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Background: The use of fiberoptic bronchial biopsies has
improved our understanding of the immunopathology of asth-
ma. However, this approach offers a limited ability to perform
mechanistic studies observing cell-cell and cell-matrix interac-
tions, which are a key issue in the study of airway remodeling.
Tissue engineering is a technique that combines the use of biol-
ogy and engineering expertise to generate a limitless amount of
tissue from small samples. This technology allows for the study
of cell interactions under conditions as close as possible to the
natural environment.

Objective: The aim of this study was to evaluate the feasibility
of an engineered human bronchial mucosa as a model to study
cellular interactions in asthma.

Methods: Human bronchial fibroblasts from normal and asth-
matic donors were incorporated into collagen gel. Bronchial
epithelial cells were seeded over this gel and then cultured in
an air-liquid interface in the presence or the absence of T lym-
phocytes. Biopsy specimens from these engineered mucosa
were taken for structural and ultrastructural analysis, and T
lymphocytes were harvested and used to localize IL-5.

Results: Histologic analysis showed that engineered mucosa
with normal bronchial cells presented a pseudostratified ciliat-
ed epithelium with the presence of mucus secretory cells. The
electron microscopy analysis confirmed these histologic results.
These features were comparable with those observed in nor-
mal bronchial tissues. However, in engineered mucosa from
asthmatic subjects, the tissue structure was disorganized, par-
ticularly the epithelial cell arrangement. The percentage of IL-
5+ lymphocytes was significantly (P = .03) higher in engineered
bronchial mucosa from asthmatic subjects (87% + 2%) com-
pared with mucosa from normal volunteers (2% =+ 0.3%).
Conclusion: Using tissue engineering, we produced an in vitro
model of bronchial mucosa from normal and asthmatic subjects.
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These models could be a valuable tool to better understand key
mechanisms involved in inflammation and airway repair. (J Aller-
gy Clin Immunol 2001;107:36-40.)
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Cellular culture in a monolayer system is a basic bio-
logic procedure for investigation of the pathogenesis of
diseases. However, isolated cells can only simulate a
small part of the body’s complexity and often lose their
morphology and functional properties. It is well known
that cells need an appropriate matrix as an optimal cell
support to develop their typical differentiated phenotype
in vitro. Tissue engineering is a new field that applies the
principles of biology and engineering to the development
of functional substitutes for damaged tissue. The 2 major
goals of tissue engineering are the production of func-
tional tissues that can be grafted into human subjects and
the development of in vitro models that are superior to
conventional cell cultures, mainly because monolayer
cultures lack an adequate extracellular matrix. These in
vitro models offer the possibility to study different mech-
anisms involved in many diseases and have a great poten-
tial in replacing, in some cases, experiments performed
on animals. Tissue engineering efforts are currently
being undertaken for every type of tissue. At the front of
this development is the creation of an artificial skin for
burned patients!-2 and generation of artificial cartilage
and bone to treat articular joint disease3 and blood ves-
sels for vascular grafts.4

Cellular interactions between epithelial and mes-
enchymal cells play a key role in regulating airway repair
in asthma.> These resident cells, in addition to their
implication in tissue repair, produce a wide range of
cytokines and chemokines that are important in the acti-
vation and recruitment of inflammatory cells in the
bronchial mucosa of asthmatic subjects.® This suggests
that these cells may be involved in the maintenance and
chronicity of the inflammatory response.’

The available information on resident cells in the
bronchial mucosa were obtained from studying fixed
bronchial biopsy specimens or from studies conducted
on cells grown in monolayers.8 Such models have
improved our understanding of the immunopathology of
asthma but have some limits, including the absence of a
matrix environment, which plays an important role in
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Abbreviations used
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intercellular communications.® We therefore designed
this study to evaluate the feasibility of an in vitro model
of bronchial mucosa produced by tissue engineering.
This model will take into account the matrix environment
and cell-cell contact and will enable us to study cell inter-
actions in conditions that are close to the in vivo situation
in the human airway.

