Pharmaceutical Research, Vol. 20, No. 4, April 2003 (© 2003)

Mechanistic Studies on Nonviral Gene
Delivery to the Intestine Using in
Vitro Differentiated Cell Culture
Models and an in Vivo Rat

Intestinal Loop

Sally-Ann Cryan' and Caitriona M. O’Driscoll'

Received November 29, 2002; accepted January 2, 2003

Purpose. To identify factors influencing nonviral vector transfection
in differentiated CaCo-2 and mucus-secreting coculture, CaCo-2:
Ht29GlucH, cell culture models and to compare these in vitro results
with in vivo transfection efficiency in rat intestine.

Methods. A range of nonviral vectors including DOTAP, Lipofectin,
Superfect, PEI, and polylysine were investigated. CaCo-2 and a mu-
cus-secreting coculture were used at 21 days. Transfection efficiency
was assessed using pCMVluc (firefly luciferase) plasmid, and radio-
labeled plasmid was used to determine the binding and internaliza-
tion of plasmid DNA. The in vivo model used was a ligated rat
intestinal loop.

Results. Transfection levels decreased by over 1000-fold in differen-
tiated models relative to nondifferentiated COS-7 cells and were re-
lated to reductions in luciferase production by individual cells. Active
internalization of DNA by the differentiated cells decreased. Re-
moval of mucus by the mucolytic agent N-acetylcysteine, from the
coculture system significantly reduced (p < 0.05) transfection effi-
ciency. In vivo the transfection efficiency of PEI proved superior to
DOTAP™.

Conclusions. Nonviral gene delivery to the hostile environment of
the intestine is possible. Mechanistic studies using differentiated in-
testinal cell models aid identification of the rate-limiting steps to
transfection and represent a more physiologically relevant approach
to predict gene delivery to the intestine.

KEY WORDS: CaCo-2 cells; CaCo-2:Ht29GlucH coculture; mucus;
intestinal gene delivery; nonviral vectors.

INTRODUCTION

Gene delivery to the intestinal epithelium has many po-
tential advantages including ease of access, which would fa-
cilitate direct in vivo gene transfer by oral self-administration
or standard endoscopic techniques (1). From a therapeutic
aspect there are many disease targets in the intestine includ-
ing inflammatory bowel disease (2), cystic fibrosis, colon can-
cer, and transporter deficiencies. In many cases local delivery
and transfection may be adequate, thus avoiding the difficul-
ties encountered on delivery through the vasculature includ-
ing interactions with plasma proteins, aggregation, and poor
extravasation. In addition, the intestine could be used as a site
for genetic immunization or for the production and secretion
of therapeutic proteins into the bloodstream to act at some
distal site (3).

A number of studies have already confirmed that the
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intestine can be transfected (4,5). Retroviral (6-8) and adeno-
viral (2) vectors have been used successfully to transfect the
intestine in vivo. MacLaughlin et al. (9), using chitosan as a
nonviral vector, reported limited in vivo transfection in rabbit
intestine; however, the results were very variable (9). If the
oral route is to be a viable alternative, the factors influencing
transfection in the intestine need to be investigated.

In this study fully differentiated intestinal cell culture
models, including CaCo-2 and a CaCo-2:Ht29GlucH cocul-
ture, are used to investigate factors influencing transfection
efficacy of a full range of lipid, polymeric, and peptide non-
viral vectors. These models are more physiologically challeng-
ing compared to nondifferentiated models frequently used in
gene delivery studies. They facilitate study of the mechanism
of uptake and the pattern of transfection in differentiated
cells. The CaCo-2 model has previously been used to screen
nonviral vectors (10,11).

In addition to the barriers presented by the target cells,
extracellular conditions in vivo such as the presence of mucus
may influence the transfection efficiency of a given gene de-
livery vector (GDV) in the lung (12) and intestine. The mu-
cus-secreting CaCo-2:Ht29GlucH coculture (13) was used to
determine the effect of mucus on the transfection ability of
the most efficient vectors. This model also allowed examina-
tion of the effect of mixed cell types on transfection levels;
this more closely resembles the in vivo intestinal situation,
where several cell types are present.

