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Keratinocyte

Cross-Talks in Wounds

Marjana Tomic-Canic, PhD

Departments of Dermatology and Microbiology, NYU School of Medicine, New York, NY

his article will provide an
I overview of the epidermis and
discuss the abnormalities that are
found in a nonhealing wound with a
focus on the biology of keratinocytes.
Keratinocytes and fibroblasts are the 2
major cellular compounds that comprise
the human skin equivalent known as
bilayered cell therapy (Apligraf,
Organogenesis Inc., Canton, Mass).
Because keratinocytes play a significant
role in wound healing, it is also impor-
tant to have an understanding of what it
is in their biology that participates in the
normal process and how it is affected in
the pathogenesis of the chronic wound.

KERATINOCYTE SPECIFICS

As epidermal cells, keratinocytes are
derived from the epidermal stem cells that
reside in the bulge area of the hair follicle.
From there, they migrate into the basal
layers of epidermis, where they give rise
to their progenitors of transit-amplifying
cells. Then, keratinocytes become prolif-
erative and differentiating, giving rise to a
tissue called epidermis (Figure 1). The
basal layer of keratinocytes is the only
layer that can mitotically divide. As ker-
atinocytes leave the basal membrane, they
start to differentiate and lose their nuclei,
synthesize insoluble proteins that cross-
link, and form a protective, cornified
layer to fulfill their major function—bar-
rier formation—which keeps pathogens
out and water in.'*

The process of differentiation is per-
petual; the epidermis is replenished by
the epidermal stem cells and their pro-
genitors. During wound healing, this
normal process of differentiation is
interrupted, and keratinocytes change
their phenotype, becoming activated.

Activated keratinocyte phenotype indi-
cates that these cells are migratory and
hyperproliferative, producing, secreting,
and responding to extracellular matrix
components and signaling polypeptides.
It is inherent in their biology to not only
maintain the barrier but also to inform
neighboring cells when the barrier has
been broken and when there is possible
pathogen penetration.

KERATINOCYTE BEHAVIOR
Keratinocytes have pre-stored inter-
leukin-1 (IL-1). As soon as a wound
occurs and the barrier is disrupted, the pro-
inflammatory cytokine of IL-1 is released.

endothelial cells and, even though they are
not in direct contact with all these cell
types, they communicate with each other
by responding to specific signaling mole-
cules such as growth factors and cytokines
including keratinocyte growth factor
(KGF), platelet-derived growth factor
(PDGF), vascular endothelial growth fac-
tor (VEGF), granulocyte macrophage
colony-stimulating factor (GM-CSF),
nerve growth factor (NGF), insulin-like
growth factor (IGF), IL-1, tumor necrosis
factor (TNF), and transforming growth
factor (TGF) (Figure 2). In return, ker-
atinocytes are equipped to respond to
growth factors that are secreted by other

As a result of keratinocyte biology,
epidermis as a tissue has the
ability for complete regeneration.”

As a result, the keratinocytes respond to
IL-1 stimulation by entering the activation
cycle that stimulates their migration and
proliferation to restore the broken barrier.
Therefore, as a result of keratinocyte biol-
ogy, epidermis as a tissue has the ability
for complete regeneration.*”

As a response to wounding and ker-
atinocyte activation, a variety of cells (pri-
marily fibroblasts) in the vicinity of the
wound site receive signals from ker-
atinocytes.’ As a consequence, these cells
start releasing multiple growth factors,
beginning the wound-healing process.
Keratinocytes communicate with dermal
fibroblasts, lymphocytes, granulocytes,
platelets, neurons, macrophages, and
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cells. For example, fibroblast-producing
KGF specifically targets keratinocytes, its
primary responding cells. In response to
all of these stimuli, keratinocytes start
migrating and proliferating.

Adhesion molecules direct the biology
of the cell within the structure of the epi-
dermis in a way that, at any given
moment, keratinocytes “know” their
position throughout the epidermis.
Understanding how  keratinocytes
respond to extracellular matrix mole-
cules (ECMs) is particularly important
because, by virtue of tissue engineering,
one can change the matrix molecules. It
is necessary to predict cellular response
as a consequence of that change. A
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FIGURE 1: From epidermal stem cells to differentiated epidermis. The graph illustrates the
cellular pathway that leads to fully differentiating epidermis.

FIGURE 2: Cellular cross-talk between keratinocytes and a number of other cell types in
the site of the wound triggers keratinocyte migration and proliferation, thus maintaining

the wound-healing process.

recent article by Ortiz-Urda et al.® pro-
vides another interesting example of dif-
ferent keratinocyte response—in this
case, to collagen VII. If exposed to a
truncated form of collagen VII, ker-
atinocytes will respond incorrectly, lead-
ing to a higher incidence of squamous
cell carcinomas.

