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Abstract

Inflammatory bowel disease (IBD) is characterized by al-
tered immunoregulation and augmented intestinal syn-
thesis of nitric oxide. The purpose of this study was to de-
termine the effects of exogenous IL-4, introduced by a
recombinant human type 5 adenovirus (Ad5) vector, on the
tissue injury associated with an experimental model of co-
lonic immune activation and inflammation. Colitis was in-
duced in rats by the intrarectal administration of trini-
trobenzene sulfonic acid (TNB) dissolved in 50% ethanol,
and control rats received saline via the same route. 1 h later,
all rats were randomized into two groups. The first group
was injected intraperitoneally (ip) with 3.0 X 10° plaque
forming units (PFUs) of Ad5 transfected with murine inter-
leukin-4 (Ad5IL-4) and the second group was injected ip
with the same amount of AdS expressing the Escherichia
coli Lac Z gene (Ad5LacZ). One-half of the colitic and con-
trol rats were injected again with 3.0 X 10 PFUs of Ad5IL-4
or Ad5LacZ on day 3 of the 6-d study. When introduced
once or twice via the peritoneal route into control rats,
Ad5LacZ was localized to the serosal lining of the peri-
toneal cavity, the diaphragm and the liver on day 6. One or
two injections of AdSIL-4 into rats also produced mea-
surable levels of circulating IL-4. TNB-colitis in both
Ad5SLacZ-treated groups was associated with pronounced
elevations in serum IFN-y, and mucosal ulceration of the
distal colon. Myeloperoxidase and inducible nitric oxide
synthase II (NOS II) synthetic activity were also increased
by 30- and fivefold, respectively, above control levels in the
distal colon. However, two injections of Ad5IL-4 into colitic
rats caused the overexpression of IL-4, and significantly in-
hibited tissue damage, serum and colon IFN-y levels and
myeloperoxidase activity in the distal colon. In addition,
NOS 1II gene expression and NOS II nitric oxide synthesis
was significantly inhibited. No therapeutic effect was ob-
served in rats injected once with Ad5IL-4. Thus, IL-4, intro-
duced by AdS, is therapeutic during acute inflammation in
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the rat colon. The therapeutic effect of IL-4 was associated
with an inhibition of inducible nitric oxide expression and a
reduction in nitric oxide synthesis. (J. Clin. Invest. 1997.
100:2766-2776.) Key words: inflammatory bowel disease « in-
terleukin-4 « nitric oxide - gene therapy « adenovirus

Introduction

The advent of technologies permitting the delivery of genomic
material has allowed for the examination of the in vivo effects
of increased cytokine synthesis on the development of and/or
therapeutic resolution of disease. Many strategies for cytokine
and other gene delivery exist, including injection of naked
cDNA (1), cDNA inserted into lipid vehicles (2, 3) or cDNA
incorporated into a virus (see reference 4 for review). Of the
types of viral vectors (e.g., retrovirus, vaccinia, herpes virus,
etc.) used for in vivo gene delivery, the replication-deficient re-
combinant human type 5 adenovirus (Ad5)! has gained the
greatest prominence because AdS vectors can be grown in
very high density and, unlike retrovirus, Ad5 can insert foreign
genes into nondividing mammalian cells (5). Many investiga-
tors have shown that AdS5 vectors can successfully deliver
mammalian cytokine genes to many different tissues and or-
gans, including the gastrointestinal tract. For example, Braciak
et al. (6) showed that Ad5 transfected with murine interleukin-6
cDNA induces elevated synthesis of this cytokine, particularly
in the liver. We have also previously shown that Ad5 trans-
fected with murine IL-4 cDNA (AdS5IL-4) can be delivered di-
rectly to the rodent intestine, resulting in measurable infection
and pronounced changes in circulating IL-4 and intestinal
function (7). Another advantage of this method of gene deliv-
ery is that AdS does not stably integrate into the genome of
the host. Therefore, gene delivery through replication-defi-
cient Ad5 provides an ideal method for studying the conse-
quences of transitory increased synthesis of a single cytokine
under in vivo conditions.

During what in vivo conditions would it be advantageous to
augment levels of a particular cytokine through gene transfer?
Using an Ad5-based gene delivery system, it has been possible
to explore the transient role of various cytokines in pathologi-
cal processes in the lung (6, 8) and the intestine (7), and to test
cytokine efficacy in the treatment of cancer (9, 10) and cardio-
vascular disease (11). In addition, the therapeutic implications
of this approach are only now being realized in light of emerg-

1. Abbreviations used in this paper: AdSIL-4, human ad5 adenovirus
transfected with murine IL-4 cDNA; Ad5LacZ, human ad5 adeno-
virus transfected with B-galactosidase cDNA; IBD, inflammatory
bowel disease; MPO, myeloperoxidase; NOS 11, inducible nitric oxide
synthase type II; PFU, plaque forming unit; TNB, trinitrobenzene
sulphonic acid.



ing evidence that systemic and, to a greater extent, mucosal
T cell immunoregulation is maintained through the actions of
antagonizing cytokines (12). Considerable interest in the role
of cytokine balance in the gastrointestinal tract has surfaced
because of the development of mice lacking important T cell
immunoregulatory cytokines, and the characterization of cy-
tokine profiles in inflammatory bowel disease (IBD). Specifi-
cally, it has been shown that disrupting the gene for IL-2 (13),
IL-10 (14), or altering T cell regulation by MHC II or T cell re-
ceptor (15) gene disruption has significant negative conse-
quences for the bowel and cytokine balance (16). Other stud-
ies have shown that the transfer of a certain population of
purified T cells into immunocompromised mice predisposes
them to colitis, and is associated with elevated secretion of
IFN-y and TNFa (17, 18). Consistent with these experimental
findings, there is emerging clinical evidence that IBD is associ-
ated with altered mucosal immunoregulation, due in part to al-
tered synthesis of cytokines by T and other immune cells and/
or impaired responses of these cells to immunoregulatory cy-
tokines (19). For example, Kusugami et al. (12) showed that
IBD is associated with the loss of IL-2 secreting CD4" T cells.
Schreiber and colleagues have more recently shown that pe-
ripheral monocytes from IBD patients are partially resistant to
the immunosuppressive effects of IL-4 (20) and that IL-10 syn-
thesis is down-regulated in IBD (21). These findings have been
impetus for further studies on the efficacy of cytokine antago-
nists or immunoregulatory cytokines themselves in the treat-
ment of IBD. Accordingly, treatment of steroid refractory
IBD patients with a monoclonal antibody directed against
TNFa (22-24) or with recombinant human IL-10 (21) have
both proven to be of therapeutic potential. Thus, restoring the
cytokine imbalance by inhibiting the action of proinflamma-
tory cytokines or by up-regulating the levels of immunomodu-
latory cytokines appear to be a promising new treatment for
IBD (19).