Finally, the ability of these cell culture models to predict
in vivo transfection was assessed by comparison of the results
to those obtained in an in vivo rat intestinal loop (2).

MATERIALS AND METHODS

Materials

DOTAP™ (N-[1-(2,3-dioleyloxy)propyl]-N,N, N-tri-
methylammoniummethylsulfate) (Roche), Lipofectin™ (N-
[1-(2,3-dioloeyloxy)propyl]-N, N, N-trimethylammonium chlo-
ride) (Gibco BRL), and Superfect™ Transfection Reagent
(Qiagen) were used as supplied by the manufacturers. Poly-
L-lysine hydrobromide (30,000-70,000 Da) was supplied by
Sigma, UK and reconstituted in HEPES-buffered saline
(HBS: 20 mM HEPES and 150 mM NacCl, pH 7.4) to produce
a 2.5 mg/ml solution. Polyethylenimine (PEI), 25 kDa, was
made up in 1 M NaCl-50 mM HEPES/HCI, pH 7, and dia-
lyzed in tubing (with a molecular weight cutoff of 6000 to
8000) for 2 days with frequent changes of dialysate, before
being lyophilized overnight. The PEI was reconstituted with
nuclease-free water at a concentration of 10 mM. Cell culture
reagents were obtained from Gibco BRL, and all other re-
agents were sourced from Sigma unless otherwise stated.

Method

Cell Line and Cell Culture

CaCo-2, passage 30-50, and COS-7 cells, passage 9-40
(ECACC, UK), were cultured using Dulbecco’s Modified Ea-
gle’s Medium (DMEM) supplemented with fetal calf serum
(10% v/v), L-glutamine (1% w/v), gentamicin (100 mg/ml),
and sodium pyruvate (1 mM). Ht29GlucH (a generous gift
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from Dr. Daniel Louvard, Pasteur Institute, Paris) were cul-
tured, passage 12-32, in medium that was further supple-
mented with 5 pg/ml of transferrin. All cells were maintained
at 37°C in a 5% CO, humidified atmosphere. COS-7 cells
were seeded in six-well plates (35 mm diameter) at a density
of 5.2 x 10* cells/cm? 24 h before transfection. In order to
allow differentiation, CaCo-2 cells are seeded on 24-mm-
diameter, 0.4-pwm pore size, polycarbonate filters, Trans-
wells™, at a density of 63,000 cells/cm?. The cocultures were
seeded at a density of 4.25 x 10° cells/cm? onto collagen-
coated Transwells™ at a ratio of CaCo-2:Ht29GlucH of 3:1
and maintained in transferrin-supplemented medium for 21
days. Ht29 cells were also seeded on collagen-coated Trans-
wells™ at a density of 8.5 x 10° cells/cm?. For the filter culture
systems medium is added to the apical (1.5 ml) and basolat-
eral (2.6 ml) chambers every 48 h for the first 7 days and then
daily until day 19-21. These differentiated cultures were used
between days 19 and 23 unless otherwise stated. Transepithe-
lial electrical resistance values (TEERs) were measured using
a WPI voltmeter/ohmmeter fitted with “chopstick” elec-
trodes.

Plasmid

The pCMVliuc plasmid contains the firefly luciferase
gene under the control of the cytomegalovirus (CMV) en-
hancer/promoter. This pPCMVluc plasmid was maintained and
propagated in the E. coli strain DH5a. It was isolated by
alkaline lysis and purified using anion-exchange chromatog-
raphy using the Plasmid Maxi Kit (Qiagen Inc., USA) in ac-
cordance with the manufacturer’s instructions and stored in
TE buffer (Tris 10 mM, EDTA 1 mM), pH 8 at —20°C. Purity
of the plasmid was assessed using 1.0% w/v agarose gel elec-
trophoresis, and its concentration was determined from the
absorbance at 260 nm according to established protocols (14).

