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C A N C E R

Losartan prevents tumor-induced hearing loss 
and augments radiation efficacy in NF2 schwannoma 
rodent models
Limeng Wu1†‡, Sasa Vasilijic2†§, Yao Sun1†||, Jie Chen1‡, Lukas D. Landegger2¶, Yanling Zhang1#, 
Wenjianlong Zhou1, Jun Ren1, Samuel Early2,3, Zhenzhen Yin1, William W. Ho1,  
Na Zhang1,4, Xing Gao1‡, Grace Y. Lee5, Meenal Datta1, Jessica E. Sagers2, Alyssa Brown2, 
Alona Muzikansky6, Anat Stemmer-Rachamimov7, Luo Zhang4, Scott R. Plotkin8, Rakesh K. Jain1, 
Konstantina M. Stankovic2*§, Lei Xu1*

Hearing loss is one of the most common symptoms of neurofibromatosis type 2 (NF2) caused by vestibular 
schwannomas (VSs). Fibrosis in the VS tumor microenvironment (TME) is associated with hearing loss in patients 
with NF2. We hypothesized that reducing the fibrosis using losartan, an FDA-approved antihypertensive drug 
that blocks fibrotic and inflammatory signaling, could improve hearing. Using NF2 mouse models, we found that 
losartan treatment normalized the TME by (i) reducing neuroinflammatory IL-6/STAT3 signaling and preventing 
hearing loss, (ii) normalizing tumor vasculature and alleviating neuro-edema, and (iii) increasing oxygen delivery 
and enhancing efficacy of radiation therapy. In preparation to translate these exciting findings into the clinic, we 
used patient samples and data and demonstrated that IL-6/STAT3 signaling inversely associated with hearing 
function, that elevated production of tumor-derived IL-6 was associated with reduced viability of cochlear sensory 
cells and neurons in ex vivo organotypic cochlear cultures, and that patients receiving angiotensin receptor blockers 
have no progression in VS-induced hearing loss compared with patients on other or no antihypertensives based on 
a retrospective analysis of patients with VS and hypertension. Our study provides the rationale and critical data 
for a prospective clinical trial of losartan in patients with VS.

INTRODUCTION
Neurofibromatosis type 2 (NF2) is a dominantly inherited neoplasia 
syndrome resulting from germline mutation of the NF2 tumor sup-
pressor gene (1). The hallmark of NF2 is bilateral vestibular schwannomas 
(VSs), which progressively enlarge leading to sensorineural hearing 
loss (SNHL) that translates to social impairment and clinical de-
pression (2). VSs can cause brainstem compression resulting in se-
vere morbidity and mortality (3). Standard treatments for growing 
VSs include surgery and radiation therapy (RT); however, both carry 

the risk of nerve damage that can result in deafness, facial palsy, 
facial numbness, stroke, and even death (4–6). No drug is currently 
U.S. Food and Drug Administration (FDA)–approved to treat VS 
or the associated hearing loss. Treatment with bevacizumab, a hu-
manized monoclonal antibody that specifically recognizes vascular 
endothelial growth factor A (VEGF-A), has been shown to improve 
hearing in some patients (7). However, not all patients with NF2 
with hearing loss respond to bevacizumab monotherapy, and even 
in those who respond, the effect was not durable. Furthermore, 
bevacizumab may induce serious adverse effects, such as hyper-
tension and proteinuria (8), rendering some patients unable to tol-
erate long-term bevacizumab treatment. The development of more 
effective therapies with enhanced efficacy on hearing preservation 
and minimal toxicity is urgently needed for VS.

The greatest barrier to managing NF2-related auditory impair-
ment is our incomplete understanding of how schwannomas cause 
hearing loss. Mechanisms that lead to hearing loss are multifactorial, 
including tumor-mediated mechanical compression of the cochlear 
nerve, ischemia to the hearing apparatus due to impaired cochlear 
blood flow, intratumoral bleeding, tumor-secreted ototoxic mole-
cules and extracellular vesicles, intrinsic differences in genetic land-
scape of tumors associated with good versus poor hearing, and 
inflammation and NLRP3 inflammasome activation within the tumor 
microenvironment (TME) (9). A previous study of 274 patients 
with VS showed that hemorrhage-related tumor fibrosis correlates 
with hearing loss (10). Fibrosis is due to the excessive deposition of 
extracellular matrix (ECM) components, such as collagen and 
hyaluronan (HA), and is also a well-known sequela of RT-induced 
tissue damage (11). In highly desmoplastic malignant cancers, tumor- 
associated fibrosis contributes to high solid stress—a physical force 
exerted by cancer cells, stromal cells, and the dense ECM (12–16). 

1Edwin L. Steele Laboratories, Department of Radiation Oncology, Massachusetts 
General Hospital and Harvard Medical School, Boston, MA 02114, USA. 2Eaton- 
Peabody Laboratories and Department of Otolaryngology, Head and Neck Surgery, 
Massachusetts Eye and Ear and Harvard Medical School, Boston, MA 02114, USA. 
3Division of Otolaryngology, Head and Neck Surgery, Department of Surgery, UC 
San Diego Medical Center, San Diego, CA 92103, USA. 4Department of Otolaryngol-
ogy, Head and Neck Surgery, Beijing TongRen Hospital, Capital Medical University, 
Beijing 100730, China. 5St. Mark’s School, Southborough, MA 01772, USA. 6Division 
of Biostatistics, Massachusetts General Hospital, Harvard Medical School, Boston, 
MA 02114, USA. 7Molecular Pathology Division, Massachusetts General Hospital, 
Boston, MA 02114, USA. 8Department of Neurology and Cancer Center, Massachusetts 
General Hospital, Boston, MA 02114, USA.
*Corresponding author. Email: lei@steele.mgh.harvard.edu (L.X.); kstankovic@stanford.edu 
(K.M.S.)
†These authors contributed equally to this work.
‡Present address: Department of Oral and Maxillofacial Surgery, Xiangya Hospital, 
Central South University, Changsha, Hunan 410008, China.
§Present address: Department of Otolaryngology - Head and Neck Surgery, Stan-
ford University School of Medicine, Stanford, CA 94305, USA.
||Present address: Department of Radiation Oncology, Tianjin Medical University Cancer 
Institute and Hospital, National Clinical Research Centre for Cancer, Tianjin Clinical Research 
for Cancer, Key Laboratory of Cancer Prevention and Therapy, Tianjin 300060, China.
¶Present address: Department of Otolaryngology, Medical University of Vienna, 
Vienna 1090, Austria. 
#Present address: Department of Obstetrics and Gynecology, Union Hospital, 
Tongji Medical College, Huazhong University of Science and Technology, Wuhan, 
Hubei 430023, China.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

