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Background: Military treatment facilities continue to treat injured person-
nel supporting the Global War on Terrorism. Optimal reconstruction of mas-
sive soft tissue and bone defects of the extremities and craniofacial skeleton
secondary to high-energy wounding mechanisms remain poorly characterized.
The Problem: The ideal method to care for these injuries has continued to
evolve and has yet to be completely defined. Effects of high-energy blast
trauma on tissues, and the unusual bacteria (Acinetobacter baumanii) existing
within the wounds, characterize these unique military wounds. Despite the
relatively quick triage time, definitive care is delayed, and multiple concomi-
tant injuries exist per patient.
Basic/Clinical Science Advances: In addition to practicing established concepts
from prior military conflicts, new technology for the advancement of trauma
care has been applied. Treatment with novel flap reconstructions, distraction
osteogenesis, bone grafting, and bone-engineering techniques including use of
bone morphogenetic protein-2 has led to improved outcomes.
Clinical Care Relevance: Modern battlefield care in conjunction with treatment
protocols at continental United States Military Treatment Facilities has re-
sulted in improved limb and craniofacial reconstruction.
Conclusion: Successful limb salvage and craniofacial reconstruction can be
accomplished in the subacute period using treatment protocols, which in-
corporate the use of novel flaps, fixation devices, and bone-engineering tech-
niques.

BACKGROUNDAU1 c

MILITARY TREATMENT FACILITIES con-
tinue to treat injured personnel sup-
porting the Global War on Terrorism.
Optimal reconstruction of massive
soft tissue and bone defects of the
extremities and craniofacial skeleton
secondary to high-energy wounding
mechanisms remain poorly described.
The optimal care of these injuries has
yet to be defined. Wounds from mo-
dern high-energy blast trauma mech-
anisms are unique. Blast trauma
wounds are characterized by severe
composite tissue damage, large zones
of injury, extensive devitalization,

significant foreign body loading, and
nearly ubiquitous bacterial coloniza-
tion with Acinetobacter Baumanii
(a significant pathogen from Iraq).
Despite advances in triage, and ac-
cess to critical care far forward in
the battlefield, definitive care can be
delayed. Once stateside, delivery of
reconstructive care is often compli-
cated by the multiple concomitant
injuries that exist per patient, and
prolonged ICU stays. Major civilian
principles of early radical debride-
ment, fixation of fractures with bone
grafting, and wound coverage with
vascularized tissue are followed
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when possible. Given the complexity and multi-
plicity of these blast wounds, along with extensive
concomitant injuries, early closure of wounds and
fracture fixation can be difficult to achieve. In
many cases the subacute (3 weeks after injury)
period has been the most appropriate time for de-
finitive wound treatment. The application of tra-
ditional wound and fracture treatment techniques
along with introduction of novel approaches has
met with early success in these difficult military
wounds.

CLINICAL PROBLEM ADDRESSED

Evidence in the civilian trauma literature indi-
cates that early wound coverage provides better
outcomes and that subacute reconstruction is pla-
gued with high complication rates.6–12 Conversely,
war extremity wounds have been reconstructed in
the subacute time period.13 This variation in the
treatment algorithm is necessary due to temporal
evacuation factors, large zones of injury, complex
desert microflora in battlefield wounds, and mul-
tiple concurrent injuries.1–5

BASIC SCIENCE CONTEXT

Injured soldiers are treated using evolving pro-
tocols developed over the course of the Iraq=
Afghanistan conflicts. Extremity-injured patients
are initially treated with serial debridement until
the wounds appear clinically clean with viable tis-
sue. Between operative wound evaluations, nega-
tive pressure dressing therapy was applied to the
wounded extremity. Uni-planar external fixation
for extremity fractures is placed far forward in
the theatre of operation and modified as neces-
sary at the Level V (definitive stateside) military
treatment facility.25 Wounds are then accessed for
primary closure, skin grafting, and=or flap recon-
struction as indicated. At the time of flap inset,
bone defects are filled with OSTEOSET� (Wright
Medical Technology, Arlington, TN), antibiotic
beads, and INFUSE� Bone Graft (Medtronic, Min-
neapolis, MN) as indicated in extremity recon-
struction. After extremity flap reconstruction,
patients are converted within 2 weeks to multi-
planar weight-bearing external frames (Taylor
Spatial Frame).

