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Mucosal gene therapy using a pseudotyped
lentivirus vector encoding murine interleukin-10
(mIL-10) suppresses the development and relapse
of experimental murine colitis
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Abstract

Background: Therapeutic gene transfer is currently being evaluated as a potential therapy for inflammatory bowel
disease. This study investigates the safety and therapeutic benefit of a locally administered lentiviral vector encoding
murine interleukin-10 in altering the onset and relapse of dextran sodium sulfate induced murine colitis.

Methods: Lentiviral vectors encoding the reporter genes firefly-luciferase and murine interleukin-10 were administered
by intrarectal instillation, either once or twice following an ethanol enema to facilitate mucosal uptake, on Days 3
and 20 in Balb/c mice with acute and relapsing colitis induced with dextran sulfate sodium (DSS). DSS colitis was
characterized using clinical disease activity, macroscopic, and microscopic scores. Bioluminescence optical imaging
analysis was employed to examine mucosal lentiviral vector uptake and transgene expression. Levels of tumor
necrosis factor-α and interleukin-6 in homogenates of rectal tissue were measured by ELISA. Biodistribution of the
lentiviral vector to other organs was evaluated by real time quantitative PCR.

Results: Mucosal delivery of lentiviral vector resulted in significant transduction of colorectal mucosa, as shown by
bioluminescence imaging analysis. Lentiviral vector-mediated local expression of interleukin-10 resulted in significantly
increased levels of this cytokine, as well as reduced levels of tumor necrosis factor-α and interleukin-6, and significantly
reduced the clinical disease activity, macroscopic, and microscopic scores of DSS colitis. Systemic biodistribution of
locally instilled lentiviral vector to other organs was not detected.

Conclusions: Topically-delivered lentiviral vectors encoding interleukin-10 safely penetrated local mucosal tissue and
had therapeutic benefit in this DSS model of murine colitis.

Keywords: Gene therapy, Colitis, Lentivirus vector, Interleukin-10
Background
Inflammatory bowel disease (IBD), comprising Crohn’s
disease (CD) and ulcerative disease (UC), is thought to
result from abnormal interactions between gut associ-
ated lymphoid tissue and enteric microflora. This abnor-
mal mucosal immune response is probably facilitated by
defects in epithelial barrier function [1]. Interleukin (IL)-
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10 plays a crucial role in mucosal immunoregulation,
inhibiting aspects of both the innate and cell mediated
inflammatory response [2]. IL-10 has broad immunoreg-
ulatory activity and acts to suppress intestinal inflamma-
tion on several levels. Gene-targeted IL-10 knockout
mice (IL-10−/−) and IL-10 receptor 2 deficient mice
spontaneously develop an enterocolitis by 2–3 months
of age with multifocal inflammatory lesions throughout
the gastrointestinal tract [3]. In addition, mutations in
the gene encoding the IL-10 receptor subunit proteins
have been found in IBD patients [4]. IL-10 suppresses
the release of many other proinflammatory cytokines
ntral Ltd. This is an Open Access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly credited. The Creative Commons Public
mons.org/publicdomain/zero/1.0/) applies to the data made available in this

mailto:imcgowan@pitt.edu
http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/publicdomain/zero/1.0/


Matsumoto et al. BMC Gastroenterology 2014, 14:68 Page 2 of 9
http://www.biomedcentral.com/1471-230X/14/68
and chemokines, including tumor necrosis factor alpha
(TNF-α), IL-1, IL-6, and IL-8. Finally there is strong evi-
dence that IL-10 acts to promote the differentiation and
augment the activity of regulatory T cells [5].
Administration of systemic IL-10 is sufficient to inhibit

inflammation and abrogate experimental colitis models
[6,7]. However, clinical trials in Crohn’s disease have
shown that, although daily systemic IL-10 injections are
safe and well tolerated, they have minimal therapeutic
efficacy [8,9]. One explanation for these disappointing
results is that daily systemic therapy does not deliver ad-
equate mucosal levels of IL-10 that would be needed to
control proinflammatory responses associated with ac-
tive CD. Thus, strategies that result in greater mucosal
exposure to IL-10 in the gastrointestinal tract may prove
effective in treating IBD.
Several IL-10 delivery systems targeting the gastro-

intestinal mucosa have been reported; rectal administra-
tion using an adenovirus vector [10], oral delivery using
non-pathogenic bacteria (Lactococcus lactis) [11], and
oral nanoparticles [12]. Recently, we demonstrated the
ability of a vesicular stomatitis virus envelope glycopro-
tein (VSV-G) pseudotyped lentiviral vector (LV) to infect
colonic mucosal tissue via the apical surface in vivo, after
intraluminal instillation per rectum in a healthy murine
model and ex vivo in a human intestinal explant system
[13]. In this study, we tested whether efficient local gene
transfer can be accomplished using LV expressed murine
IL-10 (mIL-10) in a murine colitis model.