Herein, we examined the therapeutic effects of increased
synthesis of IL-4 after injection of Ad5IL-4 on the colonic in-
flammation associated with acute trinitrobenzene sulphonic
acid (TNB)-colitis. This rat model was used because it has
well-characterized histological similarities to IBD (25), and it
responds favorably to many of the therapies used in the treat-
ment of IBD (26). IL-4 was selected as a treatment modality in
the present study due to its proven immunomodulatory, partic-
ularly in the balance of Thl and Th2 cytokine generation in
the gut (27), and its antiinflammatory effects (28). The findings
of Gautam et al. (29) demonstrating that IL-4 had potent anti-
inflammatory actions in a murine model of contact sensitivity
to trinitrochlorobenzene was one example that suggested to us
that increased IL-4 synthesis in the TNB-model of colitis may
lead to similar beneficial effects. Next, because it has been
shown previously that IL-4 is a potent inhibitor of the induc-
ible, calcium-independent isoform of nitric oxide synthase
(NOS II) (see reference 30 for review) we also investigated the
effects of increased synthesis of IL-4 on nitric oxide generation
during TNB-colitis in rats. Many investigators have shown that
clinical IBD is associated with increased mucosal production
of nitric oxide and increased expression of NOS II (see refer-
ence 31 for overview). Using non-selective substrate inhibitors
of NOS, we (32) and others (33-36) have shown that increased
NOS 1II expression and activity in the large or small intestine
after their exposure to TNB and ethanol is associated with tis-
sue injury.

In the present study, we document that increased synthesis
of IL-4 after AdSIL-4 injection through the peritoneal route
had a therapeutic effect in rats experiencing TNB-colitis due,
in part, to a reduction in NOS II expression and nitric oxide
synthesis. On day 6 postinduction of colitis, rats receiving
AdSIL-4 on day 1 and 3 post-TNB had increased circulating
IL-4, decreased circulating IFN-y, markedly fewer peritoneal
adhesions, significantly less macroscopic damage, and reduced
myeloperoxidase (MPO) activity in the distal colon. Ad5IL-4
gene transfer into TNB-inflamed rats also inhibited the induc-
tion of NOS II in the colon, as shown by reverse transcription
polymerase chain reaction and calcium-independent nitric ox-
ide synthase activity. In contrast, rats treated with the AdS
control, Ad5LacZ, did not experience any reduction in the se-
verity of colonic inflammation or in NOS II expression and ni-
tric oxide production in the colon. Taken together, these data
strongly support an immunomodulatory and antiinflammatory
role for IL-4 in experimental colitis and may provide a novel
approach for the delivery of immunoregulatory cytokines
in IBD.

Methods

Animals. Specific pathogen-free, male, Sprague-Dawley rats (180-
200 grams; Charles River Laboratories, Montreal, Canada) were
caged in groups of two in a Level B clean room. All rats had ad libi-
tum access to food and water before and during the study. The proto-
cols used were in direct accordance with guidelines drafted by the
McMaster University Animal Care Committee and the Canadian
Council on the Use of Laboratory Animals.

Materials. Human AdS lacking the E1 region of its genome which
regulates replication were transfected with murine IL-4 cDNA
(AdSIL-4) or with Escherichia coli Lac Z (Ad5LacZ) according to
detailed procedures published elsewhere (6, 8). B-galactosidase activ-
ity was determined using an assay system and authentic B-galactosi-
dase purchased from Promega Corp. (Madison, WI). TNB was pur-
chased from Eastman Kodak Co. (Rochester, NY). The following
monoclonal antibodies used in the cytokine ELISAs were purchased
from PharMingen (San Diego, CA): rat anti-mouse IL-4 (capture an-
tibody; BVD4-1D11), biotinylated rat anti-mouse 1L-4 (detection an-
tibody; BVD6-24G2), purified rat anti-mouse IFN-y (capture anti-
body; R4-6A2) and biotinylated rat anti-mouse IFN-y (detection
antibody; XMG1.2). Nunc-immuno ELISA plates (MaxiSorp™) and
recombinant rat IFN-y were obtained from Gibco BRL (Burlington,
Canada). Recombinant murine IL-4 (rmIL-4) was obtained from In-
termedico (Markham, Canada). NOSdetect™ assay kits were pur-
chased from PDI BioScience Inc. (Aurora, Canada). Unless other-
wise stated, all other materials were purchased from Sigma Chemical
Co. (St. Louis, MO).

Induction of colitis. While a mouse model of TNB colitis has re-
cently been described (37), the rat model remains the better de-
scribed and most frequently used experimental IBD model (38). We
also used the rat model of TNB-colitis (25) because the role of nitric
oxide in this model has been well established in our laboratory (32)
and in others (35). Briefly, each rat (n = 54) was lightly anesthetized
with Fluothane™ (halothane b.p.; Wyeth-Ayerst Canada, Inc., Mon-
treal, Canada). 30 mg of TNB dissolved in 0.25 ml of 50% ethanol was
instilled into the distal colon of each animal using a PE-50 cannula
(Becton Dickinson Labware, Lincoln Park, NJ) attached to a 1-ml sy-
ringe. After instillation, each animal was returned to its respective
cage for recovery from anesthesia. Using this procedure, > 95% of the
rats retained the TNB-ethanol enema. However, if an animal quickly
(i.e., in < 5 min) excluded this solution, it was omitted from the re-
mainder of the study. Control or uninflamed rats (n = 24) received
normal saline (0.9%; wt/vol) intracolonically in a similar manner.
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TNB-treated and control rats were kept in separate cages over the
course of the study.