Preparation of Radiolabeled [F?P]DNA

Plasmid DNA was end-labeled with [«->?P]dCTP, as
previously described (10). Briefly, the linearized (using the
HindIII restriction enzyme) pCMVliuc plasmid (25 ng) was
denatured and mixed with 4 ml of High Prime Solution
(Boehringer Mannheim) and 5 ml of [a-*?P]dCTP (50 mCi)
on ice and reacted for 10 min at 37°C. Unincorporated
[«-*?*P]dCTP was removed using a freshly prepared Sepha-
rose column.

Transfection Protocol

Before transfection the cells were rinsed twice with se-
rum-free medium and then incubated in serum-free medium
for up to 1 h (when pLL was used, chloroquine was added 10
min before transfection to give a final concentration of 100
wM). The complexes for transfection were formed by adding
an equal volume of vector at the required concentration in
HBSS to plasmid DNA (2 pg/well for COS-7 and 6 pg/well
for filter cultures) made up in the same diluent. The optimum
ratio of vector:DNA was determined for each system in each
of the cell lines. Transfection complexes were left to complex
for 30 min before being added to the cells. After 4 h of incu-
bation, the transfection medium was removed, and full serum-
containing medium was added to the cells. Incubation at 37°C
continued for a further 20 h, at which time the medium was
removed, and the wells were washed with PBS twice.
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In order to determine the level of reporter gene expres-
sion, the cells were lysed using lysis buffer (Promega, USA)
and a freeze-thaw cycle. The lysate was assayed using a lu-
ciferase assay kit (Promega, USA) according to manufactur-
er’s instructions in a luminometer TD 20/20 (Promega). The
relative light units (RLU) were compared against a calibra-
tion curve constructed using standard luciferase (Promega),
and the results were expressed as RLU of luciferase/mg pro-
tein (Bio-Rad protein assay kit).

Removal of Mucus

N-Acetylcysteine (N-AC) (0.3% w/v) in HBSS was
added to the apical chamber of the filter culture systems for
30 min before transfection, at which point it was removed,
and the cells rinsed twice, before the transfection medium was
added.

MTT Assay

COS-7 and CaCo-2 cells were seeded at densities of
65,000 cells and 35,000 cells per well, respectively, onto 96-
well plates and cultured for 2448 h in DMEM until they
reached confluency. Subsequently, 100 wl of the transfection
complexes in HBSS was added to the wells and incubated for
10 min at 37°C. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide (MTT) solution (20 wl) was then added to
each well, and the cells were incubated for a further 4 h at
37°C. The reaction product was then solubilized with 100 pl
of sodium dodecyl sulfate (10% w/v) in 0.01 N HCI overnight
before the reaction product was quantified using a Dynatec
plate reader at 590 nm and compared with control cells.

Confocal Studies

Following transfection the cells were fixed with para-
formaldehyde (3% w/v) and stained, first with a primary rab-
bit (1 in 300 dilution with 5% w/v BSA, 15 mM sodium azide
in PBS from a stock of 50 pg/ml), antiluciferase (firefly) an-
tibody, affinity purified (Europa Bioproducts Ltd.), and then
with a fluorescently labeled secondary anti-IgG antibody (1 in
100 dilution with 5% w/v BSA, 15 mM sodium azide in PBS
from a stock of 0.75 mg/ml), fluorescein isothiocyanate
(FITC)-conjugated AffiniPure donkey antirabbit IgG (H+L)
(Jackson ImmunoResearch). By counterstaining the cell walls
with DHPE Texas Red® (Molecular Probes) individual cell
transgene expression could be determined. The cells were
mounted in DABCO stored at 4°C and viewed within one
week using a BioRad Confocal Scanning Laser Microscope,
Model MRC1024.