Methods
Vector construction and preparation
The pRRLsin-hCMV-fLuc vector was constructed by in-
sertion of the firefly Luciferase (fLuc) gene [14], and the
pRRLsin-hCMV-mIL10 vector by insertion of the mIL-
10 coding sequence from plasmid pORF5-mIL-10 (Invi-
voGen, San Diego, CA, USA), respectively, into the
multiple cloning site (MCS) of pRRLsin-hCMV-MCS-
pre, a third-generation, self-inactivating LV construct
provided by Dr. Luigi Naldini (San Rafaelle Telethon In-
stitute, Milan, Italy) [15]. All constructs were recon-
firmed by restriction digestion and DNA sequencing
analysis. Vesicular stomatitis virus glycoprotein envelope
(VSV-G)-pseudotyped LV virus was produced in 293 T
cells using a third-generation packaging system as previ-
ously described [16]. LV titers were determined by HIV-
1 p24 ELISA (Coulter Immunotech, Miami, FL, USA)
and expressed as p24 equivalent units (ng/ml).

Cell culture in vitro gene transfer study
Three human colonic cancer cell lines of epithelial origin
(CaCo-2, LoVo, and WiDr) were obtained from the
American Type Tissue Collection (ATCC, Manassas, VA,
USA) and grown at 37°C in 5% CO2 in Dulbecco’s
modified Eagle’s medium, Ham’s F12K medium, or RPMI
1640, respectively. All media were supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin. Trans-
ductions were done using media containing polybrene
(8 μg/ml) (Sigma, St. Louis, MO, USA) to enhance gene
transduction [17]. Each transduction was carried out with
1 × 105 cells. To assess the mIL-10 productive capacity of
the LV constructs, 100 ng p24 of the LV-mIL-10 (equiva-
lent to a biological infectious titer of 5 × 106 transducing
units on the standardized cell line HEK-293 T [18]) was
added to monolayer cultures of the three specified cell
lines at a multiplicity of infection (MOI) of 0.1, 1.0 or 10
(ratio of virus to cell number). Transduction was per-
formed with the viral solution at 37°C for 12 hours
followed by a change of medium and a second 24 hour
incubation. After the 36 hour transduction period, super-
natants were collected, filtered, and stored for batch quan-
tification of mIL-10 level by ELISA.

Preliminary treatment to enhance mucosal delivery of
the LV
Mucosal pretreatment with a 20% ethanol (EtOH) enema
was used to enhance gene delivery into the colonic mu-
cosa. Female Balb/c mice (weight: 19–23 grams, age: 6–8
weeks) (Charles River Laboratories, Inc., Wilmington,
MA, USA) were housed in a specific pathogen-free envir-
onment prior to LV exposure. All in vivo studies were per-
formed under the appropriate guidelines and with the
approval of the UCLA Animal Research Committee.

Ex vivo bioluminescence imaging
Ex vivo bioluminescence imaging (BLI) of transduced
tissue from gastrointestinal (GI) organs was used to as-
sess LV-guided gene transfer into the colonic mucosa.
Two days following topical exposure to a LV expressing
fLuc, GI tract organs from each group were harvested en
bloc, bathed and imaged using a cooled charge-coupled
device (CCD) system (Xenogen IVIS, Caliper Life Sci-
ences, Alameda, CA, USA) where gray-scale background
photographic images of the tissues were overlaid with
color images of bioluminescent signals (Living Image
and IGOR-PRO image analysis software, Wave Metrics,
Portland, OR, USA).

LV-mIL-10 treatment effect on dextran sulfate sodium
colitis
Colitis was induced by exposure to 3% (w/v) dextran sul-
fate sodium (DSS; molecular weight 36-50 kDa; ICN
Pharmaceutical, Costa Mesa, CA) administered orally
which reproducibly produces histologic inflammation
mainly in the left colon [19,20]. Each mouse received
2 cycles of DSS oral treatment with each cycle consisting
of 7 continuous days with DSS added to the drinking
water followed by a 10 day period without DSS.
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For this experimental design, mice were divided four
groups (n = 8 mice/group): (i) non-exposed, healthy con-
trols (NC), (ii) mock-exposed (plasmid complex solution
without the mIL-10 vector), (iii) once-exposed treatment
group (LV(1)) and (iv) twice-exposed treatment group
(LV(2)). LV-mIL-10 was given on day 3 of each of the
two DSS cycles. Mice were anesthetized with an intra-
peritoneal injection of 10 mg/kg xylazime and 100 mg/kg
ketamine. Two hours following the preliminary EtOH
enema treatment, 100 μl of 1000 ng/p24 viral solution was
atraumatically injected intrarectally via a 1.2 mm diameter
catheter. Mice were sacrificed on Day 10 (n = 4) or 32
(n = 4), following each DSS exposure.

