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Abstract. Rapid wound closure in extensively burned
patients has remained one of the major unresolved
issues of medicine. Integra® is the most widely estab-
lished artificial skin, which is composed of a porous
matrix of cross-linked bovine collagen and chondroi-
tin 6-sulphate covered by a semi-permeable silicone
layer. We present here a (immuno)histological study
of a severely burned patient with a full-thickness
burn treated with a tissue-engineered dermal tem-
plate (Integra®) and split-thickness skin graft-based
protocol. Immunohistochemical investigation of the
artificial dermis revealed that immune cell infiltra-
tion reached its peak on day 10. Tissue immunophe-
notyping found an increase in CD3" cells over the
course of the study as well as CD4 and CD8 positivity
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on day 40, indicating remaining T-cell subpopula-
tions. We observed weak/no infiltration of NK cells
(CD56%). In conclusion, the use of bi-layer Integra®
represents a feasible and safe procedure resulting in
formation of non-irritating dermal substitutes.

Introduction

Large and deep wounds with the loss of all skin ad-
nexa may only be healed by application of either autolo-
gous keratinocytes, epidermal grafting, or more com-
monly a split-thickness skin graft (STSG) (Auxenfans et
al., 2015; Kanapathy et al., 2016); the depth of the injury
is thus a critical parameter reflecting the ability of skin
to regenerate (Dunkin et al., 2007). Although these pro-
cedures provide an adequate barrier between the outer
and inner environments by restoring the epidermis, only
little is done to regenerate the dermis. In particular, full-
thickness burns following excision of the dead tissue,
covered only with STSG, may tend to form hypertroph-
ic scars and contractures (Varkey et al., 2015). Therefore,
from the long-term perspective, defects repaired with
full-thickness transplants demonstrate remarkably bet-
ter functional and cosmetic appearances (Nguyen et al.,
2010).

The dermal templates may be categorized as decellu-
larized human or animal skin, artificially constructed
scaffolds, or entirely synthetic polymers (Cheshire et al.,
2016). Integra® is the most widely established artificial
skin (Haertsch, 2002), which is composed of a porous
matrix of cross-linked bovine tendon collagen and gly-
cosaminoglycan (chondroitin 6-sulphate) obtained from
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shark cartilage covered by a semi-permeable silicone
layer that temporarily replaces the epidermis (Dagalakis
et al., 1980; Yannas and Burke, 1980; Yannas et al., 1980,
1981; Heimbach et al., 2003). This artificial skin was
developed in the Massachusetts General Hospital, Bos-
ton Shriners Burns Center and Massachusetts Institute
of Technology in the late 1970s (US Patent 4,060,081A).
At the beginning, it was expected that the structure of
the artificial dermis would resemble normal dermis and
serve as a template for synthesis of the new connective
tissue while it slowly degrades (Burke et al., 1981).

In this context, several animal studies have demon-
strated its ability to facilitate host cell infiltration, neo-
angiogenesis and deposition of endogenous collagen
(Yannas et al., 1989; King et al., 1997; Grant et al., 2001;
Shaterian et al., 2009; Capito et al., 2012). The first per-
formed histological investigation conducted on 131 hu-
man subjects divided the healing process of Integra®
into six phases (Stern et al., 1990). Whereas Phase I (0-7d)
was never evaluated, Phases II (7-10d), I1I (10-15d), IV
(14-17d), V (18-25d), and VI (30+d) were systemati-
cally examined for the presence of inflammatory cells,
fibroblasts, sprouting vessels, collagen deposition, as
well as degradation of the remaining template compo-
nents and structure. Nowadays it is clear that the ex-
pected biodegradation during the neodermis formation
in humans is not complete (Zajicek et al., 2018). Despite
its two main limitations, the price and susceptibility to
infection, the use of the template results in an excellent
cosmetic and functional outcome (Nguyen et al., 2010a).
In particular, the elastic properties of areas reconstruct-
ed with Integra® have been found comparable to normal
skin.

Although the incomplete biodegradability of Integra®
(Zajicek et al., 2018) does not clinically correlate with a
negative functional outcome (Nguyen et al., 2010), the
reaction of the immune system to the artificial skin has
to be further elucidated to better understand its biocom-
patibility. Thus, we present here a case of severely burned
patient treated with an Integra®/STSG-based protocol.
In particular, we focused on histological examination of
the early stages of Integra® remodelling during the skin
repair.

