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ABSTRACT
Background  Immune checkpoint blockade (ICB) has 
made remarkable achievements, but newly identified 
armored and cold tumors cannot respond to ICB therapy. 
The high prevalence of concomitant medications has huge 
impact on immunotherapeutic responses, but the clinical 
effects on the therapeutic outcome of armored and cold 
tumors are still unclear.
Methods  In this research, using large-scale 
transcriptomics datasets, the expression and potential 
biological functions of angiotensin II receptor 1 (AGTR1), 
the target of angiotensin receptor blocker (ARB), were 
investigated. Next, the roles of ARB in tumor cells and 
tumor microenvironment cells were defined by a series of 
in vitro and in vivo assays. In addition, the clinical impacts 
of ARB on ICB therapy were assessed by multicenter 
cohorts and meta-analysis.
Results  AGTR1 was overexpressed in armored and 
cold tumors and associated with poor response to ICB 
therapy. ARB, the inhibitor for AGTR1, only suppressed 
the aggressiveness of tumor cells with high AGTR1 
expression, which accounted for a very small proportion. 
Further analysis revealed that AGTR1 was always highly 
expressed in cancer-associated fibroblasts (CAFs) and ARB 
inhibited type I collagen expression in CAFs by suppressing 
the RhoA-YAP axis. Moreover, ARB could also drastically 
reverse the phenotype of armored and cold to soft and 
hot in vivo, leading to a higher response to ICB therapy. 
In addition, both our in-house cohorts and meta-analysis 
further supported the idea that ARB can significantly 
enhance ICB efficacy.
Conclusion  Overall, we identify AGTR1 as a novel target 
in armored and cold tumors and demonstrate the improved 
therapeutic efficacy of ICB in combination with ARB. These 
findings could provide novel clinical insight into how to 
treat patients with refractory armored and cold tumors.

BACKGROUND
As an emerging therapy for cancer, immune 
checkpoint blockade (ICB) has made remark-
able achievements, but not all patients with 
advanced tumors respond to ICB therapy. 
Therefore, the population of potential bene-
ficiaries should be screened before receiving 
ICB treatment. The tumor microenviron-
ment (TME) is a highly complicated system 

that mainly consists of immune cells, stromal 
cells, and extracellular matrix (ECM) mole-
cules within the tumor, which affects multiple 
hallmarks of cancer.1 The TME has great 
impacts on tumor progression, and remod-
eling of the TME has emerged as a strategy 
to facilitate the development of cancer thera-
pies.2 As the most notable features of cellular 
components and molecules, various immune 
cells and collagens remarkably affect anti-
tumor immunity.3–6 Collagens are synthesized 
by cancer-associated fibroblasts (CAFs), and 
collagen deposition is the most important 
physical factor hindering immune cell 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Collagen deposition in extracellular matrix is the 
main physical barrier hindering immune cell infiltra-
tion. We previously identified a refractory armored 
and cold subtype featured by high collagen depo-
sition and low immune cell infiltration. However, 
effective antitumor therapies for armored and cold 
tumors are largely unknown.

WHAT THIS STUDY ADDS
	⇒ We systematically screened potential drug targets 
of concomitant medications that were differentially 
expressed in armored and cold tumors and iden-
tified that angiotensin II receptor 1 (AGTR1) as a 
biomarker and therapeutic target for armored and 
cold tumors, which was highly expressed in cancer-
associated fibroblasts. Accordingly, the AGTR1 
inhibitor angiotensin receptor blocker (ARB) sup-
pressed the collagen synthesis and ARB use could 
significantly enhance the response to ICB in patients 
with cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our findings provide novel clinical insight for the 
control of armored and cold tumors using a com-
bination therapy of ARB and immune checkpoint 
blockade, contributing to enhancing the manage-
ment of immunotherapy in patients with cancer.
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infiltration.7 8 In our previous study, we developed a pan-
cancer immuno-collagenic subtyping strategy to stratify 
patients according to collagen deposition and immune 
activity and identified a refractory cancer subtype, which 
was defined as armored and cold tumors accompanied 
by high collagen activity and low immune infiltration.9 10 
Accordingly, effective antitumor therapies are still unavail-
able for armored and cold tumors.

Patients with cancer are frequently prescribed multiple 
medications for pre-existing comorbidities or side effects 
from antitumor therapy.11 12 Polypharmacy is common 
among patients with cancer with one study reporting 
polypharmacy in up to 84% of patients.13 Considering 
the high prevalence of concomitant medications and the 
potential interactions with ICB, an increasing number of 
studies have focused on the potential effects of common 
medications on the response to ICB. Several investigators 
have found that patients taking concomitant medica-
tions like proton pump inhibitors, antibiotics, or steroids 
while receiving immunotherapy had less clinical benefit, 
suggesting notable impacts of concomitant medications 
on ICB efficacy.14 In our previous report, we revealed the 
significance of cholesterol synthesis in non-small cell lung 
cancer (NSCLC) and demonstrated the improved thera-
peutic efficacy of ICB in combination with statins.15 Thus, 
we speculated that concomitant medications may affect 
the therapeutic outcome of armored and cold tumors.

In the current research, based on our established 
immuno-collagenic subtyping strategy, we systematically 
screened potential drug targets of concomitant medica-
tions that were differentially expressed in armored and 
cold tumors and identified that angiotensin II receptor 
1 (AGTR1) was highly expressed in armored and cold 
tumors. Further analysis revealed that AGTR1 was posi-
tively expressed in CAFs and the AGTR1 inhibitor angio-
tensin receptor blocker (ARB) suppressed the RhoA/
YAP axis to decrease type I collagen expression. More-
over, both our in-house data and meta-analysis implicate 
that ARB use could significantly enhance the response 
to ICB. Overall, these results may provide novel clinical 
insight for the control of armored and cold tumors using 
a combination therapy of ARB and ICB.

METHODS
Acquisition of transcriptomics datasets
Transcriptome profiles and clinical information of 31 
solid cancer types in The Cancer Genome Atlas (TCGA) 
datasets were obtained from the University of California 
Santa Cruz Xena (https://xenabrowser.net/datapages/). 
Samples with overall survival (OS) were selected for 
further analysis. A panel of public immunotherapy data-
sets, including the GSE173839 dataset,16 the GSE194040 
dataset,17 and the GSE135222 dataset,18 comprising tran-
scriptome data from patients with cancer receiving ICB, 
were downloaded from the Gene Expression Omnibus 
database. The transcriptome data and clinical infor-
mation of the IMvigor210 cohort were obtained from 

the official website (http://research-pub.gene.com/​
IMvigor210CoreBiologies/).19 The GSE173839 and the 
GSE194040 datasets were directly merged due to the 
same sequencing platform and processing method for 
these two datasets. The gene expression profile of cell 
lines was downloaded from the Cancer Cell Line Encyclo-
pedia (CCLE) database.20 Tissues with at least five sample 
collection sites were reserved. Cell lines with AGTR1>1 
were defined as AGTR1+ samples. The single-cell RNA 
sequencing (scRNA-seq) data of a total of 10 breast cancer 
(BRCA) samples was described in our previous study.21 
The annotations of the used datasets are summarized in 
online supplemental table S1.

