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SUMMARY
Tumor-infiltrating myeloid cells convey proangiogenic programs that counteract the efficacy of antiangio-
genic therapy. Here, we show that blocking angiopoietin-2 (ANG2), a TIE2 ligand and angiogenic factor
expressed by activated endothelial cells (ECs), regresses the tumor vasculature and inhibits progression
of late-stage, metastatic MMTV-PyMT mammary carcinomas and RIP1-Tag2 pancreatic insulinomas.
ANG2 blockade did not inhibit recruitment of MRC1+ TIE2-expressing macrophages (TEMs) but impeded
their upregulation of Tie2, association with blood vessels, and ability to restore angiogenesis in tumors.
Conditional Tie2 gene knockdown in TEMs was sufficient to decrease tumor angiogenesis. Our findings
support a model wherein the ANG2-TIE2 axis mediates cell-to-cell interactions between TEMs and ECs
that are important for tumor angiogenesis and can be targeted to induce effective antitumor responses.
INTRODUCTION

Among the signaling molecules that regulate the tumor

vasculature are members of the vascular-endothelial growth

factor (VEGF) pathway, some of which represent validated

targets of antiangiogenic therapies (Chung et al., 2010; Kerbel,

2008). However, antiangiogenic treatments targeting the VEGF

pathway rarely induce durable tumor responses, both in mice

and patients with cancer (Bergers and Hanahan, 2008), and

may also favor metastasis in selected tumor models (Ebos

et al., 2009; Paez-Ribes et al., 2009). Recently, tumor resistance

or recurrence after antiangiogenic therapy has been causally
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linked to the recruitment of bone marrow (BM)-derived myeloid

cells (Shojaei et al., 2007). Damaging the tumor vasculature

indeed enhances tumor hypoxia, which in turn upregulates the

expression of several myeloid cell chemoattractants (e.g.,

stromal cell-derived factor-1, SDF1) that rouse the influx

of myeloid cells to treated tumors (Bergers and Hanahan,

2008; Chan et al., 2009; Du et al., 2008). Once recruited to the

tumors, myeloid cells promote angiogenesis by releasing angio-

genic and tissue-remodeling factors (Coffelt et al., 2010a;

De Palma et al., 2005), and also stimulate tumor cell intravasa-

tion, dissemination, and metastasis (DeNardo et al., 2009; Qian

and Pollard, 2010).
iation treatments enhance tumor infiltration by bonemarrow-
ed cells were shown to promote tumor revascularization and
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Angiopoietins (ANGs) constitute another important class of

angiogenic molecules (Augustin et al., 2009; Huang et al., 2010;

Saharinen et al., 2010). ANG2 is upregulated by hypoxia and

may trigger angiogenesis via an autocrine loop in endothelial cells

(ECs), which express the ANG2 receptor, TIE2. Experimental

evidence supports the notion that the ANG2-TIE2 axis promotes

angiogenesis in tumors by destabilizing the blood vessels (e.g.,

by decreasing pericyte coverage) and sensitizing ECs to prolifer-

ation signals mediated by other proangiogenic factors, namely

VEGF (Augustin et al., 2009; Saharinen et al., 2010). However,

in the absence of VEGF, ANG2 promotes EC apoptosis and

consequent blood vessel regression (Augustin et al., 2009;

Chae et al., 2010; Holash et al., 1999; Saharinen et al., 2010).

ANG1, another TIE2 ligand, is known to promote vascular matu-

ration by increasing EC-pericyte interactions (Augustin et al.,

2009; Saharinen et al., 2010; Suri et al., 1996). Because the

phenotypes of Angpt1-deficient and Angpt2-overexpressing

mice are similar, ANG2 has long been regarded as an antagonist

for ANG1, although more recent studies have indicated that

ANG2 may function as a context-dependent TIE2 agonist

(Augustin et al., 2009; Saharinen et al., 2010). Genetic or pharma-

cological targeting of ANG2 reduced tumor angiogenesis andde-

layed the growth of subcutaneous tumors to variable extent in

different studies (Brown et al., 2010; Hashizume et al., 2010; Na-

sarre et al., 2009; Oliner et al., 2004); the role of ANG2 in tumor

angiogenesis and growth—and its therapeutic significance as

a molecular target—remains controversial and poorly defined

(Augustin et al., 2009; Saharinen et al., 2010). Furthermore, the

benefits of targeting ANG2 need to be assessed in clinically rele-

vant tumormodels, such as spontaneous andmetastatic tumors.

Expression of the ANG receptor, TIE2, is not restricted to ECs.

TIE2 is weakly expressed by some circulating monocytes and is

significantly upregulated upon their homing to tumors and differ-

entiation into a subset of perivascular macrophages (De Palma

et al., 2003, 2005, 2008). These TIE2-expressing macrophages

(TEMs) have features of M2-polarized tumor-associated macro-

phages (TAMs) (Mantovani and Sica, 2010), promote both devel-

opmental and tumor angiogenesis (Fantin et al., 2010; Pucci

et al., 2009), and are required for the formation of tumor blood

vessels (De Palma et al., 2003, 2005). Because tumor-infiltrating

TEMs promote vascular regrowth following therapy-induced

vascular damage (Kioi et al., 2010; Kozin et al., 2010), targeting

these cells might increase the efficacy of antiangiogenic treat-

ments by counteracting myeloid cell-mediated angiogenesis

and resistance to therapy (Bergers and Hanahan, 2008).

TEMs, but not TIE2�monocytes, respond to ANG2 stimulation

in vitro (Coffelt et al., 2010b; Murdoch et al., 2007; Venneri et al.,

2007), suggesting that the ANG2-TIE2 axis may also regulate

TEM functions in vivo. We then asked whether targeting the

ANG/TIE2 signaling pathway would inhibit tumor angiogenesis

and growth also by interfering with TEM’s proangiogenic activity.

RESULTS

ANG2 Blockade Inhibits Tumor Growth in Mammary
Tumor Models
To specifically neutralize ANG2, we used a fully humanized

monoclonal antibody (clone 3.19.3) that efficiently blocks

ANG2, but not ANG1, binding to TIE2 (Brown et al., 2010).
Biweekly injections of 3.19.3, but not control immunoglobulins

(IgGs) or saline (vehicle) alone, inhibited tumor growth by

�50% in MMTV-PyMT transgenic mice, which spontaneously

develop aggressive and metastatic mammary carcinomas (Fig-

ure 1A; see Figure S1A available online). We observed tumor

inhibition after both early (starting at 7 weeks of age) and late

(starting at 12 weeks of age) treatment schedules, indicating

that ANG2 has a functional role also during late-stage tumorigen-

esis. Of note the 8-week-long early treatment schedule did not

select for resistance to therapy.

In order to obtain synchronized, late-stage tumors, we injected

tumor cells derived from 16-week-old MMTV-PyMT mice ortho-

topically in the third mammary fat pad of syngenic mice. We

then treatedestablished tumors (15dayspost-tumorcell injection)

by either short (2 weeks) or extended (9 weeks) treatment sched-

ules.Both treatmentschedules inhibited tumorgrowth (Figure1B).

