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Research article

Mast cell-derived angiopoietin-1
plays a critical role in the growth
of plasma cell tumors

Takayuki Nakayama, Lei Yao, and Giovanna Tosato

Experimental Transplantation and Immunology Branch, Center for Cancer Research, National Cancer Institute, Bethesda, Maryland, USA.

Multiple myeloma in humans is frequently associated with mast cell infiltration and neovascularization,
which correlate directly with disease severity, but the mechanisms underlying this relationship remain
unclear. Here, we report that primary murine mast cells express angiopoietin-1 (Ang-1) and low levels of
VEGF-A but not Ang-2 and that 2 established murine plasmacytoma cell lines express high levels of VEGF-A
but little or no Ang-1 or Ang-2. An in vivo angiogenesis assay using extracellular matrix components shows
that mast cells and plasmacytoma cells, together, promote marked neovascularization composed of dilated
vessels, which is prevented by neutralization of VEGF-A and Ang-1 but is only partially reduced by neutraliza-
tion of either VEGF-A or Ang-1. Mast cells within extracellular matrix components express Ang-1, and recom-
binant Ang-1 together with plasmacytoma cells promotes extracellular matrix neovascularization similar to
that induced by mast cells. A transplantation assay shows that primary mast cells accelerate tumor growth by
established plasmacytoma cell lines and that neutralization of Ang-1 alone or with VEGF-A reduces signifi-
cantly the growth of plasmacytomas containing mast cells. These results demonstrate that mast cell-derived
Ang-1 promotes the growth of plasmacytomas by stimulating neovascularization and provide further evi-

dence supporting a causal relationship between inflammation and tumor growth.

Introduction

Considerable evidence supports an initiating role of chronicinflam-
mation in a proportion of malignancies (1, 2). Plasmacytomas are
reproducibly induced in genetically susceptible strains of mice by
i.p. injections of paraffin oils and other agents that cause chronic
peritoneal inflammation, and administration of the anti-inflam-
matory drug indomethacin inhibits plasma cell tumor develop-
ment (3, 4). In humans, inflammatory bowel diseases predispose
to colorectal cancer (5), chronic Helicobacter pylori infection is the
leading cause of gastric cancer (6), and HBV or HCV infection
predisposes to liver carcinoma (7). Long-term use of NSAIDs
reduces colon cancer risk by 40-50%, presumably by inactivating
cyclooxygenases (8). Once established, many malignancies main-
tain an inflammatory component, perhaps due to persistence of
the inflammation-initiating factors or to recruitment of inflam-
matory cells from the bloodstream, resulting in various inflamma-
tory cytokines being present at the tumor site (2).

Mast cells are commonly recognized at the margins of diverse
tumors in humans and rodents (9-11). Genetic and functional
experiments suggested that mast cells can promote tumorigenesis
and tumor growth (12-14). In a murine model of squamous epi-
thelial carcinogenesis, mast cells in conjunction with neutrophils
and other inflammatory cells contributed to tumor growth, in
part due to production of the protease MMP-9, which releases
proangiogenic factors from the ECM (14, 15). However, MMPs
may serve as both promoters and inhibitors of tumor growth
(16). In addition, mast cells can release numerous factors stored
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or newly synthesized after activation, including heparin, hepari-
nase histamine, adenosine receptors, bFGF, and VEGF-A, which
are known to modulate angiogenesis (11, 14, 17).

Multiple myeloma, a malignancy characterized by the infiltra-
tion of malignant plasma cells in the bone marrow, is frequently
associated with neovascularization and mast cell infiltration
(18-20). Recently, vascular density and degree of mast cell infil-
tration in myeloma tissues were found to directly correlate with
each other and with disease activity and grade (20, 21). This sug-
gested a role for mast cell-induced angiogenesis in promoting
growth of multiple myeloma. In this study, we have surveyed
mast cells for production of proangiogenic factors, and tested
whether mast cells can promote angiogenesis and plasmacytoma
cell growth. We conclude that mast cell-derived angiopoietin-1
(Ang-1) plays a critical role in promoting the growth of plasma
cell tumors, acting as a proangiogenic factor in conjunction with
the plasmacytoma-derived VEGF-A.

Results

Expression of proangiogenic factors and their receptors in mast cells and
plasmacytoma cells. Using RT-PCR, we examined mast cell and
plasmacytoma cell expression of VEGF-A, VEGF-B, VEGF-C,
VEGF-D, placental growth factor (PIGF), Ang-1, and Ang-2, mole-
cules known to regulate endothelial cell function and angiogenesis
(22, 23). All primary mast cells were derived from the bone mar-
row and cultured with IL-3 (referred to here as bone marrow mast
cells [BMMCs]), derived from the bone marrow and cultured with
a combination of SCF, IL-6, and IL-10 (referred to as TRIAD mast
cells), or derived from the spleen and cultured with IL-3 (referred
to as spleen mast cells [SPMCs]), and the plasmacytoma cell lines
TEPC1165SZ and TEPC2027 expressed VEGF-A and VEGF-B
mRNA (Figure 1A). We identified VEGF-C, PIGF, and Ang-1 expres-
sion in all mast cells but not in plasmacytoma cells. VEGF-D was
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expressed in TEPC1165SZ and TEPC2027, and Ang-2 was detected
only in TEPC1165SZ. Ang-2 expression was not detectable in mast
cells. To evaluate the possibility that angiogenic factors released
from mast cells may act on plasmacytoma cells, we examined cell
expression of receptors for VEGF and Ang-1/Ang-2, including
VEGFR1, VEGFR2, VEGFR3, and the endothelial receptor tyrosine
kinase Tie-2. TEPC1165SZ expressed VEGFR1 and Tie-2, whereas
TEPC2027 expressed only Tie-2. All primary mast cells expressed
Tie-2, and TRIAD mast cells also expressed VEGFR2.

