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Hearing loss is the most common sensory disorder in human beings. Cochlear sensory cells are the basis of hearing. Cochlear sensory cells suffer from various acute or chronic injuries, such as excessive sound stimulation, ototoxic drugs, and age-related degeneration. In response to these stresses, the cochlea develops an immune response. In recent years, studies have shown that the immune response of the inner ear has been regarded as one of the important pathological mechanisms of inner ear injury. Therapeutic interventions for inflammatory responses can effectively alleviate different types of inner ear injury. As the main immune cells in the inner ear, macrophages are involved in the process of inner ear injury caused by various exogenous factors. However, its specific role in the immune response of the inner ear is still unclear. This review focuses on discusses the dynamic changes of macrophages during different types of inner ear injury, and clarifies the potential role of macrophage-related immune response in inner ear injury.
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1 Introduction

Hearing loss is one of the most common sensory functional diseases in humans. At present, as many as 1.5 billion people worldwide suffer from hearing loss. Sensorineural hearing loss (SNHL), an important type of hearing loss, resulting from dysfunction of the inner ear, auditory nerve, or the auditory central nervous system. The loss or dysfunction of cochlear sensory cells and spiral ganglion is the main cause of SNHL. Currently, the molecular mechanisms of SNHL has not been fully clarified. Recently, there is increasing evidence that the cochlear immune responses are directly involved in the process of inner ear injury and immune-mediated SNHL has been widely accepted. The inner ear has been recognized as an immune privileged organ due to the blood-labyrinth barrier that separates the cochlear microenvironment from circulation. Harris et al. (1997) observed direct contact between lymphocytes and macrophages in the endolymphatic sac. Fredelius and Rask-Andersen (1990) subsequently reported infiltration of immune cells into the cochlea following noise exposure. In addition, studies have shown the presence of resident immune cells in the cochlea under normal conditions, this phenomenon has attracted renewed interest in inner ear immunity (Sato et al., 2008). These results suggest that the cochlea, like other organs, interacts with the systemic immune system through lymphatic drainage and vascular circulation to fight infection or exogenous injury. In recent years, a variety of inner ear immune cells have been identified, among which macrophages are the most abundant immune cells in the cochlea. Studies have shown that macrophages exist at different stages of cochlear development, and the presence of macrophages in the otic capsule was observed on embryonic day 10 (E10), suggesting that cochlear macrophages may originate in the embryo. In addition, macrophage precursor cells were detected in the mouse cochlea early after birth, and these precursor cells may be an important source of tissue macrophages (Dong et al., 2018). Although the origin and precise functions of cochlear macrophages are not clear, the presence of cochlear macrophages throughout life suggests that they are involved in maintaining cochlear tissue homeostasis. More specifically, cochlear macrophages not only participate in the development of the cochlea and maintain homeostasis, but also play an important role in the local immunity of the cochlea. Macrophage-mediated immune response is involved in a variety of acute and chronic inner ear injury processes, including noise, ototoxic drugs, viral infections, cochlear implant surgery, or age-related hearing loss. After cochlear injury, the number of cochlear macrophages increased significantly, and the morphology and phenotype of macrophages also changed significantly. Studies have shown that cochlear macrophages exhibit different phenotypes in different types of injury. In the acute injury of the cochlea, the increase of cochlear macrophages is mainly derived from monocytes in peripheral blood. However, in the chronic injury of the cochlea, the cochlea is mainly characterized by the differentiation and activation of resident macrophages. The activation of both infiltrating macrophages and resident macrophages can lead to changes in the local internal environment of the cochlea. Infiltrating macrophages can aggravate the occurrence of cochlear inflammation by directly contacting damaged cells or secreting cytokines. However, the exact role of macrophage-mediated immune response in the cochlea injury remains unclear.

In recent years, the immune response of the inner ear has been regarded as one of the important pathological mechanisms of inner ear injury. Therapeutic interventions for inflammatory responses can effectively alleviate different types of inner ear injury. In this review, we will discuss the dynamic changes of macrophages in the process of different types of inner ear injury, and try to clarify the potential role of macrophage-related immune response in inner ear injury.



2 Origin of cochlear macrophages

Traditionally, the inner ear has been considered to be an immune privileged organ. However, in recent years, a variety of inner ear immune cells have been identified, among which macrophages are the most abundant immune cells in the cochlea (Hirose et al., 2005; Okano et al., 2008). Macrophages are present at different stages of cochlear development. The presence of macrophages in the otic capsule was observed on embryonic day 10, suggesting that cochlear macrophages may originate from embryos. In the early postnatal period, macrophage precursor cells were detected in the cochlea, which may be an important source of tissue macrophages (Dong et al., 2018). In adult mice, the origin of macrophages in the cochlea is not fully understood. In peripheral tissues, bone marrow-derived precursor cells are the main source of tissue macrophages (Ginhoux and Jung, 2014). Shi (2010) have reported that the cochlear macrophages were differentiated from bone marrow-derived monocytes under steady-state conditions through bone marrow transplantation experiments in irradiated mice. In addition to macrophages, the cochlear immune cell population also includes granulocytes (3.1%), T cells (0.8%), B cells (0.4%), and natural killer cells (3.4%) (Matern et al., 2017). The cochlea of newborn mice has undergone remodeling during development, and the composition of its immune cells has also changed. Identifying the origin of macrophages in different developmental stages of the cochlea is crucial for understanding their role in cochlear homeostasis and disease formation.



