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Abstract
Intestinal disorders such as inflammatory bowel disease (IBD) result in chronic illness requiring
lifelong therapy. Our aim was to evaluate the efficacy of recombinant adeno-associated virus
(AAV) vector-mediated gene delivery to intestinal epithelial cells in vitro and in vivo. Human
colon epithelial cell lines and colon biopsies were transduced using AAV pseudotypes 2/1, 2/2,
and 2/5 encoding green fluorescence protein (GFP). Mice were administered the same vectors
through oral, enema, intraperitoneal (IP) injection and superior mesenteric artery (SMA) injection
routes. Tropism and efficiency were determined by microscopy, flow cytometry,
immunohistochemistry and PCR. Caco2 cells were more permissive to AAV transduction. Human
colon epithelial cells in organ culture were more effectively transduced by AAV2/2. SMA
injection provided the most effective means of vector gene transfer to small intestine and colonic
epithelial cells in vivo. Transgene detection 80 days post AAV treatment suggests transduction of
crypt progenitor cells. This study shows the feasibility of AAV-mediated intestinal gene delivery,
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applicable for the investigation of IBD pathogenesis and novel therapeutic options, but also
revealed the need for further studies to identify more efficient pseudotypes.
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Introduction
Gene transfer, widely studied for the potential treatment of monogenetic diseases, has also
shown progress in the therapy of auto-immunity, malignancy and chronic inflammatory
disease. Although in its infancy, transgene products such as proteins and antisense RNA that
intently down-regulate pathogenic responses or induce protective immune responses are
becoming a reality [1]. The difficulty in treating chronic inflammatory intestinal disorders
such inflammatory bowel disease (IBD) warrant the investigation of biological therapy
within the gastrointestinal tract via localized gene delivery and endogenous protein
expression [2–4]. Additionally, recent research has identified genetic mutations in IBD
patients [5], which further supports the need to pursue gene transfer research in the intestine.

Transduction of the intestinal tract via liposomal [6], retroviral [7], lentiviral [8], herpes
simplex viral [9] and adenoviral [10, 11] vector systems has been previously demonstrated.
Limited success has been achieved with these modalities either due to short duration of
transgene expression or adverse host immune responses [12]. The discovery of single-
stranded DNA adeno-associated virus (AAV) [13, 14] has led to the development of
recombinant AAV vectors [15, 16]. The AAV vector is attractive for gene transfer as it lacks
all viral genes, is nonreplicative, and is able to transduce both dividing and quiescent cells
for sustained transgene expression [17, 18]. Furthermore, AAVs are associated with limited
cell-mediated immune response, especially when compared to adenoviral vectors [19].

To date, only two publications have described successful AAV transduction of the intestinal
epithelium. During and colleagues [20] demonstrated transgene expression in the stomach,
duodenum and proximal jejunum following oral delivery. Shao and colleagues [21]
described gastric and small bowel transduction with AAV2, but no protein expression,
following oral delivery. However, no study has yet examined AAV-mediated colonic
epithelium transduction or AAV type 1 and 5 intestinal tropism. Pseudotypes AAV1 and 5
are constructed using their respective capsids to encapsidate a recombinant AAV2-based
vector genome and are referred to as AAV2/1 and 2/5, respectively. The purpose of the
present study was to determine AAV2/1, 2/2, and 2/5 pseudotype tropism and transduction
efficiency characteristics in human colon cancer cell lines, human colon epithelial cells from
biopsies in organ culture, and mouse small intestine and colon in vivo. As vector
administration route could affect transduction efficiency, we assessed different routes of
delivery via oral, enema, intraperitoneal (IP) injection and superior mesenteric artery (SMA)
injection for each AAV pseudotype.

