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Purpose. Adenoviruses are being developed for diseases of the gas-
trointestinal tract. Several in vitro assays were used to predict stability
of PEGylated adenovirus along the GI tract and determine in vivo
gene transfer after oral administration.
Methods. Recombinant adenovirus was modified with monome-
thoxypoly(ethylene) glycols activated by cyanuric chloride, succin-
imidyl succinate, and tresyl chloride. Transduction efficiency was as-
sessed on Caco-2 cells. In vitro stability of viruses in simulated gastric
fluid, pancreatic fluid, and bile was assessed by serial dilution on 293
cells. Transduction efficiency in vivo was determined by oral admin-
istration of 1 × 1012 particles of unmodified or PEGylated virus to
fasted Sprague-Dawley rats.
Results. Titers of unmodified virus declined to undetectable levels
after 40 min in simulated gastric fluid while the infectious titer of the
modified vectors did not change for 3 h. Similar results were seen with
simulated pancreatic fluid. PEGylation also enhanced adenoviral
transduction efficiency in Caco-2 cells by a factor of 20. PEGylation
enhanced adenovirus transduction efficiency 10- to 40-fold in vivo in
intestinal segments that do not express significant amounts of adeno-
virus receptors (jejunum, colon) with transgene expression located in
the crypt regions.
Conclusions. PEGylated adenoviruses are suitable gene delivery ve-
hicles for oral administration.

KEY WORDS: adenovirus; PEGylation; intestine; gene therapy; co-
lon.

INTRODUCTION

Colorectal cancer is one of the leading causes of cancer
mortality in Western countries. Despite advances in surgical
technique, chemotherapy, and radiotherapy, the overall sur-
vival rate has remained around 40 to 60% for the past 20
years (1). In recent years, gene therapy has been proposed as
an alternative treatment of cancers of the gastrointestinal
tract, and several clinical trials have been initiated (2). Results
from these studies indicate that several significant issues must
be addressed before gene therapy can be applied in standard
clinical settings. These include (a) improving the efficiency of
gene transfer, (b) targeting of gene transfer to tumor sites and
avoiding toxicity to normal tissues, (c) administration of vec-
tors in a convenient, noninvasive manner, and (d) mitigation
of the host immune response against the gene delivery vector.

Adenovirus is a suitable gene delivery vector for cancer
because it is capable of producing high levels of gene expres-
sion rapidly and transiently and has been used in several clini-

cal gene therapy protocols for this purpose (3,4). Even though
the gastrointestinal (GI) tract represents one of the largest
and most readily accessible targets for a variety of gene de-
livery and vaccination strategies, gene transfer to the GI tract
with viral vectors has been somewhat difficult. Many viral
receptors play a role in tight junction formation along the
intestinal tract and are unavailable for virus binding and in-
ternalization (5,6). Formulation of adenovirus in mucolytics
and dispersing agents to enhance cellular contact and nonspe-
cific internalization of viral particles significantly improved
viral transduction of differentiated intestinal epithelial cells in
vitro and in vivo (7,8). Pretreatment with medicinal agents to
reduce intestinal motility and distension of isolated intestinal
segments with large fluid loads have also improved adenovi-
rus transduction efficiency in vivo (9,10).

Despite these improvements, oral administration of ad-
enoviral vectors in the context of gene delivery to the intes-
tine has not been actively pursued. In order to protect the
virus from the oppressive environment of the upper GI tract,
the transduction efficiency of adenoviral vectors has been as-
sessed only after surgical instillation into isolated portions of
the intestine (5–10). Several groups have shown that recom-
binant adenoviral vectors are unstable at acidic pH, and a
significant fraction of the dose could be lost on contact with
stomach contents (11,12). Proteolytic and digestive enzymes
present in the intestinal tract may continue to inactivate the
virus because viral capsid proteins are susceptible to digestion
in vitro (13). In addition, the presence of bile salts in bile
could induce aggregation of adenoviral particles, rendering
them uninfectious (14).