Following a short treatment schedule, the tumors remained in-

hibited for another 2weeks but then resumed their growthwithout

showing accelerated growth kinetics. Upon an extended treat-

ment schedule, the tumors remained unceasingly inhibited and

appeared largely necrotic and fibrotic at the end of the experi-

ments (Figure 1C). Overall, ANG2 blockade inhibited the growth

of orthotopic MMTV-PyMT tumors by 70%–80% and extended

mouse survival significantly in several independent experiments.

We observed antitumor activity of 3.19.3 also in subcutaneous

A431 human carcinomas grown in immunodeficient, CD1 athy-

mic mice (Figure S1B). Taken together, these results indicate

that ANG2 blockade inhibits primary tumor growth without elic-

iting detectable resistance to the treatment, even in late-stage

tumors or upon prolonged treatment schedules.

ANG2 Blockade Regresses the Vasculature and Inhibits
Angiogenesis in Mammary Tumor Models
We then analyzed angiogenesis in spontaneous and orthotopic

MMTV-PyMT carcinomas (Figures 2A and 2B), as well as subcu-

taneously growing A431 human carcinomas (Figure S2A). We

measured vascular parameters by immunofluorescence staining

(IFS) and confocal microscopy of tumor sections (orthotopic

MMTV-PyMT model) and flow cytometry of tumor cell suspen-

sions obtained from multiple tumor biopsies (spontaneous

MMTV-PyMT model).

In orthotopic MMTV-PyMT (Figure 2A) and subcutaneous

A431 (Figure S2A) carcinomas treated according to a short

schedule, 3.19.3 greatly reduced the relative tumor vascular

area (measured by IFS of CD31+ blood vessels). In spontaneous

MMTV-PyMT tumors treated according to a late schedule,

3.19.3 significantly reduced the proportion of viable ECs among

tumor-derived cells (measured by flow cytometry) (Figures 2B;

Figure S2B). Together, these data indicate profound antiangio-

genic activity of 3.19.3 in the tumor models tested.

Although 3.19.3-treated tumors contained vascular-like struc-

tures heavily coated by NG2+ pericytes, the inner EC lining was

often discontinuous or even absent (Figure 2A; Movies S1

and S2). This feature, together with the lower ratio of CD31+/

NG2+ area (Figure 2B), strongly suggested regression of estab-

lished blood vessels in 3.19.3-treated tumors. Consistent with

impaired angiogenesis and vascular regression, 3.19.3 reduced

tumor perfusion and dramatically increased tumor hypoxia (Fig-

ure 2C) and necrosis (Figures 2A and 2C). Of note, large hypoxic
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Figure 1. ANG2 Blockade Inhibits Tumor Growth in MMTV-PyMT Mammary Tumor Models

(A) Tumor growth in transgenic MMTV-PyMT mice. Top panel shows schematics of the early and late-treatment trials. Bottom panels illustrate tumor weight

(mean tumor weight ± SEM) of 15-week-old mice treated according to early (one experiment; n = 10/group) or late (three experiments combined; n = 8–19/group)

schedules. Each dot in the plots corresponds to one mouse bearing multiple mammary tumors. Statistical analyses by unpaired Student’s t test.

(B) Tumor growth in mice carrying orthotopic, late-stage MMTV-PyMT mammary tumors. Top panel shows schematics of the experimental design. Middle and

bottom panels illustrate tumor growth (mean tumor volume ± SEM, shown as fold-change versus first day [day 15] of treatment) in short (middle; n = 8mice/group)

and extended (bottom; n = 10–12 mice/group) treatment trials. Statistical analyses were performed on actual tumor volume data by unpaired Student’s t test.

*, p < 0.01; **, p < 0.005; ***, p < 0.001.

(C) Masson’s trichrome staining of orthotopic, late-stage MMTV-PyMT mammary tumors treated according to an extended (9 weeks) treatment schedule.

Collagen’s blue staining demonstrates abundant fibrotic tissue and scant tumor cells in 3.19.3-treated tumors (day 78). Left panels show tumor periphery. Scale

bars, 600 mm (left panels) and 300 mm (right panels). Images are representative of five 3.19.3-treated (day 78) and three control IgG-treated (day 48) tumors.
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or necrotic tumor areas were frequently observed in proximity to

CD31+ blood vessels (Figure 2C) or NG2+ sheaths lacking EC

lining (Figure 2A) in the tumors of 3.19.3-treated but not

untreated mice.

ANG2 Blockade Inhibits Progression and Angiogenesis
of Late-Stage Pancreatic Islet Tumors
It has been reported that late-stage RIP1-Tag2 pancreatic islet

tumors are insensitive to VEGF/VEGFR2 blockade (Casanovas
514 Cancer Cell 19, 512–526, April 12, 2011 ª2011 Elsevier Inc.
et al., 2005; Shojaei et al., 2008). We then investigated whether

late-stage islet tumors are sensitive to ANG2 blockade following

a treatment schedule similar to that used by Hanahan and

coworkers (Casanovas et al., 2005). To this aim we treated

12-week-old, RIP1-Tag2 mice with biweekly injections of either

vehicle or 3.19.3 for 3.5 weeks (Figure 3A). The mice were eutha-

nized at 15.5 weeks of age, when most of the vehicle but not

3.19.3-treated mice showed signs of distress (data not shown).

We also euthanized a group of untreated mice at 12 weeks of



Figure 2. ANG2 Blockade Regresses the Vasculature and Inhibits Angiogenesis in MMTV-PyMT Mammary Tumor Models

(A) NG2 (green) and CD31 (red) immunostaining, and TO-PRO-3 (TP3) nuclear staining (blue) of orthotopic, late-stage MMTV-PyMT mammary tumors treated

according to a short (2 weeks) schedule and analyzed immediately after discontinuation of therapy. Top panels show confocal images of representative tumor

sections. N, necrotic tumor areas. Scale bar, 300 mm. Middle panels show images of three-dimensional models obtained by surface rendering of the confocal

Z stacks, after superimposition of multiple confocal planes (section thickness, 16 mm). Scale bar, 150 mm. Bottom panels show superimposition of multiple

confocal Z stacks imaging individual blood vessels. Scale bar, 50 mm. Results are representative of two independent experiments and ten tumors per group

analyzed.

(B) Morphometric (Relative vascular area; Relative pericyte area; EC/pericyte ratio) and flow cytometry (Endothelial cells) analyses of angiogenesis in orthotopic

(morphometric analyses) and spontaneous (flow cytometry) MMTV-PyMT mammary tumors. Each dot in the plots corresponds to one tumor; scatter plots show

mean values ± SEM. Statistical analyses by unpaired Student’s t test.

(C) Top panels illustrate lectin (green), hypoxia (PIMO; red), and CD31 (blue) immunostaining of orthotopic, late-stage MMTV-PyMT mammary tumors treated

according to a short (2 weeks) schedule. N, necrotic tumor areas; H, hypoxic areas; arrows indicate lectin+/CD31+ perfused blood vessels. Scale bar, 150 mm.

