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QR-32 tumor cells, a clone derived from a murine
fibrosarcoma, are poorly tumorigenic and nonmeta-
static when injected into syngeneic C57BL/6 mice.
However, they are converted to highly malignant
ones once they have grown in vivo after being co-
implanted in a subcutaneous site with a foreign body,
a gelatin sponge. Early phase of inflammation in-
duced by the gelatin sponge participates in the con-
version and histological analysis shows predominant
infiltration of neutrophils. The objective of this study
was to determine whether the depletion of the infil-
trating neutrophils has any effect on the tumor pro-
gression. Intraperitoneal administration of a mono-
clonal anti-granulocyte antibody, RB6-8C5 (RB6),
depleted neutrophils from both the peripheral blood
circulation and the local inflamed site in mice with
co-implantation of QR-32 tumor cells and gelatin
sponge. The RB6 administration did not inhibit either
tumor development or growth of QR-32 tumor cells.
In contrast, tumor cell lines established from RB6-
administered mice showed a significant decrease in
metastatic incidence as compared with the tumor cell
lines obtained from the mice with administration of
control rat IgG or saline. Metastatic ability was signif-
icantly suppressed when RB6 had been administered
in the early phase (from day —2 to day 6 after implan-
tation); however, the administration in the middle
(from day 6 to day 14) or late (from day 14 to day 22)
phase did not affect the metastatic ability. We con-
firmed the phenomena by using integrin 3, knockout

mice that had impaired neutrophil infiltration into
inflamed sites. In the knockout mice, neutrophils
hardly infiltrated into the gelatin sponge and the tu-
mors showed dramatically suppressed metastatic
phenotype as compared with those in wild-type mice
or nude mice. Immunohistochemical analysis demon-
strated that expressions of 8-hydroxy-2'-deox-
yguanosine and nitrotyrosine were parallel to those
in the presence of neutrophils. These results sug-
gested that inflammation, especially when neutro-
phils infiltrate into tumor tissue, is primarily impor-
tant for benign tumor cells to acquire metastatic
phenotype. (Am J Pathol 2003, 163:2221-2232)

The concept of inflammation-associated carcinogenesis
was raised from the recognition of tissue inflammation
and chronic infection as risk factors for human can-
cers."? Tissue inflammation because of autoimmune dis-
eases such as ulcerative colitis and Crohn’s disease is a
well known example of tissue inflammation-associated
colon carcinogenesis.® Prominent association between
persistent infection and cancer is evident in chronic ac-
tive hepatitis B virus infection,* parasite infection,*® and
bacterial infection such as Helicobacter pylori.” The com-
mon feature of inflammation induced by autoimmune dis-
eases and chronic infections is massive recruitment of
phagocytes, particularly neutrophils, to target organs,
and it is generally believed that the ensuing tissue dam-
age is caused by the inflammatory cell-derived media-
tors.
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It has been postulated that tissue-infiltrating phago-
cytes not only Kill target cells but also damage important
biomolecules of the cells through generation of a variety
of reactive oxygen species (ROS) and reactive nitrogen
species.®'" Thereby inflammatory cell-derived reactive
nitrogen oxides are considered as one of the major con-
tributors to carcinogenesis.’ ' It is estimated that ROS
derived from chronic inflammatory cells may be a primary
factor in the development of up to one-third of all can-
cers."® Despite the apparent epidemiological association
of inflammation with cancer, the relationship between
inflammation and carcinogenesis/tumor progression is
not fully understood because of a lack of suitable animal
models.

To better understand the contribution of inflammation
to tumor development/progression, we have established
an inflammation-mediated murine tumor progression
model. A clone (QR-32) derived from a fibrosarcoma
cells is poorly tumorigenic and nonmetastatic when in-
jected in normal syngeneic C57BL/6 mice.'* However,
when QR-32 tumor cells are co-implanted with a gelatin
sponge, the inflammation induced by the foreign body
not only promotes the local growth of the cells but also
converts them into more aggressive tumors; ie, they ac-
quire enhanced tumorigenicity and metastatic ability.'®
We showed that an early phase of inflammation contrib-
utes to malignant progression of QR-32 tumor cells and
that inflammatory cells induced by gelatin sponge im-
plantation convert QR-32 tumor cells into tumorigenic
ones after injection of the mixture of both cells. Histolog-
ical examination revealed that neutrophils mainly infiltrate
into the co-implantation site in an early inflammation
phase.

In the present study, we herein revealed that the in-
flammation-promoted tumor progression was inhibited by
administration of anti-granulocyte antibody, RB6-8C5,
which abrogated the neutrophil infiltration; the inhibition
was also seen in B,-integrin knockout mice (CD18-defi-
cient with impaired neutrophil infiltration into inflamed
sites). We demonstrated that neutrophils infiltrating into
tumor tissues led the tumor cells to acquire metastatic
phenotype.

