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Simultaneously targeting cancer-associated
fibroblasts and angiogenic vessel as a treatment
for TNBC
Malvika Sharma1*, Ravi Chakra Turaga1*, Yi Yuan1, Ganesh Satyanarayana1, Falguni Mishra1, Zhen Bian1, Wei Liu1,2, Li Sun3,
Jenny Yang4, and Zhi-Ren Liu1

Fibrotic tumor stroma plays an important role in facilitating triple-negative breast cancer (TNBC) progression and
chemotherapeutic resistance. We previously reported a rationally designed protein (ProAgio) that targets integrin αvβ3 at a
novel site. ProAgio induces apoptosis via the integrin. Cancer-associated fibroblasts (CAFs) and angiogenic endothelial cells
(aECs) in TNBC tumor express high levels of integrin αvβ3. ProAgio effectively induces apoptosis in CAFs and aECs. The
depletion of CAFs by ProAgio reduces intratumoral collagen and decreases growth factors released from CAFs in the tumor,
resulting in decreased cancer cell proliferation and apoptotic resistance. ProAgio also eliminates leaky tumor angiogenic
vessels, which consequently reduces tumor hypoxia and improves drug delivery. The depletion of CAFs and reduction in
hypoxia by ProAgio decreases lysyl oxidase (LOX) secretion, which may play a role in the reduction of metastasis. ProAgio
stand-alone or in combination with a chemotherapeutic agent provides survival benefit in TNBC murine models, highlighting
the therapeutic potential of ProAgio as a treatment strategy.

Introduction
Triple-negative breast cancer (TNBC), the most deadly form of
breast cancer, is characterized by the absence of estrogen (ER)
and progesterone (PR) hormone receptors and the lack of human
epidermal growth factor 2 (HER2) expression. TNBC patients are
at high risk of locoregional or distant recurrence, poor progno-
sis, and low overall survival (Haffty et al., 2006; O’Shaughnessy
et al., 2011). In fact, TNBC patients with metastatic disease
have a poorer prognosis, with a median survival of ∼1 yr
(O’Shaughnessy et al., 2011). There are very limited targeted
therapies available for TNBC, and the treatment option is
broadly cytotoxic chemotherapy drugs, despite their low effi-
cacy and strong unwanted side effects (Cleator et al., 2007).
Previous studies have highlighted the significance of the tumor
microenvironment (TME) in mediating TNBC progression and
affecting treatment efficacy (Dias et al., 2019; Sahai et al., 2020).
It is noteworthy that the presence of abundant stroma in the
patient tumor has a poorer outcome than with low stroma in the
breast tumor in TNBC (de Kruijf et al., 2011; Moorman et al.,
2012).

Cancer-associated fibroblasts (CAFs) are the most prominent
cell types in the TME of TNBC, which actively engage in

crosstalk with the surrounding cells, promoting cancer cell
proliferation and survival. The interaction between CAFs and
cancer cells is through excessive production of growth factors
(GFs), chemokines, and cytokines. Additionally, CAFs secrete
excessive extracellular matrix (ECM) proteins, particularly col-
lagen and fibronectin, both of which initiate angiogenesis in the
tumor (LeBleu and Kalluri, 2018; Neve et al., 2014; Zhou et al.,
2008). Dense collagen secretion by CAFs impedes drug delivery
and decreases drug uptake in solid tumors, which contributes to
drug resistance (Baumgartner et al., 1998). CAFs in the tumor are
heterogeneous. The subtypes of CAFs play a distinct role in
cancer development and progression, sometimes completely
opposite functions (Huelsken and Hanahan, 2018; Öhlund et al.,
2014; Öhlund et al., 2017). The subsets of CAFs often express
distinct gene signatures and secrete a distinct profile of soluble
factors (e.g., GFs and cytokines), which enable its unique pro- or
anti-cancer roles (Sahai et al., 2020; Su et al., 2018). Further-
more, CAF subfamilies may undergo constant changes orches-
trated by dynamic CAF–cancer cell interactions (Sahai et al.,
2020), which adds another layer of complexity to the func-
tional role(s) of CAFs in cancer progression.
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The microvasculature in tumors of TNBC and basal-like
breast cancer is denser than that of non-TNBC and non–basal-
like breast cancer (Mohammed et al., 2011; Ribatti et al., 2016),
indicating high angiogenic activity in TNBC and basal-like breast
cancer. Furthermore, dense tumor microvasculature closely
correlates with shorter recurrence-free survival and overall
survival. Dense tumor vasculature is associated with a shorter
time from diagnosis to relapse and from relapse to death
(Linderholm et al., 2009). The dysregulated vessel structure in a
TNBC tumor often leads to resistance to blood flow into the
tumor, which is another important barrier for drug delivery.
Interestingly, activation of fibroblasts and intratumoral angio-
genesis is tightly coupled in the tumor. CAFs secrete a number
of molecular factors that promote angiogenic endothelial cell
(aEC) growth and migration (LeBleu and Kalluri, 2018; Mayrand
et al., 2012; Wang et al., 2019), thus facilitating tumoral angio-
genesis, while aECs also play a role in maintaining CAF activa-
tion (Lopes-Bastos et al., 2016; Relf et al., 1997). In addition, the
ECM that is released by CAFs also plays a role in promoting
intratumoral angiogenesis (Sewell-Loftin et al., 2017; Vong and
Kalluri, 2011).

Both CAFs and tumor angiogenesis have been implicated as
primary mediators of cancer cell dissemination to distant sites.
Intratumoral hypoxia induces CAFs and cancer cells to secrete
an enzyme lysyl oxidase (LOX), which cross-links and stabilizes
ECM components, particularly collagen, present in abundance in
the TME of breast tumors. The stiffer microenvironment at the
primary tumor site forms ECM tracks to assist cancer cell mi-
gration and therefore metastases (Emon et al., 2018). In addition,
secretion of LOX promotes collagen remodeling at the metastatic
site that facilitates bone marrow–derived cell accumulation,
subsequently promoting cancer cell colonization at a secondary
site (Wong et al., 2011). Overall, CAF and angiogenesis cooper-
atively play an important role in TNBC growth, survival, me-
tastasis, and drug resistance. Therefore, simultaneously targeting
CAFs and angiogenic vessels in TNBC could be a promising ther-
apeutic strategy.

Both aECs and CAFs in breast cancer express high levels of
integrin αvβ3 (Attieh et al., 2017; Brooks et al., 1994). We pre-
viously reported a rationally designed protein, ProAgio, that
targets integrin αvβ3 at a novel site and induces apoptosis in the
integrin-expressing cells by recruiting caspase 8 at the cyto-
plasmic domain of β3 (Turaga et al., 2016). We report here that
ProAgio induces apoptosis in integrin αvβ3–expressing CAFs and
aECs in TNBC. Depletion of CAFs by ProAgio decreases intra-
tumoral collagen. Depletion of CAFs by ProAgio reduces platelet-
derived growth factor (PDGF), epidermal growth factor (EGF),
and IGF1 levels in the tumor, abrogating CAF and cancer cell
crosstalk, which consequentially decreases tumor growth and
cancer cell apoptosis resistance. Depletion of CAFs by ProAgio
also reduces LOX levels in the tumor and blood circulation.
Reduction of LOX may play a role in reducing cancer metastasis.
In addition, the anti-angiogenesis effect of ProAgio eliminates
angiogenic leaky tumor vessels, which consequently facilitates
drug delivery and decreases hypoxia in murine models of TNBC.
Furthermore, depletion of CAFs by ProAgio at metastatic sites
decreases collagen and LOX at metastatic sites, which reduces

cancer cell colonization by preventing the formation of a pre-
metastatic niche. Depletion of CAFs at the metastatic site by
ProAgio may also inhibit metastatic tumor growth. ProAgio,
stand-alone or in combination with other chemotherapeutic
agents, demonstrates high anti-tumor efficacy and prolonged
survival of tumor-bearing mice, suggesting an excellent treat-
ment strategy for TNBC, especially for poor-prognosis patients
with high tumor stroma.

Results
Abundant stroma rich in integrin αvβ3-expressing CAFs and
collagen is associated with poor TNBC patient survival
TNBC patients with stroma-rich tumors have a higher risk of
relapse and treatment resistance and lower overall survival
comparedwith patients with low-stroma tumors (de Kruijf et al.,
2011; Moorman et al., 2012). We first analyzed the tumor sec-
tions of TNBC patients for the abundance of stroma. H&E
staining demonstrated both high and low amounts of stroma in
TNBC patient tumor sections (Fig. 1 A). We next performed
Sirius red staining for collagen and immunostaining for α–smooth
muscle actin (α-SMA) and fibroblast activation protein (FAP) and
observed both high and low expressions of collagen, α-SMA, and
FAP-positive cells in the tumors of TNBC patients (Fig. 1 A). We
then analyzed survival of TNBC patients with high and low gene
expression of collagen (COL1A1, COL1A2) and FAP (CAF) from a
publicly available dataset obtained from cbioportal (http://www.
cbioportal.org). Consistent with previous studies, a high amount
of collagen and FAP correlates with poor survival in TNBC pa-
tients (Fig. 1, B and C; and Fig. S1, A–D).