Methods
Preparation of recombinant AAV-GFP vectors

Recombinant AAV vectors (AAV) were obtained from the Powell Gene Therapy Center at
the University of Florida (Gainesville, FL). The AAV2/2-green fluorescence protein (GFP)
vector genome contains a “humanized” enhanced GFP as the transgene and is driven by a
chicken beta-actin promoter with a CMV enhancer [22]. Production of AAV2/2 and
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recombinant pseudotyped vectors AAV2/1 and AAV2/5 were performed according to
methods previously described [23, 24]. Physical AAV particles were quantified by dot blot
analysis.

Colon epithelial cell line transduction
Colon-derived human epithelial cell lines used: HT29 (ATCC HTB-38), T84 (ATCC
CCL-248), and Caco2 (ATCC HTB-37). See supplemental materials and methods for
detailed cell culture information. Samples of 1 × 105 non-polarized cells were treated with
AAV-GFP at a multiplicity of infection (MOI) of 100 or 1,000 DNase-resistant physical
particles, alone or in co-infection with wild type (wt) AdV5 co-infection (MOI 1). Control
treatments were performed simultaneously using phosphate-buffered saline (PBS) or wt
AdV5 (MOI 1). Transductions were carried out at cell growth times of 24, 48 and 96 h
alongside controls and performed at least in four separate experiments. For long-term
evaluation of transgene expression, 5 × 105 HT29 cells were transduced with AAV2/2
(particle MOI 10,000), without AdV co-infection, passaged in standard culture protocol and
assessed for GFP expression via flow cytometry every 6–8 weeks as described below. GFP
fluorescence in living cells was observed with a Leica DM ILT fluorescence microscope
(Leica Microsystems; Wetzlar, Germany) or an MRC 1024 ES Confocal Laser Scanning
Microscope (Bio Rad; Hercules, CA). Images were captured with a Spot RT color camera
using Spot software version 3.4 (Diagnostic Instruments; Sterling Heights, MI) or Laser
Sharp software (Bio Rad), respectively.

Flow cytometric analysis
Cells were fixed in sterile filtered 1% paraformaldehyde (pH 7.4) and analyzed within 2 h.
GFP-positive cells were counted using a FACSort flow cytometer with an argon laser tuned
to 488 nm (Becton Dickinson, Franklin Lakes, NJ) within the ICBR Flow Cytometry Core at
the University of Florida (Gainesville, FL). See supplemental materials and methods for
detailed flow cytometer settings. Three flow analysis parallels were performed for every
experiment.

Human biopsy culture and transduction
Colon mucosal biopsies were obtained from adults undergoing routine investigative
colonoscopy after obtaining informed consent. Tissue was obtained in accordance with a
protocol approved by the University of Florida Institutional Review Board. Biopsies were
taken from macroscopically normal appearing mucosa, from a localized area in the
transverse colon in all subjects. Immediately, specimens were washed in warmed RPMI
1640 medium (Cellgro by Mediatech; Herndon, VA), 0.1 mM dithiothreitol (Invitrogen;
Carlsbad, CA), and 1× PBS; then placed mucosal side up in individual wells of tissue
culture plates (Becton Dickinson) containing 100 μl RPMI 1640 containing (10% FBS, 4.0
mM L-glutamine, 0.1 unit/ml bovine insulin, 1% ABAM).

