CHEMOKINES

Human endothelial cells express CCR2 and respond to MCP-1..
direct role of MCP-1 in angiogenesis and tumor progression
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Although several CXC chemokines have
been shown to induce angiogenesis and
play roles in tumor growth, to date, no
member of the CC chemokine family has
been reported to play a direct role in
angiogenesis. Here we report that the CC
chemokine, monocyte chemotactic pro-
tein 1 (MCP-1), induced chemotaxis of
human endothelial cells at nanomolar
concentrations. This chemotactic ~ response
was inhibited by a monoclonal antibody
to MCP-1. MCP-1 also induced the forma-
tion of blood vessels in vivo as assessed
by the chick chorioallantoic membrane
and the matrigel plug assays. As ex-
pected, the angiogenic response induced

by MCP-1 was accompanied by an inflam-
matory response. With the use of a rat
aortic sprouting assay in the absence of
leukocytic infiltrates, we ruled out the
possibility that the angiogenic effect of
MCP-1 depended on leukocyte products.
Moreover, the direct effect of MCP-1 on
angiogenesis was consistent with the
expression of CCR2, the receptor for
MCP-1, on endothelial cells. Assessment
of supernatant from a human breast
carcinoma cell line demonstrated the
production of MCP-1. Treatment of immu-
nodeficient mice bearing human breast
carcinoma cells with a neutralizing anti-
body to MCP-1 resulted in significant

increases in survival and inhibition of the
growth of lung micrometastases. Taken
together, our data indicate that MCP-1
can act as a direct mediator of angiogen-
esis. As a chemokine that is abundantly
produced by some tumors, it can also
directly contribute to tumor progression.
Therefore, therapy employing antago-
nists of MCP-1 in combination with other
inhibitors of angiogenesis may achieve
more comprehensive inhibition of tumor
growth. (Blood. 2000;96:34-40)
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Introduction

Several members of the CXC chemokine subfamily that contain aaveral species, including human, mouse, and®ftHuman
ELR motif, including interleukin-8 (IL-8) NAP-2, ENA-78, and MCP-1 is active in all these species; therefore, human MCP-1 can
GROx, mediate angiogenic responses, whereas the ' ECRC be tested in cross-species bioassays. Although MCP-1 exerts
chemokines IP-10 and MIG are reported to be angiostatic, demafemotactic activity for several cell types, including monocytes,
strating the diverse roles chemokines can play in this prdcessT lymphocytes, basophils, and NK celks!’it is not known if it is
The sole reported exception of the ELRhemokines is SDFel, chemotactic for endothelial cells. Moreover, the expression of
which, despite lacking an ELR motif, is angiogeficAlthough,to CCR2 on endothelial cells, the only seven-transmembrane G
date, no members of the CC chemokine family have been proverpimtein-coupled receptor for MCP-1, has not yet been reported.
play a direct role in angiogenesis, several lines of evidence have MCP-1 is abundantly produced in a variety of inflammatory
suggested that the CC chemokine, monocyte chemotactic proteidideases, such as atherosclerosis and rheumatoid arfthtitiche
(MCP-1), can contribute to angiogenesis, attributable mostly to #CP-1 gene is also expressed during early stages of melanoma,
chemotactic effect on monocytes. For example, MCP-1 togethend it is also produced in metastatic lesiéh&- The expression of
with IL-8 is co-expressed during the initial stages of wounthe MCP-1 gene in tumor parenchyma has been correlated with the
healing® Additionally, infusion of MCP-1 into rabbits after femoral degree of invasiveness of human breast carcindiiskreover,
artery occlusion enhances lateral and peripheral conductarnice concentration of MCP-1 in the urine was shown to be correlated
because of enhanced vessel growth either by augmentationwdth the degree of tumor malignanéyBecause MCP-1 is abun-
monocyte accumulation or by an unknown effect of MCP-1 odantly produced by tumors, we tested whether MCP-1 contributes
endothelial and smooth muscle célMle, therefore, investigated if directly toward tumor angiogenesis by a mechanism independent
these effects of MCP-1 were mediated by eliciting direct responsgsmonocyte recruitment. In contrast to a recent redomplicat-
of endothelial cells or, as it has been proposed, by an indirect efféng that the angiogenic effects of MCP-1 were due to monocytic
because of its chemotactic activity on monocytes. infiltrates, we have found that MCP-1 is a direct mediator of
MCP-1 is encoded by a single gene, which is well conserved amgiogenesis, as measured by its ability to induce in vitro
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endothelial cell migration, endothelial cell sprouting from aortéRat aortic ring assay

