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Abstract

:

Recently, studies on the mechanism and clinical application of stem cell-derived exosomes have increased. Although the number of patients with hearing loss is increasing, there is no ideal therapy for the recovery of auditory cells of an independent organ in humans. In this review, we proposed the use of stem cell-derived exosomes for treating hearing loss and summarized the exosome research strategy platform for preclinical studies. It is necessary to select a research direction to assess direct or indirect effects on recipients based on the physiological mechanisms of exosomes that deliver useful molecules (called payloads) to recipient cells or tissues. To apply exosomes in the auditory field, researchers should select a model for assessing the toxicity to the auditory cells and analyzing their mechanisms in the recipient tissue. Such in vitro, ex vivo, and in vivo models have been designed and reported in previous studies. The analytical strategies in various models can evaluate the mechanism of exosomes based on exosome surface markers or the payload, thus helping the researchers in finding evidence regarding the efficacy of exosomes. Here, we propose three strategies for exosome application research in the auditory field.
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1. Background


1.1. The Cause of Hearing Loss


Hearing loss is increasing significantly because of an aging population and industrial development. Damage to the hair cells in the auditory organs is a known cause of hearing loss because of the inability to recognize auditory signals [1,2]. Apoptosis due to mitochondrial dysfunction in auditory cells has been reported to be a major cause [3]. Changes in mitochondrial DNA caused by cellular aging can also have an effect on hearing, and genetic analysis data confirm that nuclear genes are often a major factor in determining phenotypic differences in auditory cells [3]. Inflammation of the auditory organs has also been reported to affect hearing loss [4]. If the auditory organs are damaged by excessive external stimulation of the inner ear, the nerves are damaged, and recovery is impossible [1].




1.2. Requirements for a Material for Treating Hearing Loss


Hearing loss is reported as a permanent hearing impairment because of its high prevalence and few known treatment and recovery methods [5,6]. The number of elderly people has been increasing at a rate of 4.8% per year on average, more than half of those in their 60s are among 53.6% of the total elderly population, and the rate of hearing-impaired individuals in their 10s and 30s has also reached up to 19.2% because of the increase in the number of smartphones, which has also led to severe social isolation [7,8,9]. It is necessary to develop a treatment strategy using a biostable preventive substance that can reduce cellular damage to the auditory organ. With the technology developed so far, it is difficult to treat hearing loss with drugs alone, and the best available treatment includes hearing aids and cochlear implants; thus, development of an early diagnosis technology and an effective treatment strategy is pertinent [10,11,12]. Therefore, in this review, we intend to envision a strategy that has not been explored in the field of hearing previously. Here, we explain the use of stem cell exosomes, which are microscopic biomaterials of size 50 to 100 nm, in reaching the micro auditory organs and aiding in preventing hearing loss.





2. Strategies for Exosome Treatment


2.1. Current Stem Cell-Derived Exosome Research in the Auditory Field


The maturation of the multivesicular body (MVB), which is involved in the biological development mechanism of stem cell exosomes has been reported [13,14]. To allow overexpression of useful candidate factors with usually low expression levels in exosomes, a transporter capable of transferring the factors to MVB is required; furthermore, a technology for developing differentiated exosomes, in which the expressed stem cell exosomes can directly target specific receptor cells is being developed [15,16]. Biocompatibility of these exosomes can be demonstrated by mimicking molecular biological signaling mechanisms [17], and through the discovery of additional biomarkers, stem cell-derived exosomes can be applied not only for differentiation, antioxidation, and immunity, but also to regenerative medicine [15,16]. There are reported types of hearing loss includes noise-induced, genetic, sudden, ototoxicity, and age-related hearing loss [1,2,3,4,5]. The application of exosomes for prevention or treatment can be classified according to the type of hearing loss, suggesting that they may help restore abnormalities in chemical and biological mechanism [18,19,20]. The fundamental recovery of inner hair cells by exosome is difficult, because both noise-induced and sudden hearing loss occur due to physical stimulation of hair cell death. In addition, the application of exosomes for prevention and treatment for hearing restoration is difficult because genetic hearing loss is caused by developmental disorders in the embryonic period. However, there is an applicability of exosomes to treat the involvement of exosomes in the imbalance of signaling systems due to aging and changes in electronic mechanisms caused by these toxic drugs. It can be substantiated based on previous studies and reports that exosome-specific proliferative and protective factors can recover damaged tissues or cells [18,21]. This approach has great potential because of its broad scope of application.




