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SUMMARY

Bioengineered organs raisedvitro are candidate ther advances in culturing technology has permit-
substitutes for natural organs in biological, pharmacoted the production of different organotypic models
logical and clinical applications. We have studied celthat might be referred to as human skin equivalents
kinetics in a human skin equivalent (HSE) using §HSE; Bell et al, 1981; Asselineaet al, 1986;

combined immunohistochemical and flow cytometrich nertret. 1990 Parenteati al. 1991 1992). In

approach. Morphological analysis has shown thatSuch HSE the epidermis generaiteditro is com-

relative to unstimulated natural skin, cell proliferation ined with a connective tissue that mav be consid-
mainly occurs in the basal layer of the epidermaP y

equivalent. Immunohistochemical and flow cytomet-8r€d @ dermal equivalent, thus reconstructing the
ric measurements of the growth fraction suggested &chitecture of human natural skin. Nevertheless,
cell turnover comparable to that of natural skin.the absence of several cell populations, including
Immunohistochemical labelling indices matched wellvascular cells, nervous cells, hair and secretory
with flow cytometric data. These observations arecells represents a major problem of these HSE.
consistent with morphological and histochemical data Since bioengineered organs are designed to sub-
demonstrating normal cell differentiation and tissuestitute natural organs in clinical, biological and
architecture in HSE and suggest that such HSE Mayharmacological applications, it is important to
be a usefull substitute for human skin. clarify as much as possible the degree of similarity
to corresponding natural tissues and organs.
Although tissue architecture and cell differentiation
in HSE appear similar to natural skin, little infor-
Long term subcultivation of keratinocytes provid- mation is available concerning cell proliferation.

ed the basis for the reconstruction of human epiOur aim was to study kinetic aspects in a model of
dermisin vitro (Rheinwald and Green, 1975). Fur- HSE after completion of cell differentation.
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MATERIALS AND METHODS zidine tetrahydrochloride, to which hydrogen-per
oxide (0.02%) was added just before use, for 5
Materials min at room temperature. Each solution was pre

Samples of human skin equivalent (HSE,pared in 0.05 Mrtis buffer, pH 7.4, containing 0.1
Apligraf™, n=5) were kindly provided by @ane M NaCl (0.15MTris-buffered saline) and between
genesis Inc, MA, USA. HSE was constructed agach step of the immunostaining procedure the
described by Parenteat al (1991). Briefly der  sections were washed in the samddauf
mal fibroblasts and keratinocytes were derived To allow the detection of BrdU by the correspond
from human neonatal foreskin. Passaged fibrobing antibody the sections were immersed in 2.5 N
lasts were mixed with bovine type | collagen toHCI for 30 min at room temperature, thoroughly
form a cellular lattice inside a culture insert. Ker washed in borax bfér, pH 8.5, and treated with
atinocytes were seeded on the surface of this 1a0.5% pepsin in 0.01 N HCI for 30 min at°87
tice and grown to confluence while the culture To allow the detection of Ki-67 antigen by the
remains submeed in the culture mediunThe corresponding antibogdyhe sections were treated
construct was then cultured at the air liquid inter with 0.2% trypsin, type Il inTris bufer, pH 7.8,
face to promote diérentiation and cornification of containing 0.1% Cagfor 10 min at 37, and incu
the epidermisAfter completion of epithelial cell bated in a microwave oven for antigen retrieval.
differentiation, living HSE were incubated with Microwave heating was performed in an antigen
bromodeoxyuridine (BrdU, 20@M) for 2 h to retrieval solution (BioGenex) as irradiation fluid
label S phase traversing cells. Samples of normaising a Panasonic microwave oven (model 4540,
human skin (n=3) were obtained from perilesionaP00 W), as described previously (McCormiek
areas after skin punch biopsies, according to thal., 1993; vorWasielewskiet al 1994).
ethical standards of the “San Matteo” Hospital, After inmunostaining, some sections were lightly
Pavia, Italy where they were collectedhese counterstained with haematoxyliThe sections
samples served as controls in our experiments. were finally dehydrated, mounted and observed

with a Zeiss Orthoplan microscope equipped with a
Immunohistochemistry Nomarski diferential interference contrast device.

