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Encapsulation of Adenovirus BMP2-Transduced
Cells with PEGDA Hydrogels Allows Bone Formation
in the Presence of Immune Response
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Gene therapy approaches have been difficult to implement due to pre-existing immunity against the virus used for
delivery. To circumvent this problem, a cell-based approach was developed that avoided the use of free virus
within the animal. However, even cells transduced in vitro with E1- to E3-deleted adenovirus encoding bone
morphogenetic protein 2 (AdBMP2) resulted in the production of virus-neutralizing antibodies in mice. Fur-
thermore, when mice received an intramuscular injection of nonencoding adenovirus (AdEmpty)-transduced cells,
AdBMP2-transduced cells were unable to launch bone formation when an intramuscular injection of these BMP2-
producing cells was delivered 1 week later. This phenomenon was not observed in NOD/SCID mice, and could be
overcome in C57BL/6 mice by encapsulating the adenovirus-transduced cells in a nondegradable hydrogel
poly(ethylene glycol) diacrylate (PEGDA). Data collectively suggest that PEGDA hydrogel encapsulation of
AdBMP2-transduced cells prevents pre-existing immunity from suppressing BMP2-induced bone formation.
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Introduction

Adenoviruses (Ad) have been extensively studied as
vectors for cell-based gene therapy. The use of Ad

vectors in cancer therapy and metabolic disorders has shown
promising results in animal models.1–3 One advantage of
using this approach is for delivery of growth factors.4 Be-
cause the adenovirus vector is nonintegrating, multiple
copies of the virus can be delivered, leading to high-level
expression and secretion of the growth factor at a target
location. Furthermore, the stability of the vector, particu-
larly when combined with agents designed for uptake of
DNA, such as polyamine–lipid compounds,5 provides a re-
liable method for transduction, even in cells lacking ade-
novirus receptor that can readily be validated to ensure
adequate growth factor expression. Because adenovirus has
a tropism for liver and lung, the ex vivo transduction of cells
avoids off-target effects. Furthermore, when virus trans-

duction is performed in vitro, the dosage of virus required is
much lower than when used in vivo.

One growth factor that has been widely studied for its
ability to enhance de novo bone formation at target locations
is bone morphogenetic protein 2 (BMP2). Gene therapy
approaches for delivery of BMP2 are able to accommodate
the protein’s extensive posttranslational modification6 as
well as its short half-life.7 Although this morphogen is ca-
pable of rapidly inducing de novo bone formation, harnes-
sing this capacity has been a major challenge in the field of
bone tissue engineering. Recombinant human BMP2
(rhBMP2) protein in combination with a collagen sponge
carrier, which is thought to provide slower release and
longer life span for the protein, is still one of the most used
products in orthopedic surgery. However, recent studies
suggest that the high doses of protein are required for its
efficacy and that inflammation is associated with the colla-
gen sponge, indicate a need for significant improvement.8–10
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The unreliable nature of rhBMP2 for inducing robust bone
formation further suggests that its optimal delivery has not
yet been achieved.

Cell-based gene therapy approaches have shown promise
for BMP2 delivery, release, and reliability in rodent models,
especially in mice. However, these approaches have been
slow to translate into larger animal models. In many cases,
they do not result in bone formation after the delivery,11

which has led to much criticism. It has been suggested that
pre-existing immunity against adenovirus, even in the cell-
based systems, is responsible for the silencing in large ani-
mals. Because no adenovirus with similar structure to human
viruses has a natural tropism toward rodents, these animals
have no pre-existing immunity against the virus. However, in
larger animals, such as dogs, sheep, and nonhuman primates,
adenoviruses, either species-specific or human, have a tro-
pism that could lead to immunity against the standard ade-
novirus type 5 vectors. In addition, much evidence has
already shown that pre-existing immunity against adenovirus
is common and a major obstacle for therapies.12

Ex vivo cell-based strategies are thought to circumvent
this problem by removing the use of free adenovirus by
providing cells that have been transduced with replication-
defective vectors. However, little is known about whether
the transduced cells possess enough adenovirus proteins and
DNA components to launch an immune response. To test
this, mice were given an intramuscular injection of cells
transduced with an E1- to E3-deleted adenovirus type 5
vector possessing no transgene (AdEmpty). A week later,
mice received a similar adenovirus with the BMP2 trans-
gene through intramuscular injection. Surprisingly, de novo
bone formation was completely ablated, suggesting that
prior immunity to the adenovirus-transduced cells could
silence the bone-forming potential of the therapy. Further
studies to determine if this immunity was directed against
adenovirus revealed neutralizing antibodies against the virus
circulating in the mice.