2.2. Direct Exosome Treatment Strategy


Numerous researchers have reported applied studies using exosomes extracted from cultured media [22,23,24]. From a biological point of view, most studies have attempted to repair damaged tissues by exosomes treatment, which can be obtained from cell cultures and biofluids (blood, urine, etc.) [25,26,27]. Exosomes can promote keratinocytes by recruiting macrophages and neutrophils at the injury site. In addition, the extracted exosomes can decrease inflammatory molecules in the infected cells, thereby increasing cell viability [4,28].



Various exosome isolation methods have been proposed to introduce exosomes directly into the cells or injured tissues (Figure 1b(i)).



The most common method includes fractionation of the sample with an ultracentrifuge and purification using a sucrose or iodixanol gradient [23,27,29]. Several studies have reported ultrafiltration methods to remove the impurities other than exosomes, to enrich the exosomes [22,25,28]. The size exclusion chromatography (SEC) method was proposed to remove unnecessary cytokines and obtain pure EV [24,26,30]. However, this method has a low yield and requires extraction after concentrating a large amount of sample. Therefore, to obtain exosomes that can be processed in the auditory organ, it is necessary to select a method that has the highest yield and purity [31,32]. In addition, to maintain the function of exosomes after isolation, the exosomes must be resuspended in phosphate-buffered saline for use in cell or animal experiments. Exosomes obtained from cell culture fluids or biological samples have low stability and must be stored frozen at -80 °C or used immediately.




2.3. Indirect Exosome Treatment Strategy


As previously reported, exosomes are vesicles composed of lipid membranes that are 100 to 200 nm in size; therefore, they have the property of being able to penetrate small-sized membranes [14,15,33]. Known to play an important role in cell-to-cell communication, useful factors can be divided into donor and recipient cells, and can be used to confirm delivery to the recipient cells [34,35,36]. As a strategy to confirm the effect of indirect exosomes, we propose a co-culture method (Figure 1b(ii)). Indirect culture methods have already been proven to deliver proliferative components [23,37]. This method can be used to determine the indirect effects of exosomes while delivering useful elements to the interior of the recipient cell.



The important point of this strategy is the composition of membranes and pore size when choosing the trans-well. If the pore size is 3 µm above the cell size, it would be impossible to move several cells at the same time; therefore, one should select a pore size below 0.4 µm [34,35]. Additionally, a polycarbonate membrane, which can deliver large amounts of EVs, is recommended. When donor cells are attached to the insertion well, the recipient cells are cultured in the outer well, and when the insertion well is cultured together after 24 h, communication between the cells through exosomes is activated in the medium. As a strategy for confirming accurate delivery, the delivery of fluorescent substances can be observed by genetic manipulation of EVs, and exosome markers expressed over time in the medium can be identified. If the two cell species are different, analysis through antibody reactions is also possible. Therefore, choosing co-culture as a method of confirming indirect effects without extracting exosomes from donor cells can be an important strategy to elucidate evidence for exosome transport.





3. Strategies of Exosome Therapy Using Various Hearing Loss Models


3.1. In Vitro Model


There are not many known auditory cells, but House Ear Institute-Organ of Corti 1 (HEI-OC1) has been mainly reported in in vitro experiments (Figure 1c(i)) [9,37]. These cells have been proposed to be used for toxic drug screening (cisplatin, dexamethasone, gentamicin, penicillin, neomycin, streptomycin, tobramycin, etc.), apoptosis pathways, autophagy and senescence, cell differentiation, inflammatory responses, and hypoxic effects [38,39]. Although it is possible to analyze the properties of a specific drug according to the purpose of the experiment, caution must be exercised because the physiological properties of these cells are different from those of conventional primary cells or cancer cells. Although ion channels located on the surface of auditory cells can be analyzed, hearing cannot be determined [9,39]. Therefore, we suggest that HEI-OC1 may be a useful model for investigating biological responses related to auditory cells, including auditory sensory cells, but we believe that a careful approach is needed when evaluating drug effects.




