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Co-axial electrospun fibers can offer both topographical and biochemical cues for tissue engineering
applications. In this study, we demonstrate the sustained treatment of hemophilia through a non-viral,
tissue engineering approach facilitated by growth factor-releasing co-axial electrospun fibers. FVIII-
producing skeletal myotubes were first engineered on aligned electrospun fibers in vitro, followed by
implantation in hemophilic mice with or without a layer of core-shell electrospun fibers designed to
provide sustained delivery of angiogenic or lymphangiogenic growth factors, which serves to stimulate
the lymphatic or vascular systems to enhance the FVIII transport from the implant site into systemic
circulation. Upon subcutaneous implantation into hemophilic mice, the construct seamlessly integrated
with the host tissue within one month, and specifically induced either vascular or lymphatic network
infiltration in accordance with the growth factors released from the electrospun fibers. Engineered
constructs that induced angiogenesis resulted in sustained elevation of plasma FVIII and significantly
reduced blood coagulation time for at least 2-months. Biomaterials-assisted functional tissue engi-
neering was shown in this study to offer protein replacement therapy for a genetic disorder such as
hemophilia.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Skeletal myoblasts, a population of muscle-specific progenitor
cells, hold attractive therapeutic potential for gene therapy [1e5].
Normally responsible for the growth, repair and regeneration of
skeletal muscle, myoblasts have long life span and are amenable to
expansion and genetic engineering in vitro [6,7]. However, injected
myoblasts typically experience poor survival upon injection into
the host [2]. We, as well as other groups, have demonstrated that
aligned fibrous topography can induce the cultured myoblasts to
stretch along the fibers, upregulate the membrane stretch-acti-
vated ion channels and facilitate differentiation into multi-nucle-
atedmyotubes [8e11]. Thesemyotubes align and integratewith the
scaffold according to the architecture of the fibrous substrate,
which is mimicry of native skeletal myofiber structure [10].
However, simply implanting the biomimetic engineered tissue into
the host is unlikely to be sufficient to encourage full tissue inte-
gration in vivo because of the lack of vascular and lymphatic, not to
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Liao), kam.leong@duke.edu

All rights reserved.
mention neural networks. In this study, we attempt to evaluate the
tissue integration of engineered skeletal muscle in the presence of
functional growth factor delivery from co-axial electrospun fibers
[12,13], with the ultimate goal of defining the potential of such
tissue engineering-mediated non-viral gene therapy.We tested this
concept in a clinically relevant hemophilic mouse model.

Hemophilia A is an X-linked genetic disorder that leads to
a deficiency of plasma factor VIII (FVIII), a crucial cofactor in the
proteolytic activation of factor X to factor Xa in the blood clotting
cascade. Currently, hemophilic patients are required to take regular
injections of recombinant plasma FVIII concentrates throughout
their lifetime. The high cost of protein replacement therapy and the
inconvenience of frequent intravenous injections have fueled the
development of gene therapy. An attractive aspect of using gene
therapy approach is the relatively low threshold for success: slight
elevation of plasma FVIII level can offer measurable clinical benefits
[14,15]. While non-viral gene transfer strategies are relatively safe,
they have shown low and transient improvement in plasma FVIII
level [16e19]. Viral gene therapies have produced promising results
in pre-clinical and phase I clinical trials, but faced limitations with
T-cell mediated immunity [20e23]. Cell-based therapies have thus
been pursued as alternatives for the treatment of hemophilia
[24e26]. Recently, FVIII-transduced endothelial progenitor cells or
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endothelial cells derived from induced pluripotent stem cells have
been transplanted into the liver to result in the phenotype
correction of hemophilia A over a period of 2-months [24,27]. In
parallel, there have been approaches that investigate subcutaneous
cell engraftment to treat hemophilia, involving the use of engi-
neered endothelial progenitors or engineered myoblasts [28,29].
The engrafted cells survived well at the implant site, but only
resulted in limited increase in plasma FVIII level due to instability
and poor transport of the protein from the implant site into
circulation [29]. We seek to demonstrate a synergism of functional
tissue engineering and controlled drug delivery to render the
tissue-based approach of treating hemophilia viable.

