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The interaction between monocytes and tumor cells promotes monocyte
differentiation and tumor cell invasion

~Role of cell adhesion to extracellular matrix~
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General Introduction

Cancer is the leading cause of death in Japan, and approximately one-third
of the population dies from cancer. Although recent progress in cancer therapy
has improved patients’ prognosis, metastasis is still a big problem. Metastasis
is a complex multi-step process that has not yet fully understood. Recently, the
notion that tumor microenvironment composed of tumor cells, host cells and
extracellular matrix (ECM) affects behaviors of tumor cells and host cells has
been widely accepted. The mutual interactions between tumor cells and
cellular and non-cellular host components regulate tumor development and
progression by controlling proliferation, migration, invasion, metastasis,
angiogenesis, and apoptosis '~. Thus, it is important to investigate tumor
microenvironment for better understanding of malignant behavior of tumor cells.

Recent interest in tumor-stroma interactions associated with tumor
progression has been focused on how stromal cells contribute to the changes of
malignant phenotypes of tumor cells. It has been reported that endothelial cells,
fibroblasts and various cells derived from bone marrow are infiltrating into
tumor tissues . Among them, macrophages are a major population of host
immune cells that infiltrate into tumor tissues, and such macrophages are
referred to as tumor-associated macrophages (TAMs) (Chart 1). Although
macrophages have been thought to exhibit anti-tumor activity and exert
protective functions against tumor development, recent studies have
demonstrated that TAMs promote the proliferation, invasion, and metastasis of
tumor cells and angiogenesis in tumor tissues >”. Indeed, TAMs have been
reported to secrete various cytokines, growth factors, and enzymes promoting
tumor metastasis and angiogenesis, including vascular endothelial growth factor
(VEGF) ¥, interleukin (IL)-8 ®, epidermal growth factor (EGF) '7,
platelet-derived growth factor (PDGF) 'V, tumor necrosis factor (TNF)-o 12.13)
and matrix metalloproteinases (MMPs) '>'¥.  The infiltration of TAMs into
solid tumors, especially in breast, ovarian, prostate, and cervical cancer, is
frequently correlated with poor prognosis "'”. TAMs are derived from
circulating monocytes that are recruited into tumor tissues by chemokines and
cytokines such as monocyte chemotactic protein (MCP)-1 '® and VEGF "
produced by tumor cells. These monocytes are then differentiated to TAMs in
the tumor tissues. However, little is known about the process in which
monocytes are differentiated to TAMs in tumor tissues. Thus, it seems to be



important to clarify how circulating monocytes are differentiated to TAMs and
what characteristics TAMs acquire by their interaction with tumors.

Macrophages are shown to be classified into two major subsets; i.e. M1, a
classic immunoactive macrophages and M2, tissue remodeling macrophages by
stimulation from microenvironment *”. It has been postulated that TAMs
exhibit immunosuppressive nature with phenotypes similar to those of M2-type
macrophages, but functions of TAMs in tumor invasion and metastasis have not
been sufficiently characterized °". In addition, TAMs seem to be
heterogeneous in their biological nature because “TAM” is designated simply
based on its location in tumor tissues. It is possible that monocytes recruited to
the tumor lesion are differently influenced by the interactions with neighboring
tumor cells.

Tumor-associated macrophage (TAM)

Epithelial cellg

Basement membrane

Monocyte

Chart 1. Schematic view of the interaction of tumor cells and tumor-associated macrophages
(TAMs). Monocytes recruited into tumor tissues interact with tumor cells and differentiate
to TAMs. The malignant behaviors of tumor cells such as invasion and angiogenesis are

greatly influenced by the interaction with TAMs.



Several studies have been carried out to characterize TAMs mainly using
mouse in vivo models or clinical specimens. Because, these cells have already
been differentiated to macrophages, there is difficulty in the isolation of
infiltrating macrophages without loss of activity from solid tumors. Therefore,
I attempted to establish in vifro experiment system to induce TAMs from human
peripheral blood monocytes by co-culture with various human tumor cell lines.
We analyzed matrix metalloproteinase (MMP)-9 as a differentiation marker for
macrophages because MMP-9 was considered to be one of common features of
TAMs and involved in tumor invasion, metastasis, and angiogenesis 13,14,22:24)

Macrophage colony-stimulating factor (M-CSF) has been considered as
one of the most important cytokines that induce TAM generation ***>. In
addition, autocrine production of immunosuppressive cytokine IL-10 was
reported to mediate the differentiation of TAMs *®. It was recently reported
that leukemia inhibitory factor (LIF), IL-6 *”, and TNF-o. **® contributed to the
differentiation of TAMs. Transcriptional regulator NF-kB-dependent signaling
has also been shown to play an important role in the generation and maintenance
of immunosuppressive phenotypes of TAMs **?®. Thus, various factors
including these cytokines, were thought to cooperatively participate in the
process of TAM’s differentiation. = Recent studies have indicated that
inflammatory cytokines such as TNF-a accelerate the malignant behaviors of
tumor cells '>"*?**D_ " 1t is thought that most of these inflammatory cytokines
are secreted from immune cells infiltrating into tumor tissues including TAM:s.
Soluble factors such as cytokines seem to be important mediators for the
interaction between tumor cells and monocytes.

In addition to soluble factors, cell-cell and cell-ECM interactions have been
considered to play crucial roles in various cellular functions, including
proliferation, differentiation, and apoptosis. Integrins, a major class of cell
adhesion molecules consisting of two subunits (o and B subunits), serve as
cellular receptors for ECM proteins, and their interactions with ECM proteins
regulate these biologically important processes. Some integrin receptors
recognize the RGD (Arg-Gly-Asp) sequence present in adhesive ECM proteins
such as fibronectin and laminin ***¥. The interactions of integrin receptors
with ECM proteins transduce signals to modulate cellular functions. In the
present study, I evaluated contribution of ECM proteins to the
differentiation/activation mechanisms of TAMs and potentiation of malignant
behaviors of tumor cells. 1 investigated how the interactions between
monocytes and tumor cell lines change phenotypes of these cells, focusing on
cell adhesion to ECM proteins. In Chapter 1, I attempted to induce monocytes



to differentiate into TAM-like cells by co-culture with tumor cells, and evaluated
the potential role of cell adhesion to ECM proteins in this process. In Chapter
2, 1 focused on phenotypic changes of tumor cells after the co-culture with
monocytes, and assessed the roles of inflammatory cytokines such as TNF-o
produced by monocytes (Chart 2).

ECM proteins, and inflammatory cytokines

Mechanisms: tocus on cell adhesion including}

Monocyte

—

The analysis of the changes
[ MMPs?

Cell adhesion molecules ?
Difterentiation to TAM 7 ECMyotein 7

I Interaction = Chapter 1 —

comemam # Hioe vason

i 'pic changes ? : S5
Tumor cell Phenotypi Ages Angiogenesis ?

* = Chapter 2

Chart 2. Schematic view of this study. The interaction between monocytes and tumor cells
induces differentiation of monocytes to TAMs (Chapter 1) and phenotypic changes of tumor
cells (Chapter 2). In this study, I focused on MMPs, cell adhesion molecules, and ECM
proteins, and evaluated the potential roles of cell adhesion to ECM proteins and inflammatory
cytokines in these processes.



Chapter 1
Monocyte differentiation induced by co-culture with tumor
cells involves RGD-dependent cell adhesion to extracellular

matrix



Introduction

The malignant behavior of tumor cells is greatly influenced by the
microenvironment. Macrophages are a major population of immune cells that
infiltrate into tumor tissues; such macrophages are referred to as
tumor-associated macrophages (TAMs). It was originally thought that immune
cells, including macrophages, exhibit anti-tumor activity and exert protective
functions against tumor development. However, the infiltration of TAM into
solid tumors, especially in breast, ovarian, prostate and cervical cancers,
frequently has been correlated with poor prognosis '>'”. These apparently
paradoxical functions of macrophages have been ascribed to the
immunosuppressive nature of TAM with phenotypes similar to that of M2-type
macrophages involved in tissue remodeling *'*****%. Recent studies have
demonstrated that TAMs promote not only the proliferation, invasion, and
metastasis of tumor cells, but also angiogenesis, which is supportive of growing
tumors, and thus TAMs have also been shown to enhance tumor progression
>73) " TAMs are indeed found to secrete various cytokines, growth factors, and
enzymes promoting tumor metastasis and angiogenesis, including vascular
endothelial growth factor (VEGF) ®, interleukin (IL)-8 ¥, epidermal growth
factor (EGF) '?, platelet-derived growth factor (PDGF) '°, tumor necrosis factor
(TNF)-a. '»'?, and matrix metalloproteinases (MMPs) '>'¥.

