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Effect of Adenovirus E l A on ICAM-1 
Promoter Activity in Human Alveolar 

and Bronchial Epithelial Cells
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In previous studies we demonstrated that the El A DNA and proteins of group C adenovirus are present in excess 
in the lungs of patients with chronic obstructive pulmonary disease (COPD). Because adenovirus El A gene 
products are known to regulate the expression of many genes by interacting with cellular transcription factors, 
we postulated that El A enhances the production of inflammatory mediators and exacerbates the inflammatory 
process in smokers’ lungs. We reported that LPS-induced ICAM-1 expression in A549 cells is upregulated by 
El A. In the current study we investigated whether this regulation is mediated through the ICAM-1 promoter. 
A549 cells and primary human bronchial epithelial (HBE) cells were transiently cotransfected with a plasmid 
containing the ICAM-1 enhancer-promoter linked to the chloramphenicol acetyltransferase (CAT) reporter gene 
(pBS-CAT-P) and either a plasmid carrying the adenovirus 5 El A gene (pElAneo) or a control plasmid (pneo). 
To compare the effect of transient versus stable El A expression on the activity of this promoter, we also 
transiently transfected stable ElA-expressing A549 cells with pBS-CAT-P. Transient cotransfection of pEl Aneo 
and pBS-CAT-P had no effect on basal ICAM-1 promoter activity in A549 or HBE cells. After stimulation of 
A549 cells with TNF-a, IFN-y, or LPS, promoter activity was increased by two- to threefold in the presence of 
adenovirus El A. In HBE cells, on the other hand, El A repressed the ICAM-1 promoter after stimulation with 
IFN-y and LPS with little change after TNF-a stimulation. In stable El A transfectants, ICAM-1 promoter activity 
was 2 to 2.5 times higher than in control transfectants with or without stimulation with TNF-a or LPS. These 
findings suggest that El A can modulate the activity of the ICAM-1 promoter in lung epithelial cells and this 
modulation is different in cells of alveolar origin compared to bronchial epithelial cells.
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CIGARETTE smoking is the major risk factor for the 
development of chronic obstructive pulmonary dis­
eases (COPD), but only 10-20% of smokers actually 
develop airways obstruction (8). Childhood respira­
tory infection, predominantly in the first year of life, 
is another independent risk factor for the develop­
ment of COPD (10) with adenovirus and respiratory 
syncytial virus as the major viral agents responsible 
for these childhood illnesses (3). The group C adeno­
viruses are of particular interest in this regard because 
they persist in tonsils (12), peripheral blood lympho­

cytes (16), and the lungs of asymptomatic adults
(1,26). Studies from our laboratory showed that the 
El A region of the adenovirus genome is found in 
greater copy numbers in lungs of smokers with 
COPD than in lungs of controls with normal lung 
function matched for age, gender, and smoking his­
tory (26). Subsequent studies established that the 
El A proteins could be detected in epithelial cells lin­
ing the airways, alveoli, and submucosal glands in 
human lungs (7). Our working hypothesis is that the 
adenoviral El A DNA that persists in the lung follow-
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ing these childhood infections is expressed and its 
gene products amplify the inflammatory process pres­
ent in the lungs of smokers. This could help explain 
why cigarette smoking produces airway inflammation 
in everyone but only causes airway obstruction in a 
minority of smokers.

The adenovirus El A gene is the first viral gene 
expressed during infection and encodes nuclear phos- 
phoproteins that transactivate a selective set of both 
viral and cellular genes. This regulation by El A re­
quires endogenous host transcription factors. Of 
these, specific members of the family of cellular acti­
vating transcription factors interact with El A through 
their DNA binding domains and directly mediate 
El A-inducible transcriptional activation (23). The ac­
tivity of other transcription factors such as NF-kB are 
modulated by El A but by more indirect mechanisms
(9,29). Here, evidence has been presented that the in­
teractions between El A and the transcription factor 
are mediated by coactivators, cAMP-responsive ele­
ment binding (CREB) binding protein (CBP) and the 
related protein, p300. These findings are in keeping 
with the current concept that CBP/p300 can interact 
with a wide variety of nuclear proteins that affect 
transcription, including DNA binding proteins, the 
basal transcriptional machinery, as well as viral nu­
clear proteins such as El A, and that some of these 
can bind to each other [reviewed in (17)]. Through 
similar mechanisms, we postulate that El A, chroni­
cally expressed by latent adenovirus, could alter the 
activity of specific host genes that control the inflam­
matory process.

Intercellular adhesion molecule-1 (ICAM-1) is in­
volved in a wide variety of immune and inflamma­
tory interactions [reviewed in (31)]. As a natural li­
gand for the lymphocyte adhesion molecule LFA-1 
and the adhesion molecule Mac-1 found on mono­
cytes and granulocytes, it plays an important role in 
immune cell trafficking. Reports showing that 
ICAM-1 expression is related to the pathogenesis of 
airway diseases include those of increased ICAM-1 
expression in basal epithelial cells in COPD patients 
(6) and of its contribution to the pathogenesis of the 
asthma (37).

Previously we found that adenovirus 5 El A in­
creased ICAM-1 and interleukin-8 (IL-8) expression, 
which were induced by LPS stimulation of A549 lung 
epithelial cells (19,20). This increased expression 
correlated with increased levels of the mRNA of 
these two inflammatory mediators and suggested that 
the regulation of their expression occurs mainly at 
the transcriptional level (19,20). This upregulation of 
inflammatory mediator expression also correlated 
with increases in LPS-induced NF-kB activity in 
these ElA-positive cells (21). As an NF-kB binding

site is present in the ICAM-1 enhancer-promoter (5), 
the present study was designed to investigate whether 
the ICAM-1 promoter activity, as determined by the 
chloramphenicol acetyltransferase (CAT) reporter 
gene assay, is affected by El A proteins in alveolar as 
well as bronchial epithelial cells.