Single-cell RNA sequencing analysis
For alignment and preprocessing procedures of the 
scRNA-seq dataset, Cell Ranger V.3.0.2 was used to 
perform sample demultiplexing, barcode processing, 
and generating gene count data for each cell based on 
the hg38/GRCh38 reference genome. The R package 
“Seurat”22 was used for all additional analysis. First, we 
removed the low-quality cells in which the expression 
of mitochondrial genes was greater than 10% or with 
detected genes less than 200 or greater than 5000. Then, 
the R package “harmony”23 was used to minimize the 
technical batch effects among individuals and experi-
ments and subsequently integrate the scRNA-seq datasets. 
The principal component analysis was first performed on 
the top 4000 genes with the highest variants, and then the 
first 30 principal components (PCs) were used to reduce 
the dimensionality. The shared nearest neighbor modu-
larity optimization-based clustering algorithm was used to 
unsupervised these cells into many clusters with a resolu-
tion of one. t-distributed stochastic neighbor embedding 
(t-SNE) was used to visualize the distribution of cells in 
the two-dimensional space. For fibroblasts, the “RunHar-
mony” function was used to integrate the scRNA-seq 
profile of fibroblasts from different individuals. The 
first 20 PCs established based on the top 2000 variable 
genes were used to reduce the dimensionality. To explore 
the biological functions of AGTR1+ CAFs, the “FindAll-
Markers” function was used. Genes with avg_log2FC≥1, 
pct.1≥0.1 and p<0.05 were identified as AGTR1+ CAFs-
enriched. The R package “clusterProfiler”24 was used 
to investigate the enriched biological pathways based 
on these genes. Biological process (BP) among Gene 
Ontology (GO)25 terms were identified with a strict cut-
off of p<0.05. Based on the percentage of AGTR1+ cells 
in CAFs, we divided the patients into AGTR1-positive 
and AGTR1-negative groups based on 10%. To assess the 
functional status of CD8+ T cells at the single cell level, 
the “AddModuleScore” function was used to estimate the 
activated scores of each cell by using these markers: IL2, 
GZMA, GNLY, PRF1, GZMB, GZMK, IFNG, NKG7, and 
CD69.

Gene set enrichment analysis
To explore the special functions of CAFs, the gene set 
enrichment analysis (GSEA) was performed using the 
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“GSEA” function in the “clusterProfiler” package in terms 
of gene signatures. The collagen signature was obtained 
from our previous research.10 To define the metastasis-
associated fibroblasts (MAFs) signature, the transcrip-
tional omics of fibroblasts associated with metastasis 
were obtained from the GSE145428 dataset.26 Then, 
the “limma” package was used to perform differential 
expression analysis between CAFs and MAFs. Genes with 
FC≥1.5 and adjusted p<0.05 were identified as the gene 
signature of MAFs. The YAP conserved signature was 
obtained from published research.27

Reagents and antibodies
Losartan (catalog HY-17512) and YAP agonist XMU-MP-1 
(catalog HY-100526) were purchased from MedChem-
Express (Shanghai, China). ELISA kits for IL-2 (catalog 
RK04123) and TNF-α (catalog RK00030) were purchased 
from Abclonal (Wuhan, China). The PD-1 in vivo 
mAb (catalog BE0273) was purchased from BioXCell 
(Lebanon, USA), and the CD8 in vivo mAb (catalog 
A2102) was purchased from Selleck (Shanghai, China). 
TRITC Phalloidin (catalog 40 734ES75) was purchased 
from Yeasen (Shanghai, China). RhoA G-LISA activation 
assay kit (catalog BK124) was purchased from Cytoskel-
eton (Denver, USA). ImmunoCult human CD3/CD28 T 
cell activator (catalog 10971) was purchased from STEM-
CELL Technologies (Vancouver, Canada). Antibodies 
used in the study are exhibited in online supplemental 
table S2.

Clinical samples
Four independent cohorts were included in this study. 
Cohort 1 contained 63 paraffin-embedded bladder 
cancer (BLCA) samples and 16 para-tumor samples 
(catalog HBlaU079Su01). Cohort 2 contained 75 paraffin-
embedded BRCA samples (catalog HBreD075Bc01). 
Cohorts 1–2 were obtained from Outdo BioTech 
(Shanghai, China). Cohort 3 was an immunotherapy 
cohort and included 105 NSCLC patients recruited 
from The Affiliated Wuxi People’s Hospital of Nanjing 
Medical University receiving ICB therapy from January 
2019 to December 2022. Five paraffin-embedded tumor 
samples from patients with ARB use obtained via biopsy 
before immunotherapy were retrospectively collected. 
As a control, another five samples from patients with 
no ARB use were also randomly collected. Paraffin-
embedded samples were used for immunohistochemistry 
(IHC), multiplexed IHC (mIHC), and histochemistry 
staining. Cohort 4 was also an immunotherapy cohort 
and included 165 NSCLC patients recruited from The 
First Affiliated Hospital of Nanjing Medical University 
receiving ICB therapy from January 2019 to December 
2022. The therapeutic response was evaluated according 
to the RECIST V.1.1 criteria, which were demarcated 
into complete response, partial response, stable disease, 
and progressive disease. The ARB medication history was 
obtained by reviewing the medical records. The detailed 

clinic-pathological features and immunotherapy informa-
tion can be found in online supplemental table S3.

IHC, mIHC, and histochemistry staining
Human paraffin-embedded cancer tissues underwent 
IHC staining of PD-L1, mIHC staining of AGTR1, CD8, 
and α-SMA, Masson staining, and HE staining. Standard 
operating procedures were employed for IHC, mIHC, 
and HE staining. A ready-to-use anti-PD-L1 antibody 
(catalog GT2280, GeneTech, Shanghai, China) was used 
for IHC staining. The visualization of IHC staining was 
carried out using EnVision FLEX+ (catalog K8009, Dako, 
Copenhagen, Denmark). Think color staining kit (catalog 
FH34020R, FreeThinking, Nanjing, China) was used for 
mIHC staining following the manufacturer’s instruc-
tions. The primary antibodies used for mIHC staining 
were as follows: anti-AGTR1 (1:10 000 dilution, catalog 
SAB3500209, Sigma), anti-CD8 (1:1000 dilution, catalog 
85336, CST), and anti-α-SMA (1:2000 dilution, catalog 
19245, CST). Masson’s staining was conducted using the 
Trichrome Stain Kit (catalog FH115100, FreeThinking, 
Nanjing, China) following the manufacturer’s instruc-
tions. PD-L1 staining was quantitatively assessed by two 
dependent senior pathologists based on the combined 
positive score (CPS), mIHC staining was evaluated using 
HALO software (V.3.4.2986, Indica Labs, Albuquerque, 
USA) to determine cells positive with various markers, 
and Masson staining was evaluated using HALO software 
to determine positive-stained area percentages.