Materials and Methods

Tumor Cell Lines and Culture Conditions

The origin and characteristics of the tumor cell line used
in this study have been described previously.'* ¢ Briefly,
BMT-11, a transplantable fibrosarcoma, was induced in a
C57BL/6 mouse by 3-methyl-cholanthrene, and a tumor-
igenic clone BMT-11 cl-9 was subsequently isolated by
limiting dilution. BMT-11 cl-9 cells were exposed in vitro to
quercetin, which gave rise to a number of random sub-
clones.™ They spontaneously regressed when injected
into normal syngeneic mice. These variants were named
QR clones, representing quercetin-induced regressive
tumor. Tumor cells of one of the variant cell clones, QR-
32, were used in this study. The QR-32 tumor cells and its
derived tumor cell lines were maintained in Eagle’s min-

imum essential medium (MEM; Nissui Pharm., Japan)
supplemented with 8% fetal bovine serum (Filtron), so-
dium pyruvate, nonessential amino acids, and L-glu-
tamine, at 37°C, in a humidified 5% CO,/95% air mixture.

Mice

C57BL/6J and athymic KSN mice were obtained from
Nippon SLC (Hamamatsu, Japan) and integrin B, knock-
out mice of the same genetic background (C57BL/
gJor2tmiBay - CD18-deficient) were purchased from the
Jackson Laboratory (Bar Harbor, ME). We used 6-week-
old female mice throughout the experiments. All of the
mice were maintained in the complete barrier condition,
lit from 7:00 a.m. to 7:00 p.m., at 23 + 3°C and 50 = 10%
humidity, fed with mouse diet (Nihon Nosan Kogyo, Yoko-
hama, Japan) and UV-irradiated water in the germ-free
section of Institute for Animal Experimentation, Hokkaido
University Graduate School of Medicine.

Co-Implantation of QR-32 Tumor Cells with
Gelatin Sponge in Mice

The animal protocols were approved by the Committee of
Institute for Animal Experimentation, Hokkaido University
Graduate School of Medicine (no. 10980).

Inflammation was induced by insertion of a foreign
body, gelatin sponge, as described previously.' The
sterile gelatin sponge (Spongel; Yamanouchi Pharm., Ja-
pan) was cutinto 10 X 5 X 3 mm pieces. A subcutaneous
pocket reaching up to the thorax was made from a
10-mm incision on the right flank of the pelvic region in
each anesthetized mouse and one piece of gelatin
sponge was inserted and the wound was closed with
clips. Then QR-32 tumor cells (1 X 10° cells/0.1 ml) were
immediately injected into the preinserted gelatin sponge.

To examine the timing of gelatin sponge implantation
necessary to accelerate QR-32 tumor cell progression,
we had previously inserted the gelatin sponge into a
subcutaneous space in the mice on days 0 (simulta-
neously with co-implantation), 30, 20, 10, 5, and 1 day(s)
before QR-32 tumor cell injection.

To determine the potential of gelatin sponge-infiltrating
cells to convert QR-32 tumor cells into tumorigenic ones,
we first inserted a gelatin sponge into the subcutaneous
space of normal mice; removed it 5, 10, 20, and 30 days
later; and collected sponge-infiltrated inflammatory cells
by squeezing the gelatin sponge in the medium. Gelatin
sponge-infiltrated cells (1 X 10°) or bone marrow-derived
neutrophils were admixed with QR-32 tumor cells (1 X
10°) and the mixture was injected subcutaneously into
normal mice. Bone marrow-derived neutrophils were pu-
rified from bone marrow cells of normal mice by using
Mono-Poly resolving medium (Dainippon Pharmaceutical
Co. Ltd., Tokyo, Japan). All of the procedures were done
under sterile conditions.



Establishment of Culture Cell Lines from the in
Vivo Growing Tumors and Estimation of Tumor
Progression

To assess whether the arising tumors have acquired
malignant phenotype, we removed the subcutaneously
growing tumors aseptically 25 days after co-implantation.
The tumors were subjected to establishing individual cul-
ture cell lines by mechanical disaggregation with scis-
sors. Detailed procedures have been described else-
where."® The tumor lines were allowed at least four
passages in culture to eliminate host cell contamination.
Each tumor cell line was injected intravenously (1 x 10°
cells) in normal C57BL/6J mice. On day 25, the mice
were sacrificed and metastatic nodules on the surface of
the lungs or other organs were counted macroscopically.
If a tumor cell line had a significantly increased incidence
of lung colonization, it was defined to have acquired
tumor progression. The data indicate representative re-
sults of three separate experiments with similar results.

Anti-Granulocyte Monoclonal Antibody
(RB6-8C5) Administration

Monoclonal rat anti-mouse granulocyte antibody, RB6-
8C5 (RB6), was a generous gift from Dr. R. Coffman
(DNAX Research Institute, Palo Alto, CA). This antibody
has extensively been characterized elsewhere and has
been shown to bind to and lyse neutrophils.’”