Clinical, macroscopic and histologic assessments
The health status of all treated mice was followed closely
and all mice were weighed 3 times/week. The clinical
disease activity score (CDA; scores range from 0–4) was
assessed using a previously published index incorporat-
ing body weight, stool consistency and occult blood [19].
Postmortem, the entire colon was removed from the

cecum to the anus, flushed with saline, and placed with-
out tension on cellulose [19,20] where it was fixed in 4%
paraformaldehyde overnight. Subsequently, the tissue
was placed in 30% sucrose/PBS for 2 hrs, embedded in
OCT compound with serial 5.0-μm-thick frozen sections
sliced from the block and stained with hematoxylin and
eosin (H&E) for histologic scoring (range: 0–6) by a
pathologist, blinded to sample groupings. Macroscopic
colonic damage score was assessed during colon removal
as previously reported [21] with minor modifications.
The scoring, with ranges from 0–9, included scales for
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Figure 1 Quantification of in vitro transduction of vesicular stomatitis
mouse interleukin 10 (mIL10) in colonic cell lines. Cell line production
(0.1 ng/p24, 1.0 ng/p24, 10 ng/p24) for transfection are shown. Each exper
ELISA. All values were expressed as mean ± SD. *p < 0.05 compared with th
degrees of tissue adhesion, presence of ulceration, and
wall thickness. A combined score was used next to as-
sess injury from the macroscopic and the histologic
grading [22]. The scores for cell infiltration and tissue
damage were added, resulting in a combined histologic
score ranging from 0 to 6.

Cytokine production
As described previously, tissue was homogenized in nine
volumes of Greenberger lysis buffer (300 mM NaCl,
15 mM Tris HCl, 2 mM MgCl2, 2 mM, Triton (X-100),
pepstatin A, leupeptin, aprotinin (all 20 ng/ml), pH 7.4)
[23,24]. Tissue was lysed for 30 min on ice followed by
two centrifugations at 14,000 g for 10 min each. Homog-
enates were stored at −20°C until further use. TNF-α,
IL-6 and IL-10 protein concentrations (pg/mL) were
measured by ELISA (R&D Systems, Abingdon, England).

Biodistribution analysis by real-time quantitative PCR
(RT-qPCR)
To determine the lentiviral DNA copy number within
the colorectal tissues following topical exposure, we per-
formed qPCR. Genomic DNA was isolated from mouse
colonic tissue using DNeasy Tissue Kit (Qiagen, Inc.,
Valencia, CA, USA). Quantification of vector copy num-
bers was performed in 25 μL reactions containing
300 ng genomic DNA (equivalent to 5 × 104 genomes)
using TaqMan qPCR assay to detect the HIV-1 pack-
aging sequences as a universal primer [25]. Amplifica-
tions were carried out in an ABI PRISM 7700 sequence
detector (Perkin Elmer, Wellesley, MA, USA). After the
initial denaturation step (10 min at 95°C), amplification
O2 LoVo
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was performed with 40 cycles of 15 s at 95°C, and 60 s
at 60°C. To calculate the copy number in the samples, a
reference curve was prepared by amplifying serial dilu-
tions of a LV-CMV-Luc plasmid in a background of gen-
omic DNA obtained from untransduced murine colon.
Genomic DNA from the PC3 cell line, a human prostate
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Figure 2 Optimization of mucosal LV transfection. Ex vivo
Bioluminescence imaging (BLI) analyses. Ex vivo BLI quantification
and analyses of GI tract following intrarectal administration of LV
expressing firefly luciferase (fLuc) on either colon with (a) PBS only,
(b) with PBS followed by 3% DSS, (c) with 20% EtOH only, or
(d) with 20% EtOH followed by 3% DSS. This pseudocolor image,
superimposed on a gray scale reference image, uses color (blue:
least intense; red: most intense) to illustrate signal strength.
Abbreviations: Sto: stomach; Si: small intestine; Co: colon; Ce: Cecum;
Re: rectum; Li: liver; Ki: kidney; Sp: spleen. (e) quantifies photon
emission (p/s/cm2/sr) in the distal colon. *p < 0.05.
cancer cell line, transduced with LV-GFP was used as a
positive control. PC3 cells were shown to have 100%
transduction by flow cytometry and as these cells are
hyperploid, the vector copy number in 300 ng of PC3
genomic DNA was quantitated as approximately 16,000
(data not shown).

Statistical analysis
All values were expressed as means ± SD. Comparisons
between groups were made using the student t-test and
the Mann–Whitney U test. A p value of less than 0.05
was considered statistically significant. Statistical analysis
was performed using Graph Pad Prism (Version 4.00 for
Macintosh; GraphPad Software, San Diego, CA, USA).

Results
IL-10 production in vitro
The level of IL-10 production following transduction
with the mIL-10 LV was 881 pg/ml in WiDr cells,
205 pg/ml in CaCo-2 cells, and 153 pg/ml in LoVo cells.
All cell lines produced measurable mIL-10, with expres-
sion levels increasing in a vector dose-dependent manner
(Figure 1).