KERATINOCYTES AND WOUND HEALING

Multiple growth factors and cytokines
produced and secreted by keratinocytes
and other surrounding cell types regulate
transcription of specific genes that guide
and govern the process of wound healing.
This is achieved by multiple transcription
factors that translocate to the nuclei, tar-
geting particular epidermal genes (eg,
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keratin-6 [K-6]) that participate in wound
healing. This gene is an intermediate fila-
ment molecule that, together with its part-
ner K-16, participates in the formation of
the cytoskeleton. It is believed that fila-
ments formed by K-6/K-16 soften the
cytoskeleton, providing the flexibility of
the cellular scaffold to allow them to
migrate. Keratin-6 is an early wound-
healing gene that is activated upon nor-
mal acute wound healing.

Lee et al.” have used K-6 as a paradigm
of keratinocytes specific transcriptional
regulation during wound healing (ie, how
particular genes in the epidermis are tar-
geted by these multiple growth factors
that orchestrate the wound-healing
process). The authors studied the K-6
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promoter and identified a variety of mol-
ecules that bind as a cluster of transcrip-
tion factors in response to early signals of
wound healing, such as tumor necrosis
factor-alpha (TNF-a), EGF, and IL-1.
This cluster further interacts with groups
of proteins designated as co-activators
that are responsible for “opening” the
chromatin leading to the strong activation
of transcription. If, at the same time, cells
are exposed to corticosteroids, which are
wound-healing-inhibitor ~ compounds,
epithelization is either inhibited or
markedly delayed. On a molecular level,
tools are in place to both induce and
repress this gene and its function within
the process. Therefore, the outcome (cel-
lular behavior) depends on the balance of
these positive and negative factors, result-
ing in either migration or its inhibition.

A LOOK AT AN ANIMAL MODEL

Samuels et al.® generated a transgenic
mouse, which, on a molecular level,
shifts the balance of wound-healing mol-
ecules toward repression by eliminating a
copy of 1 of the co-activators. This
means that EGF response is altered, and
as a result, the mouse develops a chronic
wound phenotype.® Keratinocytes from
these mice do not migrate and do not
respond to EGF stimuli, leading to inhi-
bition of epithelization and development
of chronic wounds. Results from the
mouse model have also been seen in the
clinic. On a molecular level, this trans-
lates into failure of keratinocyte activa-
tion that leads to lack of epithelization
and impaired wound healing. The next
question is: What is the keratinocyte phe-
notype in a chronic wound environment?

Histological analyses of biopsies from
patients with chronic ulcers reveal that
the epidermis clearly looks different. It
is hyper-proliferative (in addition to the
basal cells, suprabasal cells are also pro-
liferating and are mitotically active,
which is consistent with keratinocyte
activation). However, these cells are for
some reason unable to migrate.
Therefore, keratinocytes at the chronic
wound edge reveal only partial (incom-
plete) activation.’ In addition, the corni-
fied layer is thick and shows the pres-
ence of nuclei, unlike in a normal epi-




dermis, indicating that, in addition to
incomplete activation, the differentiation
process is also not fully completed and is
incapable of proceeding to full determi-
nation.” Therefore, keratinocytes at the
chronic wound edge are partially activat-
ed and partially differentiating, not able
to complete either of the 2 processes.

CHRONIC WOUND PHENOTYPE

Several studies have shown that, in
transgenic mouse models, overexpres-
sion of c-myc in the basal layer of epi-
dermis causes chronic wound phenotype
and depletion of local epidermal stem
cell population.'™'? Over-expression of
c-myc in the super basal layer of epider-
mis causes hyper-proliferation and
hyper-keratosis, which is evident in
patient biopsies. Taken together, this
would suggest possible activation of c-
myc in the chronic wound environment,
resulting in similar cellular behavior.
When patients’ biopsies were tested,
activation of the c-myc in keratinocytes
at the nonhealing edge of chronic
wounds was apparent.’

C-myc is a known downstream target of
a factor called beta-catnein, which nor-
mally participates in adherens junction
formation. When Stojadinovic et al.’
examined biopsies from patients with
chronic ulcers for the localization of the
beta-catnein, the authors found it to be
nuclear in the keratinocytes of the non-
healing edge of the chronic wound in the
same location where as c-myc activation.

Specific phenotype of keratinocytes on
the nonhealing edge of a chronic wound
is characterized by incomplete activation
and differentiation in part resulting from
the activation (nuclear presence) of beta-
catnein and expression of c-myc, leading
to the lack of appropriate response to
growth factors and cytokines. Cells
grown from the nonhealing edge fail to
respond to growth factor stimuli, where-
as the cells from the adjacent epidermis
that histologically looks normalized
respond properly to such stimuli. Those
cells do not have c-myc expression/beta-
catnein nuclearization characteristics and
are the target cells, which will be able to
respond to the therapy.

Molecular markers, such as beta-cat-

nein and c-myc, can be utilized to detect
the location of the chronicity and the cells
that are permissive and responsive to the
therapy. The area of the wound with
marked reduction of the cells positive for
c-myc and nuclear beta-catnein presence
can be identified with these markers.