3 Distribution of cochlear macrophages

Under steady-state conditions, macrophages are mainly distributed in the spiral ligament and stria vascularis of the lateral wall of the cochlea (Sato et al., 2008). In the spiral ligament, the macrophages were irregularly branched and mainly distributed in the lower region of the spiral ligament. This region is rich in type II and type IV fibroblasts, which are prone to pathological changes (Hirose and Liberman, 2003). During acute injury, the number of macrophages in the area adjacent to the scala tympani of the spiral ligament increases sharply (Miyao et al., 2008; Du et al., 2011). In addition, there are also abundant macrophages in the stria vascularis. In the stria vascularis, macrophages are mainly distributed around the capillaries, and the dendritic branches are consistent with the blood vessels, which together with the endothelial cells of the capillaries constitute the blood membrane labyrinth barrier (Zhang et al., 2012). Shi et al. showed that lipopolysaccharide-induced inflammatory response significantly increased vascular permeability and leakage, and destroyed the integrity of the blood membrane labyrinth (Jiang et al., 2019). In addition, macrophages are widely distributed in the cochlear nerve tissue. Near the nerve fibers of the cochlear axis, the dendritic protrusions of macrophages are the same as the nerve fibers. Studies have shown that macrophages in these regions are involved in the development of auditory nerves in addition to the inflammatory response in the cochlea (Brown et al., 2017). In the spiral limbus, macrophages and nerve fibers can pass through the habenula, but do not contact with the inner hair cells (Hirose et al., 2017). In the Rosenthal duct, macrophages are mainly distributed around the spiral ganglion. Dong et al. (2018) analyzed the number of macrophages in this region at different stages of cochlear development. The results showed that the number of macrophages region decreased with age in the spiral ganglion. Macrophages increase significantly when spiral ganglion cells are damaged, and aggregated macrophages can alleviate the damage of spiral ganglion to a certain extent. Under physiological conditions, there are abundant macrophages on the tympanic side under the basilar membrane of the mature cochlea, which are distributed along the basilar membrane from top to bottom. Macrophages are immersed in the tympanic perilymph and in direct contact with basement membrane mesothelial cells. This unique distribution allows it to monitor changes in the basilar membrane and perilymph microenvironment. The number and morphology of macrophages in different turns of the basilar membrane are different (Hu et al., 2018). The macrophages in the apical of the basilar membrane were dendritic, with small cell bodies and long branches (Figure 1A, a). The macrophages near the middle turns were amoeba-like, the cell body became larger, and the branches became shorter and thicker (Figure 1B, b). The macrophages in the basal turns of the basilar membrane were round, with almost no branched protrusions (Figure 1C, c). In addition, there are also some differences in the expression patterns of macrophage immune molecules in different sections of the basilar membrane, suggesting that they play different roles in the immune response (Hashimoto et al., 2005; Yang et al., 2015). Basilar membrane macrophages are closest to sensory cells, so they are more likely to feel the damage of sensory cells. Studies have shown that these macrophages monitor changes in the basilar membrane microenvironment (Zhang et al., 2017).
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FIGURE 1
Macrophage morphology in different regions of mouse basilar membrane under steady-state conditions. (A, a) Apical turn of basilar membrane. (B, b) Middle turn of basilar membrane. (C, c) Basal turn of basilar membrane.




4 Macrophage phenotype in acute cochlear injury

In recent years, there are increasing evidence that the inner ear immune response were involved in the acute injury of sensory epithelial cells caused by a variety of exogenous factors, including noise, ototoxic drugs, viral infection, cochlear implantation, and other injuries (Fujioka et al., 2006; Warchol et al., 2012; Verschuur et al., 2015; Tan et al., 2016). The immune response of the cochlea is a sterile inflammatory response without the participation of pathogens, death of hair cells and secretion of pro-inflammatory factors are one of the main factors that trigger the recruitment and activation of cochlear immune cells. The inflammatory response of the inner ear caused by acute cochlear injury is characterized by the infiltration of monocytes. Peripheral circulating monocytes are the main source of immune cells in the cochlea (Hirose et al., 2005). After cochlear injury, peripheral circulating monocytes enter the cochlea and differentiate into functional macrophages. Yang et al. (2015) observed the infiltration monocytes in the lateral wall of the cochlea after acoustic injury, and the infiltrated monocytes were transformed into macrophages. The activated monocyte-derived macrophages amplify the cochlear inflammatory response through antigen presentation and secretion of inflammatory factors, and participate in the process of sensory epithelial injury (Yang et al., 2015). Excessive noise stimulation can cause damage to hair cells, and the cytokines secreted by disintegrated hair cells and resident cells promote the recruitment of cochlear macrophages to the damaged area for local inflammatory response. In addition, after noise exposure, the expression of cochlear inflammation-related cytokines increased significantly, including chemokines, adhesion molecules, and macrophage migration inhibitory factors (Frye et al., 2019; Landegger et al., 2019). Chemokines are powerful inducers of macrophage activation and migration, and adhesion molecules can mediate macrophage recognition and adhesion. Studies have shown that the activated cochlear macrophages can secrete a variety of cytokines. In the acute phase of the inflammatory response of the inner ear after noise exposure, the expression of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β) increased sharply, which played an important role in respond to tissue damage (Ladrech et al., 2007; Wakabayashi et al., 2010).

In addition, the recruitment and activation of macrophages were also observed in the ototoxicity model. In the mouse cochlear culture model, the number of macrophages in the sensory epithelial injury area was significantly increased after kanamycin treatment. The activated macrophages can quickly migrate to the damaged cells and protrude to engulf the damaged sensory cells (Hirose et al., 2017). Sato et al. (2010) also observed monocyte infiltration and macrophage activation in the basilar membrane and spiral ganglion cell injury area in an mouse ototoxic model. Lenoir et al. showed that macrophages are involved in amikacin-induced sensory epithelial injury in rats, and early anti-inflammatory treatment may promote the survival of supporting cells (Ladrech et al., 2007). Kaur et al. (2015b) constructed a diphtheria toxin receptor knock-in mouse model, and observed a large number of hair cells loss and the supporting cells were not damaged after injection of diphtheria toxin, accompany with the number of basement membrane macrophages increased significantly. It indicates that the pro-inflammatory signal released by the damage of hair cells is sufficient to activate the basement membrane macrophages, even if the macrophages cannot directly contact with the damaged hair cells. However, many macrophages appeared to actively phagocytose hair cell debris in the damaged area of sensory cells in the utricle of mice, suggesting that macrophages may be directly involved in the corpse clearance process of mammalian vestibular organs (Kaur et al., 2015a). In addition, cochlear implantation can cause transient damage to the cochlea and nerves. The electrode implantation was simulated on the animal model, and the inflammatory reaction of macrophages in the electrode injury area was involved in the repair and healing of the wound (Okayasu et al., 2019, 2020). In general, macrophage related immune response of inner ear has been regarded as one of the important pathological mechanisms of acute inner ear injury.



