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Cytokine-induced airway epithelial ICAM-1 upregulation:
quantification by high-resolution scanning and
transmission electron microscopy
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Cytokine-induced airway epithelial ICAM-1 upregulation: quantification by high-reso-
lution scanning and transmission electron microscopy. J. Zhu, A.V. Rogers, A. Burke-
Gaffney, P.G. Hellewell, PK. Jeffery. ©FERS Journals Ltd 1999.

ABSTRACT: The aim of this study was to investigate the variation of intercellular
adhesion molecule (ICAM)-1 which occurs between individual airway epithelial cells
of distinct phenotype.

16HBE140™ (16HBE) and BEAS-2B cell lines and human airway explants were
cultured with medium alone or a mixture of tumour necrosis factor (TNF)-o. (10
ng-mL™") and interferon (IFN)-y (40 ng-mL™) before being immunogold-labelled and
examined quantitatively using sensitive high-resolution electron microscopic techni-
ques.

By enzyme-linked immunosorbent assay there was a 1.6-fold increase of ICAM-1 in
the BEAS-2B cells following the cytokine mix which was not apparent in the 16HBE
cells. However, high-resolution scanning electron microscopy demonstrated that an
upregulation had occurred; median and ranges for gold particle number per 10 pm?
cell surface were: 7.9 (0—40) for nonstimulated and 19.1 (0—60 for stimulated) (p<0.01,
Mann—Whitney U-test). The value for the nonstimulated BEAS-2B cells was 24.2 (0—
60), 3-times higher that the constituitive expression in the 16HBE cells (p<0.01),
whereas following stimulation, it was 68.5 (20-130) (p<0.01). Values for explant
epithelial outgrowths were similar to the 16HBE cells. Immunohistochemistry of the
explanted mucosa showed both constitutive and upregulated expression of epithelial
ICAM-1 associated with basal and indeterminate cells rather than with ciliated or
goblet cells.

These results using high-resolution techniques indicate that there is marked cell-to-
cell variation in cellular adhesion molecule expression and that it is the basal cells and
less well differentiated (indeterminate) epithelial cells which are likely to play key
roles in leukocyte retention via intercellular adhesion molecule-1.
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Intercellular adhesion molecule (ICAM)-1, (CD54) is a
90-kDa, inducible surface glycoprotein and one of the
major ligands for leukocyte function associated antigen
(LFA)-1 and macrophage-1 (Mac-1), members of the 3,-
(or CD18) integrin family expressed by leukocytes [1-3].
ICAM-1 is upregulated experimentally by a variety of
inflammatory stimuli such as interleukin (IL)-1 and com-
binations of tumour necrosis factor (TNF)-o and inter-
feron (IFN)-y [4] and its expression in vivo on bronchial
epithelial and endothelial cells is considered to be im-
portant in respiratory diseases particularly where there is
allergic inflammation or viral infection [5-9]. Leukocyte
margination, migration, and epithelial accumulation de-
pend upon the upregulated expression of [ICAM-1 which
facilitates the development of airway inflammation [10—
12] and is also thought to play a role in tumour invasion
and metastasis [13].

Whilst ICAM-1 cell surface expression and alteration
following stimulation of cultured cells has been determined
by enzyme-linked immunoabsorbent assay (ELISA) and

flow cytometry [4, 14-17], its cell surface localization,
cell-to-cell variation and variation between cells of dis-
tinct phenotype can best be ascertained and quantified
using high-resolution and immunohistological techniques
[18]. These data are important as the ELISA technique
measures a signal which is as a necessity averaged across
the cell cultures and takes no account of the cell-to-cell
variation nor the likelihood that cells of distinct pheno-
type may show large variations in their capacity to ex-
press ICAM-1.

In the present study, two well-characterized human bron-
chial epithelial cell lines were used: 16HBE140™ (16HBE)
and BEAS-2B cells, and the results compared with primary
cell outgrowths and intact mucosa in which distinct epi-
thelial phenotypes could be identified. Whilst the expres-
sion of ICAM-1 on BEAS-2B cells has previously been
reported by ELISA, the expression on 16HBE cells has not.
The cells were stimulated in culture with a mixture of TNF-
o and IFN-y and the cell surface expression of [CAM-1 in
stimulated and nonstimulated cells compared using two
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different methods: ELISA and immunogold labelling as-
sessed by high-resolution scanning electron microscopy
(HR-SEM).

For HR-SEM, the presence, distribution and concentra-
tion of surface ICAM-1 was demonstrated using an anti-
ICAM-1 monoclonal primary antibody and a secondary
goat anti-mouse antibody conjugated to 30 nm gold (GAM
30). This technique, which allows quantification of the
apical cell surface, has previously been reported to be
highly sensitive and of value in the assessment of regulated
cell surface molecules on single cells [19]. In addition, the
intact tissue was examined by light and electron micro-
scopic immunocytochemistry. Cell-to-cell differences in
the distribution of ICAM-1 are demonstrated.