Study protocol. AdSLacZ or AdSIL-4, both at a concentration of
3.0 X 10° plaque forming units (PFU)/ml of HBSS (pH 7.4), were in-
jected into the peritoneal cavity of uninflamed (n = 6/group) or TNB-
inflamed (n = 16/group) rats 1 h after the enema. 3 d later, a second
injection of Ad5LacZ or AdSIL-4 (both at 3.0 X 10° PFU/ml HBSS)
was given to half of the control and TNB-inflamed rats. This route
and time course of AdS delivery to these animals was based on previ-
ous studies. Braciak et al. (6) have shown that an injection of Ad5 ex-
pressing luciferase via the peritoneal route resulted in AdS5 infection
predominately in the liver (53% of total) and also in the spleen and
peritoneum. Further, because it has also been shown that cytokine
production after Ad5-cytokine gene injection into the peritoneal cav-
ity only persists for 4 d (6), we included groups that received
Ad5LacZ or AdSIL-4 on day 1 and on day 3 of this study. While we
have previously shown that Ad5LacZ and AdSIL-4 can be delivered
selectively to the external surface of the intestinal tract (7), we did not
use this technique in the present study because of its direct proinflam-
matory effect on the intestine. On day 6 of the study, all rats were
anesthetized with Fluothane™. 1 ml of blood was removed by cardiac
puncture and transferred to a 1.5-ml centrifuge tube on ice. Immedi-
ately after blood removal, rats were killed by cervical dislocation, and
the entire length of the colon was excised through a longitudinal peri-
toneal opening. The colon was immediately placed in phosphate buff-
ered saline, washed with this solution, opened lengthwise, and a mac-
roscopic score was assigned using a previously published macroscopic
damage scoring scale (32). The colon and other tissues were pro-
cessed according to the procedures described below.

In vivo gene transfer: assessment of viral infection by Lac-Z activ-
ity. Huard et al. (39) have shown that the route of administration of
Ad5 influences the tissue distribution of viral transduction. Thus, the
reporter gene LacZ (E. coli galactosidase) was used to demonstrate
the presence of Ad5 in various tissues in the peritoneal cavity after ip
injection. As previously described (39), the diaphragm, gastrocne-
mius, liver, and colon were removed from rats on day 6 of the study,
and these tissues were homogenized in Reporter Lysis Buffer®
(Promega Corp.). B-galactosidase activity was measured as the hy-
drolysis of o-nitrophenyl-B-D-galactopyranoside to o-nitrophenyl (a
yellow product) in 96-well plates following a 30-min incubation at
37°C. Enzyme activity was calculated from sample absorbencies using
an authentic B-galactosidase standard curve. Other samples of the
same tissues were fixed with 2% paraformaldehyde for 5 min and
B-galactosidase activity in AdSLacZ-injected rats was assessed after
exposure of these tissues to the chromogen 5-bromo-4-chloro-3-D-galac-
topyranoside (X-gal; Boehringer Mannheim, Indianapolis, IN). Briefly,
the tissues were placed into phosphate buffered saline containing
X-gal (0.5 mg/ml), potassium ferricyanide (5 mM), potassium ferrocy-
anide (5 mM), and magnesium chloride (2 mM), and these samples
were incubated overnight at 37°C. Samples were processed using rou-
tine histological techniques and embedded in paraffin. 5-pm sections
of colon were lightly stained with hemotoxylin and eosin.

Measurement of serum and colon IL-4 and IFN-vy levels. Murine
IL-4 and rat IFN-vy levels were determined in 50 pl serum or colon
homogenate samples collected from rats on day 6 of the study using a
standardized sandwich ELISA protocol from PharMingen. A 200-
300-mg section of full-thickness colon was removed from all TNB-
inflamed rats ~ 6 cm from the anal margin. These samples were ho-
mogenized in 2 ml of protease inhibitor cocktail, and centrifuged at
3,000 g for 10 min. ELISA plates were coated with the appropriate
cytokine capture antibody (see Materials above) at a dilution of 2 g/
ml of tris-buffered saline (TBS) containing bovine serum albumin
(BSA; 10 mg/ml) for 24 h at 4°C. The capture antibodies were subse-
quently removed and each plate was blocked for 24 h with TBS-BSA
at 4°C. After the blocking period, each ELISA plate was washed with
TBS-BSA containing Tween-20 (0.05%; vol/vol), and experimental
samples were added to wells in triplicate. 24 h later, the plates were
thoroughly washed and the appropriate detection antibody (500 ng/
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ml TBS-BSA) was added for 3 h. Streptavidin-alkaline phosphatase
(1:20,000 dilution) was added to each washed well for 2 h, and each
plate was thoroughly washed again. An ELISA amplification system
(Gibco BRL) was used to increase the amount of color generated per
quantity of immobilized streptavidin-alkaline phosphatase. The mono-
clonal antibodies directed against murine IL-4 did not cross react
with rat IL-4, thus we were able to specifically determine the amount
of murine IL-4 produced after Ad5IL-4 injection into rats. A rmIL-4
standard curve was used to calculate IL-4 serum levels in all Ad5-
infected rats. In contrast, the monoclonal antibodies used to capture
and detect IFN-vy did cross-react with rat IFN-y and thus, a rat [IFN-y
standard curve was used to calculate IFN-y serum levels.