Each specimen was treated with 5 × 103 particles of AAV2/1, 2/2 or 2/5 encoding GFP, co-
infected with wt AdV5 (100 particles) and incubated up to 36 h at 37°C (5% CO2). A 100 μl
aliquot of fresh medium was added to each specimen every 8–12 h. Formalin/alcohol
fixation reduced sensitivity and intensity of GFP fluorescence, therefore transduction was
evaluated on frozen sections, as described in detail in the online supplementary material.
Slides were viewed on an Axioskop microscope (Zeiss, Germany) with a GFP filter
(Chroma, 41028) and representative digital images taken with an AxioCam color camera.
Auto-fluorescence was evaluated in the same field with a rhodamine filter (Zeiss Filter set
14, 510–560/590).
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Mice and AAV delivery
Male BALB/c mice (5 weeks old) obtained from Jackson Laboratory (Bar Harbor, ME)
were housed in standard conditions at the Animal Care Services Facility, University of
Florida, fed normal rodent chow and provided water ad libitum. All procedures and handling
of mice were performed in accordance with the Institutional Animal Care and Use
Committees and Institutional Biosafety Committees of the University of Florida. Samples of
1 × 1011 particles of AAV2/1, 2/2 or 2/5 encoding GFP in 0.1 ml PBS were delivered by a
single injection via oral gavage, enema, IP injection or SMA injection. In the oral gavage
and enema groups, a sterile 24G × 1.5 in (38 mm) × 1.25 mm bulb tip needle (Roboz,
Rockville, MD) was inserted into the stomach or transanally, respectively. In the IP injection
group, mice were injected in the left lower midline with a 28 gauge needle and syringe. In
the SMA injection group, mice were anesthetized with 2% inhaled isoflurane. A midline
incision was made, the small intestine partially exteriorized, and the SMA isolated. Under a
Wild M32 surgical microscope (Wild Heerbrugg, Heerbrugg, Switzerland) a microvascular
clamp was placed on the proximal SMA and a 33 gauge needle fitted on a gas tight syringe
(Hamilton, Reno, NV) was used to cannulate the SMA. After injection, residual bleeding
was treated with direct pressure. This operative procedure was found to carry a mortality
risk of 11% as one mouse died 20 days after the procedure.

Three animals were treated per AAV pseudotype per route of delivery. A single sham-
treated animal per route of delivery was administered 0.1 ml sterile PBS. Necropsy was
performed 80 days after treatment and the small intestine and colon were removed, using
sterile scalpels between organs and animals to prevent contamination, fixed in 10% neutral
buffered formalin and embedded in paraffin. Formalin fixation significantly reduced direct
GFP fluorescence; therefore GFP expression was evaluated by immunohistochemistry
(IHC).

GFP IHC
IHC was performed by the Molecular Pathology Core, Department of Pathology,
Immunology and Laboratory Medicine, University of Florida as described in detail in the
supplemental materials and methods. Serial sections were incubated with rabbit anti-GFP,
1:800, (Abcam, Cambridge, MA) or normal goat IgG (negative control), then with a
biotinylated goat anti-rabbit secondary followed by streptavidin-biotin-peroxidase complex
technique, Vectastain Elite (Vector Laboratories, Burlingame, CA) with diamino-benzidine
(DAB) as the chromagen.

Routine and real-time PCR
Three 10 mm sections were cut from each block with a sterile microtome and de-
paraffinized with Hemo-D (Fisher, Pittsburg, PA). DNA was isolated using a QIAamp DNA
Micro kit (Qiagen, Valencia, CA). RNA was isolated using the Optimum FFPE RNA
isolation kit (Ambion, Austin, TX). Samples of 10 μl of purified DNA were used per 25 μl
standard PCR reaction with 1× buffer, 50 mM MgCl2, 0.2 mM dNTP and 1 U Platinum Taq
(Invitrogen, Carlsbad, CA); 200 nM GFP primer or 200 nM mouse beta-actin primers
(Invitrogen, Carlsbad, CA) were used (see supplemental materials for primer sequences).
PCR of 30 cycles using a 62–57°C touchdown protocol was performed. Negative control
DNA was from the corresponding sham-treated animal tissue. Positive control DNA was
sham-treated DNA spiked with pTR-UF11 GFP plasmid (0.1 pg/ml). PCR products were
analyzed on 2% agarose gels.

For quantitative real-time PCR, each reaction had a final concentration of 200 nM GFP or
beta-actin primer and 1× SYBR Green (Bio-Rad, Richmond, CA); plus 5 μl DNA isolated
from each triplicate treatment group. ABI SDS 7000 (Applied Biosystems, Foster City, CA)
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program: 10 min at 95°C, 40 cycles of 30 s at 95°C, 1 min at 58°C, and 1 min at 72°C. Each
sample was run in triplicate simultaneously alongside beta-actin and the average CT (cycle
threshold) was determined for each sample. Replicates of each animal group were performed
on two separate days. Since DNA samples were compared by equal volumes and not by
concentration, mouse beta-actin was used as the reference gene to normalize the GFP DNA
and allow comparison between groups (see the supplemental material for the specific
calculations). DNA copy numbers were extrapolated from a standard curve prepared as
outlined in the ABI SDS 7000 bulletin, by serial dilution from 200 pg/μl or 2.5 × 107 copies
to 0.012 pg/μl or 1,547 copies. See supplemental materials for the DNA copy number
equation and the standard curve equation.

Statistical analysis
One way analysis of variances with Scheffe post hoc testing (Analyse-it v1.73, Leeds, UK)
was used to analyze flow cytometric data. Animal treatment results did not have a normal
distribution, therefore the Kruskal-Wallis test with Conover post hoc analysis (Analyse-it
v1.73, Leeds, UK) was used to analyze quantitative PCR results. An α equal to a 0.05 level
of significance was used for all tests.

Results
AAV tropism in human colon epithelial cells is cell line dependent

Three transformed, colon-derived human epithelial cell lines, HT29, T84 and Caco2, were
successfully transduced with AAV2/1, 2/2 and 2/5 encoding GFP, although at lower
efficiency as compared to AAV preferred host cell lines such as A293 and Cos7. Due to
limitations of time in cell culture and lack of in vivo mechanisms, experiments were also
performed using wt AdV5 coinfection, which has become a conventional method to hasten
transduction in vitro [25]. Undifferentiated or non-polarized cells were used in all
experiments. Transduction was verified by observing live cellular green fluorescence. The
greatest number of GFP-positive cells was seen with wt AdV co-infection, 48–96 h after
treatment (Fig. 1A). Transgene expression was quantified using flow cytometric analysis,
which allowed for only 0.5 % background green fluorescence (auto-fluorescence).

In general, both increased vector concentration and time in cell culture after transduction
improved transduction efficiency (Fig. 1b,c). Only HT29 and T84 cells treated with AAV2/5
failed to exhibit better transduction efficiencies at an MOI of 1,000 (Fig. 1b). Longer post
treatment culture time showed better transduction rates in HT29 cells treated with AAV2/1,
T84 cells treated with AAV2/1 and AAV2/2, and Caco2 cells treated with all pseudotypes
(Fig. 1c). HT29 and T84 cells were poorly transduced by AAV2/5. Pseudotype tropism was
determined for each cell line with and without AdV5 coinfection using AAV MOI 1,000 and
96 h cell culture time. AdV5 coinfection improved transduction efficiency by nearly four
fold in each cell line; however, the transduction rate pattern remained essentially identical
when compared to that obtained with AAV alone (Fig. 2a,b). HT29 cells were best
transduced by AAV2/2, but with low mean efficiency (3.3%), T84 cells were also best
transduced with AAV2/2 (5.2%) and Caco2 cells best transduced with AAV2/1 (11.6%)
(Fig. 2a). AAV2/5 could transduce only Caco2 cells, with a mean efficiency of 4.9% and
27.0% without and with AdV5 coinfection, respectively (Fig. 2a,b). Overall,
undifferentiated Caco2 cells demonstrated the best transduction efficiencies.

HT29 cells can be readily cultured for multiple passages and were transduced with AAV2/2
encoding GFP and passaged in culture for 52 weeks. Cellular GFP expression was followed
by flow cytometric analysis every 6–8 weeks. The percentage of GFP-positive cells dropped

Polyak et al. Page 5

Dig Dis Sci. Author manuscript; available in PMC 2014 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by only 6% from week 3 to week 52. This degree of sustained transgene expression in a
colonic epithelial cell line could translate to long-term transgene expression in vivo.

Human colon epithelial cells can be transduced in organ culture
Human colon biopsy specimens from normal patients were transduced in organ culture with
AAV2/1, 2/2 and 2/5 encoding GFP. Due to time limitations in organ culture, wt AdV5
coinfection was used in each experiment. GFP-positive intestinal epithelial cells were
identified on multiple sections on both the superficial and basal regions of the glands (Fig.
3). Transduction efficiency varied amongst four subjects, but on average three positive
colonic intestinal epithelial cells were seen per cut of tissue using AAV2/2. In contrast, only
rare GFP positive cells were seen after AAV2/1 and 2/5 treatments.

Murine small intestine and colon tropism
To determine intestinal tropism and efficiency in vivo, 5-week-old male BALB/c mice were
treated with the three AAV pseudotypes encoding GFP. Vector was administered via oral
gavage, enema, IP injection or SMA injection in three mice per pseudotype. IHC was used
to demonstrate the presence and location of cells expressing GFP, with positive cells
demonstrating diffuse cytoplasmic staining.

Staining for GFP was not seen at all in the orally treated mice with any of the pseudotypes
used. A few rarely scattered epithelial cells were seen in only one AAV1/2 enema-treated
mouse. Scattered areas of GFP staining were seen in the smooth muscle and serosa of IP-
treated mice, but no epithelial staining was seen. A low level of GFP expression was seen in
the intestine of the SMA injected mice, with more frequent staining seen in AAV2/2-treated
animals. In the SMA group, GFP-positive intestinal epithelial cells were seen more clearly
in the proximal colon including the crypt or gland cells (Fig. 4). Significant staining in the
lamina propria was not observed. A low level of GFP expression was seen in the small
intestine, but this required higher concentrations of anti-GFP antibody that resulted in higher
background, subsequently reducing the confidence of the IHC. Overall, staining was
infrequent and patchy in the colon and present at a low level in the small intestine of SMA-
injected animals. Hematoxylin and eosin staining of the small intestine and colon did not
reveal inflammatory infiltrates or architectural distortion in the areas surrounding the
transduced epithelial cells.

Gene transfer efficiency of pseudotypes in murine small intestine and colon
The presence of GFP DNA in the intestines of mice from all treatment groups was initially
screened by standard PCR. Pooled DNA isolated from the fixed small intestine and colon of
each treated animal was screened by amplification of vector-derived GFP DNA (Fig. 5a).
Multiple GFP bands or positive animals were noted in the SMA-treated group. Only one of
three AAV2/1 mice had a clear amplified band in the enema-treated group. Five mice in the
IP-injected group were positive. In agreement with the IHC, GFP DNA was not found in the
orally treated animals. Therefore, further quantitative analysis was not performed in the oral
treatment group.

GFP DNA copy number was determined by quantitative real-time PCR using DNA isolated
from the small intestine and colon of triplicate animals. Comparison of GFP DNA among
treatment groups showed that the SMA injection route of vector delivery was more efficient
than IP injection and enema treatment (Fig. 5b). In the enema treatment group, only one
mouse treated with AAV2/1 had a demonstrable GFP copy number. There were measurable
GFP copy numbers in the IP treatment group with each pseudotype, but none were
statistically significant versus the control. AAV2/2 and AAV2/5 showed significant
efficiency of gene transfer in the SMA treatment group compared to the control (Fig. 5b).
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Interestingly, when DNA from the small intestine and colon of the SMA injection group was
analyzed separately the gene transfer efficiency was higher in the colon (Fig. 5c). AAV2/1
had higher copy numbers of DNA compared to sham, but the difference was not statistically
significant. AAV2/2 and 2/5 were most efficient in the small intestine and colon as
compared to control (cf. Fig. 5b and c).

Discussion
The favorable properties of AAV vectors have permitted its entry into human clinical studies
for diseases such as cystic fibrosis [26, 27], Canavan disease [28] and hemophilia B [29].
The luminal gastrointestinal tract, as a target for gene transfer, could provide a therapeutic
strategy and aid research to help decipher the pathogenesis of a variety of epithelium-
derived diseases such as IBDs, hemochromatosis and intestinal cancers. The potential for the
application of gene therapy in diseases related to the gastrointestinal tract—especially the
colon—has been the subject of several recent reviews [1, 30, 31]. The results of this project
demonstrate that colonic epithelial cells are susceptible to in vitro and ex vivo transduction
with AAV pseudotypes 2/1, 2/1 and 2/5. Similar to previous studies [32], HT29 and T84
cells were poorly transduced by AAV. However, non-polarized Caco2 cells provide a good
intestinal cell type for AAV2/1, 2/2 and 2/5 transduction. Additionally, AAV2/5 could
transduce only Caco2 cells that express 2,3-linked sialic acid epitopes (S. Polyak,
unpublished data), a cellular receptor for AAV5 [33], which may be reduced or missing on
T84 and HT29 cells. The variability in pseudotype tropism observed among cancer cell lines
may be due to their cell surface protein heterogeneity [34] or deficient transduction/
translational machinery. To improve transduction efficiency in vitro without wt AdV
coinfection we found that a higher concentration of vector is required; an expensive practice
at this time. We acknowledge that use of wt AdV may not simulate in vivo transduction with
AAV, but the transduction pattern was similar with and without coinfection in vitro (Fig. 2).

Organ culture allowed us to test gene delivery potential in non-transformed intestinal
epithelial cells, but was limited by a reduced post transduction culture time. Time is limited
to 36–48 h in culture before autolysis inhibits GFP analysis, which may not provide enough
time to fully evaluate AAV2/1 and 2/5. In an attempt to overcome time limitations we used
wt AdV coinfection, a potential weakness in pseudotype evaluations ex vivo. The use of
newly developed self-complementary AAV vectors may provide more insight into vector
tropism in future studies [35]. However, we can speculate that if AAV2/2 shows tropism for
colonic epithelial cells in animal models in vivo, it could also be used for gene delivery to
human colonic mucosa.

The sustained long-term transgene expression seen in HT29 cells after AAV2/2 transduction
supported our in vivo findings. Presence of GFP in the intestine of mice sacrificed 80 days
after transduction confirms the reputation of long-term AAV-delivered transgene expression
[36, 37]. Without evaluation at an earlier time point, our data may underestimate the initial
gene transfer efficiency in the intestine due to villous epithelial cell turnover. However, our
goals are to identify pseudotypes that will provide sustained intestinal transgene expression.
Only rare lamina propria cells were positive for GFP, but from this work it is unknown if
more or other nonepithelial lamina propria cell types were transduced early after
transduction. Considering the known turnover physiology of villous intestinal epithelial
cells, the presence of GFP-positive cells 80 days after transduction suggests delivery to crypt
stem cells.

The low level of GFP expression in the intestine did not allow for quantitative evaluation of
transduction efficiency through IHC. A weakness of our study was the determination of
efficiency using GFP DNA rather than RNA. Our attempts to isolate RNA from the fixed

Polyak et al. Page 7

Dig Dis Sci. Author manuscript; available in PMC 2014 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tissues resulted in poor quality RNA preparations and unreliable RT-PCR results. From our
PCR data, we can make conclusions regarding the efficiency of DNA delivery, but not on
GFP protein expression. Future work in the intestine will require fresh tissue isolation for
RNA or protein work.