We have previously found that covalent attachment of
activated monomethoxypoly(ethylene) glycols (MPEGs) to
free lysine groups on the protein capsids of adenoviral vectors
enhances virus stability under stressed storage conditions
(15). We have also found that the transduction efficiency of
viruses modified in this manner is not significantly compro-
mised (15,16). From this information, we thought that PEG-
ylated adenovirus would be a suitable test candidate for oral
gene delivery. This report describes our initial efforts to de-
velop a noninvasive method for gene delivery to the intestine.
We assessed the transduction efficiency of PEGylated adeno-
virus in monolayers of differentiated intestinal epithelial cells.
We then systematically assessed the stability of the modified
virus in vitro in preparations that simulate biologic fluids en-
countered along the GI tract. As a final test, we administered
unmodified and PEGylated viruses orally to immunocompe-
tent animals and assessed the level of gene expression along
the entire gastrointestinal tract.

MATERIALS AND METHODS

Production of Conjugated Adenoviral Vectors

First-generation adenovirus-expressing �-galactosidase
under the control of a CMV promoter was amplified in 293
cells (ATCC CRL-1573) from secondary lysates by banding
twice on CsCl gradients according to established methods (5).
Protein content of each preparation was determined by a mi-
croplate assay with Bio-Rad DC protein assay reagents and
bovine serum albumin as a standard.

Three types of activated monomethoxypoly(ethylene)
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glycol (MPEG, MW 5000) were used in this study: tresyl-
MPEG (TMPEG), succinimidyl succinate MPEG (SSPEG),
and cyanuric chloride MPEG (CCPEG). All were obtained
from Sigma Chemicals (St. Louis, MO). Conjugation reac-
tions were performed as described previously for 2 h at 25°C
with gentle stirring (15). Ten micrograms of PEG was added
for each microgram of protein present in each preparation.
Reactions were stopped by addition of 10× L-lysine (Sigma
Chemicals) with respect to the amount of PEG added. Unre-
acted PEG, excess lysine, and reaction byproducts were elimi-
nated by buffer exchange over a Sephadex G-50 column
equilibrated with 10 mM potassium buffered saline (KPBS)
pH 7.4. Fractions containing virus were identified by absor-
bance at 260 nm, and concentrations determined according to
the method of Maizel et al. (17). A fluorescamine assay was
used to confirm a consistent coupling efficiency of approxi-
mately 70 to 80% for each lot of virus used in these studies
(15).

Plaque Assays

Viral preparations were serially diluted in DMEM
supplemented with 2% fetal bovine serum (FBS, BioWhit-
taker, Walkersville, MD) and 0.25 ml of each dilution placed
on monolayers of 293 cells for 2 h at 37°C. Cells were overlaid
with 0.8% agarose (SeaPlaque, BioWhittaker Molecular Ap-
plications, Rockland, ME), in Modified Eagle’s Medium
(Gibco Life Technologies, Grand Island, NY) containing 2%
FBS and 10 mM MgCl2 according to established protocols
(18). Plaque-forming units (pfus) were calculated according
to the following formula:

pfu/ml � average no. of plaques × dilution factor × 4.

The particle to pfu ratio of PEGylated preparations used in
the studies outlined below was consistently lower than the
unmodified virus by a factor of 4. The average particle to pfu
ratio for unmodified preparations was 450 ± 50:1, and that of
the PEGylated preparations was 112 ± 20:1.

Assay for Detection of Replication-Competent Adenovirus

A two-cell-line bioassay was performed on each viral
preparation to determine the presence of replication-
competent adenopvirus (RCA) according to an established
protocol (19). One RCA event was detected for every 3 × 1012

virus particles tested.

In Vitro Transduction Studies

Caco-2 cells (ATCC HTB37, passages 53–60) were
seeded at a density of 1 × 104 cells/well in either 12-well
culture dishes or 6-well plates equipped with porous polycar-
bonate cell culture inserts with a pore size of 0.4 �m and a
surface area of 4.7 cm2 (Costar Transwell, Cambridge, MA).
Medium [Dulbecco’s Modified Eagle’s Medium (Cellgro, Me-
diatech, Herndon, VA) containing 10% FBS, 1% nonessen-
tial amino acids (Gibco Life Technologies, Grand Island,
NY), 1 mM sodium pyruvate (Life Technologies), 1% L-
glutamine (Gibco), and penicillin (100 U/ml) and streptomy-
cin (100 �g/ml) (Mediatech)] was changed every other day
until monolayers became fully differentiated (15 days after
seeding). Virus was added to monolayers at a concentration
of 50 viral particles/cell. After incubation at 37°C for 2 h, the

virus preparation was removed, replaced with 2 ml mainte-
nance medium, and the infection allowed to continue for 48 h.
TEER measurements were taken from cells seeded on Tran-
swell inserts by an epithelial voltohmeter with a special
“chopstick” electrode designed for this purpose (World Pre-
cision Instruments, Sarasota, FL). Transgene expression was
detected by X-gal staining and visual inspection of positive
cells. Cells were stained for a maximum of 4 h to minimize
detection of endogenous �-galactosidase activity.

