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Innate immune cells can constitute a substantial proportion of the cells within the tumor microenvironment and
have been associated with tumor malignancy in patients and animal models of cancer; however, the mechanisms
by which they modulate cancer progression are incompletely understood. Here, we show that high levels of
cathepsin protease activity are induced in the majority of macrophages in the microenvironment of pancreatic
islet cancers, mammary tumors, and lung metastases during malignant progression. We further show that
tumor-associated macrophage (TAM)-supplied cathepsins B and S are critical for promoting pancreatic tumor
growth, angiogenesis, and invasion in vivo, and markedly enhance the invasiveness of cancer cells in culture.
Finally, we demonstrate that interleukin-4 (IL-4) is responsible for inducing cathepsin activity in macrophages
in vitro and in vivo. Together, these data establish IL-4 as an important regulator, and cathepsin proteases as
critical mediators, of the cancer-promoting functions of TAMs.
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Cancers develop in a complex tissue microenvironment,
comprising innate and adaptive immune cells, fibro-
blasts, the blood and lymphatic vascular networks, and
the extracellular matrix (ECM), which collectively have
critical modulatory functions in tumor development
(Tlsty and Coussens 2006; Joyce and Pollard 2009). An
inflammatory cell infiltrate is an important component of
the tumor microenvironment, and many clinical studies
have established a positive correlation between inflam-
mation and cancer progression (Mantovani et al. 2008).
This is not unexpected, as stromal cells that infiltrate the
tumor mass can secrete a variety of tumor-promoting
factors including growth factors, chemokines, and pro-
teases (Murdoch et al. 2008). Because the physiological
roles of many innate immune cells require production of
proteases, it is plausible that some of their proteolytic
capabilities are usurped during cancer progression. Pro-
teases have been studied in cancer for many years, with
a major focus on matrix metalloproteases; recently,
however, critical roles have been reported for other pro-
tease families, including the cysteine cathepsins.

There are 11 human cysteine cathepsin proteases (Cts)
(B, C, H, F, K, L, O, S, V,W, and X/Z) that share a conserved
active site formed by cysteine and histidine residues
(Vasiljeva et al. 2007). Cathepsins not only mediate
terminal protein degradation in the lysosomes, they also
process and activate proteins including growth factors,
transcription factors, and other proteases (Vasiljeva et al.
2007). Members of the cathepsin family have been
implicated in the progression of human cancers, based
on their increased expression, elevated activity, and
altered localization from the lysosomes to the cell surface
in many tumor types, which are usually associated with
poor prognosis (Mohamed and Sloane 2006).
Interestingly, clinical studies in various tumor types

have shown that certain cathepsins—including Cts B, L,
and S—are supplied to the tumor by stromal cells
(Iacobuzio-Donahue et al. 1997; Hazen et al. 2000; Lindahl
et al. 2009; Sullivan et al. 2009), although the signifi-
cance of these observations remains unknown. From a
therapeutic perspective, it is critical to understand the
complex interplay between different cell types in the
tumor microenvironment, to develop approaches that
either selectively target these cells or block the commu-
nication between them. In this study, we thus set out to
determine the relative functional contributions of tumor-
derived versus stromal-derived cathepsin proteases to
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tumor progression, and to identify the factors that up-
regulate cathepsins in the tumor microenvironment.
Here we identify tumor-associated macrophages

(TAMs) as the primary source of high levels of cathepsin
activity in pancreatic islet cancers, mammary tumors,
and lung metastases. We show that the production of Cts
B and S by TAMs is critical for promoting pancreatic
tumor growth, angiogenesis, and invasion in vivo. More-
over, macrophage-supplied Cts B and Smarkedly enhance
the invasiveness of cancer cells in culture. Finally, we
identify interleukin-4 (IL-4) as a key factor responsible for
inducing cathepsin activity in macrophages in vitro and
in vivo. Collectively, these data establish IL-4 as an
important regulator, and cathepsin proteases as critical
mediators, of the cancer-promoting functions of TAMs.

Results

Cathepsin activity in TAMs increases during
pancreatic islet cancer and mammary cancer
development

In order to investigate the roles of stromal cathepsins in
tumorigenesis, we first analyzed the RIP1-Tag2 (RT2)
mouse model of pancreatic islet cell cancer, which
progresses through sequential stages including hyperplas-
tic islets, angiogenic islets, and various grades of carci-
noma (Hanahan 1985). This is a particularly suitable
model for the present study, as we showed previously
through pharmacological and genetic analyses that cer-
tain cathepsin family members—including Cts B, L, and
S—are important for tumor growth and development
(Joyce et al. 2004; Gocheva et al. 2006). Moreover, we
found that several of the key cathepsins implicated in
RT2 tumorigenesis are also expressed in human pancre-
atic islet tumors, and their increased expression correlates
with malignant progression in human patients (Gocheva
et al. 2006), thus validating the utility of this model.
Interestingly, we made the initial observation through

quantitative RT–PCR analysis of FACS-purified constit-
uent cells from RT2 lesions that several of the cathepsins
were highly enriched or exclusively expressed in infil-
trating innate immune cells, while Cts L, and, to a lesser
degree Cts B, were expressed in the tumor cells (Joyce
et al. 2004). Unlike many other classes of proteins, the
activity of proteolytic enzymes is highly and predomi-
nately regulated at post-translational stages, with cathep-
sins requiring proteolytic cleavage of a propeptide se-
quence for activation. Thus it is critical to directly assay
enzymatic activity rather than inferring it frommRNA or
protein expression data.
As such, we used a cathepsin activity-based probe (ABP)

that binds covalently and irreversibly in the catalytic site
of active cysteine cathepsins, providing a direct and
quantitative readout of enzymatic activity (Greenbaum
et al. 2002), in order to identify the individual cell types
producing active cathepsin enzymes in vivo. The speci-
ficity of the ABP for the cathepsin family was demon-
strated previously by competitive blocking of the ABP
signal in vivo and ex vivo via pretreatment with a pan-

cathepsin inhibitor, JPM-OEt (Joyce et al. 2004). Here, we
synthesized a modified cathepsin ABP in which we
conjugated Cy3B, a brighter fluorophore with a tighter
emission spectrum than the BODIPY fluorophore used
previously, to the original epoxide scaffold (abbreviated as
Cath-ABP) (Fig. 1A), which then enabled colabeling with
cell-type-specific markers. The Cath-ABP was injected
into RT2 mice at each stage of tumor development,
allowing us to visualize cathepsin activity in vivo and
identify infiltrating macrophages (F4/80+) as the major
source of high levels of active cathepsins in the tumor
microenvironment (Fig. 1B). Costaining with additional
macrophage markers CD68 and Iba1 confirmed this
finding (Supplemental Fig. S1A). Quantitative image
analysis revealed that 93.4% of the cells with high
cathepsin activity (Cath-ABP+) were CD45+ cells, mostly
F4/80+ macrophages (92.5%) (Fig. 1C; Supplemental Fig.
S1A,B). The remaining Cath-ABP+ cells in RT2 tumors
that were F4/80� included occasional CD3+ T cells,
CD31+ endothelial cells, and FSP1+ fibroblasts (Supple-
mental Fig. S1A; data not shown). Immunostaining for
other stromal cells in the tumor microenvironment,
including neutrophils (7/4+ and Gr-1+) and pericytes
(NG2+ and PDGFRb+), did not reveal any colocalization
with the cathepsin activity signal (data not shown).
We additionally examined protein expression using