Using cell lysates in immunoblotting experiments, we con-
firmed that primary mast cells (BMMCs, TRIAD cells, and
SPMCs) express VEGF-C and Ang-1 proteins, but not Ang-2
(Figure 1B). The expression of Ang-1 in primary mast cells was
confirmed using 3 distinct antibodies (N-18, H-98, and C-19;
Santa Cruz Biotechnology Inc.) which specifically detected a band
attributable to Ang-1 (results shown reflect N-18 addition; oth-
ers not shown). The expression of Tie-2 in mast cells, which was
detectable by RT-PCR, was not confirmed by immunoblotting;
this likely reflects low levels of Tie-2 expression in mast cells. In
addition, we confirmed by immunoblotting that cell lysates from
TEPC1165SZ and TEPC2027 plasmacytoma cells express Tie-2,
but not Ang-1 or Ang-2 (Figure 1B).

We measured VEGF-A secretion by primary mast cells and com-
pared it with that by plasmacytoma cells (Figure 1C). VEGF-A was
detected at concentrations of 15-17 pg/ml in the culture superna-
tants of all primary mast cells (BMMCs, TRIAD cells, and SPMCs),
but at much higher concentrations (1.7-1.8 ng/ml) in culture super-
natants of TEPC1165SZ and TEPC2027 plasmacytoma cells.

Since mast cells express Ang-1 and plasmacytoma cells express
the Ang-1 receptor Tie-2, we tested whether plasmacytoma cells
are responsive to Ang-1. Using TEPC1165SZ and TEPC2027
plasmacytoma cells, we measured proliferation, survival, and
VEGEF-A secretion in the presence or absence of recombinant Ang-1
(not shown). Even at the highest concentration tested (250 ng/
ml), Ang-1 had minimal effect on the proliferation and viability of
TEPC1165SZ and TEPC2027 cells (P > 0.2 for all determinations).
Also, Ang-1 affected VEGF-A secretion by the plasmacytoma cell
lines only minimally (P > 0.1).

1318 The Journal of Clinical Investigation

hetp://www.jci.org

Effects of mast cells on angiogenesis in vivo. Previous studies have
shown that Ang-1 promotes angiogenesis on its own, and that it
is additive to VEGF-A in promoting angiogenesis (24). Since we
had determined that plasmacytoma TEPC1165SZ and TEPC2027
cell lines secrete nanogram-per-milliliter amounts of VEGF-A in
culture, we tested for the possibility that mast cells may indirectly
promote plasmacytoma cell growth by promoting angiogenesis.
In an in vivo angiogenesis assay using Matrigel (BD Biosciences
— Discovery Labware) mast cells (BMMCs, 0.5 x 10°) and
plasmacytoma cells (TEPC2027, 0.5 x 10°) individually induced
formation of only a few thin capillaries identified by their content
of red blood cells (Figure 2A). By contrast, mast cells (BMMCs,
0.5 x 10°) and plasmacytoma cells (TEPC2027, 0.5 x 10°), togeth-
er, induced the formation of numerous, markedly dilated vascular
structures identified with Masson’s trichrome staining by their
content of red cells and the presence of a flattened cellular lining
morphologically attributable to typical endothelium (Figure 2A).
This proangiogenic effect was not noted when the plasmacytoma
cells were injected alone at a higher concentration (1.0 x 106
TEPC2027 cells; not shown). Measurement of vascular structures
(identified as areas within the Matrigel lined by endothelium and
containing red cells) revealed that mast cells in conjunction with
plasmacytoma cells were significantly (P < 0.05) more angiogenic
compared with each cell type alone (Figure 2B, top). In addition,
Matrigel plugs containing mast cells plus plasmacytoma cells
appear to be substantially more cellular than plugs inoculated
with each cell type alone. Using immunohistochemical stain-
ing for mouse x light chain (TEPC2027 cells secrete K chains),
numerous plasmacytoma cells, often in clumps, were identified
within plugs containing mast cells plus plasmacytoma cells, but
fewer, scattered positive cells were identified in plugs containing
plasmacytoma cells alone (Figure 2A). Quantitative analysis con-
firmed the presence of a significantly (P < 0.05) greater number
of plasmacytoma cells in the plugs containing mast cells plus
plasmacytoma cells compared with plugs with plasmacytoma
cells alone (Figure 2B, bottom). Comparable results were derived
with SPMCs (not shown), and with BMMCs in conjunction with
TEPC1165SZ plasmacytoma cells (not shown).
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Figure 2