Cell Association and Internalization of Radiolabeled DNA

Transfection complexes were made up as for transfec-
tion, except that radiolabeled DNA was mixed with pCMVliuc
plasmid, to give approximately 40,000 CPM/pug DNA. The
cells were rinsed twice and then incubated with Opti-MEM
(unless otherwise stated) before studies. The complexes were
added to the cells (to give a final concentration of 2 pg/well
and 6 pg/well plasmid DNA for COS-7 cells and filter cul-
tures, respectively) and were left in contact with the cells at
37°C (except in the case of experiments specifically carried
out at 4°C) for 4 h. After this time, the transfection medium



Nonviral Gene Delivery to the Intestine

was removed, and the cells were rinsed with PBS twice, lysis
buffer was added, and the cells were freeze-thawed. The cells
were scraped and centrifuged at 10,000 rpm for 10 min. The
radioactivity of the supernatant was measured in disintegra-
tions per minute (dpm) on a Tri-Carb 2100 series liquid scin-
tillation counter and normalized to total protein. At 37°C the
radioactivity represents the sum of plasmid bound and inter-
nalized. At 4°C, where all active processes are halted, the
radioactivity represents bound plasmid only; by subtraction,
the degree of active cellular uptake of plasmid can be quan-
tified.

Animal Model

All animal experiments were done at Trinity College
Dublin in association with the BioResources Unit, which is
registered with the Deparment of Health, the competent au-
thority designated under EU directive 86/609, as imple-
mented in Ireland by Statutary Instrument No. 17/94. The
facility is under the full-time direction of a veterinary surgeon
who maintains the health and welfare program. The provision
of animal care is in compliance with appendix A of the Di-
rective.

Male Wistar rats (250-350g) were fasted overnight and
anesthetized using Sagatal (pentobarbital) delivered intraper-
itoneally (IP). All surgery was performed on a hot plate using
aseptic techniques. A ¥—inch midline incision was made in
the anterior abdominal wall of the anesthetized rat, and an
appropriate segment of the jejunum was located and carefully
brought to the surface of the cavity. A loop approximately 2
cm in length was ligated with Vascustatt™ Maxiim vascular
ties and secured with thread. Care was taken to ensure that
viability of normal blood supply and peristalsis were main-
tained. The appropriate vector/DNA complex (in 2 ml of
fluid) was injected into the proximal end of the loop using a
30-gauge needle affixed to a 2-ml syringe. The loop remained
outside the peritoneum for 3.5 h, and the rats were main-
tained under anesthetic. After 3.5 h, the ligation was released,
and the incision was stitched. The animal was allowed to re-
cover and was given Temgesic™ (0.01 ml) for analgesia. The
rats were provided with water and heat overnight. After 24 h
the rats were euthanized using carbon dioxide. The treated
intestinal segment was extracted and rinsed thoroughly with
ice-cold PBS. It was then frozen rapidly using liquid nitrogen
and crushed using a precooled pestle and mortar. The frozen
segment was then homogenized in 2 ml Lysis buffer on ice.
The homogeneous slurry was incubated in ice for 15 min and
then mixed. The sample was then centrifuged at 15,000 rpm
for 5 min at 4°C. The cleared supernatant was then trans-
ferred to a clean microcentrifuge tube. Twenty microliters of
supernatant was then assayed for luciferase using the Pro-
mega Luciferase Assay Kit and corrected for protein content
using the Biorad DC Protein Assay Kit.

Complexes were prepared by mixing plasmid DNA with
PEI [nitrogen/phosphate (N/P) ratio 10] or with DOTAP™
[charge ratio (CR) +/— 2.4] in HBSS to 2 ml final volume.

Statistics

Unpaired Student’s ¢ test (two-tailed) was used to test the
significance of the difference between two means.
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RESULTS

Transfection of Nondifferentiated and Differentiated Cell
Culture Models

The degree of transfection produced (under optimized
conditions) by each vector system in each of the cell culture
models expressed as RLU/mg protein/ug pDNA (corrected
for both protein and the quantity of plasmid DNA (pDNA)
added] is shown in Fig. 1. The level of expression of the
reporter gene produced by the range of vectors tested in
COS-7 cells (day 1) was higher for all the systems compared
to the three differentiated models, CaCo-2, Ht29GlucH, and
coculture monolayers (day 21). In COS-7 cells that are pro-
liferating, the best of the vector/DNA systems produced
transfection with an order of magnitude of 10’ RLU/mg pro-
tein, whereas the maximum level in the differentiated mono-
layers was approximately 10* RLU/mg protein. These figures
demonstrate that in undifferentiated cells, microgram quan-
tities of luciferase protein are expressed per well; in contrast,
in the differentiated monolayers, only nanograms of lucifer-
ase are expressed by the best of the vector systems.

