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SUMMARY

Tumor vasculature is derived from sprouting of local vessels (angiogenesis) and bone marrow (BM)-derived
circulating cells (vasculogenesis). By using a model system of transplanting tumors into an irradiated normal
tissue to prevent angiogenesis, we found that tumors were unable to grow in matrix metalloproteinase-9
(MMP-9) knockout mice, but tumor growth could be restored by transplantation of wild-type BM. Endothelial
progenitor cells did not contribute significantly to this process. Rather, CD11b-positive myelomonocytic cells
from the transplanted BM were responsible for tumor growth and the development of immature blood vessels
in MMP-9 knockout mice receiving wild-type BM. Our results suggest that MMP-9 could be an important
target for adjunct therapy to enhance the response of tumors to radiotherapy.
INTRODUCTION

Tumor growth depends on the formation of new blood vessels

for the supply of oxygen and nutrients through processes known

as angiogenesis and vasculogenesis. Angiogenesis occurs

primarily by endothelial migration and sprouting from preexisting

blood vessels, while vasculogenesis involves the formation of

blood vessels in situ by recruitment of precursor cells such as

bone marrow (BM)-derived endothelial progenitor cells (EPCs)

from the circulation. Although the contribution of EPCs to vascu-

logenesis has been demonstrated in several models, including

hindlimb ischemia (Takahashi et al., 1999), vascular trauma

(Gill et al., 2001), and tumor growth (Lyden et al., 2001), the

extent to which EPCs are incorporated into newly formed blood

vessels in tumors varies significantly with the tumor model (De

Palma et al., 2003; Gothert et al., 2004; Lyden et al., 2001).

However, regardless of the different extent of the involvement

of EPCs, investigators have commonly observed BM-derived

vascular endothelial growth factor receptor-1 (VEGFR-1)-posi-

tive myelomonocytic cells associated with the tumor vasculature
(De Palma et al., 2003; Lyden et al., 2001). Believed to be derived

from a common precursor cell known as the hemangioblast (Rafii

et al., 2002), myelomonocytic cells share many characteristics

with EPCs. Phenotypically, these cells share a number of surface

markers with EPCs, including platelet-endothelial cell adhesion

molecule-1 (PECAM-1; CD31), Tie-2, endoglin, and integrate

lectin and acetylated low-density lipoprotein (Fujiyama et al.,

2003; Rafii et al., 2002; Rohde et al., 2006). Functionally,

BM-derived myelomonocytic cells have been shown to mimic

EPCs in improving neovascularization in models of normal tissue

injury (Capoccia et al., 2006; Fujiyama et al., 2003; Moldovan

et al., 2000). These myelomonocytic cells are often observed in

the perivascular regions of the endothelium (De Palma et al.,

2003; Moldovan et al., 2000) or colocalized with endothelial cells

(Bailey et al., 2006; Capoccia et al., 2006; Ruzinova et al., 2003)

and have been shown to stabilize the tumor vasculature (Lyden

et al., 2001). Moreover, when these cells are depleted either

by using the Id1+/�Id3�/� mouse model, where mobilization of

VEGFR-1 and VEGFR-2 BM cells are genetically impaired (Lyden

et al., 2001), or by using a suicide gene therapy approach (De
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Palma et al., 2003), tumor growth is markedly inhibited. Overall,

these studies indicate that BM-derived myelomonocytic cells

play an important role in tumor vasculogenesis.

The BM-derived myelomonocytic cells that infiltrate tumors

and differentiate into macrophages are commonly referred to

as tumor-associated macrophages (TAMs). Clinical evidence

indicates that the presence of large numbers of TAMs correlates

with poor prognosis in cancers (Pollard, 2004). TAMs are a polar-

ized population of macrophages (Sica et al., 2006) and release

many angiogenic factors, including vascular endothelial growth

factor (VEGF), interleukin-8, tumor necrosis factor-a, and matrix

metalloproteinase-9 (MMP-9) (Dirkx et al., 2006; Lewis and

Pollard, 2006; Yang et al., 2004).

MMP-9 is a member of a family of zinc-containing endopepti-

dases that is involved in degradation of extracellular matrix

(ECM) and in vascular remodeling (Heissig et al., 2003). Like other

members of the MMP family, MMP-9 is synthesized as an inactive

zymogen (pro-MMP-9) that is activated by proteolysis or autoly-

sis (Bergers and Coussens, 2000; Galis and Khatri, 2002). MMP-9

is involved in mobilizing EPCs and other progenitor cells from the

BM niche (Heissig et al., 2002), liberating growth factors including

VEGF (Bergers et al., 2000) and transforming growth factor-b

(Yu and Stamenkovic, 2000) from the matrix-bound forms, and

recruiting the BM-derived leukocytes to the tumor vasculature

(Jodele et al., 2005). MMP-9 provided by BM-derived cells has

been shown to initiate the angiogenic switch leading to tumor

growth and progression in K14-HPV16 epithelial squamous

carcinoma in mice (Coussens et al., 2000; Giraudo et al., 2004).

Radiotherapy is one of the most important treatment modalities

for cancer. However, many patients treated with radiotherapy

relapse in the irradiated field (Liang et al., 1991). It is unclear

how this occurs because, even though all of the tumor cells may

not be killed by radiation, it is unlikely that a sufficient number of

endothelial cells to allow for subsequent tumor growth could sur-

vive the large doses delivered in radiotherapy (Itasaka et al., 2007;

Tsai et al., 2005). One possibility to account for this is that a subset

of BM-derived cells could enter the irradiated tumor and restore

the vasculature by vasculogenesis. EPCs have recently been

shown to rescue tumor growth following treatment by vascular

disrupting agents (Shaked et al., 2006), but it remains to be deter-

mined whether this could also apply following irradiation.

In the present study we investigate the role of the BM-derived

CD11b-positive (CD11b+) myelomonocytic cells expressing

MMP-9 in the growth of tumors that are irradiated or trans-

planted into a tissue that has been irradiated prior to transplan-

tation. Tumors grown in previously irradiated tissues generally

show an increased latency period and a reduced growth rate

because of impaired neovascularization resulted from radia-

tion-induced injury to the host vasculature and connective tissue

(a phenomenon known as the ‘‘tumor bed effect’’) (Milas et al.,

1986). Such tumors also have an increased metastatic potential,

reduced blood perfusion and oxygen tension, and resistance to

treatments such as ionizing radiation and cytotoxic agents,

thereby mimicking human primary tumors that recur following

radiotherapy (Rofstad et al., 2005). We therefore hypothesized

that the vasculature of tumors grown in previously irradiated

tissues would derive from cells circulating in the blood stream

and in particular the BM. We show that tumors did not grow in

preirradiated subcutaneous tissues of MMP-9 knockout (KO)
194 Cancer Cell 13, 193–205, March 2008 ª2008 Elsevier Inc.
mice and that MMP-9 expressing CD11b+ myelomonocytic cells

in the tumors from transplanted BM cells restored tumor growth

in these mice. We further provide evidence that MMP-9 express-

ing BM-derived myelomonocytic cells are essential to the

process of vasculogenesis and could be an important target

for adjunct therapy to high-dose radiotherapy.