Primary CAFs and cell lines
Primary CAFs were isolated from breast tumor tissues28 
and cultured using a primary cell culture medium (catalog 
CX0013, Yuchi, Shanghai, China). Primary AGTR1+ CAFs 
were further identified by microscopic morphology, 
the presence of CAF-specific biomarker α-SMA, and 
the presence of AGTR1 (online supplemental figure 
S1A–C). Human cancer cell lines MDA-MB-231 (catalog 
KGG3220-1), NCI-H1299 (catalog KGG3216-1), HGC-27 
(catalog KGG3287-1), HS578T (catalog KGG3375-1), and 
mouse cancer cell line 4T1 (catalog KGG2224-1) were 
purchased from KeyGEN (Nanjing, China). NCI-H1299 
and HGC-27, cells were cultured in RPMI-1640 media, 
and MDA-MB-231, HS578T, and 4T1 cells were cultured 
in DMEM media. All media were added with 10% FBS at 
37°C with 5% CO2. All human cell lines were authenti-
cated using short tandem repeat profiling and all assays 
were conducted with mycoplasma-free. For in vitro assays, 
cells were treated with 10 µM losartan and/or 1 µM 
XMU-MP-1.

In vitro assays for cellular functions
In order to assess cell proliferation levels, suspended 
cancer cells were seeded into a 96-well plate at a cell 
density of 5×103 cells/mL (100 µL/well) and incubated 
at 37°C. Afterward, 10 µL of CCK-8 reagent (catalog 
KGA9305, KeyGEN, Nanjing, China) was added to each 
well and the plate was incubated for 2 hours. The optical 
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density of each well was then measured at 450 nm using a 
microplate reader. In addition, cancer cells were seeded 
in six-well plates at a density of 500 cells per well and 
cultured at 37°C for 1–2 weeks. At the end of the incuba-
tion, colonies were stained with crystal violet solution for 
30 min. Wells were rinsed with water followed by air drying 
and the colonies were counted. Each measurement was 
performed in triplicate. In order to assess cell migration 
and invasion levels, Transwell chambers were used; with 
or without Matrigel (Corning) coating depending on the 
desired assay. Cancer cells (5×104) in 200 µL of serum-free 
medium were seeded in the upper chamber while 600 µL 
of medium containing 10% FBS was added to the lower 
chamber. In addition, CAFs (5×104) were also used for 
cell migration analysis. After 24 hours, the cells that had 
migrated/invaded the lower surface of the membrane 
were observed and counted. In order to assess cell apop-
tosis levels, the apoptosis of cancer cells was analyzed 
by Annexin V-FITC/PI Kit (Cat. KGA1102, KeyGEN, 
Nanjing, China) according to the manufacturer’s instruc-
tions. Annexin V positive and PI negative cells were early 
apoptotic cells.

Quantitative real-time PCR
The total RNA of cells was extracted using Trizol reagent 
(catalog KGF5101, KeyGEN, Nanjing, Nanjing). The 
primers for COL1A1 and GAPDH mRNA reverse tran-
scription were synthesized in KeyGEN (Nanjing, China). 
Quantitative real-time PCR (qRT-PCR) was performed 
using the One-Step TB GreenTM PrimeScriptTM RT-PCR 
Kit II (SYBR Green) (catalog RR086B, TaKaRa, Kyoto, 
Japan). Primers used for gene amplification were as 
follows: COL1A1: (forward) 5’-​GCAA​CATG​GAGA​CTGG​
TGAGA-3’ and (reverse) 5’-​GGGG​TTCT​TGCT​GATG​
TACCA-3’; GAPDH (forward) 5’-​AGAT​CATC​AGCA​
ATGC​CTCCT-3’ and (reverse) 5’-​TGAG​TCCT​TCCA​
CGAT​ACCAA-3’.

Western blotting analysis
CAFs were maintained in six-well plates. The total 
proteins of cells were harvested using a lysis buffer. Then, 
SDS-PAGE and Western blotting analysis were conducted 
according to standardized protocols. The primary anti-
bodies used as follows: AGTR1 (1:1000 dilution, catalog 
SAB3500209, Sigma-Aldrich), COL1A1 (1:1000 dilu-
tion, catalog A24112, Abclonal, Wuhan, China), YAP 
(1:1000 dilution, catalog 13 584–1-AP, ProteinTech), 
p-YAP (1:1000 dilution, catalog 13008, Cell Signaling 
Technology), RhoA (1:1000 dilution, catalog 10749-1-
AP, ProteinTech), and GAPDH (1:2000 dilution, catalog 
60004-1-Ig, ProteinTech). Protein levels were standard-
ized to GAPDH.

Immunofluorescence and actin cytoskeleton staining
The expression levels of COL1A1 and YAP were assessed 
using immunofluorescence assay according to standard-
ized protocols.29 The primary antibodies used were as 
follows: COL1A1 (1:200 dilution, catalog, 67288-1-Ig, 

ProteinTech) and YAP (1:200 dilution, catalog 13584-1-
AP, ProteinTech). In addition, CAFs were also subjected 
to actin cytoskeleton staining using TRITC Phalloidin 
(catalog 40 734ES75, Yeasen). The detailed protocol was 
described previously.29 The stained cells were visualized 
using a fluorescence microscope.

RhoA GTPase activation assays
Total protein lysates extracted from CAFs were turned to 
measure RhoA activity by using the RhoA G-LISA activa-
tion assay kit (catalog BK124) purchased from Cytoskel-
eton (Denver, USA). RhoA activation was described as 
previously.30

In vitro cytotoxicity assay
Peripheral blood monouclear cells (PBMC) were 
collected from a healthy control. The CD8+ T cells were 
isolated using Dynabeads human CD8 selection Kit 
(catalog 11 333D, Invitrogen) and cultured in Immuno-
Cult-XF T cell expansion medium (catalog 10981, STEM-
CELL Technologies). ImmunoCult human CD3/CD28 T 
cell activator (catalog 10971, STEMCELL Technologies) 
was used to activate T cells, and then T cells were trans-
ferred into a 24-well plate and co-cultured with CAFs at an 
effector-to-target ratio of 5:1 at 37°C for 48 hours. T cells 
were submitted for PCR array (catalog WC-MRNA0138-H, 
WcGene Biotech) and flow cytometry analysis to detect 
the activated marker GZMB. The levels of cytokines 
TNF-α and IL-2 in the supernatant were detected using 
the ELISA assay.

Animal models
Female Balb/c mice (5–6 weeks old) obtained from the 
Zhejiang Vital River Laboratory Animal Technology were 
housed in specific pathogen-free facilities at 22°C±2°C 
under 12-hour light/dark cycles. To test the effect of 
losartan on the blood pressure of Balb/c mice, losartan 
was administrated orally to Balb/c mice with 10 mg/kg, 
20 mg/kg, and 30 mg/kg for 1 week, and the blood pres-
sure was detected by the BP-2000 animal blood pressure 
analysis system (Visitech System). Mouse cancer models 
were established by subcutaneously injecting approxi-
mately 5×106 4T1 cells into each Balb/c mouse. Tumor 
size was monitored using calipers, and tumor volume (V) 
was calculated using the formula V=(length×width²)/2. 
On tumors reaching an average size of approximately 
50 mm3, tumor-bearing mice were randomly assigned to 
groups and administrated with losartan therapy immedi-
ately. Mouse cancer models were randomly divided into 
three groups in the first round and four groups in the 
second round. Three groups included control, losartan-
treated, and losartan-treated and CD8-deleted groups, 
and four groups included control, losartan-treated, anti-
PD-1-treated, and losartan and anti-PD-1-treated groups. 
The control group received oral administration of phos-
phate buffered saline (PBS). Losartan therapy was oral 
administration of losartan (catalog. HY-17512, MedChem-
Express) at 10 mg/kg daily. Anti-PD-1 therapy group was 
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intraperitoneally injected with anti-mouse PD-1 antibody 
(catalog BE0273, clone 29F.1A12, BioXCell) at 200 µg/
mouse three times a week. The CD8-deleted group was 
intraperitoneally injected with anti-mouse CD8 antibody 
(catalog A2102, clone 2.43, Selleck) at 100 µg/mouse two 
times a week. The course of mAb therapies (anti-CD8 
and anti-PD-1) was started 2 weeks after the first losartan 
treatment and maintained for 2 weeks. Mice were eutha-
nized using carbon dioxide (Euthanex Chamber) about 
another week after the last mAb therapies (online supple-
mental figure S2). The tumors were removed from the 
unconscious animals, which were subsequently docu-
mented and weighed.

