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The OTOSTEM project followed two major 

directions to implement a therapeutic use of 

human stem cell technology for hearing loss. 

First, OTOSTEM used human cells for cell-

based treatment with purified cells transplanted 

into the cochlea. Second, OTOSTEM employed 

human stem cells to generate human otic cel-

lular models to allow screening for ototoxic, 

otoprotective and otoregenerative compounds 

for drug-based treatments applied locally in the 

cochlea. 

Substantial progress in the development of drug 

and cell-based therapies against hearing loss 

was reached by the consortium in the four years 

of the OTOSTEM project. Several approaches 

to generate human otic sensory and neuronal 

cell types from different stem cell sources were 

developed and compared. Surface markers to 

purify otic progenitor cells from heterologous 

cell populations were identified and partially 

verified. The functional properties and biologi-

cal potency of cells intended for use in cell-based 

therapies was carefully assessed. 

Otic drug screening assays were designed and 

implemented to enable drug safety studies and 

drug development capabilities. More than 2000 

pharmacological active substances were tested 

for ototoxic properties and several candidates 

were identified and validated.

Two out of three newly identified potential drug 

candidates to treat hearing loss passed various 

in vitro and ex vivo preclinical tests. For further 

validation purposes, several in vivo rodent mod-

els for sensory hair cell or auditory neuronal loss 

were systematically characterized and stand-

ardized. Ultimately, the developed cell-based 

and drug based therapies were validated in in 

vivo.

Overall, OTOSTEM was – based on our own 

judgement – a successful project that signifi-

cantly advanced the development of novel ther-

apies against hearing loss. With the support of 

the Seventh Framework of the EU scientist from 

academia and industry translated basic research 

into clinical applications and tools.

Figure 1: Pseudo-
coloured scanning 
electron micrograph 
of the organ of Corti 
in a human cochlea. 
Outer hair cells 
(OHCs-red); inner hair 
cells (IHCs - blue); 
tectorial membrane 
(TM – green); Deiters 
cells (DCs – yellow); 
Pillar cells (PCs – 
turquoise); nerve 
fibres (NFs – purple). 
The image was kindly 
provided by Professor 
Helge Rask-Andersen 
(University of 
Uppsala).
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Summary description of 
project context and objectives 

Hearing impairment represents the most fre-

quent human sensory deficit. It is mainly caused 

by the irreversible loss of neurosensory cells in 

the cochlea. Our ability to hear depends entirely 

on our auditory receptors – the sensory hair 

cells and their associated neurons that reside 

in the cochlear part of the inner ear (Figure 1). 

Mechanical signals (acoustic waves) are trans-

formed in the organ of Corti into electric sig-

nals (action potentials). Hair cells residing in the 

organ of Corti are activated by the movement of 

the cochlear fluid and release chemical messen-

gers, which stimulate the auditory nerve carry-

ing the information to the brain for processing. 

The exquisite sensitivity of the inner ear comes 

with the risk for damage for example by noise 

trauma, ototoxic drugs, infections, age related 

degeneration and genetic causes. Once lost, the 

neurosensory cells of the ear are not replaced. 

This, in turn results in chronic hearing impair-

ment, a devastating and highly prevalent disor-

der of infancy and adulthood with widespread 

implications for the individual and society as a 

whole. Adult hearing loss alone ranks among 

the five leading causes of burden of disease in 

Europe, entailing enormous socio-economic 

costs. Prosthetic treatment with hearing aids 

and cochlear implants is limited and reaches only 

every fifth patient. Due to the cause of the hear-

ing loss – neurosensory cell loss – hearing aid 

amplification often fail to improve language com-

prehension and hence perform unsatisfactory. 

Reliable human otic cell models are urgently 

required for the development of drug-based 

or cell-based therapies against hearing loss. 

The main goal of the OTOSTEM project was 

to address this unmet medical need for causal 

hearing loss therapies in a collaborative effort.