Cranial defects are reconstructed in a delayed
fashion when necessary, allowing for cerebral
edema to resolve. Facial fractures are treated with
internal fixation and supplemental bone grafting
as indicated and as early as possible. Subsequently,
all patients underwent early rehabilitation re-

gaining ambulatory status with functional ability
expected for their injuries and preexisting condi-
tions. Intensive traumatic brain injury rehabilita-
tion remains a critical adjunct to the patients’
overall physical and mental restoration.

EXPERIMENTAL MODEL OR MATERIAL

Craniofacial reconstruction

Blast trauma with high-energy transfer to the cra-
nial vault has necessitated decompressive cra-
niectomy, a life-saving maneuver performed far
forward in the theater of war. Patients once con-
sidered expectant have now been aggressively
treated and have survived devastating neurologic
trauma. Patients surviving a decompressive cra-
niectomy after military blast trauma represent a
diverse and unique population that has been poorly
studied16 ( b F1Fig. 1). This group of patients ultimately
requires reconstruction of the cranial defect not
only for brain protection and cosmetic restoration
of the calvarium but also for correction of the syn-
drome of the trephined (dizziness, fatigability, va-
gue discomfort at the site of the defect, mental
depression, apprehension and insecurity, and in-
tolerance to vibration). Currently, there are gaps in
the literature detailing the incidence, natural his-
tory, and appropriate treatment of this unique
population of patients.16–19

Operation Iraqi=Enduring Freedom has re-
sulted in the largest concentration of penetrating
head trauma since the Vietnam War. Due to severe
impairment of tissue perfusion and heavy wound
contamination at the time of initial injury, recon-
struction is often delayed for 6 to 12 months. In the
presence of soft-tissue deficiencies, either acute or
chronic, calvarial reconstruction is delayed. Soft-
tissue reconstruction using tissue expansion or free

Figure 1. Soldier 5 months post-IED b AU3blast injury with loss of right
frontal, temporal, and supra orbital bone. b AU4
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tissue transfer has been the main treatment used
to augment deficient tissue in the region of the
planned cranioplasty. The cranial defect can be
safely addressed once adequate soft tissue is avail-
able. Hemi-craniectomy defects represent the ma-
jority of defects. Due to their large size, the desire
to avoid further intracranial surgery on the con-
tralateral hemisphere and concerns with banked
cranial bone, implant-based reconstruction has
been the first choice of replacement.18–21 Banked
craniectomy bone autograft was utilized for re-
construction during the early phase of the Iraq
War. This practice was largely abandoned due
to evidence of bone resorbtion and concerns with
bacterial colonization=infection. With the advent of
rapid prototyping technologies, patient-specific,
computed tomography–guided, three-dimensional
prefabricated poly methyl methacrylate and Ti
Mesh (woven titanium mesh) reconstructive im-
plants are the most common choices (F2 c Fig. 2). Al-
though implants have been used to reconstruct the

upper orbits (bandeau region), our preference has
been cranial or iliac crest bone grafts and crania-
lization of the frontal sinus as indicated.18 This
strategy separates the alloplastic cranial implants
from the facial skeleton and adjacent frontal=
ethmoid sinus, lessening potential infectious com-
plications.

Facial fractures in isolation or more commonly in
conjunction with major cranial injury are repaired
when clinically appropriate. Classic timeframes to
reduce and fixate facial fractures are within 7 days
of injury. This allows for reconstitution of the
skeletal framework before soft-tissue contracture.
Military blast trauma craniofacial injury patients
typically have severe prolonged swelling (due to
mechanism and transport times 3–7 days to de-
finitive care) and multiple concurrent injuries in-
cluding severe closed head injury with vasospasm.
Fixation within 1 week of injury is rarely accom-
plished. Most of these severely injured soldiers
have undergone facial fracture fixation and graft-
ing between 2 and 4 weeks after injury. Combined
craniofacial approaches used in civilian prac-
tice are often not possible due to severe brain
edema.19,20 Internal fixation with bone grafts is
used as indicated. In the critically injured patient,
bone grafting may be delayed, and distraction
osteogenesis or free tissue transfer is used when
indicated.