Assessment of colonic myeloperoxidase activity. Tissues (200-400
mg) for determination of MPO activity were removed from the area
of gross injury (i.e., 4-6 cm proximal to the anus) and snap frozen in
liquid nitrogen. MPO is an enzyme located in neutrophils, eosino-
phils, and other cells of myeloid origin, and measures of MPO activity
are commonly used as a marker of intestinal inflammation (38). MPO
activity in samples of control and TNB-treated distal colon from Ad5-
treated rats was determined using a previously published method
(32). Briefly, samples were thawed, weighed, and homogenized in
hexadecyltrimethyl-ammonium bromide buffer. These homogenates
were centrifuged and MPO activity was measured in the superna-
tants. MPO was expressed as units/milligram of tissue where 1 U cor-
responds to the activity of enzyme required to degrade 1 pwmol of hy-
drogen peroxide in a minute at 24°C.

Detection of inducible nitric oxide synthase by reverse transcriptase
PCR. On day 6 of the study, samples of colon for mRNA isolation
were removed 6 cm proximal to the anus in control rats or from the
upper margin of the grossly damaged distal colon in the TNB-inflamed
rats. Total cellular RNA was isolated using a previously described
guanidium isothiocyanate method (40). The concentration of RNA
was determined by absorbance at 260 nm and its purity was con-
firmed using the ratio of absorbency at 260 nm to that at 280 nm.
RNA was stored at —70°C until used for reverse transcription-poly-
merase chain reaction (RT-PCR). mRNA was next reverse tran-
scribed as previously described (40) to yield cDNA. 2-ul aliquots of
cDNA (3 pg) were then mixed with 20 pmol each of sense (5'-TTC
CGA AGT TTC TGG CAG-3') and antisense (5'-ATA GGA AAA
GAC TGC ACC GAA GAT-3’) primers for NOS II (41). The posi-
tive control used in the PCR reaction was B-glucuronidase, and 20
pmol each of sense primer (5'-GTG ATG TGG TCT GTG GCC
AA-3') and anti-sense primer (5'-TCT GCT CCA TAC TCG CTC
TG-3") were used to detect it (42). PCR was completed in 50 pl vol-
umes containing dNTP (200 pM), Mg?* (1.5 mM), 2.5 U Tagq poly-
merase (Gibco BRL) with corresponding buffer and distilled water.
NOS II and B-glucuronidase were coamplified for 33 cycles using the
following cycle parameters: denaturation 94°C for 30 s, annealing
57°C for 30 s, and extension at 72°C for 60 s. PCR products were
loaded onto a 2.5% agarose gel with a 10X loading buffer, and then
visualized under ultraviolet light after ethidium bromide staining.
The 500-bp product corresponds to NOS II and the 302-bp product
corresponds to B-glucuronidase.

Assessment of nitric oxide synthase activity. Nitric oxide synthase
activity in control and TNB-inflamed colonic tissue was directly de-
termined in Ad5-infected groups (n = 3/group) using an L-citrulline
assay (32). L-citrulline is a coproduct of nitric oxide synthesis, and it is
formed from L-arginine in a 1:1 stoichimetric reaction. On day 6 full
thickness tissues from the distal one third of the colon (~ 4-6 cm of
tissue) were homogenized, and supernatants of the homogenates
were incubated with tritiated ([*H])-L-arginine (Amersham, Arling-
ton Heights, IL) and cofactors NADPH, FAD, FMN and BH, for 60
min at 37°C in the absence of CaCl,. To ensure that L-citrulline for-
mation was a consequence of nitric oxide generation, identical co-
lonic homogenates with cofactors were incubated in the presence of
No-nitro-L-arginine methyl ester HCl (L-NAME; 1 mM). [*H]-L-cit-
rulline was eluted from columns containing an equilibrated resin. Us-
ing this procedure, ~ 90-95% of the [*H]-L-citrulline and < 1% of the



Table I. B-galactosidase Activity in Control and TNB-inflamed
Rats on Day 6 after One or Two Intraperitoneal Injections
of Ad5LacZ

Control groups TNB-colitis groups

Tissue site One dose Ad5 Twodoses Ad5 One dose Ad5 Two doses AdS

Injection site  0.228%+0.036 0.181+0.009 0.209+0.001 0.350%0.040

Diaphragm  0.436+0.010 0.552%0.019 0.575+0.021 0.397%+0.063
Liver 4.989+0.217 4.160=0.171 3.400+0.186 5.280%0.094
Colon * 0 0.166+0.025 0 0.076+0.032

*B-galactosidase values were corrected for endogenous -galactosidase
activity from bacteria located in the lumen of the colon. B-galactosidase
activity (milliunits) was measured in tissue homogenates of the intra-
peritoneal injection site, liver, diaphragm, and colon as described in the
Methods section. Data represent mean=SEM of three rats per injection

group.

[*H]-L-arginine was recovered. Therefore, background counts from
the trace amounts of [*’H]-L-arginine were subtracted from the counts
of each sample before calculation of the total nitric oxide synthase ac-
tivity in the homogenates. After the determination of protein in the
tissue homogenates according to Lowry et al. (43), nitric oxide syn-
thase enzyme activity was calculated using the following formula: ad-
justed counts (dpm/gram of protein) X 63.1 Ci mmol ™! (sp act)/2.22 X
10° min~! (conversion rate) X 60 min.

Data analysis. All data are expressed as mean*SEM; n refers to
the quantity of animals. Statistical analysis was calculated using one-
way ANOVA, and multiple comparisons were performed using the
Newman-Keuls multiple comparison test. An associated probability
of < 5% was indicated as significant.