”ng§ in the, a,bsence Of,an inflammatory response, and m, V'Y&t aortic rings were prepared as previously describBue thoracic and
angiogenesis in the matrigel plug assay. Furthermore, blocking gfyominal aorta was obtained from 100- to 150-g male Sprague-Dawley
MCP-1 activity in immunodeficient mice bearing human breaskts (Taconic, Germantown, NY). Excess perivascular tissue was removed,
carcinomas resulted in significant prolongation of the survival efansverse sections (1 to 2 mm) were made, and the resulting aortic rings
tumor-bearing mice. These results demonstrate that MCP-1 ceere then washed in medium 199 (Gibco BRL, Life Technology, Grand
exert direct effects promoting angiogenesis. Island, NY). The rings were then embedded in matrigel (Beckton Dickin-
son, Bedford, MA) in 8-well chamber slides (Nalge Nunc International,
Milwaukee, WI) so that the lumen was parallel to the base of the slide. After
the matrigel gelled, serum-free medium (endothelial basal medium supple-
mented with antibiotics) with or without different concentrations of MCP-1
(1-100 ng/mL) was added to each well, and the slides were incubated at
37°C, with 5% CQ, for 3 days (n= 6 per dose). ECGS was used as the
Recombinant human MCP-1, vascular endothelial growth factor (VEGRH)psitive control at concentrations of 200 pg/mL. After the incubation
and basic fibroblast growth factor (0FGF) were purchased from Pepro Tepkriod, the rings were fixed, stained, and photographed. The ring assay was
Inc (Rocky Hill, NJ). Endothelial cell growth supplement (ECGS) wasepeated 2 times.
purchased from Sigma (St Louis, MO). Monoclonal anti-human CCR2 was
kindly provided by Dr C. Martinez (Centro National de BiotecnologiaChick chorioallantoic membrane (CAM) assay
Madrid, Spain). Polyclonal antibody to human MCP-1, named Ab 279, was )
purchased from R&D. Rabbit immunoglobulin G (IgG; Calbiochem, Sanalbumm (4 mL) was removed from 3-day-9|d embryonated eggs
Diego, CA) and mouse IgG (Coulter, Miami, FL) were used as the neggl:ruslow Farms, Charlgstown, MD). Thereafter', windows were opened for
tive controls. each egg and coated with tape, and eggs were incubated at 37°C. On day 10,
five pL of distilled water containing different amounts of MCP-1 were
applied in the center of quartered 13-mm diameter plastic coverslips
Cell culture (Thermanox, Nalge NUNC International) and let dry for 10 minutes. Each
" . . . coverslip was placed on the chorioallantoic membrane of the chick, and the
Human umbilical cord vein endothelial cells (HUVECSs) were isolated frorgggs were incubated at 37°C for 3 days. The assay was scored and
neonatal umbilical cords. Human dermal microvascular endothelial CeHﬁotographed on the 13th embryonic day. EGF and water were used as
(HMECs) were either obtained from Clonetics or isolated from preputiglysiive and negative controls, respectively. Twenty eggs were used in total
skin2* Endothelial cell preparations were tested for their expression ﬂ;r each data point. A positive score for angiogenesis was made when
CD31 and von Willebrand factor by flow cytometry, and preparationgessels appeared to radiate from the spot in the coverslip to which the

containing less than 2% contaminating cell types were selected for furthgf, 1ant was applied. The scores are reported as a percentage of positive
studies. All endothelial cell types were cultured on collagen type | coat@daps at each dilution.