antibodies specific for each cathepsin family member
and found that Cts B, C, and S are highly expressed in
CD45+ leukocytes (Supplemental Fig. S2A). In contrast,
Cts L is expressed in some CD45+ cells, but the majority
of its expression is tumor cell-derived (Supplemental Fig.
S2A,B). Cts B protein can be detected in tumor cells,
albeit atmuch lower levels than Cts L, consistent with our
previous mRNA expression data from flow cytometry-
sorted cells (Joyce et al. 2004). Furthermore, we found
that Cts B, C, and S are highly expressed in all TAMs,
with a smaller proportion of TAMs expressing Cts L
(Supplemental Fig. S2C).
Interestingly, while F4/80+ cells were clearly present in

normal and hyperplastic islets in the early stages of RT2
tumorigenesis, they produced little or no cathepsin
activity detectable by the Cath-ABP (Fig. 1B). However,
concomitant with the induction of new blood vessel
formation, termed angiogenic switching, abundant ca-
thepsin activity was visualized in macrophages infiltrat-
ing the preneoplastic lesions. In end-stage tumors, ca-
thepsin activity was enriched in macrophages located
adjacent to blood vessels (Supplemental Fig. S1C) and at
the invasive tumor front (Fig. 1B). Furthermore, there was
a striking difference in cathepsin activity levels in TAMs
compared with macrophages in the adjacent normal
pancreas (Fig. 1D).
To investigate the broader relevance of this finding, we

imaged cathepsin activity in the MMTV-PyMT (PyMT)
mouse model of mammary tumorigenesis. These mice
successively develop hyperplastic, angiogenic, and inva-
sive lesions in the mammary glands, and lung metastases
with almost complete penetrance (Guy et al. 1992;
Lin et al. 2003). Cath-ABP+ cells are found in greater
abundance in advanced primary and metastatic lesions
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compared with earlier ones (Fig. 1F). Again, TAMs are the
major supplier of high levels of active cathepsins in both
cases (Fig. 1F). Quantification of Cath-ABP+ cells by
image analysis in mammary tumors showed that 84%
were CD45+ and 78% were F4/80+ (Fig. 1E; Supplemental
Fig. S1D). The remaining Cath-ABP+ cells that are CD45�

include a subset of tumor cells identified by costaining
with epithelial cell adhesion molecule EpCAM (Supple-
mental Fig. S1E), and occasional apoptotic cells (data not
shown).
To confirm the in vivo labeling of cathepsin activity,

single-cell suspensions prepared from whole RT2 tumors
(from 13.5-wk-old mice) were labeled ex vivo with the
Cath-ABP and analyzed by flow cytometry, which re-
vealed three different cell populations: Cath-ABPneg/low,
Cath-ABPmed, and Cath-ABPhigh (Fig. 2A). Colabeling with
F4/80 demonstrated that the Cath-ABPhigh population
predominantly consists of TAMs, and that 77% 6 5%
of F4/80+ TAMs exhibit high levels of cathepsin ac-
tivity (Fig. 2B). Importantly, the Cath-ABPmed popula-

tion likely includes cancer cells that produce active
cathepsins, although at much lower levels than TAMs,
consistent with the lack of Cath-ABP signal observed
from these cells by fluorescencemicroscopy, which is less
sensitive than flow cytometry. Additionally, analysis of
TAMs in PyMT tumors (from 14- to 16-wk-old mice) by
flow cytometry revealed a similar proportion of F4/80+

cells that are Cath-ABPhigh (73% 6 4%) (Fig. 2B). Thus,
we determined that the numbers of Cath-ABPhigh cells
increase as neoplastic lesions develop in the pancreas and
breast. While lower levels of active cathepsins are found
in tumor cells, in both mouse models studied, TAMs are
the major contributing source of high levels of cathepsin
activity.

Increased cathepsin activation in macrophages occurs
locally in the tumor microenvironment

The induction of cathepsin activity we observe in TAMs
during cancer progression could be due to a local effect of

Figure 1. Increase in cathepsin activity in TAMs
during pancreatic islet and mammary cancer devel-
opment. (A) Chemical structure of Cath-ABP. (B)
Cathepsins are highly activated in infiltrating macro-
phages during tumor progression at the angiogenic
islet and tumor stages of RT2 tumorigenesis. Pancre-
atic tissue from mice injected with the Cath-ABP was
stained with an a-F4/80 antibody. Groups of four or
more mice were analyzed per stage and three or more
lesions per mouse. Normal (N) Tag+ islets were
analyzed at 4–7 wk, hyperplastic (H) islets at 8 wk,
angiogenic (A) islets at 10 wk, and tumors (T) at 13.5
wk of age. The percentage of F4/80+ cells that were
Cath-ABP+ was determined by image analysis and is
indicated in the image for each stage. Macrophages
present in the normal exocrine (E) pancreas were
omitted from the analysis. Arrows represent the
invasive tumor front. (C) Graph showing the percent
of Cath-ABP+ cells in RT2 tumors that colocalize
with F4/80 or CD45, as determined by image analysis
using TissueGnostics software (n = 18 tumors). Data
are represented as the mean 6 SEM. (D) Representa-
tive image of a tumor (T) from a 13.5-wk-old RT2
mouse showing macrophages inside the lesion with
high levels of cathepsin activity as compared with
those in the adjacent normal exocrine (E) pancreas. (E)
Graph showing the percent of Cath-ABP+ cells in
PyMT tumors that colocalize with CD45 (n = 10
tumors from four independent mice) or F4/80 (n = 9
tumors from four independent mice), analyzed as in
C. (F) Cathepsins are highly activated in TAMs during
mammary tumor (T) development and lung metasta-
sis (M) in PyMT mice. Early mammary tumors were
obtained from 9-wk-old mice, late tumors were
obtained from 14-wk-old mice, and small and large
lung metastases were obtained from 14-wk old mice,
which have variable lung metastatic burdens. The
adjacent normal lung (L) parenchyma is shown for
comparison. Bars, 50 mm.
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the tumor on infiltrating macrophages or a systemic
effect exerted by the tumor on macrophage precursors
in the bone marrow (BM) or blood prior to their arrival at

the tumor. To test this, cell suspensions from the BM,
blood, spleen, and tumors of RT2 mice were labeled with
the Cath-ABP in conjunction with cell-type-specific