We propose to engineer FVIII-producing skeletal muscle engi-
neered construct (from here onwards, referred to as SMEC) that
can integrate with the host and stimulate local lymphatic or
vascular systems to improve FVIII transport, thereby providing
prolonged treatment for hemophilia A. Adhering to a non-viral
approach, skeletal myoblasts were isolated from mice, and engi-
neered to stably produce FVIII via electroporation and clonal
selection. The FVIII-producing skeletal myoblasts clones were
differentiated into myotubes on aligned electrospun fibers, and
implanted subcutaneously into the abdomen of hemophilic mice.
Since protein transport into circulation is possible via both
vascular or lymphatic systems, this study sets out to compare the
efficacy of both approaches. Therefore, in addition to serving as
a scaffold the aligned fibers also provide a controlled delivery of
growth factors to stimulate local lymphatic (VEGFC) or vascular
systems (VEGFA and PDGF-bb). The selection of the growth factors
and dosage is based on careful consideration of published litera-
ture on vascular and lymphatic vessel development [30e33]. We
hypothesize that the SMECs would enjoy excellent host-donor
engraftment, and the FVIII protein produced by the donor tissue
can efficiently transport into circulation via the infiltrating
networks to ultimately reduce the clinical manifestation of
hemophilia in a murine model.

2. Materials and methods

2.1. Fibrous scaffold engineering

In co-axial electrospinning, two needles of different gauge size were arranged in
a concentric manner to dispense two different solutions concurrently (Sup Fig. 1 a).
1 mg of growth factors (VEGFC (R&D systems), or VEGFA (VEGF-A165, Prospecbio) and
PDGF-bb (Cordis Corporation)) dissolved in 100 mL phosphate buffered saline
solution (PBS) was used as the core solution. Poly(urethane) dissolved in 75:25 v/v
ratio of chloroform:ethanol (PU, AL 80, Cardiotech International, 10% w/v) was used
as the shell solution. The solutions were set to dispense at a rate of 1 mL/h (core) and
6 mL/h (shell) while being exposed to a high voltage gradient between the needles
and a rotating wheel (4000 RPM). The voltage gradient (15 kV over 5 cm) sheared
the dispensing solution into fibers with core-shell feature, and electrospinning
continued until the core solution was completely encapsulated. Small molecular
porogen (0.7% wt/wt, polyethylene glycol, Mw - 3400, Union Carbide Corporation,
USA) was mixed into the shell solution (0.7% w/v) to facilitate sustained release as
previously described[12,13]. The released proteins were quantified via ELISA (R&D
systems). The scaffolds were placed in 2 mL PBS at 37 �C. At predetermined time
points, the solutions were collected for quantification and replenished with fresh
PBS. To demonstrate the co-axial feature of the electrospun fibers, the fibrous
scaffolds were cut cross-sectionally in liquid nitrogen, sputter-coated with gold and
viewed under scanning electron microscope (FEI XL30 SEM).

2.2. Engineering of minicircle cFVIII plasmid and stable FVIII clones

To transfect the isolated myoblasts to produce FVIII protein, a canine FVIII
minicircle was constructed based on a previously published B-domain removed
cFVIII sequence[34]. The gene was codon-optimized for the cDNA sequence
expressed in canine cells, cloned into the pCA_Luc plasmid backbone via SalI and
EcoRV sites to generate pCA_cFVIII, digested with SpeI and XmnI, and subsequently
blunt ligated with p2fC31. Final pMCA_cFVIII construct was obtained by plasmid
amplification and processing. Isolated myoblasts were induced to exhibit long term
transgene expression by electroporation followed by antibiotic selection for stable
clones. One million cells were co-transfected using the Amaxa Nucleofector
instrument (Program B32, Lonza) with four mg of green fluorescent protein
(pMaxGFP, Lonza) plasmid and 2 mg of hygromycin plasmid. 2-days post nucleo-
fection, hygromycin (2000x dilution) was added to provide selection against non-
hygromycin resistant cells. GFP positive clones were selected using cloning discs
(Scienceware). The selected cell clones were expanded and checked for their
transgene expression and capability to differentiate into skeletal muscle. The engi-
neering of myoblasts to produce FVIII was performed by screening for positive
clones with supernatant secretion of canine FVIII via ELISA (Affinity Biologicals). The
medium were supplemented with 50 ng/mL of von Willebrand Factor (Haemato-
logic Technologies) to help stabilize the produced protein.

