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1 | INTRODUCTION

A new cell-tissue technology uses a patient's skin to create an in vivo expanding
and self-organising full-thickness skin autograft derived from potent cutaneous
appendages. This autologous homologous skin construct (AHSC) is manufactured
from a small full-thickness skin harvest obtained from an uninjured area of the
patient. All the harvested tissue is incorporated into the AHSC including the
endogenous regenerative cellular populations responsible for skin maintenance and
repair, which are activated during the manufacturing process. Without any exoge-
nous supplementation or culturing, the AHSC is swiftly returned to the patient's
wound bed, where it expands and closes the defect from the inside out with full-
thickness fully functional skin. AHSC was applied to a greater than two-year old
large (200 cm?) chronic wound refractory to multiple failed split-thickness skin
grafts. Complete epithelial coverage was achieved in 8 weeks, and complete wound
coverage with full-thickness functional skin occurred in 12 weeks. At 6-month
follow-up, the wound remained covered with full-thickness skin, grossly equivalent
to surrounding native skin qualitatively and quantitatively equivalent across multi-
ple functions and characteristics, including sensation, hair follicle morphology,
bio-impedance and composition, pigment regeneration, and gland production.
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In large skin defects, many cell populations are lost, and
the remaining stem cells along the wound's periphery are

Wound healing has traditionally been defined through four dis-
tinct physiological phases; haemostasis, inflammation, prolifera-
tion, and tissue remodelling. Each phase involves complex and
interdependent signalling and coordination of diverse cellular
populations including inflammatory, endothelial, stromal, and
progenitor, or stem cells. Notable cell populations present in
skin include cells expressing leucine-rich repeat-containing G
protein-coupled receptor 6 (Lgr6), CD34, and keratin 15 that
reside within dermal appendages including the follicular bulge,
sebaceous glands, and inter-follicular epidermis.'~

unable to adequately regenerate lost tissues. Failure to
achieve early and appropriate wound coverage can result in
refractory non-healed wounds. As the population ages and
comorbidities such as diabetes become more prevalent,
chronic wounds are expected to increase and already account
for 3% of total health care expenditure in developed coun-
tries with an excess of $5 and $50 billion spent annually in
the United Kingdom and United States, respectively.*”’
While full-thickness skin grafts and split-thickness skin
grafts (STSGs) can achieve early autologous wound coverage,
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both have measurable rates of failure approaching 30%, espe-
cially in the setting of chronic wound treatment.® Graft failure
can result from numerous factors including systemic comorbid-
ities, the inability of the wound bed to support the metabolic
demand of intact tissue, traumatic detachment of nascent vas-
culature, and physical shearing.®° Commercially available skin
substitutes can replicate the hierarchical morphology of skin,
but they do not replace functional appendages, such as follicu-
lar and glandular structures, and they too are vulnerable to loss
from shear stress leading on the graft (Table 1). A novel, com-
mercially available, cell-tissue therapy, derived from a patient's
own skin can expand and regenerate appendage-bearing skin
and be used to heal chronic wounds. This autologous, homolo-
gous skin construct (AHSC) treatment is created from a small
full-thickness skin harvest (epidermis, dermis, and hypoder-
mis) taken from an unaffected healthy area, which is shipped
to a biomanufacturing facility. The AHSC is manufactured
without ex vivo expansion and swiftly returned to the provider.
A single application of AHSC is applied to the properly deb-
rided chronic wound and covered by a standard wound dress-
ing. Once engrafted, the AHSC self-propagates and expands
into full-thickness skin that contains all the critical components
for native tissue function including dermal appendages, such
as hair follicles and sweat glands.

Here, we present this technique and report the first out-
come of AHSC-treated tissue compared with native skin and
STSG in a chronic lower extremity wound, which had
repeatedly failed the clinical standard of care (autograft) and
other advanced wound care skin substitutes.

2 | METHODS

Patient authorisation and consent were obtained for use of
all photographs, images, and figures contained within this
manuscript, in accordance with institutional policies. Fol-
lowing production and application of a single application of
AHSC, the patient was followed for 6 months and assessed
for AHSC safety, efficacy, donor site morbidity, graft take,
time to wound closure, pigmentation, hair follicle develop-
ment, and sweat and sebaceous gland production, sensation,
contracture, and pliability.

