monocyte is attenuated under ER stress

and IL-6 (C) was down-regulated in human CD14+* monocytes treated with tunicamycin,

especially at the higher concentration (5 pg/ml). D-F, ELISA showed that the production of
TNF-o (D), IL-1B (E), and IL-6 (F) in culture media decreased in human monocytes treated with
tunicamycin, especially at the higher concentration (5 pg/ml). Data are expressed as means +
SEM of four independent experiments. Open bars, no treatment; shaded bar, treatment with
tunicamycin (1 pg/ml): solid bar, treatment with tunicamycin (5 pg/ml). TM, tunicamycin.
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published January 29. 2009; doi:10.1152/ajpg1.00071.2008 —Treat-
ment with anti-TNF-a MAD has been accepted as a successful
maintenance therapy for patients with inflammatory bowel diseases
(IBD). Moreover, 1t has been recently reported that blockade of TNF
receptor (TNFR) 1 signaling 1n mfiltraing hematopoietic cells may
prevent the development of colitis-associated cancer (CAC). How-
ever, it remains unclear whether the TNF-« signaling 1n epithelial
cells 1s mvolved 1n the development of CAC. To imnvestigate this, we
studied the effects of anti-TNF-oe MAD 1n an ammal model of CAC by
admimstration of azoxymethane (AOM) followed by sequential dex-
tran sodium sulfate (DSS) ngestion. We observed that the NF-«xB
pathway 1s activated 1n colonic epithelia from DSS-admunistered mice
1n association with upregulation of TNFR2 rather than TNFRI.
Immunoblot analysis also revealed that the TNFR2 upregulation
accompanted by the NF-xB activation 1s further complicated in CAC
tissues induced 1 AOM/DSS-admunistered mice compared with the
nontumor area. Such NF-«kB activity in the epithelial cells 1s signifi-
cantly suppressed by the treatment of MP6-XT22, an ant-TNF-a
MADb. Despite inability to reduce the severity of colitis, sequential
admistration of MP6-XT22 reduced the numbers and size of tumors
1 association with the NF-kB mactivation. Taken together, present
studies suggest that the TNFR2 signaling in mtestinal epithelial cells
may be directly involved 1n the development of CAC with persistent
colitis and 1mply that the mantenance therapy with anti-TNF-o MAb may
prevent the development of CAC 1 patients with long-standing IBD.

tumor necrosis factor-ot: colitis-associated cancer; itestinal epithelial
cells; carcinogenesis; TNFR2

CROHN'S DISEASE (CD) and ulcerative colitis (UC) are the two
major forms of inflammatory bowel diseases (IBD). Although
the etiology remains unknown, increasing findings have dem-
onstrated that the involvement of damaged epithelia and acti-
vated immune cells 1n the inflamed mucosa plays an important
role 1n their pathogenesis (15. 23, 46). In addition to the
problem of persistent intestinal inflammation 1n IBD. one of
cntical complications n patients with long-standing IBD over
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~10 years after onset of IBD 1s colitis-associated cancer
(CAC) (9).

It is generally observed that tumors, especially CAC, are
usually nfiltrated by activated immune cells, such as T cells,
neutrophils, macrophages. and dendritic cells, which secrete
various cytokines and chemokines (5). Recent works suggest
that a major factor in the inflammatory processes involves
activated NF-xB pathway (22). Persistent NF-kB activation 1n
the epithelial cells has been suggested to contribute to the
development of inflammation-associated cancer including
CAC (12). Consistently, it has been demonstrated that acti-
vated NF-«xB is detected i most tumors (17). Therefore,
persistent activation of NF-kB of epithelial cells in response to
chromc nflammation may be an important step to intestinal
carcinogenesis in CAC 1 IBD. Consistently, a number of
reports have suggested that drugs capable of inhibiting NF-«B
activation, such as S-aminosalicylic acid, reduce the incidence
of UC-related colorectal cancer (14). These studies have been
approved by the Human Research Commuttees.

However. 1t still remamns unknown which factors directly
mduce NF-«B activation in the process of CAC. One possible
mediator of NF-kB activation in the epithelial cells of IBD
patients 18 TNF-o, which 1s markedly elevated in the mflamed
mtestinal milieu (31). Although TNF-a has been classically
considered as an anticancer agent (34), it 1s currently recog-
nized that chronically elevated TNF-o 1n tissues may promote
cancer growth, invasion, and metastasis (42). Regarding this,
animal studies have demonstrated that gene deletion of TNF-«
results in the suppression of skin tumor (26). In human studies,
anti-TNF-a MAb (infliximab) therapy has been recently
proven to be effective 1n the induction or maintenance of
remission 1n patients with CD (13, 41, 44) or UC (40) refrac-
tory to the traditional therapies, such as corticosteroid and/or
immunosuppressants.

In this respect, commonly used animal model of IBD-related
CAC mvolves administration of azoxymethane (AOM) fol-
lowed by repeated dextran sodium sulfate (DSS) mngestion
(32). Greten and colleagues (12) demonstrated a decrease in
the size of tumors with a decrease in inflammation m the
similar AOM/DSS-induced CAC model with myeloid cell-
specific deletion of IKK-B, which 1s an upstream adoptive
molecule of NF-«B. Another group had also recently demon-
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strated that TNF-a mhibition in the same animal model pre-
vents the development of CAC via blockade of TNF receptor
1 (INFR1) signaling n mfiltrating hematopozetic cells such as
neutrophils and macrophages (37). On the other hand, Greten
and colleagnes also demonstrated that specific deletion of
IKK-B m intestinal epithelial cells led to a decrease in the
numbers of tumors (initiation) albeit without a decrease mn
inflammation in the AOM/DSS CAC model. Although the
complex background suggests that activation of NF-xkB m
epithelial cells or hematoposetic cells 1s mvolved 1n the devel-
opment of CAC, it 1s still unclear whether TNF-a signaling n
the epithelial cells 1s directly involved 1n such suppression of
carcinogenesis.

In this study. we investigated the NF-kB activity through
TNFR1 or 2 signaling specifically 1 colonic epithelial cells,
and assessed the 1mmediate role of anti-TNF-a MADb against
epithelial cells in colitis-induced carcinogenesis using the mu-
rine AOM/DSS-induced CAC model.

MATERIALS AND METHODS
Anunals

Wild-type female C57BL/6 mice (6-8 wk old) were purchased
from the Japan Clea (Tokyo. Japan) and were mantamed under
specific pathogen-free condition. All animal experimentations were
performed 1n accordance with nstitutional guidelines and were ap-
proved by the animal review board of Tokyo Medical and Dental
Unaversity. Tokyo, Japan.

Cell Culture

Murine colon carcmoma-dertved cell line, CT26 (50), were ob-
tamed from American Type Culture Collection (Manassas, VA) and
mamtained tn RPMI 1640 (Sigma. St. Louis. MO) supplemented with
10% fetal bovine serum, 500 umis/ml penicillin and 100 pg/ml
streptomycin (Sigma) at 37°C 1 5% CO,. Cells were seeded at a
density of 5 X 10° cells/ml 1n six-well plates 24 h prior to the
expernments with or without recombinant (r) mouse (m) TNF-a
(Peprotek, London, UK) with or without blocking anti-TNF-a MAb
(MP6-XT?22, rat IgG1b), which was obtamed from DNAX Research
Institute (Palo Alto, CA) and affimity purified (1. 47).