RB6, or rat IgG isotype, or saline as control was sys-
temically administered by intraperitoneal injection at the
dose of 10 mg/kg in a volume of 200 ul once daily from
preimplantation day —2 through day 10. For determining
the period necessary for neutrophil infiltration to acceler-
ate tumor progression, RB6 or control vehicles were in-
traperitoneally injected at the same dose as indicated
above once daily from preimplantation day —2 to day 6,
from day 6 to day 14, or from day 14 to day 22, respec-
tively.

White Blood Cell (WBC) Count

Peripheral blood was repeatedly collected from a small
cut made at the tip of tail of anesthetized mice. WBCs
were counted with a hemacytometer after erythrocyte
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lysis with Turk’s solution (Kishida Chemical Inc., Osaka,
Japan). We obtained differential counts of more than 200
WBCs in blood smear preparations stained with May-
Gruenwald’s and Giemsa solutions (Merck, Tokyo, Ja-
pan). The total number of peripheral leukocytes was ex-
pressed as WBC per mm® (mean + SD).

Furification of Neutrophils and Assay of
Complement-Dependent Cytotoxicity (CDC)

The CDC assay was performed by using RB6 antibody on
QR-32 tumor cells and its derived progressive tumor lines
(QRsP-11 and QRsP-12), thymocytes, and neutrophils.
Thymocytes were obtained from normal C57BL/6J mice
thymus. Neutrophils were obtained by two methods: 1)
separating them from bone marrow cells of normal mice;
and 2) inserting a gelatin sponge (10 X 5 X 3 mm) into
the subcutaneous space of normal mice, removing it 5
days later, and collecting sponge-infiltrated neutrophils.
Bone marrow-derived or gelatin sponge-infiltrated neu-
trophils were purified by using Mono-Poly resolving me-
dium. Purity of the neutrophils was greater than 95%.
The cell suspension was washed and resuspended in
RPMI 1640 supplemented with 0.3% bovine serum albu-
min (no. 735086; Roche, Mannheim, Germany) and 25
mmol/L of Hepes (Sigma-Aldrich Chemie Gmbh H-4034,
Steinheim, Germany). Then 6 X 10° cells of each cell
type were separately incubated with a serially diluted
RB6 antibody at 4°C for 1 hour. After washing and de-
canting supernatants, the cells were further incubated
with rabbit complement (Low-Tox-M; Cedarlane, Ontario,
Canada) at 37°C for 1 hour. Then, the plates were placed
on the ice and cell cytotoxicity was scored by trypan blue
exclusion test. Cytotoxic index (C.l.) was calculated by
the following formula, where a represents percentage of
cytotoxicity by the complement alone, and b by treatment
with RB6 antibody and the complement: C.I. = (a — b)/a.

Immunohistochemistry for Neutrophils,
8-Hydroxy-2' Deoxyguanosine (8-OHdAG), and
Nitrotyrosine (NT)

Tumor tissues were excised at the times indicated and
trisected. One third was fixed in 10% neutral buffered

Table 1. Early-Phase Inflammation Is Required for Tumorigenic Conversion of QR-32 Tumor Cells

Injection of QR-32 tumor cells (1 X 10°)
into the site where the gelatin sponge

Tumorigenicity (no. of mice with tumor take/no. of mice tested)

had been implanted* (days after gelatin

sponge implantation) Exp. | Exp. Il Exp. Il Total (%)

Without gelatin sponge 0/5 0/8 0/5 0/18 (0)
0 (simultaneousco-implantation) 47 5/7 5/7 14/21 (67)
1 3/7 5/7 6/7 14/21 (67)
5 5/7 3/6 6/7 14/20 (70)
10 2/7 2/7 47 8/21 (38)
20 2/7 NT 2/7 4/14 (29)
30 2[7 o7 2/6 4/20 (20)

*Gelatin sponge was implanted into the back of normal mice on the days indicated.
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Table 2. Acquisition of Subcutaneous Growth Properties of QR-32 Tumor Cells Injected after Admix with Early-Phase of Gelatin

Sponge-Infiltrated Inflammatory Cells

No. of No. of mice with tumor/no. of mice injected*

QR-32 Inflammatory cells

cells obtained from Exp. | Exp. Il Total Mean survival time
1x10° - 0/10 0/10 0/20 (0%) -
1x10° Day 5 gelatin sponge 6/12 5/10 11/227 (50%) 51.8 +5.3
1x10° Day 10 gelatin sponge 2/12 3/10 5/22% (23%) 53.4+6.8
1x10° Day 20 gelatin sponge 112 0/10 1/22% (5%) 53
1x10° Day 30 gelatin sponge NA NA NA NA
1x10° Neutrophils purified from 1/10 1/19 2/19% (11%) 585+ 7.8

bone marrow

*Gelatin sponge was inserted into the subcutaneous space of mice. The sponge was removed as indicated days and infiltrated cells were
collected. QR-32 cells (1 X 10° cells) were admixed with or without 1 X 10° cells of gelatin sponge-infiltrated cells or neutrophils obtained from bone

marrow, and then injected subcutaneously into mice.
TP < 0.001; P < 0.05; Snot significant versus QR-32 cells alone.