Receptor-Blocking Studies

Caco-2 cells were seeded in 12-well plates as described,
and infections performed 3 days after seeding. Virus was at a
concentration of 50 virus particles/cell. �-Galactosidase ex-
pression was assessed 48 h after infection by X-gal staining.
Anti-coxsackievirus and adenovirus receptor (CAR) anti-
body (1:50 dilution, Upstate Biotechnology, Waltham, MA)
or 1.7 mM GRGDSP peptide (CNbiosciences, Inc., La Jolla,
CA) to block �v3 receptors in culture medium containing 2%
FBS was added to monolayers for 1 h at 4°C before addition
of virus according to established methods (5,20). Interaction
with heparan sulfate proteoglycans was blocked by incubating
virus in DMEM containing 10 �g/ml heparin (sodium salt
from porcine intestine, Sigma Chemicals, St. Louis, MO) and
0.1% FBS for 1 h at 37°C before addition to monolayers
according to established methods (21). For triple blocking
studies, virus incubated with heparin was added to cells pre-
treated with blocking reagents for both CAR and integrin
receptors as described above.

Stability Studies

All viral preparations used in stability studies were at a
concentration of 1 × 1012 virus particles/ml. At each time
point, 50-�l aliquots were taken from each preparation and
added to DMEM containing 2% FBS to assess viral titer by
limiting dilution/lac-forming assays as described below.

Gastric Acid

Simulated Gastric Fluid, USP (7 ml 1 N HCl, 2 g NaCl,
and 3.2 g pepsin/liter, pH 1.2) was purchased from Sigma
Chemicals (St. Louis, MO). One milliliter of virus was added
to 4 ml of simulated gastric fluid, based on the physiology of
the rat (22). This mixture was placed at 37°C for a period of
3 h. Samples were taken every 10 min for 1 h, then every 30
min for the remaining 2-h period.

Pancreatic Fluid

Simulated pancreatic fluid (20% trypsin, 0.5% phospho-
lipase A, 16% chymotrypsin, 5% amylase, 11% carboxypep-
tidase A, 3.1% elastase in a 140 mM sodium bicarbonate
buffer, pH 8.5) was prepared with reagents from Sigma
Chemicals according to descriptions of pancreatic secretions
of the rat (22). One milliliter of virus was mixed with 3 ml of
simulated pancreatic fluid, based on rat physiology. The mix-
ture was incubated at 37°C for a period of 3 h. Samples were
taken every 5 min for 20 min then every 10 min for the re-
maining 2-h period.
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Bile

Bile was collected by cannulation of the bile duct of one
male Sprague-Dawley rat (350 g) according to established
methods (23). Virus was added to bile at a ratio of 1:2 (vol-
ume virus: volume bile) according to published rat bile secre-
tion rates (22). These samples were incubated at 37°C for a
period of 30 min. Samples were taken every 10 min and as-
sessed for virus titer.

Limiting Dilution/Lac-Forming Assays

The term lac-forming unit (lfu) describes the amount of
virus present in a preparation that can infect cells and induce
expression of the E. coli �-galactosidase gene at levels suffi-
cient for visual identification of blue reaction product result-
ing from enzymatic cleavage of the chromogenic substrate,
X-gal. Samples of virus were serially diluted in DMEM
supplemented with 2% FBS and 0.2 ml of each dilution placed
on monolayers of 293 cells for 2 h at 37°C. Two milliliters of
complete medium was added to each well, and the infection
was allowed to progress for 20 h at 37°C. Cells were stained
for �-galactosidase expression as described previously (11).
Lac-forming units were calculated using the following for-
mula:

lfu/ml � z × a × d

z � 845 a magnification constant.

a � The average number of blue lac+ cells
from triplicate wells.

d � The dilution of the sample.

