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1. Introduction

Epidermal growth-factor receptor (EGFR) is the
prototypic member of the EGFR family of receptors,
which also contains HER2/neu (ErbB2), HER3
(ErbB3), and HER4 (ErbB4) [1-4]. This family is
involved in regulating signaling pathways that are
implicated in the proliferation, invasion, migration,
survival, adhesion, and differentiation of cancer cells
[3,5]. EGFR and/or HER2 are expressed at high
levels in many human malignancies of epithelial
origin, including lung, breast, head and neck, and
bladder cancer [6,7]. They exist as monomeric
receptors spanning the plasma membrane and are
activated by dimerization after binding to ligands,
such as EGF/TGFa, heparin-binding EGF, epiregu-
lin, betacellulin, and amphiregulin. The homodimer-
ization and/or the heterodimerization of EGFR with
other family members induces the ligand-specific
activation of a number of intracellular signal-
transduction cascades, including phospholipase Cy,
phosphatidylinositol-3-kinase (PI3K)-Akt, small G-
proteins, Ras. Ras GTPase-activating protein, extra-
cellular signal-regulated kinase (ERK)-1/2, Src
family kinases, and signal transducer and activator
of transcription (STAT) [8]. So far, no ligand has
been identified for HER?, which seems to be the
preferred heterodimeric partner for all other members
of the EGFR family [9]. In fact, heterodimers
containing HER2 have been reported to show greater
affinity for ligands [10], to generate more prolonged
signals and to enhance the biological effects of
EGFR ligands, such as EGF [9,11]. High expression
levels of EGFR and/or HER2 are associated with
disease progression and poor prognosis in patients
with various malignant cancers [4,5,12-14]. EGFR
and HER2 proteins are therefore attractive targets for
novel anticancer therapies [3,15].

The EGFR tyrosine-kinase inhibitor ZD1839
(Iressa) is a small-molecule anticancer agent and
a synthetic anilinoquinazoline [16]. It is orally
active and blocks signal-transduction pathways
implicated in the proliferation and survival of
cancer cells, as well as other host-dependent
processes that promote cancer growth [3,17-19].
It shows antiproliferative activity in various differ-
ent human cancer cell in vitro [20]. ZD1839-
induced tumor-growth inhibition in vivo is
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potentiated by combination with a range of
cytotoxic anticancer agents [20-23]. Clinically
significant antitumor activity and symptom relief
were reported in two phase II trials (known as
IDEAL 1 and 2) of ZD1839 monotherapy in
patients with advanced non-small-cell lung cancer
(NSCLC), all of whom had previously received
treatment with platinum-based chemotherapy [24-
27]. ZD1839 has now been approved in several
countries—including Japan, Australia, and United
States—for use in patients with inoperable or
recurrent NSCLC.

The humanized anti-HER2 monoclonal antibody
trastuzumab (Herceptin) is an anticancer agent that
was developed against HER2. Trastuzumab activity
is dependent on HER2-expression levels [28-31].
Clinical trials have clearly demonstrated that
trastuzumab has significant activity against HER2-
positive metastatic breast cancer [32,33].

EGFR and HER2 are overexpressed in 40-80%
and 25-30%, respectively, of NSCLC patients [26,
34]. A recent report suggested that they might act in
concert to sustain the autonomous proliferation of
breast cancer cells [35-38]. Moreover, breast tumors
that co-express EGFR and HER2 have a relatively
poor prognosis compared with tumors that express
only one of these receptors [39-41]. Improved
therapeutic effects might therefore be obtained against
NSCLC cells expressing both EGFR and HER?2
through combined treatment with ZD1839 and
trastuzumab.

. The present study aimed to determine whether a

combination of ZD1839 and trastuzumab showed
significant cytotoxicity against NSCLC cells. The
effects of this combination treatment are discussed
with respect to cell growth, cell signaling and the cell
cycle.

2. Materials and methods

2.1. Materials

7ZD1839 was provided by AstraZeneca (Maccles-
field, UK), trastuzumab was purchased from Chugai
Pharmaceutical Company (Tokyo, Japan).
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2.2. Cell lines and cell culture

The human NSCLC cell lines A549, NCI-H23,
NCI-H727, and NCI-H661, and the human vulval
squamous carcinoma cell line A431, were purchased
from the American Type Culture Collection (Mana-
ssas, VA). Dulbecco’s modified Eagle’s medium
(DMEM) and Roswell Park Memorial Institute
(RPMI) 1640 were used as culture media, sup-
plemented with 10% fetal bovine serum (FBS),
100 IU/ml penicillin, and 100 pg/ml streptomycin.
A549 and A431 were cultured in DMEM, whilst NCI-
H23, NCI-H727, and NCI-H661 were cultured in
RPMI 1640. All cells were maintained under standard
cell-culture conditions at 37°C and 5% CO; in a
humid environment.

2.3. Cell viability assay

For cell viability assays, WST-8 (2-(2-methoxy-4-
nitrophenyl)—3—(4—nitopheny1)—5-(2,4—disulfophenyl)—
2H-tetrazolium, monosodium salt) assays (Dojindo,
Kumamoto, Japan) were used in this study. Briefly,
cells were seeded at a density of 3-5X 10? cell/well in
96-well plates. After 24 h, various concentrations of
7D1839 and/or trastuzumab were added, as indicated,
and the cells were incubated for a further 96 h.
Subsequently, the cells were washed with phosphate-
buffered salin (PBS) and 10% WST-8 solution for 2 h
at 37 °C. Absorbance was measured at 450 nm using a
microplate reader model 550 (Bio-Rad Laboratories,
Hercules, CA). Absorbance values were expressed as
the percentage of untreated controls, and the concen-
tration of ZD1839 and/or trastuzumab resulting in
50% growth inhibition (ICso) was calculated.

2.4. Colony-formation assay

Cells survival were determined by plating 1X 10°

_ cells in 35-mm dishes. After 24 h, the medium was

replaced with medium containing ZD1839 and/or
trastuzumab at the concentrations indicated. The cells
were incubated in a humidified chamber at 37 °C for
10 days. They were then washed with PBS and fixed
with 100% methanol. Finally, the cells were stained
with 10% crystal violet in water for at least 2 h at
room temperature, and the number of colonies present
was counted. Clonogenic survival was expressed as

t

the percentage of colony-forming units present in the
treated cultures relative to the untreated controls.

2.5. Cell-cycle analysis

Cells were seeded at a density of 1X 10° cells/well

in six-well plates. After 24 h, the medium was

replaced with medium containing ZD 1839 and/or
trastuzumab at concentrations of 1 and 1 pM,
respectively, as indicated. Cells were incubated in a
humidified chamber at 37 °C for 48 h, and then fixed
with 70% ethanol, stained with 1 mg/ml propidium
jodide (PI), and examined for changes in the cell-
cycle distribution using flow cytometry (FACScan:
Becton Dickinson).

