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Fig. 4. HGF improves colonic erosions, and reduces large-
intestinal shortening in rats with dextran sulfate sodium
(DSS)-induced colitis. Acute colitis was induced by the ad-
ministration of 5% DSS for 7 days and maintained by feeding
with 1% DSS. After 5 days of 5% DSS administration, recom-
binant human HGF (0.2mg/day) or saline was delivered intra-
peritoneally for 6 days. Colon length (from the colorectal
junction to the anal verge) and the erosion area were mea-
sured on day 11. *P < 0.05

nant human HGF promoted wound healing in animal
models of colitis, including HLA-B27 transgenic rats,
which exhibit phenotypic changes similar to IBD.%*%
Ohda et al% showed that the intraperitoneal adminis-
tration of recombinant human HGF ameliorated DSS-
and TNBS-induced colitis through the inhibition of
apoptosis, rather than by stimulating the proliferation
of intestinal epithelial cells. Recently, Mukoyama et
al.” demonstrated that the rectal administration of
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Fig. 5. HGF ameliorates large colonic ulcers in 24.,6-
trinitrobenzene sulfonic acid (TNBS)-induced colitis in rats.
Colitis was induced by a single enema of TNBS (7.5mg; day
0). Only rats suffering from large ulcers, which occupied more
than two-thirds of the luminal circomference colonoscopically
on day 5, underwent intravenous injections of recombinant
human HGF (1mg/kg per day) for 5 days. Ulcer area, colon
length, and tumor necrosis factor-o (TNF-o) levels in colon
tissues were examined on day 10. *P < 0.05

recombinant adenovirus expressing HGF facilitated
the repair of TNBS-induced mucosal injuries, via
both enhanced cell proliferation and the inhibition of
epithelial-cell apoptosis.

Outlook for clinical applications of recombinant
human HGF

Recombinant human HGF will soon be available for
administration to patients with fulminant hepatic fail-
ure. Therefore, both the clinical availability of HGF and
its documented role in mucosal repair suggest that HGF
has the potential to be an important new treatment
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modality that promotes intestinal mucosal repair in
patients with IBD. Recently, two clinical trials using
recombinant growth factors for patients with IBD were
performed. In a phase II study of recombinant KXGF-2
for patients with active ulcerative colitis, intravenous
administration of KGF-2, at a dose of 1-50ug/kg, did
not effectively induce remission.® In that study, the
dose of KGF-2 may have been too low for any therapeu-
tic effect to be realized in IBD patients. Conversely, a
placebo-controlled trial of recombinant EGF enemas in
patients with active left-sided ulcerative colitis or proc-
titis showed that the rate of remission in patients receiv-
ing EGF enemas for 2 weeks was significantly higher
than that of the placebo-treated group.”® Given that the
efficacy of growth factors in the treatment of IBD has
been established, we are encouraged that HGF may be
a useful treatment modality. However, several issues
must be resolved before undertaking a clinical trial ex-
amining recombinant human HGF. First, because HGF
is a growth factor that promotes cell proliferation, we
cannot exclude the possibility that the repeated admin-
istration of recombinant human HGF might accelerate
carcinogenesis. Additionally, when recombinant human
HGEF is administered intravenously in a bolus, only a
fraction of the recombinant human HGF is distributed
into colonic tissues.”

Increased rates of benign and malignant tumor
formation occurred in the livers and mammary glands
of different HGF transgenic mouse strains,”™ and
diethylnitrosamine-induced hepatocarcinogenesis and
ultraviolet radiation-induced skin carcinogenesis was
accelerated in these mice.”*’¢ Although continuous
systemic expression of HGF did not promote intestinal
tumor formation, 65%-80% of HGF transgenic mice
died of intestinal pseudo-obstruction or renal failure.”
Interestingly, transgenic mice specifically overexpress-
ing HGF in the liver did not develop hepatocellular
carcinoma, and the development of hepatic neoplasms
induced by TGF-« or the c-myc transgene was inhibited
in these mice.”” These findings suggest that prolonged
exposure to high doses of HGF may accelerate
neoplastic development in multiple organs. Further
experiments are needed to clarify the potential
carcinogenicity of HGF before clinical trials can be
undertaken.

The topical administration of recombinant human
HGF may be a possible means to reduce the risk of
HGF-induced carcinogenesis. Accordingly, we previ-
ously observed that intravenously administered recom-
binant human HGF was distributed mainly to the liver,
with less HGF going to the colon,” and we also con-
firmed that the rectal administration of recombinant
human HGF did not lead to detectable levels of human
HGF in rat serum (unpublished observation). The rec-
tal administration of the recombinant growth factors
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bFGF and EGF effectively treated IBD in an experi-
mental model and a human clinical trial, respectively.
Nakase et al.® recently reported that the rectal adminis-
tration of gelatin microspheres containing IL-10 amelio-
rated colitis in IL-10-deficient mice. Therefore,
although we need to find a suitable carrier solution,
recombinant human HGF enemas may both reduce the
systemic side effects of HGF administration, including
carcinogenesis, as well as deliver HGF to the relevant
anatomic location.

Future directions

Numerous growth factors and cytokines are associated,
in a complex way, with the regeneration of injured
intestinal mucosa. Recently, a prominent role for HGF
(which was first purified as a potent agent stimulating
liver regeneration) has been found in the repair of in-
jured intestinal mucosa. A phase /Il study of recombi-
nant human HGF in patients with fulminant hepatic
failure will soon begin. Although additional preclinical
biological studies are required, we are preparing
for clinical trials to examine the safety and efficacy of
rectally administered recombinant human HGF in
patients with IBD. However, because the possibility of
HGF-associated carcinogenicity has not been com-
pletely excluded, complete informed consent is ethically
required.
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Hepatocyte Growth Factor Facilitates the Repair of Large
Colonic Ulcers in 2,4,6-Trinitrobenzene Sulfonic
Acid-Induced Colitis in Rats
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Background: Hepatocyte growth factor (HGF) modulates in-
testinal epithelial cell proliferation and migration, serving as a critical
regulator of intestinal wound healing. The aim of this study was to
clarify the effects of administration of recombinant human HGF on
colonic mucosal damage in vivo.

Miethods: Rats were given 7.5 mg of 2,4,6-trinitrobenzene sulfonic
acid (TNBS) per rectum on day 0. On day 5, the degree of TNBS-
induced colitis was evaluated endoscopically, and rats suffering from
large ulcers (occupying more than two thirds of the luminal circum-
ference) were treated with intravenous bolus injections of recombi-
nant human HGF (1.0 mg/kg per day) or phosphate-buffered saline
(PBS) for 5 days.

Results: Rats with TNBS-induced colitis given human HGF showed
a significant reduction in colonic ulcer coverage and large intestinal
shortening compared with those treated with PBS. Administration of
recombinant human HGF also stimulated the proliferation of epi-
thelial cells and reduced the inflammatory cell infiltrate. Finally, HGF
treatment decreased the myeloperoxidase activity and tumor necrosis
factor « levels in the TNBS-inflamed colon tissues.