Previous studies have reported the expression of integrin
αvβ3 in CAFs (Attieh et al., 2017). We evaluated integrin αvβ3
expression in breast cancer CAFs in the tumors of TNBC pa-
tients. Immunohistochemistry (IHC) staining of integrin β3
demonstrated that the integrin was highly upregulated in
the histologically evident stromal component of the tumors
(Fig. 1 D). To verify the expression of integrin in breast cancer
CAFs, we first assessed whether the integrin is expressed in
human mammary fibroblasts (hMFs) upon TGF-β activation.
Immunoblotting revealed that integrin αvβ3 was highly ex-
pressed in activated hMFs but not in nonactivated hMFs (Fig. 1
E). Immunofluorescence costaining (Co-IF) of integrin β3 with
α-SMA in activated hMFs also demonstrated the expression of
the integrin in the activated fibroblasts. Murine CAFs were
isolated from orthotopic 4T1 tumors. Co-IF staining revealed
that integrin β3 was highly expressed in α-SMA–positive mu-
rine CAFs (Fig. 1 F). Expression of the integrin β3 in fibroblasts
isolated from tumors of breast cancer patients (referred to as
hbCAFs) was verified by immunoblotting (Fig. S1 E). Integrin
expression in CAFs was further verified by Co-IF staining of
integrin β3 and α-SMA in 4T1 tumor sections (Fig. S1 F). Ad-
ditionally, cells from MMTV-PyMT breast tumor tissue were
sorted using magnetic-assisted cell separation (MACS) tech-
nique followed by RT-PCR analysis for cell characterization.
The mRNA analysis revealed a high expression of integrin αvβ3
in CAFs and endothelial cells in the MMTV-PyMT breast tumor
tissue (Fig. S1, G–I). Furthermore, patient survival data showed
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that high and low integrin β3 (ITGB3) expression correlates
with patient survival in TNBC (Fig. 1, G and H). The examina-
tion of integrin β3, α-SMA, and FAP levels in TNBC patient
tissue samples revealed a close correlation, suggesting expres-
sion of integrin β3 in CAFs (Fig. S1 J). Altogether, our data
suggest that high levels of αvβ3-expressing CAFs and collagen
are associated with poor prognosis in TNBC patients.

Depletion of CAFs by ProAgio decreases tumor growth and
metastasis and prolongs tumor-bearing mice survival
We previously reported that the rationally designed protein
ProAgio induces apoptosis in integrin αvβ3-expressing cells
(Turaga et al., 2016). We reasoned that ProAgio would be ef-
fective in inducing apoptosis in breast cancer CAFs. Apoptosis
assay showed that ProAgio effectively induced apoptosis in

Figure 1. Abundant stroma rich in integrin αVβ3-expressing CAFs and collagen is associated with poor TNBC patient survival. (A) Representative
images of H&E staining, Sirius red staining, α-SMA, and FAP IHC staining of low stroma (upper panel) and high stroma (lower panel) in the breast tumors of
TNBC patients (n = 80). Scale bars, 200 µm. (B and C) Kaplan-Meier overall survival (B) and DFS (C) analyses of low and high COL1A1 expression (COL1A1 low,
n = 44; COL1A1 high, n = 38) in the tumors of TNBC patients. (D) Representative images of IHC staining of integrin β3 in the breast tumor of TNBC patients
(lower panel, n = 80; scale bar, 500 µm) compared with adjacent normal breast tissue (upper panel, n = 3; scale bar, 100 µm). (E) Levels of integrin αV (IB:
Integrin αV), integrin β3 (IB: Integrin β3), and α-SMA (IB: α-SMA) in the nonactivated (−TGF-β) and activated (+TGF-β) hMFs were analyzed by immunoblot.
hMFs were activated by culturing for 48 h in the presence of 5 ng/ml TGF-β. Nonactivated hMFs are the cells that are cultured for 1 d without TGF-β.
(F) Representative Co-IF images of integrin β3 (green) and α-SMA (red) in activated hMFs (upper panel) and murine CAFs (lower panel). Nuclei were coun-
terstained with Hoechst (blue). Scale bars, 100 µm. (G and H) Kaplan-Meier overall survival analyses (G) of ITGB3 (integrin β3: low, n = 50; high, n = 32) and DFS
analyses (H) of ITGB3 (integrin β3: low, n = 45; high, n = 30) in the tumors of TNBC patients. (I) Co-immunoprecipitation (coIP) of caspase 8 with integrin β3 (IP:
Integrin β3) was analyzed by immunoblot (IB: caspase 8). Activated hMFs were treated with 5 µM ProAgio for 3 h. Immunoblot of integrin β3 (IB: Integrin β3)
indicates the amount of β3 that was coprecipitated down in the coIP. Input represents 10% of the total protein used for IP. (J) Apoptosis in murine CAFs (left
panel) and activated hMFs (right panel) that were treated with 5 µM ProAgio (red bar) compared with vehicle (PBS, gray bar) was analyzed by apoptosis kit.
TCGA dataset of TNBC patients was obtained from cbioportal (https://www.cbioportal.org). HR, hazard ratio. Immunoblot of β-actin (IB: β-actin) in E and I is a
loading control. Experiments were performed at least in triplicate. Error bars in J represent mean ± SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 by log-rank
test (B, C, G, and H) or unpaired Student’s t test (J).
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hMFs activated by TGF-β by recruiting caspase 8 to the intra-
cellular domain of β3 (Fig. 1, I and J), while it had no effect on
nonactivated hMFs (Fig. S1 K). Similarly, ProAgio also effectively
induced apoptosis in CAFs isolated from 4T1 tumor (Fig. 1 J) and
hbCAFs (Fig. S1, L and M). Furthermore, Co-IF of vinculin and
actin in the activated hMFs showed that actin filament stress
fibers and focal adhesion complex diminished upon ProAgio
treatment (Fig. S1 N), indicating the loss of integrin αvβ3-me-
diated focal points. Integrin αvβ3 is expressed in highly meta-
static breast cancer cells, especially bone metastatic cancer cells
(Havaki et al., 2007; Liapis et al., 1996).

To test whether ProAgio also affects breast cancer cells via
integrin αvβ3, we examined integrin αvβ3 expression in several
TNBC cell lines. Immunoblot analyses showed different integrin
expression patterns in different TNBC cell lines (Fig. S2 A).
ProAgio did not affect the cell viability of these TNBC cells, al-
though integrin αvβ3 is expressed in MDA-MB-468 (Fig. S2 B).
We do not fully understand why ProAgio did not induce apop-
tosis in integrin αvβ3-expressing cancer cells. Resistance to
caspase 8–mediated apoptosis may be one of the reasons.

To test whether ProAgio indeed acts on CAFs in tumors, we
employed three breast cancer mouse models. 4T1 murine breast
cancer cells were orthotopically implanted into the mammary
gland of syngeneic Balb/c mice. MDA-MB-231 cells were ortho-
topically implanted in the mammary gland of nude mice. Cancer
cells in these models do not express ER and PR, along with low
HER2 expression (Foulkes et al., 2010). In addition, we also
employed a genetically engineered mouse MMTV-PyMT model.
Tumors in this genetically engineered mouse model are ER and
PR negative and gradually lose HER2 expression at the late stage
(Christenson et al., 2017). Tumors in all three models contain
dense fibrotic stroma with abundant collagen fibers. Hence,
these murine models are suitable to analyze the effects of
ProAgio on CAFs and the effects of modulation of fibroblasts on
the progression of the tumor (Calvo et al., 2013; Zhang et al.,
2013). In the 4T1 model, ProAgio treatment was started after the
tumor volume reached around 250 mm3, while in the MDA-MB-
231 model, the treatment was started after the tumor volume
reached around 150 mm3. In the MMTV-PyMT model, the
treatment was initiated at 75 d of age. Mice bearing 4T1 and
MDA-MB-231 tumors were administered 12 i.p. doses of ProAgio
(10 mg/kg, based on our previous concentration-dependent ef-
ficacy analysis; Fig. 2, A and B; Turaga et al., 2016). Due to rapid
tumor progression and increased overall tumor burden, dosage
and doses of ProAgio were increased (15 daily i.p., 20 mg/kg) in
the MMTV-PyMT mice (Fig. 2 K).

ProAgio significantly prolonged the survival (P < 0.0001) of
4T1 mice compared with the vehicle-treated group (Fig. 2 C).
Consistently, ProAgio treatment inhibited tumor growth and
reduced tumor weight (P < 0.001) compared with the vehicle-
treated group (Fig. 2, D–F). Similarly, a significant increase in
survival and a reduction in tumor volume/burden and tumor
weight were observed in MDA-MB-231 mice (Fig. 2, G–J) and
MMTV-PyMT mice upon ProAgio treatment (Fig. 2, L–O). Con-
comitant reduction in the tumor proliferation marker Ki67 (Fig.
S2, C–F; also see Fig. 9 C) was observed in the tumors of all
ProAgio-treatedmice. Co-IF staining of Ki67 and pancytokeratin,

an epithelial cell marker, revealed that cancer cell proliferation
was significantly reduced in ProAgio-treated 4T1 tumors (Fig.
S2, G and H).

We next analyzed the effects of ProAgio on tumor stroma and
CAFs. Sections from tumors of the treated mice were stained
with α-SMA for CAFs and Sirius red for collagen. ProAgio-
treated tumors exhibited markedly reduced α-SMA–positive
cells and intratumoral collagen compared with the vehicle-
treated mice (Fig. 3, A–H; also see Fig. 9, A and B). mRNA lev-
els of α-SMA and FAP in the 4T1 tumors were analyzed by
quantitative RT-PCR (qRT-PCR). Consistently, decreased α-SMA
and FAP mRNA levels were observed in mice bearing a 4T1 tu-
mor treated with ProAgio when compared with the vehicle
group (Fig. S2 I). To verify that ProAgio indeed induces apop-
tosis in CAFs, we performed Co-IF staining of α-SMA and
cleaved-caspase 3 (CC3) with sections from 4T1 tumors. Clearly,
a significantly higher costain was observed in ProAgio-treated
tumors than in the vehicle-treated group (Fig. 3, I–K). In addi-
tion, to determine whether ProAgio mediated apoptosis in
cancer cells, we performed three-color IF staining with pan-
cytokeratin, α-SMA, and CC3. A smaller increase in pan-
cytokeratin and CC3 costaining compared with α-SMA and CC3
costaining indicated that although cancer cell apoptosis was
higher in the ProAgio-treated 4T1 tumors as compared with the
vehicle group, ProAgio induced more CAF apoptosis (Fig. S2, J
and K). Further, immunoblot analysis of 4T1 breast tumor ly-
sates verified that ProAgio treatment increased the levels of
CC3 and cleaved-caspase 8 (CC8) compared with the vehicle
group (Fig. S2 L). Thus, our experiments revealed that ProAgio
inhibits tumor growth and prolongs survival of tumor-bearing
mice by inducing apoptosis in breast cancer CAFs. Apoptosis in
CAFs induced by ProAgio also consequentially increased apop-
tosis in cancer cells.