TAMs are derived from circulating monocytes that are recruited into tumor
tissues by chemokines such as monocyte chemotactic protein-1 (MCP-1) that are
produced by tumor cells '®. Macrophage colony-stimulating factor (M-CSF)
has also been considered as one of the most important cytokines that induce
TAM generation ***”.  In addition, autocrine production of immunosuppressive
cytokine IL-10 was reported to mediate the differentiation of TAMs *®. It was
recently reported that leukemia inhibitory factor (LIF), IL-6 *”, and TNF-o %
contribute to the differentiation of TAMs. Transcriptional regulator
NF-kB-dependent signaling has also been shown to play an important role in the
generation and maintenance of the immunosuppressive phenotypes of TAMs
829 Thus, various factors, including these cytokines, are thought to
cooperatively participate in the process of TAM differentiation. Recently,
Solinas and co-workers > successfully generated TAM-like cells by culturing
monocytes with conditioned media of certain tumor cell lines. Their gene
profiling analysis revealed that monocyte-derived cells have a gene expression
pattern similar to that of TAMs isolated from human tumors, and they



designated these monocyte-derived cells as “tumor-conditioned macrophages”.
Moreover, the generation of such tumor-conditioned macrophages was
suppressed by the depletion of M-CSF from conditioned media, and thus this
system confirmed the central role played by M-CSF in the differentiation from
monocytes to TAM-like cells. In addition to those played by soluble cytokines,
significant roles in the differentiation of monocytes to macrophages were
suggested for cell-to-matrix interactions ***”. To address the specific
mechanisms involved in the initial phase of monocyte differentiation, we
attempted to induce monocytes to differentiate, in vitro, into TAM-like cells by
co-culture with tumor cells, and we evaluated the potential role of cell adhesion
to extracellular matrix (ECM) proteins in this process.

In this study, we found that monocytes were induced to differentiate into
macrophage-like cells, thereby producing high levels of MMP-9 (also called
gelatinase B), the expression of which is a known characteristic of TAMs
213839 We also report the significance of cell adhesion in monocytic
differentiation. Cell adhesion has recently been considered to play crucial roles
in various cellular functions, including proliferation, differentiation, and
apoptosis. Integrin is a major family of cell adhesion molecules consisting of
two subunits (o0 and B subunits), and the combination of these subunits
determines ligand specificity. Some integrin receptors recognize the RGD
(Arg-Gly-Asp) sequence present in adhesive extracellular matrix (ECM)
proteins such as fibronectin and laminin. We present evidence that
RGD-dependent cell adhesion is implicated in monocyte differentiation into
TAM-like cells.



Materials and methods

Reagents and antibodies

Heparin was purchased from Novo Nordisk (Copenhagen, Denmark).
Dextran 200,000 and Ficoll-Paque™ PLUS were obtained from Wako
Chemicals Industries (Osaka, Japan) and GE Healthcare (Buckinghamshire, UK),
respectively. Matrigel™ and laminin-1 were purchased from BD Biosciences
(San Diego, CA). Fibronectin was purchased from Chemicon International
(Temecula, CA). Ex Taq polymerase was obtained from TaKaRa (Osaka,
Japan). Trizol™, Super Script™ II reverse transcriptase, and CellTracker™
Green CMFDA (5-chloromethylfluorescein diacetate) were products of
Invitrogen (Carlsbad, CA). Inhibitor of MMP-9 (anthranilic acid derivative),
inhibitor of MMP-2 (oleoyl-N-hydroxylamide), H-Gly-Arg-Gly-Asp-
Ser-Pro-OH (GRGDSP) peptide, and H-Gly-Arg-Ala-Asp-Ser-Pro-OH
(GRADSP) peptide were purchased from Calbiochem (San Diego, CA).
Gelatin-Sepharose was a product of GE Healthcare.

Antibodies directed to MMP-9 and CD68 were purchased from R&D
Systems (Minneapolis, MN). Antibodies against Mac-1 (aMp2 integrin),
CD14, and fibronectin were purchased from Nichirei Bioscience (Tokyo, Japan),
Biolegend (San Diago, CA), and TaKaRa, respectively.  Alexa Fluor
488-conjugated donkey anti-goat IgG antibody and Alexa Fluor 647-conjugated
goat anti-mouse IgG antibody were purchased from Invitrogen.
HRP-conjugated horse anti-goat IgG antibody and HRP-conjugated goat
anti-mouse IgG antibody were purchased from Kirkegaard & Perry Laboratories
(KPL; Gaithersburg, MD).

Cells

MKNI1 (human gastric carcinoma cell line) was provided by the RIKEN
Cell Bank (Tsukuba, Japan). A172 (a human glioma cell line) and EJ-1 (a
human bladder carcinoma cell line) were provided by the Human Science
Research Resources Bank (Osaka, Japan). SN12C (a human renal carcinoma
cell line) was provided by Dr. Isaiah J. Fidler of the M.D. Anderson Cancer
Center. The cells were cultured in RPMI 1640 medium (Gibco BRL)
supplemented with 10% fetal calf serum (FCS) at 37°C under a 5% CO,
atmosphere.

Monocytes were isolated from human peripheral blood essentially as
described previously *®. Briefly, heparinized human blood was mixed with an
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equal volume of 3% dextran 200,000/saline to sediment most of the erythrocytes.
After the samples were left to stand for 30 min, the supernatant was centrifuged
at 1,200 rpm for 10 min. Pelleted cells were then subjected to Ficoll-Paque
density gradient centrifugation at 1,200 rpm for 30 min, and mononuclear cells
(PBMCs) were recovered. The PBMCs thus obtained were allowed to adhere
to the culture dish in RPMI 1640/10% FCS at 37°C for 1 h, and adherent cells
were collected by a cell scraper. The purity of monocytes was estimated to be
60-80% by flow cytometry (forward scattering/side scattering plots).

Co-culture of monocytes with tumor cells

Monocytes (1-2 x 10° cells) were added to a 24-well plate in which tumor
cells had been cultured at a subconfluent density, and the co-culture was
continued for 3-7 days in RPMI 1640/10% FCS at 37°C. In some experiments,
the co-culture was conducted in a Boyden chamber system (Falcon 3504,
24-well culture plate; Falcon 3104, cell culture insert with PET membrane (pore
size, 1.0 um)) to inhibit direct cell-to-cell contact between monocytes and tumor
cells.

Gelatin zymography

The MMP activity was detected by gelatin zymography essentially as
described previously *>*”. The culture supernatant was electrophoresed in
polyacrylamide gel (6.5%) containing SDS (0.1%) and gelatin (1.5 mg/ml)
under nonreducing conditions. The gel was washed three times in washing
buffer (50 mM Tris-HCI, 150 mM NaCl, 10 mM CaCl,, 0.02% NaN,, pH 7.5)
containing 2.5% Triton X-100 for 30 min, and then the gel was incubated in
washing buffer lacking Triton X-100 at 37°C for 16 h. The gel was then
stained with Coomassie brilliant blue (CBB) and destained with 7.5% acetic
acid/5% methanol.

Immunoblotting

Specimens were subjected to SDS-polyacrylamide gel (7.5%)
electrophoresis, and separated proteins were electrically blotted onto a
nitrocellulose membrane (Hybond-ECL, GE Healthcare) using a semi-dry
blotting system (BE-330, Bio-Craft, Tokyo, Japan). After the blotted
membrane was blocked with 4% BlockAce™ (a milk protein-based blocking
reagent; Dainippon Pharmaceutical, Osaka, Japan) for 30 min, the membrane
was treated with anti-MMP-9 antibody (1:1000 dilution) for 20 h and then with
HRP-conjugated horse anti-goat IgG antibody (1:1000 dilution) for 40 min.
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The membrane was washed with PBS containing 0.05% Tween 20 (PBS-T)
three times after each reaction step. Proteins were detected with an enhanced
chemiluminescence (ECL) detection system (GE Healthcare).

For the detection of fibronectin in the culture supernatant, immunoblotting
was also carried out, essentially under the same conditions as those described
above. The sample was separated by SDS-polyacrylamide gel (6.5%)
electrophresis, and the blotted membrane was treated with anti-fibronectin
antibody (1:1000 dilution) for 20 h and HRP-conjugated goat anti-mouse IgG
antibody (1:1000 dilution) for 40 min.

Immunofluorescence microscopy

Monocytes co-cultured with MKN1 cells in a Lab-Tek II chamber slide™
system (8-well glass slide; Nalge Nunc International 154534, Penfield, NY)
were fixed with 1% formaldehyde at room temperature for 10 min and were
treated with 0.2% Triton X-100/0.02% NaNj; in PBS at 4°C for 10 min. The
permeabilized cells were successively treated with 4% BlockAce™ for 30 min,
anti-MMP-9 antibody (5 pg/ml) for 40 min, and anti-Mac-1 antibody (5 ug/ml)
for 40 min. The cells were then stained with secondary antibodies (Alexa
Fluor 488-conjugated donkey anti-goat IgG antibody (1:200 dilution) and Alexa
Fluor 647-conjugated goat anti-mouse IgG antibody (1:200 dilution) for 30 min.
After each reaction step, the cells were washed five times with PBS. The
fluorescently labeled cells were observed with a confocal laser-scanning
microscope (Radians 2100; Bio-Rad Laboratories, Hercules, CA).