MATERIALS AND METHODS

Reagents

LPS from E. coli 0111:B4 obtained from Sigma 
Chemical Co. (St. Louis, MO) was dissolved in ster­
ile distilled water at 10 mg/ml. Recombinant human 
TNF-a from Calbiochem (LaJolla, CA) and IFN-y 
from Gibco BRL (Gaithersburg, MD) were reconsti­
tuted in 1% BSA in phosphate-buffered saline (PBS) 
at 5 x 105 and 7 x 105 U/ml, respectively. A-Butyryl 
coenzyme A (Sigma) was dissolved in 0.25 M Tris- 
HC1, pH 8, at 5 mg/ml. These reagents were stored 
at -70°C and diluted to the appropriate concentration 
before use.

Plasmid Used in Transfections

The plasmid, pElAneo, was a generous gift from 
Dr. F. L. Graham (McMaster University, Hamilton, 
Ontario). This expression vector carries the promoter 
and entire coding region of the El A gene of adenovi­
rus 5 from nucleotides 25 to 1770. A control plasmid, 
pneo, was generated from pElAneo by deleting the
1.8-kb BamUl-Sacl fragment containing the E1A 
DNA (19). The plasmid, pBS-CAT-P, was a kind gift 
of Dr. S. W. Caughman (Emory University, Atlanta, 
GA) (5). This vector carries the 1165 nucleotide frag­
ment of the ICAM-1 5'-flanking region linked to the 
CAT coding region. The plasmid pCAT-Control 
(Promega, Madison, WI), which contains the SV40 
promoter and enhancer sequences placed 5' of the 
CAT gene, was used as a positive control for CAT 
expression and as a means of monitoring differences 
in transfection efficiency between cell lines. Plasmid 
DNAs were prepared using the Plasmid Maxi Kit 
from Qiagen Inc. (Chatsworth, CA).

Cell Isolation and Culture Conditions

A549 cells from the American Type Culture Col­
lection (Rockville, MD) are a human lung epithelial 
cell line originally derived from a patient with bron­
chioloalveolar carcinoma (22). E23 is a clone of the 
A549 cell stably transfected with pElAneo that is 
positive for adenovirus El A expression while C5, a 
clone of the A549 cell transfected with pneo, is not
(19). These cells were grown in Eagle’s minimum 
essential medium (MEM) from Gibco BRL supple-
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merited with 10% fetal bovine serum (FBS) from 
Hyclone (Logan, UT). Primary human bronchial epi­
thelial (HBE) cells from bronchial tissue from two 
patients undergoing resection for a lung tumor at St. 
Paul’s Hospital, Vancouver, BC, Canada were iso­
lated according to a procedure described previously 
(13). The clinical data for these patients are presented 
in Table 1. In brief, 1-cm-long pieces of human bron­
chial tissue excised from a site remote from the tumor 
were treated at 4°C for 24 h with 0.1% protease 
(Type 14, Sigma) solution prepared in MEM. The ep­
ithelial cells were then scraped off and washed with 
bronchial epithelial cell growth medium (BEGM) 
(Clonetics, San Diego, CA). We also examined HBE 
cells from Clonetics using the same growth and trans­
fection conditions as those applied to the HBE cells 
from the local source. HBE cells from the local 
source were used for transfection from passage 3 to 
6 while those from Clonetics, received at passage 2, 
were used up to passage 4.

Transient Transfection of E23, C5, A549, 
and HBE Cells

E23, C5, and A549 cells or HBE cells were seeded 
on six-well plates in MEM or BEGM, respectively. 
When 70-80% confluent, approximately 24 h after 
seeding, the cells were transfected with plasmid DNA 
using a DEAE-dextran protocol (33), which was opti­
mized for each cell line investigated. The plasmid 
DNA was suspended in a solution containing DEAE- 
dextran, 50 mM Tris-HCl, pH 7.1, in MEM (serum 
free) or BEGM. The concentration of dextran used 
for E23, C5, and A549 cells was 200 |ig/ml; for HBE 
cells it was 30 |ig/ml. E23 and C5 cells were transfec­
ted with pBS-CAT-P or pCAT-Control. A549 and 
HBE cells were cotransfected with pBS-CAT-P and 
either pElAneo or pneo. The final concentration of 
each plasmid DNA used for transfection was 1 pg/ 
ml. The cells were exposed to the plasmid DNAs for 
6 h then placed in 10% dimethyl sulfoxide in 21 mM

HEPES, 135 mM NaCl, 5 mM KC1, 0.8 mM 
Na2H P04, pH 7.4, and 5 mM dextrose for 5 min. 
After washing with PBS, cells were placed in com­
plete medium, either MEM with 10% FBS for A549 
cells and their derivatives or BEGM for HBE cells. 
All cells were transfected under the same conditions 
except for differences in the DEAE-dextran concen­
tration and culture media specifications already 
noted. To examine whether differences in the culture 
conditions might affect how HBE cells respond to 
adenoviral El A regulation, HBE cells from patient 
#2 (Table 1) were also placed in BEGM with 10% 
FBS or MEM with 10% FBS after transfection and 
washing with PBS. One day after the transfection all 
cells either remained unstimulated or were stimulated 
with LPS (10 pg/ml), TNF-oc (100 U/ml), or IFN-y 
(100 U/ml) for 24 h. After this period all cells were 
analyzed by the CAT assay.