Effects of mast cells and plasmacytoma cells on
angiogenesis in vivo. BALB/c nu/nu mice (3—-5 mice
per group) were inoculated s.c. with Matrigel (0.5 ml)
in conjunction with BMMCs (0.5 x 106), TEPC2027
plasmacytoma cells (0.5 x 108), or BMMCs plus TEPC2027
cells (0.5 x 108 each). Matrigel plugs, removed after 7
days, were processed for histology. (A) Top row: Repre-
sentative histological images of Matrigel plugs stained
with Masson’s trichrome. Bottom row: Representative
histological images of Matrigel plugs immunostained for
K light chain. Original magnification, x20. (B) Quantitative
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Mast cells, identified within the plugs by cytochemical staining
with toluidine blue (purple), localized mostly in the proximity of
newly formed vessels (Figure 2C). Importantly, toluidine-positive
cells expressed Ang-1, as they specifically stained with Tie-2/Fc
(brown) but not control Fc (Figure 2C). These results demon-
strate that, in the presence of plasmacytoma cells, mast cells can
promote Matrigel neovascularization and growth or survival of
plasmacytoma cells in vivo.

Contribution of Ang-1 to angiogenesis induced by mast cells. To test for the
possibility that Ang-1 contributes to increased angiogenesis induced
by mast cells, we used recombinant Tie-2/Fc fusion protein to neutral-
ize Ang-1 with or without neutralizing antibodies to VEGF-A (Figure
3). As observed above, Matrigel plugs containing both BMMCs and
TEPC2027 alone (no additives) contained numerous vascular struc-
tures and clusters of x-staining plasmacytoma cells (Figure 3, A and
B). Individually, neutralizing antibodies directed at VEGF-A and Tie-2/
Fc partially reduced the area occupied by vascular structures (Figure
3B, top; P = 0.15, anti-VEGF-A antibody; P = 0.02, Tie-2/Fc) and the
number of plasmacytoma cells within the plugs (Figure 3B, bottom;
P <0.05, both conditions). Together, Tie-2/Fc- and VEGF-A-neutral-
izing antibodies reduced more significantly the area occupied by vas-
cular structures (P < 0.001) and the number of plasmacytoma cells in
the plugs (P < 0.001). Both parameters were only minimally affected
(P> 0.1) by control reagents (B7-1/Fc in conjunction with a control
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antibody; Figure 3B); this provided evidence for a proangiogenic role
of mast cell-derived Ang-1. To examine this further, we used recombi-
nant Ang-1. As shown in Figure 3, C and D, Matrigel plugs contain-
ing recombinant Ang-1 together with plasmacytoma cells displayed
evidence of increased neovascularization and plasmacytoma cell infil-
tration compared with Matrigel plugs inoculated with plasmacytoma
cells alone (P < 0.05, both comparisons). Indeed, the dilated vascu-
lar structures noted with Ang-1 plus plasmacytoma cells resembled
morphologically those derived from inoculation of mast cells with
plasmacytoma cells (Figure 3A). Monocytes and macrophages were
only rarely identified by cytochemical esterase staining within Matri-
gel plugs with or without Ang-1 (not shown). These results provide
evidence that Ang-1 produced by mast cells critically contributes to
increased Matrigel neovascularization in vivo.

Mast cells and Ang-1 promote plasmacytoma cell growth in
vivo. We tested for the potential contribution of mast cells
to plasmacytoma cell tumorigenesis in vivo (Figure 4A).
TEPC1165SZ cells (5 x 10°) gave rise to tumors significantly
more rapidly in nu/nu BALB/c mice when they were inoculated
s.c. together with mast cells (BMMCs or SPMCs, 5 x 10°). Where-
as tumors emerged 3-5 days after injection of TEPC1165SZ with
either type of mast cells, tumors emerged only after 11-14 days
after injection of TEPC1165SZ alone (Figure 4B). In contrast
to the tumor-promoting activity of mast cells, no acceleration
Volume 114 1319
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Figure 3

Evidence supporting a contribution of mast cell-derived Ang-1 to neovascularization in vivo. Matrigel plugs (0.5 ml) containing plasmacytoma cells
(TEPC2027 cells, 0.5 x 108) alone or with BMMCs (0.5 x 106) were inoculated s.c. into mice (3—5 mice per group) without additives or with anti—
VEGF-A antibody (5 ug/ml), Tie-2/Fc (5 ug/ml), anti-VEGF-A antibody plus Tie-2/Fc (5 ug/ml each), control (Ctr) goat IgG plus control B7-1/Fc (5
ug/ml each), or recombinant Ang-1 (500 ng/ml). (A) Representative histological images of Matrigel plugs stained with Masson’s trichrome (top row),
showing different degrees of neovascularization; and immunostained for « light chain (bottom row), showing differing degrees of plasmacytoma cell
infiltration under the experimental conditions tested. Original magnification, x20. (B) Quantitative analysis (as described in the legend to Figure 2) of
Matrigel neovascularization (top) and plasmacytoma cell infiltration (bottom) under the experimental conditions tested (3-5 plugs per group; 1 plug
per mouse). (C) Representative microscopic images of Matrigel plugs containing plasmacytoma cells alone or with recombinant Ang-1, stained
with Masson'’s trichrome (top row) or immunostained for k chain (bottom row), showing differing degrees of neovascularization and plasmacytoma
cell infiltration. (D) Quantitative analysis (as described in the legend to Figure 2) of Matrigel neovascularization (top) and plasmacytoma cell infiltra-