In order to investigate further the progressive effects of
differentiation on transfection, CaCo-2 and coculture cells
were transfected at day 1, 5, 10, 15, and 21 using DOTAP™/
DNA complexes, charge ratio (CR +/-) 2.4. The level of lu-
ciferase expression at these different stages of differentiation
is shown in Fig. 2. In the case of CaCo-2 cells the highest level
of expression, similar to that seen previously with COS-7
cells, was produced in 1-day-old cells and decreased progres-
sively as the cells aged. By day 10, when the CaCo-2 cells have
reached confluency, the specific activity had dropped almost
30-fold. When the cells are deemed fully differentiated at day
15, the levels have dropped 100-fold. This drop continues, and
at day 21 the level of transgene expression is 170-fold lower
than that on day 1. Similarly for the coculture CaCo-2:
Ht29GlucH monolayers, the highest level of luciferase ex-
pression was produced in 1-day-old cells and decreased pro-
gressively as the cells aged. At day 5, 10, 15, and 21 the level
of expression dropped 10-, 16-, 25-, and 300-fold, respectively.
The TEER values were monitored for CaCo-2 monolayers
throughout the experiments (data not shown). As the TEER
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Fig. 1. Transfection efficiency (RLU/mg protein/pg pDNA) of dif-
ferent vector:DNA systems in nondifferentiated (COS-7) and differ-
entiated (CaCo-2, Ht29GlucH, coculture) cell culture models. The
systems were made up at the optimum ratios (vector:pDNA) for each
vector in a given model. Control represents transfection with naked
DNA.
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Fig. 2. Effect of differentiation of CaCo-2 and coculture (CaCo-2:
Ht29GlucH) monolayers on luciferase expression (RLU/mg protein,

mean + S.D., n = 3). Monolayers were transfected on days 1, 5, 10,
15, and 21 with 6 pg pPCMVluc complexed with DOTAP™ (+/-2.4).

values increased 14-fold from day 1 to day 21, the transfection
levels decreased 170-fold.

MTT assays for the range of vectors in CaCo-2 cells and
COS-7 cells showed a dramatic difference in the level of tox-
icity in each cell line. In the COS-7 cells (day 1) all the systems
caused some degree of toxicity including naked DNA; in con-
trast, in the differentiated CaCo-2 cells (day 21) the same
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Fig. 3. Confocal scanning image of the xy cross section of COS-7 (day
1 postseeding) after transfection with pCMVluc plasmid complexed
with DOTAP™ CR +/-2.4. (a) Scan taken approximately half-way
through the cells with the laser intensity set at 30% (Gain 1500, Iris
2) and (b) fluorescence intensity of stains with the red peaks repre-
senting the position of the cell walls while the green line represents
the location of luciferase in the cell.
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systems at even higher concentrations caused little if any de-
crease in dehydrogenase activity. The only system that dis-
played toxicity on the CaCo-2 cells was the pLL/pDNA com-
plex, which was used in the presence of chloroquine.

Pattern of Transfection in Nondifferentiated vs.
Differentiated Cells

In order to determine if the decrease in transfection on
differentiation resulted from transfection of fewer cells or, in
contrast, a general reduction in transfection intensity by all
individual cells, the luciferase protein within each cell of a
given sample (of nondifferentiated COS-7 and differentiated
CaCo-2 cells), transfected using DOTAP™/pCMVliuc com-
plexes, was fluorescently stained. The confocal images shown
in Figs. 3 and 4 are taken as approximating the center of the
cells, from a series of horizontal xy sections through the cell.
In the COS-7 cells (Fig. 3a), luciferase is located throughout
the cell and has certain zones of increased concentration as
indicated by increased intensity of the green FITC label (Fig.
3b). In the case of the differentiated CaCo-2 cells, luciferase
expression again occurred in almost all cells (Fig. 4a), but not
to the same extent as in COS-7 cells (Fig. 4b). Small speckles
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Fig. 4. Confocal scanning image of the xy cross section of CaCo-2
cells (day 21 postseeding) after transfection with pCMViuc plasmid
complexed with DOTAP™ CR +/-2.4; scan was taken approximately
half-way through the cells with the laser intensity set at 30% (gain
1500, iris 2) and (b) fluorescence intensity of stains, with the red
peaks representing the position of the cell walls while the green line
represents the location of luciferase in the cell.
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of FITC are seen in the cytoplasm of the CaCo-2 cells
(Fig. 4a).