Torso/extremity reconstruction

For these unique extremity and torso injuries no
standard protocol exists. The major principle of
early radical debridement and wound coverage with
vascularized tissue is followed ( b F3Figs. 3 and 4).
Modern civilian wound reconstruction b F4principles
may be used; however, the timing and type of flap
reconstruction for these lower extremity battle-
field injuries are generally based on evolving ex-
perience and surgeon judgment. Evidence in the
civilian literature indicates that early wound cov-
erage provides better outcomes and that subacute

Figure 3. Marine after high-energy torso wound.
Massive sacral wound with exposed bone. (A)
Initial injury with exposed sacral bone. (B) Sacral
wound after bilateral gluteus maximus ad-
vancement flaps.

Figure 2. Postoperatively, brain protection and more natural
contours have been restored. (A) Preoperative anterior view. (B)
Postoperative anterior view.
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reconstruction is plagued with high complication
rates.6–12 Due to multiple factors including trans-
port times, war extremity wounds are routinely
reconstructed in the subacute time period.13

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

Subtle variations in care are necessary with the
uniquely large zones of injury, complex desert
microflora in battlefield extremity wounds, and
multiple concurrent injuries.1–5,22 Unique in mil-
itary medicine are highly motivated patients who
reap benefits from surgeon’s constant exposure
to complex battle injuries (Fig. 1). In addition to
practicing established concepts from prior mili-
tary conflicts, new technology for the advance-
ment of trauma care has been applied. Treatment
with novel flap reconstructions, bone grafting, and
bone-engineering techniques including use of bone
morphogenetic protein-2 has lead to improved
outcomes.23 Also, early involvement of a wide ar-
ray of professionals and intense rehabilitation
facilities is a critical component of comprehensive
care.

We have demonstrated that this delay in recon-
struction does not unfavorably affect outcomes.23 If
surgeons adhere to the established principles of
creating a clean wound bed and using healthy

vascularized coverage, infection and flap
failure can be minimized. Compared to
the body of orthopedic and plastic surgi-
cal literature, our experience demonstr-
ated low flap failure rates and reasonably
low infection rates without the need for
amputation.3–5,8 This represents a signif-
icant improvement in the management
of devastating open lower extremity frac-
tures in the subacute period, also corrob-
orated by the experience at Balboa Naval
Hospital.24

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS
� Soft tissue and bone reconstruc-

tion can be safely performed in the
subacute period only when the co-
morbid patient conditions are con-
trolled.

� Wound management must include
prompt and serial debridements
along with negative pressure dressing
therapy during the interval to defin-
itive war wound reconstruction.

FUTURE DEVELOPMENTS

Use of soft tissue and bone regenerate
templates in the future may obviate the

TAKE-HOME MESSAGE

Basic sciences

� Bone morphogenetic protein-2 is a potent osteoinductive agent when
placed in bone defects at the time of wound reconstruction.

� Hydroxyapatite bone cement with antibiotic impregnation is a useful
osteoconductive agent when placed in bone defects at the time of wound
reconstruction.

Clinical sciences

� Multiplanar weight-bearing frames used in conjunction with lower ex-
tremity reconstruction allow early weight bearing without endosteal
blood supply associated with intramedullary nails.

� Transport distraction osteogenesis is a useful technique for bone re-
generation even in the setting of adjacent soft-tissue injury.

Clinical care

� Multidisciplinary care incorporating novel bone regeneration techniques
along with wound reconstruction with vascularized tissue (flaps) has
increased limb and craniofacial salvage.

� Delay in reconstruction has not been associated with increased compli-
cations.

� Microsurgical free flap reconstruction has been uniformly successful in
craniofacial and extremity wounds using longer pedicled (e.g., anterior
lateral thigh flap vs. lateral arm flap) flaps with anastomosis in the
relative lesser zone of injury.

� Operating out of the zone of injury is nearly impossible due to the wide
blast trauma zone of injury.