Reverse transcription-polymerase chain reaction (RT-PCR)

The total RNA was prepared by the AGPC method *" using Trizol and was
reverse-transcribed with Super Script II reverse transcriptase using an oligo-dT
primer. In order to detect MMP-9 and -Actin mRNA, the PCR was conducted
with the following sets of primers: 5°-CCA TTT CGA CGA TGA CGA GTT-3’
and 5’-CTT GTC GCT GTC AAA GTT CGA-3’ for MMP-9 (GenBank
accession number: NM 004994); and 5’-AAG ATG ACC CAG ATC ATG TTG
AG-3’ and 5’-AGG AGG AGC AAT GAT CTT GAT CTT-3’ for fB-actin
(GenBank accession number: NM 001101). The conditions for the PCR were
as follows: 95°C, 30 sec; 60°C, 30 sec; 72°C, 40 sec; 29-38 cycles. The
products were separated in 2.0% agarose gel in 40 mM of Tris/acetate buffer
containing 1 mM EDTA (pH 8.0). These procedures yield 544- and 648-bp
products from the mRNAs for MMP-9 and B-actin, respectively.
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Depletion of fibronectin from tumor cell-conditioned medium

The serum-free conditioned medium of MKNT1 cells (1 ml) was mixed with
gelatin-Sepharose (0.05 ml, 50% suspension), and the mixture was incubated at
4°C for 24 h.  After the sedimentation of the gelatin-Sepharose, the supernatant
was subjected to the immunoblotting analysis using anti-fibronectin antibody.
Fibronectin was found to be effectively removed from the conditioned medium
throughout the procedure. Proteins bound to the gelatin-Sepharose were
analyzed by SDS-polyacrylamide gel electrophoresis followed by CBB staining,
which yielded a major band of ~200 kDa that was identified as a subunit of
fibronectin by immunoblot analysis.

In vitro invasion assay

The in vitro invasion assay was performed using a Boyden chamber system
(Falcon 3504, 24-well culture plate; Falcon 3097, cell culture insert with PET
membrane (pore size: 8.0 pm)), as described previously **. Monocytes (1 x
10° cells) that had been co-cultured with tumor cells in the Boyden chamber
system were mixed with fluorescently labeled (1 uM CellTracker™ at 37°C for
30 min) MKNI1 cells (1.25 x 10°cells), and the cell mixture was suspended in
RPMI1640 (serum-free) and placed in the upper chamber of the Boyden system.
The membrane between the upper and lower chambers had previously been
coated with Matrigel™ at 4°C for 16 h. The lower chamber was filled with
RPMI 1640/10% FCS, and the chambers were incubated at 37°C for 18 h.
MKNI1 cells that had migrated through Matrigel-coated membranes were
counted under a fluorescence microscope. In some experiments, the cell
invasion was assayed in the presence of an MMP-9 inhibitor (anthranilic acid
derivative, 1 uM) or an MMP-2 inhibitor (oleoyl-N-hydroxylamide, 1 uM).

Flow cytometric analysis

The expression of CD14 and CD68 was measured with a flow cytometer
(FACS Calibur, BD Biosciences, San Diego, CA) using specific antibodies and
FITC-labeled anti-mouse IgG antibody, as described previously **.
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Results

Increases in MMP secretion by mixed culture of monocytes and tumor cells

Monocytes were co-cultured with MKN1, A172, SN12C, or EJ-1 cells for
3-7 days in RPMI 1640/10% FCS, and the culture media were replaced with
serum-free RPMI 1640. After the cells had been cultured in serum-free
medium for 24 h, the conditioned media were assayed for MMPs by gelatin
zymography, and MMP-9 levels in the supernatants of the co-culture were found
to be much higher than those of the single cultures of either monocytes or tumor
cells alone (Fig. 1-1A). The increased secretion of MMP-9 after the co-culture
of these cells for 3-7 days was observed in all four cases using distinct tumor
cell lines, but the augmentation of MMP-9 secretion with MKN1 or A172 cells
was more prominent than that with SN12C or EJ-1 cells. Although secretion of
MMP-2 from MKNI1 and A172 cells was detected, the levels of secretion
remained unchanged by the presence of monocytes in the culture. We then
performed an immunoblot analysis of the same culture supernatants using
anti-MMP-9 antibody, and found that MMP-9 production in the co-culture
supernatant had increased in a time-dependent manner (Fig. 1-1B). Because
each sample used for zymography was collected 24 h after the replacement of
old medium with fresh medium, the results suggest that the rate of MMP-9
secretion had gradually increased during this culture period. Taken together,
these results indicate that MMP-9 secretion into culture media is potentiated by
interactions between monocytes and tumor cells, and that the degree of this
potentiation depends on the type of tumor cells present in the co-culture.

To address the role(s) played by direct cell-to-cell contact in the
potentiation of MMP-9 production, we employed a Boyden chamber system for
the co-culture. Co-culture in the Boyden chamber system still yielded high
levels of MMP-9 secretion in all cases, i.e., with all four tumor cell lines used
(Fig. 1-1C); however, MMP-9 levels in the Boyden chamber cultures were
significantly lower than those of the regular mixed cultures. It is likely that in
addition to soluble factors present in the culture, direct cell-to-cell interactions
between monocytes and tumor cells played a significant role in the potentiation
of MMP-9 secretion from these cells.
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Fig. 1-1 Zymographic analysis of co-culture supernatants of monocytes and tumor cells.
(A) Monocytes (1-2 x 10° cells) were cultured with subconfluent monolayers of MKNI1, A172,
SNI12C, or EJ-1 cells for 3-7 days. The culture media were then replaced with fresh RPMI
1640 (serum-free), and the co-cultures were continued for 24 h. The supernatants were
collected and assayed for MMPs by gelatin zymography. The secretion of MMPs from
tumor cells or monocytes alone was also analyzed. (B) Serum-free conditioned media for 24
h after co-culture for 0-7 days, assayed by gelatin zymography (upper panel). The same
samples were concentrated with Microcon (YM-30) and analyzed by immunoblotting using
anti-MMP-9 antibody (lower panel). (C) Co-culture conducted with a Boyden chamber
system. Tumor cells (2 x 10° cells) were placed in a 24-well culture plate (Falcon 3504) and
cultured in RPMI 1640/10% FCS for 24 h. The medium was replaced with fresh serum-free
RPMI 1640 (0.7 ml), and the plate was assembled with an upper chamber (Falcon 3104)
containing a monocyte suspension (1-2 x 10° cells/0.3 ml). The chambers were incubated at

15



37°C for 3-7 days, and MMP in the culture supernatants was analyzed by gelatin zymography. -
Each conditioned medium from the co-culture with the Boyden chamber system (+) was
compared to medium cultured on a regular 24-well plate (-).

We next performed immunofluorescence microscopy to determine which
cells had been stimulated to produce MMP-9. Monocytes and MKNI1 cells
were co-cultured for 5 days, and the cells were stained with anti-MMP-9 and
anti-Mac-1 antibodies after being permeabilized with 0.2% Triton X-100 at 4°C
for 10 min (Fig. 1-2A). The strong fluorescence derived from anti-MMP-9
antibody was found to be associated with spherical cells rather than with flatten
cells and the spherical cells were fluorescently positive for Mac-1, a monocytic
surface marker. The finding suggests that monocytes produced MMP-9 more
actively than did the MKN-1 cells. We also conducted an RT-PCR analysis of
mRNA for MMP-9 in monocytes and MKNI1 cells. After these two cell types
were co-cultured for 5 days in the Boyden chamber system, the total RNA was
isolated from both cell types, and was subjected to RT-PCR (Fig. 1-2B). The
MMP-9 mRNA expression in monocytes increased after the co-culture with
MKNI1 cells, whereas that in the MKN1 cells did not markedly changed after
co-culture with monocytes. Thus, it is most likely that the enhanced
production of MMP-9 after co-culture was primarily of monocytic origin.
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Fig. 1-2 Analyses of MMP-9-producing cells by immunofluorescence and RT-PCR. (A)
Monocytes and MKN1 cells were co-cultured for 5 days, and the cells were treated with 0.2%
Triton X-100/0.02% NaNj; in PBS at 4°C for 10 min. The treated cells were then stained
with anti-MMP-9 or anti-Mac-1 antibodies, followed by treatment with fluorescently labeled
second antibodies. The fluorescently labeled cells were observed with a confocal
laser-scanning microscope. Scale bar = 10 um. (B) MMP-9 mRNA in monocytes and
MKNI cells after co-culture for 5 days in Boyden chambers, analyzed by RT-PCR.
Amplification cycles for PCR varied from 29 to 38.

