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Abstract

Inoculation of mice with the murine NFSA cell line caused the formation
of large tumors with necrotic tumor cores. FACS analysis revealed
accumulations of CD11b" cells in the tumors. Microarray analysis indicated
that the NFSA cells expressed a high level of the pro-inflammatory factor
interleukin-18 (il-18), which is known to play a critical role in macrophages.
However, little is known about the physiological function of IL-18-stimulated
macrophages. Here, we provide direct evidence that IL-18 enhances the
phagocytosis of RAW264 cells and peritoneal macrophages, accompanied
by the increased expression of tumor necrosis factor (tnf-a), interleukin-6 (il-6)
and inducible nitric oxide synthase (Nos2). IL-18-stimulated RAW264 cells
showed an enhanced cytotoxicity to endothelial F-2 cells via direct cell-to-cell
interaction and the secretion of soluble mediators, including NOS2 derived
NO. Taken together, these results demonstrate that tumor-derived IL-18
plays an important role in the phagocytosis of macrophages and that

IL-18-stimulated macrophages may damage tumor endothelial cells.
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1 Introduction

1.1 Role of Macrophages in Tumors

Tumor promotion relies on the formation of new blood vessels and
lymphatic vessels for an adequate supply of oxygen and nutrients (1, 2). This
process is tightly attuned by both the remodeling of pre-existed vasculatures
and the recruitment of cells originating from bone marrow-derived cells
(BMDCs) (3). Macrophages constitute a large portion of the infiltrated
heterogeneous inflammatory cell populations in the tumor site and play an
important part in both tumor initiation and various key steps in the growth and
metastasis (4), termed as tumor-associated macrophages (TAM) (5).
Following recruitment to the tumor, monocytes are educated by the tumor
microenvironment and subsequently differentiated into distinct types of
macrophages, which played unique physiological roles, such as protecting
the host from infection and tumors by activating the immune response (that is
M1-type macrophages) or, conversely, promoting tumor progression (that is
M2-type macrophages) (Fig. 1) (6, 7, 8, 9). Although it is needed that the
entire feature of TAM would be further elucidated, many experimental
evidences suggested that tumor microenvironment switched the phenotype
of TAM to the M2-type macrophages, which have strong tumor progression
activity than the M1-type macrophages (10, 11).

The M1 or “Classically activated” macrophages are triggered by
Interferon gamma (IFN-y), microbial products, Lipopolysaccharides (LPS)
(12) or TNF-a (13), and mediated by several signal transduction pathways,
such as signal transducer and activated protein of transcription (STAT),
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), and
mitogen-activated protein kinases (MAPK) (13, 14, 15). The M1
macrophages are characterized the release of the inflammatory cytokines

and tumoricidal activity (4). They have high capacity to present antigen,
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involved in the responses of type | helper T (Thl) cells (16), high production
of nitric oxide (NO), and the ability to kill pathogens and cells (17).

In contrast, the M2 or “Alternatively activated” TAM are induced by
various stimuli, such as IL-4 together with IL-13 (18), immune complex or
glucocorticoid (19). M2 macrophages are characterized as the macrophages
which expressed high arginase (I and Il) among other markers, which is
accompanied with low expression of INOS (20). The M2 macrophages have
a immunosuppressive properties (21) by producing anti-inflammatory factors,
facilitated malignancy by stimulating angiogenesis and suppressing
antitumor immune response (22).

As it is a vital process in tumor growth, angiogenesis has been the target
of many anti-tumor therapies in recent years. Over the past decade,
macrophages have been recognized as critical regulators that break the
balance between pro- and anti-angiogenesis through the secretion of
multiple cytokines, matrix metalloproteinase (23), reactive oxygen species
(ROS) and nitric oxide (NO) (8). The TAM are now considered as a hallmark
target for cancer immunotherapy (24). The reduction of their tumor-promoting
activities (that is M2-phenotype) and induction of their M1-like tumoricidal

activity has become a hot study area (24, 25).
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Figure 1. The roles of macrophages in solid tumors.
Tumor-derived chemokines and colony stimulating factors (CSFs), actively

recruit circulating blood monocytes into the tumor. In the tumor site,

monocytes were educated by the tumor microenvironment and subsequently
differentiated into distinct type of macrophages, where they modulated tumor
promotion and establish relationships with tumor cells. Figure was modified

and adapted from Sica et al (9).

1.2 Functions of IL-18
The IL-18, a member of the IL-1 super family, is initially characterized as a

potent inducer of IFN-y, and is produced by T cells, activated macrophages,
Kupffer cells (26, 27), dendritic cells (28), Natural killer (NK) cells (29) and
damaged endothelial cells (30). As shown in Figure 2, IL-18 was firstly
synthesized as a bio-inactive precursor that undergoes proteolytic cleavage by
the intracellular protease caspase-1 (Casp-l) to generate a mature,
biologically active cytokine (31, 32, 33). As an immunostimulatory cytokine,
IL-18 contributes to the activation of macrophages to uptake pathogen and the

release of nitrogen radicals and toxic oxygen (34). It plays remarkable
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important roles in host defense against infection and initiating Thl and Th17
adaptive immune response (35). Furthermore, IL-18 has significant anti-tumor
activity in numerous pre-clinical models. It plays pivotal roles in connecting
inflammatory immune responses with tumor progression. Previous studies
have reported that local IL-18 in the tumor environment significantly
potentiates anti-tumor immunity mediated by innate and adaptive immune
mechanisms in murine orthotopic prostate carcinomas (36). The transfer of the
IL-18 gene into tumor cells, alone (37, 38, 39) or in combination with the IL-12
gene (40, 41), resulted in the inhibition of tumor progression. In murine
melanoma, IL-18 exerts potential anti-tumor activity via the inhibition of
angiogenesis (37). The direct injection of IL-18 into established tumors also
inhibited tumor growth, which was associated with an increase in intratumoral
macrophages but not T cells or NK cells (36).

In addition, IL-18 induces the expression of intercellular adhesion
molecule-1 (ICAM-1) in monocytes (42), and also induces both ICAM-1 and
VCAM-1 in endothelial cells (43), thus favoring tissue infiltration of immune
cells. Some studies have revealed that IL-18, alone or in combination with
IL-12, stimulates macrophages to produce high levels of IL-6, TNF-a (41, 44),
Cxcl10 (45) and Nos2 (46), which are typically recognized as markers of
classical activated macrophages and are responsible for the important
anti-tumor functions.

Although increasing evidence suggests that IL-18 plays a critical role in
macrophages behavior, it is rare that studies focused on the functions of
IL-18-stimulated macrophages, especially with respect to phagocytosis and
their interaction with endothelial cells.

In this report, the effects of exogenous IL-18 on function of macrophages
in vitro were investigated. Here, | provide that exogenous IL-18 promoted
phagocytosis in macrophages and enhanced cytotoxicity to the endothelial

cells.
11
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Figure 2. Production of biological active IL-18.