2.6. Western blot analysis

Cells were cultured in six-well plates until
subconfluence, and then incubated with ZD1839
and/or trastuzumab at the indicated concentrations
for 3 h at 37 °C. Cells were washed with PBS and
lysed in buffer containing 50 mM Tris—HCI, pH 6.8,
10% glycerol, 2% sodium dodecyl sulfate (SDS), and
5% B-mercaptoethanol, and then lysed by sonication.
After the removal of cell debris by centrifugation,
protein concentrations were determined using the
Bio-Rad protein assay (Bio-Rad Laboratories). Cell
lysates were boiled for 5 min at 100 °C, and equal
amounts of protein (10 pg) were subjected to 7.5-15%
SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes
(Millipore, Bedford, MA). Membranes were blocked
with PBS containing 5% milk and 0.1% Tween 20,
and then incubated with the following primary
antibodies: anti-EGFR (1:2500; BD Transduction
Laboratories, Lexington, KY); anti-HER2 (1:50;
Zymed Laboratories, San Francisco, CA); anti-HER3
and anti-HER4 (1:500; Neomarkers, Freemont, CA);
anti-phospho EGFR (1:2000; Upstate Biotechnology,
Lake Placid, NY); anti-phospho HER2, anti-ERK-1/2,
anti-phospho ERK-1/2, anti-Akt, anti-phospho Akt,
anti-retinoblastoma (Rb), and anti-phospho Rb
(1:1000; Cell Signaling Technology, Beverly, MA);
and anti-p27, anti-cyclin E and anti-cyclin DI
(1:1000; Santa Cruz Biotechnology, Santa Cruz,
CA). After washing three times with Tween 20-PBS
(containing 0.1% Tween 20), membranes were
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incubated with secondary antibody conjugated to anti-
mouse or anti-rabbit horseradish peroxidase (HRP)
(Bio-Rad Laboratories). The protein conducts were
visualized using the enhanced chemiluminescence
Western-blotting detection system (Amersham Phar-
macia Biotech). The relative expression was calcu-
lated using the NIH Image version 1.62) program (rsb.

info.nih.gov/nih-image/download.html).
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2.7. Immunoprecipitation and immunoblot analysis

Cells were cultured in 100-mm dishes until
subconfluence, and then incubated with ZD1839 at
the concentrations indicated for 3 h at 37 °C. Cells
were washed with PBS and lysed in NP-40 buffer
(50 mM Tris, 1 mM EDTA. 80 mM NaCl, 0.3% NP-
40, and 10% glycerol containing 1 mM PMSF,
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Fig. 1. Effects of ZD1839 on the growth of NSCLC cells and variation in the expression of EGFR family proteins. (A) Cell viability assays were
performed as described in Section 2, with various concentrations of ZD1839. Cells (3-5X 10%/well) were seeded into 96-well plates. After 24 h,
the cells were incubated with ZD1839 for 96 h. The number of viable cells in each well was estimated using WST-8 assays. Each data point

represents the mean+SD of triplicate experiments,

expressed as a percentage of the cell growth relative to untreated controls. (B) The

expression levels of EGFR family proteins were measured using Western blot analysis. Cells were cultured in six-well plates until
subconfluence, and then cells were harvested. Equal amounts of protein were loaded onto a 7.5% SDS-PAGE gel and immunoblotted with the
antibodies indicated, as detailed in Section 2. EGFR, HER2, HER3, and HER4 protein levels were determined using anti-EGFR, anti-HER2,
anti-HER3, and anti-HER4 antibodies. Similar results were obtained in repeated experiments.
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10 pg/ml aprotinin, 10 pg/ml leupeptin, and 1 mM
sodium vanadate). For immunoprecipitation, 2 mg of
total protein from cell lysates were incubated with
appropriate amounts of primary antibody at 4 °C for
3 h. Protein A/G PLUS agarose (15 pl, Santa Cruz
Biotechnology) was then added for a further 2h at
4°C with rocking. Immnoprecipitates were pelleted
by centrifugation and washed three times with lysis
buffer. Captured proteins were then eluted by boiling
the beads in SDS sample buffer for 5 min at 100 °C.
Samples were subjected to 7.5% SDS-PAGE electro-
phoresis and transferred to nitrocellulose membranes.
Immunoblot analysis was performed as described
above.

2.8. Statistical analysis

Statistical analysis was performed using the
Student’s #-test. A probability (P) level of <0.05
was considered statistically significant.

3. Results

3.1. Differential effects of ZD1839 on NSCLC cell
growth and EGFR family protein expression

We first examined the effects of ZD1839 on cell
proliferation in four human NSCLC cell lines—AS549,
NCI-H23, NCI-H727, and NCI-H661—compared
with the human vulval squamous carcinoma cell line

A431, which is known to be highly susceptible to

growth inhibition by ZD1839 [42]. ZD1839 induced
dose-dependent growth inhibition in the NSCLC cell

Table 1

lines, and significantly inhibited the proliferation of
A431 cells (Fig. 1(A)). Among the NSCLC cell lines,
AS549 was the most sensitive to ZD1839, whereas
NCI-H23 showed the least effects.

The four NSCLC cell lines examined expressed
varying amounts of EGFR, HER2, HER3, and
HER4 proteins as summarized in Table 1. Consist-
ent with previous findings [42], A431 cells
expressed high levels of EGFR (Fig. 1(B)). A549,
NCI-H23, and NCI-H727 cells expressed compar-
able levels of EGFR, whereas little, if any, EGFR
was expressed in NCI-H661 cells. Comparable
levels of HER2 expression were detected in A549
and NCI-H661 cells, but the levels were much
lower in NCI-H23 and NCI-H727 cells. NCI-H727
and NCI-HG61cells showed greater levels of HER3
expression than A549 and NCI-H23 cells. By
contrast, only NCI-H661 cells expressed high levels
of HERA4.

3.2. Effects of combination treatment with ZD1839
and trastuzumab on NSCLC cell growth

In the next experiment, we evaluated the effects of
varions doses of ZID1839 on the growth of NSCLC
cells in the presence or absence of trastuzumab at
doses of 0.01, 0.1, and 1 uM. A combination of
7ZD1839 and trastuzumab induced significant growth
inhibition in A549 cells (Fig. 2(A)). This combination
appeared to have a slight additive effects, or no effects
at all, on the growth of NCI-H23, NCI-H727, and
NCI-H661 cells (Fig. 2(B), and data not shown). NCI-
H23 cells in particular showed no significant growth
inhibition.

Comparison of protein expression levels of EGFR family and ZD1839-induced growth inhibition

Cell lines EGFR family protein levels (%) Growth inhibition®
EGFR HER2 HER3 HER4 ICso (WM)

A431 270 108 89 <10 0.7

A549 92 69 <10 <10 5.4

NCI-H23 41 15 <10 <10 >10

NCI-H727 100 <10 100 <10 7.6

NCI-H661 <10 100 40 100 . >10

* Protein expression levels were examined by Western blotting. Further, the indensity of specific staining for each cell lines were quantitatived
using a NIH Image, according to the manufacture’s instructions. Relative EGFR family levels of five cell lines are presented when normalized
by EGER level in NCI-H727, HER?2 level in NCI-H661, HER3 level in NCI-H727, HER4 level in NCI-H661. ;

b 711839 concentrations (M) responsible for 50% growth inhibition in WST-8 assay at 96 h, calculated with data of triplicate experiments.
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Fig. 2. Effects of combination treatment with ZD1839 and trastuzumab (TRA) on NSCLC cell proliferation and cell-colony survival, (A) A549
cells; (B) NCI-H23 cells. Cells (3-5X 10%/well) were seeded into 96-well plates and incubated the following day with the concentrations of
7D1839 and/or TRA indicated. After 96 h of treatment, the number of viable cells in each well was estimated using WST-8 assays, as described
in Section 2. Similar results were obtained in triplicate experiments. The coefficient of variation was always below 10%. For reasons of clarity it
is not shown. (C) A549 cells (1 X 10%/dish) were seeded in colony-formation assays with the concentrations of ZD1839 and/or TRA indicated, as
described in Section 2. Each column represents the mean number of colonies with a diameter >50 pum in three dishes. The bars show the
mean +SD of triplicate experiments. An asterisk denotes a statistically significant difference (P <0.05) compared with the untreated controls or
cells treated with either drug alone.

