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ABSTRACT 

Adenoviral vectors are being developed for oral delivery of therapeutic genes to the intestine. Initial studies 

in the rat using mucolytics and direct application of adenovirus encoded with the interleukin-1 receptor an

tagonist gene to the jejunum produced limited gene expression. The goal of this study was to determine the 

role of integrins in adenovirus-mediated gene delivery to the intestinal epithelium. Integrins are involved in 

cellular differentiation and tight junction formation and mediate adenoviral internalization. Results from 

Caco-2 and IEC-18 cells suggest that, as enterocytes differentiate, cell-surface integrin expression decreases. 

Pretreatment of Caco-2 cells with R G D peptides reduced adenoviral transduction efllciency by 8 0 % in un

differentiated cells and 2 0 % in differentiated cells. Both differentiated and undifferentiated IEC-18 cells 

showed a 7 0 % drop in transduction w h e n pretreated with the peptide. Infection inhibition studies with m o n 

oclonal antibodies further suggest that ay/^s and Uifii integrins play significant roles in adenoviral internal

ization in the intestine. Expression of integrins in cell culture models of the intestine correlated with in vivo 

expression in intestinal segments. These results indicate that the ileum is a prime target for efficient aden

ovirus-mediated gene transfer in the rat. T o enhance transduction in differentiated enterocytes (probable tar

gets for oral gene delivery), Caco-2 cells were treated with interleukin-1/3 (a cytokine k n o w n to increase in

tegrin expression) prior to administration of the virus. Transduction efficiency increased four-fold. 

O V E R V I E W S U M M A R Y administration of immunomodulating agents and inflam
matory disease states provide a favorable environment for 

Previous studies of adenovirus-mediated gene transfer of efficient Internalization of adenoviral vectors due to up-reg-
the interleukln-1 receptor antagonist protein to rat jejunum ulation of Integrin receptors. 
have produced limited gene expression. In the present study, 
we have shown that Integrins play a significant role in effi
cient adenoviral Infection of the Intestinal epithelium. As en- I N T R O D U C T I O N 
terocytes differentiate, integrin expression decreases. This 
coincides with significant reduction in adenoviral trans- r | "'he intestinal epitheliljm is considered to be an attractive 
duction efficiency. Results from two in vitro models of the M. site for somatic gene therapy for many reasons. One of the 
Intestinal epithelium (Caco-2 and IEC-18 cells) show that most compelling is its ease of access via the lumenal route, 
UyPs Integrins have the most influence on adenoviral Inter- which would allow direct in vivo gene transfer by oral admin-
nallzatlon. Results from screening of rat intestinal segments isttation or standard endoscopic approaches (Sandberg et al, 
for expression of the Uy^s integrin suggest that, based on 1994). The intestinal epithelium also has a large tissue mass 
Integrin expression, the Ileum Is a prime target for efficient and contains stem cells with known locations in the crypts of 
adenovirus-mediated gene transfer. W e have also found that Lieberkuhn (Chang et al, 1994). Development of cystic fibro-
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sis (CF) mouse models with early mortality due to intestinal 
obstruction has emphasized the importance of the intestine as 
a site for gene ttansfer (CoUedge et al, 1992; O'Neal et al, 
1993). 

Aside from CF, other genetic disorders that affect the in
testinal epitheUum such as familial adenomatous polyposis 
(FAP) (Westbrook et al, 1994) and many cases of colon can
cer (Thomas, 1991) could be tteated or prevented with site-di
rected gene ttansfer. The intestine could also be used as an al
temative target for the tteatment of many metabolic and 
nutritional defects, especially for functions that occur in the 
liver, such as urea cycle disorders and phenylketonuria. Some 
ttansgenic studies have shown that the intestinal epithelium is 
capable of secreting proteins into the blood stream (Sweetser 
et al, 1988). Thus, the intestine could also serve as an impor
tant target for diseases involving the deficiency of proteins se
creted into the blood such as hormones and clotting factors 
(Ledley, 1992). 

Recently, utilization of replication-deficient mammalian 
viruses as vectors for gene delivery and as potential vaccine 
carriers has received increasing attention. Adenoviruses seem 
particularly suited for such purposes because infection with 
these replication-incompetent vectors allow for the production 
of transgenic proteins without adversely affecting the host cell 
(Smythe et al, 1995). Deletions in the El and E3 regions of 
the viral genome allow for insertion of about 8 kb of foreign 
D N A without affecting the viability of the virus. Replication-
defective forms of human adenoviruses have been used to de
liver foreign genes into diverse cell types, including liver, mus
cle, nerve, and airway epithelial cells (Engelhardt et al, 1993; 
Roessler et al, 1993; Ragot et al, 1994; Kozarsky et al, 1996). 
The success of the adenovirus as a gene delivery vector is based 
in part on its highly efficient mode of cell entry and its lack of 
requirement for host cell replication. To date, there have been 
few reports of successful adenovirus-mediated gene delivery to 
the intestinal epithelium. 

Significant progress has been made in elucidating the steps 
involved in adenoviral entry, which involves interaction of vi
ral particles with two separate cell receptors. Initial binding of 
the adenovirus to the cell surface is mediated by the fiber cap
sid protein (Defer etal, 1990; Wickham etal, 1994). Recentiy, 
the C A R (coxsackievirus and adenovirus receptor) protein has 
been identified as a functional receptor for adenovims binding 
to HeLa cells (Bergelson et al, 1997). The distribution of this 
receptor in other cell types and tissues is currently being in
vestigated and C A R sequences are identical to genomic and 
E S T clones that map to human chromosome 21, an area where 
the adenovirus 2 receptor has been located (Mayr and Freimuth, 
1997; T o mko and Freimunt, 1997). 

The subsequent event of virus entry into cells occurs via in
temalization into clathrin-coated vesicles, which is mediated by 
binding of the viral penton base to a^ integrins. Adenovims in
teraction with Uy integrins is mediated by an arginine-glycine-
aspartic acid (RGD) sequence predicted to be located at the 
apex of a 10 A (1 n m ) protmsion on the penton base protein 
(Neumann et al, 1988; Stewart et al, 1995). The R G D se
quence motif is conserved in multiple adenoviral serotypes, in
dicating that these vimses use a common pathway for entry into 
host cells (Bai et al, 1993). Several studies (Wickham et al, 
1994; Goldman and Wdson, 1995; Huang et al, 1995, 1996) 

have shown diat adenoviral infection can be inhibited by the 
penton base, R G D peptides, and monoclonal antibodies against 
ttvfe and ttyft integrins. These results suggest diat interaction 
of tiie penton base with Uy integrins fosters viral mtemaliza-