METHODS
Bronchial epithelial cell and fibroblast
cultures

Epithelial cells and fibroblasts were isolated from bronchial
biopsy specimens of asthmatic (n = 7) and normal (n = 5) sub-
jects. The asthmatic subjects, as diagnosed according to Ameri-
can Thoracic Society!0 criteria (methacholine PC,; <8 mg/mL),
used only an inhaled ,-agonist on demand. None used inhaled or
systemic corticosteroids. All asthmatic subjects were atopic non-
smokers. Normal subjects (methacholine PC,, >16 mg/mL) were
nonatopic nonsmokers with no history of asthma or systemic dis-
eases. Bronchial biopsy specimens were obtained by means of
bronchoscopy from asthmatic and normal subjects. Fibroblasts
and epithelial cells were isolated from bronchial biopsy speci-
mens!! and characterized by immunofluorescence and flow
cytometry by using anti-cytokeratin, anti-vimentin, and a mouse
anti-human fibroblast antigen Ab-1 antibody from Calbiochem
(San Diego, Calif) that shows no cross-reactions with epithelial
cells, endothelial cells, smooth muscle cells, and many other cell
types. This identification confirmed the purity of our bronchial
cell culture, as described previously.!2 During the culture period,
the media of both cell types were changed 3 times a week. When
the cultures reached 70% to 80% confluence for epithelial cells
and 100% for fibroblasts, the cells were detached, expanded, and
used to produce engineered human bronchial mucosa (EHBM) at
earlier passages (passage 2 for epithelial cells and passages 3-5
for fibroblasts).

Preparation of EHBM

Bovine type I collagen (2.7 mg/mL; type III Sigma) was mixed
with a normal or asthmatic human fibroblast suspension (1.5 x 106
cells) and poured into a Petri dish (35-mm diameter) containing an
anchorage. The cells were cultured in 10% FCS-supplemented
culture medium for 4 days. Epithelial cells (9 x 104/cm?) of the
same subject were seeded onto the gel to obtain EHBM, which
were grown submerged in Dulbecco’s modified Eagle’s—hydrocor-
tisone-free culture medium. When epithelial cells reached 100%
confluence, an interface air-liquid interface was performed for cell
differentiation.

T lymphocyte-EHBM coculture

Lymphocytes were isolated from the peripheral blood of asth-
matic patients (n = 8) by using Ficoll-Paque gradients. Adhering
cells were removed by incubation in a culture flask for 1 hour at
37°C. Nonadhering cell suspensions were then filtered through a
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Nylon column to enrich them in T lymphocytes. The purity of T
cells was about 90%. T cells (106) were added into the lower cham-
ber underneath the engineered tissue. Twenty-four hours later, T-cell
pellets were harvested, centrifuged, and fixed in 2% paraformalde-
hyde. Cytospin preparations were then prepared and immunos-
tained with anti-IL-5 (Genzyme, Cambridge, Mass) by using the
ABC-peroxidase technique.

Histologic assessment of EHBM

For the histologic studies, biopsy specimens were taken from
normal and asthmatic EHBM, fixed in 4% paraformaldehyde, and
embedded in paraffin. Thin microtome sections (5 um) were pre-
pared from each biopsy specimen, and Masson trichrome staining
was used to evaluate the structure of the different tissues. For
immunohistochemical assessments, biopsy specimens were embed-
ded in OCT (Miles, Elkhart, Ind) and frozen in liquid nitrogen, and
cryostat sections (8 wm) were prepared for immunostaining. Sec-
tions were first overlaid with specific goat anti-laminin or anti-type
IV collagen (Chemicon, Temecula, Calif) mAbs for 45 minutes in a
95% humidified chamber at room temperature. After the first incu-
bation, the sections were rinsed extensively with PBS-1% BSA.
Laminin was detected by using immunofluorescence and type IV
collagen by using immunocytochemistry with the ABC-peroxidase
system. Sections were mounted, observed, and photographed.

Electron microscopy

Biopsy specimens were taken from the EHBM for ultrastructur-
al studies. The samples were fixed in 2% glutaraldehyde (0.1 mol/L
cacodylate buffer, pH 7.5), postfixed in 1% osmium tetroxide, and
dehydrated by using graded ethanol. They were then embedded in
Epon 812, stained with toluidine blue, and observed under a light
microscope. Ultrathin sections were obtained from representative
areas, stained with uranyl acetate and lead citrate, and examined
under a JEOL electron microscope.

Statistical analysis

Results are presented as means + SEM. Comparisons between
groups were performed by using the Student ¢ test. Normality and
variance assumptions were fulfilled. The results were considered
significant if P values were less than .05. Data were analyzed by
using the statistical package program SAS (SAS Institute Inc,
Cary, NC).

RESULTS

EHBM was obtained from asthmatic (n = 7) and nor-
mal (n = 5) subjects. Fig 1, A, shows that in EHBM with
normal cells, the epithelium was pseudostratified, a
structure typical of the bronchial epithelium. Electron
microscopy analysis confirmed this structure (Fig 1, C).
The basal layer contained small cells with a low cyto-
plasm/nucleus ratio, whereas the upper layer contained
differentiated cells with a high cytoplasm/nucleus ratio.
Histologic examinations revealed the presence of mucus
in some cells, suggesting the in vitro conservation of the
secretory profile. Fibroblasts were oriented horizontally
to the collagen fibers and had dense nuclei and small
cytoplasm. Fig 1, B, shows that in EHBM with asthmat-
ic cells, the epithelium was less organized than in EHBM
of normal cells, and the number of cell layers was
reduced. Large epithelial cells with faint nuclei, large
cytoplasm, and the presence of vacuoles were observed
in the asthmatic model.
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FIG 1. Micrographs of a typical example of EHBM with cells from normal (A) and asthmatic (B) donors (orig-
inal magnification, 400x). C and D, Electron microscopy micrographs showing the ultrastructure and the for-
mation of rudimentary cilia (original magnification, 2700x). E, Positive staining for type IV collagen in the
EHBM (original magnification, 400x). F, Immunofluorescence-positive staining for laminin in the EHBM (orig-
inal magnification, 400x).

