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The dense collagen network in tumors significantly reduces the
penetration and efficacy of nanotherapeutics. We tested whether
losartan—a clinically approved angiotensin II receptor antagonist
with noted antifibrotic activity—can enhance the penetration and
efficacy of nanomedicine. We found that losartan inhibited collagen
I productionby carcinoma-associatedfibroblasts isolated frombreast
cancer biopsies. Additionally, it led to a dose-dependent reduction in
stromal collagen in desmoplastic models of human breast, pancre-
atic, and skin tumors in mice. Furthermore, losartan improved the
distribution and therapeutic efficacy of intratumorally injected onco-
lytic herpes simplex viruses. Finally, it also enhanced the efficacy of
i.v. injected pegylated liposomal doxorubicin (Doxil). Thus, losartan
has the potential to enhance the efficacy of nanotherapeutics in
patients with desmoplastic tumors.

drug delivery | matrix modifier | thrombospondin-1 | transforming growth
factor β | transport

Although nanotherapeutics have offered new hope for cancer
treatment, their clinical efficacy is modest (1–4). This is partly

because their penetration is hindered, especially in fibrotic tumors,
where the small interfibrillar spacing in the interstitium retards the
movement of particles larger than 10 nm (5–8). Pegylated lipo-
somal doxorubicin (Doxil), approved by the Food and Drug Ad-
ministration, and oncolytic viruses, currently in multiple clinical
trials, represent two nanotherapeutics whose size (∼100 nm) hin-
ders their intratumoral distribution and therapeutic effectiveness
(9). Matrix modifiers such as bacterial collagenase, relaxin, and
matrix metalloproteinase-1 and -8 have been used to modify the
collagen or proteoglycan network in tumors and have improved
the efficacy of intratumorally (i.t.) injected oncolytic viruses (8, 10–
13). However, these agents may produce normal tissue toxicity
(e.g., bacterial collagenase) or increase the risk of tumor pro-
gression (e.g., relaxin, matrix metalloproteinases).
Losartan (14)—approved to control hypertension in patients

—does not have many of these safety risks. Furthermore, in
addition to its antihypertensive properties, losartan is also an
antifibrotic agent that has been shown to reduce the incidence of
cardiac and renal fibrosis (15, 16). The antifibrotic effects of
losartan are caused, in part, by the suppression of active trans-
forming growth factor-β1 (TGF-β1) levels via an angiotensin II
type I receptor (AGTR1)-mediated down-regulation of TGF-β1
activators such as thrombospondin-1 (TSP-1) (15–19). Using
a dose that has minimal effects on mean arterial blood pressure
(MABP), we show that losartan reduces collagen I levels in four
tumor models—a spontaneous mouse mammary carcinoma
(FVB MMTV PyVT), an orthotopic pancreatic adenocarcinoma
(L3.6pl), and s.c. implanted fibrosarcoma (HSTS26T) and mel-
anoma (Mu89). Losartan also improves the intratumoral pene-
tration of nanoparticles injected i.t. or i.v.
Based on these results, we tested how losartan would affect the

distribution and efficacy of oncolytic herpes simplex viruses

(HSV) administered i.t.—a widely used method of administration
in patients for gene therapy (20–22)—and the efficacy of i.v. ad-
ministered Doxil. Losartan improved the efficacy of both i.t.
injected oncolytic HSV and i.v. administered Doxil. The results
from our intratumoral experiments show that losartan enhances
nanoparticle penetration in the interstitial space by improving
interstitial transport. Additionally, the results from our i.v. studies
indicate that losartan improves the efficacy of systemically ad-
ministered nanotherapeutics to highly fibrotic solid tumors, such
as pancreatic adenocarcinomas. Altogether, these results suggest
that losartan, a Food and Drug Administration–approved anti-
hypertensive drug, could potentially be used to improve the effi-
cacy of various nanotherapeutics in multiple tumor types.