2.3. Isolation of myoblasts and cell culture

Skeletal myoblasts were isolated from the quadriceps of mice (B6129SF2/J,
Jackson Laboratories) and purified through a series of preplating. The purity of
isolated cell culture was assessed by immunostaining and flow cytometry with
muscle markers such as a-actinin, MyoD and desmin (Abcam). Cell growth and
expansion were maintained in 1:1 mixture of high glucose Dulbecco’s Modified
Eagle Medium (DMEM, Gibco) and F12 mixture (Gibco), supplemented with 8% fetal
bovine serum (Sigma), 8% bovine calf serum (Sigma), 0.5% chick embryo extract
(Accurate chemicals) and 1% Penicillin/Streptomycin (Gibco). Cell differentiationwas
induced with DMEM supplemented with 8% horse serum (Sigma) and 1% Penicillin/
Streptomycin. No myoblast cultures were used beyond fifteen passages.

2.4. In vivo experimental design and surgical procedure

The tissue-engineered skeletal muscle constructs (SMECs) were prepared for in
vivo studies in the following procedure. Prior to cell seeding, the fibrous scaffolds
were sterilized for 1 h under UV light and coated with 50 mg/mL of fibronectin
solution. Engineered myoblasts (GFP or FVIII) were seeded on fibronectin-coated
aligned fibrous scaffolds at a density of 3 � 104 cells/cm2. The cell-seeded constructs
were maintained in growth medium for five days before switching to differentiation
medium for seven days. During the differentiation phase, the aligned fibrous scaffold
was rolled onto a pre-sterilized silicone rod. This procedure enhanced cellecell
contact and extracellular matrix deposition to result in a multiple layered tissue
structure (final dimension is 1.5 cm by 1 cm with a thickness of 200 mm). The cross
sections of the tissue structure were evaluated with hematoxylin and eosin staining
(H&E) and SEM. For the animal groups that received scaffolds with releasing
angiogenic (VEGFA þ PDGF-bb) or lymphangiogenic (VEGFC) growth factors, the
tissue-engineered constructs would consist of an additional layer of controlled
release fibers produced by co-axial electrospinning. The controlled release portion of
the scaffold was wrapped on the outside of the cell-seeded portion and has an
average thickness of 10 mm.

Mice were anesthetized with oxygen (2 L/min) and isoflurane (2%). The animal’s
abdomen was sterilized and a 2 cm incision was created in the skin layer of the
abdominal area of the mice. The GFPþ construct was sutured on four corners to the
abdominal wall with 4/0 PGA sutures. The wound was immediately closed with
wound clips. The wound clips were removed seven days post implantation. To limit
potential blood loss in the hemophilic mice, 100 mL of human FVIII protein (at
a concentration of 10 U/mL) was injected through tail vein prior to surgery.
B6129SF2/J mice (n ¼ 3 per group, age ranging from 3 to 4 weeks) from Jackson
Laboratories were used in this study. 4 animal groups were evaluated at one week
and one month time points:

1. Myoblasts: Mice received a subcutaneous injection of 3 � 105 skeletal
myoblasts suspended in 100 mL PBS.

2. Construct: SMECs derived from 3 � 105 GFPþ cells.
3. C þ VEGFC: SMECs releasing 1 mg of VEGFC
4. C þ VEGFA: SMECs releasing 1 mg of VEGFA and PDGF-bb
2.5. Histology and immunostaining