Nondegradable hydrogel poly(ethylene glycol) diacrylate
(PEGDA) has been used to encapsulate cells that secrete
small proteins and growth factors used in a variety of ther-
apies.13,14 In many of these studies, PEGDA has proven to be
crosslinked in a fashion to facilitate the diffusion of small
molecules such as proteins and growth factors, while pre-
venting cell to cell contact and immune recognition.13 Not
surprisingly, when cells transduced with an adenovirus
containing the transgene for BMP2 were encapsulated in
PEGDA microspheres, bone formation could be restored due
to immunoprotection.11 Data collectively suggest that pre-
existing immunity against adenovirus can completely ablate
the bone formation launched by AdBMP2-transduced cells
and that this immunity can be overcome by encapsulation of
the transduced cells.

Materials and Methods

Cell culture and transduction

Murine skin fibroblasts (C57BL/6) were propagated in
modified essential medium (a-MEM) supplemented with
10% FBS (Hyclone Logan, UT), 100 U/mL penicillin,
100mg/mL streptomycin, and 0.25mg/mL amphotericin B
(Life Technologies, Inc., Gaithersburg, MD). Cells were
grown at 37�C and 5% CO2 in humidified air. Replication

defective, E1-E3-deleted first generation human type 5 ad-
enovirus possessing cDNA for BMP2 (AdBMP2) or no
transgene (AdEmpty) were constructed as previously de-
scribed.15 The vector lacking a transgene cassette in the E1
region was used as a control (AdEmpty). The resultant pu-
rified viruses, Ad5BMP2 and Ad5Empty, had viral particle
(VP)-to-plaque-forming unit (PFU) ratios of 21 and 36, re-
spectively.

All viruses were confirmed to be negative for replication-
competent adenovirus. Cells were transduced with AdBMP2
or the AdEmpty control virus at 5000 VP/cell with 0.75%
GeneJammer (Agilent Technologies, Santa Clara, CA)5 with
transduction efficiency of greater than 90%. Where indi-
cated, transduced cells were microencapsulated in
poly(ethylene glycol) diacrylate (PEGDA).16,17

PEGDA hydrogel microspheres

PEGDA was synthesized by reacting 10 kDa PEG with a
twofold molar excess of acryloyl chloride as previously de-
scribed.16,17 PEGDA was analyzed by gel permeation chro-
matography using an evaporative light scattering detector
(Polymer Laboratories, Amherst, MA) and by 1H NMR
(400 MHz; Varian, Palo Alto, CA). Hydrogel precursor
solutions were prepared by combining 0.1 g/mL 10 kDa
PEGDA (10% w/v) with 1.5% (v/v) triethanolamine/HEPES-
buffered saline (pH 7.4), 37 mM 1-vinyl-2-pyrrolidinone,
0.1 mM eosin Y, 0.1% pluronic F68, and transduced cells for
a final concentration of 5 · 106 cells/mL. A hydrophobic
photoinitiator solution (2,2-dimethoxy-2-phenyl acetophenone
in 1-vinyl-2-pyrrolidinone; 300 mg/mL) was combined in
mineral oil (3mL/mL, embryo tested, sterile filtered; Sigma-
Aldrich; St. Louis, MO). The microspheres were formed after
adding the hydrogel precursor solution into the mineral oil,
emulsifying by vortexing for 2 s while exposing to white light
for an additional 20 s. Microspheres were isolated through
centrifugation at 330 g for 5 min.

