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mAb or the dual agents. The blood and tumor tissues were respectively used for ELISA and
immunohistochemical analysis. CD8-depletion and lung metastatic experiments were performed.
Results: Compared to control group, losartan inhibited the expression of alpha-smooth muscle
actin (a-SMA), deposition of collagen I in the tumor tissues. The concentration of transforming

Keywords: growth factor-p1 (TGF-P1) in the serum was low in the losartan treated group. Although losartan
Anti-PD-L1 mAb alone was ineffective, the combination of losartan and anti-PD-L1 mAb elicited dramatic antitumor
Legram effect. Immunohistochemical analysis revealed that there were more intra-tumoral infiltration of
M OLNiCrO VI ONIMEnt CD8" T cells and increased granzyme B production in the combination therapy group. In addition,
Immunotherapy the size of spleen was smaller in the combination therapy group, compared to monotherapy. The
CD8-depleting Abs abrogated the antitumor efficacy of losartan and anti-PD-L1 mAb in vivo.
The combination of losartan and anti-PD-L1 mAb significantly inhibited 4T1 tumor cells lung
metastatic in vivo.
Conclusion: Our results indicated that losartan can modulate the tumor microenvironment, and
improve the efficacy of anti-PD-L1 mAb.
Introduction microenvironment (TME) is intricate, and formed

The immune checkpoint inhibitors (ICIs), such as PD-L1
and PD-1 mAbs, can elicit strong and long-lasting immune
response in a variety of solid cancers.! Nevertheless,
the efficacy of single-agent of PD-L1/PD-1 mAbs was
only 20%-40% in most solid cancer types.>® Although
there are multiple mechanisms involved in immune
resistance of ICIs, the intra-tumor immunosuppressive
microenvironment plays an important role in immune
resistance of ICIs.** Thus, it is urgent to develop
innovative therapeutic strategy, such as combining
immunotherapy with conventional treatments, to make
more cancer patients to benefit from the ICIs. The tumor

by highly heterogeneous populations of stromal cells,
vasculature and extracellular matrix (ECM). Emerging
data has suggested that the tumor ECM is a key factor in
drug resistance and immune suppression.>*> Accordingly,
blocking the immunosuppression of TME can reconstruct
the normal antitumor immune defense, and enhance the
therapeutic efficacy of ICIs.

The most abundant stromal cells in the TME are
cancer-associated fibroblasts (CAFs). CAFs has the
ability to promote tumor growth and immune evasion via
diverse mechanisms.** The structural components in the
solid TME, such as collagen type I, IT and IV, as well as
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fibronectin, are mainly produced by alpha-smooth muscle
actin (a-SMA) positive CAFs.*S CAFs can also secret
different kinds of soluble cytokines, such as SDF-1 and
transforming growth factor-p (TGF-f3), to promote tumor
cell proliferation and inhibit them apoptosis.>” On the
other hand, CAFs hampered the infiltration of cytotoxic
T lymphocytes, while attracting immunosuppressive
regulatory T lymphocytes into tumor tissue.*® It is
generally accepted that the dense collagen matrix can
reduce blood perfusion and increase the interstitial fluid
pressure, which hamper the therapeutic agents to enter
into the tumor tissue.>® All these indicated that targeting
CAFs could enhance immunotherapeutic effect.

The renin-angiotensin system (RAS) is a classical
circulating or hormonal system, which regulate the blood
pressure. Angiotensin-converting enzyme inhibitors
(ACEIs) and angiotensin II (Angll) receptor blockers
(ARBs) all belong to the RAS blockers (RASBs). Angll
signaling can convert quiescent myofibroblast into active-
state through AnglI receptor type-1 (AT1)."%!" A growing
body of evidence suggests that RASBs exhibit potent
antitumor activities, the favorable outcomes are associated
with their use in some different tumor patients.'>"* Large
epidemiological researches also indicated that RASBs have
the potential protective effects against cancer risk."? In the
hypoxic microenvironment, the tumor cells can produce
Angll through a hypoxia-lactate-chymase-dependent
mechanism, which is different from the classical
angiotensinogen-renin-ACE-AngII signal pathway."”?

Losartan, one representative drug of ARBs, is an
attractive component of combination therapy for breast
cancer. The reasons were as follows. First, losartan is widely
prescribed for patients with high blood pressure and
easily repurposed by oncology. Second, losartan has anti-
fibrotic properties, and can inhibit the activation of CAFs
and collagen deposition in the tumor tissues.*'*'* Third,
the local Ang Il is responsible for the formation of tumor
immunosuppressive microenvironment." Finally, losartan
has immunomodulatory function involving monocyte and
macrophage activity.'s Based on these data we can deduce
that losartan may modulate the immunological features
of breast cancer microenvironment. The combination of
losartan and ICIs may enhance the efficacy of ICIs.