plastic wells (Biocoat, Becton Dickinson, Bedford, MA), in EGM medium
(Clonetics, Walkersville, MD) containir_wg 5% fetal calf serum (FCS_),_VEGIfn vivo matrigel plug angiogenesis assay
(10 ng/mL), bFGF (10 ng/mL), glutamine (2 mmol/L), and gentamicin (100
U/mL). All experiments were performed using subcultures between thdatrigel (9 mg/mL; 0.3 mL/mouse) alone or mixed with different
second and seventh passage. The MDA-231 human breast carcinomaasgicentrations of MCP-1 was injected subcutaneously into the flank of
line was obtained from ATCC and grown in RPMI 1640 medium containin§57BL/6 mice. For angiogenesis inhibition, the mice were injected
5% FCS, glutamine (2 mmol/L), and penicillin-streptomycin (100 U/mL). intraperitoneally with antibody to MCP-1 or control rabbit 19gG (35
pg/mouse) on days 1, 3, and 6. On day 7, mice were sacrified, and plugs
) ) were removed and fixed in 3.7% formaldehyde/phosphate-buffered saline
Flow cytometric analysis (PBS), paraffin embedded, and Giemsa-stained slides were photographed.
e experiment was repeated 2 times with 8 mice per group in each

Materials and methods

Chemokines and antibodies

Indirect immunofluorescence was performed on HMECs and HUVECs tT;P ’
exposing cells to saturating amounts of mouse antibodies to human CCR¥Periment.

Fluorescein-conjugated F(gbfragments of goat anti-mouse (Sigma) ]

diluted 1:50 was used as the secondary antibody. After staining, ceffsvivo tumor studies

were analyzed using a FACScan flow cytometer (Becton Dickinson, Mougg_17 severed combine immune deficient (SCID) mice were used at 6 to 8
tain View, CA). weeks of age and purchased from the animal production area (NCI-
FCRDC, Frederick, MD). Animal housing and management were in
accordance with the procedures outlined in the Guide for the Care and Use
of Laboratory Animals (National Academy of Sciences, Institute of
HMEC and HUVEC chemotaxis was performed using micro-Boydepaboratory Animal Resources, National Research Council, 1996), and the
chambers as describ&dBriefly, polycarbonate filters of 5 pm pore size protocol used was approved by the NCI-FCRDC Animal Care and Use
(Nucleopore, NeuroProbe, Cabin John, MD) were coated with fibroneci@ommittee. For survival experiments, SCID mice were injected intrave-
(10 pg/mL; Sigma) overnight at 4°C. Binding buffer containing 1.0%mously with 20 uL of anti-ASGM1 (Wako Chemicals, Richmond, VA) on
bovine serum albumin in RPMI 1640 with or without various amounts aday 0, and 3x 10° MDA231 human breast carcinoma cells were injected
MCP-1 was placed in the lower compartment of the chamber, and @% intravenously on day 1. Antibody to MCP-1 (Ab 279) (25 pg/mouse, 1
cells/mL resuspended in binding medium were then added to the uppeg/kg) and control rabbit IgG were given intraperitoneally to the mice on
compartment. The chambers were incubated for 4 hours at 37°C. After theys 4, 8, 12, 16, 20, 24, and 28. Survival was monitored daily, and
filters were removed, the upper surface was scraped, fixed with methamgribund mice were euthanized. For experimental metastasis experiments,
and stained with Leukostat (Fisher Scientific, Pittsburgh, PA). Membranesce from both groups were sacrificed on the 35th day after intravenous
were analyzed using the BIOQUANT prograf® & M Biometrics, Inc, injection of the tumor cells. Lungs were extracted and fixed in formalin. At
Nashville, TN), and the results were expressed as the mean numbethi$ point few, if any, macrometastases were detected, and micrometastases
migrated cells/10 fields at *0 magnification. For inhibitory assays, were quantitated. Histological sections were stained with hematoxylin and
MCP-1 antibody was added together with MCP-1 in the lower compartmesbsin, and tumor micrometastasis was quantitated using the Bioguant
of the chamber. Each sample was tested in triplicate. Chemotaxis gbgram, counting the total tissue area per fieldk4fleld (D1). The
inhibition of chemotaxis experiments were performed 5 times. micrometastasis present within the same field were gated, and the area

Endothelial cell migration assay
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within the gates was measured (D2). The metastatic index was calculated t
the ratio D2/D1. A minimum of 20 fields was analyzed per slide, and 8 mice
were used per group in each experiment. The experiment was repeated 120
times. The survival experiment was repeated 3 times with 10 mice pe® %0
group in each experiment.