 at T
IA

N
JIN

 M
E

D
IC

A
L U

N
IV

E
R

S
IT

Y
 on July 18, 2021

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

mailto:lei@steele.mgh.harvard.edu
mailto:kstankovic@stanford.edu
http://stm.sciencemag.org/


Wu et al., Sci. Transl. Med. 13, eabd4816 (2021)     14 July 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

2 of 12

Because tumor blood vessels are structurally abnormal, they col-
lapse under this high pressure, resulting in reduced blood flow that 
impairs drug and oxygen delivery and fuels a hypoxic TME (12, 14, 17). 
Hypoxic cells are more aggressive and more resistant to RT and 
chemotherapeutics, which require oxygen to be effective (18, 19). 
The role of the TME in nonmalignant tumor progression and re-
sponse to therapy, such as NF2 VS, is less well studied. Whether 
reducing baseline and RT-induced fibrosis can prevent tumor- 
induced hearing loss is not known.

In this study, we used losartan—a widely prescribed, FDA- 
approved antihypertensive drug that blocks fibrogenic and inflam-
matory angiotensin signaling—to reprogram the VS TME. We showed 
that losartan prevented tumor-induced hearing loss in a mouse 
model of VS by (i) decreasing inflammatory [interleukin-6 (IL-6)/
signal transducer and activator of transcription 3 (STAT3) and 
Toll-like receptor 4 (TLR4)] signaling in macrophages and (ii) 
reducing nerve edema via normalizing the tumor vasculature. By 
analyzing 74 VS samples from patients with different hearing ability, 
we found that IL-6/STAT3 signaling inversely associated with hear-
ing function and viability of cochlear sensorineural cells. Further-
more, our retrospective analysis revealed that patients with VS who 
have hypertension and are treated with angiotensin receptor blockers 
(ARBs) have no progression in VS-induced hearing loss compared 
with patients on other or no antihypertensives. To improve NF2 
therapy, we show that by normalizing the tumor vasculature and 
alleviating tumor hypoxia, adding losartan to RT enhanced the 
treatment outcome and reduced the dose of RT needed to control 
tumor growth, in both syngeneic VS models and in a patient-derived 
VS xenograft model. Our study provides rationale and critical data 
for the clinical evaluation of the effect of losartan on hearing func-
tion and combining losartan with RT in patients with VS.

RESULTS
Losartan treatment reduces matrix content, improves vessel 
perfusion, and decreases hypoxia in schwannoma models
First, in archived human VS samples, we confirmed that matrix 
molecules, collagen I and HA, are abundantly expressed in schwan-
nomas. Collagen I is the most abundant collagen in tumor ECM, 
and HA is a glycoprotein; both molecules play an important 
structural role in the tumor-associated ECM (20). We also con-
firmed that (i) angiotensinogen (AGT), a precursor molecule for 
angiotensin II (AngII), and (ii) AngII receptor 1 (AT1), the tar-
get of losartan, are expressed in patient VS tissues (Fig. 1A) as 
well as in Nf2−/− and SC4 mouse schwannoma cell lines (fig. S1A).

In the cerebellopontine angle (CPA) model of NF2 that faithful-
ly reproduces tumor-induced hearing loss (21), losartan treatment 
reduced the amount of collagen I and HA (Fig. 1, B, C, and H). To 
characterize the effects of losartan on schwannoma tumor vascula-
ture, we simultaneously visualized blood vessel perfusion [using 
Doppler optical coherence tomography (OCT)] and collagen fibers 
[using second harmonic generation (SHG)]. We found that control 
tumors exhibited high densities of collagen and small-diameter, 
compressed blood vessels; losartan treatment reduced fibrillar col-
lagen density and enlarged blood vessel diameter (Fig. 1D), resulting in 
increased perfusion measured by histological analysis (Fig. 1, E and H). 
Losartan treatment did not change Vegf RNA expression (fig. S1B) 
and tumor microvessel density but increased pericyte coverage on 
blood vessels (Fig. 1, F and H). Because of this vessel structural and 

perfusion normalization, the fraction of the hypoxic area decreased 
(Fig. 1, G and H). These studies suggest that losartan normalizes the 
ECM and vasculature in the NF2 TME.

Losartan treatment prevents hearing loss in the CPA 
schwannoma model
Using our NF2 CPA model, we evaluated the effect of losartan on 
hearing by measuring distortion product otoacoustic emissions 
(DPOAEs), which reflect outer hair cell (OHC) function, and auditory 
brainstem evoked response (ABR), which represents the summed 
activity of the auditory nerve and central auditory nuclei. In mice 
bearing similarly sized tumors (Fig.  2A), we found that losartan 
treatment lowered both DPOAE and ABR thresholds to the nor-
mal values of non–tumor-bearing mice (Fig.  2B), indicating that 
losartan treatment prevented tumor-induced hearing loss.