It is widely believed that 4T1 breast tumor cells are
poorly immunogenic, and its tumor tissue is rich in CAFs
and ECM, and resistant to checkpoint immunotherapy.”
Whether losartan can modulate the immunosuppressive
microenvironment of breast tumor, and improve the
therapeutic effect of anti-PD-L1 mAb is not known.
Here, our data suggested that losartan could modulate
the immunological features of breast cancer, which in
turn acts in concert with anti-PD-L1 mAb to promote
antitumor immunity. Our study provided a rational for
the combined clinical testing of losartan and anti-PD-L1
mAb.

Materials and Methods

Materials

Antibodies against a-SMA and CD8 were purchased from
Cell Signaling Technology (MA, USA). Granzyme B was
purchased from eBioscience (CA, USA). Antibody against
collagen Type I was purchased from Proteintech (WH,
CHN). Losartan was purchased from MedChemExpress
(SH, CHN). Rat IgG isotype, hematoxylin and 3,
3'-diaminobenzidine tetrahydrochloride (DAB) were
purchased from Beyotime (NT, CHN). PD-L1 mAb
(I0FE9G2) and anti-CD8 antibody (2.43 clone) were
purchased from Bio X Cell (NH, USA). Mouse TGF-$1
enzyme-linked immunosorbent assay (ELISA) kit was
purchased from KeyGEN (NJ, China).

Cell culture

Murine 4T1 breast carcinoma cells were purchased
from Chinese Academy of Sciences Kunming Cell Bank
(KM, CHN). 4T1 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with FBS (10%),
streptomycin (100 ug/mL) and penicillin (100 units/mL).
4T1 cells were maintained in a humidified incubator at 5%
CO,. The cells were harvested using trypsin, and passaged
every 2-3 days to maintain exponential growth.

Xenograft mouse model

All animal experiments were approved by the Ethics
Committee of Kunming University of Science and
Technology (2020JC015), and carried out in accordance
with China’s Guidelines for Care and Use of Laboratory
Animals. Balb/C female mice (six- to seven-week-old)
were purchased from the Hunan Slake Jingda Experimental
Animal Co., Ltd (China). Mice (n = 10) were randomized
into two groups: control and losartan groups. 4T1 cells
(5 x 10°) were injected subcutaneously in the right flanks
of mice. The losartan was suspended in edible oil by
ultrasonic treatment. Losartan (40 mg/kg)'® and edible oil
(control group) were given on the same day (day 0) but
before inoculation with 4T1 tumor cells, and given every
day by oral gavage for 3 weeks. The mice were euthanized
at the indicated time. Blood was obtained from retro-
ocular artery, and centrifuged at 1500 g for 15 minutes to
collect the serum for further analysis. The subcutaneous
tumor was collected and used for immunohistochemical
staining.

For analysis of the efficacy of combination therapy,
the Balb/C mice were randomized into four groups (n =
7 mice/group): control, anti-PD-L1 mAb, losartan, and
combination of losartan and anti-PD-L1 mAb. 4T1 cells
(5 x 10°) were injected subcutaneously into the right
flanks of mice. The cancer-bearing mice were treated with
rat IgG isotype, losartan, PD-L1 mAb, or the dual agents
respectively. The administration of losartan was the same
as before. Losartan was given every day throughout the
experiment. PD-L1 mAb and same dose rat IgG isotype
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(200 pg/mouse) were given intraperitoneally on D7, 10,
13 and 16 after tumor inoculation.”” The caliper was
used to measure the tumor diameters every 3 days. The
tumor volume was calculated using the following formula:
volume = width? x length x 0.52. The tumor-bearing mice
were euthanized one week after the last dose of anti-PD-L1
mA. The spleens were harvested and weighted. The tumor
tissues were fixed with 4% paraformaldehyde and used for
immunohistochemical staining.

Depletion of CD8 T cells in vivo

For depletion of CD8" T lymphocytes, ** 4T1 cells (5 x
10°) were injected subcutaneously into the right flanks
of mice (n = 5 per group). Anti-CD8 antibody (10 mg/
kg) was injected intraperitoneally on the same day (day
0) but before inoculation with 4T1 tumor cells, then
administered on day 7, 10, 13 and 16. The administration
of losartan/anti-PD-L1 mA was same as before. The
caliper was used to measure the tumor diameter every 3
days. The tumor volume was calculated.