HUVECs

Coun
3

Cell proliferation assay

MDA-31 was resuspended atX 10° cells/mL of proliferation medium __

(RPMI, 1% FCS, 2 mmol/L glutamine, 100 U/mL penicillin, and 100 pg/mL S PSR TP B e (A TiERS A BRSO

streptomycin)Cell suspension&L.00 pL/well) were placed in 96-well plates i LU M o O

and stimulated with different concentrations of MCP-1 in the presence or R FITC

absence of antibody to MCP-1 (10 pg/mL). Plates were incubated at 37°C L%L:;Z;o: ’V(')EC;:":B'I'I"i‘:ﬁg;ez?rzsgsé'?;d FLOL‘JNVEV(‘;‘;m‘E‘:‘gsaﬁfsirguiggs

o . : ; .

i) ;:dc(;dq v;i;ﬁ ﬁlt:)?m?élzs (hoo; riJgI /C\j/::ﬁ)rT E)nsocuer! E;ig‘;iﬁi‘;:gg?ﬁg’;’riﬁith either 1gG control (flled histograms) or with CCR2 Ab (empty histograms). The
igure shows binding of the antibody to CCR2 compared with that of the nega-

nation. After the incubation plates were keptat0°C overnight, the plates tive control.

were thawed at room temperature and harvested, #hthymidine

incorporation was counted with the use of a beta counter.

HUVECSs. The expression of CCR2 on HMECs was threefold
lower than levels found on human monocytes (data not shown).

Results MCP-1 induces angiogenesis in vivo
MCP-1 is chemotactic for human microvascular and umbilical To evaluate whether MCP-1 could exhibit angiogenic activities in
vein endothelial cells vivo, we tested different concentrations of MCP-1, ranging from 1

to 1000 ng/mL, using the CAM assay. As shown in Figure 3,

chemokines and SDFulo nduss neovessel ormaton, which wad/CP-L &t concentations of 10 ngimi. (Fgure 3C) and 100 ngimL
’ S(Figure 3D) induced the typical radial formation of vessels

consistent with their ability to induce migration of endothelial cells L . .
) : - characteristic of other well-known angiogenic factors, such as

we first evaluated the capacity of human endothelial cells from id | h f EGF). Th fth . .
either HUVECs or HMECs to respond to MCP-1 by in vitroepl ermal growth factor ). The scores o the angiogenic
response of MCP-1 were 80% and 50% positive CAMs when used

chemotaxis assay. We observed a dose-dependent chemot%(itl 0 ng/mL and 100 ng/mL, respectively. The negative control

response for both cell types toward MCP-1. The maximal Chemgﬁowed less than 15% positivity. No significant angiogenic re-
tactic response for each cell type was observed at 1 ng/mL O

. e sponses were observed above the negative control level when
MCP-1 (Figure 1A). To assess the specificity of the chemotac ) :
response of endothelial cells toward MCP-1, we used a blocki CP-1 was used at 1 ng/mL or at 1000 ng/mL (Figure 3E). An

n o o
polyclonal antibody to human MCP-1. This antibody specificallg%lammatory response, as indicated by an area with increased

inhibited the chemotactic response of HUVECS and HMECs tcPaClty on the coverslip, however, was also observed in association

MCP-1 when used at 10 pg/mL (Figure 1B). These data demotvﬁg: lt;]gf_ qg;](;%e:r?;ﬁég:;C:fcfje?{sl\iﬂncvlij\;i' These data demonstrate

strate that endothelial cells migrate to very low doses of MCP-1.