� Soft tissue and bone reconstruction can be safely performed in the
subacute period when the comorbid patient conditions are controlled.

Figure 4. (A) Secondary reconstruction with lumbar tissue ex-
panders in place. (B) Expanders removed and flaps advanced for
complete coverage.
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need for donor site flap and associated morbidity.
Further integration of sophisticated biocompati-
ble synthetic constructs with tissue engineering
will improve both form and function in the recon-
struction of composite tissue defects. More sophis-
ticated distraction devices will allow for greater
soft tissue and bone regeneration.
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GENE AND PROTEIN BASED THERAPIES

SmartAU1 c Growth Factor Gene Delivery for Impaired Wound Healing
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Background: Acute and chronic wounds of diverse origins remain a chief
clinical problem. Tissue engineering and gene therapy come into sight as novel
therapeutic tools.
The Problem: Testing novel therapeutic strategies requires reliable wound-
healing models and gene delivery systems.
Basic/Clinical Science Advances: Our recent studies address such troublesome
matters. Our contribution comprises the development of a bioengineered hu-
man skin substitute suitable for clinical applications including acute and
chronic wound management, a preclinical skin-humanized mouse model based
on permanent human skin regeneration on immunodeficient animals upon
grafting of the bioengineered skin equivalent. The humanized model appears
to be a useful tool to perform acute healing studies and to design novel gene
and protein delivery methods and the characterization of healing-promoting
activities of some antimicrobial peptides.
Clinical Care Relevance: Benefits of clinical relevance could be achieved using
smart bioengineered products combining cell and gene therapy aiming to en-
hance tissue repair and control infection concomitantly.
Conclusion: These avenues merge into the development of effective wound-
healing management approaches.

BACKGROUND
NONHEALING ACUTE AND CHRONIC SKIN

WOUNDS are a diverse group of le-
sions of different etiology and mani-
festation. The most common cause
of acute wounds is thermal injury.
Chronic wounds include arterial, di-
abetic, pressure, and venous ulcers.
Within this category, we may also in-
clude persistent wounds associated to
inherited mechano-bullous skin dis-
orderssuchasEpidermolysisBullosa.
Management of these wounds re-
mains a major clinical challenge in-
volving novel therapeutic strategies
such as cell and gene therapy.1,2

Several more or less complex tissue-
engineered skin products aimed at
wound-healing enhancement2 are

currently on the market. However,
most of these products have limited
applications. Our group has devel-
oped a tissue-engineered human skin
equivalent3 suitable for a broad spec-
trum of clinical applications, includ-
ing permanent skin engraftment
and regeneration and chronic wound-
healing aid.4–7 The development of
smart bioengineered products acting
concomitantly as tissue substitute
and a source of soluble factors to
improve the healing of wounds and
prevent infection has been put for-
ward by various laboratories,
ncluding ours.8–11 Testing these ther-
apeutic strategies requires reliable
wound-healing models. Recently, our
group has devoted a major effort to
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establishing both a preclinical humanized wound-
healing system and optimized methods for tran-
sient delivery of genes encoding wound healing–
promoting factors.12,13 Robust validation of these
approaches has been achieved with keratinocyte
growth factor (KGF) and the antimicrobial peptide
(AMP)AU2 c LL-37.

CLINICAL PROBLEM ADDRESSED

Burn injuries and chronic wounds are associated
with diminished quality of life, frequent hospitali-
zations, and increased morbidity and mortality and
still represent a major public health problem. The
appropriate management of wounds is a standing
clinical challenge.2,14 Although significant progress
has been made with state-of-the-art treatments,
additional improvements could prove relevant in
terms of efficacy. The lack of an appropriately
vascularized wound bed and infection are clearly
detrimental to the tissue repair process. Several
strategies have been proposed by different groups,
including ours, to solve these problems.15–17 A
comprehensive understanding of the mechanisms
involved in normal and impaired wound healing
could lead to smart combinations of tissue engi-
neering with genetic modification of the cells to
overproduce key therapeutic factors for satisfactory
wound handle and care. Thus, novel approaches
combining cell and gene therapy, coupled to the
availability of clinically reliable wound-healing
models, could be pivotal to the advancement of
this field.2,14,15,17,18