Materials and methods
Cell culture and cytokine stimulation

The bronchial epithelial cell lines used were: 16HBE
kindly donated by D.C. Gruenert (Cardiovascular Research
Institute, University of California, San Francisco, CA, USA)
which were originally simian virus (SV)400™ transformed
from a mixed population of differentiated ciliated and
nonciliated bronchial epithelial cells (these cells were used
at passage 18-28) [20]; and BEAS-2B cells, a cell line
derived from human bronchial epithelium after transform-
ation by adenovirus 12-SV40 hybrid virus (kindly provi-
ded by C.C. Harris, National Cancer Institute, Bethesda,
MD, USA) (these cells were used at passage 34—44) [21].
Glass coverslips 10 mm in diameter (Chance Proper Ltd,
Warley, UK) were coated with a 2% solution of 3-ami-
nopropyltriethoxysilane (Sigma Chemical, Poole, Dorset,
UK) and placed in 24-well plates. I6HBE and BEAS-2B
cells for exammatlon by HR-SEM were seeded at 1.1 x
10° cells-well™ on the coverslips or into 0.4 pm pore size
transwells (Coring Costar Corporation, Cambridge, UK)
for cells to be examined by transmission electron micro-
scopy (TEM) The cells were also seeded at densities of
1 x10% cells-well" onto flat-bottomed Nunclon 96-well
microtitre plates for ELISA. All cells were grown under
the same conditions as submerged cultures at 37°C in 5%
CO; humidified air in Eagle’s minimal essential medium
(MEM) supplemented with 10% foetal bovine serum
(FBS), 2% L- glutamme 1% MEM nonessenUaI amino
acids, 100 U-mL™" penicillin and 100 mg-mL"" streptomy-
cin (Sigma), and the medium changed on alternate days
[22]. The cells reached confluence after 4-5 days and
were then divided for treatment into two groups: 1) a con-
trol, nonstimulated group; and 2) a cytokine stimulated
group. The cells of the stimulated group were incubated
in culture with medla containing the cytokme mix com-
posed of 10 ng-mL™ TNF-o and 40 ng-mL™" IFN-y for a
period of 24 h; the concentrations were determined from
experiments reported previously [17]. A previously valid-
ated explant culture technique was applied for the prim-
ary culture of airway epithelial cells [23]. Two mm?
pieces of explanted grossly normal bronchial mucosa
from lungs resected for cancer (two nonsmoking females
with adeno-carcinoma and two male smokers with
squamous carcino-ma, none with a documented history
of chronic bronchitis or asthma) were orientated with the
epithelial surface uppermost on the above coverslips

(three pieces per coverslip), placed in 24-well plates
which had previous- ly been rinsed with serum-free
medium supplemented with F12/Dulbecco’s modified
Eagle’s medium (DMEM) (GIBCO Laboratories, Paisley,
Scotland) including hy-drocortisone (1 mM). Explants
were allowed to stick to the coverslips at 37°C in 5% CO,
for 16 h, after which the medium was added gently.
Medium was changed at 3-day intervals with hydro-
cortisone-free supplemented F12/DMEM. The explant
cultures of bronchial mucosa were used in two ways: 1)
after 5 days of culture, when the outgrowth had just taken,
the pieces of mucosa were examined by light microscopy
and TEM; and 2) separate pieces of tissue were cultured
until their epithelial cell outgrowths reached the edge of
each coverslip, usually at 10-14 days, and the relevant
monolayer of primary cells was examined by HR-SEM.
The explants and primary cell outgrowths were cultured
for a further 24 h in the same medium as that used for the
16HBE and BEAS-2B cell lines. They were then
stimulated with TNF-o. and IFN-v, as described above.

For immunohistochemistry there was originally tissue
from seven patients but only tissue from four patients could
be used due to lack of viability and squamoid change in the
other three. Therefore, there were four experiments in total.
Each experiment consisted of six pieces of tissue taken
from a single patient, three pieces to be stimulated and
three nonstimulated for baseline. Each experiment was
repeated on four occasions so that the final data for the two
procedures came from 24 pieces in total, 12 stimulated and
12 nonstimulated.