Results

B-galactosidase activity in Ad5LacZ-injected rats. To confirm
that Ad5 infection was successful in control and TNB-inflamed
rats and determine the relative tissue distribution of virus, Ad5
containing LacZ were injected intraperitoneally into control
and colitic rats. The peritoneal lining, diaphragm, liver, and co-
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lon from AdSLacZ-infected control and colitic rats were ex-
amined for B-galactosidase activity, and as shown in Table I,
B-galactosidase activity was present in all tissues examined. No
background B-galactosidase activity was measured in the peri-
toneal lining, diaphragm, or liver of noninfected rats from ei-
ther inflammation group, but constitutive expression of this
enzyme was present in colon samples taken from the same rats
(not shown). The greatest expression of 3-galactosidase activ-
ity after AdSLacZ injection was observed in liver biopsies
from control and colitic animals (Table I). Consistent increases
in B-galactosidase activity between the groups that received
one vs two injections of Ad5LacZ were not observed in the in-
jection site, diaphragm, or liver. However, when corrected for
endogenous bacterial B-galactosidase activity, clear increases
in B-galactosidase activities were observed in colonic tissue
taken from rats injected twice with Ad5LacZ when compared
with B-galactosidase activity in colons removed from rats in-
jected once with AdSLacZ. These data suggested that TNB-
colitis did not impair the ability of Ad5 to infect various tissues
in the rat, and also showed that two injections of virus were as-
sociated with detectable infection of distal colon.

Circulating IL-4 levels are increased after intraperitoneal
AdS5IL-4 gene transfer. Further confirmation of AdS infection
and transduction in control and TNB-inflamed rats was deter-
mined through the use of a murine IL-4 sandwich ELISA for
the measurement of serum IL-4. The murine mAbs used to de-
tect serum mIL-4 did not cross-react with rat recombinant IL-4
(not shown). On day 6 of the study, no IL-4 was detected in ei-
ther group of control or TNB-inflamed rats injected with
Ad5SLacZ (Fig. 1, A and B). However, as summarized in Fig. 1,
A and B, control and TNB-inflamed rats that received Ad5IL-4
had measurable amounts of immunoreactive serum IL-4. Con-
trol rats injected once with AdSIL-4 had 1.2+0.47 ng mIL-4/ml
of serum and two doses of AdSIL-4 augmented levels of IL-4
to 2.3+1.24 ng/ml. In rats with TNB-colitis, serum levels of IL-4
were about threefold higher in animals that received one dose
of AdSIL-4 compared with rats that received two doses of
Ad5IL-4 (9.3%+2.7 vs 3.0+2.3 ng mIL-4/ml serum).

Numerous studies of therapeutic interventions in experi-
mental and clinical IBD have shown the importance of mea-
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Figure 1. Serum IL-4 levels in control (A) and colitic rats (B) on day 6. All rats received Ad5LacZ or AdSIL-4 1 h after the start of the study or
after the induction of TNB colitis. On day 3, half of the rats were injected again (i.e., two doses) with Ad5LacZ or Ad5IL-4. Data shown repre-
sent the quantity of circulating IL-4 measured using a murine ELISA (see Methods section) and are mean+SEM of 6-8 rats per dosing group.
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Figure 2. Colon IL-4 levels in rats on day 6 after TNB administration.
All rats received AdSLacZ or Ad5IL-4 1 h after the intrarectal injec-
tion of TNB colitis. On day 3, half of the rats were injected again (i.e.,
two doses) with Ad5LacZ or AdSIL-4. Data shown represent the
quantity of IL-4 measured in supernatants from colon homogenates
(100 mg/ml) using a murine ELISA (see Methods section) and are
mean+SEM of 6-8 rats per dosing group. *P = 0.05 compared with
double-injected AdSLacZ rats with TNB colitis.

suring changes in cytokine levels in intestinal tissue. These
studies have highlighted that systemic changes in cytokine lev-
els do not necessarily mirror alterations in these mediators at
the site of intestinal inflammation. Although one injection of
AdSIL-4 in TNB-colitis rats gave the higher levels of serum
IL-4, only the dual intraperitoneal injection of AdSIL-4 was
associated with detectable quantities of immunoreactive mIL-4
(3.5%0.7 ng/ml) in the distal colon (Fig. 2).

Ad5IL-4 reduces circulating and colon IFN-y levels in
TNB-treated rats. Elevations in IFN-y have recently been de-
scribed in a murine TNB-colitis model (37) and in the
CD45RB" T cell reconstitution colitis model (18). Further,
resolution of colitis in both models is associated with a pro-
nounced reduction in IFN-y synthesis (27, 37). In the present
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Figure 4. Colon IFN-y levels in colitic rats on day 6. All rats received
Ad5LacZ or AdSIL-4 1 h after the intrarectal administration of TNB.
On day 3, half of the rats were injected again (i.e., two doses) with
AdSLacZ or AdSIL-4. Data shown represent mean+SEM of 6-8 rats
per dosing group *P = 0.05 compared with double-injected Ad5LacZ
rats with TNB colitis.

study, IFN-y was detected in a standard sandwich ELISA us-
ing murine anti-IFN-y antibodies (i.e., capture and detection)
that cross-reacted with rat IFN-y. The cross-reactivity of these
mAbs was confirmed using recombinant rat IFN-y as a stan-
dard in each ELISA assay. Levels of circulating IFN-y were
typically present at the lower limit of detection in this ELISA
(i.e., ~ 10 pg/ml). Administration of Ad5LacZ did not affect
the amount of immunoreactive IFN-y present in the control
groups (Fig. 3 A). However, control rats that were injected
with one dose of AdSIL-4 had levels of IFN-y exceeding 5 ng/
ml (Fig. 3 A) while control rats that were injected twice with
the same Ad5 expressed 3=1 ng IFN-y/ml of serum. Marked
elevations in IFN-y were observed in TNB-inflamed rats (Fig.
3 B). Neither of the Ad5LacZ treatment groups (3510 and
24+12 ng IFN-y/ml of serum, respectively) nor the AdSIL-4
group that received a single injection (28+8 ng IFN-y/ml of se-
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Figure 3. Serum IFN-y levels in control (A) and colitic rats (B) on day 6. All rats received Ad5LacZ or Ad5IL-4 1 h after the start of the study or
after the induction of colitis. On day 3, half of the rats were injected again (i.e., two doses) with Ad5LacZ or AdSIL-4. Data shown represent
mean*+SEM of 6-8 rats per dosing group. *P = 0.05 compared with double-injected Ad5LacZ rats with TNB colitis.
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rum) had circulating levels of IFN-y that differed significantly
from uninfected TNB rats (49%15 ng IFN-y/ml of serum; not
shown). However, in rats that received two doses of AdSIL-4,
circulating IFN-vy levels were reduced to 9£5 ng/ml.