RESULTS

BM-Derived Cells Infiltrating Tumors Are Not EPCs
We examined the BM-derived infiltrates in MT1A2 mouse

mammary carcinoma in FVB mice or radiation-induced fibrosar-

coma (RIF) in C3H mice by in situ hybridization for a Y-specific

DNA probe in female mice that had received syngeneic male

BM cells. Consistent with the fact that both the MT1A2 (Guy

et al., 1992) and RIF (see Experimental Procedures) tumors are

of female origin, we found no staining for the Y-probe in these

tumors grown in female mice (Figure 1A). However, when grown

in female mice transplanted with male BM, we saw significant

infiltration of male-derived cells that was different for the two

tumors: MT1A2 tumors showed BM-derived infiltrates mainly in

perivascular regions, whereas RIF tumors showed a more

diffusely distributed pattern (Figure 1A).

Because the dose of irradiation (IR) used in this study (20 Gy)

would be expected to sterilize essentially all of the endothelial

cells in the irradiated tissue prior to tumor transplantation and

hence abrogate local angiogenesis (Udagawa et al., 2007), we

hypothesized that the BM-derived infiltrates may be EPCs and

that the tumors grown in the irradiated bed might incorporate

more EPCs from the BM to establish the tumor vessels by vascu-

logenesis. First, we examined whether 20 Gy of IR to subcutane-

ous tissues of the lower back of the mice would cause ulceration

to the skin. We found that there was no difference in the histology

of the skin between irradiated and nonirradiated mice

(Figure S1A available online) and that there were infiltrating cells

present only when the tumor was implanted on the irradiated

skin (Figure S1B). We therefore quantified the BM-derived

EPCs in MT1A2 tumors grown in the preirradiated tissues

(‘‘pre-IR bed’’) of mice that had received BM cells from Tie2lacZ

transgenic mice, which express the lacZ reporter gene driven

by the endothelial receptor tyrosine kinase promoter Tie2

(Schlaeger et al., 1997). EPCs were detected by double-label

immunostaining for X-gal and CD31. The growth kinetics

showed that tumors grew significantly slower in preirradiated tis-

sues (Figure 1B and Figure S3), as reported by others (Milas

et al., 1986; Rofstad et al., 2005). We confirmed that Tie2 marks

endothelial cells in MT1A2 tumors by growing the tumors in Tie2-

lacZ transgenic mice (Figure 1C). However, when grown in mice

that had received BM cells from Tie2lacZ mice, the tumors

showed only rare incorporation of EPCs in the vessels

(Figure 1C). Tumors grown in preirradiated tissues of these BM

transplanted mice also showed very low levels of EPCs in the

tumor vasculature (Figure 1C), and the proportion of CD31 and

X-gal double-positive tumor vessels did not differ significantly

between control tumors without IR and tumors grown in preirra-

diated tissues (Figure 1C). However, in the tumors grown in

preirradiated tissues we observed a significant number of

Tie2-expressing cells in stromal regions of the tumors that

were not positive for CD31 staining (Figure 1D).
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Figure 1. BM-Derived EPCs Contribute

Minimally to Tumor Vasculogenesis

(A) MT1A2 and RIF tumors grown in female mice

(upper panel) or in female mice that had received

syngeneic male BM cells (lower panel). The tumors

were stained for CD31 (brown) and Y-DNA probe

by in situ hybridization (dark blue). Arrowheads

(black) in the lower panel indicate cells positively

stained for the Y-probe.

(B) Growth kinetics of MT1A2 tumors grown in

nonirradiated (control; open symbols) or preirradi-

ated (pre-IR bed; filled symbols) subcutaneous

tissues of FVB mice.

(C) MT1A2 tumors grown in Tie2lacZ transgenic

mice (Tie2lacZ mice) or in FVB mice that had

received BM cells from Tie2lacZ mice (FVB + Tie2-

lacZ BM). Tumors in FVB + Tie2lacZ BM were

grown in nonirradiated (control) or preirradiated

(pre-IR bed) tissues. Vessels were stained with

CD31 (brown) and X-gal (blue). Arrowheads (black)

indicate some of the BM-derived LacZ-positive

cells. The graph shows quantification of CD31-

and X-gal-double-positive vessels cells as a

percentage of the total CD31-positive cells in

high power field (HPF). The difference between

control and pre-IR bed was not statistically signif-

icant (p > 0.05).

(D) A significant number of X-gal (blue)-positive but

CD31 (brown)-negative cells were observed in the

tumors grown in the preirradiated tissues (pre-IR

bed) of FVB + Tie2lacZ BM (indicated with black

arrowheads). Quantification of X-gal-positive but

CD31-negative cells counted per HPF is shown

on the right. The data were not, however, signifi-

cantly different between control and pre-IR bed

(p > 0.05).

Symbols and error bars in (B), (C), and (D) are the

mean ± SEM for n R 5 mice per group.
To determine if the minimal incorporation of BM-derived EPCs

in the tumors was a general phenomenon, we examined a

number of different tumor models: TG1-1 mouse mammary

carcinoma or 6780 lymphoma in FVB mice with BM cells from

Tie2lacZ mice; and the Lewis lung carcinoma (LLC) or B16F1

melanoma in C57Bl/6 with BM cells from either Tie2GFP or

Rosa26 transgenic mice. Double-label immunostaining for

BM-derived EPCs again showed that there was only rare incor-

poration of EPCs in the tumor vasculature of all control tumors

and tumors grown in preirradiated tissues (Figure S2).

Overall, the results suggest that BM-derived EPCs contribute

only to a small extent to tumor blood vessels and that they are

not a major component of the BM-derived infiltrates in the

tumors used in this study.