At predetermined time points, Mice that received implants were euthanized
through CO2 inhalation and the tissues surrounding the implant site were surgically
removed, fixed in 4% paraformaldehyde solution, embedded in paraffin and
sectioned for analysis. The presence of implants could be identified by the persis-
tence of GFP signal. The evaluation of inflammation and host-donor tissue response
was based on qualitative H&E staining and immunostaining for fibroblasts (5B5,
Abcam) andmacrophages (RM0029-11H3, Abcam). Tissue integrationwas evaluated
via immunostaining for skeletal muscle specific markers (sarcomeric ɑ-actinin [EA-
53], fast skeletal myosin heavy chain [MY-32] and desmin, Abcam). The same
sections were also stained for Ki-67 (Abcam) and CD-8 (Abcam) to probe for
proliferating donor cells and cytotoxic T-cells, respectively.

Changes in the lymphatic and vascular networks surrounding the implants were
evaluatedbasedon immunostaining for lymphatic endothelial cells (lymphatic vessel
endothelial receptor 1, Abcam) and smoothmuscle (smoothmuscle actin, Abcam). All
immunostaining images were taken with an inverted confocal microscope (Zeiss
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510). The evaluation of diameter size of lymphatic and vascular vessels was per-
formed using Image-J software, and the values reported are the mean � SD values
based on a minimum of 300 blood vessels and 50 lymphatic vessels per group. Only
positively stained vessels within one mm proximity from the implant site were
included in the analysis. The reported values are based on three mice per group.

2.6. FVIII bioavailability and hemophilia animal study

A bioavailability study was performed based on construct alone, C þ VEGFA and
C þ VEGFC groups. A group of untreated mice (n ¼ 3) served as the control. All the
mice in this study received 100 mL injection of human FVIII (at a concentration of
10 U/mL in PBS) in the subcutaneous space above the implant site at six days post
implantation. 24 h post injection, 200 mL of blood samples were taken to determine
the plasma hFVIII level via by ELISA (Affinity Biologicals). Changes in protein
bioavailability were determined by the fraction of FVIII that ended up in circulation
from the total amount of injected FVIII.

In order to demonstrate treatment efficacy for hemophilia, FVIII-producing
SMECs (producing 1U of cFVIII per day) were implanted subcutaneously into
hemophilic mice (n¼ 5). The surgery procedurewas the same as previously detailed.
Blood samples (100 mL) were collected from the animals every week via the
submandibular vein. Plasma FVIII level and neutralizing antibody production were
determined based on cFVIII ELISA and Bethesda assay, respectively. At 2-months post
implantation, the blood coagulation times of various experimental groups were
determinedusingpartial thromboplastin time (PTT) assaywith a coagulometer (BMD
M1 Coatron Single-Channel Portable Coagulometer, Biomedica Diagnostics Inc.).

2.7. Statistical analysis

The data presented herein is expressed as mean� SD. Statistical analysis of local
vascular and lymphatic networks, plasma FVIII level and blood coagulation timewas
Fig. 1. Core-shell electrospun fibers to provide sustained protein delivery. TEM (a) and
a comparison to illustrate the core-shell structure. SEM (d) and confocal (e) images of
distribution within the fibers, compared to clusters of precipitated proteins in monoaxially e
and VEGFA in (g) and VEGFC in (h) demonstrated that proteins were released in a sustaine
performed using one-way ANOVA followed by Tukey’s test, with p< 0.05 considered
significant. Power analysis was used to calculate the proposed group size in the
hemophilia mice study.