5 Macrophage phenotype in Chronic cochlear injury

At present, the understanding of macrophage-related inflammatory response mainly comes from the study of acute inner ear injury. The infiltration and activation of cochlear macrophages play a crucial role in the process of acute inner ear injury. In recent years, researchers have also observed the participation of macrophages in chronic cochlear injury models. There are many differences in the pathological mechanisms of acute and chronic cochlear injury. The degeneration of sensory epithelial cells progresses rapidly during acute injury, followed by monocyte infiltration and macrophage activation. On the contrary, the damage of cochlear sensory epithelium in chronic injury progresses slowly, and the cochlea shows chronic inflammatory response. In this process, the activation of cochlea resident macrophages was mainly observed, and macrophages differentiated from infiltrating monocytes into the cochlea are rarely observed. Hu et al. have reported the dynamic activation of basilar membrane resident macrophages response to chronic hair cell degeneration, and tissue-resident macrophages, not infiltrated monocytes, are the main executors of immune response (Frye et al., 2017). Notably, activation of basilar membrane resident macrophage precedes hair cell degeneration, and the activity of macrophages is maintained until sensory cell are completely degraded. In the cochlear specimens of the elderly, the number of activated macrophages around the auditory nerve was increased, and macrophages surrounded the myelinated axon fibers, suggesting that macrophages were involved in the degeneration of the auditory nerve (Fischer et al., 2020). In addition, after low-intensity noise stimulation, mice showed temporary hearing impairment and no death of sensory epithelial cells was observed. The number of macrophages in the basilar membrane and spiral limbus was still significantly increased, suggesting that macrophages could monitor the changes of cochlear microenvironment in the early stage of sensory epithelial injury or before death (Frye et al., 2018). Our recent study found that macrophage activation is involved in the pathological process of sensory cell and spiral ganglion injury induced by GJB2 gene knockout in mice, and CX3CL1-CX3CR1 signaling axis is involved in regulating the recruitment of macrophages in the inner ear (Xu et al., 2020). Previous studies have reported that acoustic injury causes the infiltration of circulating leukocytes into the cochlea. Zhang et al. (2021) revealed that CX3CR1 is involved in regulating the infiltration of neutrophils in the cochlea, lack of CX3CR1 results in the augmentation of neutrophil infiltration into cochlear tissues after acoustic trauma. Sato et al. (2010) pointed out that CX3CR1-deficient cochlear macrophages exacerbate kanamycin induced damage, suggest that CX3CR1 plays a role in modulating the cochlear macrophages after kanamycin ototoxicity. In addition, disruption of CX3CL1-CX3CR1 signaling reduced macrophage infiltration into both the sensory epithelium and spiral ganglion, and also resulted in diminished survival of spiral ganglion neurons (Kaur et al., 2015b). Jabba et al. (2006) also observed macrophage infiltration in the stria vascularis of the Pendred syndrome mouse model. Chronic inflammation is a crucial contributor to various age-related disease and natural processes in aging tissue, including the cochlear and nervous system. Verschuur et al. (2012) reported that the hearing threshold in the population was directly related to the key serum biomarkers of low-grade inflammation. Inflammatory cytokines such as IL-1α, IL-2, TNF-α and NF-κB play an important role in the initiation and regulation of chronic inflammation in the inner ear (Satoh et al., 2003, 2006). These data support that the chronic inflammation plays a role in mechanisms of age-related hearing loss, and there is still little known about inflammation in the ageing cochlea.



6 Function of macrophages in cochlear injury


6.1 Phagocytosis

Phagocytosis is one of the important functions of macrophages. Like macrophages in other organs, cochlear macrophages also have phagocytic function. They continuously monitor the dynamic changes of the cochlear microenvironment. Frye et al. observed macrophage phagocytosis of red blood cells on the surface of the mouse cochlea (Hu et al., 2018). Sensory cells of the cochlea are susceptible to external injury factors, resulting in apoptosis, necrosis, or mixed-mode death (Ylikoski et al., 2002; Bohne et al., 2007). The phagocytosis of macrophages is more obvious in the cochlear injury area. In vitro experiments by Hirose et al. (2017) observed that in the kanamycin-induced cochlear basement membrane injury model, activated macrophages can quickly migrate to the vicinity of damaged hair cells and protrude to phagocytose damaged cells. Kaur et al. (2015a) reported that macrophages were observed to be involved in the phagocytosis and clearance of damaged cell debris in a mouse utricle sensory cell injury model induced by diphtheria toxin targeting. However, the Corti organ of the mature cochlea lacks macrophages under steady-state conditions. There is no evidence that macrophages can directly enter the Corti organ damage area and directly participate in the cleaning of damaged cells in the in vivo model. Studies have reported that Deiter cells are involved in the phagocytosis of damaged sensory cells and the filling of missing sensory epithelial cells (Abrashkin et al., 2006). As immune cells adjacent to the organ of Corti, the recruitment of macrophages on the tympanic side of the basilar membrane in the damaged area of the organ of Corti may play a role by secreting cytokines.