CD11b+ Myelomonocytic Cells Account for Most
of the BM-Derived Infiltrates in the Tumors
and Are Increased by IR
To ascertain the nature of the BM-derived infiltrates in the tumors,

we examined MT1A2 tumors grown in preirradiated tissues of

mice that had received BM cells from mice ubiquitously express-

ing green fluorescent protein (GFP). The GFP-expressing BM-

derived infiltrates in the tumors were examined for markers of
inflammatorycells includingcytotoxicTcells (CD8a),helperTcells

(CD4), natural killer cells (CD49b), monocytes/macrophages

(CD11b), dendritic cells (CD11c), and granulocytes/neutrophils

(Gr-1). Double-label immunofluorescent staining showed that

a significant number of GFP-expressing cells colocalized with

CD11b (Figure 2A). Although there were some CD4- or CD8a-

positive cells detected in the tumors, they did not colocalize with

GFP (Figure2A), indicating that thesecellsarenotderived fromthe

BM but possibly from the thymus or spleen. We did not observe

any detectable numbers of CD11c-, Gr-1-, or CD49b-positive

cells in the tumors that were also positive for GFP (Figure 2A).

We next determined how the BM-derived CD11b+ myelomo-

nocytic cells in the tumors were affected by IR. Tumors were

grown either without IR (control) or in preirradiated tissues

(pre-IR bed) as previously. We also tested a clinically relevant

IR model by delivering a single dose of IR (20 Gy) to already

established tumors at approximately 200 mm3 and allowing the

tumors to regrow beyond the volume at which they were irradi-

ated (IR tumor). Immunostaining showed that both IR tumors

and tumors grown in preirradiated tissues had significantly

more CD11b+ cells compared to control MT1A2 tumors of the

same size (Figures 2B and 2C). In RIF tumors, we also observed

more CD11b+ cells in the IR tumors, although tumors grown in
Cancer Cell 13, 193–205, March 2008 ª2008 Elsevier Inc. 195
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preirradiated tissues showed similar numbers of CD11b+ cells to

controls (Figures 2B and 2C). The latter was because there were

only small proportions of viable cells present in RIF tumors grown

in preirradiated tissues.

CD11b+ Myelomonocytic Cells Express MMP-9
Because of the known role of monocytes/macrophages in

promoting tumor angiogenesis (Coussens et al., 2000; Giraudo

Figure 2. BM-Derived CD11b+ Myelomonocytic Cells Are Recruited

to the Tumors with IR

(A) Immunostaining of MT1A2 tumors grown in the preirradiated tissues of FVB

mice that had received BM cells from mice ubiquitously expressing GFP.

Tumor sections were stained for CD4 (red), CD8a (red), CD49b (red), CD11c

(red), CD11b (red), or Gr-1 (red), and anti-GFP (green), counterstained with

DAPI (blue). Colocalization of red, green, and blue is shown in white. Insets

in the middle panels show magnified regions of the microphotograph where

indicated with asterisks.

(B) Immunostaining for CD11b (red) in tumors with no IR (control), irradiated

tumors (IR tumor), or tumors grown in the irradiated bed (pre-IR bed) for

MT1A2 (upper panel) and RIF (lower panel). Nucleus staining with DAPI is

shown in blue.

(C) Quantification of CD11b+ myelomonocytic cells in (B) for MT1A2 (left) and

RIF (right) tumors. Symbols and error bars represent the mean ± SEM for n R 4

animals per group. *p < 0.05, **p < 0.01, and ***p < 0.001, respectively,

determined by one-way ANOVA.
196 Cancer Cell 13, 193–205, March 2008 ª2008 Elsevier Inc.
et al., 2004; Lin et al., 2006) we hypothesized that CD11b+ mye-

lomonocytic cells contribute to the vasculogenesis of the tumors

grown in the irradiated bed by remodeling the ECM. We tested

this hypothesis by examining the expression of MMP-9, one of

the key players in remodeling ECM, in CD11b+ cells using

double-label immunofluorescent staining. Histological examina-

tion showed that most of the CD11b+ cells were also MMP-9

positive in MT1A2 tumors (Figure 3A). Moreover, irradiated

tumors (IR tumors) and tumors grown in the irradiated bed

(pre-IR bed) showed an increase in MMP-9-positive areas and

Figure 3. CD11b+ Myelomonocytic Cells Express MMP-9 in the

Tumors
(A) Double-label immunofluorescent staining for CD11b (red) and MMP-9

(green) in MT1A2 (upper panel) and RIF (lower panel) tumors with no IR

(control), irradiated tumors (IR tumor), or grown in preirradiated tissues

(pre-IR bed). Colocalization of CD11b and MMP-9 is shown in white with

DAPI counterstaining.

(B) Quantification of MMP-9-positive area determined by the point-count

method (left) and the number of CD11b- and MMP-9-double-positive cells in

nonnecrotic regions (right) of MT1A2 tumors.

(C) RIF tumors as in (B). Symbols and error bars in (B) and (C) are mean ± SEM

for n R 4 animals per group. *p < 0.05, **p < 0.01, and ***p < 0.001, respec-

tively, by one-way ANOVA.

(D) Western blot for MMP-9 in MT1A2 (left panel) and RIF (right panel) tumors.

GAPDH was used as the loading control.
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Figure 4. Functional BM Cells Restore

Tumor Growth in Preirradiated Tissues of

MMP-9 KO Mice

(A) MT1A2 tumor growth in preirradiated tissues of

WT mice that had received the BM cells from WT

mice (WT + WT BM), MMP-9 KO mice receiving

BM cells from MMP-9 KO mice (KO + KO BM),

MMP-9 KO mice receiving BM cells from WT

mice (KO + WT BM), or WT mice that had received

the BM cells from MMP-9 KO mice (WT + KO BM).

Note that tumor growth was severely impaired in

KO + KO BM and was restored in KO + WT BM.

(B) Zymography was used to determine the

efficiency of the BM reconstitution. Whole BM

cells of the recipients were isolated and analyzed

for MMP-9 activity at R4 weeks post-BM trans-

plantation. Each lane represents one mouse.

(C) Quantification of CD11b+ myelomonocytic

cells in HPF from tumors in (A).

(D) Immunostaining of the tumors from KO + KO

BM for CD11b myelomonocytic cells (red) and

MMP-9 (green), counterstained with DAPI (blue).

(E) Immunostaining of the tumors from KO + WT

BM as in (D).

(F) Quantification of MMP-9- and CD11b-double-

positive cells in tumors from KO + KO BM or

KO+ WT BM.

Symbols in (A), (C), and (F) are the mean ± SEM for

n R 5 mice per group.
in the numbers of CD11b- and MMP-9-double-positive cells

(Figure 3B).