Losartan treatment reduces neuronal edema
Previously, we showed that normalization of the tumor vasculature 
by anti-VEGF treatment improves neurological function via reduc-
ing nerve edema in NF2 models (19). Therefore, we assessed the 
effect of losartan treatment on brain and peripheral nerve edema. 
From mice bearing Nf2−/− tumors in the CPA, we collected the en-
tire tumor-bearing brain and found that losartan treatment reduced 
brain edema compared to control and anti-VEGF treatment (Fig. 2C). 
From mice bearing Nf2−/− tumors in the sciatic nerve, we collected 
the tibial nerve, which is distal to the tumor implantation site. The 
tibial nerve in the control group presented with substantial edema, 
which was evident as a large amount of focal fluid in perineuronal areas. 
Losartan treatment decreased perineuronal edema (Fig. 2D). These 
data suggest that losartan may improve hearing function by reducing 
edema, thereby relieving compression on the eighth cranial nerve.

Losartan treatment reduces VS inflammatory response
Inflammation is an important mediator of noise- and tumor- 
induced hearing loss (22–24). In Nf2−/− tumors, we observed that 
losartan treatment reduced the expression of a panel of inflamma-
tory molecules that play a role in hearing loss (22, 25–30), including 
the following: (i) secreted cytokines that regulate inflammation, 
such as IL-6, IL-1, interferon- (IFN-), tumor necrosis factor– 
(TNF-), IL-3, and IL-4; (ii) chemokines and their receptors that 
recruit inflammatory cells, such as CCL1, CCL2, CCL4, CCR2, 
CCR4, and CXCR3; and (iii) reactive oxygen species (ROS) signal-
ing–related molecules that are central factors causing hearing loss 
and radiation-induced fibrosis (31–34), such as inducible nitric ox-
ide synthase, NADPH oxidase 3, transient receptor potential cation 
channel subfamily V member 1, and TLR4 (Fig. 2E).

CCL1, CCL2, and CCL4 are key chemokines that regulate migra-
tion and infiltration of macrophages (35). As a result of losartan- 
reduced Ccl-1, Ccl-2, and Ccl-4 expression, we observed a decreased 
number of infiltrating tumor-associated macrophages (TAMs) in 
losartan-treated Nf2−/− tumors (Fig. 2F). Considering the broad role 
of TAMs in matrix production (35), tumor progression, and possibly 
in orchestrating the secretion of ototoxic VS-secreted factors (27, 36), 
we next focused on characterizing the effects of losartan on TAMs.

Losartan treatment reduces IL-6/STAT3 and TLR4 
signaling in TAMs
Using bulk tumor RNA, we did not observe changes in macrophage 
polarization markers (fig. S2). Therefore, we next sorted TAMs from 
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control or losartan-treated Nf2−/− tumors and performed RNA se-
quencing (RNA-seq)–based transcriptional profiling. We defined a core 
losartan response gene signature in TAMs composed of 125 differen-
tially expressed genes (DEGs); losartan treatment down- regulated 
55 genes and up-regulated 70 genes [false discovery rate (FDR)–
adjusted P < 0.05 and log2 fold change (Log2FC) > 2; table S1]. 
Overview CluGo pie chart showed the highest enrichment for my-
eloid dendritic cell chemotaxis, ECM and adhesion, and angiogenesis 
(Fig. 3A). Functional analysis revealed inhibition of multiple drivers 
of tumor growth and hearing loss in losartan-treated TAMs, including 
inflammation, fibrosis, angiogenesis, signal transduction, and hear-
ing function–related pathways (Fig. 3B). Gene set enrichment analysis 
(GSEA) confirmed that down-regulated genes were enriched in the 
fibrogenic SMAD2 and SMAD3 signaling, neuroinflammation, IL-6/
Janus kinase (JAK)/STAT signaling, and ROS synthesis pathways (Fig. 3C).

On the basis of the results of the unbiased transcriptional pro-
filing, we confirmed that Il6, Tnf, Ifn, Il, and Tlr4 mRNA were 
reduced in TAMs isolated from losartan-treated tumors compared 

to those from the control group (Fig. 3D). IL-6 mediates inner ear 
damage in noise- and chemotherapy-induced hearing loss (25, 26), 
and TLR4 is known to activate IL-6 transcription (37, 38). There-
fore, we further demonstrated that, in tumor tissue, losartan treat-
ment (i) reduced IL-6 and TLR4 protein quantity; (ii) reduced IL-6 
downstream JAK2 and STAT3 phosphorylation while increasing 
SOCS3, a negative regulator of JAK/STAT pathway; and (iii) reduced 
phosphoinositide 3-kinase (PI3K)/Akt and extracellular signal– 
regulated kinase 1/2 (ERK1/2) mitogen-activated protein kinase 
(MAPK) pathways (Fig. 3, E and F).

To examine whether the angiotensin pathway directly regulates 
macrophage IL-6 and TLR4 signaling, we isolated peritoneal macro-
phages from wild-type (Wt) or AngII receptor 1 knockout mice (Agtr1−/−). 
We treated these macrophages with recombinant AngII, losartan, or 
AngII + losartan. In macrophages from Wt mice, AngII induced both 
IL-6 and TLR4 mRNA expressions, and the induction was abrogated by 
losartan treatment. In macrophages from Agtr1−/− mice, treatment 
with AngII failed to induce either IL-6 or TLR4 mRNA (Fig. 3G).