POTENTIAL OF TISSUE ENGINEERING
Today, cells can be grown in vitro,
their genome engineered, and skin creat-
ed in the culture dish."'* Plus, the epi-
dermal stem cells can be isolated and
engineered to secrete growth factors and
cytokines.”® An epidermal stem cell
can be engineered to sustain expression
of a “foreign” gene (transgene) in vitro.
Such a stem cell can give rise to the epi-
dermis in which all their daughter cells
maintain the expression of that trans-
gene, thus creating an epidermis that
continuously expresses a molecule orig-
inating from a transgene.”'® This engi-
neering technology creates huge poten-
tial, given that tissue-engineered prod-
ucts in the form of human skin equiva-
lents are a current FDA-approved treat-
ment modality for chronic wounds."

CONCLUSION

Understanding the molecular mecha-
nism and pathogenesis of keratinocytes
will provide insight into why wounds fail
to heal. Also, utilizing current new tech-
nologies focused on such an approach
will allow for identification of the poten-
tial molecular targets and therapeutic
approaches.” Bringing such knowledge
to tissue engineering further provides cli-
nicians with the ability to utilize live cells
as a delivery system to the wound site.
Also, patient’s keratinocytes can already
be grown and combined with human skin
equivalents to make skin reconstructed
from the patient’s cells. This creates a
number of possibilities, such as cus-
tomized therapy for specific types of
ulcers and eventually customized prod-
ucts for individual patients. M
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The Science of
Bilayered Cell Therapy

Robert S. Kirsner, MD, PhD

Departments of Dermatology and Cutaneous Surgery,
Departments of Epidemiology and Public Health,
University of Miami Miller School of Medicine, Miami, FL

ver the past several decades, prog-
Onostic indicators have been recog-

nized that can predict which ulcers
are likely to heal. Substantial data exist for
a variety of wound types, and universal to
predicting healing with treatment involv-
ing standard of care are the wound’s base-
line size and duration."” Additionally, sur-
rogate endpoints, such as reduction in
wound size after 4 weeks of treatment, can
also predict eventual healing.”” Implied in
the concept of predicting healing is that

mon chronic wounds are refractory to
healing. For example, a meta-analysis of
control groups of clinical trials involving
diabetic neuropathic ulcers found that only
24% of patients healed with standard of
care.® Among patients treated in curative
wound centers, analysis of that database
found that only one-quarter of patients
healed after 12 weeks of care and only
31% of patients healed after 20 weeks.*
Whether VLUs, which heal in the
range of 40-70% with standard care in

A substantial number of
common chronic wounds are
refractory to healing.

differential features exist between healing
and nonhealing wounds and that address-
ing these features might lead to healing for
those refractory wounds.® This article will
review some of theses differential features
and discuss how bilayered cell therapy
may obviate these factors.

THE NONHEALING WOUND

Using the venous leg ulcer (VLU)
model as an example of the aforemen-
tioned data, ulcers present longer than 6
months and those larger than 5 cm? are
factors associated with an increased
likelihood of nonhealing. When seen in
combination, only 13% of patients were
found to heal with standard of care
(multilayered compression bandages).”

Overall, a substantial number of com-
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clinical practice,” or diabetic foot ulcers
(DFUs), which heal in the range 30-45%
in clinical practice," a significant number
of common chronic wounds fail to heal
in a timely fashion. Common to each
chronic wound is an abnormal wound
environment. There are common features
to all chronic wounds that do not heal.
For nonhealing wounds, even those with
an adequate blood supply in a well-nour-
ished person, features associated with a
refractory nature include unresponsive or
senescent cells, an inflammatory and
proteolytic wound environment, deficient
or unavailable growth factors, and the
presence of bacteria, either in form or
number, that may inhibit healing.'”
These factors seem to be common to a
variety of chronic wounds—the DFU,
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the VLU, and the pressure ulcer. A num-
ber of therapies currently in practice aim
to address these underlying features
associated with nonhealing and include
antimicrobial and antiproteolytic dress-
ings, growth factors, and bioengineered
skin. Among the latter is the only bilay-
ered cell therapy approved by the US
Food and Drug Administration (Apligraf,
Organogenesis Inc., Canton, Mass) for
treating chronic wounds.