Conclusions: These results indicate that intravenous injection of
HGF accelerates colonic mucosal repair and reduces infiltration of
inflammatory cells in rats with TNBS-induced colitis and suggest that
HGF has the potential to be a new therapeutic modality to promote
intestinal mucosal repair in patients with inflammatory bowel disease.
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(Inflamm Bowel Dis 2005;11:551-558)

he mucosal lining of the intestinal tract is composed of a
rapidly proliferating and continually renewing sheet of
epithelial cells. After mucosal injury occurs, mumerous growth
factors and cytokines, induced in both the lumen and in sub-
mucosal locations, cooperatively stimulate epithelial mucosal
repair.'™
Hepatocyte growth factor (HGF) was originally purified
from the plasma of patients with fulminant hepatic failure and
is a major agent promoting hepatocyte proliferation.*® HGF
also functions as a pleiotropic factor, acting as a mitogen, mor-
phogen, and motogen for multiple subsets of epithelial cells,
including gastrointestinal epithelial cells.*” HGF acts pri-
marily by ligating the c-Met receptor at the plasma membrane.'®
Recent studies have shown that HGF expression is stimulated
in inflamed colonic mucosal tissue in patients with ulcerative
colitis and that plasma HGF levels are increased in animal models
of acute colitis.''™"* Additionally, 2 HGF-associated molecules
involved in the activation of HGF in injured tissues, HGF
activator and HGF activator inhibitor type-1, are closely asso-
ciated with colonic mucosal repair.'*'® These findings indicate an
important role for HGF in intestinal mucosal wound healing.
The primary therapies for inflammatory bowel disease
(IBD) are anti-inflammatory and anti-immune agents such as
salazosulfapyridine, mesalazine, corticosteroids, azathioprine,
6-mercaptopurine, methotrexate, and cyclosporine.'® A chimeric
mouse-human monocional antibody against tumor necrosis
factor o« (TNFa) has also been developed and has been
extremely effective in Crohn’s discase.'” The majority of patients
with IBD benefit from these anti-inflammatory and/or anti-
immune agents, but the discase is often recurrent and intractable.
We recently reported that continuous intraperitoneal adminis-
tration of recombinant human HGF, which results in detectable
serum levels of human HGF, facilitated colonic mucosal repair
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in experimental ulcerative colitis in rats.'® Recombinant human
HGF will soon be available for treatment of patients with severe
liver disease. Therefore, in contrast to various other therapeutic
agents used to suppress inflammation and immunity, HGF has
the potential to be an important new modality for the promotion
of intestinal mucosal repair in patients with IBDs. However,
intravenously administered recombinant human HGF disap-
pears rapidly from serum because of its short half-life,'® and it
is still not clear whether intravenous injection of recombinant
HGF can facilitate wound healing of deeper and more extensive
mucosal damage. In this study, we used a rat model of experi-
mental colitis induced by a single enema of 2,4,6-trinitroben-
zene sulfonic acid (TNBS) and performed colonoscopies in all
rats given TNBS to confirm the radial extent of mucosal
damage. Only animals suffering from large colonic ulcers were
treated by intravenous bolus injections of recombinant human
HGF, and we evaluated the effect of this HGF treatment on
wound healing and inflammation.

MATERIALS AND METHODS

Animals

Male Wistar rats, 7 weeks of age and weighing between
140 and 150 g, were obtained from Japan SLC (Shizuoka,
Japan). The animals were maintained under constant room
temperature (25°C) and given free access to water and
a standard diet throughout the study. The protocol for animal
studies was approved by the ethical committee of the Graduate
School of Medicine, Kyoto University (Kyoto, Japan). All
animal experiments were performed after a 1-week acclima-
tion period. Colitis was induced in rats by administration of
7.5 mg of TNBS (Wako Pure Chemical Industries, Osaka,
Japan) per rectum, dissolved in 0.5 mL of 50% ethanol (day 0).
To evaluate the severity of colitis, the rats’ body masses and
disease activity index (DAI) scores were examined on days 1,
3,5, 7, and 10.% Rats were killed on day 10, and we measured
the length of the large intestine between the colocecal junction
and the anal verge.

Colonoscopy

Colonoscopic e¢xaminations were performed using
a BF3C40 bronchofiberscope (Olympus Co., Tokyo, Japan),
on days 5 and 10. The endoscope was inserted through the
anus of rats with TNBS-induced colitis under the inhalation
anesthesia of diethyl ether. When the endoscope was fully
inserted (~8 cm), it was possible to observe at least two thirds
of the entire colon.

Administration of Recombinant Human HGF
Recombinant human HGF was kindly provided by

Mitsubishi Pharma Co. (Tokyo, Japan). After endoscopic exami-

nation on day 5, either recombinant human HGF (1.0 mg/kg)
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in phosphate-buffered saline (PBS) or PBS alone was
intravenously injected in a bolus to TNBS-induced colitis
rats for 5 days (from days 5 to 9).

Measurement of the Area of Colonic Erosions

The large intestines of treated rats were obtained on day
10 and opened longitudinally. After measurement of colon
lengths from the colocecal junction to the anal verge, large
intestines were fixed with 10% formalin for 3 days. The areas
of colonic ulcers were measured using a VM-30 micrometer
(Olympus Co.).

Histologic Examination

As described above, the entire colon was excised
postmortem and fixed with 10% formalin for histologic
analysis. The longitudinal sections were embedded in paraffin
and stained with hematoxylin and eosin (H&E). Histologic
scoring was assessed independently by 2 investigators blinded
to the previous protocols, using the following histopatholog-
ical grading system: grade 0, normal findings; grade 1, mild
mucosal and/or submucosal inflammatory infiltrate (admixture
of neutrophils) and edema, punctuate mucosal erosions
associated with capillary proliferation, but muscularis mucosa
intact; grade 2, grade 1 changes involving 50% of the
specimen; grade 3, prominent inflammatory infiltrate and
edema (neutrophils usually predominating), frequently with
deeper areas of ulceration extending through the muscularis
mucosae into the submucosa, and rare inflammatory cells
invading the muscularis propriae but without muscle necrosis;
grade 4, grade 3 changes involving 50% of the specimen;
grade 5, extensive ulceration with coagulative necrosis bordered
inferiorly by numerous neutrophils and lesser numbers of
mononuclear cells, and necrosis that extends deeply into the
muscularis propria; grade 6, grade 5 changes involving 50% of
the specimen.*!+?

Myeloperoxidase Assay

Myeloperoxidase (IMPO) activity in the colon tissues,
which is directly related to the number and activity of
infiltrating myeloid cells, was measured as described pre-
viously.”** Colonic MPO activity is expressed in units per
gram of wet tissue.

Immunohistochemistry

To evaluate proliferation of the colonic epithelium,
50 mg/kg of S5-bromo-2'-deoxyuridine (BrdU; Wako Pure
Chemical Industries) was injected intraperitoneally 1 hour
before death, and cells synthesizing DNA were identified by
immunohistochemistry using a BrdU In-Situ Detection Kit
(BD Bioscience, San Diego, Calif.) according to the man-
ufacturer’s instructions. We then counted the BrdU-positive
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cells in 10 crypts of the normal mucosa and in the mucosa-
bordering ulcers (5 mm from the ulcer edges).

Measurement of TNFa and Interferon
in Colon Tissues

Colon tissues were homogenized in cold PBS and
centrifuged at 20,000g for 15 minutes at 4 °C. We determined
the total protein in the supernatants with a Protein Assay Kit
(Bio-Rad, Hercules, Calif.}, and TNFa and interferon -y (IFNw)
levels were measured with an enzyme-linked immunosorbent
assay (ELISA) kit (DIACLONE SAS, Besancon, France)
according to the manufacturer’s instructions.

Statistical Analysis

Unless otherwise specified, data are expressed as mean =+
SD. Statistical parameters were ascertained with Statview
J-4.5 software (Abacus Concept, Berkeley, Calif.). The differ-
ences between means were compared by the unpaired Student
t test. Values of P < 0.05 were considered significant.

RESULTS

Administration of Recombinant Human
HGF Reduced DAI Scores in Rats with Large
Colonic Ulcers Induced by TNBS

To evaluate the degree of TNBS-induced colitis before
HGF administration, we performed colonoscopic examina-
tions on day 5. Although rectal administration of TNBS in-
duced ulcers in the large intestines of all rats, approximately
80% of the animals exhibited large ulcers occupying more than
two thirds of the luminal circumference (Fig. 1A). Only rats
suffering from these larger colonic ulcers underwent treatment
with intravenous recombinant human HGF.