Fig. 1. Losartan treatment reduces matrix content, improves vessel perfusion, and decreases hypoxia in schwannoma models. (A) Representative images of his-
tological staining for collagen I, hyaluronic acid binding protein (HABP), AGT, and AT1 receptor in archived human VS tissue. N = 23. For patient demographics, please see 
table S4. Mice bearing Nf2−/− tumors in the CPA model were treated with saline (control, Ctrl) or losartan (Los, 40 mg/kg per day). Representative staining images of 
(B) collagen I (red), (C) HABP (green), and DAPI (4′,6-diamidino-2-phenylindole; blue). (D) Simultaneous visualization of collagen fibers (blue) using second harmonic 
generation (SHG) and blood vessel perfusion (marked with rhodamine dextran perfusion tracer, red) using Doppler optical coherence tomography (OCT). (E) Representative 
immunofluorescence (IF) staining images of perfused vessels (FITC-lectin+, green and yellow) and total blood vessels (CD31+, red). (F) Representative IF staining images of 
pericytes (SMA+, green) covering blood vessels (CD31+, red) and DAPI (blue). (G) Representative images of immunohistochemistry stained hypoxic tissue (pimo-
nidazole+, brown). (H) Quantification of immunostained images using ImageJ software. Control, n = 4 mice; losartan, n = 5 mice; 20 random areas were imaged and 
quantified. Data are presented as means ± SD. *P < 0.05.
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In cardiovascular disease models, IL-6 and TLR4 activation in 
response to AngII was reported to cause oxidative stress characterized 
by overproduction of ROS (39–41). Oxidative stress is considered 
a key cause of hearing loss (31–33) and radiation-induced pulmonary 
fibrosis (34). In macrophages from Wt mice, treatment with recom-
binant AngII induced macrophage ROS production, and losartan 
treatment abrogated this induction. In macrophages from Agtr1−/− 
mice, treatment with AngII failed to induce ROS production 
(Fig. 3H).

Elevated IL-6/STAT3 signaling inversely correlates 
with hearing function in NF2 patients with VS
Next, we validate our preclinical findings in archived human VS 
tissue samples. To eliminate the differences in hearing loss that may 
stem from differences in tumor size, we analyzed size-matched 
tumors from VS patients with good or poor hearing function (tables 
S3 and S4). There were no differences in the expression of collagen 

I, HA, AT1 (fig. S3), and CCL2 (Fig. 4A) between poor and good 
hearing groups, but the expression of these proteins was higher in 
VSs compared to normal nerves. In patients with poor hearing 
compared to those with good hearing or normal nerves, we found 
(i) a trend of higher number of infiltrating TAMs (Fig. 4B), (ii) more 
IL-6 protein and STAT3 phosphoryl ation (Fig. 4, C and D), and (iii) 
higher TLR4 expression (Fig. 4E).

Elevated tumor-derived IL-6 is associated with reduced 
viability of cochlear sensory cells and neurons
We collected 57 fresh tumor pieces from indicated surgeries of VS 
patients with good (n = 10) or poor (n = 47) hearing function (tables 
S3 and S5). There was no difference (P = 0.61) in released IL-6 
from tumor samples isolated from patients with poor hearing 
(10.05 ± 1.31 ng/ml; n = 47) compared to those from patients with 
good hearing (6.59 ± 0.93 ng/ml; n = 10) (Fig. 5A). Although this 
trend did not meet our criterion for statistical significance using the 

Fig. 2. Losartan treatment prevents hearing loss in the CPA schwannoma model and reduces neuronal edema and inflammatory response. (A) Schematics of 
treatment and hearing test. Groups of mice bearing Nf2−/− tumor in the CPA model were randomized by blood Gluc measurement to be treated with saline or losartan. 
Hearing function test was carried out in mice bearing similarly sized tumors [blood Gluc concentration: Ctrl, 8.5 × 105 ± 1.4 × 105 relative light units (RLU); Los, 7.65 × 
105 ± 3.9 × 105 RLU]. (B) DPOAE thresholds and ABR thresholds as a function of frequency in non–tumor-bearing mice (n = 5) and in Nf2−/− tumor–bearing mice ipsilateral 
to the tumor. Tumor-bearing mice were treated with saline (Ctrl, n = 10) or losartan (Los, n = 7). *P < 0.01. (C) Quantification of tumor tissue edema as measured using wet/
dry weight method. Anti-VEGF treatment with B20 (5 mg/kg, i.p., once a week) was included as a positive control. Data are presented as means ± SD. *P < 0.01 and 
**P < 0.005. (D) Tibial nerves from mice bearing Nf2−/− tumors in the sciatic nerve were collected when tumors reached 1 cm in diameter. Representative images of tolui-
dine blue staining of the tibial nerve, arrow points to edema and focal fluid collection in the perineuronal region. (E) After losartan treatment, changes in the mRNA level 
of inflammatory cytokines, chemokines, and receptors, as well as ROS signaling–related molecules, were assessed by real-time quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) analysis. Data are plotted relative to saline-treated controls. For primer sequences, please see table S7. (F) Representative IF staining 
images and quantification of tumor-infiltrating macrophage (Iba1+, green) in control (n = 10) and losartan-treated tumors (n = 10) (DAPI, blue). Data are presented as 
means ± SD. *P < 0.05.
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Mann-Whitney test, there was a statistically significant negative cor-
relation between IL-6 quantity in VS-conditioned medium (VS-CM) 
and viability of hair cells (P = 0.01) and neurites (P = 0.03) when 
VS-CM was applied to neonatal murine cochlear explants (Fig. 5, B 
to D). We previously established an organotypic neonatal murine 
cochlear explant culture model for the assessment of ototoxic and 
neurotoxic factors using patient VS-CM (27). Here, we found that 
culture of cochlear explants in patient VS-CM with higher concen-
tration of IL-6 was associated with reduced viability of OHCs and 
neurites in the basal turn (Fig. 5, B and C). However, no effect of 
losartan on AngII-induced IL-6 production was observed in human 
primary VS cells (fig. S4). The enhanced susceptibility of the cochle-
ar base, which encodes for high frequencies, to ototoxic and neurotox-
ic effects in VS-CM is consistent with the clinical observation that 
patients with VS typically present with high-frequency SNHL. To-
gether, these data suggest that tumor-derived IL-6 may be involved 
in cochlear damage and associated hearing loss.

Combining losartan with RT more effectively inhibits growth 
of Nf2−/− schwannomas than RT alone
Because losartan treatment increases oxygenation and oxygen is a 
potent radiosensitizer, we next tested whether combined losartan 
treatment enhances RT efficacy (Fig. 6A). In the Nf2−/− sciatic nerve 
and CPA models, combined losartan and RT inhibited tumor growth 
and extended mouse survival to a greater extent as compared with 
RT monotherapy, with mice living ~50% longer (Fig. 6, B and C). 
The same effect of losartan-enhanced RT efficacy was also observed 
in SC4 schwannoma model (fig. S5A).