6.2 Secretion of inflammation-related cytokines

In recent years, a series of studies have shown that increased expression of inflammation-related cytokines in the cochlea has been detected in many different injury models (Cho et al., 2004; Gratton et al., 2011; Cai et al., 2014). In the cochlea, the interaction between inflammatory factors and macrophages is an important part of the cochlear immune response. Macrophages are involved in the mobilization and amplification of inflammatory response. When stimulated by exogenous stress, cytokines in the cochlea recruit macrophages to damaged tissues, and adhesion molecules promote macrophages to move slowly to the place where resident cells secrete cytokines. After acoustic injury, the expression of intercellular adhesion molecular-1 (ICAM-1) in the cochlea increased, and blocking ICAM-1 can inhibit the recruitment of macrophages and reduce noise-induced cochlear injury (Seidman et al., 2009). In the acute injury phase of noise stimulation, monocytes enter the cochlea and differentiate into macrophages, which can engulf and secrete more molecules, thereby mobilizing further immune response. After noise stimulation, the expression of inflammation-related cytokines in the cochlea, including intercellular adhesion molecule-1, TNF-α, chemokine CCL2, interleukin-6, and interleukin-1β, increased sharply after noise exposure and played an important role in the inflammatory response (Fujioka et al., 2006; Tan et al., 2016; Landegger et al., 2019). The application of RNA sequencing technology to the overall analysis of the transcriptional level of the cochlea under various pathological conditions has basically clarified the participation of a large number of immune-related molecules and multiple immune-related pathways (Patel et al., 2013; Yang et al., 2016). In addition, chemokine-chemokine receptor interactions, complement cascades, NOD-like receptor signaling, and TLR signaling are all involved in the immune response of the cochlea (Sato et al., 2008; Vethanayagam et al., 2016). Immune cells are the main source of immune-related cytokines. Pressure stimulates endothelial cells to present cell adhesion molecules and recruit macrophages to damaged tissues. Macrophages can engulf and secrete more immune factors, thereby mobilizing further immune response. Toll-like receptor 4 (TLR4) is a member of the pattern recognition receptor (PRR) family. Tlr4 deficiency inhibits the expression of major histocompatibility complex class II (MHC-II) in macrophages and reduces the antigen presentation activity of macrophages. However, the precise contribution of immune cells during inner ear injury remains unclear.



6.3 Antigen presenting

Under steady-state conditions, there are abundant immune cell populations in the cochlea, including macrophages, granulocytes, T cells, B cells and natural killer cells (Matern et al., 2017). Antigen presentation is an important part of immune activity, which occurs in the initial stage of immune response. It refers to the process of antigen presenting cells ingesting antigens to be processed, presenting on the surface of presenting cells in the form of immune peptides after a series of processing, and being recognized by immune cells to activate immune active cells (Steinman, 1991; Unanue, 1984). The main antigen-presenting cells include dendritic cells, macrophages, B lymphocytes and monocytes. Under steady-state conditions, macrophages in the cochlea express antigen-presenting molecules such as MHC II and CIITA. After excessive noise stimulation, a significant increase in activated macrophages was detected in the damaged area of cochlear sensory cells, and the expression of MHC II and CIITA in activated macrophages was significantly increased (Yang et al., 2015). In addition, the number of T cells is also increasing, and the increase of T cells indicates the activation of adaptive immune response. Our recent study found that in the model of sensory epithelial injury induced by GJB2 gene in targeted knockout mice, activated macrophages expressed MHC II molecules, and the number of MHC II positive cells increased significantly, suggesting that activated macrophages have potential antigen presentation function (Xu et al., 2020).




7 Application of anti-inflammatory therapy in the inner ear

In recent years, studies have shown that the treatment of inflammatory response can effectively alleviate different types of inner ear injury. Okano et al. reported that blocking IL-6 with anti-IL-6 antibody can improve the hearing of noise-exposed mice at a specific frequency. Histological analysis showed that the number of activated macrophages in the spiral ganglion region was significantly reduced and the damage of the spiral ganglion was significantly improved (Wakabayashi et al., 2010). Hu et al. showed that knockout of TLR4 gene can inhibit the function of macrophages in the inner ear. After noise stimulation, the hearing loss and hair cell death of TLR4 knockout mice were significantly reduced compared with wild-type mice (Vethanayagam et al., 2016). Mizushima et al. (2017) used the macrophage scavenger clodronate liposomes. The intervention of clodronate liposomes can significantly ameliorated noise-induced hearing loss in mice and protect the loss of outer hair cells (Mizushima et al., 2017). CCL2 and its main receptor CCR2 are important chemokines of monocytes. Hirose et al. reported that after noise stimulation, the hearing loss and hair cell death of CCR2 knockout mice were significantly reduced compared with wild-type mice. However, there was no significant changes in macrophage migration were observed, suggesting that CCR2 receptor is not necessary for situational cell migration (Sautter et al., 2006). However, the study of Kaur et al. (2015b) showed that knockout of CX3CR1 could significantly inhibit the recruitment of macrophages, and the damage of spiral ganglion in CX3CR1 knockout group was aggravated, suggesting that the recruited macrophages could participate in promoting the survival of spiral ganglion. The chemokine CX3CL1 acts on the CX3CR1 receptor on the surface of macrophages to regulate macrophages, which has been reported in adipose tissue and skeletal system (Han et al., 2014; Shen et al., 2018). Sun et al. (2015) reported that inhibition of macrophage activation can reduce neomycin-induced hair cell loss and improve the hearing function of neomycin-treated mice. Benseler et al. used IL-1 blockers to significantly improve hearing in patients with Muckle-Wells syndrome (MWS), and the degree of hearing improvement was related to the time of treatment initiation (Kuemmerle-Deschner et al., 2015). Glucocorticoids have many effects such as anti-inflammatory, antitoxin and immune regulation. Systemic or local application of glucocorticoids is the main method for the treatment of SNHL, including sudden sensorineural hearing loss, noise-induced hearing loss, and autoimmune inner ear disease. Intratympanic injection of glucocorticoids can partially improve noise-induced hearing impairment and reduce hair cell apoptosis (Ozdogan et al., 2012; Müller et al., 2017). In recent years, steroids combined with other treatments is also a new treatment strategy. Han et al. (2020) showed that for some patients with refractory sudden deafness, nimodipine combined with steroids had better hearing improvement than single steroid therapy (Han et al., 2020). Prostaglandin E1 combined with glucocorticoid is recommended for the treatment of sudden sensorineural hearing loss patients with severe hearing loss in Japan (Kitoh et al., 2020). Eastwood et al. (2010) showed that injection of glucocorticoids through the round window can improve the high-frequency hearing loss caused by cochlear implantation injury. Ahmadi et al. (2019) reported that hydrogel-loaded dexamethasone can significantly protect the auditory nerve injury caused by cochlear implantation, but the specific mechanism is still unclear. The application of targeted gene therapy has opened up a new way for the treatment of inner ear diseases, through a variety of ways to achieve the expression of exogenous genes in the inner ear. Gene therapy focuses on the reconstruction of genetic materials through repair or gene modification to treat diseases, which is currently the most promising treatment strategy for genetic diseases (Jiang et al., 2023). Therefore, gene therapy based on immune response may be an important potential therapeutic target for sensorineural hearing loss.