An important cancer-promoting role of CAFs is that CAFs
engage in a symbiotic crosstalk with cancer cells that supports
cancer cell growth, metastasis, and resistance to apoptosis. CAFs
secrete GFs such as PDGF, EGF, and IGF1 in tumors, which
promote cancer progression (LeBleu and Kalluri, 2018). Because
ProAgio depletes CAFs, we reasoned that ProAgio would reduce
intratumoral GFs and consequently decrease activation of GF
receptors in cancer cells. We first analyzed the levels of PDGF,
EGF, and IGF1 in primary 4T1 tumors by immunostaining and
ELISA. Clearly, ProAgio decreased intratumoral PDGF, EGF, and
IGF1 in the tumors (Fig. S3, A–C). We then examined phosphory-
lation of PDGFRβ, EGFR, IGF1R, and downstream targets, in-
cluding Akt and ERK, in the sections of treated tumors by
immunostaining. The ProAgio-treated 4T1 tumors had reduced
activation of the aforementioned GF receptors and their down-
stream target molecules (Fig. S3, D and E). Secretion of GFs by
CAFs activates GF receptors that mediate apoptotic resistance in
cancer cells (Antonyak et al., 2004; Fingas et al., 2011).

We cultured TNBC cells, MDA-MB-231, 4T1, BT549, and
HCC1806 with the GF cocktail (PDGF, EGF, IGF1, and hepatocyte
GF) and subsequently treated themwith different concentrations
of chemotherapeutics, paclitaxel (PTX) and doxorubicin (DOX).
Clearly, addition of GFs increased viability of all the TNBC cells
(Fig. S3, F–K). Furthermore, we cultured MDA-MB-231 and 4T1
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cells with the conditioned medium from mammary CAFs. Consis-
tently, an increase in cell viabilitywas observed upon treatmentwith
DOX (Fig. S3, L andM). The results suggest that conditionedmedium
from CAFs or GFs conferred chemoresistance in TNBC cells.

To verify whether a decrease in GFs due to depletion of CAFs
by ProAgio sensitizes cancer cells to apoptosis induction, we
cultured mammary fibroblasts with MDA-MB-231 cells in a
Boyden chamber that mimics the co-culture (Fig. S3 N). We first

Figure 2. ProAgio reduces breast tumor growth and prolongs survival in tumor-bearing mice. (A and B) Therapy regimen of ProAgio (i.p.; indicated by
red arrows) in 4T1 (A) and MDA-MB-231 (B) mice. (C–F) Kaplan-Meier survival analysis (n = 18; median survival: vehicle, 22 d; ProAgio, 26 d; C), mean tumor
volume (D), mean tumor weight (E), and representative images of tumor (F) of 4T1 tumor-bearing mice treated with vehicle or ProAgio (vehicle, n = 15; ProAgio,
n = 30). (G–J) Kaplan-Meier survival analysis (n = 8; median survival: vehicle, 29 d, ProAgio, 41 d; G), mean tumor volume (n = 10; H), mean tumorweight (n = 6; I), and
gross images of breast tumor (J) of MDA-MB-231 female nude mice treated with vehicle or ProAgio. (K) Therapy regimen of 20 mg/kg ProAgio (i.p.; indicated
by red arrows) in MMTV-PyMT mice. (L–O) Kaplan-Meier survival analysis (n = 12; median survival: vehicle, 27 d; ProAgio, 42.5 d; L), mean tumor burden
(n = 12; M), average tumor weight (n = 6; N), and representative images showing gross appearance of tumors where dotted lines demarcate tumor masses
(O) of MMTV-PyMT mice treated with vehicle or ProAgio. Error bars represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by
unpaired Student’s t test.
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Figure 3. ProAgio decreases CAFs and collagen in TNBC mouse models by inducing apoptosis in breast cancer CAFs. (A and B) Representative images
of IF staining of α-SMA (A) and quantification of α-SMA+ area (B) in the tumors of 4T1 mice treated with vehicle or ProAgio; n = 6/group. Scale bars, 100 µm.
(C and D) Representative images of IHC staining of α-SMA (C) and quantification of α-SMA+ area (D) in the tumors of MDA-MB-231 mice treated with vehicle or
ProAgio; n = 6/group. Scale bar, 100 µm. (E and F) Representative images of Sirius red staining (E) and quantification of collagen area (F) in the tumors of 4T1
mice treated with vehicle or ProAgio; n = 7/group. Scale bars, 100 µm. (G and H) Representative images of Sirius red staining (G) and quantification of collagen
area (H) in the tumors of MDA-MB-231 mice treated with vehicle or ProAgio; n = 6/group. Scale bars, 100 µm. (I–K) Representative images of IF costaining of
α-SMA (red) and CC3 (green; I), quantification of apoptotic cells (CC3+ area; J), and apoptotic breast cancer CAFs (α-SMA+ CC3+ area; K) in tumor sections of 4T1
mice treated with vehicle or ProAgio. Nuclei were counterstained with DAPI (blue); n = 5–6/group. Scale bars, 100 µm. **, P < 0.01; ***, P < 0.001; ****, P <
0.0001 by unpaired Student’s t test.
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treated MFs with vehicle or ProAgio for 6 h and thereafter
treated with DOX. Immunoblot analysis demonstrated that
ProAgio treatment decreased phospho-ERK (pERK) and phospho-
Akt (pAkt) inMDA-MB-231 cells (Fig. S3 O). DOX induced higher
levels of apoptosis in MDA-MB-231 cells in the presence of
ProAgio (Fig. S3 P), suggesting that depletion of CAFs by ProAgio
sensitizes cancer cells to apoptosis induction.

ProAgio reduces TNBC metastasis by modulating fibrotic
stroma at both primary and metastatic sites
The lung is one of the major metastatic organ sites in breast
cancer patients, especially in TNBC, as the incidence of lung
metastasis is 40% in TNBC compared with 20% in non-TNBC
(Foulkes et al., 2010). The lung is also themajor metastatic site in
orthotopic 4T1, orthotopic MDA-MB-231, and MMTV-PyMT
mouse models (Jonkers and Derksen, 2007). It is well-known
that CAFs play an important role in promoting cancer cell me-
tastasis (Quail and Joyce, 2013). Since ProAgio depletes CAFs in
breast tumors, we reasoned whether ProAgio would have effects
on metastasis. We analyzed the effects of ProAgio on lung me-
tastasis in three models. ProAgio treatment reduced the number
(Fig. 4, A and B; and Fig. S4, A and B) and the size of lung
metastatic nodules in 4T1 and MDA-MB-231 mice (Fig. S4, C and
D) and MMTV-PyMT mice (Fig. 4, C and D; and Fig. S4 E),
suggesting that depletion of breast cancer CAFs reduces breast
cancer metastasis.

ProAgio induced CAF apoptosis and reduced collagen content
in the primary tumors of three tested breast cancer models. We
asked whether ProAgio also exerted its effects on CAFs and
collagen at the lung metastatic site. We analyzed CAFs and col-
lagen in lung metastatic tumors in both 4T1 and MMTV-PyMT
models. Metastatic tumors in the lung in ProAgio-treated ani-
mals displayed reduced α-SMA–positive cells (Fig. 4, E and F)
and intratumoral collagen (Fig. 4, E and G) compared with
vehicle-treated mice in both models. ProAgio treatment also led
to an over-2.5-fold increase in costaining of α-SMA with CC3 in
sections of 4T1 lung metastatic tumors (Fig. 4, H and I), sug-
gesting that ProAgio induces lung CAF apoptosis in TNBC. We
further validated the effect of ProAgio in the metastatic lung
lysates of 4T1 mice by immunoblotting. ProAgio treatment re-
sulted in increased CC3 and CC8 levels in the lung lysates of 4T1
mice (Fig. S4 F).

To verify the effects of ProAgio on lung CAFs, we examined
expression of integrin αvβ3 and α-SMA in human lung fibro-
blasts (hLFs) upon activation with TGF-β. Evidently, TGF-β–
activated hLFs express high levels of integrin αvβ3, α-SMA
(Fig. 4 J and Fig. S4 G), and vimentin (Fig. S4 G); however,
nonactivated hLFs did not express high levels of integrin αvβ3
(Fig. 4 J). Consistently, ProAgio effectively induced apoptosis in
the activated hLF by recruiting caspase 8 to the intracellular
domain of β3 (Fig. S4, H and I), while it had no effect on the
nonactivated hLF (Fig. S4 J).

To confirm the effects of ProAgio at lung metastatic sites, 4T1
cells were i.v. injected into Balb/c mice via the tail vein (spon-
taneous model). The mice were treated with ProAgio the next
day after cancer cell injection for 12 daily doses (Fig. 4 K). Ani-
mals were sacrificed 3 d after ProAgio treatment. Tumor nodules

in the lung were analyzed. Clearly, ProAgio reduced both lung
tumor nodule number (Fig. 4, L and M) and size (Fig. S4 K).
Sirius red and α-SMA staining in the metastatic tumor sections
demonstrated that ProAgio reduced α-SMA–positive CAFs (Fig.
S4, L and M) and collagen in the tumors (Fig. S4, N and O). The
results suggest that ProAgio decreases metastatic tumor colo-
nization at metastatic sites due to the action on CAFs and the
fibrotic stroma.

Eliminating angiogenic vessels by ProAgio increases blood
perfusion into the tumor and enhances chemotherapeutic
delivery and efficacy
Studies have shown that tumor angiogenesis leads to leaky tu-
mor vessels, which impairs blood flow into and from the tumor,
leading to hypoxia. The leaky vessels form a major barrier to
drug delivery (Polydorou et al., 2017). We have previously
demonstrated anti-angiogenesis activity of ProAgio due to in-
duction of apoptosis in integrin αvβ3-expressing aECs (Turaga
et al., 2016). A decrease in CD31 staining in 4T1 and MMTV-
PyMT tumors in ProAgio-treated mice corroborated our previ-
ous findings (Fig. 5, A, B, E, and F). In addition, ProAgio-treated
4T1 mice displayed a decrease in number of branch points and
vessel length in the breast tumor (Fig. 5, C and D).

