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Hair cells and ototoxicity
Hearing loss is the most common form of 
sensory impairment in humans, affecting 
an estimated 5% to 10 % of the popula-
tion. Current treatments rely mostly on 
devices such as hearing aids and cochlear 
implants, and no FDA-approved drug for 
the condition is available. Genetic and 
environmental factors such as exposure 
to noise, infectious agents, and chemicals 
can cause hearing loss. However, some of 
the ototoxic chemicals also have substan-
tial clinical value, which necessitates their 
use. These include antimicrobial amino-
glycoside antibiotics, platinum-containing 
chemotherapy agents such as cisplatin, 
nonsteroidal antiinflammatory drugs like 
aspirin, loop diuretics like furosemide, and 
quinine, a major drug for malaria treat-
ment. In the United States alone, approx-
imately 500,000 patients annually expe-
rience damaging effects from treatment 
with ototoxic drugs (1). It is estimated that 
aminoglycosides alone cause hearing loss 
in 20% to 50% of patients treated for acute 
infections (2).

Animal model studies have demon-
strated that treatment with aminoglyco-
sides primarily damage sensory hair cells 
of the inner ear. These antibiotics are pref-
erentially transported into the extracellular 
fluids of the inner ear and enter the hair cells 
through endocytosis and via mechanically 
gated ion channels (2–5). In bacteria, ami-
noglycoside antibiotics bind to the 30S ribo-
somal subunit and disrupt protein synthesis. 
Mitochondrial ribosomes are similar to their 
bacterial counterparts, and it is thought that 
aminoglycosides cause hair cell death by 
inducing ribotoxic stress responses (2, 5). 
Other ototoxic drugs like cisplatin are also 
taken up by hair cells and cause their death 
(6). Given the relatively wide clinical use of 
ototoxic drugs, it is desirable to develop oto-
protective strategies that maintain the ther-
apeutic value of these drugs.

Heat shock and otoprotection
Cells in many tissues are protected from 
stress-induced apoptosis by the activation 
of heat shock proteins (HSPs). This pro-
tective effect is mediated at least in part 

by the chaperone activity of HSPs and by 
direct inhibition of apoptotic signaling 
pathways (7). In the inner ear, activation of 
the heat shock response improves the sur-
vival of hair cells exposed to ototoxic drugs 
(8–10). To study the effect of the heat shock 
response on hair cells, the Cunningham 
laboratory adapted an organ culture system 
from the inner ear of mice (9). Hair cells in 
the inner ear are found in the cochlea, the 
end-organ for the perception of sound, as 
well as in the vestibule, the end-organ for 
the perception of gravity and acceleration 
(Figure 1). The hair cells of the cochlea and 
vestibule are morphologically and molecu-
larly similar, and supporting cells that are 
critical for hair cell function surround both 
types of hair cells. Although explants from 
the cochlea are difficult to maintain in cul-
ture, culture conditions have been devel-
oped for vestibular explants.

Using such a culture system prepared 
from the utricle, a subcompartment of the 
vestibule, the Cunningham laboratory stud-
ied how innate stress response pathways, 
such as the heat shock response, protect 
hair cells from ototoxic drug insults (11). 
These foundational experiments demon-
strated that utricular hair cells die rapidly 
following treatment with aminoglycosides 
but that pretreatment of the explants with 
heat has a protective effect, preventing con-
siderable hair cell death (11).

In response to heat shock, the expres-
sion of HSP70 is induced in the organ 
explant, along with several other HSP pro-
teins (9). However, heat shock failed to pre-
vent hair cell death in organ explants gen-
erated from mice genetically engineered 
to lack expression of HSP70, indicating 
that among the HSP proteins, HSP70 is 
the most critical (11). Interestingly, HSP70 
expression is induced in the supporting 
cells that surround the hair cells, but not 
in the hair cells themselves (11). This rais-
es the question of how induction of HSP70 
expression in supporting cells promotes 
hair cell survival. As one possibility, cyto-
plasmic HSP70 within supporting cells 
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can carry various payloads including pro-
teins, lipids, and nucleic acids. Several 
laboratories have already provided evi-
dence that cells release exosomes con-
taining HSP70 in some tissues (14, 15). 
Colleagues from the Cunningham labo-
ratory now demonstrate that heat shock 
induced the release of exosomes from 
inner ear tissue as well. These exosomes 
were released not only from supporting 
cells, but also from hair cells and other 
cells in the explants. Using tandem mass 
spectrometry, 291 protein families were 
identified in the exosomes, including 
known exosomal markers and one of the 
two inducible forms of HSP70 (12).