Immunoreactive levels of IFN-y in colonic homogenates
from TNB-colitic rats are shown in Fig. 4. In colitic rats that
received one or two injections of Ad5LacZ, IFN-y levels were
= 1.0 ng/ml. However, in colitic rats that received one dose of
AdSIL-4, IFN-y levels approached 2.0 ng/ml (Fig. 4). Colonic
levels of IFN-y were significantly decreased in colitic rats that
received two injections of AdSIL-4 (Fig. 4), consistent with the
decreases in circulating IFN-y in these rats.

Two intraperitoneal injections of Ad5IL-4 markedly attenu-
ates macroscopic and microscopic injury in TNB-colitis. Ex-
amination of the peritoneal cavity in a rat with acute (i.e., on
day 6) TNB colitis characteristically reveals multiple adhesions
between the colon and other organs, and a markedly dilated
and thickened distal colon (32). A view of the mucosal surface
of the colon typically revealed frank ulceration, particularly in
the area of the colon exposed initially to the TNB and ethanol
enema. In the present study, we saw no deviation from this
macroscopic picture in colitic rats treated with Ad5LacZ. Out
of a total macroscopic damage score of 10, damage scores in
these groups were 7+1 and 8+2, respectively, and these values
were similar to those obtained previously in noninfected TNB-
treated rats (32). Intraperitoneal injection of control rats with
one or two doses of AdSLacZ (not shown) or Ad5IL-4 had no
effect on the macroscopic appearance of the colon. Rats that
received one ip injection of AdSIL-4 exhibited distal colonic
injury similar to that seen in the Ad5LacZ-treated groups with
a macroscopic damage score of 6+3. However, in rats injected
twice with AdSIL-4 there was a marked improvement in the
macroscopic picture, and this was reflected in a significantly
lower macroscopic injury score of 3+1. Also in contrast to the
other treatment groups, no adhesions between the colon and
other organs in the peritoneal cavity were evident. The thera-
peutic effect of two peritoneal injections of AdS5IL-4 was con-
firmed by a histologic examination of tissues from the distal
colon of TNB-treated rats. While transverse sections of distal
colon revealed marked transmural injury in tissues from the
other three Ad5S-injected groups, an intact colonic architecture
and an absence of neutrophil infiltration were observed in the
double-injected Ad5SIL-4 group. Fig. 5, A-H illustrates the his-
tologic appearance of the colon in each of the Ad5 treatment
groups. As shown in the first four panels of Fig. 5, nothing ab-
normal was observed in colon samples taken from Ad5-injected
control rats. After 6 d of colitis the microscopic picture of the
colon was vastly different. Note the presence of deep penetrat-
ing ulcers and the marked infiltrate characterized by neutro-
phils, eosinophils and lymphocytes in the AdS5LacZ groups
(Fig. 5, E and F) and the single injection Ad5IL-4 group (Fig. 5
G). Fig. 5 H illustrates the characteristic appearance of colonic
tissues removed from colitic rats that received two injections of
AdSIL-4. A marked reduction in tissue injury and inflamma-
tory cell infiltrates was readily apparent in all sections of colon
examined from these rats.

Granulocyte accumulation in TNB-treated colon is inhibited
by Ad5IL-4 treatment. Administration of Ad5LacZ or AdSIL-4
to control rats did not affect MPO activity in the distal colon
(Fig. 6 A). Similar to the histologic observations, two injections
of Ad5SIL-4 in TNB-colitis rats significantly reduced by ap-
proximately threefold the amount of MPO activity in the distal

colon (Fig. 6 B). However, MPO activity in this Ad5-injected
TNB group was still elevated above those observed in the con-
trols.

AdSIL-4 gene transfer inhibits NOS II gene expression and
colonic nitric oxide synthesis. Fig. 7 illustrates the expression
of NOS II and B-glucuronidase in the four Ad5-infected
groups examined in this study. Although B-glucuronidase gene
expression was present in all RNA samples subjected to
RT-PCR, NOS II was absent in all control colonic samples
from Ad5LacZ- and AdSIL-4-injected rats. In contrast, NOS
II gene expression was apparent in all colonic tissues removed
from TNB-inflamed rats, but NOS II gene expression was di-
minished in colon samples removed from rats injected twice
with AdSIL-4 (Fig. 7). Colonic calcium-independent or NOS
II nitric oxide synthesis, as determined by the measurement of
[*H]L-citrulline formation in colonic homogenates without ex-
ogenous CaCl,, was < 10 nmol/min per gram of protein in con-
trol rats injected twice with Ad5LacZ (Fig. 8). Two injections
of AdSIL-4 in control rats reduced colonic nitric oxide synthe-
sis approximately fivefold. On day 6 after TNB administration
and after two injections of Ad5LacZ, NOS II nitric oxide syn-
thesis was increased fivefold (Fig. 8). The increase in NOS II
activity observed here was similar to those reported previously
in the TNB colitis model (32, 35). In rats injected twice with
AdSIL-4, NOS 1II nitric oxide synthesis was significantly re-
duced by ~ 50%. The presence of L-NAME during the 60-min
reaction reduced nitric oxide synthase activity to levels ob-
served in Ad5LacZ-injected, control rats (Fig. 8).

