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ABSTRACT

The presence of macrophages within breast tumors correlates with metastatic
potential. These tumor-associated macrophages often take on a pro-tumorigenic (M2-
like) phenotype resulting in the secretion of growth factors and proteases, including
the lysosomal protease cathepsin L. Since cathepsin L also is frequently secreted by
breast cancer cells and contributes to tumor invasion, metastasis, and angiogenesis,
we hypothesized that secretion of cathepsin L by both tumor-associated macrophages
and neoplastic cells would facilitate the metastatic phenotype. Our results showed
that the novel cathepsin L/K inhibitors KGP94 and KGP207 could inhibit in vitro M2
macrophage invasion and reduce the macrophage-stimulated invasion of 4T1 murine
breast cancer cells. KGP94 and KGP207 treatment also reduced the expression of
several M2-associated markers, suggesting that cathepsin L activity may be important
for IL-4-driven MO to M2 differentiation. In addition, cathepsin L shRNA knockdown
studies revealed that cathepsin L from both the tumor cell and the macrophage
population is important for tumor cell invasion. Thus our data suggest that tumor
cells and macrophages may both contribute to the cathepsin L-driven metastatic
phenotype of breast cancer. Taken together, these studies highlight the importance of
cathepsin L in macrophage functions and suggest that cathepsin inhibition strategies
may be therapeutically beneficial by impairing the progression of tumors with high
infiltration of M2 macrophages.

INTRODUCTION

Breast cancer is the most frequently diagnosed
cancer and is the second leading cause of cancer-associated
deaths in American females [1]. It is estimated that over
40,000 breast cancer deaths occur annually in the United
States alone [1]. As with most solid tumors, breast cancer
deaths are typically the consequence of metastases, rather
than from failure to control the primary tumor. Therefore,
it is essential to identify the mechanisms that contribute to
the metastatic phenotype of breast cancer.

Proteases are catalytic enzymes that are often
overexpressed in invasive tumors [2, 3]. There are several
families of proteases that are associated with cancer,
including, but not limited to, matrix metalloproteases

(MMPs) and cathepsins. Proteases facilitate many aspects of
the metastatic cascade including 1) integrin turnover during
motility and invasion, 2) degradation of the extracellular
matrix and basement membrane, 3) matrix-sequestered
growth factor release, and 4) angiogenesis initiation [2, 3].
Both the MMP and cathepsin families of proteases contain
proteases with overlapping substrates and functions [4, 5].
Due to the strong correlation between proteolytic activity
and tumor grade, the development of protease inhibitors
for use as anti-cancer drugs has been actively pursued.
Initial studies focused on MMPs, but the lack of specificity
and resulting side effect profile of these MMP inhibitors
contributed to their failure in clinical trials [6, 7].

The cathepsins, most notably cathepsins B and L,
also have been associated with aggressive tumor behavior
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and heightened invasive capacity of neoplastic cells
[8, 9]. For example, cathepsin L is often overexpressed in
invasive breast cancer cells and correlates with metastatic
disease and poor prognosis [10, 11]. Cathepsin L is a
ubiquitously expressed cysteine protease that is localized
within the lysosome under normal conditions. However,
cancer cells secrete cathepsin L to aid in invasion,
metastasis, and initiation of angiogenesis [12]. Although
there currently are no cathepsin inhibitors clinically
available, several agents are under active development
including KGP94 (3-bromophenyl-3-hydroxyphenyl-
ketone thiosemicarbazone), a selective inhibitor of
cathepsins L and K [13-16]. Indeed, our previous studies
revealed that KGP94 reduces invasion of prostate and
breast cancer cells in vitro and tumor-induced angiogenesis
and prostate bone metastases in vivo [17, 18]. A second
cathepsin L and K inhibitor, KGP207, differs structurally
from KGP94 (an extra carbonyl group and phenyl ring)
and does not bear the same functionalization pattern as
KGP94 [13-16]. Both KGP94 and KGP207 demonstrate
activity in the nM range.

Another key feature of aggressive breast cancers
is the presence of macrophages. Macrophages play a
significant role in the maintenance of normal breast tissue
and in breast carcinoma [19, 20]. Their presence within
the primary tumor correlates with disease progression
and metastatic incidence [19, 21-23]. While classically
studied for their role as pro-inflammatory phagocytes,
macrophages can take on different characteristics in
response to various cytokine stimuli. For example,
un-stimulated macrophages (MO0) can take on an anti-
inflammatory (M2) role in response to IL-4 (IL-4) and
interleukin-13 during wound healing and carcinogenesis
[24-26]. The M2 stimulated macrophages contribute
to multiple aspects of the metastatic cascade, including
extracellular matrix remodeling leading to tumor cell
invasion, promoting angiogenesis, and facilitating tumor
cell entry into the vasculature [27-29]. Due to their
contribution to multiple aspects of tumor progression,
M2 macrophages may represent an attractive target
for antitumor therapy [30]. One hallmark of M0 to M2
differentiation is the increased expression of multiple
proteases, including cathepsin L [31-34].