Peripheral blood of mice was collected to detect liver 
and kidney functions using the automatic biochemical 
analyzer (catalog Chemray 240, Rayto, Shenzhen, China). 
The removed main organs, including heart, liver, and 
kidney, were submitted for HE staining, and the removed 
tumors were submitted for HE, Masson, and IHC staining 
of CD8 (1:1000 dilution, catalog ab209775, Abcam), anti-
AGTR1 (1:10 000 dilution, catalog SAB3500209, Sigma), 
and Ki67 (1:1000 dilution, catalog ab15580, Abcam), and 
flow cytometry. The harvested tumors were mechanically 
dissociated into 1 mm3 fragments and then incubated 
with lysis buffer (RPMI-1640+Collagenase IV 1 mg/mL, 
DNase I 0.5 mg/mL) to obtain single cell suspensions. 
Mouse TILs were incubated with CD16/CD32 to block 
Fc receptors and then stained with Fixable Viability Dye 
eFluor 780, fluorescence-conjugated anti-CD45, anti-
CD3e, anti-CD8a, CD11b, and Gr-1 antibodies (online 
supplemental table S2). Stained samples were analyzed 
with BD FACSymphony A5 SORP (BD Biosciences, 
Franklin, USA).

Meta-analysis
The databases of Web of Science (https://www.webof-
science.com/wos/woscc/basic-search) and PubMed 
(https://pubmed.ncbi.nlm.nih.gov) were systematically 
searched up until January 10, 2024. Two authors inde-
pendently reviewed the titles and abstracts of these publi-
cations according to the inclusion and exclusion criteria, 
and then the full text was screened for further confirma-
tion. Finally, 4 studies involving 1268 participants in total 
were included in our meta-analysis.31–34 In addition, an 
in-house cohort with 270 participants was also included 
after quality evaluation. The following characteristics of 
the studies were recorded in online supplemental table 
S4: first author’s name, publication year, design, country, 
cancer type, and case number. We performed an addi-
tional meta-analysis on the association between the use of 
ARBs in patients with cancer receiving ICB therapy and 
OS. HRs and their 95% CIs were recorded to calculate 
pooled HR using the software Stata V.15.0.

Statistical analysis
Statistical analyses and figure presentations were 
conducted using R language V.4.0.2 and GraphPad Prism 
V.6.0. All R packages used in this study are summarized 

in online supplemental table S5. Group differences were 
assessed using the Student’s t-test or Mann-Whitney test 
for two groups while a one-way analysis of variance or the 
Kruskal-Wallis test with multiple comparisons was used 
for multiple groups. Categorical variables were assessed 
using the χ2 test or Fisher’s exact probability test. Pear-
son’s or Spearman’s correlation tests were employed to 
evaluate correlations between variables. Prognostic values 
of categorical variables were assessed via log-rank test and 
Cox regression analysis. A p<0.05 was considered statisti-
cally significant for all analyses.

RESULTS
AGTR1 is overexpressed in armored and cold tumors and 
predicts resistance to ICB therapy
Based on our established subtypes,10 we aimed to investi-
gate the potential therapeutic targets in terms of concomi-
tant medications. Common concomitant medications and 
their targets, including statins (HMGCR), cyclooxygenase 
inhibitors (PTGS1, PTGS2), ACE inhibitors (ACEI), 
ARB (AGTR1), β-blockers (ADRB1, ADRB2, ADRB3), 
melbines (PPKAA1, PPKAA2), opioids (OPRM1), and 
proton pump inhibitors (ATP4A, ATP4B, ATP12A), were 
collected and their expression across various immuno-
collagenic subtypes was assessed in the TCGA-BLCA 
cohort, one of the most suitable tumor type to apply this 
classification (figure 1A). We found that PTGS1, PTGS2, 
AGTR1, and ADRB3 were highly expressed in armored-
cold tumors (figure 1B, online supplemental figure S3). 
Next, we also checked the expression of these four targets 
in other solid tumor types, and the results showed that 
the overexpression of AGTR1 in armored-cold tumors 
was conserved (online supplemental figure S4). We, 
therefore, chose AGTR1 for further study. Overexpres-
sion of AGTR1 was associated with poor prognosis in the 
TCGA-BLCA cohorts (figure  1C). The protein expres-
sion of AGTR1 was also checked using in-house cohorts. 
Similar to the previous results,10 PD-L1 and CD8 were 
lowly expressed in armored and cold tumors, and AGTR1 
was highly expressed in armored and cold tumors in the 
in-house BLCA cohort (figure 1D–G). In addition, in the 
in-house breast cancer (BRCA) cohort, CD8 was lowly 
expressed in armored and cold tumors, and AGTR1 was 
highly expressed in armored and cold tumors (online 
supplemental figure S5A–C). Moreover, high expres-
sion of AGTR1 predicted poor prognosis in the in-house 
BLCA cohort (figure 1H). Moreover, AGTR1 was associ-
ated with poor immunotherapeutic response and worse 
prognosis in three independent immunotherapy cohorts 
(figure  1I–K). Overall, the integrated analysis revealed 
that AGTR1 was overexpressed in armored and cold 
tumors and predicted poor immunotherapeutic response.