Controlled, randomized trials in VLUs*
and DFUs” have shown significantly
improved healing when bilayered cell ther-
apy was added to standard of care. In
VLUs, healing was even more impressive
in a statistically significant way compared
to control patients with refractory, hard-to-
heal wounds® and for DFUs, not only was
healing improved (RR >2) but other out-
comes, such as occurrence of osteomyelitis
and amputation numbers, improved as well
with bilayered cell therapy.®

THE SCIENCE OF THE TECHNOLOGY
Bilayered cell therapy provides a vari-
ety of important factors to a nonhealing
wound including the various cell types
themselves as well as growth factors and
other cytokines produced by these cell
types, natural antibiotics produced by the
keratinocytes, matrix proteins, and pro-
teoglycans. In toto, although the exact
mechanism of action remains unknown, it
is theorized that this therapy works by not
only providing a temporary barrier func-
tion, both physical and biologic, but also
serving as a dermal matrix for cell migra-
tion and adsorbing proteolytic enzymes.
The manufacturing process begins
with neonatal cells, both keratinocytes



and fibroblasts. After extensive screening
for infectious organisms, fibroblasts are
initially placed in a bovine, type-I colla-
gen matrix. Over a 6-day period, these
fibroblasts proliferate, and they begin to
secrete their own matrix, in essence
developing a bilayered cell therapy-
derived neodermis. After 6 days in cul-
ture, neonatal foreskin keratinocytes are
placed over the developing dermal
matrix and, for the following 4 days,
migrate as a monolayer to cover the neo-
dermis. Subsequently, the submerged
cells are raised to an air-liquid interface,
allowing keratinocyte stratification. After
10 days, a stratified, functional epitheli-
um exists, ready for patient application.

CELL FUNCTION

Although implied, application of
healthy, proliferating neonatal cells
appears critical to the success of bilayered
cell therapy. As previously noted, cellular
senescence is a cardinal feature of non-
healing wounds. Fibroblasts and ker-
atinocytes have been shown to be mor-
phologically and functionally abnormal
in refractory wounds. Conceptually,
replacing both of these cell types with
bilayered cell therapy application appears
worthwhile. The complex actions of
healthy fibroblasts include cell prolifera-
tion and migration, extracellular matrix
(ECM) production, and growth factor and
cytokine production, which lead to angio-
genesis and protease release. A similarly
complex “job description” for ker-
atinocytes also exists. Cultured ker-
atinocytes, applied to the nonhealing
wound, deliver a “prefabricated,” mature,
stratified, differentiated epidermal layer
attached to an intact basal membrane
layer and securely held to the dermis.
Animal studies® have demonstrated barri-
er function at the time of application, but
this permeability barrier continues to
improve even after application. By post-
application Day 7, its barrier function is
the same as that of normal skin.

Evidence of the healthy and vital ker-
atinocyte layer in bilayered cell therapy
is the expression of certain keratins, such
as keratin-6, -16, and -19, by bilayered
cell therapy. The first 2 keratins are nor-
mally expressed in proliferative skin, and

Figure 1: Cytokine production in
bilayered cell therapy and human skin
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Figure 2: Expression of growth factor mRNA in

healing bilayered cell therapy in vivo
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the latter keratin is normally expressed in
neonatal tissue.” Demonstrative of the
proliferative activity is expression of a
proliferation marker Ki67, a protein
expressed by dividing keratinocytes and
expressed in greater quantity in the ker-
atinocytes on bilayered cell therapy than
normal skin. Sustained delivery of these
cells to the wound occurs as demonstrat-
ed by cellular persistence for 4 weeks
and beyond in a variety of studies.”

GROWTH FACTOR DELIVERY

Among the other features associated
with a nonhealing wound is the relative
deficiency or unavailability of growth fac-
tors. Bilayered cell therapy provides a
number of growth factors to a wound
(Figure 1). Interestingly, in comparison to
either keratinocytes or fibroblasts grown
in culture by themselves, bilayered cell
therapy secretion profile more resembles
that of normal skin, producing in some
cases, cytokines that neither fibroblasts or
keratinocytes in culture alone produce and
thus, in essence, a synergy occurs.
Exemplified, is insulin-like growth factor-
I, (IGF-1), neither produced by fibroblasts
or keratinocytes in culture, but when
fibroblast and keratinocytes are combined,
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either naturally in human skin or engi-
neered in bilayered cell therapy, IGF-1
cytokine production occurs.

As would be expected, cytokine pro-
duction is continuous after bilayered cell
therapy application (Figure 2). Among
growth factors produced are transform-
ing growth factor (alpha and beta),
fibroblast growth factor, and platelet
growth factor. For the majority, peak
cytokine expression is seen several days
after application, demonstrative of the
living nature of the construct. In vivo, tis-
sue used for bilayered cell therapy stains
for both vascular and epithelial growth
factors, thus these factors are delivered to
the wound bed. A concrete result of
cytokine production is the fact that
wounded bilayered tissue heals (Figure
3). Migration of keratinocytes is shown
as early as 12 hours after wounding. By 5
days, restoration of the epidermis is seen.

BACTERIAL INFECTIONS

Bacteria may also be causal in nonheal-
ing wounds, supported by ample evidence
that controlling wound bacterial bioburden
is important.” After wounding of normal
skin, an innate defense mechanism exists
through up-regulation of certain antimicro-
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bial peptides, such as beta defensin, that
protect against infection in acute wounds.
In a similar fashion, bilayered cell therapy
regularly produces many of the same pep-
tides including beta defensin as the skin
does, suggesting an antimicrobial function
of bilayered cell therapy. However, differ-
ent than normal skin, which produces
antimicrobial peptides only in a wounded
states, bilayered cell therapy constitutively
expresses these peptides.