Enzyme-linked immunosorbent assay

ICAM-1 expression on 16HBE and BEAS-2B cells was
determined using a peroxidase ELISA that had been
previously validated [16, 17, 24] The cells 1n 96-well
plates were incubated for 45 min with 10 pg- .mL RR1/1,
a mouse anti-human ICAM-1 (CD54) monoclonal anti-
body (mAb) (a gift from R. Rothlein, Boehringer Ingel-
heim, Ridgefield, CT, USA), in DMEM medium contain-
ing 1% bovine serum albumin (BSA; GIBCO). The cells
in the negatlve control wells were incubated with DMEM
and 10 pg- -mL"" mouse myeloma immunoglobulin (Ig)G;
kappa (MOPC21; a gift of M. Robinson, Celltech, Slough,
UK). After washing, a 1:1,000 dilution of a peroxidase-
linked goat anti-mouse antibody (TCS, Buckingham,
UK) in phosphate-buffered saline (PBS)+10% goat serum
(Slgma) was applied for 45 min and then incubated for 30
min with 1 mg-mL" of the 2,2’ -azinobis-(3- ethylbenz-
thiazoline-6-sulphonic acid) (ABTS Sigma) substrate in
0.2 M citrate/phosphate buffer, containing 0.1% H,O,.
The reaction was terminated by the addition of 0.2 M
citrate. All incubations were carried out at room tem-
perature. Chromophore development was determined by
measuring optical density at 405 nm (OD4gs) with a Titre-
tec MCC/340 Multiscan microplate reader (Flow labo-
ratories, Rickmansworth, UK). Results are expressed as
optical density units (ODU) (mean+sem). Background con-
trol values were subtracted from the absorbance readings.
Student's t-test was used for comparison of the differen-
ces between nonstimulated and stimulated groups (n=6).
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Immunogold-labelling

Antibodies. RR1/1 and MOPC21 were used at a final con-
centration of 10 pg-mL™" in 1% BSA. For HR-SEM and
TEM post-imbedding labelling, the secondary layer anti-
body was goat anti-mouse IgG conjugated to electron
microscope grade 30 nm gold (Amersham Life Scence,
Amersham, UK) used at 1:40 and 1:20 dilutions in 1%
BSA, respectively, with 1% normal goat serum and 10%
normal human serum. For TEM pre-imbedding label-
ing, the goat anti-mouse IgG conjugated with 15 and 20
nm gold (British Bio Cell, Cardiff, UK) was used at
1:20 dilution.

Cell preparation. The immunogold labelling technique
for HR-SEM and TEM pre-imbedding labelling original-
ly reported by pE HARVEN and Sovrico [25] was followed.
The cells, grown on coverslips or micropore membranes
were rinsed twice in 0.01 M PBS and lightly "prefix-
ed" for 10 min in freshly prepared 0.2% glutaraldehyde
solution with 4% sucrose buffered in 0.01 M PBS (pH
7.2). The lightly fixed cell cultures were rinsed exten-
sively with the same buffer supplemented with 0.1%
glycine (Sigma) to quench glutaraldehyde activity, then
rinsed again in 1% BSA. The cells were then incubat-
ed with the primary anti-ICAM-1 mAb (RR1/1) for 30
min at room temperature, and negative controls for IC-
AM-1 were provided by cells incubated with MOPC21
for 30 min. All cells were incubated with immunogold
conjugate for 1h at room temperature and washed thor-
oughly in 0.01 M PBS. Post-fixation was in a 2%
glutaraldehyde solution in 0.01 M PBS at pH 7.2. The
cells for HR-SEM were prepared by dehydration in a
graded series of 70-100% absolute ethanol and then
critical point dried. A coating of carbon (20-30 nm
thick) was applied to conduct charge as required for SEM.

For post-embedding TEM immunogold labelling, the
technique of HERRERA [26] was used with modifications
to the fixation. The sections were incubated with 1% BSA
in PBS for 5 min, 1% gelatin in PBS for 10 min, and 0.02
M glycine in PBS for 3 min. They were then incubated
with RR1/1 or MOPC21 each at a concentration of 100
ug-mL™" for 2 h at room temperature.

Observation and quantification of colloidal gold

Immunogold-labelled coverslips were observed by a
high-resolution field emission SEM (S-4000; Hitachi Sci-
entific Instruments Nissei Sangyo Co. Ltd., Tokyo, Japan)
fitted with a backscatter detector (K.E. Developments Ltd.,
Cambridge, UK) which enabled the demonstration of
elements of high atomic number (i.e. gold). Backscattered
electron images of the cell surface were used for counting
gold particles seen against a background of cell surface
imaged by secondary electron detectors. The backscatter
and secondary electron signals were mixed using a signal
mixing device (K.E. Developments Ltd) fitted to the HR-
SEM. For each experimental group, one observer (J. Zhu)
counted five areas from each of three coverslips; the areas
were chosen randomly by selection of the four cardinal
points of the compass and the centre of each coverslip (fig.
1). In each area, the surfaces of 20 cells were observed
and the number of gold colloid particles in five fields over
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Fig. 1. — For each group, five areas were counted on each of the
coverslips at clock positions of 3, 6, 9 and 12 and at its centre (C). In
each area the surfaces of 20 cells were observed and five fields of each
cell surface were counted at x 18,000 magnification. The distribution of
gold conjugate on the surface of each cell was expressed as the gold
particle number per 10 um” cell surface calculated as the mean of five
fields for each cell.

each cell assessed at X 18 ,000 magnification. Each field
was equivalent to 12 pum? of cell surface. At this mag-
nification, the 30 nm gold conjugate was readily ob-
served. The distribution of gold conjugate on the surface
of each cell was expressed as the number of gold particles
per 10 um? of cell surface, the final value for each cell
being calculated from the counts of five fields and
expressed as the median value of 300 cells. In order to
examine the relationship between the cell surface micro-
villi frequently present on the 16HBE cells, the density of
cell surface microvilli was also assessed by counting in a
similar manner to that used for the immunogold and val-
ues were expressed per 12 um? cell surface. The number
of immunogold particles associated with each microvillus
was also recorded. The relationship between changes in
the numbers of microvilli and alterations of gold particles
in response to treatment were determined by correlation
coefficient (Spearman’s rank correlation). Ultrathin sec-
tions were observed by TEM (H-7000, Hitachi Scientific
Instruments Nissei Sangyo Co. Ltd.) at x 30,000 magni-
fication.