formalin and 4-um sections were prepared for hematox-
ylin and eosin (H&E) staining and neutrophil immunohis-
tochemistry. Another one third was embedded in Tissue
Tek OCT compound (no. 4589; Sakura Finetechnical Co.
Ltd., Tokyo, Japan), frozen in liquid nitrogen, and stored
at —80°C for nitrotyrosine immunostaining. The last one
third was fixed in Bouin’s solution overnight, immersed
sequentially in 50%, 75%, and 99% ethanol for 24 hours
each, which was then embedded in paraffin and sec-
tioned at 4 um for 8-OHdG immunostaining. After depar-
affinization and rehydration, the tissue sections were in-
cubated with 1% hydrogen peroxide in methanol to
quench endogenous peroxidase. They were blocked for
30 minutes with the serum adjusted for second antibody
or 5% skim milk. Then the sections were incubated with
rat monoclonal antibody to mouse granulocyte antigen
(RB6-8C5, at a concentration of 1.6 ug/ml), mouse anti-
8-OHdG monoclonal antibody (MOG-100 at a concentra-
tion of 5.0 ug/ml; Nikken Foods Co. Inc., Shizuoka, Ja-
pan) and rabbit anti-nitrotyrosine antibody (06-284 at a
concentration of 5.0 ug/ml; Upstate Biotechnology, Lake
Placid, NY), respectively, overnight in a humidified cham-
ber at 4°C. After rinsing, the sections were then incu-
bated for 30 minutes at room temperature with corre-
sponding second antibody conjugated with biotin. After
another rinse, avidin/biotinylated horseradish peroxidase
complex (ABC Elite; Vector, Burlingame, CA) was placed
on the tissue for 30 minutes. After a final rinse, specific
immunolabeling was respectively examined with the use
of 3,3'-diaminobenzidine (Sigma, St. Louis, MO) as the
chromogen, which was placed on the tissues for a few
minutes.  3,3'-Diaminobenzidine  development was
stopped by washing the tissues in distilled water. The
sections were counterstained with hematoxylin and then
dehydrated, mounted, and photographed.

Statistical Analysis

The significance of the differences in tumor and meta-
static incidences was calculated by the chi-square test.

Results

Early-Phase Inflammation Is Required for
Tumorigenic Conversion of QR-32 Tumor Cells

We have reported that a weakly tumorigenic and non-
metastatic mouse fibrosarcoma cell line, QR-32, is con-
verted into highly metastatic tumor cells once it has
grown in vivo after being co-implanted with a foreign
body, a gelatin sponge.'® We have identified that inflam-
mation induced by gelatin sponge implantation partici-
pated in this process.

Table 1 shows the influence of timing of gelatin sponge
implantation on the induction of subcutaneous growth of
QR-32 tumor cells. QR-32 tumor cells grew progressively
at the site where a gelatin sponge had been implanted 0,
1, and 5 days previously. However, tumor incidence was
low when QR-32 tumor cells were injected into a gelatin
sponge that had been implanted 10 days before or ear-
lier.

To verify that the infiltrated cells themselves actually
had potential to convert QR-32 tumor cells to tumori-
genic, we isolated gelatin sponge-infiltrated cells from
the preinserted sponge at various intervals and injected
them subcutaneously into mice after admixing with
QR-32 tumor cells. Table 2 shows that gelatin sponge-
infiltrated cells collected 5 days after implantation con-
verted QR-32 tumor cells to tumorigenic (P < 0.001).
However, tumor-forming incidences of infiltrated cells ob-

Figure 1. Histopathological findings and immunohistochemistry with antibodies against granulocytes, 8-OHdG, and nitrotyrosine of the arising tumors after
administration of RB6-8C5 antibody or control vehicles. Histological sections were obtained from the arising tumors after subcutaneous co-implantation of QR-32
tumor cells with gelatin sponge. Tissues were obtained from co-implantation sites on day 5 (A=F) or on day 12 (G=J). They were from C57BL/6] mice with RB6
antibody (C, F, H, J), rat IgG (B, E, G, D), or saline (A) administration, and from integrin 8, knockout mice (C57BL/6J/¢2/"1540) (D), H&E staining (A-D) and
immunohistochemistry were performed with monoclonal antibodies against granulocytes (E, F), 8-OHdG (G, H), or nitrotyrosine (I, J), respectively. High
magnification (X400) of RB6 antibody-positive neutrophils is indicated (E, top right). Scale bar, 100 wm.
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tained 10 days after implantation or later were low. More-
over, neutrophils obtained from bone marrow cells had
low potential to convert QR-32 tumor cells to tumorigenic.
These results indicated that an early-phase inflammatory
response to gelatin sponge enhanced in vivo growth of
QR-32 tumor cells.