Results are representative of two independent experiments and eight tumors per group analyzed. Bottom panel shows quantification of hypoxia in three

representative tumors (mean percentage [%] of PIMO+ area ± SEM). Statistical analyses by unpaired Student’s t test.
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age (t0) in order to obtain pancreatic tissue at a time point coin-

ciding with the initiation of therapy (Figure 3A).

Clone 3.19.3 significantly reduced the mean tumor area

(versus vehicle; Figure 3A) calculated by measuring each of the

islet tumors scored in the largest pancreatic section (28–72

tumors per section; Figure S3). Of note, large tumors exceeding

0.5 mm2 of area were significantly fewer in 3.19.3-treated than

control mice (Figure 3A; Figure S3), indicating that ANG2
blockade effectively inhibited the progression of advanced

tumors in RIP1-Tag2 mice. Furthermore, 3.19.3 did not increase

local invasion by islet tumors, as shown by the similar propor-

tions of noninvasive, partially invasive (IC1), or entirely invasive

(IC2) tumors (Ebos et al., 2009; Paez-Ribes et al., 2009) in

3.19.3-treated and control mice (Figure 3B).

We then studied tumor angiogenesis. Clone 3.19.3 greatly

reduced the relative tumor vascular area, measured by IFS of
Cancer Cell 19, 512–526, April 12, 2011 ª2011 Elsevier Inc. 515



Figure 3. ANG2 Blockade Inhibits Progression and Angiogenesis of Late-Stage, RIP1-Tag2 Pancreatic Islet Tumors

(A) Top panel shows schematics of the late treatment trial. Bottom-left panel illustrates mean tumor area (±SEM; two independent experiments combined;

n = 4–8/group). Bottom-right panel shows proportion (%) of tumors exceeding 0.5 mm2 of area (mean value ± SEM; two independent experiments combined;

n = 4–8/group). Each dot in the plots corresponds to one mouse, of which multiple islet tumors contained in the largest pancreatic section were analyzed.

Statistical analyses by unpaired Student’s t test.

(B) Left panels illustrate hematoxylin and eosin staining (H&E) of pancreatic sections showing examples of noninvasive (left and middle panels) and invasive (right

panel) islet tumors. Scale bars, 300 mm (left panel) and 150 mm (middle and right panels). Right panel illustrates proportion (%; mean value ± SEM) of tumors with

noninvasive, partially invasive (IC1) or entirely invasive (IC2) margins. Each dot in the plots corresponds to one mouse, of which multiple islet tumors contained in

the largest pancreatic section were analyzed.

(C) NG2 (green) and CD31 (red) immunostaining of islet tumors. Scale bar, 150 mm. Results are representative of two independent experiments and three to four

mice per group analyzed.

(D) Morphometric analyses of angiogenesis (Relative vascular area; Relative pericyte area; Endothelial / pericyte ratio; mean values ± SEM) in islet tumors

analyzed at the indicated time points. Each dot in the plots corresponds to one mouse, of which multiple tumors were analyzed. Statistical analyses by unpaired

Student’s t test.
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Figure 4. ANG2 Blockade Upregulates the

Expression of Proangiogenic Genes in

Mammary Tumors

Gene expression by qPCR in whole-tumor

lysates obtained from spontaneous MMTV-PyMT

tumors treated with 3.19.3 (mean fold change

over reference value [vehicle]). For each mouse

(n = 3–4 mice/group), two to three small tumor

biopsies were obtained and pooled together.

Error bars represent 95% confidence interval

(1.96 3 SEM). Gapdh and Hprt were used as

reference genes. Genes differentially expressed

between 3.19.3- and vehicle-treated tumors are

indicated by the asterisks (*, p < 0.05; **,

p < 0.01; ***, p < 0.001).
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CD31+ blood vessels (Figures 3C and 3D). Of note, the relative

tumor vascular area was similar in t0 (12 weeks of age) and

vehicle-treated (15.5 weeks of age) mice but was reduced by

more than 50% in 3.19.3-treated mice (15.5 weeks of age). As

seen in MMTV-PyMT carcinomas, 3.19.3 enhanced pericyte

coverage of tumor blood vessels (Figures 3C and 3D). These

data indicate profound antiangiogenic activity of ANG2 blockade

in late-stage, pancreatic islet tumors.

ANG2 Blockade Upregulates the Expression
of Proangiogenic Genes in Mammary Tumors
We then analyzed the expression of a panel of angiogenesis-

associated and myeloid cell-growth factor/chemoattractant

genes by qPCR (Figure S4) in tumor lysates obtained from spon-

taneous MMTV-PyMT carcinomas treated according to a late

schedule (Figure 1A). Although none of the investigated genes

showed major changes, the proangiogenic genes Angpt2,

Fgf2, Hgf, Pdgfb, Vegfa, Vegfb, Mmp9, and Sdf1 were all upre-

gulated in 3.19.3-treated versus untreated tumors (Figure 4). Of

note, enhanced expression of Fgf2, Sdf1, and Hgf has been

previously associated with tumor resistance to various antian-

giogenic or radiation treatments (Casanovas et al., 2005; Kozin

et al., 2010; Shojaei et al., 2010).

Whereas Sdf1, Vegfa, and Angpt2 were slightly upregulated,

other myeloid cell-growth factor/chemoattractant genes (e.g.,

Bv8/prokinecitin-1, Csf1/M-CSF, Csf2/GM-CSF, and Csf3/

G-CSF) did not show significant changes in 3.19.3-treated

versus untreated tumors (Figure 4). Interestingly, Tie2was signif-

icantly downregulated, whereas the expression of other EC

receptors (e.g., Vegfr1, Vegfr2, and Cxcr4) was similar in

3.19.3-treated versus untreated tumors (Figure 4). Igf1, which

is an EC antiapoptotic/survival factor highly expressed by

TEMs (Pucci et al., 2009), was strongly upregulated in 3.19.3-

treated versus untreated tumors. In summary these data suggest

that mammary tumors upregulate, albeit marginally, the expres-

sion of several proangiogenic genes following ANG2 blockade;

nevertheless, the treated tumors did not show evidence for

rebound angiogenesis (Figures 2A–2C) or growth resistance

(Figures 1A–1C).
ANG2 Blockade Does Not Inhibit Tumor Infiltration by
TEMs but Impedes Their Association with Blood Vessels
We previously showed that TEMs can be distinguished from

TIE2� TAMs by their cell surface marker profile (TEMs: CD11b+/

F4/80+/MRC1high/CD11c�; TIE2� TAMs: CD11b+/F4/80+/

MRC1low/�/CD11c+) (Pucci et al., 2009) and perivascular location

(De Palma et al., 2005). Because TIE2� TAMs express higher

amounts of classic proinflammatory genes than TEMs (Pucci

et al., 2009), here we refer to the former as ‘‘inflammatory TAMs.’’

ANG2 was previously shown to be a TEM chemoattractant

(Coffelt et al., 2010b; Murdoch et al., 2007; Venneri et al., 2007).

