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Background: Complex skin defects, such as burns and acute cutaneous trau-
ma, are life-threatening injuries, often requiring temporary allograft place-
ment to maintain fluid homeostasis and prevent infection until permanent
wound closure is possible.

The Problem: The current standard of care for the management of full-
thickness wounds that are unable to be closed in a single surgical stage is
temporary coverage with cadaver allograft until an acceptable wound bed
has been established. This approach has limitations including limited
availability of human cadaver skin, the risk of disease transmission from
cadaveric grafts, and inconsistent cadaver allograft quality.

Basic/Clinical Science: Near-diploid neonatal human keratinocyte cell line
(NIKS)-based human skin tissue is a full-thickness, living human skin sub-
stitute composed of a dermal analog containing normal human dermal fi-
broblasts and a fully-stratified, biologically and metabolically active
epidermis generated from NIKS keratinocytes, a consistent and unlimited
source of pathogen-free human epidermal progenitor cells.

Clinical Care Relevance: NIKS-based human skin tissue is a living bioengi-
neered skin substitute (BSS) intended to provide immediate wound coverage
and promote wound healing through sustained expression by living cells of
wound healing factors.

Conclusion: A phase I/Ila clinical trial found that NIKS-based BSS was well
tolerated and comparable to cadaver allograft in the ability to prepare full-
thickness complex skin defects prior to autografting. There were no deaths and
no adverse events (AE) associated with this BSS. Exposure of the study subjects
to the skin substitute tissue did not elicit detectable immune responses. Notably,
this tissue remained viable and adherent in the wound bed for at least 7 days.
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Human sxin 15 the interface
with the external environment and,
as such, protects against chemicals
and toxins, prevents local infection
from microorganisms, regulates body
temperature, and maintains fluid
homeostasis. Disruption of cutane-
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nificant skin trauma results in loss
of fluid homeostasis and leaves the
patient vulnerable to invasive bac-
terial infections. Complex skin de-
fects often contain elements of both
full-thickness and partial-thickness
wounds admixed within the same
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Abbreviations
and Acronyms

AE =adverse events

BSS=hioengineered skin
substitute

HBD-3=human beta defensin-3
HDP =host defense peptide

HLA =human leukocyte antigen
complex

IFN-y =v-interferon
IHC =immunohistochemical

MHC =major histocompatibility
complex

NIKS =near-diploid neonatal
human keratinocyte cell line

PRA =panel reactive antibody

STSG =split-thickness skin
graft
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wound areas. Although many partial-thickness
wounds heal without the need for autografting,
the time required to heal deep partial-thickness
burns is more than three weeks.! During this
time, these wounds are at risk for infection and
other complications that can delay definitive
wound closure.'™ Due to significant morbidity in
terms of healing time, infection, and scarring,
deep partial-thickness and full-thickness burns
are treated as a single clinical entity.*% Al-
though the current management for these com-
plex skin defects attempts to provide coverage
with split-thickness skin graft (STSG) as quickly
as possible, this is not always possible. In those
cases, the standard of care is temporary coverage
with cadaver allograft until the wound can be
definitively closed with STSG.%7

A living, full-thickness, allogeneic, human skin
substitute generated from NIKS cells (NIKS-based
BSS) to provide immediate wound coverage and
promote wound healing has been recently devel-
oped and is being clinically tested.®® This review
will focus on the first-in-humans study of this BSS.
NIKS cells are a near-diploid neonatal human
epidermal keratinocyte progenitor cell line that
exhibit keratinocyte-specific growth and differen-
tiation characteristics yet maintain an extended
lifespan in vitro.'® When cultured at the air—
medium interface, NIKS generate a fully stratified
epithelium with barrier function and tensile
strength similar to intact skin. NIKS-based BSS
consists of metabolically active cells that should
serve as a source of sustained expression of
wound healing factors and may reduce the need for
autografting.
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CLINICAL PROBLEM ADDRESSED

It is estimated that complex skin defects, such as
burns and acute trauma, affect 1.25 million people
in the United States each year.'! Approximately
50,000 are hospitalized annually for burns, and
13,000 require STSG.'? Burns have accounted for
5% of the combat casualties sustained in the Iraq
and Afghanistan conflicts'® and historically account
for up to 20% of combat casualties.'*