ELISA for TGF-f1

The concentration of TGF-B1 in the serum was measured
with a mouse TGF-p1 ELISA kit according to the
manufacturers instructions. The reaction was read at 450
nm.

Immunohistochemical analysis

The paraffin-embedded tumor sections (4 um) were
dewaxed in xylene and rehydrated with 50%-100% graded
ethanol. Microwave-mediated antigen retrieval was carried
out in Tri-EDTA buffer (pH 9.0) for 20 minutes. Hydrogen
peroxide (3%) was used to inactivate the endogenous
peroxidase activity. Tumor tissue sections were incubated
with 5% goat serum at room temperature for 30 minutes
to block the nonspecific sites, and incubated overnight at
4°C with the following primary monoclonal antibodies:
a-SMA (1:100), CD8 (1:50), Granzyme B (1:50), and
collagen Type I (1:300). The immune complexes were
detected with 3, 3'-diaminobenzidine tetrahydrochloride.
The tumor sections were counterstained with hematoxylin.

In vivo metastasis study

To investigate lung metastasis, 4T1 tumor cells (3 x 107)
were injected into Balb/C mice via tail vein. Mice were
randomized into four groups: control, anti-PD-L1 mAb,
losartan, and combination of losartan and anti-PD-L1
mAb (n = 5 mice/group). The administration of rat IgG
isotype, losartan, PD-L1 mAbD, or the dual agents was
same as before, except that losartan was given on the
same day but before tumor cells inoculation throughout
the experiment. PD-L1 mAb was given on D1, 4, 7 and 10
after tumor inoculation. The mice were killed on the 7th
day after the last dose of anti-PD-L1 mAb. The lungs were
harvested for hematoxylin-eosin staining.

Statistical analysis

The statistical significance of differences was analyzed by
GraphPad software (Prism version 5). The results were
expressed as means + SEM (standard error of the mean).
One-way analysis of variance (ANOVA) and Tukey post
tests were used for multiple comparisons. Student’s ¢ test
was used for two-group comparisons. Differences were
considered significant if P < 0.05. In figures, the significant
symbols were used as *** P <0.001; ** P<0.01; * P < 0.05.

Results

Losartan normalized the tumor microenvironment

The angiotensin II type 1 receptor blockers (ARBs)
have anti-fibrotic properties. ARBs can inhibit CAFs
activation and collagen type I deposition in tumor tissue.
To investigate whether losartan can modify the TME, we
treated tumor-bearing mice with losartan, or an equal
volume of edible oil (control) for 3 weeks. We found that
tumor growth rates were similar for tumor-bearing mice,
which were treated with losartan or control agent (Fig.
1A). The expression of a-SMA and collagen type I is the
direct measures of CAFs activity, as well as solid stress due
to consequences of CAFs activation.>'* So, we measured
the expression of a-SMA, and the deposition of collagen
type I in the tumor tissues. For quantification the staining
of a-SMA and collagen type I, five nonoverlapping fields
were chosen at random, and analyzed (Image-Pro Plus
6.0). We observed that there was a significantly decrease
in number of a-SMA* cells in the tumor tissues of
losartan-treated group (P=0.001; Fig. 1B and C). Losartan
treatment also significantly lowered the deposition of type
1 collagen (P=0.0034, Fig. 1D and E).

The fibrotic cytokine TGF-f is a famous inducer of
ECM production and a-SMA expression by CAFs.>'
To determine if the losartan mediated the reduction of
TGF-B1, ELISA was used to measure the levels of TGF-1
in the serum. The level of TGF-P1 in the serum was lower
in losartan-treated mice, compared to the control mice
(Fig. 1E, P=0.005). This suggested that losartan alleviated
CAF-driven pathologies were partially mediated by
downregulation of TGF-f1.

Combination treatment improved antitumor efficacy

Studies have indicated that CAFs implicated in
immunosuppressive microenvironment.”* In line with
this, it has been shown that the anticancer agents that
target immunosuppressive microenvironment could
enhance the antitumor immune response and improve
the efficacy of immunotherapy.*** So, we hypothesized
that losartan treatment might modifying the tumor
immunosuppressive microenvironment, and convert them
into a normal milieu. The xenograft tumor models were
used to investigate the effect of losartan/anti-PD-L1 mAb
on tumor growth. The cancer-bearing mice were treated
with control agent, losartan, anti-PD-L1 mAb, or the two
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Fig. 1. Losartan treatment inhibited the activation of fibroblasts. (A) The influence of losartan on 4T1 tumor growth in syngeneic Balb/c mice (n=5). (B
and C) the density of a-SMA" cells and quantitative analysis. (D and E) the deposition of collagen | and quantitative analysis. (F) Serum was tested for TGF-1

by ELISA analysis.