We reasoned that removal of leaky angiogenic tumor vessels
would improve blood perfusion into the tumor. To test this
speculation, lectin perfusion assay (Park et al., 2016) was per-
formed using fluorescent conjugated lectin in 4T1 mice at the
end of ProAgio treatment. Clearly, lectin perfusion in the tumor
was more than doubled in the ProAgio-treated mice compared
with the vehicle-treated mice (Fig. 5, G and H). Vascular leakage
was analyzed by dextran leakage assay (Park et al., 2016). Evi-
dently, the intratumoral vessel leakage was decreased in the 4T1
tumor treated with ProAgio compared with the vehicle-treated
group (Fig. 5, I and J). The results suggest that ProAgio decreases
leaky vessels in tumors and increases tumor blood perfusion.

Removal of leaky blood vessels in the breast tumor would
facilitate drug molecule delivery into the tumor, thus enhancing
the efficacy of chemotherapy (Jain, 2005). ProAgio effectively
depletes CAFs, reduces intratumoral collagen, and eliminates
leaky tumor angiogenic vessels. It is therefore expected that
ProAgio would facilitate drug delivery. To evaluate the effects of
ProAgio on drug delivery, 4T1 mice were treated with 12 daily
doses of ProAgio, followed by one i.v. dose of PTX. Tumor lysates
were subsequently analyzed by HPLC. Intriguingly, ProAgio
treatment resulted in an increase in intratumoral PTX in 4T1
mice (Fig. 5 K). The observation was further verified by ana-
lyzing delivery of the fluorescence probe–conjugated PTX to the
tumors of 4T1 mice treated with vehicle or ProAgio (Fig. 5, L
and M).

Removal of disorganized leaky tumor angiogenic vessels
improves tumor blood flow and oxygenation, which conse-
quently decreases tumor hypoxia (Jain, 2005). Therefore, we
assessed whether ProAgio treatment altered tumor hypoxia in
4T1 and MMTV-PyMT tumors. Pimonidazole was i.v. adminis-
tered in 4T1 mice. A significant decrease in hypoxyprobe-1 signal
in ProAgio-treated mice was observed (Fig. 5, N and O). In ad-
dition, immunostaining analyses demonstrated that HIF-1α was
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Figure 4. ProAgio reduces metastasis to the lungs by modulating fibrotic stroma at the lung metastatic site. (A and B) Representative images of H&E
staining of the lungs (A) and quantification of number of lung metastatic nodules (B) in tumor sections of 4T1 mice treated with vehicle or ProAgio (vehicle, n =
13; ProAgio, n = 22). Scale bar, 100 µm. (C and D) Representative images of H&E staining of the lungs (C) and quantification of the number of lung metastatic
nodules (D) in tumor sections of MMTV-PyMT mice treated with vehicle or ProAgio. Scale bar, 4 mm. (E–G) Representative images of IHC staining of α-SMA
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decreased in ProAgio-treated 4T1 and MMTV-PyMT tumors
compared with the vehicle-treated group (Fig. 5, N–Q).

Reduction in LOX in tumors due to depletion of CAFs and
decreased hypoxia by ProAgio may play a role in reducing
cancer metastasis
LOX is an enzymemediating lysine oxidation in the ECM, which
helps the ECM, mostly collagen cross-linking, to enable meta-
stasis progression. It is documented that hypoxia in tumors
upregulates LOX expression and secretion in the cancer cells (Ji
et al., 2013; Wong et al., 2011). We examined LOX expression in
4T1 and MDA-MB-231 cells under hypoxia and normoxia con-
ditions. Consistent with observations made by other laborato-
ries, hypoxia strongly increased LOX expression and secretion in
cancer cells (Fig. 6, A and B). Myofibroblasts are the main source
cells that secrete LOX during tissue repair and wound healing
(Fushida-Takemura et al., 1996). CAFs share most of the char-
acteristics with myofibroblasts (Kalluri, 2016). We therefore
examined LOX expression in activated/nonactivated hMFs.
Clearly, hMFs expressed high levels of LOX upon TGF-β acti-
vation (Fig. 6 C). Our results suggest that CAFs are anothermajor
source of LOX in breast tumors.

ProAgio depletes breast cancer CAFs and reduces tumor hy-
poxia due to the abrogation of tumor angiogenesis. We reasoned
that ProAgio would decrease LOX expression and secretion in
tumors and consequentially play a role in reducing TNBC meta-
stasis. To test this speculation, we first analyzed LOX in the sections
of primary 4T1 and MMTV-PyMT tumors by immunostaining. A
significant reduction in LOX staining in ProAgio-treated tumors
was observed (Fig. 6, D–G). We further analyzed mRNA levels of
other LOX family members, including LOXL2 and LOXL4 in 4T1
tumors by qRT-PCR. ProAgio treatment led to reduced LOX, LOXL2,
and LOXL4 mRNA levels in 4T1 tumors (Fig. 6, H and I). Our data
clearly indicate that in addition to decreasing LOX, ProAgio also
reduced other LOX family members, LOXL2 and LOXL4, that are
associated with high invasive potential. Next, we measured LOX
activity in 4T1 and MMTV-PyMT tumor lysates. ProAgio decreased
LOX activity in both 4T1 and MMTV-PyMT tumor lysates (Fig. 6, J
and K). As LOX facilitates collagen cross-linking, we analyzed col-
lagen cross-links in tumor sections by polarized lightmicroscopy on
Sirius red staining. Clearly, ProAgio led to a reduction in cross-
linked collagen compared with vehicle-treated 4T1 and MMTV-
PyMT tumors (Fig. 6, L–O).

LOX creates a favorable milieu at the metastatic site for
cancer cells to colonize. Consistently, it has been shown
that LOX is important for premetastatic niche formation in

orthotopic 4T1 and MMTV-PyMT mouse models (Pickup et al.,
2013; Rachman-Tzemah et al., 2017). LOX in the metastatic can-
cer site would first likely come from release of the enzymes by
primary tumors into the blood circulation (Wong et al., 2012).
Colonization and growth of the metastatic tumors would create a
second source for more LOX accumulation at the metastatic site.
CAFs in the metastatic tumor site may be one of the major
sources of LOX secretion at the metastatic site (Pickup et al.,
2013). Therefore, we asked whether ProAgio affects LOX levels
in the blood circulation and at themetastatic tumor. We analyzed
LOX levels in the serum of 4T1 and MMTV-PyMT mice by LOX
activity assay. ProAgio treatment led to a significant decrease in
serum levels of LOX in both 4T1 andMMTV-PyMTmice (Fig. 7, A
and B). IHC analyses of sections of metastatic lung tumors also
demonstrated approximately threefold and approximately five-
fold decreases in LOX in 4T1 and MMTV-PyMT mice, respec-
tively, upon ProAgio treatment (Fig. 7, C–F). These observations
are consistent with the results of the primary tumor sections.
Concomitantly, we found a significant decrease in cross-linked
collagen in the lung metastatic tumors of ProAgio-treated 4T1
and MMTV-PyMT mice (Fig. 7, G–K).

LOX at the metastatic cancer site recruits CD11b-positive
myeloid cells, which facilitates colonization of metastatic cancer
cells (Wong et al., 2012). Because we observed a decrease in LOX
levels in the lungs of 4T1 and MMTV-PyMT mice, we analyzed
CD11b-positive myeloid cells gated on CD45+ tumor-infiltrating
leukocytes in the metastatic lungs by flow cytometry. Evidently,
ProAgio decreased CD11b-positive myeloid cells in the lungs of
both 4T1 andMMTV-PyMTmice (Fig. 7, L–O). Reduction in CD11b
cells by ProAgio at the metastatic tumor site also supports the
notion that depletion of CAFs at the metastatic site correlates with
reduced cancer cell colonization at themetastatic site (Wong et al.,
2012). Altogether, our data demonstrate that ProAgio modulates
breast cancer TME by inducing apoptosis in CAFs, consequentially
reducing levels of LOX both at primary and metastatic tumors,
which correlates with reduced cancer cell colonization in the
lungs. Further, we performed a retrospective study to examine the
clinical relevance of LOX in women with TNBC using a publicly
available dataset. High expression of LOX was closely associated
with poor overall survival (Fig. 7, P and Q), suggesting a critical
role of LOX in TNBC patients.