We evaluated body weight changes and DAI scores of
TNBS-induced colitis rats treated with PBS or HGF (Fig. 2).
Body weights decreased until 5 days after TNBS administra-
tion and then gradually increased. Treatment with HGF did not
affect sequential changes in body weight (Fig. 2A). However,
in TNBS colitis rats given human HGF, the DAI scores were
significantly reduced (3.7 = 0.7) compared with those given
only PBS (5.1 * 0.4) by day 10 (P = 0.0001; Fig. 2B).

HGF Administration Facilitated the
Repair of Colonic Ulcers and Reduced
Colitis-induced Shortening of the
Large Intestine

Because experimental colitis induced by a single enema
of 7.5 mg TNBS spontaneously disappeared within 12 to
14 days, the colonic ulcers and the lengths of the large intestine
were examined in rats treated with either PBS or HGF on day
10. Before death, we evaluated colonoscopic appearance in
PBS- or HGF-treated rats (Fig. 1B). In PBS-treated rats, the
depth of colonic ulcers was slightly reduced compared with

© 2005 Lippincott Williams & Wilkins
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FIGURE 1. Representative colonoscopic appearances of large
colonic ulcers in TNBS-administered rats. A, colonoscopies were
performed 5 days after a single enema of TNBS (7.5 mg/rectum).
Administration of TNBS induced large and deep colonic ulcers
that occupied more than two thirds of the luminal circumfer-
ence in 80% of rats. B, on day 10, rats treated with PBS or
recombinant human HGF were subjected to colonoscopies.
Rats treated with PBS exhibited large colonic ulcers that bled
readily from the bordering mucosa, whereas those treated with
HGF exhibited reduced ulcer size and mild contraction of the
mucosa surrounding healing ulcers.
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FIGURE 2. Intravenous HGF administration reduces disease
activity but does not affect changes in body weight in rats with
TNBS-induced colitis. After rectal TNBS administration, se-
quential changes in body weight (A) and DAI (B) were
examined in PBS- or HGF-treated rats (O, n = 8; @, n = 9).
Although the intravenous injections of recombinant human
HGF for 5 days did not affect the changes in body weight, the
disease activity in rats treated with HGF was significantly
reduced on day 10 (*, P = 0.0001).

those developed by day 5 after a single enema of TNBS (Fig.
1A), but the large colonic ulcers still remained, and bleeding
from the bordering mucosa occurred readily. In contrast,
HGF-treated rats exhibited remarkable amelioration of colonic
ulcers, with mild contraction of the surrounding mucosa (Fig.
1B). After death, we measured the areas of colonic ulcers and
the colon lengths (Fig. 3). In TNBS-induced colitis rats treated
with recombinant human HGF, the areas covered by ulcers
within the large intestine were significantly reduced in size
(544 * 32.3 mm?) compared with those treated with PBS
(112.8 + 61.2 mm?% P = 0.037; Fig. 3A), and the colons were
significantly longer (13.3 £ 0.7 cm) than those in PBS-treated
rats (11.8 = 1.7 cm; P = 0.043; Fig. 3B).
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Intravenous Injection of Human HGF
Enhances the Regeneration of the Colonic
Epithelium and Decreases the Inflammatory
Cell Infilirate in Rats with TNBS Colitis

We also evaluated the effect of HGF on TNBS-induced
colonic ulcers in rats by histologic analysis. In TNBS-induced
colitis rats treated with PBS, extensive mucosal damage,
inflammatory cell infiltrates, and edema were observed on day
10 (Fig. 4A). After treatment with recombinant human HGF for
5 days, rats with TNBS colitis had an enhanced regenerative
epithelium and a decrease in inflammatory cell infiltrates (Fig.
4A). Consequently, HGF administration significantly reduced
the histologic score to 4.3 = 0.9 compared with 5.4 = 0.9 for
PBS-treated rats (P = 0.030; Fig. 4B). Next, we measured MPO
activity in normal or TNBS-inflamed colon tissues with or
without HGF treatment to evaluate the degree of inflammation.
Although the MPO activity was significantly increased in
TNBS-inflamed colon tissues (12.29 = 0.98 U/g wet tissue on
day 10 compared with 0.75 % 0.44 for normal colon tissues;
P = 0.0009), administration of recombinant human HGF
significantly reduced the accumulation of MPO in TNBS-
inflamed colons by approximately 50% (6.41 = 1.94 U/g wet
tissue; P = 0.0013).

We examined the BrdU labeling index to evaluate the
proliferation of the colonic epithelium (Fig. 5). In TNBS co-
litis rats treated with PBS, BrdU-positive epithelial cells at
the edges of ulcers increased to 12.2 = 7.9/crypt compared
with those in normal mucosa (1.7 + 2.1/crypt). When the rats
were treated with recombinant human HGFE, we observed
a significant increase in BrdU-positive cells within both the
mucosal epithelium surrounding colonic ulcers (30.4 = 2.4/crypt)
and the normal mucosal epithelium (11.3 = 1.5/crypt; P =
0.047 and 0.004 in comparison with PBS-treated rats,
respectively; Figs. 5, A and B).

TNBS-induced Colitis Rats Treated with
Recombinant Human HGF Exhibited
Reductions in TNFa and IFNy in
Colon Tissues

Because rats treated with human HGF exhibited a re-
duction in inflammatory cell infiltrates, we examined colonic
tissue levels of TNFa and IFNy (Fig. 6). After administration of
TNBS, tissue levels of TNFa were 20.8 = 3.5 and 20.2 + 2.9
(pg/mg protein) on days S and 10, respectively (Fig. 6A).
Colonic TNFa levels were 13.6 *+ 4.8 pg/mg protein on day 10
in rats treated with recombinant human HGF (P = 0.028).
Levels of IFNy in colon tissues on day 5 (23.8 = 3.9 pg/mg)
were similar to those in normal rats (day 0; 19.5 = 10.0 pg/mg;
Fig. 6B). TNBS-induced colitis rats given PBS exhibited
a significant increase in colon tissue IFN+y on day 10 (51.1 =
13.7 pg/mg) compared with those on day 5 (P = 0.003). In rats
treated with recombinant human HGE the IFNvy level in colon
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FIGURE 3. Administration of HGF reduces colonic ulcers and
prevents shortening of the large intestine in rats with TNBS-
induced colitis. The areas of the colonic ulcers and the lengths
of the large intestines in PBS- or HGF-treated rats with TNBS-
induced colitis (n = 8 or 9, respectively) were determined
on day 10. A, the areas of colonic ulcers in rats treated with
recombinant human HGF were significantly reduced com-
pared with uicers in PBS-treated rats (*, P=0.037). B, the large
intestines of rats treated with HGF were significantly longer
than those treated with PBS (*, P = 0.043).
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FIGURE 4. Intravenous injection of recombinant HGF en-
hances colonic epithelium regeneration and decreases the
inflammatory infiltrate in rats with TNBS-induced colitis. Large
intestines, which were obtained on day 10 from colitis rats
treated with PBS or HGF (n= 8 or 9, respectively), were opened
longitudinally and stained with H&E. A, represen-
tative microscopic appearance of colonic ulcers in PBS- and
HGF-treated rats. In TNBS-induced colitis rats treated with PBS,
extensive mucosal damage and marked inflammatory cell
infiltration were observed on day 10. Treatment with
recombinant HGF enhanced the development of regenerative
epithelium and reduced inflammatory cell infiltrates and
edema (magnifications, X100). B, blind histologic scoring
was performed. Rats treated with PBS had a higher his-
tologic score than those treated with recombinant human
HGF (*, P = 0.030). C, MPO activity in the normal (N) or
TNBS-inflamed colon tissues (n = 3 or 4, respectively) was mea-
sured. Colonic MPO activity observed on day 10 in rats with
TNBS-induced colitis was significantly higher than in nor-
mal rats (*, P = 0.0009). HGF treatment significantly reduced
the MPO activity in rats with TNBS-induced colitis (**, P =
0.0013).
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tissues was reduced to 36.8 = 9.7 pg/mg; however, the dif-
ference was not significant (P = 0.067).