RELEVANT BASIC SCIENCE CONTEXT

In vivo wound-healing studies in human skin are
limited by ethical and practical issues. Current
knowledge mainly stems from the use of murine
models, including knockout and transgenic strat-
egies. These studies have provided evidence of the
relevance of targeted genes and the modulatory
effects of many growth factors in vivo.16,19,20

However, based on the significant differences ex-
isting between human and murine skin architec-
ture, the question remains as to how far the results
can be extrapolated to the human scenario. Studies
in large animals such as pigs, whose skin archi-
tecture and dynamics resemble that of humans, are
an alternative, but troublesome and expensive.21

Human skin organotypic cultures represent a valid
alternative to native skin in vivo studies, particu-
larly those endowed with long-term culture life
span.22,23 However, they are restricted, among
other constraints, by faulty pivotal mesenchymal
responses such as angiogenesis. To circumvent

these problems, researchers have often used xe-
nogenic transplantation of donor skin biopsies to
immunodeficient mice to perform relevant in vivo
experimentation in a human context.23–25 How-
ever, in addition to difficulties in sourcing, a major
concern for this type of experiments is the big het-
erogeneity of the grafting material. As a result,
regenerating human skin on immunodeficient mice
by grafting a bioengineered skin substitute ap-
pears to be a balanced compromise between prac-
ticality and model fidelity. This methodology
enables the generation of numerous mice engrafted
with a significant area of single donor–derived
human skin, known as skin-humanized mouse
model.7,12,25 This model is suitable as a platform to
perform wound-healing studies and to test gene
therapy approaches in a humanized context.

EXPERIMENTAL MODEL OR MATERIAL

The contribution of our group to the tissue regen-
eration field focused on three pivotal points.

Development of a skin equivalent

for clinical purposes

The skin equivalent ( b F1Fig. 1) is based on a tridi-
mensional fibrin-rich dermal scaffold containing
live fibroblasts that supports, mechanically and
metabolically, the establishment and maintenance
of the epidermal component.3 The dermal compo-
sition of this skin equivalent presents unique
characteristics compared to other dermal equiva-
lents, allowing for high proliferation rates of ker-
atinocytes. This skin equivalent (World Patent
WO=2002=072800) is being successfully used in
clinics in its autologous version for permanent skin
regeneration3,5,6 and, lately, in its allogenic version
for treating chronic wounds.4 In addition, a new
chimerical version of this substitute (a skin equiv-
alent composed of autologous patient-derived ker-
atinocytes and allogenic healthy donor–derived
fibroblasts) has been awarded the Orphan Drug
designation by the EMEA b AU3for the treatment of
chronic wounds in patients affected with the rare
inherited skin disorder Epidermolysis Bullosa
(orphan designation number EU=306=369), and it
is currently being tested in a phase I–II clinical
trial in Spain (http:==es.cellerix.com=index.php=
Productos=Cx501).

Improvement of graft performance by promoting

vascularization and fighting infections

We have proposed a combination of tissue engi-
neering and gene therapy approaches for the
treatment of chronic and acute wounds. Vascular
endothelial growth factor (VEGF) promotes
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cutaneous angiogenesis by inducing potent prolif-
eration and migration of endothelial cells.16,26

Using in vivo models, different laboratories
have explored the effect of VEGF as a part of
an angiogenic bioengineered material that might
improve wound bed conditioning and engraft-
ment.8,11,27

Infection is the other major setback for regen-
eration after skin grafting (either split-thickness
or tissue-engineered autografts). The increas-
ing appearance of multidrug-resistant microbes
points to the need of using alternative therapies to
conventional antibiotics. AMPs appear as good
candidates as they present a broad spectrum of
activity against microorganisms and, usually, a low
induced-resistance due to their mechanism of ac-
tion.28 In addition, some AMPs have been suggested
to elicit not only bacteria-killing activity but also
healing-promoting effects.29,30

We have demonstrated the efficacy of adenovi-
ral-mediated gene transfer by overexpressing hu-
man b-defensinsAU3 c HBD-2 and �3 and cathelicidin
LL-37 in a skin equivalent setting.9 Moreover, us-
ing an in vivo approach based on LL-37 adenoviral-
mediated delivery to diabetic wounds in ob=ob
mice, we have provided early evidence for the po-
tential benefits of using AMP gene therapy in a
healing impaired situation.10 In this model, in vivo
LL-37 gene transfer increased the re-epithelial-
ization rate and granulation tissue formation.
These results evidence a realistic therapeutic op-

tion that might contribute to an efficient tissue
repair as well as infection control at the wound
site10,31 ( b F2Fig. 2).