The current management for full-thickness and
deep partial-thickness defects attempts to provide
coverage with STSG as quickly as possible. In cases
where there is insufficient healthy, intact skin or
the condition of the patient or wound precludes
STSG placement, the standard of care is temporary
coverage until definitive closure with STSG can
occur.m” In such cases, although additional prod-
ucts are available, the “gold standard for achieving
temporary wound coverage is allograft cadaver
skin.”” Temporary coverage reduces fluid loss and
infection®!® and maintains a moist wound envi-
ronment thereby promoting wound healing.'*¢:1"
This approach is limited by the availability of hu-
man cadaver skin, the non-trivial risk of disease
transmission from cadaveric grafts,'®'® and the
relatively rapid rate at which these grafts begin to
be rejected.?’ In patients for whom cadaver allo-
graft is not available, other temporizing wound
treatments must be used.

This chapter will focus on Food and Drug
Administration (FDA) approved products. Other
promising allogeneic and autologous technologies
are under development and have been discussed
elsewhere.?l?? Currently available products, In-
tegra DRT® and AlloDerm®, are composed of acel-
lular dermal analogs and have no epidermal
component. AlloDerm is made from decellularized
human cadaver skin, and since each lot is derived
from a different donor, the risk of disease trans-
mission varies from lot to lot. Safety concerns are
associated with this type of allogeneic product.?3—2°
Since AlloDerm provides no barrier function, it is
primarily used as a matrix for STSG. Integra DRT
is composed of bovine collagen and shark glycos-
aminoglycan covered with a silastic membrane.
While the membrane provides a barrier to water
vapor loss, it has little effect on reducing the risk of
infection. There is increasing concern that prod-
ucts of bovine origin may transmit infectious
agents such as those responsible for bovine spon-
giform encephalopathy.

BSS composed of viable keratinocytes on dermal
analogs containing living fibroblasts reproduce
many structural and biological features of intact
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human skin and are believed to be more advanta-
geous than acellular or biosynthetic substitutes.?®
Currently approved products include Apligraf®
and OrCel® (no longer produced or marketed). The
keratinocytes in OrCel are not organized into a
fully stratified epidermal layer and therefore do not
exhibit a competent epidermal barrier.2’ The only
currently available, full-thickness BSS approved in
the US is Apligraf.?>?” Apligraf contains keratino-
cytes grown on a dermal analog of bovine collagen
containing living human fibroblasts. Safe and reli-
able human cell sourcing is a well-recognized prob-
lem.?® New cell banks must be generated, tested,
and qualified for clinical use as existing cell banks
are depleted. Additionally, Apligraf is difficult to
work with?®?® and has documented problems with
suspected wound infection.>® This product is indi-
cated for chronic skin wounds only after first line
therapies fail and has not been approved for the
management of complex skin defects resulting from
severe burns or other large skin trauma.

Autologous keratinocyte cultures, such as Epicel®
from Genzyme Biosurgery, consist of thin sheets of
poorly differentiated keratinocytes which provide no
dermal component nor barrier function. Epicel is
fragile, difficult to handle, requires several weeks to
prepare, has a shelflife of 24 hours, and is associated
with failure rates of 50%. There are no full-thickness
autologous skin substitutes approved for the treat-
ment of severe burns or other complex skin defects.
A significant medical need exists for the develop-
ment of innovative, therapeutic BSS that recapitu-
late the normal barrier function of intact human
skin, speed wound re-epithelialization, and reduce
time to wound closure.

RELEVANT BASIC SCIENCE CONTEXT

Skin substitutes encompass a wide range of
biomaterials, which may or may not contain living
cells. The materials and cells used to generate skin
substitutes determine what anatomical structures
and functional features of human skin will be de-
livered to the wound to facilitate healing and tissue
repair. Shevchenko and coworkers have recently
reviewed the commercially available skin substi-
tute products which can be classified according to
the anatomical structure engineered (dermo-
epidermal, epidermal, dermal), the duration of cov-
erage (permanent, semi-permanent, temporary),
and type of biomaterial (biological: autologous, al-
logeneic, xenogeneic; synthetic: biodegradable,
non-biodegradable).?! To date, the most advanced
products contain living human cells that generate
the dermal and epidermal architecture of human