DISCUSSION

In this animal model of TNBS-induced colitis, gran-
ulomas with inflammatory cell infiltrates in all layers were
visible in the intestine.” Isolated macrophages produce large
amount of interleukin (IL.)-12, and lymphocytes produce large
amounts of [FN+v and IL-2, indicating that the colitis in this
model is induced by a T-helper type 1 response.®® Thus, animals
with TNBS-induced colitis are considered an appropriate
model for Crohn’s disease. Susceptibility to TNBS varies in
each animal, however, resulting in different colitis levels after
a single enema of TNBS. In this study, we performed
colonoscopic examinations 5 days after the TNBS enema, and
only animals with large colonic ulcers—80% of TNBS-treated
rats—were given HGF. Using colonoscopy in living animals,
we were able to evaluate not only the severity of colitis, but
also the healing process of the injured mucosa. Colonoscopic
examination of rodents has been recently reported to be feasible
and enables continuous observation of dextran sulfate sodium
(DSS)-induced colitis without the need for death.?”-*® Therefore,
colonoscopy is advantageous to evaluate the response of injured
colonic mucosa to experimental therapeutics.

We have previously reported that the continuous intra-
peritoneal delivery of recombinant human HGF allows detec-
tion of the human HGF in rat serum and successfully stimulates
colonic mucosal repair in rats with DSS-induced colitis.'®
Recombinant human HGF circulating in the blood is thought
to interact with c-Met, a specific receptor for HGF expressed
on the basolateral membranes of intestinal epithelial cells,*
and this interaction leads to the stimulation of cell migration
and proliferation. In this study, daily intravenous bolus
injections of recombinant human HGF stimulated the prolif-
eration of colonic epithelial cells and facilitated the repair of
the deep and large TNBS-induced colonic ulcers. The healing
of deeper, penetrating injuries requires reparative mechanisms
involving not only epithelial cells, but also nonepithelial cells,
angiogenesis, -and scarring responses in the submucosal and

FIGURE 5. Proliferation of colonic epithelial cells is stimulated
by intravenous administration of recombinant human HGF. A,
representative photographs of BrdU immunohistochemistry in
normal mucosa (a and b) and that bordering ulcers (c and d) in
rats with TNBS-induced colitis, which were administered PBS
(a and ¢) or recombinant HGF (b and d; magnifications, X400).
B, BrdU-positive cells were counted, and the number of
positive cells per crypt was calculated. In rats treated with PBS
alone (n = 8), BrdU-positive cells in the mucosa-bordering
ulcers were increased in comparison with those in the normal
mucosa. HGF administration, however, stimulated the pro-
liferation of epithelial cells in both normal and border mucosa
(* and **, P = 0.004 and 0.047, respectively; n = 9).
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FIGURE 6. HGF administration reduces TNFa and IFNvy in colon
tissues of rats with TNBS-induced colitis. The levels of TNFa and
IFNy in colon tissues treated with PBS or HGF were determined
by ELISA on days O (normal rat), 5, and 10 of TNBS ad-
ministration (n = 4). A, intravenous HGF administration
significantly reduced TNFa in colon tissues compared with
those in PBS-treated rats on day 10 (*, P = 0.028). B, rats given
TNBS exhibited a significant increase in IFNy levels in colon
tissues by day 10 (*, P= 0.003 compared with those on day 5).
The IFN'y levels in colon tissues of HGF-treated rats decreased by
day 10. However, these differences were not statistically
significant (P = 0.067) compared with those of PBS-treated rats.
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serosal layers of the intestines. In such a response, angio-
genesis is initiated and fibroblasts participate in depositing
extracellular matrix components and in shaping the resulting
granulated tissue.*® HGF is known to act not only on epithelial
cells, but also on nonepithelial cells (including vascular
endothelial cells), and also functions as an angiogenic factor.?!
Therefore, despite the short half-life of the recombinant
protein (~2.5 min),'® intravenous bolus injections of human
HGF may effectively ameliorate TNBS-induced colonic ulcers.
Additionally, because HGF also acts as an antifibrogenic and
angiogenic factor, its administration may potentially suppress
development of fibrosis, which causes intestinal stenosis in
patients with Crohn’s disease.

In injured intestinal tissues, myofibroblasts beneath the
epithelial lesion are known to secrete HGE**** Inflammatory
cells, such as neutrophils, also produce HGF along with
proinflammatory cytokines.* Thus, HGF plays a pivotal role
in tissue repair. Recently, several groups have reported that HGF
induces lymphocyte function-associated antigen-1-mediated
adhesion of neutrophils to endothelial cells and also stimulates
transmigration of inflammatory cells, including neutrophils and
lymphocytes.*>7 These findings suggest that HGF participates
in the activation of the nonspecific cellular inflammatory
response in the microenvironment of injured tissues. In this
study, although TNBS-induced colitis rats treated with PBS
exhibited remarkable infiltration of inflammatory cells, expand-
ing deeply into the large intestinal wall, the inflammatory cell
infiltrate and the corresponding increase in proinflammatory
cytokines were reduced by treatment with recombinant human
HGE The effect of exogenous HGF on the immune and
inflammatory cells in the submucosa remains obscure. However,
it is possible that HGF-induced enhancement of mucosal repair
allows for a more rapid recovery of epithelial barrier function,
leading to a reduced exposure to various luminal agents that
contribute to persistent colitis. Therefore, the observed reduction
of inflammation in HGF-treated rats may result from a decrease
in exposure to luminal stimuli rather than from the direct
influence of HGF on immune and inflammatory cells.

We have recently reported that recombinant human
HGF, injected intravenously in a bolus, primarily distributes to
the liver and that the HGF content in colon tissues is much
smaller than in liver, spleen, adrenal glands, and kidneys.'® We
show here that daily intravenous bolus injections of
recombinant HGF for 5 days ameliorated large colonic ulcers,
despite the small amount of recombinant protein that is
supposedly delivered to colonic tissues. c-Met is expressed on
basolateral membranes of intestinal epithelial cells,”® and an
increase in recombinant HGF circulating in the blood is
therefore considered to stimulate mucosal repair. However,
once intestinal mucosal injury occurs, intracellular junctions
between epithelial cells are loosened, and the separation,
spreading, and migration of epithelial cells are facilitated
by the reparative process. This suggests that, compared with
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normal mucosa, the distribution of c-Met in epithelial cells is
altered. Therefore, luminal administration of recombinant hu-
man HGF also has the potential to ameliorate intestinal tissue
injury with less adverse side effects, such as renal toxicity.
In conclusion, we performed -colonoscopies in living
animals to study the various susceptibilities to TNBS in each
animal, and we showed that repeated intravenous injections of
recombinant human HGF facilitates the repair of large, deep
colonic ulcers in a rat model of TNBS-induced colitis.
Clarification of the carcinogenic risk will require further study,
as will the development of an efficient drug delivery system.
However, in confrast to anti-inflammatory or anti-immune
agents, recombinant human HGF may be a new modality to
eradicate uncontrolled and perpetuated inflammation through
enhanced mucosal wound healing in patients with IBD. Addi-
tionally, because HGF induces a rapid recovery of the epi-
thelial barrier, HGF treatment may also be more physiological
than treatments with anti-inflammatory or anti-immune agents.
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The intestinal epithelium is the largest surface area that
is exposed to various pathogens in the environment,
however, in contrast to the colon the number of bac-
teria that colonize the small intestine is extremely low.
Paneth cells, one of four major epithelial cell lineages in
the small intestine, reside at the base of the crypts and
have apically oriented secretory granules. These gran-
ules contain high levels of antimicrobial peptides that
belong to the a-defensin family. Paneth cells secrete
these microbicidal granules that contain a-defensins
when exposed ex vivo to bacteria or their antigens, and
recent evidence reveals that antimicrobial peptides, par-
ticularly o-defensins, that are present in Paneth cells
contribute to intestinal innate host defense.