2.1 | Preparation of AHSC therapy

A full-thickness harvest is taken from an unaffected area of
the patient such as the groin or thigh, and the site is closed pri-
marily. The tissue is shipped in normal saline at 4°C to an
Food and Drug Administration—regulated biomedical
manufacturing facility (PolarityTE, Salt Lake City, Utah). All
the tissue is processed into AHSC (SkinTE; PolarityTE),
which involves processing of tissue to improve the surface
area to volume ratio and activation of the endogenous regener-
ative cellular populations akin to the activation that occurs
when native skin is injured. The AHSC can be returned to the

Key Messages

e The growing clinical and financial burden of chronic non-
healing wounds mandates effective wound coverage options
that result in robust permanent skin.

o Skin grafts are one standard of care but they require specialised
surgeons, create a large and painful donor site defect, and can fail
because of shear stress on the graft.

e An autologous homologous skin construct (AHSC) can be
derived from a patient's own skin. Innate regenerative cellular
populations from a small full-thickness healthy skin harvest
are fractionated and activated during manufacturing. The prod-
uct expands within the wound bed using the natural healing
environment created by the patient's body to heal the wound
from the inside out.

o Compared with native uninjured skin, neo-regenerated skin
from the AHSC was found to be equivalent across multiple
functions and characteristics, including sensation, hair follicle

composition, pigment regeneration, and gland production.

clinical site the same day depending on the location, or up to
11 days following tissue harvest with the goal of providing
the patient with their own AHSC as expeditiously as possible.
The wound bed is sharply debrided and the AHSC is spread
evenly across the wound bed analogous to distributing a skin
graft. It is dressed with a non-absorbent, non-adherent dress-
ing such as silicone with regular dressing changes until mature
epithelialisation in a manner consistent with STSG dressing.

2.2 | Wound Healing and Functional Tissue
Assessment

Pre-treatment cutaneous defect and post-treatment wound heal-
ing were documented with high-resolution digital single lens
reflex (DSLR) photography (Cannon, Melville, New York).
Pain was subjectively rated by the patient. Baseline static two-
point discrimination was performed on AHSC-treated areas,
native skin, and STSG-treated areas as previously described tak-
ing the average of 5 random locations for each group.'® Bio-
impedance analysis (RJL Systems, Clinton Township, Michi-
gan) was performed using the two-electrode method as previ-
ously described on AHSC-treated areas, native skin, and STSG-
treated areas to assess water content, oil content, and pliability.
Briefly, electrodes are placed 4 cm apart in the region of skin to
be tested with time-varying sinusoidal 1 V applied in a 200 Q
resistance circuit with voltage drop measured with current pas-
sage less than 10 pA.''™'* Differences between means were
measured using two-way analysis of variance with a Tukeys
post-hoc test with a P-value of <0.05 considered as significant.

2.3 | Tissue architecture and compositional analysis

Molecular composition of skin and hair follicles from AHSC-
treated areas and native skin was analysed using Raman
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TABLE1 Table of AHSC and advanced wound care products
Regenerative Complete skin
Treatment Tissue source Viable tissue stem cell niche architecture
AHSC Autologous full-thickness skin Yes Yes Yes
Split-thickness skin graft Autologous partial-thickness skin Yes No No
Animal collagen scaffolds Xenograft collagen No No No
Acellular dermal matrix Allogeneic acellular dermis No No No
Amnio-placental membranes Allogeneic human amnion Yes/No No No
Cultured keratinocytes on matrices Allogeneic neonatal foreskin Yes No No
Allograft (cadaveric) skin Allogeneic human skin Yes No No
Cultured epithelial autograft (CEA) Cultured epidermal cells+ mouse cells (xenograft) Yes No No

spectroscopy (ThermoFisher Scientific, Madison, Wisconsin).
Hair follicles removed from uninjured skin and AHSC-treated
skin were whole mount imaged with a digital compound micro-
scope (Zeiss V16, Oberkochen, Germany), a confocal micro-
scope (Leica TPS SP8, Wetzlar, Germany) following labelling
with wheat germ agglutinin and phalloidin (ThermoFisher Sci-
entific), an environmental scanning electron microscope (ESEM,
Zeiss EVO LS10, Oberkochen, Germany), and a second har-
monic multi-photon microscope (Leica SP, Wetzlar, Germany).