Depletion of Circulating Peripheral Blood and
Extravasating Neutrophils by Administration of
Monoclonal Antibody RB6-8C5

Histological examination after H&E staining 5 days after
co-implantation revealed massive neutrophil infiltration
(Figure 1A). To examine the relationship between infiltra-
tion of neutrophils and tumor progression, we depleted
neutrophils by administrating an anti-granulocyte anti-
body, RB6-8C5 (RB6)."” Previous studies have indicated
that intraperitoneal injection of mice with monoclonal anti-
mouse granulocyte antibody, RB6 dramatically de-
creased the number of neutrophils in the blood circula-
tion and spleen for up to 3 days after inoculation.’” To
verify whether the administration of RB6 resulted in neu-
trophil deletion, RB6 (10 mg/kg) was administered to the
co-implanted mice for 13 consecutive days from day —2
to day 10. Control mice received rat IgG or saline at the
same protein concentration (or volume) and period.

Total leukocyte counts gradually increased in the co-
implanted mice in response to QR-32 tumor cells, and the
increase was not affected by IgG administration (Figure
2A). However, RB6 administration reduced the number of
WBCs in circulation to 40% as compared to control IgG-
administered mice. The mean differential leukocyte
counts are shown in Figure 2; B to D. In IgG-treated mice,
the majority of circulating cells on day 4 was lymphocytes
(5.4 x 10° cells) and neutrophils (2.5 x 10° cells),
whereas the monocyte content was poor. In contrast, only
1.6 X 102 neutrophils (both segmented and band type)
were detected in the peripheral blood of RB6-treated
mice. RB6 administration also reduced the number of
lymphocytes because they share the common antigen to
neutrophils with CD8* cells,’”'® although circulating
platelets were not significantly altered quantitatively com-
pared to those in the controls (data not shown).

Specificity of RB6 to neutrophil depletion was apparent
when RB6 administration was interrupted (Figure 2);
namely, the number of circulating neutrophils substan-
tially increased in RB6-treated mice (8.9 X 10° cells)
compared with the IgG- and saline-treated mice on day
16 (2.8 X 10% and 1.5 x 10°, respectively). Lymphocytes
and monocytes also slightly increased by the interruption
of the antibody administration. The mice with antibody
interruption showed obvious splenomegaly coincident
with neutrophil proliferation. Thus we consider that the
phenomenon may be a type of physiological rebound
after the sudden loss and degradation of circulating neu-
trophils.

We then examined the effect of RB6 administration on
extravasation of neutrophils into gelatin sponge. As
shown in Figure 1, A and B, the majority of emigrated
cells in saline- or IgG-treated mice was neutrophils. In
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Figure 2. Depletion of neutrophils by administration of RB6-8C5 monoclonal
antibody from peripheral blood of the mice in which QR-32 tumor cells had
been co-implanted with gelatin sponge. Ten mg/kg of RB6-8C5 antibody was
injected intraperitoneally into mice in which QR-32 tumor cells had been
co-implanted with gelatin sponge from day —2 to day 10. At various intervals,
the numbers of peripheral blood leukocytes (A, all leukocytes; B, neutro-
phils; C, lymphocytes; D, monocytes) were counted, and the hemograms of
more than 200 leukocytes were examined by May-Gruenwald’s and Giemsa
staining. M, RB6-8C5-treated mice; O, saline-treated mice; [, rat IgG-treated
mice. Mean values are presented as the number of cells per ml from more
than 17 mice with each treatment and the data indicates representative results
of at least two separate experiments with similar results.

contrast, neutrophil infiltration into the gelatin sponge in
RB6-treated mice was completely inhibited (Figure 1C).
To confirm the efficacy of RB6 to inhibit neutrophil infil-
tration, we stained the extravasated leukocytes with RB6
antibody, which is a marker of mature murine neutrophils,
identical to Gr-1 antibody.'” In control mice, most of the
infiltrated cells showed high RB6 expression (Figure 1E).
In contrast, hardly any of extravasated cells was positive
for RB6 in RB6 antibody-treated mice (Figure 1F), dem-
onstrating that RB6 abrogated neutrophil extravasation
into the gelatin sponge.

Requirement of Neutrophils for
Inflammation-Based Tumor Progression

QR-32 tumor cell growth after co-implantation with a gel-
atin sponge was observed in 17 of 25 (68%) saline-
treated mice, 18 of 26 (69%) RB6-treated mice, and 22 of
27 (81%) rat IgG-treated mice (Figure 3). The mean tumor
diameters on day 25 were 9.5 = 0.7 mm, 9.4 = 0.6 mm,
and 7.8 = 0.9 mm and the mean body weights were
174 = 06 g, 17.7 £ 0.6 g, and 18.6 = 0.7 g, respec-
tively. Namely, RB6 administration had no inhibitory effect
on either tumor growth or body weight.