PROTEOLYTIC ENZYMES

The proteolytic environment of the non-
healing wound is created, in part, by the
excess expression of pro-inflammatory
cytokines, specifically interleukin-I (IL-1)
and tumor necrosis factor-alpha (TNF-
alpha).*** This pro-inflammatory cytokine
environment produces excessive amounts
of matrix metalloproteases (MMP) and a
reduction of their natural inhibitors, tissue
inhibitors of metalloproteases (TIMP). As
a result, an imbalance of proteases in a
nonhealing wound exists. One of the myr-
iad functions of bilayered cell therapy is to
replace abnormal dermis with a normal
dermis. As previously mentioned, the der-
mal layer of bilayered cell therapy con-
tains human fibroblasts harvested from



healthy neonatal tissue. Over time, those
cells produce their own ECM including
procollagen I, which provides part of the
structural integrity of the wound;
fibronectin, an important component of
granulation tissue; and tenascin, important
for cell motility. Additionally and likely
importantly, bilayered cell therapy also
produces its own protease inhibitor-2
(TIMP-2). Bilayered cell therapy, in
essence, delivers a protease inhibitor to
the wound, potentially reversing the prote-
olytic excess.

After quenching excessive proteases,
the production of cytokines (mentioned
previously), such as TGF beta, stimu-
lates new healthy ECM. The new nor-
mal neodermis imparted to the wound
may help explain, in part, the effective-
ness of bilayered cell therapy in treating
disease states characterized by deficien-
cies in certain types of collagen, such as
junctional or dystrophic epidermolysis
bullosa.***

CONCLUSION

Differential features exist between
healing and nonhealing wounds, and
addressing features that differ between
healing and nonhealing wounds might
lead to healing for refractory wounds. A
review of the characteristics of bilayered
cell therapy addresses a number of these
features consistently seen in a variety of
nonhealing wounds. Delivery of neona-
tal cells that have a high proliferative
healing capacity; differentiate to pro-
duce a complex dermis and dermal
matrix with proteolytic activity; produce
a complex epidermis with antimicrobial
and functional barrier activity; and per-
sist and can respond to a wound leads to
a construct that works in concert to
address features of a nonhealing wound
and results in a healing wound. M
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Putting Bilayered
Cell Therapy to Use

John S. Steinberg, DPM

Department of Plastic Surgery, Georgetown University, Washington, DC

iven a patient who has lost his
Gleg to diabetes versus a patient
whose limb was salvaged at a
partial foot amputation level, which
patient is more likely to sustain recurrent
ulceration, recurrent amputation, and
early death? The answer is obvious in
clinical practice, and the preliminary sci-
entific data concur that the more distal
the amputation, the less likely the patient
is to sustain further complications.
Limb-salvage procedures are often-

medical management. Additionally, for
wound healing to be expected, there
must be an adequate blood supply to the
location (on the micro- and macro-vas-
cular levels), and there must be an
absence of infection at the wound base.
In general, 80% of newly presenting dia-
betic neuropathic foot ulcerations will
heal with 6 weeks of conservative care
(eg, regular debridement, offloading of
pressure, and moist dressings). In the
early phases, watch the wound for signs

Limb-salvage procedures are
oftentimes also life-saving

procedures.

times life-saving procedures when sec-
ondary morbidity (eg, infection,
ischemia, and worsening of problematic
chronic disease states) can be prevented.
Complicated wound healing and foot
infection cases that have not achieved
the desired outcome are common. What
are the reasons for this failure? What are
some additional technologies that can be
used to intervene? This article will
address these questions.

DEALING WITH NONHEALING WOUNDS
In order to begin the healing cascade
in a diabetic foot wound, a treatment
plan for the patient’s overall disease
state must first be established. The plan
must include the control of diabetes
through adequate diet and aggressive
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of healing on a weekly basis. If there is
no significant advancement trend over
the first several weeks, the wound heal-
ing trajectory is failing and the wound is
becoming stagnant. When this cellular
senescence is observed in the wound, it
is important to change the treatment plan
appropriately. Oftentimes, this change
will include the addition of advanced
healing technologies for active wound
management. It is important to not wait
4-6 weeks for the wound to “fail stan-
dard care” but rather to observe this
trend early in the wound history so that
the treatment course can be adjusted
appropriately and with minimal lost
time. The sidebar “Identify Problem
Wounds Early and Transition to
Advanced Therapy” particularly applies
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to the high-risk patient subgroup in
whom there is a history of prior amputa-
tion or nonhealing wounds. These
patients require aggressive management
and generally require a much quicker
progression from “good” wound care to
“advanced” wound care technologies.