3. Results

3.1. Engineering of core-shell fibers to provide controlled growth
factor delivery

Co-axial electrospun fibrous scaffold was designed to serve as
a tissue engineering substrate as well as a controlled release device
to stimulate angio/lymphangiogenesis. TEM and SEM images of the
fiber cross sections demonstrated the definitive core feature in
greater than 90% of the electrospun fibers, compared to none in
fibers produced using monoaxial electrospinning (Fig. 1aec). The
co-axial fibers could be engineered to align during electrospinning
process to provide uniaxial surface topography for the differentia-
tion of myoblasts (Fig. 1d). Equally as important, fluorescently
labeled protein (FITC-BSA) encapsulated within the co-axial fibers
was distributed evenly within the core, as opposed to discrete
aggregation in the monoaxially electrospun fibers (Fig. 1eef).
Release of growth factors from the core-shell fibers was controlled
by the nanoporous structure of the shell (Sup Fig.1b). Eighty percent
of the encapsulated VEGFA and PDGF were released in a near-linear
fashion within 2-weeks, while sixty percent of VEGFC protein was
SEM (b) images of the co-axially electrospun fibers. (c) Mono-axial fibers serve as
encapsulated FITC-BSA within aligned co-axial fibers demonstrated uniform protein
lectrospun fibers (f). Controlled release study of the encapsulated growth factors (PDGF
d manner over a period of 30 days.
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released within ten days (Fig. 1geh). Our previous study has
established that proteins released from these co-axial fibers main-
tained the same level of bioactivity as fresh growth factors [13].

3.2. Primary skeletal muscle tissue engineering

Skeletal myoblasts were isolated and characterized using
immunostaining and flow cytometry. Ninety percent of the purified
Fig. 2. Skeletal myotubes engineered on electrospun fibers. GFPþ myoblasts were seeded on
(d) The differentiated skeletal muscle constructs were stained with a-actinin (red) and DA
construct. (f) H&E cross sectional view of the multi-layered SMEC. Top view (g) and cross se
encased the underlying scaffold. (i) Prior to cell culture, the scaffold had an average thickness
(k) FVIII production from the FVIII engineered skeletal muscle construct averaged around 1U
switched to differentiation medium between days 5e30. The transient drop off in product
myoblasts was stained positive for ɑ-actinin, MyoD and desmin
(Sup Fig. 2aed). Stable GFPþ clones were derived from the isolated
myoblasts (94% GFP positive after eight weeks, Fig. 2j, Sup Fig. 2e)
and used to engineer skeletal muscle on electrospun fibers. GFPþ

myoblasts aligned and elongated on the uniaxial direction of the
electrospun fibers (Fig. 2a). When the cells were cultured in
differentiation medium, they began to undergo cellecell fusion and
formed aligned, multi-nucleated myotubes over seven days
aligned fibers and cultured under differentiation medium for 0 (a), 2 (b) and 7 days (c).
PI (blue) to illustrate myotube assembly. (e) Bright field image of the skeletal muscle
ctional SEM images (h) revealed that cell-produced ECM (average thickness of 20 mm)
of 10 mm. (j) Transfected myoblasts maintained stable GFP expression over nine weeks.
per day. The seeded cells were cultured in proliferation medium between days 0e5 and
ion on day seven is likely due to the initiation of cell differentiation.
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(Fig. 2bed). Spontaneous contraction of the skeletal muscle engi-
neered constructs (SMECs) was observed starting from four days
post differentiation. The underlying thin fibrous scaffold (w10 mm)
was engulfed by the cell-produced extracellular matrix after seven
days in differentiation medium (Fig. 2gei). SMECs were produced
by rolling layers of the cell-seeded constructs into thick 3-D tissue-
like structures (Fig. 2f). FVIII-producing SMECs were generated
from myoblasts transfected with a cFVIII minicircle plasmid (Sup
Fig. 2f). After an initial drop of FVIII production during the cell
differentiation, the FVIII production level maintained at approxi-
mately 1000 mU per day (Fig. 2k) for over thirty days.