tion. 
W e are interested in delivering anti-inflammatory proteins to 

tiie intestine for the tteatment of inflammatory bowel disease 
by oral administration of adenoviral vectors. Initial in vivo stud
ies in die rat involving the use of mucolytics and direct appli
cation of adenovims encoded with die interieukin-1 (IL-1) re
ceptor antagonist gene to the jejunum have produced limited 
and ttansient gene expression in the intestinal epithelium (un
published data). W e have chosen two cell lines—Caco-2, a hu
man ttansformed cell line considered to be a standard model of 
the human intestinal epithelium (Hidalgo et al, 1989), to pre
dict transduction efficiency in humans, and IEC-18, a primary 
cell line originating from the small intestinal epithelium of the 
rat (Quaroni et al, 1979)—to assess selection of an animal 
model for oral gene delivery. In vitro data from these cell lines 
have provided us with a possible reason for the limited gene 
expression we have observed (Walter et al, 1997a; Fig. lA). 
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FIG. 1. A. Transduction efficiency of AdRS VntlacZ in Caco-
2 and IEC-18 cells is affected by age of cells at time infection. 
Percent ttansduction is the number of ttansduced cells relative 
to the total cellular population. B. T E E R values for Caco-2 and 
IEC-18 monolayers indicate when a differentiated state has been 
reached. Error bars represent the standard deviation of die data. 



INTEGRINS AND GENE DELIVERY TO THE INTESTINE 563 

As these cells remain in culture, then ability to be ttansduced by 
adenovirus type 5 significantly decreases. The drop in ttansduc
tion appears to correlate witii flie time it takes for these cell lines 
to differentiate, indicated by one marker of differentiation devel
opment of ttansepitiielial electrical resistance (TEER) readings 
(Audus etal, 1990; Artursson, 1991; Fig. IB). In fliis report, we 
have looked at one of the steps of adenovkal infection: intemal
ization of flie vims. W e have determined that integrin expression 
changes over time as enterocytes remain in culture, identified 
which integrins play significant roles in adenoviral intemalization 
in the intestine, and screened various segments of rat intestinal 
tissue for integrin expression. This information has helped us 
identify a possible cause for ttansient adenovims-mediated gene 
expression in intestinal tissues and assisted us in the development 
and selection of animal models for oral gene therapies. 

Preparation of adenovirus 

A replication-deficient sttain of human adenovims serotype 
5 expressing either a nuclearly targeted Escherichia coli /3-
galactosidase (|S-Gal) marker gene or the jellyfish green fluo
rescent protein (GFP) under the control of a Rous sarcoma vims 
promoter was amplified in the 293 cell line using a modifica
tion of established methods (Graham and van der Eb, 1973). 
Vims was purified from cell lysates by banding twice on CsCl 
gradients followed by desalting on a Sephadex G-50 column 
(Sigma Biochemicals, St. Louis, M O ) in phosphate-buffered 
saline (PBS; Sigma). The concentration of the vims was deter
mined by U V specttophotometric analysis at 260 nm. All ex
periments were performed with freshly purified adenovims 
stock. Lac-forming assays were performed prior to experimen
tation. 

MATERIALS AND METHODS 

Materials 

Tissue culture reagents were obtained from GIBCO-BRL 
(Grand Island, N Y ) and tissue culture materials were from Bec
ton Dickinson (Franklin Lakes, NJ) and Coming (Coming, N Y ) . 
Monoclonal antibodies M A B 1961 (against a„/33 integrins), 
M A B 1976 (against ayft integrins), and M A B 1410 (against 
aejSi integrins) were piu-chased from Chemicon Intemational 
(Temecula, C A ) . The G R G D S P and G R G E S P R G D peptides 
were purchased from G I B C O - B R L (Rockville, M D ) . Recom
binant human IL-1)3 (>[97% purity) was purchased from R & 
D Systems (Minneapolis, M N ) . 

Cell culture 

Caco-2 cells ( A T C C HTB37) of passages 45-60 were main
tained in Dulbecco's modified Eagle's medium ( D M E M ) con
taining high glucose (4.5 grams/liter) and supplemented with 
1 0 % heat-inactivated fetal bovine s e m m (FBS), 1 % nonessen
tial amino acids, 1 m M sodium pymvate, 1 % L-glutamine, and 
penicillin (100 U/ml)/stteptomycin (100 pg/ml). 

IEC-18 cells ( A T C C 1589) of passages 12-17 were main
tained in D M E M containing high glucose (4.5 grams/liter) and 
supplemented with 1 0 % heat-inactivated FBS, 0.1 U/ml insulin, 
and penicillin (100 U/ml)/stteptomycin (100 pg/ml). Medium 
was changed every other day for each of the intestinal cell lines. 
All cells were grown at 37°C in an atmosphere of 5 % C O 2 and 
9 0 % relative humidity. 

TEER measurements 

Botii Caco-2 and IEC-18 cells were seeded at a density of 
100,000 cells/well on porous polycarbonate cell culture mserts 
with a pore size of 0.4 p m and a surface area of 4.7 cm^ in 
clusters of six wells (Costar Transwell, Cambridge, M A ) . 
Medium was changed in apical and basolateral chambers every 
other day. T E E R measurements were taken by an epidielial 
voltohmeter with a special "chopstick" electtode designed for 
this purpose (World Precision Instinments, Sarasota, FL). 
T E E R values were determined by subttactmg measured T E E R 
values from the intiinsic resistance of the membrane. Data is 
reported as measured resistance X surface area of membrane. 

Limiting dilutionlLac-forming assays 

The term lac-forming unit (Ifu) describes the amount of vims 
present in a preparation that can infect cells and induce ex
pression of the E. coli /3-Gal gene at levels sufficient for visual 
identification of blue reaction product resulting from enzymatic 
cleavage of the chromogenic substtate X-Gal. Lac-forming 
units were determined according to the following procedure. 
Desalted fractions of vims were serially diluted in D M E M sup
plemented with 2 % heat-inactivated FBS and antibiotics. The 
complete medium was removed from the wells of six-well 
dishes that had been sealed with 1.5 X 10' cells/well 48 hr ear
lier and 0.25 ml of the appropriate dilution was added to con
fluent 293 cells. After incubation for 2 hr at 37°C, 2.5 ml of 
complete medium was added to each well and the infection was 
allowed to progress for 20 hr at 37°C. After 20 hr, cells were 
stained by the X-Gal protocol described below. Lac-forming 
units were calculted using the following formula: 

Ifu/ml = zXaXd 

where z = 7,434, a magnification constant; a = the average 
number of blue lac""" cells from duplicate samples; and d = the 
diluton of the sample. 