Electron microscopy analysis showed the presence of
microvilli and the formation of rudimentary cilia, sug-
gesting that epithelial cells can differentiate in both nor-
mal and asthmatic models (Fig 1, D). Immunohisto-
chemical and immunofluorescence staining showed
deposition of type IV collagen and laminin at the junc-
tion between the epithelium and fibroblasts, suggesting
formation of a basement membrane (Fig 1, E and F).

Using our bronchial mucosa engineered model, we
also evaluated interaction between immune cells (T cells)
and bronchial resident cells. Fig 2 shows that 87% of T
lymphocytes produced IL-5 when cultured with asthmat-
ic EHBM, whereas only 2% produced IL-5 in the normal
engineered tissue (P = .03). There was no significant dif-
ference in IL-5 production when T cells were cultured
alone compared with coculture with the normal EHBM
2% = 0.8% vs 2% + 0.3%).

DISCUSSION

We have developed a bronchial mucosa model by tis-
sue engineering with primary fibroblast and epithelial
cells isolated from normal and asthmatic human
bronchial biopsy specimens. This model exhibits mor-
phologic, histologic, and functional features of
bronchial mucosa. Our study showed that in engineered
tissue from normal volunteers, fibroblasts were well
organized in the extracellular matrix, and the epithelial
cells proliferated and differentiated to produce a pseu-
dostratified structure. Epithelial cells and fibroblasts in
this model were able to produce basement membrane
proteins. This confirmed that there was functional in
vitro cooperation between cells through laminin and
type IV collagen synthesis. Recently, Zhang et all3
showed that epithelial cells controlled the proliferation
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FIG 2. Percentage of IL-5* cells after lymphocyte coculture with EHBM.

of bronchial fibroblasts grown in a 3-dimensional
model. This supports the hypothesis that the tissue envi-
ronment and cell contact are key factors in reproducing
in vitro the cascade of events that occur in vivo.

We also showed that in an engineered model from
asthmatic subjects, epithelial cells lose the capacity to
have an organized structure compared with normal cells.
Our finding is in concordance with different observations
previously reported in asthma studies and suggests that
the asthmatic epithelium acquired an intrinsic abnormal
function and an altered ability to repair.!4:15

The involvement of resident bronchial cells in modu-
lating and maintaining the inflammatory response is like-
ly important. We showed that the asthmatic bronchial cell
environment promoted IL-5 production by T cells. Sever-
al factors may be involved in orienting the immune
response to a T2 response, notably certain chemokines,
such as monocyte chemoattractant protein 1, as well as
certain mediators that increase cyclic adenosine
monophosphate (cCAMP) levels, such as prostaglandins.!6
Although the mechanisms by which monocyte chemoat-
tractant protein 1 stimulates a T2 response (production
of IL-4) at the expense of a Tyl response are unknown,
cAMP is known to act specifically on a transcription fac-
tor (GATA-3) that is essential for the expression of the /L5
gene.!7 This transcription factor seems to be expressed
only by T2 cells.!8 We previously noticed that asthmatic
bronchial fibroblasts in monolayer cultures produce sig-
nificantly more PGE, than normal cells (data not shown).
It was suggested that in our system, PGE, may induce an
increase in intracellular cAMP, which stimulates the spe-
cific expression of GATA-3. This transcription factor is
translocated to the nucleus, where it binds to a specific
site on the IL-5 promoter, inducing the gene transcription.
The role of PGE, in inducing IL-5 production by T cells
in our model is currently being addressed.

In conclusion, using tissue engineering technology, we
produced well-organized normal bronchial mucosa tis-
sues. This model is a very powerful tool that will open
the way to cutting edge technologies in asthma research.
It is a stable and reproducible technique for comparative
studies. It has the advantage of being more versatile and
allowing studies in a step-by-step design for each type of
inflammatory cell on resident cells and vice versa. In
addition, it is composed of human cells from normal or
asthmatic subjects and may lead to a better understand-
ing of some mechanisms involved in inflammation and
airway repair in asthma.

We thank Dr M. Boutet for the electron microscopy and G. Ross
for her technical assistance.
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