17



In vitro invasion of tumor cells in the presence of monocyte-derived and
MMP-9-producing cells

We then assessed the effects of monocyte-derived and MMP-9-producing
cells on invasion of MKN1 carcinoma cells into Matrigel basement membranes.
Monocytes were first co-cultured with MKN1 or EJ-1 cells for 5 days in a
Boyden chamber system (membrane pore size, 1.0 um). Differentiated
monocytes were recovered from the chamber and were mixed with fluorescently
labeled MKNI1 cells. The cell mixture was then placed in the upper chamber of
another set of Boyden chambers (membrane pore size, 8.0 um), the membrane
between the upper and lower chamber of which had been coated with Matrigel.
After the chambers were incubated at 37°C for 18 h, MKNI1 cells that had
migrated through Matrigel-coated membranes increased in number in the
presence of monocytes that had been co-cultured with MKNI1 cells (Fig. 1-3).
In contrast, in the presence of monocytes that had been co-cultured with EJ-1
cells, no significant increase in the number of invading MKNI1 cells was
observed. The enhancing effect achieved with differentiated monocytes was
correlated with MMP-9 productivity (Fig. 1-1). Furthermore, augmentation by
differentiated monocytes was reversed by the addition of an MMP-9 inhibitor
(Fig. 1-3), but not an MMP-2 inhibitor (data not shown). These results indicate
that the invasion of MKNI1 cells into the Matrigel had been promoted in the
presence of differentiated monocytes in an MMP-9-dependent manner.
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Fig. 1-3  Effects of differentiated monocytes on the invasion of MKNI1 cells. The in vitro
invasion assay was performed using a Boyden chamber system with a Matrigel-coated
membrane. Monocytes (5 X 10° cells) were added to the lower chamber of the Boyden
chamber system (pore size, 1.0 pm), and MKN1 or EJ-1 cells (2 x 10° cells) were added to the
upper chamber.  After the chambers had been incubated for 5 days, differentiated monocytes
in the lower chamber were recovered. These differentiated cells (1 x 10° cells) were mixed
with a suspension of MKN1 cells (1.25 x 10° cells in serum-free RPMI 1640) that had been
labeled with CellTracker™ (1 uM at 37°C for 30 min), and the cell mixture was placed in the
upper chamber of another set of chambers in a Boyden chamber system (pore size, 8.0 um).
The lower chamber was filled with RPMI 1640/10% FCS, and the chambers were incubated
at 37°C for 18 h. MKNI cells that had migrated through the membrane were counted under
a fluorescence microscope. The data are shown as the means with SD of 6-9 fields selected
at random. The assay was conducted in triplicate in the presence (gray bar) or absence
(black bar) of an inhibitor of MMP-9 (1 uM). *** p<(.005 vs. control monocytes.
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Morphological changes in monocytes induced by co-culture with tumor cells

Monocytes were co-cultured with tumor cells (MKN1, A172, SN12C, or
EJ-1) in the Boyden chambers for 5 days, and then the cells cultured in this
manner were observed under a phase-contrast microscope. Monocytes
co-cultured with MKN1 or A172 cells were found to spread and exhibited a
macrophage-like morphology, whereas after co-culture with SN12C or EJ-1
cells, most of the monocytes maintained their spherical shape and showed less
flattening (Fig. 1-4A). The morphological change seen in monocytes induced
by co-culture with tumor cells was correlated with MMP-9 productivity, i.e.,
monocytes co-cultured with MKN1 or A172 cells became polygonal and more
adherent, and they produced high levels of MMP-9, whereas monocytes
co-cultured with SN12C or EJ-1 cells showed no notable morphological changes
and only limited MMP-9 production (Figs. 1-1 and 1-4A). We next examined
expression profiles of macrophage markers on differentiated monocytes by
flowcytometry. The population with high CD14 expression increased after
co-culture with tumor cells (MKN1 and EJ-1), and the increase in CD14-high
expresser was more prominent when monocytes were co-cultured with MKN1
cells (Fig. 1-4B). By contrast, the increase in CD68 expression on
differentiated monocytes was limited.
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Fig. 1-4 Phenotypic changes of monocytes induced by co-cultured with tumor cells. (A)
Monocytes (1-2 x 10° cells) were co-cultured with MKNI1, A172, SN12C, or EJ-1 cells (2 x
10° cells) in the Boyden chamber system (pore size, 1.0 um) as described in Fig. 1-3.  After
the chambers were incubated for 5 days, monocytes in the lower chamber were observed
under a phase-contrast microscope. Scale bar = 10 um. (B) Monocytes co-cultured with
MKNT or EJ-1 cells in the Boyden chamber system for 5 days were analyzed by flow
cytometry after being stained with monoclonal antibody against CD14 or CD68 and with
FITC-labeled secondary antibody. The control monocytes were cultured in the absence of
tumor cells for 5 days. The profiles without antibody staining are indicated by lines without
shadows.
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Role of RGD sequence-dependent cell adhesion in the differentiation of
monocytes

Because monocytes became more adhesive to culture plates during
co-culture with tumor cells, we examined the possible roles of cell adhesion to
ECM proteins in the process of monocyte differentiation. When monocytes
were co-cultured with MKNI1 cells in the presence of a GRGDSP peptide (an
inhibitor of integrin-mediated cell adhesion), such monocyte spreading was no
longer observed (Fig. 1-5A). However, the addition of a control GRADSP
peptide showed no such inhibition of morphological change. In parallel with
the inhibition of cell spreading, MMP-9 production induced by co-culture with
MKNT1 cells was also suppressed by the addition of a GRGDSP peptide, but not
by the GRADSP peptide, either in co-culture for 5 days or in subsequent
co-culture with fresh medium for 24 h (Fig. 1-5B). Similar inhibitory effects
of a GRGDSP peptide on MMP-9 production were observed when monocytes
were cultured with EJ-1 cells (data not shown). These results suggest that
RGD-dependent cell adhesion played a critical role in bringing about the
phenotypic changes induced by co-culture of these monocytes with tumor cells.

The RGD sequence is present in various ECM proteins such as fibronectin
and laminin, and it plays an essential role in integrin-ECM interactions 32.44-46)
The conditioned medium of MKN1 cells contained a higher concentration of
fibronectin than did the conditioned EJ-1 cell medium, as was indicated by both
immunoblot and RT-PCR analyses (data not shown). In addition, a major
portion of differentiation-inducing activity in the conditioned medium of MKN1
cells was recovered in a high-molecular-weight fraction after ultrafiltration with
Microcon™ YM-50 (Millipore Corporation, Billerica, MA) (data not shown).
We therefore assessed the effect of fibronectin depletion from the conditioned
media on monocyte differentiation. The treatment of conditioned medium of
MKNI1 cells with gelatin-Sepharose effectively removed fibronectin, as detected
by immunoblot analysis (Fig. 1-6A). When the monocytes were cultured in the
fibronectin-depleted conditioned medium of MKNI1 cells for 5 days, they
produced a lower level of MMP-9 than did monocytes cultured with untreated
conditioned medium (Fig. 1-6B). A similar reduction in MMP-9 production
was observed after the culture was continued for 24 h using fresh, serum-free
medium. The depletion of fibronectin from the conditioned medium of EJ-1
cells also resulted in a similar reduction in MMP-9 production (data not shown).
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Fig. 1-5 Role of RGD-dependent cell adhesion in phenotypic changes in monocytes. (A)
Monocytes (1-2 x 10° cells) in the lower chamber and MKNT1 cells (2 x 10° cells) in the upper
chamber of the Boyden chamber system were co-cultured in serum-free RPMI 1640 for 5
days in the presence of GRGDSP (RGD) or GRADSP (RAD) peptides (1 mM). Monocytes
were observed under a phase-contrast microscope. Scale bar = 10 um. (B) After co-culture
for 5 days, described above, the culture supernatants were assayed for MMPs by gelatin
zymography (upper panel). The co-culture was continued with fresh RPMI 1640
(serum-free) for 24 h, and the culture supernatant was again subjected to gelatin zymography

(lower panel).
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Fig. 1-6 Depletion of fibronectin from conditioned MKNI1-cell medium. (A) The
conditioned medium of MKNI1 cells was mixed with gelatin-Sepharose, and the mixture was
incubated at 4°C for 24 h.  After the sedimentation of gelatin-Sepharose, the supernatant was
applied to immunoblotting analysis using anti-fibronectin antibody. (B) Monocytes were
cultured for 5 days in RPMI 1640 medium (serum-free) containing fibronectin-depleted or
untreated conditioned MKN1-cell medium (70%). The culture supernatant was subjected to
gelatin zymography (upper panel). The culture was continued for 24 h with fresh RPMI
1640 (serum-free), and the culture supernatant was again subjected to gelatin zymography

(lower parnel).
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We next examined the direct effects of the addition of several ECM
components, including fibronectin. After the lower chambers of the Boyden
chamber system were coated with fibronectin, laminin-1, or Matrigel,
monocytes and tumor cells (MKNI1 or EJ-1 cells) were added to the lower and to
the upper chambers, respectively. The co-culture was conducted in serum-free
RPMI 1640 for 5 days, and monocytes cultured in a fibronectin-coated plate
exhibited better spreading and a more macrophage-like morphology than did
monocytes cultured in laminin-1- or Matrigel-coated, or uncoated plates (Fig.
1-7A). Coating of the plate with fibronectin also resulted in a potentiation of
MMP-9 production by the monocytes after they had been co-cultured with
MKNT1 or EJ-1 cells (Fig. 1-7B). It should be noted that the plate-coating with
laminin-1 or Matrigel abrogated the MMP-9 production induced by the
co-culture with EJ-1 cells. It is suggested that monocyte differentiation was
promoted by immobilized fibronectin but suppressed by laminin-1 or Matrigel.