To compare the proliferation and viability of the 
HBE cells under the different culture conditions, pas­
sage 6 HBE cells from patient #1 (Table 1) were 
seeded in BEGM onto three six-well plates and 24 h 
after seeding the medium was changed in each of the 
plates with either fresh BEGM, BEGM with 10% 
FBS, or MEM with 10% FBS. After 6, 24, and 48 h 
cells were washed in PBS, trypsinized, counted, and 
then stained with trypan blue to measure viability.

CAT Assay

CAT assays were performed as described pre­
viously (11). 14C-Labeled chloramphenicol (CM) was 
separated from its butyrylated derivatives by ascend­
ing thin-layer chromatography using chloroform/ 
methanol (95:5). After chromatography the plates 
were used to expose Kodak XAR-5 film for 96 h be­
fore the film was developed. The conversion of CM 
to its butyrylated derivatives was quantified on the 
ULTROSCAN laser densitometer using the Gelscan 
analysis software, ver. 2.1 (Pharmacia LKB, Uppsala, 
Sweden). The CAT activity was expressed as per-

TABLE 1
CLINICAL DATA OF PATIENTS USED FOR HBE CELL SOURCE

HBE Cell Source Age Sex Smoke* % DLCOf %FEV1$ % FVC§ % K V f % TLC#

Local: patient #1 52 F 1080 85 73 82 152 108
Local: patient #2 49 F 0 85.5 90 91 87 91
Clonetics 10 M na na na na na na

na: not available.
*Number of cigarettes smoked per day times the years of smoking. 
fPercent of predicted CO diffusion capacity of the lung.
^Percent of predicted forced expiratory volume in 1 s.
§Percent of predicted forced vital capacity of the lung.
^[Percent of predicted residual volume of the lung.
#Percent of predicted total lung capacity.
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centage of the sum of the densities of the autoradio­
graphic signal representing the two butyrylated CM 
divided by the sum of the densities of the signals 
from the butyrylated CM and the substrate. To take 
into consideration differences in the transfection effi­
ciency between E23 cells and C5 cells, the ICAM-1 
promoter activity was expressed as a ratio of CAT 
activity as measured above to that found in the same 
cells transfected with the pCAT-Control plasmid.

Immunocytochemical Detection of E l A Expression

Cells grown on coverslips in six-well plates were 
fixed in 10% formalin for 5 min then in acetone for 
30 s. Immunocytochemistry was performed on the 
fixed cells by the alkaline phosphatase antialkaline 
phosphatase (APAAP) method previously described
(7). In brief, the fixed cells were equilibrated in 0.15 
M NaCl, 0.05 M Tris-HCl, pH 7.6 (TBS), and prein­
cubated in 5% normal rabbit serum in TBS for 20 
min. The cells were then incubated with anti-El A 
monoclonal antibody M73 (15) (Oncogene Sciences, 
Uniondale, NY) or control mouse IgG2a, and then 
with rabbit anti-mouse immunoglobulins (Dako, 
Glostrup, Denmark) followed by the APAAP com­
plex (Dako). After each incubation the cells were 
rinsed with TBS three times. The substrate, naphthol 
AS-BI phosphate (Sigma) with new fuchsin (Merck, 
Rahway, NJ), was applied to the preparations for 
color development. Endogenous alkaline phosphatase 
activity was blocked by adding 1 mM levamisole 
(Sigma) to the substrate.

Statistical Analysis

Data were analyzed by the analysis of variance 
(ANOVA) and are expressed as the mean ± SEM. A 
value of p  < 0.05 was considered significant.

RESULTS

Effect o f E l A on ICAM-1 Promoter Activity in A549 
Cells Stably Transfected With E1A

To measure differences in transfection efficiency 
between the stable El A transfectant, E23, and control 
cells, C5, these cells were transiently transfected with 
pCAT-Control. CAT activity was higher in ElA-ex- 
pressing cells than in control cells, indicating a higher 
efficiency of transfection of the stable El A transfec- 
tants (Fig. la). To examine the effect of El A on the 
ICAM-1 promoter activity in stable El A transfec- 
tants, pBS-CAT-P was transiently transfected into 
ElA-expressing cells, E23, and control cells, C5, and 
the ICAM-1 promoter activity was measured (Fig. 
la) and expressed as a ratio of CAT activity found in

these cells compared to that found in the same cells 
transfected with pCAT-Control (Fig. lb). After this 
correction for differences in transfection efficiency 
was made, ICAM-1 promoter activity in control C5 
cells, in the presence or absence of stimulation, was 
found to be low. Overall, this activity was much 
higher in ElA-expressing E23 compared to C5 and 
this increased activity was statistically significant in 
unstimulated E23 cells as well as in these cells stimu­
lated with TNF-a and LPS (Fig. lb).

Effect of E l A on ICAM-1 Promoter Activity After 
Transient Transfection o f A549 Cells

Because adenovirus El A is known to repress the 
activity of the SV40 enhancer-promoter (35), the 
pCAT-Control used to monitor differences in trans­
fection efficiency between E23 and C5 could also re­
flect differences due to the regulation of the SV40 
enhancer-promoter by El A. To avoid both this prob­
lem and that of transfection differences between these 
cells, parent A549 cells were cotransfected with 
pElAneo and pBS-CAT-P or, as control, with pneo 
and pBS-CAT-P. After pElAneo transfection, E1A 
protein was detected in 4.5 ± 0.8% of the A549 cells 
(n = 4) with staining found in the nuclei of cells (Fig. 
2a). No staining was seen when these cells were 
stained with an isotypic control antibody (Fig. 2b). 
CAT activity was measured 48 h after transfection, 
which included 24 h in the presence or absence of 
various inflammatory stimuli (Fig. 3). In the absence 
of adenovirus El A little or no ICAM-1 promoter ac­
tivity was detected in unstimulated A549 cells. TNF- 
a  induced weak ICAM-1 promoter activity in these 
cells while IFN-y and LPS had little or no effect. 
Transient transfection of the El A gene had no effect 
on the ICAM-1 promoter activity in unstimulated 
A549 cells. On the other hand, stimulation with TNF- 
a, IFN-y, or LPS in the presence of the viral El A 
gene enhanced promoter activity two- to threefold 
over that found in the absence of El A.