In RIF tumors, we similarly observed an increase in MMP-

9-positive areas in ‘‘IR tumors’’ and ‘‘pre-IR bed,’’ and increased

numbers of CD11b- and MMP-9-positive cells in ‘‘IR tumors’’

(Figure 3C). However, we also observed numerous CD11b-

negative tumor cells that strongly expressed MMP-9 (Figure 3A

and Figure S4A), suggesting that RIF tumor cells themselves

are a significant source of MMP-9.

To confirm the histological observations of MMP-9 expres-

sion, we performed immunoblots with tumor lysates. We found

that IR, either of the tumors directly (‘‘IR tumors’’) or of the

transplantation site (‘‘pre-IR bed’’), increased the expression of

MMP-9 in both the MT1A2 and RIF tumors (Figure 3D), consis-

tent with the histological observations. The higher expression

of MMP-9 in RIF tumors especially from ‘‘pre-IR bed’’ compared

to that in MT1A2 tumors is likely due to the strong expression of

MMP-9 by the RIF tumor cells.

Genetic Depletion of MMP-9 Abrogates Tumor
Vasculogenesis
To address the role of MMP-9 in vasculogenesis, we used

MMP-9 knockout (KO) mice with tumors grown in preirradiated

tissues to inhibit angiogenesis. We selected MT1A2 tumors

over RIF tumors because MT1A2 tumors are syngeneic to

MMP-9 KO and wild-type (WT) mice, and the source of MMP-9

in the tumors is largely restricted to CD11b+ myelomonocytic

cells, allowing us to investigate the role of the BM-derived
CD11b+ myelomonocytic cells in vasculogenesis. We first

examined the growth of MT1A2 tumors in MMP-9 KO and WT

mice and found that the tumors grew progressively in the

MMP-9 KO mice, albeit a little slower than in the WT mice

(Figure S5A). However, tumor growth in preirradiated tissues

was severely impaired in MMP-9 KO mice (Figure S5B) or in

MMP-9 KO mice that had received BM cells from MMP-9 KO

mice (MMP-9 KO mice + KO BM) (Figure 4A) compared to their

WT counterparts (Figure S5B and Figure 4A).

We next determined whether functional BM could restore

tumor growth in preirradiated tissues of MMP-9 KO mice by

transplanting BM cells from WT mice into MMP-9 KO mice

(MMP-9 KO mice + WT BM). The efficiency of BM reconstitution

was confirmed by zymography at the time of tumor implantation

(R4 weeks post-BM transplantation), which showed that the

activity of MMP-9 in the BM could be restored in MMP-9 KO

mice or lost in WT mice by transplanting BM cells (Figure 4B).

Reconstitution of the BM in MMP-9 KO mice with WT BM

completely restored the growth of the tumors in the preirradiated

site to that of WT mice (Figure 4A). However, WT mice receiving

BM cells from MMP-9 KO mice (WT mice + KO BM) showed no

difference in tumor growth in preirradiated tissues compared to

WT mice + WT BM (Figure 4A), indicating that non-BM-derived

cells can compensate for the lack of MMP-9 in BM cells. We

examined CD11b+ myelomonocytic cells in the tumors of all

four groups and found that there was no significant difference

in the number of CD11b+ cells in the tumors from the different

groups (Figure 4C). When examined for MMP-9 in tumors grown
Cancer Cell 13, 193–205, March 2008 ª2008 Elsevier Inc. 197
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Figure 5. Immature Vessels Are Developed

in MMP-9 KO Mice + WT BM to Support

Tumor Growth in Preirradiated Tissues

(A) Immunostaining of CD31 (red) and a-SMA

(green) in MT1A2 tumors grown in the wild-type

(WT) or MMP-9 KO (KO) mice.

(B) Number of CD31-positive vessels per HPF (left)

and proportions of CD31-positive vessels associ-

ated with a-SMA (right) in tumors from (A).

(C) Immunostaining of CD31 (red) and a-SMA

(green) for tumors from Figure 4A. Group names

are as in Figure 4A.

(D) Quantification of CD31-positive vessels per

HPF (upper panel) and proportions of CD31-posi-

tive vessels associated with a-SMA (lower panel)

in the tumors from (C). Symbols in (B) and (D) are

the mean ± SEM for n R 5 animals per group.

*p < 0.05, **p < 0.01, and ***p < 0.001, respectively,

determined by one-way ANOVA.

(E) Functional blood vessels of tumors grown in

preirradiated tissues of WT, KO, or KO + WT BM

examined by intravenous infusion with Hoechst

33342 (blue). Tumor sections were stained with

CD31 (red).
in preirradiated tissues of MMP-9 KO mice + WT BM, we found

that the majority of MMP-9-positive cells (91% ± 3%) were

positive for CD11b (Figures 4E and 4F), while there were no

MMP-9-positive CD11b myelomonocytic cells in those tumors

from MMP-9 KO mice + KO BM (Figures 4D and 4F) as expected,

or from WT mice + KO BM (Figure 6D). In the tumors from WT mice

+ KO BM, some MMP-9-positive areas were observed with mor-

phology of smooth muscle- or fibroblast-like cells (Figure S5C).

Overall, the results suggest that CD11b+ myelomonocytic cells

are the main source of MMP-9 and that these cells can restore

tumor growth in irradiated tissues of MMP-9 KO mice.

To determine whether the restored tumor growth by functional

BM was associated with vasculogenesis, we first tested a possi-

bility that CD11b+ myelomonocytic cells differentiate into endo-

thelial cells in tumors. By immunostaining, we observed in

tumors of all four groups that CD11b+ cells did not colocalize

with CD31 (Figure S5E), suggesting that CD11b+ myelomono-

cytic cells did not differentiate to the tumor endothelium. This

also indicates that CD11b+ myelomonocytic cells indirectly con-

tributed to vasculogenesis. We examined vessel density and

maturity in the tumors, determined by the number of CD31-pos-

itive vessels and the proportion of CD31-labeled endothelial cells
surrounded by pericytes, identified by

a-smooth muscle actin (a-SMA) immu-

nostaining. Without IR, most of the

vessels in tumors grown in WT (87% ±

2%) or MMP-9 KO (87% ± 2%) mice

were associated with a-SMA (Figures

5A and 5B). In sharp contrast, the vascu-

lature of the tumor growing in the preirra-

diated site of WT + WT BM was sparsely

covered by a-SMA (Figure 5C). This is

consistent with our hypothesis of a differ-

ent etiology of the vessels in the two situ-
ations: in the unirradiated tissue most of
the vessels arise from angiogenesis (local sprouting), whereas

in preirradiated bed they can only arise from vasculogenesis

(circulating cells). On the other hand, the majority of the vessels

in the very small (and nongrowing) tumors in the irradiated site

of MMP-9 KO mice + KO BM had a mature appearance with ex-

tensive a-SMA coverage (Figure 5C). Moreover, while there was

little or no difference in the density and maturity of the CD31-

positive endothelial cells between the WT and MMP-9 KO mice

without IR (Figure 5B), the vessel density was significantly lower

in the very small nongrowing tumors growing in the irradiated site

of the MMP-9 KO mice, and this was restored to WT levels by

transplantation of WT BM cells (Figure 5D).