ImmunostainingSpecimens were fixed with 4% BrdU- and Ki-67-labelling indices were evaluat
paraformaldehyde (w/v) in 0.1 M phosphateed by two independent observers (AC, MC) by
buffer, pH 7.4, for 6 h, dehydrated through gradedcounting immunoreactive cells in threefdrent
concentrations of ethanol and routinely embeddedections of dfierent samples (n=5).
in parafin. Sections were obtained at 5-{n, Monoclonal antibodies and comis of the
rehydrated and stained with haematoxylin andmmunohistochemicaleaction Primary antibod
eosin or processed for immunohistochemical stainies to Ki-67 antigen (clone MIB1, class IgG1) and
ing according to the indirect streptavidin-biotin BrdU (clone B44, class 1gG1l) have been previ
immunoperoxidase technique. ously characterized (Gratznér982; McCormick

The sections were incubated serially with the fol et al, 1993). MIB1 antibody recognizes a wax
lowing solutions: (1) 0.3% hydrogen peroxide forresistant epitope of the Ki-67 nuclear antigen (345
30 min to remove endogenous peroxidase activitygnd 395 kDa double band\kestern blot analysis
(2) normal goat serum, diluted 1:20, for 30 min toof proliferating cells) that is expressed in G1, S
reduce non-specific background staining; (3)and G2-M phase traversing cells (Gereé¢sal,
mouse monoclonal antibodies to either Ki-67 -anti 1984). In pulse-chase experiments, BrdU antibody
gen (BioGenex, San Ramon, USA) diluted 1:50, orecognizes DNAsynthesizing, i.e. S phase -tra
BrdU (Becton Dickinson, Mountaitview, CA, versing, cells.

USA), diluted 1:30, overnight at'@; (4) biotiny Specificity controls included: 1) omission of the
lated goat anti-mouse IgG (Super Sensitive kitprimary antibodies; 2) substitution of the primary
BioGenex, San Ramon, USA) for 1 h at room+emantibodies with non-immune sera or monoclonal
perature; (5) streptavidin-biotinylated peroxidaseantibodies from the same immunoglobulin subelass
complexes (Super Sensitive kit, BioGenex) for 1 res (Polak an&/an Noorden, 1987). No immunos
at room temperature; (6) 0.03%, 3,3'diaminobentaining was observed after control procedures.
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Flow cytometry biochem), and type 1ARNAse 50 Kunitz
Samples of HSE were immediately trimmed inunits/ml) in phosphate bigi for 30 min at room
small pieces and immersed in either 80% ethanakmperature. Finallycells were filtered to remove

at £C (10 min) followed by 0.1%riton X-100 aggregates prior to flow analysis.

(15 min) or 4% paraformaldehyde for 5 min at Indirect immunoflucgscence mcedues. For
room temperature. BrdU-detection, single cell suspensions were
Propidium iodide DNAstaining.For single-para  pre-treated with 3 N HCI for 30 min at room
meter DNAmeasurements, cell suspensions weréemperature to denature DNA, and with 0.1 M
centrifuged and the pellet stained with a solutiorsodium tetraborate for 15 min to neutralize HCI.
of propidium iodide (5Qug/ml, Calbiochem, San Cells were incubated with BrdU-antibody B44,
Diego, CA, USA), 0.1% Nonidet P40 (Cal diluted 1:10 in phosphate Haf containing

Fig. 1 - Tissue architec
ture of human natural
skin (A) and human skin
equivalent (B).

The stratified and kera
tinized epithelium in the
skin equivalent (EE) is
similar to natural epider
mis (E).

The underlying dermal
equivalent (DE) is com
posed of a loose connec
tive tissue similar to nat
ural dermis (D).

In the skin equivalent,
glands, hairs and vessels
and dermal papillae are
lacking.
Haematoxylin-eosin
staining. Magnification
= — 300x.

127



Imp. Casasco 1-06-2001 9:21 Pagina 128 $

0.5% normal goat serum for 30 min at room tem
perature After two washes in phosphate ber

the bound antibodies were labelled with flueres sl . =5

cein isothiocyanate (FITC)-conjugated goat antiy 2

mouse IgG (Dakopatts, Glostrup, Denmark)’ _"E-! ' - ' —
diluted 1:10 in phosphate Haf for 30 min.The = = 8

samples were finally washed and counterstaine =
with propidium iodide (5ug/ml) for 30 min at
room temperature.

Flow cytomety measuementsAt least 40,000
cells were analyzed for each sample:o para
meter flow cytometry analysis (FITC-green vs. -
propidium iodide-red) of BrdU incorporation
and of nuclear DNAontent was performed with
a FACStar Cell Sorter (Becton Dickinson). Data
were collected with a Consort 30 software pro
gram running on a dedicated Hewlett Packar(
computer and displayed as dual parameter cot EE
tour density plots. Single DNAnalyses were . e TEREE T e
performed with a PartecAS Il (Basel, Switzer r = '\
land) arc lamp flow cytometemwith data dis g \
played as frequency histograms. DE