3.3. Host-donor tissue integration

The SMECs were implanted subcutaneously into the abdomen of
mice. At one week, there was mild inflammation around the
implants (Fig. 3a, d). Higher magnification of the implanted SMEC
revealed very high cell-to-scaffold ratio, with noticeable number of
developing myofibers (Fig. 3d). Immunostaining for fibroblasts and
macrophages revealed significant amount of fibroblast infiltration
but limited amount of activated macrophages (Fig. 3e). At one
month, the implanted tissue reconstructed and was well integrated
into the host skeletal muscle with nearly seamless host to donor
tissue interface (Fig. 3b, f). The infiltration of fibroblasts and
macrophages subsided at the one-month time point (Fig. 3g).
2-months post implantation, the regenerating tissue structure
begin to resemble host skeletal muscle (Fig. 3c). The implanted
construct was stained positive for Ki 67, fast myosin heavy chain,
desmin and ɑ-actinin, indicating the resemblance of regenerating
skeletal muscle (Fig. 3lem, oeq). Since the implanted tissue was
derived from homologous cell source, there was very little
recruitment of cytotoxic T-cells (Fig. 3n). As a comparison, GFPþ

myoblasts injected intramuscularly induced an intense level of
macrophage activation at one week (Fig. 3hei). At one month, the
injected GFPþ myoblasts were cleared and only small number of
macrophages was left at the injected site (Fig. 3jek). Such poor
engraftment of injected myoblasts was widely documented [2].
Therewere two additional noteworthy observationsmade based on
histology and immunostaining: transgene expression was still
detectable one month post implantation (Fig. 3g & l), and the
underlying fibrous scaffold was undetectable, suggesting its
embedment into the ECM of the donor tissue.

3.4. Angio/lymphangiogenesis induced by factors released from
scaffold

Fig. 4 illustrates the effect of the controlled release of growth
factors on local vascular and lymphatic networks based on immu-
nostaining for smooth muscle actin (SMA) and lymphatic vessel
endothelial receptor 1 (LYVE-1), respectively. A baseline level of
blood and lymphatic vessel infiltration around the implant without
encapsulated growth factors can be seen at one week (Fig. 4a) and
one month (Fig. 4d). SMECs encapsulated with VEGFA induced
a 2-fold increase in infiltrating blood vessel density over construct
alone and VEGFC encapsulated SMECs (Fig. 4b, i-j). The diameter of
infiltrated blood vessels increased after one month, an indication of
vascular network maturation (pink and red bars, Fig. 4e, i). Simi-
larly, VEGFC group induced significantly larger and higher density
of LYVE-1þ vessels around the implants at oneweek and onemonth
(Fig. 4c, feh). It is noteworthy that both VEGFA and VEGFC groups
showed no significant cross influence on vascular or lymphatic
networks (Fig. 4gej). Detectable higher concentration of VEGFA and
VEGFC was observed in the respective groups at one week but in
the construct alone group (Sup Fig. 3). Taken together, the data
from Fig. 4 and Supplementary Fig. 3 suggest that the induced
angio/lymphangiogenesis is a result of higher local VEGFA or VEGFC
concentration near the implant sites.

3.5. Implanted tissue-engineered constructs result in phenotypic
correction

A bioavailability assay was first conducted to evaluate how
induced angio/lymphangiogenesis would influence protein trans-
port from the implant site into circulation. Eight percent of the
injected hFVIII protein near the implant site was detected in the
circulation in VEGFA group, as opposed to approximately three
percent in the VEGFC and construct alone groups, and no detectable
hFVIII in the untreated control (Fig. 5a). Subsequently, FVIII-
producing SMECs were implanted into hemophilic mice to evaluate
for phenotypic correction. In agreement with the bioavailability
data, VEGFA group showed a statistically higher level of plasma
FVIII (w10%) over VEGFC (w5%) and construct alone groups (Fig. 5
b). The enhanced level of plasma FVIII was sustained over one
month and slowly declined over time, but still higher than the other
two groups at the 2-month time point. There was undetectable
level of anti-cFVIII antibody over the first month, but the construct
alone group showed gradual increase in antibody production
(Fig. 5c). PTT assay performed at the 2-month time point revealed
significant reduction in coagulation time in the VEGFA group over
construct alone, VEGFC and untreated groups (Fig. 5d). The
observed coagulation time in the VEGFA group (47 s) resembles
that of mild hemophilic manifestation.