We further examined whether the impaired tumor growth in

preirradiated tissues of MMP-9 KO mice was due to an impair-

ment in the function of the tumor vessels. To investigate this

we intravenously injected Hoechst 33342 into WT mice, MMP-

9 KO mice, or MMP-9 KO mice + WT BM, all of which had tumors

implanted in preirradiated tissues. We found that the vessels

were well-perfused in the tumors grown in preirradiated tissues

of MMP-9 KO mice and that there was no difference in function-

ality of vessels in the tumors between WT mice, MMP-9 KO mice,

or MMP-9 KO mice + WT BM (Figure 5E).
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Figure 6. Pharmacological Targeting of

MMP-9 in CD11b+ Myelomonocytic Cells

by ZA Inhibits Tumor Growth in the Preirra-

diated Site

(A) MT1A2 tumor growth with (ZA, n = 5) or without

(control, n = 4) ZA in preirradiated tissues of

MMP-9 KO mice that had received BM cells from

WT mice.

(B) MT1A2 tumor growth in preirradiated tissues of

WT mice receiving BM cells from MMP-9 KO mice.

n = 5 animals per group. Symbols and error bars

in (A) and (B) are the mean ± SEM.

(C) Immunostaining of the tumors from (A) for

MMP-9 (green), CD11b (red), and nuclei (blue).

(D) Immunostaining of the tumors from (B) as in (C).

(E) Quantification of CD11b+ cells (upper left),

percentage of MMP-9-expressing CD11b+ cells

(upper right), CD31-positive endothelial cells

(lower left), and CD31-positive vessels that were

associated with a-SMA (lower right) in the tumors

from (A).

(F) Quantification of the parameters as in (E) but

from tumors in (B).

Error bars in (E) and (F) are SEM. **p < 0.01 and

***p < 0.001, respectively, determined by two-

tailed Student’s t test.

onate zolendronic acid (ZA, Zometa),

a clinically available agent to ameliorate

bone metastases that was recently

reported to selectively target MMP-9

expressing macrophages in K14-HPV16

cervical carcinoma in mice (Giraudo

et al., 2004). MT1A2 tumors were grown

in the preirradiated tissues in MMP-9 KO

mice that had received BM cells from WT

mice (MMP-9 KO mice + WT BM) as previ-

ously described. Hence tumors grown in

these mice, the major source of MMP-9,

would come from the BM-derived

Taken together, these data suggest that the failure of the

tumors to grow in the preirradiated site of MMP-9 KO mice

was the result of abrogation of both angiogenesis (by irradiation)

and of vasculogenesis (by lack of MMP-9 in BM-derived cells),

and that the blood vessels within the tumors (Figure 5) and

around the periphery (Figure S5D) of the small tumors in the pre-

irradiated tissue of MMP-9 KO mice were mature and well-per-

fused normal vessels, probably co-opted by growth of the tumor

into surrounding normal tissue. Overall, it suggests that restora-

tion of tumor growth in the irradiated tissue by WT BM allowed

immature vessels to form by MMP-9 expressing CD11b+ myelo-

monocytic cells that arose from the transplanted BM.

Pharmacological Inhibition of CD11b+ Myelomonocytic
Cells Expressing MMP-9 Significantly Reduces Tumor
Growth in Preirradiated Tissues
Based on the above results, we hypothesized that selective

inhibition of CD11b+ myelomonocytic cells expressing MMP-9

would inhibit BM-derived vasculogenesis and tumor growth in

preirradiated tissues. To test this, we used the aminobisphosph-

CD11b+ myelomonocytic cells. In order to determine the specific

activity of ZA in targeting MMP-9 from BM-derived cells but not

from other tissues, we also tested ZA in WT mice receiving BM

cells from MMP-9 KO mice (WT mice + KO BM). Because WT

mice + KO BM do not have MMP-9 expressing CD11b+ myelo-

monocytic cells, the tumor growth in preirradiated tissues of these

mice should not be affected by the ZA treatment. Treatment with

ZA at 100 mg/kg intraperitoneally once per day for up to 6 weeks

produced a significant inhibition of tumor growth in the irradiated

site of MMP-9 KO mice + WT BM (Figure 6A). In contrast, there

was no effect of ZA on tumor growth of WT mice + KO BM

(Figure 6B), as predicted. Histological examinations showed

that ZA-treated tumors in MMP-9 KO mice + WT BM had similar

numbers of CD11b+ myelomonocytic cells but a smaller fraction

that were MMP-9 positive (Figures 6C and 6E). In addition, ZA-

treated tumors showed significantly fewer numbers of CD31-pos-

itive vessels than the control tumors (Figure 6E). When examined

for vessel maturity, ZA-treated tumors had significantly more ves-

sels associated with a-SMA than the control tumors (Figure 6E), in

agreement with the data obtained with MMP-9 KO mice + KO BM
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Figure 7. Depletion of CD11b+ Cells

Expressing MMP-9 by DT Further Abrogates

Tumor Growth in Preirradiated Tissues of

MMP-9 KO + DTR BM

(A) Peripheral blood of MMP-9 KO mice that

had received BM cells from transgenic mice

expressing diphtheria toxin receptor (DTR) and

GFP driven by CD11b promoter (DTR BM) or of

WT mice without BM transplantation (WT). These

mice were treated with or without diphtheria

toxin (DT, 10 ng/g). Blood was analyzed for GFP

fluorescent intensity as an indicator of CD11b

levels at 24 hr posttreatment. Note that treat-

ment with DT 10 ng/g in DTR BM mice resulted

in GFP signal similar to that in WT mice with or

without DT.

(B) Peripheral blood of MMP-9 KO mice + DTR BM

(DTR BM) treated without DT (-DT), with 10 ng/g

DT, 5 ng/g DT, or 2 mg/g carrageenan (Car) at

24 hr posttreatment. Blood of WT mice (WT) with

and without DT 10 ng/g is also shown. R, red blood

cells; L, lymphocytes; G, granulocytes; M,

monocytes.