Simultaneous depletion of CAFs and angiogenic tumor vessels
by ProAgio enhances the efficacy of chemotherapeutics
An increase in chemotherapy drug delivery in addition to a
decrease in cancer cell proliferation and apoptosis resistance

(upper panel) or Sirius red staining (lower panel; E) and quantification of α-SMA+ area (F) and collagen area (G) in the sections of metastatic lungs of 4T1 mice
treated with vehicle (gray bar) or ProAgio (red bar). Normal represents the lung sections from mice without a tumor and treatment (open bar); n = 8/group.
Scale bars, 100 µm. (H and I) Representative images of Co-IF of α-SMA (red) and CC3 (C-caspase 3; green; H) and quantification of apoptotic α-SMA+ CAFs
(α-SMA+ CC3+ area; I) in the sections of metastatic lungs of 4T1 mice treated with vehicle or ProAgio. Nuclei were counterstained with DAPI (blue). White
arrowheads indicate colocalization; n = 5/group. Scale bar, 100 µm. (J) Levels of integrin αV (IB: Integrin αV), integrin β3 (IB: Integrin β3), and α-SMA (IB: α-SMA)
in the nonactivated (−TGF-β) and activated (+TGF-β) hLFs were analyzed by immunoblot. hLFs were activated by culturing for 48 h in the presence of 5 ng/ml
TGF-β. Nonactivated hLFs are the cells that are cultured for 1 d without TGF-β. β-actin is a loading control. Data are representative of at least three inde-
pendent biological replicates. (K) Therapy regimen of the 4T1 spontaneous model. On day 15, the mice were sacrificed and the lungs were collected. (L and M)
Representative images of H&E staining (L) and quantification of tumor nodules (M) in lung sections of the vehicle- or ProAgio-treated animals. Scale bars, top
panel: 1,000 µm; lower panel: 100 µm. Error bars represent mean ± SEM. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by unpaired Student’s t test.
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Figure 5. ProAgio eliminates angiogenic vessels, enhances blood perfusion into the tumor, and consequentially reduces hypoxia. (A–D) Represen-
tative images of IF CD31 staining (A), quantification of vessel number (B), number of branch points (C), and vessel length (D) per view field in tumor sections of
4T1 mice treated with vehicle or ProAgio. Nuclei were counterstained with DAPI (blue). Scale bars, 100 µm (n = 6–7/group). (E and F) Representative IHC
images of CD31 staining (E) and quantification of CD31+ area (F) in the breast tumor sections of MMTV-PyMT mice treated with vehicle or ProAgio. Insets, ×1.5.
Scale bars, 100 µm (n = 5/group). (G and H) Representative fluorescence images of lectin perfusion in tumor vessels (G) and quantification of lectin-positive
area (red) per total CD31-positive area (H; green, represented by white arrows) in tumor sections of 4T1 mice treated with vehicle or ProAgio. Scale bars, 100
µm (n = 4/group). (I and J) Representative IF images of dextran leakage of tumor vessels (J) and quantification of dextran+ area (I) in the breast tumor sections
of 4T1 orthotopic mice. Dextran+ area is presented as a percentage per total section of the CD31+ area. Scale bar, 100 µm (n = 4/group). (K) Intratumoral levels
of PTX in the extracts of tumors of 4T1 mice treated with vehicle or ProAgio. PTX levels were presented as nanograms of PTX per milligrams of tumor tissue
(n = 4/group). (L and M) Representative fluorescence images of FITC-conjugated PTX (∼1 kD; L), and quantification of fluorescence signals (M) in the tumor
sections of 4T1 mice treated with vehicle or ProAgio. Tumors were harvested at the end of the experiment (n = 3 or 4/group). Scale bars, 100 µm. (N and O)
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due to reduction in intratumoral GFs would corroborate the
synergistic effects of ProAgio in combination with chemother-
apeutics. To test the hypothesis, 4T1 and MMTV-PyMT mice
were treated with ProAgio and a low-dose PTX either alone or in
combination. PTX alone did not have a significant effect on
overall survival and tumor growth, while ProAgio alone pro-
vided survival benefit and inhibited tumor growth in the 4T1
mouse model. Interestingly, a low dose of PTX and ProAgio
combination provided a significant survival benefit, inhibited
tumor growth, and decreased end-point tumor weight (Fig. 8,
A–E). Consistently, treatment of 4T1 mice with a combined
regimen of ProAgio and a low dose of DOX significantly pro-
longed survival and decreased tumor growth and tumor weight
(Fig. S5, A–E). Additionally, MMTV-PyMT mice also showed
similar results upon treatment with a ProAgio and PTX combi-
nation. The combination therapy significantly increased overall
survival and decreased total tumor volume and tumor volume of
every nodule along with a decrease in total tumor weight (Fig. 8,
F–I; and Fig. S5, F and G). Immunostaining of tumor sections
with α-SMA and Sirius red staining for collagen revealed that
ProAgio treatment alone decreased α-SMA and collagen; how-
ever, the combination of ProAgio + PTX further reduced α-SMA
levels and collagen content compared with ProAgio. PTX alone
had no significant effect on α-SMA levels and collagen content
(Fig. 8, J and K). Also, the tumor proliferation marker Ki67 was
dramatically reduced in the combination group (Fig. 9 A).

Next, analyses of the tumor tissues revealed an increase in
apoptosis in the ProAgio + PTX group than ProAgio or PTX alone
group in both 4T1 and MMTV-PyMT mice (Fig. S5, H and I; and
Fig. 9 B). Consistently, an increase in apoptosis in the tumor
with ProAgio + DOX combined therapy was observed in 4T1
mice (Fig. S5, H and I). Our data suggest that ProAgio increased
the delivery of PTX/DOX, which led to an overall increase in
apoptosis in the breast tumor. Examination of lung metastasis
demonstrated that the ProAgio + PTX combination further re-
duced metastatic nodule number (Fig. S5, J and K; and Fig. 9,
C–E). Altogether, our results indicate that ProAgio treatment
conferred improved chemotherapeutic efficacy in the murine
models by modulating breast cancer TME.

Discussion
CAFs are one of themain components of the TME. CAFs facilitate
tumor progression through close crosstalk with cancer cells
(LeBleu and Kalluri, 2018). Because of the cancer-promoting
properties of CAFs, therapeutic strategies targeting tumor fi-
brotic stroma have been actively explored, particularly in the
treatment of pancreatic ductal adenocarcinoma due to the
unique properties of desmoplasia of pancreatic ductal adeno-
carcinoma. However, there is very limited success (Barnett and
Vilar, 2018; Chen and Song, 2019). Although evidence has

demonstrated that dense fibrotic stroma closely correlates with
poor prognosis in TNBC patients (de Kruijf et al., 2011; Moorman
et al., 2012), targeting CAFs as a potential TNBC treatment has
not been extensively explored (Takai et al., 2016). The angio-
genic vessel is another important component of breast cancer
TME. Tumor angiogenesis plays a critical role in promoting
cancer progression (Carmeliet and Jain, 2000; Fox et al., 2007).
Active angiogenesis in the tumor closely correlates with poor
prognosis of patients with TNBC (Linderholm et al., 2009). It is
well established that aECs express high levels of the integrin
αvβ3 (Brooks et al., 1994). We demonstrate here that fibril-
producing breast CAFs also express high levels of the integrin.
We previously reported on ProAgio, a rationally designed pro-
tein that targets integrin αvβ3 at a novel site and specifically
induces apoptosis in αvβ3-expressing cells (Turaga et al., 2016).
The unique targeting specificity of ProAgio provides an effective
approach to simultaneously deplete breast cancer CAFs and
angiogenic tumor vessels (Fig. 9 F). Depletion of CAFs in TNBC
tumors by ProAgio leads to a decrease in intratumoral collagen.
Depletion of CAFs by ProAgio also reduces intratumoral GFs that
are likely released by CAFs, which breaks down cancer-promoting
CAF–cancer cell crosstalk.

LOX plays an important role in cancer metastasis (Rachman-
Tzemah et al., 2017; Wong et al., 2011). Both cancer cells and
CAFs secrete high levels of LOX. In the tumor with dense fibrotic
stroma, CAFs may be the main source cells that secrete LOX
(Pickup et al., 2013). Our data demonstrate that depletion of
CAFs by ProAgio decreases LOX in the primary tumor, the blood
circulation, and the metastatic site. Clearly, decreases in LOX
both in the primary tumor and metastatic site may play a role in
reducing TNBC metastasis, as shown in both 4T1 and MMTV-
PyMT mouse models.

ProAgio also induces apoptosis in aECs in TNBC tumors and
therefore diminishes the leaky tumor vasculature. Removal of
dysregulated tumor angiogenic vessels increases blood perfu-
sion into the tumor, which consequentially improves drug de-
livery. Interestingly, an increase in blood perfusion into the
tumor due to the abrogation of angiogenic tumor vessels by
ProAgio not only facilitates drug molecule delivery but also re-
duces tumor hypoxia. Hypoxia is a critical regulatory factor in
controlling the expression and secretion of LOX. Hypoxia is also
one main driving force for cancer metastasis (Rankin and
Giaccia, 2016). Interestingly, hypoxic CAFs promote tumor an-
giogenesis (Kugeratski et al., 2019). Simultaneous depletion of
CAFs and angiogenic vessels in TNBC tumors by ProAgio leads to
a decrease in the secretion of LOX by CAFs and a reduction in
hypoxia, which also decreases hypoxia-driven LOX expression
and secretion. Thus, it is clear that the dual actions of ProAgio in
LOX expression/secretion and reduction in tumor hypoxia due
to the anti-angiogenic activity of ProAgio orchestrate a special
TME at both the primary and the metastatic tumor site to reduce

Representative images of IHC staining of hypoxyprobe-1 (N, left panels; scale bar, 500 µm; n = 4/group) and IF staining of Hif-1α (N, right panels; scale bars, 200
µm; n = 4/group) and quantification of hypoxic area (O) in the tumor sections of 4T1 mice treated with vehicle or ProAgio. (P and Q) Representative images of
IHC staining of HIF-1α (P) and quantitative analysis of HIF-1α (Q) in the breast tumors of MMTV-PyMT mice treated with vehicle or ProAgio. Scale bar, 100 µm.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by unpaired Student’s t test.
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Figure 6. ProAgio decreases hypoxia-induced LOX secretion in the breast tumor in mouse models. (A–C) Cellular levels of LOX mRNA in 4T1 cells (A),
MDA-MB-231 cells (B) in normoxia (gray bar) or hypoxia (blue bar) condition, or hMFs nonactivated (−TGF-β, gray bar) or activated (+TGF-β, red bar) by TGF-β
(C) were analyzed by qRT-PCR. All data are representative of at least three independent biological replicates. (D and E) Representative images of IF staining of
LOX (D) and quantification of LOX staining (E) in the tumors of 4T1 mice treated with vehicle or ProAgio. Nuclei were counterstained with DAPI (blue). Scale
bar, 100 µm (n = 8/group). (F and G) Representative images of IHC staining of LOX (F) and quantification of LOX staining (G) in the breast tumors of MMTV-
PyMTmice treated with vehicle or ProAgio. Scale bars, 100 µm (n = 6/group). (H and I)mRNA analysis of LOX (H), LOXL2 (left panel, I), and LOXL4 (right panel,
I) measured by qRT-PCR in the tumors of 4T1 mice treated with vehicle (gray bar) or ProAgio (red bar). n = 4/group. (J and K) Quantification of LOX activity in
the tumor extracts of 4T1 mice (J) and MMTV-PyMT mice (K) treated with vehicle or ProAgio (n = 5–6/group). (L–O) Representative images of Sirius red
staining (left panels) and the corresponding cross-linked collagen images by polarized microscopy on Sirius red staining (right panels; L) and quantitative
analysis of cross-linked collagen (M and N) in the breast tumors of 4T1 orthotopic (upper panels; n = 7/group) and MMTV-PyMT (lower panels; n = 5/group)
mice treated with vehicle or ProAgio. Scale bars, 100 µm. (O) Quantification of cross-linked collagen per total collagen area in the breast tumor sections of 4T1
(left panel) and MMTV-PyMTmice (right panel) treated with vehicle (gray bar) or ProAgio (red bar); n = 4/group. Error bars in A, B, C, H, I, and K represent mean
± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns denotes nonsignificant by unpaired Student’s t test.