Bioluminescent imaging of LV transfer
BLI analysis of the entire removed colon was used to
quantify the regional distribution and levels of gene
transduction by LV encoding fLuc following various de-
livery protocols. A strong positive signal was seen only
in the distal colon, adjacent to the rectum, in 8/8 (100%)
Figure 3 The time course of clinical changes of 3% dextran
sulfate sodium (DSS) colitis with/without lentivirus vector (LV)
encoding mouse interleukin 10 (mIL-10). Mice were treated with
3% DSS from Days 1–7 and 18–24. Four treatment groups (n = 8
mice per group) were (i) a control group who did not receive DSS
or an LV (NC), (ii) a group who received DSS + a mock plasmid
control (mock), (iii) a group who received DSS + a single dose of the
mIL-10 LV on Day 3 (LV(1)), and (iv) a group who received DSS +
doses of the mIL-10 LV on Days 3 and 20 (LV(2)).
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Figure 4 Clinical, macroscopic, and histopathological changes following treatment with lentivirus vector encoding mouse interleukin
10 (mIL-10). (a) CDA score was monitored 3 day per a week. Each point represents the mean ± SD. Balb/c mice received Mock or LV encoding
mIL-10 (LV mIL-10) once or twice by rectal administration. There is a significant difference between Mock and both LV mIL-10 (1) and (2), however
no difference between LVmIL-10(1) and (2) on Days 10 and 24. All values were expressed as mean s ± SD. Statistically significant differences are
shown. *P < 0.05. (b) Changes in macroscopic colonic damage scores of 3% DSS colitis treated with LV encoding mIL-10. Macroscopic colonic
damage score of mock-treated, LV once-treatment/DSS exposure group (LV(1)) or LV twice-treatment/DSS exposure group (LV(2)) compared to
no treatment groups (n = 8/group) are shown for each of the two DSS exposures on Day 10 or Day 32. All values were expressed as mean ± SD.
Statically significant differences are shown. *p < 0.05. (c) Changes in histologic scoring of 3% DSS colitis treated by LV encoding mIL-10. The
degree of histological injury following DSS exposure on Day 10 and Day 32 are shown for mock-treated, LV once-treatment/DSS exposure group
(LV(1)) or LV twice-treatment/DSS exposure group (LV(2)) compared to no treatment groups (n = 8/group). All values were expressed as mean ±
SD. Statically significant differences are shown. *p < 0.05.
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of the mice exposed to 20% EtOH plus LV in the 3%
DSS colitis model (Figure 2a-d). Significantly higher bio-
luminescent light signals were observed after LV delivery
with 20% EtOH than with saline (PBS) control pre-
treatment in the 3% DSS colitis groups, indicating a
significantly higher level of transduction with ethanol
pre-treatment (91,260 ± 23,060 versus 8881 ± 1655 pho-
tons/sec) (Figure 2e).

Impact of LV mIL-10 gene therapy on DSS colitis severity
DSS-induced mucosal injury was quantified by clinical,
macroscopic and histologic scores. All three indices were
significantly improved following exposure to LV produ-
cing mIL-10. Figure 3 shows the time course of clinical
disease activity (CDA) by study arm. The mock exposed
group showed two peaks of severity using the CDA
score, on Days 9 and 24. LV gene therapy significantly
suppressed both of these peaks overall as well as in each
of the sub-categories (weight loss, stool consistency, rec-
tal bleeding) (Figure 4a). Macroscopic (tissue adhesion,
ulceration, wall thickness) (Figure 4b) and histological
Day 10

Day 32

MockNC

a b

e f

Figure 5 Histopathology sections of DSS colitis treated with LV encod
shown following DSS exposure at Day 10 (a, b, c, d) or Day 32 (e, f, g, h). No
showed the expected severe colonic inflammation on both Days 10 and 32. T
per DSS cycle (LV(1)) or twice/cycle (LF(2)), showed reduction in inflammation
(infiltration of cells, tissue damage) (Figure 4c, Figure 5a-h)
scores were also each significantly suppressed by LV gene
therapy compared to the mock treated mice.

Changes in mucosal cytokine proteins in DSS colitis tissue
treated by LV mIL-10
Neither IL-10 nor IL-6 were detectable in the colonic
homogenates from the NC mice. TNF-α was present at
low levels (0.7 ± 0.3 pg/ml at Day 10 and 0.6 ± 0.4 pg/ml
at Day 32). In contrast, all three cytokines were present
in the mock-treated group of mice, which were exposed
to DSS but did not receive LV-mediated gene therapy
(Table 1). Mice receiving one or two exposures to the
IL-10 LV had significantly higher mucosal tissue levels
of IL-10 than either the control or mock-treated groups.
In mice receiving one exposure to the IL-10 LV, levels of
IL-10 were 18.1 ± 3.9 pg/ml at Day 10 and 12.9 ±
12.1 pg/ml at Day 32. In the mice receiving two expo-
sures to the IL-10 LV, levels of IL-10 were 15.9 ± 3.7 pg/
ml at Day 10 and 14.3 ± 0.7 pg/ml at Day 32. Interestingly,
TNF-α was reduced in all the mice receiving the IL-10 LV.
VSV-G LV(1) VSV-G LV(2)

c d

g h

ing mIL-10. Representative sections of each treatment groups are
rmal controls for each are shown in (a) and (e). Mock-treatment group
reatment with LV encoding mIL-10, regardless of whether given once
on both Days 10 and 32. (H & E stain; magnification: 200×).