The colloidal gold was used for TEM to demonstrate
the ultrastructural localization. The coefficients of varia-
tion (CV) for the cell surface distribution and cell-to-cell
variation were assessed by HR-SEM and expressed as
percentage CV (i.e. (sp/mean) x 100). The error of repeat
measurement was also expressed as the percentage CV. As
the distribution of the data was markedly skewed, the
Mann—Whitney U-test for nonparametric independent data
samples was used to compare differences between the
experimental groups. A p-value <0.05 was taken as
statistically significant for all comparisons.

Immunohistochemical staining

The avidin-biotinylated peroxidase complex (ABC)
method was used to demonstrate alterations of ICAM-1
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expression on cells of distinct phenotype in bronchial
mucosa in vitro, examined by light microscopy. Three ex-
planted mucosae from each of four patients were remov-
ed from the culture dishes, fixed in 4% paraformaldehyde
in PBS for 2 h. The tissues were then transferred to 15%
sucrose/PBS and left at 4°C for 24 h. The tissues were
embedded in optimal cutting temperature (OCT) com-
pound and snap-frozen. Cryostat sections of 10 um were
cut on a Bright's cryostat (Bright Instrument Co. Ltd.,
Cambridge, UK). The DAKO (High Wycombe, Bucking-
hamshire, UK) ABC staining procedure for cryostat sec-
tions was followed for immunolabelling. The tissues were
counterstained with Mayer's haematoxylin and mounted
with DPX mountant. Accurate light microscopic identifi-
cation of ciliated, mucous, basal and indeterminate epi-
thelial cells was made according to their morphological
characteristics and position within the epithelium overlying
the original explanted tissue. The numbers of each nuc-
leated cell type present and the number of each type im-
munolabelled in the epithelial layer were counted in a 40
high power (400 x ) microscopic field in all the 12 sections
for each experimental group. The means for the data
obtained from the 12 sections (i.e. three from each of the
four patients) were calculated.

To confirm the bronchial epithelial nature of the cultured
cells, outgrowth primary bronchial epithelial cells grown
on coverslips, 16HBE and BEAS-2B cells grown on 8
chamber slides were each labelled with mouse anti-cyto-

keratin (CK) 18, CK 17 and CK 10/13 mAbs (Novocastra
Laboratories Ltd, Newcastle-upon-Tyne, UK) using the
ABC method.

Results
Epithelial characterization

The 16HBE cells grew as polarized monolayers with a
"cobblestone" appearance (i.e. cells were cuboidal/colum-
nar in shape) and had apical and basolateral membranes
defined by the presence of well-developed surface micro-
villi (figs. 2b and d) and tight junctions observed by TEM
and freeze fracture studies (data not reported). By
contrast, the BEAS-2B cells appeared to be a less well-
differentiated cell line as they lacked the "cobblestone"
appearance, had a surface with relatively few, thin elong-
ated microvilli (figs. 3b and d) and no tight junctions as
assessed by TEM. They were also more difficult to
culture as a monolayer as they tended to stack one cell
upon the other (fig. 4c). The primary cell outgrowths
grew as a monolayer of "cobblestone" appearance, had
many microvilli (figs. 5b and d), had well-formed tight
junctions and in this respect their morphology was similar
to that of the 16HBE cell line. In contrast, the explanted
mucosa had an intact epithelium which maintained a

Fig. 2. — High-resolution scanning election microscopy backscatter (a and c) and mixed backscatter and secondary electron (b and d) images of
immunogold-labelled 16HBE cells. Intercellular adhesion molecule-1 immunogold is evident on microvilli (b and d). Nonstimulated cells (a and b) have
fewer gold particles on their surface than stimulated cells (c and d). (Internal scale bars = 1 pm.)
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Fig. 3. — High-resolution scanning electron microscopy backscatter (a and ¢) and secondary electron (b and d) images of immunogold-labelled BEAS-
2B cells. Stimulated cells (¢ and d) had more gold particles on the cell surface than the nonstimulated cells (a and b). (Internal scale bars = 1 um.)

pseudostratified fully differentiated appearance with cili-
ated, goblet and basal cells (figs. 6a and b).