Pre-exposure of mice

All animal studies were performed with Baylor College of
Medicine Institutional Animal Care and Use Committee
approval in accordance with the Office of Laboratory Animal
Welfare guidelines. Animals, male and female, were ran-
domly selected based on age and health and placed in ex-
perimental groups. Each animal was given a number that was
linked only to its group in the medical record. Therefore,
investigators involved in data collection and analysis were
blinded. Animal sample sizes were based on historical power
analysis data; however, all power analyses were repeated
after data collection to confirm group sizes were adequate.

AdEmpty-transduced cells or cells that were not trans-
duced were suspended at a concentration of 5 · 106 cells/
100 mL of sterile pharmaceutical grade saline and delivered
through intramuscular injection into the hindlimb hamstring
muscles of C57BL/6 or NOD/SCID mice. A control group
received 100mL of sterile pharmaceutical grade saline. One
week later, mice in all groups received a second injection of
5 · 106 AdBMP2-transduced cells/100 mL sterile pharma-
ceutical grade saline in the contralateral limb. Two weeks
later, animals were euthanized and tissues were isolated
and placed in formalin for microcomputed tomography
(microCT) and histological analyses. Blood was also drawn
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at the time of euthanasia through cardiac puncture for serum
marker studies.

Luciferase quantification of cell clearance

Mice, four per group, received an intramuscular injection
of AdEmpty-transduced cells or 300mL of sterile pharma-
ceutical grade saline, followed 1 week later by an injection
of adenovirus encoding luciferase (AdLuc)-transduced cells
in the opposite leg. Mice were then imaged for luciferase
daily starting 1–3 days after the injection of the AdLuc-
transduced cells. Mice were given an intraperitoneal injec-
tion of D-luciferin (150 mg/kg), 10 min before their imaging
using the IVIS 100 (Xenogen, Alameda, CA). Mice were
imaged in three positions (face down, face up, and side) and
all images quantified. Fluorescence intensity (radiance
measured as p/sec/cm2/sr) of each 2 min exposure was
computed for each image using Living Image software
(Xenogen) and summed to determine the total fluorescence
intensity for each mouse. Statistical significance was de-
termined using a student’s t-test.

Microcomputed tomography

MicroCT of whole hindlimb specimens was performed at
7mm resolution (SkyScan 1174; Micro Photonics, Inc., Al-
lentown, PA). A pair of hydroxyapatite phantoms with
mineral densities of 0.25 and 0.75 g/cm3 was scanned to
convert scan data from arbitrary units to units of equivalent
bone density. A three-dimensional (3D) region of interest
(ROI) was defined for each specimen. Specialized software
(CTAn; Micro Photonics, Inc.) was used to analyze microCT
images to determine bone volume and mineral density.
Thresholds excluded tissue with a density less than 0.1 g/
cm3. The tissue volume within ROIs was calculated as a
measure of the total bone volume. Tissue mineral content or
the total mineral in the region, and tissue density were cal-
culated to quantify density of the mineralized tissue. The 3D
microCT reconstructions were created using Mimics and
Magics software (Materialise, Leuven, Belgium). All quan-
titative data were analyzed using an analysis of variance
(ANOVA) with Tukey’s post hoc test for multiple compar-
isons with alpha set at 0.05 (SPSS 20; IBM, Armonk, NY).

Histology

Mouse hindlimbs were formalin fixed and decalcified
before processing. Paraffin-embedded serial sections were
then stained with Hematoxylin and Eosin for the presence of
bone.15

Statistical analysis

All data were reported as mean – standard deviation. Sta-
tistical analysis included a one-way ANOVA with Tukey–
Kramer’s post hoc test at a significance level of p £ 0.05.