Western Blotting

The stripped colonic epithelial samples from mice were prepared as
previously described (16) for assessment of proten and/for mRNA
expression. Western blotting was performed as previously described
(34). Briefly, 10-100 pg of nucleic extracts or whole protem lysates
from either the stripped epithelial samples or CT26 cells were sepa-
rated by 8-15% SDS-PAGE and each protein expressions were
analyzed by use of the followmg antibodies: anti-mouse TNFRI
polyclonal antibody (PAb), anti-mouse TNFR2 PAb (R&D Systems,
Minneapolis, MN), anti-phosphorylated (p)-p65 MAD at serne 536,
anti-p65 PAb. anti-p-IkBa MADb at serme 32/36. anti-lkBa PAb.
anti-p-Fas-associated death domain (FADD) PAb. anti-cleaved
caspase 3 PADb (Cell Signaling Technology, Beverly, MA), ant-
FADD PAb (Epitomics. Burlingame, CA), anti-B-actin MAb (Sigma),
antr-upstream factor (USF)-2 PAb (Santa Cruz Biotechnology, Santa
Cruz. CA), anti-mouse 1gG-HRP, antr-rabbit 1¢G-HRP (GE Health-
care Bio-Sciences, Piscataway, NJ) and anti-goat IgG-HRP (Santa
Cruz). Signals were generated with ECL Western Blotting Detection
System (GE Healthcare Bio-Sciences).

Real-time PCR. Total cellular RNA was extracted from the stripped
epithelial samples described above with RNA-Bee (Tel-Test, Friends-
wood, TX). Five micrograms of total RNA were used as template for
reverse transcription using Superscript Reverse Transcriptase Kit

EPITHELIAL TNF-a SIGNALING ON COLITIC CARCINOGENESIS G851

(Invitrogen. Carlsbad, CA). The cDNA samples were then applied for
PCR with following primer pairs: TNF-a, 5'-CTA CTG GCG CTG
CCA AGG CTG T-3' and 5'-GCC ATG AGG TCC ACC ACC
CTG-3’; TNFR1, 5'-GGA AAG TAT GTC CAT TCT AAG AAC
AA-3’ and 5'-AGT CAC TCA CCA AGT AGG TTC CTT-3,
TNFR2. 5'-GAG GCC CAA GGG TCT CAG-3' and 5'-GGC TTC
CGT GGG AAG AAT-3', IL-1B, 5'-TTG ACG GAC CCA AAA
GAT-3' and 5'-GAA GCT GGA TGC TCT CAT CTG-3'. IL-6.
5'-GCT ACC AAA CTG GAT ATA ATC GGA-3' and 5'-CCA GGT
AGC TAT GGT ACT CCA GAA-3', MIP-2, 5'-AAA ATC ATC
CAA AAG ATA CTG AAC AA-3" and 5'-CTT TGG TTC TTC CGT
TGA GG-3': glyceraldehyde-3-phosphate dehydrogenase (G3PDH),
5'.CTA CTG GCG CTG CCA AGG CAG T-3' and 5'-GCC ATG
AGG TCC ACC ACC CTG-3' Real ime PCR was performed with
QuantiTect SYBRgreen PCR kit (Qiagen, Venio, The Netherlands)
using an ABI7500 real-ume PCR system and 7500 system SDS
software (Applied Biosystems. Foster City, CA). Data of each mRNA
expression were shown as the relative amount normalized by that of
G3PDH.

Induction of Acute and Chronic Colitis
and Colins-Associated Tumor

Experunent 1. Mice (n = 3-6) intraperitoneally (ip) admimstered
with or without AOM 7 days 1n advance were treated with 3.0% DSS
(molecular weaght 10,000; Yokohama Kokusar Bio, Kanagawa, Ja-
pan) 1 drinking water for 5 days (acute phase) followed by treatment
with regular water for 2-5 days (recovery phase). Colon samples were
then assessed for the histology and expression of TNF-a or TNFR
level at recovery phase.

Experunent 2. Mice 1p adnunstered with or without AGM 7 days
1 advance were treated with 3.0% DSS-containing water for 5 days
followed by 1p 1njection of control rat IgG (I mg/mouse) muce (n =
3) or anti-TNF-a MAb (MP6-XT22. | mg/mouse) (n = 5) at the end
of DSS treatment (day 5) before the removal of DSS from drinking
water for 2-5 days. Colon samples were then examined for histolog-
ical changes and cytokine expression profiles. Activities of NF-«B
pathway were assessed for the effect of MP6-XT22 1n the develop-
ment of acute colitis.

Experument 3. To assess the role of TNF-a signaling on the
incidence and progression of colon tumors 1n chromic AOM/DSS-
mduced CAC model, mice were randomized by body weight nto two
groups and received AOM 1p at day —7. followed by three cycles of
3.0% DSS i drinking water for 5 days and regular water for 16 days
starting 1 wk after the AOM myection (day 0). Mice were treated with
1 mg/mouse of either control IgG or the anti-TNF-a MAb MP6-XT22
weekly starting at the end of the first DSS treatment (day 5) (n = 10).
Eleven weeks after the first mjection of AOM, mice were euthantzed
and colons were removed, flushed with PBS, fixed as “Swiss rolls” 1n
10% neutral-buffered formalin at 4°C overmight, and paraffin embed-
ded for histology.

Deternunation of Clinical Score of Colitts

Body weight, stool consistency. and occult or gross blood per
rectum were determined every other day during the colitis induction
phase. The colitis clinical score was assessed by tramed individuals
blinded to the treatment groups (2). The baseline climcal score was
determmed on day 0. Briefly, no weight loss was registered as O:
weight loss of 1~5% from baseline was assigned 1 point; 5-10% was
assigned 2 points; 10~20% was assigned 3 pots; and >20% was
assigned 4 points. For stool consistency, 0 points were assigned for
well-formed pellets, 2 points for pasty and semiformed stools that did
not adhere to the anus, and 4 pornts for liquid stools that did adhere
to the anus. For rectal bleeding, 0 was assigned for no blood, 2 points
for positive Hemoccult, and 4 points for gross bleeding. These scores
were added resulting 1n a total clinical score ranging from 0 (healthy)
to 12 (maximal activity of colitis).
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Histological Scoring of Colitis and CAC

Tissue samples were fixed in 10% neutral-buffered formalin. For
the assessment of colitis, paraffin-embedded sections (5 pwm) were
stained with hematoxylin and eosin (H&E). The sections were ana-
lyzed without prior knowledge of the type of treatments. The degree
of inflammation in the colon was graded according to the previously
described scoring system (2). Briefly, the presence of occasional
inflammatory cells in the lamina propria was assigned a value of 0;
increased numbers of inflammatory cells in the lamina propria a value
1, confluence of inflammatory cells, extending into the submucosa a
value of 2, and transmural extension of the infiltrate a value of 3. For
tissue damage, no mucosal damage was scored as 0; discrete lympho-
epithelial lesions were scored as 1; surface mucosal erosion or focal
ulceration was scored as 2; and extensive mucosal damage and
extension into deeper structures of the bowel wall were scored as 3.
The combined histological score ranged from 0 (no changes) to 6
(extensive cell infiltration and tissue damage). For CAC assessment,
sections (5 wm) were cut stepwise (200 pm) through the complete
block and stained with H&E. Tumor counts were performed in a
blinded fashion.

Immunohistochemistry

Colon samples for immunohistochemistry were embedded into
OCT compound, snap-frozen in liquid nitrogen, and stored at —80°C.
Cryosections (7 wm) were fixed in 4% paraformaldehyde for 10 min
and incubated with 3% hydrogen peroxide for 15 min at room
temperature. The sections were blocked with 1% BSA for 60 min and
then incubated with either anti-mouse TNF-o MAb (BD Biosciences,
Franklin Lakes, NJ), anti-mouse CD4 MADb (BD Biosciences), anti-
mouse F4/80 MAD (eBioscience, San Diego, CA), or isotype-matched
control Ig (BD Biosciences), at 4°C overnight followed by incubation
with goat anti-rat Ig (Histofine Simple Stain MAX-PO, Nichirei
Biosciences, Tokyo, Japan), for 30 min. The signals were visualized

A

EPITHELIAL TNF-a SIGNALING ON COLITIC CARCINOGENESIS

by diaminobenzidine (peroxidase substrate kit, Vector Laboratories,
Burlingame, CA) and the sections were counterstained with hematox-
ylin. For immunofluorescence studies, the sections were stained with
anti-f-catenin MAb (BD Biosciences) or anti-p-p65 PAb at serine 276
(Cell Signaling Technology) followed by incubation with Alexa®*-
conjugated anti-mouse IgG1 or anti-rabbit IgG (Invitrogen) and DAPI
(Vector Laboratory).