IL-18 is firstly synthesized as a 24-KD bio-inactive precursor. The intracellular
protease caspase-1 (Casp-1) cleaves the signal peptides and generates
biological active IL-18. The IL-18 receptor is heterodimer, and transduces the
IL-18 signal.
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2 Materials and Methods

2.1 Mice

The C3H/HeN strain mice were purchased from SLC (SLC Co. Ltd,
Sizuoka, Japan) and bred in specific pathogen-free condition (SPF). Eight- to
12-week-old C3H/HeN mice were used in these experiments. The animal
experiments were performed in compliance with the guidelines of Niigata

University.

2.2 Cell lines

The murine monocyte/macrophage cell line RAW 264 (47) was obtained
from the American Type Culture Collection (ATCC, Rockville, MD, USA) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, CA, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS) and 2 mM L-glutamine.
The murine fibrosarcoma cell line NFSA (48) was maintained in our laboratory
and grown in alpha-modified Minimal essential medium (a-MEM) (Gibco, CA,
USA) supplemented with 5% (v/v) FBS. The murine sarcoma cell line, MS-K,
was established from a long-time culture of C3H/HeN mice bone marrow cells
by our laboratory (49) grown in alpha-modified Minimal essential medium
(a-MEM) supplemented with 5% (v/v) Horse serum (HS). The murine
endothelial cell line F-2 (50) was cultured in RPMI-1640 (Gibco, CA, USA)
supplemented with 5% FBS and used to create F-2-Orange cells. Briefly, F-2
cells were transfected with pcDNA™6.2/V5 mammalian expression vector
(Invitrogen, Tokyo, Japan), encoding the Kusabira Orange gene and G418
selection was done to select stable cell line (not published). Stable
transformant expressed the fluorescent protein (Kusabira Orange). All the
medium contained 100 U/mL penicillin and 100 pg/mL streptomycin (GIBCO).
Cells were cultured at 37°C in humidified atmosphere in 5% (v/v)

COs-incubator.
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2.3 Preparation of peritoneal macrophages

The adherent cells were harvested from the peritoneal cavity of C3H/HeN
with the pre-cold PBS. Then the cells were re-suspended in RPMI-1640
supplemented with 10%FBS, and, the cells were seeded into 60-mm dishes at
a concentration of 1X107 cells per dish for 2 hours at 37°C. After removing the
non-adherent cells by washing, the adherent cells were detached from the dish
with pre-cold EDTA/PBS and stained with biotin-conjugated-anti-mouse CD19
antibody (Miltenyi Biotec, USA) for 30 minutes at 4°C. Then the CD19-negative
peritoneal adherent primary macrophages were separated by anti-biotin
Microspheres (Miltenyi Biotec, USA) with MACS system following to the
manufactory’s instruction. The CD19-negative peritoneal macrophages were
re-suspended in RPMI-1640 supplemented with 10% FBS and used for further

analysis.

2.4 Tumorigenesis studies

NFSA and MS-K cells were harvested using 0.05% trypsin in EDTA/PBS,
washed twice with PBS and re-suspended in cold-PBS. The number of cells
and viability was determined by the trypan blue dye exclusion test.
Subcutaneous inoculation of tumor cells was performed at both sides of the
abdomen of each mouse in 100uL of cell suspension (1X10° cells/mouse/side).
Each experimental group consisted of 7 mice. The tumor volume was
calculated from the formula: Tumor Volume [mm? = (length [mm]) X (width

[mm]) 2 X0.5. The mice were sacrificed at day 7, 9, 12 and 16 after inoculation.

2.5 Analysis of CD11b+ cells in tumors

The tumors were excised from the mice at day 7, 9, 12 and 16 after
inoculation. Then the tumors were cut into pieces in cold-PBS mechanically.

The cell suspension was treated with 120 unit/mL collagenase (Yakuruto,
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Tokyo, Japan) for 30 minutes at 37°C. A single cell suspension was prepared
and incubated with APC-conjugated-anti-mouse CD11b antibody (Beckman
Coulter Inc. CA, USA) for 30 min at 4°C. Then the CD11b-positive (+) cells
were analyzed and sorted by FACS Aria Il (BD, Tokyo, Japan) for further

analysis.

2.6 Histological analysis

Tumors generated by NFSA or MS-K cells were excised at day 12
post-inoculation and fixed in freshly prepared 4% paraformaldehyde in PBS at
4 °C for 24 hours. Then the tumors were dehydrated though a graded ethanol
series (70%, 90%, 95%, 99% and 100%) and embedded in paraffin wax
following standard procedures. Sections of 4-6 pm were stained with

Hematoxylin and Eosin (H.E).

2.7 Preparation of conditioned medium (CM)

The MS-K or NFSA cells (1X10° cells/200mm dish) were cultured for 3
days with serum-containing medium. Then the supernatant was collected, and
centrifuged at 2000 rpm at 4°C to remove the cell debris. Then the CM was
stored at -30°C before use. In some experiments, heat-inactivated (56°C, 30

min) CM was prepared.

2.8 Interleukin-18 ELISA

The concentration of IL-18 in conditioned medium was determined by
mouse IL-18 ELISA kit (MBL, Tokyo, Japan) following the manufacturer

instructions.

2.9 Phagocytosis assay

RAW264 cells were plated at a density of 1X10* cells per 35mm dish in
DMEM supplemented with 10% FBS. After 24 hours of pre-incubation,
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NFSA-CM, MS-K-CM or recombinant IL-18 (MBL, Tokyo, Japan) was added to
the medium to stimulate the cells for 5 days. Meanwhile, the peritoneal
macrophages were seeded at a density of 3X10° cells per 35mm dish, and
cultured for 5 days in RPMI-1640 supplemented with 10% FBS containing 20%
CM or 10 ng/mL rIL-18. In some experiments, the neutralizing monoclonal
anti-mouse IL-18 antibody (MBL, Tokyo, Japan) was added to the medium.
For analysis the phagocytosis in RAW264 cell line and primary
macrophages in vitro, Fluoresbrite YG microspheres (2.5% solids [w/V];
Polysciences Inc., Tokyo, Japan) were used. Briefly, the microspheres were
added to the medium at a final concentration of 100 beads per cell and
incubated for 2 hours at 37°C in fresh medium. Then, the cells containing the
microspheres were analyzed as FITC-positive cells by FACS Aria 1l (BD,

Tokyo, Japan).

2.10 May-Grunwald-Giemsa staining

In some experiment, the microsphere-eating cells were resuspended with
cold PBS supplemented 2% FBS, and the cyto-spin preparations were

prepared and stained with May-Grinwald-Giemsa solution.

2.11 RNA extraction and preparation of cDNA

Total RNA from cell lines were isolated using TRIzol RNA Isolation
Reagents (Invitrogen, USA). Total RNA from tumor derived CD11b-positive
cells and CD19-negative peritoneal macrophages were isolated by
ReliaPrep™ RNA Cell Miniprep System (Promega, CA, USA) following the
manufactures’ instruction. DNase I-treated (TAKARA, Tokyo, Japan) RNA was

transcribed to cDNA using a cDNA synthesis kit (TAKARA, Tokyo, Japan).
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2.12 Analysis of gene expression by RT-PCR and

guantitative PCR (QPCR)

The expression of Nos2, IL-6, Cxcl10, tnf-a, IL-12p35, IL-12p40, IL-18r1,
IL-18rap, Arg-1, IL-10 and beta-actin was analyzed by RT-PCR with
gene-specific PCR primers. Briefly, the reaction mixture contained
2XGoTaq® Green Master Mix (final 1X) (Promega, CA, USA), up-stream
primers and down-stream primers (final 0.5uM, each), diluted cDNA template
(1/10 volume diluted with distilled water) and distilled water. The amplification
sequence was proper cycles of 94°C for 30-second, optimized annealing
temperature for 30-second and 72°C for 30-second. The PCR product of
samples was analyzed by electrophoresis in a 2% agarose gel and visualized
by ethidium bromide staining.

