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A key event in virus-induced inflammation (leukocyte extravasation through the endothelium) is the local
activation of endothelial cells, as indicated by the expression of adhesion molecules such as intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and E-selectin. In order to
identify triggers of inflammation in adenovirus infection, we inoculated respiratory and ocular epithelial cells
with adenovirus type 37 (Ad37), a human pathogen associated with keratoconjunctivitis as well as urogenital
and respiratory infections. Fluids from virus-infected epithelial cells activated ICAM-1 (and to a lesser extent,
VCAM-1) expression on cultured human umbilical vein endothelial cells. Blocking studies with anticytokine
antibodies implicated interleukin-1� (IL-1�) as the epithelial cell-derived factor which activated endothelial
cell ICAM-1 expression. The results thus identify epithelial cell-derived IL-1� as a potentially important
activator of endothelial cells in Ad37-induced inflammation.

Adenoviruses are associated with a variety of diseases in
humans and other animals (37). At least 51 different serotypes
of human adenoviruses cause disease, often involving the mu-
cosal epithelial membranes of the respiratory, gastrointestinal,
and urogenital tracts as well as the eye conjunctivae (7, 9).
These diseases are often characterized by intense inflamma-
tory reactions (15, 22, 26), the mechanisms of which are not
completely understood.

A key event in inflammation is the expression of vascular
endothelial cell adhesion molecules which facilitate leukocyte
extravasation into damaged tissues, including those involved in
virus infection. For example, intercellular adhesion molecule 1
(ICAM-1; also called CD54) and vascular cell adhesion mole-
cule 1 (VCAM-1; also called CD106) are members of the
immunoglobulin supergene family which function in leukocyte-
endothelial cell and leukocyte-matrix adhesive interactions.
ICAM-1, VCAM-1, and another endothelial cell adhesion
molecule, E-selectin (CD 62E), are upregulated on the surface
of the endothelium by inflammatory cytokines, cellular stress,
and virus infection (24). These adhesive molecules play a crit-
ical role in leukocyte adhesion to vascular endothelium and
transendothelial migration (30).

In an approach aimed at understanding the triggers involved
in adenovirus-associated inflammatory responses we investi-
gated the hypothesis that specific immunomodulatory factors
are released after epithelial infection with adenoviruses and
that these factors subsequently activate specific adhesion mol-
ecules on vascular endothelial cells to initiate leukocyte re-

cruitment. For this study we used adenovirus type 37 (Ad37),
a virus associated with human inflammatory keratoconjuncti-
vitis as well as urogenital and respiratory infections (4, 5, 6, 26,
32).

To establish whether the cells used in our study were sus-
ceptible to infection with Ad37, respiratory epithelial A549
cells (19) and corneal epithelial cells (10) were inoculated with
virus at a multiplicity of infection of approximately 3 PFU/cell
and radiolabeled for 1 h at 24 h postinfection with [35S]methi-
onine-[35S]cysteine (Translabel; ICN, Montreal, Quebec, Can-
ada), and cell extracts were immunoprecipitated with rabbit
Ad37 immune serum and protein A-bearing, formalin-fixed
Staphylococcus aureus as previously described (11). Both cell
types showed typical Ad viral protein profiles by sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophoresis (2, 36)
and both gave rise to similar yields of progeny virus (106 to 107

PFU/ml after 24 h) by plaque assay (35) on A549 cells (data
not shown).