Wound bed preparation is important
when considering the use of advanced
wound technologies simply because
most advanced wound products stimu-
late active healing and therefore require
a viable, vascular, and clean wound base
in which to interact with the cellular
wound function. For example, if a viable
wound bed or an optimized surface is
not available for grafting, bilayered cell
therapy (Apligraf, Organogenesis Inc.,
Canton, Mass) probably should not be
considered until the wound has been
optimized and prepared. This prepara-
tion can include minimizing exudate,
managing periwound edema, and con-
trolling biochemical factors in the
wound base (such as matrix metallopro-
tease, which, in addition to harming
growth factor viability, can prove disrup-
tive to bilayered cell therapy).'

BILAYERED CELL THERAPY

The classifications and product types in
advanced wound therapy modalities are
rapidly becoming confused by practition-
ers. Part of this confusion is resultant from
the rapid evolution of new products in this
arena. Bioengineered tissue can be broad-
ly defined to include much of the new
wound care technologies that are being
advocated today. It is important, however,
to make the key differentiation between
living tissue products and nonliving/acel-
lular tissue products. Both the living and



nonliving wound technologies can play a
major role in problem wound healing, but
they need to be properly understood to
realize the proper timing and placement of
these distinct technologies.

Some examples of nonliving advanced
wound technologies include Oasis Wound
Matrix (Healthpoint, Ltd., Fort Worth,
Tex), Integra Bilayer Matrix Wound
Dressing (Integra Lifesciences Corp.,
Plainsboro, NJ), and Graft Jacket (LifeCell
Corporation, Branchburg, NJ). Currently,
there are only 2 living tissue- engineered
wound products available: Apligraf
(Organogenesis Inc.) and Dermagraft
(Smith & Nephew, Largo, Fla). It is impor-
tant to keep in mind that although these are
living human cell products, they are more
than “skin graft substitutes.” This wording
creates the wrong impression of what is to
be expected from a living tissue product.
Labeling these as “sheets of growth fac-
tors” helps define the proper patient selec-
tion and timing for their placement. (See
“Bioengineered Products for Wounds™ at
right for more information.)

There are many reasons why practi-
tioners will hesitate to utilize advanced
therapy bioengineered tissues for prob-
lem wounds. Some feel that doing so will
slow down their practice, is too cumber-
some or requires special instrumentation,
and must be done in an operating room,
or takes too much time. In reality, there is
much flexibility that can be found when
considering the use of bioengineered tis-
sues. The application of these technolo-
gies is generally something that can be
done in the office setting and with mini-
mal time and special instrumentation.

FOCUSING ONTHE GRAFT

Bilayered cell therapy (Apligraf) arrives
in a clear, plastic-sealed pouch. The color
of the agar medium should be compared to
the pH/color chart to ensure that the graft
has remained viable during shipping. Once
the site has been debrided, prepped, and
rinsed, the pouch is opened, and the 7.5-cm
diameter graft is placed onto either a saline-
moistened sponge or a skin-meshing car-
tridge. If foregoing the skin graft mesher, a
#15 blade can easily be utilized to fenes-
trate the graft randomly on a saline-mois-
tened, 4x4 sponge approximately 60 to 70

Identify Problem Wounds Early and
Transition to Advanced Therapy

“Good” Wound Care

* History

* Assessment

¢ Debridement

¢ Warm, moist environment
* Offloading

* Topical care

“Advanced” Wound Care

* Hyperbaric medicine

* Growth factors

* Bioengineered tissues

* Negative pressure wound therapy
* Biologic dressings

* Active topicals

* Plastic surgery

* Curative surgery

Bioengineered Products for Wounds

Growth Factor/Cytokine Topicals

* Becaplermin/platelet-derived growth factor (PDGF; Regranex Gel 0.01%, Johnson &
Johnson Wound Management, a division of Ethicon, Inc., Somerville, NJ)

Biologic Wound Adjuncts

* Porcine intestinal submucosa (Oasis Wound Matrix, Healthpoint, Ltd., Fort Worth, Tex)
* Bovine collagen and chondroitin-6-sulfate (Integra Bilayer Matrix Wound Dressing,

Integra Lifesciences Corp., Plainsboro, NJ)

o Gamma-irradiated human allograft skin (GammaGraft, Promethean LifeSciences, Inc.,
Pittsburgh, Pa)
* Human allograft product (Graft Jacket, LifeCell Corporation, Branchburg, NJ)

Living Tissue Products

* Living human dermal fibroblasts and epidermal keratinocytes in bovine collagen matrix
(Apligraf, Organogenesis Inc., Canton, Mass)
¢ Living human fibroblast dermal substitute (Dermagraft, Smith & Nephew, Largo, Fla)

times. The meshing or fenestrating is
important because the punctures will allow
drainage through the graft and help prevent
hematoma or seroma, and the process of
injuring this “tissue” will stimulate ker-
atinocyte and fibroblast activity as well as
growth factor production.