Statistical Analysis

Results were expressed as means = SE. Statistics were determined
by nonparametric Mann-Whitney U-test, and P values <0.05 were
considered significant.

RESULTS

TNF-a Is Markedly Upregulated in the Inflamed Mucosa
of DSS-Treated Mice

To first assess whether TNF-« is induced in the inflamed
colonic tissue in C57BL/6 mice by administration of DSS,
mice were administered 3.0% DSS-contained drinking water
for 5 days (days 0 to 5, acute phase) followed by removal of
DSS for another 2-5 days (recovery phase) with preinjection
with AOM 7 days before starting DSS treatment (Fig. 1A).
Total RNA was then isolated from the colon tissues of these
mice. Consistent with previous report (37), we observed sig-
nificantly increased level of TNF-a mRNA at days 7 and /0 in
DSS-treated mice compared with the control preinjected with
AOM without DSS treatment (Fig. 1B). This observation was
also confirmed by Western blotting (data not shown). Further-
more, immunohistochemistry revealed that the majority of
TNF-a-expressing cells were located in the lamina propria and

B

SR * *
b
&
AOM =
o 6
B
pw [pss|pw | &
-7 0 5 7 10 ~ 4}t
Fig. 1. TNF-a is profoundly induced in dextran so- (day) 2
dium sulfate (DSS) colitis. A: protocol for acute DSS %
colitis. Mice were preinjec@d with 10 mg/kg of % 2t B control
azoxymethane (AOM) or vehicle control 7 days be- b= o
fore the start of DSS administration. DW, distilled b ' DSS
water. B: relative mRNA expression of TNF-a in e
whole colon tissues that were taken from mice treated & o day? day10
with control (regular water) or DSS at duys 7 and /0. C
The levels of the mRNA were quantified by real-time
PCR and normalized to the level of glyceraldehyde- TNFo F4/80 CD4

3-phosphate dehydrogenase (G3PDH) (n = 3), *P <
0.01. C: Immunohistochemistry. Frozen sections of
colon tissues from control or DSS-treated mice at day
10 were stained with anti-TNF-a, anti-CD4 or anti-

F4/80 antibodies. control

DSS
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submucosa and some in the tumca muscularis (Fig. 10). In
addition, such TNF-a upregulation mn DSS-treated colitis was
not affected regardless of AOM preinjection {data not shown).
Immunohistochemistry also revealed that the mjured colonic
tissues during the recovery phase were profoundly mfiltrated
by F4/80" macrophages as well as CD4" T cells compared
with the untreated mice. Interestingly, the majority of TNF-a-
expressing cells seemed to be macrophages rather than T cells
(Fig. 1C). These results are consistent with the previous studies
using BALB/c mice (37).

Adnmumistration of DSS Leads to Upregulation of TNFR2 but
not TNFR1 w Colonic Epithelia

TNF-a-specific receptors composed of TNFR1 (p55) and 2
(p75) are known to be expressed in human intestinal epithelial
cells and can be upregulated by IFN-y (45, 49). Furthermore,
it has been suggested that TNF-a is involved in the tissue
repair of wounded epithelial layer (10). On the basis of the
induction of TNF-a 1n colonic tissues by DSS treatment,
TNFR1 and 2 protein expressions mn colonic epithelial cells
were predicted to be upregulated in this model. Therefore, we
next assessed the expression levels of these molecules in the
mflamed epithelial cells of AOM/DSS-treated mice. Primary
colonic epithelial cells were 1solated from the AOM-premn-
jected mice with or without DSS treatment described above at
day 10 (Fig. 1A). As expected, quantitative RT-PCR (Fig. 2A)
and Western blotting (Fig. 2B) showed that colonic epithelial
cells expressed endogenous low amount of both TNFR1 and 2.
Notably, such expression of TNFR2. but not TNFRI. was
significantly upregulated by DSS treatment (Fig. 2).

NF-xB Pathway, but not Death Domain Cascade, in Colonic
Epithelial Cells Is Activated by DSS Treatment

It 1s suggested that the binding of TNF-a to TNFRs poten-
tially results n the actrvation of two mdependent pathways,
NF-kB and death domamn (DD) (48). Given the result of
TNFR2 upregulation 1n DSS colitis, we next assessed the
activities of NF-xB and DD pathways in primary colonic
epithelial cells from AOM/DSS-treated mice. As depicied in
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Fig. 2. TNF receptor (TNFR) 2 i colomc epithelia is upregulated m DSS
coliis, A: relative mRNA expression levels of TNFR1 and 2 1n colomc
epithelial cells from mice treated with control (regular water) or DSS at dav 10.
The levels of the mRNAs were quantified by real-time PCR and normalized to
the level of G3PDH (n = 3). *P < 0.01. B: proten lysates of isolated colonic
epithelial cells from control- or DSS-treated mice at day 10 were subjected to
Western blotting with anti-TNFR1. anti-TNFR2. or anti-8-actin antibodies.
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Fig. 3A, IkBa, which 1s upstream molecule of NF-«kB. and
p65/Rel A, one of the NF-kB components, were significantly
activated 1n association with TNFR2 upregulation in AGM/
DSS-treated colomic epithelia at day 10. In contrast, such
treatment did not affect the expression of neither p-FADD nor
cleaved (c)-caspase 3, a downstream molecule of DD, i these
cells during the recovery phase (Fig. 3B).

TNF-a Stumulates NF-kB Pathway in Intestinal
Epithelial Cells

Given the upregulation of TNFR2 and specific activation of
NF-kB, but not DD, 1n colonic epithelial cells m AOM/DSS
colitis. we next utilized a mouse colonic epithelial cell line,
CT26, to examine whether TNFR2 signaling is associated with
NF-kB activation n these epithelial cells. CT26 cells were
cultivated mn the absence or presence of rIFN-y to mduce
TNFRs upregulation. Although CT26 cells endogenously ex-
pressed TNFR2, 1ts level was not upregulated in the presence
of IFN-vy. This suggested that CT26 cells constitutively express
maximum level of TNFR2 in the condition (data not shown).
Moreover, we also observed that these cells express both p65
and IkBa (Fig. 4A4). To further confirm whether TNFR2 m
those cells is functional, the activation of NF-xB by rTNF-a
was exammned. Intestinal CT26 cells were stimulated with
several concentrations of rTNF-a for 5 min. As shown n Fig.
4A, 1 vitro sttmulation with rTNF-o led to the phosphorylation
of p65 and IkBa m CT26 cells i a dose-dependent fashion.

Given the upregulated expression of TNFR2 and 1ts signal
profile 1n the stimulated-CT26 cells, we next examuned the
effect of ant1i-TNF-a MAb on NF-kB activation 1n these cells.
CT26 cells were stimulated with 10 ng/ml of rTNF-a for 5 min
1n the presence of various concentrations of anti-TNF-a MAb,
MP6-XT22. Although total expression level of p65 in rTNF-
a-stimulated CT26 cells were not affected, phosphorylation of
p65 in these cells was suppressed by the blockade of TNF-«
with MP6-XT22 in a dose-dependent fashion (Fig. 4B). Simu-
larly, neutralization of FTNF-a by MP6-XT22 also attenuated
the phosphorylation status of IkBa m CT26 cells 1n a dose-
dependent fashion. Furthermore, our kinetic assessment re-
vealed that such suppression of NF-«kB pathway by anti-TNF-«
MADb did not express delayed signal response smnce both
MP6-XT22-treated and control IgG-treated cells showed max-
umum level of p-p65 and p-IkBa around 10 min after the
stimulation with rTNF-a (Fig. 4C). It should be noted that we
consistently observed the degradation of IkBa 15 min after
fTNF-a stimulation although the expressions of p-p65 and
p-IxkBa reach maximum level at 10 min. These results indicate
that TNF-a stimulation agamst colontc epithelial cells results
1 activation of NF-kB via TNFR2 and, moreover, MP6-XT22
can arrest such activation.