We then asked whether ANG2 blockade inhibited TEM recruit-

ment to the tumors.We found thatMMTV-PyMT carcinomas con-

tained substantial numbers of MRC1+ TEMs (Figures 5A and 5B).

Unexpectedly, ANG2 blockade enhanced tumor infiltration by

MRC1+ TEMs, but not inflammatory TAMs or total CD11b+

myeloid cells, both in spontaneous (Figure 5A; Figure S5A) and

orthotopic (Figure 5B) MMTV-PyMT tumors. The enhanced

recruitment of MRC1+ TEMs in 3.19.3-treated tumors may be

fostered by increased tumor hypoxia and/or expression of SDF1

(Figures 2C and 4), which are known TEM-recruiting signals (Kioi

et al., 2010; Kozin et al., 2010). Interestingly, whereas in control

tumors theMRC1+cellsweremostly associatedwithCD31+blood

vessels (a typical TEM feature), in 3.19.3-treated tumors these

cells were more homogeneously spread in the tumor mass and

frequentlydisengaged from thebloodvessels (Figures5Aand5B).

ANG2 blockade did not increase MRC1+ TEM infiltration in

RIP1-Tag2 islet tumors but, similar to findings in MMTV-PyMT

carcinomas, displaced them from the blood vessels (Figure 5C).

This was true also in the scant tumor regions characterized by

a relatively high vascular area (Figure S5B). Together, these

data suggest that ANG2 is not required for TEM recruitment to

the tumors but regulates their interaction with angiogenic blood

vessels.

ANG2 Blockade Impedes Tumor TEM Upregulation
of Tie2
Because 3.19.3 strongly inhibited tumor angiogenesis, the

finding of increased numbers of MRC1+ TEMs in 3.19.3-treated
Cancer Cell 19, 512–526, April 12, 2011 ª2011 Elsevier Inc. 517



Figure 5. ANG2 Blockade Does Not Inhibit Tumor Infiltration by

TEMs but Impedes Their Association with Blood Vessels

(A) Top panels show MRC1 (red) and CD31 (blue) immunostaining of sponta-

neous, late-stage MMTV-PyMT mammary tumors treated according to a late

schedule and analyzed at 15 weeks of age (see Figure 1A). Scale bar, 150 mm.

Results are representative of three independent experiments and three to five

tumors per group analyzed. Bottom panels illustrate flow cytometry analyses

of myeloid cell infiltrates in tumors treated as above (mean frequency of tumor-

derived cells ± SEM, shown as fold change versus reference [vehicle]). Each

Cancer Cell
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MMTV-PyMT carcinomas appeared paradoxical in view of

the proangiogenic activity of these cells. In order to inves-

tigate whether ANG2 blockade altered gene expression in

TEMs, we isolated TEMs (7AAD�/CD11b+/CD31low/MRC1high/

CD11c�), inflammatory TAMs (7AAD�/CD11b+/CD31low/

MRC1low/�/CD11c+), and ECs (7AAD�/CD31high/CD11b�) from
both 3.19.3-treated and untreated, orthotopic MMTV-PyMT

carcinomas, and analyzed the expression of a panel of genes

of interest (Figure S4) in the sorted cells. In agreement with our

previous gene expression studies performed in the N202

mammary tumor model (Pucci et al., 2009), Tie2, Igf1, Sdf1,

and Mrc1 were all highly upregulated in TEMs versus inflamma-

tory TAMs isolated from untreated MMTV-PyMT tumors (Fig-

ure 6A; Figure S4). Therefore, the higher expression level of

Igf1, Mrc1, and Sdf1 in whole mammary tumor lysates of

3.19.3-treated (versus untreated) mice (Figure 4) is consistent

with their enhanced infiltration by TEMs (Figures 5A and 5B;

Figure S5A).

Interestingly, the expression level of Tie2—but not other

TEM-distinguishing genes—was significantly lower (8- to

10-fold in four independent experiments) in TEMs isolated from

3.19.3-treated than control tumors (Figure 6B; Figure S4; data

not shown). Because Tie2 is strongly upregulated in TEMs locally

in the tumor microenvironment (De Palma et al., 2008), these

data strongly suggested that neutralization of ANG2 had

impeded the upregulation of TIE2 in tumor-infiltrating TEMs.

On the other hand, ANG2 blockade did not change the expres-

sion level of any of the investigated genes in inflammatory

TAMs (Figures 6C; Figure S4). Except for Sdf1, which was upre-

gulated, none of the genes analyzed in ECs (including Tie2)

displayed significant changes following ANG2 blockade (Figures

6D; Figure S4).

To verify that, regardless of their differential expression level of

Tie2, the MRC1+ cells represented bona fide TEMs in both

3.19.3-treated and untreated tumors, we transplanted lethally

irradiated, 6-week-old MMTV-PyMT mice with Tie2-GFP BM

cells (De Palma et al., 2005) and analyzed the tumors at 15weeks

of age after a late treatment schedule (Figure S6). Anti-GFP IFS

of tumor sections specifically marked the MRC1+ cells and

labeled similar proportions of these cells in 3.19.3- and

vehicle-treated mice (Figure S6). Together with the gene expres-

sion data in Figure 6B, these results indicate that the MRC1+
dot in the plots corresponds to onemouse; tumor samples were obtained from

three independent experiments. Statistical analyses by unpaired Student’s t

test.

(B) MRC1 (red) and CD31 (blue) immunostaining of orthotopic, late-stage

MMTV-PyMT mammary tumors treated according to a short schedule (see

Figure 1B) and analyzed 2 weeks after the first treatment. Scale bar, 150 mm.

Results are representative of two independent experiments and ten tumors per

group analyzed.

(C) Top panels show MRC1 (red) and CD31 (green) immunostaining of late-

stage RIP1-Tag2 islet tumors treated according to a late schedule and

analyzed at 15.5 weeks of age (see Figure 3A). Scale bar, 100 mm. Results are

representative of two independent experiments, three to four mice per group

and several tumors analyzed. Bottom panels show morphometric analyses

(mean values ± SEM) of MRC1+ cell infiltration (left) and association with blood

vessels (right) in islet tumors treated as above. Each dot in the plots corre-

sponds to one mouse, of which multiple tumors were analyzed. Statistical

analyses by unpaired Student’s t test.



Figure 6. ANG2 Blockade Impedes Tumor TEM Upregulation of Tie2
(A) Gene expression by qPCR in TEMs and inflammatory TAMs isolated from untreated, orthotopic MMTV-PyMT tumors (mean fold change over reference value

[inflammatory TAMs]; n = 2) analyzed 4weeks post-tumor injection. Error bars represent 95%confidence interval (1.963SEM); b2mwas used as reference gene.