Breglio and colleagues then applied 
exosomes purified from heat-shocked 
explants to non–heat-shocked explants that 
had been treated with aminoglycosides. 
In the absence of the exosomes, hair cell 

Paracrine exosome signaling 
protects hair cells
It has long been established that cells can 
secrete proteins by the classical ER-Golgi 
pathway. However, HSP70 does not car-
ry a signal sequence and is not shuttled 
through the ER-Golgi pathway. Cunning-
ham and colleagues therefore set out to 
define the mechanism by which HSP70 
is released from supporting cells. In the 
current issue of the JCI, Breglio et al. pro-
vide compelling evidence that supporting 
cells in the inner ear release HSP70 via 
exosomes (12). Exosomes are extracel-
lular vesicles with a diameter of approx-
imately 50 to 150 nm that are generated 
by the fusion of an intermediate endo-
cytic compartment, the multivesicular 
body, with the plasma membrane (13). 
These vesicles are thought to be import-
ant for intracellular communication and 

might activate a protective pathway. Alter-
natively, supporting cells might secrete 
HSP70 to affect hair cells directly. In sup-
port of the latter hypothesis, HSP70 was 
detected in the media of heat-shocked 
organ explants. Furthermore, heat-
shocked organ explants cocultured with 
non–heat-shocked explants protected hair 
cells in non–heat-shocked explants from 
death. When HSP70 was depleted from the 
media, the protective effect of heat shock 
was abolished (11). These experiments thus 
suggested that paracrine signaling from 
supporting cells to hair cells mediates the 
protective effect of HSP70 (Figure 1). How-
ever, the mechanisms by which HSP70 is 
released from supporting cells to protect 
hair cells were unknown. In this issue of 
the JCI, Breglio et al. have gone full circle 
and identified key mechanisms by which 
HSP70 affects hair cell survival (12).

Figure 1. Exosomal HSP70–mediated pro-
tection of the mammalian inner ear. The 
mammalian inner ear contains the vestibule, 
which houses the sensory epithelia for the 
perception of gravity and head movements, and 
the cochlea, which houses the sensory epithelia 
for the perception of sound. Sensory epithelium 
from the utricle, a subcompartment of the ves-
tibule, contains hair cells that are surrounded 
by supporting cells and innervated by afferent 
neurons. In utricle explant experiments, heat 
shock induced supporting cells to release 
exosomes containing HSP70, which bound 
to TLR4-expressing hair cells and protected 
against aminoglycoside toxicity.
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The Breglio et al. study raises several 
interesting questions. First, what are the 
mechanisms that cause release of exo-
somes from supporting cells? A mecha-
nistic understanding might provide entry 
points to trigger exosome release by phar-
macological means. Notably, the Cun-
ningham laboratory also demonstrated 
that purified HSP70 protein is not otopro-
tective (12). Do exosomes contain addi-
tional components besides HSP70 that are 
critical for otoprotection? The proteomics 
results presented in the manuscript might 
provide clues to other molecules that 
are involved. What is the role of TLR4 in 
otoprotection? Signaling pathways down-
stream of TLR4 have been explored in 
other tissues, but their role in the inner ear 
is unclear. Finally, could exosomes con-
taining HSP70 be otoprotective against 
a variety of insults? Current evidence 
suggests that this might be the case. For 
example, exposure of mice to heat stress 
protects them from acoustic injury (21). 
Thus, exosomes might provide new ven-
ues for clinical intervention to protect hair 
cells in vivo from multiple stressors.
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death was massive, but exosome treatment 
protected hair cells. When exosome bio-
genesis was inhibited pharmacologically or 
when exosomes were treated with a func-
tion-blocking HSP70 antibody, the protec-
tive effect of heat shock was lost. Further, 
adding purified HSP70 protein to explants 
failed to provide an otoprotective effect, 
suggesting that presentation of HSP70 via 
exosomes is critical for otoprotection, or 
that exosomes contain additional mole-
cules that cooperate with HSP70 in the pro-
tection of hair cells from death (12).

Colleagues from the Cunningham lab-
oratory then went one step further. Using 
immunogold labeling, they localized HSP70 
to exosomes and showed that HSP70 pre-
dominantly clustered around the exoso-
mal membrane. HSP70 might thus localize 
appropriately in exosomes to interact with 
a receptor on the surface of hair cells. It 
was already known that HSP70 can bind to 
Toll-like receptor 4 (TLR4), a member of 
the TLR family that has critical roles in the 
recognition of pathogens and the activation 
of innate immunity (16). TLR4 had been 
implicated in protective roles mediated by 
HSP70, for example in heart and lung tissue 
(17, 18). Cunningham and colleagues gen-
erated a knockout mouse that specifically 
lacked TLR4 in hair cells. Consequently, 
HSP70 no longer protected hair cells from 
aminoglycoside-induced death (12).

The remarkable findings in the study by 
Breglio et al. outline a signaling pathway by 
which exosomes carrying HSP70 that are 
released from supporting cells bind to TLR4 
on hair cells to protect them from aminogly-
coside-induced death (12). The findings sug-
gest that exosomes and the HSP70/TLR4 
pathway could be valuable targets for the 
development of treatments that ameliorate 
the effects of chemically induced hair cell 
death. Although the experiments conducted 
by Breglio and colleagues focused on ves-
tibular hair cells, it seems likely that similar 
mechanisms operate in the cochlea. In sup-
port of this exosome-HSP70/TLR4 model, 
celastrol, a pharmacological inducer of the 
heat shock response, prevents aminogly-
coside-induced hair cell death and hearing 
loss in mice (19). Similar protective effects 
for auditory hair cells have been observed in 
transgenic mice overexpressing HSP70 (20).
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