Anti-TNF-o MAb Treatment Suppresses NF-xB Activation
in Acute DSS Colitis Model

On the basis of the 1n vitro evidence of NF-«B 1nactivation
by MP6-XT22 m rTNF-a-stimulated CT26 cells, we next
confirmed this observation in the acute DSS colitis model to
pursue more physiological function of MP6-XT22 in vivo.
Because NF-«kB 1s known to be critical 1n the induction of
tissue mflammation such as colits, 1t was imtially anticipated
that treatment with anti-TNF-o MAb would suppress the de-
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Fig. 3. NF-B pathway 1 colonic epithelial cells 1s activated i DSS colitis.
Protemn lysates of 1solated colome epithelial cells from control or DSS-treated
mice at day 10 were subjected to Western blotting with either anti-p65,
anti-p-p65. anti-IkBe, anti-p-IkBa, or ant-USF2 antibodies for the assessment
of NF-kB activity (4) and anti-FADD. anti-p-FADD. anti-cleaved (c)-caspase
3, or anti-B-actin antibodies for apoptosts activity (B).

velopment of colitis. Therefore, we adminsstered erther control
1gG or MP6-XT22 ip to the AOM/DSS-administered mice at
day 5 after DSS ngestion (Fig. 5A) followed by histological
assessment at days 7 and /0. Then colonic epithelial cells were
isolated at day I10. Unexpectedly. however, there was no
significant difference 1n the histological score between two

A

ON COLITIC CARCINOGENESIS

groups irrespective of admunistration of anti-TNF-a MAb or
control IgG (Fig. 5B). On the other hand, AOM/DSS-treated
epithelial samples with control IgG showed markedly upregu-
lated p-IxkBa and p-p65 expressions. However, injection with
MP6-XT22 into AOM/DSS-treated muce resulted in suppres-
ston of IkBa and p65 phosphorylation, although total expres-
ston levels of p65 and IkBa were not affected in these samples
(Fig. 5C). Given this discrepancy between the activities of
NF-kB and the proportions of colitis in our experiments, we
subsequently evaluated cytokine production such as IL-1(,
IL-6. and MIP-2 (mouse homolog of human IL-8) in this
model. Total RNA samples were extracted from colonic tissues
of mice treated as above. Interestingly, quantitative RT-PCR
analysis revealed significantly reduced mRINA expressions for
IL-1B, IL-6, and MIP-2 1n whole colons from MP6-XT22-
treated mice at day 7 compared with those of the control group
(Fig. 5D). These results indicate that mnduced TNF-a 1 mu-
cosal tissues may not be essential for colitis exacerbation but 15
somehow responsible for the production of these cytokine
secondary to NF-kB activation 1 the DSS model.

Repetitive Anti-TNF-a MAb Treatment Suppresses
Development of CAC mn AOM/DSS-Treated Mice

The present protocol of anti-TNF-a MAb (MP6-XT22)
administration has been useful in the assessment of TNF-a/
TNFR signaling pathway on the development of CAC, because
this does not affect the inflammation of DSS colitis but rather

B

rINFo 0 25 5 10 20 40 MP6XT22 0 1 2 4 8 16
(ng/mi) (ng/ml) -
P-pOS | T e e e - - P-p65 | WP W s s s s
P65 PO5 | S s i S
pIkBo |77 p-IkBa
Fig. 4. MP6-XT22 suppresses NF-kB activation in TNF-a- ] )
stimulated CT26 cells. A: protem lysates from CT26 cells IkBa IxBa ?«“”gg%

stimulated with 1ndicated concentration of rTNF-a were sub-
Jected to Western blotung with anti-p65, anti-p-p65, anti-
IkBa. anti-p-IkBe, or anti-USF2 antibodies. Representative

USF2

data at 5 rmin after TNF-a~stimulation are shown. B: protein
lysates from 10 ng/mi rTNF-o-stumulated CT26 cells mncu-

bated with the indicated concentration of MP6-XT22 were
subjected to Western blotting with anti-p65, anti-p-p65 anti- C
IxBa, anti-p-IxBa. or anti-USF2 antibodies. Representative
data at 5 min after TNF-a-stimulation are shown. C. protein
lysates from CT26 cells incubated with esther control IgG or
MP6-XT22 (10 pg/mi) with rTNF-a (10 ng/ml) stmulation at
the indicated tme pomnt were subjected to Western blotting
with anti-p65. anti-p-p65 anti-IxBa, anti-p-IxkBe, or anti-
USF2 antibodies.
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suppress activation of NF-«B m epithelial cells. Therefore, this
excludes the possibility that different degree of inflammation
by the treatment secondarily affect the development of CAC.
Thus we next investigated whether repetitive admunistration
anti-TNF-o MAb suppresses the development of CAC m
AOM/DSS-treated mice. Mice recetved AOM IP at day —7,
followed by three cycles of DSS treatment and weekly injec-
tion of exther control IgG or MP6-XT22 from day 5 until day
68. These mice were then euthanized on day 70 (see Fig. 6A).
Consistent with acute model of DSS colitis as mentioned
above, both groups of mice showed similar severity of clinical
phenotypes as determined by weight loss. rectal blecding, and
diarrhea regardless of the treatments with MP6-XT22 (Fig.
6B). Histological findings of crypt destruction, mucosal ulcer-
ation, and infiltration were similarly observed 1n both groups of
mice 1n association with the clinical scores of these mice (Fig.
6C). It should be noted that clinical and histological scores
showed that the severity of inflammation was not affected by
AOM treatment (data not shown).

It has been recently reported that NF-xB activation
epithelial cells and myeloid cells plays a crucial role in carci-
nogenesis (12). Thus 1t was suggested that blockade of TNF-a

G855

Dayl10
N.S.

[ 1

control IgG  MP6-XT22

Fig. 5. MP6-XT22 treatment dimimshes NF-kB activity
n DSS-treated colonic epithelial cells. but 1t does not
ameliorate severity of colitis. A: protocol for acute DSS
colitis. Mice received MP6-XT22 or control 1gG (1 mg/
mouse) at dav 5. B: histological scores at day 7 (n = 3)
and day 10 (n = 6) are shown. Data are expressed as
means = SE. C. protein lysates of 1solated colonic ept-
thelial cells from control or DSS-treated mice at dav 10
with or without MP6-XT22 injection were subjected to
Western blotting with anti-IkBa. anti-p-IkBa;, anti-p63.
anti-p-p65. or anti-USF2 antibodies. D: relative mRNA
expressions for [L-1B, IL-6 and MIP-2 m whole colons
from mice treated with control IgG or MP6-XT22 mnjec-
tion at day 10. Each mRNA level was quantified by
real-ime PCR and normalized to the level of G3PDH
(n = 3). *P < 0.01. **P < 0.05.

control IgG MP6-XT22

may be effective for mecidence and/or progression of tumors.
Therefore, we mvestigated the effect of anti-TNF-a MAb on
the development of colitis-associated tumors in chronic DSS/
AOM model. Mice administered with combination of AOM.
DSS, and control IgG showed development of multiple nodular
or polyploid tumors in the nuddle to distal colon (Fig. 74). In
contrast, decreased number of tumors was observed in mice
admnistered with the combination of AOM, DSS. and MP6-
XT22 (Fig. 7, A and B). Moreover, MP6-XT22 treatment also
decreased the numbers of small turnors as well as larger tumors
(Fig. 7C), despite similar morphological diversity in both
groups (Fig. 7D), suggesting that the suppressed tumorigenesis
in MP6-XT22-treated group is not only due to the reduced
progression of tumors. Next, we thoroughly examimed the
histological sections. and no evidence of carcinoma such as
tumor 1nvasion 1nto the lamina propria was observed in both
control IgG and MP6-XT22 treated groups. Therefore, we
defined the histology of thus colitis-associated tumor model as
adenoma. In addition, we also examined the -catemin expres-
ston 1n these sections. The expression of (-catenin was ob-
served 1n the cytoplasm, but not i the nucle1, of intestinal
epithelia with colitis, as seen 1 Fig. 7E. However, the tumor
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Fig. 6. MP6-XT22 does not ameliorate chronic DSS colitis. A: schema of the
AOM/DSS colitis-associated tamor model. Mice were preinjected with AOM
7 days before starting DSS administration, and subsequently administered
weekly injections of MP6-XT22 or isotype control from day 5 until day 68
during the three cycles of DSS administration. B and C: clinical (B) and
histological (C) scores are shown. Data (n = 10) are expressed as means *
SE. N.S.. not significant.