The primary epithelial cell outgrowth and both cell lines
showed 100% positive immunostaining with the mAb
directed against CK 18, which reacts with the most simple
cuboidal/columnar epithelia and not with squamous epi-
thelium. Anti-CK 10 and 13 mAb, which normally stain
cells that are squamous and metaplastic, were negative. Of
5,200 16HBE and 4,400 BEAS-2B cells, 52% and 83%,
respectively, were immunopositive for CK 17 mAb, a
cytokeratin indicative of an incompletely differentiated cell
population reacting mainly with basal cells in the trachea
and bronchi. Occasionally 16HBE cells and cells in the ex-
plant outgrowths were periodic acid—Schiff (PAS) or alcian
blue (AB) positive, which is evidence for the presence of
mucins. BEAS-2B cells were neither PAS nor AB positive.

These results supported the impression, based on mor-
phology, that the 16HBE cell population at confluence had
a tendency to show differentiation and maturation not seen
in the BEAS-2B cell line also at confluence.

Enzyme-linked immunosorbent assay results

Following treatment for 24 h with the cytokine mix, the
ELISA results demonstrated a significant 1.6-fold upre-
gulation of ICAM-1 on the BEAS-2B cells (baseline 1.22+
0.02 ODU (mean=+sem) versus treated 1.984+0.04, p<0.01;

n=6; t-test). However, ELISA failed to demonstrate a
change in the values for [CAM-1 on the 16HBE cell line
(baseline 0.504+0.002 versus treated 0.51440.008, Ns).
The baseline value for the 16HBE cell was nearly 3-times
lower than that for the BEAS-2B cells.

High resolution scanning microscopy of apical cell sur-

face

The HR-SEM technique demonstrated that anti-ICAM-
1 immunogold labelling was readily detected on the apical
cell surfaces of both cell lines prior to their stimulation
(figs. 2b and 3b). The error of counting the same area five
times was 1.5% (expressed as %CV). The surface
distribution of gold particles on the surface of each cell
was relatively homogeneous both at baseline and after
stimulation, and the variation across the cell surface was
~1.9%. However, the CV for cell-to-cell variability (i.e.
between different cells) was high, particularly on the
16HBE cells which (by light and transmission micro-
scopy) showed a tendency to phenotypic differentiation;
the CVs for baseline on 16HBE and BEAS-2B were 99
and 50%, respectively, before stimulation and 80 and
34% after stimulation with the cytokine mix. For these
results, the median values obtained from counts of 300
cells per group are given. However, for each group,
statistical comparison of counts of 100, 200 and 300 cells
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Fig. 4. — Transmission electron microscopy of immunogold-labelled cells after
stimulation with the cytokine mix. Gold particles are evident on the luminal surface
of 16HBE cells (a) associated with cell surface microvilli; on the basal aspect of
16HBE cells (b) on protrusions inserted into the micropores of the culture mem-
brane (M); and on the basolateral surfaces and cytoplasm (arrowheads) of BEAS-2B
cells (c) which tended to "stack" one cell upon the other. (a) and (b) are the result of
the pre-imbedding labelling technique using 20 and 15 nm gold, respectively, and (c)
is post-imbedding labelling using 30 nm gold. The diameter of the gold particles used
in the last is to enable the labelling to be seen at relatively low magnification.

demonstrated that counts of 100 cells would represent a
sufficient sample for an estimate of the median in future
studies.

Figure 2 shows the backscatter and mixed backscatter/
secondary electron images of immunogold labelling on
nonstimulated (figs. 2a and b) and cytokine-stimulated
(figs. 2c and d) 16HBE cells. Figure 7 shows the results of
the quantification presented in the form of a frequency
distribution histogram shown together with the median
and range. For the nonstimulated 16HBE cells, only 36%
of the cells had >10 pamcles 10 pm™ (median 7.9, range
0-40 particles-10 um™). For stimulated 16HBE cells,
ICAM-1 expression increased markedly when 66% of the
cells had >10 particles-10 pm™; i.e. 30% of cells were
upregulated with respect to their ICAM-1 expression (p<
0.01, Mann—Whitney U-test). The shape of the frequency
distribution curve for the data was unchanged and
remained left-skewed.

The constitutive expression of ICAM-1 was significant-
ly higher on BEAS-2B cells than 16HBE cells (p<0.01)
and, in comparlson ~97% of BEAS-2B cells had >10
particles-10 pm™ surface (figs. 3a and b, and 8). At base-
line, 30% of'the BEAS-2B cells had >30 gold particles-10
um™ cell surface and only 12% of the BEAS-2B cells had
>40 particles-10 um™. The baseline median and range for
the BEAS-2B cells were 24.2 and 0-60, respectively (fig.
8). Constitutive expression of ICAM-1 on BEAS-2B cells
was significantly upregulated after treatment with the
cytokine mix such that 98% of cells had >30 particles-10

(Internal scale bars = 0.5 um.)

um and 78% of the BEAS-2B cells had increased with
respect to their ICAM-1 expression, (p<0.01 for com-
parison of stimulated with nonstimulated BEAS-2B cells)
(figs. 3c and d, and 8b). In contrast to the result with
stimulated 16HBE cells, the cytokine stimulated BEAS-
2B cells showed a change in the shape of the frequency
distribution curve for immunogold labelling: i.e. the
distribution became symmetrical (fig. 8). By comparison,
unstimulated 16HBE and BEAS-2B cells labelled with
MOPC21 (an irrelevant control antibody), had median
values of 0.65 and 1.97, respectively, and no cell had >5
particles-10 pm™, representing the background level of
nonspecific labelling.