Finally, we assayed the in vitro invasion of tumor cells into Matrigel in the
presence of monocytes differentiated in fibronectin-coated plates. Invasion of
MKNT1 cells into the Matrigel was most effectively enhanced in the presence of
monocytes that had been differentiated in fibronectin-coated plates by co-culture
with either MKN1 or EJ-1 cells (Fig. 1-7C); this finding was consistent with the
MMP-9 productivity of the differentiated monocytes.
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Fig. 1-7 Differentiation of monocytes by co-culture with tumor cells in ECM protein-coated
plates. (A) Monocytes were cultured with MKN1 or EJ-1 cells in the Boyden chamber
system. A monocyte suspension (1-2 x 10° cells/0.7 ml) in RPMI 1640 (serum-free) was
placed in the lower chamber, which had been coated with fibronectin (¥N), laminin-1 (LM),
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or Matrigel (MG) at 4°C for 16 h. MKNT1 or EJ-1 cells (2 x 10’ cells/0.3 ml) were added to
the upper chamber, and these cells were cultured for 5 days. Monocytes in the lower
chamber were then observed under a phase-contrast microscope. Scale bar = 10 um. (B)
Co-culture of monocytes and tumor cells was conducted for 5 days, and then was continued
for 24 h following replacement with fresh medium. The supernatants of the co-cultures were
collected and assayed for MMP-9 by gelatin zymography. The results of the 5-day culture
with EJ-1 cells and the 24-h culture with MKNI1 cells are shown. (C) Invasion of MKNI1
cells in the presence of differentiated monocytes was assayed using the Boyden chamber
system. MKN1 cells (1.25 x 10° cells) labeled by CellTracker™ (1 pM) at 37°C for 30 min
were mixed with monocytes differentiated by co-culture with MKN1 or EJ-1 cells (1 x 10°
cells) in fibronectin-coated plates, as described in (A). The cell mixture was placed in the
upper chamber equipped with a membrane that had been coated with Matrigel, and the lower
chamber was filled with RPMI 1640/10% FCS. After the chambers were incubated at 37°C
for 18 h, labeled MKN1 cells that had migrated through the membrane were counted under a
fluorescence microscope. The assays were carried out in triplicate, and the data are

presented as mean + SD.
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Discussion

In this study, we attempted to differentiate monocytes in vitro into
TAM-like cells, and successfully induced monocytes to produce high levels of
MMP-9 by co-culture with tumor cell lines and without the exogenous addition
of cytokines such as M-CSF (Figs. 1-1 and 1-2). The acquisition of MMP-9
productivity by monocytes appeared to be accompanied by morphological
changes, i.e., macrophage-like spreading (Fig. 1-4). These phenotypic changes
induced by the co-culture depended on the type of tumor cells used. The
degree of MMP-9 production and morphological changes were well correlated.
The differential ability of tumor cells with regard to the induction of monocyte
differentiation may reflect variation among TAMs in different patients **¥.
MMP-9 production is considered as one of the most important characteristics of
TAMs affecting both the malignant behavior of tumor cells as well as
angiogenesis .  Since it is known that MMP-9 degrades type 1V
collagen-rich basement membranes and assists with tumor invasion and
metastasis, we assayed the in vitro invasion of MKN1 human gastric carcinoma
cells into Matrigel. The results revealed that the presence of differentiated
monocytes promoted the invasion of MKNI1 cells in an MMP-9-dependent
manner (Fig. 1-3). Moreover, the promotion of cell invasion by differentiated
monocytes was correlated with their MMP-9 productivity. Thus, the results
clearly indicate that monocyte-derived and TAM-like cells promote tumor cell
invasion.

MMP-9 secretion from monocytes was detected after 3-day co-culture of
the monocytes with tumor cells, and levels of secretion gradually increased for
up to 7 days of culture (Fig. 1-1). Monocytes freshly isolated from blood were
readily differentiated into cells that produced high levels of MMP-9 within a
rather short period of culture, and this differentiation required no prior
preparation of monocyte-derived macrophages **”. The co-culture of
monocytes and tumor cells in the Boyden chamber culture system indicated an
essential role of soluble factors secreted from tumor cells, as well as the
importance of cell-to-cell contact, in monocyte differentiation. A recent study
by Solinas and co-workers ** demonstrated that conditioned media of tumor
cells induced the differentiation of monocytes. They also found that the gene
expression profiles of these differentiated monocytes (designated as
“tumor-conditioned (TC) macrophages”) were similar to those of TAMs. The
differentiated monocytes seen in this study may thus share common phenotypes
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with such TC-macrophages. Their study also indicated that the differentiation
of TC-macrophages involved M-CSF as an essential factor. In the present
study, we demonstrated that RGD-dependent cell adhesion plays a critical role in
monocyte differentiation. Fibronectin produced by tumor cells was a strong
candidate involved in cell adhesion. The most typical RGD-dependent cell
adhesion was found to be mediated by the interaction between fibronectin and
o5B1 integrin *?. Terui and co-workers *” reported that a5pl integrin was
upregulated during monocyte differentiation, and this cell adhesion molecule
may function as a receptor for fibronectin, leading to the promotion of monocyte
differentiation. One possibility is that a5B1 integrin-fibronectin interaction
mediates cell-to-cell contact between monocytes and tumor cells, causing an
effective differentiation of monocytes (Fig. 1-1C). However, it was of note that
neither laminin-1 nor Matrigel exerted a positive effect on this differentiation.
On the contrary, Matrigel and laminin-1 interestingly decreased the MMP-9
expression levels. These results suggest that specific interactions between
ECM proteins and their cellular receptors are required for the differentiation
process.

Macrophages are divided into two populations, which are respectively
referred to as M1 and M2 according to phenotype, including the cytokine
production profile °”. The M1 type is a classic immunoactive macrophage and
produces IL-12 and TNF-a, whereas the M2 type is involved in tissue
remodeling and produces IL-10, but not IL-12. TAMs are considered to be
polarized towards M2-type cells with immunosuppressive functions such as
poor antigen-presenting capacity and the suppression of T-cell activation, in
addition to a production of growth and angiogenic factors and MMPs. It is
therefore likely that the monocytes in the present study underwent
differentiation directed toward M2-like cells during the co-culture with tumor
cells. Although the characteristics of TAMs are generally thought to be
heterogeneous, the phenotypes of the TAM-like cells differentiated from blood
monocytes in this study will still need to be analyzed in detail in future studies.
The TAM-like cells induced in the present in vitro system provide a useful
model to investigate the process of differentiation in TAMs, and will help efforts
to characterize the functions of TAM in modulating the malignant behavior of
tumor cells.

29



The person can become both a good guy and a poor guy, by environment and education.
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Chapter 2

Potentiation of tumor cell invasion by co-culture with
monocytes accompanying enhanced production of matrix
metalloproteinase and fibronectin
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Introduction

The malignant behaviors of tumor cells are greatly influenced by the
peritumoral microenvironment. The mutual interactions between tumor cells
and cellular and non-cellular components (extracellular matrix: ECM) of the
host microenvironment affect tumor development and progression by controlling
proliferation, migration, invasion, metastasis, angiogenesis, and apoptosis -3,
Macrophages are a major population of host immune cells, and a subset called
tumor-associated macrophages (TAMs) infiltrate into tumor tissues. Although
macrophages have been thought to exhibit cytotoxicity against tumor cells,
recent studies have demonstrated that TAMs enhance tumor progression >7*,
Indeed, TAMs have been reported to secrete various cytokines, growth factors,
and enzymes that promote tumor metastasis and angiogenesis, including TNF-o
213 epidermal growth factor (EGF) '%, vascular endothelial growth factor
(VEGF) ¥, interleukin (IL)-8 %, platelet-derived growth factor (PDGF) 'V, and

13,14)

matrix metalloproteinases (MMPs) These paradoxical activities of TAMs

on tumor progression might be determined by the directions of TAM

differentiation V.

To characterize the biological nature of TAMs, we
previously attempted to induce differentiation of human peripheral blood
monocytes in vitro by co-culture with tumor cells, and succeeded in
differentiating monocytes into TAM-like cells producing a high level of MMP-9
(Chapter 1). We also reported that ECM proteins such as fibronectin played an
important role in the monocyte differentiation and that the differentiated
monocytes promoted tumor cell invasion. During co-culture of these cells, we
observed that tumor cells changed their morphology and production of
fibronectin. The interaction of tumor cells with ECM proteins has been
thought to be important for various aspects of tumor invasion and metastasis
52 In fact, a number of studies have suggested that tumor invasion is
influenced by ECM proteins such as fibronectin ***¥, laminin **, and tenascin *®.
On the other hand, integrins, a major class of cell adhesion molecules, serve as
cellular receptors for ECM proteins, and their interactions with ECM proteins
play key roles in tumor cell behaviors. The integrin-mediated cell adhesion to

ECM transduces signals into tumor cells to potentiate production of MMPs *'**

and to induce tyrosine phosphorylation of focal adhesion kinase (FAK) ®”.
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In the present study, we focused on phenotypic changes of tumor cells after
the co-culture with monocytes. We first describe an increase in the invasive
potential of some tumor cells after the co-culture with monocytes in parallel
with an enhanced secretion of MMP-9. Secondly, we show that the co-culture
induced tumor cells to change their morphology. We then analyzed the
relationship between these phenotypic changes and the ECM-integrin system,
especially fibronectin and a5B1 integrin. Fibronectin is an ECM protein with
wide tissue distribution and plays crucial roles in various cellular functions,
including proliferation, migration, and differentiation, by interacting with
integrins via an RGD (Arg-Gly-Asp) triplet sequence in its cell-binding domain.
The o5B1 integrin is a prototype of an RGD-recognizing cellular receptor for

336162 We examined the secretion of fibronectin into the culture

fibronectin
medium and the expression of a5 integrin on the cell surface. Finally, we
assessed the roles of cytokines produced by monocytes in the potentiation of
tumor invasion, and present evidence that tumor necrosis factor (TNF)-a is at
least partly involved in the potentiation of tumor cell invasion after co-culture

with monocytes.
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Materials and methods

Cells

MKNT1 (a human gastric carcinoma cell line) was provided by RIKEN cell
bank (Tsukuba, Japan). EJ-1 (a human bladder carcinoma cell line), HT1080
(a human fibrosarcoma cell line), and A172 (a human glioma cell line) were
provided by the Human Science Research Resources Bank (Osaka, Japan).
SN12C (a human renal carcinoma cell line) was donated by Dr. Isaiah J. Fidler
(M.D. Anderson Cancer Center). These cells were cultured in RPMI 1640
medium (Gibco BRL, Rockville, MD, USA) supplemented with 10% fetal calf
serum (FCS) at 37°C under a 5% CO, atmosphere.