cells showed the nuclear expression of B-catenin as well as its
overexpression in the cytoplasm (Fig. 7E). Given the nuclear
translocation of B-catenin in our tumor model (Fig. 7E) and the
attenuation of tumor development by anti-TNF-u therapy (Fig. 7,
A-C), we next examined TNFR2 expression as well as NF-xB
activities in this model. Interestingly, TNFR2 expression was
more upregulated in the colitis-associated tumor. In addition,
the phosphorylation of IkBe and p65 was further induced in

Fig. 7. MP6-XT22 reduces tumor development in AOM/DSS model.
A: macroscopic overview of representative colonic samples from each group is
shown. Arrows indicate tumors. B: numbers of microscopically indicated
tumors per colon in AOM/DSS-administered mice with isotype control or
MP6-XT22 treatment (n = 10). Data are express as means * SE. *P < 0.01,
=xP < 0.05. C: histogram shows tumor size distribution. Tumors were
determined under the microscope. D: microscopic morphology of AOM/DSS
tumor model. Representative histological sections with hematoxylin and eosin
staining from each group are shown. E: B-catenin expression in colitis-
associated cancer (CAC). Cryosections from AOM/DSS-treated mice were
stained with anti-B-catenin MAb and anti-mouse IgG I-Alexa™*. Representa-
tive sample at day 70 is shown. Top, tumor area; botfon, nontumor area.
F: protein lysates of isolated epithelial cells from nontreated control, colitis or
tumor tissues were subjected to Western blotting with anti-TNFR1, anti-
TNFR2, anti-p-p65. anti-p-IxBa or anti-B-actin antibodies. G: cryosections of
colon tissues of healthy control, colitis, CAC with control 1gG or CAC with
MP6-XT22 treatment were stained with anti-p-p65 PAb and anti-rabbit I1gG-
Alexa®.

EPITHELIAL TNF-a SIGNALING ON COLITIC CARCINOGENESIS

the tumors in association with the upregulation of TNFR2 (Fig.
7F). These studies indicate that the NF-kB activation via
TNFR2 in intestinal epithelial cells is closely associated with
epithelial tumorigenesis. Moreover, we also observed that the
nuclear expression of p65 was induced in the epithelia in tumor
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tissues. However. such nuclear translocation of p65 was sig-
nificantly suppressed by MP6-XT22 treatment (Fig. 7G). These
findings indicate that blockade of TNF-a may contribute to
suppressed intiation of colitis-associated tumors in our AOM/
DSS model as well as reduction of tumor progression.

DISCUSSION

Our studies showed that blockade of TNF-a 1n vivo did not
affect the severity of DSS-induced inflammation but rather
reduced the development and progression of CAC. It has been
recently reported by another group that reduced inflammation
m TNFR-deficient mice may contribute to the suppression of
CAC (37). However, our results suggest that continuous sup-
pression of TNF-a activity by MADb 1njection for patients with
IBD. even if they are refractory to anti-TNF-a therapy. may
reduce the risk of CAC.

TNF-a is a pivotal cytokine in the pathogenests of IBD since
anti-TNF-a MAD therapy is used as a powerful and promising
treatment for patients with CD (13, 41, 44) or UC (40) in recent
years. It has been also reported that the anti-TNF-« treatment
1s also effective therapy in several animal models of colitis
such as TNBS colitis model, CD47CD45RB™e" T cell-recon-
stituted model, bone marrow transplanted tge 26 model. and
Cottontop tamarm model (24, 30, 38). Interestingly, however,
the effect of TNF-oo MAb therapy 1s controversial in the DSS
colitis model, which 1s an epithelial damage model rather than
a T cell-mediated model. For example, it has been reported that
anti-TNF-a antibody treatment can ameliorate acute and
chronic DSS-induced colitis (20, 28). Moreover, multiple 1n-
jections of anti-TNF-a Ab during the process of chromic DSS
reduced the disease activity and cytokine productions i the
first two cycles although adverse effects were observed 1n the
third cycle of the DSS treatment (27). However, other groups
have reported that the antibody therapy against TNF-a failed to
suppress the severity of colitis in this model (20, 33). More-
over, it has been reported that DSS-induced mflammation was
significantly enhanced in TNF-a deficient-animals (29). This
observation is somewhat similar to our results smce anti-
TNF-a treatment did not affect the clinical symptoms and
pathological studies. Since the wounded epithelial layer by
DSS treatment results in the translocation of luminal bacteria
mto the ntestinal mucosa in this model, one of the potential
interpretations regarding the different observations by others
and ours is that 1n the setting of inflammation in acute and/or
chronic DSS colitis, environmental effect such as the different
microflora in different animal facilities may explain the dis-
crepancy among the above results. Another interpretation
miught be that the colitis model 1n our studies was relatively
mild compared with the others’ and therefore we did not
observe explicit abrogation of colitis by anti-TNF MAb ad-
ministration.

Secreted TNF-a molecules 1n inflamed tissues can be rec-
ognized by its specific receptors such as TNFRI and 2, which
are known to be expressed in several cell types including
macrophages and intestinal epithelial cells. The cytoplasmic
domains of TNFR1 and 2 are known to be associated with
TRAF2 by which activation of IKK is induced. Subsequently,
activated IKK induces phosphorylation of IkB, resulting in
activation of NF-«kB, which consists of p50 and Rel A/p65, due
to dissociation of IkB/NF-kB complex. In addition to NF-xB

activation, however, TNFR1 1s also capable of being recruited
by FADD and TNFR-associated DD protem (TRADD) by
TNF-a activation. The oligomerization of such molecules
induces activation of cysteine proteases such as caspase 8.
resulting 1n apoptosis. Interestingly, however, TNFR2, which
1s not coupled with FADD/TRADD complex, does not induce
proapoptotic signaling when mteracting with TNF-o. In this
regard, we observed that TNFR2 1s preferentially upregulated
in regenerating epithelial cells in DSS colitis. Our interpreta-
tron of these results are that intestinal epithelial cells, when
rapidly expanding, is assoctated with the expression of TNFR2
rather than TNFR1, and thus counter that of the proapoptotic
signals of intestinal epithelia. Consistent with this, we also
observed specific activation of IxB and p65 in association with
TNFR2 upregulation in wounded mucosal epithelia by DSS
administration, Thus 1t 1s suggested that regenerating mtestinal
epithelial cells may have susceptibility of NF-«B 1nactivation
by blockade of TNF-a due to the specific upregulation of
TNFR2 1n these cells.