Material and Methods

Human subject

The study was approved by the Ethical Committee of
University Hospital Kralovské Vinohrady (EK-VP/04/
0/2016). A thirty-nine-year-old woman was admitted
due to chemical burns encompassing a total body sur-
face area (TBSA) of 40 % with grade III involvement,
from a mixture of strong acids and hydroxides (Fig. 1).
This accident happened during a motor vehicle collision
in which one vehicle was transporting said chemicals.
The aforementioned injury completely involved the
head and neck as well as the torso and limbs. In the area
of the face and neck, excision was performed within 48 h.

The areas were temporarily covered with biological co-
vers (porcine skin xenograft). Bi-layer Integra® (Integra
LifeSciences Corp., NJ) was applied on the neck and
face on day 10 following injury. The artificial skin ma-
tured without infection or haematomas. Thirty-three
days after Integra® application, the neodermis was cov-
ered with STSG removed from the patient’s limbs; the
STSG healed within two weeks after grafting.

Histopathology

Full-thickness punch biopsies, 3 mm in diameter, of
the areas previously treated with bi-layer Integra® were
systematically removed and processed routinely for his-
topathological examination. Samples were removed
(with the informed consent of the patient) on days 7, 10,
21 and 40 following Integra® application. Briefly, speci-
mens were fixed in 4% buffered formaldehyde, dehydrat-
ed in increasing concentrations of ethanol and embed-
ded in paraffin. Thin, 2 um, sections were then stained
with haematoxylin-eosin (basic staining) and Sirius red
(collagen staining). Firstly, immunohistochemical anal-
ysis was performed using primary antibodies (Table 1)
directed against markers identifying inflammatory/im-
mune cells (with focus on major T-cell subsets): leuko-
cyte common antigen (LCA/CD45), CD3, CD4, CDS8,
CD56, CD57. Secondly, vimentin (Vim), CD31, CD34,
a-smooth muscle actin (SMA), Ki67, Bcl-2, p53, p63,
keratins-14 (K14) and -19 (K19), and E-cadherin (E-Cad)
were immunohistochemically stained (Table 1) to score
the repair process of Integra® and STSG.

Semi-quantitative analysis of
immunohistological markers

A semi-quantitative method was used to evaluate the
immunohistologically stained structures. Sections were
examined as coded slides by two well-trained experts
according to the scale: — absent, + minimal, ++ moder-
ate, and +++ marked.

Results

Histopathology of the dermal template and
STSG

Extended histological analysis using basic staining
(haematoxylin-eosin), collagen staining and immuno-
histochemistry and the results of semi-quantitative eval-
uation of distinct parameters of the skin biopsies at the
four time points are given in Figures (2, 3, 4 and 5) and
Tables (2, 3 and 4), respectively.

On day 7, basic staining revealed porous thick (eosino-
philic) fibers of the artificial dermal template that were
dominantly infiltrated with inflammatory (based on cell
morphology, we identified macrophages and neutro-
phils) cells (see Table 2, for detailed immunophenotype,
see below); vimentin-expressing fibroblasts and CD31/
34-positive endothelial cells (see Table 3) were also pre-
sent. Vessel sprouting was rather seen from the subcuta-
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on the face on day 2 post injury. Successful Integra® application on day 7. Integra® vascularized on day 21. STSG grafted
on day 40. Final outcome six years after injury.