Monocytes were isolated from human peripheral blood essentially as

described previously **.

Briefly, heparinized human blood was mixed with an
equal volume of 3% dextran 200,000/saline to sediment most of the erythrocytes.
After the samples were left to stand for 30 min, the supernatant was centrifuged
at 1200 rpm for 10 min. Pelleted cells were then subjected to Ficoll-Paque
density gradient centrifugation at 1200 rpm for 30 min, and mononuclear cells
(PBMCs) were recovered. The PBMCs thus obtained were allowed to adhere
to the culture dish in RPMI 1640/10% FCS at 37°C for 1 h, and adherent cells
were collected by a cell scraper. The purity of monocytes was estimated to be

60-80% by flow cytometry (forward scattering/sidescattering plots).

Reagents and antibodies

Heparin was purchased from Novo Nordisk (Copenhagen, Denmark).
Dextran 200,000 and Ficoll-Paque™ PLUS were obtained from Wako
Chemicals Industries (Osaka, Japan) and GE Healthcare (Piscataway, NJ, USA),
respectively. Matrigel™ was purchased from BD Biosciences (San Diego, CA,
USA). Recombinant human TNF-o was purchased from PeproTech (Rocky
Hill, NJ, USA). An MMP-9 inhibitor (anthranilic acid derivative),
H-Gly-Arg-Gly-Asp-Ser-Pro-OH (GRGDSP) peptide, and H-Gly-Arg-Ala-Asp-
Ser-Pro-OH (GRADSP) peptide were purchased from Calbiochem (San Diego,
CA, USA). Protein G-Sepharose 4 FF was purchased from GE Healthcare.

Antibodies directed to fibronectin and the a5 integrin subunit were
purchased from TaKaRa (Osaka, Japan) and Santa Cruz Biotechnology (Santa
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Cruz, CA, USA), respectively. Anti-focal adhesion kinase (FAK) antibody and
anti-FAK (pY397) antibody were purchased from BD Biosciences.
Anti-vimentin and anti-B-actin antibodies were obtained from Sigma (St. Louis,
MO, USA). Anti-TNF-a and anti-MMP-9 antibodies were purchased from
R&D Systems (Minneapolis, MN, USA). FITC-labeled anti-mouse IgG
antibody and horseradish peroxidase (HRP)-conjugated secondary antibodies
were purchased from Kirkegaard & Perry Laboratories (KPL; Gaithersburg, MD,
USA).

Co-culture of tumor cells with monocytes

Co-culture of tumor cells and monocytes was conducted in a Boyden
chamber system as described previously (Chapter 1). Briefly, tumor cells (2 x
10° cells) and monocytes (1-2 x 10> cells) were added to the lower chamber
(Falcon 3504; 24-well culture plate) and the upper chamber (Falcon 3104; cell
culture insert with a PET membrane (pore size, 1.0 um)), respectively, and the
chambers were incubated at 37°C for 5 days.

In vitro invasion assay

The in vitro invasion assay was performed using the Boyden chamber
system (Falcon 3504, 24-well culture plate; Falcon 3097, cell culture insert with
PET membrane (pore size: 8.0 um)), as described previously ) Tumor cells
(1.25 x 10° cells) were suspended in RPMI 1640 (serum-free) and placed in the
upper chamber. The membrane between the upper and lower chambers had
previously been coated with Matrigel (0.035 ml) at 4°C for 16 h. After
removal of Matrigel solution, the membrane was incubated at 37°C for 30 min
to form a gel layer. The lower chamber was filled with RPMI 1640/10% FCS,
and the chambers were incubated at 37°C for 18 h. Tumor cells that had
migrated through Matrigel-coated membranes were counted. In some
experiments, the cell invasion was assayed in the presence of an MMP-9

inhibitor (anthranilic acid derivative, 1 uM) or a GRGDSP peptide (1 mM).

Gelatin zymography

The MMP activity was detected by gelatin zymography essentially as
described previously *”. The culture supernatant was electrophoresed in a
polyacrylamide gel (6.5%) containing SDS (0.1%) and gelatin (1.5 mg/ml)
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under nonreducing conditions. The gel was washed three times with washing
buffer (50 mM Tris-HCI, 150 mM NaCl, 10 mM CaCl,, 0.02% NaNs3, pH 7.5)
containing 2.5% Triton X-100 for 30 min, and incubated in washing buffer
lacking Triton X-100 at 37°C for 16 h. The gel was then stained with
Coomassie brilliant blue (CBB) and destained with 7.5% acetic acid/5%
methanol.

Immunoblotting

The culture supernatants were subjected to SDS-polyacrylamide gel (6.5%)
electrophoresis, and separated proteins were electrically blotted onto a
nitrocellulose membrane (Hybond-ECL; GE Healthcare) using a semi-dry
blotting system (BE-330; Bio-Craft, Tokyo, Japan). After the blotted
membrane was blocked with 4% BlockAce™ (a milk protein-based blocking
reagent; Dainippon Pharmaceutical, Osaka, Japan) for 30 min, the membrane
was treated with anti-fibronectin (1:1000 dilution) or anti-MMP-9 antibody
(1:1000 dilution) for 1 h and then with HRP-conjugated secondary antibodies
(anti-mouse or anti-goat IgG antibody, 1:1000 dilution) for 40 min. The
membrane was washed with PBS containing 0.05% Tween 20 (PBS-T) three
times after each reaction step. Proteins were detected with an enhanced
chemiluminescence (ECL) detection system (GE Healthcare).

Intracellular proteins were also analyzed by immunoblotting essentially
under the same conditions as those described above. The sample was prepared
as follows: cells were incubated in the RIPA buffer (25 mM Tris-HCI, pH 7.6,
150 mM NaCl, 1% Nonidet P-40, 0.1% SDS) at 4°C for 15 min, and the lysate
was centrifuged at 12,000 rpm for 15 min. The supernatant was mixed with an
equal volume of sample buffer for SDS-polyacrylamide gel electrophoresis.

Flow cytometry

The expression of the a5 integrin subunits was measured with a flow
cytometer (FACS Calibur; BD Biosciences) using an antibody against a5
integrin subunit and FITC-labeled anti-mouse IgG antibody as described

previously *?.
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Depletion of TNF-c from conditioned medium by anti-TNF-a antibody

A conditioned medium (1.0 ml) of monocyte culture in RPMI 1640
(serum-free) for 3 days was mixed with anti-TNF-a antibody conjugated with
protein G-Sepharose (0.05 ml, 50% suspension) and incubated at 4°C for 16 h.
The supernatant was recovered after low-speed centrifugation and sterilized with
a membrane filter.
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Results

Potentiation of tumor cell invasion and MMP secretion by co-culture with
monocytes