tion (bottom) in the presence of plasmacytoma cells alone or with recombinant Ang-1 (3-5 plugs per group; 1 plug per mouse).

of tumor development was noted when 5 x 106 TEPC11655Z
cells were inoculated with 5 x 106 freshly isolated bone marrow
cells (mean tumor size and weight of tumors on day 18 were
not significantly different from those of control tumors derived
from inoculation of TEPC1165SZ alone). As expected, neither
BMMCs nor SPMCs formed tumors (Figure 4B). All mice were
sacrificed 18 days after cell inoculation. The mean size (Figure
4B) and weight (Figure 4C) of tumors derived from inocula-
tion of either TEPC1165SZ plus BMMCs (365.0 mm? and 2.87
g) or TEPC1165SZ plus SPMCs (413.5 mm? and 3.25 g) were
significantly greater (P < 0.05, all comparisons) than the size
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and weight of tumors derived from inoculation of TEPC1165SZ
alone (133.0 mm? and 0.80 g). In parallel experiments, none of
4 nu/nu BALB/c mice inoculated s.c. with 5 x 10 TEPC2027
plasmacytoma cells formed tumors over 8 weeks’ observation,
but 4 of 4 developed tumors by day 28 (tumors emerged between
days 21 and 28) when the TEPC2027 plasmacytoma cells (5 x 10°)
were inoculated s.c. together with BMMCs (5 x 10°). When inoc-
ulated with 10 x 10 TEPC2027 plasmacytoma cells, 3 of 4 mice
developed tumors over 8 weeks.

Microscopically, tumors derived from inoculation of
TEPC1165SZ plasmacytoma cells together with mast cells were
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Figure 4

Effects of mast cells on plasmacytoma cell tumorigenesis in vivo. TEPC1165SZ plasmacytoma cells (5 x 108) were inoculated s.c. into BALB/c

nu/nu mice either alone or in conjunction with BMMCs or SPMCs (5 x

108). There were 6 mice per group. (A) Representative images of tumor-

bearing mice on day 18 after initial injection. (B) Time course of tumor development. Tumor size was estimated as the product of 2-dimensional
caliper measurements. The values reflect the mean tumor size expressed in square millimeters (+ SD) in each group (6 mice per group). The
asterisk denotes that the mean tumor size is significantly different from that of mice inoculated with plasmacytoma cells alone. (C) Average tumor
weight in grams (+ SD) measured on day 18 after cell inoculation in each group (6 mice per group). The asterisk denotes that the mean tumor
weight is significantly different from that of mice inoculated with plasmacytoma cells alone. (D) Representative microscopic histology of tumor tis-
sues from mice inoculated with TEPC1165SZ plasmacytoma cells alone or in conjunction with SPMCs. H&E stain; original magnification, x10.

highly vascularized, whereas tumors derived from inoculation of
TEPC1165SZ cells alone were generally not (Figure 4D). Cytochem-
ical staining with toluidine blue failed to identify mast cells with-
in tumors derived from inoculation of plasmacytoma cells alone
(Figure SA). However, rare toluidine-positive cells were identified
in the dermis overlaying the tumor (not shown). By contrast, scat-
tered mast cells were visualized both within and at the periphery of
tumors derived from inoculation of plasmacytoma cells together
with mast cells (Figure SA). Ang-1 immunocytochemical staining
was negative in tumors derived from inoculation of plasmacytoma
cells alone (Figure SA). Instead, scattered Ang-1-positive cells were
visualized within tumors derived from inoculation of plasmacytoma
cells together with mast cells (Figure SA). Double staining showing
cellular colocalization of toluidine blue and Ang-1 provided evi-
dence that mast cells within tumors are the source of Ang-1 (Figure
5A, inset). In contrast to mast cells, monocytes and macrophages
were rarely identified by cytochemical esterase staining within
plasmacytoma tissues derived from inoculation of plasmacytoma
cells alone or in conjunction with mast cells (not shown).