Results
Losartan Inhibits Collagen I Synthesis by Carcinoma-Associated
Fibroblasts. We first determined the effect of losartan on the
expression and activation of TGF-β1 and collagen I production
by mammary carcinoma-associated fibroblasts (CAFs) (Fig. 1).
Losartan did not affect the levels of total TGF-β1, but signifi-
cantly (P < 0.05) reduced active TGF-β1 levels by 90%. It also
significantly decreased the in vitro synthesis of collagen I by 27%
(P < 0.04). Because collagen in tumors is mostly produced by
CAFs, we next determined how losartan would affect the colla-
gen content in tumors.

Losartan Decreases Collagen I in Tumors in a Dose-Dependent
Manner. To determine the dose–response of losartan on intra-
tumoral collagen levels, we injected 10, 20, and 60 mg·kg−1·d−1

i.p. and performed second-harmonic generation (SHG) imaging
of fibrillar collagen in HSTS26T tumors in dorsal skin fold
chambers (Fig. 2) and collagen I immunostaining of tumor sec-
tions (Fig. 3). Collagen I and other fibril-forming collagens (e.g.,
collagen III, V) could contribute to SHG signal intensity. How-
ever, because collagen I is the predominant collagen type in most
soft tissues (23), it is likely the main source of the SHG signal.
Additionally, in human pancreatic tumors, collagen I is the main
fibrillar collagen, with significantly lower levels of collagen V
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(24). Losartan doses of 20 and 60 mg·kg−1·d−1 significantly re-
duced intratumoral SHG signal intensity, whereas the lowest
dose of 10 mg·kg−1·d−1 did not have a significant effect on SHG
signal intensity (Fig. 2 A and B). The injection of losartan at 60
and 20 mg·kg−1·d−1 also significantly reduced the collagen I
immunostaining in HSTS26T tumors by 65% and 42%, re-
spectively (Fig. S1). Although treatment with the 60 mg·kg−1·d−1

dose led to the highest reduction in collagen I, we did not use this
dose because it significantly reduced the MABP by 35 mmHg
(P < 0.04; Fig. S2). Consequently, we chose the 20 mg·kg−1·d−1

dose for further study because after 2 wk of losartan treatment it
only reduced the MABP by 10 mmHg (Fig. S2), thus maintaining
the MABP within the normal range (70–95 mmHg) for severe
combined immunodeficient mice (25). It also had no effect on
mouse weight (average of 26 ± 1 g for treated vs. 26 ± 1 g for
control). The 20 mg·kg−1·d−1 dose also decreased collagen I im-
munostaining in three other tumor types—FVB MMTV PyVT,
L3.6pl, and Mu89—by 47% (P < 0.05), 50% (P < 0.03), and 20%
(P < 0.02), respectively (Fig. 3 A–D).

Losartan Decreases TSP-1 Expression in Tumors. TSP-1 is a key
regulator of TGF-β1 activation, and losartan has been shown
to reduce TSP-1 expression and TGF-β1 activation in mouse
models of Marfan’s syndrome and muscular dystrophy (19). The
measurement of protein levels in homogenized HSTS26T tumors
showed that losartan did not affect total TGF-β1 levels but sig-
nificantly reduced TSP-1, active TGF-β1, and collagen I levels
(Fig. S3). Losartan also decreased TSP-1 immunostaining in
HSTS26T (73%, P < 0.04) and Mu89 (24%, P < 0.03) (Fig. S4).

In both Mu89 and HSTS26T tumors, the immunostaining pat-
terns for TSP-1 and collagen I were closely matched (Fig. 3C;
Fig. S4). We found high levels of TSP-1 and collagen I in the
tumor margin, whereas losartan induced obvious reductions in
TSP-1 and collagen I levels in the tumor center (Fig. 3C; Fig.
S4). These data indicate that the reduction in collagen I levels
could result in part from the decreased activation of TGF-β1 due
to the losartan-induced reduction in TSP-1 expression.