Discussion

The present study demonstrates that increased in vivo IL-4
levels through AdS gene delivery had a marked therapeutic ef-
fect in an acute model of experimental colitis. Every parame-
ter examined indicated that a dual treatment of rats with
AdSIL-4 resulted in significantly reduced amounts of circulat-
ing and tissue IFN-y, and in a significant improvement in the
histologic appearance of the distal colon. Further, the reduc-
tion in distal colonic injury was associated with a decrease in
NOS II gene expression and calcium-independent nitric oxide
synthesis in the colon. The delivery of Ad5IL-4 to rats allowed
us to directly determine the in vivo therapeutic effect of IL-4 in
a well-characterized model of distal colonic inflammation.
While there is concern about an immune response mounted
against a foreign murine protein (44) and the Ad5 vector itself
(45), these studies were acute (i.e., 6 d) in duration permitting
a rather limited immune response by the rats to these ele-
ments. Further, the rat model of TNB-colitis provides many
advantages over the murine model recently described (37, 46).
The intestinal injury in rat TNB-colitis is mediated almost ex-
clusively by infiltrating neutrophils (47), the deleterious role of
increased nitric oxide synthesis in this model is well character-
ized (32, 35), and rats with TNB colitis respond to many of the
therapies currently used in the clinical treatment of IBD (26).
Taken together, these findings illustrate that immunoregula-
tory cytokines may have utility in the treatment of inflamma-
tory diseases of the bowel.

Why use a strategy of cytokine gene delivery by AdS rather
than the direct delivery of recombinant cytokine? The use of
an Ad5 vector offers many advantages over the bolus delivery
of recombinant cytokine. For a study extending > 6 d in rats
the amounts of recombinant cytokine required would be pro-
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Figure 6. Myeloperoxidase (MPO) activity in colon samples from control (A) and colitic rats (B) on day 6. All rats received Ad5LacZ (hatched
bars) or AdSIL-4 (solid bars) 1 h after the start of the study or after the induction of colitis. On day 3, half of the rats were injected again (i.e.,
two doses) with AdSLacZ or AdSIL-4. Data represent mean+SEM of 6-8 rats per dosing group. *P = 0.05 compared with double-injected

Ad5LacZ rats with TNB colitis.

hibitively expensive. Further, recombinant cytokines are rap-
idly cleared from the circulation resulting in a marked fluctua-
tion in the amount of the biologically active cytokine over the
course of a study. In contrast, the quantity of cytokine synthe-
sized after AdS infection can be regulated by the titer of virus
delivered and by the route of Ad5 administration (39). Using
AdS-based gene delivery techniques it has been shown that
transitory gene replenishment, vaccination, modulation of cell
proliferation, and cytokine delivery is possible (see reference 4
for review). Although previous studies using recombinant AdS
expressing cytokines have shown the potential pathological
role of cytokine over expression in the lung and intestinal tract
(6-8), this technique has also demonstrated therapeutic poten-
tial in disease processes such as cancer (9). The present study
further emphasized the importance of elucidating the thera-
peutic dose and timeframe of AdSIL-4 administration. The
therapeutic effects of a relatively small amount of adenovirus
(i.e., 3.0 X 10°) were only apparent when delivered in two sep-
arate injections 3 d apart, and these effects appeared to be re-
lated to the overexpression of IL-4 in the colon. Although one
injection of AdSIL-4 resulted in levels of circulating IL-4 that
exceeded 8 ng/ml, this increase in IL-4 was not sufficient to al-
ter the inflammatory (i.e., IFN-y levels and MPO activity) and
histologic parameters in this model of colitis. It is not readily
apparent why circulating levels of IL-4 in colitic rats injected
once with AdSIL-4 were eightfold higher than levels of control
rats that received a similar amount of adenovirus. However,
these findings may be related, in part, to the effect of elevated
IFN-vy on factors that regulate the transcription and/or transla-
tion of the IL-4 transgene. Since considerable evidence has ac-
cumulated showing that Th1-type (i.e., T cell responses charac-

terized by IFN-y synthesis) and Th2-type responses (i.e., T cell
responses characterized by IL-4 synthesis) cross-regulate one
another (47), further examination of in vivo regulation of IL-4
and IFN-y during transgene manipulation in colitis is certainly
warranted.

Careful attention has been directed at identifying strategies
to limit the inflammatory response and immune dysregulation
during IBD. Toward this goal, progress has been made in un-
derstanding the role of cell-mediated immune responses in the
intestinal mucosal lies in the maintenance of cytokine homeo-
stasis, particularly related to those cytokines involved in T cell
function. Gene knock-out murine models of spontaneous IBD
(48) have given important clues as to regulation of mucosal im-
mune system, and demonstrate that an imbalance in the T cell
response to cytokine signals in the intestinal tract has deleteri-
ous consequences. In gene-competent rodents with experi-
mentally induced IBD, recent findings support a therapeutic
role for anticytokine antibodies or recombinant immunomodu-
latory cytokines. Neurath et al. (37) found that monoclonal an-
tibodies directed against murine IL-12 abrogated established
TNB-colitis in mice, and that this therapeutic effect was associ-
ated with a marked reduction in the synthesis of Th1 cytokines
(i.e., IFN-y and IL-2) in vitro. These observations coincide
with those in the present study, in that resolution of colitis fol-
lowing two injections of AdSIL-4 was associated with a
marked reduction in circulating IFN-y levels. Herfath et al.
(49) injected recombinant murine IL-10 (rmIL-10) into rats
with granulomatous colitis, and observed a beneficial effect of
this treatment after 17 d. Rats receiving rmIL-10 had signifi-
cantly decreased macroscopic damage scores in the colon, liver
and joints, and decreased gene expression for IL-1, IL-6,