Table 1 Cytokine levels in mucosal tissue

Cytokine DSS day NC Mock LV(1) LV(2)

IL-10 10 ND 3.9 ± 1.6 18.1 ± 3.9* 15.9 ± 3.7*

32 ND ND 12.9 ± 12.1 14.3 ± 0.7

TNF-α 10 0.7 ± 0.3 25.4 ± 9.4 11.5 ± 5.4 3.9 ± 1.8

32 0.6 ± 0.4 15.2 ± 6.5 3.5 ± 1.4* 3.9 ± 2.9

IL-6 10 ND ND ND ND

32 ND 14.5 ± 1.3 ND ND

*p <0.05 compared to mock infection.
ND; Not detected.
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In mice receiving one exposure to the IL-10 LV, levels of
TNF-α were 11.5 ± 5.4 pg/ml at Day 10 and 3.5 ± 1.4 pg/
ml at Day 32. In the mice receiving two exposures to the
IL-10 LV, levels of TNF-α were 3.9 ± 1.8 pg/ml at Day 10
and 3.9 ± 2.9 pg/ml at Day 32. IL-6 was undetectable in all
of the mice receiving the IL-10 LV.

Biodistribution study by qPCR analysis
Biodistribution analysis by qPCR showed evidence of
transduction in the colorectum in all mice treated with
3% DSS upon local LV administration following 20%
EtOH (Figure 6) but in no other areas of the gastrointes-
tinal tract (rest of colon, small intestine, stomach or
liver). Transduction levels in the colorectum were on
the order of 2 to 3%. No gene expression was identified
in any extra-gastrointestinal tissue examined (kidney,
spleen, lung, heart, brain, bone marrow). These data
confirm that topical administration of LV enabled local
tissue transduction but minimal spread to other regions
within the gastrointestinal tract, and no detectable extra-
intestinal spread.
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Figure 6 Analysis of LV biodistribution by real-time quantitative
PCR (RT-qPCR). Genomic DNA was isolated from mouse colonic tissue
and vector copy number was quantified using TaqMan qPCR assay to
detect the HIV-1 packaging sequences. Genomic DNA from the PC3
cell line, a human prostate cancer cell line, transfected with LV-GFP
was used as a positive control.
Discussion
In this study, we have demonstrated for the first time
that an LV could be used as a novel gene delivery system
for the treatment of DSS colitis. Topical gene therapy
using a LV encoding mIL-10 was found to suppress not
only the development but also the relapse of the colitis.
The LV platform is efficient and provides a unique gene
transfer system with a number of features that differenti-
ate it from other topical gene therapy approaches that
have been evaluated for the treatment and prevention of
experimental models of colitis.
Adenovirus vectors [10,24,26-29] and cationic lipids

complexed to immunoregulatory genes [30], have re-
ported efficacy in the treatment of murine colitis. How-
ever, a major disadvantage of these systems is that the
transgene expression is transient since genes are trans-
duced into mucosal epithelial cells that only live for
about 2–3 days. Alternatively, an approach using Lacto-
coccus lactis only transiently increased mucosal IL-10
concentration because the bacteria did not colonize the
intestine [11,31]. Ex vivo retroviral gene transfer of CD4+
T cells with IL-10 did not have any therapeutic benefit in
acute colitis of immunocompetent mice, though it did
prevent induction of colitis in a transfer colitis model
using immunodeficient mice [32].
Here we chose to evaluate whether a LV encoding IL-

10 was effective in treating or preventing DSS induced
murine colitis for three reasons. Firstly, this colitis model
induces profound epithelial barrier disruption that might
facilitate LV transduction and access to the lamina pro-
pria [19]. Secondly, this DSS colitis model shows severe
inflammation in the distal colon [19,20,22], the area
known to have maximal LV transduction. Finally, muco-
sal CD4+ cells, an important target of LV transduction,
also play a critical role in the pathogenesis of IBD colitis
[33]. Within the DSS model, increases in mucosal CD4+
T cells occur in a dose dependent fashion such that with
5% DSS induced colitis is associated with significantly
more CD4+ T cells compared to 3% DSS colitis [34]. Sup-
porting our hypothesis, LV expressed mIL-10 showed effi-
cacy against acute and relapsing murine DSS colitis.
Notably, we found that topical delivery of a LV encod-