Mechanism of DNA Uptake by Nondifferentiated and
Differentiated Cells

To study the roles of active and passive mechanisms in
DNA uptake, experiments using [**P]DNA were carried out
at two different temperatures: 37°C (cell bound plus internal-
ization) and 4°C (cell bound only). The levels of DNA bound
and internalized (at 37°C) are compared to the level of DNA
bound (at 4°C) in Fig. 5. The difference between these two
levels is deemed to be DNA actively internalized by cells
(dpm at 37°C — dpm at 4°C). When the results for each cell
line were normalized for protein and for the quantity of DNA
added per well, the levels of pDNA bound to the cells at 4°C
(areas in gray) were similar for each cell line, with differences
seen between vector systems. In contrast, when the levels of
pDNA actively internalized are compared (the white areas on
the graph), there is a very significant drop (p < 0.05) in active
internalization of DOTAP™ and PEI/DNA complexes in the
differentiated cell monolayers (CaCo-2 and coculture) com-
pared to the nondifferentiated cells (COS-7). This decreased
capacity for active internalization may partly explain why dif-
ferentiated cells, which were found to have a significant
amount of DNA associated with them, are more difficult to
transfect.

Similarly, when nondifferentiated CaCo-2 cells (day 1)
were compared with differentiated CaCo-2 (day 21) at 37°C,
there was a 10-fold drop in the level of total cell-associated
(bound plus internalized) DNA between day 1 and day 21
after treatment of the cells with pDNA alone or with
DOTAP/DNA complexes, and a fivefold drop for PEI/DNA
and Superfect/DNA complexes.

Mucus as an Extracellular Barrier to Intestinal Transfection

To investigate mucus as a potential barrier to intestinal
transfection, cocultures were grown, and the mucus layer re-
duced using N-AC 0.3% w/v (the concentration was chosen
after extensive testing to balance toxicity and mucolytic effi-
ciency) before transfection. The removal of mucus signifi-
cantly (p < 0.05) decreased the transfection efficiency in the
control and with all three vectors tested (Fig. 6). Additional
controls were run in which CaCo-2 monolayers (mucus-free)
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Fig. 5. Cell binding and/or uptake (dpm/mg protein/pg pDNA, mean
+S.D.,n = 3) of pDNA at 4°C or 37°C by nondifferentiated COS-7
(day 1 postseeding) and differentiated CaCo-2 and coculture cells
(day 21 postseeding) following exposure to GDV/[*’P]pCMVliuc
complexes for 4 h.
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Fig. 6. The effects of 0.3% w/v N-acetylcysteine (N-AC) on the trans-
fection efficiency (RLU/mg protein, mean = S.D., n = 3) of
DOTAP™, PEI, and Superfect™ pCMVliuc complexes in CaCo-2:
Ht29GlucH coculture monolayers. Control represents transfection
with naked pDNA.

were treated with 0.3% w/v N-AC, and subsequently these
and untreated control monolayers were transfected with na-
ked plasmid DNA and DOTAP™/pCMVluc complexes. No
significant difference in luciferase expression was found be-
tween treated and untreated monolayers. This indicates that
the effect of N-AC is related to its effect on the mucus output
of the Ht29GlucH cells in the coculture model.