We hypothesized that secretion of the proteolytic
enzyme cathepsin L by both tumor-associated
macrophages and neoplastic cells facilitates tumor cell
invasion, a key element of metastasis. Our data indicate
that cathepsin L inhibition using KGP94 or KGP207
significantly reduces the invasive potential of both tumor
cells and macrophages. Furthermore, genetic knockdown
of cathepsin L in either tumor cells or macrophages
reduces tumor cell invasion in Boyden chambers.
Interestingly, cathepsin L inhibition in macrophages may
be altering macrophage MO0 to M2 differentiation. Overall,
these data suggest that cathepsin L is a potential target to
prevent macrophage-driven breast cancer invasion.

RESULTS

Interleukin-4 stimulates cathepsin L expression
in macrophages

Previous studies have found that macrophages
upregulate the expression of lysosomal proteases
in response to IL-4 stimulation [31-34]. We treated
Raw264.7 macrophages and primary bone marrow
derived macrophages with 10 ng/mL IL-4, respectively.
Semi-quantitative PCR indicated that IL-4 treatment
resulted in the upregulation of M2-associated transcripts,
including MRC-1, IL-10, and Fizzl, suggesting that IL-4
is causing an MO to M2 transition (Supplementary Figure
1). Whole cell lysates were analyzed by immunoblot and
revealed that cathepsin L protein levels were upregulated
in response to IL-4 (Figure 1A and 1C; quantified in
Supplementary Figure 2A, 2B). Conditioned medium was
also collected and cathepsin L levels were analyzed by
ELISA. We found that cathepsin L was secreted from both
Raw264.7 (Figure 1B) and primary bone marrow derived
macrophages (Figure 1D) in response to IL-4. These data
are in line with previous findings and suggest that M2-
like macrophages produce and secrete more cathepsin L
compared to unstimulated MO macrophages.

Cathepsin L is important for both macrophage
and neoplastic cell invasion

Secreted proteases, including cathepsin L, are
known to play a role in cell motility and invasion [35].
Our laboratory has previously shown that cathepsin L
inhibition with KGP94 reduces invasion of breast and
prostate cancer cells [17, 18, 36]. However, it is not
known whether cathepsin L inhibition could reduce
macrophage invasion. Using Boyden chambers, we
tested whether inhibition of cathepsin L using KGP94
or KGP207 would alter the motility and invasiveness of
macrophages (Figure 2A). Raw264.7 macrophages were
stimulated with IL-4 for 48 hours prior to the start of the
Boyden chamber assays. Macrophages were then treated
with vehicle, KGP94, or KGP207 and allowed to invade
through Matrigel (Figure 2B) or migrate in the absence
of Matrigel (Figure 2C) toward 4T1 cell conditioned-
media for 24 hours. We found that cathepsin L inhibition
reduced invasion through Matrigel, but not motility of
IL-4 stimulated macrophages. Similarly, 4T1 tumor cells
were plated in the top chamber of Boyden chambers
(Figure 3A) and allowed to invade through Matrigel
(Figure 3B) or migrate in the absence of Matrigel (Figure
3C) toward macrophage-conditioned media for 24 hours.
Cathepsin L inhibition with KGP94 or KGP207 reduced
invasiveness, but not motility, of 4T1 cells. Together,
these data indicate that cathepsin L activity is important
for the invasive properties of both neoplastic cells and
macrophages.
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Cathepsin L derived from both tumor cell and
macrophage populations is important for tumor
cell invasion