We tested for the contribution of Ang-1 to mast cell-induced
plasmacytoma tumor growth in vivo by using Tie-2/Fc fusion
protein to neutralize Ang-1 (Figure 5B). To this end, groups of
mice (4 per group) were injected s.c. with TEPC1165SZ cells in
conjunction with BMMCs alone (3 x 10°), with Tie-2/Fc (50 ug
per mouse), with antibodies to VEGF-A (50 ug per mouse), with
Tie-2/Fc plus antibodies to VEGF-A (50 ug each per mouse), or
with control reagents (IgG/Fc plus control antibody). Additional
mice (4 per group) were inoculated with TEPC1165SZ cells alone
(3 x 10%). As observed above, mast cells promoted significant
(P <0.05) plasmacytoma tumor growth in the mice (tumors derived
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from injection of plasmacytoma cells alone were 40.2% the size of
tumors derived from injection of plasmacytoma cells plus mast
cells on day 14 after injection). Neutralizing antibodies to VEGF-
A and Tie-2/Fc individually and together reduced significantly
(P < 0.05, all determinations, day 14 after cell injection) tumor
growth induced by the plasmacytoma cells in conjunction with
mast cells, whereas the control reagents had minimal effect on
tumor growth (Figure 5B). These results confirm that mast cells
are effective at promoting the growth of plasmacytoma in vivo,
and they provide evidence that Ang-1 is a critical mediator of the
tumor-promoting effect of mast cells.

Discussion
Here we show that mast cells have an ability to promote the
growth of plasma cell tumors through secretion of Ang-1, which
stimulates neovascularization acting in conjunction with tumor-
derived VEGF-A. Studies in mast cell-deficient mice raised the
possibility that mast cells can favor tumor growth (12), and an
experimental tumor model of human papilloma virus 16-asso-
ciated squamous epithelial carcinogenesis provided evidence
that inflammatory infiltrates containing mast cells and other
inflammatory cells contribute to neoplastic cell proliferation
and angiogenesis, in part because of MMP-9 secretion (14, 15).
However, a unique contribution of mast cells to tumor growth
has not been previously demonstrated. In addition, mast cells
are known to be a source of cytokines and growth factors (17,
25, 26), but not a source of Ang-1. Here we show that 3 distinct
types of primary mast cells express Ang-1.

Angiopoietins represent a family of secreted proteins that have
been linked to regulation of vasculogenesis and angiogenesis (23).
Volume 114 ~ Number 9
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Figure 5

Contribution of Ang-1-secreting mast cells to plasmacytoma tumor growth. (A) Tumor tissues were stained with toluidine blue for detection
of mast cells and/or immunostained with Tie-2/Fc for detection of Ang-1. Top row: Representative tumor tissue from a mouse inoculated
with TEPC1165SZ plasmacytoma cells alone, showing no toluidine-positive cells (original magnification, x20), and from a mouse inoculat-
ed with TEPC1165SZ cells plus SPMCs, showing infiltration with toluidine-positive cells (original magnifications, x20 and x40). Bottom row:
Immunostaining for Ang-1 fails to detect positive cells in representative tumor tissue from a mouse inoculated with TEPC1165SZ cells alone,
but detects scattered Ang-1—positive (brown) cells in a representative tumor tissue from a mouse inoculated with SPMCs (original magnification,
x20 and x40). Inset: Cell colocalization of toluidine blue staining and Ang-1 immunostaining (original magnification, x63). (B) Tumor size in mice
injected s.c. with TEPC1165SZ plus BMMCs alone, Tie-2/Fc (50 ug per mouse), goat anti-mouse VEGF-A antibodies (50 ug per mouse), Tie-
2/Fc plus goat anti-mouse VEGF-A antibodies (50 ug each per mouse), or human IgG Fc plus control goat IgG (50 ug each per mouse). There
were 4 mice per group. Tumor size was estimated in square millimeters on day 14 after injection; the results are expressed as the mean percent

tumor size (+ SD) of tumors derived from inoculation of TEPC1165SZ plus BMMCs.

Ang-1 binds to and activates the receptor tyrosine kinase Tie-2,
which is selectively expressed on endothelial cells (27-29), and
induces sprouting and survival of endothelial cells (27). It also
stimulates mobilization of vasculogenic stem cells (30). Consis-
tently with its proangiogenic functions, Ang-1 promotes tumor
angiogenesis and tumor growth in many, but not all, systems (23,
28, 31). Ang-1 or Tie-2 knockout mice are embryonically lethal and
display abnormalities in remodeling of the primitive vasculature
(32, 33). Transgenic mice overexpressing Ang-1 in the skin dis-
play increased dermal vascularization (24). Double-transgenic
mice overexpressing VEGF-A and Ang-1 in the skin display both
enlarged microvessels attributable to Ang-1 and numerous capil-
lary-like vessels attributable to VEGF-A, providing evidence for an
additive proangiogenic effect of the 2 growth factors (24, 34).

Selected cell types express Ang-1, including megakaryocytes,
platelets, and other cells (35, 36). Tumors uncommonly express
Ang-1 (37, 38), but a proportion of bone marrow aspirates
from patients with myeloma were found to express Ang-1 (39).
When purified from bone marrow, myeloma cells were found
to express VEGF-A in most cases and Ang-2 in some cases, but
not Ang-1 (40).