Oral Administration of Adenovirus

All procedures were approved by the Institutional Ani-
mal Care and Use Committee of The University of Texas at
Austin. Male Sprague-Dawley rats (10 weeks old, Harlan
Sprague Dawley, Indianapolis, IN) were fasted for 24 h be-
fore vector administration with free access to water. One mil-
liliter of virus (1 × 1012 particles/ml) was administered to each
animal via a tuberculin syringe affixed to a 3-inch 18-gauge
curved feeding needle (Popper & Sons, Inc., New Hyde Park,
NY) placed deep into the esophagus. A separate group was
dosed in a similar manner with 1 ml potassium phosphate-
buffered saline as a vehicle control. Twenty-four hours after
administration, rats were euthanized with sodium pentobar-
bital (Sigma Chemicals, St. Louis, MO), and specific tissues of
the gastrointestinal tract (esophagus, stomach, duodenum, il-
eum, jejunum, colon, and liver) were harvested and washed
twice in cold PBS. Tissue was split open longitudinally and
rapidly immersed in disposable peel-away molds containing
OCT (Optimal Cutting Temperature) compound (Sakura
Finetek USA, Torrance, CA). Frozen tissues were stored at
–80°C until sectioned.

Additional tissue samples were placed in cold DMEM on
ice and homogenized in 1ml lysis buffer (provided with the
Beta-Gal ELISA kit; Roche Applied Science, Indianapolis,
IN) as described previously (16). Tissues were homogenized
using a Brinkman polytron. Extracts were centrifuged at 3500
× g for 10 min, and protein concentration of cleared super-
natants determined by a microplate assay with Bio-Rad DC
protein assay reagents and bovine serum albumin as a stan-

dard. Extracts were quick-frozen in a dry ice/ethanol bath and
stored at −80°C until assayed. �-Galactosidase concentrations
were determined with an enzyme-linked immunosorbent as-
say (ELISA) kit (Roche Applied Science, Indianapolis, IN)
according to manufacturer’s instructions.

X-gal Histochemistry

Frozen sections (6–8 �m) were fixed in 0.5% glutaralde-
hyde and stained for �-galactosidase expression as described
(24). Sections were incubated in the stain for no longer than
6 h to minimize detection of endogenous �-galactosidase ac-
tivity, counterstained with eosin (Fisher Diagnostics, Middle-
town, VA), observed with a MicrosOptics IV900 microscope
and photographed using a Nikon Coolpix 4500 digital camera
and Nikon View software.

RESULTS

Effect of PEGylation on Adenovirus Transduction
Efficiency in Differentiated Enterocytes in Vitro

We have found previously that PEGylation did not sig-
nificantly compromise adenovirus transduction efficiency in
vitro and in vivo in several target tissues (15,16,24). In order
to determine if this technology could produce similar results
in the intestinal tract, the transduction efficiency of the modi-
fied viruses was assessed in differentiated Caco-2 cells. Ap-
proximately 0.5% of the cells were transduced by the unmodi-
fied virus (Fig. 1A). Most of the positive cells were located
near raised domed regions of the monolayer (data not
shown). Modification of adenoviral capsids with TMPEG sig-
nificantly increased transduction efficiency 16-fold so that 8.0
± 0.8% of the cells expressed the transgene (Student’s t test,
p � 0.001). Viral preparations modified by CCPEG and
SSPEG effectively transduced 9.4 ± 2.2% and 10.2 ± 0.4% of
the differentiated enterocyte population, respectively (Fig.
1A).

Transepithelial electrical resistance (TEER), a measure
of monolayer integrity and an indirect assessment of viral
infection (25), was assessed in monolayers seeded on Tran-
swell culture inserts after application of each viral preparation
(Fig. 1B). Monolayer integrity was significantly compromised
by the most effective preparations (CCPEG and SSPEG), as
they reduced electrical resistance by 1000 and 650 � × cm2

respectively over a 3-h treatment period (Student’s t test, p �
0.001). The TMPEG preparation, however, reduced electrical
resistance by only 400 � × cm2, approximately half of that
seen with unmodified virus (250 � × cm2).

In Vitro Assessment of the Stability of PEGylated
Adenovirus in Components of the Gastrointestinal Tract

Gastric Fluid

Simulated Gastric Fluid USP is routinely used in quality
control testing to assess the release profiles of various oral
pharmaceutical dosage forms (26). Because this represents
the medium that adenovirus, formulated as a liquid prepara-
tion, would initially come in contact with after oral adminis-
tration, we chose this medium to first assess the physical sta-
bility of the modified viruses. At 37°C, titer of unmodified
virus dropped by 2 logs from 8 × 1010 lfu/ml to 7.9 × 108 lfu/ml
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after 20 min and to undetectable levels within 40 min in this
medium (Fig. 2). The TMPEG preparation demonstrated an
initial drop of 1 log in titer from 5.8 × 1010 to 6.0 × 109 lfu/ml
after the first 20 min in the acidic medium. This preparation
did not experience an additional drop in titer until 90 min
later, when it fell to 1.0 × 107 lfu/ml. The CCPEG preparation
experienced an initial drop in titer of 0.5 log but did not
experience additional loss of titer for the remainder of the
study period. The SSPEG preparation seemed to be the most
acid-resistant preparation, as negligible loss in titer was de-
tected throughout the entire study period (one-way ANOVA
with a Bonferonni/Dunn post-hoc analysis, p � 0.05).