ing IL-10 could suppress not only the development but
also prevent relapse of DSS colitis. This is a unique fea-
ture of the LV approach and has not been seen in other
traditional vector systems. We suggest that the reason
for this property might relate to the ability of the LV to
transduce both colonic mucosal epithelial and mucosal
CD4+ T cells following rectal administration [13]. Muco-
sal CD4+ T cells play a dominant role in controlling
gastrointestinal mucosal inflammation, especially regula-
tory CD4+ T cells through secretion of anti-inflammatory
cytokines such as IL-10 [5,7]. Interestingly, although not
statistically significant, administration of two vector doses
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showed a trend toward achieving more therapeutic effi-
cacy than a single dose. In this context, it is notable that
IL-10 levels were comparable between the single dose and
double dose groups, perhaps due to feedback down regu-
lation of endogenous IL-10 in response to vector-derived
IL-10. Alternative explanations might include the induc-
tion of antibodies or other immunological processes that
reduce the efficiency of lentiviral infection and or bio-
logical availability of IL-10 in the mucosal tissue. Add-
itional studies are warranted to examine whether higher
vector concentrations or frequency of administration
might achieve further benefit.
In addition to the barrier disruption caused by DSS

colitis, 20% ethanol pre-treatment was also required for
optimal LV transduction, perhaps by helping to dissolve
or wash away physical barriers obstructing vector access
to the cellular surfaces of the mucosal epithelium. While
20% ethanol pre-treatment in itself induces no mucosal
inflammation, in the presence of 3% DSS-induced colitis
we obtained transduction levels comparable to those ob-
served in our previous studies using 50% ethanol pre-
treatment to enhance vector transduction efficiency in
the absence of pre-existing mucosal inflammation [13].
Furthermore, similar approaches have been tested both
pre-clinically and in clinical trials, e.g., using ethanol or
surfactants to improve transduction efficiency of vectors
instilled into the bladder, and so this approach has po-
tential for clinical translation in IBD.
There are a number of limitations to our study. Use of

additional control groups such as an IL-10 plasmid or
lentiviral vector without the IL-10 insert could have pro-
vided insight as to the independent contribution of the
lentiviral vector and the IL-10 on the subsequent modu-
lation of mucosal infection. In addition we did not meas-
ure plasma IL-10 or other immunological parameters
that could have provided explanations as to why a sec-
ond dose of the LV did not appear to provide benefits
above or beyond those seen with a single dose of LV.

Conclusion
In conclusion, we have demonstrated that topical gene
therapy using a VSV-G LV vector to deliver therapeutic
levels of IL-10 could have promise as a novel therapy for
IBD colitis. Follow-up studies are needed to determine
whether this vector system would be effective in treating
other models of murine colitis such as the IL-10 knock
out model of murine colitis [3].

Competing interests
The authors declare that they have no competing interest.

Authors’ contributions
HM conducted the majority of the experiments described in this paper. TK
carried out the molecular genetic studies, made the lentiviral vector, and
performed the statistical analysis of the experimental data. KH, IO, KH helped
to analyze the in vivo animal data. NK provided technical assistance for the
lentiviral vector experiments, PA collected the endoscopic biopsies, and IM
supervised the research, and edited the final manuscript. All authors read
and approved the final manuscript.

Acknowledgments
The authors would like to thank Justin Akin for his assistance in preparing
this manuscript, the staff of the UCLA Center for Prevention Research (CPR),
the UCLA Vector Core (#DK041301) and the Blinder Research Foundation for
Crohn’s Disease at UCLA. This work was supported in part by a pilot award
from the NIH-supported Center for AIDS Research (CFAR) at UCLA (#AI28697:
IM and NK), the CFAR’s Mucosal Immunology Core (#AI28697). Additional
Core facility support was obtained from the Molecular Biology/Gene Transfer
Vector Core (NK) from the CURE Digestive Diseases Research Center
(#DK041301) at UCLA and UCLA’s Jonsson Comprehensive Cancer Center
(#CA16042).

Author details
1Department of Medicine, Division of Digestive Diseases, David Geffen
School of Medicine at the University of California (UCLA), Los Angeles, CA,
USA. 2Department of Molecular & Medical Pharmacology, David Geffen
School of Medicine at the University of California (UCLA), Los Angeles, CA,
USA. 3Magee-Womens Research Institute, Division of Gastroenterology,
Hepatology and Nutrition, University of Pittsburgh School of Medicine,
Pittsburgh, PA, USA. 4Division of Gastroenterology and Ultrasonography and
Translational Medical Science and Nutrition (GUT), Kawasaki Medical School,
Okayama, Japan. 5Division of Gastroenterology, East Hospital of National
Cancer Institute, Chiba, Japan. 6Division of Thoracic Surgery, Hokkaido
University, Hokkaido, Japan. 7Division of Urology, Jikei University School of
Medicine, Tokyo, Japan.