(C) Quantification of monocytes gated in red from

(B). Symbols and error bars indicate the mean ±

SEM for n R 5 mice per group. ***p < 0.001

analyzed by one-way ANOVA.

(D) MT1A2 tumor growth in preirradiated tissues of

MMP-9 KO mice + DTR BM (DTR BM) without DT

(�DT, n = 4), with DT (5 ng/g, n = 5), or with Car

(n = 4). Tumors were also grown in preirradiated

tissues of WT mice receiving BM cells from WT

mice (WT BM, n = 5) or MMP-9 KO mice (MMP-9

KO, n = 5) that were treated with DT (5 ng/g). Error

bars indicate SEM.
(Figure 5). In WT mice + KO BM, we did not observe any CD11b+

myelomonocytic cells that were MMP-9 positive (Figure 6D), and

there was no significant difference in the number of CD11b+ cells

between ZA-treated and control tumors (Figure 6F). As found

earlier, the percentage of CD31-positive tumor vessels and those

associated with a-SMA was low in the WT mice + KO BM, and this

was not affected by ZA (Figure 6F). In summary, ZA efficiently

targeted MMP-9 expressed in the BM-derived CD11b+ myelo-

monocytic cells in the tumor, inhibited the growth of tumors in

the preirradiated tissues, and reduced the numbers of immature

(tumor-like) vessels in the tumors.

Conditional Ablation of CD11b+ Myelomonocytic Cells
Further Abrogates Tumor Growth in Preirradiated
Tissues of MMP-9 KO Mice + Functional BM Cells
We further examined the role of CD11b+ myelomonocytic cells in

restoring tumor growth in preirradiated tissues by conditionally

ablating CD11b+ cells. To do this, we transplanted BM cells

from transgenic mice expressing human diphtheria toxin recep-

tor (DTR) and GFP driven by the CD11b promoter (Stoneman

et al., 2007) into lethally irradiated MMP-9 KO mice (MMP-9

KO mice + DTR BM). Treatment by diphtheria toxin (DT, 10 ng/g)

of MMP-9 KO mice + DTR BM effectively depleted GFP-positive

CD11b+ cells in the peripheral blood at 24 hr postadministration

(Figure 7). In contrast, administration of DT in WT mice showed

no depletion of CD11b+ myelomonocytic cells (Figures 7A and

7B). However, repeated administration of DT 10 ng/g once in

every 2 days in MMP-9 KO mice + DTR BM resulted in mortality

in 20 days (Figure S6A). We therefore lowered the dose of DT to

5 ng/g once every 2 days and still observed effective depletion of

CD11b+ myelomonocytic populations in the peripheral blood of

MMP-9 KO mice + DTR BM (Figures 7B and 7C). The depleted

CD11b+ cells rebounded to untreated levels at 48 hr (data not

shown). We also tested another approach to deplete CD11b+

cells by using carrageenan, a compound that eliminates macro-

phages (Li et al., 2007). Although carrageenan at 2 mg/mouse

showed effective depletion of CD11b+ myelomonocytic cells at

24 hr (Figures 7B and 7C), it also resulted in a significant expan-

sion of granulocyte populations (Figure 7B). Moreover, carra-

geenan-treated mice showed significant bodyweight loss and

some early mortality (Figures S6A and S6B). The dose of carra-

geenan was therefore lowered to 1 mg/mouse, but once per

week treatment was ineffective in maintaining low levels of

CD11b+ myelomonocytic cells (data not shown).
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When tumors were implanted in preirradiated tissues of these

mice, tumor growth was significantly inhibited in MMP-9 KO

mice + DTR BM receiving DT (5 ng/g), mimicking the lack of

tumor growth in MMP-9 KO mice (Figure 7D). Treatment with

DT in WT mice + WT BM showed no effect in tumor growth

(Figure S6E). Carrageenan, on the other hand, did not inhibit

tumor growth (Figure 7D), likely due to the rebound of CD11b+

myelomonocytic cells resulting from the once a week treatment

regimen. Overall, these results further demonstrate that MMP-9

expressing CD11b+ myelomonocytic cells play an essential role

in promoting tumor growth in preirradiated tissues.

DISCUSSION

In this study, we show the crucial role played by the ECM

degrading enzyme MMP-9 provided by BM-derived CD11b+

myelomonocytic cells in allowing tumors to grow in irradiated

normal tissues of the mice. We used the irradiated tumor bed

model to abrogate local angiogenesis so as to examine the

role of BM-derived cells in tumor growth. We demonstrate that

CD11b+ myelomonocytic cells are recruited into irradiated

tumors and into tumors growing in preirradiated tissues, and

these cells restored tumor growth in MMP-9 KO mice by allowing

immature blood vessels to develop. Further, when MMP-9 or

a major source of MMP-9-expressing cells are genetically

absent, ablated, or chemically inhibited, tumors in preirradiated

tissues fail to grow beyond a very small size and are composed

of normal, mature blood vessels.

Given the role of MMP-9 in degrading and remodeling the

ECM, CD11b+ myelomonocytic cells expressing MMP-9 are

likely to be important in reorganizing stromal compartments of

tumors. In particular, by degrading the ECM they could provide

a means for endothelial cells to enter or migrate to the tumor

when the existing endothelial cells in and adjacent to the tumor

cannot proliferate because of the local irradiation they have

received. MMP-9 is involved in cleaving fibrillar type I collagen,

the major constituent of the extracellular matrix to which endo-

thelial cells are exposed in an injured tissue, allowing growth

factor-induced angiogenesis to occur (Seandel et al., 2001).

Moreover, MMP-9 provided by BM-derived macrophages has

been shown to be essential in capillary branching in ischemia-

induced revascularization of normal tissues (Johnson et al.,

2004). MMP-9 may also enhance local angiogenesis in a spatio-

temporal manner due to its ability to cleave membrane-bound

VEGF, thereby increasing bioavailable levels of VEGF (Bergers

et al., 2000), a growth factor that is critical for survival and growth

of endothelial cells (Ferrara et al., 2003). Macrophages them-

selves can also express VEGF, and these cells are observed in

poorly vascularized areas of human breast carcinoma (Lewis

et al., 2000). Other functions of macrophages, such as inducible

nitric oxide synthase, arginase, and cyclooxygenase-2, have

been reported to be important in growth of irradiated tumors in

mice (Tsai et al., 2007).