skin as well as key functions of skin. Living BSS
contain epidermal keratinocytes which provide
protective barrier function through terminal dif-
ferentiation and stratification, and promote wound
healing through sustained expression of cytokines,
host defense peptides (HDP), and other wound
healing factors.2262932 Human keratinocytes ex-
press major histocompatibility complex (MHC)
class I antigens, but lack constitutive expression
of MHC class II antigens®*3* and therefore are
considered “non-professional” antigen-presenting
cells.?*37 Because these types of skin substitutes
do not contain professional antigen-presenting
cells, such as Langerhans cells, acute rejection is
not anticipated, and replacement by patient kera-
tinocytes over time is expected.® Extensive clinical
experience with Apligraf and other allogeneic
treatments containing both epithelial cells as well
as dermal fibroblasts show a lack of acute immune
responses; however, it has also been shown that the
cellular components of these treatments are lost
within 6 to 8 weeks of placement.?*°

EXPERIMENTAL MODEL OR MATERIAL:
ADVANTAGES AND LIMITATIONS

Although a number of skin substitutes have been
developed and marketed to treat various skin defects,
barriers to clinical success, ranging from limited ef-
ficacy to economic concerns, remain. The physical
and functional characteristics of an ideal biologic skin
substitute, originally described by Pruitt and Levine
over 25 years ago®! have recently been expanded
upon by others.?®?? The skin substitute should be
elastic yet possess tensile strength, be translucent to
permit direct observation of the healing process, and
conform to the wound bed with rapid and sustained
adherence to the wound surface. To increase the rate
of healing and enhance the probability of wound clo-
sure, a number of desired functional parameters are
noted. The skin substitute should not be antigenic,
exhibit systemic or local toxicity, or increase the rate
of infection. It should possess barrier function similar
to that of normal skin and, ideally, inhibit the growth
of microorganisms. Patient discomfort and the need
for additional nursing care should be minimized. Fi-
nally, it should be an affordable treatment option
with a long shelf life under convenient storage con-
ditions. An abundant and consistent source of ge-
netically uniform, pathogen-free human epidermal
progenitor cells would facilitate the generation of skin
substitute tissues with the physical and functional
properties described above.

A limitation of all cell-based BSS therapies, re-
gardless of the use of allogeneic or autologous cells,
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is the high cost of manufacturing. However, the
potential to shorten hospitalization times due to
reduced need for STSG harvesting and the possi-
bility for improved wound healing may offset this
limitation. In addition, because the NIKS-based
BSS is produced from a long-lived cell source, it is
anticipated that reduced cell testing requirements
will reduce cost below that of other cell-based BSS.
Because of the allogeneic nature of all cell-based
BSS therapies, there remains a possibility for a
directed immune response. However, extensive
data for other cellular therapies (e.g., Apligraf,
cultured epithelial keratinocytes, Dermagraft,
OrCel, and ICX-SKN) suggest that cultured skin
tissue is unlikely to be acutely rejected yet does get
replaced over time.*?>™*” The precise mechanism for
this is unclear, but it may be related to the fact that
cultured skin substitute tissue lacks many of the
cell types (e.g., endothelial or Langerhans cells)
that play a role in cadaver allograft rejection, while
still expressing minor histocompatibility antigens
on the allogeneic cells, 34849

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE

A phase I/Ila, multicenter, randomized, safety
and dose escalation trial was conducted to compare
the ability of NIKS-based BSS to cadaver allograft
(the standard of care) to condition and serve as a
temporary covering for the full-thickness compo-
nent of complex skin defects prior to subsequent
autografting. Results of this trial demonstrate
that this BSS tissue, a biologically active, fully
stratified, temporary wound covering generated
using NIKS keratinocytes, was well tolerated and
showed no evidence of safety concerns.®?