MKNI1 cells were co-cultured with monocytes in a Boyden chamber system
for 5 days and subjected to in vitro invasion assay. The migration of MKNI
cells through Matrigel-coated membranes was increased by 2.0-fold after the
cells were co-cultured with monocytes (Fig. 2-1A). The enhanced invasion of
MKNT1 cells was decreased almost to the control level in the presence of an
MMP-9 inhibitor. When the serum-free conditioned media of MKN1 cells
were analyzed by gelatin zymography and immunoblotting, the secretion of
MMP-9 was greatly elevated after the co-culture with monocytes (Fig. 2-1B).
However, the secretion of MMP-2 from either co-cultured cells or control cells
was at an undetectable level. We next examined whether similar enhancements
of cell invasion and MMP-9 production would be observed with cell lines other
than MKN1. The invasion of HT1080 cells was also potentiated by the
co-culture with monocytes, but none of the other cell lines (EJ-1, A172, or
SN12C) showed a significant increase in invasiveness (Fig. 2-2A). The
secretion of MMP-9 from HT1080 cells into culture medium was similarly
increased, whereas that from the other cell lines remained substantially
unchanged (Fig. 2-2B). These results suggest a correlation between
enhancement of invasive potential and MMP-9 secretion.
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Fig. 2-1 Enhancement of MKNI1 cell invasion and secretion of MMP after co-culture with
monocytes. (A) The in vitro invasion assay was performed using a Boyden chamber system
with a Matrigel-coated membrane. MKN1 cells (1.25 x 10° cells) that had been co-cultured
with monocytes were suspended in serum-free RPMI 1640 with or without an MMP-9
inhibitor (1 uM), and the cell suspension (0.2 ml) was placed in the upper chamber. The
lower chamber was filled with RPMI 1640/10% FCS, and the chambers were incubated at
37°C for 18 h. Cells migrated through the membrane were counted under microscopic
observation. The data are shown as the means with SD of 6-9 fields selected at random.
(B) MKNI cells (2 x 10’ cells) that had been co-cultured with monocytes were cultured for 48
h in serum-free RPMI 1640, and the culture supernatants were assayed for MMPs by gelatin
zymography (upper panel) or by immunoblotting (lower panel).
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Fig. 2-2  Cell invasion and MMP productivity of various tumor cells after co-culture with
monocytes. (A) The in vitro invasion assay was performed using a Boyden chamber system
with a Matrigel-coated membrane essentially as described in Fig. 2-1. The cell migration
was expressed in relation to that of the control cells without co-culture taken as 100%. The
data are shown as the means with SD of 6-9 fields selected at random. (B) Tumor cells that
had been co-cultured with monocytes were cultured for 48 h in RPMI 1640 (serum-free), and

the culture supernatants were subjected to gelatin zymography.
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Morphological change and fibronectin production after co-culture with
monocytes

MKNI1 cells co-cultured with monocytes for 5 days in RPMI 1640
(serum-free) exhibited a rather spread-out and flattened morphology as
compared with those of the control culture (Fig. 2-3A). Because the tumor
cells appeared to become more adherent to the plate, we thought that ECM
proteins may have been involved and examined the secretion of fibronectin into
the culture medium by immunoblotting. The concentration of fibronectin in
the conditioned medium of co-cultured MKNI1 cells and monocytes was found
to be much higher than that from single culture of either MKNI1 cells or
monocytes (Fig. 2-3B). We then performed immunoblotting to compare the
production of fibronectin in MKN1 cells cultured in the presence or absence of
monocytes. As shown in Fig. 2-3C, cellular fibronectin of MKN1 cells was
also markedly increased after co-culture with monocytes (Fig. 2-3C).
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Fig. 2-3 Morphological change and fibronectin production induced by the co-culture with
monocytes. (A) MKNI cells (2 x 10° cells) were co-cultured with monocytes (1-2 x 10°
cells) in RPMI 1640 (serum-free) in the Boyden chamber system for 5 days, and observed
under a phase-contrast microscope. (B) MKNI cells were co-cultured with monocytes as
described above, and the conditioned medium was assayed for fibronectin by immunoblotting.
The conditioned media of single culture of MKNI1 cells or monocytes were also analyzed.
(C) Levels of fibronectin (upper panel) and actin (used as a control; lower panel) in MKN1

cells that had been co-cultured with monocytes were analyzed by immunoblotting.
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Role of the fibronectin-integrin interaction in the increased tumor cell
invasion

To evaluate the role of the fibronectin-integrin interaction in the tumor cell
invasion potentiated by the co-culture with monocytes, we examined the effects
of an integrin-inhibiting RGD peptide. The enhanced invasion of MKNI1 cells
that had been co-cultured with monocytes was inhibited in the presence of a
GRGDSP peptide (1 mM) to the control level (Fig. 2-4A). However, the
addition of a control GRADSP peptide resulted in no such inhibition. These
results suggest that the fibronectin-integrin interaction plays a role in the tumor
cell invasion potentiated by monocytes. We next measured the change in the
expression of a5 integrin, which constitutes a cellular receptor for fibronectin.
The flow cytometric analysis showed that a5 integrin expression on the MKN1
cell surface was increased after co-culture with monocytes (Fig. 2-4B). We
then examined whether the focal adhesion kinase (FAK) was activated during
the co-culture by immunoblotting analysis using phospho-specific anti-FAK
antibody. The phosphorylation of FAK was increased after the co-culture (Fig.
2-4C), supporting the idea that the fibronectin-integrin interaction is important
for the increase in invasiveness of tumor cells. Because it was recently
reported that the FAK  phosphorylation is accompanied by
epithelial-mesenchymal transition in tumor cells ¥, we also examined the
expression of vimentin by immunoblotting. As shown in Fig. 2-4D, vimentin
was upregulated after co-culture with monocytes. Considering that vimentin
and fibronectin are mesenchymal cell markers **°”, the MKN1 cells might have
undergone mesenchymal-directed differentiation.

Among the five cell lines used in this study, MKN1 and HT1080 cells were
stimulated to secrete fibronectin into culture media (Fig. 2-5A) and to express
a5 integrin on their surfaces (Fig. 2-5B) by co-culture with monocytes, while
EJ-1, A172, and SN12C cells were not. These patterns of fibronectin secretion
and a5 integrin expression were well correlated with those of enhanced invasive
potential after the co-culture with monocytes (Fig. 2-2A).
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Fig. 2-4 Roles of the fibronectin-integrin interaction in tumor cell invasion. (A) MKN1

cells that had been co-cultured with monocytes were subjected to in vitro invasion assay in the

presence or absence of integrin-inhibiting GRGDSP peptide (RGD, 1 mM). A GRADSP

peptide (RAD, 1 mM) was also used as a control. The experimental conditions were as

described in Fig. 2-1. (B) MKNI cells that had been co-cultured with monocytes for 5 days
were analyzed by flow cytometry after being stained with anti-a5 integrin antibody and with
The profiles without primary antibody staining are

(C) Focal adhesion kinase (FAK) activation was

FITC-labeled secondary antibody.
indicated by lines without shadows.
assessed by immunoblotting using anti-phospho-specific FAK antibody (upper panel) and

anti-total FAK antibody (lower panel). (D) The change in the expression of vimentin (upper
panel) in MKNI cell after the co-culture with monocytes was analyzed by immunoblotting.

The expression of actin was also analyzed as a control (lower panel).
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Fig. 2-5 Changes in the fibronectin secretion and a5 integrin expression after the co-culture

with monocytes.

the conditioned media were assayed for fibronectin by immunoblotting.
of a5 integrin in tumor cells that had been co-cultured with or without monocytes was

analyzed by flow cytometry. The profiles without primary antibody staining are indicated by

lines without shadows.
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Role of TNF-ain the changes in invasive phenotypes of tumor cells

Recent studies have indicated that inflammatory cytokines such as
TNF-a accelerate the malignant behaviors of tumor cells '>3-%2169  we
therefore assessed the roles of TNF-a in the enhanced tumor cell invasion.
MKNI cell invasion into Matrigel was promoted by the conditioned medium of
monocytes, but the enhanced invasiveness of these cells was no longer observed
after TNF-o was depleted from the conditioned medium with
anti-TNF-a conjugated with protein G-Sepharose (Fig. 2-6A). In parallel with
the loss of invasion-promoting activity, the secretion of MMP-9 and fibronectin
was also suppressed by depleting TNF-a from the conditioned medium of
monocytes (data not shown). Finally, we examined the effects of TNF-o
treatment on the invasive potential of MKN1 cells. After being cultured in the
presence of TNF-a (10 ng/ml) for 5 days, MKNI1 cells exhibited a more
invasive phenotype (Fig. 2-6B), as well as an increase in the secretion of

MMP-9 (Fig. 2-6C) and fibronectin (Fig. 2-6D).
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Fig. 2-6  Role of TNF-a in MKNI1 cell invasion and secretion of MMP-9 and fibronectin.
(A) TNF-a in the conditioned medium of monocyte culture was depleted by the treatment
with anti-TNF-a antibody-conjugated protein G-Sepharose at 4°C for 16 h. MKNI1 cells
were cultured in control medium, conditioned medium (70%), or TNF-a-depleted conditioned
medium (70%) for 5 days, and subjected to in vitro invasion assay. The data are shown as
the means with SD of 6-9 fields selected at random. **p <0.01. (B) MKNI cells that had
been treated with TNF-o (10 ng/ml) for 5 days were subjected to in vitro invasion assay.
The data are shown as the means with SD of 6-9 fields selected at random. ***p <0.001 vs
the control. (C) MKNI cells that had been treated with TNF-a (10 ng/ml) for 5 days were
cultured for 48 h in RPMI 1640 (serum-free), and the conditioned medium was subjected to
gelatin zymography. (D) The conditioned medium of MKNT1 cells treated with TNF-a for 5

days was assayed for fibronectin by immunoblotting.
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Discussion

In the present study, we assessed the phenotypic changes of tumor cells
induced by co-culture with monocytes, and found that some tumor cells changed
their phenotypes related to cell adhesion, migration and invasion. MKNI
gastric carcinoma cells and HT1080 fibrosarcoma cells acquired higher invasive
potential into Matrigel basement membranes, in parallel with increased
production of MMP-9 (Figs. 2-1 and 2-2). However, no other cell lines
exhibited such changes after the co-culture. These phenotypic changes of
tumor cells induced by monocytes thus seemed to depend on the type of tumor
cells. One possible explanation is that monocytes were differentially
stimulated by co-culture with distinct types of tumor cells. Because the present
study suggests that TNF-o secreted from monocytes is an important factor to
increase the invasive potential of tumor cells, the difference in TNF-o
productivity of monocytes differentiated by various tumor cell lines may cause
the differential effects on the invasive potential and MMP productivity of tumor
cells. We tried to determine the TNF-o concentration in each co-culture
supernatant, however, it was found to be below the detection level (<50 pg/ml).
Another possibility is the differences in susceptibility of tumor cells to TNF-a.
The distinct responses of tumor cells to the co-culture with monocytes observed
in the present study may reflect the heterogeneity of TAMs found in clinical

researches and thus cause varied prognosis of patients %,

The present study
indicated a correlation between the invasive potential and productivity of
MMP-9 of tumor cells after co-culture with monocytes. In addition, the
enhanced invasion of tumor cells was suppressed more effectively by an MMP-9
inhibitor than by an MMP-2 inhibitor. We therefore conclude that the
enhanced invasion of MKN1 cells into Matrigel after the co-culture was mainly
due to the increased secretion of MMP-9 from these cells.