In some experiments, the gene expression was quantitatively analyzed
using a Light Cycler Real-Time PCR System (Roche Diagnostics GmbH,
Germany). Briefly, cDNA was mixed with a gene-specific primer and SYBR
Premix Ex Taq (TAKARA, Japan). Then, the relative expression of each
gene compared to that of beta-actin was calculated. The primer sequences,

annealing temperatures and product sizes are summarized in Table 2.

2.13 DNA chip analysis

DNA-free total RNA was prepared from MS-K or NFSA cells, and then
labeled RNA probes were prepared for DNA chip analysis. The SurePrint G3

Mouse Gene Expression Microarray (Agilent, Tokyo, Japan) was used.

2.14 Direct co-culture of activated RAW264 cells with

endothelial cells

F-2-Orange cells were cultured in 35-mm dishes for 24 hours at the proper

density to obtain a monolayer of cells. Stimulated RAW264 cells were
17



prepared using rIL-18 (1 ng/mL) or 40% NFSA-CM and then overlaid onto the
F-2-Orange cell monolayer at various ratio (RAW264:F-2-Orange = 0.1:1,
0.5:1 and 1:1). After 24 or 48 hours of incubation, the dishes were washed with
PBS to remove the non-adherent cells, and the number of adherent

F-2-Orange cells was analyzed by FACS.

2.15 Membrane-separated co-cultures of activated RAW264

cells with endothelial cells

The appropriate number of F-2-Orange cells was seeded in the lower
chamber of a Transwell plate (0.4 um pore size, Corning, NY, USA), and the
plate was incubated for 24 hours to make a monolayer. Stimulated RAW264
cells, which were prepared as described above, were seeded in the upper
chamber of the Transwell plate. After 48 hours of co-culture, the living
F-2-Orange cells were counted using a hemocytometer. In some experiments,
the 1400w was used to block the activity of NOS2 at a final concentration of

100uM as described before (51).

2.16 Statistical analysis

All of the data are expressed as the mean * standard error of the mean
(SEM). A student’s t test was used to assess statistical significance for paired
observations. Data for multiple comparisons were analyzed using ANOVA and
Dunnett’s post hoc test. In all comparisons, statistical significance was defined

at p<0.05.
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3 Results

3.1 Invivo tumorigenesis studies in mice

Tumors were generated by subcutaneously injection of MS-K or NFSA
cells (1 x 10° cells/mouse/side) into both sides of the abdomen of each
mouse. The tumors were excised from the mice at day 7, 9, 12 and 16. After
inoculation, both the MS-K and NFSA cells formed the tumors with large
volume under the flanks of C3H/HeN mice. As shown in figures, the MS-K
tumor revealed abundant blood supply both around and inside the tumor.
However, the NFSA tumor exhibited poor blood perfusion on day16 (Fig. 3A,
B). Tumors were excised and embedded with paraffin, and then H.E-staining
sections were prepared following the standard procedure. Histology analysis
demonstrated that a well-developed blood vessel network was formed in the
MS-K tumors, while necrosis occurred in the cores of the NFSA tumors (Fig.
3A, B). The tumor growth curve showed that MS-K tumor grew slowly in the
early days after post-inoculation, and then it proliferated rapidly from day 12
to day 16. Contrary to this, the growth ratio of NFSA tumor was much more

homogeneous (Fig. 3C).

3.2 Microarray analysis in tumor cell lines

To find out the responsible factors, the differential expression of genes in
MS-K and NFSA cell lines was analyzed by SurePrint G3 microarray (Table
1). It revealed that MS-K and NFSA cells expressed almost the same level of
colony stimulating factor 1 (Csf-1/M-csf), which accompanied by a very low
level expression of colony stimulating factor 2 (Csf-2/Gm-csf) and colony
stimulating factor 3 (G-csf) (Table 1.). The colony stimulation factors,
especially Csf-1, were well known as the major lineage regulator of
macrophages (16, 52). However, NFSA cells highly expressed a series of

chemokines than the MS-K cells (Table 1.). The major role of chemokines is
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to act as chemoattractants for leukocytes, recruiting monocytes, neutrophils
and other effector cells from the blood to tissue. In addition, compared with
MS-K cells, NFSA cells produced a higher level of the pro-inflammatory
factor, interleukin-18 (IL-18) and caspase-1 (Casp-1) (Table 1.), which was

critical for the maturation of IL-18.
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Figure 3. Tumorigenesis studies in C3H/HeN mice.
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A. MS-K tumor on dayl6 (left). Histological analysis was performed by
hematoxylin and eosin (H.E.) staining (lower right panel).

B. NFSA-tumor on day16 (left). Histological analysis was performed by H.E.
stain (lower right panel).

C. Growth curves of tumors. Tumors were excised at 7, 9, 12 and 16 days
after inoculation. All bars show the mean * S.E. Asterisks denote significant
differences, *: p<0.05, **: p<0.005.

3.3 Accumulation of CD11b+ cell population in tumors

The existence of the CD11lb+ cells in NFSA or MS-K tumors was
determined by FACS at day 9, day 12 and day 16. The results indicated that
the accumulation of CD11b+ cells in the tumors was increased with tumor
growth. More importantly, the number of CD11b+ cells was higher in the
NFSA tumors than in the MS-K tumors during the whole tumor growth period

(Fig. 4).

A. B.
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Figure 4. Accumulation of CD11b+ cells in tumor.

A. The accumulation of CD11b+ cells in each tumor. The data were the mean
percentages of CD11b+ cells in the tumors (n=3).

B. Scatter diagrams of FACS indicated the CD11b+ cells in MS-K tumor
(upper) or NFSA tumor (lower) at day 12. All bars show the mean + S.E.

Asterisks denote significant differences, *: p<0.05, **: p<0.005.
21



3.4 Gene profiles of tumor derived CD11b+ cells

Next, the expression of several M1 macrophage marker genes, including
Nos2, IL-6 and tnf-a, and M2 macrophage marker genes, including IL-10 and
Arg-1, was determined in tumor derived CD11b+ cells. The NFSA tumor
derived the CD11b+ cells showed an increased expression of the
inflammatory factors, Nos2, tnf-a, IL-6, and decreased expression of IL-10
according to the tumor progression process (Fig. 5). In contrast, the MS-K
tumor derived CD11b+ cells displayed a conversed phenotype which
down-regulated the expression of tnf-a, IL-6 and up-regulated the expression
of IL-10. Though there was increased expression of Nos2 in MS-K tumor
derived CD11b+ cells. The expression of Nos2 was still lower than that in
NFSA tumor derived CD11b+ cells. Furthermore, the arginase-l (Arg-1), a
typical M2 marker (4), was not detected in both CD11b+ cell populations (Fig.
5).