The focus was set on human stem cell technol-

ogy to generate human inner ear models. It was 

envisioned to create a human platform for the 

development of novel therapies for sensorineu-

ral hearing loss. OTOSTEM perused two major 

applications for the therapeutic use of human 

stem cell technology for hearing loss: i) direct 

cell-based treatment emanating from human 

otic stem/progenitor cells into the cochlea and 

ii) drug-based treatment emanating from drug 

screening efforts for otoprotective and otore-

generative compounds (Figure 2). Both cells 

and drugs were applied directly into the target 

organ – the cochlea - which is self-contained 

and surgically accessible. An access route into 

the cochlear fluid space is provided through the 

round window membrane. 

Purified human otic progenitor cells (OPC) 

derived from stem cells were considered to be 

the core technology of the OTOSTEM project. 

The initial task was to identify a reliable source 

of OPCs that could be i) purified using surface 

marker ii) expanded in vitro and iii) differentiated 

to give rise to sensory hair cells, supporting cells 

or otic neuronal cell types. For this task, differ-

ent sources of human stem cells were available: 

native stem cells from fetal and adult human otic 

tissues as well as embryonic or induced pluri-

potent stem cells (ESC or iPSCs). The stem cell 

source with the highest potential to differenti-

ate into the otic linages was thought to provide 

the basis for the subsequent tasks.
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OTOSTEM planned to evaluate OPCs intended 

for therapeutic use with respect to biological 

potency and tumorigenic potential in appropri-

ate assays. Non-tumorigenic, enriched OPCs 

with the capacity to give rise to functional inner 

ear cell types serve as a basis for cell-based ther-

apies. Another concern of the OTOSTEM project 

was to establish a novel quantitative ototoxicity 

assay based on human stem cells for drug screen-

ing and drug safety studies. This “hearing loss in a 

dish” model was intended as the working assays 

for high throughput screens used in the drug dis-

covery setting represented by SMEs. Two ther-

apeutic classes of drugs, one with otoprotective 

and the other one with otoregenerative effects 

were in the primary focus. Otoprotective effects 

aim to prevent cell death of human hair cells 

caused by drugs or noise, while otoregenerative 

effects aim at the replacement of lost human 

auditory neurons and hair cells. In a subsequent 

step, the candidate drugs and cell populations 

were advanced into in vivo models of hearing 

loss. In vivo cell transplantation of otic sensory 

or neuronal cell types as well as drug treatment 

studies were envisioned using animal models 

of auditory neuropathy, meningitis and drug 

induced hearing loss. 

Description of main S & T 
results/foregrounds 

Controlling differentiation and 
proliferation in human otic stem cells
The development of cell- and drug-based hearing 

loss therapies is hampered by the lack of human 

otic cell models. The OTOSTEM consortium 

overcame this principal technological hurdle in 

the last funding period. Several approaches to 

generate human otic cells from either pluripo-

tent stem cells or native human stem cells were 

tested. 

Embryonic or induced pluripotent stem cells 

(ESCs or iPSCs) were first differentiated into 

OPCs and in a subsequent step into otic cell 

types. Fetal and adult native stem cells from the 

inner ear instead were already predetermined 

to give rise to otic cell types. They had to be puri-

fied from a heterogeneous cell population and 

were then differentiated into mature otic cell 

types. Several guidance protocols to differenti-

ate sensory or neuronal cell types from human 

stem cells were devised and explored. These 

protocols make use of morphogens or small mol-

ecule compounds to induce otic fate either by 

Figure 2: The two major applications for the therapeutic use of human stem cell technology for hearing loss are (i) direct 
cell based treatment by transplantation of human otic stem/progenitor cells into the cochlea and (ii) drug based treatment 
emanating from drug screening efforts for otoprotective and otoregenerative compounds. Both cells and drugs will be applied 
directly into the target organ – the cochlea –, which is self-contained and surgically accessible. An access route into the 
cochlear fluid space is provided through the round window membrane.

