeutic proteins is that the engineered cells
within the HBAM implant are composed of nondividing,
postmitotic nontransformed primary myofibers. This
represents a safety advantage, as opposed to cells that
continue to expand in vivo [26] and may have tumorigenic
potential [27,28]. Moreover, the transduced myofibers
remain confined to the implant and do not migrate to
distal sites. The HBAM implants are thus retrievable and
this is an inherent safety feature, since the (long-term)
risks of gene therapy in humans cannot always be
predicted.

The majority of the FIX proteins produced by the
HBAMs are g-carboxylated and biologically active,
whereas expression of FIX in fibroblastic cell lines was
hampered by their limited ability to perform the neces-
sary posttranslational modifications adequately, which
resulted in only limited bioactivity (10%) [27]. This is
consistent with previous studies showing that muscle
cells are well equipped to perform the posttranslational
modifications required to generate functional FIX [9].
However, some posttranslational differences were appa-
rent between myofiber-derived rFIX versus pdFIX. Nota-
bly, terminal mannose and GlcNAc residues were
detected on the myofiber-derived rFIX. These posttransla-
tional differences may influence the immunogenicity of
the FIX proteins when expressed ectopically in the
muscle versus liver and would be consistent with the
448
demonstration that gene delivery into the muscle results
in a more potent immune response against the transgene-
encoded product [10] than following hepatic gene
delivery [31]. Moreover, since liver endothelium
expresses a receptor for these unusual carbohydrate
structures [32] this may lead to a faster clearance of rFIX
from the blood. Nevertheless, myofiber-derived rFIX has
striking similarities with rFIX that is used clinically,
which also displays complex-type glycosylation with
carbohydrate chains capped with sialic acid a-(2,3)-
galactose groups [33]. Despite these posttranslational
differences between clinically used rFIX and pdFIX no
increased risk in inhibitors or decreased half-life has been
reported in patients suffering from hemophilia B [34].
However, it is widely known that rFIX has a reduced
recovery compared to pdFIX [35], which is likely due to
these different carbohydrate structures. Though the
BAM-derived rFIX is similar to pdFIX or clinically used
rFIX, a significant fraction of the myofiber-derived rFIX
still contained the propeptide sequence, suggesting
incomplete cleavage by furin. This was also observed in
rFIX produced by CHO cells [29]. It is likely that the
incomplete cleavage accounted for a decrease in FIX
activity since mutations in FIX that preclude removal
of propeptide result in a hemophilia B phenotype
(FIXCambridge [30]), though a possible effect on decreased
g-carboxylation could not be excluded. To overcome this
limitation, a further optimization of FIX delivery from
the HBAMs may be required. For instance, human
myofibers could be transduced with vectors expressing
PACE/furin, which may result in more efficient process-
ing and expression of functional FIX.

Scale up from mice to humans is an important issue in
determining whether implanted muscle cells could syn-
thesize and release adequate therapeutic FIX levels to be
efficacious in hemophilia B patients. The turnover of FIX
in vivo follows a two-compartment model [36], with
steady-state blood concentration represented by K0T1/2/
0.693Vd. Applying this formula to the present study
suggests a theoretical plasma level of 3.83 Ag FIX/ml mice
(K0 is the pumping rate of 49 Ag FIX/day (Fig. 2B), T1/2 of
hFIX in mice = 2.6 h, Vd is the volume distribution of 2
ml). The value measured at day 6 is 500 ng/ml (Fig. 2B),
meaning that a correction factor of 7.66 is required. To
obtain a therapeutic level in humans in which T1/2 of
hFIX = 23 h and Vd = 4900 ml, a constant pumping rate of
1357 Ag/day would be required to maintain a circulating
level of 50 ng/ml. In practice, this would mean that 177
BAMs of 2 million cells each are needed, which represents
a total implant volume of 17.7 ml. With improved muscle
cell genetic engineering, HBAM tissue engineering, and
implantation techniques, it should be possible in the
future to reduce the number of HBAMs required.

One of the other challenges of ex vivo gene therapy
consists of obtaining sufficient levels of engraftment of
the gene-engineered cells. Most studies indicate that in
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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the absence of selective pressure or some conditioning
regimen, engraftment efficiencies are typically very low,
as shown for mesenchymal stem/progenitor cells [37] and
hematopoietic stem/progenitor cells [38]. The use of
clinically approved collagen-based scaffolds may prevent
rapid cell clearance by the reticuloendothelial system and
result in improved long-term engraftment of the gene-
engineered cells.