Adenoviral infection inhibition studies 

Both Caco-2 and IEC-18 cells were seeded in six-well plates 
at a density of 100,000 cells/well for all infection studies. At 3 
or 21 days after seeding, medium was removed and 0.25 ml of 
a solution of D M E M , 2 % FBS, 25 m M H E P E S p H 7.4 con
taining either 1 pg/pl of the desired monoclonal antibody or 
the specified concenttation of R G D peptide was placed on the 
monolayers. The cells were incubated with the antibody or pep
tide solution for 2 hr at 4°C to allow for binding. Dishes were 
gentiy rocked every 15 min to ensure adequate coating of the 
monolayer. 

After 2 hr, the antibody or peptide solution was removed and 
a solution of D M E M , 2 % FBS, 25 m M H E P E S containing 50 
Ifu of AdRSVntiacZ was placed on the cell monolayers. The 
cells were incubated at 4°C for 1 hr to allow for viral attach
ment. After this, the cells were placed at 37°C for an additional 
30 min to allow for viral intemalization. After this time, the vi
ral solution was removed and the cells were washed twice with 
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HEPES-buffered saline (HBS). Cells were then tteated with 
trypsin (0.5 gram/liter) and E D T A (0.2 gram/liter) in Hank's 
buffered salt solution (HBSS) for 10-15 min to remove any 
virions that were not intemalized. Cells that had detached were 
then replated on Falcon Primara six-well plates in their re
spective complete mediums. Forty-eight hours later, X-Gal 
stains were performed and the number of cells infected by the 
vims tabulated and compared to conttol samples that did not 
receive any tteatment prior to infection. 

X-Gal staining 

Cells were washed with 10 mM PBS, fixed with 0.5% glu
taraldehyde for 10 min, and washed twice with PBS containing 
1 m M MgCl2. /3-Gal activity was determined by incubation of 
infected cells with the substtate 5-bromo-4-chloro-3-indolyl-/3-
galactoside (X-Gal; GIBCO-BRL, Grand Island, N Y ) (Miller, 
1972) for 4 hr at 37°C in the dark. Staining medium was removed 
and blue-stained lac"*" cells were counted from a minimum of 20 
microscope fields (approximately 480,000 cells). 

Immunohistochemical identification of integrins with 
fluorescence microscopy 

IEC-18 Cells: IEC-18 cells were seeded in two-chamber mi
croscope slides (Supercell, Fisher Scientific) at a density of 
300,000 and 100,000 cells/well, respectively. At both 3 and 21 
days after seeding, immunohistochemical staining was done us
ing a modification of established methods (Hrapchak, 1987). 
Cells were fixed with 200 pi of cold 4 % formalyn (EM Sci
ences, Fort Washington, PA) in P B S for 10 min. After rinsing 
in PBS, the monolayers were blocked with a solution of 1 0 % 
goat s e m m (Sigma Biochemicals, St. Louis, M O ) in P B S for 
20 min. After blocking, primary antibody was added at a con
centtation of 100 pg/ml in 1 0 % goat s e m m and the monolayer 
incubated for 1 hr at room temperature. Goat anti-mouse fluo
rescein isothiocyanate (FITC)-conjugated secondary antibody 
(Sigma Biosciences, St. Louis, M O ) in 1 0 % goat semm was 
added in a 1:200 dilution in the dark for an additional hour. Af
ter this time, the monolayers were rinsed with PBS, dipped in 
methanol (EM Sciences Fort Washington, PA), and then cov
erslips were placed on the slides. Citiflour ( U K C Chem. Lab, 
Canterbury, U K ) was placed dropwise on microscope slides to 
enhance fluorescence. Cells were photographed using a Nikon 
(Tokyo, Japan) Diaphot-TMD inverted microscope with a flu
orescent attachment. 

Rat Intestinal Tissue Sections: Intestinal tissue was removed 
from euthanized white Sprague-Dawley rats via a longitudinal 
incision in the abdominal area. Once specific areas of the in
testine were identified, they were excised, profusely rinsed with 
PBS, split open longitudinally, and rapidly immersed in dis
posable peel-away molds containing O.C.T. Compound (Miles 
Diagnostics Ekhart, IN). Frozen molds were stored at -80°C 
until cryo-sectioned. Sections were 8-10 p m thick, placed on 
microscope slides, and stored at — 80°C until use. The im
munohistochemical isolation of integrins on these tissues was 
similar to that described for Caco-2 and IEC-18 cells. 

Induction of enterocolitis in Sprague-Dawley rats 

Animal experiments were performed in accordance with in-

stitiitional guidelmes and approved by the Umversity Committee 
on Use and Care of Animals at flie University of Michigan. 
Chronic intestinal inflammation was mduced in adult female 
Lewis rats by subserosal injection of purified peptidoglycan-poly-
saccharides (PG-PS) complex from tiie cell wall of Streptococ
cus pyogenes (Zimmerman et al, 1993) as described previously 
(Sartor et al, 1985). In brief, rats were anesdietized and under
went laparotomy. A 12.5-/Ag amount of purified PG-PS com
plex/gram of body weight in 0.05 ml of pyrogen-free saline p H 
7.2 was injected subserosally in seven standard locations in the 
ileal Peyer's patches, cecum, and ileal mesentery. Twenty-one 
days after injection, during the chronic phase of inflammation, 
rats were euthanized, colonic segments processed, and immuno
histochemical analysis was performed as described previously. 

Preparation of intestinal loops for adenoviral infection 

A 3/4-inch midline incision was made in the anterior ab
dominal wall of anesthetized Sprague-Dawley rats. A n appro
priate segment of either the ileum or the jejunum was located 
and carefully brought to the surface of the cavity. A loop of ap
proximately 7 m m in length was ligated loosely with fine sur
gical silk. Adenovims encoded with the jellyfish G F P at a con
centtation of 2 X 10'-̂  particles/ml was inttoduced into the 
proximal end of the loop using a 30-gauge needle affixed to a 
1-cc syringe. Each loop accommodated approximately 0.7 ml 
of fluid to moderately distend the loop. Care was taken during 
the surgical procedure to provide for viability of the blood sup
ply and to maintain normal peristalsis. Each loop remained out
side the peritoneum for 2 hr after which the ligation was re
leased and the intact intestine retumed to the abdominal cavity 
of the animal. The abdominal incision was stitched closed and 
the animal allowed to recover. Twenty-four hours after dosing, 
animals were euthanized. Treated intestinal segments were ex
tracted, rinsed profusely with PBS, split open longitudinally, 
and rapidly immersed in disposable peel-away molds contain
ing O. C. T. Compound (Miles Diagnostics Ekhart, IN). Frozen 
molds were stored at — 80°C until cryosectioned. Sections were 
8-10 ;u.m thick, and G F P expression was detected with a Nikon 
Diaphot-TMD inverted microscope with a fluorescent attach
ment. 