Cell-based
Therapy

HUMAN STEM CELL TECHNOLOGY
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the stepwise recapitulation of normal develop-

ment or by direct conversion of cell fate. Positive 

and negative cell surface markers of OPCs were 

identified. They may facilitate the purification 

of defined cell populations by flow cytome-

try. Several other methods that enrich for otic 

cells from heterogeneous cell populations were 

explored. They proofed to be less reliable and 

were not further investigated. 

Finally, a phenotypic comparison, including a 

meta-analysis of gene expression data, among 

different partners in the consortium was con-

ducted to identify the stem cell source with the 

highest otic differentiation potential. Native 

human stem cells turned out to be the best 

source to generate sensory hair cell-like cells 

with rudimentary hair bundle-like structures. 

This novel human otic model may provide the 

basis for preclinical development of cell- and 

drug based therapies.

Nevertheless, the differentiation of pluripo-

tent stem cells (ESCs and iPSCs) into OPCs 

remains to be of particular importance, because 

they represent an expandable source of stem 

cells. Large quantities of cells are needed for 

drug design especially when high throughput 

screens are planned. There is strong consensus 

in the consortium, that otic differentiation from 

pluripotent cell sources (ESCs and iPSCs) has 

the potential to give rise to otic progenitor cell 

(OPC) populations. It was demonstrated that 

the differentiation protocols used in this pro-

ject lead to OPC-like cells that express several 

typical native markers. These cells are gener-

ated via a logic trajectory where pluripotency 

genes are becoming downregulated, followed 

by the transient expression of precursor cell 

markers, and ultimately otic markers. However, 

the analyses also revealed that it is difficult to 

maintain pluripotent stem cell-derived OPC 

populations because they are inherently insta-

ble. Whether this instability is based on the lack 

of commitment to the otic lineage or on adop-

tion of a non-sensory otic fate remains to be 

investigated. 

Significant improvements were accomplished 

in the murine inner ear model. Cochlear otic 

progenitor cells were cultured and expanded 

more than 2000-fold using a cocktail of small 

molecules. The progenitor cells, in turn, gave 

rise to inner ear organoids with functional hair 

cells, proven by actin rich bundles, the molecular 

machinery for transduction, synapse formation, 

and specialized hair cell activity. This new pro-

tocol leads to high yield in hair cells, which dra-

matically reduces the number of experimental 

animals. The developed cocktail of compounds, 

once optimized for human cells, holds the prom-

ise to also improve the yield of hair cells in the 

human models. 

Otic progenitor cells suitable for cell 
transplantation
Another aim of OTOSTEM was to evaluate the 

functional properties and biological potency of 

stem cells-derived otic cells intended for ther-

apeutic use (Figure 2). For safe transplantation, 

candidate cell populations have to be thoroughly 

characterized regardless of their means of isola-

tion and purity. It is essential to prove the func-

tional integration and survival of transplanted 

cells and to exclude any tumorigenic activity in 

appropriate models.

In the first instance, the functionality of human 

iPSC-derived otic neuronal and sensory hair 

cells was analysed in in vitro experiments. The 
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electrophysiological recordings of a subpopula-

tion of the human hair cell-like cells resembled 

those of mouse cochlear hair cells. Furthermore, 

the newly generated hair cells incorporated the 

dye FM1-43, an indicator for functional mech-

anotransduction channels. These data showed 

that otic neurons generated in vitro are rather 

mature and functional. The generation of mature 

hair cells with well-established stereocilia bun-

dles remains to be improved.

To advance these functional experiments and 

get closer to the in vivo situation, a whole-organ 

culture system of murine cochlea was set up. In 

such model systems, cell survival and functional 

integration of candidate otic cell populations 

can be investigated, allowing the assessment of 

transplantation experiments ex vivo. The ex vivo 

survival time of the organ culture is currently 

not long enough; new strategies to overcome 

these limitations were developed and prelimi-

nary data were collected.