Effect o f the E l A Gene on ICAM-1 Promoter 
Activity in HBE Cells After Transient Transfection 
With pElAneo

To examine the effect of El A on the ICAM-1 pro­
moter activity in HBE cells, primary bronchial epi­
thelial cells from surgically resected lungs were 
cultured and cotransfected with pBS-CAT-P and 
pElAneo or pneo. The El A protein was detected in 
1.8 ±0.4% of HBE cells transfected with pElAneo 
(n = 4) (Fig. 2c). Consistent with results found for 
A549 cells transiently transfected with pElAeno, the 
staining showed that the El A protein is found in the 
nuclei of HBE cells. No staining was seen when these
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FIG. 1. The effect of stably transfected El A on ICAM-1 promoter activity in A549 cells. E23, a stable El A transfectant (E1A+) and C5, a 
control transfectant (E1A-) (19) were transfected with pBS-CAT-P (1 pg/ml) or pCAT-Control (pCAT-Ctrl.) (1 pg/ml). The cells were left 
unstimulated ( -)  or stimulated with TNF-a (100 U/ml), IFN-y (100 U/ml), or LPS (10 pg/ml) for 24 h and then analyzed by the CAT assay, 
(a) A representative autoradiogram of a chromatogram from one experiment, (b) CAT activity in cells transfected with pBS-CAT-P was 
quantitated by densitometric scanning of an autoradiogram such as that shown in (a) and normalized to the CAT activity found in the same 
El A+ or El A -  cells transfected with pCAT-Control. Data are expressed as means ± SEM of six independent experiments. *p < 0.05, **p < 
0.001.

c e l l s  w e r e  s ta in ed  w ith  an is o ty p ic  co n tr o l a n tib o d y  

(F ig . 2 d ).

A s  w ith  A 5 4 9  c e l l s ,  IC A M -1  p ro m o te r  a c t iv ity  in  

H B E  c e l l s  w a s  v e r y  w e a k  in  th e  a b se n c e  o f  a d d itio n a l 

s t im u li (F ig . 4 ) . L P S  and  IF N -y  st im u la tio n  o f  th e se  

c e l l s  in c r e a se d  p r o m o ter  a c t iv ity  w ith  I F N -y  as th e  

s tr o n g e s t  in d u c e r  (F ig . 4 b ) . T N F - a  h ad  a m in im a l e f ­

fe c t . E l  A  d id  n o t a ffe c t  th e  b a sa l le v e l  o f  th e  IC A M -  

1 p ro m o te r  a c t iv ity  in  H B E  c e lls ;  h o w e v e r , it d ra sti­

c a lly  r e p r e sse d  th e  e f f e c t  o f  I F N -y  o n  th is  p ro m o ter . 

E l A  a ls o  re d u c e d  p r o m o ter  a c t iv ity  s ig n if ic a n t ly  a fter  

L P S  s t im u la tio n  (F ig . 4 b ).

T o  c o n fir m  th e r e su lts  fr o m  H B E  c e l l s  cu ltu red  

fr o m  sp e c im e n s  r e se c te d  at ou r in s titu tio n , w e  a lso  

a n a ly z e d  H B E  c e l l s  p u r c h a se d  fro m  a c o m m e r c ia l  

so u r c e  (C lo n e t ic s )  in  th e  sa m e  m a n n er  (F ig . 5 ) . C o m ­

p ared  to  th e  v e r y  lo w  IC A M -1  p r o m o ter  a c t iv ity

fo u n d  in  th e s e  c e l l s  in  th e  c o n tr o l sta te , a ll th ree  s t im ­

u li (IF N -y , T N F - a ,  and  L P S ) in d u c e d  p r o m o te r  a c t iv ­

ity . A s  w ith  H B E  c e l l s  o b ta in e d  lo c a l ly , I F N -y  w a s  

th e  s tr o n g e st  in d u c e r  in  th e  c o m m e r c ia l ly  o b ta in e d  

H B E  c e l l s .  A ls o ,  c o n s is te n t  w ith  r e su lts  fr o m  H B E  

c e l l s  o b ta in e d  lo c a l ly ,  a d e n o v ir u s  E l  A  s ig n if ic a n t ly  

r e p r e sse d  th e  IC A M -1  p r o m o ter  a c t iv ity  in d u c e d  b y  

I F N -y  an d  L P S  in  th e  c e l l s  o b ta in e d  c o m m e r c ia l ly . In  

a d d it io n , a  s ig n if ic a n t  r e p r e ss io n  b y  E l  A  o f  th e  T N F -  

a - in d u c e d  p r o m o te r  a c t iv ity  w a s  o b se r v e d .