RESULTS 

Effect of enterocyte differentiation on 
adenovirus-mediated gene delivery 

The Caco-2 cell line, considered to be a standard model of 
the human intestinal epithelium, which has been shown to un
dergo spontaneous enterocytic differentiation in cultare (Hi
dalgo era/., 1989; Yoshiokaefa/., 1991; Vachon and Beaulieu, 
1992), was used to predict adenoviral ttansduction efficiency 
in humans. IEC-18 cells, originating from the small intestinal 
epithelium of die rat and also known to differentiate in cultare 
(Quaroni et al, 1979; M a et al, 1992) were used to assess se
lection of an appropriate animal model for oral gene delivery. 
To determine if enterocyte differentiation affects ttansduction 
efficiency of adenovims type 5, a fixed amount of vims was 
added to both cell lines at various times after initial seeding. 
When infected with a dose of 10 Ifu of AdRSVntiacZ 3 days 
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after seeding, 79.6% of tiie Caco-2 cell population expressed 
the E. coli ̂ -Gal marker gene (Fig. lA). When the same dose 
of vims was added 12 hr later, the gene was expressed in 60.2% 
of tiie cellular population. W h e n infected 4 days after seeding, 
20.4% of the population expressed the gene. W h e n the cells 
were infected between 7 and 17 days after seeding, the ttans
duction efficiency remained constant with approximately 3 % 
of die population expressing the lacZ gene. This drop in trans
duction efficiency appears to correlate with the time it takes the 
cells to reach a highly differentiated state as indicated by de
velopment of T E E R readings (Grasset et al, 1984; Fig. IB). At 
day 3, there was no recordable resistance measurement and 
transduction efficiency was high. B y day 6, when extremely 
low levels of gene expression began, the T E E R increased to 
125 ohm/cm^, indicating that the differentiation process had be
gun. 

W h e n infected with a dose of 10 Ifu vims 3 days after seed
ing, 82.9% of the IEC-18 cells expressed the lacZ gene (Fig. 
1 A ) . W h e n infected 4 days after seeding, 60.9% of the cellular 
population expressed the gene. Between 5 and 10 days after 
seeding, the ttansduction efficiency remained constant with ap
proximately 5 0 % of the population consistentiy expressing the 
lacZ gene. Transduction efficiency underwent another drop to 
25.2% and 2 3 . 4 % ofthe cellular population expressing the gene 
at days 16 and 20, respectively. Even though the T E E R values 
of IEC-18 cells were m u c h lower than those of Caco-2 cells, 
they could still be used to assess when the monolayer reached 
a differentiated state. At day 3, there was no recordable resis
tance measurement and ttansduction was high. At day 8, the 
T E E R began to rise to 33 ohm/cm-^ and plateaued at 100 
ohm/cm^ between days 17 and 20, indicating the development 
of a highly differentiated state (Fig. IB). At this time, trans
duction marketed dropped. 

Effect of RGD peptide on transduction efficiency of the 
adenoviral vector 

T o determine if Uy integrins were present on both Caco-2 
and IEC-18 cells and to assess changes in integrin expression 
during the differentiation process, cells at early and late stages 
of differentiation were tteated with varying concenttations of 
R G D peptides prior to addition of adenovims. Distinct differ
ences in blocking of adenoviral ttansduction efficiency were 
seen between undifferentiated and highly differentiated Caco-
2 cells (Fig. 2 A ) . Highly differentiated cells, those infected with 
50 Ifu vims 21 days after seeding, demonstrated at 16.3% drop 
in ttansduction after pretreatment with 0.4 m M R G D peptide 
compared to untteated cells. W h e n 1.7 m M of R G D peptide 
was added to the cells, a 2 0 . 2 % reduction in ttansduction effi
ciency was seen. This represents almost complete blockage of 
infection when compared to untteated cells due to inefficient 
ttansduction at this stage of differentiation and as higher con
centrations of the peptide were added to the differentiated cells, 
inhibition of adenovu-al infection remained constant at approx

imately 2 0 % . 
In undifferentiated cells, ttansduction was reduced by 69.5% 

(a level similar to that of untteated, differentiated Caco-2 cells) 
after pretteattnent witii 0.4 m M of the peptide. A s higher con
centrations of R G D peptide were added to these cells, no fur
ther reduction in ttansduction was seen with 6 5 % reduction re-
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FIG. 2. A. Effect of GRG£)SP peptide on transduction effi
ciency of AdRSVntiacZ in differentiated and undifferentiated 
Caco-2 cells. Cells were pretteated with various concenttations 
of the peptide and binding occurred for 2 hr at 4°C to minimize 
degradation and cellular metabolism. Peptide was then removed 
and 50 Ifu of vims was added to the cells. Protocol for aden
oviral infection and assay for lacZ expression is described in 
Materials and Methods. B. Effect of low concenttation 
G R G D S P peptide on the transduction efficiency of AdRSVnt
iacZ in undifferentiated Caco-2 cells. In both panels, data are 
the result of three separate experiments and error bars represent 
the standard deviation of the data. 
***p < 0.001 (Student's Mest). 

0.02, 0.01, 

ported with 0.9 m M peptide, 75.8% seen with 1.7 m M , 6 4 % 
with 2.6 m M , and 71.9% with 3.4 m M . W h e n the peptide was 
added to the cells in micromolar concenttations, a more grad
uated, dose dependent response was seen (Fig. 2B). W h e n 0.017 
p M of the peptide as added to the undifferentiated cells, a 9.5% 
reduction in ttansduction was seen (p = 0.02, Stadent's Mest). 
A concentration of 1.7 p M produced a 15.6% reduction and 
170 p M produced a 25.7% reduction in transduction (p = 0.01). 

Dramatic differences in blocking of adenoviral ttansduction 
between different levels of differentiation were not found in 
IEC-18 cells pre-treated witii R G D peptide (Fig. 3). At a con
centtation of 0.9 m M peptide, undifferentiated IEC-18 cells 
showed a 45.6% reduction in ttansduction of the lacZ gene. Dif
ferentiated cells displayed a 37.5% reduction. The 1.7 m M con
centration provided similar results. Additional inhibition of ade
noviral ttansduction efficiency was seen at a concenttation of 
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FIG. 3. Effect of GRGDSP peptide on adenoviral transduc
tion efficiency in differentiated and undifferentiated IEC-18 
cells. Methods of pretreatment with peptide and adenoviral in
fection were same as those for Caco-2 cells. Data are the re
sult of three separate experiments. Error bars represent the stan
dard deviation of the data. 

3.4 m M peptide in both the differentiated and undifferentiated 
cells. Cells treated 3 days after seeding showed a 70.9% de
crease in transduction efficiency and differentiated cells showed 
a drop of 61.7%. 