We next established in vitro culture cell lines from the
arising tumors in individual mice with RBG6, rat 1gG, or
saline administration and examined their metastatic abil-
ity in mice. In contrast to the groups with rat IgG or saline
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Figure 4. Complement-dependent cytotoxicity induced by RB6-8C5 anti-
body is specific to neutrophils. Tumor cells (QR-32, QRsP-10, and QRsP-11),
thymocytes, and neutrophils were separately incubated with a serially diluted
RB6-8C5 antibody with rabbit complement. The cytotoxic indices are indi-
cated as representative results of at least two separate experiments with
similar results.

administration, in the group with RB6 the grown tumor cell
lines acquired significantly low metastatic phenotype,
both in the incidence of lung metastasis (Figure 3B) and
the number of colonies per lung (Figure 3C; P < 0.001).
Among the tumor cell lines we used for the analysis of
metastasis, significant differences were not observed in
their in vitro growth properties such as doubling time,
plating efficiency, or colony formation in soft agar (data
not shown).

Complement-Dependent Cytotoxicity Induced
by RB6 Antibody Is Specific to Neutrophils

To reduce the possibility that these results were obtained
not by depletion of neutrophils but by activating comple-
ment-dependent cytotoxic ability against progressive tu-
mor cells converted from QR-32 tumor cells co-implanted
with a gelatin sponge, we examined the effect of CDC in
using RB6 antibody. As a result, RB6-mediated CDC was
not observed in the typical QRsP tumor cell lines
(QRsP-10 and QRsP-11), QR-32 tumor cells, or thymo-
cytes; however, specific CDC-mediated neutrophil lysis
was observed (Figure 4). These results suggested that
the prevention of acquisition of metastatic phenotype of
tumor cells by RB6 administration is not because of se-
lective cytotoxic activity of the antibody against progres-
sive tumor cells.

Influence of Timing of RB6 Administration

The mice in which QR-32 tumor cells had been co-im-
planted with gelatin sponge were divided into six groups,
and RB6 or control IgG was administered to them for
different periods. The administration was in the early
(from day —2 to day 6), middle (from day 6 to day 14),
and late (from day 14 to day 22) phases after co-implan-
tation. As shown in Figure 5, acquisition of metastatic
phenotype was prevented by the administration of RB6
especially in the early phase of inflammation.
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with gelatin sponge in normal mice to which RB6-8C5 monoclonal antibody,
rat 1gG, or saline had been administered for different periods. A: Metastatic
incidence of the arising tumors. Mice were injected intravenously with 1 X
10° of each cell line. *, P < 0.001; **, P < 0.05 versus saline group. B: Mean
numbers of metastatic nodules in lung per mouse. *, P < 0.001 versus saline
group. The actual number of incidences is indicated above each bar (number
of mice with tumor or metastasis/number of mice tested).

Major inflammatory responses to the inserted gelatin
sponge around days —2 to 6 were those of neutrophils;
however, from days 14 to 22 they were mainly those of
lymphocytes, which has been confirmed by histological
examination (data not shown).

Immunohistochemical Analysis for 8-OHdG and
Nitrotyrosine in Tumor Tissues

Because neutrophils have been shown to produce a
number of ROS and reactive nitrogen species,>®~'" we
examined the by-products of those reactive species
formed in the tumor tissue by immunohistochemical anal-
ysis and by evaluating the formation of 8-hydroxy-2'-
deoxyguanosine (8-OHdG) adducts as a marker of oxi-
dative DNA damage in response to ROS. Twelve days
after implantation, a small tumor mass was formed within
the gelatin sponge and intense staining for 8-OHdG in
tumor cells was observed in control IgG-treated group
(Figure 1G). However, tumors grown in RB6-treated mice
showed weak staining compared to controls (Figure 1H).
Tyrosine nitration, an index of the nitrosylation of proteins
by peroxynitrate (formed from NO reacting with the su-
peroxide anion), was then detected. Tumors obtained
from the mice treated with control IgG revealed positive
staining for nitrotyrosine (Figure 1l), which was mainly
localized in the stromal tissue. In contrast, a few spots of
positive staining for nitrotyrosine was found in the tumor
tissues of the mice treated with RB6 (Figure 1J). The
specificity of the antibody to 8-OHdG or nitrotyrosine was
determined by disappearance of the positive staining by
incubating with 10 ng of 8-OHdG polynucleotide or 1
mmol/L of nitrotyrosine (data not shown).

Inhibition of Acquisition of Metastatic Ability of
QR-32 Tumor Cells Grown in Integrin
B,-Knockout Mice

The B,-integrins are known to play a pivotal role in the
extravasation of neutrophils to the sites of inflamma-
tion.'®2° To further investigate the role of neutrophils in
inflammation-promoted tumor progression, we used inte-
grin B,-knockout mice that do not express B, integrin and
consequently lack neutrophil extravasation from blood
circulation to the inflamed sites.® 2"