Results

In vivo assessment of BMP2-induced bone formation
after inoculation with AdEmpty-transduced cells
or cells alone

To test whether pre-exposure to adenovirus-transduced
cells could impact bone formation, mice were first given an
intramuscular injection of AdEmpty-transduced cells, cells

alone, or vehicle (saline) into the hindlimb muscle. One week
later, the mice were given an intramuscular injection of
AdBMP2-transduced cells in the contralateral limb. Bone
formation progressed as expected15 in the group receiving
saline, but was absent in the group that had previously been
exposed to the adenovirus-transduced cells (Fig. 1A, B).
Representative histological sections were analyzed to confirm
that no bone was present in the group receiving AdEmpty-
transduced cells (Fig. 1A). Additionally, mice receiving an
injection of the cells alone 1 week before the AdBMP2-
transduced cell delivery also exhibited significant suppression
of BMP2-induced bone formation; however, upon histologi-
cal analysis and quantification by microCT, there was sig-
nificant bone formation present in the limb (Fig. 1B, D).

Previous studies demonstrated the ability to encapsulate
the adenovirus-transduced cells in a nondegradable PEGDA
hydrogel photopolymerized into injectable microspheres.17

These hydrogels prevent direct contact of immune cells in
the external cellular environment with the adenovirus-
transduced cells, but permit free diffusion of growth factors
and cytokines. To determine if such blocking would prevent
the suppression of bone formation, AdEmpty-transduced
cells were encapsulated in the PEGDA hydrogel micro-
spheres and injected into the mouse hindlimb. One week
later, mice received an injection of AdBMP2-transduced
cells in the contralateral limb. Surprisingly, bone formation
progressed similarly to the animal receiving saline, and no
statistically significant suppression was observed between
these two groups (Fig. 1A, B).

To determine if the silencing of heterotopic ossification
would persist long term, mice received the intramuscular
injection of the AdEmpty-transduced cells, and then 2 days,
2 weeks, or 5 weeks later, mice received a second injection
of AdBMP2-transduced cells in the contralateral limb. The
resultant bone formation was analyzed 2 weeks after de-
livery of the AdBMP2-transduced cells (Fig. 1C). The group
that received adenovirus-transduced cells 2 days before the
second injection made a significant amount of bone, similar
to what is observed when animals are not preexposed
(Fig. 1C); whereas, the samples at 2 weeks consistently
showed no bone formation (Fig. 1C). The samples at 5
weeks, however, appeared to have similar amounts of bone
formation as the ones taken at 2 days (Fig. 1C, D).

Ablation of bone formation does not result from rapid
removal of the adenotransduced cells

To determine if the prior exposure of the mice to ade-
notransduced cells was leading to a more rapid clearance of
the cells, mice received either AdEmpty-transduced cells,
cells alone, or saline; the mice were then injected with
AdLuc-transduced cells in the contralateral limb 1 week
later. These mice were then imaged daily starting 24 h after
the delivery of the AdLuc-transduced cells and continuing
daily for a total of 3 days, at a point when the luciferase
signal was disappearing from both groups. To ensure that
the total signal was collected in all mice, they were imaged
on three planes (Fig. 2A), and the positive signal from each
mouse totaled for comparisons between groups (Fig. 2B).
Comparison of luciferase expression in mice receiving
the AdEmpty-transduced cells versus vehicle showed no
statistical difference (Fig. 2B).
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The time frame was selected based on previous experi-
ments with this model that showed the adenovirus-
transduced cells were rapidly cleared within 4–5 days.18,19

Data suggest that clearance of the cells follows similar ki-
netics regardless of whether the mice are pre-exposed to the
adenovirus-transduced cells.

B and T cells are responsible for the ablation
of bone formation

To determine if immunological priming contributes to the
suppression of BMP2-induced bone formation, experiments
were repeated in NOD/SCID mice, which lack mature B and
T cells, but still possess NK, dendritic, and other myeloid
cells. Accordingly, NOD-SCID mice were initially injected
with AdEmpty-transduced cells, cells alone, or vehicle, and
then 1 week later subjected to a second intramuscular in-
jection of AdBMP2-transduced cells in the contralateral
limb. The results show that mice pre-exposed to AdEmpty-
transduced cells formed bone, which was unlike the ablation
of bone formation in wild-type mice (Fig. 3A, B).