The present study provides insight into possible
mechanisms that limit the efficiency of ex vivo gene
therapy via tissue engineering and suggests potential
ways to overcome this limitation by stimulating angio-
genesis. Limited access of the engineered cells to the
vasculature may impair off-loading of therapeutic protein
levels to the circulation. This may have at least partly
contributed to the curtailed clotting factor expression
levels in a previous ex vivo gene therapy clinical trial for
hemophilia [5]. This limitation can be partially reversed
using angiogenic molecules and was demonstrated, as a
proof-of-concept, with VEGF-A164-transduced cells. The
increased angiogenic response by VEGF164 improved off-
loading of the therapeutic protein into the circulation
but did not influence the long-term survival of gene-
engineered cells or the transgene expression levels (i.e.,
GFP) from the lentiviral vector. Though there are some
safety concerns related to the use of VEGF we did not
observe tumor formation or hemangiomagenesis in any
of the animals following implantation of VEGF BAMs for
N6 months. Angiogenic factors (e.g., PLGF [39]), which
have an improved safety profile, could be used as
alternatives.

The survival of xenogeneic HBAMs in NOD-SCID mice
was somewhat impaired, which curtailed FIX expression.
Myofibers in the HBAM were not innervated and thus did
not receive neural signals leading to contraction. It is
known that atrophy of muscles that are not contracting
may contribute to cell death. However, it seems unlikely
that the lack of innervation accounted for the decline in
myofiber viability since cell survival in the BAMs was
significantly improved when autologous murine
implants were used. Hence, the lack of long-term cell
survival following implantation of xenogeneic HBAMs
into NOD-SCID mice is likely due to immune rejection
and/or the requirement for species-specific trophic fac-
tors. Even in severely immunocompromised NOD-SCID
mice, there is residual natural killer cell-mediated
immune activity, which may limit long-term cell survival
of transplanted xenogeneic cells [42]. This further implies
that HBAMs have the potential to survive long term
when implanted in a human subject.

Retrievable implants bioengineered from genetically
engineered nonmigratory postmitotic myofibers with a
robust host vasculature interface may thus eventually
provide an alternative approach for protein delivery,
particularly for hemophilia and for therapeutic angio-
genesis in diabetic and atherosclerotic limb ischemia.
MOLECULAR THERAPY Vol. 14, No. 3, September 2006
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METHODS

Adult muscle stem/progenitor cell isolation, growth, and transduction.

Primary human skeletal muscle cells isolated by needle biopsy [43] were

expanded in myoblast growth medium [MGM; SkGM (Cambrex) plus 15%

(v/v) fetal bovine serum]. Biopsies were performed on adult volunteers

according to procedures approved by the Institutional Clinical Review

Board of the Miriam Hospital. Cells from four different biopsies were used

and averaged about 70% myogenic based on desmin-positive staining

(Table 1) [24]. Murine skeletal myoblasts were isolated and cloned from the

hind-limb muscles of 11-week-old NOD-SCID mice [44].

Bioengineering of BAMs. Two million myoblasts were mixed with Type I

bovine collagen (Zyderm, Inamed) [19] and cast into 25-mm-long silicone

rubber molds with end attachment sites and placed in an incubator for 2–

6 h in MGM. The BAMs were maintained in MGM for 2 days, and fusion

medium [high-glucose DMEM (Gibco Life Science) supplemented with

insulin (10 Ag/ml), bovine serum albumin (50 Ag/ml), epidermal growth

factor (10 ng/ml), and gentamicin (50 Ag/ml)] for 4–5 days. Within 24 h

after casting, the cell/gel mix contracted, detaching from the molds and

being held in place only at the two end attachment sites. The passive

forces generated in the contracted collagen gel align the muscle cells

parallel to the long axis of the contracted gel such that the cells fuse into

postmitotic myofibers.

Viral vectors and transduction. SIN GFP, FIX, and VEGF-A164 lentiviral

vectors were generated by cotransfection of 293T cells with vector, gag–

pol, rev, and vesicular stomatitis virus glycoprotein expression constructs

[20]. The GFP gene was driven from either the cytomegalovirus (CMV)

promoter or a chimeric promoter composed of the CMV immediate early

enhancer in conjunction with the chicken h-actin/rabbit h-globin hybrid

promoter and intron (CAG) http://www.belspo.be/bccm/lmbp.htm;

LMBP 2453) [21,45,46]. The mouse VEGF-A164 cDNA (kindly provided

by P. Carmeliet) encodes the VEGF-A164 isoform driven from CMV.