Activation of vascular endothelial cell ICAM-1 expression
by culture supernatants from adenovirus-infected A549 cells
and corneal epithelial cells. We examined the hypothesis
that infected epithelial cells might secrete a factor(s) which
activates vascular endothelial cells. Human umbilical vein
endothelial cells (HUVEC) were isolated and cultured in
gelatin-coated flasks as described by Jaffe et al. (14), with
modifications reported previously (12). The expression of
ICAM-1, VCAM-1, and E-selectin on endothelial cells was
determined by enzyme-linked immunosorbent assay as previ-
ously described (3, 13). Briefly, endothelial cells were cultured
in 96-well plates until confluent. Dilutions (1:4) of epithelial
cell supernatants (from which �99.9% of virus infectivity was
removed by UV irradiation [254 nm; 4,000 J/m2], as indicated

* Corresponding author. Mailing address: Department of Microbi-
ology & Immunology, Dalhousie University, Halifax, Nova Scotia B3H
4H7, Canada. Phone: (902) 494-1063. Fax: (902) 494-5125. E-mail:
robert.anderson@dal.ca.

427



by plaque assay [35] on A549 cells) were added to individual
wells. (The irradiation step was desirable to minimize viral
cytopathic effect [18] on endothelial cells; however, control
experiments showed that infectious virus alone was not capable
of upregulating adhesion molecule expression on endothelial
cells [data not shown].) Following incubation of HUVEC cul-
tures with the supernatants for 3 h (for E-selectin assay) or for
18 h (for ICAM-1 and VCAM-1 assay), ICAM-1, VCAM-1,
and E-selectin were detected by enzyme-linked immunosor-
bent assay using anti-ICAM-1, -VCAM-1, and -E-selectin an-
tibodies (R&D Systems, Minneapolis, Minn.) and a secondary
antibody of goat anti-mouse immunoglobulin G (IgG)-perox-
idase conjugate (Sigma). After washing, color was developed
with orthophenylenediamine (Sigma) and optical density was
determined at 490 nm. As a positive control, endothelial cells
were stimulated by tumor necrosis factor alpha (Genentech,
South San Francisco, Calif.; 10 U/ml). As shown in Fig. 1,
culture supernatants from both adenovirus-infected A549 and
corneal epithelial cells activated HUVEC ICAM-1 expression.
HUVEC ICAM-1-stimulating activity was evident in culture
supernatants from Ad-infected A549 cells harvested at 72 and
96 h postinfection (Fig. 1A). More strikingly, culture superna-
tants from Ad-infected corneal epithelial cells taken as early as
24 h postinfection stimulated HUVEC ICAM-1 expression

(Fig. 1B). No significant induction of vascular endothelial cell
ICAM-1 expression was observed by culture supernatant (72 h
postinfection) from mock-infected epithelial cells (Fig. 1) or by
UV-inactivated, purified adenovirus (data not shown).

Compared to ICAM-1, endothelial cell VCAM-1 showed a
lesser but significant increase in expression after treatment
with Ad-infected A549 culture fluids (Fig. 2A). E-selectin was
not significantly activated by Ad-infected A549 culture fluids
under the conditions of the assay (Fig. 2B).

Interleukin-1� (IL-1�) is the major endothelial cell-activat-
ing factor induced by adenovirus infection of epithelial cells.
Epithelial cells secrete several cytokines (31), including IL-
1�/�, TNF-�, IL-6, and IL-8, which could possibly activate
vascular endothelial cells. In order to identify cytokines capa-
ble of activating endothelial cells, cultures of endothelial cells
were treated with recombinant IL-1� (R&D Systems), IL-1�
(Endogen, Woburn, Mass.), TNF-� (Genentech), IL-6 (Pep-
roTech, Rocky Hill, N.J.), and IL-8 (PeproTech) for 18 h and
then assayed for ICAM-1 activation. As shown in Fig. 3A,
ICAM-1 was activated in vascular endothelial cells by IL-1�,
IL-1�, and TNF-� but not by IL-6 or IL-8. As controls for
specificity, the activation of ICAM-1 by IL-1�, IL-1�, or
TNF-� was blocked by the appropriate antibodies, anti-IL-1�

FIG. 1. ICAM-1 expression on vascular endothelial cells is upregu-
lated after treatment (18 h) with culture supernatants from Ad-in-
fected A549 cells or Ad-infected human corneal epithelial cells. (A)
Endothelial ICAM-1 expression after 18-h exposure to culture fluids
from Ad-infected A549 cells, mock-infected A549 cells, and medium
alone (negative control; NC). (B) Endothelial ICAM-1 expression
after 18-h exposure to culture fluids from Ad-infected human corneal
epithelial cells, mock-infected A549 cells, and medium alone (negative
control; NC). PC, positive control (vascular endothelial cells treated
for 18 h with TNF-� [10 U/ml]). Data are from three to nine separate
experiments with triplicate samples and are represented as the
means � standard deviations of the means. Significant differences
from the mock sample are indicated by � (P � 0.05) and �� (P � 0.01).