Fibrosis is known to be a long-term adverse effect of RT (11, 42), 
and TAMs are key players in matrix production (43). In in  vitro 
experiments using a macrophage cell line, RT (i) increased the ex-
pression of collagen I and Sma as well as fibrogenic Ctgf, Pdgf, 
and Tgf mRNA (fig. S5B); (ii) activated fibrogenic transforming 
growth factor– (TGF-)/Smad2 phosphorylation (fig. S5C); and 
(iii) increased ROS production (fig. S5D). In in vivo Nf2−/− schwannoma 

Fig. 3. Losartan treatment reduces IL-6/STAT3 and TLR4 signaling in TAMs. RNA-seq analysis was performed to compare the transcriptional profile between TAMs 
isolated from control and losartan-treated tumors. (A) Functional annotation enrichment analysis of the DEGs using CluGo charts. (B) Normalized enrichment scores (NES) 
indicate the distribution of Gene Ontology categories. (C) GSEA enrichment plots (80), showing gene sets negatively enriched in TAMs from losartan-treated tumors. N = 3 
per each arm. (D) qRT-PCR analysis of inflammatory cytokine mRNA in TAMs isolated from control or losartan-treated tumors. Data are presented as means ± SD. *P < 0.01. 
In control and losartan-treated Nf2−/− tumors, (E) IL-6 protein level was measured by ELISA, N = 3 per each arm, *P < 0.01, and (F) TLR4 protein and JAK2/STAT3, PI3K/Akt, 
and ERK1/2 MAPK phosphorylation were evaluated by Western blot. Peritoneal macrophages isolated from wild-type or Agtr1−/− mice were treated with recombinant 
AngII (0.1 M), losartan (1 M), or AngII + Los for 6 hours. (G) Changes in Il-6 and Tlr4 RNA were evaluated by qRT-PCR. *P < 0.01. For primer sequences, please see table S7. 
(H) ROS production was measured by dihydroethidium (DHE) fluorescent intensity using a plate reader. *P < 0.01. Triplicate in each treatment group.
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model, RT increased ECM content in tumors (fig. S5E). However, at 
3 weeks after RT, we did not observe changes in ROS production or 
hearing function (fig. S5, F and G).

Losartan treatment combined with low-dose radiation is 
as effective as high-dose radiation monotherapy
We next tested whether losartan treatment could reduce the required 
dose and thus adverse effects of RT. In both sciatic nerve and CPA 
models, we found high-dose RT [10 grays (Gy)] to be more effec-
tive than the low-dose 5  Gy. However, when combined with 
losartan treatment, 5-Gy RT was as effective as 10-Gy RT alone 
(Fig. 6, D and E).

Losartan normalizes the TME
Immunohistochemistry staining confirmed that combined treat-
ment decreased the number of proliferating (Ki67+) tumor cells and 
increased the number of apoptotic (TUNEL+) tumor cells com-
pared to RT alone (fig. S6, A and B). In in vitro studies, losartan did 
not directly affect tumor cell viability as measured by MTT assay 
(fig. S6C) and DNA damage repair after RT as evaluated by H2AX 
staining (fig. S6, D and E).

AngII acts via two receptors, AT1 and AT2, and they exert coun-
teracting effects on cellular growth, vascular tone, and inflamma-
tion (44). By competing for binding to AT1 receptor, losartan can 
make more AngII available to bind to AT2 receptor (45), and AT2 
receptor activation attenuates the growth of several tumors (46). To 
determine whether this is a potential mechanism of action for losartan, 

we treated mice with losartan and the AT2 receptor blocker, 
PD123319. We observed that both losartan and PD123319 had 
minimal effects on tumor growth, and combined PD123319 treat-
ment did not change the losartan effects (fig. S7A).

To determine the contribution of macrophage AT1 signaling to 
tumor progression and response to treatment, we generated bone 
marrow chimeric mice that lack AT1 receptor expression on hema-
topoietic cells (fig. S7B). After successful generation of bone mar-
row chimera (fig. S7, C and D), Nf2−/− tumors were implanted in Wt 
mice and in bone marrow–transplanted mice, and groups of mice 
were treated with losartan, RT, or losartan + RT. We found that com-
pared to Wt mice, replacing hematopoietic cells from Agtr1−/− donors 
did not change tumor growth nor did it affect the losartan and radi-
ation treatment response (fig. S7E). In TAMs sorted from these tumors, 
we observed that AT1 knockout did not change IL-6 RNA expression; 
however, losartan treatment reduced Il6 to a lesser extent compared 
to those in tumor grown in Wt mice (fig. S7F). This finding is 
consistent with our data showing that losartan reduces TAM IL-6 
expression via AT1 signaling in vivo. In summary, these data sug-
gest that losartan does not exert direct antitumor effects to en-
hance the efficacy of RT in vivo but functions via normalizing 
the TME.

Establishment of patient-derived VS model to study 
the effects of losartan
Last, to provide a more representative delineation of the therapeutic 
response in patients, we established six patient-derived primary VS 

Fig. 4. Elevated IL-6/STAT3 signaling inversely correlates with hearing function in patients with NF2 VS. Archived paraffin-embedded tumors from patients with 
VS who had good hearing [pure-tone average (PTA) ≤ 30 dB HL and word recognition score (WRS) ≥ 70%, n = 8], poor hearing (n = 15), and normal nerve (n = 4) were im-
munostained for (A) CCL2 (green), (B) TAMs (CD163+, brown), (C) IL-6 (red), (D) phosphorylated STAT3 (green), and (E) TLR4 (red) (DAPI, blue). The number of TAMs per 
0.0317-mm2 field was counted manually. Fluorescent images were analyzed using ImageJ software.
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cells from patients with NF2 (table S6). We first examined their 
transcriptional profiles and compared them to those of normal 
Schwann cells (NCs) using RNA-seq analysis. We found elevated 
expression of 2382 genes and reduced expression of 941 genes in VSs 
compared to NCs (FDR-adjusted P < 0.001 and Log2FC > 2; Fig. 7A 
and table S2). Gene classification analysis was performed using 
DAVID (david.ncifcrf.gov), and the DEGs were assigned to the cell 
cycle group. Functional analysis of the DEGs indicated that genes in 
response to auditory stimulus, Schwann and glial cell differentia-
tion, negative regulation of inflammation, and IL-6 production were 
down-regulated in VSs, and genes in the signaling pathways for 
fibrosis and tumor growth were enriched in VSs (Fig. 7, B and C).