Expression of the human FIX cDNA gene was controlled by the CAG

promoter. Viral titers were determined by titration on 293T cells for GFP

vectors or by p24 ELISA (Perkin–Elmer) using lentiviral GFP vectors with

known functional titers as reference [20]. Moloney murine leukemia virus

(MLV)-based retroviral vectors containing mouse VEGF-A164 driven by the

MLV long terminal repeat (LTR) promoter were generated and human

muscle cells transduced as described previously [47]. Optimal lentiviral

transduction of human myoblasts was achieved by subjecting subcon-

fluent cultures to four successive transduction rounds with viral vector-

containing medium over a 48-h period during which the cells were

centrifuged (2600 rpm) for 60 min at 328C. Varying multiplicities of

infection were employed, ranging from 8 to 800 for HIV-CMV-GFP, 11 for

HIV-CAG-GFP, and 8 for HIV-CAG-FIX. FIX copy number was determined

by standard Southern blot analysis.

BAM Implantation and analysis. All animal procedures were approved

by the Animal Ethical Commission of the University of Leuven and

conformed to the guiding principles of the American Physiological

Society. After 5–7 days in vitro, two to eight BAMs were implanted

subcutaneously into the backs of adult immunodeficient SCID-NOD

mice. In some experiments, BAMs were implanted under no tension,

while in other experiments, the BAMs were attached to a tensioning

scaffold [18]. Results were similar in both instances. Quantitative PCR

analysis was conducted on an ABI 7700 (Applied Biosystems) using

TaqMan primers (forward, CCGTTGTCAGGCAACGTG; reverse, AGCT-

GACAGGTGGTGGCAAT; probe, FAM-TGCTGACGCAACCCCCACTGGT-

TAMRA) specific for the WPRE in the lentiviral vectors or using Lux

primers specific for an endogenous murine Gas6 control gene (forward,

GGACGAGTGCCAGCAGGAT; reverse, CCCTCGCCCATCACAGG-JOE)

(detection limit b1/10,000). Vascular permeability after implantation of

VEGF-BAMs was assessed by tail vein injection of 200 Al 0.5% Evans blue

20 min prior to sacrifice. Quantitative analyses of percentage stained areas

were performed using custom macros on the confocal microscope images.

Cell viability in FIX-HBAMs was determined with the Live/Dead viability/

cytotoxicity assay (Molecular Probes) and subsequent confocal micro-

scopic analysis.
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was collected by retro-orbital bleeds. Plasma or conditioned medium of

transduced cells was assayed for FIX antigen by Asserachrom IX ELISA

(Diagnostica Stago) and for mouse VEGF-A164 by ELISA (R&D Systems).

FIX bioactivity was assessed in conditioned medium supplemented with

15 Ag vitamin K/ml by determining the aPTT. aPTT assays were performed

on a Sysmex CA6000 coagulation analyzer (Dade Behring). The percent-

age of biologically active FIX was obtained by measuring aPTT indicated

by percentage of normal clotting factor activity (compared with a WHO

standard) normalized to factor IX antigen level on three independent

samples.

FIX from the culture medium of transduced myofibers or enriched

FIX from human plasma (Factor IX solvent detergent; CAF Red Cross

Brussels) was purified by HPLC and analyzed by SDS–PAGE, CBB staining,

and WB immunostaining (supplementary material). Molecular character-

ization of rFIX was performed by N-terminal sequencing (Edmann

degradation), N-glycan analysis, linear positive-ion-mode MALDI-TOF,

positive-ion-mode reflectron analysis, and peptide mapping (supplemen-

tary material).

GFP analysis and immunohistochemistry. FACS analysis of GFP-positive

cells was performed on a FACSCalibur (Becton–Dickinson) and GFP

expression was monitored by confocal microscopy (Axiovert 100M; Zeiss).

For transdermal monitoring of GFP expression, mice were shaved locally

and visualized using a 488 nm fluorescent light source (Zeiss) and a 515

nm long-pass filter (Montreal Biotech, Inc.). HBAMs were snap-frozen in

Jung tissue freezing medium (Leica) and 7-Am cryosections were mounted

on polylysine-coated slides. For tropomyosin staining, sections or cell

monolayers were fixed in methanol, incubated with mouse anti-tropo-

myosin antibody (Sigma) 1:100, followed by Alexa Fluor 488 goat anti-

mouse IgG (Molecular Probes) 1:200, and mounted with Vectashield with

DAPI (Vector Laboratories). Stained cells were visualized by fluorescence

microscopy.

Statistics. Data are presented as mean F SEM and statistical analyses were

performed using unpaired t test, Mann–Whitney test, or univariate

analysis where appropriate.
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