It is well known that long-standing UC (8, 18, 25) and CD
(4, 7) are closely associated with an increased risk of CAC. To
mvestigate the role of TNF-«a signaling 1n colon carcinogene-
sts, we here used an established murine CAC model based on
the mutagenic agent AOM (32. 43) along with the colitogemc
admmustration of DSS. It has been suggested by Greten and
colleagues (12) that IKK-$ contributes to tumor promotion 1n
AOM/DSS-1nduced CAC model. They indicated that the dele-
tion of IKK-B 1n myeloid cells or epithelial cells resulted 1n
decreased size of tumors due to reduced expression of proin-
flammatory cytokines that may serve as tumor growth factors
(12). Moreover, it has been reported that blockade of IL-6
prevents tumor progression m AOM/DSS-induced CAC model
(3). In addition, Popivanova and colleagues (37) have recently
reported that the TNFR1 signaling m hematopoietic cells in
colonic tissues results m production of chemokines such as
CXCL1 and CCL2, which are chemotactic for neutrophils and
macrophages. They also suggested that such activation of
hematopoietic cells m the mucosal tissue 1s critical for the
progression of CAC 1 association with suppression of DSS
colitis. In our studies, colitis was mild and not clearly affected
by anti-TNF-o. MAb treatment despite the depressed CAC
mmtiation and progression observed. One of the interpretations
regarding different observations 1s that TNFR1 deficient neu-
trophils and macrophages on the BALB/c background may
have different immunological context from that of our model
on the C57BL/6 background. Some of our observation i1s
consistent with these, because blockade of TNF-a in chronic
DSS colitis by treatment with MP6-XT22 resulted in decreased
cytokine expression mcluding IL-18, IL-6, and MIP-2, which
are considered to encourage protumorigenic activities such as
angtogenesis and tumor proliferation (5. 6, 19, 21). Thus it 1s
suggested that the blockade of TNF-a may function to suppress
the secretion of these chemokines and cytokines from infiltrat-
g lymphocytes m colitic tissue through the inhibition of
NK-«B activity in these cells. It should be noted that anti-
TNF-a MAbD treatment is also effective for suppression of
tumorigenests n unique mouse CAC model, which is promoted by
transferring of CD4 " CD45RB™#" lymphocytes that may produce
proinflammatory cytokine into Apc (Min/+) mice (39). This
might be another evidence for the proinflammatory cytokine-
induced epithelial carcinogenesis.
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On the other hand, it was also suggested by Greten and
colleagues (12) that deletion of IKK-B in intestinal epithelial
cells led to a decrease m tumor mcidence although inflamma-
tion in the tissue was not abrogated. Consistent with this. 1t was
also suggested by another group that inactivation of NF-«B in
the hepatocytes had no effect during the course of hepatius but
failed to progress to carcinoma 1n an ammal model of hepatitis-
induced hepatocellular carcinoma (36). Although the amelio-
ration of colifis was not apparent in our study, anti-TNF-a Ab
sigmficantly suppressed the tumor development in our AOM/
DSS model in association with the downregulation of p-p65
and p-IxB. Thus our results are consistent with observations by
others above since treatment with MP6-XT22 resulted in the
reduction of TNF-a-induced NF-«B activity in colonic epithe-
lial cells, which may mnfluence the cell growth of colonic
epithelia m DSS colitis. Regarding the mvolvement of apoptosis, we
have tried to detect p-FADD and c-caspase 3 expressions in
DSS-recerving mice, but we did not observe any significant
differences compared with nontreated controls. as seen in Fig.
3B. Moreover, we have also tried to detect DNA fragmentation
from rTNF-a-stimulated CT26 cells as well as TUNEL stain-
ing 1n the setung of recovery phase of DSS-treated or AOM/
DSS-treated mice with or without anti-TNF-a treatment. How-
ever, we were not able to observe any sigmficant difference of
apoptosis activities m these experiments compared with the
controls (data not shown). Therefore, we conclude that apop-
tosis 1s unlikely to be associated with the development of our
colitis-associated tumor model. Moreover. we have also ob-
served that the NF-«kB pathway is further activated in CAC
tissues compared with nontumor tissues mn DSS/AOM-
recelving mice 1n association with nuclear expression of
B-catenm (Fig. 7E) and extraordinary upregulation of TNFR2
(Fig. 7F). These observations evidently imply that NF-xB
activation via TNFR2 in the mtestinal epithelial cells is directly
correlated with the carcinogenesis mduced by TNF-a stimula-
tion. Thus 1t should be clarified that TNFR2 signaling in
intestinal epithelia is also required for such tumor promotion as
well as TNFR1 signaling in hematopoietic cells. We have
therefore tried to focus on addressing this 1ssue by using a
“conventional” TNFR2-deficient model. We admimstered AOM and
DSS treatment to these mice; however, we were not able to
quantify and compare tumor development 1 such muce, be-
cause these mice were more sensitive to DSS colitis and had
higher mortality compared with WT mice (data not shown).
Our interpretation of this result is that seram TNF-a levels 1n
conventional TNFR2-deficient mice may be elevated with LPS
stimulation as previously reported by other group (35). We
therefore realized that an “intestinal epithelia-specific” defi-
cient model rather than conventional knockout mice would
likely be the better model for our study. However, we were not
able to obtan such conditional deficient mice. On the other
hand, Fukata and colleagues (11) have recently reported that
impaired Toll-like receptor-4 (TLR4) signaling reduced AOM/
DSS-1nduced colon cancer without significant impact on in-
flammation. Their findings and ours may imply an important
mechamism by which NF-«B pathway is regulated in 1ntestinal
epithelial cells in setting of carcinogenesis. Thus one potential
mechanism by which anti-TNF-a MADb 1s able to reduce the
numbers and size of tumors in AOM/DSS-administered mice 1s
that blocking TNFR2 signaling, which was presumably trig-
gered by TLR4-mediated epithelial stimulation, in the context

EPITHELIAL TNF-a SIGNALING ON COLITIC CARCINOGENESIS

of chronic intestinal wound healing may somehow decrease
neoplasia even without significantly 1mpairing mflammation.
In addition, we have also observed that TNFR2 signaling 1n
colomc epithelial cells results in the epithelial barrier dysfunc-
tion (M. Onizawa and T. Nagaishi, unpublished data). This
observation suggests that TNFR2 signaling-mediated impa-
ment of epithelial tight junction may be associated with the
mechanism of tumor development.

In summary, administration of anti-TNF-o MADb directly
inhibits NF-«xB activities m intestinal epithelial cells that may
induce tumor formation n collaboration with independent
mechanisms by another NF-xB activity in the hematopoietic
cells. Although more detail mechanism still remains to be
elucidated, distinct TNF-« signaling in colonic epithelial cells
may be one potential therapeutic target in the treatment of
IBD-associated tumorigenesis. resulting m the change of nat-
ural history of patients with IBD.
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Chronic hepatitis C virus (HCV) infection is a worldwide public issue. In this study, we performed bioac-
tivity-guided screening of the Lonicera hypoglauca Mig. crude extracts to find for naturally chemical enti-
ties with anti-HCV activity. Pheophytin a was identified from the ethanol-soluble fraction of L. hypoglauca

that elicited dose-dependent inhibition of HCV viral proteins and RNA expression in both replicon cells
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and cell culture infectious system. Computational modeling revealed that pheophytin a can bind to the
active site of HCV-NS3, suggesting that NS3 is a potent molecular target of pheophytin a. Biochemical
analysis further revealed that pheophytin a inhibited NS3 serine protease activity with 1Cso=0.89 uM.
Notably, pheophytin a and IFNo-2a elicited synergistic anti-HCV activity in replicon cells with no signif-
icant cytotoxicity. This study thereby demonstrates for the first time that pheophytin a is a potent HCV-

NS3 protease inhibitor and offers insight for development of novel anti-HCV regimens.

© 2009 Elsevier Inc. All rights reserved.

Hepatitis C virus (HCV) belongs to a member of Flaviviridae and
is a worldwide infectious pathogen causing chronic hepatitis that
can progress further to hepatocellular carcinoma {1]. The current
therapeutic protocol for HCV infection consists mainly of inter-
feron (IFN) in combination with ribavirin that usually accompanies
with strong side effects and moderate successful rate [2,3]. Hence,
there is an urgent need to find new regimens to increase the effi-
cacy of anti-HCV therapy.

Natural products metabolized from plants represent desirable
sources for novel therapeutic compounds, Both Lonicera hypoglauca
Migq. and Lonicera japonica Thunb are widely used as Jinyinhua in
traditional Chinese medicine. Although they have similar geo-
graphic distribution, obviously various characteristics are observed
[4]. Studies of the phytochemistry and bioactivity of Jinyinhua
have mostly focused on L. japonica (Japanese honeysuckle) that
has been reported to possess properties of anti-inflammation,

* Corresponding author. Fax: +886 04 22022073.
E-mail address: jccheng@mail.cmu.edu.tw (J.-C. Cheng).
' These authors contributed equally to this work and are considered as co-first
authors.
2 These authors contributed equally to this work.