4. Discussion

This study introduces the use of core-shell, controlled release
electrospun fibers as substrates for the engineering of biomimetic
skeletal muscle tissue, and its application towards the treatment of
hemophilia. To our knowledge, this is the first study in which core-
shell electrospun fibers have been tested in an animal model. The
integration of the engineered tissue, development of local vascular
or lymphatic networks and efficacy of implanted tissue in treating
hemophilia were systematically investigated. Primary skeletal
myoblasts were genetically engineered via electroporation and
antibiotic selection to avoid any use of viral vectors in the cell
engineering process. A minicircle plasmid was used to minimize
any potential immune response. In vitro maturation of the genet-
ically engineered myoblasts before implantation served to facilitate
tissue integration. Controlled release of angiogenic factors from the
scaffold enhanced the transport of the gene product from the
implant site to the systemic circulation. This study validates the
potential of applying functional engineered tissue for protein
replacement therapy.

Electrospun fibrous scaffolds were used in this study to
generate porous, biomimetic 3-D tissues that were rapidly inte-
grated into the host tissue. The high cell-to-substrate ratio and the
integration of underlying fibrous scaffold into the skeletal muscle
ECM led to favorable host-donor tissue response by limiting the
presentation of foreign materials (Fig. 3). The lack of inflammation
(macrophage activation and formation of fibrous capsule) and
porous tissue layers enabled the seamless host-donor tissue
integration into skeletal muscle as shown in Fig. 3. Tissue inte-
gration was observed at a faster rate than previously findings that
involved scaffolds producing acidic degradation byproducts
(PLGA) [35,36]. At 2-months, the implanted tissue began to closely
resemble surrounding skeletal muscle (Fig. 3c). Avoiding chronic
inflammation and establishing rapid tissue integration are
important for the development of infiltrating blood/lymphatic
vessels, and thus optimizing the chance of success in the treat-
ment of hemophilia.



Fig. 3. Host-donor tissue integration. (aec) Histology images of the tissue cross section at one week (a), one month (b) and two month time points (c). (deg) 20x histology and
immunofluorescence images of the tissue cross section at one week (dee) and one month (feg) time points. The tissues were labeled for GFP (green), fibroblasts (blue) and
macrophages (red) to evaluate the host-donor response and integration. (hek) As a control, the induced host response to injected GFPþ myoblasts was evaluated at one week (hei)
and one month (jek). One month post implantation, the implanted tissue showed persistence of GFP signal (l), and was stained positive for Ki67m and negative for cytotoxic T-cells
(n). The implanted tissue was also stained positive for skeletal muscle specific markers such as fast skeletal myosin heavy chain (o), desmin (p) and a-actinin (q). In panels bec,
S ¼ skin, M ¼ muscle, I ¼ implant and F ¼ fat.
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Fig. 4. Angio/lymphangiogenesis induced by factors released from scaffold. (aef) Confocal microscopy images tracking localized angio/lymphangiogenesis around the GFPþ SMEC at
one week (aec) and one month (def). In the group encapsulated with VEGFA and PDGF-bb (b & e), there were significantly more developing blood vessels (labeled red for a-smooth
muscle actin) in close proximity when compared to the construct alone group (a&d). Similarly, there was a significantly higher density of lymphatic vessels (labeled blue for LYVE-1)
around the group encapsulated with VEGFC (c & f). The density and diameter of the developing blood and lymphatic vessels were quantified based on 3 mice (n ¼ 3) per group and
reported in (gej). The lymphatic vessels that developed around the VEGFC group remained larger in size (g) and higher in density (h) at 1 week and 1 month. Likewise, the VEGFA
group induced a higher amount of microvessels (<35 mm) at both 1 week and 1 month time points (i & j). In panels geh, * denotes statistical significance over VEGFA, construct
alone and control groups. Similarly, in panel j * represents statistical significance over VEGFC, construct alone and control groups.
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Fig. 5. Effects of FVIII-producing SMECs on phenotypic correction of hemophilic A mice. (a) FVIII was injected near the implant site to evaluate protein transport efficiency from the
subcutaneous space into circulation. VEGFA group showed higher amount of plasma hFVIII (8%) compared to the other experimental groups. (b) Plasma cFVIII level of hemophilic
mice receiving different SMEC implants over a period of two months. (c) Bethesda assay for development of anti-cFVIII antibodies over two months. (d) Blood coagulation time of
different experimental groups at two month post SMEC implantation. Normal refers to non-hemophilic mice while untreated denotes untreated hemophilic mice. The reported
values are based on 5 mice per group (n ¼ 5). * denotes statistical significance over VEGFC, construct alone and control groups, while þ represents statistical significance when
compared to VEGFA, construct alone and control groups.
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Equally important is the aspect of localized angiogenesis
versus lymphangiogenesis around the implant constructs in
order to enhance the transport of produced FVIII protein. The use
of engineered constructs to induce localized angiogenesis has
been previously investigated [29,37,38]. The delivery of VEGFA
alone induces leaky and non-functional blood vessels, and
increases the potential of tissue edema and animal death at high
dosage [29,33]. This drawback can be countered by the co-
delivery with PDGF-bb to stabilize the infiltrating vessels
[31e33]. Therefore, the co-axial electrospun fibers were engi-
neered to simultaneously deliver VEGFA and PDGF-bb to induce
angiogenesis. This study also investigates the strategy of inducing
lymphangiogenesis to enhance FVIII protein transport. Lymphatic
system is generally responsible of regulating tissue osmosis and
protein reabsorption, and the delivery of VEGFC can specifically
stimulate local lymphangiogenesis [30,39,40]. However, the
capacity of the lymphatic system to transport large protein such
as FVIII is unreported.