(B–D) Gene expression by qPCR in TEMs (B; n = 2), inflammatory TAMs (C; n = 2), and ECs (D; n = 3) isolated from orthotopic, late-stage MMTV-PyMT tumors

treated with 3.19.3 according to a short schedule (mean fold change over reference value [vehicle]). Error bars represent 95% confidence interval (1.963 SEM);

b2 m was used as reference gene. ***, p < 0.001. The expression of Tie2 in TEMs was further analyzed in two additional experiments and confirmed to be

significantly lower (p < 0.001) in 3.19.3-treated versus vehicle-treated tumors.
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cells of 3.19.3-treated tumors maintain a distinguishing TEM

phenotype but fail to upregulate Tie2, a molecular switch that

could be required to promote TEM association with angiogenic

blood vessels and execution of their proangiogenic activity.

Conditional Tie2 Gene Knockdown in TEMs Reduces
Tumor Angiogenesis and Perfusion inMammary Tumors
We then asked whether the impeded upregulation of Tie2 in

TEMs contributed to the antiangiogenic activity of ANG2

blockade in MMTV-PyMT carcinomas. To address this question

we silenced TIE2 specifically in themature hematopoietic cells of

tumor-bearing mice. We previously described the delivery of

small interfering RNA (siRNA) using microRNA (miRNA)-based

lentiviral vectors (LVs) (Amendola et al., 2009). To silence TIE2,

we replaced the stem sequence ofmiR-223with validated siRNA

sequences targeting Tie2 and obtained the artificial miRNA,

amiR(Tie2); we also generated a control amiR targeting Lucif-

erase, amiR(Luc) (Amendola et al., 2009). To enable inducible

gene silencing, we here combined two separate LVs (Figure 7A).

In the first vector (LV1), the amiR is placed downstream to a tetra-

cycline-responsive element (TRE)-containing promoter, which

also controls the expression of a marker gene (orange fluores-

cent protein, OFP). In the second vector (LV2), a reverse tetracy-

cline transactivator (rtTA-m2) is placed under the control of the

ubiquitously active phosphoglycerate kinase (PGK) promoter

(PGK-rtTA). In order to suppress rtTA expression and, conse-

quently, Tie2 gene knockdown in hematopoietic stem cells

(HSCs), which require TIE2 for their maintenance in the stem

cell niche (Arai et al., 2004), we modified the rtTA expression

cassette by incorporating target sequences for miR-126
(miR-126T) in the UTR. By this strategy, rtTA expression is sup-

pressed specifically in HSCs via endogenous miRNA-mediated

mRNA degradation because only HSCs express high-level

miR-126 among hematopoietic-lineage cells (Gentner et al.,

2010). We then generated FVB/PGK-rtTA-miR-126T (LV2) trans-

genic mice by LV-mediated transgenesis, as previously

described (De Palma et al., 2005), and used them as hematopoi-

etic stem/progenitor cell (HS/PC) donors for ex vivo LV1 trans-

duction and transplantation. We validated the inducible gene

knockdown platform both in vitro and in vivo, showing: (i)

absence of amiR-induced cell toxicity and counterselection

(Figures S7A and S7B) and lack of saturation of the endogenous

miRNA pathway (Figure S7C) in vitro; (ii) efficient and doxycy-

cline-dependent amiR expression in HS/PCs ex vivo (Figures

S7D and S7E), circulating monocytes (Figure S7F), and tumor-

infiltrating TEMs (Figure S7G) in vivo; and (iii) virtually complete

detargeting of amiR expression from primitive HSCs in vivo

(Figures S7H and S7I). Furthermore, expression of the amiR

(Tie2) did not perturb whole blood cell counts (Figure S7J), leuko-

cyte (Figure S7K) and monocyte (Figure S7L) subsets, nor did it

induce counterselection of LV1-transduced cells (Figure S7M) in

the transplanted mice (compared with amiR(Luc) mice).

To study the effects of Tie2 gene knockdown in a model of

spontaneous tumorigenesis, we generated MMTV-PyMT/amiR

(Tie2) and MMTV-PyMT/amiR(Luc) mice (two independent

experiments; n = 12–14 mice/group) by HS/PC transduction

and transplantation, as described above. We treated the mice

with doxycycline starting at 4 weeks post-transplant (9.5 weeks

of age), when the angiogenic switch and malignant conversion

occur in this tumor model (De Palma et al., 2008; Lin et al.,
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Figure 7. Conditional Tie2 Gene Knockdown in TEMs Reduces Tumor Angiogenesis and Impedes TEM Association with Blood Vessels

(A) Schematics of the LV constructs used for Tie2 gene knockdown in BM-derived cells.

(B) Flow cytometry analyses of mononuclear phagocyte infiltrates (MRC1high/CD11c� TEMs and MRC1low/CD11c+ inflammatory TAMs) in tumors of MMTV-

PyMT/amiR(Tie2) andMMTV-PyMT/amiR(Luc) mice. Each dot in the plot corresponds to one mouse (n = 11–12 mice/group); results are shown as mean values ±

SEM. Two independent experiments are shown after combining the data.

(C) Lectin (green), OFP (red), and CD31 (blue) immunostaining of tumor sections of MMTV-PyMT/amiR(Tie2) and MMTV-PyMT/amiR(Luc) mice. Scale bar,

150 mm. Results are representative of two independent experiments and 11–12 tumors/group analyzed. For each tumor, three to five sections were analyzed.

(D) The plots showmean values ± SEM of morphometric analyses of angiogenesis in tumors of MMTV-PyMT/amiR(Tie2) andMMTV-PyMT/amiR(Luc) mice. Each

dot indicates one individual tumor; for each tumor, three to five sections were analyzed. Statistical analyses by unpaired Student’s t test.

(E) Theplot showsmeanvalues±SEMof lectin+CD31+CD45�ECs in tumors ofMMTV-PyMT/amiR(Tie2) andMMTV-PyMT/amiR(Luc)mice. Eachdot indicatesone

individualmouse; for eachmouse, two to three tumor biopsieswere obtained andpooled together before analysis. Statistical analysesby unpairedStudent’s t test.

(F) MRC1 (green), OFP (red), and CD31 (blue) immunostaining of tumor sections of MMTV-PyMT/amiR(Tie2) andMMTV-PyMT/amiR(Luc) mice. Scale bar, 75 mm.

Results are representative of two independent experiments and ten tumors per group analyzed. For each tumor, three to five sections were analyzed.

OFP+MRC1high TEMs appear yellow, untransduced MRC1high TEMs appear green, and OFP+MRC1� cells represent BM-derived cells distinct from TEMs.
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2006). We euthanized the mice at 15 weeks of age and analyzed

their tumors by flow cytometry and IFS of frozen sections.

The frequency of TEMs and inflammatory TAMs among the

tumor-infiltrating CD11b+/Gr1� myelomonocytic cells was

similar in MMTV-PyMT/amiR(Tie2) and MMTV-PyMT/amiR

(Luc) mice (Figure 7B), indicating that Tie2 gene knockdown

did not detectably affect TEM recruitment to the tumors.

However, when we analyzed tumor angiogenesis, we observed

significant differences between MMTV-PyMT/amiR(Tie2) and

MMTV-PyMT/amiR(Luc) mice (Figures 7C and 7D). The CD31+

blood vessels of amiR(Tie2) tumors appeared smaller, fewer,

and less perfused (lectin+) than in the controls (Figure 7C).