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.05.043

anti-angiogenic, and anti-nociceptive activities [5,6]. However,
the cognate L. hypoglauca has barely been studied.

Recently, the subgenomic HCV replicon cells have been devel-
oped for mechanistic study of HCV replication [7,8]. In the present
study, HCV replicon cells were used to explore whether the
extracts from L. hypoglauca elicit any anti-HCV activity. We found
that L. hypoglauca contains an active phytocompound pheophytin
a that exhibits strong anti-HCV activity. The inhibition of NS3 pro-
tease activity accounts mainly for the anti-HCV activity of pheo-
phytin a. Furthermore, the combination of pheophytin a with
INFai-2a elicits synergistic anti-HCV activity with no considerable
cytotoxicity. The significance of these findings is discussed.

Materials and methods

Cell culture and viability assay. The subgenomic HCV replicon
cells (a kind gift from Professor J.-H. James Ou, University of South-
ern California), the Huh7/Rep-Feo subgenomic replicon cells con-
taining a luciferase reporter gene, and the Huh7.5 cells (a kind
gift from Professor Charles Rice, The Rockefeller University, NY)
were cultured as described {9-11]. Cell viability was determined
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by trypan blue exclusion and MTS assay as described by the man-
ufacturer (Promega).

Replicon cell-based assay (Western blot, luciferase, and RT-PCR as-
say). For HCV replicon cell-based bioactivity-guided screening, the
extracts or compounds isolated from L. hypoglauca were ectopically
applied to the replicon cells for 48 h. The expression of HCV viral
proteins was determined by Western blot analysis as described
previously [12]. On the other hand, the Huh7/Rep-Feo cells
(2 x 10° cells) were seeded in a 6-well plate. At 8 h after seeding,
the tested compound was added and incubated for a total of
120 h. The cells were then subjected to luciferase activity assay
using the Bright-Glo luciferase assay system (Promega). The ICso
was defined as the concentration of compound at which the lucif-
erase activity in the replicon cells was reduced by 50%.

For real-time RT-PCR analysis, total RNA was amplified using the
forward primer HCV-F(5'-TGCGGAACCGGTGAGTACA-3') and there-
verse primer HCV-R (5'-CTTAAGGTTTAGGATTCGTGCTCAT-3' ) in the
presence of SYBR Green [ Master Mix (Applied Biosystems). For inter-
nal control, RT-PCR was performed using the forward primer p-ac-
tin-F  (5'-TCACCCACACTGTGCCCATCTACG-3') and the reverse
primer p-actin-R (5’-CAGCGGAACCGCTCATTGCCAATG-3'). The reac-
tion condition was 1 cycle of 48 °C for 30 min., 1 cycle of 95 °C for
10 min, and 40 cycles of 95 °C for 15 s followed by 60 °C for 1 min.

Infectious HCV particles production and infection inhibition assay.
The production of infectious HCV particles (HCVcc) was performed
using the plasmid PFL-J6/JFH (a kind gift from Professor Charles
Rice, The Rockefeller University) as described [13]. For infection
inhibition assay, 100 ul of HCVcc-containing supernatant (5 x 103
foci forming units) was added to Huh7.5 cells and incubated for
4 h. The virus-containing supernatant was then removed and fresh
medium with or without the tested compound was added and
incubated for a total of 72 h. The cells were fixed and stained by
anti-Core antibody (Affinity BioReagents) and the infectious foci
were counted by the fluorescence microscopy.

Extraction. Leaves and stems of L hypoglauca were collected
from the Da-kang area of Taichung County in central Taiwan. The
species were identified and voucher specimens (YHT001 (TCF))
were deposited at the Herbarium of the Department of Forestry,
National Chung Hsing University, Taiwan. The preparation and
purification of crude extracts were performed as mentioned (Sup-
plemental methods).

Molecular modeling of the pheophytin a-HCV NS3/4A complexes.
The model of pheophytin a in complex with the HCV-NS3/4A pro-
tease was constructed by docking pheophytin a to the crystallo-
graphic structure of 1b strain of the HCV-NS3/4A protease (PDB
code 1DY8) [14]. Molecular modeling was performed as mentioned
(Supplemental methods).

NS3 serine protease activity assay. The NS3 serine protease
activity assay was conducted by the FRET-based, SensoLyte™ HCV
protease assay kit (AnaSpec). Briefly, HCV-NS3/4A protease was
mixed with the tested compound in the assay buffer. After
15 min incubation at room temperature, 50 ul of FRET peptide
substrate solution was added and mixed well. For kinetic reading,
the fluorescence intensity was measured immediately and contin-
uously at Ex/Em = 490 nm/520 nm. The data was recorded every
5 min for a total of 120 min.

Synergy analysis. To determine whether the effect for the combi-
nation of pheophytin a with INFa-2a (Roche) was synergistic, addi-
tive or antagonistic, the luciferase-based HCV replicon assay was
performed and analyzed according to the classical isobologram
analysis [15].

Statistical analysis. The Student's t test was used to evaluate the
difference between the test sample and solvent control. p <0.05
was considered statistically significant.

Results

Lonicera hypoglauca exhibits potent anti-viral activity in HCV replicon
cells

In this study, HCV replicon cells were used to perform bioactiv-
ity-guided screening to explore whether the extracts from L.
hypoglauca elicit any anti-HCV activity. The replicon cells were
treated with various concentrations of EtOH-soluble extract
(LH-crude) from L. hypoglauca. LH-crude caused a dose-dependent
inhibition of NS5A expression, a long half-life HCV protein, with-
out affecting cell viability and cell growth (Fig. 1A). Subsequent
tracking of LH-crude revealed that the ethyl acetate-soluble frac-
tion (LH-EA) but not the H,0-soluble fraction (LH-water) was most
active (Fig. 1B).

To identify the active component in LH-EA with anti-HCV activ-
ity, LH-EA was separated into 20 fractions (LH-EA-1 to -20) by
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Fig. 1. Lonicera hypoglauca exhibits potent anti-viraf activity in HCV replicon cells. (A) HCV replicon cells were treated with the indicated concentrations of EtOH extract (LH-
crude) from L. hypoglauca and viable cells were determined by the trypan blue exclusion analysis. The data represented the means + SD. {n =3, upper panel). The cell lysates
(48 h post-treatment) were subjected to Western blot analysis using the anti-NS5A antibody (lower panel). (B, C) HCV replicon cells were treated with the indicated
concentrations of LH-crude, EtOAc-soluble fraction (LH-EA), H,0-soluble fraction (LH-water), the fraction 13 of LH-EA (LH-EA-13), and the pool of other LH-EA fractions (LH-
EA-others), respectively. The cell lysates (48 h post-treatment) were subjected to Western blot analysis using the anti-NS5A antibody. The expression of -actin was used for

the control of equal protein loading. C:No-treated, control replicon cells.
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chromatography. Each fraction was further evaluated for their
anti-HCV activity using the same replicon cell-based assay. As
shown in Fig. 1C, the fraction of LH-EA-13 exhibited the strongest
anti-HCV activity.

Pheophytin a reduces HCV protein expression in replicon cells and the
infectivity of HCVcc

To understand which compound exhibits anti-HCV activity, the
LH-EA-13 fraction was purified by HPLC to obtain compound 1.
The compound 1 molecular formula was determined to be
Cs5H74N406 (MW = 887.23) by fast atorn bombardment mass spec-
trometry. The "H NMR spectrum of compound 1 presented 1.68 (t,
]=8Hz, 3H), 1.79 (d, J = 7.2 Hz, 3H), 2.16 (m, 1H), 231 (m, 1H),
2.45 (m, 1H), 2.59 (m, 1H), 3.23 (s, 3H), 3.39 (s, 3H), 3.67 (s, 3H),
3.68 (q, ] = 8 Hz, 2H), 3.85 (s, 3H), 4.19 (d, ] = 9.2 Hz, 1H), 4.50 (dq,
J=7.2,52Hz, 1H), 6,17 (dd, J = 11.6, 1.6 Hz, 2H), 6.24 (s, 1H), 6.28
(dd, J=18.0, 1.6 Hz, 2H), 7.99 (dd, J=18.0, 11.6 Hz, 1H), 8.54 (s,
1H), 9.38 (s, 1H), and 9.51 (s, 1H). The 'H NMR spectrum of com-
pound 1 was identical to the spectrum of pheophytin a which has
been identified by Ina and his coworker [16]. The structure of pheo-
phytin a was shown in Fig. 2A. The purity of pheophytin a was esti-
mated to be greater than 99.5% from the "H NMR spectrum and
HPLC analysis.