Pancreatic Fluid

As the virus enters the upper duodenum, it will come in
contact with pancreatic fluid, a mixture of digestive enzymes

buffered above physiologic pH to neutralize contents as they
leave the stomach. After incubation in simulated pancreatic
fluid at 37°C for 20 min, titer of the unmodified virus dropped
from 7.5 × 1010 lfu/ml to 1.3 × 1010 lfu/ml (Fig. 3). Titer
dropped an additional log to 1.5 × 109 lfu/ml after 50 min.
Further loss of titer could not be detected after this time for
the remainder of the study. The CCPEG preparation dropped
from 7.5 × 1010 lfu/ml to 3.7 × 1010 lfu/ml after the first 20-min
incubation period. Titer continued to decline at a steady rate
to 1.7 × 109 lfu/ml after 60 min, after which no additional loss
of titer could be observed. Both the SSPEG and the TMPEG
preparations experienced negligible losses in titer for a period
of 30 min in the digestive medium (one-way ANOVA with a

Fig. 1. A. PEGylation enhances adenoviral transduction efficiency in
differentiated enterocytes. Adenoviral preparations were added to
Caco-2 cells (passage 53) at a concentration of 50 virus particles/cell.
Percent transduction is the number of transduced cells relative to the
total cellular population. *p � 0.05, **p � 0.001, Student’s t test. B.
PEGylated adenoviral vectors significantly affect transepithelial elec-
trical resistances (TEER) of differentiated monolayers. TEER, a
measure of monolayer integrity, was assessed in differentiated Caco-2
cells seeded on Transwell culture inserts. TEER values were deter-
mined by subtracting measured TEER values from the intrinsic re-
sistance of the membrane. Data are reported as measured resistance
× surface area of the membrane. In both panels, error bars represent
the standard deviation of the data (n � 6).

Fig. 2. PEGylated adenovirus is stable in gastric fluid. One milliliter
of each viral preparation was added to 4 ml of simulated gastric fluid
and incubated at 37°C. Data are the result of two separate experi-
ments (n � 3 each), and error bars represent the standard deviation
of the data.

Fig. 3. PEGylation protects adenovirus against degradation from
pancreatic enzymes. Simulated pancreatic fluid was prepared as de-
scribed in Materials and Methods and added to viral preparations (1
× 1012 particles/ml) in a ratio of 1:3 (virus:fluid), based on rat physi-
ology (22). Infectious titer (lfu/ml) was determined by limiting dilu-
tion, infection of 293 cells, and X-gal staining. Data are the result of
two separate experiments (n � 3), and error bars represent the stan-
dard deviation of the data.
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Bonferonni/Dunn post-hoc analysis, p � 0.06). Titer of the
TMPEG preparation dropped to 2.7 × 1010 lfu/ml after 40 min
and again to 9.7 × 109 lfu/ml at the end of the 2-h incubation
period. The SSPEG virus was clearly the most stable prepa-
ration in the pancreatic digestive medium, as infectious titer
continued to remain high for 50 min, after which it suffered a
drop to 2.8 × 1010 lfu/ml. Thus, this preparation was selected
for additional study of its stability in the gastrointestinal en-
vironment and subsequent in vivo testing.

Bile

In order to determine if bile secretion would hinder the
adenoviral transduction efficiency, unmodified adenovirus or
SSPEG virus was incubated with freshly isolated bile for a
period of 30 min. Transduction efficiency of both viruses was
unaffected by the presence of bile (one-way ANOVA with a
Bonferonni/Dunn post-hoc analysis, p � 0.07, data not
shown).