Then, we implanted the patient-derived VS cells in the murine 
sciatic nerve model. Among the six patient-derived VS primary cells, 
only one cell line formed tumors in immunodeficient NOD scid 
gamma mice. Expression of S100B and Sox-10 confirmed its Schwann 
cell origin (Fig. 7D). Using this patient-derived xenograft model, 
we confirmed our finding that losartan combined with RT inhib-
its tumor growth to a greater extent as compared to RT alone 
(Fig. 7E).

Hypertensive patients with VS on ARB therapy tend to have 
more preserved hearing than patients taking other 
antihypertensive medications
Hypertension is a leading comorbidity in VS surgical cases (35% 
comorbidity cases) (47). Considering the protective role of losartan 
in our NF2 mouse model, we retrospectively analyzed a cohort of 
VS patients with hypertension treated at the Massachusetts Eye and 
Ear from January 1994 to October 2018. A total of 45 VS patients 
with hypertension met the requirement of normal baseline hearing 
with four-tone pure-tone average (PTA) ≤ 25 dB and word recog-
nition score (WRS) ≥ 92% in the VS-ipsilateral ear and had sequen-
tial audiometry available to track long-term hearing outcomes. Of 
these patients, 7 were either already taking an ARB medication at 
the time of initial VS diagnosis or started on ARBs within 1 year of 
diagnosis; 30 were either already taking another antihypertensive 
medication or started on such a medication within 1 year of VS di-
agnosis, and 8 were not on any medical therapy for hypertension. 
Hearing loss progression was evaluated by Kaplan-Meier analysis, 
with the endpoint defined as a substantial change in hearing from 
baseline, either by thresholds (PTA > 40 dB) or word understanding 
(WRS < 78%). Median follow-up time for patients taking an ARB 
medication was 2.7 years, with maximum follow-up of 4.2 years 
(tables S9 to S11). Zero patients taking ARB therapy showed any 
change in hearing over the course of follow-up, whether by thresh-
olds or word understanding. Other patient groups with both VS 
and hypertension, regardless of whether on antihypertensive medi-
cal therapy or not, invariably showed greater hearing loss progres-
sion over time (Fig. 7, F to I, and fig. S8).

DISCUSSION
Developing effective therapeutics to preserve hearing function in 
patients with NF2 VS is an urgent unmet medical need. On the basis 
of a previous report that tumor fibrosis correlates with hearing loss 
in patients with NF2 (10), we set out to investigate whether anti-
fibrotic treatment using losartan can improve hearing in NF2 models. 
In malignant cancers, it is well documented that the abnormal des-
moplastic TME fuels disease progression and treatment resistance 
(15, 48). In nonmalignant NF2 VS, the role of TME in disease pro-
gression has not been fully characterized. Schwannomas are com-
posed predominantly of neoplastic Schwann cell, which is a major 
producer of myelin sheath and ECM that support neuronal survival 
and axonal growth (49). We found that ECM components are ele-
vated in the schwannomas. To reduce the schwannoma ECM, we 
used losartan, a widely prescribed antihypertensive ARB. The renin- 
angiotensin system (RAS), initially found for its pivotal role in 
maintaining cardiovascular homeostasis as well as fluid and electro-
lyte balance, is now known to stimulate the accumulation of ECM 
components (50). Two major RAS blockers commonly used in the 
clinic are angiotensin-converting enzyme inhibitors (ACEi) and 
ARBs (50). Blocking AngII signaling at the AT1 receptor with losar-
tan can be more effective compared to blocking AngII production 
by ACEi, because (i) enzymes other than ACE can generate AngII 
(51), (ii) AngII can be generated independently of AngI and ACE 
but directly from Ang-(1-12), a fragment of AGT, and (iii) AT1 can 
be activated independently of AngII binding (52). Moreover, a pre-
vious study showed that losartan is more effective than ACEi (lisinopril) 
in reducing “solid stress” in tumors (12). Therefore, we chose to 
block AT1 receptor using losartan in our study. The advantage of 

Fig. 5. Elevated expression of tumor-derived IL-6 is associated with reduced 
viability of cochlear sensory cells and neurons. (A) Measurement of IL-6 quanti-
ty in fresh VS tumor pieces surgically removed from patients with good (n = 10) or 
poor (n = 47) hearing. Tumor pieces were cultured for 72 hours in serum-free media 
to generate VS-conditioned media (VS-CM). Values shown are means ± SEM. P = 0.61. 
(B) Quantification of inner hair cell (IHC), outer hair cell (OHC), and neurite viability 
as a function of IL-6 concentration in VS-CM. Spearman nonparametric correlation 
coefficient and P value are shown. Representative confocal images of cochlear ex-
plants treated with (C) control media or (D) VS-CM from a patient with poor hear-
ing for 48 hours and then immunostained for Myo7A to reveal hair cells (white) and 
-tubulin to reveal auditory nerve fibers (pink). Cellular debris (white dots) closely 
resembled apoptotic bodies of OHCs. Scale bar, 50 m.
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ARB over ACEi was supported by our retrospective study that 
showed ARBs to be more beneficial in preventing hearing loss than 
ACEi. In the NF2 mouse models, we showed that losartan effectively 
normalized the TME: (i) reduced schwannoma ECM, (ii) normal-
ized tumor vasculature, and (iii) increased oxygen delivery (fig. S9). 
As a result of the normalized TME, losartan prevented hearing loss 
and enhanced RT efficacy.