Figure 2. Macrophages infiltrating the local tumor microenvironment of pancreatic islet tumors have high levels of cathepsin activity.
(A) Flow cytometry was used to label whole-tumor suspensions from RT2 mice ex vivo with the Cath-ABP. Subsequent analysis
revealed three different levels of cathepsin activation in whole tumors: negative/low (I), medium (II), and high (III) (n = 13 mice). (B) The
majority of macrophages present inside RT2 and PyMT tumors have high levels of cathepsin activity. Whole-tumor suspensions were
labeled with the Cath-ABP and a-F4/80, and the proportion of macrophages with high and low levels of cathepsin activity was
quantified by flow cytometry. A representative plot from a RT2 sample is shown on the left (RT2 mice, n = 7; PyMT mice, n = 9). (C)
Cathepsin activity is not elevated in circulating monocytes from RT2 tumor-bearing mice compared with wild-type (WT) mice. WBCs
isolated from wild-type and RT2 mice were labeled ex vivo with the Cath-ABP, a-F4/80, and a-CD11b antibodies. The number of Cath-
ABPhigh cells in the blood (graph) and the level of activation (flow cytometry plots) were determined; (n.s.) not significant (n > 5 mice).
(D) Cathepsin proteases are not significantly activated in the BM of RT2 mice when compared with wild-type littermates. BM cells
from wild-type and RT2 mice were stained and analyzed as in C. (E) Cathepsin proteases are not significantly activated in the spleen of
RT2 mice when compared with wild-type littermates. Spleen cells from wild-type and RT2 mice were stained as in C. (F) The level of
cathepsin activity is enhanced in TAMs compared with blood monocytes of RT2 mice. Cathepsin activation was determined by
labeling blood and tumor suspensions from individual RT2 mice with the Cath-ABP and a-F4/80. The mean fluorescence intensity of
cathepsin activity was determined for TAMs and blood monocytes from each mouse, and the relative cathepsin activity in TAMs
versus blood monocytes is shown in the graph for five individual animals. Cathepsin activity was 12.7-fold higher on average in TAMs
compared with monocytes; P = 0.028.
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antibodies. Analysis by flow cytometry of total white
blood cells (WBCs) from wild-type mice revealed that
only ;10% of cells exhibit high levels of cathepsin
activity, and this proportion of Cath-ABPhigh WBCs was
not increased in RT2 tumor-bearing animals (Fig. 2C).
Moreover, double-labeling of WBC suspensions with F4/
80 or CD11b, a general myeloid cell marker, did not
reveal any significant alterations in either the numbers of
Cath-ABPhigh monocytes or their levels of cathepsin
activity in RT2 versus wild-type mice (Fig. 2C). Analysis
of BM and spleen cells also indicated that cathepsin
activity levels in these organs do not appear to be
different in RT2 mice compared with wild-type mice
(Fig. 2D,E). However, comparison of cathepsin activity
levels in TAMs versus blood monocytes isolated from the
same RT2 animal revealed a pronounced increase in
cathepsin activity (12.7-fold 6 fivefold higher; P = 0.028)
among macrophages that had infiltrated the tumor com-
pared with their circulating precursors (Fig. 2F). There-
fore, we conclude that, in RT2 mice, increased cathepsin

activity is an attribute of TAMs located within the tumor
microenvironment rather than a systemic phenomenon.

Depletion of macrophage-derived Cts B or S
significantly impairs RT2 tumor progression

The data above demonstrate that themajority of TAMs in
the microenvironment of pancreatic islet cancers, mam-
mary tumors, and lung metastases produce high levels of
active cathepsins. To determine whether the induction of
cathepsin activity we identified in TAMs actually con-
tributes to tumorigenesis, we performed BM transplanta-
tion (BMT) experiments to remove individual Cts genes
from hematopoietic cells and assessed the effects on
pancreatic tumor development. RT2 recipients were
lethally irradiated at 4 wk of age, a time point that was
selected to precede the development of the earliest
preneoplastic stage, before cathepsin activation is in-
duced. Following transplant with Cts-deficient or wild-
type BM, recipient animals were aged to 13.5 wk of age,
the end-stage time point in RT2 mice (Fig. 3A).

Figure 3. Removal of BM-derived Cts B

and S significantly impairs RT2 tumor pro-
gression. (A) Schematic of the BMT experi-
mental design. (B) The vast majority of
BMDCs that infiltrate tumors of RT2 mice
transplanted with GFP+ wild-type (WT) BM
differentiate into F4/80+ macrophages,
which supply cathepsin activity and express
Cts B and S as indicated by immunofluores-
cence analysis. Bar, 50 mm. (C) Tumor
burden was decreased in RT2 mice trans-
planted with Cts B- or S-null BM. The total
number of BMT recipient mice analyzed
were as follows: wild type (WT), 24; B�/�,
20 (P < 0.05); S�/�, 24; L�/�, 15; C�/�, 18. (D)
Supplying wild-type BM to individual Cts B-
or S-null, but not L-null, RT2 mice restored
the tumor burden to wild-type RT2 levels.
The following number of BMT recipient
mice were analyzed: wild-type (WT) RT2,
24; B�/� RT2, 12; S�/� RT2, 13; L�/� RT2, 3;
C�/� RT2, 15.
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We first wanted to establish that the BMTexperiments
would be an appropriate method to predominantly target
macrophage-derived cathepsins, and thus determined
which cell types constitute the BM-derived cell (BMDC)
population within RT2 tumors. We transplanted actin-
GFP+ wild-type BM into wild-type RT2 recipients, which
revealed an abundant infiltration of GFP+ BMDCs. Cos-
taining with a panel of cell-type-specific markers showed
that the BMDCs are CD45+ as expected (Supplemental
Fig. S3A), and themajority are F4/80+ macrophages (88%6

0.5% of GFP+ cells, by image analysis) (Fig. 3B). This
was confirmed by CD68 staining and by flow cytometry
(Supplemental Fig. S3A; data not shown). Moreover,
injection of the Cath-ABP showed that most BM-derived
GFP+ macrophages supply active cathepsins, and immu-
nostaining showed that they express Cts B and S (Fig. 3B).
Very few GFP+ cells colabeled with markers specific for
neutrophils or B cells, while there was no colocalization
with markers for endothelial cells or pericytes (Supple-
mental Fig. S3A; data not shown). The majority of
macrophages in the BMT recipient tumors were GFP+

(83% 6 1.6% of F4/80+ cells, by image analysis), in-
dicating efficient reconstitution by the donor BM.
Since the vast majority of TAMs in transplanted mice

are donor BM-derived and produce active cathepsins, we
inferred that removal of individualCts genes from the BM
would allow us to determine the contribution of these
genes to TAM functions during tumorigenesis. We gen-
erated Cts B�/�, C�/�, L�/�, S�/�, or wild-type mice
carrying an actin-GFP+ transgene in order to track the
donor cells in recipient animals. We transplanted BMDCs
from each of these genotypes to lethally irradiated RT2
recipients. We first ensured that each individual Cts-null
donor BM fully reconstituted the recipient animal by
analyzing the peripheral blood and BM (Supplemental Fig.
S4A,B). Deletion of any of the fourCts genes did not affect
reconstitution in either site, indicating that removal of
individual cathepsins does not interfere with the process
of BM engraftment and hematopoiesis in the adult.
Moreover, there were equivalent numbers of GFP+

BMDCs, leukocytes, TAMs, B cells, T cells, and neutro-
phils in tumors of RT2mice that receivedCts B�/� or S�/�

BM compared with wild-type BM (Supplemental Fig.
S3B), indicating that removal of individual cathepsins
did not affect the relative proportions of specific leuko-
cyte populations, or their ability to home to and infiltrate
the tumor mass.
A comparison of tumor burden at end stage revealed

a substantial reduction in tumor volume in RT2 recipi-
ents that had receivedCts B�/� or S�/� BM (46%, P < 0.05
and 38% decrease, respectively) (Fig. 3C). On the other
hand, removal of Cts L or C from the BM had no effect on
tumor growth (Fig. 3C). These data suggest that, while all
four cathepsins are produced by TAMs, albeit to different
extents, of these, Cts B and S are the only TAM-derived
cathepsins that enhance tumor growth.
We next sought to determine whether restoring in-

dividual cathepsins to TAMs would be sufficient to
rescue tumor development in an otherwise Cts-deficient
animal, and performed the converse experiment, in which

wild-type BM was transplanted into Cts-null RT2 mice
(Fig. 3A). We showed previously that constitutive de-
letion of Cts B, S, or L reduced tumor burden to varying
degrees (Gocheva et al. 2006). In the present study,
transplantation of wild-type BM restored the tumor
burden of Cts B�/� RT2 and Cts S�/� RT2 mice to 77%
and 93% of wild-type RT2, respectively (Fig. 3D). The
partial restoration of tumor growth by supplying wild-
type BM to Cts B�/� RT2 mice is consistent with our
observation that, while Cts B protein is highly enriched in
immune cells, it is also expressed at low levels in cancer
cells (Supplemental Fig. S2B). On the contrary, trans-
plantation of wild-type BM into Cts L�/� RT2 mice did
not restore tumor growth, indicating that the tumor-
promoting functions of Cts L are provided by either
cancer cells, or other cells that do not originate in the
BM. We performed additional BMT control experiments
in which Cts B�/� or S�/� BM was transplanted into Cts
B�/� or S�/� RT2 recipients, respectively (Supplemental
Fig. S4C), which resulted in a similar relative reduction in
tumor volume as observed previously in the constitutive
knockouts (Gocheva et al. 2006). Taken together, these
results show that TAMs abundantly supply active ca-
thepsins to the tumor microenvironment, and that it is
macrophage-derived Cts B and S that play important roles
in promoting pancreatic tumor development.

Removal of macrophage-derived Cts B or S impairs
tumor invasion and angiogenesis

Given our data above showing that macrophage-supplied
Cts B and S play critical roles in enhancing tumor growth,
and our finding that cathepsin-active TAMs accumulate
along the invasive fronts of RT2 tumors (Fig. 1B), we
wanted to determine whether the production of Cts B or S
from TAMs contributes to pancreatic tumor invasion.
Tumors in RT2 mice are graded for invasion into three
classes: benign encapsulated tumors, microinvasive car-
cinomas, and frankly invasive carcinomas (Lopez and
Hanahan 2002). The majority of tumors in wild-type
RT2 mice that received wild-type BM were classified in
the two invasive categories (Fig. 4A). This contrasts with
wild-type RT2 mice receiving either Cts B- or S-null BM,
which both showed a significant reduction in tumor
invasion (P < 0.0001). In contrast, removal of either Cts
C or L from the BM did not have a significant effect on
tumor invasion.
We also investigated whether the restoration of wild-

type BM into otherwise Cts-null RT2 mice would affect
invasion. We showed previously that constitutive de-
letion of Cts B, L, or S in RT2 mice significantly reduced
tumor invasion (Gocheva et al. 2006). Transplantation of
wild-type BM into each of the four Cts mutant RT2 lines
had distinct effects on tumor invasiveness, restoring it to
wild-type RT2 levels in both Cts B�/� RT2 and Cts S�/�

RT2 mice, but not affecting the reduced tumor invasion
typically seen in Cts L�/� RT2 mice (Fig. 4B). Constitu-
tive deletion of Cts C in RT2 mice results in the same
spectrum of tumor grades as wild-type RT2 animals
(Gocheva et al. 2006), and this was not affected in either

Gocheva et al.

246 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


BMTexperiment (Fig. 4A,B). Thus, our BMTexperiments
collectively demonstrate that TAM-derived Cts B and S,
but not TAM-supplied Cts C and L, promote the growth
and invasion of cancer cells in a heterotypic manner.
To examine the mechanism by which TAM-derived

Cts B and S promote tumor invasion in vivo, we per-
formed several cell culture invasion assays. We first used

a tumor cell–macrophage coculture assay, which has been
employed previously to show that the BAC1 macrophage
cell line significantly enhances invasion of MTLn3 breast
cancer cells through a three-dimensional (3D) collagen I
matrix (Goswami et al. 2005). We adapted this assay to
determine if the ability ofmacrophages to enhance cancer
cell invasion can be prevented by ablation of Cts B or S.

Figure 4. Removal of macrophage-derived Cts B or S impairs cancer cell invasion and angiogenesis. (A) H&E staining was used to grade
tumors from BM-transplanted RT2 mice. Graph showing the relative proportions of encapsulated, microinvasive, and invasive
carcinomas in RT2 mice that received wild-type (WT) BM compared with those that received Cts-null BM. Deletion of Cts B or S in the
BM resulted in a substantial decrease in tumor invasiveness ([***] P # 0.0001 compared with wild type), whereas removal of Cts C or L
from the BM had no significant effect. (B) Invasion grading and analysis was performed on Cts-null RT2 mice transplanted with wild-
type BM. Transfer of wild-type BM into Cts B- or S-null RT2 recipients restored tumor invasiveness to wild-type RT2 levels, but had no
effect on the reduced tumor invasion observed in Cts L-null RT2 mice; (***) P < 0.0001 compared with wild type. (C) Removal of Cts B

or S from macrophages reduced macrophage-induced invasion of breast cancer cell line MTLn3. The ability of BMDMs isolated from
wild-type, Cts B�/� or S�/� mice to promote invasion of cancer cells into an overlying collagen I matrix was determined. Cancer cells
invading >15 mm were scored as invasive in three independent experiments performed in triplicate; (*) P < 0.05; (***) P < 0.0001
compared with wild type. (D) Deletion of Cts B or S in BMDMs reduced macrophage invasion through collagen I by 46% and 40%
decrease, respectively, compared with wild type. BMDMs isolated from wild-type, Cts B�/�, or S�/� mice were allowed to invade
through collagen I-coated inserts. (***) P < 0.0001 compared with wild type. (E) Deletion of Cts B or S in macrophages reduced their
invasion through Matrigel by 63% and 89% decrease, respectively, compared with wild type. BMDMs isolated from wild-type,
Cts B�/�, or S�/� mice were allowed to invade through Matrigel-coated inserts. (***) P < 0.0001 compared with wild type. Bar,
100 mm. (F) Transplantation of Cts B- or S-null BM reduces tumor vascularization in the recipient tumors. The tumor area covered by
CD31+ cells was analyzed with MetaMorph software. (**) P < 0.01 compared with wild type; n = 5 mice in each group. (C–F) Data are
represented as mean and SEM.
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We used primary BM-derived macrophages (BMDMs)
isolated from wild-type or Cts B- or S-deficient animals
and the same MTLn3 cancer cells in this assay. We found
that, while wild-type BMDMs cause a sevenfold increase
in the invasion of cancer cells, coculture with Cts B- or
S-null BMDMs significantly abrogated this effect (50%
reduction for Cts B�/� BMDM [P < 0.0001] and 30%
decrease for Cts S�/� BMDM [P < 0.05] compared with
wild type) (Fig. 4C).
There are several explanations for the ability of TAM-

supplied Cts B and S to enhance cancer cell invasion in
a heterotypic manner in vivo, including the requirement
for physical degradation of the ECM/basement mem-
brane by macrophages to facilitate the subsequent migra-
tion of cancer cells. We found that active cathepsins are
secreted from macrophages in culture, when exposed to
tumor cell conditioned media (CM) (H-W Wang and JA
Joyce, unpubl.), indicating their availability in the extra-
cellular milieu to perform these proposed proteolytic
functions. To test whether Cts deficiency also impeded
the ability of macrophages themselves to invade through
ECM components, we examined invasion of Cts-null
macrophages through transwell inserts coated with either
collagen I or reconstituted ECM (Matrigel). Cts B�/� and
S�/� BMDMs were both significantly impaired in their
ability to invade through either matrix (Fig. 4D,E). How-
ever, this was not due to a general defect in their mi-
gratory capabilities, as their migration through uncoated
inserts was unaffected compared with wild type (data not
shown). Moreover, as deletion of Cts B or S in the BM did
not affect the number of tumor-infiltrating immune cells
(Supplemental Fig. S3B), this suggests that there are likely
differences in the mechanisms involved in transendothe-
lial migration of leukocytes from the circulation into
tumors, compared with invasion through extracellular
matrices. Collectively, these results indicate that mac-
rophages lacking Cts B or S are defective in invading
through ECM components, which appears to have pro-
found effects on the ability of neighboring cancer cells to
invade and migrate from the primary tumor mass.
We next wanted to determine whether removal of

macrophage-derived Cts B or S affects angiogenesis, as
this is another process that requires proteolysis. Mea-
surement of CD31+ vessel area in the tumors from wild-
type RT2 mice transplanted with wild-type or Cts B- or
S-null BM revealed that removal of either cathepsin re-
sults in a significant decrease in tumor vascularization
(48% reduction for Cts B and 36% forCts S; P < 0.01) (Fig.
4F). These data suggest that, in addition to their proinva-
sive roles, macrophage-derived Cts B and S have impor-
tant proangiogenic functions in vivo.

IL-4 induces cathepsin activity in macrophages

Our findings that macrophages produce high levels of
cathepsin activity upon infiltrating tumors and that
TAM-derived cathepsin activity increases with tumor
progression suggest that factors produced by the cancer
cells and/or stromal cells within the tumor microenvi-
ronment are involved in triggering this activity switch.

To determine whether cancer cell-secreted proteins are
capable of inducing cathepsin activity in macrophages,
we designed a cell-based assay in which freshly isolated
BMDCs were cultured in the presence of tumor or control
cell CM, which was supplemented with colony-stimulat-
ing factor 1 (CSF-1) to induce macrophage differentiation
(Fig. 5A). Cathepsin activity in the BMDMs was then
analyzed by flow cytometry with the Cath-ABP. We
compared the effects of CM prepared under identical
conditions from four different cell lines: bTC-3 and
bTC-916, which were independently derived from in-
dividual RT2 tumors; bHC-11 (referred to as bHC) de-
rived from a preneoplastic RT2 hyperplastic islet; and
NIH3T3 (3T3) mouse fibroblasts as a control.
Incubation of BMDCs with bTC-3 CM versus bHC or

3T3 CM resulted in a 2.6-fold increase in the proportion
of Cath-ABPhigh cells (P < 0.0001) (Fig. 5B,C), an induction
that was similarly observed with CM from the indepen-
dent bTC-916 tumor cell line. This result suggests that,
as tumors progress from premalignant lesions (as mod-
eled by the bHC cells) to end-stage tumors (modeled by
the bTC cell lines), there is an increase in the production
of secreted factors that activate cathepsins in infiltrating
macrophages.
We next sought to identify these factors by comparing

the cytokine profile in CM from bTC-3 and bTC-916
tumor cell lines with CM from bHC hyperplastic cells.
Interestingly, IL-4 levels were higher in CM from either
bTC cell line compared with bHC (Supplemental Fig.
S5A). These results were confirmed by ELISA, which
revealed a 29-fold and 59.7-fold increase in the concen-
tration of IL-4 in bTC-3 and bTC-916 CM, respectively,
compared with bHC (Fig. 5D). In addition to IL-4, bTC-
916 CM showed an increase in the levels of vascular
endothelial growth factor (VEGF) and the chemokine
CXCL16 (Supplemental Fig. S5A). To determine if any
of these factors are sufficient to induce cathepsin activity
up-regulation in macrophages, we incubated BMDCs
with recombinant proteins and assayed cathepsin activ-
ity. Addition of two different VEGF isoforms, VEGF-120
and VEGF-164, did not increase cathepsin activity levels
in BMDMs compared with the media alone control (Fig.
5E). Similarly, addition of recombinant CXCL16 had no
effect. Addition of recombinant IL-4, however, resulted in
a significant increase in cathepsin activity in BMDMs in
a dose-dependent manner (Fig. 5E; Supplemental Fig. S5B)
that was comparable with the induction observed with
bTC CM (Fig. 5C). We further verified that CSF-1 induces
macrophage differentiation in BMDCs in the presence of
IL-4 (Supplemental Fig. S5C), and that IL-4-treated
BMDMs also exhibited other characteristicM2 TAMphe-
notypes, including down-regulation of M1 macrophage-
specific genes and up-regulation of M2-specific genes
(Supplemental Fig. S5D). Furthermore, both bTC tumor
cell lines expressed dramatically higher levels of IL-4
mRNA than either the 3T3 or bHC cells (Supplemental
Fig. S6A). Thus, among the factors we examined, IL-4
alone is capable of inducing cathepsin activity in primary
macrophages in cell-based assays, and is highly expressed
by cancer cells derived from pancreatic islet tumors.
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Having shown that IL-4 is sufficient to up-regulate
cathepsin activity, we next asked whether cancer cell-
secreted IL-4 is necessary for this induction by using
function-blocking antibodies against the cytokine candi-
dates. Addition of a-VEGF- or a-CXCL16-blocking anti-
bodies to bTC-3 CM had no effect on the levels of
cathepsin activity in macrophages compared with the
relevant IgG control (Fig. 5F). However, an a-IL-4-blocking
antibody significantly reduced cathepsin activity levels
(P < 0.0001), resulting in levels comparable with the basal

amount of cathepsin activity in macrophages following
incubation with either control or bHC CM (Fig. 5C).
Thus, IL-4 is a key factor secreted by cancer cells that
induces the paracrine up-regulation of cathepsin activity
in macrophages in culture.
While tumor cell lines derived fromRT2 tumors clearly

produce IL-4, T cells are a typical source of IL-4 in normal
tissues (Martinez et al. 2008), and so we investigated the
cellular sources of IL-4 in RT2 tumors. Analysis of IL-4
mRNA expression by real-time quantitative RT–PCR of

Figure 5. IL-4 induces cathepsin activity in macrophages. (A) Experimental scheme of the cell-based assay used to investigate the
induction of cathepsin activity in BMDMs. (B) Representative flow cytometry plots using the Cath-ABP to assess cathepsin activity in
BMDMs incubated with CM prepared from three different cell lines—3T3 fibroblasts, bHC hyperplastic cells, and bTC-3 tumor
cells—demonstrating an increased proportion of Cath-ABPhigh BMDMs following incubation with bTC-3 CM. (C) Incubation of
BMDCs with bTC-3 or bTC-916 CM resulted in a significant induction of cathepsin activity compared with either bHC or 3T3 CM. (D)
The IL-4 levels in CMwere measured by ELISA, revealing significantly higher levels of IL-4 in bTC CM than either bHC or 3T3 CM. (E)
BMDCs were incubated with various recombinant proteins at indicated concentrations for 96 h, and cathepsin activity was then
determined by flow cytometry. Incubation with IL-4 significantly up-regulated cathepsin activity in BMDMs, while addition of
a neutralizing antibody against IL-4, but not the isotype control IgG, abolished the effect of IL-4. Incubation with VEGF-120, VEGF-164,
and CXCL16 had no effect. (F) BMDCs were incubated with bTC-3 CM plus neutralizing antibodies against IL-4, VEGF, or CXCL16 or
the relevant isotype control IgG. The inductive effect of bTC-3 CM on cathepsin activity in BMDMs was completely abrogated by
addition of the IL-4 antibody, but not by antibodies to VEGF or CXCL16. (C–F) Data are represented as mean and SEM of three
independent experiments performed in duplicate; (***) P < 0.0001.
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FACS-sorted cells showed that freshly isolated RT2
tumor cells produce IL-4, as do T cells (Supplemental
Fig. S6B). While T cells express IL-4 at higher levels than
tumor cells, they only constitute a minor cell infiltrate in
RT2 tumors (1.75% of all cells by image analysis),
compared with the tumor cells, which comprise ;80%–
85% of the tumor mass.
We next asked whether the levels of IL-4 increase

during tumor progression in a manner that coincides
with the observed up-regulation of cathepsin activity in
vivo. Real-time RT–PCR was used to evaluate IL-4
expression in RNA isolated from independent pools of
normal, hyperplastic, and angiogenic islets, and tumors
from RT2 mice. IL-4 expression was low in normal islets
and increased by 4.5-fold at the hyperplastic stage;
however, upon the induction of angiogenic switching,
the levels of IL-4 mRNA were increased by 7.7-fold in

angiogenic islets and 7.9-fold in end-stage tumors (Fig.
6A). We also assessed IL-4 protein levels in RT2 tumors by
ELISA and found a 6.4-fold increase compared with
normal pancreas (Fig. 6B). Thus, increases in IL-4 during
pancreatic tumor progression closely parallel the timing
of enhanced cathepsin activation in infiltrating macro-
phages and strongly suggest that IL-4 is important for
controlling the transition of normal macrophages into
tumor-promoting macrophages.
In order to functionally validate these findings in vivo,

we generated Il4�/� RT2 mice to determine how loss of
IL-4 affects cathepsin activity levels in TAMs. We found
a significant 38.6% decrease in the number of Cath-ABP+

cells in Il4�/� RT2 mice at 13.5 wk of age (Fig. 6C,D).
Critically, this is not simply a consequence of reduced
macrophage infiltration in the Il4�/� tumors, as the
numbers of TAMs did not differ from the wild-type RT2

Figure 6. IL-4 levels progressively in-
crease during tumor development and de-
letion of Il4 reduces cathepsin activity
levels in vivo. (A) The levels of IL-4
expression increase during tumor progres-
sion in RT2 mice. RNA amplified from
pools of lesions at the different stages (n =

3–5) was analyzed using real-time quanti-
tative RT–PCR. (B) IL-4 levels in lysates
prepared from RT2 tumors or normal
tissues were determined by ELISA, reveal-
ing a significant increase in IL-4 produced
by tumors compared with normal pan-
creas; (**) P < 0.01. Data are normalized
to the total protein concentration. Thy-
mus and spleen tissues, where there are
abundant T cells, were used as positive
controls for IL-4 (n = 6–12 mice per group).
(C) Representative images showing a de-
crease in the number of Cath-ABP+ cells
within the tumors of Il4�/� RT2 mice as
compared with Il4+/+ RT2 controls. The
infiltrating macrophages are costained
with CD68. Bar, 50 mm. (D) The number
of Cath-ABP+ cells within the tumors of
RT2 and Il4�/� RT2 mice was quantified
by image analysis showing a 38.6% de-
crease; (*) P < 0.05. Data represent mean
and SEM per 403 high-power field (HPF)
(n = 6 mice per group). (E) Model depicting
the induction of cathepsin activity (as de-
termined by Cath-ABP labeling) in infil-
trating macrophages. This transition occurs
concomitant with angiogenic switching in
developing tumors, in response to increased
expression of IL-4. Cath-ABP+ macrophages
are also found at the invasive edges of
tumors, where they enhance cancer cell
invasion by degradation of ECM proteins.
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controls (Supplemental Fig. S6C), demonstrating that IL-4
is a major factor that induces cathepsin activity in tumor-
infiltrating macrophages.

Discussion

TAMs have been implicated in the pathogenesis of
cancer, yet the mechanisms by which they promote
tumorigenesis are incompletely understood. In this study,
we identified high cathepsin protease activity as a selec-
tive property of TAMs that distinguishes them from their
normal counterparts and significantly contributes to
tumor growth.Moreover, the increased cathepsin activity
in TAMs also enhances the invasiveness of adjacent can-
cer cells in a heterotypic manner. Finally, we determined
that IL-4 is a major factor responsible for the induction of
cathepsin activity in TAMs in vivo and in vitro.

IL-4 and TAMs

These experiments provided insight into the dynamic
nature of macrophage biology over the course of tumor
development. Although macrophages are clearly present
in the normal and hyperplastic progenitors of pancreatic
islet tumors, their phenotype changes as neoplastic
lesions progress. While several cytokines have been
identified that recruit macrophages to inflammatory sites
and developing tumors, little is known about the tumor-
derived factors that selectively activate the tumor-
promoting capabilities ofmacrophages. Here, we identified
IL-4 as a key factor that regulates a critical property of
TAMs; namely, the increase in cathepsin activity. This
result is particularly compelling, as IL-4 also induces the
M2 alternative macrophage polarization state. In contrast
to theM1, or ‘‘classically activated,’’ macrophages, which
are generally cytotoxic, M2 macrophages are ‘‘alterna-
tively activated’’ by a different group of cytokines, in-
cluding IL-4 and IL-13, which are typically produced by
TH2 cells, and promote tissue remodeling, angiogenesis,
and suppression of adaptive immunity (Martinez et al.
2008). Thus, it has been proposed that TAMs may share
characteristics of M2 macrophages (Mantovani et al.
2008).
Critically, we find that IL-4 expression is up-regulated

concomitant with both angiogenic switching in the RT2
tumor progression pathway and the increase in cathepsin
activity in TAMs. In our cell culture experiments, cancer
cell-secreted IL-4 is both necessary and sufficient for
activation of cathepsins in macrophages. Interestingly,
in RT2 tumors, IL-4 is produced by cancer cells in
addition to T cells, the typical source of IL-4 in physio-
logical settings. We propose that IL-4 is a principal
activator of cathepsin activity in TAMs, indicating a
novel function for this cytokine in the tumor microenvi-
ronment. Interestingly, CD4+ T cells have been shown
recently to promote lung metastasis in the PyMT model,
in part through IL-4-mediated effects on TAMs (DeNardo
et al. 2009).
Increased levels of IL-4 expression in tumor cells have

been reported for several human malignancies including

breast, colon, pancreatic, ovarian, and lung cancer (Nash
et al. 1998; Prokopchuk et al. 2005; Todaro et al. 2007,
2008). It has been proposed that IL-4 signaling promotes
malignancy, in part through immunosuppressive effects
on T cells (Olver et al. 2007), increased cancer cell
proliferation (Prokopchuk et al. 2005), resistance to
apoptosis (Li et al. 2008), and enhanced survival of cancer
stem cells (Todaro et al. 2007). However, anti-tumor
effects of IL-4 in vitro have also been reported (Olver
et al. 2007). Thus, the effects of IL-4 are likely to be highly
context-dependent in vivo, influenced not only by the
cytokine balance in a tumor, but also by the specific
adaptive and innate immune cell populations that are
present. In addition, IL-4 is presumably not the only
cytokine capable of inducing the TAM phenotype we
describe in this study. While we found a substantial
reduction in Cath-ABP+ cells in Il4�/� RT2 tumors, there
were still TAMs in which cathepsins were activated. This
may indicate that there are additional factors that can
induce cathepsin activity in TAMs in vivo or suggest
compensatory mechanisms by other cytokines, following
the genetic ablation of Il4.

TAMs, cathepsins, and their effects on cancer cell
invasion and angiogenesis

Increased macrophage infiltration is often found at the
invasive front of tumors, leading to the hypothesis that
TAMs directly promote tumor invasiveness (Pollard
2004). One mechanism that has been proposed for how
TAMs enhance cancer cell migration is through a chemo-
taxis relay loop involving CSF-1, EGF, and their receptors
(Wyckoff et al. 2004). In addition, TAMs can directly
enhance the ability of cancer cells to invade the sur-
rounding matrix through the production of cathepsins, as
we show in the present study. Deletion of Cts B or S from
BMDM significantly reduced tumor invasion in vivo to
the same extent as we had observed previously following
constitutive ablation of these genes. Moreover, restoring
Cts B or S expression in macrophages restored tumor
invasiveness to wild-type levels. Collectively, these data
demonstrate that TAM-supplied Cts B and S are sufficient
to enhance cancer cell growth and invasion in a hetero-
typic manner.
We gained further insight into the potential mecha-

nisms underlying this result through cell culture assays
where we found that Cts B or S deletion significantly
perturbed the capacity of macrophages to invade through
Matrigel and collagen I and decreased their ability to
promote cancer cell invasion into a 3D collagen I matrix.
While Cts B and S have both been shown to cleave ECM
constituent proteins such as collagens, laminin, and
fibronectin in biochemical experiments (Lah et al. 1989;
Buck et al. 1992; Wang et al. 2006), our experiments
revealed differences in the degree of impairment. For
example, deletion of Cts S causes a far more pronounced
defect in macrophage invasion through Matrigel com-
pared with deletion of Cts B, whereas ablation of Cts B in
macrophages results in a greater perturbation of cancer
cell invasion through collagen I compared with Cts S
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deletion. These results might reflect differential efficien-
cies with which each protease can cleave various target
substrates, potentially explaining why removal of either
Cts B or S in the BMTexperiments resulted in a reduction
in tumor invasiveness. In addition to ECM substrates, we
previously identified the cell adhesion protein E-cadherin
as a substrate of Cts B, L, and S in vitro, and found that
Cts B and S generate different E-cadherin cleavage prod-
ucts (Gocheva et al. 2006), providing another explanation
for why both proteases are required for tumor invasion, in
addition to the possibility that they may have some
nonredundant functions.
From these collective data, we now propose a model

whereby E-cadherin is cleaved by Cts B, S, and L to
initiate loosening of cell–cell contacts. Additionally,
TAMs at the tumor–stromal interface produce Cts B
and S, which contribute to degradation of ECM sub-
strates, thus generating paths for the migration of cancer
cells. Finally, macrophages and cancer cells may use
a relay loop in which the proteolytic activation of
secreted proteins, such as chemokines, by macrophages
enhances themigration of neighboring cancer cells. Thus,
the concerted action of cathepsin proteases results in the
efficient cleavage of cell surface and extracellular sub-
strates, leading to enhanced tumor growth, invasiveness,
and, likely, metastasis. Indeed, removal of host-supplied
Cts B in the PyMT model has been shown to decrease
lung colonization (Vasiljeva et al. 2006).
In addition to their proinvasive roles, we found that

macrophage-derived Cts B and S also promote tumor
angiogenesis. Deletion of Cts B or S from the BM reduced
tumor vascularity to a similar degree as constitutive
ablation of these genes (Gocheva et al. 2006), demon-
strating that BM-supplied Cts B and S are important for
promoting blood vessel formation. This could occur
through both proteolysis of the BM to allow for vessel
sprouting and by affecting the levels of pro- and anti-
angiogenic factors; interestingly, recombinant Cts S has
been shown to degrade several anti-angiogenic factors,
such as canstatin and arresten, in vitro (Wang et al. 2006).
The decrease in tumor vascularization we observed in
RT2 mice transplanted with Cts B- or S-null BM closely
parallels the decrease in tumor growth, which could be
due in part to reduced delivery of oxygen and nutrients
through an impaired vasculature.

Therapeutic implications for targeting stromal cells

These findings also provide a compelling case for thera-
peutically targeting cells of the tumor microenviron-
ment, particularly macrophages. Based on the present
study, targeting IL-4, an upstream regulator of the TAM
state in our model, is one possibility. Several IL-4 antag-
onists have been developed for clinical evaluation in
inflammatory conditions, such as asthma (Steinke
2004), where, similar to tumors, chronic inflammatory
infiltrates are important contributors to the pathology of
the disease. However, anti-tumor effects of IL-4 in vitro
have also been reported (Topp et al. 1995; Olver et al.
2007), which led to the development of clinical trials

testing recombinant IL-4 as an anti-cancer therapy in
renal cell carcinoma, non-small-cell lung cancer, and
malignant melanoma that were discontinued due to lack
of efficacy (Whitehead et al. 1998, 2002).
Alternatively, one can envision targeting the conscripted

stromal cells themselves or the factors they produce—in
this case, cathepsins. For example, we previously used the
JPM-OEt pan-cathepsin inhibitor in stage-specific trials
in the RT2 model, which resulted in decreased angio-
genic switching and tumor growth and invasion (Joyce
et al. 2004). Given that deletion of either Cts B or S from
TAMs similarly reduces tumor growth and invasiveness,
a significant proportion of the therapeutic efficacy of
JPM-OEt can likely be attributed to inhibition of TAM-
derived cathepsins. Thus, one could consider specifically
‘‘delivering’’ such inhibitors to TAMs, or, as there is
minimal toxicity with many of the cathepsin inhibitors
used to date (Palermo and Joyce 2008), they could be
administered systemically. In conclusion, the identifica-
tion of factors that are differentially produced by con-
scripted cells in the tumor microenvironment provides
a strategy to selectively target these cells in combination
with targeting the cancer cells, an approach that could
have significant therapeutic potential.