3.2. Ex Vivo Model


Although many researchers have attempted to study hearing in vitro, analytical techniques have been developed only for short-term biological analysis [40,41]. Ex vivo models include extraction of the animal’s auditory organ, the cochlea, and culturing it in a medium similar to that of in vitro experiments.



By removing the bones of the cochlea, separating the organ of Corti, to which the hair cells are attached, and placing them on the dish, experiments can be conducted before cell division (Figure 1c(ii)). The human cochlea is difficult to obtain, but the use of mouse cochlea has been reported in previous studies [42]. This analysis can be used as a system that can shorten the reaction time and evaluate the effects of the drug, as well as the reaction to the drug in the tissue by controlling the medium conditions with growth factors. In a previous study, we conducted experiments to confirm the viability of cochlear hair cells and to evaluate the activity of the special markers Myo7a and phalloidin [20]. The technique of extracting explants can be observed with immunofluorescence, and changes in the surface morphology of the tissue can be observed with transmission electron microscopy. Therefore, cochlear explants are a good tool to quickly screen for toxicity rates based on drug concentration and can be used prior to in vivo testing.




3.3. In Vivo Model


The most important aspect of auditory clinical studies is that animal testing is indispensable, and it is necessary to confirm the phenotype by measuring auditory brainstem response (ABR) to reliably prove hearing loss [6,8]. The type of animal model can represent an age-related or ototoxic hearing loss model [4,7,8,43]. Physiological analysis of auditory cells is possible through in vitro experiments (Figure 1c(iii)), but it is difficult to find a treatment for hearing loss or clearly analyze the efficacy of the drug. Demonstrating the phenotype of toxic substances in vitro and in vivo, we can confirm that hearing loss is a systemic action of the drug in animals. We can evaluate whether the drug directly affects hearing, and measure the amount of change and survival rate by extracting the hair cells from the cochlea.



To observe the anatomical phenotype of hearing loss, the morphology can be observed either through immune fluorescence staining (Figure 2a) or electron microscopy (Figure 2b). The observation of changes in hair cells in the organ of Cotri is evidence of direct damage to the auditory organ, and the Myo7a staining, a representative hair cell marker, may prove a physical phenomenon of hearing abnormalities. In addition, in chemical hearing, it can be confirmed that there is an abnormality in electrochemical transmission by comparing the dB reduction trend through ABR measurement (Figure 2c).





4. Strategies of Exosome Applications


4.1. Development of Exosome Trafficking System


EV studies reported over the past decade have demonstrated that EVs retain their activity and carry several types of macromolecules as they are transferred from parent cells to recipient cells [14,44,45]. Representative hypotheses are related to the function and properties of EVs as mediators of intercellular communication and their ability to transport it to the target cells [46]. Previous studies have confirmed that stem cells with embedded nanoparticles can increase exosome production [47]. This demonstrates the possibility of using tube particles to transport specialized proteins to nanoparticles that could influence exosome development. In addition, a previous study reported direct engineering of a fluorescent substance into exosomes to confirm trafficking in human cells (Figure 1d(i)) [48,49].



Therefore, understanding the pathways leading to exosome development and internalization within target cells is an important goal in the current field of EV research. In addition, studies that uncover the unique biomolecules of exosomes are related to disease states and treatments; therefore, the discovery of new EV biomarkers is also a potential research topic.




4.2. Profiling of Payload in Exosomes


Next, the presence of DNA molecules in EVs has been widely reported [50,51]. Mitochondria and genomic DNA were found in EVs derived from double-stranded DNA, and those isolated from cell culture media and biological fluids (human and mouse) were found inside EVs (Figure 1d(ii)).