We found that one of the direct consequences of matrix and ves-
sel normalization is that losartan reduced perineuronal edema. Pre-
viously, in NF2 mouse models, we showed that anti-VEGF treatment 
improved neurological function by normalizing the tumor vascula-
ture and reducing nerve edema (19). In the current study, losartan 
treatment did not change VEGF expression; instead, it normalized 
the vasculature by (i) reducing the ECM content and can thus re-
lieve the compressive pressure on the vessels to improve perfusion 
and (ii) normalizing the vessel structure by increasing pericyte coverage 
of the endothelial cells. In patients with NF2, hearing improvement 
after bevacizumab is not durable. Furthermore, anti-VEGF treat-
ment can cause substantial fibrosis, which, in the long-term, may 
further damage hearing function (53–55). It remains to be deter-
mined whether losartan is more powerful in preserving hearing 
than bevacizumab and whether combined losartan and anti-VEGF 
is a better strategy to preserve hearing function.

One of our most important findings is that losartan treatment 
prevented hearing loss by reducing neuroinflammation. Neuroin-
flammation plays a key role in SNHL (26, 27, 56–59), and treatment 
with ARBs decreases brain inflammation and is neuroprotective in 
rodent models of central nervous system inflammatory diseases 

(60–66); however, whether ARBs have hearing benefit is not known. 
Here, we found that losartan treatment reduced the chemotaxis of 
macrophages. Cochlear macrophages are responsible for the in-
flammatory response that leads to damaged and dying cochlear hair 
cells (26, 67, 68). Combining RNA-seq analysis of TAMs and the 
use of macrophages from Agtr1−/− mice, we demonstrated that 
macrophage AT1 signaling is critical for the production of ototoxic 
IL-6, TLR4, and ROS in response to AngII. Further mechanistic 
studies into whether TAMs and other immune cells migrate into 
the inner ear and what inflammatory cytokines are produced by 
these immune cells will help better define the anti-inflammatory 
strategies to control hearing loss.

In patients with VS, hearing loss occurs in about half of the 
patients after photon radiotherapy, a percentage that continues to 
increase with longer duration of follow-up (69–73). A recent clini-
cal study (NCT01199978) that aimed to determine the long-term 
effects of fractionated proton radiotherapy on hearing function in 
patients with sporadic VS showed that although fractionated radia-
tion has 100% tumor control, hearing function deteriorated at 
6 months after treatment (74). These data suggest that hearing loss is 
not a result of tumor growth but of RT-associated ototoxicity. Fibrosis 
is a late complication of RT but a substantial contributor to patient 
morbidity (75). Radiation activates highly fibrogenic TGF- signal-
ing (11,  76) and increases TLR4 expression leading to increased 
ROS production (77), which could directly damage the hearing 
function. In our model, RT increased fibrogenic signaling leading to 
increased ECM quantity. However, we did not see any effect from 
RT on hearing function in the mouse model, likely because (i) we 

Fig. 6. Combining losartan with RT more effectively inhibits tumor growth in syngeneic schwannoma models. (A) Schematic of experimental design. SN, sciatic 
nerve; CPA, cerebellopontine angle. (B) Growth curve of Nf2−/− tumor in the sciatic nerve model. Tumor-bearing mice were treated with control, radiation (5 Gy), losartan 
(40 mg/kg), or combined RT + losartan treatment. (C) Kaplan-Meier survival curve of mice implanted with Nf2−/− tumor cells in the CPA model. Tumor-bearing mice were 
treated with the same protocol as in (B). (D) Growth curve of Nf2−/− tumor in the sciatic nerve model. Tumor-bearing mice were treated with control, 5 Gy, 10 Gy, or losar-
tan combined with 5 Gy. (E) Kaplan-Meier survival curve of Nf2−/− tumor implanted in the CPA model. Tumor-bearing mice were treated with the same protocol as in (B). 
All animal studies presented are representative of at least three independent experiments, n = 8 per group in each experiment. All data presented are means ± SEM. 
*P < 0.01 and **P < 0.05.
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used a relatively low radiation dose of 5 Gy, which was sufficient in 
controlling tumor growth in the mouse model, and (ii) the longest 
period of time between RT and hearing assessment was only 3 weeks 
because the tumor-bearing mice became moribund. Because RT- 
associated ototoxicity is a long-term toxic effect, the Nf2 knockout 
mouse model would be well suited to study the long-term RT effect 
on hearing.

In preparation to translate our findings into the clinic, we per-
formed the following studies: (i) We confirmed that IL-6/STAT and 
TLR4 expression in archived human VS samples negatively associ-
ated with hearing function; (ii) we showed that elevated production 
of human VS–derived IL-6 was associated with reduced viability of 
cochlear sensory cells and neurons in a cochlear explant culture 
model; (iii) we found that patients on ARB therapy do not show 
progression in hearing loss compared to patients who were treated 
with other or no antihypertensive medications based on retrospec-
tive analysis; (iv) we confirmed that losartan enhanced RT efficacy 
in two mouse NF2 models and a patient-derived VS model. Because 
most VSs have a deletion on chromosome 22 similar to what is seen 

in the genomes of patients with NF2, results from nonsyndromic 
patients and their samples are likely generalizable to patients with 
NF2. Together, our findings provide the rationale and critical data 
for the potential clinical translation of combining losartan with RT 
in patients with VSs.