Cathepsin L is produced and secreted by both tumor
cell and macrophage populations [9, 32]. However, it is
not known which cell population produces the cathepsin
L that is important for macrophage-stimulated tumor cell
invasion. To test this, we utilized lentiviral-delivered
shRNA to generate cathepsin L knockdowns in 4T1 breast
cancer cells (Figure 4A; quantified in Supplementary
Figure 2C). Non Target (NT) or cathepsin L knockdown
(KD) 4T1 cells were then plated on the top chamber of
Boyden chambers and allowed to invade through Matrigel
toward macrophage-conditioned media (Figure 4B, 4C).
Consistent with previously published results, cathepsin L
knockdown in tumor cells reduced tumor cell invasiveness
[17, 18, 36]. In order to test the contribution of
macrophage-derived cathepsin L in tumor cell invasion we
generated Raw264.7 cathepsin L knockdown cells (Figure
4D, quantified in Supplementary Figure 2D). Either NT
or cathepsin L KD macrophages were stimulated with or
without IL-4 for 48 hours and macrophage conditioned-
media was plated on the bottom of the Boyden chamber
inserts. 4T1 cells were plated on top of the inserts and
allowed to invade through Matrigel toward NT or
cathepsin L KD macrophage conditioned-media (Figure
4B, 4E). The results showed that depletion of cathepsin
L in the macrophage population reduced the invasiveness
of 4T1 cells. These data suggest that cathepsin L secreted
by both tumor cells and macrophages contributes to tumor
cell invasion.
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Cathepsin L activity plays a role in the
expression of M2-associated proteins

Our data indicate that cathepsin L activity is
important for invasion in response to IL-4, a hallmark
of M2 functionality (Figure 2A). We reasoned that
other aspects of MO to M2 differentiation may also
be affected by cathepsin L activity. Expression of M2
markers is another indicator of M0 to M2 differentiation
[24]. Therefore, we treated Raw264.7 (Figure S5A;
quantified in Supplementary Figure 2E) or primary bone
marrow-derived macrophages (Figure 5B; quantified in
Supplementary Figure 2F) with the cathepsin L inhibitors
KGP94 and KGP207 prior to stimulation with IL-4.
Immunoblot analysis revealed that treatment with KGP94
or KGP207 resulted in decreased expression of M2
markers CD206 and Arginase-1. Together, these data raise
the intriguing possibility that macrophages treated with
cathepsin L inhibitors are less M2-like.

DISCUSSION

Protease secretion is involved in multiple aspects
of tumor development, and contributes to the metastatic
phenotype. The lysosome-associated cysteine protease,
cathepsin L, is often overexpressed in breast cancer
and is believed to contribute to the dissemination of
breast cancer cells [3, 12, 17, 18]. Prior clinical trials
investigating the anti-cancer efficacy of protease
inhibitors (most notably MMP inhibitors) have been
largely unsuccessful due likely to the lack of specificity
and resulting normal tissue toxicity of these agents
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Figure 1: IL-4 upregulates the expression and secretion of cathepsin L from macrophages. (A) Raw264.7 and (C) bone
marrow-derived macrophages were stimulated with 10 ng/mL IL-4 for 48 h. Whole cell lysates were collected and analyzed by immunoblot.
(B) Raw264.7 and (D) bone marrow-derived macrophages were stimulated with 10 ng/mL IL-4 for 48 h. Conditioned media was collected

and analyzed by ELISA. "=P<0.05
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[6, 7]. However, KGP94 and KGP207 have high
specificity for cathepsins L and K, suggesting that toxicity
resulting from off-target inhibition might be mitigated
[13—16]. These agents have been tested in murine models
and their use resulted in slower tumor growth and
decreased angiogenesis and metastasis [17, 18]. Target
specificity and promising pre-clinical studies suggest
that KGP94 and KGP207 may be advantageous in the
treatment of tumors with high expression of cathepsin L.

When designing anti-tumor therapeutics, it is
important to consider the role of the tumor stroma.
Macrophages are a myeloid-derived immune cell
population that contribute to breast cancer growth and
progression. In fact, macrophage-mediated therapies
are currently being investigated as an adjuvant for triple
negative breast cancers [37]. Cytokines such as IL-4 and
interleukin-13 activate the M2 transcriptional program in
macrophages, resulting in macrophages that are primed
for tissue remodeling [24]. M2 macrophages secrete
a host of growth factors and proteases to aid in normal
biological processes such as wound healing and mammary
gland involution [20, 24]. For example, M2 macrophages
secrete vascular endothelial growth factor (VEGF) to
promote angiogenesis and epidermal growth factor (EGF)

to stimulate wound closure. However, in the context of
tumor development, these macrophage-derived growth
factors can also encourage tumor progression [21, 38].

Given the versatile and important role that
macrophages play in breast cancer progression and
metastasis, we are investigating therapeutically targeting
macrophages for novel anticancer therapy. Previous
studies have shown that tumor-associated macrophages
secrete proteases to aid tumor cell invasion [31-33].
Of note, cathepsin L expression is directly regulated
by IL-4, the same cytokine that stimulates MO to M2
differentiation. Activation of the IL-4 receptor results
in STAT6-dependent transcriptional activation of the
cathepsin L gene [33]. The increased expression of
cathepsin L in response to IL-4 stimulation was similarly
observed in our studies (Figure 1). Our data indicate that
cathepsin L supplied from macrophages is important for
tumor cell invasion in vitro (Figure 4). This finding fits
with results of prior investigations showing that tumor-
associated macrophages supply proteases to increase
tumor cell invasion [31-34].