C u ltu r in g  H B E  c e l l s  in  B E G M  or M E M  su p p le ­

m e n te d  w ith  10%  F B S  fo r  4 8  h d id  n o t a lter  th e  

I C A M - 1 p r o m o te r  a c t iv ity  o b se r v e d  w h e n  c e l l s  w e r e  

g r o w n  in  B E G M  a lo n e , e ith e r  u n d er  b a sa l c o n d it io n s  

or a fter  s t im u la tio n  w ith  T N F - a ,  IF N -y , or  L P S  (d ata  

n o t sh o w n ). E v e n  in  th e  p r e se n c e  o f  a d e n o v ir u s  E l  A ,  

th e  IC A M -1  p r o m o ter  a c t iv ity , e ith e r  at th e  b a sa l
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FIG. 2. The expression of El A proteins in A549 and HBE cells transiently transfected with pElAneo. Cells grown on coverslips were 
stained with the E1A monoclonal antibody M73. (a) A549 cells transfected with pElAneo and pBS-CAT-P. The staining (black nuclei) 
shows that the E l A protein is found in the nuclei of these cells, (b) The same cells as in (a) stained with an isotypic control antibody. No 
staining is seen herein, (c) HBE cells from a surgical specimen from patient #2 transfected with pElAneo and pBS-CAT-P. The staining 
(black nuclei) shows that the El A protein is located in the nuclei of these cells, (d) The same cells as in (c) stained with an isotypic control 
antibody. No staining is seen herein. Bar= 10 pm.

le v e l  or  a fter  trea tm en t w ith  th e  th ree  s t im u li, w a s  

n o t a f fe c te d  b y  th e se  c h a n g e s  in  cu ltu re  c o n d it io n s  

(d a ta  n o t sh o w n ).

In c u b a tio n  o f  H B E  c e l l s  in  B E G M  or M E M  w ith  

10%  F B S  fo r  6  and  2 4  h d id  n o t a f fe c t  th e ir  g r o w th  

(F ig . 6 )  or  v ia b ility  (d a ta  n o t sh o w n ) c o m p a r e d  to  

c e l l s  g r o w n  in  B E G M  a lo n e . A fte r  4 8 -h  in c u b a tio n , 

a lth o u g h  th e  v ia b ility  o f  th e  a d h eren t c e l l s  g r o w n  

w ith  F B S  su p p le m e n t w a s  m o r e  th an  90 %  o f  th o s e  

g r o w n  in  B E G M  a lo n e , to ta l c e ll  c o u n ts  in  M E M  and  

B E G M  su p p le m e n te d  w ith  F B S  w e r e  r e d u c e d  to  50%  

an d  5 4 % , r e s p e c t iv e ly , o f  th o s e  in  B E G M  a lo n e  

(F ig . 6 ) .

D I S C U S S I O N

T h e  resu lts  o f  th is  stu d y  sh o w  that a d e n o v ir u s  

E l  A  ca n  m o d u la te  th e  a c t iv ity  o f  th e  p r o m o ter  in  th e  

is o la te d  5 ' reg u la to ry  r e g io n  o f  th e  h u m a n  IC A M -1

g e n e  in  h u m a n  lu n g  e p ith e lia l c e l l s  and  th is  m o d u la ­

tio n  d e p e n d s  o n  v a r io u s  fa c to r s , a m o n g  th em  th e  in ­

d u c in g  s t im u lu s  and w h e th e r  th e  e x p r e s s io n  o f  E l  A  

in  th e se  c e l l s  is  s ta b le  or  tran sien t, b u t th e  m a in  m o d i­

f ie r  is  th e  c e ll  ty p e , w h e th e r  th e y  are tra n sfo rm ed  a l­

v e o la r  c a r c in o m a  c e l l s  or p rim ary  b r o n c h ia l e p ith e lia l  

c e ll s .  In A 5 4 9  c e l l s  w h e r e  th is  p ro m o ter  is  m in im a lly  

r e sp o n s iv e  to  s t im u la tio n  b y  T N F - a ,  L P S , and  IF N -  

y, th e  a d e n o v ir u s  E l  A , p r e se n t e ith e r  p e r m a n e n tly  or  

tra n s ien tly  fo r  th e  d u ration  o f  th e  e x p e r im e n t, re ­

v e r se s  th e  r e sp o n se  o f  th e  p r o m o ter  to  o n e  o f  in ­

c r e a se d  a c t iv ity . O n  th e  o th er  h an d , in  H B E  c e l l s  

w h e r e  th e  p r o m o ter  is  re a d ily  a c tiv a te d  b y  th e se  sa m e  

s t im u li, th e  e f f e c t  o f  E l  A  is  to  r e d u c e  th is  a c t iv ity .  

H o w e v e r , a s in A 5 4 9  c e l l s ,  th e  o v e r a ll e f f e c t  o f  E l  A  

is  a g a in  a rev ersa l o f  th e  r e sp o n se  fo u n d  in  th e  a b ­

s e n c e  o f  th is  v ira l n u c le o p r o te in .

T h e  in terp reta tio n  o f  th e  r e su lts  fro m  th e  sta b le  

E l  A  tra n sfec ta n ts  o f  A 5 4 9  c e l l s  r e lie s  o n  th e  a b ility
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FIG. 3. The effect of transient El A transfection on ICAM-1 pro­
moter activity in A549 cells. A549 cells were cotransfected with 
pElAneo (1 pg/ml) (E1A+) or control plasmid pneo (1 ftg/ml) 
(E1A-) and with pBS-CAT-P (1 pg/ml). Twenty-four hours after 
transfection cells were left unstimulated (-) or were stimulated 
with TNF-a (100 U/ml), IFN-y (100 U/ml), or LPS (10 pg/ml) for 
another 24 h then analyzed by the CAT assay, (a) A representative 
autoradiogram of a chromatogram from one experiment, (b) CAT 
activity was quantitated by densitometric scanning of an autora­
diogram such as that shown in (a) and expressed as the percent 
conversion of CM to butyrylated CM. Data are expressed as means 
± SEM of four independent experiments. */?<0.01, **/?< 0.005, 
***/?< 0.001.