Day9 Day12 Day16
M. Nt Mt Nt Mt Nt 5 o

Nos2

IL-6

M1 marker

Tnf-a

IL-10

Arg-1

M2 marker

B-actin

Figure 5. Expression of specific genes in tumor derived CD11b+ cells.
Expression of specific genes was analyzed by RT-PCR. M1 marker: M1-type
macrophage marker, M2 marker. M2-type macropahge marker, Mt: MS-K
tumor-derived CD11b+ cells, Nt: NFSA tumor-derived CD11b+ cells, P.C.:
positive control. N.C.: negative control without cDNA template.
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3.5 Effect of CM on enhancement of phagocytosis of

RAW?264 cells

As the most represented leukocytes in cancer tissues, macrophages play
critical roles in established tumors progression (53). The phagocytosis in
phagocytic cells, especially in macrophages, is a central event of cellular
protection, acting to one of the key processes involved in eliminating foreign
material or pathogens from an organism, maintenance of tissue homeostasis,
as well as in development (54), and is sometimes accompanied by
inflammation (55, 56). Therefore, first of all, we examined the effect of CM on
the phagocytosis of macrophages. To determine the effect of tumor cells on
macrophages, the macrophage cell line, RAW264 cells was used in in vitro
studies. The phagocytosis analysis revealed that the NFSA-CM enhanced
the phagocytosis of RAW264 cells, compared to the no obvious effect in
MS-K-CM (Fig. 6A, B). Furthermore, the enhancement of phagocytosis in
the RAW264 cells by NFSA-CM was dose-dependently (Fig. 6A).
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Figure 6. The effect of CM on the phagocytosis of RAW264 cells.

The RAW264 cells were stimulated with various concentration of CM for 5
days. Then the cells were fed with FITC-labeled microshperes. The ratio of
FITC-positive cells was determined by FACS.
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A. Changes of phagocytosis in RAW264 cells. Results were expressed as
the relative pahgocytosis. The relative phagocytosis in the unstimulated
RAW?264 cells was set to 1.

B. Histogram showed the results of FACS analysis. Number in each panel
represented the ratio of FITC+ cells. +MS-K-CM: RAW264 cells were treated
with MS-K-CM. +NFSA-CM: RAW264 cells were treated with NFSA-CM. The
details were described in material and methods section.

Asterisks denote significant differences, **: p<0.005.

3.6 Effect of CM on polarization of RAW264 cells

To determine the efficiency of CM on polarization of RAW264 cells, the
expression of CD80, a typical M1-type macrophages cell surface marker (57),
and CD206, one of M2-type macrophages markers (58), was analyzed by
FACS. Compared to MS-K-CM, NFSA-CM was more effective for inducing
the expression of CD80 in the RAW?264 cells (Fig. 7A). In contrast, neither
NFSA-CM nor MS-K-CM was responsible for inducing the cell surface
expression of CD206 (Fig. 7B).
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Figure 7. Effect of CM on polarization of RAW264 cells.

The RAW264 cells were stimulated with 40% of MS-K-CM or NFSA-CM
(vol/vol) for 5 days. The expression of CD80 and CD206 was analyzed by
FACS.

A/B. Scatter diagram shows the results of FACS-analysis. The numbers in
upper panels represented CD80-positive cells, and the numbers in lower
panels represented the CD206-positive cells. Cont.: control, RAW264 cells
without treatment. +40% MS-K-CM: RAW264 cells were stimulated with 40%
of MS-K-CM. +40% NFSA-CM: RAW264 cells were stimulated with 40% of
NFSA-CM.

It was known that the Nos2 was one of the hallmark genes of typical
M1-type macrophages (59). Expression of this gene was analyzed in the
RAW264 cells by real-time PCR. The results showed that NFSA-CM induced
the up-regulated expression of Nos2 in RAW264 cells, but no obvious effect

was observed in MS-K-CM treated cells (Fig. 8).
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Figure 8. NFSA-CM induced the expresion of Nos2.

RAW264 cells were treated with 40% MS-K-CM or NFSA-CM for 5 days.
Then the relative expression of Nos2 in RAW264 cells was determined by
real-time PCR. The relative expression of the Nos2 in the MS-K cells was set
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to 1. Cont.: control RAW264 cells without treatment. +MS-K-CM: cells were
treated with 40% of MS-K-CM. +NFSA-CM: cells were treated with 40% of
NFSA-CM. All bars show the mean + S.E. Asterisks denote significant
differences, **: p<0.005.

3.7 NFSA cells expressed high-level of IL-18 and Casp-1

To conform the difference in expression of IL-18 and Casp-1 in MS-K and
NFSA cells, the real-time PCR and semi-quantitative RT-PCR were
performed. The results revealed that NFSA cells expresssed higher level of
both IL-18 and Casp-1, as well as the microarray data (Fig. 9 A, B). It
suggeted that the RAW264 cells might be stimulated by the IL-18 which was
produced from NFSA cells. Additionally, we checked the expression of IL-18
and Casp-1 in MS-K tumors and NFSA tumors by semi-quantitative RT-PCR.
The results indicated that NFSA tumor showed a higher experssion of both
IL-18 and Casp-1 (Fig. 9 B).

The level of IL-18 in CM was also determined by ELISA kit. The result
revealed that the concentration of IL-18 in NFSA-CM was 179.4+7.8 pg/mL,
and that in MS-K-CM was 36.9+£16.6 pg/mL (Fig. 9C).
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Figure 9. NFSA cells expressed high-level of IL-18 and Casp-1.

A. Real-time PCR revealed the expression of IL-18 and Casp-1 in the MS-K
and NFSA cells. The relative expression of each gene in the MS-K cells was
set to 1. All bars show the mean = S.E. Asterisks denote significant
differences, **: p<0.005.

B. RT-PCR analysis revelaed the expression of the IL-18 and Casp-1.

C. ELISA assay showed the level of the IL-18 in the CM.

All bars show the mean + S.E. Asterisks denote significant differences, **:
p<0.005.
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3.8 Recombinant IL-18 enhanced the phagocytosis in

RAW?264 cells

Because the NFSA-CM was responsible for enhancing the phagocytosis
in RAW264 cells, effect of recombinant IL-18 (rIL-18) on phagocytosis of
RAW264 cells was investigated. Both rIL-18 and NFSA-CM enhanced the
phagocytosis in macrophages on day 5 (Fig. 10A). Even the NFSA-CM
induced the phagocytosis in RAW264 cells on day 1; the performance was
not as good as that on day 5. Furthermore, neither rIL-18 nor NFSA-CM was
effective for enhancing the phagocytosis in RAW?264 cells on day 3 (Fig.
10A). After analyzing the phagocytosis on day 5, the cells were loaded on
saline coated glass slides using cytospin. Then cells were stained with
May-Griunwald-Giemsa solution (Fig. 10B). The photographs showed that
rliL-18- or NFSA-CM-stimulated RAW264 cells ate much more FITC-labeled
microspheres into per cell (Fig. 10B). Next, the phagocytosis in the
stimulated RAW 264 cells was analyzed (Fig. 11). Various concentration of
riL-18 (0 to 10ng/mL) or the NFSA-CM was used for stimulation. The IL-18
enhanced the phagocytosis of the RAW264 cells in a dose-dependent
manner. Furthermore, the heat-inactivated NFSA-CM was also effective for
enhancing the phagocytosis in RAW264 cells (Fig. 11). Thus, the

complement system was excluded from this phenomenon.
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Figure 10. Recombinant IL-18 enhanced the phagocytosis of RAW264
cells.