The primary epithelial cells showed a labelling intensity
(fig. 5) and pattern similar to that seen for the 16HBE cell
line but the ranges were larger (fig. 9). Following stimu-
lation, 22% of the cells were upregulated with respect to
their apical surface ICAM-1 expression and there was a
significant increase in labelling (p<0.01). These values
and patterns in the primary cells were most closely
associated to those of the 16HBE cell line.

Cell surface microvilli

Surface microvilli were particularly abundant on the
apical surface of the 16HBE cells and relatively infrequent
on the BEAS-2B cells, and their association with immuno-
gold labelling for ICAM-1 was investigated. At baseline,
the distribution of microvillus number determined in
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Fig. 5. — High-resolution scanning electron microscopy backscatter (a and c) and secondary electron (b and d) images of primary epithelial cultures

showing nonstimulated (a and b) and a culture stimulated with the cytokine mix (¢ and d). (Internal scale bar = 1 um.)

counts of 100 16HBE cells approximated that of a normal
distribution with a range of 0—180 and a median value of
80. There was no relationship between the number of
microvilli and ICAM-1 immunolabelling in the nonstimu-
lated cells (rho=0.13, p=0.30). Following stimulation by
the cytokine mix there was a tendency for a reduction in
the number of microvilli (range 0—190; median 67; p=0.06,
Mann—Whitney U-test compared with the nonstimulated
cells). In contrast, the count for immunogold labelled
ICAM-1 increased significantly and there was no sig-
nificant association between the cytokine-induced altera-
tion of microvilli and that of ICAM-1 (tho=-0.13, p>0.20).

Transmission electron microscopy of apical and baso-
lateral membranes

Examination by TEM of the 16HBE and BEAS-2B cell
lines and bronchial mucosa showed that labelling for
ICAM-1 was associated with the luminal surface of the
apical plasma membrane, the lateral cell membrane and the
basal aspect of the cells and their basal projections which
inserted into the micropore filter (fig. 4). For the 16HBE
cells much of the gold conjugate was attached to the
apical microvilli with fewer particles located on the
remainder of the cell surface. Immunogold particles were
also observed in the cytoplasm (fig. 4). These were most
usually observed in the epithelial cells stimulated by
TNF-o/IFN-y.

Intercellualr adhesion molecule-1 expression on cells of
distinct phenotype

Light microscopy. Immunohistochemical staining of sec-
tions of bronchial explants revealed a heterogeneous dist-
ribution of ICAM-1 staining. Of the labelled cells, 96.1+
3.2%(mean+sem) were basal epithelial cells and 3.9+0.7%
were indeterminate cells (i.e. cells whose phenotype could
not be determined with certainty) and no mucous or ciliat-
ed cells stained in the nonstimulated samples (fig. 6a). In
contrast, following cytokine stimulation 58.44+4.9% of the
labelled cells were basal and 41.6+1.3% were indeter-
minate cells often with a microvillus border which stain-
ed intensely; ciliated and mucous cells remained unstained
(fig. 6b). The results of counts of all cells and distinct
phenotypes are shown in table 1, expressed as a percen-
tage of the total of the phenotype, respectively. A total of
>3,000 bronchial epithelial cells were counted for each of
the stimulated and nonstimulated groups. At baseline,
~25% of all epithelial cells expressed ICAM-1, 70% of ba-
sal cells and only 3% of indeterminate cells stained. TNF-
o+IFN-y induced a significant increase (p<0.01) such
that >70% of epithelial cells expressed ICAM-1, with all
basal cells and 97% of indeterminate cells positive; the
shift in proportion was significant statistically (p<0.01).

Transmission electron microscopy. Quantification of IC-
AM-1 immunogold labelling was also performed using
TEM. Only cells with nuclei included in the cross-sec-
tion were counted so as to minimize the variation in
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Fig. 6. — Immunohistochemical staining of the bronchial explant in culture to show intercellular adhesion molecule (ICAM)-1 localization. a) The
nonstimulated samples showed relatively weak staining of the many basal epithelial cells (arrows), subepithelial fibroblasts and inflammatory cells
(arrowheads). b) In the sample stimulated with the cytokine mix there is relatively intense staining for ICAM-1 in all basal cells, and also in indeterminate
epithelial cells whose apical microvilli often stain intensely (arrow). Other cells, including endothelial cells (arrowhead) of the subepithelium also now
stain for ICAM-1. However, ciliated and globlet cells did not stain. (Internal scale bars = 40 um.)

cross-sectional area for each cell. The results are there-
fore expressed as mean+seM per area cell (table 2). Non-
specific binding was accounted for by subtracting from
each value the mean particle number of the background
(i.e. the value for the MOPC21 control). At baseline,
there were immunogold particles associated with basal
and indeterminate cells. After TNF-o and IFN-y stimu-
lation, basal and indeterminate cells showed a 2-fold in-
crease in immunogold particle number per cell (p<
0.01). In no case did fully differentiated ciliated or
mucous cells have immunogold particles above that of
the background level.