Sharma et al. Journal of Experimental Medicine 12 of 20

A novel treatment strategy for TNBC https://doi.org/10.1084/jem.20200712

https://doi.org/10.1084/jem.20200712


Figure 7. ProAgio decreases hypoxia-induced LOX-mediated metastasis to the lungs in mouse models. (A and B) Quantification of LOX activity in the
serum of 4T1 orthotopic mice (n = 5–6/group; A) andMMTV-PyMTmice (n = 6–8/group; B) treated with vehicle or ProAgio. (C–F) Representative images of IHC
staining of LOX (C and E) and quantification of LOX (D and F) in the lung metastatic tumors of 4T1 mice (C and D) and MMTV-PyMTmice (E and F) treated with
vehicle or ProAgio (n = 6/group). Scale bars, 100 µm. (G and H) Representative images of Sirius red staining visualized under brightfield (upper panel) or
polarized light microscopy (lower panel; G) and quantitative analysis of cross-linked collagen (under polarized light; H) in the lung metastatic tumors of 4T1
mice treated with vehicle or ProAgio. Scale bar, 100 µm (n = 7/group). (I–K) Representative images of Sirius red staining for collagen (left panel) and its
corresponding cross-linked images by polarized microscopy on Sirius red staining (right panel; I) and quantification of collagen (J) and cross-linked collagen (K)
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metastasis. Altogether, multiple effects of ProAgio due to de-
pletion of CAFs and anti-angiogenesis (Fig. 9 F) enable the
protein to be a promising treatment drug for TNBC, especially
for patients with a tumor rich in dense fibrotic stroma.

Dense intratumoral collagen fibrils and leaky tumor vessels
constitute barriers for drug delivery (Jain, 2005; Miao et al.,
2015). Therefore, removal of dense collagen fibrils and reduc-
tion of leaky tumor angiogenic vasculature will enhance the
delivery of chemotherapeutic agents. On the other hand, de-
pletion of CAFs by ProAgio also decreases intratumoral levels of
GFs that are mostly secreted by CAFs, which cuts off the cross-
talk between cancer cells and CAFs. One important consequence
is a reduction in cancer cell apoptosis resistance that is stimu-
lated by intratumoral GFs. The dual action of ProAgio results in
improved efficacy of the combination therapies (e.g., ProAgio +
chemotherapy agents) in TNBCmurinemodels. Importantly, the
dual action of ProAgio allows achievement of a significant delay
in tumor growth using a very low dose of chemotherapeutic
agents (two- to sixfold less dosage of PTX and DOX). Significant
lower dosage of cytotoxic anti-cancer drugs would greatly re-
duce the toxic side effects of the chemotherapeutic agents and
improve treatment efficacy. The addition of checkpoint in-
hibitors to various chemotherapies represents an important
advancement in the treatment of TNBC (D’Abreo and Adams,
2019; Vikas et al., 2018). It is well documented that CAFs play
a critical role in modulating cancer immunity by secreting pro-
or anti-inflammatory soluble factors, such as cytokines/che-
mokines (Barrett and Puré, 2020; Costa et al., 2018; Monteran
and Erez, 2019). CAFs may also exclude cytotoxic T cells from
cancer cells by inducing expression of immune-checkpoint and
checkpoint ligands (Hanley and Thomas, 2020). In addition,
CAFs may recruit myeloid cells to suppress tumor immunity
(Costa et al., 2018; see Fig. 7, L–O).

Our study apparently introduces a strategy for TNBC treat-
ment by simultaneously targeting stroma fibroblasts and angi-
ogenic vessels by ProAgio, particularly in combination with
other anti-cancer therapeutics. Due to important functions of
CAFs in modulating cancer immunity, we anticipate that
ProAgio in combination with immunotherapy may represent a
promising potential treatment for TNBC patients.

Materials and methods
Cell lines, reagents, and PCR primers used in the study are listed
in Table S1.

Primary fibroblasts and activation
hMFs and hLFs were purchased from Cell Biologics (H-6071) and
Lonza (CC-2512), respectively, and cultured in complete fibroblast

medium (Cell Biologics; M2267). The primary cells were activated
by culturing in TGF-β (5 ng/ml) for 48 h. Human breast fibroblasts
isolated from breast cancer patients (hbCAFs) were purchased
from Neuromics (CAF06) and cultured in MSC-GRO low serum,
complete medium (SC00B1).

Cell hypoxia
MDA-MB-231 or 4T1 cells were cultured in a modular incubator
chamber that was infused with a mixture of 1% O2, 5% CO2, and
94% N2 at 37°C for the indicated time.

Mouse CAF isolation from 4T1 tumor (procedure adopted from
F. Calvo and coworkers [Calvo et al., 2013])
Tumor from a 4T1 mouse (around 500–700 mm3) was minced
into small pieces and digested by collagenase. After filtering the
undigested tissue, the solution was serial centrifuged, and the
final pellet was resuspended in DMEM with 10% FBS and 1%
insulin–transferrin–selenium (Thermo Fisher Scientific; #41400-045)
and seeded on a culture dish. After 30 min, the fibroblasts had
already adhered to the dish, whereas other cell types remained in
suspension. Fibroblasts were subsequently grown on a culture
dish, and the population was expanded.

MMTV-PyMT, orthotopic MDA-MB-231, and 4T1 mice generation
and treatments and patient tissue sample screening
All animal experiments were performed under the approval of
the Institutional Animal Care and Use Committee of Georgia
State University. For the MDA-MB-231 xenograft, MDA-MB-231
cells (5 × 106) were implanted into the mammary gland of female
nude mice. Tumor growth was measured using a caliper ruler.
For MMTV-PyMT (FVB/N genetic background), hemizygous
male MMTV-PyMT and noncarrier female mice were purchased
from The Jackson Laboratory (Stock no. 002374, strain name:
Tg(MMTV-PyVT)634Mul). A colony was established and main-
tained in our animal facility by crossing MMTV-PyMT male
mice to wild-type female mice on FVB/N background. The off-
spring were genotyped by PCR using primers listed in Table S1.
Female mice positive for MMTV-PyMT were used in the study.
Nontransgenic littermate females (MMTV-PyMTnegative) were
used as controls. For 4T1 orthotopic, 4T1 cells (5 × 105) were
implanted into the mammary gland of female Balb/C mice. Tu-
mor growth was measured using a caliper ruler. For the 4T1
spontaneous model, 4T1 cells (1 × 104) were injected i.v. into the
tail vein of female Balb/C mice. For MDA-MB-231 mice, treat-
ments were started when tumors grew to an average size of
150 mm3. For 4T1 mice, treatments were started when tumors
grew to an average size of 250 mm3. For the 4T1 spontaneous
model, treatments were started the next day after cancer cell
injection. For MMTV-PyMT mice, treatments were started at

in the metastatic lungs of MMTV-PyMT mice treated with vehicle or ProAgio (n = 7/group). (L–O) Representative flow cytometric plots of CD11b (L and N) and
the population of CD11b-positive cells (M and O) in the metastatic lungs of 4T1 mice (n = 4–5/group; M) and MMTV-PyMT mice (n = 5 or 6/group; O) treated
with vehicle or ProAgio. SSC, side scatter. (P) Representative IHC images of low and high LOX staining in the breast tumors of TNBC patients (n = 80). Scale
bars, 100 µm. (Q) Kaplan-Meier survival analysis of low and high LOX (low, n = 34; high, n = 48) gene expression in the breast tumors of TNBC patients. HR,
hazard ratio. TCGA dataset of TNBC patients was obtained from cbioportal (https://www.cbioportal.org). Error bars in B, M, and O represent mean ± SEM.
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by log-rank test (Q) or by unpaired Student’s t test.
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Figure 8. ProAgio enhances chemotherapeutic efficacy in 4T1 orthotopic and MMTV-PyMT mouse models. (A) Therapy regimen of ProAgio (red ar-
rows) and PTX (green arrows, i.p. 3 mg/kg) in 4T1 mice. (B) Representative images of tumors of 4T1 mice treated with indicated agents. (C–E) Kaplan-Meier
survival plot (n = 8–11; median survival [days]: vehicle = 17, ProAgio = 21, PTX = 20, ProAgio + PTX = 26.5; C), mean tumor volume (n = 8–12; D), and mean
tumor weight (E) of 4T1 mice treated with indicated agents (n = 5–8). (F) Therapy regimen of ProAgio (red arrows) and PTX (green arrows, i.p. 5 mg/kg) in
MMTV-PyMT mice. (G) Representative images showing appearance of tumors indicated by dotted circles on MMTV-PyMT mice treated with indicated agents.
(H and I) Kaplan-Meier survival analysis (n = 18–21; median survival [days]: vehicle = 32, ProAgio = 43, PTX = 33, ProAgio + PTX = 48; H), mean tumor burden
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75 d of age. Mice were randomly enrolled in treatment groups. At
the end of the treatments, animals were either sacrificed for
analyses or maintained in the cages for survival assessment. Or-
gans, tumor tissues, and blood sampleswere collected at the end of
the experiments for subsequent analyses. Treatment schedule and
dosages are specified in the figures or legends. Statistical analyses
were done in comparison to the control group.