8 Summary

In this review, we discuss the immune response and inflammatory activity after cochlear injury. Under steady-state conditions, the cochlea contains a variety of immune cells, of which tissue macrophages are the most abundant. The specific function of resident macrophages in the cochlea and the difference from circulating infiltrating macrophages need to be further explored. In different types of cochlear injury models, tissue macrophages exhibit a variety of morphological and gene expression patterns, indicating that they are in different functional states. The cochlea recruits circulating monocytes when it encounters external pressure, and these immune cells participate in the cochlear immune response together with cochlear resident macrophages (Figure 2). In addition, macrophage-related immune response not only plays a role in acute cochlear injury, but also studies have proposed the concept of inflammation as a mechanism of aging and age-related hearing loss. Macrophage-related immune response in the inner ear has been regarded as one of the important pathological mechanisms of inner ear injury. The role of macrophages in maintaining cochlear homeostasis and participating in inflammatory regulation is becoming more and more clear. In recent years, some progress has been made in the treatment of multiple models of inflammatory response. Macrophage-related inflammation will be used as a target for the treatment of inner ear injury. In the future, we look forward to the discovery of more targeted drugs based on inner ear immune-related molecules.
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FIGURE 2
Schematic diagram of macrophages in different inner ear injuries. In acute cochlear injury, circulating monocytes infiltrated the cochlea and differentiate into functional macrophages. In chronic cochlear injury, the activation of basilar membrane resident macrophages is involved in the process of sensory epithelial injury.




Author contributions

Y-CL: Writing – original draft. KX: Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Science and technology research project of Jiangxi Provincial Department of Education (GJJ2200239).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Abrashkin, K., Izumikawa, M., Miyazawa, T., Wang, C., Crumling, M., Swiderski, D., et al. (2006). The fate of outer hair cells after acoustic or ototoxic insults. Hear. Res. 218, 20–29. doi: 10.1016/j.heares.2006.04.001

Ahmadi, N., Gausterer, J., Honeder, C., Mötz, M., Schöpper, H., Zhu, C., et al. (2019). Long-term effects and potential limits of intratympanic dexamethasone-loaded hydrogels combined with dexamethasone-eluting cochlear electrodes in a low-insertion trauma Guinea pig model. Hear. Res. 384:107825. doi: 10.1016/j.heares.2019.107825

Bohne, B., Harding, G., and Lee, S. (2007). Death pathways in noise-damaged outer hair cells. Hear. Res. 223, 61–70. doi: 10.1016/j.heares.2006.10.004

Brown, L., Xing, Y., Noble, K., Barth, J., Panganiban, C., Smythe, N., et al. (2017). Macrophage-mediated glial cell elimination in the postnatal mouse cochlea. Front. Mol. Neurosci. 10:407. doi: 10.3389/fnmol.2017.00407

Cai, Q., Vethanayagam, R., Yang, S., Bard, J., Jamison, J., Cartwright, D., et al. (2014). Molecular profile of cochlear immunity in the resident cells of the organ of Corti. J. Neuroinflammation 11:173. doi: 10.1186/s12974-014-0173-8

Cho, Y., Gong, T., Kanicki, A., Altschuler, R., and Lomax, M. (2004). Noise overstimulation induces immediate early genes in the rat cochlea. Brain Res. Mol. Brain Res. 130, 134–148. doi: 10.1016/j.molbrainres.2004.07.017

Dong, Y., Zhang, C., Frye, M., Yang, W., Ding, D., Sharma, A., et al. (2018). Differential fates of tissue macrophages in the cochlea during postnatal development. Hear. Res. 365, 110–126. doi: 10.1016/j.heares.2018.05.010

Du, X., Choi, C., Chen, K., Cheng, W., Floyd, R., and Kopke, R. (2011). Reduced formation of oxidative stress biomarkers and migration of mononuclear phagocytes in the cochleae of chinchilla after antioxidant treatment in acute acoustic trauma. Int. J. Otolaryngol. 2011:612690. doi: 10.1155/2011/612690

Eastwood, H., Chang, A., Kel, G., Sly, D., Richardson, R., and O’Leary, S. (2010). Round window delivery of dexamethasone ameliorates local and remote hearing loss produced by cochlear implantation into the second turn of the guinea pig cochlea. Hear. Res. 265, 25–29. doi: 10.1016/j.heares.2010.03.006

Fischer, N., Johnson Chacko, L., Glueckert, R., and Schrott-Fischer, A. (2020). Age-dependent changes in the cochlea. Gerontology 66, 33–39. doi: 10.1159/000499582