The graft is then applied directly to the
wound, at which point it is imperative to
make sure that there is intimate adherence
of the graft to the wound bed. Any portion
of the graft that becomes “tented” over
the wound bed will be devoid of blood
supply and will likely fail. A simple com-
pressive dressing, sutures, or staples can
be used to anchor the graft in place.

There is a significant learning curve to
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what the 1-, 2-, and 3-week post-op
courses look like with bioengineered tis-
sue grafting, and there is also a signifi-
cant learning curve in the decision mak-
ing post-graft. In general, do not debride
the base of a bilayered cell-grafted
wound site for 3—4 weeks post proce-
dure. Rather than debride a wound that
has a yellow, somewhat gelatinous
matrix, leave it intact—especially if it
has hydrated in the wound site and
appears viable with no clinical signs of
infection. At 4 weeks, a curette may be
used to debride the wound base and then
the determination should be made as to
whether a repeat grafting procedure is
indicated or if alternative therapy should
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Figure 1: Efficacy of bilayered cell therapy in
patients with venous leg ulcers > 1 year duration
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be considered. Also, if separation is
noted between the graft and the bed post
procedure, there was likely too much
drainage coming from the wound site,
and it may have been premature to apply
the graft. An alternative in this situation
would be to consider concomitant graft
and negative pressure wound therapy
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application to manage the exudate level
post-procedure and to decrease the like-
lihood of graft failure.

WOUND-SPECIFIC BILAYERED THERAPY
Venous leg ulcers (VLUs). Looking at the
pivotal, 8-week trial data on VLUs, one
can see that bilayered cell therapy is 3
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times more effective than the conservative
therapy was in healing these wounds
(Figure 1). A significant improvement in
the bilayered cell therapy versus the con-
trol group is evident.? When bilayered cell
therapy is given to the worst VLUs (those
greater than 1 year in duration), the con-
servative measures for those are fairly
abysmal in their success rates, whereas
combining compression with bilayered
cell therapy can be significant in its 8- and
24-week results for VLUs.

Diabetic wounds. In a large, multicen-
ter, randomized control trial involving
208 patients, 67 patients had Type 1 dia-
betes and 139 had Type 2 diabetes.’ (Only
5% of all diabetic patients are Type 1, so
this study had a disproportionately large
share of challenging patients with Type 1
diabetes.) Mean ulcer size was about
3 cm. Looking at the 8- and 12-week
data, a significant difference is observed
in the healing of diabetic foot wounds:
56% healed in the bilayered cell therapy
group versus 39% healed in the control
group (Figure 2). Even more important is
the rapidity toward closure. The
decreased number of days needed to heal
wounds in the bilayered cell therapy
group resulted in decreased rates of infec-
tion, osteomyelitis, and amputation.

CASE STUDIES

Case 1. A man presented with an
advanced diabetic foot infection that, in
many institutions, would have been
treated with a primary amputation
(Figure 3). An aggressive, radical
debridement was attempted with the
goal of saving the leg. Eventually, with a
stable wound site, the patient was
prepped and transitioned into bilayered
cell therapy. He progressed to closure.

Case 2. A 52-year-old man with a
15-year history of Type 2 diabetes had
been hospitalized for gangrene of his left
forefoot. Consequently, he had a guillo-
tine mid-foot amputation (trans-
metatarsal amputation), resulting in no
dorsal and plantar flaps (Figure 4). This
patient had a lower-extremity arterial
bypass performed for revascularization
of the extremity. Eventually, the granula-
tion tissue covered the exposed
metatarsal stumps. There were no signs



Necrotizing forefoot
infection

of soft tissue or bone infection to the
open wound site. Two side-by-side
pieces of bilayered cell therapy were
used. At 1 week, 2 weeks, and 4 weeks,
some significant contracture and partial
wound closure was evident. Bilayered
cell therapy was reapplied, and at
approximately 12 weeks, complete clo-
sure of this wound site occurred. The
key factor is that during those 12 weeks,
full-thickness layer closure was being
built to avoid a thin, friable layer of clo-
sure. Instead, there was a full thickness
closure, and this patient can now walk
while wearing a custom-molded shoe.

PREVENTING RECURRENCE

The etiology of a wound should be
addressed at some point during or after
the wound healing course. It is also
important to attempt full-thickness tis-
sue closure of wounds rather than simply
closing them. While this progression of
tissue building may take additional time,
the end result will be a functional tissue
base that will likely be sufficient to per-
mit the ultimate goal of weight bearing.