Multicellular organisms use various strategies to protect
themselves against microbes. In mammals, the immune
system is the host’s defense against possible pathogens
and consists of innate and adaptive immune mechanisms.
Adaptive immunity, which is only found in vertebrates, is
well characterized. By contrast, innate immunity is not
considered as a vital defense system because it is thought
to consist of only passive, non-specific reactions. It is
known that non-vertebrates, such as insects and plants,
produce antimicrobial peptides (AMPs) and that these are
the effectors of the innate immune response {1-3].
Vertebrates, ranging from fish and frogs to humans, also
produce these endogenous AMPs [4-7].

A continuous monolayer of gastrointestinal epithelial
cells functions as the primary physical barrier against
microbial invasion. There is much evidence to support the
hypothesis that a variety of epithelia are actively involved
in the innate host defense [8]. In intestinal epithelia,
Paneth cells are the producers of AMPs [9-11]. Recent
analyses of the molecular mechanisms that AMPs and
pattern recognition molecules use in innate immunity
have illustrated that this type of immune response is a
vital, evolutionarily conserved and complex system for
responding to microbial infection [12-14]. AMPs,
especially defensins, are summarized in Box 1 (see also
Table 1). In this review, recent advances in understanding
the roles of Paneth cells and their AMPs in innate host
defense will be discussed and summarized.

Corresponding author: Tokiyoshi Ayabe (ayabe@asahikawa-med.acjp).

Innate immunity in intestinal mucosa

The mammalian intestinal epithelium is the largest host
surface area that is exposed to pathogens. It is well known
that the number of bacteria that colonize the small
intestine is extremely low relative to that found in the
colon. Factors that result in the low bacterial numbers of
the small intestinal lumen include barriers such as
intestinal motility, digestive juice, mucus or the immune
cell response (Box 2). The role of adaptive immunity in
small intestinal responses to infection has been vigorously
studied, particularly with respect to the contribution of
gut-associated lymphoid tissue, y8-T cells or cytokines,
such as interleukin (IL)-2, IL-7 and IL-18 [15-17]. By
contrast, the concept that innate immunity is a key
component of the small intestinal barrier had not received
extensive consideration until recently. Phagocytes that
migrate from circulation and reside in the lamina propria
probably have a role in the removal of invasive microbes.
In addition, the small intestine is known to contain AMPs

Box 1. Defensins as antimicrobial peptides (AMIPs)

Antimicrobial peptides (AMPs) are small peptides, usually consisting
of less than 40 amino acids, which have a broad spectrum of
microbicidal activities against Gram-negative and Gram-positive
bacteria, fungi, protozoa and even enveloped viruses [13]. More than
500 AMPs have been discovered, and because of their structural
diversity they have been classified on the basis of their secondary
structure: magainins and numerous cathelicidins contain an
o-helical structure, defensins have a B-sheet that contains three
disulphide bonds, and a cathelicidine, known as PR-39, has a linear
non-a-helical structure [46-50],

Defensins consist of cationic AMP families: o-defensins,
B-defensins and 0-defensins. Defensin peptides function in a
non-oxidative microbicidal manner against a variety of microbes.
The a-defensins were among the first AMP families to be character-
ized, having been defined as major constituents of the primary
granules of mammalian phagocytic leukocytes [51]. In addition,
a-defensins are abundant in cytosolic granules of Paneth cells in
human and mouse small intestine [9,10}. Amino acid sequences of
some mouse and human a-defensins are shown in Table 1 in the
main text. B-defensins are more widely expressed, being detected in
neutrophils, airway epithelium, kidney, pancreas, salivary gland,
skin and on every mucosal surface that has been investigated
[51-53]. The first circular peptide to be discovered in the animal
kingdom was the 6-defensin that is found in primate neutrophils; this
defensin is a potent salt-insensitive microbicidal molecule [54].
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Table 1. Amino acid sequences of a-defensins in mouse and
human

In mouse Paneth cells

Cryptdin-1 LRDLVCYCHSRGCKGRERMNGTCRKGHLLYTLCCR
Cryptdin-2 LRDLVCYCKTRGCKRRERMNGTCRKGHLMYTLCCR
Cryptdin-3 LRDLVCYCRKRGCKRRERMNGTCRKGHLMYTLCCR
Cryptdin-4 GLLCYCRKGHCKRGERVRGTC-G-IRFLYCCPRR
Cryptdin-5 LSKKLICYCRIRGCKRRERVFGTCRNLFLTFVFCCS
Cryptdin-6 LRDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR

In human neutrophils (HNP-1 ~ HNP-4) and Paneth cells (HD5 and
HD§)

HNP-1 ACYCRIPACIAGERRYGTCIYQGRLWAFCC
HNP-2 CYCIPACIAGERRYGTCIYQGRLWAFCC
HNP-3 DCYCRIPACIAGERRYGTCIYQGRLWAFCC
HNP-4 VCSCRLVFCRRTELRVENCLIGGVSFTYCCTRVD
HD5 ATCYCRTGRCATRESLSGVCEISGRLYRLCCR
HD6 AFTCHCRRS-CYSTEYSYGTCTVMGINHRFCCL

that might contribute to the innate immunity against
microbial colonization.

The intestinal epithelium is continually renewed
throughout mammalian life, as the progeny of stem cells
migrate from their site of origin in crypts upward onto villi,
during which time they differentiate into columnar cells,
enteroendocrine cells or goblet cells. In contrast to these
three epithelial lineages, Paneth cells [18] migrate down-
ward from the stem cell zone toward the base of the crypt.
Evidence from many lines of investigation support the
hypothesis that the release of AMPs by epithelial cells
contributes to innate mucosal immunity. In the small
intestine, only Paneth cells appear to contain and release
AMPs. M cells are known to exist in gut-associated
lymphoid tissue, and pathogens or allergens are taken
via M cells and presented to lymphocytes. This is an
example of crosstalk between innate and adaptive immu-
nity in the gut.

The role of Paneth cells in host defense

Paneth cells at the base of crypts in the small intestine
contain lysozyme, secretory phospholipase As; and
a-defensins in secretory granules, all of which have
in vitro antimicrobial activities [19,20]. In contrast to
villus enterocytes that have a lifetime of 2—3 days, Paneth
cellslive for more than 20 days and are renewed at a slower
rate. In certain abnormal inflammatory conditions,

Box 2. Factors involved in barrier functions for
gastrointestinal tract

e Low pH of gastric juice

e Mucus

o Intestinal motility

e Tight junctions

e Regeneration of epithelial cells

o Antimicrobial peptides (e.g. defensins)
o Antimicrobial proteins (e.g. lysozyme and lactoferrin}
e Paneth cells

e Phagocytic cells

s Lymphocytes

e Antibodies

o Gut-associated lymphoid tissues

o Mcells

e Normal fiora
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Paneth cell-like cells can be found ectopically, such as in
the colon during inflammatory bowel disease or in the
pancreas during chronic pancreatitis [21]. The roles of
tumor necrosis factor (TNF)-a, NOD2, CD95 ligand and
zinc-binding proteins in Paneth cells are not understood,
but their presence suggests that Paneth cell secretions
might influence many different activities in the micro-
environment of the crypt [22-24]. Recently, NOD2
expression in Paneth cells of both normal and Crohn’s
disease patients was reported [25].

Paneth cell a-defensins, cryptdins in mice, and HD5
and HD6 in humans are antimicrobial constituents of
apically oriented granules that have been shown to exhibit
potent antimicrobial activities against microorganisms
(including Gram-positive and Gram-negative bacteria,
fungi and protozoa) in assays in vitro [26]. They have
been recovered from intact tissue and from the lumen of
the small intestine. As typical «-defensin family peptides,
cryptdins are cationic peptides ranging from 3 to 4
kilodaltons in size. Six cryptdin peptides, cryptdin-1 to
cryptdin-6, have been isolated and characterized in mice.