Losartan Improves the Intratumoral Distribution of Nanoparticles and
Nanotherapeutics. Based on our previous studies on the tumor
interstitial matrix (6, 8), we hypothesized that a decrease in col-
lagen content would improve the intratumoral distribution of
nanoparticles. We therefore measured the intratumoral distribu-

Fig. 1. Losartan reduces TGF-β1 activation and collagen I production in
carcinoma-associated fibroblasts in vitro. Cells were treated with 10 μmol/L
losartan for 24 h. Losartan reduced by 90% the active TGF-β1 levels, whereas
total TGF-β1 levels were unaffected. There was a corresponding 27% de-
crease in collagen I levels. The reduction in active TGF-β1 and collagen I was
statistically significant (Student’s t test, *P < 0.05).

Fig. 2. Losartan reduces collagen production in tumors. (A) Over a period of 2 wk, there was a dose-dependent reduction in collagen levels assessed by SHG
imaging in losartan-treated HSTS26T tumors (10, 20, and 60 mg·kg−1·d−1). (Scale bar, 200 μm.) (B) At the end of 15 d, losartan doses of 10, 20, and 60 mg·kg−1·d−1

decreased the SHG levels by 20%, 33%, and 67%, respectively. There was a statistically significant difference (*) between the control group and the two
higher doses (20 and 60 mg·kg−1·d−1). There was also a statistically significant difference (†) between the 20 and 60 mg·kg−1·d−1 groups.

Fig. 3. Losartan reduces collagen levels in tumors. (A) Collagen I (red) and
nuclei (blue) immunostaining in tumor sections in L3.6pl and MMTV control
and losartan (20 mg·kg−1·d−1)-treated tumors. (Scale bar, 100 μm.) (B) The 2-
wk losartan treatment at 20 mg·kg−1·d−1 significantly reduced the collagen I
immunostaining in L3.6pl and FVB MMTV PyVT by 50% (*P < 0.03) and 47%
(*P < 0.05), respectively. (C) Collagen I (red) and nuclei (blue) immunos-
taining in tumor sections in HSTS26T and Mu89 control and losartan (20
mg·kg−1·d−1)-treated tumors. Note that there is no reduction in collagen I
immunostaining at 200 μm from the edge of HSTS26T tumors. This phe-
nomenon is less obvious in treated Mu89 tumors, where there is some per-
sistent staining both at the edge and in central tumor areas. (Scale bar, 100
μm.) (D) Losartan significantly reduced the collagen I immunostaining in
HSTS26T and Mu89 by 42% (*P < 0.02) and 20% (*P < 0.05), respectively.
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tion of fluorescent polystyrene nanoparticles (100-nm diameter)
in three different tumor types—HSTS26T, Mu89, and L3.6pl—
after an i.t. or i.v. injection. Inmice injected i.t. with nanoparticles,
losartan improved nanoparticle accumulation and penetration in
the tumor center (Fig. 4A) (HSTS26T, P < 0.001; Mu89, P <
0.001). Conversely, there was little or no nanoparticle accumula-
tion in the center of control tumors. Most of the injected nano-
particles in control tumors were found in the tumor margin and
around the needle insertion point (Fig. 4A). We also determined
the effects of losartan on the intratumoral distribution of oncolytic
HSV. In both HSTS26T and Mu89, losartan significantly in-
creased the intratumoral spread of HSV injected intratumorally
(Fig. 4B). Whereas these data show that losartan increases
the distribution of large nanoparticles, we also found that in
HSTS26T it increased interstitial diffusion of IgG (Fig. S5) and
the mean interstitial matrix pore radius—from 9.91 ± 0.43 nm to
11.78 ± 0.41 nm, calculated based on IgG diffusion data (26).
We then tested the effect of losartan on blood vessel perfusion

and the intratumoral distribution of i.v. injected nanoparticles in
mice with orthotopic pancreatic tumors (L3.6pl). Losartan did
not significantly change the fraction of perfused vessels in tumors
(Fig. S6A). However, the intratumoral accumulation and pene-
tration of beads away from blood vessels were significantly higher
in losartan-treated tumors (Fig. 4C; Fig. S6B). These results in-
dicate that losartan improves the transport and distribution of
both i.t. and i.v. injected nanoparticles.