However, there was a small but significant decrease in
bone formation, suggesting that the immune mechanisms

remaining in these immunodeficient mice may also play a
role (Fig. 3B). Furthermore, resultant bone formation in
mice previously exposed to the cells alone appeared to be
slightly suppressed, although not statistically significant.
Data suggest that B and T cells play a functional role in the
ablation of bone formation in pre-exposed mice.

Detection of neutralizing antibodies
against adenovirus after intramuscular injection
of AdEmpty-transduced cells

It is well documented that adenovirus infection leads to
long-term expression of neutralizing antibodies against the
virus.20 To determine if the mice are generating neutralizing
antibodies against adenovirus through exposure to adenovirus-
transduced cells, mice were injected with AdEmpty-
transduced cells or vehicle, and 1 week later serum was
isolated for detection of antibodies that could block ade-
novirus infection. In these experiments, serum was mixed
with a known concentration of virus prior adsorption of the
mixture to cells to allow time for antibodies in the serum to
bind the virus and block or neutralize the ability of the virus
to infect 293 cells. Virus PFUs were then measured,

FIG. 1. Radiographical analysis of BMP2-induced bone formation quantified 2 weeks after delivery of AdBMP2-
transduced cells in C57BL/6 mice that have been previously exposed to AdEmpty-transduced cells, cells alone, or vehicle
(saline). (A) Three-dimensional reconstructions of the microCT images of heterotopic bone in mouse hindlimb with cor-
responding representative Hematoxylin and Eosin-stained photomicrographs. (B) Quantification of bone volume from mi-
croCT analysis. The graph depicts sample (n = 3) averages and error bars of SEM. ANOVA with Bonferroni post hoc test was
performed. *** indicates statistically significant difference ( p £ 0.0015). (C) Three-dimensional microCT reconstruction of
heterotopic bone formed 2 weeks after delivery of AdBMP2-transduced cells in C57BL/6 mice that have been exposed to
AdEmpty-transduced cells or vehicle (saline) 2 days, 2 weeks, and 5 weeks prior. (D) Quantification of bone volume from
microCT analysis. The graph depicts sample (n = 3) averages and SEM. * indicates statistically significant difference
( p £ 0.01). ANOVA, analysis of variance; microCT, microcomputed tomography; SEM, standard error of the mean.
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calculated, and compared (Fig. 4). Titers were significantly
lower in all cases where mouse serum was added to the virus
as compared with the addition of saline.

Furthermore, virus titers in the presence of the serum of
mice receiving an intramuscular injection of AdEmpty-
transduced cells were significantly lower than the other two
groups (Fig. 4). Encapsulation of the Ad-transduced cells in
PEGDA hydrogel was able to block the production of
neutralizing antibodies. The serum isolated from NOD/
SCID mice, whether previously exposed to the AdEmpty-
transduced cells or vehicle, did not reduce the adenovirus

titer, supporting the conclusion that these mice were not able
to generate antibodies against adenovirus.

To confirm that the PEGDA hydrogel encapsulation of
the AdEmpty-transduced cells prevents activation of adap-
tive immunity, serum was isolated from these animals and
compared with animals who had received saline. The results
show no significant difference in virus titer (Fig. 4). Data
collectively suggest that PEGDA hydrogel can prevent ac-
tivation of adaptive immunity, either in naive animals or
those immunologically primed to react to the adenovirus-
transduced cells.

FIG. 2. (A) Representative photos of luciferase expression in mice in three planes. Mice received an initial intramuscular
injection of AdEmpty-transduced cells or vehicle (saline) in one hindlimb and an intramuscular injection of AdLuc-
transduced cells in the contralateral limb 1 week later. Expression was quantified and summed to provide a total of luciferase
expression for each animal. (B) The graph depicts sample (n = 4) averages and SEM. Comparisons were made between
groups using an ANOVA with Bonferroni post hoc test, and found that data were not significantly different ( p £ 0.05).