We further evaluated the effects in A549 cells either drug on its own (Fig. 2(C)), These data clearly

using a colony-formation assay. Combination treat- show that a combination of ZD1839 and trastuzumab
fment with ZD1839 at 1 pM and trastuzumab at 1 pM produces significant growth inhibition in A549 cells.
induced significant growth inhibition in A549 cells These effects were not observed in the other cell lines
compared with untreated controls or cells treated with examined (data not shown).
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Fig. 3. Effects of combination treatment with ZD1839 and
trastuzumab (TRA) on NSCLC cell-cycle progression. (A) AS549
cells; (B) NCI-H23 cells. Cells were treated with ZD1839 at | pM
and/or TRA at 1pM for 48 h. They were then fixed with 70%
ethanol, stained with PI, and changes in the cell-cycle distribution
were examined using flow-cytometric analysis, as described in
Section 2. The numbers of cells percentage in the Go/G, phase are
shown in the bar graph. The data represent the mean values and the
bars indicated the SD of triplicate experiments. An asterisk denotes
a statistically significant difference (P <0.05) compared with the
untreated controls or cells treated with either drug alone. Similar
results were obtained in repeated experiments.

3.3. Effects of combination treatment with ZD1839
and trastuzumab on cell-cycle progression and
expression of cell-cycle-related proteins

We then examined the cell growth inhibitory

. effects of a combination of ZD1839 and trastuzumab

on cell-cycle progression using FACScan. In A549
cells, a combination of 7ZD1839 at 1 puM and
trastuzumab at 1 pM produced a significant increase

¢

in the numbers of cells in the Go/G; phase compared
with untreated control cells or those treated with
either drug on its own (Fig. 3(A)). This was
accompanied by a corresponding decrease in the
number of A549 cells in the S and G,/M phases.
Combination treatment therefore induced G, arrest in
A549 cells. By contrast, no significant changes were
observed in cell-cycle distribution in NCI-H23, NCI-
H727, and NCI-H661 cells after combination treat-
ment (Fig. 3(B), and data not shown). We next
examined the expression of cell-cycle regulators,
such as p27 and cyclin E or D1, which are essential for
G,/S phase progression, in NSCLC cells. Combi-
nation treatment increased the expression of cyclin-
dependent kinase inhibitor p27, but decreased the
expression of cyclin E or D1 (Fig. 4). The phos-
phorylation of Rb (Ser-780) protein was also inhibited
compared with the untreated controls or cells treated
with either drug alone. By contrast, the combination
treatment had no significant effects on the expression
of p27, cyclin E or D1, and Rb phosphorylation in
NCI-H23 cells.

3.4. EGFR and HER2-induced cell-growth signaling
in NSCLC cells after combination treatment with
ZD1839 and trastuzumab

HER2 as well as EGFR activates a number of
cytoplasmic signal transduction pathways such as the
PI3K-Akt and Ras-MAP kinase. We then evaluated
the effects of combination of ZD1839 and trastuzu-
mab on EGFR, HER2, ERK-1/2, and Akt (ser-473)
phosphorylation in A549 and NCI-H23 cells under
basal growth conditions in the presence of 10% serum.
Combination treatment with ZD1839 at 1 uM and
trastuzumab at 1 pM produced significant inhibition
of phosphorylation of EGFR and HER2 in AS549 cells,
compared with treatment with either drug alone
(Fig. 5). Moreover, the combination treatment also
significantly inhibited the phosphorylation of ERK-1/
2 and Akt in A549 cells. No effects were detected in
NCI-H23 cells.

3.5, Formation of constitutive EGFR/HER2
heterodimers in NSCLC cells

A combination of ZD1839 and trastuzumab was
found to block EGFR and HER?2 signaling in A549
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Fig. 4. Effects of combination treatment with ZD1839 and trastuzumab (TRA) on the expression of cell-cycle related proteins. The expression
levels of p27, cyclin E or D1, and Rb were measured in drug-sensitive A549 and drug-resistant NCI-H23) cells. Cells were treated for 48 h with
ZD1839 at 1 uM and/or TRA at 1 uM. Equal amounts of protein were separated by SDS-PAGE and subjected to immunoblot analysis with the
antibodies indicated, as detailed in Section 2. p27 and cyclin E or D1 levels were determined using anti-p27 and anti-cyclin E or D1 antibodies,
respectively. Rb activity was determined using an anti-phospho Rb antibody, and Rb protein levels were evaluated using anti-Rb antibody.
Similar results were obtained in repeated experiments. Values indicate the density of the bands.

cells but not in NCI-H23 cells. The EGFR/HER2
heterodimer is frequently detected in cancer cell lines
in culture [43,44] and is thought to have an important
role in cell signaling. We therefore compared the
formation of EGFR/HER?2 heterodimers in A549 and
NCI-H23 cells. Immunoprecipitation and immunoblot
analysis revealed the formation of constitutive EGFR/
HER?2 heterodimers in A549 cells (Fig. 6), which
showed a twofold increase in the presence of ZD1839.
By contrast, NCI-H23) cells showed little, if any,
formation of constitutive EGFR/HER?2 heterodimers.

4. Discussion

EGFR and HER? are important molecular targets
for anticancer drugs. ZD1839 (Iressa), which
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selectively inhibits EGFR tyrosine kinase, is effective
in patients with advanced NSCLC. The humanized
anti-HER?2 antibody trastuzumab (Herceptin) is effec-
tive against metastatic breast cancer [32,33]. Ye et al.
[45] reported that a combination of trastuzumab and
the anti-EGFR monoclonal antibody C225 had an
additive antiproliferative effect in ovarian cancer
cells. Moreover, several studies have demonstrated
synergistic growth inhibition by trastuzumab and
7D1839 in breast cancer cells [35-38]. In the present
study, we evaluated the potential cooperative anti-
proliferative effects of ZD1839 and trastuzumab on
NSCLC cells in culture. These drugs showed
significant cytotoxic effects on the proliferation of
7ZD1839-sensitive NSCLC cells in both WST-8 and
colony-formation assays. By contrast, the combi-
nation treatment had either a slight additive effects or
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Fig. 5. Effects of combination treatment with ZD1839 and trastuzumab (TRA) on intracellular signaling molecules. The effects on EGFR,
HER2, ERK-1/2, and Akt were examined in drug-sensitive A549 and drug-resistant NCI-H23 cells. Cells were treated for 3 h with ZD1839 at
1 uM and/or TRA at 1 pM. Equal amounts of protein were separated by SDS-PAGE and probed with the antibodies indicated, as detailed in
Section 2. EGFR, HER2, ERK-1/2, and Akt activity were determined using the corresponding anti-phospho antibodies. EGFR, HER2, ERK-
1/2, and Akt protein levels were evaluated using anti-EGFR, anti-HER?2, anti-ERK-1/2, and anti-Akt antibodies. Similar results were obtained in

repeated experiments. Values indicate the density of the bands.

no effects at all on the other NSCLC cell lines
examined. A549 cells treated with both ZD1839 and
trastuzumab under basal growth conditions showed an
increased number of cells at Go/G; phase, increased
p27 expression, decreased expression of cyclin E and
cyclin D1, and decreased Rb phosphorylation com-
pared with cells treated with either drug on its own.
Combination treatment reduced the phosphorylation
of EGFR, HER2, ERK-1/2, and Akt compared with
treatment with either agent alone.