Antibody to MCP-1 inhibits the angiogenic effect of MCP-1 in
_ the in vivo matrigel plug assay
The chemotact_lc response of HUVE(.:S and HMECs to MCPy e also evaluated the effect of MCP-1 using the in vivo matrigel
prompted us to investigate the expression of CCR2, the receptor oS . L . A .
. I ug assay. Mice were injected with matrigel alone or with MCP-1
MCP-1, on endothelial cells. By using immunofluorescence, \AZeontaining matrigel subcutaneously in the flank. Histologic sec-
fognd CCR2 on the cell surface of b.Oth H.MECS and HUVEC ions of the matrigel plugs indicated a significant angiogenic effect
(Figure 2). The mean fluorescence intensity was 644) for . .
R . induced by MCP-1 when used at concentrations of 10 or 100 ng/mL
HMECs versus 37 £9) for HUVECS, indicating that CCR2 is . . .
more abundantly expressed on the cell surface of HMECs than |8ncontrast to matrigel alone (Figure 4, and data not shown). We
u Y exp u next studied if the angiogenic effect of MCP-1 could be inhibited
specifically by an antibody to MCP-1. As shown in Figure 4C,
A T B i, EGe anti-MCP-1 significantly inhibited the angiogenesis induced by
—e— Huvecs HUVECs 100 ng/mL of MCP-1 to a level similar to that observed in the
control matrigel plugs lacking MCP-1. Moreover, injections of the
control antibody did not inhibit this angiogenic effect (Figure 4D).
However, as observed using the CAM assay, an inflammatory
reaction was also observed in the matrigel plugs that contained
g MCP-1, which consisted predominantly of monocytes with few
e neutrophils. This inflammatory response was also inhibited by the
gg MCP-1 antibody but not by rabbit IgG control antibody. These data
= demonstrate that MCP-1 is angiogenic, but it is not clear if this

effect is direct or via the inflammatory cells.

HMECs and HUVECSs express CCR2
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Figure 1. In vitro chemotaxis of HMECs and HUVECs toward MCP-1 is inhibited

by anti-MCP-1. (A) The migration of HMECs and HUVECs toward different
concentrations of MCP-1 was quantitated as the number of cells per 10X field as . . . .
described in the “Materials and methods” section. (B) Inhibition of the chemotactic MCP-1-induced rat aortic endothelial cell sprouting

responses of HMECs and HUVECs toward MCP-1 by the mAb 279. MCP-1 was used Because in our in vivo angiogenesis assays, as well as in the CAM
at the dose that induced maximal chemotactic responses (1 ng/mL). The migration ’

toward medium alone (basal migration) was subtracted. *P < .001; **P < .025. One and the matlgel pluQ as_sa_ys_ MC_P']' angiogenic e_ﬁECtS _were
representative experiment is shown. The assay was repeated 5 times. accompanied by monocytic infiltration, we sought to investigate
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Figure 4. MCP-1 induced angiogenesis in matrigel plugs. The histologic appear-
ance of matrigel plug sections after 7 days with or without MCP-1. (A) Matrigel plug
section without MCP-1. (B) Matrigel plug containing 100 ng/mL of MCP-1. (C and D)

m
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o

1

*

The effects of Ab to MCP-1 (C) and control rabbit Ab (D) on matrigel plugs containing
100 ng/mL of MCP-1. As indicated, formation of vessels is basely observed in
1 l matrigel alone. “S” indicates stroma surrounding the plugs. Arrows point to endothe-
(7)) lial cells forming vessels. All figures are at 340X magnification. One representative
=> 80 A field from 2 experiments is shown.
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Figure 3. MCP-1 promotes angiogenesis in the chick CAM assay. Plastic
coverslips containing 1 (B), 10 (C), or 100 (D) ng of lyophylized MCP-1 were placed
on the chorioallantoic membrane of 10-day-old embryos. Distilled water, which was
used as a solvent, served as the negative control (A). The percentage of positive
CAMs for each MCP-1 concentration was scored (E). Twenty embryonated eggs
were used for each data point. *P < .005, as assessed by Student ttest.

the possibility that the observed angiogenesis was leukocyt
dependent. We, therefore, tested the effect of MCP-1 using the

Vvivo rat aortic ring sprouting assay, which allows the detection of
angiogenesis in the absence of an inflammatory response. Tral
verse sections of rat aorta tissue embedded in collagen welf =
cultured with MCP-1 as described in the “Materials and methods”
section, and thereafter examined for the degree of sproutin
vessels. Cell culture medium and ECGS medium were used &
negative and positive controls, respectively. As shown in Figure
and Table 1, MCP-1 stimulated numerous capillary sprouts al
concentrations between 5 ng/mL (nmol/L) and 50 ng/mL. Thus, ‘
MCP-1 can induce endothelial cell sprouting at nanomolar concen
trations from rat aortic rings in the absence of inflammatory
infiltrates, indicating a direct effect in promoting angiogenesis.

