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Otitis media (OM) is a pervasive disease that involves hearing loss and severe complications. In our previous study, we successfully established a mouse model of human OM using Tlr2tm1Kir (TLR2–/–) mice with middle ear (ME) inoculation of streptococcal peptidoglycan-polysaccharide (PGPS). In this study, we found that hearing loss and OM infections in OM mice were significantly alleviated after treatment with rapamycin (RPM), a widely used mechanistic target of RPM complex 1 (mTORC1) inhibitor and autophagy inducer. First of all, we tested the activity of mTORC1 by evaluating p-S6, Raptor, and mTOR protein expression. The data suggested that the protein expression level of p-S6, Raptor and mTOR are decreased in TLR2–/– mice after the injection of PGPS. Furthermore, our data showed that both the autophagosome protein LC3-II, Beclin-1, ATG7, and autophagy substrate protein p62 accumulated at higher levels in mice with OM than in OM-negative mice. The expression of lysosomal-associated proteins LAMP1, Cathepsin B, and Cathepsin D increased in the OM mice compared with OM-negative mice. Rab7 and Syntaxin 17, which is necessary for the fusion of autophagosomes with lysosomes, are reduced in the OM mice. In addition, data also described that the protein expression level of p-S6, mTOR and Raptor are lower than PGPS group after RPM treatment. The accumulation of LC3-II, Beclin-1, and ATG7 are decreased, and the expression of Rab7 and Syntaxin 17 are increased significantly after RPM treatment. Our results suggest that autophagy impairment is involved in PGPS-induced OM and that RPM improves OM at least partly by relieving autophagy impairment. Modulating autophagic activity by RPM may be a possible effective treatment strategy for OM.
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INTRODUCTION

OM (otitis media), one of the most common childhood infections (Rovers et al., 2004; Monasta et al., 2012), is associated with the potential burden of hearing loss and leads to excessive antibiotic consumption and severe complications (Vergison et al., 2010). The pathogenesis of OM is associated with many factors, including immune system dysfunction, genetic susceptibility, pathogen exposure, and middle ear (ME) damage (Rovers et al., 2004). ME is part of a functional system composed of the nasopharynx and eustachian tube anteriorly and the mastoid air cells posteriorly (Bluestone and Doyle, 1988). The tympanic membrane serves as the boundary between the ME and the outer ear. OM is a common inflammatory response in diseases of the auditory system (Harmes et al., 2013). Toll receptors (TLR) play a role in the innate immune response in mammals and TLR2 recognizes components from a variety of microbial pathogens (Takeda and Akira, 2015). Previously, we successfully established a mouse model of OM using Tlr2tm1Kir (TLR2–/–) mice. TLR2–/– mice were inoculated with streptococcal peptidoglycan-polysaccharide (PGPS) into their ME by tympanic membrane puncture (Zhang et al., 2015). Our results demonstrated that compared with wild-type (WT) C57BL/6J mice, TLR2–/– mice inoculated with PGPS exhibited severe and long-lasting inflammation and tissue damage.

Recently, autophagy was found to be involved in immunological and inflammatory diseases. Autophagy provides a source of peptides for antigen presentation and is involved in the engulfment and degradation of intracellular pathogens, and it is also a key regulator of inflammatory cytokines (Harris et al., 2017). Autophagy plays an important role in inflammasome activation and in the release of interleukin-1 (IL-1) family cytokines, which are an essential part of innate and adaptive immune responses (Garlanda et al., 2013). Autophagy is a lysosome-dependent intracellular degradation pathway unique to eukaryotes. It is considered to have several stages: autophagy induction, autophagosome formation, the fusion of autophagosomes and lysosomes and substrate degradation (Mizushima, 2007; Glick et al., 2010). The lipidated form of microtubule-associated protein 1A/1B-light chain 3 (LC3), LC3-II, and the accumulation of the cargo receptor of autophagosomes, sequestosome 1 (SQSTM1/p62), have been used as markers for active autophagy (Tanida et al., 2004; Sou et al., 2006). In recent years, researchers have discovered that the expression of mRNA associated with autophagy, like LC3-II and Beclin-1 in the ME fluid samples of patients with OM increased (Jung et al., 2020a,b), but the mechanism of autophagy involved in OM has not been clarified. Therefore, our experiment would like to verify whether autophagy is involved in OM and explore the role of autophagy in OM.