Development of a skin-humanized

model to test gene-mediated factor

delivery approaches

A reliable preclinical model to validate the efficacy
of these and others factors for the treatment of
wounds is mandatory. We have generated a skin-
humanized mouse model based on the straight-
forward grafting of a bioengineered human skin
equivalent onto the back of immunodeficient
mice.6,25 Once permanent human skin regenera-
tion has been achieved (epidermal maturation and
dermal matrix remodeling is accomplished within
9–10 weeks after grafting), the humanized mice are
ready to be used in healing experiments. This
model also offers the possibility of using genetically
modified human keratinocytes and=or fibroblasts.
After transplantation, a hybrid system is gener-
ated with a skin of human origin that is vascular-
ized and innervated by mouse vessels and nerves.
Probably, the main advantage of our system is that
full-thickness wounds are performed in a context of
a mature, quiescent, homogeneous human skin
avoiding the need for volunteers and major differ-
ences in tissue architecture and kinetics found in
mouse skin. Under these experimental conditions,
we have provided in vivo evidence that either
the native or a green fluorescent protein geneti-

Figure 1. The tissue bioengi-
neered skin equivalent is based
on a fibrin matrix containing
live fibroblasts as a dermal com-
ponent and keratinocytes as the
epidermal component. This bio-
engineered human skin has been
successfully applied as a cell ther-
apy approach aiming either per-
manent or temporary cover to
treat burn patients and chronic
nonhealing wounds, respectively.
A skin-humanized mouse model
based on the stable engraftment
of this setting has been used as a
platform for evaluating pharma-
cological, cell, and gene therapy
strategies for wound healing.
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cally modified skin-humanized mouse model
recapitulates the main features of human wound
healing.12 Further, our wound-healing model al-
lowed us to compare the efficacy of different tran-
sient gene transfer strategies aimed at delivering
growth factors such as KGF to promote skin
repair13,32 (F3 c Fig. 3).

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

The skin equivalent developed by our team allows
for generation of large bioengineered skin surfaces,
restoration of both the epidermal and dermal skin
compartments, and functional epidermal stem-cell
preservation. Further, it has been successfully
used, in its autologous version, for permanent skin
regeneration in different situations: extensive
burns, necrotizing fascitis, removal of giant nevi,
and graft-versus-host disease.3,5,6 In its allogenic
version it has also been used as a healing aid to
treat chronic wounds.4

Growth factors that play a critical role in normal
wound healing and in addition are often deficient
or inactive in chronic wounds have been high-
lighted as attractive therapeutic agents.16–18

Among these, factors with a well-known angiogenic

potential are main candidates to improve wound
bed preparation.2,14,33 We and others have thus
explored the effect of VEGF overexpression by
ex vivo gene transfer to keratinocytes.8,27 VEGF
delivered by gene-targeted endothelial cells
embedded in a fibrin matrix was also successfully
used in the ischemic distal pedicle flap rabbit
model.11

A critical condition for an efficient engraftment
is also the preservation of a sterile wound bed en-
vironment. To avoid infection, AMPs have been
suggested as an alternative to the use of conven-
tional antibiotics. Besides their role in innate host
defense, other activities have been described for
some of these AMPs that might positively influence
the wound-healing response. In fact, the human
cathelicidin LL-37 has been shown to induce an
angiogenic response, to enhance adaptive immune
responses by recruiting different immune cells,
to induce the expression of syndecan in fibroblasts,
to induce the production of cytokines and chemo-
kines by keratinocytes, and to enhance the re-
epithelialization process.28 We have provided fur-
ther evidence for the LL-37–mediated signaling
pathways in keratinocytes that are involved in the
migratory activity of these cells.10 We demon-
strated that overexpression of this peptide induced

Figure 2. In vitro studies demonstrated efficient antimicrobial activity of adenoviral antimicrobial peptide (AMP) gene-transduced
keratinocytes as a part of a skin equivalent by inhibiting the growth of different bacterial strains, usually associated to burn wounds.
Combined cutaneous tissue engineering in conjunction with antimicrobial gene therapy emerges as a potential therapeutic approach for
wound coverage and concomitantly combating infection in burn patients.