Satoh et al. [27,28] concluded from microscopic obser-
vations that in vivo fecal administration to the ileum
induced morphological changes in Paneth cells in rat small
intestine. When small intestinal crypts were stimulated
in vitro by a cholinergic secretagogue, the Ca?" dynamics
were detected exclusively in Paneth cells [29]. Garabedian
et al. [30] have shown that mice transgenic for attenuated
diphtheria toxin A, which is expressed under the direction
of the mouse cryptdin-2 gene promoter (CR2-tox), were
deficient in mature Paneth cells. Because CR2-tox mice
exhibited no phenotype in a conventional specific patho-
gen-free environment, the authors suggested that anti-
microbial factors produced by Paneth cells are not required
to prevent microbial colonization in a laboratory setting.
However, because of the transient Paneth cell deficiency
phenotype in CR2-tox mice, the function of Paneth cells
and the role of their AMPs remain to be defined.

Proteolytic activation is required for precursors of
a-defensin peptides to have microbicidal activity. In
mouse small intestine, matrix metalloproteinase-7
(MMP-7, also known as matrilysin) colocalizes with
cryptdins in Paneth cell granules and is the processing
enzyme for procryptdins. Wilson et al. [31] showed that
MMP-7-deficient mice, which lack mature cryptdins,
exhibited decreased antimicrobial activity against orally
administered bacteria in vivo, and were more susceptible
to oral Salmonella infection than wild-type mice [31]. This
was the first evidence that AMPs derived from Paneth cells
contribute to the innate enteric host defense in vivo. In
mice, the activation of cryptdin peptides by MMP-7
primarily occurs before secretion [32]. In human Paneth
cells, a trypsin expressed in Paneth cell granules processes
HD5. However, activation of HD5 occurs at secretion or
shortly thereafter, because mature HD5 is not detected in
Paneth cells [33].

In contrast to mice, human Paneth cells lack MMP-7.
Human Paneth cells release the a-defensin HD5 precur-
sor, proHD5g0_94), into the small intestinal lumen, which
is then processed rapidly after secretion by anionic and/or
meso isoforms of trypsin [34,35]. The trypsin cleavage site
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in proHD550.94) lies between residues R62 and A63 and
gives rise to the major form of the mature peptide found in
washes of the small intestinal lumen [33]. The differences
between mouse and human a-defensin processing suggest
that the capacity for releasing mature microbicidal
o-defensins is conserved, but that differing mechanisms
have evolved to ensure the delivery of functional peptides
into the lumen.

Microbicidal secretions by Paneth cells in response to
bacteria

Paneth cells secrete o-defensins and other granule
constituents in response to carbamyl choline, bacteria or
their antigens, such as lipopolysaccharide (LPS) and
muramyl dipeptide [35]. In mice, cryptdins constitute
the majority of antimicrobial activity in Paneth cell
secretions. Although the mechanisms are not known, the
observation that bacteria induce Paneth cell secretion
selectively suggests that a regulated pathway links
bacterial recognition to the exocytotic apparatus. As
illustrated in Figure 1, these recent studies have defined
the role of the Paneth cell in innate enteric immunity and
have established a new role of mucosal immunity at the
intestinal epithelial surface. The Ca®"-activated potas-
sium channel, mIKCal, is Paneth cell-specific in mouse
small intestinal epithelium and functions in the secretory
response of Paneth cells to bacteria [32]. For example,
IKCal channel-specific blockers inhibited LPS-induced
release of cryptdins by Paneth cells in a dose-dependent
manner [36]. Studies using mice transgenic for HD5,
which express human Paneth cell a-defensin, showed that
HD5 in mouse Paneth cells is highly protective against an
orally administered lethal dose of virulent Salmonella
[37]. These findings further confirm that Paneth cell
a-defensins contribute to innate enteric immunity. To date,
there is no evidence to suggest how Paneth cells recognize
individual bacteria. Although Paneth cells might not
selectively recognize differences between commensal or
virulent bacteria, they do recognize bacterial factors [35].
Paneth cells are responsible for maintaining the homeo-
stasis of the villus—crypt microenvironment by controlling
the portal of microbes.

Enteric bacteria @ 00

Columnar cell
Goblet cell
Enteroendocrine cell

a-defensins
Stem cell

Paneth cell

Figure 1. Secretion of microbicidal a-defensins by Paneth cells in response to
bacteria. Small intestinal Paneth cells contribute to mucosal innate host defense
by sensing bacteria or bacterial antigens, such as lipopolysaccharide, and
secreting microbicidal peptides, particularly a-defensins [35).
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The contribution of Paneth cell a-defensins to enteric
mucosal immunity is most evident from the phenotype of
mice transgenic for the human Paneth cell a-defensin HD5
(tg-HD5) [37]. These tg-HD5 mice specifically express the
human minigene in Paneth cells and are completely
immune to oral infection by Salmonella enterica serovar
Typhimurium, even when challenged orally with an
inoculum that is 1 X 10* times the LD5, (lethal dose 50).
Recently, recombinant HD5 and mouse cryptdins have
been found to have similar bactericidal activities against
wild-type S. typhimurium (H. Tanabe, A.J. Quellette and
C.L. Bevans, unpublished), dispelling the view that
immunity to Salmonella results from the introduction of
a peptide with superior bactericidal activity. Perhaps the
presence of HD5 in mouse Paneth cell secretions modifies
the composition of the microflora by unknown selective
means, conferring greater resistance to S. typhimurium.

A recent report has presented evidence that oral
inoculation of mice with wild-type S. typhimurium
decreased levels of cryptdin mRNAs and peptides [38].
Interestingly, inoculation with attenuated Salmonella
serovar Typhimurium strains and strains lacking the
SPI1 type Il secretion system, or Listeria monocytogenes,
did not modulate cryptdin levels. The authors speculated
that the observed effects could have resulted from direct
interactions between Salmonella and Paneth cells or from
the effects of Salmonella on villous enterocytes, therefore
leading to induced release of mediators from the entero-
cytes via a p38-signaling pathway. It will be of interest to
discern the molecular and cellular details of these events
in the gut and to test whether tg-HD5 mice exhibit a
similar downregulation of cryptdin gene expression.

Future perspectives

Much of Paneth cell biology and the role or responses of
Paneth cells and their AMPs to immunopathologies
remain open questions. For instance, the stem cells that
continuously renew the small intestinal epithelia have not
been identified or isolated. Thereforz, the mechanisms
that regulate transcription and signaling in regeneration
and differentiation of individual cell lineages of the small
intestine, including Paneth cells, remain obscure. The
relationship between several diseases and AMPs has been
reported. Among them, the B-defensin dysfunction in
patients with cystic fibrosis and the protective role of a
cathelicidin (LL37) against skin infections have been
described {39-42]. In the intestine, associations exist
between Paneth cell a-defensins and necrotizing entero-
colitis in immature babies, but causal relations have not
been established [43]. In Crohn’s disease, mutations in the
NOD2 gene (involved in cytoplasmic recognition of
bacterial antigens) correlates with susceptibility to the
disease [44,45]. Paneth cells express NOD2 in the small
intestinal crypts of both healthy volunteers and patients
with Crohn’s disease [23]. Because NOD2 is not a
membrane-bound molecule but a cytoplasmic molecule,
it might not be a direct target for bacterial recognition. To
clarify the signal transduction molecules that are associ-
ated with bacterial recognition in Paneth cells, intact
Paneth cells are now tested at the single cell level. On the
basis of current information regarding molecules found in
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Figure 2. Possible biological and immunological responses via Paneth cells. Paneth cells reside in the bottom of small intestinal crypts and might regulate certain biological
and immunological small intestinal responses. Secretory granules contain many bioactive factors, Crosstaiks between microbes and Paneth cells, and between Paneth
cells and matrix components, including cells in adaptive immunity and mesenchymal cells, might take place in the crypt microenvironment.