As anticipated, the route of delivery influenced transduction and gene transfer efficiencies
[38]. Oral gavage and enema utilized an apical or luminal approach, and IP and SMA
injection (two different vascular routes) utilized a basolateral approach. We compared the IP
and SMA routes since IP injection offers access to the systemic circulation through
absorption into the vascular peritoneal lining and is technically easier than SMA injection.
Luminal delivery was ineffective in transducing the epithelium as demonstrated by IHC and
PCR. The actual sensitivity of our PCR reaction was not determined and it is feasible that a
very low level of gene transfer might not have been detected, but given that both IHC and
PCR were negative it would likely not be physiologically relevant. Repeat PCR was
performed separately at 40 cycles and still found to be negative (data not shown). Our
findings are in agreement with those of Shao and colleagues [21], but are contradictory to
the peroral results of During et al. [20]. Variations among our experiments that could have
led to differing results included our use of mice rather than rats, and our use of GFP rather
than beta-galactosidase as the delivered transgene. Additionally, During and colleagues
selected older animals that developed lactose intolerance over time, not genetically lactase-
deficient animals, thus adding the possibility of selecting animals with altered enterocytes or
mucosal modifications that made them more susceptible to AAV infection. Previous gene
transfer research has demonstrated the protective limitations of the luminal surface of the
gastrointestinal tract. Extracellular barriers such as tight junctions, cell surface glycocalyces,
mucus and enzymes may prevent vector entry [33, 39–41]. Additionally AAV capsid
characteristics can also determine if apical or basolateral infection is more optimal [34, 42].

SMA injection proved to be the most promising route for intestinal transduction with these
three pseudotypes. Sferra and colleagues also demonstrated intestinal transduction via the
SMA, as a selective vascular route for vector delivery, using an adenoviral vector in a rat
model [43]. Our work confirms that this method can also be applied to the murine model
using AAV. The vascular or basolateral approach has previously been successful using
AAV2/2 [37], and this also proved to be the optimal pseudotype in our experiments.

The discrepancy between gene transfer (PCR) and gene expression (IHC) for all
pseudotypes may reflect the low sensitivity of our IHC for vector-delivered GFP, or rate-
limiting steps in AAV-mediated transduction such as second strand synthesis [35]. In the IP
injection group, the positive PCR results and the negative IHC staining could also have
arisen from scattered vector transgene in fibrous tissues or muscle on the outer portions of
the intestine and tissue contamination during resection. Even though AAV2/1 demonstrated
a measurable GFP DNA copy number in the SMA treatment group, it failed to show
statistically significant results over sham, likely due to the fact that one animal died in the
AAV2/1 group, reducing the number of values. Further efforts were not made to treat and
replace the animal as AAV2/2 and 2/5 were more efficient than AAV1/2.

Interestingly, the colon had a higher GFP copy number than the small intestine after SMA
injection, which also correlated with the level of GFP expression seen. SMA injection can
be considered a systemic approach with the possibility of variably transducing the vascular
intestine. One might also speculate that the cellular concentration in the small intestine
exceeds that of the colon, therefore diluting the vector gene transfer efficiency.

In conclusion, in vitro experimental techniques in Caco2 cells may provide the necessary
pathways for testing AAV-delivered transgene effects in the intestine. AAV1/2, 2/2 and 2/5
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tropism and efficiency in cell lines did not reflect tropism and efficiency in the intestine.
This difference in pseudotype tropism between our in vitro results and our in vivo findings
could reflect physiological and receptor variations between differentiated and
undifferentiated cells. Overall, in vivo transduction of the epithelium was sporadic, as
demonstrated by IHC, but represents the first step in transduction of an important target
organ. A benefit of gastrointestinal tract transduction is the potential for crypt stem cell
propagation of the transgene, which may prevent the need for repeat treatments. Future
research is needed to identify new serotypes [44] that may provide more efficient intestinal
transduction and to investigate the limiting factors in intestinal transduction through the use
of self complementary AAV vectors [35].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1a–c.
Adeno-associated virus (AAV)-GFP transduced human colonic epithelial cell lines. a
Representative confocal laser scanning microscopy images of live cells in culture expressing
cytoplasmic GFP, 96 h after transduction with AAV-GFP at a particle multiplicity of
infection (MOI) of 1,000, shown at 20× and 60× magnification. Red outlined insets
Simultaneous negative control transductions. b, c Variation of dose curve and time course
between cell lines. Cells were transduced with a particle MOI of 100 or 1,000 of AAV2/1,
2/2 & 2/5 encoding GFP. The percentage of GFP-positive cells (transduction rate) was
quantified 96 h after transduction using flow cytometry (b). The transduction rate of cells
transduced with MOI 1,000 was determined at 24, 48 and 96 h with each pseudotype (c).
Data are presented as mean +/– SD of three separate experiments
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Fig. 2a,b.
AAV pseudotype transduction efficiency in vitro.Cells were transduced with AAV2/1, 2/2
or 2/5 (MOI 1,000) encoding GFP, without wild type (wt) AdV coinfection (a), and
compared to transduction efficiencies with wt AdV coinfection (b) initially depicted in Fig.
1c. The percentage of GFP-expressing cells was quantified by flow cytometry 96 h after
transduction. Caco2 cells were most permissive to AAV2/1 and 2/5 transduction, while
HT29 and T84 cells were most permissive to AAV2/2 transduction. Data are presented as
mean +/– SD from four separate experiments. *P < 0.02, †P < 0.001, ¥P < 0.005
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Fig. 3a–d.
Transduction of human colon biopsy tissue in organ culture with AAV2/2 encoding GFP
and wt AdV coinfection. After frozen sectioning, GFP-positive epithelial cells are seen on
cross-section of a villous at 40× magnification (a). The same image is seen under a
rhodamine filter (b) for auto-fluorescence and a DAPI filter (c) for nuclear staining.
Nonspecific or yellow staining was not seen in the overlay image (d)
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Fig. 4a–d.
GFP immunohistochemistry (IHC) in representative sections of colon from vector-treated
mice taken 80 days following superior mesenteric artery (SMA) injection of 1 × 1011

particles of AAV2/2 encoding GFP. Diffuse brown diamino-benzidine (DAB) cytoplasmic
staining indicates the presence of GFP. Sham (a) is compared to vector-treated tissue (b) and
staining negative control of adjacent tissue (b inset) at 20× magnification. Epithelial and
crypt staining was seen in the colon at 40×of AAV2/2 treated mice (c, d)
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Fig. 5a–c.
Detection and quantification of vector genomes. Tissue from animal treatment groups was
initially screened for the presence of the GFP transgene by PCR. Pooled DNA extracted
from random sections of both small intestine and colon was amplified for GFP by standard
PCR. Products were examined on a 2% agarose gel where a GFP band (452 bp) could be
visualized (a). Controls were run with each PCR experiment using DNA spiked with GFP
DNA (PC) and DNA from sham-treated animals (NC). Quality of DNA used for PCR was
checked by PCR amplification of mouse beta-actin (246 bp). Water was used in the beta-
actin negative control PCR reaction. Gene transfer efficiency was compared between the
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three most positive treatment groups by determining GFP DNA copy number from pooled
small intestine and colon DNA for each animal (b). SMA injection demonstrated better gene
transfer efficiency as compared to other routes of administration. AAV2/2 showed higher
copy numbers as compared to sham (*P < 0.005) and AAV2/1 (†P < 0.01) (b). AAV2/5 also
revealed higher copy number compared to sham (*P = 0.005) (b). Further analysis of the
SMA treatment group revealed a greater degree of gene transfer to the colon compared to
the small intestine (c). AAV2/2 and 2/5 transduced the colon and the small bowel effectively
as compared to sham (*P < 0.008, †P < 0.05) (c). Three animals were used per vector in
each treatment group except the SMA AAV2/1 group which had only two animals
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