Losartan Improves the Efficacy of Doxil and Oncolytic HSV. We then
determined whether losartan could improve the efficacy of i.t.
injected oncolytic HSV and i.v. injected Doxil. The effect of
losartan combined with the i.t. injection of HSV was determined
in HSTS26T and Mu89 tumors. The administration of losartan
alone did not affect the tumor growth rate (Fig. 5 A and B).
However, when animals were treated with losartan for 2 wk
before i.t. injection of HSV, losartan significantly delayed (P <
0.001) the growth in both Mu89 and HSTS26T tumors. In-
terestingly, the volume of HSTS26T tumors remained stable for
up to 9 wk in 50% of mice treated with losartan and HSV. On
the other hand, the growth delay in Mu89 tumors was only
transient; 4 wk after the virus injection, all of the tumors were
threefold larger than the starting treatment size.
To test whether losartan would increase the efficacy of

a nanotherapeutic injected i.v., mice with orthotopic pancreatic
tumors (L3.6pl) were treated with Doxil and losartan. Four
weeks after tumor implantation and 2 wk after initiation of los-
artan treatment (20 mg·kg−1·d−1), we treated mice with a sub-
therapeutic dose of Doxil (4 mg/kg, i.v.). After 7 d, losartan or
Doxil alone did not affect the mean tumor volume (Fig. 5C).
However, in mice treated with losartan and Doxil, the tumors
were significantly smaller (P < 0.001) than in mice that received
Doxil alone (Fig. 5 C and D).

Pattern of Collagen Distribution Governs the Effectiveness of
Losartan. To investigate the differences in response between
HSTS26T and Mu89 to the losartan-HSV combination therapy,

Fig. 4. Losartan increases delivery of nanoparticles and nanotherapeutics.
(A) Distribution of i.t. injected 100-nm-diameter nanoparticles in HSTS26T
tumors. Losartan significantly increased (*, **P < 0.001) the distribution of
i.t. injected nanoparticles in both tumor types (1.5-fold in HSTS26T and 4-fold
in Mu89). An analysis of the distribution pattern shows control tumors with
fewer intratumoral nanoparticles (red) and a majority of nanoparticles that
backtracked out of the needle track and accumulated at the tumor surface.
In contrast, treated tumors have a significant number of intratumoral
nanoparticles. (Scale bar, 100 μm.) (B) Distribution of viral infection 24 h
after the intratumoral injection of HSV-expressing green fluorescent pro-
tein. HSV infection (green) in control tumors is limited to the cells in close
proximity to the injection site, whereas losartan-treated tumors have a more
extensive spread of HSV infection. (Scale bar, 1 mm.) Losartan significantly
increased (*, **P < 0.05) the virus spread in HSTS26T and Mu89 tumors.
(C) Distribution of i.v. injected 100-nm-diameter nanoparticles in L3.6pl
tumors. The nanoparticles (red) are localized around perfused vessels
(green). There is a twofold increase (*P < 0.05) in nanoparticle content in
losartan-treated tumors compared with control tumors. (Scale bar, 100 μm.)