Rapamycin (RPM), an autophagy inducer, activates autophagy by repressing the mechanistic target of RPM complex 1 (mTORC1) (Sekiguchi et al., 2012). It has been used in some clinical trials, such as allograft rejection, cancer and lymphangioleiomyomatosis (Bissler et al., 2008; Li et al., 2014; Franz et al., 2016; Koenig et al., 2018; Mandrioli et al., 2018). Topical RPM appears effective and safe for treatment of tuberous sclerosis complex -related facial angiofibromas. To date, RPM has been also shown to be effective in a variety of inflammatory diseases in animal model. It relieved inflammation in experimental autoimmune encephalomyelitis in a mouse model (Li et al., 2019a,b). It also suppressed airway inflammation and inflammatory molecules in retinal inflammation (Okamoto et al., 2016; Joean et al., 2017). In addition, it was shown to protect cartilage endplates from chronic inflammation-induced degeneration (Zuo et al., 2019). However, previous studies have not determined whether RPM treatment has an otoprotective effect in OM. We speculate that autophagy may be involved in the process of OM, and RPM may have a protective effect on OM. Therefore, we also want to find out whether RPM could relieves the OM caused by PGPS and identify the possible mechanism of this process.

We have confirmed that the ME inflammation of TLR2–/– mice injected with PGPS was more severe than that of WT mice through the electric otoscope image and the hematoxylin-eosin (H&E) staining firstly (Supplementary Figures 1A,B). In addition, we found that the protein expressions of LC3-II and p62 were increased obviously from the ME tissues injected by PGPS in TLR2–/– mice but not in WT mice, which suggested that the autophagy impairment may be involved in PGPS-induced OM in TLR2–/– mice (Supplementary Figure 1C). PGPS induces relatively stable OM in TLR2–/– mice, which provides a longer time window for drug screening and studying mechanisms of prevention and treatment. Based on the above reasons, we chose TLR2–/– mice as our OM model. In this study, TLR2–/– mice with PGPS-induced OM are called “OM mice.”

In this study, we observed the therapeutic effect of RPM against PGPS-induced OM and investigated the role of autophagy in this process. Our results suggested that RPM alleviates hearing loss and inflammation in the OM mice and that normal autophagy contributes to this process. We hope that our study will help improve the clinical treatment of OM.



MATERIALS AND METHODS


Animals

Both male and female Tlr2tm1Kir (TLR2–/–) mice and WT mice aged 6–8 weeks were obtained from the Jackson Laboratory (Bar Harbor, ME, United States) and housed in a pathogen-free facility. The experimental protocol was approved by the Animal Use and Care Committee of Binzhou Medical University.



Drug Treatment

Mice were treated with normal saline (NS), PGPS, NS + DMSO, or PGPS + rapamycin (RPM). Individual mice were intraperitoneally anesthetized with 4% chloral hydrate (0.01 ml/g; Biotopped Life Sciences, Beijing, China). All the mice received treatment in their right ears. The mice in the NS group received intratympanic (IT) injections of 10 μl of saline. The mice in the PGPS group received IT injections of 60 μg PGPS (100P, BD Bioscience, San Jose, CA, United States) freshly prepared in 10 μl of NS as described previously (Zhang et al., 2015). Purified (purity 99%) PGPS was extracted from the Streptococcus pneumoniae cell wall (Fulghum and Brown, 1998; Komori et al., 2011). RPM (Selleck, S1039, Shanghai, China) for IT injections was dissolved in 100% dimethyl sulfoxide (DMSO) to make 22 mM stock solutions and diluted with a PGPS solution immediately before injection for a final dose of either 0.35 or 0.7 μM in a 10 μl PGPS solution. 0.7 μM RPM and 0.35 μM are obtained from 22 mM stock solutions diluted with PBS. The mice in the vehicle group received IT injections of equal volumes of DMSO or NS. The mouse tympanic membranes were examined on day 3 post-injection using an otoscopic digital imaging system (MedRx VetScope System, Largo, FL, United States).



Auditory Brainstem Response and Tympanometry Procedure

The Auditory brainstem response (ABR) and tympanometry of individual experimental mice were assessed on day 3 post-injection. A computer-aided evoked potential system (IHS3.30 Intelligent Hearing Systems, Miami, FL, United States) was used for ABR measurements as described previously (Hu et al., 2016). Briefly, click, 8, 16, and 32 kHz tone burst frequencies were channeled through an earphone inserted into the right ear. The ABR threshold was identified as the lowest stimulus level at which clear and repeatable waveforms were recognized. Tympanometry measurements were performed using an MT 10 tympanometer (Interacoustics, Assens, Denmark).