Figure 5. Histologic appearance of colons removed from control (A-D) and colitic rats (E-H) on day 6 of the study. (4) control rat that received
one dose of Ad5LacZ. (B) control rat that received two doses of Ad5LacZ. (C) control rat that received one dose of AdSIL-4. (D) control rat
that received two doses of AdSIL-4. (E) TNB-treated rat that received one dose of Ad5SLacZ. (F) TNB-treated rat that received two doses of
Ad5LacZ. (G) TNB-treated rat that received one dose of Ad5IL-4. (H) TNB-treated rat that received two doses of AdSIL-4. Note the lack of
mucosal injury in this AdSIL-4 treatment group. Original magnification for each panel was 40.
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Figure 7. Ethidium bromide—stained agarose gel demonstrating NOS
II and B-glucuronidase gene expression in full thickness colon sam-
ples removed from control and TNB-treated rats on day 6 of the
study (A). NOS II:B-glucuronidase ratio results were determined by
band densitometry, and these results and a detailed legend of each
lane are shown in B. See Methods for a detailed description of
mRNA isolation and reverse transcriptase PCR parameters. (Lane 1,
colitic rat: no virus; Lane 2, control rat: 2 injections of Ad5LacZ;
Lane 3, colitic rat: 2 injections of Ad5LacZ; Lane 4, control rat: 1 in-
jection of AdSIL-4; Lane 5, colitic rat: 1 injection of AdSIL-4; Lane 6,
control rat: 2 injections of AdSIL-4; Lane 7, colitic rat: 2 injections of
AdSIL-4; Lane 8, control rat: 2 injections of AdSIL-4; Lane 9, colitic
rat: 2 injections of Ad5IL-4.)

TNFa, and IFN-y in mesenteric lymph node and liver. How-
ever, not all attempts to attenuate experimental IBD with ex-
ogenous cytokine administration have shown similar therapeu-
tic effects. The twice daily injection of rhIL-10 into colitic rats
failed to attenuate the mucosal injury and nitric oxide synthe-
sis observed on day 5 after TNB (50). This study, unlike the
others mentioned above, addressed the effects of exogenous
rhIL-10 delivery on nitric oxide synthesis in the gut because it
is established that nitric oxide exerts an important pathologic
effect in TNB (32, 35) and experimental granulomatous colitis
(51). IL-10 treatment has also proved to be ineffective in atten-
uating the onset of colitis in HLA-B27 transgenic rats (52), an-
other model where increased nitric oxide synthesis contributes
to colonic and joint injury (53). Whether the failure of IL-10 to
attenuate the injury in these models of IBD is directly related
to the lack of attenuation of increased nitric oxide synthesis is
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currently unknown. Thus, regulation of cytokine function dur-
ing experimental and clinical IBD through the administration
of monoclonal antibodies or exogenous cytokine appears to be
a very promising therapeutic approach that deserves further
study.

Considering the importance of nitric oxide in the develop-
ment of injury in the TNB-colitis model, we examined the
effects of Ad5SLacZ and AdSIL-4 treatment on NOS II gene
expression and nitric oxide synthesis. Nitric oxide is now rec-
ognized to play a dual role in the gastrointestinal tract (54).
Constitutive synthesis of nitric oxide is critical for the mainte-
nance of normal vascular perfusion and epithelial barrier func-
tion, and removal of nitric oxide under these conditions has a
deleterious consequence for the intestinal tract (for review see
reference 54). However, under inflammatory conditions where
NOS II gene expression and function are up regulated by bac-
terial products or de novo synthesize of proinflammatory cy-
tokines, nitric oxide synthesis by this calcium-independent en-
zyme exerts a deleterious effect on many tissues, including the
gastrointestinal tract (55). The appropriate pharmacologic
studies have not been performed clinically, but the current
data suggest that increased nitric oxide synthesis by NOS I is
involved in the tissue injury and dysfunction in IBD, particu-
larly ulcerative colitis (31, 56). Experimentally, we have previ-
ously shown that the oral administration of L-NAME attenu-
ated most of the mucosal injury observed on day 6 after TNB
(32). A major caveat of this and other studies (33, 35, 36, 51)
that have used this therapeutic strategy is that L-NAME and
other nitric oxide synthase inhibitors such as L-NMMA and
aminoguanadine do not selectively inhibit NOS II activity. A
selective approach to regulating NOS II activity is found in the
ability of IL-4, IL-10, and TGF-B to transcriptionally regulate
NOS II expression in many cells (57, 58). In the intestinal tract,
Kolios et al. (59) demonstrated that IL-4, but not IL-10, con-
centration dependently inhibited the cytokine-induced expres-
sion of NOS II and nitric oxide synthesis by human colonic ep-
ithelial cells. In the present study, although we cannot
comment specifically on the NOS II-expressing cells that were
directly affected by the upregulation of IL-4, two injections of
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Figure 8. Calcium-independent NOS II nitric oxide synthesis in co-
lons taken from control and colitic rats injected on day 1 and day 3 of
the study with Ad5LacZ (open bar) or Ad5IL-4 (solid bar). Data bars
represent mean*SEM of three rats per dosing group. *P = 0.05 com-
pared with double-injected AdSLacZ rats with TNB colitis.



AdSIL-4 markedly reduced NOS II gene expression and NOS
II synthetic capacity. Thus, direct inhibitory effects of IL-4 on
the expression of NOS II in the inflamed intestine may provide
additional beneficial effects.

In conclusion, these findings represent the first demonstra-
tion of therapeutic Ad5 gene transfer in experimental IBD,
and emphasize the need for further studies on the therapeutic
potential of cytokine gene transfer in clinical IBD. The trans-
fer of IL-4 to IBD patients using gene therapy may compen-
sate for the recently described mucosal deficit in IL-4 synthesis
in these patients (27). However, the effectiveness of human
AdS expressing human IL-4 in IBD may be hampered by re-
cent observations that certain elements of the immune system
in IBD patients have diminished responsiveness to the con-
trainflammatory actions of IL-4 (20, 60). Because IL-13 has
many similar immunoregulatory characteristics of IL-4 but rec-
ognizes a separate receptor (59, 60), it is conceivable that the
use of human Ad5 expressing human IL-13 may circumvent
this problem. Considering that rhIL-10 has been used success-
fully to treat clinical IBD (21), delivery of hIL-10 using AdS-
based gene therapy certainly warrants further consideration.
In addition, other Ad5-delivered therapies that may be benefi-
cial in the treatment of IBD include human versions of anti-
TNFa (22-24) and possibly anti-IL-12 (37) monoclonal anti-
bodies.
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