Mast cells often represent a dominant infiltrate in human
plasma cell malignancies, and the degree of mast cell infiltra-
tion parallels the severity of disease (11, 20, 21). Chronic inflam-
mation induced by i.p. injection of mineral oils plays an active
role in the development of peritoneal plasma cell tumors in
susceptible mouse strains (4, 41, 42). We have recently observed
(unpublished observations) that mast cells are abundant with-
in the inflammatory infiltrate that accompanies oil-induced
granulomas and at the periphery of foci of plasmacytomas
that arise in the context of oil-induced granulomas. Intense
neovascularization was previously found to characterize the oil
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granulomas (3). Thus, in addition to promoting the growth of
plasmacytoma cell lines inoculated in mice, mast cells may play
a role in the development of oil-induced plasmacytomas.

Macrophages and the IL-6 they secrete play an impor-
tant pathogenetic role in the development of experimental
plasmacytomas induced by mineral oils (4, 43, 44). Pristane-
induced plasmacytomas are often IL-6-dependent in vivo and
in vitro, at least initially, and BALB/c IL-67/~ mice are refractory
to plasmacytoma induction by pristane (4). In addition, BALB/c
mice overexpressing IL-6 develop a striking lymphadenopathy
with accumulation of plasma cells in the medullary cords and,
within months, manifest plasma cell tumors at sites of plasma cell
accumulation (4, 45). However, the contribution of monocytes,
macrophages, and IL-6 to the plasmacytoma tumor-promoting
effect of mast cells appears to be limited. Mast cells constitutively
secrete low-level IL-6 and monocyte chemoattractant protein-1,
and express CD40 ligand, which could promote monocyte/
dendpritic cell activation and plasmacytoma expansion by interact-
ing with the CD40 receptor expressed on these cells (46-50). We
found that murine monocytes do not express the Ang-1 receptor
Tie-2 (results not shown), and that monocytes and macrophages
are only rarely visualized in plasmacytoma tissues derived from
inoculation of plasmacytoma cells alone or with mast cell
coinjection. Since VEGF-A can promote monocyte migration (51),
plasmacytoma-derived VEGF-A could explain the low-level mono-
cyte infiltration we detected in tumor tissues (52, 53).

Sustained angiogenesis is considered one of the hallmarks of
cancer (54). Here, we show that mast cells promote angiogenesis
and stimulate the growth of plasmacytoma cells in mice.
Together, these observations provide further evidence support-
ing a causal relationship between inflammation and plasma cell
tumor growth.
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Methods

Reagents and cells. Mouse recombinant IL-3, IL-10, IL-6, and SCF were pur-
chased from PeproTech Inc. Human recombinant Ang-1, which activates
murine Tie-2 (30), was purchased from R&D Systems Inc. RPMI 1640
and FBS were purchased from BioSource International Inc. The mouse
plasmacytoma cell lines TEPC2027 and TEPC1165SZ were gifts from B.
Mock (National Cancer Institute, Bethesda, Maryland, USA). Culture
medium of plasmacytoma cell lines consisted of RPMI 1640 medium
containing 10% FBS, 50 uM 2-mercaptoethanol; TEPC1165SZ required
IL-6 (5 ng/ml). Bone marrow mast cells, obtained from C57BL/6 mice
(National Cancer Institute), were cultured with 10 ng/ml IL-3 (these
are referred to here as BMMCs) or with 100 ng/ml SCF plus 50 ng/ml
IL-6 plus 10 ng/ml IL-10 (these are referred to as TRIAD mast cells) as
described previously (55, 56). SPMCs, derived from spleen of C57BL/6
mice, were cultured with 10 ng/ml IL-3. After 4-5 weeks of culture, more
than 98% of cells were identified as mast cells by toluidine blue staining
or flow cytometry for surface c-kit and FceRI. Murine primary monocytes
and macrophages were derived from the bone marrow of C57BL/6 mice,
as previously described (57). The identity and purity of the monocyte/
macrophage cell population was evaluated by flow cytometry after stain-
ing with rat anti-mouse mAb F4/80 (Caltag Laboratories) (58). The
murine myelomonocytic cell line NSF-60 (59) was a gift of S. Morse (NTH,
Bethesda, Maryland, USA).