S.-Y. Wang et al./Biochemical and Biophysical Research Communications 385 (2008) 230-235

We then used compound 1 {pheophytin a) to confirm its anti-
HCV activity using HCV replicon cells and Huh7/Rep-Feo cells. Phe-
ophytin a did not affect the cell viability of these cells (Fig. 2B left
panel, Fig. 2C upper panel). However, it was more potent than the
crude extracts in inhibiting NS5A expression in replicon cells
(Fig. 2B right panel) and luciferase expression in Huh7/Rep-Feo
cells (Fig. 2C lower panel). Pheophytin a also significantly inhibited
replicon cells HCV RNA accumulation (Fig. 2D) and the infectivity
of HCVcc (Fig. 2E, p < 0.05). The calculated ICsq was 4.97 uM. These
data thereby unveil pheophytin a as the active component of L.
hypoglauca with anti-HCV activity.

Computational molecular modeling reveals the interaction of
pheophytin a with the active site of HCV-NS3 protease

NS3 protease is an attractive target for development of antiviral
agent. To gain more chemical insight for the molecular mechanism
involved in the anti-HCV activity of pheophytin a, computational
molecular modeling was performed by docking pheophytin a onto
the active site of HCV NS3/4A. The best predicted binding mode
was illustrated in Fig. 3A and B. The amino acids HIS57, LYS136,
SER139, and ALA155 were involved in the formation of four hydro-
gen bonding with pheophytin a. In addition, the amino acids
SER42, GLY137, LYS136, VAL132, SER133, CYS159, PHE154,
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Fig. 2. Pheophytin a inhibits HCV expression in the subgenomic HCV replicon cells and HCVec. (A) Chemical structure of pheophytin a. (B} HCV replicon cells were treated
with the indicated concentrations of pheophytin a and the viable cells were determined by the trypan blue exclusion analysis (left panel). The cell lysates (48 h post-
treatment) were subjected to Western blot analysis using the anti-NS5A antibody and the expression of B-actin was used for the control of equal protein loading (right panel).
The band intensity of NS5A versus B-actin was determined and the ratios were plotted against the concentration of pheophytin a. (C) Huh7/Rep-Feo cells were treated with
the indicated concentrations of pheophytin a. The cell toxicity was determined by MTS assay (upper panel) and the HCV gene expression was determined by luciferase
activity assay (lower panel). (D) HCV replicon cells were treated with 6 uM of pheophytin a for 96 h and the total RNA was subjected to real-time RT-PCR assay. The relative
HCV-RNA level for pheophytin a- {P) and DMSO-treated (D) control cells was shown. (E) The HCVcc-infected Huh7.5 cells were treated with various concentration of
pheophytin a. The celis were stained by the anti-Core antibody and the refative infectivity for the indicated treatment compared to the control treatment cells was shown.
“p < 0.05 when compared to the control replicon cells. The data represented the mean +SD (n=3).
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Fig. 3. Computational molecular models and molecular analysis for the interaction between pheophytin a and HCV NS3/4A. (A, B) The computational molecular models of
pheophytin a in the active site of the HCV NS3/4A were shown as cartoon and surface in (A) and (B), respectively. The carbon atoms in pheophytin a were colared in magenta.
The side-chains of the N53 amino acid residues within 5 A radius centered on pheophytin a were shown explicitly. The carbon atoms in NS3 were shown in gray. Nitrogen and
oxygen were colored in blue and red, respectively. Trace of the NS3 backbone structure was shown as a blue tube. The secondary structure elements were shown as a ribbon
drawing and the important amino acid residues involved in pheophytin a binding were labeled. The green and yellow dotted fines represented tentative donor-acceptor pairs
of the hydrogen bonds and the hydrophobic interactions between pheophytin a and NS3, respectively. (C, D) HCV-NS3/4A protease (5 ngfwell) was mixed with the indicated
concentrations of pheophytin a and the in vitro protease activity was determined as described in “Materials and methods”. The fluorescence signal was recorded every 5 min
(C). The percentage of residual activity at 60 min after initiation of reaction was calculated and was plotted against the concentration of pheophytin a (D). The data
represented the means +SD (n=3).

ALA156, ASP168, and ARG155 also contributed to the hydrophobic measure the drug-drug interaction was shown in Fig, 4A with syn-
interactions and binding with pheophytin a. An important non- ergy, additivity, and antagonism presented as concave, linear and
covalent hydrogen bond interaction was formed between the hy- convex isoeffective curves, respectively [17]. Our results demon-
droxy! group of SER139 of the NS3 catalytic triad and the acyl oxy- strated that the curve was below the line representing additive ef-
gen in the ester group of pheophytin a. Furthermore, the S1, 52, 53, fect, indicating the synergy of the two drugs against the replicon
and S4 sites of NS3 were probably occupied by the porphin group cells (Fig. 4B). In addition, MTS assays did not show any difference
of pheophytin a, and the ' sites other than 51’ were possibly occu- in cell survival with the drug concentrations used in this isobolo-
pied by a phytol group of pheothytin a. The particular hydrophobic gram analysis (data not shown), suggesting that the synergistic ef-
interaction was formed between a phytol group of pheophytin a fect of pheophytin a and INFa-2a on HCV gene expression is not
and a long nonpolar chain of four carbon atoms of LYS136. These due to cytotoxicity.
data suggest that pheophytin a may have a functional interplay
with HCV-NS3.
Discussion
Pheophytin a elicits its anti-HCV effect by inhibition of NS3 serine
protease activity The global prevalence of HCV infection averages 3% according to
the estimation made by the World Health Organization. Through

To further delineate the effect of pheophytin a on HCV-NS3, the bioactivity-guided screening, structure—activity relationship, and
NS3 serine protease activity assay was performed in the presence biochemical analysis, we report herein that HCV-NS3 is a potent
of pheophytin a. The amount of fluorescence signal was decreased molecular target of L. hypoglauca-derived pheophytin a. As a result,
with increasing concentration of pheophytin a in a dose-dependent the viral proteins and RNA expression and the HCV infectivity are
manner (ICsg = 0.89 uM), indicating that pheophytin a exhibits the diminished. Notably, concomitant treatment of HCV replicon cells
anti-NS3 serine protease activity (Fig. 3C). Plotting the residual with pheophytin a and INFo-2a elicits synergistic effect and en-
protease activity of reactions containing various concentrations hances anti-HCV activity without compensation of cell survival.

of pheophytin a as percentage of activity in the absence of the com- This study thereby offers insight to the molecular basis for the

pound (expressed as 100%) resulted in a titration curve typical of a anti-HCV activity of L. hypoglauca and indicates pheophytin a as

binding inhibitor (Fig. 3D). a potent adjuvant regimen for INFa-2a therapy in the clinical
setting.

Combination of pheophytin a with INFa-2a significantly enhances Among the HCV nonstructural proteins, NS3-mediated process-

anti-HCV activity without an increase in cytotoxicity ing of the protein junctions is essential for viral replication and

therefore provides an attractive target for development of antiviral

To determine whether pheophytin a and INFa-2a have synergis- agents [18]. In addition to pheophytin a, several studies also dis-

tic inhibitory effect on HCV gene expression, the classic isobolo- covered natural products with anti-NS3 protease activity. These in-

gram analysis was performed. A typical isobologram used to clude nature compounds from Galla Chinese and Rhodiola kirilowii
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