A. RAW264 cells were treated with 40% NFSA-CM or 10 ng/mL of rIL-18 for
1 day, 3 days or 5 days. Then phagocytosis was analyzed by FACS. Results
are expressed as relative pahgocytosis. The relative pahgocytosis in

untreated RAW?264 cells was set to 1. Cont.: control, cells without stimulation.

All bars show the mean + S.E. Asterisks denote significant differences, **:
p<0.005.
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B. Cytospin slides were prepared from cultured cells on day 5, cells were
stained with May-Grunwald-Giemsa and photographs were taken by
fluorescence microscopy. Upper panel showed photographs in dark field.
Lower panel showed merged images. Original magnification X20.
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Figure 11. Recombinant IL-18 enhanced the phagocytosis of RAW264
cells in a dose-dependent manner.

RAW264 cells were treated with various concentration of rIL-18 for 5 days.
The phagocytosis was analyzed by FACS. Results are expressed as the
relative pahgocytosis. The relative pahgocytosis in untreated RAW264 cells
was set to 1. Cont.: control, cells without treatment. All bars show the mean +
S.E. Asterisks denote significant differences, **: p<0.005.

3.9 IL-18 was the key factor in NFSA-CM for promoting

phagocytosis in RAW264 cells

To evaluate the involvement of IL-18 on phagocytosis of macrophages,
the neutralizing anti-IL18 antibody was used. The cells were treated with
riL-18 or NFSA-CM with or without anti-IL18 antibody (a-IL-18Ab) for 5 days.
Then the phagocytosis was analyzed by FACS.

The results showed that the uptake of microspheres was inhibited

completely by the alL-18Ab (Figure 12). These results suggested that a
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direct effect of exogenous IL-18 on enhancement of phagocytosis in
RAW264 cells. Therefore, IL-18 was one of the critical effectors in the

NFSA-CM which enhanced the phagocytosis.
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Figure 12. Anti-IL-18 antibody inhibited phagocytosis in the rIL-18- or
NFSA-CM-stimulated RAW264 cells.

Phagocytosis was determined on RAW264 cells exposed to riL-18 or
NFSA-CM and in the presence of the neutralizing anti-IL-18 antibody
(alL-18Ab). Final concentration of the a-IL-18Ab was 1 pg/mL. Results are
expressed as the relative pahgocytosis. The relative pahogocytosis in
un-stimulated RAW?264 cells was set to 1. Cont.: control, cells without
treatment. alL-18Ab: neutrilizing antibody to IL-18. All bars show the mean *
S.E. Asterisks denote significant differences, **: p<0.005.

3.10 Recombinant IL-18 enhanced the phagocytosis in

primary macrophages

To investigate whether the IL-18 was also effective for enhancing the
phagocytosis in native macrophages or not, the peritoneal macrophages
were separated from murine abdominal adherent cells. The purified

CD19-negative macrophages were used. The results indicated that the
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phagocytosis was up-regulated by both rIL-18 and NFSA-CM, and that was
inhibited by the alL-18Ab (Fig. 13). These data revealed a critical effect of
NFSA derived IL-18 on the enhancement of phagocytosis in native primary

macrophages.
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Figure 13. Recombinant IL-18 enhanced the phagocytosis in murine

primary macrophages.
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The primary macrophages were stimulated with 10 ng/mL of rIL-18 or 40% of
NFSA-CM for 5 days. The neutralizing anti-IL-18 antibody (alL-18Ab) was
added at a final concentration as 5 ug/mL. Phagocytosis was analyzed by
FACS.

A. Effect of rIL-18 on phagocytosis of peritoneal macrophages. The relative
phagocytosis was in un-stimulated RAW?264 cells was set to 1. All bars show
the mean £ S.E. Asterisks denote significant differences, **: p<0.005.

B. Histogram presents the results of FACS analysis. Number in each panel
presented the percentage of FITC+ cells. Cont.: control, cells without
treatment. alL-18Ab: neutrilizing antibody against IL-18.

3.11 Polarization of RAW264 cells by IL-18 wasn’t associated

to the induction of IFN-y.

Since the data suggested that the existence of M1-type macrophages in
NFSA-CM-stimulated RAW264 cells, the characters of rlL-18 stimulated
RAW264 cells was analyzed. The expression of several pro-inflammation-
and anti-angiogenesis-related factors (that is M1-type macrophage markers),
including Nos2, IL-6 and tnf-« (60, 61) and the anti-inflammation factors (that
is M2-type macrophage markers), IL-10 and Arg-1 in rlL-18- or
NFSA-CM-stimulated RAW264 cells was detected (Fig. 14).

The results indicated the up-regulation of M1-markers, Nos2, IL-6 and
tnf-a in the RAW264 cells, which were stimulated with rIL-18 or NFSA-CM.
The expression of M2-markers, IL-10 and Arg-1, was down regulated by
riL-18 and NFSA-CM in RAW264 cells (Fig. 14).

Furthermore, neither rIL-18 nor NFSA-CM induced the expression of
IL-12p40 (Fig. 15A), which was a subunit of IL-12p70, in stimulated RAW264
cells. Interestingly, after the stimulation with rIL-18 or NFSA-CM for 5 days,
the expression of IFN-y was not induced in RAW264 cells, contrarily, it was
decreased significently (Fig. 15B). In further, addition of IL-18 didn’t affect
the expression of the receptors, IL-18r1 and IL-18rap (Fig. 15A).

33



Stimulation

riL-18 (ng/mL)

=
Y
_4 =
w
L
=z

0 1 10
Marker
Arg-1
Marker
IL-10

Figure 14. Effect of rIL-18 and NFSA-CM on the acquisition of M1- and
lossing of M2-specific markers in RAW264 cells.

The expression of Nos2, IL-6, Cxcl10, tnf-a, Arg-1 and IL-10 in
IL-18-stimulated RAW264 cells was analyzed by RT-PCR. Blue box
indicated the M1-type macrophages specific markers (M1 marker). Pink box
indicated the M2-type macrophages specific markers (M2 marker). B-actin
was used as control.

More interestingly, the induction of the Nos2 was induced by IL-18 alone
in this experiment (Fig. 14) and the expression of the IFN-y was not induced
(Fig. 15B), though Heike et al. have reported that the induction of Nos2 in
murine peritoneal macrophages was induced by stimulation with the
combination of IL-18 and IL-12 for 48hr and that process was mediated by
IFN-y (46). Since the expression of the IL-12p40 was not detected in
IL-18-stimulated RAW?264 cells, it indicated that the IL-12 was not produced
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from RAW264 cells itself. The bioactive IL-12 is produced as the heterodimer
of the IL-12p35 and IL-12p40 (62).
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Figure 15. IL-18 alone induced the polarization of RAW264 cells
independently to IFN-y.