The safety of cell transplantation derived from 

stem cells was addressed in several in vivo exper-

iments. The conducted transplantation exper-

iments showed that a two-step purification 

(manual picking and cell sorting) prior to implan-

tation of human ESCs-derived OPCs into immu-

nosuppressed mice led to superior results than a 

single step protocol. The identified positive and 

negative surface markers may further improve 

the purification processes of OPC. A long-term 

study was undertaken using highly purified 

human otic neuronal progenitors delivered to 

the cochlea of deafened and immunodeficient 

gerbils. Hearing restoration was achieved and 

preserved for more than 30 weeks after trans-

plantation, indicating that the transplanted cells 

integrated, survived and are safe. So far, no evi-

dence of tumour formation was found in these 

animals as judged by whole-body magnetic res-

onance imaging. Although not yet completed, 

these results are very encouraging for the devel-

opment of cell-based therapies. 

Our knowledge of the channel composition and 

electrophysiological properties of the mature 

human neuronal and sensory cell types is still lim-

ited. Protocols to maintain adult human Scarpa 

and spiral ganglion explants in culture enabling 

their in vitro characterisation were developed. 

Spontaneous or evoked action potentials were 

recoded from fetal or adult inner ear neu-

rons using multi electrode arrays. Patch clamp 

recordings of Scarpa’s ganglion neurons were 

set up, while the recording of vestibular hair cells 

remains to be established. Native Scarpa’s gan-

glion cells were cryopreserved and banked for 

further studies. A comprehensive characteriza-

tion of the ion channel composition expressed by 

cochlear neurons and lateral wall cells of human 

cochleae was presented using super-resolution 

structured illumination microscopy (SR-SIM). 

After 3 DIV

MYOVIIA
SOX2

Figure 3: A representative “mini-ear” in 
control condition on the left with labelled 
supporting cells in red and hair cells in green. 
On the right is a mini-ear that was exposed 
to an ototoxic compound (Neomycin) – 
labelling of hair cells in green is largely 
diminished.
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Hearing loss in a dish model, ototoxicity, 
and drug screening 
Driven by the fact that there is no quantitative 

assay for ototoxicity in humans, and that also 

FDA-approved drugs bear the risk to cause hear-

ing loss, the consortium proposed to develop 

such assays. During the 1st funding period an 

in vitro assay for drug screening derived from 

murine organ of Corti progenitor cells that dif-

ferentiate into “mini-ears” was designed. These 

“mini-ears” represent epithelial patches that 

include supporting and hair cell like cells mimick-

ing as closely as possible the sensory epithelium 

of the in vivo organ equivalent (Figure 3). This 

method enables the generation of many hundred 

“mini-ears” derived from a single organ of Corti, 

allowing the transfer into a medium-throughput, 

high-content screening format. Two main project 

tracks were followed: Technical optimization 

tasks, to reach a maximal degree of automation, 

and the optimization of the assay to increase 

the quality and quantity of the “mini-ears”. The 

acquired knowledge was used to implement a 

human ototoxicity assay based on stem cells. 

In the following funding periods, the consor-

tium developed an in vitro platform to test for 

cisplatin-induced ototoxicity based on differ-

entiated human iPSCs. This “hearing loss in a 

dish model” was used to test a library of known 

ototoxic drugs to validate the screen. Proof-of-

principle screens to predict the toxicity of more 

than 2000 compounds (770 drugs approved by 

the FDA and 1280 pharmacological active com-

pounds) were subsequently executed.

Six compounds with ototoxic properties were 

found by screening the compound library. Most 

of them were previously also detected in zebra-

fish-based screenings or in murine organ cul-

ture assays. Aminoglycoside antibiotics were 

not detected in the screen. Two of the six identi-

fied compounds were further tested in comple-

mentary assay systems. The ototoxicity of both 

drugs was confirmed in well-established murine 

assays and human otic cells models developed 

from independent sources within the consor-

tium. According to current results, false positives 

were not produced in our screens. Further inves-

tigations in vitro and in vivo are required before 

drug safety recommendations can be issued.