Materials and methods

Materials and mice

The generation of RT2 (Hanahan 1985), Cts B�/� (Halangk et al.
2000), Cts C�/� (Pham and Ley 1999), Cts L�/� (Roth et al. 2000),
and Cts S�/� (Shi et al. 1999) mice, and each of the four
constitutive Cts-null RT2 lines (Gocheva et al. 2006) have been
reported previously. b-Actin GFP transgenic mice (Okabe et al.
1997) and Il4�/� mice (Kuhn et al. 1991), both in the C57BL/6
background, were purchased from Jackson Laboratories. PyMT
mice were obtained from K. Podsypanina and H. Varmus and
were described previously (Guy et al. 1992; Lin et al. 2003). Wild-
type mice were either age-matched littermates of RT2 mice or
C57BL/6 mice purchased from Charles River Laboratories. The
bTC-3 and bTC-916 cell lines were derived independently from
individual RT2 tumors, and the bHC-11 cell line was derived
from a preneoplastic RT2 hyperplastic islet (Efrat et al. 1988).
The bTC-3 and bHC-11 lines were provided by D. Hanahan. The
MTLn3 line (Goswami et al. 2005) was provided by J. Condeelis,
and 3T3 cells were purchased from American Type Culture
Collection. The Cy3B-Cathepsin-ABP was synthesized as de-
scribed previously (Greenbaum et al. 2002), with the modifica-
tion that Cy3B was used as the fluorophore.

Immunohistochemistry

For invasion grading, hematoxylin and eosin (H&E) staining was
performed, and the lesions were graded as described previously
(Lopez and Hanahan 2002), following a double-blind protocol,
and independently assessed by two investigators. For immuno-
fluorescence, 10-mm-thick frozen sections were fixed in acetone,
preincubated with 13 PNB-blocking buffer, and incubated with
the primary antibody of interest overnight at 4°C. The following
anti-mouse antibodies were used: rat CD45 (1:100), rat CD31
(1:200), rat CD11b (1:200), rat CD3 (1:100), rat B220 (1:100), and
rat Gr1 (1:250) from BD Pharmingen; goat Cts B (1:1000), goat
anti-human Cts S (1:300), goat Cts L (1:500), and Cts C (1:750)
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from R&D Systems; rat CD68 (1:1000), rat F4/80 (1:1000), and rat
7/4 (1:200) from Serotec; rat PDGFRb (1:100) and EpCAM (1:250)
from eBioscience; rabbit NG2 (1:200; Chemicon); rabbit anti-
GFP (1:200; Invitrogen); mouse SMA (1:400; Sigma); rabbit Iba1
(1:1000; WAKO Chemicals). The corresponding secondary anti-
bodies were used at a 1:500 dilution and incubated for 1 h at
room temperature. Species-matched immunoglobulins were
used as negative controls. Slides were mounted in ProLong Gold
Mounting Medium containing DAPI (Invitrogen), and the tissue
sections were visualized under a Carl Zeiss Axioimager Z1
microscope equipped with an Apotome. The analysis of immu-
nofluorescence staining and colocalization studies were per-
formed using TissueQuest analysis software (TissueGnostics)
as described previously (Steiner et al. 2000). This method has
been used previously to quantitate both numbers of cells and
provide phenotypic characterization of macrophages using CD68
and Iba1 as markers (Kozakowski et al. 2009; Liesz et al. 2009).
For the angiogenesis analysis, the percentage of CD31+ area over
the total tumor area was analyzed using MetaMorph (Molecular
Devices). The numbers of tumors and mice analyzed are speci-
fied in the figure legends.

Flow cytometry and sorting

Tumors from RT2 mice were isolated and processed for FACS
analysis or sorting as described previously (Song et al. 2005).
PyMT tumors and other tissues were processed as described in
the Supplemental Material.

BMT

BM was harvested from wild-type or Cts-null b-actin-GFP mice
by flushing the femurs and tibias with X-VIVO 20 medium
(Cambrex). The flushed cells were resuspended in PBS, and 1 3

106 nucleated cells were injected through the tail veins of 4-wk-
old lethally irradiated (950 rad) wild-type or Cts-deficient RT2
animals. After 4 wk, recipient mice were bled from the orbital
sinus to evaluate BMT efficiency by determining the percentage
of GFP+ cells using flow cytometry. Mice were subsequently
aged to 13.5 wk for calculation of tumor volume and analysis of
the tumor phenotype.

Macrophage invasion assay

To derive primary macrophages, BM was harvested from wild-
type or Cts-null mice by flushing femurs and tibias with DMEM
media. Cells were grown with DMEM media containing 10%
FBS and 10 ng/mL recombinant mouse CSF-1 (R&D Systems) for
5 d. Adherent macrophages were stained using Cell Tracker Red
CMTPX (Invitrogen) according to the manufacturer’s instruc-
tions and allowed tomigrate throughMatrigel-coated inserts (BD
BioCoat) for 8 h. For the collagen I invasion assay, each insert was
coated with 50 mL of a 1:4 collagen I:70% ethanol mixture
overnight at room temperature. Cells were then plated and
allowed to migrate for 8 h. Invading cells were visualized using
a Carl Zeiss Axiovert 200M microscope, and cells were counted
using Volocity imaging software. Data were collected from at
least three independent experiments performed in triplicate.

3D invasion assay

Primary macrophages were derived as above. Invasion of cancer
cells through a 3D collagen I matrix was performed as described
previously (Goswami et al. 2005). Briefly, 80,000 MTLn3 cells
were plated alone or in the presence of 200,000 BMDMs in
35-mmMatTek dishes. A collagen I matrix (BD Pharmingen) was

added over cells 24 h after plating. Cells were allowed to migrate
through the collagen I matrix for 24 h, and the number of cancer
cells migrating $15 mm was quantified using confocal micros-
copy. Data were collected from at least three independent
experiments performed in triplicate.

Assessment of cathepsin activity in CM-treated macrophages

To obtain CM, cells were seeded at 2 3 106 to 6 3 106 cells per
75 cm2 and cultured until 80% confluent. Thereafter, the media
were replacedwith DMEM supplemented with 10% FBS, and the
supernatants were collected after 24 h of additional incubation.
BMwas harvested fromwild-type C57BL/6mice aged 8 to 12 wk.
Aliquots of 5 3 106 BMDCs were cultured in Teflon (FEP) bags
(American Fluoroseal) containing 5 mL of DMEM or DMEM
plus CM at 1:1 ratio, supplemented with 10% FBS. CSF-1
(10 ng/mL) was added to induce macrophage differentiation.
The media were replaced at 48 h. After 96 h of incubation,
BMDMs were collected, and cathepsin activity was assessed by
flow cytometry.

Additional experimental procedures can be found in the
Supplemental Material.
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