3 | CLINICAL CASE

A 3l-year-old previously healthy African American male
suffered polytraumatic injuries from a motorcycle accident
24 months earlier. His acute traumatic injuries included
wounds in both lower extremities, with a large traumatic soft
tissue avulsion covering the majority of the anterior RLE
resulting in bone exposure and a large avulsion flap that later
failed and resulted in complete necrosis. The flap was deb-
rided and a STSG was placed 1-month post-injury. The STSG
failed with complete graft loss likely because of the inade-
quacy of the wound bed to support the graft. Over the subse-
quent 2 years, the wound chronically failed to heal despite
application of multiple advanced wound care products, skin
substitutes, and additional STSG efforts. The patient initially
presented for AHSC therapy with a pretibial defect >200 cm?
in size with drainage, exposed bone and reported absent or
impaired light touch sensation, and increased pain throughout
wound and peri-wound bed surfaces (Figure 1). The patient
elected to undergo AHSC treatment to avoid another STSG.
Two days prior to the AHSC application procedure, a
small (6 cm long), elliptical full-thickness skin harvest was
performed in clinic by a sterile technique from the patient's
right groin for the creation of AHSC. At 48-hours following
harvest, the wound bed was prepared using direct contact
low frequency ultrasonic debridement (SonicOne; Misonix,
Farmingdale, New York) followed by topical application of
the AHSC product into the full-thickness wound bed
(200 cm?). AHSC was spread evenly applied across the
entire wound surface and the treated wound was covered
with an occlusive, non-adherent, non-absorbent silicone
dressing similar to a skin graft, and wrapped with multi-layer

compression dressings. The patient was discharged home
with instructions to return for weekly follow-up for 8 weeks
followed by monthly follow-up for a total of 6 months.

4 | RESULTS

4.1 | Wound healing and donor site

AHSC had complete (100%) graft take and resulted in complete
epithelial coverage within 8 weeks and full-thickness functional
skin coverage within 12 weeks (Figure 2). At the last follow-up
at 6 months post-application of AHSC, the wound remained
completely closed and covered with full-thickness functional
skin, which was grossly equivalent to the surrounding native

FIGURE 1
with a split-thickness skin graft 30 months previously. B, Image of debrided
chronic right lower extremity wound 24 months following injury with

A, Image of left lower extremity fasciotomy wound resurfaced

granulation tissue and exposed tibia
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FIGURE 2  Progressive healing of right anterior lower extremity wound following autologous homologous skin construct (AHSC) application with

propagation of melanocyte pigmentation and regeneration of full-thickness skin at A, 1 week; B, 4 weeks; C, 8 weeks; D, 6 months

skin. Serial examination of the wound following application of
AHSC demonstrated regeneration of full-thickness skin tissue
and associated cutaneous appendages (hair follicles, sweat/oil
glands). In addition to wound closure by epithelialisation, serial
follow-up assessments showed progressive restoration of tissue
volume, melanin pigment deposition, and improvement of gross
cutaneous sensation. The patient subjectively reported
decreased pain and improved functional and aesthetic outcome
compared with the contralateral STSG, which he reported con-
tinuously believed dry and required moisturisation.
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4.2 | Functional and compositional analysis

Digital single-lens reflex photography demonstrated focal
expansion of AHSC within the full-thickness wound bed, with
progressive melanocyte pigmentation and full-thickness skin
regeneration throughout the wound, with minimal contracture
(Figure 2). Static 2-point discrimination demonstrated no dif-
ference between AHSC and native skin (P = 0.076). In con-
trast, the healed STSG placed on the contralateral extremity
demonstrated a reduction in sensation relative to native skin
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A, Static 2-point discrimination test results comparing right lower extremity autologous homologous skin construct (AHSC) (14 weeks post-

operative), left lower extremity native skin, and left lower extremity STSG (30 months post-operative). B, Relative bio-impedance expressed as a percent (%)
comparing right lower extremity AHSC (14 weeks post-operative), left lower extremity native skin, and healed left lower extremity split-thickness skin graft
(STSG) (30 months post-operative). NS, non-significant). *P-value <0.05; ****P-value <0.0001
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FIGURE 4 Comparative multi-modality imaging of hair follicles (HFs)
harvested from either native skin or autologous homologous skin construct
(AHSC) at 14-week post-application. Correlative fluorescent probe imaging
was conducted using confocal microscopy to determine relative quantity,
and colocalisation of structures including nuclei (blue), F-actin (red) and
collagen (green) analytes. Environmental scanning electron microscopy
(ESEM) and dark field stereoscopic imaging was conducted to determine
the relative surface/subsurface microanatomy of the structures

and AHSC (P < 0.0001) (Figure 3). Bio-impedance analysis
of AHSC-regenerated skin relative to native skin showed no
significant difference in moisture, oil, or pliability (P = 0.25),
whereas the healed STSG of the LLE had significantly
reduced features along all three parameters (P < 0.05)
(Figure 3). Hair follicles that were regenerated from AHSC
demonstrated normal cellular and structural architecture, with
complex hierarchical dermal papilla morphology, and prop-
erly oriented keratinised hair shaft growth similar to that of
native hair follicles by compound microscopy, fluorescent
confocal second-harmonic

microscopy, multiphoton
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microscopy, and ESEM (Figure 4). Notably, the complex cel-
lular architecture of the follicular bulge where regenerative
cellular populations are located was completely recapitulated
with AHSC treatment. Additionally, Raman spectroscopy
demonstrated no significant difference in molecular composi-
tion of AHSC-regenerated and native hair follicles (Figure 5).