FIG. 4. The effect of transient adenovirus El A transfection on 
ICAM-1 promoter activity in HBE cells from resected lung speci­
mens. HBE cells were cotransfected with pElAneo (1 pg/ml) 
(E1A+) or control plasmid, pneo (1 |lg/ml) (El A -), and with pBS- 
CAT-P (1 ftg/ml). Twenty-four hours after transfection cells were 
left unstimulated ( -)  or were stimulated with TNF-a (100 U/ml), 
IFN-y (100 U/ml), or LPS (10 pg/ml) for another 24 h then ana­
lyzed by the CAT assay, (a) A representative autoradiogram of a 
chromatogram from one experiment, (b) CAT activity was quanti­
tated by densitometric scanning of an autoradiogram such as that 
shown in (a) and expressed as the percent conversion of CM to 
butyrylated CM. Data are expressed as means ± SEM of four sepa­
rate experiments performed on two batches of cells from each of 
the two patients. */? < 0.05, **p < 0.001.

to  m ea su r e  d if fe r e n c e s  in  tr a n s fe c tio n  e f f ic ie n c y  b e ­

tw e e n  th e  E lA - p o s i t iv e  and  c o n tro l c e ll s .  It c o u ld  b e  

a rg u ed  that th e  p C A T -C o n tr o l u se d  fo r  th is  p u r p o se  

c o u ld  u n d e r e st im a te  th e  tr a n s fe c tio n  e f f ic ie n c y  o f  

E lA - e x p r e s s in g  c e l l s  b e c a u se  th e  a c t iv ity  o f  th e  

S V 4 0  p ro m o te r  d r iv in g  th e  C A T  g e n e  is  k n o w n  to  b e  

r e p r e sse d  b y  a d e n o v ir u s  E l  A  (3 5 ) . C o n se q u e n tly , th e  

ratio  o f  C A T  a c t iv ity  fro m  p B S -C A T -P  to  that fro m  

p C A T -C o n tr o l w o u ld  b e  o v e r e s t im a te d  in  E lA - p o s i ­

t iv e  c e lls .  H o w e v e r , as r e su lts  o f  an e n h a n c e m e n t o f  

IC A M -1  p r o m o ter  a c t iv ity  b y  E l  A  in tr a n s ien tly  c o ­

tr a n s fe c te d  A 5 4 9  c e l l s ,  w h e r e  c o r r e c tio n  fo r  tr a n s fe c ­

tio n  e f f ic ie n c y  u s in g  p C A T -C o n tr o l w a s  n o t n e c e s ­

sary , su p p o rt ou r  f in d in g s  in  A 5 4 9  c e l l s  s ta b ly  

e x p r e s s in g  E l  A , th is  r e p r e ss io n  o f  th e  S V 4 0  p r o ­

m o te r  in p C A T -C o n tr o l is  c o n s id e r e d  m in im a l.

T h e  e f f e c t  o f  E l  A  to  e n h a n c e  th e  a c t iv ity  o f  th e  

p r o m o te r  in  th e  is o la te d  5 ' re g u la to r y  r e g io n  o f  th e  

IC A M -1  g e n e  in  A 5 4 9  c e l l s  in  r e sp o n s e  to  L P S  s t im ­

u la t io n  is  c o n s is te n t  w ith  ou r f in d in g s  o f  in c r e a se d  

IC A M -1  m R N A  an d  p ro te in  e x p r e s s io n  in  r e sp o n s e  

to  th is  in f la m m a to r y  s t im u lu s  in  s ta b le  E l  A  tr a n s fe c -  

tan ts o f  A 5 4 9  c e l l s  (1 9 ) .  T h e  m e c h a n ism  b y  w h ic h  

a d e n o v ir u s  E l  A , a n u c le a r  p r o te in , b r in g s  a b o u t th is  

in c r e a se d  e x p r e s s io n  in  th e  a b se n c e  o f  th e  L P S  r e c e p -
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FIG. 5. The effect of transient adenovirus El A transfection on 
ICAM-1 promoter activity in HBE cells from a commercial source. 
HBE cells were cotransfected with pElAneo (1 pg/ml) (E1A+) or 
control plasmid, pneo (1 pg/ml) (E1A-), and with pBS-CAT-P (1 
pg/ml). Twenty-four hours after transfection cells were left unstim­
ulated ( -)  or were stimulated with TNF-a (100 U/ml), IFN-y (100 
U/ml), or LPS (10 pg/ml) for another 24 h then analyzed by the 
CAT assay, (a) A representative autoradiogram of a chromatogram 
from one experiment, (b) CAT activity was quantitated by densito- 
metric scanning of an autoradiogram such as that shown in (a) and 
expressed as the percent conversion of CM to butyrylated CM. 
Data are expressed as means ± SEM of three separate experiments. 
*p < 0.01, **p < 0.0005, ***/? < 0.0001.

tor, C D  14, h a s  n o t b e e n  e lu c id a te d  (1 9 ) . In in itia l ex- 

p e r im e n ts  w e  h a v e  sh o w n , h o w e v e r , that th e  tran­

sc r ip tio n  fa c to r  N F - k B  is  in d u c e d  b y  L P S  in  th e se  

c e l l s  i f  E l  A  is  p r e se n t (2 1 ) .  A s  th e  1 1 6 5 -b p  5 ' r e g u la ­

tory  se q u e n c e  o f  th e  IC A M -1  g e n e  u se d  in th is  stu d y  

in c lu d e s  th e  b in d in g  s ite  fo r  th is  tra n scr ip tio n  fa c to r

(5 ,3 2 ) ,  a s im ila r  in d u c tio n  o f  N F - k B  in  r e sp o n s e  to  

L P S  is  e x p e c te d  to  ta k e  p la c e  to  a c tiv a te  th is  p r o ­

m o te r  in  A 5 4 9  c e l l s  w h e n  a d e n o v ir u s  E l  A  is  p resen t, 

e ith e r  as a  r e su lt o f  s ta b le  or  tra n s ien t tra n s fe c tio n .