ARB has no antitumor effect on most tumor cells due to the 
low level of AGTR1 expression
Considering the clinical significance of AGTR1 in 
cancerous diseases, we examined the expression and 
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Figure 1  AGTR1 highly expresses in armored and cold tumors and predicts low response to immune checkpoint blockade 
(ICB) therapy. (A) Heatmap showing the targets expression of concomitant medications in the three immuno-collagenic 
subtypes in the TCGA-BLCA cohort. (B) Boxplot showing high expression of AGTR1 in armored and cold tumors in the TCGA-
BLCA cohort. Horizontal lines in the boxplots represent the median value, and the lower and upper hinges correspond to the 
first and third quartiles, respectively. Significance was calculated using the ANOVA with Tukey’s multiple-comparison test. ns, 
non-significance, ***p<0.001. (C) Prognostic value of AGTR1 in the TCGA-BLCA cohort. Subgroups for survival analysis were 
divided by the best cut-off point. Significance was calculated using the log-rank test. *p<0.05. (D) Representative images 
uncovering stromal and immune markers in the three immuno-collagenic subtypes in the in-house BLCA cohort. Staining data 
of HE, Masson, and PD-L1 IHC from our previous study 10 was used as controls. A total of 61 samples were analyzed due 
to 2 samples losses during multiple staining procedures. (E–G) Expression of PD-L1, CD8, and AGTR1 in the three immuno-
collagenic subtypes in the in-house BLCA cohort. Data was presented as mean±SD. Significance was calculated using the 
Kruskal-Wallis test with the Dunn’s multiple-comparison test for (E). Significance was calculated using the ANOVA with Tukey’s 
multiple-comparison test for (F and G). ns, non-significance, *p<0.05, ***p<0.001. (H) Prognostic value of AGTR1 in the in-
house BLCA cohort. Subgroups for survival analysis were divided by the value of 5%. Significance was calculated using the 
log-rank test. (I) Predictive value and prognostic value of AGTR1 in the IMvigor210 cohort. Subgroups for survival analysis were 
divided by the best cut-off point. Significance was calculated using the Student t-test (left) and the log-rank test (right). *p<0.05, 
***p<0.001. (J, K) Predictive value of AGTR1 in the GSE135222 and the merged BRCA cohorts. Significance was calculated 
using the Mann-Whitney test (J) and the Student’s t-test (K). *p<0.05, ***p<0.001. ANOVA, analysis of variance; BLCA, bladder 
cancer; TCGA, The Cancer Genome Atlas.
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cellular role of AGTR1 in cancer cells. The results from 
the CCLE database showed that the positive rates of 
tumor cells derived from different organs were notably 
various, and malignant fibroblasts expressed the highest 
AGTR1 (figure  2A), suggesting fibroblasts were the 
primary target cells of AGTR1 expression. Next, we used 
an in-house scRNA-seq dataset21 to analyze the expression 
pattern of AGTR1 in various cell types in cancer tissues. 
In this dataset, we found that AGTR1 was primarily 
expressed in CAFs (figure 2B,C). In addition, four tumor 
cell lines and the primary CAFs were subjected to Western 
blotting analysis and the results revealed that HS578T 
cells and CAFs expressed higher AGTR1 (figure  2D). 
Also, the colocation of AGTR1 and α-SMA in the in-house 
BLCA and BRCA cohorts further supported the above 
point (figure  2E, online supplemental figure S6A, B). 
The cellular effects of AGTR1 inhibitor, losartan, on 
tumor cells with various AGTR1 expressions were exam-
ined. Notably, losartan did not affect cell proliferation, 
apoptosis, migration, and invasion of tumor cells with 
low AGTR1 expression, including MDA-MB-231, H1299, 
and HGC27 cells (figure  2F–I, online supplemental 
figure S7A–F), but notably inhibited the malignant capa-
bilities of HS578T cells, which expressed high AGTR1 
(figure  2F–I, online supplemental figure S7A). Taken 
together, AGTR1 inhibitor ARB only inhibited tumor 
cells with high AGTR1 expression, but the positive rate of 
AGTR1 in solid tumors was low. Thus, we suspected the 
main functions of ARB in cancer were dependent on its 
effects on CAFs.

ARB inhibits collagen expression and CAF migration by 
suppressing the RhoA-YAP axis
Given that the main function of CAFs was the synthesis 
of collagen and the abundance of type I collagen was the 
highest among all collagen subtypes in cancer tissues,7 35 
we aimed to check the effects of ARB on collagen expres-
sion in CAFs. AGTR1 expression was positive in all 10 
cancer samples, suggesting that the functions of AGTR1 
were conserved (figure  3A,B). To determine the func-
tions of AGTR1 in CAFs, we performed GO-BP analysis 
between AGTR1+ and AGTR1− CAFs. AGTR1 expres-
sion was significantly associated with ECM organization 
(figure  3C). Evidence from the clinical samples also 
revealed that the number of AGTR1+ cells was positively 
correlated with collagen area (online supplemental figure 
S8A–D). In addition, the GSEA analysis revealed AGTR1 
was related to collagen signature and migration signature 
(figure 3D–F). Next, in vitro assays revealed that losartan 
significantly downregulated type I collagen expression 
and migration of CAFs (figure 3G–I). Furthermore, the 
remodeling of microfilaments in CAFs was also blocked 
by losartan (figure 3J).

The mechanisms underlying ARB-mediated collagen 
inhibition were subsequently explored. The YAP signaling 
pathway has been reported to be associated with fibrosis 
in various disease models.36–38 The GSEA analysis of 
CAFs revealed that AGTR1 was associated with the YAP 

conserved signature (figure 4A). Then, analysis of YAP1 
expression pattern uncovered that YAP1 was mainly 
expressed in CAFs (figure  4B,C). Coexpression analysis 
of YAP1 and COL1A1 in the CAFs using our in-house 
scRNA-seq dataset showed that YAP1 was highly correlated 
with COL1A1 (figure 4D). Moreover, pan-cancer analysis 
of the TCGA database also supported that YAP1 was posi-
tively correlated with COL1A1 expression (figure  4E). 
Subsequently, in vitro assays exhibited that losartan inhib-
ited RhoA activity and increased the phosphorylation of 
YAP (figure 4F,G). Immunofluorescence analysis further 
validated that losartan suppressed the nuclear translo-
cation of YAP in CAFs (figure  4H). Given the notable 
role of YAP activity in losartan-mediated collagen inhibi-
tion, we used a YAP agonist, XMU-MP-1, to reverse the 
above effects. The results showed that XMU-MP-1 notably 
blocked losartan-mediated type I collagen inhibition 
(figure 4I,J). In conclusion, these results suggested that 
ARB decreased type I collagen expression in CAFs by 
inhibiting the RhoA-YAP axis (figure 4K).