Histological Analysis of the Middle Ear

The experimental mice were sacrificed on day 3 post-injection, and their right auditory bullae (including both the middle and inner ear) were dissected and subjected to pathological examination as described previously (Zhang et al., 2015). The bullae tissues were fixed with 4% paraformaldehyde for 24 h at 4°C, decalcified with a 10% EDTA solution for 5 days, and embedded in paraffin. The paraffin sections were stained with H&E and examined under a light microscope (Leica DMI4000 B, Germany).



Immunohistochemistry

The right bullae from experimental mice were fixed in 4% paraformaldehyde and decalcified before they were embedded in paraffin. The bullae tissues were sectioned at 5–7 μm. After deparaffinization, rehydration, and antigen retrieval, the sections were immunohistochemically stained with an anti-p62 antibody (Abcam, ab56416, Cambridge, England, United Kingdom), anti-Beclin-1 antibody (Abcam, ab210498), anti-ATG7 antibody (Proteintech, 10088-2-AP), anti-Cathepsin B Rabbit Polyclonal Antibody (Proteintech, 12216-1-AP), anti-Cathepsin D antibody (Proteintech, 21327-1-AP), anti-Rab7 antibody (Abcam, ab137029), anti-p-S6 antibody (Ser235/236) (Cell Signaling Technology, #4858), anti-mTOR antibody (Proteintech, 20657-1-AP), and anti-Raptor antibody (Affinity, #DF7527). The sample slides were observed under a light microscope and imaged by LAS X software (Leica DM4500 B, Leica Microsystems Inc., Buffalo Grove, IL, United States).



Immunofluorescence

After deparaffinization, rehydration, and antigen retrieval, the sections were stained with an anti-LC3B antibody (Novus Biologicals, NB100-2220, Co., United States), anti-TNF-α antibody (Proteintech, 17590-1-AP), anti-LAMP1 antibody (Abcam, ab24170), anti-Syntaxin 17 antibody (Proteintech, 17815-1-AP) and DAPI (Invitrogen, Carlsbad, United States). The stained tissues were imaged using a confocal microscope (LSM 880, Zeiss, Oberkochen, Germany).



Terminal Deoxynucleotidyl Transferase-Mediated dUTP-Biotin Nick End Labeling Staining

Paraffin sections from bullae tissues obtained from the mice were stained using a TUNEL Kit (In Situ Cell Death Detection Kit, Fluorescein, 11684795910; Roche Diagnostics) and following the manufacturer’s protocol. The samples were then viewed under a fluorescence microscope (Leica DM4500 B, Leica Microsystems Inc., Buffalo Grove, IL, United States).



Statistical Analysis

Each experiment was repeated at least three times. All the data are presented as the mean ± SEM. Data analyses were conducted using Microsoft Excel and GraphPad Prism 9 software (GraphPad, San Diego, CA, United States). Unpaired Student’s t-tests were used to determine the statistical significance when comparing two groups, and one-way ANOVA was used when comparing more than two groups. The value of P < 0.05 was considered statistically significant.




RESULTS


PGPS Induces Severe Otitis Media

TLR2–/– mice were inoculated with 10 μl of 60 μg PGPS or NS solution. Images of the mouse ears under an otoscope showed that hyperemia and hydrotympanum (white arrowhead) were present in the ears of the PGPS group (Figure 1A). Histological examination revealed excessive inflammatory infiltrations in the tympanic cavity and severe tissue damage in the PGPS group compared with the NS group (Figure 1B). The inflammatory areas in the ME of PGPS-treated mice were significantly larger than those of NS-treated mice (Figure 1D). Tumor Necrosis Factor α (TNF-α), an inflammatory cytokine, is responsible for a diverse range of signaling events within cells, leading to necrosis or apoptosis (Idriss and Naismith, 2000). The immunofluorescence staining revealed that expression levels of TNF-α increased in the PGPS group (Figures 1C,E). Taken together, these data confirmed that PGPS induced severe inflammation in the mouse ME.