Fig. 4 suggests that there is significantly higher amount of
vascular and lymphatic vessels around VEGFA and VEGFC implants,
respectively. However, the bioavailability study shows that the
induction of angiogenesis is significantly more effective in
enhancing FVIII transport than lymphangiogenesis (Fig. 5a).
Although there is a higher level of lymphatic vessels developed
around the VEGFC implants, it did not translate into significant
improvement in FVIII transport (Fig. 5b). This may be attributed to
the tortuous path through the lymph nodes, where proteins are
vulnerable to degradation. Induced local angiogenesis on the other
hand allows the produce FVIII to access circulation directly. Another
benefit of the VEGFA group is the increased level of von Willebrand
Factor around the implants, which can help stabilize the produced
FVIII protein in the subcutaneous space and reduce its immuno-
genicity through complexation [41].

In this study, the integrated FVIII-producing tissue-engineered
constructs resulted in the sustained elevation of plasma FVIII
protein and the correction of hemophilic phenotype. With
induced local angiogenesis, plasma FVIII level reached 10% (a
level considered as significantly therapeutic) over the first
month. Blood coagulation time was significantly shortened in the
VEGFA group at the 2-month time point. The encouraging results
observed in this study validate the concept that functional tissue
engineering would be a viable approach for protein replacement
therapy.

5. Conclusions

In this study, we have used co-axial electrospun fibers in
a non-viral, functional tissue engineering approach to derive
a genetically engineered skeletal muscle implant for efficient
protein replacement therapy. In a hemophilia-A mice model, FVIII
protein producing skeletal myotubes were engineered on aligned
electrospun fibers, while the accompanying core-shell electro-
spun fibers were designed to provide sustained delivery of
VEGFA/PDGF or VEGFC. The SMECs implanted in the abdominal
muscle of the mice integrated with the host tissue with one
month and closely resembled host skeletal muscle in 2-months.
At one month, the VEGF-A/PDGF-releasing SMECs significantly
stimulated vascular ingrowth while the VEGFC-releasing SMECs
encouraged lymphangiogenesis. The angiogenic SMECs produced
higher level of plasma FVIII (10%) over the experimental period
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when compared to the lymphangiogenic SMECs (w5%) and
control (w3%). Hemophilic mice implanted with angiogenic
SMECs also experienced reduced blood coagulation time at the
2-month time point.
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