Fredelius, L., and Rask-Andersen, H. (1990). The role of macrophages in the disposal of degeneration products within the organ of corti after acoustic overstimulation. Acta Oto-laryngol. 109, 76–82. doi: 10.3109/00016489009107417

Frye, M., Ryan, A., and Kurabi, A. (2019). Inflammation associated with noise-induced hearing loss. J. Acoust. Soc. Am. 146:4020. doi: 10.1121/1.5132545

Frye, M., Yang, W., Zhang, C., Xiong, B., and Hu, B. (2017). Dynamic activation of basilar membrane macrophages in response to chronic sensory cell degeneration in aging mouse cochleae. Hear. Res. 344, 125–134. doi: 10.1016/j.heares.2016.11.003

Frye, M., Zhang, C., and Hu, B. (2018). Lower level noise exposure that produces only TTS modulates the immune homeostasis of cochlear macrophages. J. Neuroimmunology 323, 152–166. doi: 10.1016/j.jneuroim.2018.06.019

Fujioka, M., Kanzaki, S., Okano, H., Masuda, M., Ogawa, K., and Okano, H. (2006). Proinflammatory cytokines expression in noise-induced damaged cochlea. J. Neurosci. Res. 83, 575–583. doi: 10.1002/jnr.20764

Ginhoux, F., and Jung, S. (2014). Monocytes and macrophages: developmental pathways and tissue homeostasis. Nat. Rev. Immunol. 14, 392–404. doi: 10.1038/nri3671

Gratton, M., Eleftheriadou, A., Garcia, J., Verduzco, E., Martin, G., Lonsbury-Martin, B., et al. (2011). Noise-induced changes in gene expression in the cochleae of mice differing in their susceptibility to noise damage. Hear. Res. 277, 211–226. doi: 10.1016/j.heares.2010.12.014

Han, J., Jung, J., Park, K., Lee, H., Lee, B., Choi, S., et al. (2020). Nimodipine and steroid combination therapy for idiopathic sudden sensorineural hearing loss. Otol. Neurotol. 41, e783–e789. doi: 10.1097/mao.0000000000002695

Han, K., Ryu, J., Lim, K., Lee, S., Kim, Y., Hwang, C., et al. (2014). Vascular expression of the chemokine CX3CL1 promotes osteoclast recruitment and exacerbates bone resorption in an irradiated murine model. Bone 61, 91–101. doi: 10.1016/j.bone.2013.12.032

Harris, J., Heydt, J., Keithley, E., and Chen, M. (1997). Immunopathology of the inner ear: an update. Ann. N. Y. Acad. Sci. 830, 166–178. doi: 10.1111/j.1749-6632.1997.tb51888.x

Hashimoto, S., Billings, P., Harris, J., Firestein, G., and Keithley, E. (2005). Innate immunity contributes to cochlear adaptive immune responses. Audiol. Neuro-otol. 10, 35–43. doi: 10.1159/000082306

Hirose, K., Discolo, C., Keasler, J., and Ransohoff, R. (2005). Mononuclear phagocytes migrate into the murine cochlea after acoustic trauma. J. Comp. Neurol. 489, 180–194. doi: 10.1002/cne.20619

Hirose, K., and Liberman, M. (2003). Lateral wall histopathology and endocochlear potential in the noise-damaged mouse cochlea. J. Assoc. Res. Otolaryngol. 4, 339–352. doi: 10.1007/s10162-002-3036-4

Hirose, K., Rutherford, M., and Warchol, M. (2017). Two cell populations participate in clearance of damaged hair cells from the sensory epithelia of the inner ear. Hear. Res. 352, 70–81. doi: 10.1016/j.heares.2017.04.006

Hu, B., Zhang, C., and Frye, M. (2018). Immune cells and non-immune cells with immune function in mammalian cochleae. Hear. Res. 362, 14–24. doi: 10.1016/j.heares.2017.12.009

Jabba, S., Oelke, A., Singh, R., Maganti, R., Fleming, S., Wall, S., et al. (2006). Macrophage invasion contributes to degeneration of stria vascularis in Pendred syndrome mouse model. BMC Med. 4:37. doi: 10.1186/1741-7015-4-37

Jiang, L., Wang, D., He, Y., and Shu, Y. (2023). Advances in gene therapy hold promise for treating hereditary hearing loss. Mol. therapy 31, 934–950. doi: 10.1016/j.ymthe.2023.02.001

Jiang, Y., Zhang, J., Rao, Y., Chen, J., Chen, K., and Tang, Y. (2019). Lipopolysaccharide disrupts the cochlear blood-labyrinth barrier by activating perivascular resident macrophages and up-regulating MMP-9. Int. J. Pediatr. Otorhinolaryngol. 127:109656. doi: 10.1016/j.ijporl.2019.109656

Kaur, T., Hirose, K., Rubel, E., and Warchol, M. (2015a). Macrophage recruitment and epithelial repair following hair cell injury in the mouse utricle. Front. Cell. Neurosci. 9:150. doi: 10.3389/fncel.2015.00150

Kaur, T., Zamani, D., Tong, L., Rubel, E., Ohlemiller, K., Hirose, K., et al. (2015b). Fractalkine signaling regulates macrophage recruitment into the cochlea and promotes the survival of spiral ganglion neurons after selective hair cell lesion. J. Neurosci. 35, 15050–15061. doi: 10.1523/jneurosci.2325-15.2015

Kitoh, R., Nishio, S., and Usami, S. (2020). Treatment algorithm for idiopathic sudden sensorineural hearing loss based on epidemiologic surveys of a large Japanese cohort. Acta Oto-laryngol. 140, 32–39. doi: 10.1080/00016489.2019.1687936