A. The expression of specific genes in the IL-18-stimulated RAW264 cells
was analyzed by RT-PCR.

B. Quantitative-PCR analysis of the expression of IFN-y in the RAW264 cells.
The RAW264 cells were stimulated with rIL-18 or NFSA-CM for 5 days. The
relative expression of IFN-y in the unstimulated RAW264 cells was set to 1.
All bars showed the mean = S.E. Asterisks denote significant differences, *:
p<0.05, **: p<0.005.

3.12 |IL-18 contributed to the polarization of murine primary

macrophages.

Next, the contribution of the NFSA-CM and IL-18 on polarization of
native macrophages was investigated. The expression of the M1-marker
genes was analyzed in the IL-18- or NFSA-CM-stimulated primary

macrophages (Fig. 16). The results indicated that both rIL-18 and NFSA-CM
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induced the expression of the M1-marker genes, including Nos2, IL-6 and
tnf-a. But no detectable expression of M2-marker genes, including I1L-10 and
Arg-1 in the IL-18- or NFSA-CM-stimulated macrophages was observed (Fig.
16). Contrary to this, the MS-K-CM induced the expression of IL-10, without
induction of the Nos2, IL-6 and tnf-a. The neutralizing anti-IL-18 antibody
(alL-18Ab) suppressed the expression of Nos2, IL-6 and tnf-a, with
enhanced expression of IL-10 in NFSA-CM-stimulated primary macrophages
(Fig. 16). However, the neither rIL-18 nor NFSA-CM was effective for
inducing the expression of Cxcl10 in primary macrophages. Even this gene
was up-regulated in RAW264 cells by rIL-18 and NFSA-CM (Fig. 16). These
data revealed a critical effect of IL-18 in NFSA-CM on polarization of primary
macrophages.

In addition, the expression of IL-12p35 and IL-12p40 in primary
macrophages was also analyzed. The RT-PCR results showed that neither
IL12p35 nor IL-12p40 was up-regulated by stimulation (Fig. 17). There was
extremely low level expression of 1L12p35 in IL-18- or MS-K-CM stimulated
primary macrophages. Therefore, these data indicated that IL-18 alone
contributed to program the primary macrophages to express M1-markers,
and the IL-18 was the one of the key effectors in NFSA-CM for inducing the
polarization of primary macrophages. Furthermore, the IL-18-stimulation
didn’t affect the expression of the receptors, IL-18r1 and IL-18rap in the
macrophages. Interestingly, the a-I1L-18 mediated blockage of IL-18 reduced
the expression of IL-18rl. It suggested that IL-18 might be important for

supporting the expression of IL-18r1 (Fig. 17).
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Figure 16. Effect of riL-18 and NFSA-CM on the acquisition of
M1-markers in murine primary macrophages.

The expression of Nos2, IL-6, Cxcl10, tnf-a, Arg-1 and IL-10 was analyzed by
RT-PCR in rIL-18- or NFSA-CM-stimulated macrophages. The neutrilazing
anti-IL-18 antibody (alL-18Ab) was used at a final concentration as 5ug/mL.
Blue box indicates the M1-type macrophages specific markers (M1 Marker)
and pink box indicates the M2-type macrophages specific markers (M2
Marker), respectively. B-actin was used as control. Cont.: control, primary
macrophages without stimulation. P.C.: positive control, plasmid was used as
the template DNA. N.C.: negative control, without template.
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Figure 17. IL-18 alone induced the polarization of primary
macrophages.

The expression of IL-12p35, IL-12p40, IL-18r1 and IL-18rap in primary
macrophages was analyzed by RT-PCR. B-actin was used as control. The
alL-18Ab was used at a final concentration of 5 pug/mL. Cont.: control,
primary macrophages without stimulation. P.C.: positive control, plasmid was
used as the template DNA. N.C.: negative control, without template.

3.12 Enhanced cytotoxicity of IL-18 stimulated RAW?264 cells

to endothelial cells

The M1l-marker positive macrophage played an important role on
protecting the host from infection and tumors by preventing angiogenesis (4).
As the essential cellular components of blood vessels, endothelial cells
played critical role in new blood vessels formation (63, 64). Thus, the
influence of the IL-18- or NFSA-CM stimulated RAW264 cells on survival of
endothelial cells in vitro was assayed.

Firstly, the direct co-culture of stimulated RAW264 cells and endothelial
cells, F-2-Orange, was performed (Fig. 18A). The survival ratio of

F-2-Orange was drastically reduced by the direct co-culture with the
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stimulated RAW?264 cells (Fig. 18B). Furthermore, the damaging ratio was
severely dependent on the number of the stimulated RAW264 cells (Fig.
18C).
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Figure 18. Damage of F-2-Orange cells by rIL-18- or NFSA-CM-
stimulated RAW264 cells.

A. The schema of the experiment. Co-culture was performed in 35mm
dishes.
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B. The photographs show the co-cultured cells at 48 hours. After co-culture,
cells were visualized by fluorescent microscopy. The left panels show the
phase contrast images, and the right panels show the fluorescent images.
Original magnification was X20.

C. The histogram shows the number of surviving F-2-Orange cells after 24 or
48 hours of direct co-culture with stimulated RAW264.7 cells. The number of
F-2-Orange cells was determined by FACS. Non-stimulated RAW264 cells
were used as a control. All bars show the mean + S.E, n=3. Asterisks denote
significant differences, *: p<0.05, **: p<0.005.

3.13 Enhanced cytotoxicity to endothelial cells in RAW264

cells via soluble mediators

To investigate whether the direct cell-to-cell contact was necessary for
damaging the endothelial cells or not, the membrane-separated co-culture
was carried out in 6-well Transwell plates. The F-2-Orange cells were plated
at a proper density in the lower chamber of the transwell plates to make a
monolayer. After 24hours of pre-incubation, the stimulated RAW264 cells
were plated into the upper chamber of the transwell plates, and were
co-cultured for 48hours (Fig. 19A). After 48 hours of co-culture, the number
of surviving F-2-Orange cells decreased significantly (Fig. 19B, C).

These results clearly indicated that some soluble factors that were
produced from the stimulated RAW264 cells must function in the killing of the
F-2-Orange cells. However, compared to the direct co-culture assay (Figure
18C, F-2-Orange : RAW264 = 1:1), the F-2-Orange cells were damaged less
severely by membrane-separated co-culture (Fig. 18C, 19C). This result
suggested that the direct cell-to-cell interaction between IL-18- stimulated
macrophages and endothelial cells may play a critical role in damaging
endothelial cells, in addition to soluble factors secreted from IL-18-stimulated

macrophages.
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Figure 19. Enhanced cytotoxicity to F-2-Orange cells in IL-18- or
NFSA-CM-stimulated RAW?264 cells.

A. Scheme of a transwell co-culture assay system. Ratio between
F-2-Orange cells and RAW264 cells was set as 1:1. The co-culture was
performed in 6-well transwell plates.

B. The photographs showed the surviving F-2-Orange cells at 48 hours. The
left panels showed the phase contrast images, and the right panels showed
the fluorescent images.