Expression of the host defense peptide,
human beta defensin-3, is increased
in NIKS-based BSS

Due to the increasing importance of HDPs in
combating infection and modulating host immune
responses, prior to clinical evaluation the expres-
sion of human beta defensin-3 (HBD-3) was ex-
amined. Quantitative polymerase chain reaction
analysis revealed an approximately 8-fold increase
in HBD-3 in NIKS-based BSS when compared to
skin tissue from either primary human epidermal
keratinocytes or the parental keratinocytes from
which NIKS arose. Furthermore, when tissue was
incubated in the presence of Staphylococcus car-
nosus, a bacteria known to be sensitive to antimi-
crobials, the bacterial number was reduced by
>50%.

Clinical trial design

Fifteen patients with complex skin defects of
>5% total body surface area resulting from burns,
infections, and/or degloving injuries were enrolled
in this study. NIKS-based BSS and cadaveric
allograft were placed side-by-side in the full-
thickness component of these complex skin defects.
One week after placement, both allografts were
removed and the wound bed was autografted when
it was judged by the physician to be suitable to
accept an autograft. The primary endpoint was
percentage of autograft take 2 weeks after auto-
graft placement. Autograft healing and wound site
infection were assessed at 1, 2, 3, 4, and 8 weeks
after autograft placement and then again at 3
months (study completion). Secondary endpoints
included incidence of infection, appearance of the
allograft tissues and underlying wound beds prior
to autografting, and assessment of immunological
responses to the cellular components of NIKS-
based BSS. Safety assessments included monitor-
ing of AE based on a modified World Health Or-
ganization AE grading scale developed for use in
cancer patients,’® vital signs, hematologic param-
eters, incidence of wound infection, and immuno-
logic responses.

Condition of the wound bed was comparable
between NIKS-based BSS and cadaver allografts

Evaluation of the wound bed condition two
weeks after autograft placement confirmed that
autograft take was equivalent and nearly 100% in
wound sites treated with skin substitute tissue or
cadaver allograft. Furthermore, no significant
differences in autograft appearance were noted.
Prior to autografting, additional secondary end-
points were assessed. Like cadaver allograft, skin
substitute tissue remained intact, preserving
its physical characteristics after placement on
wounds. Notably, the appearance of NIKS-based
BSS on the wound bed was significantly better
than cadaver allograft (p<0.010) as judged by
appearance, color, and adherence. After allograft
removal, the appearance of the wound bed and
suitability for autografting was found to be
equivalent for both allografts. Presence of infec-
tion was evaluated visually and through quanti-
tative cultures of the wound bed at allograft
removal. No differences were found and wound
beds were not clinically infected (> 10° organisms/
gram tissue).

BSS tissue remained viable one week
after placement

After 7 days in the wound bed, structure, com-
position, and viability of NIKS-based BSS was as-
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sessed and compared to cadaver allograft. Both
allograft types maintained appropriate tissue ar-
chitecture with defined basal and differentiated
keratinocyte layers. To ascertain viability, immu-
nohistochemical (IHC) staining for Ki67, found
only in replicating cells,”! was performed. In NIKS-
based BSS, Ki67 staining was observed in both
basal and suprabasal keratinocytes, consistent
with cellular proliferation during wound healing,?”
In contrast, Ki67 staining in cadaver allografts was
highly variable.

Allograft tissues did not induce acute
inflammatory infiltrate in vivo

As a potential indication of graft rejection, IHC
staining for T lymphocytes, B lymphocytes, and
Langerhans cells was performed on the allografted
tissues which had been placed in the wound bed for
1 week. No acute inflammatory infiltrate was found
in any of the allografted tissues. The data pre-
sented® show that after placement of NIKS-based
BSS for 1 week in full-thickness wounds, normal
tissue architecture was maintained with no sub-
stantial inflammatory infiltrate seen. These data
are suggestive that this BSS did not induce an
acute inflammatory response in patients with full-
thickness skin loss and is in agreement with clini-
cal experience with other allogeneic products as
described above.