Paneth cells as well as hypothetical molecules, Figure 2
describes the possibilities for crosstalk between microbes
and Paneth cells, and between Paneth cells and matrix
components, including cells involved in the adaptive
immune response and mesenchymal cells. Residing in
the bottom of crypts, Paneth cells might regulate certain
biological and immunological small intestinal responses.
Alternatively, these cells might arise in greater numbers
during inflammatory episodes to provide higher local
levels of a-defensins in response to the possibility of
increased infectious threat.

The use of antibiotics saves a lot of human lives from
many serious infections. Even so, there are disadvantages
agsociated with such usage, including the increase in the
number of multiple antibiotic-resistant microbes, the high
rate of opportunistic infections that are appearing in
hospitals and also cost-benefit issues. Some advantages for
the use of AMPs can be highlighted by mechanisms that
do not result in microbial resistance compared with the use
of antibiotics, and also the relative safety of their use
because they are host-endogenous peptides. In the USA,
efforts have already commenced to investigate the poten-
tial use of AMPs in the treatment of infectious diseases or
complications caused by pathogens that are resistant to
conventional antibiotics.

Concluding remarks

Innate immunity plays a crucial role in intestinal host
defense. The epithelial innate host defense is not a passive
nonspecific process, but a potent well-regulated system.
The molecular basis of signaling molecules in innate
enteric immunity and possible pathological contributions
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of Paneth cells and their AMPs to human diseases has
attracted increasing attention. The time might be oppor-
tune for testing cohorts of patients for evidence of genomic
or proteomic polymorphisms that could alter the synthesis,
function or delivery of innate immune mediators by this
unique epithelial cell.
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Induction of interleukin-8 preserves the angiogenic
response in HIF-lo—deficient colon cancer cells

Yusuke Mizukami!, Won-Seok Jo!, Eva-Maria Duerr!, Manish Galal, Jingnan Lil, Xiaobo Zhangl,
Michael A Zimmer?, Othon Iliopoulos?, Lawrence R Zukerberg?®, Yutaka Kohgo*, Maureen P Lynch?,

Bo R Rueda’® & Daniel C Chung!

Hypoxia inducible factor-1 (HIF-1) is considered a crucial
mediator of the cellular response to hypoxia through its
regulation of genes that control angiogenesis*-4. It represents
an attractive therapeutic target®© in colon cancer, one of

the few tumor types that shows a clinical response to
antiangiogenic therapy’. But it is unclear whether inhibition
of HIF-1 alone is sufficient to block tumor angiogenesis®°.

In HIF-1a knockdown DLD-1 colon cancer cells (DLD-1HIFkd),
the hypoxic induction of vascular endothelial growth factor
(VEGF) was only partially blocked. Xenografts remained highly
vascularized with microvessel densities identical to DLD-1
tumors that had wild-type HIF-1a (DLD-1HF)_|n addition to
the preserved expression of VEGF, the proangiogenic cytokine
interleukin (IL)-8 was induced by hypoxia in DLD-1HIFkd byt
not DLD-1HIF-¥t cells, This induction was mediated by the
production of hydrogen peroxide and subsequent activation of
NF-kB. Furthermore, the KRAS oncogene, which is commonly
mutated in colon cancer, enhanced the hypoxic induction of
IL-8. A neutralizing antibody to IL-8 substantially inhibited
angiogenesis and tumor growth in DLD-1HFd byt not DLD-

1/ 1HIFwt yenografts, verifying the functional significance of this

1L-8 response. Thus, compensatory pathways can be activated
to preserve the tumor angiogenic response, and sirategies
that inhibit HIF-1« may be most effective when IL-8 is
simultaneously targeted.

We subcutaneously injected DLD-1 cells, which contained either
wild-type HIF-1o or HIF-lot stably knocked down by siRNA!0
(DLD-1HIF%t or DLD-1HIFkd regpectively), into CD1 nude mice.
Four weeks after inoculation, tumor volumes and weights were
significantly lower in DLD-1"5* tumors (Fig. 1a,b), indicating an
important role for HIF-1 in tumor growth in vivo. We confirmed this
finding in an independent colon cancer cell line, Caco2 (Supplemen-
tary Fig. 1 online). Large necrotic areas were much more prevalent in
DLD-1HF*t xenografts (Fig. 1c). Furthermore, a prominent inflam-
matory infiltrate composed predominantly of neutrophils was

observed only in DLD-1"1F* yenografis (Fig. 1¢). Although there
were larger areas of necrosis in DLD-1HF%t yenografts, the cross-
sectional surface area of non-necrotic viable tumor was still signifi-
cantly greater when compared to DLD-19% xenografts (0.33 cm?
versus 0.16 cm?, respectively, P = 0.025). Thus, the difference in size of
the tumors cannot be entirely attributed to the larger area of necrosis
in the DLD-1H*t tumors. A persistent silencing effect of the HIF-1o
siRNA construct was confirmed in vivo (Fig. 1d).

There was a significant decrease in the Ki-67 labeling index in
DLD-1HFM yenografts (41.3 + 3.2% in DLD-1HF"t tumors versus
27.4 + 2.6% in DLD-1HF* tymors; P < 0.01), suggesting that HIF-
1a regulates cellular proliferation in vivo. We calculated the apoptotic
index by counting TUNEL-positive cells in non-necrotic areas. We
observed a small but statistically significant difference in the apoptotic
index between the two groups (3.2 % 0.53% in DLD-1HF* tumors
versus 1.9 % 0.42% in DLD-1HIFM tymors; P < 0.05), but this
difference is unlikely to counterbalance the considerable difference in
proliferation rates.

When we incubated DLD-1HIF¥ cells under hypoxic conditions
(1% O,) in vitro, we observed only a 25% reduction (P = 0.11) in
the induced levels of VEGF mRNA and protein (Fig. le). In the
DLD-1HIF-M yenografts, VEGF mRNA and protein levels were also
induced (Fig. 1f), though not to the same extent observed in vitro.
Compared to the DLD-1HFWt xenografts, VEGF mRNA levels were
51% lower (P = 0.028) and protein levels were 52% lower (P =
0.0024) in DLD-1H1F yenografts. This persistent expression of VEGF
was not mediated by HIF-20, as mRNA encoding HIF-2ot and HIF-2a
protein levels were barely detectable in normoxic conditions and the
gene was not induced by hypoxia (Supplementary Fig. 2 online).

To specifically address whether hypoxia regulates VEGF in the
absence of HIF-1 in vivo, we identified hypoxic areas within the
tumor mass using Hypoxyprobe-1 (pimonidazole hydroxychloride).
There were large hypoxic regions surrounding the necrotic areas in the
center of the DLD-1HIF-%t tymors (Fig. 1g). In contrast, DLD-1HIFkd
tumors showed only restricted regions of intratumoral hypoxia.
Double immunofluorescence showed that VEGF was preferentially
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Figure 1 Growth of DLD-1H¥*d cells in vivo. (a) Tumor volume and weight of DLD-1HF-wt ang DLD-1HIF*d yenografts. *P < 0.05. (b) Gross appearance
of xenografts and excised tumors at 4 weeks. Scale bar, 5 mm. (¢) H&E staining of resected tumors. Left scale bars, 1 mm; right scale bars, 50 pm.

(d) immunoblotting for HIF-1a and Glut-1 in DLD-1MF-d xenografts. VEGF mRNA and protein levels in cuitured DLD-1 cells (e) and in tumor xenografts
(f) were measured. (g) Intratumoral ‘hypoxia’ was detected by immunohistochemistry for Hypoxyprobe-1. Scale bar, 1 mm. {mmunofluorescent staining for
VEGF (Texas red) and Hypoxyprobe-1 (FITC). Scale bar, 100 pm. (h) Immunohistochemistry for CD31 and quantification of microvessel density in DLD-1

xenografts. Scale bar, 100 um.

expressed in the hypoxic areas of both DLD-1HF+ 3nd prp-jHIFwt
xenografts (Fig. 1g).