Effect of PEGylation on Adenovirus-Mediated
Transduction of the Gastrointestinal Tract in Vivo

In order to determine how these results from in vitro
stability studies translate to an in vivo situation, fasted male
Sprague-Dawley rats were given 1 ml of either unmodified or
SSPEG virus orally. Rats dosed in a similar manner with 1 ml
potassium phosphate-buffered saline served as a vehicle con-
trol. Twenty-four hours after administration, animals were
euthanized, and gene expression was assessed along the entire
gastrointestinal tract.

Transgene expression was relatively low in the esophagus
and stomach as unmodified adenovirus produced 14.5 ± 11.6
and 7.4 ± 1.8 pg �-galactosidase/mg protein in each of these
tissues, respectively (Fig. 4). The PEGylated preparation,

however, improved transgene expression fourfold in the
esophagus (64.3 ± 0.3 pg/mg protein) and produced a 10-fold
increase in expression in the stomach (75.4 ± 20.7 pg/mg pro-
tein). Of all the tissues analyzed, the duodenum was the re-
gion where the unmodified adenovirus produced the greatest
level of transgene expression (31.7 ± 20.2 pg �-galactosidase/
mg protein). This was not significantly different from that
observed in animals treated with the PEGylated preparation
(88.2 ± 40.8 pg �-galactosidase/mg protein, Student’s t test,
p � 0.05).

On inspection of tissue sections, it is clear that the PE-
Gylated virus transduced cells deep in submucosal structures
(Fig 5I) with gene expression located in crypt epithelial cells
of Brunner’s glands (inset). In contrast, the unmodified virus
transduced cells in the lamina propria of the superficial mu-
cosa (Fig. 5E). Additional studies must be done to confirm
the identity of the cell populations transduced by adenovirus
in these samples because the lamina propria consists of a
mixture of various cell types (fibroblasts, macrophages, lym-
phocytes, endothelial cells, etc.), many of which may be un-
suitable for adenoviral gene delivery strategies.

The PEGylated preparation also increased transduction
efficiency in the ileum eightfold (83.1 ± 15.2 pg �-galactosi-
dase/mg protein). Histologic assessment of sections from ani-
mals treated with the PEGylated virus revealed that trans-
gene expression was located in cells in the lamina propria
(Fig. 5J). �-Galactosidase transgene expression could not be
detected in any ileal sections obtained from animals treated
with the unmodified virus (Fig. 5F).

The PEGylated preparation also enhanced gene expres-
sion by a factor of 10 in the jejunum with a �-galactosidase
level of 109.2 ± 34.8 pg/mg protein, whereas the unmodified
preparation produced 11.0 ± 3.9 pg/mg in this tissue. Sections
from animals treated with adenovirus conjugated to SSPEG
revealed that transgene expression was located in cells of the
lamina propria (Fig. 5K). Transgene expression could not be
detected in sections from animals treated with the unmodified
virus (Fig. 5G).

The colon of animals treated with the PEGylated viruses
had �-galactosidase levels of 430.2 ± 15.8 pg/mg protein. This
was the highest level of gene expression detected throughout
the entire gastrointestinal tract and was 40 times higher that
that seen with the unmodified vector (11.0 ± 7.6 pg/mg pro-
tein). Histologic assessment of this area has revealed that
gene expression was located in the crypt epithelial cells (Fig.
5L). Gene expression could not be detected in sections of
colon from animals treated with the unmodified virus (Fig.
5H). Each preparation tested produced similar levels of gene
expression in the liver (approximately 95 pg �-galactosidase/
mg protein). �-Galactosidase gene expression could not be
detected either by ELISA assay (data not shown) or histo-
chemical staining in any of the tissues from animals treated
with a bolus of potassium phosphate-buffered saline (Fig.
5A–D).

DISCUSSION

This manuscript summarizes our initial efforts to deter-
mine if conjugation of poly(ethylene) glycol to the capsid
proteins of a recombinant adenovirus would offer significant
advantage for gene delivery to the GI tract, a target tissue in
which gene expression has been rather unremarkable. In the