ARB shapes a soft and hot TME and enhances the anti-PD-1 
immunotherapy response
Collagen deposition is the most important physical factor 
hindering immune cell infiltration,8 thus we suspected that 
the inhibition of AGTR1 may reverse collagen-mediated 
immune escape. Based on the percentage of AGTR1+ cells 
in CAFs from our scRNA-seq dataset, we divided the patients 
into AGTR1-positive and AGTR1-negative groups based on 
10% (figure 5A). We next assessed the functional status of 
CD8+ T cells at the single cell level. The results showed that 
the exhausted level of CD8+ T cells was increased but the 
cytotoxic activity of CD8+ T cell was decreased in AGTR1-
positive cancer samples (figure 5B). Then, the T cells was 
co-cultured with CAFs with or without losartan (figure 5C), 
and the activity level of T cells was examined by PCR array. 
The results showed that most activated markers were 
upregulated and inhibitory markers were downregulated 
in T cells cocultured with CAFs with losartan treatment 
(figure 5D,E). In addition, the level of GZMB in T cells was 
also checked by flow cytometry and the results showed that 
GZMB was highly expressed in T cells cocultured with CAFs 
with losartan treatment (online supplemental figure S9A, 
B). In addition, the level of activating inflammatory factors, 
including IL-2 and TNF-α, was also highly expressed in the 
losartan-treated cocultured medium (figure  5F). These 
results suggested that losartan notably suppressed CAF-
mediated T cell inhibition. Moreover, evidence from the 
clinical samples also revealed that the number of AGTR1+ 
cells was negatively correlated with the number of CD8+ 
cells (figure 5G, online supplemental figure S10A–C). To 
assess the hypotensive of losartan in vivo, we administrated 
losartan to Balb/c mice with 10 mg/kg, 20 mg/kg, and 
30 mg/kg for 1 week, and the results showed that losartan 
decreased blood pressure in a dose-dependent manner, 
and the dose of 10 mg/kg did not significantly affect blood 
pressure (online supplemental figure S11). Thus, the dose 
of 10 mg/kg was used for the next in vivo assays. Losartan 
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Figure 2  Angiotensin receptor blocker (ARB) suppresses the aggressiveness of tumor cells with high AGTR1 expression. 
(A) Positive rate of AGTR1 expression in malignant cells originated from various tissues in the Cancer Cell Line Encyclopedia 
(CCLE) dataset. (B) t-distributed stochastic neighbor embedding (t-SNE) visualization of cell types annotated by classical gene 
markers in our published cohort and expression of AGTR1 in various cell types. (C) Positive rate of AGTR1 in various cell types. 
(D) Expression of AGTR1 in MDA-MB-231, NCI-H1299, HGC27, H578T, and CAF cells. (E) Representative images uncovering 
the co-location between AGTR1 and α-SMA in the in-house BLCA cohort and quantitative analysis. Data was presented as 
mean±SD. Significance was calculated with the Pearson test. (F) Proliferation ability of MDA-MB-231 and HS578T cells in 
control and losartan-treated groups was assessed by colony formation assay. The experiment was performed three times. Data 
was presented as mean±SD. Significance was calculated with the Student’s t-test. ns, non-significance, **p<0.01. (G) Apoptosis 
level of MDA-MB-231 and HS578T cells in control and losartan-treated groups was assessed by flow cytometry assay. Data 
was presented as mean±SD. Significance was calculated with the Student’s t-test. *p<0.05, **p<0.01. (H, I) Migration and 
invasion ability of MDA-MB-231 and HS578T cells in control and losartan-treated groups were assessed by Boyden chamber 
assay. Data was presented as mean±SD. Significance was calculated with the Student’s t-test test. ns, non-significance, 
**p<0.01.
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Figure 3  Angiotensin receptor blocker (ARB) inhibits collagen expression and migration of cancer-associated fibroblasts 
(CAFs). (A) t-distributed stochastic neighbor embedding (t-SNE) visualization of 2081 single cells passed quality controls, 
colored by 10 BRCA patients in our published cohort. (B) Expression pattern of AGTR1 in fibroblasts overlaid on t-SNE. 
Red points represent the cells with AGTR1 expression. (C) Functional enrichment analysis of genes highly expressed on 
AGTR1+ fibroblasts in the term of Gene Ontology biologocal process. (D) GSEA of collagen signature between fibroblasts 
with positive and negative AGTR1. (E) Difference in collagen signature score in fibroblasts with positive and negative AGTR1. 
Data was presented as mean±SD. Significance was calculated with the Student’s t-test. (F) GSEA of metastasis-associated 
fibroblast (MAF) signature between fibroblasts with positive and negative AGTR1. (G) Expression of COL1A1 in control and 
losartan-treated CAFs was assessed by qPCR and Western blotting assays. Data was presented as mean±SD. Significance 
was calculated with the Student’s t-test. ***p<0.001. (H) Expression of COL1A1 in control and losartan-treated CAFs was 
assessed by immunofluorescence assay. Data was presented as mean±SD. Significance was calculated with the Student’s t-
test. ***p<0.001. (I) Migration ability of control and losartan-treated CAFs was assessed by Boyden chamber assay. Data was 
presented as mean±SD. Significance was calculated with the Student’s t-test test. **p<0.01. (J) The formation of microfilament 
in control and losartan-treated CAFs was assessed by immunofluorescence assay. Data was presented as mean±SD. 
Significance was calculated with the Student’s t-test test. *p<0.05. BRCA, breast cancer; GSEA: gene set enrichment analysis.
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Figure 4  Angiotensin receptor blocker (ARB) inhibits collagen expression via suppressing the RhoA-YAP axis. (A) GSEA of 
YAP conserved signature between fibroblasts with positive and negative AGTR1. (B) Expression of YAP1 in various cell types in 
our published cohort. (C) Positive rate (left) and expression level (right) of YAP1 in fibroblasts and non-fibroblasts. Significance 
was calculated with the Pearson’s χ2 test and Student’s t-test test. ***p<0.001. (D) Expression of YAP1 (gray to red) and 
COL1A1 (gray to green) on overlaid on the t-distributed stochastic neighbor embedding (t-SNE) representation. (E) Correlation 
between YAP1 and COL1A1 in the The Cancer Genome Atlas (TCGA) pan-cancer dataset. Significance was calculated with 
the Pearson test. (F) The expression of RhoA, YAP and phosphor-YAP in control and losartan-treated CAFs was assessed by 
Western blotting assay. (G) The level of RhoA activity in control and losartan-treated CAFs was assessed by GLISA assay. Data 
was presented as mean±SD. Significance was calculated with the Student’s t-test test. ***: p<0.001. (H) The location of YAP in 
control and losartan-treated CAFs was assessed by immunofluorescence assay. Data was presented as mean±SD. Significance 
was calculated with the Student’s t-test test. ***p<0.001. (I) Expression of COL1A1 in control, losartan-treated, and losartan 
and XMU-MP-1 co-treated CAFs was assessed by qPCR and Western blotting assays. Data was presented as mean±SD. 
Significance was calculated using the ANOVA with Tukey’s multiple-comparison test. ***p<0.001. (J) Expression of COL1A1 in 
control, losartan-treated, and losartan and XMU-MP-1 co-treated CAFs was assessed by immunofluorescence assays. Data 
was presented as mean±SD. Significance was calculated using the ANOVA with Tukey’s multiple-comparison test. ***p<0.001. 
(K) Schematic overview of mechanism underlying losartan-mediated regulation of type I collagen. ANOVA, analysis of variance; 
CAFs, cancer-associated fibroblasts.
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Figure 5  ARB reverses CAFs-mediated T cell inhibition and exerts immune-dependent tumor suppressive role. (A) The 
positive rate of AGTR1 in CAFs in 10 BRCA samples in our published cohort. Based on the percentage of AGTR1+ cells in 
CAFs, BRCA patients were divided into AGTR1-positive and AGTR1-negative groups based on 10%. (B) Boxplot showing 
exhausted and cytotoxic signature scores in CD8+ T cells in AGTR1-positive and AGTR1-negative groups. Horizontal lines in the 
boxplots represent the median value, and the lower and upper hinges correspond to the first and third quartiles, respectively. 
Significance was calculated using the Student’s t-test. ***p<0.001. (C) Schematic protocol of co-culture of CAFs and T cells. 
(D, E) Differentially expressed genes and expression of activated markers in T cells identified by T cell activation PCR array. 
(F) Relative content of cytokines in supernatant from the co-culture system was assessed by ELISA assay. Data was presented 
as mean±SD. Significance was calculated with the Student’s t-test. **p<0.01. (G) Representative images uncovering CD8+ T cell 
infiltration in samples with low and high AGTR1 expression in the in-house BLCA cohort and quantitative analysis. Significance 
was calculated using the Pearson test. (H) Tumor growth curve of mice treated with PBS, losartan, and losartan+anti-CD8 
antibody. (I) Representative images showing the tumors harvested from mice bearing Lewis cells treated with PBS, losartan, and 
losartan+anti-CD8 antibody, and weight of the harvested tumors. Data was presented as mean±SD. Significance was calculated 
with one-way ANOVA with Tukey’s multiple-comparison test. ns, non-significance, *p<0.05. BRCA, breast cancer; ANOVA, 
analysis of variance; ARB, angiotensin receptor blocker; BLCA, bladder cancer; CAFs, cancer-associated fibroblasts.
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did not affect the proliferation of 4T1 tumor cells in vitro 
(online supplemental figure S12A, B), but notably inhib-
ited tumor growth in vivo (figure  5H,I). In addition, the 
losartan-mediated tumor inhibition could be reversed by 
CD8 deletion (figure 5H,I), suggesting the antitumor effect 
of losartan was dependent on tumor immunity.