The present study also indicated that MKNT1 cell invasion potentiated by
the co-culture with monocytes was suppressed in the presence of an
integrin-inhibiting RGD peptide. This result strongly suggested the
involvement of integrin-mediated cell adhesion in the enhanced cell invasion.
It is likely that the enhanced invasion of tumor cells is mediated by the

interaction between fibronectin deposited by these cells and aS5B1 integrin
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expressed on their surface. The enhancement of invasive potential of tumor
cells was well correlated with the increased secretion of fibronectin and
expression of a5 integrin (Fig. 2-5). Because the transmigration of MKNI1
cells through the membranes without Matrigel coating was also potentiated by
the co-culture with monocytes (unpublished observation), cell motility was
likely to be promoted by the fibronectin-a5p1 integrin interaction. This
interaction may also induce the morphological change of MKNI1 cells after the
co-culture. It has been suggested that the fibronectin-a5Sp1 integrin interaction
activates intracellular signaling cascades including focal adhesion kinase (FAK),
mitogen-activated protein kinases (MAPK), Rho GTPases, and the
PI3-kinase/Akt/mTOR pathway >*°”, which may lead to stimulation of MMP-9

production and cell motility *****%.

Furthermore, our previous study showed
that fibronectin promoted the differentiation of monocytes into
MMP-9-producing macrophages (Chapter 1), and therefore MMP-9 produced by
these macrophages is also likely to facilitate tumor cell invasion.

) reported that MKN1 cells were

stimulated by TNF-a to acquire higher invasive potential accompanied by

Recently, Tsubota and co-workers

changes into fibroblast-like morphology and increased vimentin expression,
both of which features were similar to those observed in the process of so-called

epithelial-mesenchymal transition **%

They also suggested a possible
relationship between enhanced secretion of a laminin component (y2 chain) and
the invasive potential of tumor cells. Because several studies have noted that
the interaction of tumor cells with ECM proteins during tumor invasion and

31,50)
, We

metastatic processes is greatly influenced by inflammatory cytokines
assessed the role of TNF-a in monocyte-induced enhancement of tumor cell
invasion, and found that TNF-a secreted from monocytes is, at least in part,
involved in the potentiation of cell invasion.

Finally, considering our previous observation that fibronectin secreted from
tumor cells promotes monocyte differentiation into MMP-9-producing
macrophages (Chapter 1), we can postulate that fibronectin and MMP-9 secreted
from tumor cells synergistically facilitate tumor cell invasion. The interactions
between tumor cells and monocytes/macrophages mediated by ECM proteins

need to be further characterized in future studies.
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The person has to be educated, but we have also to educate ourselves.
There is no progress without change.
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General Discussion

In the present study, I attempted to differentiate monocytes in vitro into
TAM-like cells, and successfully induced monocytes to produce high levels of
MMP-9, one of characteristic markers of TAMs, by co-culture with tumor cell
lines. 1 then evaluated effect of TAM-like cells on in vitro invasion of tumor
cells. The results indicated that differentiated monocytes promoted tumor cell
invasion in an MMP-9-dependent manner. The MMP-9 productivity of
differentiated monocytes was accompanied by macrophage-like spreading
morphological changes. Therefore, I focused on cell adhesion to ECM proteins
and evaluated its contribution to monocyte differentiation. The results showed
that RGD (Arg-Gly-Asp)-dependent and fibronectin-mediated cell adhesion
played a critical role in monocyte differentiation. Thus, I provided a useful
model to investigate the process of differentiation of TAMs, and showed that
cell adhesion is important for monocyte differentiation into TAMs. In Chapter
2, I assessed the phenotypic changes of tumor cells induced by co-culture with
monocytes using the same model. I found that some tumor cells changed their
phenotypes such as increased expression of MMP-9, fibronectin and o5 integrin,
and acquired high invasive potential. Cell adhesion molecules were also
shown to be important in these phenotypic changes of tumor cells.
Furthermore, I presented evidence that TNF-a produced by monocytes was, at
least in part, involved in the potentiation of tumor cell invasion. Finally, I can
postulate that the increased fibronectin production by tumor cells synergistically
promote monocyte differentiation to TAMs, and facilitate tumor invasion and
angiogenesis (Chart 3).
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Phenotypic changes
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Chart 3. Schematic view of summary of this study. Tumor cells and monocytes interact
through RGD-dependent and fibronectin-mediated cell adhesion. As a result, monocytes
differentiate to tumor-associated macrophages (TAMs) with high MMP-9 productivity, and
promote tumor invasion and angiogenesis. On the other hand, tumor cells also change their
phenotypes by TNF-a produced by monocytes. Tumor invasion and angiogenesis are
promoted by increased expression of fibronectin, a5 integrin and MMP-9 in tumor cells.
Furthermore, fibronectin secreted from tumor cells promotes monocyte differentiation to
TAMs.

In this study, I focused on TAM which is one of components of tumor
microenvironment. TAMSs are known as a key component of the crosstalk
between tumor cells and their microenvironment. Tumor-stromal cells have
been so far considered as cell population to fill the space between tumor cells.
However, recent studies suggested that tumor-stromal cells affect malignant
behaviors (i.e. growth, survival, invasion, metastasis and angiogenesis) of tumor
cells as well as the role as simple packing cells ***”.  For example, fibroblasts
constituting tumor stroma are called cancer-associated fibroblasts (CAFs)
secrete MMPs whereby promote invasion of tumor cells similar to TAMs 0.
In addition, endothelial cells, inflammatory cells and various other cells were
infiltrated into tumor tissues *. These cells contribute to tumor promotion in
various effects, and the interaction among these cells including tumor cells may
promote tumor progression.

Loss of epithelial phenotypes and the acquisition of mesenchymal
characteristics are typical for cancer cells during their progression and correlate
with metastatic potential. This phenomenon is called epithelial-mesenchymal
transition (EMT), and tumor cells show mesenchymal cell markers and invasive
phenotypes ®**’. In this study, tumor cells were shown to express
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mesenchymal cell markers (i.e. fibronectin and vimentin) and invasive
phenotypes by co-culture with monocytes. These phenotypic changes were
similar to a property of EMT. On the other hand, the cancer stem cell (CSC)
hypothesis provides an attractive cellular mechanism to account for the
therapeutic refractoriness and malignant behaviors exhibited by many of tumor
cells 7. Parallels between the attributes of EMT and CSC were shown
including enhanced metastasis, enhanced survival, resistance to apotosis, and
resistance to chemotherapy. Tumor microenvironment seems to be involved in
acquisition of EMT and CSC characters. Previous studies suggested that tumor
microenvironment including soluble factors such as inflammatory cytokines and
transforming growth factor (TGF)-B were involved in these characteristic
acquisitions 777, TNF-a secreted from TAMs changed phenotypes of tumor
cells like EMT as shown in this study.

Although ECM proteins are major components in tumor microenvironment,
many studies have focused on soluble factors such as cytokines. The roles of
cell-to-cell and cell-to-ECM adhesion need to be further investigated. I
suggested in this study that fibronectin produced by tumor cells plays a critical
role in monocyte differentiation, but it is of note that neither laminin-1 nor
Matrigel exerted a positive effect on this differentiation (Chapter 1). Specific
interactions between ECM proteins and monocytes seem to be required for the
differentiation process. It has been reported that remodeling of ECM proteins
(e.g. fibronectin and laminin-5) modifies their biological activities, and ECM
protein-mediated cell migration and differentiation *>***». The ECM protein
remodeling is catalyzed by proteases such as MMPs. It is possible that ECM
proteins in tumor tissues are remodeled because a variety of proteases including
MMPs are present * . The effects of the remodeled ECM proteins and
various other ECM proteins on monocyte differentiation/activation are
interesting issues to be examined in the future study. Furthermore, it is also
interesting to elucidate the effects of environmental conditions surrounding
tumor cells and tumor-stromal cells such as hypoxia, undernutrition, acidosis
and oxidative stress ***”.

The elucidation of the tumor-microenvironment interaction is a very
difficult problem, but it should be clarified the in future study. Understanding
of tumor microenvironment may develop new diagnostic markers and treatment
strategy of cancer.
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