Fig. 4. PEGylation enhances transduction efficiency in parts of the
gastrointestinal tract after a single oral dose of an adenoviral vector.
Groups (n � 4) of male Sprague-Dawley rats were dosed with 1 ml
(1 × 1012 particles/ml) of either unmodified Ad (Ad), PEGylated Ad
(SSPEG), or phosphate-buffered saline via a tuberculin syringe at-
tached to a feeding needle. Twenty-four hours after administration,
animals were necropsied, and gene expression was assessed in target
organs by a �-galactosidase ELISA assay. Transgene expression
could not be detected in any tissues from animals treated with a bolus
of potassium phosphate buffered saline. Data are the result of two
separate experiments, and error bars represent the standard error of
the mean of the data. *p � 0.05, **p � 0.001, Student’s t test. Results
marked statistically significant were compared against transgene ex-
pression obtained from animals treated with the unmodified virus.
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studies outlined here, we found that conjugation of monome-
thoxypoly(ethylene) glycol to adenoviral capsid proteins pro-
duced a marked increase in transduction efficiency in the in-
testine in vitro and in vivo (Figs. 1, 4, and 5). Although this
effect was seen in previous studies of gene delivery to the lung
and liver, the reason for this effect was quite perplexing. This
modification reduces the negative surface charge of the virus,
increases its partition coefficient, and prevents aggregation of
virions (15). Even though these characteristics could promote
contact with cellular targets, they cannot solely account for
the marked transduction efficiency in differentiated entero-
cytes, especially because PEG is located on fiber, hexon, and
penton proteins responsible for virus binding and internaliza-
tion (unpublished data).

In an effort to determine if PEGylated virus is capable of
entering cells in a receptor-independent manner, we treated
undifferentiated Caco-2 cells with agents to block receptors
associated with adenovirus binding and internalization: the
coxsackievirus and adenovirus receptor (CAR), �v integrins
and heparan sulfate proteoglycans (HSPGs) (27) (Fig. 6).
Blocking of CAR, �v integrins, and HSPGs reduced the in-
fectivity of the unmodified virus by 58.4, 67.5, and 75.6%,
respectively. When all three receptors were blocked, infectiv-
ity of this virus was reduced by 97.8%. The infectivity of the
SSPEG virus was unaffected when CAR and �v integrins
were blocked; however, treatment of the virus to prevent in-

Fig. 5. Gene expression of PEGylated adenovirus along the gastrointestinal tract after a single oral dose. Fasted male Sprague-Dawley
rats were dosed orally with either unmodified first-generation recombinant adenoviruses containing the E. coli �-galactosidase gene
(panels E–H), virus conjugated with SSPEG (panels I–L), or phosphate-buffered saline (panels A–D). Animals were necropsied 24 h after
vector administration, and duodenum (first column), ileum (second column), jejunum (third column), and colon (fourth column) were
evaluated for lacZ expression by X-gal histochemistry. Morphologic assessment was performed from serial sections of three rats for each
treatment group. PEGylated virus produced significant levels of gene expression throughout the entire gastrointestinal tract (panels I–L),
with the heaviest area of gene expression located in the colon (panel L). Cells expressing the transgene could be detected only in the
duodenum of animals dosed with the unmodified virus (panel E). Gene expression was not observed in the ileum, jejunum, or colon of
each animal in this treatment group (panels F–H). Magnification: panels A and I, 100×; panels B–H and J–L, 240×.

Fig. 6. PEGylation alters affinity of adenovirus for viral receptors on
enterocytes. Undifferentiated Caco-2 cells (passage 60) were treated
with agents to block receptors associated with adenovirus binding and
internalization: the coxsackievirus and adenovirus receptor (CAR),
�v integrins (Integrin) and heparan sulfate proteoglycans (HSPGs).
Cells were treated with each reagent at 4°C for 1 h before addition of
virus at a concentration of 50 virus particles/cell. Percentage inhibi-
tion is the difference between the number of cells transduced in the
absence of treatment and the number of transduced cells from a given
treatment group. Data reflect the average values from six replicates,
and error bars represent the standard deviation of the data.
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teraction with HSPGs reduced infectivity by 30.9%. Blocking
all three receptors had a similar effect on this virus (Student’s
t test, p � 0.6). This suggests that the PEGylated virus enters
enterocytes partially through HPSGs. It is important to note
that under our conjugation conditions, PEG occupies only 70
to 80% of the available sites on virus capsid proteins. Reac-
tions in which PEG occupied all available sites have signifi-
cantly compromised the ability of the virus to infect cellular
targets (28). Our modification appears to maintain virus in-
fectivity but changes the specificity of the virus and allows it
to enter cells in a receptor-independent manner or by another
receptor not yet associated with adenovirus infection. Addi-
tional studies are under way to explain why the PEGylated
virus could transduce differentiated cells and areas of the
intestinal tract where expression of these receptors is sparse
because of their role in tight junction formation (5,6,29).