5 | DISCUSSION

True successful healing of chronic wounds requires com-
plete epithelialisation with the regeneration and replacement
of normal skin end organs and function. Advanced skin sub-
stitutes and STSGs are limited by their inability to fully reca-
pitulate the cellular physiology of skin. AHSC uses
autologous cells derived from intact skin that can activate in
situ the complex coordination of epidermal and dermal cellu-
lar populations, extracellular matrix, and repair pathways
required for successful healing.'> These differences improve
the quality of complete healing beyond epithelialisation, and
represent a desired state for clinical wound care.

The quest to develop a fully recapitulative topical heal-
ing modality has been pursued for years. Chronic wounds
are characterised by multiple impaired physiological pro-
cesses that perturb normal healing, including ischaemia,
inflammation, infection, reduced levels of growth factors,
proteinase imbalance, and cellular senescence as well as
local factors such as foreign bodies and tissue insult.'®
Impairment of cellular activity and efficacy has been attrib-
uted to decreased mitogenic response of wound fibroblasts
to growth factors and the persistence of a hyperproliferative
but less differentiated state of keratinocytes.'>'®

1000 900 800 700 600

Raman shift (cm-1)

FIGURE 5

Comparative Raman spectroscopic fingerprinting of hair follicles (HFs) harvested from (A) autologous homologous skin construct (AHSC)-

regenerated tissues and (B) native skin to determine the relative molecular composition, quantity, structure, and energy state of the specimens shifted to show

their respective signal peaks. C, Direct comparison of the spectra by subtraction creates a flat line demonstrating minimal differences in the molecular

fingerprint of the tissues
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Within this setting of compromised wound biology, conven-
tional therapies and advanced skin substitutes commonly fail
with reported failure rates approaching 30% in clinical trials with
no specific skin replacement therapy demonstrating clinical
superiority over another in a Cochrane Database Systematic
Review.'”'® Similarly, skin grafts with their relatively large tis-
sue mass and metabolic demands have reduced graft take in the
setting of ischaemia and poor tissue perfusion found in chronic
wounds.” The AHSC technology was developed to survive aus-
tere tissue environments and in vitro, in vivo, and emerging clin-
ical data support these capabilities. The entirety of the
harvested tissue is used during the manufacturing of AHSC,
so it contains all necessary structural and cellular elements,
including the endogenous stem cell populations. The
manufacturing of AHSC activates these cells, with the seg-
mentation of the skin tissue. The processing of AHSC
improves the surface area to volume ratio of reimplanted tis-
sue, which aids cell survival via plasmatic imbibition, the pas-
sive diffusion of oxygen, nutrients, and metabolite, until
inosculation and blood vessel formation can take place.
Because AHSC is swiftly returned to the patient and the cells
are not cultured in vitro, they expand physiologically in the
wound bed using the body's endogenous wound repair support
pathways, in contrast to cells produced in tissue culture, which
can alter gene expression and cell behaviour.'

In the clinical case presented in this report, the functional
capability of the resulting AHSC-regenerated tissue was similar
to that of uninjured native skin and a healed STSG on the con-
tralateral across all parameters tested, including digital single-
lens reflex photography, microscopic imaging, sensory exami-
nation, and bio-impedance analysis. In contrast, STSG-treated
areas were found to be significantly different from native skin
(Table 1). Patient-reported outcomes demonstrated a strong
preference by the patient for treatment with AHSC compared
with STSG, for parameters of pain, function, and cosmesis.

We have thus presented a clinical proof of concept that
a patient-derived autologous cell-tissue therapy, AHSC,
can achieve regenerative healing in a chronic wound, com-
plete with replacement of skin end organs. Remarkably,
the successful healing occurred in the setting of multiple
failed prior STSG and use of xenograph skin substitute
through a single delivery of AHSC. Repeated AHSC appli-
cations were not required. The achievement of complete
wound closure by AHSC with full-thickness skin regenera-
tion with functional appendages (hair, glands, and light
touch sensation) is unique and has not been previously
reported. We point out that this patient was a young other-
wise healthy patient without the comorbidities frequently
encountered in patients with chronic wounds such as with
diabetic lower extremity wounds, venous stasis ulcers, and
arterial ulcers. Therefore, further translational and clinical
research of AHSC is warranted to explore its full potential
for successful, high quality wound healing under more
challenging host environments.
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