T h e  w e ll-d o c u m e n te d  r e p r e ss io n  o f  th e  in terfero n  

s ig n a l tra n sd u ctio n  p a th w a y  b y  E l  A  p r o te in s  (1 4 ,2 4 ,  

3 0 ,3 4 )  su p p o rts ou r  f in d in g  o f  a red u c tio n  in  IF N -y -

in d u c e d  IC A M -1  p ro m o ter  a c tiv ity  in H B E  c e l l s  b y  

E l A . O ur resu lts  are s im ila r  to  th o se  fro m  H e la  c e l l s  

w h e r e  a d e n o v ir u s  E l  A  p re v e n te d  th e  IF N -y  in d u c tio n  

o f  C A T  a c tiv ity  d r iv en  b y  a tra n scr ip tio n a l reg u la to ry  

r e g io n  o f  an IF N -y  r e sp o n s iv e  g e n e  (1 8 ) . E l  A  g e n e  

p ro d u cts  are k n o w n  to  b lo c k  th e  e x p r e s s io n  o f  IF N -  

in d u c ib le  g e n e s  at th e  le v e l  o f  tra n scr ip tio n , p o s s ib ly  

b y  d e c r e a s in g  th e  a m o u n t o f  th e  s ig n a l tra n sd u cer  and  

a ctiv a to r  o f  tra n scr ip tio n  fa m ily  o f  p ro te in s  (3 4 ) .  

C on trary  to  th e se  f in d in g s , an IF N -y  r e sp o n se  b y  the  

IC A M -1  p ro m o ter  w a s  v ery  w e a k  in our A 5 4 9  c e lls  

and , fu rth erm ore, th is  r e sp o n se  w a s  e n h a n c e d  in  the  

p r e se n c e  o f  a d e n o v ir u s  E l  A . T h is  resu lt co n tra sts  the  

e n d o g e n o u s  I C A M - 1 e x p r e s s io n  in  A 5 4 9  c e l l s  w h ic h ,  

in  k e e p in g  w ith  th e  e s ta b lish e d  E l  A  rep r e ss io n , 

sh o w e d  that b o th  m R N A  and p ro te in  e x p r e s s io n  in ­

d u c e d  b y  IF N -y  w e r e  s ig n if ic a n tly  re d u c e d  in  the  

p r e se n c e  o f  E l  A  (1 9 ) . O n e  e x p la n a tio n  fo r  the d if fe r ­

e n c e  b e tw e e n  th e  e f f e c t  o f  E l  A  o n  th e  r e sp o n se  to  

IF N -y  as m o n ito r e d  b y  th e  e x p r e s s io n  o f  th e  reporter  

g e n e  d r iv en  b y  th e  iso la te d  IC A M -1  p r o m o te r -e n ­

h a n cer  rep orted  h ere  and  b y  th e  e x p r e ss io n  o f  th e  e n ­

d o g e n o u s  IC A M -1  m R N A  rep orted  ea r lier  (1 9 )  is  the  

IF N -y  sta b iliz a tio n  o f  an o th e r w ise  la b ile  IC A M -1  

m R N A , la b ile  b e c a u se  o f  d e s ta b iliz in g  se q u e n c e s  in  

its  c o d in g  r e g io n  (2 8 ) . H o w e v e r , b e c a u se  o f  th e  o v e r ­

w h e lm in g  e v id e n c e  in  fa v o r  o f  a stro n g  a c tiv a tio n  o f  

th e  IC A M -1  p ro m o ter  b y  IF N -y , w e  c o n s id e r  m R N A  

s ta b ility  a  m in o r  p la y e r  in  a c c o u n tin g  fo r  d if fe r e n c e s  

b e tw e e n  resu lts  o f  th e  is o la te d  p ro m o ter  and  th e  e n ­

d o g e n o u s  o n e . F u rth erm ore, it is  in te r e stin g  to  n o te  

that V o ra b erg er  and  c o w o r k e r s  (3 6 )  rep o rted  that in  

A 5 4 9  c e ll s ,  w h ile  th e  1 .3 -k b  IC A M -1  u p strea m  re­

g io n  m e d ia te s  r e sp o n s iv e n e s s  to  IL -1 , it d id  n o t to  

IF N -y . W h e n  a m o re  e x te n s iv e  5 -k b  f la n k in g  r e g io n  

w a s  in c lu d e d , reporter a c t iv ity  w a s  in c r e a se d  tw o fo ld  

after  IF N -y  s t im u la tio n . T h e se  au th ors s u g g e s t  that 

reg u la to ry  e le m e n ts  m e d ia tin g  IF N -y  r e sp o n s iv e n e s s  

in  A 5 4 9  c e l l s  are lo c a te d  fu rth er u p strea m  o f  th e  1 .3 - 

kb fra g m en t. B e c a u s e  th e  1 .1 6 5 -k b  IC A M -1  p ro m o ter  

u se d  in ou r  stu d ie s  is  s im ila r  to  th e  1 .3 -k b  fra g m en t  

u se d  b y  V o r a b erg er  and  c o w o r k e r s , ou r resu lt o f  a 

la c k  o f  IF N -y  r e sp o n s iv e n e s s  c o u ld  b e  re la ted  to  th e  

m is s in g  r e sp o n se  e le m e n t. T a k en  to g e th er , ou r resu lts  

su g g e s t  that in  H B E  c e l l s  E l  A  is  v ery  e f f e c t iv e  in  

su p p r e ss in g  th e  1 .1 6 -k b  IC A M -1  p ro m o ter  te s te d  

h ere  w h ile  in  A 5 4 9  c e l l s  a d d itio n a l se q u e n c e s  m o re  

d is ta l than  th o se  in c lu d e d  h ere  m a y  b e  req u ired  to  

re v e a l th e  fu ll r eg u la to ry  c o n tro l b y  IF N -y  and  its  

su b se q u e n t r e p r e ss io n  b y  E l  A .