We thought that enhanced transduction efficiency alone
would not be sufficient for efficient gene transfer to the in-
testinal epithelium via the oral route. The vector would be
exposed to abrupt changes in pH, proteolytic enzymes and
other biologic secretions which could inactivate the virus
and impede effective gene transfer. In vitro testing of the
PEGylated preparations in simulated gastric fluid (pH 1.2)
revealed that the modified vectors were resistant to this effect
while the unmodified virus was inactivated within 40 min (Fig.
2). However, our in vivo data from fasted rats revealed that a
certain portion of the original dose of unmodified virus did
survive the acidic environment of the stomach and transduced
segments of the duodenum at levels quantitatively similar to
that seen with the PEGylated vector (Fig. 4). This could be
because the gastric pH of the rat is 3.5, higher than that of the
human (30). However, this virus failed to transduce segments
of the lower GI tract. In vitro stability of the unmodified virus
was significantly compromised in the presence of simulated
pancreatic fluid and suggests that the virus could have been
degraded by the time it reached the ileum, jejunum, and co-
lon, making transduction of these areas impossible (Fig. 3).

Another significant barrier to effective viral-mediated
gene transfer to the GI tract is the presence of the gut-
associated lymphoid tissue (GALT) (31). Foreman et al.
found that areas containing Peyer’s patches had a 10-fold
higher level of gene expression than areas void of these
vesicles (8). We harvested tissue that did not contain Peyer’s
patches. We did notice that at the time of necropsy intestinal
segments of animals dosed with the unmodified virus were
spotted with prominent areas of inflamed Peyer’s patches.
This phenomenon was not observed in those given the
PEGylated vector. A significant portion of the unmodified
virus could have been deposited in these lymphatic vesicles
while the PEGylated preparation avoided these areas. The
immunologic effect of oral administration of PEGylated
preparations in the GI tract is not clear at this time but is also
currently under investigation in our laboratory.

One of the most significant barriers to effective gene
expression in the gastrointestinal tract is the short half-life of
intestinal epithelial cells (48–72 h). We chose to assess gene
expression in vivo 24 h after administration, when we thought
the maximal number of transduced cells would be present
along the GI tract. Although we did not assess gene expres-
sion beyond this time point and, perhaps, did not assess peak
transgene expression in any of the tissues studied, it is impor-
tant to note that the levels of �-galactosidase transgene ex-

pression that we observed are comparable to those reported
by others using similar methods to assess transgene expres-
sion in the rat model 48 h after surgical placement of the virus
in the GI tract (8–10). The limited life span of intestinal ep-
ithelial cells also dictates that readministration of virus would
be required for long-term therapy. The PEGylated virus
transduced crypt epithelial cells deep in the submucosal re-
gions of the intestine. These areas are the site of regeneration
of cells that line the GI tract and suggest that PEGylation of
other viral vectors capable of inducing stable transduction of
dividing cells may be suitable for certain applications. This
also suggests that these viruses are capable of penetrating
deep into the submucoa and may be able to effectively dis-
perse and deliver cytotoxic genes to tumor masses. Currently,
studies are under way to assess gene expression for a longer
period of time to determine when readministration may be
necessary and if significant levels of gene expression can be
achieved after a series of oral doses of PEGylated adenovirus.

The purpose of this project was to assess the ability of
PEGylated adenovirus to withstand the harsh environment of
the GI tract and transduce the intestinal epithelium after a
single oral dose in fasted Sprague-Dawley rats. This is the first
report in which the stability of a recombinant viral vector was
assessed by standard in vitro techniques commonly used to
predict the absorption profiles of traditional oral dosage
forms. This is also the first time the virus was not surgically
inserted into a specific area of the intestine but was adminis-
tered as an oral bolus. The PEGylated preparation produced
transgene expression along the entire length of GI tract from
the esophagus to the colon. This pattern of gene expression
may not be appropriate for many gene therapy applications,
especially if cytotoxic transgenes must be expressed. Thus,
further efforts must be made to limit transgene expression to
specific areas of the intestine. The use of heterofunctional
PEG molecules would allow us to physically target the virus
to specific regions of the intestine (32). Tissue specific and
conditional promoters may also assist us in targeting specific
regions of the intestine (33). In addition, pH-sensitive poly-
meric coatings could be used for regional release in the intes-
tine over time (34). These technologies are currently under
study in our laboratories for several applications involving
intestinal gene delivery.
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