Skin substitutes generated from NIKS cells
do not express key costimulatory molecules
in vitro

Other studies have shown that human kerati-
nocytes do not constitutively express MHC class II
or co-stimulatory molecules and are therefore less
likely to induce an immunological response unless
stimulated.?” Preclinical studies demonstrated
that NIKS-based BSS is negative for MHC class I1
human leukocyte antigen DR (HLA-DR) staining.®
Moreover, expression of the co-stimulatory mole-
cules B7-1, B7-2, and CD40 was not detectable.
Similar to other skin substitutes,’® in vitro expo-
sure of tissues to y-interferon (IFN-y) was sufficient
to enhance MHC class I HLA-ABC expression and
induce the expression of class II HLA-DR and
CD40. However, even at high concentrations of
IFN-y, expression of the key co-stimulatory mole-
cules B7-1 or B7-2 was not detected. This suggests
that although NIKS cells will likely be recognized
as allogeneic by immunocompetent recipients
through expression of class I antigens and minor
histocompatibility antigens, they lack robust con-
stitutive antigen presentation capability typically
involved in acute rejection.

IMHC class Il expression is not detectable
in epidermal cells after placement
in full-thickness wounds

In order to examine acute inflammatory re-
sponses directed against the allograft tissues after
placement on the wound bed for seven days, IHC
staining for MHC class I and II molecules was
completed. Staining showed expression of HLA-
ABC on the keratinocytes; however, few HLA-DR
positive cells were found in the epidermis of either
skin substitute or cadaver allografts. Moreover, the
morphology of the few HLA-DR positive cells seen
within the epidermis was indicative of dendritic
cells and not of keratinocytes. The data presented
suggest the NIKS keratinocytes are not likely to act
as antigen presenting cells and activate acute cel-
lular immune responses directly.” This observation
is in agreement with data shown for other alloge-
neic therapies as discussed above.

Patients did not develop antibody responses
targeted to the HLA types of NIKS or dermal
fibroblasts found in BSS tissue

For clinical evaluation of a cell-based, biologic
therapy, it is critical to evaluate the immunoge-
nicity of the product during patient exposure. The
panel reactive antibody (PRA) levels were mea-
sured prior to allograft placement, at the time of
allograft removal, and after 3 months at study
completion. Six of the 15 patients exhibited ele-
vated PRA values for at least one time point;
however, all these patients developed antibody re-
activities to HLA antigens that are not present in
NIKS-based BSS. One patient developed anti-
bodies to a single NIKS HLA allele, however, it is
unlikely to be specifically directed against the cells
of the NIKS-based BSS since that individual also
developed antibody specificities against other HLA
alleles not expressed in BSS tissue. In addition, the
individual did not develop antibodies to other HLA
antigens on the NIKS keratinocytes. These data
indicate that NIKS-based BSS is not acutely anti-
genic and does not elicit a potent antibody re-
sponse.

INNOVATION

As previously mentioned, the need for repeated
cell sourcing is a well-recognized problem in the
field of biological therapies.?® Although advances
in tissue engineering have enabled development of
therapeutic human skin substitutes, the use of
primary keratinocytes necessitates continual cell
sourcing as existing cell banks are depleted. Once
produced, each new bank must undergo expensive
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and exhaustive pathogen screening and
tumorigenicity testing to be qualified
for clinical use. Furthermore, due to the
differences in individuals from which
epidermal keratinocytes are harvested,
genetic variability is a constant chal-
lenge. The use of NIKS epithelial pro-
genitor cells offers cost advantages. As
required by the Center for Biologics
Evaluation and Research branch of
the FDA, NIKS keratinocytes have
been thoroughly examined and found to
be non-tumorigenic and free of detect-
able viral or adventitious agents. The
long-lived phenotype of the NIKS
cells ensures an abundant and constant
source of non-tumorigenic, pathogen-
free cells.

As described in brief above, data from
the Phase I/I1a trial showed no evidence
of safety concerns after exposure to
NIKS-based BSS for 7 days.®? Addi-
tional clinical testing is currently un-
derway to assess longer exposure to
NIKS-based BSS. Based on the initial
study and in light of over 20 years of
clinical experience with other cellular-
ized, allogeneic skin therapies, it is an-
ticipated that the allogeneic cells are not
likely to persist and will eventually be
replaced by the patient’s own cells as the
wound heals. Preclinical evidence sup-
ports this;’* however, the persistence

and immunogenicity of NIKS-based BSS will
need to be more thoroughly evaluated in a clinical

setting.