Discussion

Bronchial epithelial cell lines provide a regular, con-
sistent source of airway epithelium to investigate the
factors and mechanisms involved in the regulation of the
expression of cell surface adhesion molecules (CAMs) [9,
21, 27]. The most frequently used methods of measure-
ment for CAM expression rely on the detection of fluor-
escence, ELISA or polymerase chain reaction (PCR)
products [4, 16, 28], none of which allow for the as-
sessment of the variation which exists between individual
cells of known morphology nor that which may exist on
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Fig. 7. — Gold particle frequency distribution of nonstimulated (a) and
stimulated (b) 16HBE cells assessed by high-resolution scanning elec-
tron microscopy. The results are expressed as the number of gold
particles per 10 um? area surface against relative frequency. Compared
with nonstimulated cells, there was a significant increase in intercellular
adhesion molecule-1 expression after stimulation for 24 h with com-
bined tumour necrosis factor-o. (10 ng'mL™") and interferon-y (40
ng'mL") (Mann-Whitney U-test, p<0.01; n=300). Median for non-
stimulated = 7.9 and for stimulated = 19.1 particles-10 um™.

each individual cell, due to variations of cell surface pro-
jections such as microvilli. Whilst the BEAS-2B cell line
has previously been used in studies of ICAM-1 expres-
sion [9], it was of interest to analyse the 16HBE cell line
which has not, to the author’s knowledge, been studied in
this way. The 16HBE cell line was originally generated
by SV40 transformation of a mixed population of differ-
entiated ciliated and nonciliated cells. The cell line grows
with a "cobblestone" form and at confluence has a well-
formed, relatively abundant cell surface microvilli and
well-developed tight junctions [29]. There is evidence,
that when the cells are grown on collagen gels with an air/
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Fig. 8. — Gold particle frequency distribution of nonstimulated (a) and
stimulated (b) BEAS-2B cells as assessed by high-resolution scanning
electron microscopy. There was a significant increase in intercellular
adhesion molecule-1 after stimulation with a combination of tumour
necrosis factor-o. and interferon-y (p<0.01; n=300). Median for non-
stimulated = 24.2 and for stimulated = 68.5 particles-10 um™.
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Fig. 9. — Gold particle frequency distribution of nonstimulated (a) and
stimulated (b) primary epithelial cells as assessed by high-resolution
scanning electron microscopy. There was a significant increase in in-
tercellular adhesion molecule-1 expression after stimulation with the
cytokine mix (p<0.01; n=300). Median for nonstimulated = 7.9 and for
stimulated = 15.4 particles-10 pm™.

liquid interface they show features characteristic of their
native epithelium, including the presence of cilia and a
tendency to show differentiation into distinct cell pheno-
types even in submerged culture [20]. By contrast, the
BEAS-2B cell line appears to be a less well-differentiated
cell line [4] as it lacks the "cobblestone" appearance, has a
surface with relatively few, thin elongated microvilli and
no tight junctions by TEM and freeze-fracture [29]. The
high proportion of CK 17 positivity, resembling that
found in basal cells, and the lack of PAS positivity sug-
gests a relatively poorly differentiated cell line. The pri-
mary cell outgrowths grew as a monolayer of "cobble-
stone" appearance, had many microvilli, had well-formed
tight junctions and in these morphological respects were
similar to the 16HBE cell line at confluence.

The upregulated expression of ICAM-1 plays an im-
portant role in both the migration and accumulation of
neutrophils, eosinophils and monocytes in inflamed bron-
chial mucosa and its surface epithelium [1, 2, 7, 10,
30]. Using high-resolution SEM and TEM it was found
that there are distinct levels of ICAM-1 constitutively
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Table 1. — Immunohistochemistry of explants: cells positive for intercellular adhesion molecule (ICAM)-1

Groups % Total cells positive for ICAM-1 % Cells by phenotype positive for ICAM-1

Basal Indeterminate Mucous Ciliated
Nonstimulated 24.5+1.3 (3314) 70.1£5.2 (1312) 3.1+1.4 (988) 0 (224) 0 (788)
Stimulated 71.4+3.5%* (3324) 100£0.0** (1264) 97.246.3%* (952) 0 (210) 0 (798)

Results are presented as means+sem with number of cells counted in parentheses. **: p<0.01, unpaired Student’s t-test compared to

nonstimulated group (n=4).