agents. We found that anti-PD-L1 mAb monotherapy
resulted in substantial tumor control but only just
significant. In contrast, the combination of losartan and
anti-PD-L1 mAb obtained dramatic antitumor effect
(Fig. 2A and 2B). This suggested that losartan increased
the sensitivity of 4T1 breast cancer to anti-PD-L1 mAb
immunotherapy, and hinder cancer progression further.
Losartan reverses the tumor
microenvironment

Due to large number of CAFs and high density of collagen,
the TME can restrict T lymphocytes intra-tumoral
distribution.> Mobilization of CD8* T lymphocytes in
the cancer core is a prerequisite for favorable response to
PD-L1 blockade.**** Granzyme B (GzmB), a marker of

immunosuppressive

T cell activation, is secreted by cytotoxic T lymphocytes,
and plays a critical role in CTLs-mediated elimination
of tumor cells.” To investigate the mechanism that
losartan could sensitize breast tumor to anti-PD-L1
immunotherapy, we investigated the infiltration of CD8*
T lymphocytes and the level of GzmB in the tumor tissues
by immunohistochemical analysis. For quantification of
GzmBand CD8" T cells staining, five nonoverlapping fields
were selected at random. Image-Pro Plus 6.0 software was
used to examined the slides, and the average positive area
was determined. A larger number of CD8* T lymphocytes
that infiltrated deep into tumor tissue were observed in
the combined group, whereas control, losartan or anti-
PD-L1 mAb monotherapy had no statistical effect on the
CD8*T cells infiltration (Fig. 3A and 3D). The infiltration
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Fig. 2. The combination of losartan and anti-PD-L1 mAb indicated an increased anti-tumor efficacy. (A) The scheme of treatments (n=7). (B) The tumor

tissues were isolated from each treatment groups on day 23. (C) Tumor volume.
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of CD8" T cells was accompanied by increased produce of
GzmB in the tumor tissues (Fig. 3B and 3E). In addition,
the weight of spleens in the combined group was much
less than the other groups (Fig. 3C and 3F), consistent
with previous reports.?®

To assess whether CD8* T Ilymphocytes was
indispensable for the observed antitumor effect of
the combination of losartan and anti-PD-L1 mADb,
4T1 tumor-bearing Balb/C mice were administered
monoclonal antibody against CD8 during the course of
treatment (Fig. 4A). We found that depletion of CD8* T
cells during the treatment period abrogated the antitumor
efficacy of combination of losartan and anti-PD-L1 mAb
(Fig. 4B). Taken together, these data suggested that CD8*
T lymphocytes were necessary for the antitumor effect of
combination of losartan and anti-PD-L1 mAb.

Losartan inhibited tumor cells lung metastasis in
combination with anti-PD-L1 mAb
Since the metastasis is the main cause of cancer-related

Control

deaths, we tested whether the combination of the losartan
and anti-PD-L1 mAb improved animal survival in lung
metastatic experiments. We injected the 4T1 tumor cells
via tail vein. We found that anti-PD-L1 mAb monotherapy
had no effect on4T1 tumor cellslung metastasis. Consistent
with other study,'® 4T1 pulmonary metastatic burden was
reduced in losartan monotherapy. More important, the
combination treatment reduced both metastatic tumor
number and metastatic tumor size (Fig. 5A). The reduction
in lung metastasis was confirmed via hematoxylin-eosin
staining (Fig. 5B and 5C). The most metastatic nodules
in combination treatment group were micro-metastatic,
while the most metastatic nodules in other three groups
were macro-metastatic. More important, the metastatic
index was significantly lowest in the combined treatment
group compared to the other groups. Overall, these data
suggested that losartan not only effectively suppressed
4T1 tumor cells lung metastasis; it also could enhance
anti-PD-L1 mAb immunotherapy outcomes in models of
immunotherapy-refractory breast cancer.
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Fig. 3. Losartan sensitized tumor to PD-L1 blockade. (A and D) Change in CD8* T cells infiltration in tumor tissues, and quantitative analysis. (B and E) the
change granzyme B in tumor tissues, and quantitative analysis. (C and F) Assessment of spleen weight in different treated group, and quantitative analysis.
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Fig. 4. The anti-tumor activity of the combination of losartan and PD-L1 mAb was dependent on CD8+ T cells. (A) Scheme of treatments (n=5). (B) The tumor

growth kinetics of each treatment group was analyzed.
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Discussion

Currently, ICIs have achieved unprecedented success in
clinical in a small fraction of tumor patients. Unfortunately,
monotherapy of ICIs has only obtained limited clinical
benefit for the main malignant cancer patients due to the
various immune escape mechanisms.”?® Accordingly,
there is an ongoing effort to increase the effectiveness of
cancer immunotherapy. Main studies on immunotherapy
resistance of cancer cells mainly focused on the cancer
cell itself. However, it is becoming increasingly clear that
cancer microenvironment plays a crucial role in resistance
to immunotherapy.