FIG. 3. (A) Three-
dimensional microCT recon-
structions of heterotopic
bone formation measured 2
weeks after delivery of
AdBMP2-transduced cells in
NOD/SCID mice that had
been pre-exposed 1 week
before AdEmpty-transduced
cells, cells alone, or vehicle
(saline). (B) Graph depicts
sample (n = 4) averages and
SEM. Comparisons were
made between groups using
an ANOVA with Bonferroni
post hoc test, and * indicates
statistically significant
difference ( p £ 0.05).
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PEGDA hydrogel can prevent activation
of adaptive immunity and secondary response
against the adenovirus-transduced cells

Previous studies have shown that encapsulation of the
AdBMP2-transduced cells does not affect the free diffusion
of BMP2 into the local environment.17 To determine whe-
ther the hydrogel could rescue the bone formation in mice
previously exposed to the adenovirus-transduced cells, mice
received an intramuscular injection of AdEmpty-transduced
cells and 1 week later received a second injection in the
contralateral limb of AdBMP2-tranduced cells or similar
cells encapsulated in the PEGDA hydrogel.

The results show that bone formation was rescued by
encapsulation of the cells (Fig. 5A, B). In all cases PEGDA
hydrogel encapsulation of the cells led to bone formation
(+), whereas no bone was observed in the group that re-
ceived the cells without encapsulation (-) (Fig. 5A, B).

Discussion

The use of growth factors, such as BMP2s, is essential in
tissue engineering and/or regeneration. However, delivery
of such growth factors through cells transduced with ade-
noviral vectors has proven to be inefficient to obtain max-
imum or optimal delivery of the growth factors. When cells
transduced with BMP2 are injected into larger animals, no
bone formed, suggesting that the adenovirus-transduced
cells can lead to a significant inflammatory response, which
then blocks the ability of BMP2 to launch bone formation.21

The goal of this study was to characterize the immune re-

sponse against the transduced cells after immunological
priming through pre-exposure of the mice to AdEmpty-
transduced cells and to determine its effects on BMP2-
induced bone formation. A further goal was to determine if
the immunological response can be suppressed by encap-
sulating the cells in a PEGDA hydrogel.

This study encompassed several features of the adaptive
immune response to cells transduced with BMP2 1 week
after injection of cells transduced with AdEmpty. The
studies showed that a circulating factor could suppress bone
formation if the mouse was exposed to the adenovirus-
transduced cells at least 1 week before the delivery of
AdBMP2-transduced cells. Studies tracking the cells using a
luciferase reporter showed that the cells were cleared sim-
ilarly in the animals, regardless of pre-exposure to the
adenovirus-transduced cells. Data suggest that the mecha-
nism may be more complex than simple induction of factors
(e.g., cytotoxic cells) leading to clearance of the cells and
early termination of BMP2 secretion.

Additionally, the suppression of BMP2-induced bone
formation required time after pre-exposure to launch the
effect. Alternatively, the effect waned after 2 weeks, and
bone formation progressed normally at 5 weeks. Finally,

FIG. 4. Quantification of neutralizing antibodies against
adenovirus in serum of mice pre-exposed to adenovirus-
transduced cells, cells alone, or vehicle (saline). Mouse se-
rum was collected and tested for the presence of neutralizing
antibodies against adenovirus by exposure of the adenovi-
rus to the serum before determining the titer. Reduction
in the titer correlates with increased level of antibodies in
the serum. Sample (n = 3) averages and SEM are depicted.
*** indicates statistically significant difference ( p £ 0.0005).
NS indicates no statistical significance. FIG. 5. Radiographical analysis of BMP2-induced bone

formation through delivery of AdBMP2-transduced cells
either encapsulated in PEGDA hydrogel microspheres (+)
or directly injected (-) in wild-type mice that have been
previously exposed to AdEmpty-transduced cells. (A)
Bone volume was quantified and sample (n = 3) averages and
SEM depicted in the graph. (B) Bone density was quantified
and sample (n = 3) averages and SEM depicted in the graph.
*** indicates statistically significant difference ( p £ 0.00005).
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experiments in NOD/SCID mice that lack B and T cells, but
possess NK and other cells involved in innate immunity,
showed a small but significant drop in bone formation
through pre-exposure. However, unlike the wild-type mice,
pre-exposure to the adenovirus-transduced cells still resulted
in significant bone formation, suggesting that the activation
of adaptive immunity alone could lead to ablation of BMP2-
induced bone formation.