Both the CD31+ and lectin+ relative vascular area, measured

by IFS of tumor sections, were significantly lower in amiR(Tie2)

than amiR(Luc) mice (Figure 7D), indicating decreased angio-

genesis and, possibly, increased vessel immaturity or collapse.

Flow cytometric analyses of tumor cell suspensions confirmed

the lower proportion of lectin+/CD31+/CD45� ECs in the tumors

of amiR(Tie2) mice (Figure 7E). We observed decreased angio-

genesis/perfusion also in FVB/amiR(Tie2) mice either challenged

with orthotopic MMTV-PyMT (Figure S7N) or subcutaneous

N202 (Figure S7O) mammary carcinomas. These data indicate

that Tie2 knockdown by RNAi and, consequently, its impeded

upregulation in tumor-infiltrating TEMs reduces tumor angio-

genesis and blood vessel functionality in mammary tumor

models.

Conditional Tie2 Gene Knockdown in TEMs Impedes
Their Association with Tumor Blood Vessels
Wenoted that the distribution of OFP+MRC1+ cells differed in the

tumors of amiR(Tie2) and amiR(Luc) mice, both in spontaneous

(Figures 7F and 7G) and orthotopic (Figure 7H) MMTV-PyMT

tumor models. Indeed, there were fewer OFP+MRC1+ TEMs

associated with CD31+ tumor blood vessels in amiR(Tie2) than

amiR(Luc) mice (Figures 7G and 7H), suggesting that Tie2 knock-

down in TEMs had hampered their ability to associate with

angiogenic blood vessels. Together with the ANG2 blockade

data shown above, these findings indicate that TIE2 expression

by TEMs is required for their association with angiogenic blood

vessels, and that disrupting such association (either by inter-

fering with Tie2 expression in TEMs, or by neutralizing the TIE2

ligand, ANG2) limits the formation of intratumoral vascular

networks (Figure 7I).

Whereas Tie2 knockdown in TEMs was sufficient to signifi-

cantly decrease angiogenesis in multiple tumor models (Figures

7C–7E; Figures S7N and 7O), it failed to reproducibly inhibit

tumor growth (data not shown). However, it should be noted

that the frequency of OFP+ TEMs ranged from 50% to 90%

(average: 70%) in the tumors of both amiR(Tie2) and amiR(Luc)

mice (Figure S7P), indicating that Tie2 gene knockdown had

occurred in the majority but not all tumor-infiltrating TEMs.
(G and H) Analysis of OFP+MRC1high TEM/CD31+ blood vessel association in tumo

orthotopic MMTV-PyMT tumors grown in FVB mice). Individual OFP+MRC1high

Histograms show mean values (±SEM) of the percentage of OFP+MRC1high TEM

mice per group and two tumors per mouse; in (H), data were obtained from thre

(I) TEM-EC interactions mediated by ANG2-TIE2 promote vascular morphogene

upregulated upon their extravasation and exposure to ANG2 in the perivascular m

(b) and promote vascular growth (c and d).
ANG2 Blockade Inhibits Spontaneous
and Preestablished Mammary Tumor Metastasis
We then asked whether angiogenesis inhibition following ANG2

blockade affected tumor cell dissemination and outgrowth of

pulmonary metastases in MMTV-PyMT transgenic mice. We

analyzed the lungs of 3.19.3-treated and control mice from either

early (one experiment; 8 weeks of treatment; n = 10 mice/group)

or late (two independent experiments; 3 weeks of treatment;

n = 10 mice/group) treatment trials. Both in early and late treat-

ment trials, 3.19.3 effectively inhibited spontaneous metastasis

in MMTV-PyMT mice (Figures 8A and 8B; Figure S8). In order

to discriminate direct versus indirect effects of 3.19.3 on metas-

tasis formation, we used a model in which metastatic growth is

independent of the primary tumor. To this aim we intravenously

injected tumor cells obtained from late-stage MMTV-PyMT

carcinomas into wild-type mice; by this approach, pulmonary

metastases form in the absence of a primary tumor. Starting at

1 day after tumor cell inoculation, mice were treated with

3.19.3 for 25 days or left untreated, and the lungs were analyzed

thereafter. Whereas 3.19.3 did not significantly decrease the

number of metastases in the lung parenchyma, it dramatically

inhibited the progression from a micro- to a macrometastatic

stage, as shown by volumetric analysis of the pulmonary tumor

burden (Figure 8C). These data provide direct evidence that

ANG2 blockade not only inhibits primary tumor growth and its

metastatic dissemination but also directly suppresses the

growth of established metastases.

DISCUSSION

Here, we demonstrate that ANG2 blockade: (i) inhibits angiogen-

esis and induces vascular regression in multiple tumor models,

including tumors that are prone to develop resistance to anti-

VEGF/VEGFR therapy; (ii) inhibits tumor growth in multiple tumor

models, including late-stage spontaneous tumors; (iii) limits the

metastatic dissemination of primary tumors and the outgrowth

of established metastasis; and (iv) impedes, in tumor-infiltrating

TEMs, the transcriptional upregulation of Tie2, which is required

for their association with tumor blood vessels and proangiogenic

activity.

Sustained Antiangiogenic and Antitumor Activity
of ANG2 Blockade
We neutralized ANG2 using an ANG2-specific monoclonal anti-

body (3.19.3) that potently binds ANG2 with at least 500-fold

greater affinity compared with ANG1 (Brown et al., 2010). Clone

3.19.3 markedly reduced the relative tumor vascular area in each

tumor model tested, including spontaneous MMTV-PyMT

mammary and RIP1-Tag2 pancreatic islet tumors. In these tumor

models, ANG2 neutralization increased pericyte coverage of

the remnant blood vessels, similar to previous findings in
rs of amiR(Tie2) and amiR(Luc) mice (G, spontaneousMMTV-PyMT tumors; H,

TEMs were scored as either associated or not with CD31+ blood vessels.

s associated with CD31+ blood vessels. In (G), data were obtained from three

e tumors per group. Statistical analyses by unpaired Student’s t test.

sis in tumors. Circulating TEMs express low-level TIE2 (a), but the receptor is

icroenvironment (b). TEMs adhere to ANG2-expressing sprouting blood vessels
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Figure 8. ANG2 Blockade Inhibits Spontaneous and Preestablished Mammary Tumor Metastasis

(A) Spontaneous metastasis model. Left panels illustrate number of metastatic foci (bars) and total metastatic area (broken line) in individual serial sections (each

bar) obtained from the entire left lung of MMTV-PyMT mice treated with 3.19.3, control IgGs, or vehicle after a late schedule (see Figure 1A), and analyzed at

15 weeks of age. Right panels show H&E of representative whole lung sections.

(B) Spontaneous metastasis model. Number of metastatic foci (mean values ± SEM) per section per mouse in mice treated according to either late (3 weeks; left)

or early (8 weeks, right; see Figure S8) schedules. Each dot represents one mouse. Statistical analyses by Mann-Whitney U test.