CD11b+ myelomonocytic cells, including a subset of

CD11b+Gr-1+ myeloid suppressor cells, are increasingly recog-

nized for their roles in promoting tumor progression. Studies

have shown that these cells enhance tumor angiogenesis

(Yang et al., 2004), prepare the premetastatic niche in the lung

(Hiratsuka et al., 2006), and are responsible for the refractoriness
of tumors to anti-VEGF treatment (Shojaei et al., 2007). Our study

is consistent with these reports by showing that they promote

tumor growth in preirradiated tissues of mice when local angio-

genesis is inhibited.

Increased leukocyte infiltration, especially by CD68-positive

macrophages, is observed in biopsy samples of rectal cancer

patients after high-dose (and short-term) and low-dose (and

long-term) fractionated radiotherapy (Baeten et al., 2006). The

authors of this study proposed that an increased expression of

adhesion molecules such as intracellular adhesion molecule-1,

vascular cell adhesion molecule, and E-selectin on tumor

endothelium after radiotherapy is responsible for stimulating

leukocyte infiltration in the tumors. However, other factors,

including VEGF and stromal-cell derived factor-1 (SDF-1), have

been also reported to be essential in recruiting BM-derived

myelomonocytic cells to tumors (Grunewald et al., 2006; Petit

et al., 2007). VEGF and SDF-1 are downstream targets of

hypoxia-inducible factor-1 (HIF-1), a transcription factor induced

by hypoxia due to stabilization under hypoxic conditions

(Ceradini et al., 2004; Semenza, 2003). HIF-1 levels are likely to

increase in tumors regrowing after irradiation or tumors grown

in preirradiated tissues due to the increased levels of hypoxia

(Kim et al., 1993; Teicher et al., 1994). Furthermore, recent stud-

ies have shown that irradiation increases HIF-1 activity in tumors

(Moeller et al., 2004), and this occurs by recruited macrophages

in irradiated tumors producing nitric oxide, which in turn nitrosy-

lates cysteine residues of the oxygen-dependent degradation

domain of HIF-1a, thereby stabilizing it (Li et al., 2007).

Overall, there is strong evidence that BM-derived myelomono-

cytic cells promote tumor growth and that they do so by forming

a positive feedback loop with many other components of the

tumor microenvironment. Indeed, several investigators have

reported that targeting TAMs produces significant antitumor

activity (Allavena et al., 2005; Lin et al., 2001; Luo et al., 2006;

Zeisberger et al., 2006). However, it is evident that tumors

show large variations in recruiting and utilizing these BM-derived

cells, and our study demonstrates that the pattern of BM-derived

infiltrates and reliance for the source of MMP-9 varies widely

between RIF and MT1A2 tumors. Hence, prospective knowledge

of tumor cytokines and their role in the recruitment of BM-

derived cells will be important to derive maximum antitumor

activity from therapies targeting these cells.

We observed a minimal contribution of BM-derived EPCs to

the vasculature of tumors grown in preirradiated tissues. This

raises the question as to the source of the additional endothelial

cells. Studies have shown that there are mature circulating endo-

thelial cells derived from vessel wall turnover and that these cells

are increased in patients with some types of cancer (Bertolini

et al., 2006). Recently, Aicher and colleagues reported that there

are non-BM-derived circulating progenitor cells from organs

such as the small intestine and liver and that these cells incorpo-

rate into sites of neovascularization (Aicher et al., 2007).

However, further studies are needed to determine the exact

source of those new endothelial cells that promote tumor growth

following high-dose radiotherapy.

Our results also suggest that BM-derived cells expressing

MMP-9 are sufficient but not essential for tumor vasculogenesis.

This is evident from the similar tumor growth in preirradiated

tissues of WT mice + MMP-9 KO BM compared to WT mice + WT
Cancer Cell 13, 193–205, March 2008 ª2008 Elsevier Inc. 201
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BM. These data indicate that non-BM cells of the host that are

still proficient in MMP-9, such as fibroblasts and smooth muscle

cells, can compensate for the deficiency of MMP-9 from BM

cells. MMP-9 in fibroblasts has been shown to promote mito-

genic induction of breast cancer cells by enhancing endothelial

cell survival and function in an in vitro coculture model (Shekhar

et al., 2001). This supports our observation that other sources of

MMP-9 could also play a role in promoting tumor growth and

angiogenesis. It also strengthens the rationale that MMP-9 is an

important target for adjunct therapy to radiotherapy.

Clinical trials with MMP inhibitors have been uniformly disap-

pointing. Although MMP-9 expression has been shown to corre-

late with tumor response in patients (Unsal et al., 2007), MMP

inhibitors when given alone or in combination with cytotoxic

agents showed no gain in clinical efficacy (Coussens et al.,

2002). However, none of these trials have been performed in

conjunction with radiotherapy, a therapy that can selectively in-

hibit local angiogenesis and make tumor growth dependent on

vasculogenesis. Even though currently available MMP-9 inhibi-

tors lack specificity for MMP-9 by also inhibiting the closely

related MMP-2, a recent preclinical study showed that the

MMP-2 and MMP-9 inhibitor Metastat significantly potentiated

the antitumor efficacy of irradiation (Kaliski et al., 2005), support-

ing the rationale of combining MMP inhibitors with radiotherapy.

We believe that our data point the way to further studies of

MMP-9 inhibitors with radiation.

EXPERIMENTAL PROCEDURES

Mice

All animal procedures were approved by Stanford’s Administrative Panel on

Laboratory Animal Care (APLAC). All mice except C3H [FVB/N-TgN(TIE2-

lacZ)182Sato; B6.Cg-Tg(TIE2GFP)287Sato/1J; B6;129S-Gt(ROSA)26Sor/J;

FVB-Tg(ITGAM-DTR/EGFP)34Lan/J; FVB.Cg-Tg(GFPU)5Nagy/J; FVB.Cg-

Mmp9tm1Tvu/J; FVB/NJ; and C57Bl/6J] were purchased from the Jackson

laboratory (Bar Harbor, ME). C3H mice were obtained from the breeding facility

at Stanford University’s Research Animal Facility. Mice were maintained in

a germ-free environment and had access to food and water available ad

libitum.

Bone Marrow Transplantation

Six- to twelve-week-old mice were used as BM recipients and donors. BM

cells from the donors were harvested from both femurs and tibias by flushing

the bone cavity with Hank’s balanced salt solution (Invitrogen, Carlsbad, CA)

using 25 gauge needles (BD, Franklin Lakes, NJ). The recipient mice were

lethally irradiated 24 hr prior to the BM transplantation. The IR doses used

were 9 Gy for FVB, MMP-9 KO, and C3H mice, and 9.5 Gy for C57Bl/6

mice. The lethally irradiated mice received >2 3 106 BM cell suspensions intra-

venously and were allowed to recover for a minimum of 4 weeks.