There are several limitations in the current work. First, it re-
mains to be determined whether losartan affects tinnitus in our NF2 
mouse model. Besides hearing loss, tinnitus is common among pa-
tients with VS, affecting 65 to 75% of people with unilateral VS (78). 
Losartan has been suggested as a possible therapy for tinnitus be-
cause losartan prevented maladaptive axonal sprouting in the co-
chlear nucleus after cochlear ablation in rats (79). Whether losartan 
can alleviate tinnitus and other neurological symptoms in patients 
with VS needs to be investigated in the future. Second, it remains to 
be addressed whether losartan can benefit patients with preexisting 
hearing loss. Currently, we are technically limited by our animal 
model to investigate this question because in the CPA hearing 
mouse model, after tumor implantation, there is only a 2- to 3-week 
treatment window that allows losartan to work. After 3 weeks, mice 

Fig. 7. Characterize losartan effects in VS patient samples and data. Transcriptome comparison between human NF2 VSs with NCs by RNA-seq analysis. (A) Volcano 
plot depicts DEGs. (B) Normalized enrichment scores (NES) indicate the distribution of Gene Ontology categories in patient NF2 VSs versus NCs. (C) GSEA analysis showing 
pathway enrichment in patients with NF2 VSs as compared to normal Schwann cell. NF2 VS, n = 6 tumors; normal Schwann cell (NC), n = 3. (D) Representative images of 
IF staining for Schwann cell markers, S100B (green) and Sox-10 (red), in patient-derived NF2 VS4 cell line. (E) Tumor diameter as a function of time after losartan, RT, and 
combined treatment in mice implanted with patient-derived VS4 cells into the sciatic nerve. Representative of three independent experiments, n = 8 per group in each 
experiment. All data are presented as means ± SEM. *P < 0.01. Retrospective analysis of hearing preservation in hypertensive VS patients with normal baseline hearing in 
VS-ipsilateral ear treated with ARB therapy or other antihypertensive medications. (F) Endpoint by threshold criteria with four-tone PTA > 40 dB. (G) Endpoint by word 
understanding with WRS < 78%. Hearing loss progression in patients with diagnosis of both VS and hypertension based on ARB versus any other antihypertensive therapy. 
(H) Endpoint by threshold criteria with four-tone PTA > 40 dB. (I) Endpoint by word understanding with WRS < 78%.
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start to develop neurological deficits (such as ataxia) and need to be 
sacrificed. When considering patient outcomes, a larger retrospec-
tive study population with hypertension and VS-induced hearing 
loss and treated with losartan could reasonably be expected to demon-
strate effects within a relatively short time. Third, a quantitative 
evaluation of the IL-6/Stat3 signaling in human VS tissue would 
complement our measurements of IL-6 in VS-CM. Addressing this 
issue will require future collection of additional size-matched VS 
tumor samples.

In summary, our study demonstrates that losartan prevents 
hearing loss and enhances radiation efficacy in rodents. As one of 
the most commonly prescribed drugs for hypertension, the safety 
and low cost of losartan warrant rapid translation of our research to 
patients with VS-induced SNHL.

MATERIALS AND METHODS
Study design
The overall objective of the study was to test the hypothesis that 
reducing the fibrosis using losartan, an FDA-approved anti-
hypertensive drug that blocks fibrotic and inflammatory signaling, 
prevents hearing loss. All experiments and animal protocols were 
approved by the Massachusetts General Hospital and Massachusetts 
Eye and Ear in accordance with the guidelines of Public Health Service 
Policy on Humane Care of Laboratory Animals. Using NF2 mouse 
models, we first examined the losartan effects on reducing ECM, 
normalizing tumor vasculature, and changing hearing function. 
Then, we characterized the mechanisms of action by transcriptomic 
profiling using single-cell RNA-seq and in vitro molecular studies. 
Last, we confirmed the preclinical findings in archived patient sam-
ples by histological analysis; in fresh, surgically obtained VS tumor 
samples by RNA-seq, enzyme-linked immunosorbent assay (ELISA), 
and organotypic cochlear cultures; and by retrospective analysis of 
hearing outcomes in patients with VS and hypertension. Animals 
were randomly assigned to experimental groups such that the mean 
tumor burden was similar in each group to avoid biased results. For 
the hearing test, the experimenters were blinded; for the efficacy, 
molecular mechanism, and clinical patient sample studies, the ex-
perimenters were not blinded. Sample sizes were not predetermined 
with a power calculation, more than eight animals per group were 
typically used for treatment efficacy studies, and the experiments 
were independently repeated three times. Figure legends contain 
sample sizes and replicate information. Primary data are reported 
in data file S1.

Statistical analyses
Spearman’s rho correlation coefficient was calculated. We deter-
mined whether growth curves significantly differed from each other 
by log-transforming the data, fitting a linear regression to each 
growth curve, and comparing the slopes of the regression lines 
[using an equivalent of analysis of variance (ANOVA)]. Significant 
differences between two groups were analyzed using Student’s t test 
(two-tailed) or Mann-Whitney U test (two-tailed). All calculations 
were done using the GraphPad Prism software 6.0 and Microsoft 
Excel software 2010. Differences in hearing response between mul-
tiple groups were evaluated with ANOVAs. Welch’s t test was used 
for comparison between two groups. Benjamini-Hochberg correc-
tion for multiple comparisons was applied. Histological analysis of 
gene expression in patient schwannoma tissues was statistically 

analyzed using statistics software (Statistical Package for the Social 
Sciences Statistics, version 20.0; IBM, Armonk, NY) with a priori 
significant P value of <0.05. Correlation of IL-6 quantity and viability 
of sensorineural cells in mouse cochlear explants treated with VS-
CM was analyzed using Spearman nonparametric correlation test 
(GraphPad Prism software 6.0).

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/602/eabd4816/DC1
Materials and Methods
Figs. S1 to S9
Tables S1 to S11
Data file S1
References (81–97)
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likely to develop hearing loss, suggesting that losartan could be repurposed for treating patients with VSs.
analysis of clinical data revealed that patients with NF2 who were taking angiotensin receptor blockers were less
by targeting IL6/STAT3 signaling. In patient-derived material, IL6 was associated with cochlear cell loss, and 
model of NF2 and showed that the treatment prevented hearing loss and normalized the tumor microenvironment
used the antihypertensive drug, losartan, to inhibit fibrogenic and inflammatory angiotensin signaling in a mouse 

et al.schwannomas (VSs), benign tumors that develop along the acoustic nerve leading to hearing loss. Now, Wu 
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