[image: image]

FIGURE 1. Inoculation with PGPS induces ME inflammation and hearing loss. (A) Otoscopic images of ears from the NS and PGPS groups are shown. Hyperemia and hydrotympanum (white arrow) were detected in PGPS group. (B) H&E histology showing the structures and pathology of the ME. (C) Mice were inoculated with NS or PGPS for 3 days. Representative immunostaining for TNF-α expression in ME. (D) Quantification of the relative area of ME covered by inflammatory cells is shown in the bar graph. n = 4 per group (E) Quantification of the fluorescence intensity of TNF-α is shown in the bar graph. n = 4 per group (F) Representative images of ABR waveforms at click stimuli are shown. The red lines and arrowheads represent threshold waveforms. (G) Mice were inoculated with PGPS for 3 days, and the ABR thresholds were measured at the stimuli frequencies of click, 8 kHz, 16 kHz, and 32 kHz. The mean ABR thresholds in PGPS-injected mice were compared with those in NS-injected mice. The data is presented as the mean ± SEM. n = 10 per group (H) The latency of ABR wave I at click stimuli (80 dB SPL) in PGPS-injected mice compared with that in NS-injected mice is shown. Horizontal bars are mean values. n = 10 per group. (I) The tympanometry values in PGPS-injected mice compared with those in NS-injected mice are shown. The data are presented as the mean ± SEM. n = 10 per group. V represents the mean value of volume, C represents compliance in tympanometry parameters, G represents the gradient, and P represents the pressure. #P < 0.05 vs. NS group, Student’s t-test. Scales bar, 100 μm (B,C).


Next, we investigated the hearing function of the OM mice. The average ABR thresholds and tympanometry values were measured after inoculation. Representative images of ABR waveforms for click stimuli are shown in Figure 1F. The mean ABR thresholds in the PGPS group were significantly higher than those in the NS solution group at click, 8 kHz and 32 kHz stimulus frequencies (Figure 1G). The latency of ABR wave I at click stimuli (80 dB SPL) increased in PGPS-injected mice compared with NS-injected mice (Figure 1H). There were significant differences in tympanometry value, compliance, and pressure between the NS and PGPS groups (Figure 1I). These data indicated that the OM mice developed severe hearing impairment.



Rapamycin Treatments Alleviate the Severity of Otitis Media Induced by PGPS

Previous studies have shown that RPM improves inflammation in organs such as the airway and retina. Thus, we investigated whether RPM has a protective effect in PGPS-induced OM mice. Histomorphological examination showed that after RPM treatment, the ME inflammation was reduced, and the inflammation area of ME in RPM-treated mice was significantly smaller than that of PGPS-treated mice (Figure 2A). In addition, the immunofluorescence staining revealed that the expression of TNF-α decreased more in the RPM-treated mice than in the PGPS-treated mice (Figure 2B). These results showed that RPM could reduce the inflammatory infiltrates in the tympanic cavity and the expression level of TNF-α. Representative images of ABR waveforms at click stimuli are shown in Figure 2C. The mean ABR thresholds decreased more in the PGPS + 0.35 μM RPM group and the PGPS + 0.7 μM RPM group than in the PGPS-treated group at click, 8 and 16 kHz stimulus frequencies (Figure 2D). The latency of ABR wave I at click stimuli (80 dB SPL) decreased in the PGPS + 0.7 μM RPM group compared to the PGPS-treated group (Figure 2E). These data suggested that RPM may ease hearing loss by attenuating PGPS-induced inflammation in OM mice.
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FIGURE 2. Rapamycin treatment inhibits PGPS-induced inflammation and improves hearing function in PGPS-inoculated OM mice. (A) H&E histological images showing the structures and pathology of the ME. Quantification of the relative area of ME covered by inflammatory cells is shown in the bar graph. n = 4 per group. (B) Representative immunostaining for TNF-α expression in the ME. Quantification of the fluorescence intensity of TNF-α is shown in the bar graph. n = 4 per group. (C) Representative images of ABR waveforms at click stimuli are shown. The red lines and arrowheads represent threshold waveforms. (D) Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. The ABR thresholds were measured at the stimuli frequencies of click, 8, 16, and 32 kHz. The mean ABR thresholds in the NS + DMSO, PGPS + 0.35 μM RPM, and PGPS + 0.7 μM RPM groups were compared with those in the PGPS group. The data is presented as the mean ± SEM. n = 10 per group. (E) The latency of ABR wave I at click stimuli (80 dB SPL) in the NS + DMSO, PGPS + RPM combination treatment groups were compared with that in the PGPS group. Horizontal bars are mean values. n = 10 per group. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar, 100 μm (A), 50 μm (B).


Taking into account the complexity of RPM signaling pathways, we also injected the mice with 0.35 and 0.7 μM RPM separately. Compared with the PGPS group, the two groups of mice injected with RPM alone had normal morphology and no obvious inflammatory cells (Supplementary Figure 2A). The results of immunofluorescence demonstrated that the expression of TNF-α was almost invisible after the RPM injection alone (Supplementary Figure 2B). Compared with the PGPS group, the area of ME covered by inflammatory cells and TNF-α expression level were significantly lower in the RPM injection alone group. Compared with the NS group, there was no statistical significance. The experimental results showed that there was no obvious inflammation caused by RPM injection alone.