Drug screening aiming at otoprotection 
and otoregeneration
The consortium has made major progress in 

the design of bioassays capable of identifying 

compounds with otoprotective or otoregener-

ative activity. Otoprotective compounds pre-

vent death of human hair cells. Otoregenerative 

compounds may induce two different biological 

strategies. The first approach aims at inducing 

epimorphic regeneration, i.e. replacement of lost 

hair cells in a three-step process: dedifferenti-

ation, proliferation and redifferentiation. The 

second approach termed morphallaxis, replaces 

lost cells by the direct phenotypic conversion of 

supporting cells into hair cells. 

The members of the consortium have estab-

lished and validated tools for otic drug discovery 

ranging from relatively simple single cell to com-

plex whole organ culture assays (Figure 4). Due 

to the delay in the generation of human otic cells 

derived from stem cells, some of these assays 

were developed in mouse and others were based 

on human cells. These customizable in vitro 

assays were continuously improved and offer 

now multiple quantifiable parameters included 

gene expression and phenotypic characteristics 

of mature hair cells and supporting cells. They 

have facilitated the selection of potential drugs 

which have been further optimized to increase 
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potency and specificity. The best performing 

compounds were validated at lower through-

put in more elaborate assay systems, closer to 

the in vivo situation. The organ culture assay, for 

example, was used to quantify the activity and to 

determine dose-response relationships of lead 

compounds. Further characterization of drug 

candidates included a broad biochemical safety 

panel (CEREP Screen) to evaluate development 

and therapeutic potential. Two of three identi-

fied compounds successfully passed these in vitro 

tests and were advanced to in vivo experiments.

In vivo investigations of stem cell and 
drug based therapies in hearing loss 
models 
Substantial progress in the characterization and 

standardization of several in vivo rodent models 

for sensory hair cell or auditory neuronal loss 

was made. These hearing loss models cover a 

wide range of human hearing conditions such 

as bacterial meningitis, noise-induced hearing 

loss and ototoxic drug induced hearing loss due 

to loss of sensory hair cells or auditory neurons. 

The meningitis model was markedly improved 

and published in a high-ranking journal (Perny 

et al., 2016). 

Cells Spheres Organ of Corti Cochlea
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Figure 4: Screening cascade for drug discovery of OTOSTEM partner Audion Therapeutics BV.
Overview of the in vitro otic differentiation models.  Shown here is the expanded platform of models used for comparative 
benchmarking capabilities for compound validation studies, screening and studying phenotypic conversion. The cascade starts 
with relative simple cell culture assays in which compounds are screened at high-throughput. Lead compounds are screened 
with more complex model systems closer to the in vivo situation. 
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In the last period of the project, different sur-

gical approaches were compared and refined 

to optimize the delivery of drugs or cells to the 

inner ear of hearing impaired animal models. 

Two lead compounds from the various drug dis-

covery activities or otic cells derived from dif-

ferent stem cell sources and guidance protocols 

were tested using the improved in vivo models. 

The hearing status of these animals was quan-

tified electrophysiologically. Improvements in 

functional outcomes were assessed on the cel-

lular level by immunohistological techniques. 

Compounds with otoregenerative and oto-

protective activity were locally applied in in 

vivo experiments using hearing loss models 

(Figure 5). Protocols and formulations were 

developed for the safe and effective delivery of 

small molecule compounds into the inner ear. 

Pharmacokinetic measurement revealed that 

both lead compounds were absorbed by the 

inner ear and reached effective drug concen-

trations. Otoprotective and otoregenerative 

drug candidates were shown to partially restore 

auditory function of in vivo hearing loss models. 

One otoprotective drug candidate is currently in 

preclinical testing and shows promising results. 