Day 2

Table 1. Reagents used for immunohistochemistry

Day 7

IHC antibody (clone) | vendor/producer dilution | pretreatment instrument detection system
LCA (RP2/18) Roche Ventana RTU CC1 36 min Benchmark Ultra, Ventana | HRP/DAB
CD3 2GV6) Roche Ventana RTU CC1 36 min Benchmark Ultra, Ventana | HRP/DAB
CD4 (SP35) CellMarque 1:100 High pH, 20 min | PTLink, manual HRP/DAB
CD8 (917-V) DB Biotech 1:200 High pH, 20 min | PTLink, manual HRP/DAB
CD56 (123C3) DAKO Agilent RTU High pH, 20 min | PTLink, Autostainer Link48 | HRP/DAB
CD57 (NK-1) Diagnostic Biosystems | RTU High pH, 20 min | PTLink, manual HRP/DAB
Vimentin (V6) Roche Ventana RTU CC1 20 min Benchmark Ultra, Ventana | HRP/DAB
CD31 (JC/70A) Diagnostic Biosystems | RTU CCl1 64 min Benchmark Ultra, Ventana | HRP/DAB
CD34 (QBEND/10) Roche Ventana RTU CC1 20 min Benchmark Ultra, Ventana | HRP/DAB
SMA (1A4) DAKO Agilent RTU High pH, 20 min | PTLink, Autostainer Link48 | HRP/DAB
Ki67 (30-9) Roche Ventana RTU CC1 36 min Benchmark Ultra, Ventana | HRP/DAB
Bcel2 (124) DAKO Agilent RTU High pH, 20 min | PTLink, Autostainer Link48 | HRP/DAB
p53 (DO-7) Roche Ventana RTU CC1 36 min Benchmark Ultra, Ventana | HRP/DAB
p63 (EP235) Roche Ventana RTU CC1 36 min Benchmark Ultra, Ventana | HRP/DAB
K14 (D19-N) DB Biotech RTU CC1 36 min Benchmark Ultra, Ventana | HRP/DAB
K19 (E16-L) DB Biotech 1:100 High pH, 20 min | PTLink, manual HRP/DAB
E-cadherin (NCH38) | DAKO Agilent RTU High pH, 20 min | PTLink, Autostainer Link48 | HRP/DAB
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Fig. 2. Histological samples (stained with haematoxylin-cosin (H+E) and Sirius red (SR)) examined 7, 21 and 40 days
after injury (magnification 200%; scale 100 um).
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Fig. 3. Histological samples processed for immunohistochemistry examined 7, 21 and 40 days after injury (STSG — split-
thickness skin graft; magnification 400x; scale 100 pm).



Vol. 66 Skin Repair Using Tissue-Engineered Dermal Template 165

CD 34 SMA

Ki67

Day 40 (STSG)

Fig. 4. Histological samples processed for immunohistochemistry examined 7, 21 and 40 days after injury (staining for
Vim, SMA and CD34 — magnification 200x; staining for Ki67 — magnification 400%; scale 100 pm).
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Fig. 5. Histological samples (STSG — split-thickens skin graft) processed for immunohistochemistry examined 40 days

after injury (magnification 400%; scale 100 um).

neous tissue (Fig. 3) and did not reach the middle and/or
superficial portion of the template. Later, on days 21 and
40, luminized (CD31/34" and SMA-positive) vessels
were present throughout the whole neodermis. The pres-

ence of vimentin-expressing fibroblasts and SMA-ex-
pressing myofibroblasts gradually increased within the
evaluated time intervals. From day 10 to day 21, the ac-
tivity of the cells increased (cells expressed Ki67) and
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Table 2. Semi-quantitative analysis of inflammatory/immune cells in bioptic samples removed from areas covered by
Integra® dermal template and split-thickness skin graft (STSG)

LCA CD3 CD4 CD8 CD56 CD57
Integra® Day 7 + +/— +/- - - -
Day 10 ++ +/- +/- - - -
Day 21 +/— + - - -
Day 40 + ++ + - +/—
SCT Day 7 ++ +/- ++ +/- - -
Day 10 ++ +/— ++ + - -
Day 21 + +/— +/- - - -
Day 40 + +/— + - - -
STSG-E Day 40 + +/— +/— - -
STSG-SPD Day 40 + ++ ++ - +/-

E — epidermis, SPD — stratum papilare dermis, SCT — subcutaneous tissue

Table 3. Semi-quantitative expression of immunostained structures/markers in bioptic samples removed from areas cov-

ered by Integra® dermal template and split-thickness skin graft (STSG)

Vim CD31 CD34 SMA Ki67 Bcl-2 p53
Integra® Day 7 ++ +/— +/— - - _ _
Day 10 ++ +/— +/— ++ + — -
Day 21 +++ + + ++ + — _
Day 40 4+ + + + + + +
SCT Day 7 Ft ++ ++ + + +/— _
Day 10 +++ + + +H+ ++ +/— +/—
Day 21 +++ ++ ++ + + — -
Day 40 +++ + + + _ _ +
STSG-E Day 40 + - - - T+ + ++
STSG-SPD | Day 40 +++ ++ ++ +++ ++ - +

E — epidermis, SPD — stratum papilare dermis, SCT — subcutaneous tissue

Table 4. Semi-quantitative expression of epithelial struc-
tures/markers in bioptic samples removed from areas cov-
ered by Integra® dermal template and split-thickness skin
graft (STSG)

p63
+++

K14 K19
+++ -

E-Cad
4+

STSG-E Day 40
STSG-SPD | Day 40 - - - -
E — epidermis, SPD — stratum papilare dermis

was expressed by deposition of extracellular matrix and
production of granulation-like tissue. Thus, the Sirius
red staining and polarized light microscopy clearly
demonstrated that the artificial template was gradually
filled with newly formed tissue, which was only poorly
seen on days 7 and 10.