. : . . . Figure 5. Rat aortic ring assay. Rat aortic ring capillary sprouting in response to
Blocking MCP-1 enhances the survival of SCID mice bearing MCP-1 (1 ng/mL). Capillary sprouting occurred from the edge of the ring. (A) Negative

MDA-231 human breast carcinoma cells control, (B) MCP-1 at 0.5 ng/mL, (C) MCP-1 at 5 ng/mL, (D) MCP-1 at 50 ng/mL,

. . E) MCP-1 at 500 ng/mL, and (F) EGF at 100 ng/mL was used as the positive control;
On the basis of the fact that MCP-1 is abundantly produced é magnification. Note that MCP-1-induced endothelial cell sprout in a dose-

tumor cells, we wanted to evaluate the contribution of MCP-&sponsive manner. One representative of 2 experiments is shown.
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Table 1. MCP-1 induces rat endothelial cell sprouting
in a dose-dependent manner

MCP-1 concentration (ng/mL)

Experiment  Aortic ECGS
number rings 0 0.5 5 50 500 (100 ng/mL)
1 1 — — + ++ + +++
2 — ++ ++ +++ + +
3 — + — ++ + ++
4 — + — + — +
5 — + ++ + — +
6 — — + — — —
2 1 + ++ + ++ ++ +4+++
2 — + ++ +++ + +++
3 + — — +++ — ++++
4 — — + ++ — ++
5 — + ++ + —_ ++++
6 — — — — — ++

Induction of endothelial cell sprouting by different concentrations of MCP-1 was
compared with that observed in the presence of medium alone (negative control) or
ECGS (positive control). Each concentration was tested by sextuples, and the aortic
rings were scored as follows: —, no sprouting; +, low sprouting levels; ++, 25%-50%
sprouting; +++, 50%-75% sprouting; + + ++, more than 75% sprouting. The scores
of 2 separate experiments are shown. ECGS, endothelial cell growth supplement.

BLOOD, 1 JULY 2000 « VOLUME 96, NUMBER 1

Table 2. MCP-1 has no effect on the in vitro growth of MDA-231 cells

3H-thymidine incorporation (CPM)

MCP-1 (ng/mL) No antibody Anti-MCP-1 (10 pg/mL)
0 45 260 (+4011) 48 269 (+2300)
1 41 670 (+3999) 44 500 (+1890)
10 44 380 (+3457) 43012 (+3889)
100 48 000 (+7001) 43991 (+5012)

The proliferation of MDA-231 cells was tested in the presence of different
concentrations of exogenous MCP-1 and compared with that observed in the
presence of medium alone. The effect of an MCP-1 antibody on MDA-231 cellular
proliferation was also tested, as measured by 3H-thymidine incorporation after 48
hours of MCP-1 stimulation. Each MCP-1 concentration was tested in triplicate. The
average results of 3 experiments are shown * SEM. Statistical analysis was
performed, using analysis of variance relative to the medium alone.

carcinoma tumors in contrast to mice treated with control antibody
(P < .024). Neither administration of exogenous MCP-1 nor
antibodies to MCP-1 had an effect on the growth of MDA-231 cells
in vitro (Table 2). Analysis of the metastatic lesions in the lungs
revealed that the experimental micrometastases therein were signifi-
cantly smaller and lower in number when treated with the MCP-1
antibody than in the control antibody group (Figure 7). As shown in

toward tumor growth. We, therefore, selected a human breddgure 8, grading analysis of the lung metastasis by calculating the
carcinoma cell line MDA-231 to study the effect of a MCP-1total area invaded by the tumor in each mouse indicated that the
antibody on tumor growth. The MDA-231 cell line producedgroup of mice treated with control antibody exhibited about 2.5
approximately 6500 pg of MCP-1/mL, when cells were grown attimes more metastases than the group of mice treated with
concentration of 0.5x 1(f cells/mL of RPMI for 24 hours as anti-MCP-1. The metastatic index of control-treated mice was
determined by enzyme-linked immunosorbent assay (data fi46 (SEM= 0.027), whereas the metastatic index of anti-MCP-
shown). MDA-231 cells were then injected intravenously intd—treated mice was 0.057 (SE¥0.011;P < .005). These data
SCID mice, as described in the “Materials and methods” sectiodemonstrate that the size and number of metastatic lesions formed
As shown in Figure 6, administration of MCP-1 antibody signifiin the presence of antibody to MCP-1 are reduced, and increases in
cantly increased the survival of SCID mice bearing MDA-233urvival were observed, indicating that MCP-1 has a role in tumor