(C) Pre-established metastasis model. Top-left panel shows schematics of experimental design. Bottom-left panels illustrate morphometric analyses of

metastasis (mean values ± SEM) in the lungs of mice either treated with 3.19.3 (n = 8) or vehicle alone (n = 9). Each dot in the plots represents one mouse. Results

combine two independent experiments. Statistical analyses by Mann-Whitney U test (left and middle panels) or unpaired Student’s t test (right panel). Right

panels show H&E of representative whole lung sections.
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subcutaneous tumors (Hashizume et al., 2010; Nasarre et al.,

2009). Because ANG1 promotes pericyte-EC interactions, it is

possible that ANG2 blockade by 3.19.3 increased ANG1

bioavailability for interaction with TIE2, thus enhancing pericyte

coverage of the blood vessels and suppressing angiogenesis.

In agreement with previous findings (Fiedler et al., 2004), our

gene expression data indicate that ANG2 is highly expressed

in tumor ECs (Figure S4). However, the role of ANG2 in tumor

angiogenesis is still controversial. L1-7N, a previously described

ANG2-specific peptibody (Oliner et al., 2004), did not reduce

vascular density detectably in the tumor models tested (Hashi-

zume et al., 2010). Furthermore, genetic models of Angpt2 defi-

ciency or overexpression failed to unequivocally establish the

importance of ANG2 in tumor angiogenesis (Chae et al., 2010;

Nasarre et al., 2009).

Contrary to some of the earlier data, our findings indicate that

3.19.3 regresses the tumor vasculature and inhibits the growth of

both early and late-stage tumors, pointing to a critical role of

ANG2 during tumor progression. It is possible that some of the

previously reported strategies of ANG2 inhibition might have

overlooked the importance of ANG2 for tumor angiogenesis,

particularly when both ANG2 and ANG1, which have opposite

functions in tumor angiogenesis, were concomitantly targeted,

e.g., by soluble TIE2 delivery or ANG1/ANG2-bispecific anti-

bodies (Huang et al., 2010).

In MMTV-PyMT tumor models, 3.19.3 induced tumor blood

vessel regression, increased tumor hypoxia, fibrosis, and

necrosis, and enhanced the recruitment of MRC1+ TAMs (i.e.,

TEMs) to the tumors. Such tumor responses were previously

found—in the context of other antiangiogenic treatments (e.g.,

anti-VEGF/VEGFR) and/or tumor models—to associate with

the activation of alternate proangiogenic pathways and drug

resistance (Bergers and Hanahan, 2008; Casanovas et al.,

2005; Shojaei et al., 2007). Accordingly, we observed increased

expression of several proangiogenic genes (e.g., Vegfa, Fgf2,

and Sdf1) in 3.19.3-treated mammary tumors. We currently

ignore whether such upregulation of proangiogenic factors in

3.19.3-treated tumors is truly indicative of tumor adaptation to

circumvent ANG2 blockade, rather than representing an epiphe-

nomenon associated with enhanced tumor hypoxia or fibrosis.

In either case we did not find evidence for drug resistance or

rebound angiogenesis in tumors treated according to various

ANG2 blockade schedules, pointing to a requisite role of ANG2

for tumor angiogenesis. Importantly, ANG2 blockade also

inhibited angiogenesis and progression of late-stage, pancreatic

insulinomas in RIP1-Tag2mice, amouse tumormodel previously

shown to develop resistance to anti-VEGF/VEGFR2 therapy

(Casanovas et al., 2005; Shojaei et al., 2008). Although we did

not directly compare ANG2 blockade with VEGF/VEGFR2

blockade, our data suggest that effective ANG2 inhibition may

have the potential to achieve antiangiogenic and antitumor

activity also in tumors that are resistant to anti-VEGF therapy.

Antimetastatic Activity of ANG2 Blockade
An important finding of this study is that ANG2 blockade mark-

edly inhibited metastasis in two metastasis models. Clone

3.19.3 strongly inhibited spontaneous pulmonary metastases

in MMTV-PyMT mice, both following short and extended

(8 weeks) treatment schedules. These data argue that ANG2
blockade, at variance with certain models of anti-VEGF therapy

(Ebos et al., 2009; Paez-Ribes et al., 2009), has potent antimeta-

static activity and does not select for proinvasive/prometastatic

tumor phenotypes. Because 3.19.3 reduced angiogenesis and

increased pericyte coverage of the remaining blood vessels in

the primary tumors, it is likely that tumor cell intravasation and

dissemination were directly inhibited at the primary tumor site.

Of note the genetic disruption of pericyte coverage elicited

increased metastasis in the Rip1-Tag2 pancreatic islet tumor

model (Xian et al., 2006).

Our data further indicate that 3.19.3 impairs the growth of

micrometastases at the post-seeding step. Indeed, preestab-

lished micrometastases failed to develop into large macrometa-

stases following ANG2 blockade, a phenomenon possibly due to

inhibition of the angiogenic switch that occurs at the metastatic

site concomitant to micro- to macrometastasis transition.

The ANG2-TIE2 Pathway Regulates TEMs’
Proangiogenic Activity
TIE2 is expressed at very low level in circulatingmonocytes but is

strongly upregulated (up to 100-fold) in tumor-associated TEMs

(De Palma et al., 2008). Thus, ANG2 may signal both autocrinally

on ECs (Augustin et al., 2009) and iuxtacrinally on perivascular,

TIE2+ macrophages. The latter circumstance is supported by

experimental evidence that ANG2 agonistically enhances the

proangiogenic activity of human blood-derived TIE2+, but not

TIE2� monocytes in vitro (Coffelt et al., 2010b). Because the

MRC1+ TEMs recruited to 3.19.3-treated mammary tumors

expressed much lower Tie2 than those of untreated tumors, it

can be envisioned that EC-derived ANG2 stimulates TIE2

expression on perivascular TEMs and that such feedback may

be essential for the execution of productive angiogenesis.

Although it cannot be excluded that TIE2 upregulation in TEMs

is mediated indirectly by ANG2, ANG2 blockade specifically

modulated the Tie2 mRNA among several angiogenic genes

analyzed, suggesting that this response is intimately linked to

TIE2 signaling. Of note, several growth factors, including

ANGs, can regulate the expression of their receptor tyrosine

kinases at the transcriptional level via autoregulatory feedback

loops (Hashimoto et al., 2004). Intriguingly, we did not observe

transcriptional modulation of Tie2 in ECs following ANG2

blockade; this may suggest that ANG2-mediated modulation of

Tie2 expression involves different TIE2 heterodimers (Seegar

et al., 2010) and/or signaling adaptors (e.g., integrins) in ECs

and TAMs.