RESULTS

HSE was composed by two distinct tissues,
stratified and keratinized epithelium and a loose
connective tissue, i.e. the epidermal and thi
dermal equivalents, respectively (Fig. 1B).
Within the epithelium, basal, spinous, granulai
and keratinized layers appeared similar to-cor -_
responding layers of natural epidermis (Fig.- :
1A,B). Within the dermal equivalent, only cells c
of the fibroblast lineage could be detected. Nc - a x
glands, hairs, vessels and nervous structures
were recognizable (Fig. 1B). Fig. 2 - Immunohistochemical identification of replicating

The immunohistochemical detection of Ki-67 cells in human skin equivalent. Ki-67-antigen expression
antigen and BrdU revealed positive cells only/€/és G1, S and G2-M cells (amrowsA) whereas S phase

L - . “cells are recognizable by BrdU-incorporation (arrows in B).
within t_he basal layer Of the eplderm_al equiva gopn proliferation antigens are expressed in the nuclei of
lent (Fig. 2A,B). The immunolabelling was some basal cells in the epidermal equivalent (B&ontrol
nuclear for both antigen3.he labelling indices section of the immunohistochemical reactions is shown in C.
(+/- standard error) for BrdU- and Ki-67 anti DE. dermal equivalent. Magnification 400x.
gen in the basal layer were 5.8 +/- 0.7 and 16.5
+/- 1.5, respectivelyNo positive cells could be _ _
detected in the dermal equivalent (FigAB).  (Fig. 3). The S phase dimension (+/- standard

The S phase dimension (+/- standard error) o®fTor), as estimated by immunohistochemical
HSE in toto (epidermal and dermal equiva analysis of BrdL_J-posm_ve cells, was 2.0 +/- 0.3.
lents), as estimated by flow cytometric analysis No morphological evidence for cell damage,
of both DNA content and BrdU-incorporation, Necrosis or apoptosis could be observed in any
was 2.4 +/- 0.3 and 1.8 +/- 0.6, respectivelysample (Figs. 1B, 2A,B,C).
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F-od
-
2
il
ik Fig. 3 - Evaluation of the
growth fraction by flow cyte
metric analysis of S phase cells
in one sample of human skin
7 w equivalentThe diagrams show
Gagon Guis S Sews e ew g IR R — the measurements of cell DNA
. e BRSNS AR wr mm content (right) and bromed
eoxyuridine labelling (left).
DISCUSSION 1960; Clauseret al, 1980; McCormicket al,

1993;Andriesseret al, 1995).

Tissues and gans engineereih vitro may be  The growth fraction in the basal layer of the-epi
interesting substitutes for natural counterparts imlermal equivalent is comparable to the growth
biological, medical and pharmacological applica fraction in the basal layer of natural epidermis
tions. Since it is important to know the degree of Clausenet al, 1980; Potten, 1983]he number
similarity to corresponding natural gans, we Of Ki-67 antigen-positive cells exceeded the Aum
have studied some aspects of cell proliferation in &er of BrdU-positive cellsThis observation agrees
model of human skin equivalent (HSE) composedvell with the distribution of these antigens in the
of an epidermal equivalent and a dermal equivacell cycl_e; in fact, in pulse IabeIIing experiments,
lent. It is important to point out that we have used3rdU is incorporated almost exclusively in S phase
a model of HSE after completion of cellfdifenti ~ Cells, whereas Ki-67 antigen is expressed in all
ation, i.e. after epithelial stratification and kera cycling cells, i.e. G1, S and G2-M-phase cells.
tinization. Previous morphological and histochem We have evaluated the S phase dimension in
ical studies have shown that cellfeientiation in HSE equivalenin toto, i.e. epidermal and dermal
such HSE has occurred normally (Parenteizad, equivalents. Flow cytometric values as deter

: mined by DNApropidium staining were consis
1992; Nolteet al, 1993). Moreoversuccessfull nt with those determined by BrdU incorporation

grafting in animals an_d humans has suggested th ?1d matched well with the immunohistochemical
such_HSE may be suitable for skin transplantatiorérdU labelling index, despite the fiifent number
(Garlick andTaichman, 1994; Noltet al, 1994; ot cq|| counts obtained with the three techniques.
Falangeet al, 1998). _ In conclusion, our histochemical data suggest
Our immunohistochemical analysis has revealeghat cell kinetics in a model of HSE are compara
proliferating cells in the basal layer of the epider pje to those observed in natural skihese obser
mal equivalent, whereas the cells of the dermajations are consistent with morphological and his
equivalent were found not proliferatinghis is  tochemical data showing normal cellfdientia
consistent with tritiated thymidine incorporation tion in this HSE, and support the view that engi
and proliferation antigen expression in natural skimeered tissues may be candidate substitutes for
under normal situations (Messier and Leblondpatural ogans.
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