Knockout mice have significantly elevated levels of
circulating WBCs and neutrophil counts as compared to
wild-type mice: 8025 + 695 mm?® versus 4873 = 1042
mm? and 2536 = 219 mm?® versus 1540 = 329 mmS,
respectively. Tumorigenic incidences of QR-32 tumor
cells co-implanted with the gelatin sponge were in 10 of
12 (83%) wild-type mice, 7 of 10 (70%) integrin B,-knock-
out mice, and all of the 10 KSN nude mice (Figure 6A).
Dramatical suppression of neutrophil emigration into the
gelatin sponge was observed histologically in the knockout
mice as compared to wild-type C57BL/6J mice (Figure 1, A
and D). Metastatic ability of the tumor cell lines established
from individually arising tumors was then analyzed in normal
C57BL/6J mice. Tumor cell lines obtained from the knock-
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Figure 6. Inhibition of acquisition of metastatic ability of QR-32 tumor cells
grown in integrin B,-knockout mice. A: QR-32 tumor cells (1 X 10°) were
co-implanted with gelatin sponge in normal syngeneic C57BL/6] or C57BL/(]
ItgB2""'5% mice or KSN nude mice. B: Metastatic incidence of the arising
tumors. One X 10° of each cell line was injected intravenously into normal
C57BL/6J mice. *, P < 0.001; **, P < 0.05 versus saline group. C: Mean
numbers of metastatic nodules in lung per mouse. The actual number of
incidence is indicated above each bar (number of mice with tumor or
metastasis/number of mice tested).

out mice were significantly less metastatic to lungs (Figure
6B), with no macroscopical metastatic nodules (Figure 6C),
whereas those from wild-type mice or nude mice aggres-
sively metastasized to the lungs.
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Discussion

We demonstrated that the acquisition of metastatic phe-
notype of QR-32 tumor cells was suppressed by deple-
tion of neutrophil infiltration into the tumor mass by ad-
ministration of anti-granulocyte antibody, RB6-8C5, in the
inflammation-promoted tumor progression model, and
we further confirmed it in integrin B, knockout mice with
impaired neutrophil extravasation.

The role of neutrophils in the process of tumor metas-
tasis has been controversial. It has been shown in vivo
and in vitro that neutrophils are involved in inhibition of
experimental metastasis®® because of anti-tumor immu-
nity.?32% In contrast, intravenous injection of neutrophils,
regardless whether they have been primed with tumor
cells or not, tends to increase experimental metasta-
ses.?®2¢ |shikawa and colleagues®” have shown that in-
creased lung metastasis was observed in experimentally
induced granulocytosis-positive mice. Moreover, they
showed that either simultaneous injection or preinjection
of neutrophils with tumor cells enhanced the metastatic
capacity of tumor cells.?” In all those experiments, the
authors investigated whether tumor cells metastasized to
distant organs after they were admixed with neutrophils
or injected into mice with neutrophilia. The major cause of
the augmented metastasis is aggregate (emboli) forma-
tion between tumor cells and neutrophils or among tumor
cells themselves that are most likely to be arrested in
microvasculature.?” Apart from or conjunction with the
mechanical and rheological circumstance,?® or enzy-
matic activity of neutrophils in the blood circulation,?® the
unresolved question is whether neutrophils actually have
the potential to alter metastatic phenotype of tumor cells
qualitatively. To answer this question, we established an
inflammatory cell-promoting tumor progression model
that demonstrates conversion of low-tumorigenic and
nonmetastatic tumor cells to highly tumorigenic and met-
astatic ones after benign tumor cells contacted with for-
eign body-induced early-phase inflammatory cells.’® In
this model, it is possible to determine whether the tumor
cell itself, without infiltrated inflammatory cells, acquires
metastatic ability because the tumor lines have been
established by culturing the cells from the arising grow-
ing tumors in mice. During several subcultures, contam-
inated host cells including inflammatory cells have been
eliminated. We demonstrated in this study that neutro-
phils are likely to have the potential to endow benign
tumor cells with metastatic phenotype.

The gelatin sponge is known to induce a classic in-
flammatory response; initially, neutrophils infiltrate into
the gelatin sponge, which is followed by an accumulation
of monocytes/macrophages and other inflammatory
cells.®9732 Similar immunological responses are thought
to occur also in tumor cell transplantation. Neutrophils
primarily play an initial role in the anti-tumor immunity
because they act in the priming phase of tumor-associ-
ated transplantation antigens,®® and thereafter produce
chemotactic factors for accumulating macrophages,3*
lymphocytes, 3¢ and tumor-infiltrating lymphocytes.®”
Considering their immune responses to either a foreign
body or tumor cells, infiltration of neutrophils is necessary
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for subsequent extravasation and infiltration of immune
effector cells. Thus a lack of neutrophil infiltration into
tumor tissues because of RB6 antibody treatment, or a
lack of integrin B, expression may inhibit the arrival of
subsequential immune-effector cells to tumor tissues. In our
previous work, we had postulated that antigen nonspecific
immune effector cells (including neutrophils, natural killer
cells, lymphokine-activated killer cells, and resident/acti-
vated macrophages) have progression-enhancing activity
against QR-32 tumor cells whereas antigen-specific im-
mune effector cells, ie, cytotoxic T lymphocytes, have not.3®
Therefore inhibition of accumulating antigen-nonspecific
immune effector cells to tumor masses may prevent tumor
cells from acquiring metastatic phenotype. From these, we
suggest that infiltrating neutrophils are primarily important in
the acquisition of metastatic phenotype of tumor cells.