370 ADVANCES IN WOUND CARE

539-41633-2009-0044_1P.3d 11/16/09 9:46pm Page 370

1____

0 ____

1____



phenotypic changes related to actin dynamics and
was associated to augmented tyrosine phosphory-
lation of proteins involved in focal adhesion com-
plexes. We have also demonstrated that events
involved in the epithelial–mesenchymal transition
are observed in the presence of the LL-37, such as
induction of the Snail transcription factor, pres-
ence of discontinuous cell–cell contacts (adherens
junctions and desmosomes), activation of matrix
metalloproteinases, and activation of the mitogen-
activated protein kinase and phosphoinositide 3-
kinase=Akt signaling pathways. These signaling
events could be mediated not only through the
transactivation of epidermal growth factor recep-
tor but also through the induction of G-protein-
coupled receptor formyl peptide receptor like-1
expression in these cells. Using an in vivo approach
based on LL-37 adenoviral-mediated delivery to
diabetic wounds in ob=ob mice, we have provided
evidence for the potential benefits of using AMP
gene delivery for a healing-impaired situation. LL-
37 increased the re-epithelialization rate and
granulation tissue formation when administered
around wound margins. In summary, we showed
that gene delivery of factors such as VEGF and
AMPs may have a positive impact on wound repair

by promoting vascularization and=or controlling
infection.

Another important contribution of our group is
the development of a reliable in vivo tool that al-
lows for preclinical studies to evaluate the benefits
of delivering potential therapeutic factors to the
wound site.12,13 The validation of this wound-
healing skin-humanized model has been performed
by careful examination of a wide spectrum of pa-
rameters at different times post-wounding, in-
cluding migration, proliferation, stratification, and
differentiation, dermal remodeling, and dermo–
epidermal junction reconstitution. In conclusion,
the model mimics the different phases of the hu-
man wound-healing process. The biological validity
of the model was further confirmed by probing its
ability to respond to a known wound healing–pro-
moting factor, such as KGF added exogenously as a
recombinant protein.

Using the skin-humanized mouse system, we
have compared the efficacy of different in vivo ap-
proaches involving transient delivery of KGF to
wounds by using adenoviral vectors. In the first
approach, b AU2hKGF was delivered to wounds by in-
tradermal injection of an adenoviral suspension.
Although wound acceleration was achieved, the

Figure 3. Different in vivo growth factor delivery approaches mediated by adenoviral vectors aiming to improve wound healing have
been explored using the skin-humanized mouse model. Transient delivery of keratinocyte growth factor to wounds was achieved
through direct intradermal adenoviral injection or through fibrin matrix strategies, containing either immobilized adenoviral vector or
embedded adenoviral gene-transferred human fibroblasts.
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effect of hKGF was unreliable both in terms of
the number of successfully targeted animals
(versus the total number of treated animals) and
re-epithelialization efficiency. In the second ap-
proach, KGF-encoding adenoviral vectors were
immobilized in a fibrin gel carrier and applied
immediately after wounding. In this case, the
proportion of successfully targeted animals was
higher than that achieved with the adenoviral in-
jection method, and wound closure rose signifi-
cantly. A third strategy was explored consisting in
delivering hKGF protein from ex vivo adenoviral-
transduced fibroblasts that were, in turn, embed-
ded in a fibrin matrix and used to treat the wound.
In contrast to the two previous methods based on
direct adenovirus delivery, this cell-mediated sys-
tem did not depend on in vivo cell transduction.
This method depends on the direct transfer of
exogenous KGF therapeutic protein from gene-
targeted fibroblasts that was, in fact, achieved in all
treated wounds, leading to a significant improve-
ment in wound closure. Although all delivery sys-
tems achieved KGF protein overproduction at the
wound site, with a concomitant re-epithelialization
enhancement, only the use of genetically modified
fibroblast-containing matrix as an in situ protein
bioreactor was highly reproducible. This method
appears the most reliable means to de-
liver growth factors to wounds avoiding
the potential danger of scoring cases
of faulty administration as therapeutic
failures and direct exposure to viral vec-
tors. The tissue engineering–based skin-
humanized mouse model system emerges
as a unique platform for evaluating
pharmacological, cell, and gene therapy
strategies for wound healing.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