Thus, it was hypothesized that the EV DNA payload could be fluidly packaged by cell-type specific mechanisms [15,23,52]. However, EVs have been reported to have a random distribution rather than a constant amount of DNA distribution owing to certain mechanisms [23]. Finally, there is increasing interest in miRNA studies, which are known to be the main causes of gene and protein expression, and there are reports that the miRNA profile of the released exosomes cannot be randomly generated under certain immune response conditions. Proteins inherent in EVs include a complex set of proteins derived from parent cells (cytoplasmic, nuclear, mitochondrial, and membrane-bound proteins). Several proteomic studies have determined EV activity by defining unique EV properties associated with parent cells. Vesicle-specific proteins are often used as markers for specific heat shock proteins, tetraspanins (CD9, CD63, and CD81), major histocompatibility complex molecules, and proteins in the endosomal sorting complex required for transport (ESCRT) complex (Alix and TSG101) [15]. The biggest feature of EV protein classification is that it is mediated by members of the ESCRT family [16,52]. It is reported that ESCRT-dependent and independent pathways are classified by the association of ALIX and Rab 5 and Vps4 factors involved in exosome development.




4.3. Mechanism Analysis of Exosomes


Exosome viability is regulated by the MVB, which redirects endocytosis proteins to their destinations (such as cells or organs) (Figure 1d(iii)). Substances are internalized by endocytosis on the cell surface and transported through early and late endosomes. Exosome secretion is important for intralumenal vesicle (ILV) formation in MVBs [13,14,16]. They are surrounded by lipids that form a plasma membrane, which protects the contents of the vesicle and promotes its migration to the target cells. Recently, the classification of substances using an ESCRT-dependent or independent mechanism has been reported. Briefly, ESCRT contains the cytoplasmic complex of ESCRT 0, I, II, III, and Vps4. During maturation, the ESCRT complex accumulates on the surface of the MVB membrane, and the MVB migrates through the microtubules to the plasma membrane, releasing EVs.



However, clinically, the study of exosome endocytosis is of great importance [21,53]. The response at the receptor carries a risk of toxicity or side effects of exosomes; however, to date, this has not been confirmed when using exosomes in auditory cells [18,19,54]. In the case of cancer cell-derived exosomes, a factor that promotes the proliferation of cancer cells can metastasize [36]. Therefore, we believe that when using exosomes to be inserted into the auditory organs, we should test for toxicity and analyze which substances in the surrounding cells are stimulated.





5. Future Prospects


We tried to establish a method to treat hearing loss using exosomes in Figure 3. The schematic of this diagram is to present an approach direction of exosome-based therapy (exo-therapy) for application to hearing loss (Figure 3). Stem cell derived exosomes are used for communication between cell to cell, and it is known that the payload changed depending on the origin of the stem cells [55]. It has been reported that miRNAs and proteins generated in communication between donor cells and target cells are different. In other words, the author believe that it may be helpful to selectively deliver interest genes to cure tissue or cells in destination using exosome with different payload [55].



We proposed three representative strategies for stem cell-derived exosome research in the auditory system as follows: (1) select the role of exosomes in direct and indirect reactions, (2) select a model that can be used in the study, (3) confirm the delivery of exosomes, and analyze the mechanisms for preventing hearing loss. The most important aspect of auditory research is that the prevention or regeneration of hearing loss in vivo must be confirmed through the ABR test. Injection of exosomes directly into the mammalian ear or via various routes through blood vessels should be considered. We suggest local injection of exosomes directly into the injured cochlea. This is because exosomes are systematically circulated in the body and then filtered by the kidneys or liver to show the direct effects of exosomes. Therefore, according to our proposal, the application of the auditory organs using exosomes is future-oriented.
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Figure 1. The summary of strategies for exosome application in the auditory field. (a) Schematic diagram of the application strategy of stem cell-derived exosomes. (b) Exosome strategy with direct and indirect treatment. (c) Strategies of exosome treatment using various hearing loss models. (d) Strategies of exosome applications. 
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Figure 2. Representative anatomical analysis strategy for in vivo experiments. (a) Analysis of whole auditory organ by immune fluorescence staining using Myosin 7a (Myo7a). (Myo7a: green, DAPI: blue), (b) Observation of organ of corti (OC) by transmission electron microscopy [8], (c) Comparison of hearing kinetics depending on 80 db to 20 dB on 8000 kHz. 
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Figure 3. A schematic diagram of causes, classification, and current treatments for hearing loss. The approach direction of exosome-based therapy (exo-therapy) for applying to hearing loss was described and its advantages were introduced. 
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