Furthermore, we administrated losartan and/or anti-
PD-1 antibody to Balb/c mice harboring 4T1 cells. Both 
tumor volume (figure 6A) and tumor weight (figure 6B) 
were decreased remarkably in mice that received the 
combined therapy. In addition, the histological staining 
of the heart, the liver, and the kidney as well as biochem-
ical analysis of liver and renal functions revealed a good 
tolerance of combination therapy (figure  6C, online 
supplemental figure S13A–C). Histological analysis was 
conducted to examine the levels of collagen, AGTR1, 
CD8, and Ki67. The result showed that losartan and 
combined therapy significantly inhibited collagen depo-
sition and AGTR1 expression, increased cytotoxic T cell 
infiltration and also inhibited the expression of Ki67 in 
tumor cells (figure 6D). Moreover, flow cytometric analysis 
uncovered notable elevations in the quantity of total cyto-
toxic T cells and decreased myeloid-derived suppressor 
cells (MDSC) quantity in the tumors in which both ther-
apies were administered (figure 6E,F). In summary, these 
findings suggest that ARB shapes a soft and hot TME and 
raises the efficacy of PD-L1 blockade in vivo.

ARB use enhances the response to ICB therapy and prolongs 
the survival of patients with cancer
Given the strong association between AGTR1 and ARB and 
immuno-collagenic in silico, in vitro, and in vivo, we next 
examined the effect of ARB use on the clinical outcome of 
NSCLC. We collected two in-house cohorts containing 105 
and 165 NSCLC patients receiving anti-PD-1/PD-L1 immu-
notherapy. We evaluated the therapeutic response according 
to the RECIST V.1.1 criteria, and the survival data and HE 
staining image were also obtained (figure 7A). In addition, 
a total of 10 FFPE samples from 5 ARB users and 5 ARB 
non-users were obtained (figure  7A). Results indicate that 
ARB use significantly improved the OS of NSCLC patients 
in the two dependent cohorts (figure  7B,C). In addition, 
the tumor samples obtained from ARB users exhibited 
low expression of stromal markers (collagen, α-SMA, and 
AGTR1) and high expression of immune markers (CD8 and 
PD-L1) (figure 7D). Furthermore, the integrated analysis of 
the two in-house cohorts supported that ARB use was associ-
ated with low fibrosis levels and high immune cell infiltration 
(figure 7E). Also, ARB use significantly enhanced the thera-
peutic response to immunotherapy and improved the OS of 
NSCLC patients in the integrated cohort (figure 7F,G). More 
importantly, the meta-analysis further confirmed that ARB 
use was notably related to the improvement of OS in patients 
with cancer receiving immunotherapy (figure 7H). Overall, 
such findings suggest that the use of ARB was an auxiliary 
strategy to reverse the armored and cold tumors and raise the 
response to ICB therapy.

DISCUSSION
Hypertension is recognized as one of the most common 
comorbidities in patients with cancer.39 However, the 
role of pre-existing hypertension in patients with cancer 
under treatment has not been thoroughly studied.39 ARB 
is the most widely used antihypertension drug.40 Evidence 
from clinical models reveals that ARB use is associated 
with decreased risks of death in several cancer types, 
suggesting the benefits of ARB in the management of 
human cancer.41–43 One early study confirmed that the 
tumor-suppressive role of ARB in cancer cells was depen-
dent on AGTR1 expression.44 However, protein expres-
sion data from the Human Protein Atlas database reveals 
that AGTR1 is negative in almost all tumor cells but only 
positive in tumor stromal cells in several samples.45 46 
Thus, the mechanisms underlying the tumor-suppressive 
effects of ARB need to be further investigated.

The effects of ARB on tumor progression are contra-
dictory in previous reports.47–51 Based on large-scale 
transcriptomics data and validation using paraffin-
embedded cancer tissues, we examined the expression 
patterns of AGTR1 and revealed that AGTR1 was nega-
tively expressed in most cancer cells but highly expressed 
in a subset of CAFs. Losartan could not exert a tumor-
suppressive role in AGTR1-negative tumor cells, but inhib-
ited AGTR1-positve tumor cells. As revealed by a previous 
study, losartan only inhibited cell proliferation of breast 
cancer cells with high AGTR1 expression, such as BT549 
and Hs578T cells, but not affect cell proliferation of cells 
with low AGTR1 expression, including SKBR-3, MDA-MB-
231, BT20, DU145 cells.44 Given the low positive rate of 
AGTR1 in tumor cells, we firmly believed that the effects 
of ARB on tumor cells themselves were not a major factor 
in its control of tumor progression and drug response.

It has been well acknowledged that the renin–angio-
tensin–aldosterone system plays a significant role in liver, 
cardiac, and renal fibrosis.52 Recently, AGTR1, the receptor 
angiotensin II, is also reported to promote tumor fibrosis, 
and its inhibitor ARB significantly suppresses collagen I 
deposition.51 53 Generally, the angiotensin II/AGTR1 axis 
is considered to favor tumor growth and shape the immu-
nosuppressive TME, whereas the angiotensin-1-7/MAS 
signaling has opposing effects.54 55 In this research, we 
reported that CAFs expressed high AGTR1 and losartan 
notably inhibited the migration and collagen I expression 
of CAFs. In addition, losartan shaped an inflamed TME 
and enhanced anti-PD-1 immunotherapy in the mouse 
armored and cold tumor model.

Although AGTR1 inhibition leads to a decrease in 
collagen I deposition in tumor tissues, the mechanisms are 
largely unclear. We investigated the potential mechanisms 
in this study. RhoA, which was reported to be a downstream 
of AGTR1,26 was significantly inhibited by losartan. RhoA 
activates YAP via the polymerization of F-actin.56 57 Notably, 
losartan destroyed the microfilament in CAFs and inhib-
ited the activity of YAP. It has been known that YAP could 
directly and indirectly regulate type I collagen expression in 
various pathophysiological conditions.58–62 We also used the 
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Figure 6  Angiotensin receptor blocker (ARB) shapes an inflamed tumor microenvironment (TME) and enhances 
immunotherapy in vivo. (A) Tumor growth curve of mice treated with PBS, losartan, anti-PD-1 antibody, and the combination. 
(B) Representative images showing the tumors harvested from mice bearing Lewis cells treated with PBS, losartan, anti-
PD-1 antibody, and the combination, and weight of the harvested tumors. Data was presented as mean±SD. Significance 
was calculated with one-way ANOVA with Tukey’s multiple-comparison test. ns, non-significance, *p<0.05, ***p<0.001. 
(C) Representative images showing structure of heart, liver, and kidney from mice in different groups. (D) Representative images 
showing the levels of collagen, AGTR1, CD8, and Ki67 in tumor tissues from mice in different groups. (E) Representative results 
of flow cytometry analysis of total CD8+ T cells represented by CD3+CD8+ and quantitative analysis. Data was presented as 
mean±SD. Significance was calculated with one-way ANOVA with Tukey’s multiple-comparison test. ns, non-significance, 
**p<0.01, ***p<0.001. (F) Representative results of flow cytometry analysis of myeloid-derived suppressor cells (MDSC) 
represented by CD11b+Gr-1+ and quantitative analysis. Data was presented as mean±SD. Significance was calculated with one-
way ANOVA with Tukey’s multiple-comparison test. ns, non-significance, ***p<0.001. PBS: phosphate buffer saline; ANOVA, 
analysis of variance.
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Figure 7  Angiotensin receptor blocker (ARB) use prolongs the survival of patients with cancer receiving immune checkpoint 
blockade (ICB) therapy. (A) Overview of the two-center immunotherapy cohort consisting of 270 patients, the HE staining 
images of all patients were collected. In addition, paraffin-embedded tumor samples from 10 patients obtained from ARB 
users and ARB non-users (5 vs 5) via biopsy before immunotherapy was subjected to mIHC, PD-L1 IHC, and Masson staining 
analyses. (B, C) Comparison of overall survival (OS) with log-rank test in patients with ARB use and those with never ARB use in 
the recruited WXPH and JSPH cohorts. *p<0.05. (D) Representative images uncovering stromal and immune markers in patients 
with ARB use and no ARB use and quantitative analysis. Data was presented as single value in the format of pheatmap. 
(E) Representative HE staining images from patients with ARB use and no ARB use, and comparison of collagen score and 
immune score in patients with ARB use and no ARB use in the in-house cohort. Significance was calculated with the Pearson’s 
χ2 test. *p<0.05, **p<0.01. (F) Representative CT images from patients with ARB use and no ARB use revealing various 
immunotherapeutic responses, and comparison of immunotherapeutic response in patients with ARB use and no ARB use in 
the in-house cohort. Significance was calculated with the Pearson’s χ2 test. (G) Comparison of OS with log-rank test in patients 
with ARB use and those with never ARB use in the integrated cohort. **p<0.01. (H) Pooled analysis comparing OS in patients 
with ARB use and those with no ARB use.
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YAP agonist XMU-MP-1 to restore losartan-mediated YAP 
inhibition, and the expression of type I collagen was notably 
enhanced. Overall, the AGTR1/RhoA/YAP axis is essential 
for type I collagen expression in CAFs, and inhibition of this 
pathway by ARB reverses the armored and cold status in solid 
tumors.

ACEI is another most used rennin–angiotensin system 
inhibitor. Due to similar mechanisms in lowering blood 
pressure, studies indiscriminately examine the role of the 
two drugs in immunotherapy outcomes.14 63 64 However, 
the effects of these two drugs are diverse in tumor cells. 
As previously reported and revealed in our current 
study, ARB’s drug target AGTR1 was highly expressed in 
CAFs and ARB inhibited the deposition of collagen I in 
the tumor tissues by suppressing CAFs.51 53 As to ACEI, 
its drug target ACE could be detected in tumor cells in 
most cancer types according to protein expression data 
obtained from the Human Protein Atlas database,45 46 
suggesting ACEI could directly affect most tumor cells’ 
biological behaviors. In addition, a population-based 
cohort reported that the use of ACEI was associated with 
an increased risk of lung cancer compared with the use 
of ARB.65 It is biologically plausible that the use of ACEI 
resulted in the accumulation of bradykinin and substance 
P, which could promote the progression of lung cancer.66 67 
In addition to lung cancer, ACEI use was also associated 
with an increased risk of colorectal cancer.68

Although concerns about the long-term risk of cancer 
should be balanced against gains in life expectancy asso-
ciated with the use of ACEI, the use of ACEI in special 
patients receiving ICB therapy should be particularly 
rediscussed. Medjebar et al reported that concurrent 

ACEI use statistically worsened prognosis due to that 
ACEI shapes an immunosuppressed TME state.33 A retro-
spective study in 597 cases with multiple types of solid 
tumors exhibited that concomitant ACEI use was not 
associated with any improvement in objective response 
rate (ORR) in patients receiving ICB, which concomi-
tant ARB use was associated with significantly improved 
ORR.69 Similar findings were seen in a retrospective study 
presented at ESMO 2021 which focused on 127 patients 
with NSCLC receiving ICB therapy and showed that ARB 
use was related to an increase in ORR, in contrast to ACEI 
use was not associated with ORR improvement compared 
with patients receiving neither agent.34 Thus, based on 
the above findings, we recommend that ARB should be 
selected as far as possible in patients who receive ICB 
therapy and also need antihypertensive therapy.

Although this study sheds light on the combination therapy 
of ARB and ICB for armored and cold tumors, several limita-
tions warrant acknowledgment. First, the expression pattern 
of AGTR1 protein was only validated in several cancer types, 
leading to the conclusion that it was not completely compel-
ling in all solid tumors. Thus, any conclusions in other cancer 
types beyond the current study need to be confirmed by 
further experiments. In addition, due to confounding factors 
in the cohort studies, although our conclusion of ARB sensi-
tizing immunotherapy was based on meta-analysis, the sensi-
tizing effect of ARB was still difficult to assess exactly. Last, 
whether ARB could be suitable for normotensive patients 
receiving ICB therapy was not mentioned in our research. 
However, a previous study reported that neoadjuvant therapy 
with FOLFIRINOX in combination with losartan followed by 
chemoradiotherapy in pancreatic cancer increased the R0 

Figure 8  Schematic overview of the current study. Angiotensin receptor blocker (ARB) can make armored and cold tumors 
turn into soft and hot tumors, which greatly increases its therapeutic significance in clinical practice. Mechanistically, ARB 
targets AGTR1 and inhibits the RhoA/YAP axis to downregulate type I collagen expression. Ultimately, ARB promotes T cells 
activation and inhibits tumor immune escape. Created with BioRender.com.
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resection rate to 61%, and the blood pressure was tolerated 
in the dose range of 25–50 mg orally taken daily.70 This study 
provides a safety reference for the application of ARB in the 
combination with ICB therapy in the general population. 
In addition, the CD8+T cells were isolated from one healthy 
donor, which may lead to the potential selection bias. More 
studies on the regulation of tumor immunity by ARB need to 
be conducted.

CONCLUSIONS
In conclusion, we systematically screened potential 
concomitant medications based on our established 
immuno-collagenic subtypes and found that ARB is a 
promising candidate for armored and cold tumors. ARB 
inhibited type I collagen expression in CAFs via negatively 
regulating the RhoA/YAP axis, thus shaping an inflamed 
TME (figure  8). Overall, the current study provides a 
comprehensive rationale for the combination of ARB 
with ICB therapy in armored and cold tumors.
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