Fig. 5. Losartan significantly delays the growthof tumors treatedwithDoxil or
HSV. (A and B) Mice bearing HSTS26T (A) andMu89 (B) tumors were treated for
2 wk with either losartan or saline before the i.t. injection of HSV. Losartan
alone did not affect the growth ofMu89 or HSTS26T tumors. The growth delay
was significantly longer (P< 0.001) inHSTS26T tumors treatedwith losartanand
HSV comparedwith tumors treatedwithHSV alone. The i.t. injection of HSV did
not delay the growth of Mu89 tumors, but the combined losartan and HSV
treatment significantly retarded (P < 0.001) the growth of Mu89 tumors. (C)
Mice that received losartan treatment before i.v. Doxil infusion (purple dots)
have significantly smaller (P < 0.001) tumors than those that received Doxil
alone (red dots) in L3.6pl tumors. Note that there is no difference in tumor size
between saline- (blue) and losartan-treated (green) mice. (D) The image shows
a clear difference in size between control tumors (left column) and losartan-
treated tumors (right column) at 1 wk after Doxil infusion. (Scale bar, 1 cm.)
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we determined the HSV infection and necrosis patterns 21 d af-
ter the i.t. injection of HSV. First, we noticed striking differences
between the collagen structure in Mu89 (Fig. 6A) and HSTS26T
(Fig. 6B) tumors. These differences altered the virus propagation
in the two tumor types. In Mu89 tumors, the collagen fiber
network was well-organized and formed finger-like projections
into the tumor (Figs. 6A and 7A). These projections divided the
tumor into distinct compartments which could not be crossed by
HSV particles, and thus the virus infection and resulting necrosis
were restricted to the infected compartments (Fig. S7A). Los-
artan treatment disrupted the collagen projections to some ex-
tent but did not completely eliminate them (Fig. 6A). As a result,
there was some cross-over of virus particles between compart-
ments in losartan-treated Mu89 tumors. In contrast, in HSTS26T
tumors, the dense collagen network was more diffuse, less fi-
brillar, and less compartmentalized (Figs. 6B and 7B). The dense
collagen network seemed to slow down virus propagation but did
not completely impede it, resulting in increased virus propaga-
tion and a more diffuse pattern of necrosis in this tumor
(Fig. S7A).

Discussion
The renin-angiotensin-aldosterone system (RAAS) plays an im-
portant role in the regulation and production of extracellular
matrix components (27–29). Angiotensin II in particular has
been shown to stimulate collagen production via both TGF-β1–
dependent and –independent pathways (30). As a result, losartan
and other RAAS inhibitors can reduce the levels of collagen I
and III and basement membrane collagen IV in various experi-
mental models of fibrosis (31, 32) and reverse renal and cardiac
fibrosis in hypertensive patients (33, 34). Using four different
tumor types, we show that losartan also inhibits collagen I pro-
duction in tumors.
Other matrix modifiers, such as bacterial collagenase, relaxin,

and matrix metalloproteinase-1 and -8, have been used to modify

the collagen or proteoglycan network in tumors and have im-
proved the efficacy of oncolytic virus injected intratumorally (8,
10–13). However, these agents may produce normal tissue tox-
icity (e.g., bacterial collagenase) or increase the risk of tumor
progression (e.g., relaxin, matrix metalloproteinases). In con-
trast, losartan (14) has limited side effects and has been shown to
reduce the incidence of metastasis in some tumor types (35).

HSTS26T

Virus

Viable Tissue

Collagen I

MU89

Virus

Viable Tissue

Collagen I

A

B

control losartan

*

*

*

Fig. 6. Relationship between collagen structure and virus infection and necrosis. (A) In Mu89 tumors, collagen bundles are seen around the tumor margin.
Occasionally, these bundles project into the tumor (black arrowheads) and divide the tumor into separate compartments. These compartments seem to
confine movement of HSV, evident from the containment of the necrotic region (*) within the region bounded by collagen bundles. When these tumors were
treated with losartan, the collagen bundles at the margins of the tumor remained intact but the projections became less organized (inset). This presumably
allowed virus propagation and necrosis to extend across the boundaries. (Scale bar, 100 μm.) (B) In HSTS26T tumors, the dense mesh-like collagen network
confined virus infection to the immediate area surrounding the injection point. With losartan treatment, there was a reduction in the density of the network
that presumably allowed virus particles to infect a larger area and thus more tumor cells. Green and yellow arrowheads indicate viable and virus-infected cells,
respectively. (Scale bar, 40 μm.)