The STSG (applied on day 33) contained papillary
dermis and an intact epidermal layer with proliferating

(Ki67-positive) basal epidermal layer and normal strati-
fication (Fig. 5). The characteristic structure of papillary
dermis could be observed, and luminized vessels ensur-
ing nutrition for the STSG were already present (Fig. 4).

Immunophenotype of the dermal template
and STSG

The presence of immunity-related cells in the investi-
gated tissue layers was confirmed by staining with LCA
(CD45) (Table 2). Moreover, this staining also showed
an increase in the number of immune cells on days 7 and
10 in the SCT and on day 10 also in the Integra® tem-
plate (Fig. 3). Staining of the artificial dermis with the
CD3 marker showed a gradual increase in T-cell num-
bers from day 7 to day 40. The population of CD4*
T cells, which was weakly positive on day 7, expanded
progressively over the course of the study. On the other
hand, the population of CD8* T cells was found positive
in the Integra® template only on day 40. In contrast, op-
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posite dynamics of CD8" cells was observed in the SCT
when compared to the Integra® template. CD3" T-cell
numbers were kept steady until day 40, when a decrease
in their numbers was observed. The population of CD4*
T cells decreased over the course of the study, but re-
mained positive in SCT. Moreover, the CD8* T cells ob-
served on days 7 and 10 in SCT were not present on
days 21 and 40. Comparing each of the studied layers on
day 40, the CD4" T-cell population was found in each of
the layers except for the STSG-E layer, which was rath-
er CD4 negative. A CD8 T-cell population was found in
each layer except the SCT. Of note, the investigated tis-
sue layers were CD56 and CD57 negative, manifesting
no/weak NK cell infiltration.

Discussion

To the best of our knowledge, our study represents the
first insight into the immune system response related to
Integra® application in a severely burned human patient.
In detail, the immunohistochemical investigation of the
artificial dermis revealed that immune cell infiltration
reaches its peak on day 10, three days later when com-
pared to the subcutaneous tissue, which correlates with
Phase II of burn repair with artificial skin (Stern et al.,
1990). The tissue immunophenotype found an increase
in CD3" cells over the course of the study as well as
CD4 and CDS positivity on day 40, indicating remain-
ing T-cell subpopulations. On the other hand, subcuta-
neous tissue was CD3 as well as CD4 and CD8 negative
on day 40. Considering that T cells are a key immune
system player responsible for graft rejection (Anderson
et al., 2008; Dixit et al., 2017), such finding supports the
hypothesis of unresolved inflammation present in
Integra®, supporting previous findings showing weak
immunogenic potential of this template, most probably
due to its non-human, but bovine, origin (Jones et al.,
2002). We observed weak/no infiltration of NK cells
(CD56"), which was rather expected as these cells play
a crucial role in virus-infected and neoplastic cell elimi-
nation (Mandal and Viswanathan, 2015).

Formation of the granulation tissue appeared to pro-
ceed more slowly than in normal open wounds (Gal et
al., 2008; Shestakova et al., 2020). However, the newly
formed collagen was similar to normal collagen of intact
skin (Stern et al., 1990; Muangman et al., 2006). Simi-
larly, as seen previously (Moiemen et al., 2006), we ob-
served no signs of pathological scaring, such as the pres-
ence of thick collagen bundles or nodules typical of
keloids or hypertrophic scars, respectively (Ghazawi et
al., 2018). Long-term (ranging from 35 months to 14
years) histological analysis confirmed the trend of nor-
mal collagen arrangement (Moiemen et al., 2011; Zaji-
cek et al., 2018). On the other hand, the elastic fibres
were also found in the regenerated template, however,
of a rather abnormal and reduced density and more ir-
regular distribution (Moiemen etal., 2011). Furthermore,
we did not observe formation of any skin adnexa.

In conclusion, the use of bi-layer Integra® represents
a feasible and safe procedure resulting in formation of
non-irritating dermal substitutes. Although we analysed
several markers of immune cells, other lymphocytes
such as B cells and various CD4* T-cell subpopulations
were not investigated in this study due to immunohisto-
chemical co-staining limitations, which present a limita-
tion of our study. In particular, identification of CD4*
T-cell subsets may help elucidate the Th1/Th2 immune
response polarization. Therefore, further in-depth studies
conducted on a higher number of human subjects and
analysis of other immune cell subpopulations, particular-
ly neutrophils and monocytes, are required to complete
the immune profile of Integra® and to fully understand
the immunity-related processes during skin regeneration
using this template.
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