Anido et al. [43] demonstrated that ZD1839
induced the formation of inactive EGFR/HER2 and
EGFR/HER3 heterodimers in breast cancer cells
under basal growth conditions. In the present study,
EGFR/HER?2 heterodimers were detected in

7ZD1839-sensitive A549 cells, but not in ZD1839-
resistant NCI-H23 cells, under basal growth con-
ditions. Heterodimer formation might be necessary
for sensitivity to growth inhibition induced by
ZD1839 or a combination of ZD1839 and trastuzu-
mab. Consistent with the results of Anido et al. [43],
we found that ZD1839 induced a increase in EGFR/
HER2 heterodimer formation in A549 cells. We
therefore suggest that inactive heterodimers, which
block EGFR and HER2-induced signaling, are
formed, in the presence of ZD1839. A recent
highlight is finding that either therapeutic efficacy
of ZD1839 or drug sensitivity to ZDI1839 is
closely associated with somatic mutations in EGFR
catalytic kinase domain (mainly in exon 19 and 20)
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Fig. 6. Effects of ZD1839 on tile formation of EGFR/HER2 heterodimers. Cells were treated with the concentrations of ZD1839 indicated for
3 h. Equal amounts of protein were then subjected to immunoprecipitation using anti-EGFR antibody. The immunoprecipitates were subjected
to SDS-PAGE electrophoresis and immunoblot analysis with anti-EGFR and anti-HER?2 antibodies, as detailed in Section 2. Similar results
were obtained in repeated experiments. Values indicate the density of the bands. #n.d., not determined.

in NSCLC [46,47]. We have reported that cellular
7ZD1839 sensitivity in NSCLC cells depends upon
how cellular growth and survival could be closely
associated with EGE-EGFR signaling in each
NSCLC cell lines [42], and also that the most
7D1839 sensitive NSCLC cell lines, PC9 cells, has
deletion mutation in the EGFR catalytic kinase
domain (Ono, unpublished data). In the present
study, we observed no apparent mutation in exon
19 and 21 in the EGFR gene in A549 cells, a most
7D1839-sensitive cell lines in the four NSCLC cell
lines examined (Nakamura and Ono, unpublished
data). HER2 is often overexpressed in various
malignancies including breast cancer and lung
cancer. Interestingly, Stephens et al. [48] demon-
strated some mutations in the gene encoding the
transmembrane protein tyrosine kinase of HER2
when 120 primary lung tumors were examined.
Mutation of HER2 might be important for limitation
of drug sensitivity. Therefore, further study should be
required to determine whether any mutation of HER2
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could be associated with therapeutic efficacy combi-
nation therapy. It is also very important to determine
whether phosphorylation of EGFR and HER2 could
affect their interaction. We demonstrated that com-
bination treatment with ZD1839 and trastuzumab
showed significant inhibition of phosphorylation of
EGFR and HER2 in AS549 cells (Fig. 5). Anido et al.
[43] reported that ZD1839 did not induce the
formation of inactive EGFR/HER2 heterodimers
but inhibit the phosphorylation of EGFR/HER?2
heterodimers in breast cancer cells. Combination
treatment may be accompanied by reduced phos-
phorylation of EGFR/HER2 heterodimers with
increased EGFR/HER2 heterodimer formation.
Animal experiments using xenografts of breast
cancer and other epithelial tumor cells have revealed
that tumors that overexpress HER2 show the greatest
sensitivity to ZD1839 [35,36). Several reports have
found that EGFR levels are not directly, correlated
with the sensitivity of cancer cells to ZD1839 [20,23,
42.49,50]. In the present study, three of the four
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NSCLC cell lines examined (A549, NCI-H23, and
NCI-H727) expressed comparable levels of EGFR,
whereas A549 and NCI-H23 cells showed relatively
higher and lower sensitivity to growth inhibition by
ZD1839, respectively. A549 and NCI-H661 cells
expressed HER2 protein at comparable levels. There-
fore, sensitivity to ZD1839 did not seem to be directly
associated with either EGFR or HER?2 protein levels,
which was consistent with the results of previous
studies [42,43,46]. Ono et al. [42] reported that the
expression levels of EGFR and HER2 in A431 cells
were 33-fold and 1.07-fold higher than A549 cells. On
the other hand, Janmaat et al. [50] reported that the
expression levels of EGFR and HER2 in A431 cells
were 7.5-fold and 1.3-fold higher than A549 cells. We
demonstrated that the expression levels of EGFR and
HER2 in A431 cells were 2.9-fold and 1.56-fold
higher than A549 cells. Experimental conditions to

Akt ERK-1/2

evaluate the value of relative expression of EGFR and
HER2 were somewhat different in these studies:
protein expression levels by Western blot (Ono et al.
and our present study) and protein expression levels
by flow cytometry (Janmaat et al.). Moreover, we
analyzed with 10 pg protein of cell lysates from each
cell lines, while Ono et al. used 100 pg protein of cell
lysates for each assays. The potential reasons for such
differences might be probably due to different
experimental condition used in these studies.

In our recent study involving nine different
NSCLC cell lines, we proposed that sensitivity to
ZD1839 might be associated with the dependence of
cells on ERK-1/2 and Akt activation in response to
EGFR signaling for proliferation and survival [42]. In
the present study, the AS549 cell line showed
significantly greater sensitivity not only to ZD1839
but also to a combination of ZD1839 and trastuzumab,

HER2 Other
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Combination treatment
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........... o
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&

Akt

Growth arrest

EGFR_.. (] _ y receptors

Akt ERK-1/2

Cell growth

Fig. 7. A model of the growth-inhibitory response of NSCLC cells to combined ZD1839 and trastuzumab (TRA) treatment. The combination
treatment-sensitive A549 cells are driven by EGFR/HER2 heterodimers and EGFR and/or HER2. The activation of ERK-1/2 and Akt in
response to EGFR and HER2 signaling, which is essential for cell proliferation and survival, is blocked by ZD 1839 and/or TRA. By contrast, in
the combination treatment-resistant NCI-H23 cells, EGFR/HER?2 heterodimers and EGFR and/or HER?2 are not essential, and other factors or
receptors drive cell growth following activation by downstream signaling effectors. Therefore, combination treatment that targets EGFR/HER2
heterodimers inhibits signal transduction and cell-cycle progression in the sensitive NSCLC cell lines.
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compared with the other cell lines examined. By
contrast, the NCI-H23 cell line showed reduced
sensitivity to ZD1839 both alone and in combination
with trastuzumab. These findings indicate that the
high sensitivity of A549 cells to a combination of
7D1839 and trastuzumab is closely correlated with
dependence on ERK-1/2 and Akt activation in
response to both EGFR and HER2 signaling for
proliferation and survival. Furthermore, this process
appears to involve EGFR/HER2 heterodimers
(Fig. 7). No EGFR/HER2 heterodimers were formed
in the NCI-H23 cells, resulting in a much lower
sensitivity to growth inhibition induced by a combi-
nation of ZD1839 and trastuzumab.