It is possible that the difference in growth between the xenografts
resulted from impaired angiogenesis, potentially attributable to lower
levels of VEGF in DLD-1"K tumors. But immunostaining for the
endothelial cell marker CD31 showed abundant microvascular net-
works in all tumors (Fig. 1h). We observed no quantitative difference
in microvessel density (26.1 * 6.3/field in DLD-1H¥" and 28,7 + 8.6/
field in DLD-1HIFk yenografis), suggesting that high levels of HIF-1
may not be required to stimulate angiogenesis or maintain vessel
integrity in DLD-1 tumors.

Although upregulation of VEGF was preserved in DLD-]1HIFkd
xenografts, the absolute levels of VEGF were reduced. We therefore
determined whether other angiogenic factors may be induced in a
compensatory manner to maintain tumor vascularity in the absence of
HIF-1. ¢cDNA microarray analysis identified genes that were upregu-
lated at least twofold by hypoxia but whose expression was attenuated
less than 30% when HIF-1 was silenced. VEGF was upregulated

fourfold in DLD-1HIF%t cells by hypoxia, and this induction was
decreased only 10.6% by HIF-1 silencing (Supplementary Table 1
online). In addition, expression of the proangiogenic cytokine IL-8
was increased twofold in DLD-1HFM cells cultured in hypoxic
conditions compared to DLD-1HF# cells.

Hypoxia upregulated IL-8 mRNA > 2.5-fold in DLD-1HIFk celfs,
but there was no induction in DLD-1HF% cells (Fig. 2a). Consistent
with this result, the level of IL-8 in the supernatant of DLD-1HIF-kd
cells was increased almost threefold compared to DLD-1HIFWt cells,
We obtained similar results with previously established, independent
DLD-1HF-K ¢lonesl® (data not shown). Extracts from DLD-1HIF-kd
senografts also showed significantly higher L8 mRNA and protein
levels when compared to DLD-175% tumors (Fig. 2b). IL-8 promo-
ter reporter constructs showed higher basal activity in DLD-1HF-kd
cells (Fig. 2¢), and there was further induction of promoter activity in
hypoxia that was not observed in the DLD-1HF" cells. There was
also a 2.1-fold induction of the IL-8 promoter when HIF-la was
transiently knocked down in parental DLD-1 cells, indicating this
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Figure 2 Knockdown of HIF-1 facilitates the induction of IL-8 by NF-xB during hypoxic conditions. /L8 mRNA and protein levels in (a) cultured DLD-1 cells
and (b) DLD-1 xenografts. (¢) /L8 promoter activity during hypoxia in DLD-1"F-kd and DLD-1H'F#t cells, (d) NF-xB reporter activity in hypoxic conditions in
DLD-1HIFkd calls. (e) Immunoblotting for NF-xB, p65 subunit and Ser536-phosphorylated p65 (p-p65), in DLD-1 tumor lysates. (f) Immunohistochemistry

for phosphorylated p65 in DLD-1 xenografts (shown as Texas Red). Scale bar, 50 um. (g) Effect of NF-xB inhibition on /L8 promoter activity with

BAY 11-7082.

phenomernon was not an artifact of the stable transfection process. In
addition, expression of a constitutively active HIF-1la in which the
proline at position 564 was changed to an alanine in DLD-1 cells did
not induce the IL-8 promoter {1.01 * 0.14-fold increase), indicating
that HIF-1 does not directly regulate IL-8 gene expression. This
hypoxic effect was not unique to DLD-1 cells. Knockdown of HIF-
1o in additional colon cancer cells (ColoHSR, SW 480 and HCT116),
pancreatic cancer cells (Panc-1, CAPAN-1), breast cancer cells (MDA-
MB-453) and lung cancer cells (HOP-92) showed a similar induction
f IL-8 in hypoxia (Supplementary Fig. 3 online). Finally, we
onfirmed specificity of these siRNA constructs by observing expres-
sion of HIF-1a synonymous codon mutants (Supplementary Fig. 4
online). The absence of HIF-1 can therefore stimulate IL-8 on a
transcriptional level, and this is further enhanced in hypoxia.

NF-¢B is a major regulator of IL-8. NF-xB reporter activity was
increased 151% (P < 0.01) in HIF-1a knockdown cells (Fig. 2d).
Western blotting (Fig. 2e) and immunohistochemistry (Fig. 2f) of
tissue xenografts showed that phosphorylation of the p65 subunit was
greater in DLD-1"FX yenografts, suggesting that HIF-1 inhibition
does upregulate the NF-kB pathway in vivo. Densitometry of western
blots quantified a 2.0 * 0.4-fold increase in the ratio of phosphory-
lated p65 to unphosphorylated p65 (P < 0.01). The hypoxic induc-
tion of the IL-8 promoter in DLD-1HIFM cells was significantly
downregulated by BAY 11-7082, a specific inhibitor of NF-kB!!
(Fig. 2g). Thus, activation of the NF-xB pathway is important for
the induction of IL-8 in the absence of HIF-1.

We then speculated that HIF-1 inhibition may enhance the produc-
tion of hydrogen peroxide (H,0,), a reactive oxygen species (ROS) that
can activate NF-xB!%!3, Hypoxic conditions can lead to the increased
production of ROS13, and scavenging of ROS is often achieved by
increased production of pyruvate!® that occurs when cells shift from
oxidative to glycolytic metabolism. This shift depends upon HIF-1a!7.
DLD-1HIEFM cells released more HyO, in vitro, and hypoxia further

enhanced its production (Fig. 3a). Four distinct chemical inhibitors of
ROS production (N-acetyl-L-cysteine, pyrrolidinedithiocarbamate,
rotenone and diphenylene iodonium) each strongly blocked the
induction of NF-kB promoter activity by hypoxia in DLD-1HFkd
cells (Fig. 3b). Finally, exogenous administration of the long-acting
H,0; analog, t-butyl hydroperoxide, stimulated the production of IL-8
in parental DLD-1 cells. This induction was inhibited by BAY 11-7082
(Fig. 3¢), again showing that NF-xB mediates this effect of ROS.

In contrast to DLD-1HF cells, we did not observe hypoxic
induction of IL8 mRNA (Fig. 3d) and protein (data not shown) in
Caco2HIFXd colon cancer cells'®. Given that DLD-1 cells harbor the
Gly13Asp mutation in the KRAS oncogene (KRAS38g—a), whereas
Caco2 cells are wild-type (KRAS*>*®3%8), we speculated that oncogenic
KRAS may have a role in the hypoxic induction of IL-8 (ref. 18). When
we induced the expression of the Glyl2Val KRAS mutation
(KRAS35g—t) in Caco2F*d cells , hypoxia upregulated IL-8 mRNA
2.5-fold, whereas the effect was not observed in Caco2tF-"t cells or in
Caco2FKd cells exposed to hypoxia only (Fig. 3d). KRAS™® only
modestly induced IL-8 mRNA in Caco2HF*d celis in normoxic con-
ditions. Expression of KRAS®™ in Caco2HF"t cells also upregulated the
IL-8 promoter, but this activation was more pronounced in Caco2HFkd
cells under conditions of hypoxia (Fig. 3e). BAY 11-7082 blocked the
induction of the IL-8 promoter by hypoxia and KRAS®* (Fig. 3e).

Exogenous expression of oncogenic KRAS may act supraphysio-
logically. Endogenous KRAS?2 in DLD-1 cells was therefore silenced
by siRNA and this resulted in a 50% reduction of KRAS protein levels,
consistent with a silencing effect of the one mutant allele!®. Knock-
down of KRAS®?® attenuated the hypoxic induction of an NF-xB
reporter and IL8 promoter activity (Fig. 3f) as well as L8 mRNA
levels (Fig. 3g) in DLD-1HIFM byt not in DLD-1HEY cells. These
observations were confirmed in the Panc-1 pancreatic and PC3
prostate cancer cell lines, indicating the broader importance of
KRAS on this alternative regulation of IL-8 (Supplementary Fig. 5
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