Animal Model

Initially the jejunum and duodenum were both tested as
sites of administration using PEI/pDNA, but only the jeju-
num showed expression above control. The loop itself (2 cm),
as well as the segments of intestine 5 cm above (proximal) and
5 cm below (distal), were excised and analyzed. Only two of
the six animals tested showed significant increases in lucifer-
ase expression in the gut above background (Fig. 7). In both
animals the pattern of expression was similar. Compared to
the control, there was a small but significant (p < 0.05) in-
crease in transgene expression in the segment proximal to the
loop but a much larger (threefold vs. proximal) and more
significant level of expression in the loop itself. The distal
segment failed to show any luciferase expression. DOTAP™,
using a similar high dose of plasmid DNA, was also tested in
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Fig. 7. Luciferase expression (RLU/mg protein) in the jejunal loop,
and segments distal and proximal to the loop, for six rats transfected
with 200 pg plasmid DNA complexed with PEI N/P 10 for 3.5 h and
allowed to express overnight.
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the jejunum but failed to produce any significant increase in
transfection relative to control.

DISCUSSION

Differentiated cell culture models are more difficult to
transfect efficiently and produce quantitatively less luciferase/
mg protein for each microgram of plasmid DNA added to the
cells. Proliferating, nondifferentiated models appear to give a
falsely high determination of transfection efficiency, a prob-
lem that is evident in the poor correlation of these systems
with in vivo data. The confocal images illustrate that this
decreased level of luciferase expression in differentiated cells
is not related to a decrease in the number of cells transfected
but is associated with a general decrease in transfection in-
tensity by all cells.

At day 10, when the filter cultures had reached conflu-
ency, there was a significant drop in transgene expression. A
recent study by Zauner et al. (15) into the effects of cell
cycling on transfection suggests that the reduction in gene
expression observed in confluent cells is most probably due to
the lower number of cycling cells. Brunner et al. (16) looked
at a range of vector systems and determined that luciferase
activity was 30- to 500-fold higher in cells transfected during
S or G2 phase (just before the next cell division), compared
with those transfected during G1 phase (beginning of the cell
cycle). Confluent cell cultures become quiescent as a result of
contact inhibition and fail to go through any further cell di-
vision cycles (17). Factors such as nuclear membrane perme-
ability, plasmid uptake, protein synthesis activity, and plasmid
inactivation are all cell cycle phase dependent. Consequently,
confluency can affect transfection levels. However, in this
study the levels of expression dropped before full confluency
and long before full differentiation. This would indicate that
there are biophysical and biochemical changes that occur
within the cell and make the uptake and/or expression pro-
cesses less efficient. For example, studies have shown that the
cell surface of lung cells becomes less anionic as differentia-
tion progresses (18). Molist et al. (19) found that there were
differences in glycosaminoglycan (GAG) composition de-
pending on the degree of differentiation of human colon car-
cinoma cells.

When the cells were fully differentiated at day 15, the
level of expression, compared to day 1, had dropped 100-fold
for CaCo-2 monolayers and 25-fold for cocultures. Other
studies using viral gene delivery have similarly found that
differentiated CaCo-2 cells were more resistant to transfec-
tion than undifferentiated CaCo-2 cells (20,21). One theory,
for the increased resistance of differentiated cells to transfec-
tion, suggests that the low mitotic activity in fully differenti-
ated cells leads to poor nuclear accessibility of the plasmid
DNA (22-24).

DNA cell association studies carried out at day 1 and day
21 in CaCo-2 and coculture monolayers show the levels of
total cell-associated (at 37°C) DNA decreased in the day 21
cells. These decreases are almost certainly a component in the
overall effect of differentiation on transfection. The results
from the uptake studies indicate clearly that there is a signifi-
cant decrease in the level of active internalization of DNA by
differentiated cells. Following differentiation, access to the
more fluid and more easily transfected basolateral membrane
is decreased. In addition, the presence of microvilli on the
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apical surface of fully differentiated enterocytes may restrict
access to the absorptive membrane surface to smaller com-
plexes, less than 3040 nm. These factors may subsequently
reduce the opportunities for active internalization. The pres-
ence of the glycocalyx and the brush border enzymes may also
affect transfection levels by compromising the stability of cer-
tain gene delivery systems.