expressed on nonstimulated 16HBE and BEAS-2B cells.
Whilst the basal level of ICAM-1 expression on 16HBE
cells is 3-times lower than that of the BEAS-2B cells, it is
of a similar magnitude to that found on the epithelium of
explant tissue. It was found that the intensity of ICAM-1
expression could be quantified by counting individual
gold particles, and the error of repeatability for such
measurements was low (CV=1.5%). Incubation of 16-
HBE and BEAS-2B cells with the combination of TNF-o.
and IFN-y resulted in an increased expression of ICAM-
1. Compared to the control group, there was a 2- or 3-
fold upregulation of ICAM-1 expression on 16HBE and
BEAS-2B cells, respectively. These results are in agree-
ment with the results of flow cytometry of BEAS-2B cells
[4]. However, differences were observed between these
two cell lines in the degree of initial ICAM-1 expression
in both baseline and stimulated cells. Whilst the up-
regulation of ICAM-1 following incubation with TNF-o
and IFN-y on the BEAS-2B cell line and human bronchial
epithelial cells, previously shown using ELISA [9, 16]
and flow cytometry [4] was confirmed, a similar mag-
nitude of upregulation on the 16HBE cell line was also
found by the high-resolution immunogold method which
has not previously been reported and was not apparent
when the cells were assessed in parallel by ELISA [24].

These results demonstrate morphological and immuno-
histochemical changes on the surface of individual cells
which has hitherto not been possible. It has been shown
that there is a homogeneous distribution of ICAM-1 on the
luminal surface of any single cell and between cells of the
BEAS-2B cell line but there was a large cell-to-cell
variation in the 16HBE cell line. Such cell-to-cell variation
was not detectable by the ELISA method. Both the ELISA
and HR-SEM methods are sensitive techniques, however,
the BEAS-2B cells express ICAM-1 with a uniform spatial
distribution whose integral signal is compatible with that
generated by the ELISA technique. In contrast, it has been
shown by application of the HR-SEM technique to the
16HBE cells that the cell-to-cell distribution is very het-
erogeneous and that (unlike the BEAS-2B cells) the up-
regulation only occurs on 30% of the cells. This is not
uniform and contrasts with the pattern of upregulation seen
in the BEAS-2B cells. It is likely that the relatively small
proportion of upregulated 16HBE cells does not provide a
strong enough signal when integrated over the whole area

of the culture when assessed by the ELISA technique.
Depending on the method of culture and type of culture
medium used, the 16HBE cell line may express several
different phenotypes such as ciliated columnar, secretory
(goblet) and basal cells [20], whereas BEAS-2B cells
appear to have the characteristics of undifferentiated cells
[4, 20]. These results of high cell-to-cell variation be-
tween 16HBE cells supports the suggestion that differ-
entiation into distinct cell phenotypes may result in dif-
ferent levels of ICAM-1 expression. While on occasions a
close spatial association between constitutive ICAM-1
and cell surface microvilli on the 16HBE cell line has
been demonstrated, they are obviously not the determi-
nant for ICAM-1 expression.

In support of this, the relatively less differentiated
BEAS-2B cell line with relatively few microvilli had 3-
times the level of constitutive expression found on the
16HBE cells. Also the immunohistochemical and TEM
analysis of the intact epithelium of the cultured explant
bronchial mucosa showed that basal cells had the highest
levels of ICAM-1 expression and that the undifferentiated
basal and indeterminate cells showed the largest response
to cytokine stimulation, whereas the differentiated ciliated
and mucus-secreting forms showed the least. It would be
instructive to combine this methodology with flow cyto-
metry of disaggregated airway epithelial cells whose phe-
type may possibly be identified using lectin binding. There
may, of course, be explanations other than the state of
differentiation, for the differences observed. For example,
these may include: the presence or absence of tight-
junctions which give rise to a polarized cell, or the extent
of contact between cells and their attachment to the base-
ment membrane or culture substrate.

In conclusion, it is suggested that distinct cell pheno-
types may have different levels of cell surface adhesion
molecule response to cytokines and therefore relatively
different roles in the recruitment of inflammatory cells to
the airway mucosa. Alterations in the proportions of mor-
phologically distinct airway epithelial cell types (e.g. squa-
mous or mucous cell metaplasia) which occur in airway
conditions such as asthma and chronic bronchitis and in
response to allergen, irritant or virus may, as a conse-
quence, lead to differing degrees of selection, retention and
accumulation of distinct inflammatory cells in the airway
surface epithelium.

Table 2. — Immunocytochemistry of explant for intercellular adhesion molecule (ICAM)-1

Groups Basal cells Indeterminate cells Mucous cells Ciliated cells
Nonstimulated 7.2+0.2 3.0£0.41 0 0
Stimulated 15.1+0.4** 6.4+0.27** 0 0

Results are presented as mean+sem of immunogold particles per cell quantified by transmission electron microscopy. **: p<0.01,

unpaired Student’s t-test compared to nonstimulated group (n=200).
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