Fig. 7. Schematic of virus distribution and infection in Mu89 and HSTS26T
tumors. The schematics show how the different collagen network structures
affect virus propagation and distribution. The collagen fibers (green) restrict
the movement of virus particles (yellow) and the infection (pink) of non-
infected (purple) cancer cells. (A) InMu89 tumors, collagen bundles divide the
tumor into isolated regions that cannot be traversed by virus particles. Los-
artan treatment destabilizes the collagen bundles and allows virus particles to
move from one region to another. (B) In HSTS26T tumors, the collagen
structure is a mesh-like sieve. Virus particles can still propagate through the
sieve but do not extend very far from the injection site. Losartan treatment
significantly destabilizes the mesh structure in the internal regions of the
tumor and allows the virus to propagate and infect a larger area.
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Our findings strongly support the hypothesis that a reduction
in collagen content by losartan improves interstitial transport
and the intratumoral distribution of nanoparticles and nano-
therapeutics. We also discovered that the organization of the
collagen fibrillar network affects nanoparticle distribution. This
was striking because of significant differences in the structural
organization of fibrillar collagen I between Mu89 and HSTS26T.
In Mu89 tumors, thick bundles of fibrillar collagen I surround
the tumor margins and form finger-like projections which sub-
divide the tumor mass into isolated compartments and confine
the viral infection to the injection site/isolated compartments
(Fig. 7A). In contrast, HSTS26T tumors have a mesh-like col-
lagen structure which hinders the virus spread but does not re-
strict viral particles to the injection site (Fig. 7B). The slower
growth rate of HSTS26T compared with Mu89 tumors could also
explain in part the enhanced efficacy of losartan combined with
HSV in HSTS26T tumors. Our data also suggest that not only
the collagen content but also the collagen network organization
plays an important role in limiting the penetration of large
therapeutics in tumors.
Pancreatic cancer patients treated with cytotoxic agents have

a very high frequency of relapse with a 5-y survival of less than
5% (36). The poor vascular supply and increased fibrotic content
of pancreatic tumors most likely play a significant role in limiting
the delivery and efficacy of cytotoxics (37). We show—in a
mouse orthotopic model of human pancreatic cancer (L3.6pl)
—that losartan increases both the intratumoral dispersion and
extravascular penetration distance of i.v. injected nanoparticles.
The increased distribution and extravasation of nanoparticles
suggest that losartan might not only improve interstitial transport
—as shown with the i.t. injections of nanoparticles and virus—
but also transvascular transport. When used alone, losartan did
not affect the growth of pancreatic tumors or the weight of
treated mice. However, losartan combined with Doxil reduced
the tumor sizes by 50% compared with Doxil treatment alone.
These results suggest that losartan increased the tumor pene-
tration and distribution and enhanced the efficacy of Doxil
injected i.v. in orthotopic pancreatic carcinomas in mice.
The effects of losartan are not limited to the interstitial space.

Modifications to the RAAS can also inhibit angiogenesis (38) or
alter tumor blood flow (39, 40). Losartan blockade of AGTR1
can also reduce the production of vascular endothelial growth
factor (VEGF) by cancer cells and the expression of VEGFR1 in
endothelial cells, and inhibit tumor angiogenesis and growth (41,
42). In the present study, losartan did not affect tumor growth or
the vascular density in HSTS26T tumors. Losartan can also re-
duce the proliferation of tumor cells expressing AGTR1 (43).
We did not find a decrease in cancer cell proliferation (Fig. S8)
or tumor size in the human melanoma Mu89, which expresses
AGTR1 (Fig. S9). The difference between our study and other
studies might be due to differences in dosage. For example, in
previous studies, the dose of losartan was up to 15-fold higher
than in our experiments (41). We believe that a low dose of
losartan will allow for a more clinically translatable protocol and
avoid hypotensive complications.
Patients receiving RAAS antagonists have reduced incidence of