Kuemmerle-Deschner, J., Koitschev, A., Tyrrell, P., Plontke, S., Deschner, N., Hansmann, S., et al. (2015). Early detection of sensorineural hearing loss in Muckle-Wells-syndrome. Pediatr. Rheumatol. Online J. 13:43. doi: 10.1186/s12969-015-0041-9

Ladrech, S., Wang, J., Simonneau, L., Puel, J., and Lenoir, M. (2007). Macrophage contribution to the response of the rat organ of Corti to amikacin. J. Neurosci. Res. 85, 1970–1979. doi: 10.1002/jnr.21335

Landegger, L., Vasilijic, S., Fujita, T., Soares, V., Seist, R., Xu, L., et al. (2019). Cytokine levels in inner ear fluid of young and aged mice as molecular biomarkers of noise-induced hearing loss. Front. Neurol. 10:977. doi: 10.3389/fneur.2019.00977

Matern, M., Vijayakumar, S., Margulies, Z., Milon, B., Song, Y., Elkon, R., et al. (2017). Gfi1(Cre) mice have early onset progressive hearing loss and induce recombination in numerous inner ear non-hair cells. Sci. Rep. 7:42079. doi: 10.1038/srep42079

Miyao, M., Firestein, G., and Keithley, E. (2008). Acoustic trauma augments the cochlear immune response to antigen. Laryngoscope 118, 1801–1808. doi: 10.1097/MLG.0b013e31817e2c27

Mizushima, Y., Fujimoto, C., Kashio, A., Kondo, K., and Yamasoba, T. (2017). Macrophage recruitment, but not interleukin 1 beta activation, enhances noise-induced hearing damage. Biochem. Biophys. Res. Commun. 493, 894–900. doi: 10.1016/j.bbrc.2017.09.124

Müller, M., Tisch, M., Maier, H., and Löwenheim, H. (2017). Reduction of permanent hearing loss by local glucocorticoid application: Guinea pigs with acute acoustic trauma. Hno 65, 59–67. doi: 10.1007/s00106-016-0266-z

Okano, T., Nakagawa, T., Kita, T., Kada, S., Yoshimoto, M., Nakahata, T., et al. (2008). Bone marrow-derived cells expressing Iba1 are constitutively present as resident tissue macrophages in the mouse cochlea. J. Neurosci. Res. 86, 1758–1767. doi: 10.1002/jnr.21625

Okayasu, T., O’Malley, J., and Nadol, J. Jr. (2019). Density of Macrophages Immunostained With Anti-iba1 Antibody in the Vestibular Endorgans After Cochlear Implantation in the Human. Otol. Neurotol. 40, e774–e781. doi: 10.1097/mao.0000000000002313

Okayasu, T., Quesnel, A., O’Malley, J., Kamakura, T., and Nadol, J. Jr. (2020). The distribution and prevalence of macrophages in the cochlea following cochlear implantation in the human: An immunohistochemical study using anti-iba1 antibody. Otol. Neurotol. 41, e304–e316. doi: 10.1097/mao.0000000000002495

Ozdogan, F., Ensari, S., Cakir, O., Ozcan, K., Koseoglu, S., Ozdas, T., et al. (2012). Investigation of the cochlear effects of intratympanic steroids administered following acoustic trauma. Laryngoscope 122, 877–882. doi: 10.1002/lary.23185

Patel, M., Hu, Z., Bard, J., Jamison, J., Cai, Q., and Hu, B. (2013). Transcriptome characterization by RNA-Seq reveals the involvement of the complement components in noise-traumatized rat cochleae. Neuroscience 248, 1–16. doi: 10.1016/j.neuroscience.2013.05.038

Sato, E., Shick, H., Ransohoff, R., and Hirose, K. (2008). Repopulation of cochlear macrophages in murine hematopoietic progenitor cell chimeras: the role of CX3CR1. J. Comp. Neurol. 506, 930–942. doi: 10.1002/cne.21583

Sato, E., Shick, H., Ransohoff, R., and Hirose, K. (2010). Expression of fractalkine receptor CX3CR1 on cochlear macrophages influences survival of hair cells following ototoxic injury. J. Assoc. Res. Otolaryngol. 11, 223–234. doi: 10.1007/s10162-009-0198-3

Satoh, H., Billings, P., Firestein, G., Harris, J., and Keithley, E. (2006). Transforming growth factor beta expression during an inner ear immune response. Ann. Otol. Rhinol. Laryngol. 115, 81–88. doi: 10.1177/000348940611500112

Satoh, H., Firestein, G., Billings, P., Harris, J., and Keithley, E. (2003). Proinflammatory cytokine expression in the endolymphatic sac during inner ear inflammation. J. Assoc. Res. Otolaryngol. 4, 139–147. doi: 10.1007/s10162-002-3025-7

Sautter, N., Shick, E., Ransohoff, R., Charo, I., and Hirose, K. (2006). CC chemokine receptor 2 is protective against noise-induced hair cell death: studies in CX3CR1(+/GFP) mice. J. Assoc. Res. Otolaryngol. 7, 361–372. doi: 10.1007/s10162-006-0051-x

Seidman, M., Tang, W., Shirwany, N., Bai, U., Rubin, C., Henig, J., et al. (2009). Anti-intercellular adhesion molecule-1 antibody’s effect on noise damage. Laryngoscope 119, 707–712. doi: 10.1002/lary.20109

Shen, Y., Li, D., Li, B., Xi, P., Zhang, Y., Jiang, Y., et al. (2018). Up-Regulation of CX3CL1 via STAT3 Contributes to SMIR-Induced Chronic Postsurgical Pain. Neurochem. Res. 43, 556–565. doi: 10.1007/s11064-017-2449-8

Shi, X. (2010). Resident macrophages in the cochlear blood-labyrinth barrier and their renewal via migration of bone-marrow-derived cells. Cell Tissue Res. 342, 21–30. doi: 10.1007/s00441-010-1040-2