Received: 14 December 2013 Accepted: 2 April 2014
Published: 8 April 2014

References
1. Prieto J, Herraiz M, Sangro B, Qian C: The promise of gene therapy in

gastrointestinal and liver diseases. Gut 2003, 52:ii49–ii54.
2. Moore KW, de Waal MR, Coffman RL, O’Garra A: Interleukin-10 and the

interleukin-10 receptor. Annu Rev Immunol 2001, 19:683–765.
3. Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W: Interleukin-10-deficient

mice develop chronic enterocolitis. Cell 1993, 75(2):263–267. 22: 263–267.
4. Glocker EO, Kotlarz D, Boztug K, Gertz EM, Schaffer AA, Noyan F, Perro M,

Diestelhorst J, Allroth A, Murugan D, Hatscher N, Pfeifer D, Skyora KW, Sauer
M: Inflammatory bowel disease and mutations affecting the interleukin-
10 receptor. N Engl J Med 2009, 19:2033–2045. Lri.

5. Groux H, O’Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE,
Roncarolo MG: A CD4+ T-cell subset inhibits antigen-specific T-cell
responses and prevents colitis. Nature 1997, 389:737–742.

6. Tomoyose M, Mitsuyama K, Ishida H, Toyonaga A, Tanikawa K: Role of
interleukin-10 in a murine model of dextran sulfate sodium-induced
colitis. Scand J Gastroenterol 1998, 33:435–440.

7. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F: An essential role
for interleukin 10 in the function of regulatory T cells that inhibit
intestinal inflammation. J Exp Med 1999, 140:995–1004.

8. Fedorak RN, Gangl A, Elson CO, Rutgeerts P, Schreiber S, Wild G, Hanauer
SB, Kilian A, Cohard M, LeBeaut A, Feagan B: Recombinant human
interleukin 10 in the treatment of patients with mild to moderately
active Crohn’s disease. The interleukin 10 inflammatory bowel disease
cooperative study group. Gastroenterology 2000, 119(6):1473–1482.
119: 1473–1482.

9. Schreiber S, Fedorak RN, Nielsen OH, Wild G, Williams CN, Nikolaus S, Jacyna
M, Lashner BA, Gangl A, Rutgeerts P, Isaacs K, van Deventer SJ, Cohard MLA,
Hanauer SB: Safety and efficacy of recombinant human interleukin 10 in
chronic active Crohn’s disease. Crohn’s disease IL-10 cooperative study
group. Gastroenterology 2000, 119(6):1461–1472. 119: 1461–1472.

10. Lindsay JO, Sandison A, Cohen P, Brennan FM, Hodgson HJ: IL-10 gene
therapy is therapeutic for dextran sodium sulfate-induced murine colitis.
Dig Dis Sci 2004, 49:1327–1334.

11. Braat H, Rottiers P, Hommes DW, Huyghebaert N, Remaut E, Remon JP, van
Deventer SJ, Neirynck S, Peppelenbosch MP, Steidler L: A phase I trial with
transgenic bacteria expressing interleukin-10 in Crohn’s disease. Clin
Gastroenterol Hepatol 2006, 4:754–759.



Matsumoto et al. BMC Gastroenterology 2014, 14:68 Page 9 of 9
http://www.biomedcentral.com/1471-230X/14/68
12. Bhavsar MD, Amiji MM: Oral IL-10 gene delivery in a microsphere-based
formulation for local transfection and therapeutic efficacy in inflammatory
bowel disease. Gene Ther 2008, 15:1200–1209.

13. Matsumoto H, Kimura T, Haga K, Kasahara N, Anton P, McGowan I: Effective
in vivo and ex vivo gene transfer to intestinal mucosa by VSV-G-
pseudotyped lentiviral vectors. BMC Gastroenterol 2010, 11:4.

14. Koya RC, Kimura T, Ribas A, Rozengurt N, Lawson GW, Faure-Kumar E,
Wang HJ, Herschman H, Kasahara N, Stripecke R: Lentiviral vector-
mediated autonomous differentiation of mouse bone marrow cells
into immunologically potent dendritic cell vaccines. Mol Ther 2007,
15(5):971–980.

15. Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L, Trono D: Self-
inactivating lentivirus vector for safe and efficient in vivo gene delivery.
J Virol 1998, 72:9873–9880.

16. Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D, Naldini L: A
third-generation lentivirus vector with a conditional packaging system.
J Virol 1998, 72(11):8463–8471.

17. Landazuri N, Le Doux JM: Complexation of retroviruses with charged
polymers enhances gene transfer by increasing the rate that viruses are
delivered to cells. J Gene Med 2004, 6:1304–1319.

18. Stripecke R, Koya RC, Ta HQ, Kasahara N, Levine AM: The use of lentiviral
vectors in gene therapy of leukemia: combinatorial gene delivery of
immunomodulators into leukemia cells by state-of-the-art vectors. Blood
Cells Mol Dis 2003, 31:28–37.

19. Okayasu I, Hatakeyama S, Yamada M, Ohkusa T, Inagaki Y, Nakaya R: A novel
method in the induction of reliable experimental acute and chronic
ulcerative colitis in mice. Gastroenterology 1990, 98:694–702.