120
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Figure 6. Blocking MCP-1 increases the survival of SCID mice bearing MDA-231
human breast carcinoma cells. MDA231 human breast cancer cells (3 X 10°) were
injected intravenously on day 1. Antibodies, including rabbit IgG and anti-MCP-1 (25
pg/mouse, 1 mg/kg), were given intraperitoneally to the mice on days 4, 8, 12, 16, 20,
24, and 28. Ten mice were included in each group. Their survival was monitored daily.
The differences in the median values among the 2 groups are greater than would be
expected by chance. There is a statistically significant difference (P < .024) as assessed
by the log-rank test. One representative experiment of 3 experiments is shown.

progression.

Discussion

Here we report that MCP-1, a CC chemokine, can directly mediate
angiogenesis. By using endothelial cells of different origins,

including HUVECs and HMECs, we demonstrated that MCP-1
induced endothelial cell migration in a dose-responsive manner.
This chemotactic response was inhibited by a neutralizing antibody
to MCP-1. The ability of HUVECs and HMECs to respond to

MCP-1 was further supported by the detection of CCR2 on the

Figure 7. Blocking of MCP-1 inhibited lung tumor metastases of SCID mice
bearing MDA-231 human tumor breast cancer cells. SCID mice were injected
intravenously with 20 uL of antiserum to ASGML1 on day 0, and 3 X 105> MDA231
human breast carcinoma cells were injected intravenously on day 1. Antibodies,
including rabbit IgG (panel A) and 279 Ab (Panel B) at 25 pg/mouse (1 mg/kg), were
given intraperitoneally to the mice on days 4, 8, 12, 16, 20, 24, and 28. For
experimental metastasis experiments, mice from both groups were sacrificed on the
35th day after intravenous injection of the tumor cells. Lungs were extracted and fixed
in formalin. Histological sections were stained with hematoxylin and eosin to evaluate
tumor metastases. Photographs were taken at 150X magnification. The arrows
indicate metastatic lesions. One representative field from 2 experiments is shown.
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Figure 8. Anti-MCP-1 inhibited lung tumor metastasis in mice bearing MDA-231
tumors. SCID mice were injected intravenously with 20 pL of antiserum to ASGM1,
on day 0, and 3 X 105 MDA231 human breast carcinoma cells were injected
intravenously on day 1. Antibodies, including rabbit IgG and anti-MCP-1 at 25
png/mouse (1 mg/kg), were given intraperitoneally to the mice on days 4, 8, 12, 16, 20,
24, and 28. For experimental metastasis experiments, mice from both groups were
sacrificed on the 35th day after intravenous injection of the tumor cells. Lungs were
extracted and fixed in formalin. Histological sections were stained with hematoxylin
and eosin. By using the Bioquant Program, the area of the total tissue per field 40X
field (D1) was determined. The micrometastases present within the same field were
gated, and the area within the gates was counted (D2). The metastatic index was
calculated by the ratio D2/D1. A minimum of 20 fields was analyzed per slide in a
blinded manner, and 8 mice were used per group in each experiment. The experiment
was repeated 2 times. The figure shows the data obtained from the 2 separate
experiments. The mean and SEM for each group are indicated. Statistical analysis
between the 2 groups was performed using Student ttest (P < .005).

Mice treated with
control antibody
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CCR2 did not reveal detectable impairments regarding vasculariza-
tion2%-31 might be due to the redundancy of angiogenic pathways
that support this process.