Cell Lines

The MT1A2 mouse mammary carcinoma cell line was obtained from Dr. Frank

Graham (McMaster University, Canada), the TG1-1 mouse mammary

carcinoma cell line was from Dr. Rakish Jain (Harvard University, MA), the

6780 lymphoma cell line was from Dr. Dean Felsher (Stanford University,

CA), and the B16F1 melanoma cell line was from Dr. Garth Nicolson (UC Irvine,

CA). The LLC cell line was purchased from the American Tissue Culture Collec-

tion (Manassas, VA). MT1A2, TG1-1, RIF, B16F1, and LLC cells were

maintained in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad,

CA) supplemented with 10% fetal bovine serum (FBS; Mediatech, Inc.,

Herndon, VA), and penicillin-streptomycin (1%). 6780 cells were grown in

RPMI (Invitrogen) supplemented with 10% FBS, and penicillin-streptomycin

(1%). RIF cells were constantly passaged in vitro-in vivo by implanting in

syngeneic female C3H mice as described previously (Twentyman et al., 1980).
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The MT1A2 and TG1-1 cells were inoculated at 1.5 3 106 cells/mouse, 6780

cells at 5 3 106 cells/mouse, and RIF, B16F1, or LLC cells at 5 3 105 cells/

mouse intradermally on the back of the mouse approximately 1 cm proximal

to the base of the tail. Unanesthetized mice were placed in lead jigs through

which the tumor implantation site or established tumors (at approximately

200 mm3 in volume) were protruded for irradiation to an area of approximately

2 cm diameter. Irradiation was performed with a Phillips X-ray unit operated at

200 kVp with the dose rate of 1.21 Gy/min (20 mÅ with added filtration of

0.5 mm copper, the distance from X-ray source to the target of 31 cm, and

a half value layer of 1.3 mm copper). For the tumors grown in the preirradiated

site, the tumors were implanted 5 days after irradiation. Tumor volume (V) was

calculated using the formula for a spheroid: V = p/6 3 (width)2 3 (length). When

tumor volumes reached approximately 200 mm3 for control tumors and slightly

more than 200 mm3 for irradiated tumors and tumors grown in the irradiated

bed, cardiac perfusion was performed in asphyxiated tumor-bearing mice

with 4% paraformaldehyde in phosphate-buffered saline (PBS; Invitrogen).

Tumors were removed, embedded in optimal cutting temperature (OCT)

compound (Sakura Finetek, Torrance, CA), and frozen in�80�C until cryosec-

tioning and immunostaining.

Immunostaining

Primary antibodies for immunofluorescent staining were a rat monoclonal

CD31/PECAM-1 (MEC13.3; BD PharMingen, San Diego, CA), a rabbit

polyclonal GFP antibody (Invitrogen, Eugene, OR), a rabbit polyclonal

MMP-9 (Abcam, Cambridge, MA), a biotinylated CD11b/macrophage-associ-

ated antigen-1a (M1/70; BD PharMingen), a biotinylated CD11c (HL3; BD

PharMingen), and a biotinylated Gr-1/Ly-6C (RB6-8C5; BD PharMingen).

Primary antibodies were detected by using secondary antibodies of anti-rat

Alexa Fluor 594 (Invitrogen), anti-rabbit Alexa Fluor 488 (Invitrogen), anti-rabbit

Alexa Fluor 647 (Invitrogen), or streptavidin Alexa Fluor 555 (Invitrogen). FITC-

conjugated anti-mouse a-smooth muscle actin (a-SMA) antibody (Sigma, St.

Louis, MO) was used to detect pericytes, and Phycoerythrin (PE)-conjugated

antibodies for CD4 (StemCell Technologies, Vancouver, BC, Canada),

CD8a/Ly-2 (53-6.7; BD PharMingen), and CD49b (StemCell Technologies)

were used to detect CD4, CD8a T cells, and NK cells, respectively. Frozen

sections of tumors (8 mm) were dried in air, hydrated with PBS, blocked with

5% goat serum in PBS (containing 0.03% Triton X-100) for 30 min, and incu-

bated with primary antibodies for 2 hr at room temperature (RT). Sections

were washed three times in PBS, followed by secondary antibody for 1 hr at

RT. After washing in PBS, sections were mounted with anti-fade reagent

with 40,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and viewed with a

Leica DMRA2 microscope (Wetzlar, Germany) using PLAN 203/0.40 and

403/0.65 objective lenses with HC PLAN s 103/22 eyepieces. Images were

acquired with a Hamamatsu ORCA-ER camera and Improvision OpenLab

software.

Histological Assessment

MMP-9-positive area in the tumors was determined by the point-count method

(Gray, 1996). Briefly, the proportions were calculated as the number of points

directly over MMP-9-positive staining divided by the total number of points

examined using a six-point grid in a 153 eyepieces at a 103 objective.

Quantitative analysis for CD11b- and MMP-9-positive cells was done by

counting the number of cells in the photographed fields where the most

CD11b were observed in nonnecrotic regions using a 403 objective with

103 eyepieces of the DMRA2 fluorescent microscope. X-gal-positive cells

were counted in five random fields per tumor with a 203 objective and 103

eyepieces of the DMLB microscope. Quantification was made on three to

five independent specimens per tumor, four to five animals per group.

Drug Treatment

ZA (Zometa; Novartis Pharma AG) was dissolved in sterile water and stored

long term at �80�C and at 4�C for short-term storage as reported previously

(Giraudo et al., 2004). Mice were treated every day with ZA or water from the

first day of the local irradiation at the lower back. The animals were monitored

during the treatment for their bodyweight to assess side effects and did not

show any significant loss in weight (less than 10% of bodyweight).
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DT (List biological laboratories Inc., CA) was prepared in sterile water

containing 1% of bovine serum albumin (BSA, Sigma). Carrageenan (Sigma)

was dissolved in saline at 10 mg/ml. Mice were treated with DT or vehicle

(1% BSA in water) once in 2 days or carrageenan once per week by intraper-

itoneal injections from the first day of the local irradiation. The treated animals

received water containing antibiotics (neomycin and polymyxin B) throughout

the study.

Statistical Analysis

Statistical comparisons of data sets were performed by a two-tailed Student’s

t test or one-way ANOVA with Tukey post test (V4.00 GraphPad Inc., CA). The

data were considered to be significantly different when p < 0.05.

SUPPLEMENTAL DATA

The Supplemental Data include Supplemental Experimental Procedures and

six supplemental figures and can be found with this article online at http://

www.cancercell.org/cgi/content/full/13/3/193/DC1/.
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