20. Elson CO, Sartor RB, Tennyson GS, Riddell RH: Experimental models of
inflammatory bowel disease. Gastroenterology 1995, 109:1344–1367.

21. Wallace JL, Keenan CM, Gale D, Shoupe TS: Exacerbation of experimental
colitis by nonsteroidal anti-inflammatory drugs is not related to elevated
leukotriene B4 synthesis. Gastroenterology 1992, 102:18–27.

22. Cooper HS, Murthy SN, Shah RS, Sedergarn DJ: Clinicopathologic study of
dextran sulfate sodium experimental murine colitis. Lab Invest 1993,
69:238–249.

23. Matsumoto H, Koga H, Iida M, Tarumi K, Fujita M, Haruma K: Blockade of
tumor necrosis factor-alpha-converting enzyme improves experimental
small intestinal damage by decreasing matrix metalloproteinase-3
production in rats. Scand J Gastroenterol 2006, 41:1320–1329.

24. Lindsay J, van Montfrans C, Brennan F, Van Deventer S, Drillenburg P,
Hodgson H, Te Velde A, Sol Rodriguez Pena M: IL-10 gene therapy
prevents TNBS-induced colitis. Gene Ther 2002, 9:1715–1721.

25. Sastry L, Johnson T, Hobson MJ, Smucker B, Cornetta K: Titering lentiviral
vectors: comparison of DNA, RNA and marker expression methods. Gene
Ther 2002, 9:1155–1162.

26. Barbara G, Xing Z, Hogaboam CM, Gauldie J, Collins SM: Interleukin 10
gene transfer prevents experimental colitis in rats. Gut 2000,
46:344–349.

27. Wirtz S, Galle PR, Neurath MF: Efficient gene delivery to the inflamed
colon by local administration of recombinant adenoviruses with normal
or modified fibre structure. Gut 1999, 44:800–807.

28. Lindsay JO, Ciesielski CJ, Scheinin T, Hodgson HJ, Brennan FM: The
prevention and treatment of murine colitis using gene therapy
with adenoviral vectors encoding IL-10. J Immunol 2001,
166:7625–7633.

29. Lindsay JO, Ciesielski CJ, Scheinin T, Brennan FM, Hodgson HJ: Local
delivery of adenoviral vectors encoding murine interleukin 10 induces
colonic interleukin 10 production and is therapeutic for murine colitis.
Gut 2003, 52:363–369.

30. Rogy MA, Beinhauer BG, Reinisch W, Huang L, Pokieser P: Transfer of
interleukin-4 and interleukin-10 in patients with severe inflammatory
bowel disease of the rectum. Hum Gene Ther 2000, 11:1731–1741.

31. Steidler L, Hans W, Schotte L, Neirynck S, Obermeier F, Falk W, Fiers W,
Remaut E: Treatment of murine colitis by lactococcus lactis secreting
interleukin-10. Science 2000, 289:1352–1355.

32. van Montfrans C, Rodriguez Pena MS, Pronk I, Ten Kate FJ, Te Velde AA, Van
Deventer SJ: Prevention of colitis by interleukin 10-transduced T
lymphocytes in the SCID mice transfer model. Gastroenterology 2002,
123:1865–1876.

33. Shintani N, Nakajima T, Okamoto T, Kondo T, Nakamura N, Mayumi T:
Involvement of CD4+ T cells in the development of dextran sulfate
sodium-induced experimental colitis and suppressive effect of IgG on
their action. Gen Pharmacol 1998, 31:477–481.

34. Kanwar B, Gao DW, Hwang AB, Grenert JP, Williams SP, Franc B, McCune JM:
In vivo imaging of mucosal CD4+ T cells using single photon emission
computed tomography in a murine model of colitis. J Immunol Methods
2008, 329:21–30.

doi:10.1186/1471-230X-14-68
Cite this article as: Matsumoto et al.: Mucosal gene therapy using a
pseudotyped lentivirus vector encoding murine interleukin-10 (mIL-10)
suppresses the development and relapse of experimental murine colitis.
BMC Gastroenterology 2014 14:68.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Vector construction and preparation
	Cell culture in�vitro gene transfer study
	Preliminary treatment to enhance mucosal delivery of the LV
	Ex vivo bioluminescence imaging
	LV-mIL-10 treatment effect on dextran sulfate sodium colitis
	Clinical, macroscopic and histologic assessments
	Cytokine production
	Biodistribution analysis by real-time quantitative PCR (RT-qPCR)
	Statistical analysis

	Results
	IL-10 production in�vitro
	Bioluminescent imaging of LV transfer
	Impact of LV mIL-10 gene therapy on DSS colitis severity
	Changes in mucosal cytokine proteins in DSS colitis tissue treated by LV mIL-10
	Biodistribution study by qPCR analysis

	Discussion
	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