FIG. 2. Effects of culture supernatants from Ad-infected A549 cells
on endothelial cell expression of VCAM-1 and E-selectin. (A) Endo-
thelial VCAM-1 expression after 18-h exposure to culture fluids from
Ad-infected A549 cells, mock-infected A549 cells, and medium alone
(negative control; NC). (B) Endothelial E-selectin expression after 3-h
exposure to culture fluids from Ad-infected A549 cells, mock-infected
A549 cells, and medium alone (negative control; NC). PC, positive
control (vascular endothelial cells treated for 18 h with TNF-� [10
U/ml]). Data are from three separate experiments with triplicate sam-
ples and are represented as the means � standard deviations of the
means. Significant differences from the mock sample are indicated by
� (P � 0.05).
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(Endogen; 20 �g/ml) (Fig. 3B), anti-IL-1� (Endogen; 20 �g/
ml) (Fig. 3C), and anti-TNF-� (Endogen; 20 �g/ml) (Fig. 3D).

Using the above-characterized anticytokine antibodies in an
approach to identify endothelial cell-activating factors, culture
fluids from Ad-infected A549 cells were treated with anticyto-
kine antibodies (20 �g/ml) and then incubated for 18 h with
HUVEC monolayers in 96-well plates. As shown in Fig. 4A,
endothelial ICAM-1 expression was blocked by treating Ad-
infected A549 cell supernatants with anti-IL-1� antibody but
was not significantly blocked by antibodies against IL-1�,
TNF-�, alpha interferon, or beta interferon. When A549 cell
supernatants were diluted further (10- to 20-fold), a similar
pattern of blocking with anti-IL-1� antibody was achieved,
thereby minimizing the possibility that the supernatants con-
tained high levels of cytokines other than IL-1� which were not
neutralized by the respective antibodies employed (data not
shown). Analogous studies also demonstrated that IL-1� is the
major endothelial cell-activating factor released from Ad-in-
fected corneal epithelial cells (Fig. 4B and C).

Transendothelial leukocyte migration and recruitment to
sites of virus-infected tissues are essential to the inflammatory
response and host defense against viral infection. Activation of
vascular endothelial cell adhesion molecules is a prerequisite
step for endothelial migration of leukocytes; this activation is
most often mediated by specific cytokines. Although macro-
phages are major cytokine producers in such cases, there is
evidence that front-line epithelial cells might also play a critical
role (1, 23, 31, 34). Since epithelial cells are often primary
targets of virus infection, epithelial cell-derived cytokine re-
sponses may precede those of macrophages and may therefore
be crucial to the initial steps of inflammation. In this study, we
show that Ad37 triggers vascular endothelial cell-activating
factors, notably IL-1�, in both respiratory and corneal epithe-
lial cells. Moreover, IL-1� has both autocrine and paracrine
effects on cytokine expression (8) which could amplify and
broaden the endothelial cell adhesion molecule response.

To our knowledge, this is the first demonstration of endo-
thelial cell activation in adenovirus infection. Ad37 used in this
study is a predominant pathogen of epidemic keratoconjunc-
tivitis (5, 6, 27) and is also associated with respiratory tract
infections (5, 26). A prominent clinical feature is intense cor-
neal inflammation (26). The present study provides potential
insights into the mechanism of Ad37-induced inflammation by
identifying epithelial cell-derived IL-1�, which can activate
vascular endothelial cell ICAM-1 (and to a lesser extent
VCAM-1) expression, thereby initiating leukocyte recruitment.
In agreement with the above observation, we find that authen-
tic IL-1� upregulates endothelial cell ICAM-1 more effectively
than VCAM-1 (data not shown).