Surprisingly, we found that treatment with KGP94
and KGP207 resulted in the reduced expression of the
M2 markers Arginase-1 and CD206 (Figure 5). While
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Figure 2: KGP94 and KGP207 reduce macrophage invasion. (A) Experimental design. 4T1 conditioned-media was plated on the
bottom of transwell inserts. Macrophages were treated in the presence or absence of 10 ng/mL IL-4 for 48 h prior to the start of transwell
experiments. Control or IL-4 treated Raw264.7 cells were treated with KGP94 or KGP207 and allowed to (B) invade through Matrigel or
(C) migrate toward 4T1 conditioned-media. "=p<0.05 compared to DMSO.
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Figure 3: KGP94 and KGP207 reduce neoplastic cell invasion. (A) Experimental design. Conditioned media from Raw264.7
cells treated with control or IL-4 was plated on the bottom of Boyden chambers. 4T1 tumor cells were treated with KGP94 or KGP207
and allowed to (B) invade through Matrigel (C) or migrate through Boyden chambers toward Raw264.7-conditioned media. "=p<0.05

compared to DMSO.
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Figure 4: Cathepsin L. knockdown in either the tumor cell or macrophage population reduces neoplastic cell

invasion. (A) Immunoblot of 4T1 catheps

in L knockdown. (B) Experimental design. Conditioned media from Raw264.7 cells treated with

control or IL-4 was plated on the bottom of Boyden chambers. (C) 4T1 NT or cathepsin L KD tumor cells invaded through Matrigel toward
Raw264.7 conditioned-media. (D) Immunoblot of Raw264.7 cathepsin L knockdown. (E) NT or CTSL KD macrophages conditioned-
medium was harvested and plated on the bottom of transwell inserts. 4T1 tumor cells invaded through Matrigel toward NT or CTSL KD
Raw264.7 conditioned-media. "=p<0.05 compared to NT.
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Figure 5: Cathepsin L inhibitors reduce expression of M2 markers. (A) Raw264.7 and (B) primary bone marrow-derived

macrophages were treated with 10 ng/mL
analyzed by immunoblot.

IL-4 for 48 h in the presence of 10 or 20 uM KGP94 or KGP207. Whole cell lysates were
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not definitive, these data could indicate that cathepsin L
inhibition results in macrophages that are less M2-like.
However, these data raise the question of how cathepsin
L is regulating the expression profile of macrophage
markers. Cathepsin L is primarily found within the
lysosome and acts to degrade lysosomal contents as part of
the normal endocytic pathway or autophagy [4]. Cathepsin
L can also be secreted from cells and aids in proteolytic
processing of the extracellular matrix and the activation
of other proteases [4]. However, inhibition of both
lysosomal and extracellular cathepsin L are not likely to
cause a decrease in the expression of M2 markers. A lesser
known function of cathepsin L is its role in regulating the
transcriptional activator, CCAAT-displacement protein/
cut homeobox (CDP/Cux) in the nucleus [39, 40]. Nuclear
cathepsin L cleaves Cux, resulting in the activation of the
Cux transcription factor [39]. While Cux activity is known
to decrease the expression of M1 cytokines, it raises the
titillating possibility that Cux also regulates the expression
of M2 cytokines [41]. More detailed studies are needed to
determine the mechanism by which cathepsin L inhibition
modulates the expression of M2 markers.

Overall, these studies indicate that cathepsin L
from both the neoplastic cell and macrophage populations
contribute to tumor cell invasion. Because cathepsin L is
expressed and secreted by both neoplastic and macrophage
populations, its inhibition could be therapeutically
beneficial for breast cancers with high macrophage
infiltration.

MATERIALS AND METHODS

Reagents

IL-4 and macrophage colony stimulating factor
(M-CSF) were purchased from R&D systems. Both 1L-4
and M-CSF were used at 10 ng/mL. KGP94 and KGP207
were a generous gift from Dr. Kevin Pinney (Baylor
University) and prepared in 10 mM stock solutions in
DMSO.