The R G D peptide specifically blocked integrin receptors re
sponsible for adenoviral intemalization on both of the intesti
nal cell lines studied. W h e n the single aspartic acid residue was 
replaced by a glutamic acid residue, the new peptide at high 
concentration (1.7 m M ) was unable to affect adenoviral trans
duction significantly in both undifferentiated and differentiated 
IEC-18 and Caco-2 ceUs (p < 0.01, Student's Mest; Fig. 4). 
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FIG. 5. Effect of anti-integrin antibodies on the ability of 
AdRSVntiacZ to ttansduce differentiated and undifferentiated 
Caco-2 cells. Cells were pretreated with 1 pg/p\ antibody for 
2 hr at 4°C. A total of 50 Ifu of adenovims was added and cells 
incubated at 4°C for 1 hr to allow for viral binding. Cells were 
kept at 37°C for 30 min to allow for viral intemalization. Un
bound viras was removed by addition of trypsin and infection 
allowed to continue for 48 hr. Conservative calculations demon
strate that antibody concentration was in 1,000-fold excess of 
available receptors on the cell surface for all blocking experi
ments. Studies to screen for ag/Si integrins were not performed 
in differentiated cells due to lack of response from other anti-
integrin antibodies. Data are the result of two separate experi
ments and error bars represent the standard deviation of the 
data. *p < 0.001, **p < 0.0001 (Student's Mest). 

Identification of specific integrins that influence 
adenoviral transduction efficiency in the intestine 

To identify integrins that play significant roles in adenovi
ral intemalization in the intestine, Caco-2 and IEC-18 cells were 

R G D FGE 

Peptide at 1.7 m M Concentration 

FIG. 4. Effect of GRGESP peptide on transduction efficiency 
of AdRSVntiacZ in differentiated and undifferentiated Caco-2 
and IEC-18 cells. Methods of pretreatment with peptide and ade
noviral infection were same as those for the G R G D S P peptide 
stadies. A concenttated solution of G R G E S P peptide was unable 
to reduce adenoviral ttansduction significantiy in both undiffer
entiated and differentiated IEC-18 and Caco-2 cells (p < 0.01, 
Stadent's Mest). Data are the result of two separate experiments 
and error bars represent the standard deviation of the data. 
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FIG. 6. Effect of anti-integrin antibodies on die ability of 
AdRSVntiacZ to ttansduce differentiated and undifferentiated 
IEC-18 cells. Methods of pretteattnent with anti-integrin anti
bodies and adenoviral infection were same as those for Caco-2 
cells. Results from differentiated cells tteated witii anti-avjSs in
tegrin antibodies were not statistically significant due to a limited 
sample size. Other results are from tiiree separate experiments 
and error bars represent the standard error of the mean of die data 
*p < 0.01, **p < 0.001, ***p < 0.0001 (Stadent's Mest). 



INTEGRINS AND GENE DELIVERY TO THE INTESTINE 567 

PLATE 1. Immunocytochemical localization of integrins in 
IEC-18 cells and intestinal segments ofthe Sprague-Dawley rat. 
Localization of a^Pi integrins in undifferentiated (A) and dif
ferentiated (B) IEC-18 cells. Magnification, 150X. Integrins are 
located at cellular edges in both cases. In differentiated cells, 
areas of dome formation (yellow) are areas of intense integrin 
expression. IEC-18 cells expressed ayjSs integrins in a similar 
manner. ayjSs integrins were not detected. C. Ileum control 
sample. N o anti-integrin antibody added. Magnification, lOOX. 
D. Ileum UyPs integrins (yellow) are concenttated on the bmsh 
border (BB, bmsh border; B M , basement membrane). Similar 
staining pattems occurred with anti-a6/3i integrin antibodies. 
Magnification, 65 X. E. Single villus from rat jejunum Ovft in
tegrins are present, but are not as concentrated on the brash bor
der as in the ileum, av/33 integrins were expressed in a similar 
manner. N o â jii integrins were identified in this segment. 
Magnification, 200 X. F. Colon avfe integrin expression is 
sparse with faint signals seen along the bmsh border (bb, white 
arrows). N o additional integrin expression was seen in the 
colon. Yellow spots are areas of unspecific binding of secondary 
antibody to the tissue. Magnification, lOOX. 

pretreated with anti-integrin antibodies prior to the addition of 
the adenovims at early and late stages of differentiation. Sig
nificant differences in the blockade of adenoviral transduction 
were seen between differentiated and undifferentiated Caco-2 
cells and between treatment with various antibodies (Fig. 5). 
W h e n treated with antibody against Ov/Ss integrins, undifferen
tiated cells showed a 27.5% drop in ttansduction efficiency and 
differentiated cells showed a 2 0 % drop. W h e n treated with an
tibody against ayfB^ integrin, undifferentiated cells showed a 
54.3% reduction in adenoviral transduction (Student's Mest, 
p < 0.0001) and differentiated cells showed a 27.8% drop (Stu
dent's f-test, p < 0.001). Because differentiated cells were un
responsive to the blocking of integrins in previous studies, only 
undifferentiated Caco-2 cells were tteated with antibody against 
tte/Si. A 3 3 % drop in transduction efficiency was seen when 
this integrin was blocked (Student's Mest, p < 0.0001). Con
servative calculations demonsttate that antibody concenttation 
was in 1,000-fold excess of available receptors on the cell sur

face for all the described studies. 
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P L A T E 2. Based on integrin expression, the ileum is a prime 
target for adenovims-mediaied gene transfer to the intestine. 
Segments of rat ileum and jejunum were ligated and adenoviras 
encoded with the jellyfish G F P at a concentration of 2 X 10'^ 
particles/ml was injected locally. Data were collected 24 hr af
ter infection. A. Little autofluorescence was detected in seg
ments tteated with a placebo dose of PBS. B. Ileal segments 
showed intense levels of transduction with gene expression seen 
throughout sections from the brash border side of the tissue. C. 
Gene expression is sparse in sections of jejunum tteated with 
adenoviras. The photograph represents the only positive sec
tion obtained after screening sections that represented 5 0 % of 
the treated tissue. D. Intense gene expression was seen in all 
parts of ileal sections including the basolateral side of the tis
sue. In all cases described here, the epithelial layer carries a 
distinct green fluorescence. Intense transgene expression (bright 
yellow) is also located in the lamina propria of the tissue sam
ples. Magnification, 260X (A,B,D) and 400X (C). 