The increased collagen level in the CAFs rich tumor tissue
was resistant to PD-1/PD-L1 blockade via inhibiting CD8*
T cells to infiltrate, and induce CD8* T cell exhaustion.**
Losartan can reduce CAFs activation, lead to decrease
of a-SMA positive CAFs and collagen deposition during
tumor development.*'® Losartan could also modify tumor
immunosuppressive microenvironment. The breast
cancer tissue was rich in CAFs, and 4T1 breast tumor is
resistant to ICIs immunotherapy.* Therefore, the goal of
this study was to investigate if losartan could modulate
the cancer microenvironment, and enhance the efficacy
of anti-PD-L1 mAb in breast cancer.

The substantial evidence suggests that the tumor cells
secreted high amounts of TGF-p1. The increased level
of TGF-P1 in the circulating plasma is associated with
the advanced stage of the tumors.”? TGF-P1 is a famous
inducer of ECM production and a-SMA expression by
CAFs." In this study, we observed that losartan treatment
significantly decreased the number of a-SMA* cells, and
lowered the deposition of type 1 collagen in the tumor
tissues. The level of TGF-f1 in the serum was low in the
tumor-bearing mice, which were treated with losartan.
We did not observe direct antitumor effect from losartan

treatment in vivo. Instead, we found thatlosartan treatment
could improve the therapeutic effect of anti-PD-L1 mAb.
A larger number of CD8" T lymphocytes that infiltrated
deep into tumor tissue were considered as a crucial factor
that predicted a favorable response to ICIs.* We found
that the combination treatment could promote CD8* T
cells infiltration, this accompanied by more GzmB in the
tumor tissues. Further, we found that the weight and size
of spleens in the combination group was much less than
the other groups. All these indicated that the efficacy of
combination therapy was dependent on CD8* T cells.

The main cause of cancer-related deaths is the metastasis.
Study has indicated that losartan could inhibit tumor cell
metastasis. Our study also found that losartan not only
effectively suppressed 4T1 tumor cells lung metastasis; it
also enhanced the efficacy of anti-PD-L1 mAb.

Mutations may evoke neoplastic phenotypes in normal
cells. The accumulations of mutation alone generally
do not result in cancer formation. The interaction and
crosstalk between incipient cancer cells and the supporting
cells which form the TME endow incipient cancer cells to
acquire the traits that enable them to become tumorigenic
and ultimately malignant. This indicates that TME
plays a critical role in cancer development.*** CAFs are
crucial in modulating the delivery of therapeutic agents
via secreting CAF-specific proteins, cytokines, growth
factors, and producing an ECM. Quiescent fibroblasts
become activated in TME, and the activated fibroblasts
are key regulators of the paracrine signaling between
stromal and cancer cells.”* In addition, other studies
also indicated that modifying the TME can improve the
therapeutic effect.’’** According to these studies, losartan
was given on the same day (day 0) but before inoculation
with 4T1 tumor cells.
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Research Highlights

What is the current knowledge?

vV Losartan is the widely used anti-hypertensive agent in
clinic.

V Losartan has anti-fibrotic properties, and could inhibit
the activation of CAFs and collagen deposition in the tumor
tissues.

V 4T1 breast tumor cells are poorly immunogenic, and
resistant to checkpoint immunotherapy.

What is new here?

v Losartan reverses the immunosuppressive tumor
microenvironment and enhance the efficacy of anti-PD-L1
mAb.

V Losartan inhibited tumor cells lung metastasis in
anti-PD-L1  mAb.

v The antitumor efficacy of the combination of losartan and

PD-L1 mAb was depended on CD8+ T cells.

combination  with

Conclusion

This study demonstrated that losartan sensitized 4T1
breast cancer to anti-PD-L1 mAb immunotherapy via
modulating the TME, and further hindered cancer
progression. This combination was a rational therapeutic
approach to elicit T-cell-mediated immune responses in
breast cancer tissue.
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