T h e  b a sa l IC A M -1  p ro m o ter  a c t iv ity  w a s  g e n e r ­

a lly  h ig h e r  in  sta b le  E l  A  tra n sfec ta n ts  o f  A 5 4 9  c e l l s  

than  in  th e  c o r r e sp o n d in g  c o n tr o ls . O n th e  o th er  

h an d , A 5 4 9  c e l l s  tr a n s ien tly  tra n s fe c te d  w ith  E l  A , 

l ik e  th e ir  c o n tr o ls , sh o w e d  litt le  or n o  b a sa l p r o m o ter



FIG. 6. HBE cell proliferation under different medium conditions. The HBE cells were seeded onto six-well plates in BEGM and after 24 
h the medium was changed to BEGM with or without 10% FBS or MEM with 10% FBS. After 6, 24, and 48 h proliferation under these 
conditions was determined by counting the number of cells (n =  2).

activity. Two possibilities could account for this dif­
ference. One is the duration of El A activity in the 
cell. In the stable El A transfectant this viral gene is 
expressed in the cell continually while in transient 
transfectants El A is expressed at most only for the 
24 h prior to the application of stimuli. The 24-h pe­
riod of El A expression may be too short to reproduce 
the changes that are manifested in the modulation of 
the activity of the ICAM-1 promoter in the stable 
transfectants. Another difference is the state of the 
El A gene in these cells. In stable transfectants the 
El A gene may be integrated into the genomic DNA 
of the cell, while in the transient transfectants it most 
likely resides as plasmid DNA. Therefore, the regula­
tion of the expression of the El A gene itself and 
hence E lA ’s ability to alter the basal level of expres­
sion of the reporter gene may be affected. Contrary 
to this notion, E lA ’s ability to modify the host re­
sponse to inflammatory stimuli was not altered by the 
stability of the El A transfection because the in­
creased activity of the ICAM-1 promoter in tran­
siently transfected A549 cells appeared to equal that 
in stable transfectants.

Although both are lung epithelial cells, modula­
tion of the ICAM-1 promoter activity by adenovirus 
El A in HBE cells was opposite to that found in A549 
cells. In A549 cells this promoter was minimally re­
sponsive to TNF-a, LPS, or IFN-y stimulation while 
the presence of the adenovirus El A markedly en­
hanced this response. In contrast, in HBE cells this 
promoter was more responsive to these stimuli and 
the presence of El A repressed this activation. This 
difference is most likely due to inherent properties of 
the distinct cell types where A549 cells are from a

pulmonary carcinoma and have features of type II al­
veolar cells while the HBE cells are primary cells 
from large airways. Although differences in cell type 
are a major consideration, differences in culture con­
ditions must also be considered. A549 cells were cul­
tured in medium with added serum, while HBE cells 
were cultured in serum-free medium with the addi­
tion of retinoic acid and corticosteroid, which are 
known to regulate ICAM-1 expression in other types 
of cells (2,4). To examine the effect of serum, we 
performed the same CAT assay on HBE cells grown 
in BEGM plus FBS or in MEM plus FBS. Although 
the rate of proliferation of the cells was reduced with 
the addition of serum, cell viability was not altered 
and the results from the CAT assay were not different 
from that found in serum-free medium. Because long­
term incubation of HBE cells in serum causes termi­
nal differentiation, most likely due to the presence of 
TGF-(3i causing squamous cell differentiation of 
these cells (27), we were limited in the length of time 
these cells could be analyzed under these conditions. 
Therefore, we cannot rule out the possibility that 
long-term effects of the serum could alter the re­
sponse of HBE cells to inflammatory stimuli.

Even in the absence of E l A the response of HBE 
cells to inflammatory stimuli differed from that of 
A549 cells. In HBE cells the ICAM-1 promoter ap­
peared to be more responsive to IFN-y than TNF-a, 
while in A549 cells it was more responsive to TNF- 
a  than IFN-y. The results from the HBE cells are 
consistent with those from tracheal bronchial epithe­
lial and BEAS-2B cells where a marked increase in 
ICAM-1 mRNA and protein was observed after IFN- 
y but not with TNF-a stimulation (25). Similarly, the



results from the A549 cells are supported by results 
from our previous study in A549 cells showing that 
ICAM-1 expression as measured by ELISA was 
higher after TNF stimulation compared to IFN-y (19). 
Again, cell type-specific attributes such as differ­
ences in the expression of the receptors for these two 
ligands in the two cell types might offer a possible 
explanation for these differences.

In conclusion, we have demonstrated that adenovi­
rus El A can modulate the activity of the ICAM-1 
promoter in both alveolar and bronchial epithelial 
cells. The viral protein upregulates ICAM-1 promoter 
activity in response to an inflammatory stimulus in 
A549 cells and downregulates this activity in HBE 
cells. The mechanisms(s) by which El A alters the
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