P L A T E 3. Effect of inflammation on integrin expression in 
Caco-2 cells and colonic tissue of the rat. A. Light micrograph 
of 7-day Caco-2 cetis tteated with 10 ng/ml IL-1/3 for 8 hr. B. 
Immunocytochemical staining for ayft integrins on 7-day 
Caco-2 cells not treated with IL-1/3. Similar results were seen 
for fflv/Sj integrins. C. Immunocytochemical localization of UyP^ 
integrins on Caco-2 cells treated with 10 ng/ml IL-1;8 for 8 hr. 
D. Immunohistochemical isolation of integrins in inflamed rat 
colonic tissue. Chronic intestinal inflammation was induced in 
adult female Lewis rats as decsribed in Materials and Methods. 
Twenty-one days after induction, during the ciironic phase of 
inflammation, rats were sacrificed and colonic segments 
processed for immunohistochemical analysis. Untreated colonic 
tissue assessed for a^Ps integrins can be seen in Plate IF. Mag
nification, 200X (A-C) and lOOX (D). 
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The IEC-18 cell line showed results similar to those of the 
Caco-2 cell line when avft and ffly/Sa integrins were blocked 
(Fig. 6). When Oyft integrins were blocked, undifferentiated 
cells demonsttated a 3 4 % reduction in expression of the lacZ 
marker gene (Stadent's Mest, p < 0.001). The differentiated 
cells showed no significant change in ttansduction of flie ade
novkal vector (p < 0.01, Student's Mest). When avft integrins 
were blocked, undifferentiated cells demonstrated a 21.9% re
duction in ttansduction efficiency ofthe vims (p < 0.0001, Stu
dent's Mest), and the differentiated cells showed a 12.3% drop 
that was not determined to be statistically significant from con
ttol values due to limited sample size. In this particular cell line, 
ag/Si integrins appear to have the most significant effect on ade
noviral transduction efficiency. Undifferentiated cells showed 
a 6 5 % reduction of lacZ expression (p < 0.0001, Student's t-
test) and differentiated cells demonstrated a 43.5% drop (p < 
0.01, Student's Mest). These results correlate well with photo
graphic data. 

IEC-18 cells analyzed for oe/Sa integrin expression 3 days 
after seeding showed that there were numerous integrin recep
tors present and that they are concenttated at cellular edges 
(Plate 1 A). Differentiated cells demonsttated similar expression 
pattems. Dome-like stmctures also stained heavily for the in
tegrin (Plate IB). A slightiy lower expression pattem was seen 
for UyPs integrins and little expression of Uypj integrins was 
detected. 

Immunocytochemical localization of integrins in 
intestinal segments of the Sprague-Dawley rat 

To determine if the rat intestine expressed integrins associ
ated with adenoviral intemalization and which intestinal seg
ment was best suited for adenovims-mediated gene delivery, 
intestinal sections from rat ileum, jejunum, duodenum, and 
colon were isolated and treated with anti-integrin antibodies 
(Plate IC-F). Ov/Sj integrins were highly concenttated on the 
bmsh border of the ileum as were aĝ Si integrins (Plate ID). 
The jejunum showed some expression of Ovft integrins on the 
bmsh border, but not to the extent of that of the ileum. ay/Ss 
integrins were expressed in a similar manner, but no expression 
of a^Pi integrins was detected (Plate IE). Integrin expression 
in the colon was sparse. A thin line of ayfe integrin expression 
was seen along the bmsh border (white arrows, Plate IF). No 
additional integrin expression was seen in the colon. The duo
denum showed expression pattems similar to that of the colon. 

Infection of isolated intestinal loops of rat jejunum 
and ileum 

From the results reported above, we believe that, based on 
integrin expression, the ileum would be a prime target for ef
ficient adenoviras-mediated gene delivery to the intestine. To 
prove this hypothesis, segments of rat ileum and jejunum (the 
target for gene expression in previous studies) were ligated and 
adenoviras encoding the jellyfish green fluorescent protein in
jected locally. All data was collected 24 hr after infection. Lit
tle autofluorescence was associated with control samples treated 
with a saline bolus (Plate 2A). Ileal segments showed intense 
levels of ttansduction with gene expression seen throughout the 
sections from the brash border side of the tissue (Plate 2B) to 
the basolateral side (Plate 2D). When adenovims was added to 

segments of the jejunum, ttansduction levels were low wifli 
sparse patches gene expression located in only a few sections 
of flie tteated tissue. Plate 2C represents the only positive sec
tion found after an initial screening of what represented 5 0 % 
of tiie entire segment. In all cases described here, the epithelial 
layer carries a distmct green fluorescence. However, intense 
ttansgene expression (bright yellow) is also located in the lam
ina propria of the tissue samples. Further work must be done 
to identify the cell population transduced by tiie adenovirus in 
our samples as the lamina propria consists of a mixture of var
ious cell types (fibroblasts, macrophages, lymphocytes, en
dothelial cells, etc.), many of which may be inhospitable to ade
noviral ttansduction sttategies. 

Effect of IL-1 ^ on transduction efficiency of the 
adenovirus in differentiated Caco-2 cells 

In an attempt to induce integrin expression in differentiated 
enterocytes, Caco-2 cells were given various doses of D-1/8 in 
a manner similar to that described previously (Dedhar, 1989; 
Hayward et al, 1995; Kitazawa et al, 1995). Eight hours after 
dosing, the cytokine was removed and 50 Ifu of adenovims was 
added to the cells for 48 hr. After this time, the number of ttans
duced cells relative to the total cellular population was recorded 
(Fig. 7A). Results were significantly different from those ob
tained from untreated cells for all doses of IL-1/3 stadied. When 
dosed with 0.001 ng/ml IL-1/3, 7.3% ofthe cellular population 
expressed the/acZ gene (Student's Mest, p < 0.01), a value two 
times that of the untteated population. A dose of 1 ng/ml in
creased the ttansduced population to 9.9% (Stadent' s Mest, p < 
0.01) and a dose of 10 ng/ml produced a ttansduction of 13.8%, 
a value three times that of the conttol population (Student's t-
test,p< 0.0001). 

Experiments in which differentiated Caco-2 cells were dosed 
with 10 ng/ml of IL-1/3 and then tteated with high concentta
tions of R G D peptide prior to viral infection, suggest that stim
ulation of integrin expression in response to the cytokine was 
responsible for the observed increase in adenoviral ttansduc
tion in these cells (Fig. 7B). When 0.9 m M peptide was added 
to differentiated cells after an 8-hr tteatment with IL-l/S, ttans
duction fell from 13.8% to 4.6%, a value that is not statistically 
different from that seen in normal differentiated cells (p = 0.2, 
Student's Mest). Additional evidence for increased integrin ex
pression in response to the cytokine was obtained when in
flamed Caco-2 cells were tteated with anti-integrin antibodies. 
A marked increase in expression of both av/35 and Uyfij, inte
grins was detected (Plate 3C). Similar effects were seen in sec
tions of rat colon in which an inflammatory state was induced 
(Plate 3D). Untteated colonic tissue assessed for Uyfis integrins 
can be seen in Plate IF. 