breast and lung cancer (44). Several mechanisms have been pro-
posed to explain the antitumor properties of RAAS antagonists
(45–48). AGTR1 signaling has been shown to increase the pro-
liferation of stromal and tumor cells and the transcription of in-
flammatory cytokines and chemokines that promote cancer cell
migration and dissemination (49). The reduction in active TGF-β1
levels by RAAS antagonists could also reduce metastasis (50).
Consequently, in addition to improving the delivery of antitumor
agents, losartanmay also inhibit tumor progression andmetastasis.
To use losartan as an adjunct in the treatment of cancer

patients, it is important to consider dosing and treatment

schedules along with potential side effects. Results from our
dose- and time-dependent studies suggest a minimum of 2 wk of
losartan administration before antitumor treatment. To obtain
maximum effects in patients, it might be prudent to initiate
losartan treatment 2 wk before and continue it during the entire
antitumor treatment schedule. Because long-term losartan
therapy in hypertensive patients has been shown to have limited
and manageable side effects and many antitumor agents (e.g.,
anti-VEGF drugs) have been shown to increase blood pressure
(45), extended losartan cotherapy could be beneficial to cancer
patients. For clinical studies, we suggest treating patients with
a dose of 2 mg·kg−1·d−1, which is similar to that used for the
treatment of patients with Marfan’s syndrome (51).
Although losartan and angiotensin II receptor blockers have

limited side effects, losartan therapy is not recommended for
patients with known renal disease. Losartan can induce renal
insufficiency in patients with renal microvascular or macro-
vascular disease or congestive heart failure (52). Hyperkalemia
can also occur in patients with poor renal function or patients
who are concomitantly receiving potassium supplements or po-
tassium-sparing diuretics. Finally, angioedema caused by high
levels of circulating angiotensin II can occur in patients treated
with losartan (52).
It is also important to consider tumor resistance to losartan

therapy after extended treatment. Tumor drug resistance is
thought to occur at many levels, including increased drug efflux,
drug inactivation, evasion from apoptosis, and alterations in tar-
get pathways (53). Because losartan is not an antitumor agent, any
potential resistance may result from other mechanisms. Given
that TGF-β1 activation is induced by different agents such as
matrix metalloproteinases and integrins in addition to TSP-1,
tumor resistance to losartan could result from changes in TGF-β1
activation and signaling. Fortunately, long-term losartan therapy
after myocardial infarction is not associated with a reduction
in antifibrotic properties (54). It will be important to determine
whether these results can be reproduced in tumors.
In conclusion, we show that losartan reduces the stromal

collagen content in tumors and improves the penetration and
therapeutic efficacy of nanoparticles (Doxil, HSV) delivered
both intratumorally and intravenously. Losartan also exhibits
vasoactive and antimetastatic properties that could increase its
clinical application. Furthermore, because losartan is already
approved for clinical use, it represents a safe and effective ad-
junct for improving the efficacy of nanotherapeutics in cancer
patients.

Materials and Methods
A more detailed description of techniques is presented in SI Materials and
Methods. Briefly, CAFs isolated from human breast cancer biopsies were
treated with losartan for 24 h before measurement of collagen and cytokine
levels. Protein assays were done with commercial ELISA kits. All animal
experiments were done with the approval of the Institutional Animal Care
and Use Committee of Massachusetts General Hospital. Losartan was ad-
ministered i.p. at concentrations of 10, 20, or 60 mg·kg−1·d−1 for up to 2 wk.
Mice were treated with HSV (i.t.) and Doxil (i.v. via tail vein) after 2 wk of
losartan treatment. Excised tumors were either snap-frozen for biochemical
analysis or fixed in paraformaldehyde and embedded in paraffin or opti-
mum cutting temperature compound for immunohistochemistry.
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