Although data suggest a role for adaptive immunity,
changes in innate immunity could still be directly respon-
sible for the effect. Cytotoxic T lymphocytes express many
factors that can regulate innate immunity. For instance,
expression of Wnts that are key factors in bone metabo-
lism22 has recently been shown to negatively regulate innate
immune response.23

A similar suppression of bone formation was observed
when mice were exposed to the cells only. Surprisingly,
cells, which were isolated from the specific strain of genet-
ically inbred mice, led to a suppression of bone formation,
although less severe since some bone formation was able to
occur in these animals. This suggests that even slight mod-
ifications in immunogenicity will launch an adaptive im-
mune response sufficient to abrogate bone formation

Humoral immunity is a component of adaptive immunity.
The humoral immune response carried out by induction of
antibodies by B cells has long been known to produce
adenovirus-neutralizing antibodies. This is the basis of viral
vaccines, including a vaccine for adenovirus.24 Although, it
is well known that viruses induce such immunity possessed
by individuals vaccinated with either live-attenuated virus,
killed virus, or certain viral components can block both in-
fection and disease through this process, the ability of virus-
infected cells to generate such immunity is less well studied,
especially if virus replication in the infected cells is limited.

In these studies, the process of priming the animal im-
mune system was confirmed by directly measuring neutral-
izing antibody titers against adenovirus in the circulation
(i.e., serum). The laboratory strains of mice do not possess
antibodies against the human adenovirus type 5; however,
upon exposure to virus-transduced cells, they raised anti-
bodies that could directly neutralize the virus. Encapsulation
of the AdEmpty-transduced cells in the PEGDA hydrogel did
not result in the production of neutralizing antibodies when
injected into the mouse, supporting the idea that encapsula-
tion blocks activation of humoral immunity. These findings
are interesting because the adenovirus vector used was
replication-defective, and even though it is a first-generation
adenoviral vector, its ability to replicate inside the cell was
limited. Since the transduction is done ex vivo, and the cells
are extensively washed, there should be no virus particles
delivered to the animals.

Data suggest that encapsulation of the adenovirus-
transduced cells in PEGDA hydrogel can prevent an adaptive
immune response. Furthermore, data support that in the
presence of this response, inclusion of the PEGDA hydrogel
was able to rescue the bone formation. The crosslinked
PEGDA provides relatively unimpeded diffusion of smaller
proteins, such as growth factors, but is impermeable to cells
and has very low permeability to large proteins like anti-
bodies.17,25 Previous studies have shown that hydrogels en-
hance therapeutic delivery by allowing for a controlled
release of small molecules to a localized target area.26 Var-

ious types of hydrogels allowing for increased localization to
areas of inflammation or injury are being tested in models of
colitis, nerve regeneration in facial tissue, and many other
medical applications.27,28

However, another key function of the hydrogel used in
these studies is preventing the immune system from recog-
nizing and targeting a cell being used in a therapy for de-
livery of an important protein. Previous studies have
developed a therapy for type one diabetes mellitus that in-
corporates PEGDA hydrogel to act as a barrier to autoim-
munity by encapsulating insulin-producing beta cells. These
studies have shown the success of PEGDA to im-
munoprotect the pancreatic beta islet cells from autoim-
munity while also allowing for insulin produced by the cells
to diffuse into the circulation.29

The studies presented here show the ability of this bio-
material to both prevent immunological detection of the
foreign cells and virus and also block immunological
priming. Surprisingly, even in animals that are immuno-
logically primed, the inability of the external environment to
access the cells allows them to continue to express the
growth factors and induce bone formation. This finding is
critical to the success of these cellular therapies since hu-
mans normally possess antibodies to adenovirus, and data
suggest that even cells genetically matched to the recipient
resulted in launching adaptive immunity. The results dem-
onstrating the ability of PEGDA hydrogel to prevent im-
mune reactivity and clearance or premature termination of
the cells/growth factor are a significant finding and could
potentially be the first step toward being able to implement
many cell and gene therapy approaches.
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