A second drug targeting otoregenerative candi-

date drug has successfully reached clinical trial.1

Potential impact and main 
dissemination activities and 
exploitation results 

Approximately half a billion people or about 

6.8% of the world’s population have disabling 

hearing loss. The reach of hearing loss extends 

far beyond sensory impairment. In younger peo-

ple it hampers development, and in older people 

an association between hearing loss and demen-

tia is shown. The global burden of hearing loss 

as a result of various causes continues to grow 

and the costs associated with hearing loss are 

substantial. Hearing loss remains a major unmet 

1  REGAIN project: www.regainyourhearing.eu
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Figure 5: Schematic workflow of in vivo drug testing experiment to investigate otoprotective compounds of OTOSTEM partner 
Acousia Therapeutics GmbH. The hearing status of the animals was assessed electrophysiologically by CAP measurements 
before and immediately after the ototoxic insult (day 0). Otoprotective test compounds were administered and measurements 
were taken at day 7 and day 14 for analysis. Improvements in functional outcomes were assessed on the cellular level by 
immunohistological techniques. 

https://www.regainyourhearing.eu
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medical need as there are no pharmacological 

therapies. However, a number of companies have 

started to develop products in this field thereby 

focussing on otoprotection (prevent hearing loss 

as a result of noise and drugs) and otoregenera-

tion (treating hearing loss after onset). 

The otoprotective market is worth around 500 

million USD whereas the regenerative market 

is expected to grow to 3.5 billion USD in 2027. 

Both markets are unexplored. A number of 

smaller companies have products in both mar-

ket segments at varying stages of development 

in their pipeline. Most of these products are in 

the pre-clinical developmental stage, few prod-

ucts have moved on to clinical studies. This is 

triggering the interest of larger pharmaceutical 

companies which are increasingly investing in 

the field. The clinical success of the products in 

development will determine further growth of 

this market. 

As the insight in molecular pathways leading to 

otoprotection and otoregeneration continues 

to grow, the need for good in vitro techniques 

and translational in vivo models increases. The 

OTOSTEM project addresses this need with the 

development of human assay systems and ani-

mal hearing loss models. Once a certain level of 

throughput and validation has been reached, 

these models can be incorporated into the drug 

discovery and development process to enable 

the identification of new and better drugs to 

treat hearing loss.

Although the development of human model 

systems has proven to be a challenge, the 

OTOSTEM project has generated tools that 

can now be used in an industrial drug discovery 

pipeline. Also, the knowledge that was built in 

the project can now successfully be used in the 

academic research environment where fun-

damental biological mechanisms can be stud-

ied in well characterized systems with a lower 

throughput. Furthermore, the OTOSTEM pro-

ject has generated a wealth of knowledge and 

experience that have significantly improved the 

existing non-human systems.

The OTOSTEM project has supported the two 

small industrial consortium partners to identify 

drug candidates for otoprotection, to select a 

drug that can be tested in the clinic for otore-

generation and to develop complementary 

research programs that have resulted in new 

grant projects. 

The technologies and techniques that have been 

developed can be used in collaborative struc-

tures with biotechnology and pharmaceutical 

companies and within academia. 

Overall, OTOSTEM was a successful project that 

has delivered new drug candidates and tools for 

the development of drug and cell-based thera-

pies in the battle against hearing loss. Findings 

have been made available through a large num-

ber of scientific publications  and presenta-

tions. Overall, 18 articles have been published 

in  peer-reviewed journals, three articles have 

been submitted and several others are in prepa-

ration. All published articles are cited in the ref-

erences. New publications will be posted on the 

OTOSTEM website at  www.otostem.org. The 

website will remain active for another 5 years 

beyond the end of the project. The partners col-

lectively presented 41 talks  and 31 posters at 

national and international scientific events.  The 

scientific and personal interactions, which were 

made possible by the OTOSTEM project, gener-

ated new ideas and projects to fight hearing loss. 

http://www.otostem.org/
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