Immunoblot

Whole cell lysates were harvested on ice by scraping
into RIPA buffer containing protease inhibitor (Sigma
Aldrich). Samples were incubated on ice and vortexed
intermittently over 30 minutes then centrifuged at 10,000
RPM for 10 minutes at 4°C. Protein concentration was
assessed by BCA assay and equal amounts of protein were
diluted into laemmli buffer (0.125M Tris, 4% SDS, 20%
glycerol, B-mercaptoethanol). Samples were boiled for
5 minutes before proceeding to immunoblot. Whole cell
lysates were run on polyacrylamide gels prior to transfer
to PVDF membrane. Membrane was blocked for 1 hour in
5% milk TBST (20mM Tris, 137mM NacCl, 0.1% Tween
20, pH 7.5). Primary antibodies were diluted in 5% bovine

serum albumin in TBST and incubated overnight at 4°C
followed by detection using HRP-conjugated secondary
antibodies and Pierce ECL2 (ThermoFisher Scientific,
Waltham, MA, USA).

Antibodies

Arginase-1 1:1000 (Cell Signaling Technologies,
Beverly, MA, USA). Cathepsin L 1:2000 (R&D System:s,
Minneapolis, MN, USA). CD206 1:1000 (ThermoFisher
Scientific). Actin 1:20,000 (Sigma-Aldrich, St. Louis,
MO, USA)

Cell culture

Raw264.7 cells (ATCC, Manassas, VA, USA) were
grown in 10% fetal bovine serum (FBS) in DMEM. 4T1
cells (ATCC) were cultured in 10% FBS RPMI. Non
target (SHC202V) and cathepsin L knockdown (4T1:
KD1-TRCN0000030579 and KD2-TRCN0000030580;
Raw264.7: KDI- TRCN0000030579 and KD2-
TRCNO0000030583) sublines were generated using
Mission Lentivirus Transduction Particles (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s
protocol. Sublines were cultured in the presence of 4 pg/
mL puromycin. All cells were grown at 37°C and 5% CO,
and subcultured upon reaching 75% confluence.

Bone marrow derived macrophages

Bone marrow was harvested from the hind limbs
of female Balb/c mice [42]. Cells were plated in 10%
FBS DMEM with 10 ng/mL recombinant mouse M-CSF
for 48 hours. Non-adherent cells were washed off and
adherent macrophages were maintained in M-CSF for the
experimental duration.

Enzyme linked immunosorbent assay (ELISA)

Raw264.7 or bone marrow derived macrophages
were plated in 100 mm dishes and treated with vehicle or
10 ng/mL IL-4 for 24 hours in complete media. Cells were
then washed to remove serum residue and then incubated
with vehicle or 10 ng/mL IL-4 for 24 hours in serum free
media. Conditioned-media was collected and concentrated
using Amicon 10K concentrators (Millipore, Burlington,
MA, USA). Mouse cathepsin L levels were determined
using ELISA (MyBiosource, San Diego, CA, USA) and
normalized to 10° cells.

Conditioned media

Cells (10°) were plated in 100 mm dishes and
allowed to adhere for 24 hours. Media was removed and
cells were washed with PBS to ensure removal of any
non-adherent cells. For Boyden chamber assays, 10 mL of
complete media was added. For ELISA, 10 mL of serum
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free media was added. Cells were incubated at 37°C for
an additional 24 hours. Conditioned media was harvested,
centrifuged at 1000 RPM for 10 minutes at 4°C to pellet
out any cells, and then immediately used for Boyden
chamber experiments or ELISA.

Boyden chamber assays

Both motility and invasion assays were performed
using 8 pum pore size Boyden chamber inserts. For
invasion assays, the membrane was coated with a 1:5
dilution of Matrigel in serum free media. Matrigel-
coated inserts were incubated at 37°C for 30 minutes
prior to the start of the assay. Conditioned media from
either 4T1 or Raw264.7 cells was collected and used as
a chemoattractant on the bottom of the insert. For studies
involving cathepsin L inhibition, vehicle or drug was
added to both the top and bottom chambers of the insert.
4T1 (10%) or Raw264.7 (2X103) cells were plated in the
top chamber of the Boyden inserts and allowed to invade/
migrate for 24 hours. Cells were fixed and stained with
isopropanol and crystal violet.

Densitometry

Quantification of immunoblots was performed
using Imagel software. The images were inverted and
the integrated density for each ban was determined using
Imagel analysis. The integrated density of the band of
interest was divided by housekeeping gene band in the
same lane to generate a measurement of band intensity.

Statistics

Statistical analysis was performed using GraphPad
software of at least three independent data sets. Statistical
significance of a minimum p-value <0.05 was determined
using Mann-Whitney ¢ Test (two-tailed). Data are
represented as means + SEM.

Abbreviations

ELISA, Enzyme linked immunosorbent assay; K
D, Knockdown; STAT, Signal Transducer and Activator
of Transcription, NT, Non Target; IL-4, Interleukin-
4; M@, Macrophage.
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