RNA preparation and RT-PCR analysis. Total RNA was extracted using TRI
Reagent (Molecular Research Center Inc.). cDNA was synthesized from 5 ug
total RNA using SuperScript preamplification system (Invitrogen Corp.) fol-
lowed by DNase I treatment (Invitrogen Corp.). Amplification was performed
in a 25-ul reaction mixture using 0.5 ul cDNA, platinum Pfx Taq DNA poly-
merase (0.25 ul; Invitrogen Corp.), 0.5 wl ANTP mixture (10 mM; Invitrogen
Corp.), and 1 ul of sense and antisense primer solution (50 pM). RNA qual-
ity was evaluated in all samples by parallel RT-PCR for GAPDH. Absence
of contaminating genomic DNA was ensured by RNA-PCR. PCR products
were separated on 2% agarose gel (Invitrogen Corp.) prestained with 1 ug/
ml ethidium bromide and visualized under UV light. Primers for VEGF-D,
Ang-2, VEGFR1, VEGFR2, and Tie-2 were purchased from R&D Systems Inc.
Other primers include VEGF-A, sense 5'-GCGGGCTGCCTCGCAGTC-3"and
antisense 5'"-TCACCGCCTTGGCTTGTCA-3'; VEGF-B, sense 5'-CACAGC-
CAATGTGAATGCA-3'" and antisense 5'-GCTCTAAGCCCCGCCCTTG-
GCAATGGAGGAA-3'; VEGF-C, sense 5'-CCAAACCAGTCACAATCAG-3'
and antisense 5'-ATTCACAGGCACATTTC-3'; PIGF, sense 5'-TTTCTCAG-
GATGTGCTCTGTGAA-3' and antisense 5'-CCTGGTTACCTCCGGGAAAT-
GAC-3';and Ang-1, sense 5'-ATCTACACTATTTATTTTAATAAT-3' and anti-
sense S'-AAAGTCCAAGGGCCGGATCATCAT-3'.

Assays for determination of VEGF-A, VEGF-C, Ang-1, Ang-2, and Tie-2.
VEGF-A content in supernatants of plasmacytoma and mast cells (cul-
tured for 48 hours at 1 x 10 cells/ml in complete culture medium) was
measured by ELISA (R&D Systems Inc.). Cell lysates from 2 x 10¢ mast
cells, or plasmacytoma cells, were solubilized in Tricine SDS sample buf-
fer (Novex), boiled, and run through 10% NuPAGE Novex Bis-Tris Gel
(Invitrogen Corp.). After transfer, nitrocellulose membranes (Invitrogen
Corp.) were incubated overnight with rabbit anti-VEGF-C antibody
(H-190; Santa Cruz Biotechnology Inc.), goat anti-Ang-1 antibody (N-18;
Santa Cruz Biotechnology Inc.), goat anti-Ang-2 antibody (F-18; Santa
Cruz Biotechnology Inc.), or rabbit anti-Tie-2 antibody (H-176; Santa
Cruz Biotechnology Inc.). Bound antibody was detected with affinity-puri-
fied, peroxidase-linked, anti-goat IgG Fc antibody or anti-rabbit IgG Fc
antibody (Calbiochem; EMD Biosciences Inc.) and a chemiluminescence
detection system (ECL kit; Amersham Pharmacia Biotech). Loading accu-
racy was evaluated by membrane rehybridization with mouse monoclonal

anti-actin antibody (Oncogene; EMD Biosciences Inc.).
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In vitro functional studies. The effects of Ang-1 on plasmacytoma
TEPC1165SZ and TEPC2027 cell proliferation were assessed as
described previously (60). Cells were washed twice with PBS, suspend-
ed in culture medium (RPMI containing 10% FBS and 5 ng/ml IL-6),
plated (TEPC1165SZ, 2,000 cells per well; TEPC2027, 20,000 cells per
well in 0.2 ml culture medium) in triplicate with or without 250 ng/ml
Ang-1 onto 96-well plates, and incubated for 64 hours. DNA synthesis
was measured by H-thymidine deoxyribose uptake (0.5 uCi/well; New
England Nuclear; PerkinElmer Inc.) during the last 16 hours of culture.
Radioactivity was measured by scintillation counting (Wallac TriLux
Betaplate; PerkinElmer Inc.) after cell harvesting onto glass-fiber filter-
mates (Harvester 96 Mach III; Tomtec). To evaluate the effects of Ang-1
on TEPC1165SZ and TEPC2027 cell survival after serum depletion, cells
were washed twice with PBS, suspended in RPMI containing 1% FBS and
5 ng/mlIL-6, plated (100,000 cells/ml) in triplicate onto 24-well plates with
or without 250 ng/ml Ang-1, and incubated for 48 hours, and viability was
determined by trypan blue exclusion.

Immunobistochemistry for Ang-1 and x chain. Immunohistochemical detec-
tion of Ang-1 and x chain was carried out on sections from paraffin-embed-
ded tissues fixed in 10% neutral-buffered formalin solution (Sigma-Aldrich)
using streptavidin-biotinylated HRP detection (Vector Laboratories Inc.).
For Ang-1 detection, antigen retrieval was performed by heating of tissue
sections in a microwave oven for 10 minutes, and nonspecific binding was
prevented by incubation with PBS containing 2% BSA (PBSA). Tissue sec-
tions were incubated with Tie-2/Fc chimera (Sigma-Aldrich) diluted to
5 ug/ml in 2% PBSA containing 0.6% Triton X. Human IgG1 Fc (Accu-
rate Chemical & Scientific Corp.) was used as a control for Tie-2/Fc.
3,3'-diaminobenzidine (DAB; Vector Laboratories Inc.) was used as
chromogen, and sections were counterstained with hematoxylin or toluidine
blue. k Light chain staining was performed using goat anti-k chain anti-
body (a gift of E. Mushinski, National Cancer Institute) followed by a don-
key anti-goat Ig biotin-conjugated secondary antibody (Sigma-Aldrich).