D I S C U S S I O N 

To explain inefficient adenovims-mediated gene expression 
in the intestine in vivo, we have carefully studied adenoviral 
transduction efficiency after exposure to extteme changes in 
pH, digestive enzymes, and bile salts in vitro (Walter et al, 
1997a). These variables do not significantiy alter adenoviral 
function. However, we found tiiat transduction levels are quite 
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FIG. 7. IL-1/3 enhances adenoviral ttansduction in differen
tiated Caco-2 cells. Cells were given various doses of IL-1^ in 
semm-free medium. Eight hours after treatment, 50 Ifu of ade
novims was added to the cells and infection allowed to con
tinue 48 hr. Data are the result of two separate experiments and 
error bars represent the standard deviation of the data. *p < 
0.01, **p < 0.001, ***p < 0.0001 (Student's Mest). B. Infec
tion inhibition studies with R G D peptide suggest that the ob
served increase of adenoviral ttansduction in differentiated en
terocytes may be due to stimulation of integrin expression in 
response to IL-1^. Cells were dosed with 10 ng/ml IL-1/3 for 
8 hr prior to tteatment with the peptide. Adenoviras was added 
to the cells and infection continued for 48 hr. Data are the re
sult of three separate experiments and error bars reflect the stan
dard deviation of the data. Results from cells treated with the 
peptide were not statistically different from those of untteated 
cells (p > 0.05, Student's Mest). 

low in older, differentiated enterocytes in the absence of any 
physiological barriers. This effect has been reported in other 
cell types such as keratinocytes (Aneskievich et al, 1990) and 
airway epithelial cells (Dupuit et al, 1995), and in the intes
tine witii other microbial pathogens such as Listeria monocy
togenes (Gaillard and Finlay, 1996), Yersinia pseudotubercu
losis (Coconnier et al, 1994), and simian immunodeficiency 

vmis (Stone et al, 1995). 
Distinct differences in adenoviral ttansduction efficiency 

were seen between the two cell lines studied (Fig. lA). The in

testinal mucosa is composed of two populations of cells, the di
viding, less specialized cells in the crypt (represented by IEC-
18 cells) and the matare, nondividing cells along the villus 
(Caco-2). The IEC-18 cell line is a primary cell line originat
ing from the small intestine epithelium of the rat (Quaroni et 
al, 1979). Even though these cells are from the rat and are said 
to represent undifferentiated crypt cells (Quaroni and Issel-
bacher, 1981), they do undergo moderate differentiation and ex
press low levels of bmsh border enzymes similar to those of 
human enterocytes (Carroll et al, 1988). The Caco-2 cell line, 
a human transformed cell line considered to be a standard model 
of the intestinal epithelium, shows high levels of differentiation 
and overexpression of brash border enzymes (Zweibaum et al, 
1983; Yoshioka ef a/., 1991). In this report, electrical resistances 
were monitored to indicate when enterocyte monolayers have 
reached a differentiated state. Upon initial inspection ofthe data 
presented in Fig. 1, one may conclude that our reported de
creases in adenoviral ttansduction efficiencies may simply be 
due to the fact that the cells have reached confluence and/or de
veloped electrical resistances. It is important to note that trans
duction efficiency begins to drop as early as 3.5 days in cul
ture and significant drops were detected only 12 hr later. The 
cells were only 80-90% confluent between these time points 
and resistances were barely detectable. Integrins are involved 
in processes associated with differentiation such as cell adhe
sion (Stuiver et al, 1994), cell polarization, and tight junction 
formation (Eaton and Simons, 1995). Thus, different levels of 
integrin expression and distribution may be i-esponsible for the 
differences in adenoviral ttansduction efficiency we have ob
served between these two cell types. 

The role of integrins in the intestine is becoming a subject 
of increasing interest. Expression of a2/3i and a^Pi integrins 
has been detected in all cells of the small and large intestine 
along the crypt-villus axis (Choy et al, 1990). ae/Si and a^P^ 
interins were also found in adult human small intestine entero
cytes (Beaulieu and Vachon, 1994). Some integrins play im
munological roles in the intestine. The aj family is associated 
with the gut-associated lymphoid tissue (Wagner et al, 1996) 
and the 04 family has been found to be the focus of attachment 
for T cells in Peyer's patches (Tsuzuki et al, 1996). Certain 
pattems of integrin receptor expression on normal and malig
nant colon epithelial cells have been associated with develop
ment and progression of large bowel cancer (Agrez, 1996). Ov 
integrins, those associated with adenoviral intemalization, have 
not been identified in healthy human intestinal tissue to date 
(Gladson et al, 1994). 

Studies involving the blockade of viral infection with the 
R G D peptide indicate that integrins which mediate adenoviral 
infection are present on both the Caco-2 and IEC-18 cell lines 
(Figs. 2 and 3). Transduction efficiencies in undifferentiated 
Caco-2 cells were influenced by the presence of the peptide to 
a greater extent than in differentiated cells. As Caco-2 cells dif
ferentiate. Pi integrins redistribute from the cell surface to the 
basolateral membrane (Vachon et al, 1993; Coconnier et al, 
1994). This re-location phenomena was exemplified in pho
tographs of Caco-2 cells tteated with antibody against UyPs in
tegrins 3 and 21 days after seeding (Walter et al, 1997b). In 
undifferentiated cells, integrins were located around the edges 
of cells where there were no other cell contacts. In differenti
ated cells, areas of dome formation were the only site of inte-
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grin expression. In these areas, cells are raised from the growth 
substtate. Exposed integrins can then facilitate adenoviral in
temalization. A significant portion of gene expression was lo
cated on these domed areas of the highly differentiated mono
layers. 

Adenoviral transduction efficiencies in lEC-18 cells were not 
as sensitive to the R G D peptide between stages of differentia
tion. A reason for this can be drawn from results of immuno
cytochemical staining and infection inhibition studies with 
monoclonal antibodies. There were more a^Pi integrin recep
tors present on the cellular surface of differentiated and undif
ferentiated ceUs than UyP^ integrins (Plate 1A,B). W e found 
that the a(,Pi integrin also plays a significant role in adenovi
ral ttansduction in this cell line (Fig. 6), but does not utilize the 
R G D sequence in binding to laminin. This result may help ex
plain why some adenoviral R G D mutants are not hindered from 
entering some cell types (Freimuth, 1996). 

Continued growth of adherent cell lines potentially selects 
for variants best able to bind and spread on cultureware. The 
receptors responsible for this attachment are, by and large, 
members of the integrin family. Because growth in culture may 
favor excess expression of integrins, the usual localization prop
erties of integrins become disrapted. Receptors that would nor
mally be found exclusively localized on the basal surface of ep
ithelial cells, and not found in contact with microorganisms, are 
n o w available for binding and intemalization of vimses in cul
ture. This raises the possibility that cultured cells may actually 
intemalize vimses more efficiently than do host cells in vivo. 
This appears not to be the case, however, because strong cor
relations for integrin expression were found between our tissue 
samples and cell culture data. IEC-18 cells, originating from 
the ileum, have been reported to be useful models that faith
fully reflect in vivo biological events (Napoli et al, 1991; M a 
et al., 1992). These cells have high levels of UyPj integrin ex
pression, as does the ileum. Despite species differences, inte
grin expression in differentiated Caco-2 cells was similar to that 
of the colon in vivo. 