To investigate the role of TIE2 in TEMs, we developed a gene

knockdown platform that effectively protects the hematopoietic

compartment from potential toxicity consequent to RNA inter-

ference in HSCs. Indeed, our previous attempts to knock

down Tie2 using constitutive LVs caused obvious hematopoietic

toxicity (data not shown). By using inducible LVs coupled to

detargeting from HSCs (Gentner et al., 2010), we showed that

Tie2 knockdown in BM-derived cells significantly inhibits angio-

genesis and microvascular perfusion in MMTV-PyMT mice,

without affecting hematopoiesis detectably. Remarkably, by

targeting the TIE2 receptor in TEMs, we recapitulated some of

the features of TEM elimination (De Palma et al., 2005), indi-

cating that TIE2 is a pivotal biological effector and therapeutic

target in these cells.
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TAMs comprise molecularly and functionally distinct subpop-

ulations (Qian and Pollard, 2010). TEMs express lower amounts

of VEGF than classic TAMs (Pucci et al., 2009) and do not reside

in hypoxic, avascular tumor areas (De Palma et al., 2005). Thus, it

is likely that TEMs exert a requisite proangiogenic function by

supporting tumor angiogenesis downstream to VEGF-induced

vascular activation. Because the lower expression of Tie2 in the

TEMs of 3.19.3-treated mammary tumors was not associated

with deregulated expression of a panel of classic pro- and antian-

giogenic genes, one can envision that TIE2 expression by TEMs

regulates blood vessel formation in tumors by noncanonical (e.g.,

VEGF-independent) angiogenic mechanisms. Indeed, our find-

ings of impeded association between TEMs and tumor blood

vessels both after specific Tie2 knockdown in TEMs and extra-

cellular blockade of ANG2 support the concept that the ANG2/

TIE2 axis is crucial to establish cell-to-cell interactions between

TEMsandECs. Such scenario is in agreementwith a recent study

showing that TIE2+ perivascularmacrophages physically interact

with the TIE2+ endothelial tip cells of nascent blood vessels and

are essential to promote vascular anastomosis during embryonic

development (Fantin et al., 2010). Furthermore, TIE2+ hemato-

poietic cells adhere to TIE2+ ECs and stimulate angiogenesis in

para-aortic splanchnopleural mesoderm explant cultures

(Takakura et al., 1998). Both ANG1 and ANG2 induce homomeric

TIE2 complex formation in cell-to-cell endothelial junctions

(Saharinen et al., 2008). Thus, ANG2-mediated TEM-EC interac-

tions may facilitate the navigation of endothelial sprouts through

the dense extracellular matrix, eventually enabling the fusion of

nascent blood vessels in angiogenic tissues (Figure 7I).

Tie2 silencing in TEMs, although consistently inhibited angio-

genesis and tumor blood vessel perfusion by almost 50%, did

not reproducibly inhibit tumor growth in the investigated mouse

tumor models. Similarly, previous reports showed that the

genetic deletion of certain proangiogenic factors in ECs or

myeloid cells may reduce tumor angiogenesis without

decreasing tumor growth rates (Nasarre et al., 2009; Stockmann

et al., 2008). It should be noted that in our Tie2-silencing studies,

from 10% to 50% of the tumor-associated TEMs were TIE2

competent (OFP�) in the different mice. This is expected from

the chimeric composition of hematopoiesis following transplan-

tation of ex vivo-transduced HS/PCs and the nonexhaustive

doxycycline-mediated gene induction. Thus, it cannot be

excluded that fully exhaustive Tie2 targeting in tumor-infiltrating

macrophages would impair angiogenesis and tumor vessel func-

tion to an extent becoming critical for tumor growth.

In conclusion our data indicate that the TIE2 receptor

expressed by perivascular TEMs is a crucial regulator of

ANG2-mediated proangiogenic programs in tumors. Because

tumor-infiltrating myeloid cells are known to convey protumoral

and proangiogenic programs that can counteract the efficacy

of antiangiogenic treatments (Bergers and Hanahan, 2008), the

combined targeting of angiogenic ECs and proangiogenic

TEMs by selective ANG2/TIE2-pathway inhibitors may extend

the reach of antiangiogenic therapy in patients with cancer.
EXPERIMENTAL PROCEDURES

Detailed experimental procedures are available in Supplemental Experimental

Procedures.
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Mice

FVB and CD1 athymic mice were purchased from Charles River Laboratory

(Calco, Milan, Italy). FVB/MMTV-PyMT and C57Bl/6/RIP1-Tag2 mice were ob-

tained from the NCI-Frederick Mouse Repository (MD, USA) and established

as colonies at the San Raffaele animal facility. FVB/Pgk-rtTA-miR-126T trans-

genic mice were generated by LV-mediated transgenesis. FVB/Tie2-GFP

transgenic mice were generated previously (De Palma et al., 2005). All proce-

dures were performed according to protocols approved by the Animal Care

and Use Committee of the Fondazione San Raffaele del Monte Tabor (IACUC

324 and 335) and communicated to the Ministry of Health and local authorities

according to the Italian Law.

ANG2 Blockade by 3.19.3

Tumor-bearing mice were randomized into vehicle (phosphate-buffered

saline), IgG (Endobulin, Baxter, Italy), and treatment (3.19.3; AstraZeneca

Pharmaceuticals, Waltham, MA, USA) groups. Clone 3.19.3 and IgGs were

administered by i.p. injections after a twice-weekly schedule at doses of

10 mg/kg for the indicated periods of time, as described previously (Brown

et al., 2010).

HS/PC Isolation, Transduction, and Transplantation for Tie2

Knockdown in TEMs

BM was obtained from 6- to 12-week–old FVB/PGK-rtTA-miR-126T (LV2)

transgenic mice. Lineage-negative cells enriched in HS/PCs were isolated

using a cell purification kit (StemCell Technologies) and transduced by

concentrated LVs. Briefly, 106 cells/ml were prestimulated for 4–6 hr in

serum-free StemSpan medium (StemCell Technologies) containing a cocktail

of cytokines (IL-3, SCF, TPO, and FLT-3L; all from PeproTech) and transduced

with amiR-expressing LVs (LV1) with a dose equivalent to 108 LV transducing

units/ml, for 12 hr in medium containing cytokines. After transduction, 106 cells

were infused into the tail vein of lethally irradiated, 5.5-week–old, female FVB

or FVB/MMTV-PyMT mice (radiation dose: 1150 cGy split in two doses).

Induction of Tie2 Gene Knockdown by Doxycycline Administration

Starting at 4 weeks after HS/PC transplantation (i.e., 9.5 weeks of age), FVB or

MMTV-PyMTmiceweremoved to doxycycline-containing food (Charles River)

and received i.p. injections of doxycycline (0.5mg/mouse) every third day, until

the end of the experiments (12.5–13.5 weeks of age for FVB and 15 weeks of

age for MMTV-PyMT mice).

Statistical Analysis

In all studies, values are expressed as mean ± standard error of the mean

(SEM) or 95% confidence intervals (1.963 SEM), as indicated. Statistical anal-

yses were performed by unpaired Student’s t test, or Mann-Whitney U test, as

indicated. Differences were considered statistically significant at p < 0.05.

Statistical methods are described in full in the Supplemental Experimental

Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

eight figures, and two movies and can be found with this article online at

doi:10.1016/j.ccr.2011.02.005.
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