While cell-based therapy approaches
have been successfully used for skin re-
pair, particularly in severe skin losses
and most recently for chronic wounds, the
combination with genetic modification of
cellular components needs to be carefully
addressed in appropriate models. In spite
of its complexity, normal skin wound
healing is an efficient process that is dif-
ficult to accelerate or enhance through
the activity of exogenous growth factors.
Thus, healing-impaired models may bet-
ter reveal the actual repair-promoting
activities of healing-acting molecules.

To better mimic a chronic skin repair–deficient
condition, it seems worthy to develop new in vivo
models of impaired wound healing. In fact, we are
currently conducting experiments to establish
models of impaired wound healing such as diabetic
pigs and skin-humanized mice.34

FUTURE DEVELOPMENT

A large body of evidence now demonstrates that
many currently available cell-based wound ther-
apies are effective in achieving or accelerating
cutaneous wound repair and=or regeneration.
However, potential technologic improvements may
further enhance the applications of this approach.
For example, more effective cell preservation
techniques could enhance shelf life and minimize
problems related to storage and shipping. Issues
related to the dermal matrix, important in provid-
ing a scaffold for mesenchymal cell homing and
allowing better tissue regeneration, have not been
properly addressed. Thus, poor durability due to
degradation or, conversely, difficulties in matrix
remodeling may limit effectiveness of certain cell-
based wound therapies and cellular skin substi-
tutes. As mentioned, fibroblast-populated fibrin
matrices support keratinocyte growth and are
easily remodeled into collagenous (human) dermal

TAKE-HOME MESSAGE

Basic science advances

� Testing cell–gene therapy approaches require valid surrogate markers in
the context of appropriate wound-healing preclinical models. The skin-
humanized mouse model represents one of such experimental platforms,
and its ability to recapitulate physiologic acute human excisional wounds
has been extremely useful to design new growth factor delivery
strategies.

Clinical science advances

� With relatively few variations, our bioengineered skin equivalent has
been shown to be capable of engraftment in cases of large skin acute
losses (using autologous epidermal stem cells) or greatly enhancing the
patient’s own healing in chronic wounds. However, some defiant features
such as infection or impaired vascularization compromise the therapeutic
efficacy of skin substitutes. A further turn into the enhanced performance
of skin substitutes may be the use of genetically modified keratinocytes
and=or fibroblasts to provide a favorable niche for regeneration. Pleio-
tropic factors such as cathelicidin LL-37 appear in sight as potential
candidates to perform such a role.

Relevance to clinical care

� Clinical management of skin wounds, from life-threatening acute (e.g.,
severe burns) to highly prevalent ones such as chronic ulcers, represents
a major challenge. Smart bioengineered products should provide both the
cellular and soluble factors enabling wound closure for each situation.
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tissue in vivo, allowing their use for both allogenic
and autologous grafting purposes. Due to costs,
commercially available live allogenic bilayered
products that are a few square centimeters in
area are only suitable for treating small wound
areas.

Among those working in the field of skin re-
placement there is a feeling that current use of
bioengineered skin products is underdeveloped.
Challenges remain regarding the abilities of skin
bioengineering to improve cosmetic=esthetic situ-
ations such as burn sequels.

A comprehensive understanding of the mecha-
nisms involved in normal and impaired healing
could lead to smart combinations with genetic
modification of the cells to overproduce various

growth factors and cytokines. As many other young
therapeutic modalities, skin bioengineering and
cutaneous gene therapy will certainly meet further
improvements as basic and applied science con-
tinue to nourish the field.
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