SUMMARY ILLUSTRATION

TAKE-HOME MESSAGES
Basic science advances
e NIKS-based BSS is a full-thickness, living human skin substitute com-
posed of a fibroblast-containing dermal analog and a fully stratified,
biologically and metabolically active epidermis.

e NIKS keratinocytes are a consistent and unlimited source of pathogen-
free human epidermal progenitor cells.

e Unlike primary keratinocytes, NIKS cells are amenable to genetic engi-
neering using non-viral means.

Clinical science advances
o A Phase I/lla clinical trial found that NIKS-based BSS was well tolerated
and comparable to cadaver allograft in the temporary coverage of full-
thickness complex skin defects prior to autografting.

e There were no deaths and no AE deemed to be associated with the use
of NIKS-based BSS.

e Exposure to NIKS-based BSS did not elicit any detectable acute immune
response in the study subjects.

o NIKS-based BSS remained viable and adherent in the wound bed for at
least 7 days.

Relevance to clinical care
e BSS tissue is intended to provide immediate wound coverage and pro-
mote wound healing through sustained expression of wound healing
factors.

e The NIKS cells are uniquely suited for genetic engineering approaches to
produce genetically modified skin substitute tissues designed to secrete
elevated levels of specific therapeutic factors.

o The ability to specifically target known deficiencies or obstacles to healing
presents an important new therapeutic option for the treatment of these
life-threatening injuries.

normal epidermal differentiation, ultimately pro-
ducing enucleated squames. The basal cell layer
continues to produce differentiating cells through
normal mitosis as long as cultures are maintained
in a suitable growth environment. Basal cells

NIKS-based BSS consists of a fully stratified
epidermal layer overlayed onto a dermal equiva-
lent containing human dermal fibroblasts (A).
NIKS keratinocytes exhibit the differentiation
characteristics of native human interfollicular
epidermis including formation of appropriate tis-
sue architecture, production, and organization of
cell-type-specific proteins, development of a cor-
nified envelope, and production and assembly of
the extracellular lipid lamellae essential for nor-
mal barrier function. The epidermal layer of
NIKS-based BSS exhibits tissue-specific stratifi-
cation and possesses basal, spinous, granular, and
cornified layers. A single layer of cuboidal basal
cells rests at the junction of the epidermis and the
dermal equivalent. Following mitotic division,
cells in the basal layer move upward and undergo

also produce adhesion proteins and form normal
desmosomes and hemidesmosomes that permit
tight cell-cell and cell-matrix adherence. The
well-developed cornified layer confers an epider-
mal permeability barrier comparable to that of
normal human epidermis. These features enable
production of a durable, suturable skin substitute
with excellent handling characteristics that is
amenable to mechanical meshing prior to place-
ment (B). For clinical evaluation, NIKS-based
BSS was manufactured according to current good
manufacturing practices requirements. The clin-
ical study briefly overviewed above was designed
to compare the ability of NIKS-based BSS to ca-
daver allograft to condition and temporarily cover
the full-thickness component of complex skin
defects prior to autografting (C). In this study, the
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primary endpoint was the percentage of autograft
take 2 weeks after autograft placement.

CAUTION, CRITICAL REMARKS,
AND RECOMMENDATIONS

The study that was the subject of the reviewed
articles was designed to assess safety. Further clini-
cal evaluation is needed to determine whether NIKS-
based BSS is effective in promoting wound healing in
patients with complex skin defects resulting from
burns or other acute trauma. Although the standard
of care differs for full-thickness and partial-thickness
wounds, almost all full-thickness wounds exist
within the context of surrounding partial-thickness
injuries. In addition, some areas of these wounds are
indeterminate in depth and some areas of partial-
thickness injury may convert to full-thickness injury
after initial clinical assessment. Therefore, complex
wounds are best viewed as a continuum that requires
effective management of both full and partial-thick-
ness components. Although the clinical trial dis-
cussed above is focused on the temporary coverage of
full-thickness skin defects prior to autografting, it
will be necessary to assess the safety and efficacy of
NIKS-based BSS for the treatment of partial-thick-
ness wounds for longer periods of time.

bial factors have already

been created.’® The ability
to specifically target known deficiencies or obsta-
cles that delay healing of complex skin defects
presents an important new therapeutic option for
the treatment of these life-threatening injuries.
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