The effect of mucus may be an important factor in the
transfection of not only the lung but also the gut. To our
knowledge, no studies have looked at the effect of gastroin-
testinal mucus on gene delivery, but several studies have
looked at the effect of mucus on gene delivery to the airway
epithelium. Conflicting results are found in the literature. In
some studies no significant difference in transfection was ob-
served when a mucolytic was used to remove mucus from
human airway epithelial cells (25), but other studies have
found that removal of mucus increased liposomal gene deliv-
ery but had no significant effect on adenoviral gene delivery
to sheep airway epithelium (12). A study looking at the effect
of mucolytics on gene transfer across a cystic fibrosis sputum
barrier in vitro found that N-AC did not significantly affect
transfection (26). The results of this work indicate that, for
the vectors tested, the presence of mucus can enhance trans-
fection efficiency. Binding of cationic transfection complexes
by the sialic acid and sulfate groups of the mucin glycopro-
teins or immobilization of these large complexes within the
mucus gel network may increase the contact time (transfec-
tion time) of complexes with the cells in culture. Drug-mucus
interactions involving; electrostatic (13), hydrophobic, and
hydrogen-bonding interactions (27) resulting in altered mem-
brane permeability have previously been reported.

In addition, mucus has also been shown to act as a dif-
fusional barrier. From the levels of DNA actively internalized
(Fig. 5) by the differentiated monolayers, the cationic lipid
DOTAP™ appears better able to overcome this diffusional
barrier than the cationic polymer, PEI. The liposomal nature
of DOTAP™ may enable it to more effectively diffuse
through the mucus layer of the co-cultures and transfect more
efficiently (Fig. 1). Another factor that may contribute to the
effects of mucus is its protective function. This may reduce the
toxicity associated with chloroquine used concomitantly with
poly-L-lysine and may partly explain the increase in transfec-
tion efficiency of pLL/pDNA complexes in cocultures over
the mucus-free CaCo-2 monolayers (Fig. 1).

The results of the animal studies indicate that although
the intestine is a difficult site for transfection, transgene ex-
pression can be mediated successfully given the right formu-
lation and site of administration. Very little has been pub-
lished on nonviral gene delivery to the gut, with the emphasis
to date being on viral-based systems. In the current work,
expression levels achieved were variable; however, in both
rats that were successfully transfected, the same pattern and
level of transfection was obtained. MacLaughlin et al. (9),
using chitosan and Lipofectin™ polymers as carriers for gene
delivery to the rabbit intestine, reported similar high variabil-
ity. Although PEI successfully produced transfection in vitro
and in vivo, DOTAP™ failed to produce any significant lu-
ciferase expression in vivo despite its in vitro efficiency, indi-
cating that success in vitro in differentiated cell models does
not guarantee success in vivo. MacLaughlin ef al. (9) similarly
found that a polymeric system (which also included a lytic
peptide) proved more successful than the lipid-based Lipo-
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fectin™ system in the gut. Bragonzi er al. (28), looking at local
in vivo intratracheal injection of a range of nonviral vector
complexes, similarly found that the highest levels of transfec-
tion were obtained with PEI complexes, whereas DOTAP
complexes gave no significant luciferase activity. Their results
suggested that cationic polymers were better able to over-
come the surfactant barrier of the lungs than cationic lipids,
which tended to colocalize with surfactant protein A, forming
aggregates in the lumen of the bronchi.

The poor activity of DOTAP™/pCMVl/uc complexes in
the intestinal loop model may well be caused by the instability
of the lipids in the hostile environment of the gut. The pres-
ence of intestinal digestive enzymes, such as lipases, and sur-
factants, such as bile salts, mean that liposomal systems are
very unstable, particularly in the upper digestive tract. In the
lower colonic area of the gut, where enzymatic activity is
relatively decreased, following rectal infusion Lipofectin™
has been reported to achieve in vivo transfection (29).

Although the levels of transfection obtained in vivo were
low and variable, the results show that transfection in the
hostile gut environment is possible. Further work is necessary
to optimize conditions such as dose and formulation. The
differentiated intestinal cell culture models provide a more
realistic prediction of the ability of a vector to transfect non-
proliferating, differentiated cells in vivo. The models are a
useful initial step to study factors influencing transfection in
the gut such as differentiation, active uptake, and the pres-
ence of mucus. In future studies, the in vivo/in vitro correla-
tion may be further improved by incubation of the vectors in
simulated intestinal fluid before cellular transfection.
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