Patient tissue analyses were performed under the guidelines of
the National Institutes of Health. All tissue samples are de-
identified. It falls under Institutional Review Board exemption 4.
Samples were sectioned and analyzed by different staining.
Samples were obtained from either US Biomax or Harbin Medical
University Cancer Hospital, China (n = 80). Studies were per-
formed under the approval of the Institutional Review Board of
Georgia State University and Harbin Medical University.

Analysis of publicly available datasets
The gene expression profile of TNBC patients was analyzed by
obtaining data from The Cancer Genom Atlas (TCGA), Cell 2015,
by using https://www.cbioportal.org.

Tissue section staining and quantitation
Sirius red staining was performed using kits obtained from IHC
World by following the vendor’s instructions.

IHC and IF
IHC and IF staining procedures were similar to those of previous
reports (Turaga et al., 2016). Images were captured at various
magnifications indicated by scale bars.

Quantitation of Sirius red, IHC, and IF staining was performed
using ImageJ. Quantifications are positive stain areas in each view
field or fold change by comparing to the controls unless otherwise
specified in the figures and legends. All quantitation results were
means of randomly selected three view fields per section, five
sections per animal, and 6–10 mice per experimental group unless
otherwise specified in the figures and legends.

LOX activity assay (adopted from Fogelgren et al., 2005)
Blood or tumor tissues were taken from experimental animals at
the end of the experiments. Serum and tumor lysates were
prepared. LOX activity was measured using a LOX activity kit.

Tumor hypoxia
Hypoxyprobe-1 (60 mg/kg, solid pimonidazole hydrochloride)
was i.v. injected in the mice 1 h before extraction. Sections were
prepared from the harvested tumors. The sections were IHC
stained per the vendor’s instructions.

PTX concentration by HPLC
PTX stock solution was prepared at 500 µg/ml, and 10, 25, 50,
75, and 100 µg/ml was prepared by dilution of the stock in

methanol. The Agilent UHPLC system with an Agilent C18 col-
umnwas used. Themobile phase was acetonitrile (ACN)/sodium
acetate buffer (0.01 M, pH 5.0) at 60/40 with a flow rate of 1 ml/
min. 1 g of tumor was weighed and ground in liquid nitrogen.
The samples were subjected to extraction with diethyl-ether.
Samples were centrifuged at 14,000 rpm for 10min. The organic
layer was separated. 50 µl of the sample was then injected into
the system for analysis.

Vascular leakage and perfusion assays (adopted from Park
et al., 2016)
At the end of the 4T1 experiment, tumor vessel leakage was
analyzed after i.v. injection of 100 µl of FITC-conjugated dextran
(25 mg/ml) 30 min before sacrifice. For vascular perfusion
studies, 100 µl of 594-conjugated tomato lectin (1 mg/ml) was
i.v. injected 30 min before sacrifice.

Cell sorting using MACS cell separation kit (adopted from Wong
et al., 1995)
The breast tumor tissue sample (∼100 mg) was cut, minced, and
then dissociated in a solution comprising RPMI media and col-
lagenase in gentleMACS dissociator (Miltenyi Biotec). It was
followed by RBC lysis using Red Blood Cell Lysis Solution (Mil-
tenyi Biotec; Catalog #130-094-183). Dead cells were removed by
centrifugation, and cell suspension was subsequently pelleted.
mRNA was isolated from the tumor cells. Next, the pellet was
resuspended and labeled with anti-CD31 (Catalog #14–0319-82)
mouse IgG antibody followed by magnetic separation. mRNA
was isolated from the magnetically labeled cells, and RT-PCR
was performed for integrin αV and integrin β3. β-actin was used
as a loading control. Further, flow through containing unla-
beled cells was used to isolate CAFs using anti-PDGFRβmouse
IgG antibody (Catalog #MA5-15103), and mRNA was subse-
quently isolated. The remaining flow was also collected to
isolate mRNA.

The procedures for angiogenesis analysis, qRT-PCR, immu-
noprecipitation, Western blotting, apoptosis assay, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay,
and flow cytometry were adopted from our previous reports (Li
et al., 2014; Turaga et al., 2016; Zhang et al., 2016).

Statistical calculations
Statistical analyses were performed using GraphPad Prism 6.0
software. Kaplan-Meier survival curves were calculated using
survival time for each mouse from all treatment groups. Sta-
tistical analyses in the survival experiments were performed by
log-rank (Mantel-Cox) test. All in vitro experiments were per-
formed at least three or four times. For tumor burden analyses,
image quantifications, and other analyses, statistical significance
was assayed by unpaired Student’s t test. Box plots show range,
median, and quartiles. In all figures, *, P < 0.05; **, P < 0.01; ***,

(total volumes of all tumors; I) of MMTV-PyMT mice treated with indicated agents (n = 6–8). (J and K) Representative images of IHC staining and quantitative
analyses of α-SMA (J) and Sirius red staining and quantitative analyses of collagen (K) in the breast tumors of MMTV-PyMT mice treated with indicated agents.
Scale bars, 100 µm (n = 4–6/group). Error bars in D, E and I represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****; P < 0.0001; ns denotes
nonsignificant by log-rank test (C and H) or unpaired Student’s t test.
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Figure 9. ProAgio enhances the efficacy of chemotherapeutics. (A and B) Representative images of IHC staining and quantitative analyses of Ki67 (A) and
CC3 (B) in the breast tumors of MMTV-PyMT mice treated with indicated agents. Insets, ×3; Scale bars, 100 µm (n = 4–6/group). (C–E) Representative H&E
images of lung sections (C), number of metastatic lung nodules by histology (D), and number of metastatic lung nodules on the lung surface (E) of MMTV-PyMT
mice treated with indicated agents. Black arrows indicate metastatic nodules in lungs. Scale bars, 1,000 µm (n = 5–6/group). (F) Schematic illustration of action
of ProAgio in TNBC. Error bars in D and E represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001; ns denotes nonsignificant by unpaired
Student’s t test.
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P < 0.001; and ****, P < 0.0001; ns denotes not significant. All
data are presented as mean ± SEM or as box plots.

Online supplemental material
Fig. S1 shows that high stroma is associated with poor overall
survival and disease-free survival (DFS); breast cancer CAFs
express high levels of integrin αvβ3; there is a close correlation
between integrin β3, α-SMA, and FAP levels in TNBC patient
tissue samples; and ProAgio induces apoptosis in breast cancer
CAFs. Fig. S2 shows that ProAgio does not induce apoptosis in
TNBC cell lines because they do not express integrin αvβ3;
ProAgio decreases cancer cell proliferation in mouse models;
and ProAgio reduces levels of α-SMA by inducing apoptosis in
breast cancer CAFs and mediates apoptosis in cancer cells, al-
though apoptosis in breast cancer CAFs is much higher than
cancer cells. Fig. S3 shows that ProAgio reduces levels of GFs and
signaling downstream; the addition of GFs or CAF-conditioned
media mediates apoptotic resistance in cancer cells; and ProAgio
induces apoptosis in breast CAFs and therefore sensitizes cancer
cells to apoptotic induction by a chemotherapeutic agent. Fig. S4
illustrates that ProAgio treatment reduces the number and size
of metastatic lung nodules in mouse models and ProAgio treat-
ment induces apoptosis in integrin αvβ3-expressing activated
lung fibroblasts and decreases α-SMA and collagen levels in
metastatic lungs in mouse models. Fig. S5 elucidates that ProAgio
enhances the effect of chemotherapeutics inmousemodels. Table
S1 lists all cell lines, reagents, antibodies, PCR primers, and kits
used in the study.
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Figure S1. High stroma is associated with poor overall survival and DFS; breast cancer CAFs express high levels of integrin αvβ3; there is a close
correlation between integrin β3, α-SMA, and FAP levels in TNBC patient tissue samples; and ProAgio induces apoptosis in breast cancer CAFs. (A–D)
Kaplan-Meier overall survival analyses of low and high COL1A2 (low, n = 34; high, n = 48; A) and FAP (low, n = 39; high, n = 43; C) and DFS of low and high
COL1A2 (low, n = 40; high, n = 35; B) and FAP (low, n = 46; high, n = 29; D) gene expression in the tumors of TNBC patients. HR, hazard ratio. TCGA dataset of
TNBC patients was obtained from cbioportal (https://www.cbioportal.org). (E) Level of integrin β3 (IB: Integrin β3) in hMFs and hbCAFs was analyzed by
immunoblot. GAPDH is a loading control. (F) Representative images of IF costaining of α-SMA (red) and integrin β3 (green) in the tumor sections of 4T1 mice.
Nuclei were counterstained with DAPI (blue). Scale bar, 100 µm. (G) Schematic illustration of the MACS technique. (H and I) The mRNA levels (H) and
quantification of integrin αv (ITGAV) and integrin β3 (ITGB3; I) in the indicated magnetically sorted cells from MMTV-PyMT breast tumor tissue were analyzed
by RT-PCR (n = 2). β-actin is a loading control. (J) Correlation of integrin β3 protein expression with α-SMA/FAP protein expression. Regression analysis for
expression of the integrin β3 (IHC) versus α-SMA/FAP (IHC) in tumor sections of TNBC patients (n = 18). (K) Co-immunoprecipitation (coIP) of caspase 8 with
integrin β3 (IP: Integrin β3) was analyzed by immunoblot (IB: Caspase 8). Nonactivated hMFs (NA) and activeted hMFs (A) were treated with 5 µM ProAgio for 3
h. Immunoblot of integrin β3 (IB: Integrin β3) indicates the amount of β3 that was coprecipitated down in the coIP. Input represents 10% of the total protein
used for IP. (L) Levels of CC8 (IB: C-Caspase 8) in hbCAFs upon treatment with vehicle or 10 µM ProAgio for 3 h were analyzed by immunoblot. Immunoblot of
GAPDH is a loading control. (M) Apoptosis in hbCAFs that were treated with 10 µM ProAgio (red bar) compared with vehicle (PBS, gray bar) was analyzed by
apoptosis kit. (N) Representative images of Co-IF staining of vinculin (green) and rhodamine phalloidin (actin, red) of activated hMFs treated with vehicle or
ProAgio. Nuclei were counterstained with DAPI (blue). Scale bars, 100 µm. All data are representative of at least three independent biological replicates. Error
bars in M represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by log-rank test (A–D) or unpaired Student’s t test (M).
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Figure S2. ProAgio does not induce apoptosis in TNBC cell lines; ProAgio decreases cancer cell proliferation in mouse models; and ProAgio reduces
levels of α-SMA by inducing apoptosis in breast cancer CAFs andmediates apoptosis in cancer cells. (A) Levels of integrin αV (IB: Integrin αV) and integrin
β3 (IB: Integrin β3) in the cell lysates of indicated TNBC cell lines were analyzed by immunoblot. β-actin is a loading control (n = 2). (B) Cell viability of indicated
cells upon treatment with indicated concentrations of ProAgio for 24 h was analyzed by MTT assay. Experiments were performed at least in triplicate. (C–F)
Representative images of IF staining (C, green) or IHC staining of Ki67 (E) and quantification of percentage of Ki67-positive cells in the sections of 4T1 tumor (D)
or Ki67+ area in the sections of MDA-MB-231 tumor (F) upon treatment with vehicle or ProAgio. Insets, ×1.5. n = 6–8/group. Scale bars, 100 µm. (G and H)
Representative images of IF costaining of pancytokeratin (red) and Ki67 (green; G) and quantification of both Ki67+pancytokeratin+ area (H) in the tumor
sections of 4T1 mice treated with vehicle or ProAgio. Nuclei were counterstained with DAPI (blue); n = 5/group. Scale bar, 100 µm. (I) mRNA levels of α-SMA
(left panel) and FAP (right panel) measured by qRT-PCR in the tumors of 4T1 mice treated with vehicle (gray bar) or ProAgio (red bar; n = 4/group). (J and K)
Representative images of three-color IF staining of pancytokeratin (PanCK, white), CC3 (green), and α-SMA (red; J) and quantification of CC3+pancytokeratin+