Advanced technologies, including
bioengineered tissues, can play a major
role in wound healing and can serve to
stimulate healing and the creation of a
functional tissue base for eventual return
to activity. It is this return to activity that
extends the quality and often the length

Debridement, IV antibiotics and
hyperbaric oxygen treatment initiated

R

Viable wound base

Wound closure with
bilayerd cell therapy

6 weeks

of life in many complex patients with
multiple medical comorbidities. l
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Post-Test Questions

Targeting the Science Within Wounds

1. Which of the following cell types does
bilayered cell therapy contain?

a) Langerhans cells

b) Endothelial cells

c¢) Keratinocytes

d) Fibroblasts

e) Keratinocytes and fibroblasts

2. Bilayered cell therapy cells persist for:
a) Less than 1 week

b) 1-2 weeks

¢) 3-6 weeks

d) 8 weeks

e) 12 weeks

3. Which of the following are potential
mechanisms by which bilayered cell
therapy heals nonhealing wounds?
a) Antimicrobial peptides

b) Protease inhibition

c) Cell delivery

d) Growth factor delivery

e) All of the above

4, Bilayered cell therapy should be used:
a) As a replacement for standard of care
b) As an adjunct to standard of care

5.The epidermis of bilayered cell
therapy is:

a) Stratified

b) Proliferative

¢) Bovine in nature

d)A and B

e)A,B,and C

6. What does the term “activated

keratinocyte” mean?

a) Proliferative, when they are actively
dividing due to the injury

b) Migratory, when they migrate close
to wound

¢) Migratory and hyperproliferative,

when they produce, secret, and
respond to extracellular matrix com-
ponents and signal polypeptides

d) Differentiated, when they leave the
basal layer, stop dividing, and in turn,
start differentiation

7. How do keratinocytes become

activated?

a) As a consequence of stress response,
such as UV light, when they become
apoptotic

b) As a consequence of any type of
injury by releasing pro-inflammatory
cytokines and growth factors, they
cross-talk to neighboring cells

¢) As a consequence of terminal differ-
entiation, a process during which ker-
atinocytes stop dividing, start cross-
linking their proteins and dissolve
their nuclei

8.What are the cells that participate in

the cross-talk with keratinocytes?

a) Dermal fibroblasts, because they are
the only cell type in direct contact
with keratinocytes

b) Dermal fibroblasts (in direct contact)
and local lymphocytes (migrate into
the wound site)

¢) Dermal fibroblasts, lymphocytes,
granulocytes, platelets, neurons,
macrophages, and endothelial cells
because, even though they are not all
in direct contact, they communicate
with each other by responding to spe-
cific signaling molecules, such as
growth factors and cytokines

d) Dermal fibroblasts and endothelial
cells, because fibroblasts are in
direct contact whereas local angio-
genesis is essential for normal
wound healing to occur

9. Where are the epidermal stem cells

located?

a) Their specific location is not known

b) In the bulge area of the hair follicle

¢) Throughout the basal epidermal layer
(the only epidermal layer that has the
dividing cells)

d) The major source is the bulge of the
hair follicle, but they also migrate
into the basal layer, where they are
sporadically spread

10. What are the specific features of
keratinocytes at the nonhealing edge of
a chronic wound?

a) They are senescent (quiescent), not
responding to the extracellular
stimuli

b) They are normal, but the underlying
granulation tissue is not appropriate
for them to migrate

¢) They are hyperproliferative but not
migratory, leading to a lack of epithe-
lization

d) They have features of incomplete
activation (proliferating, but cannot
migrate) and incomplete differentia-
tion (thick cornification with nuclei
present in the stratum corneum)

11. Following the application of bilayered
cell therapy graft, at what point should
you typically consider debridement and
re-application?

a) 2 weeks

b)5 days

¢) 4 weeks

d) 10 weeks

Method of Participation: Participants must read the articles and take, submit, and pass the post-test by August 31, 2006. Participants
must completely fill out the answer/evaluation form, answer at least 70% of the questions correctly, and mail or fax the answer/evaluation
form to: NACCME ¢ 83 General Warrant Blvd., Ste. 100 e Malvern, PA 19355 e Fax: (610) 560-0502
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Answer and Evaluation Form

Targeting the Science Within Wounds

Please print clearly: Certificate will be mailed to this address within 6-8 weeks.

Name Degree Position/Title

Organization/Institution Department

Mailing Address for Certificate (H or W)

City State Zip Code

E-mail Address

Phone Fax

Answers: Refer to post-test. Circle ALL that apply for each question.

1. A B C D E 5. A B C D E 9. A B C D
2. A B C D E 6. A B C D 10. A B C D
3. A B C D E 7. A B C 1. A B C D
4. A B 8 A B C D

Please answer the following questions by circling the appropriate rating:

5 = Strongly Agree 4 = Agree 3 = Neutral 2 = Disagree 1 = Strongly Disagree

The stated learning objectives were met 5
Faculty was knowledgeable on the subject matter 5
Content was objective 5
Content was balanced 5
Content was scientifically rigorous 5
Content avoided commercial bias or influence 5
Content was timely and related to my practice 5
Content will assist me in enhancing patient care 5
Information presented will improve my practice/patient outcomes 5
What other topics would be of interest to you?
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All tests must be received by August 31, 2006
Return via fax or mail to: NACCME ¢ 83 General Warren Blvd., Ste. 100 ¢ Malvern, PA 19355 ¢ Fax: (610) 560-0502
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