In conclusion, we have demonstrated significant
growth inhibition in cultured NSCLC cells induced by
combination treatment with the EGFR-targeting drug
7D1839 and the HER2-targeting drug trastuzumab.
This combination might have improved therapeutic
efficacy against advanced NSCLC cells expressing
both EGFR and HER2. Further studies with animal
models will be necessary to confirm the effectiveness
of this novel therapeutic strategy against NSCLC.
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Infiltration of COX-2—expressing
macrophages is a prerequisite for IL-1p3—

induced neovascularization and tumor growth

Shintaro Nakao,2 Takashi Kuwano,! Chikako Tsutsumi-Miyahara,? Shu-ichi Ueda,’
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Inflammatory angiogenesis is a critical process in tumor progression and other diseases. The inflammatory
cytokine IL-1B promotes angiogenesis, tumor growth, and metastasis, but its mechanisms remain unclear.
We examined the association between IL-1p~induced angiogenesis and cell inflammation. IL-1p induced
neovascularization in the mouse cornea at rates comparable to those of VEGF. Neutrophil infiltration
occurred on day 2. Macrophage infiltrarion occurred on days 4 and 6. The anti-Gr-1 Ab-induced depletion
of infiltrating neutrophils did not affect IL-1p- or VEGF-induced angiogenesis. The former was reduced in
monocyte chemoattractant protein-1-deficient (MCP-1-/-) mice compared with wild-type mice, After day 4,
clodronate liposomes, which kill macrophages, reduced IL-1f-induced angiogenesis and partially inhib-
ited VEGF-induced angiogenesis. Infiltrating macrophages near the IL-1f-induced neovasculature were
COX-2 positive. Lewis lung carcinoma cells expressing IL-1 (LLC/IL-1) developed neovasculature with
macrophage infiltration and enhanced tumor growth in wild-type but not MCP-1-/- mice. A COX-2 inhibitor
reduced tumor growth, angiogenesis, and macrophage infiltration in LLC/IL-1f. Thus, macrophage involve-

ment might be a prerequisite for IL-13-induced neovascularization and tumnor progression.

Introduction

Angiogenesis, which involves a balance of promoters and
inhibitors, is enhanced in many diseases (1). However, clinical
trials with antiangiogenic factors have been less effective than
predicted from mouse models, suggesting angiogenesis may be
orchestrated by a more complex set of growth factors, cytokines,
and cell types (2).

IL-1B is an inflammatory cytokine that might modulate angio-
genesis by directly interacting with vascular endothelial cells or
enhancing the production of proangiogenic factors via para-
crine control (3-5). IL-1f stimulates endothelial cell migration
and proliferation, adhesion-molecule expression, inflammatory
mediator production, and leukocyte recrnitment. It is required
for tumor growth, metastasis, and angiogenesis in several ani-
mal models (6-8). IL-1f receptor antagonists inhibit angiogen-
esis and tumor development, suggesting that IL-1f receptor sig-
naling is involved in inflammation and tumor growth (9). Song
et al. reported that IL-10 reduced tumorigenicity by inducing

Nonstandard abbreviations used: CLMDP-LIP, clodronate liposome; CXCL1,
CXC chemokine ligand 1; CXCR2, CXC chemokine receptor 2; DFU, 5,5-dimechyl-
3-(3-flucrophenyl)-4-(4-methylsulphonyl)phenyl-2((5)H)-furanone; ENA-78, epi-
thelial neutrophil-acrivating peptide-78; LLC, Lewis lung carcinoma; LLC/IL-18,
LLC cells expressing IL-1p; LLC/neo, LLC cells expressing neo®; MCP-1, monocyte
chemoattractant protein-1; MIP-2, macrophage inflammarory protein 2; PBS-LIP,
PBS-containing liposome; s.c., subconjunctival(ly); TXA,, thromboxane Ax.
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doi:10.1172/]CT23298.
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antitumor immunity, while IL-18 promoted invasiveness, tumor
angiogenesis, and host immune suppression (10).

During inflammation, vessel formation allows the rapid influx
of nutrients and inflammatory cells, supplying key cytokines
and growth factors to the angiogenic bed. Neutrophils, which
modulate the host immune response, appear during angiogen-
esis induced by corneal injury or bFGF (11) and produce sev-
eral proangiogenic cyrokines. Monocytes, which differentiate
into macrophages, migrate to inflammatory sites in response
to chemotactic factors (12). Monocyte chemoattractant pro-
tein-1-deficient (MCP-1+/-) mice that cannot recruit monocytes
are resistant to experimental autoimmune encephalomyelitis
and display delayed wound re-epithelization (13-15). Acti-
vated macrophages function in pathological hemangiogenesis
and lymphangiogenesis in choroidal neovascularization, in
advanced atherosclerosis and inflammation, and in malignant
tumor development (16-19). Macrophages in the tumor stroma
are closely correlated with neovascularization and poor prog-
nosis in human cancers, including breast (20, 21), glioma (22),
prostate (23), cervix (24, 25), lung (26), bladder (27), and mela-
noma (5, 28). Activated macrophage infiltration mighrt influ-
ence the angiogenesis cascade by producing growth stimula-
tors and inhibitors, cytokines, and proteolytic enzymes (20, 29,
30). However, it remains unclear how infiltrating macrophages
function in angiogenesis and tumor enlargement along with
the inflammatory response.

We previously demonstrated that IL-1f induced angiogenesis
invitro and in vivo through the COX-2-prostanoid pathway (31).
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Figure 1

IL-1p~ and VEGF-induced angiogenesis and inflammatory cell infiltration in mouse corneas. (A) Neovascularization 6 days after implanting
Hydron peliets containing human or mouse IL-18 or mouse VEGF at the doses shown into male BALB/c mouse corneas. hil.-1f, human IL-1p;
mlL-1g, mouse IL-13; mVEGF, mouse VEGF. (B) Corneal neovascularization induced by human IL-18 (30 ng) or mouse VEGF (200 ng) at the
indicated time points. (C) Quantitative analysis of neovascularization on days 4 (white bars) and 6 (black bars). Areas are expressed in mm2. Bars
show the mean =+ SD of independent experiments (n = 6 or 7). (D) Corneas implanted with IL-18 or VEGF stained by H&E at the indicated time
points. (E) Corneal sections on days 2 or 6 after IL-1p-peliet implantation, labeled immunchistochemically (brown) for Gr-1, which was detected
in infiltrating cells on days 2 and 6, and F4/80, which was detected on day 6. (F} FACS analysis of infiltrating cells from iL-1p~ or VEGF-implahted
cotneas (n = 5) at the indicated times. Cells were stained with PE-CD11b mAb and FITC-Gr-1 or FITC-F4/80 mAb. The percentages of infiltrating
CD11b*Gr-1+ cells in [L-1g—implanted cormneas were 53.5% = 10.4% (day 2), 15.8% = 4.9% (day 4}, and 3.15% + 0.27% (day 6). The percent-
ages of infiltrating CD1 1b*Gr-1+ cells in VEGF-implanted corneas were 2.99% + 1.37% (day 2), 1.95% + 0.75% (day 4), and 1.08% + 0.74% (day
6). The percentages of infiltrating CD11b*F4/80+ calls in IL-1p-implanted cormneas were 1.85% + 1.28% (day 2}, 5.56% + 1.61% (day 4), and
5.52% = 1.14% (day 6). The percentages of infiltrating CD11b*F4/80+ cells in VEGF-implanted corneas were 0.81% = 0.47% (day 2),
1.30% = 1.03% (day 4), and 1.90% =+ 0.88% (day 6).