C. The histogram shows the number of surviving F-2-Orange cells after 48
hours co-culture. The number of surviving F-2-Orange cells was indicated.
Non-stimulated RAW264 cells were used as a control. All bars show the
mean = S.E, n=3. Asterisks denote significant differences, *: p<0.05, **:
p<0.005.
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3.14 1400w abolished the enhanced cytotoxicity to

endothelial cells in RAW264 cells

The PCR results demonstrated the increased expression of Nos2, the
predominant generator of NO (65), in IL-18- or NFSA-CM-stimulated
RAW264 cells (Figure 8&14). We investigated whether the NOS2-genarated
NO was responsible for the damaging of F-2-Oranges cells or not. The
inhibitor of NOS2, 1400w (21), was used in the Transwell co-culture system.

The results revealed that the enhanced cytotoxicity of the stimulated
RAW264 cells was abolished by the NOS2 inhibitor 1400w (Fig. 20 B & C).
These results clearly demonstrated that riL-18 and NFSA-CM stimulate
RAW264 cells to damage the endothelium and that some soluble
components, such as NO, secreted from the stimulated RAW264 cells

damaged the F-2-Orange cells in our assay.
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Figure 20. 1400w abrogates the enhanced cytotoxicity to F-2-Orange
cells in IL-18- or NFSA-CM-stimulated RAW264 cells.
A. Scheme of a transwell co-culture assay system. The co-culture was

performed in 24-well transwell plates.

B. The histogram shows the number of surviving F-2-Orange cells after 48

hours co-culture. The number of surviving F-2-Orange cells was indicated.

Effect of the NOS2 inhibitor (1400w) was also analyzed. Non-stimulated

RAW264 cells were used as a control in all experiments. All bars show the

mean + S.E, n=3. Asterisks denote significant differences, *: p<0.05, **:

p<0.005, N.S.: not significant.
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C. The photographs showed the surviving F-2-Orange cells at 48 hours. The
left panels showed the phase contrast images, and the right panels showed
the fluorescent images, with or without the 1400w.

44



Table 1. Comparison of gene expression in NFSA and MS-K

Accession No. Signal Log2 ratio
Gene NESA MSK (NFSA/MS-K)
chemokine (C-C motif) ligand 11 (Ccll11) NM_011330 9.13E+03 6.15E+00 10.54
chemokine (C-C motif) ligand 8 (Ccl8) NM_021443 1.49E+04 2.28E+02 6.03
Chlfifé"a?]‘g”e chemokine (C-C motif) ligand 7 (Ccl7) NM_013654 1.86E+05  3.00E+03 5.95
chemokine (C-X-C motif) ligand 3 (Cxcl3) NM_203320 3.72E+02 7.85E+00 5.57
chemokine (C-C motif) ligand 2 (Ccl2) NM_011333 4.05E+05 1.22E+04 5.05
Cytokine interleukin 18 (IL-18) NM_008360 1.96E+03  5.90E+01 5.06
vascular endothelial growth factor-A (Vegfa) NM_00102525 3.28E+03 7.29E+03 -1.15
Enzyme  caspase 1 (Caspl) NM_009807 2.77E+04  3.34E+01 9.7
Colony colony stimulating factor 1 (macrophage) (Csf1) NM_007778 2 17E+04 1.23E+04 0.82
stimulating ~colony stimulating factor 2 (granulocyte-macrophage) (Csf2) NM_009969 1.29E+01 1.71E+01 -0.41
factor colony stimulating factor 3 (granulocyte) (Csf3) NM_009971 1.16E+02 6.88E+00 4.07

Expression of genes in NFSA and MS-K was analyzed by SurePrint G3 (mouse). Table represents part of the data.

Signal means expression level of each gene in NFSA or MS-K. Log2 ratio means the relative expression of each gene in NFSA

against in MS-K.
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Table 2. List of primers for genes

Gene Accession Sense primer Anti-sense primer Tm Product Size (bp)
IL-18 NM_008360 ATCAAAGTGCCAGTGAACCC TCAGGTGGATCCATTTCCTC 60 160
Casp-1 NM_009807 GATGGCACATTTCCAGGACT TCAACTTGAGCTCCAACCCT 60 188
Nos2 NM_010927 TCACCTTCGAGGGCAGCCGA TCCGTGGCAAAGCGAGCCAG 60 286
IL-6 NM_031168 GCACTTGCAGAAAACAATCTG TCTGAAGGACTCTGGCTTTGT 54 187
Cxcl10 NM_021274 AAAGTAACTGCCGAAGC AGAACTGACGAGCCTGA 60 182
tnf-a NM_013693 GGTTCTGTCCCTTTCACTCA AGCCATAATCCCTTTCTAA 55 892
IL-12p35  NM_001159424 GCCAGGTGTCTTAGCCAGTC AGCTCCCTCTTGTTGTGGAA 60 226
IL-12p40 NM_008352 ATGAGAACTACAGCACCAGCTTC ACTTGAGGGAGAAGTAGGAATGG 62 156
IL-18r1 NM_008365 GCATTCTCATTGTTAAAAGTGCC CAAGGTGTGATCATGAAAAGTGA 60 221
IL-18rap NM_010553 ACATATTCTGCAAGGGGTGC TATGCAGCATGCCTTCACTC 60 241
Arg-1 NM_007482 AACTCAACGGGAGGGTA CTGGGATACATACTTACTGGA 55 193
IL-10 NM_010548 ACATACTGCTAACCGACTCCT ACTCTTCACCTGCTCCACT 63 245
B-actin NM_007393 CAGGGTGTGATGGTGGGAATGGG CAGGATGGCGTGAGGGAGAGCA 60 408

PCR primers for each gene were listed.
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Discussion
As a predominant population of inflammatory cells presented in solid

tumors, there is growing evidence indicated that the phenotype of
macrophages is dependent on the stages of tumor progression (4). Tumor
cells secret a wide spectrum of soluble factors, attracting circulating
monocytes to tumor sites and promoting their differentiation to macrophages
while blocking differentiation to dendritic cells (DCs) (66). At the early stage of
tumor development, blood peripheral monocytes recruited to the tumor mass
and differentiated into classically activated phenotype (M1-type) because of
the pro-inflammatory tumor microenvironment (53). At the late stage of
malignancy transformation, infiltrated macrophages are driven to display an
alternatively activated phenotype (M2-type) (53) with reduced iINOS and TNF-a
expression (67) by the signals from the tumor and the stroma cells (68), and
provide an immunosuppressive microenvironment for tumor growth and
promoting angiogenesis (7, 69).

However, the tumorigenesis studies indicated that the tissue necrosis was
observed in NFSA tumors (Fig. 3A, B). The accumulation of CD11b+ cells in
tumors increased with tumor growth. More importantly, in NFSA tumors, more
CD11b+ cells were recruited than MS-K tumor (Fig. 4). Furthermore, the
CD11b+ cells in NFSA tumor showed increased expression of
pro-inflammatory factors, Nos2, IL-6 and tnf-a. Meanwhile, the expression of
immune-suppressive factor, IL-10 was reduced during the tumor progression.
Expression of Arg-1 was not detected (Fig. 5). The phagocytosis of
macrophages, which were stimulated by factors produced from NFSA cells but
not MS-K cells, was enhanced (Fig. 6) and expression of CD80 (Fig. 7) was
also enhanced, in addition to high expression of Nos2 (Fig. 8). These results
suggested the remarkable existence of the immunosupportive M1-type
population in macrophages stimulated by the factors produced from NFSA
cells. NFSA cells have shown high expression of IL-18 (Fig. 9, Table 1.), and

furthermore, DNA microarray analysis has revealed a differential expression
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profile of CC-type chemokines in NFSA cells (Table 1), which are reported as
non-redundant factors in carcinogenesis (70).