In vivo Matrigel angiogenesis assay, and measurement of vascular areas and
plasmacytoma cell infiltration. The Matrigel angiogenesis assay was per-
formed as described previously (60). Matrigel (0.5 ml), a crude extract
of the Engelbreth-Holm-Swarm tumor (BD Biosciences — Discovery
Labware) was mixed with plasmacytoma cells (0.5 x 10¢ or 1.0 x 10°), mast
cells (0.5 x 10°), a mixture of plasmacytoma cells and mast cells (0.5 x 10°
of each), or plasmacytoma cells (0.5 x 10°) with recombinant Ang-1 (500
ng/ml), and then injected s.c. into the mid-abdominal region of female
BALB/c nu/nu 6- to 8-week-old mice (3-5 mice per group). All animal
experiments were performed under protocols approved by the National
Cancer Institute’s animal-studies review board. For Ang-1 neutralization
in Matrigel, we used 5 ug/ml soluble Tie-2/Fc chimera (61), and B7-1/Fc
chimera (R&D Systems Inc.) was used as control. For VEGF-A neutraliza-
tion, we used S ug/ml goat anti-mouse VEGF-A neutralizing antibody
(AF-493-NA; R&D Systems Inc.), and polyclonal goat IgG (R&D Systems
Inc.) was used as control. After 8 days, Matrigel plugs were removed, fixed
in 10% neutral-buffered formalin solution (Sigma-Aldrich), and embed-
ded in paraffin. Tissues were sectioned (5 wm thickness), and slides were
stained with Masson’s trichrome (Histoserv Inc.). Vascular structures were
identified as luminal or slitlike structures lined by endothelium, which
contained red blood cells. Plasmacytoma cells were identified as cells
immunostained for k light chain. Quantitative analysis of angiogenesis
and plasmacytoma cell infiltration was performed with the assistance of
IPLab software (BioVision Technologies) by scanning of the entire plug
section (measuring approximately 0.6 cm?; 10-12 high-powered fields
using a x20 lens). To measure angiogenesis, we counted the areas occu-
pied by vascular structures; to measure plasmacytoma cell infiltration, we
counted the number of plamacytoma cells. We obtained a value from each
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plug section (1 plug section per mouse) and then averaged the results from
individual plug sections in each group (3-5 plugs per group). Group val-
ues reflect the average readings from all sections in the group. The results
of angiogenesis measurements are expressed as the mean area (+ SEM;
expressed in square micrometers) occupied by vascular structures within
a Matrigel field measuring 1.0 x 10° wm?; the results of plasmacytoma cell
infiltration are expressed as the mean number (+ SEM) of cells within a
Matrigel field measuring 1 mm?2.

Plasmacytoma transplantation assays. Four-week-old female BALB/c nu/nu
mice (National Cancer Institute), maintained in pathogen-limited con-
ditions, were inoculated s.c. in the flank region above the hind leg with
TEPC1165SZ (5 x 10° cells in RPMI); with TEPC2027 (S x 10¢ or 10 x 10°
cells in RPMI) either alone or mixed with BMMCs (S x 10° cells in RPMI),
SPMCs (S5 x 106 cells in RPMI), or freshly separated murine (C57BL/6) bone
marrow cells (5 x 10° cells in RPMI); or with BMMCs alone (5 x 106 cells
in RPMI) or SPMCs alone (5 x 10° cells in RPMI). The total injection vol-
ume was 200 pl. To study the effects of Ang-1 and VEGF-A neutralization
on tumor growth, TEPC1165SZ cells (3 x 10 in RPMI) were inoculated
s.c. into 4-week-old female BALB/c nu/nu mice (4 mice per group) either
alone or with BMMCs (3 x 10° in RPMI). Together with cell inoculums
(TEPC1165SZ alone or TEPC1165SZ plus BMMCs), mice (4 per group)
received Tie-2/Fc chimera (50 ug per mouse; R&D Systems Inc.), goat
anti-mouse VEGF-A neutralizing antibody (50 ug per mouse; R&D Sys-
tems Inc.), Tie-2/Fc plus goat anti-mouse VEGF-A antibodies (50 ug each
per mouse), or human IgG Fc (50 ug per mouse; Accurate Chemical & Sci-

entific Corp.) plus polyclonal goat IgG (50 ug per mouse; R&D Systems
Inc.). The total injection volume was 250 ul (100 ul consisted of Matrigel).
All animals were examined twice per week; tumor size was estimated in
square millimeters as the product of 2-dimensional caliper measurements
(longest perpendicular length and width). The percentage tumor size was
calculated as the ratio of tumor size with inhibitors or controls (Tie-2/Fc,
anti-VEGF-A, IgG/Fc, and control antibody) to tumor size without inhibi-
tors or controls (plasmacytoma cells plus mast cells).

Statistical analysis. Statistical significance of group differences was evalu-
ated by Student’s ¢ test using Excel software (Microsoft Corp.).
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