Because the ileum is very rich in integrin expression, w e con
cluded that it should be considered as a prime target for aden
ovims-mediated gene transfer in future studies. In vivo studies 
have confirmed this hypothesis. However, the in vivo data pre
sented in this work raise considerable questions about the mech
anism of adenoviral gene transfer in the intestine. W e noted that 
while the epithelial layer expressed significant levels of the 
transgene 24 hr after infection, highly concentrated areas of 
gene expression were located in the lamina propria. These re
sults are somewhat contradictory to those reported by others in 
the literature where expression of the lacZ gene was localized 
only in epithelial cells at the bmsh border and in intestinal crypt 
areas (Brown et al, 1997; Cheng et al, 1997). W e believe that 
results obtained by these investigators are somewhast specula
tive due to the presence of high concentrations of microflora 
(and resultant high levels of endogenous gene expression) in 
the intestine—especially in the colon. For this reason, w e se
lected the jellyfish G F P (Chalfie et al, 1994), a marker not pre
sent in any amount in the intestine, to stady gene transfer to the 
ileum and jejunum of the rat. 

Although the mechanism by which high levels of gene ex
pression develop in the lamina propria is not firmly established 
by the experiments reported here, several general models can 

be discussed. Vimses can also migrate through paracellular 
spaces that lie between the enterocytes and inflammatory cells 
such as lymphocytes, eosinophils, and neuttophils are capable 
of using the paracellular pathway to ttansmigrate across the ep
ithelium (Madara and Trier, 1994). T w o possible mechanisms 
could be derived from these facts. First, tight junctions that 
would normally preclude viral particles from directly entering 
the lamina propria could be dismpted by our mechanical dis
tention and ligation of the intestinal segments. Second, it is pos
sible that during their trek across an enterocyte, scavenger cells 
such as monocytes and macrophages remove the vims from the 
enterocyte via phagocytosis. Transduction occurs and gene ex
pression is seen once these cells reach the lamina propria. Iden
tification of the cells expressing the transgene is currentiy un
derway in our laboratories. 

Perhaps the most feasible explanation for the difference in 
transduction between the jejunum and the ileum as well as for 
concenttation of the ttansgene in the lamina propria is that many 
pathogenic microorganisms exploit M cells to cross the diges
tive epithelial barrier (Siebers and Finlay, 1996). M cells can 
transport soluble and particulate antigens across their cytoplasm 
via transcytosis and use this ability to sample lumenal antigens 
(Shanahan, 1994; Madara, 1997). These cells are located over 
subepithelial lymphoid follicles, Peyer's patches (Neutra etal, 
1996), which are largest and most abundant in the ileum 
(Mad£ua and Trier, 1994). Thus, the vims could enter the lam
ina propria by this route. This transport phenomena may be en
hanced by an increase in viral intemalization due to the pres
ence of the large number of integrins located on epithelial cells 
of the ileum and might be the reason for the high level of gene 
transfer observed in this area of the intestine when compared 
to the jejunum. If this is indeed the case, perhaps the intestine 
(especially the ileum) would be a better target for delivery of 
recombinant adenoviral vaccine vectors instead of delivery of 
transgenic proteins and peptides as w e had originally plaimed. 

Although the primary focus of this study was to determine 
the role integrins play in adenoviral ttansduction of differenti
ated and undifferentiated enterocytes and to correlate these re
sults with in vivo events, it is important to note that other fac
tors that influence adenoviral infection such as redistribution of 
the adenoviral fiber receptor could also influence viral ttans
duction efficiency as cells differentiate. Further study of these 
factors is necessary to provide a complete picture of adenovims-
mediated gene transduction in the intestine. However, w e have 
shown that integrins do play a significant role in adenoviral in
fection of the intestinal epithelium both in vitro and in vivo. A s 
enterocytes differentiate, integrin expression decreases. This co
incides with significant reduction in adenoviral ttansduction ef
ficiency. IEC-18 cells, representing intestinal stem cells, are 
rich in integrin expression and are easily ttansduced by the vi
ral vector. Additional results suggest that, based on integrin ex
pression, intestinal stem cells are logical targets for adenoviral 
gene ttansfer. However, access to these cells is somewhat lim
ited by their location deep in the intestinal crypts and by a tiiick 
mucous layer that lines the epithelium. Data from infection in
hibition studies with monoclonal antibodies suggest tiiat UyPs 
and aePi integrins play the most significant role in adenoviral 
intemalization in the intestine. 

T o deliver genes efficientiy to highly differentiated cells, 
ways to up-regulate integrin expression prior to administtation 
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of the vims must be explored. In an effort to determine if the 
inflammatory process would influence adenoviral uptake and 
intemalization, Caco-2 cells were given various doses of IL-
1/3. This cytokine is also involved in the development of in
testinal lesions associated with inflammatory bowel diseases, 
one of our therapeutic targets for adenovims-mediated gene de
livery to the intestine (Hoang etal, 1994). Significant increases 
in adenoviral transduction efficiency were seen as early as 8 hr 
after a single dose was given (Fig. 7A). Experiments in which 
differentiated Caco-2 cells were dosed with 10 ng/ml of IL-1/3 
and then tteated with high concenttations of R G D peptide prior 
to viral infection, suggest that stimulation of integrin expres
sion in response to the cytokine was responsible for the ob
served increase in adenoviral ttansduction in Caco-2 cells (Fig. 
7B). Additional evidence for increased integrin expression in 
response to the cytokine was obtained when inflamed Caco-2 
cells were treated with anti-integrin antibodies. A marked in
crease in expression of both UyPs or UyP^ integrins was de
tected (Plate 3C) and similar effects were seen in sections of 
rat colon in which an inflammatory state was induced (Plate 
3D). These results lead us to beUeve that, active inflammatory 
bowel disease may provide a favorable environment for effi
cient intemalization of adenoviral vectors. Altematively, pre
tteatment of the intestine with cytokines that up-regulate inte
grin expression may improve transduction efficiencies in vivo. 

Another approach to enhance adenovims-mediated gene de
livery to the intestine would be to exploit methods of viral entry 
that do not depend on integrin expression. Adenovims types 40 
and 41, virases that are taken up with great efficiency in differ
entiated as well as undifferentiated enterocytes (Croyle et al, 
1998), are missing R G D motifs in the penton base (Bai et al, 
1993; Mafliias et al, 1994). This suggests that these adenovimses 
experience av-independent entry or interact with other cell sur
face molecules. Employment of these types of sttategies may be 
the key to effective gene delivery to the intestinal epithelium. 
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