It will be important to test and extend the conclusions of this
study in future in vitro and in vivo investigations. An obvious
question is whether epithelial cell-derived IL-1� and its asso-FIG. 3. ICAM-1 expression on vascular endothelial cells is acti-

vated by recombinant cytokines. (A) ICAM-1 expression on endothe-
lial cells incubated for 18 h with IL-1� (4 pg/ml), IL-1� (100 pg/ml),
TNF-� (100 U/ml), IL-6 (1 �g/ml), and IL-8 (1 �g/ml). (B) ICAM-1
expression on endothelial cells incubated for 18 h with IL-1� in the
presence or absence of anti-IL-1� antibody at the indicated concen-
tration. (C) ICAM-1 expression on endothelial cells incubated for 18 h
with IL-1� in the presence or absence of anti-IL-1� antibody at the
indicated concentration. (D) ICAM-1 expression on endothelial cells
incubated for 18 h with TNF-� in the presence or absence of anti-
TNF-� antibody at the indicated concentration. NC, negative control

(medium alone); PC, positive control (vascular endothelial cells
treated for 18 h with TNF-� [10 U/ml]). Data are from three to six
separate experiments with triplicate samples and are represented as
the means � standard deviations of the means. Significant differences
between antibody-treated and untreated samples are indicated by �
(P � 0.05) and �� (P � 0.01).
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ciated effects on vascular endothelial cells may contribute to
the pathology seen in clinical adenoviral conjunctivitis, partic-
ularly vascular extravasation and accumulation of lymphocytes
commonly observed in the conjunctival follicles (15). In addi-

tion to the corneal epithelial cells used in this study, it will also
be of interest to examine Ad infection and cytokine production
in conjunctival epithelial cells, since such cells form a layer in
the eye just above the vessel-rich substantia propria. Efforts are
under way to obtain a pure source of conjunctival epithelial
cells for this purpose (the only readily available conjunctival
epithelial cell line is the Chang line, which is contaminated
with HeLa cells [16]). It will also be of interest to determine
whether the ability of Ad37 to activate endothelial cells via
epithelial cell IL-1� is a characteristic shared by other adeno-
viruses.

In contrast to cytokines such as TNF-� and IL-1�, IL-1� has
rarely been implicated in endothelial cell activation. IL-1� is
predominantly intracellular (8) and is rarely found in circula-
tory or inflammatory fluids. Extracellular release of IL-1� is
likely increased in cases of cell damage and is associated with
certain pathological conditions of corneal epithelial cells (25,
28, 29). Moreover, the extracellular release of IL-1� may be
selectively triggered by infection with strongly cytopathic vi-
ruses. For example, IL-1� is released from respiratory syncytial
virus-infected A549 cells (23) but not from corneal epithelial
cells infected with the less membrane-disrupting herpes sim-
plex virus type 1 (33).

Both corneal and respiratory (A549) epithelial cells re-
sponded to Ad37 infection with the release of endothelial
cell-activating factors; however, the response was earlier (24
versus 72 h postinfection) and reached higher levels in the
corneal cell line. While this may reflect the preferred clinical
tropism of Ad37 for epithelial cells of ocular origin (4), no
obvious difference in permissiveness for Ad37 was observed
between respiratory and corneal epithelial cells (data not
shown). Since corneal epithelial cells secrete low levels of
IL-1� constitutively (23) and since IL-1� possesses autocrine
properties (20, 21), corneal epithelial cells may respond to
virus infection with a particularly strong IL-1� release. This
response may be an important trigger for activation of the local
vascular endothelium to promote blood leukocyte adhesion
and recruitment into the site of virus infection, thus mobilizing
host defense mechanisms.
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