Given our data reported above and previous regottsn the
production of MCP-1 by several tumor cell types, questions were
raised regarding the possibilities that MCP-1 production actually
can contribute to tumor growth and that this chemokine might be a
contributor to tumor angiogenesis. Chemokines have previously
been demonstrated to promote the progression of other human
tumors!-3 Treatment of SCID mice bearing human breast carci-
noma cells with antibody to MCP-1 significantly enhanced their
survival and inhibited the growth of tumor metastases in the lungs
in about 2.5-fold when compared with control antibody-treated
mice. These results are in line with a previous report by Nakashima
et al?® in which transfection of MCP-1 into a murine colon
adenocarcinoma cell line increased lung metastases by augmenta-
tion of neovascularization. Several studies have been conducted to
evaluate MCP-1 gene therapy in murine tumor models with
controversial result¥-3¢ Although the underlying basis of this
divergence is unclear, one can speculate that different responses
might be obtained with different tumor types, which might exhibit
heterogeneity in their cytokine repertoire. In addition, it is impor-
tant to recall that chemokine responses are dose dependent; in our
case, MCP-1 exerted major in vivo angiogenic effects at doses
between 10 and 100 ng/mL but not at higher doses. This principle
can also be exemplified by other chemokines, such as BR®-
well-known angiogenic factor, that was shown to inhibit blood
vessel formation in the CAM assay and cornea vascularization
induced by bFGF when used at high concentratins.

In addition to dose-dependent effects, another aspect to con-
sider, regarding MCP-1, is that it has multifunctional activities that

might conflict with one another. On one hand, the capacity of

endothelial cell surface. The expression of CCR2 by endotheliICP-1 to induce angiogenesis directly and, on the other, its
cells and their responsiveness toward MCP-1 prompted us aapacity to induce macrophage infiltration into tumor tissue could
analyze the effect of MCP-1 toward angiogenesis. The angiogehiave disparate effects in tumor immuni&Although the reported
effect of MCP-1 was clearly evident in both the in vivo matrigefoles of MCP-1 as a factor conferring immunity against the tumors
plug assay and CAM assays and was appropriately inhibited byaee controversia®?“in our studies, we cannot address this issue,
neutralizing antibody to MCP-1. The associated inflammatofyecause we used SCID mice that limit us regarding the study of
responses and previously established observations that moaotitumor immunity. And despite our observation that antibody
nuclear cell products can also act as angiogenic med#&fdied therapy directed against MCP-1 seemed to have a beneficial effect
to the use of the rat aortic ring assay, which allowed us to evaluate the growth of experimental tumor metastases, we were unable to
angiogenic effects in the absence of an inflammatory responsare the mice bearing MDA 231 tumors. This situation might be
MCP-1 induced rat aortic endothelial cell sprouting in a dose&tue to the broad repertoire of other angiogenic and growth factors
responsive manner. Thus, MCP-1 can act as a direct mediatopodduced by this tumor, including VEGF, IL-8, GRQetc. We are
angiogenesis. currently continuing to use MCP-1 therapy in combination with

Our data regarding the angiogenic effects of MCP-1 are amtibodies to other angiogenic factors produced by these tumors in
agreement with an early report by Ito et®in which MCP-1 an attempt to more efficiently block tumor growth. Anti-MCP-1
administration was found to increase lateral and peripheral condticerapy will also be tested in several human carcinomas, including
tance in rabbits with femoral occlusion. This phenomenon involvdsteast carcinoma cell lines, and it follows that carcinomas respon-
the enhancement of capillary sprouting induced by either monocyige to anti-MCP-1 treatment will be selected for therapy in
accumulation or as an unknown direct effect of MCP-1 ovombination of anti-MCP-1 with other antibodies to different
endothelial cells. Furthermore, MCP-1 was found to be abundandiyigiogenic factors produced by these tumors.
expressed by perivascular smooth muscle cells during the prolifera-
tive phase of hemangiomas, in contrast to involuting hemangiomas
that did not express MCP28. Additionally, dexamethasone and Acknowledgments
interferon (IFN}x, two agents commonly used to treat the prolifera-
tive phase of hemangioma growth, also down-regulated MCPThe authors thank Dr Carlos Martinez (Centro National de
messenger RNA (mRNA) expression by smooth muscle cells Biotecnologia, Madrid, Spain) for kindly providing the antibody to
vitro.28 Because MCP-1 is abundantly found during the initial stageCR2. We also thank Dr Robert Wiltrout for critically reviewing
of wound healing, it follows that MCP-1 contributes not onlythe manuscript and for helpful suggestions and Dr Lloyd Kincer of
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observation that knockout mice deficient for either MCP-1 ameasurement of micrometastases.
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