Several reports showed that IL-1f enhanced tumor growth and  COX-2-positive cells around IL-18~induced neovasculature (31).
metastasis via angiogenesis along with inflammarory cell infil-  The current study investigated how IL-1B-induced angiogenesis
tration around cancer cells (6, 8). We observed the infiltration of ~ was coordinated with the infiltration of inflammatory cells.
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IL-1B-induced angiogenesis in mouse corneas. We implanted hydron
pellets impregnated with human IL-1B, mouse IL-1B, or mouse
VEGF into mouse corneas, and outgrowth of new blood vessels
was observed 6 days later. While 10 ng human IL-1f induced neg-
ligible angiogenesis, 30 ng human and 30 ng mouse IL-1f induced
levels of angiogenesis similar to those induced by 200 ng VEGF.
We next examined corneal neovascularization induced by IL-18
or VEGF in more detail (Figure 1B). On day 2, vascular loop struc-
tures appeared in IL-1p- and VEGF-implanted corneas; the former
showed greater dilation than the latter. On day 4, these structures
disappeared from the IL-1p-treated corneas, and both IL-1p and
VEGF induced corneal neovascularization extending halfway
between the limbus and the pellets. On day 6, the corneal neovas-
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cularization reached the pellers. Quantitative analysis demonstrat-
ed that 30 ng IL-1 and 200 ng VEGF induced comparable levels of
corneal neovascularization on days 4 and 6 (Figure 1C).

Infiltration of inflammatory cells into mouse corneas in response to IL-1f.
We examined inflammatory cell infiltration into the cornea in
response to IL-18 using histological examination (Figure 1, D and
E) and flow cytometry (Figure 1F). On day 2, histological sections
revealed prominent inflammarory cell infiltration and edema of
the stromal layer around the neovasculature. These effects were
absent after VEGF implantation. On day 6, numerous inflamma-
tory cells were presentin the IL-1f-implanted cornea whereas few
were seen in the VEGF-implanted cornea (Figure 1D).

The cell types infiltrating the IL-1B-induced neovasculature in
the cornea were identified using specific mAbs against neutrophils
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The role of neutrophils in IL-13— or VEGF-induced angiogenesis. (A) BALB/c mice received 200 g neutralizing anti-Gr-1 mAb i.p. ondays -1, 1,
3, and 5. Hydron pellets containing IL-1p (30 ng) or VEGF (200 ng) were implanted into the corneas on day 0. Corneal vessels in the region of the
pellet implants were photographed at the indicated time points. (B) Anti-Gr-1 mAb did not suppress IL-1p— or VEGF-induced corneal neovascu-
larization. Comeal neovascularization 6 days after treatment with anti-Gr-1 mAb (black bars) or control IgG (white bars) was quantified by area,
in mm2. The bars show means + SD of independent experiments (n = 3 or 4). (C) Corneas implanted with IL-1p stained by H&E at the indicated
time points. Anti-Gr-1 mAb did not affect iL-1p-induced cormeal edema on day 2. (D) FACS analysis of infiltrating cells after {L-1p implantation
{n = 5) and treatment with anti~Gr-1 mAb or control IgG at the indicated times. The celis were stained with PE-CD11b mAb or FITC-Gr-1. The
percentages of CD11b+*Gr-1+ cells in IL-1p—implanted corneas of anti-Gir-1 mAb-treated mice were 0.25% = 0.22% (day 2), 0.11% = 0.1% (day
4), and 0.28% * 0.37% (day 6). (E) FACS analysis of infiitrating cells from 5 IL-1p-Implanted corneas treated with anti~Gr-1 mAb or control IgG at
the indicated times. Cells were stained with PE-CD11b mAb or FITC-F4/80. The percentages of CD11b*F4/80+ cells in IL-1p~implanted comeas
of anti~Gr-1 mAb-treated mice were 1.71% = 1.04% (day 2), 4.36% % 1.20% (day 4), and 5.57% = 1.34% (day 6).
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Figure 3

The role of MCP-1 in IL-1p— or VEGF-induced angiogenesis. (A) Kinetics of MCP-1 levels after pellet implantation. Comeal lysates were pre-
pared and assayed by ELISA at the indicated times (1 = 8). *P < 0.01 and **P < 0.03 versus untreated (N). (B) Kinetics of infilirating macrophages
in IL-1p—implanted corneas. Corneal lysates were prepared from untreated and IL-1p-treated corneas on the days shown (n = 3). Percentages
of infiltrating F4/80* cells wers quantified using FAGS. (C) Gorneal neovascularization induced by IL-18 (30 ng) or VEGF (200 ng) in G57BL/6
wild-type and MCP-1-+mice on day 6. (D) Corneal neovascularization at the indicated time points. (E) Quantitative analysis of IL-1p-induced cor-
neal neovascularization in MCP-1-- (n = 10) and wild-type mice (n = 8) oh day 6. Bars show means + SD. *P < 0.01 versus wild-type mice using
the unpaired Student’s ¢ test. (F) Immunohistochemistry for Gr-1 or F4/80 (brown) in corneal sections on day 6 after IL-1p pellet implantation in
MCP-1-- or wild-type mice. Gr-1-positive cells were detected in both types of mice. F4/80-positive cells were detected on day 6 in wild-type but
not MCP-1--mice. (G) FACS analysis of infiltrating cells from 5 IL-1p— or VEGF-implanted corneas at day 6 in wild-type or MCP-1-- mice. The
percentages of CD110b*F4/80+ cells were 4.09% = 2.13% (iL-18, wild-type), 2.53% *+ 1.73% (IL-18, MCP-1-+), 0.30% = 0.10% (VEGF, wild-type),
and 0.14% = 0.05% (VEGF, MCP-1-). The percentages of CD11b*Gr-1+ cells were 13.5% + 2.89% (IL-1p, wild-type), 7.84% = 0.48% (IL-18,
MCP-1-), 0.94% = 0.55% (VEGF, wild-type) and 0.20% % 0.10% (VEGF, MCP-1--).

(anti-Gr-1) and macrophages (anti-F4/80). On day 2, the infiltrate
mainly contained neutrophils (Figure 1E) with some F4/80-posi-
tive macrophages. On day 6, numerous F4/80-positive macro-
phages were detected. Flow cytometry revealed that Gr-1-positive
neutrophils were abundant on day 2 (53.5% + 10.4%) but decreased
on days 4 (15.8% + 4.9%) and 6 (3.15% % 0.27%). In contrast, F4/80-
positive macrophages increased on days 4 (5.56% + 1.61%) and 6
(5.52% + 1.14%). There was minimal neutrophil and macrophage
infiltration of control corneas implanted with hydron pellets alone
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(Figure 1F). There were 2- to 3-fold increases in the number of infil-
trating macrophages 4 and 6 days after VEGF treatment compared
with the untreated control. IL-18 induced the early infiltration of
neutrophils, followed by macrophages, during angiogenesis. VEGF
had weaker effects on neutrophil and macrophage infiltration.
Effect of neutrophil depletion on IL-1B~induced angiogenesis. Neutro-
phils were depleted by i.p.~administered anti-Gr-1 Ab in order to
determine their roles in IL-1f- and VEGP-induced angiogenesis.
Reduced numbers of polymorphic mononuclear cells were seen
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Figure 4

The effect of CLLMDP-LIPs on IL-1p-induced angiogenesis. {A) FACS analysis of infiltrating cells on day 6, in IL-1~implanted corneas from
BALB/c mice that received CLMDP-LIPs or PBS-LIPs i.v. and/or s.c. The celis were stained with PE-CD11b mAb and FITC-Gr-1 ot FITC-F4/80
mAb. (B) Cotneal neovascularization at the indicated time points in BALB/c mice receiving Cl.MDP-LIPs or PBS-LIPs i.v. and/or s.c. The per-
centages of infiltrating cells in IL-1g-implanted corneas of Cl:MDP-LIP— or PBS-LIP-treated mice were 4.75% = 0.48% (i.v., CD11 h*F4/80),
13.2% = 4.03% (i.v., CD110+Gr-1+), 1.63% = 0.30% (i.v. + s.c., CD11b*F4/80+), and 6.61% + 0.93% (i.v. + s.c., CD11b*Gr-1+). (C) Neovascular-
ization was quantified by area in mm2 on day 4 (white bars) and day 6 (black bars). Bars show means + SD of independent expetiments =3
or 4; *P < 0.01 and **P < 0.05 versus PBS-LIPs). (D) Comeal neovascularization induced with VEGF at the indicated time points after receiving
ClLMDP-LIPs or PBS-LIPs (i.v. + s.c.). (E) Quantitative analysis of neovascularization on day 6. VEGF-induced corneal neovascularization in
mice {n = 6) receiving Cl;MDP-LIPs was inhibited compared with mice (n = 6) receiving PBS-LIPs. *P < 0.01 using the Student's t test.

in the peripheral blood 6 days after treatment (data not shown).
Neither IL-1f- nor VEGF-induced angiogenesis was influenced by
neutrophil depletion by anti-Gr-1 Ab (Figure 2, A and B). No cell
infiltration was detected in IL-1p-implanted corneas treated with
anti-Gr-1 Ab alchough edema was observed on day 2 (Figure 2C).
The CD11b*Gr-1* cell population was reduced by 99.5% after 2 days
whereas CD11b*Gr-1- and CD11b*F4/80" cells persisted (Figure 2,
D and E). Anti-Gr-1 Ab did not affect the appearance of F4/80-
positive macrophages, suggesting neutrophil infiltration was not
required for IL-1B-induced angiogenesis in mouse corneas,
IL-1p~induced angiogenesis in MCP-1-/~ mouse corneas. The CC
chemokine MCP-1 is a potent macrophage chemoattractant
(12). MCP-1-/- mice show reduced macrophage recruitment to
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inflammatory sites (13-15). MCP-1 is induced by IL-1{ in vitro
(32), but its role in angiogenesis in vivo is unclear. ELISA showed
that MCP-1 levels were significantly increased 1 day after IL-1P
implantation, remained high on day 2, and were similar to those
in untreated corneas on day 6 (Figure 3A). The macrophage infil-
tration of the IL-1B-treated corneas increased over time and
peaked on day 4 (Figure 3B).

In MCP-1-/- mice, implanting VEGF pellets induced corneal
neovascularization at levels similar to those of C57BL/6 wild-type
mice (Figure 3C). In contrast, IL-1B-induced angiogenesis was
reduced in MCP-1-/~ compared with wild-type mice (Figure 3, C
and D). Quantitative analysis demonstrated less IL-1f-induced
corneal neovascularization in MCP-1-/- mice than in C57BL/6
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and submandibular lymph nodes (Figure 4,
B and C). This treatment did not affect the
IL-1f-induced corneal vascular loops on
day 2. However, weak vascular sprouts, com-
pared with those in controls, were observed
on day 4, and a reduction in corneal neovas-
cularization was detected on day 6. Control
PBS-containing liposomes (PBS-LIPs) did
not affect IL-1f-induced corneal neovas-
cularization. Quantitarive analysis demon-

strated that ClLMDP-LIP treatment (L.v. and
s.c.) significantly reduced IL-1f-induced
corneal neovascularization (Figure 4, B

and C) and angiogenesis on day 6. PBS-LIP
treatment had no effect on VEGF-induced
angiogenesis while CLMDP-LIP treatment

(iv. and s.c.) inhibited VEGF-induced cor-
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neal neovascularization by approximately
50% compared with the control on day 6
(Figure 4, D and E).

IL-1B~induced angiogenesis and the infiltration
of monocytes/macrophages expressing COX-2.
COX-2 inhibitors block IL-18~ but not
VEGF-induced angiogenesis (31). COX-2/-

Expression of COX-2 in infiltrating macrophages during IL.-1p-induced angiogenesis. (A) Comeal
neovascularization on days 2, 4, and 6 in BALB/c mice receiving DFU. (B) Quantitative analysis
of neovascularization on day 6. IL-1p-induced corneal necvascularization in mice (n = 5) receiv-
ing DFU was inhibited compared with control mice {(n = 7). *P < 0.01 using Student's i test. (C)
Comparison of levels of PGE; in IL-1p—implanted corneas with or without DFU. On day 4, 4
iL-1p—implanted comeas of DFU-treated and untreated mice were harvested. Corneal lysates
were prepared and individually assayed for PGE; (1 = 3). **P < 0.05 using Student’s ¢ test. (D)
FACS analysis of infiltrating cells on day 6 from 5 IL-1~implanted comeas from BALB/c mice
receiving DFU and control mice. The percentages of CD11b+F4/80* cells in mouse comeas were
4.63% * 0.52% (control) and 3.45% = 0.57% (DFU treated). (E) Representative overview of an
IL-1p-implanted cornea on day 4. Arrowheads indicate infiltrated cells (yellow) that are positive
for macrophage marker F4/80 (green) and COX-2 (red). L, limbus. Scale bar: 50 um. (F) Corneal
micropocket assay model in mice. The rectangle represents the area of the cornea used in the

mice lack IL-1f-induced corneal angio-
genesis whereas VEGF-induced angiogen-
esis is not affected, suggesting that COX-2 is
involved in the former (31). IL-1B-induced
angiogenesis on days 4 and 6 was blocked
by oral administration of a selective COX-2
inhibitor, 5,5-dimethyl-3-(3-fluorophenyl)-4-
(4-methylsulphonyl)phenyl-2((5)H)-fiiranone
(DFU) (Figure 5, A and B). On day 4, adminis-
tration of DFU reduced levels of PGE,, a main
product of COX-2, in corneas by 41% of that
in untreated control (Figure 5C).

immunohistochemical analysis in E.

wild-type mice (Figure 3E). Vascular loops and sprouts typical of
corneal neovascularization were present in C57BL/6 and BALB/c
mice (Figures 1B and 3D). On day 2 after IL-1§ treatment, vascular
loops were seen in the neovasculature of MCP-1-/- mice. On days 4
and 6, the vessel sprouts were reduced in MCP-1-/- mice compared
with wild-type mice. The infiltration of Gr-1-positive neutrophils
into IL-1B-treated corneas of wild-type and MCP-1-/- mice was
confirmed histologically and by flow cytometry (Figure 3, F and G).
The number of Gr-1-positive neutrophils was lower in MCP-1-/-
mice than in wild-type mice. There was less infiltration by F4/80-
positive macrophages in IL-1f~treated MCP-1+/- mice than in
IL-1B-treated wild-type mice, suggesting an important role for
these cells in IL-1f~induced corneal neovascularization.
Macrophage depletion veduced IL-1B~induced angiogenesis. Clodro-
nate liposomes (Cl;MDP-LIPs) are phagocytosed by macrophages
and induce rapid apoptosis (33, 34). Cl,MDP-LIPs administered
iv. to mice depleted macrophages in the spleen and liver (data
not shown) but not the cornea (Figure 4A) and mildly inhibited
IL-1p-induced angiogenesis (Figure 4, B and C). Cl;MDP-LIPs
administered by i.v. and subconjunctival {s.c.) injection depleted
macrophages in the cornea (80.5% depletion on day 6), spleen, liver,
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CD11b*F4/807 cells infiltrated the cor-
neas of DFU-treated mice (Figure SD),
suggesting that COX-2 inhibition did not

influence macrophage infiltration. Immunostaining with mAb
F4/80 showed the infiltration of monocyte/macrophage-like cells
around the neovasculature on day 4 induced by IL-18 (Figure SE).
F4/80-positive macrophages near the limbal vessel were COX-2
negative whereas those that infiltrated more deeply were COX-2

- positive (Figure SE). Thus, only activated macrophages expressed

COX-2. There was no macrophage infiltration into the control cor-
neas (data not shown). .

MCP-1 in tumor growth and angiogenesis in cancer cells expressing
IL-1B. We compared angiogenesis induced by Lewis lung carci-
noma cells expressing IL-1f (LLC/IL-1B} and LLC cells expressing
neo® (LLC/neo) cells in a dorsal air sac assay in wild-type C57BL/6
and MCP-1+- mice. Serum levels of MCP-1 and IL-1P were mea-
sured 7 days after inoculation with LLC/neo and LLC/IL-1f cells
using ELISAs (Figure 6A and 6B). MCP-1 was not detected in
LLC/neo-grafted or control ungrafted mice. In LLC/IL-1p~grafted
wild-type mice, the serum MCP-1 concentration was 40.8 + 5.31
pg/ml compared with 3.43 + 0.56 pg/ml in LLC/IL-13-grafted
MCP-1-/- mice (Figure 6A). There were similar serum IL-1 levels
in LLC/IL-1f~grafted wild-type and MCP-1+/- mice (334 + 104 and
302 + 124 pg/ml, respectively; Figure 6B). LLC/neo and LLC/IL-18
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IL-1B-induced tumor angiogenesis in MCP-1- mice. (A) MCP-1 levels in the serum of LLGAL-1p—graft-
ed MCP-1-- mice and wild-type mice 7 days after inoculation. MCP-1 was not detectable in the serum
of LLC/neo-grafted mice by ELISA. Values are expressed as means + SD of 5 samples. (B) IL-1p levels
in the serum of LLC/IL-1-grafted MCP-1- mice compared with wild-type mice 7 days after inoculation.
“P < 0.01 using the unpaired Student's t test. Values are expressed as means = 8D (n = 5). (C) Repre-
sentative photographs of the dorsal air sac assay with LLC/neo and LLC/IL-1p in C57BL/8 wild-type and
MCP-1-- mice. (D) Quantitative analysis of the neovascularization induced by LL.C/neo or LLC/IL-1 in
the dorsal air sac in wild-type and MCP-1-- mice. Mean angiogenetic activities = SD for groups of mice
{n = 5. *P < 0.01 versus LLC/IL-1p using the Mann-Whitney U test. (E) Mean tumor volumes + 8D for
groups of wild-type mice (black and red) or MGP-1-- mice (green and blue) implanted with 5 x 108 LLC/
1-16 or LLC/neo cells {n = 5). (F) LLCAL-1B tumor growth was not enhanced in MCP-1~-mice (n = 10)
compared with wild-type mice (n = 10; day 20). *P < 0.01 using the unpaired Student’s ¢ test.

cells showed identical growth rates in culture (6). IL-1f and MCP-1
are thus unlikely to promote the proliferation of LLC cells.

Implanting a chamber containing LLC/IL-1f into C5 7BL/6 wild-
type mice produced curled microvessels and numerous tiny bleed-
ing spots (Figure 6C). The implantation of chambers containing
LLC/IL-1 into MCP-1-- C57BL/6 mice produced less neovascular-
ization than in wild-type mice. In contrast, less neovascularization
was seen when LLC/neo was implanted into wild-type mice (Figure
6C). Quantitative analyses revealed 3-fold greater neovasculature
development induced by LLC/IL-18 compared with LLC/neo in
wild-type mice. However, implanting LLC/IL-1f into MCP-1-/-
mice markedly reduced angiogenesis (Figure 6D).

Grafting LLC/neo or LLC/IL-1 cells into C57BL/6 wild-type
and MCP-17/- mice confirmed that the latter grew faster than the
former in wild-type mice (Figure 6E). LLC/IL-1p-grafted tumors
in MCP-17- mice were significantly smaller than in wild-type
mice. There was no difference in LLC/neo tumor growth between
MCP-1-/- and wild-type mice (Figure 6, E and F).

Selective staining of endothelial cells showed a reduction of
microvascular density of approximately 50% in LLC/IL-1f} tumors
grafted into MCP-17/- mice compared with LLC/IL-1f tumors in
wild-type mice (Figure 7, A and B). Immunostaining using mAb
P4/80 revealed fewer macrophages in LLC/IL-1p tumors from
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MCP-1-/- mice. However, there were
similar numbers of infiltrating
macrophages in LLC/neo tumors
in wild-type and MCP-1/- mice.
Quantitative analysis revealed
more F4/80-positive infiltrating
macrophages in LLC/IL-1B tumors
than in LLC/neo tumors (Figure
7, C and D). The number of mac-
rophages was lower in LLC/IL-1f
tumors in MCP-1-/- mice than in
wild-type mice. It remains unclear
why there were more infiltrating
macrophages in LLC/neo than in
LLC/IL-1p tumors, as the micro-
vascular density was similar in both
(Figure 7, B and D).

COX-2 in angiogenesis, tumor
growth, and macrophage infiltration in

) cancer cells expressing IL-1f3. Implant-

= . s .

S ing a chamber containing LLC/

- IL-18 led to the development of
WT MCP-1— microvessels (Figure 8A) while oral

administration of a COX-2 inhibi-
tor reduced this activity. Quantita-
tive analyses revealed 3-fold greater
development of the neovasculature
induced by LLC/IL-1f compared
with LLC/neo. Treatment with
a COX-2 inhibitor significantly
reduced the angiogenesis induced
by LLC/IL-18 (Figure 8B).

Both LLC/IL-18- and LLC/neo-
tumor growth were inhibited by
treatment with DFU, although the
former was more strongly affect-
ed (Figure 8, C and D). Selective
staining of endothelial cells showed the microvascular density
was increased approximately 1.5-fold in LLC/IL-1f tumors com-
pared with LLC/neo tumors grafted into mice. DFU reduced the
microvascular density in LLC/IL-1f cumors but was less effective
in LLC/neo tumors (Figure 8, E and F). Immunostaining revealed
fewer macrophages in LLC/IL-1f tumors in DFU-treated mice
compared with control mice (Figure 8G). However, there were
similar numbeis of infiltrating macrophages in LLC/neo tumors
in control and DFU-treated mice. Quantitative analysis revealed
fewer F4/80-positive infiltrating macrophages in DFU-treated
LLC/IL-1p tumors compared with control cumors (Figure 8H).

Partial involvement of ELR* chemokines in IL-1B~induced angiogen-
esis. CXC chemokines containing the ELR motif (ELR"), including
IL-8, growth-related oncogenes (GRO) a, §, and y (CXC chemokine
ligand 1 {CXCL1], CXCL2, and CXCL3), and epithelial neutrophil-
activating peptide-78 (ENA-78 or CXCLS), porently induce angio-
genesis (35). This activity is mediated by CXC chemokine receptor
2 (CXCR2; ref. 36). Anti-CXCR2 Abs inhibited the growth of LLC/
IL-1B cells ini vivo (6).

We examined the levels of various ELR* CXC chemokines, includ-
ing KC (CXCL1), macrophage inflammatory protein 2 (MIP-2, also
known as CXCL2/3), and VEGF-A, in IL-1f~-implanted corneas
using ELISA. KC, MIP-2, and VEGF-A were elevated 2 days after
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