The RB6 antibody used in this study shares a common
antigen to neutrophils with CD8* lymphocytes.'”'® At
present time, we could not rule out the contribution of
other lymphocytes in the acquisition of metastatic phe-
notype of tumor cells. As shown in Figure 5, late-phase
RB6 administration (from day 14 to day 22) slightly but
significantly reduced the metastasis incidence (Figure
5B). We also found that the major inflammatory re-
sponses to the inserted gelatin sponge around day 14 to
22 are mainly of lymphocytes but not neutrophils. In our
model, neutrophils are primarily and mainly important in
the conversion of benign tumors although we do note that
other types of inflammatory cells also contribute to the
process.

We noticed that the potential of neutrophils to give
tumor cells metastatic ability is dependent on their acti-
vation status. As shown in Table 2, neutrophils that were
obtained from bone marrow have a low potential to con-
vert QR-32 tumor cells to tumorigenic ones; however,
early phase of gelatin sponge-infiltrated neutrophils con-
vert QR-32 tumor cells more efficiently. We believe that
neutrophils are activated while they invade and migrate
into the inflammatory lesion; and those neutrophils infil-
trated into inflammation are supposed to be different from
the resident or circulating neutrophils as far as the po-
tential to convert benign tumor cells to more malignant
ones is concerned.

The infiltration process of circulating neutrophils into
the inflamed region consists of at least three steps. First
the circulating neutrophils attach to the vascular endo-
thelium near the inflammatory site. Secondly, the at-
tached neutrophils penetrate through the endothelium.
Thirdly, extravasated neutrophils move to the inflamed
site, oriented to the chemotactic factors released from the
inflamed region. In our experiments, RB6 antibody inhib-
ited neutrophil infiltration into the inflamed site because
the antibody exhibited specific cytolysis against neutro-
phils. Therefore, we believe that neutrophils were lysed in
the peripheral circulation; however, we could not rule out
the possibility that the RB6 antibody reacted with some
adhesion molecule(s) on the neutrophils and thus inhib-
ited neutrophil attachment to the endothelium. In integrin
B, knockout mice (lacking adhesion molecule), circulat-
ing neutrophils are hard to adhere to the endothelium;
therefore neutrophils stay in the circulation, being unable

to migrate into the inflamed site. Actually, in the knockout
mice, neutrophil counts in the circulation are higher than
in the wild-type mice. We intend to conduct further study
to compare the ability of neutrophil adherence to endo-
thelium after treated with or without RB6 antibody.

Sugawara and colleagues® have reported species-
dependent differences of neutrophil functions. They
found that the neutrophil migration induced by known
chemotactic factors is different among animal species.
Therefore, we may not be able to extrapolate the condi-
tion in human diseases related with neutrophil infiltration
from the results of our studies; however, as far as the
mouse system is concerned, neutrophils infiltrated into
the inflammatory site do have the potential to convert
benign tumors to more malignant ones.

Carcinogenesis induced by neutrophils was first re-
ported by Weitzman and colleagues,*® in which they
showed malignant transformation of 10T1/2 cells; namely,
C3H mouse fibroblast cell line was converted to form
tumors in nude mice after co-culture with neutrophils.
They proved that neutrophil-derived ROS were involved
in this conversion. Yamamoto and colleagues®' and
Kawai and colleagues®® demonstrated that migration of
neutrophils converted rat normal urothelium into bladder
cancer by means of repeated instillation of killed Esche-
richia coli. ROS derived from E. coli-elicited neutrophils
was thought responsible for the tumorigenic conver-
sion.*?*® Sandhu and colleagues** found in the Mutatect
mouse tumor model, by measuring mutations occurring
at the specific gene locus, that tumor-infiltrating neutro-
phils had the ability to induce mutations in tumor cells.
They showed that the number of gene mutations in indi-
vidually growing tumors was associated with the number
of infiltrating neutrophils and the amount of nitric oxide
synthase.** The results of those studies, as well as ours,
suggest the role of mutagenic factors such as reactive
nitrogen oxides in inflammatory neutrophils.#4°74° The
mechanism responsible for the neutrophil-mediated ac-
celeration of tumor progression is suspected to involve,
at least in part, reactive nitrogen oxides produced by
neutrophils. We have revealed that gelatin sponge-reac-
tive inflammatory cell-derived ROS are involved in the
QR-32 tumor progression. The gelatin sponge-reactive
inflammatory cell-induced somatic mutation or the con-
tent of 8-OHdAG in QR tumor cells with low levels of
anti-oxidative enzymes were associated with the fre-
quencies of inflammation-promoted tumor progression.*°
Reversely, induction of an anti-oxidative enzyme at the
co-implantation site prevented tumor progression.®' Con-
sidering those results, inflammatory cell-derived reactive
nitrogen oxides are suspected to be involved. Finally, the
present results indicate that neutrophil infiltration into tu-
mor cells may be primarily important to accelerate ma-
lignancy of tumor cells, especially acquiring metastatic
phenotype.
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