and CC3+α-SMA+ area (K) in tumor sections of 4T1 mice treated with vehicle or ProAgio. Nuclei were counterstained with DAPI (blue); n = 5–7/group. Scale bar,
50 µm. (L) Levels of integrin αV (IB: Integrin αV), integrin β3 (IB: Integrin β3), CC3 (IB: CC3), and CC8 (IB: C Caspase 8) in the 4T1 tumor tissue lysates of mice
treated with vehicle or ProAgio were analyzed by immunoblot (n = 5). GAPDH is the loading control. Error bars in B and I represent mean ± SEM. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ns denotes nonsignificant by unpaired Student’s t test.
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Figure S3. ProAgio reduces levels of GFs and signaling downstream; the addition of GFs or CAF-conditioned media mediates apoptotic resistance in
cancer cells; and ProAgio induces apoptosis in breast CAFs and therefore sensitizes cancer cells to apoptotic induction by a chemotherapeutic agent.
(A and B) Representative images of IHC staining of PDGF-BB, EGF, and IGF1 (A) and quantitative analysis of PDGF-BB, EGF, and IGF1-positive area (B) in the
tumor sections of 4T1 mice treated with vehicle or ProAgio. Scale bars, 100 µm; n = 3–4/group. (C) Intratumoral levels of PDGF-BB, EGF, and IGF1 were
determined by ELISA assay in the tumor extracts of 4T1 mice (n = 4/group). (D and E) Representative images of IF staining of pPDGFRβ, pEGFR, IHC staining of
pIGF1R, pAKT, and pERK (D), and quantitative analysis of pPDGFRβ, pEGFR, pIGF1R, pAKT, and pERK-positive cells (E) in the tumor sections of 4T1 mice treated
with vehicle or ProAgio. In IF images, nuclei were counterstained with DAPI (blue). The quantifications are presented as fold change using the ProAgio
treatment group as a reference. Scale bars, 100 µm; n = 4–5/group. (F–K) Cell viability of TNBC cells, including MDA-MB-231 (F and G), 4T1 (H and I), BT549 (J),
and HCC1806 (K) upon treatment with indicated concentrations of indicated drugs for 48 h in the culture media containing the vehicle (i.e., PBS [black line] or
indicated GFs [red line]). (L and M) Cell viability of MDA-MB-231 (L) and 4T1 (M) cells upon treatment with indicated concentrations of DOX for 48 h in the
culture media containing the conditioned medium from activated breast fibroblasts (blue line) or the indicated GFs (red line) compared with the vehicle (black
line). (N) Schematic of the experimental setup for transwell for co-culture assay. (O) Levels of pERK and pAKT in MDA-MB-231 cells co-cultured with activated
breast fibroblasts (CAFs) treated with vehicle or ProAgio were analyzed by immunoblot. β-actin is the loading control. (P) Cell viability of MDA-MB-231 cells
upon treatment with indicated concentrations of DOX for 48 h in the activated human breast fibroblasts (CAFs) and MDA-MB-231 cells (red line) or the
pretreated activated human breast fibroblasts (CAFs) and MDA-MB-231 cells with ProAgio (blue line) compared with vehicle (black line). ProAgio (5 µM) was
added to the activated human breast fibroblasts (CAFs) for 6 h followed by DOX treatment for 48 h. Cell viability was analyzed by MTT assay. All data are
representative of at least three independent biological replicates. Error bars represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns
denotes nonsignificant by unpaired Student’s t test.
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Figure S4. ProAgio treatment reduces the number and size ofmetastatic lung nodules inmousemodels, and ProAgio treatment induces apoptosis in
integrin αvβ3–expressing activated lung fibroblasts and decreases α-SMA and collagen levels in metastatic lungs in mouse models. (A–C) Repre-
sentative images of H&E staining of lungs (A) and quantification of metastatic lung nodule number (B) and lung metastatic nodule diameter (C) of MDA-MB-231
mice treated with vehicle or ProAgio (n = 6/group). (D and E)Quantification of the lung metastatic nodule diameter of 4T1 orthotopic (D) and MMTV-PyMT (E)
mice treated with vehicle or ProAgio (n = 5 or 6/group). (F) Levels of integrin αV (IB: Integrin αV), integrin β3 (IB: Integrin β3), CC3 (IB: C Caspase 3), CC8 (IB: C
Caspase 8), and CK19 (IB: CK19) in the lung tissue lysates of 4T1 mice treated with vehicle or ProAgio were analyzed by immunoblot (n = 4). GAPDH is the
loading control. (G) Representative images of IF staining of integrin αVβ3 (green), α-SMA (red), and vimentin (green) in the activated hLFs. Nuclei were
counterstained with DAPI (blue). Scale bar, 100 µm. (H) Apoptosis in activated lung fibroblasts that were treated with 5 µM ProAgio was analyzed by Annexin V
kit. (I) Co-immunoprecipitation (coIP) of caspase 8 with integrin β3 (IP: Integrin β3) was analyzed by immunoblot. hLFs were activated with 5 ng/ml TGF-β for
48 h and subsequently treated with 5 µM ProAgio for 4 h before preparation of the extract. Immunoblot of integrin β3 (IB: Integrin β3) indicates the amount of
integrin β3 that was precipitated down in coIP. IgG is the loading control. Input represents 5% of the total protein used for IP, and β-actin is the loading control.
(J) coIP of caspase 8 with integrin β3 (IP: Integrin β3) was analyzed by immunoblot (IB: Caspase 8). Nonactivated hLFs (NA) and activated hLFs (A) were treated
with 5 µM ProAgio for 3 h. Immunoblot of integrin β3 (IB: Integrin β3) indicates the amount of β3 that was coprecipitated down in the coIP. Input represents 10%
of the total protein used for IP. Experiments were performed in triplicate. (K) Quantification of the lung metastatic nodule diameter from the lung sections of
the 4T1 spontaneous mouse model (n = 5/group). (L–O) Representative images of IHC staining of α-SMA (L), Sirius red staining of collagen (N), and quan-
tification of α-SMA–positive area (M) and collagen-positive area (O) in the lung sections of vehicle- or ProAgio-treated 4T1 spontaneous mice (tail vein model)
compared with normal mice. Scale bars, 100 µm; scale bars in N, 1,000 µm (left panel); n = 5–6/group. Error bars represent mean ± SEM. **, P < 0.01; ***, P <
0.001; ****, P < 0.0001 by unpaired Student’s t test.
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Figure S5. ProAgio enhances the effect of chemotherapeutics in mouse models. (A) Therapy regimen of 10 mg/kg ProAgio (i.p.) and 3 mg/kg DOX (i.p.) in
4T1 orthotopic mice. (B) Representative gross images of breast tumors of orthotopic 4T1 mice treated with indicated agents. (C–E) Kaplan-Meier survival
analyses (n = 11–12; median survival [days]: vehicle = 21, ProAgio = 31, DOX = 23, ProAgio + DOX = 36; C), mean tumor volume (D), and mean tumor weight (E)
of orthotopic 4T1 mice treated with indicated agents. (F and G) Mean tumor volume of each nodule (F) and average tumor weight (G) of MMTV-PyMT mice
treated with indicated agents (n = 6–8). (H and I) Representative IHC images of CC3 staining (H) and quantification of CC3-positive cells (I) in 4T1 mice treated
with indicated agents. Scale bars, 100 µm; n = 8/group. (J and K) Representative H&E staining of lungs (J), and quantification of lung nodules number (K) in 4T1
mice upon treatment with indicated agents; n = 5 or 6/group. Scale bars, 1,000 µm. Error bars represent mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
****, P < 0.0001; ns denotes nonsignificant by unpaired Student’s t test.
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Provided online is Table S1, which shows cell lines, reagents, antibodies, PCR primers, and kits used in this study.
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