Steinman, R. (1991). The dendritic cell system and its role in immunogenicity. Annu. Rev. Immunol. 9, 271–296. doi: 10.1146/annurev.iy.09.040191.001415

Sun, S., Yu, H., Yu, H., Honglin, M., Ni, W., Zhang, Y., et al. (2015). Inhibition of the activation and recruitment of microglia-like cells protects against neomycin-induced ototoxicity. Mol. Neurobiol. 51, 252–267. doi: 10.1007/s12035-014-8712-y

Tan, W., Thorne, P., and Vlajkovic, S. (2016). Characterisation of cochlear inflammation in mice following acute and chronic noise exposure. Histochem. Cell Biol. 146, 219–230. doi: 10.1007/s00418-016-1436-5

Unanue, E. (1984). Antigen-presenting function of the macrophage. Annu. Rev. Immunol. 2, 395–428. doi: 10.1146/annurev.iy.02.040184.002143

Verschuur, C., Causon, A., Green, K., Bruce, I., Agyemang-Prempeh, A., and Newman, T. (2015). The role of the immune system in hearing preservation after cochlear implantation. Cochlear Implants Int. 16, S40–S42. doi: 10.1179/1467010014z.000000000233

Verschuur, C., Dowell, A., Syddall, H., Ntani, G., Simmonds, S., Baylis, D., et al. (2012). Markers of inflammatory status are associated with hearing threshold in older people: Findings from the Hertfordshire Ageing Study. Age Ageing 41, 92–97. doi: 10.1093/ageing/afr140

Vethanayagam, R., Yang, W., Dong, Y., and Hu, B. (2016). Toll-like receptor 4 modulates the cochlear immune response to acoustic injury. Cell Death Dis. 7, e2245. doi: 10.1038/cddis.2016.156

Wakabayashi, K., Fujioka, M., Kanzaki, S., Okano, H., Shibata, S., Yamashita, D., et al. (2010). Blockade of interleukin-6 signaling suppressed cochlear inflammatory response and improved hearing impairment in noise-damaged mice cochlea. Neurosci. Res. 66, 345–352. doi: 10.1016/j.neures.2009.12.008

Warchol, M., Schwendener, R., and Hirose, K. (2012). Depletion of resident macrophages does not alter sensory regeneration in the avian cochlea. PLoS One 7:e51574. doi: 10.1371/journal.pone.0051574

Xu, K., Chen, S., Xie, L., Qiu, Y., Bai, X., Liu, X., et al. (2020). Local macrophage-related immune response is involved in cochlear epithelial damage in distinct Gjb2-related hereditary deafness models. Front. Cell Dev. Biol. 8:597769. doi: 10.3389/fcell.2020.597769

Yang, S., Cai, Q., Vethanayagam, R., Wang, J., Yang, W., and Hu, B. (2016). Immune defense is the primary function associated with the differentially expressed genes in the cochlea following acoustic trauma. Hear. Res. 333, 283–294. doi: 10.1016/j.heares.2015.10.010

Yang, W., Vethanayagam, R., Dong, Y., Cai, Q., and Hu, B. (2015). Activation of the antigen presentation function of mononuclear phagocyte populations associated with the basilar membrane of the cochlea after acoustic overstimulation. Neuroscience 303, 1–15. doi: 10.1016/j.neuroscience.2015.05.081

Ylikoski, J., Xing-Qun, L., Virkkala, J., and Pirvola, U. (2002). Blockade of c-Jun N-terminal kinase pathway attenuates gentamicin-induced cochlear and vestibular hair cell death. Hear. Res. 163, 71–81. doi: 10.1016/s0378-5955(01)00380-x

Zhang, C., Frye, M., Riordan, J., Sharma, A., Manohar, S., Salvi, R., et al. (2021). Loss of CX3CR1 augments neutrophil infiltration into cochlear tissues after acoustic overstimulation. J. Neurosci. Res. 99, 2999–3020. doi: 10.1002/jnr.24925

Zhang, C., Sun, W., Li, J., Xiong, B., Frye, M., Ding, D., et al. (2017). Loss of sestrin 2 potentiates the early onset of age-related sensory cell degeneration in the cochlea. Neuroscience 361, 179–191. doi: 10.1016/j.neuroscience.2017.08.015

Zhang, W., Dai, M., Fridberger, A., Hassan, A., Degagne, J., Neng, L., et al. (2012). Perivascular-resident macrophage-like melanocytes in the inner ear are essential for the integrity of the intrastrial fluid-blood barrier. Proc. Natl. Acad. Sci. U. S. A. 109, 10388–10393. doi: 10.1073/pnas.1205210109



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Macrophage-related immune responses in inner ear: a potential therapeutic target for sensorineural hearing loss



		1 Introduction



		2 Origin of cochlear macrophages



		3 Distribution of cochlear macrophages



		4 Macrophage phenotype in acute cochlear injury



		5 Macrophage phenotype in Chronic cochlear injury



		6 Function of macrophages in cochlear injury



		6.1 Phagocytosis



		6.2 Secretion of inflammation-related cytokines



		6.3 Antigen presenting







		7 Application of anti-inflammatory therapy in the inner ear



		8 Summary



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Macrophage-related immune
responses in inner ear:

a potential therapeutic target

for sensorineural hearing loss







OPS/images/fnins-17-1339134-g001.jpg
Middle

OSL

M |
"Predvpep Spea e . ' OSL
Tunnel

Lo, \ . Mﬂl‘nﬂﬂl

ot o."'.o-..oo‘{ ‘ “wrerreverod

P ooovooﬂ"““...

F-actin









OPS/images/fnins-17-1339134-g002.jpg
Acute cochlear injury

o— o~

macrophage

monocytes

Activated macrophage

Chronic cochlear injury

T —
resident macrophages

Activated macrophage








OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience







