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Abstract

Cryopreserved human skin allografts (CHSAs) are used for the coverage of

major burns when donor sites for autografts are insufficiently available and

have clinically shown beneficial effects on chronic non-healing wounds. How-

ever, the biologic mechanisms behind the regenerative properties of CHSA

remain elusive. Furthermore, the impact of cryopreservation on the immuno-

genicity of CHSA has not been thoroughly investigated and raised concerns

with regard to their clinical application. To investigate the importance and fate

of living cells, we compared cryopreserved CHSA with human acellular dermal

matrix (ADM) grafts in which living cells had been removed by chemical

processing. Both grafts were subcutaneously implanted into C57BL/6 mice and

explanted after 1, 3, 7, and 28 days (n = 5 per group). A sham surgery where

no graft was implanted served as a control. Transmission electron microscopy

(TEM) and flow cytometry were used to characterise the ultrastructure and

cells within CHSA before implantation. Immunofluorescent staining of tissue

sections was used to determine the immune reaction against the implanted

grafts, the rate of apoptotic cells, and vascularisation as well as collagen con-

tent of the overlaying murine dermis. Digital quantification of collagen fibre

alignment on tissue sections was used to quantify the degree of fibrosis within

the murine dermis. A substantial population of live human cells with intact

organelles was identified in CHSA prior to implantation. Subcutaneous pockets

with implanted xenografts or ADMs healed without clinically apparent rejec-

tion and with a similar cellular immune response. CHSA implantation largely

preserved the cellularity of the overlying murine dermis, whereas ADM was

associated with a significantly higher rate of cellular apoptosis, identified by

cleaved caspase-3 staining, and a stronger dendritic cell infiltration of the

murine dermis. CHSA was found to induce a local angiogenic response,
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leading to significantly more vascularisation of the murine dermis compared

with ADM and sham surgery on day 7. By day 28, aggregate collagen-1 content

within the murine dermis was greater following CHSA implantation compared

with ADM. Collagen fibre alignment of the murine dermis, correlating with

the degree of fibrosis, was significantly greater in the ADM group, whereas

CHSA maintained the characteristic basket weave pattern of the native murine

dermis. Our data indicate that CHSAs promote angiogenesis and collagen-1

production without eliciting a significant fibrotic response in a xenograft

model. These findings may provide insight into the beneficial effects clinically

observed after treatment of chronic wounds and burns with CHSA.
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1 | INTRODUCTION

For more than 50 years, transplantation of human skin
allografts has been the gold standard for the temporary
coverage of major burns when donor sites for autolo-
gous skin grafts are insufficiently available.1 Beyond
the initial goal of temporary wound coverage to
decrease fluid loss and prevent infections, skin allo-
grafts have also shown beneficial effects in the treat-
ment of major burns by preparing the wound bed for
future autograft applications. Skin allografts have been
shown to improve wound regeneration not only in
burns2-4 but also in chronic venous as well as diabetic
lower leg ulcers, leading to higher healing rates com-
pared with bioengineered skin substitutes.5-8 The most
commonly used methods for preservation of human
skin allografts in tissue banks are dehydration using
highly concentrated glycerol or cryopreservation (−20
to −196�C). Cryopreservation has been suggested to be
the preferred method of skin graft preservation, as it
better preserves the physicochemical properties and
viability of fresh human skin.9-11 However, limited data
exist on the impact of cryopreservation on the immuno-
genicity of skin allografts and concerns about immuno-
logical sensitisation after skin allograft transplantation
have been raised.12 Due to their incompatibility with
the host, the cellular elements of skin allografts are
rejected, though dermal components can persist and
become incorporated into the healing host dermis.3 The
biologic mechanisms underlying this integration, which
have been clinically demonstrated after skin allot-
ransplantation, remain incompletely understood. In
order to characterise the impact of live cells within
CHSA on the host immune response, we developed a
xenograft model by subcutaneous transplantation of
CHSA containing live cells or decellularised human

acellular dermal matrix (ADM) into immunocompetent
mice. Our subcutaneous implantation model also
allowed us to assess the impact of CHSA on murine der-
mal integrity over time.

Key Messages

• the biologic mechanisms behind the regenera-
tive properties of cryopreserved human skin
allografts (CHSAs) on wound healing remain
elusive and the impact of cryopreservation on
the immunogenicity of CHSA has not been
thoroughly investigated

• CHSAs and acellular dermal matrix (ADM)
grafts were subcutaneously implanted into
immunocompetent mice and explanted after
1, 3, 7, and 28 days. Transmission electron
microscopy, flow cytometry, immunofluores-
cent staining of tissue sections, and digital
quantification of collagen fiber alignment were
used to characterise living cells in CHSA and
to determine the immune response against the
grafts as well as the rate of apoptotic cells,
vascularisation, and collagen content and the
architecture of the overlaying murine dermis

• CHSA was found to induce a local angiogenic
response, leading to significantly more
vascularisation of the murine dermis

• collagen fiber alignment of the murine dermis,
correlating with the degree of fibrosis, was signif-
icantly greater after ADM implantation, whereas
CHSA maintained the characteristic basket
weave pattern of the native murine dermis
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2 | METHODS

2.1 | Subcutaneous implantation of
CHSA and ADM

All experiments were performed in accordance with
Stanford University Institutional Animal Care and Use
Committees and have been approved by the Administrative
Panel on Laboratory Animal Care at Stanford University
(APLAC). Subcutaneous pockets were created via 1 cm inci-
sion and sharp dissection above the muscle fascia on the
dorsum of C57BL/6J (wild-type) mice (Jackson Laboratory,
Bar Harbor, ME) (n = 5 per group). CHSA (TheraSkin, Mis-
onix, Inc, Farmingdale, NY) were thawed and grafts of
1 × 1 cm were implanted into the subcutaneous pockets.
Implantation of ADM grafts (AlloDerm, Allergan, Dublin,
Ireland) or sham pockets without graft implantation served
as controls. Incisions were closed with 6-0 nylon sutures
(Ethilon, Ethicon, Somerville, New Jersey). The grafts and
overlaying murine skin were explanted after 1, 3, 7, and
28 days. The subcutaneous implantation model allowed us
to directly investigate the impact of the implanted grafts on
dermal integrity, collagen architecture, and cellular composi-
tion of the overlying murine dermis over time.

2.2 | Flow cytometry

For flow cytometric analysis, CHSA were thawed, then
micro-dissected, and incubated in serum-free Dulbecco's
Modified Eagle Medium (DMEM) with 240 U of collagenase
IV/mL for 1 hour at 37�C in a rotating oven. Digested tissue
was filtered, centrifuged, and stained with 40,6-diamidino-
2-phenylindole (DAPI) (Biolegend, San Diego, California).
Cells were analysed on a BD FACS Aria (Becton Dickinson,
San Jose, California) and data were analysed using FlowJo
(Becton Dickinson, San Jose, California).

2.3 | Transmission electron microscopy

Sections were mounted on slides and fixed in Karnovsky's
fixative (2% glutaraldehyde and 4% formaldehyde in
0.1 M sodium cacodylate pH 7.4 for 1 hour. The sections
were post-fixed in cold 1% osmium tetroxide in water and
allowed to warm for 2 hours in a hood, then washed
three times with ultrafiltered water. Subsequently, sec-
tions were en bloc stained in 1% uranyl acetate at room
temperature for 2 hours. Samples were dehydrated in
serial ethanol washes for 10 minutes at room temperature
and then washed in propylene oxide (PO) for 10 minutes.
Samples were infiltrated with EMbed-812 resin mixed at
1:1 and 2:1 with PO for 2 hours each. Furthermore, the

samples were placed into EMbed-812 for 2 hours, placed
into flat moulds with fresh resin, and then incubated in
an oven at 65�C overnight. Sections of 90 nm were picked
up on formvar/Carbon coated Cu grids, stained for
40 seconds in 3.5% uranyl acetate in 50% acetone,
followed by staining in Sato's Lead for 2 minutes. Sam-
ples were analysed in the JEM-1400 120 kV transmission
electron microscope (TEM; JEOL, Peabody, Massachu-
setts) and photos were taken using an Orius 2 k × 4 k
digital camera (Gatan, Pleasanton, California).

2.4 | Histologic analysis

Explanted tissue was fixed in 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 24 hours.
For haematoxylin and eosin (H&E) and picrosirius red
(PSR) staining, tissue was dehydrated in a graded ethanol
series and embedded into paraffin. Tissue sections were
deparaffinised and rehydrated through graded ethanol
series. H&E staining and PSR staining were performed
according to standard protocols.

2.5 | Immunofluorescent staining and
confocal laser scanning microscopy

After fixation, tissue was dehydrated in 30% sucrose in 1X
PBS for at least 48 hours at 4�C. Tissue was then incubated
in optimal cutting temperature compound (O.C.T.,
TissueTek, Sakura Finetek, Torrance, California) for
24 hours at 4�C and then cryoembedded in tissue moulds
on dry ice. Frozen sections were performed at 7 μm thick-
ness on a cryostat. Antigen retrieval was performed using
0.01 M sodium citrate buffer in PBS (Abcam, Cambridge,
MA), followed by blocking for 2 hours in 5% goat serum
(Invitrogen, Waltham, Massachusetts,) in PBS. Sections were
then incubated in anti-CD11c antibody (ab33483; Abcam,
Cambridge, Massachusetts,), anti-myeloperoxidase antibody
(PA5-16672, ThermoFisher, Waltham, Massachusetts,), anti-
CD31 antibody (ab28364; Abcam) or anti-mouse collagen-1
antibody (AB765P; Millipore Sigma) over night at 4�C,
followed by secondary antibody staining for 1 hour at room
temperature. Slides were stained with DAPI for cell nuclei
and mounted with cover slips.

2.6 | Automatic quantification of
immunofluorescent staining and collagen
fibre alignment

Immunofluorescent staining was quantified using a code
written in MATLAB adapted from previous image

HENN ET AL. 927



FIGURE 1 A, Schematic of the experiments performed to establish the xenograft model (created with biorender.com). Cryopreserved

human skin allografts (CHSA) were analysed by flow cytometry (FACS) and transmission electron microscopy (TEM). in vivo implantation

of CHSA and an acellular dermal matrix (ADM) was performed subcutaneously into C57BL6/J mice. Explantation was performed on days

1, 3, 7, and 28 for H&E and picrosirius red staining as well as immunofluorescent staining and confocal microscopy. B, Single cell

suspensions derived from thawed CHSA were subjected to FACS, showing numerous live (DAPI-negative) cells. SSW, side scatter width. C,

TEM revealed live cells with intact cell and nuclear membranes and functional organelles such as centrioles (second panel: arrow pointing

to longitudinal section, arrowhead pointing to cross section) and rough endoplasmatic reticulum (fourth panel, arrows). White squares

indicate the areas of the magnified images. Scale bars: 5 μm in overviews and 1 μm in magnified images. D, H&E images of explanted

xenografts with overlaying murine (mu) subcutis and skin on days (d) 1, 3, 7, and 28. Arrowheads indicate the upper border of the fibrous

capsule forming around the xenografts. Scale bar: 200 μm. H&E, haematoxylin and eosin
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analysis studies by one of the authors (K.C.).13 Analysis
of fibre alignment of the murine skin above ADM and
CHSA was performed on polarised PSR images of 20×
magnification using the custom software MatFiber.
Fomovsky et al adapted this intensity-gradient-detection
algorithm for MATLAB (Mathworks, Santa Clara,
California),14 and it has previously been used by the
authors to analyse the alignment of collagen fibres and
stress fibres.13 We used this algorithm to analyse the
angle of alignment and strength of alignment (mean vec-
tor length [MVL]) of subregions of 50 pixels in areas
across the image with a threshold of 22 000. The MVL
ranges from values of 0 (representing completely random
alignment) to 1 (representing completely aligned fibres).

We used the MVL and mean angle (MA) of each image
to then calculate an overall strength of alignment for the
collagen fibres as mentioned previously.14 Furthermore,
collagen fibre quantification was performed using CT-
FIRE, an open-source software package for automatic
segmentation and quantification of individual collagen
fibres (http://loci.wisc.edu/software/ctfire).15

Statistical analysis was performed in Prism8
(GraphPad, San Diego, California) using Student's t test
or one-way analysis of variance (ANOVA) with Tukey's
multiple comparisons test. The Rayleigh test was used to
assess the circular distribution of the calculated vectors of
alignment. Data are presented as means ± SEM. P values
of <.05 were considered statistically significant.

FIGURE 2 Immunofluorescent staining for cleaved caspase-3 (CC3) indicating apoptotic cells after implantation of cryopreserved

human skin allografts (CHSA), acellular dermal matrix (ADM), or sham surgeries. White box indicating the area of the magnified image on

the right. Dotted lines indicate the interface between murine dermis and xenografts. The white square indicates the area of the magnified

image. Scale bar: 200 μm in overview and 100 μm in magnified image.*P < .05
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3 | RESULTS

3.1 | Human split thickness skin grafts
exhibit live cells after cryopreservation and
thawing

To identify the rate of live cells following cryopreserva-
tion, thawed CHSA were examined by FACS and TEM

(Figure 1A). FACS analysis identified DAPI-negative
(live) cells within the grafts (Figure 1B). TEM revealed
cells with intact membranes and nuclei as well as func-
tional organelles such as centrioles and rough endoplas-
mic reticulum, demonstrating active protein synthesis
(Figure 1C).

FIGURE 3 Immunofluorescent staining for myeloperoxidase (MPO) indicating neutrophilic granulocytes after implantation of cryopreserved

human skin allografts (CHSA), acellular dermal matrix (ADM), or sham surgeries. Dotted lines indicate the interface between murine dermis and

xenografts. The white square indicates the area of the magnified image. Scale bar: 200 μm in overview and 50 μm in magnified image.*P < .05
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3.2 | Implantation of human xenografts
preserves murine dermal integrity

All mice survived until the final timepoint of graft
explantation at day 28. Healing of the skin incisions
created for subcutaneous graft implantation occurred
without any wound complications or macroscopically
visible signs of inflammation within the overlying

murine dermis, thus no clinically overt signs of graft
rejection were observed. Xenograft implantation pre-
served murine dermal integrity, with intact hair folli-
cles present through day 28 after graft implantation,
and no significant differences in dermal thickness
were observed over time. Fibrous capsule formation
was stronger around CHSA compared with ADM
(Figure 1D).

FIGURE 4 Immunofluorescent staining for CD11c indicating dendritic cells after implantation of cryopreserved human skin allografts

(CHSA), acellular dermal matrix (ADM), or sham surgeries. Dotted lines indicate the interface between murine dermis and xenografts. The

white square indicates the area of the magnified image. Scale bar: 200 μm in overview and 50 μm in magnified image.*P < .05
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3.3 | CHSA implantation is associated
with less apoptosis of native murine
dermis than ADM

Apoptotic cells were identified by immunofluorescent
staining of cryoembedded tissue sections for cleaved
caspase-3 and visualised by confocal microscopy. Overall,
the cell count of the murine dermis was significantly
higher after CHSA implantation and sham surgery com-
pared with ADM implantation (Figure 2). Furthermore,
ADM implantation showed a significantly higher rate of
apoptotic, cleaved caspase-3-positive cells compared with
CHSA and sham. Within the grafts, cellular infiltration
was comparable between CHSA and ADM; however,

there was a trend towards a higher rate of apoptosis
within ADM (Figure 2).

3.4 | CHSA do not elicit a stronger
immune response than ADM

The acute and intermediate immune responses against
the grafts were characterised by immunofluorescent
staining against myeloperoxidase, an enzyme abundantly
expressed in neutrophilic granulocytes, which catalyses
the formation of reactive oxygen species,16 as well as
CD11c (integrin alpha X), an integrin found in high
levels on most dendritic cell (DC) populations,17 which

FIGURE 5 Immunofluorescent staining for CD31 indicating blood vessels in the murine dermis after implantation of cryopreserved

human skin allografts (CHSA), acellular dermal matrix (ADM) implantation or sham surgeries. Dotted lines indicate the interface between

murine dermis and xenografts. The white square indicates the area of the magnified image. Scale bar: 200 μm in overview and 50 μm in

magnified image.*P < 0.05
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are the main cell type to initiate adoptive alloimmunity.18

Infiltration of the grafts by neutrophilic granulocytes trended
to be higher in CHSA compared with ADM at day 3, how-
ever, without statistical significance (P = .11). No differences
were seen after 7 days of implantation. Within the murine
dermis, an overall stronger infiltration of granulocytes was

seen on day 3 compared with day 7; however, neither graft
induced stronger granulocyte infiltration than that associ-
ated with the creation of a sham pocket (Figure 3).

DCs were more abundant within both grafts on day
3 compared with day 7, though without statistical signifi-
cance. ADM implantation induced a stronger DC

FIGURE 6 A, Immunofluorescent staining for murine collagen-1 after explantation of cryopreserved human skin allografts (CHSA) or

acellular dermal matrix (ADM) on days 1, 7, and 28 after implantation and sham surgeries (postoperative day 7). Scale bar: 200 μm. B,

Polarised images of picrosirius red-stained tissue sections and analysis of collagen fibre length (CT-FIRE) and alignment (MatFiber). *P < .05

compared with CHSA and sham calculated by Raleigh's test (fibre alignment) and one-way ANOVA (fibre length). MVL, mean vector length
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infiltration of the overlaying murine dermis compared
with the sham pocket (P < .05), which also trended to be
stronger than in CHSA. On day 7, there was a trend
towards higher DC infiltration of the murine dermis in
CHSA compared with ADM and sham (Figure 4).

3.5 | CHSA induce dermal angiogenesis

Vascularisation of the murine dermis was assessed by
staining for CD31 (platelet endothelial cell adhesion mol-
ecule, PECAM-1) and was significantly greater on day
7 following CHSA implantation compared with ADM
implantation or sham surgery, suggesting that CHSA pro-
mote angiogenic activity. No statistically significant dif-
ferences in dermal vascularisation were found between
the groups at baseline (day 1) and day 28 (Figure 5).

3.6 | CHSA implantation promotes
collagen-1 production within the murine
dermis without disrupting tissue
ultrastructure

To assess the impact of CHSA and ADM on the murine der-
mal architecture and integrity within our xenograft model,
we performed immunofluorescent staining for murine
collagen-1 as well as PSR staining of tissue sections.

Collagen-1 content of the murine dermis increased in
response to implantation of both xenografts and was sig-
nificantly higher at day 28 in the CHSA group compared
with sham operations (P < .05). A trend towards higher
murine dermal collagen-1 content was also seen in CHSA
compared with ADM (Figure 6A). To compare the degree
of resulting fibrosis after xenograft implantation, we quan-
tified collagen fibre length and alignment in polarised PSR
images using automated software algorithms (MatFiber
and CT-FIRE). A significantly higher fibre length and
alignment within the murine dermis was found following
ADM implantation on day 7, with the same trends still
present through day 28, although statistically not signifi-
cant, presumably due to the low sample size. This highly
aligned collagen fibre pattern is more consistent with
fibrosis of the wound bed. Conversely, CHSA implantation
and sham surgeries preserved the characteristic basket
weave appearance of the healthy murine dermis with
shorter fibre lengths and lower alignment (Figure 6B).

4 | DISCUSSION

The beneficial effects of human skin allograft transplan-
tation have been known for decades, particularly in the

treatment of major burn injuries. Skin allografts have
been shown to accelerate the healing of burn wounds
and more also recently of chronic wounds.7,19 As an
immunogenic organ, allo- or xenografted skin by nature
induces an immune response, ultimately leading to
fibrotic encapsulation and rejection by the host.20 Murine
xenograft models have been widely used for the investiga-
tion of fibrotic conditions21-23; however, how the immune
response to foreign grafts is linked to their clinically
observed beneficial effects on wound healing has never
been thoroughly investigated at the cellular or molecular
levels.

To investigate the mechanisms underlying the regen-
erative effects of allogenic human skin grafts, as well as
the role of live human cells within these grafts, we devel-
oped a xenograft model for CHSA and human ADM
implantation into immunocompetent mice.

We found that the implantation of 1 × 1 cm large
human xenografts with or without live cells was tolerated
well by immunocompetent mice and did not induce
wound complications or extrusion of the grafts through
day 28.

Although cellular infiltration into the grafts was com-
parable between the groups, a reduced cell count within
the murine dermis was found after ADM implantation.
In line with these findings, staining for cleaved caspase-3
showed a higher rate of cellular apopotosis within the
murine dermis after ADM compared with CHSA implan-
tation, indicating a protective effect of CHSA on dermal
integrity after injury. Previous studies have shown that
soluble cytotoxic compounds from the decellularisation
process of some types of ADM induce apoptosis in vitro
and inflammation after subcutaneous implantation into
mice,24 which may be the cause of the increased cellular
apoptosis found after ADM implantation in our study.
The aseptic processing of AlloDerm includes a treatment
with mild non-denaturing detergents to remove epider-
mal and dermal cells while the collagen matrix is pre-
served.25 Remnants of such detergents within AlloDerm,
which might locally be released after implantation, might
be the reason for local cytotoxic effects and the increased
cleavage of caspase-3 observed in this study. Clinical
studies that have compared the use of aseptically
processed and sterilised ADMs for breast reconstruction
have yielded mixed results with regard to postoperative
complication rates, and further research is required to
define the impact of ADM processing techniques on the
local tissue microenvironment.25 For human MSCs, it
has been shown that they reduce the cleavage of
caspase-3 after xenotransplantation into the kidney cap-
sule of immunocompetent mice,26 which indicates simi-
lar effects of different xenotransplanted human cells in
mouse models.
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DCs are the main cell type mediating early immune
recognition and rejection of allo- and xenogenic skin
grafts. They present donor antigens on MHC molecules
and elicit an adaptive immune response, secreting cyto-
kines and acute-phase proteins.27 A stronger infiltration
of the murine dermis by DCs was found following
implantation of ADM when compared with CHSA on
day 3, indicating that live cells within CHSA do not trig-
ger a stronger DC-mediated immune response compared
with decellularised grafts. Neutrophilic granulocytes
showed a trend towards a higher infiltration after CHSA
implantation on day 3. However, neutrophilic infiltrates
are not considered specific to the pathogenesis of skin
graft rejection and rather represent a generic acute
inflammatory response.28

CHSA transplantation induced angiogenesis and
resulted in a significantly stronger vascularisation of the
murine dermis on day 7 after graft implantation com-
pared with ADM and sham surgeries. Previous studies
have shown that the process of graft rejection is
characterised by a hypoxic microenvironment leading to
leukocyte infiltration, which secrete pro-angiogenic cyto-
kines such as vascular endothelial growth factor.29 Since
it is well established that angiogenesis is critical for phys-
iological wound healing,30 the process of leukocyte-
induced angiogenesis in response to CHSA transplanta-
tion might be the underlying mechanism behind the
regenerative properties of CHSAs on wounds.

Collagen-1 content within the murine dermis
increased by day 28 in response to ADM and CHSA
implantation. CHSA transplantation induced a signifi-
cantly higher collagen-1 expression compared with sham
surgeries and a trend toward higher collagen-1 expression
compared with ADM grafts. Although the production of
collagen-1 by fibroblasts is an essential component of
wound healing, collagen-1 accumulation is also a hall-
mark of fibrosis throughout different organ systems.30 In
order to characterise collagen architecture within the
murine dermis after xenograft implantation, we analysed
collagen fibre alignment within PSR-stained tissue sec-
tions, which has been shown to strongly correlate with
the degree of fibrosis across different organ systems.31 We
found a significantly higher fibre alignment after ADM
implantation compared with CHSA and sham surgery at
post-implantation day 7. These findings indicate that the
cellular response to CHSA might elicit a remodelling pro-
cess of the dermis leading to a less fibrotic collagen fibre
alignment, which preserves the physiologic basket weave
appearance of the dermis. Our data might provide a bio-
logic explanation for the improved healing rates of
chronic wounds treated with CHSA compared with stan-
dard of care alone, which were demonstrated in large ret-
rospective matched-cohort studies.7,31

Limitations of our study are related to the fact that
the murine host response to CHSA may be different from
the immune response to allografts in human patients.
However, using a mouse xenograft model allowed us to
investigate the response to CHSA and their impact on
dermal integrity over time. Further limitations of our
study are differences in the anatomy and physiology of
the murine dermis compared with humans. Thus, studies
using porcine models that resemble human skin more
closely might yield valuable insights into the impact of
skin allografts on dermal regeneration.32 How living
human cells within CHSA and different populations of
host cells attracted in response to CHSA implantation
impact dermal regeneration and angiogenesis on the
molecular and cellular level has to be investigated in
future studies. This will allow for a more in-depth under-
standing of the cellular mechanisms involved in the
response to allograft tissues and how this relates to angio-
genesis and extracellular matrix remodelling.

5 | CONCLUSIONS

Our data indicate that the implantation of CHSA induces
murine dermal angiogenesis and regeneration, leading to an
increased collagen-1 production with a lower degree of der-
mal fibrosis compared with human decellularised dermal
grafts. Although a comparable immune response was
observed after CHSA and ADM implantation, ADM induced
a higher rate of cellular apoptosis within the murine dermis,
which might be related to the decellularisation process dur-
ing ADM fabrication. The beneficial impact of CHSA
implantation on murine dermal regeneration in our xeno-
graft model might be the underlying cause of the clinically
observed regenerative effects after skin allograft transplanta-
tion on chronic wounds and burns.
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