In contrast, the concept that IL-18 exerts significant anti-tumor activity is
well established (36, 37). This concept drove me to investigate the effect of
IL-18 on macrophages, a core effector in tumors. As a central event of cellular
protection, phagocytosis in phagocytic cells acts to eliminate foreign material
and is sometimes accompanied by inflammation (55, 56). Therefore, the effect
of NFSA-CM and IL-18 on the phagocytic activity of macrophages was
examined. The results demonstrated that both NFSA-CM and rIL-18
dramatically promoted phagocytosis in both RAW264 cells in a dose
dependent manner (Fig. 6, 10, 11). Because the complement system in serum
Is important for identifying “non-self”’ particles and triggering phagocytosis in
macrophages (71, 72), the effect of heat-inactivated NFSA-CM on RAW264
was also examined. The results revealed that the heat-inactivated CM was still
effective for enhancing the phagocytosis of RAW264 cells (Fig. 11). Thus, it
suggests that the effect of NFSA-CM was not associated with the components
of the complement system. Lewis et al. showed that the
sulforaphane-stimulated phagocytosis of microbeads by RAW264 cells was
completely abolished when the cells are cultured in complete medium
containing 10% FBS (56). However, in this study, the stimulation of
phagocytosis by IL-18 was not abolished by a high concentration of serum.
The enhanced phagocytosis was also observed in murine primary
macrophages (CD19-negative peritoneal cells) by treating the cells with
NFSA-CM or rIL-18 for 5 days (Fig. 13). In addition, the presence of
neutralization antibody to IL-18 significantly reduced the phagocytosis of the
IL-18- or NFSA-CM-stimulated RAW264 cells (Fig. 12) and primary
macrophages (Fig. 13). These results indicate that IL-18 is one of the critical
factor in NFSA-CM which enhancing the phagocytosis of microspheres.
Consequently, the data indicates that IL-18 exerts a strong effect on
enhancement of phagocytic activity of both RAW264 cells and murine primary

macrophages.
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Five days of stimulation with rIL-18 or NFSA-CM increased the expression
of Nos2, IL-6 and tnf-a, which are well known as highly expressed genes in
classical activated (that is M1-type) macrophages, in RAW?264 cells (Fig. 14).
It was previously reported that activated macrophages produced a variety of
factors that were able to lyse tumor cells. These factors include TNF-o and
nitric oxide (NO) (73, 74, 75, 76), which is mainly generated by inducible nitric
synthase (Nos2). In addition, the expression of Arg-1 was not detected and the
expression of IL-10 was decreased in RAW?264 cells (Fig. 14). The addition of
a neutralizing anti-IL-18 antibody reduced the expression of Nos2, IL-6 and
tnf-a in peritoneal macrophages. Thus, these results indicate that IL-18 in
NFSA-CM is responsible for polarization of M1-type macrophages.

Heike et al. reported that the induction of Nos2 in murine peritoneal
macrophages upon treatment with IL-18 and IL-12 was mediated by IFN-y (46).
Bogdan et al. suggest that the induction of Nos2 in macrophages requires the
cooperation of other cells, such as lymphocytes or NK cells, which produce
IFN-y (77). Contrary to this, the expression of Nos2 was induced only by
stimulation with IL-18 for 5 days in this report. No detectable level of 1L-12p40,
a subunit of IL12p70, was detected in IL-18-stimulated RAW264 cells (Fig.
15A). In addition, the expression of IL12p35, the other subunit of IL-12p70 (Fig.
15A), was not increased by the stimulation of IL-18 or NFSA-CM in RAW?264
cells. Moreover, after the stimulation with rIL-18 or NFSA-CM, the expression
of IFN-y was not induced in RAW264 cells, contrarily, it was decreased
significently (Fig. 15B). These data indicated that the IL-12 was not produced
from RAW264 cells by IL-18-stiulation. Therefore, it indicated that IL-18 alone
could program RAW264 cells to express Nos2 in addition to other
M1-macrophages markers.

Thus, we conclude that IL-18 alone contributes to program RAW264 cells
to M1-like population, which showed some of the typical characters of M1-type
macrophages, without disturbing the expression of its receptors after 5-days
stimulation. This progress might be induced by via an IFN-y independent
pathway. The similar results were obtained in murine primary macrophages.

Both IL-18 and NFSA-CM were responsible for increasing the expression of
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M1-marker genes without disturbing the expression of M2-marker genes (Fig.
16). The addition of a neutralizing anti-IL-18 antibody reduced the expression
of Nos2, IL-6 and tnf-a and induced the expression of IL-10 in peritoneal
macrophages (Fig. 16). Neither IL-18 nor NFSA-CM was effective for inducing
the expression of IL-12p35 and IL-12p40 (Fig. 17). These results indicate that
IL-18 alone in NFSA-CM is responsible for polarization of M1-like
macrophages in murine primary macrophages. However, when blocking the
activity of IL-18 with neutralizing antibody, the expression of IL-18r1 was down
regulated (Fig. 17), suggesting that IL-18 might be important for supporting the
expression of IL-18r1 in murine primary macrophages.

Finally, the influence of the stimulated RAW264 cells on endothelial cells
was analyzed using the F-2-Orange cells. The F-2-Orange cells were
damaged more severely by the direct co-culture with the NFSA-CM- or
IL-18-stimulated RAW cells (Fig. 18, 19). Thus, it suggests that some factors
produced from NFSA cells, such as IL-18, enhance the cytotoxicity of
macrophages to endothelial cells. Furthermore, the damage to the
endothelium might be associated with soluble mediators produced from
stimulated macrophages, such as pro-inflammatory factors and Nos2-derived
NO.

NO is a critical biological mediator, which can take part in regulating blood
vessel tone in vascular systems, and is an important host defence effector in
the immune system. More importantly, the NO acts as a free oxygen radical
and can act as a cytotoxic agent in pathological processes (65). Base on
previous results, the IL-18- or NFSA-CM-stimulated RAW264 cells showed
enhanced cytotoxicity to F-2-Orange cells, in addition to increasing expressed
Nos2, the predominant generator of NO (65). In these cases, we challenged
the effect of inhibiting the activity of NOS2 using 1400w. Since the inhibition of
NOS2 by the inhibitor clearly inhibited the damaging of the endothelial cells,
the NO was certainly one of the factors.

These results provide strong evidence that IL-18 stimulates the

macrophages, and the phagocytosis and cytotoxicity to endothelium of them
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are enhanced. Thus the angiogenesis in NFSA tumor is damaged. It may be

the reason of necrosis in NFSA tumors (Fig. 20).
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Figure 20. Hypothetical model of the anti-angiogenesis functions of
macrophages in response to fibrosarcoma-produced IL-18.
IL-18 produced from a NFSA tumor enhances the phagocytic activity of
macrophages and induces the expression of NO, TNF-a. and IL-6. The
activated macrophages damage endothelial cells and inhibit blood vessel
formation in the NFSA tumor.
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