We also investigated the hearing function in RPM single treatment group by ABR, and the representative images of ABR waveforms at click stimuli are shown in Supplementary Figure 2C. Compared with the PGPS group, the average ABR thresholds of the NS group, 0.35 and 0.7 μM RPM group at click, 8, 16, and 32 kHz stimulation frequencies were lower than those in the PGPS group, and were statistically significant (Supplementary Figure 2D). In addition, the latency of ABR wave I in the PGPS group under the click stimulus (80 dB SPL) was longer than that of the other three groups (Supplementary Figure 2E). Compared with NS group, the hearing threshold and the wave I latency in RPM treatment alone group is basically no statistical significance. These data showed that after injection of RPM alone, there is almost no effect on the hearing of mice.



Autophagy Impairment Is Involved in PGPS-Induced Otitis Media

Rapamycin, an autophagy inducer, activates autophagy by repressing the mTORC1 (Sekiguchi et al., 2012). S6 ribosomal protein (S6) phosphorylation was shown to be a critical downstream component of mTOR signaling (Ruvinsky et al., 2005). mTORC1 contains mTOR, which is the catalytic subunit of the complex (Laplante and Sabatini, 2009). It also contains the large protein Raptor, which is the regulatory-associated protein of mTOR (Thoreen et al., 2009). To find out whether mTORC1 signaling is involved in PGPS-induced autophagy impairment, we examined the phosphorylation of mTORC1 substrate, S6 phosphorylation at 235/236 (p-S6) and mTORC1 components, mTOR and Raptor. PGPS treatment resulted in a significant decrease in the levels of p-S6, Raptor and mTOR compared with NS group (Figures 3A–F), suggesting an inhibition of mTORC1 activity. In this study, we found that the fluorescence intensity of LC3 in PGPS-treated OM mice was higher than that in NS-treated mice. Quantification of the size and number of LC3 vesicles also increased in PGPS-treated OM mice (Figure 3G). These results suggested that OM mice are activated at the initial stage of autophagy, but it may also be due to the accumulation of LC3 caused by the blocked autophagy flux.
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FIGURE 3. Peptidoglycan-polysaccharide induces autophagy impairment in OM mice. Mice were inoculated with NS or PGPS for 3 days. Paraffin-embedded sections of ME tissues were immunostained with antibodies. (A) The representative images of p-S6 expression in ME tissues. (B) The representative images of Raptor expression in ME tissues. (C) The representative images of mTOR expression in ME tissues. (D) The quantification of p-S6 expression in ME tissues. (E) The quantification of Raptor expression in ME tissues. (F) The quantification of mTOR expression in ME tissues. (G) The representative images of LC3 expression, as well as quantitative images of the fluorescence intensity of LC3 protein expression and quantitative images of the size and number of LC3 vesicles. (H) The representative images of ATG7 expression in ME tissues. (I) The representative images of Beclin-1 expression in ME tissues. (J) The representative images and quantification of p62 expression in ME tissues. (K) The quantification of ATG7 expression in ME tissues. (L) The quantification of Beclin-1 expression in ME tissues. (M) The quantification of p-62 expression in ME tissues. #P < 0.05 vs. NS group, n = 4 per group, Student’s t-test. ME represents the middle ear; EC represents epithelial cells. Scale bar = 25 μm.


In addition, we also tested the expressions of ATG7 and Beclin-1. ATG7 is considered to be essential molecules for the induction of autophagy (Arakawa et al., 2017), and Beclin-1 initiates the nucleation step of autophagy to begin autophagic flux (Liang et al., 1999; Matsunaga et al., 2009). The results of immunohistochemistry showed that compared with the NS group, the expression of ATG7 and Beclin-1 were increased in OM mice (Figures 3H,I,K,L). These results suggested that after the injection of PGPS, the activity of mTORC1 was inhibited and the initial stage of autophagy was activated. We speculate that autophagy may act as an instinctive stress response to resist external stimuli by PGPS. However, p62 protein accumulation in the ME epithelial cells of OM mice was higher after PGPS treatment than after NS treatment (Figures 3J,M). These data indicated that PGPS could induce the initiation of autophagy, but at the same time cause impairment in the degradation of stage autophagy.



PGPS Induces Dysfunction of Autophagosome and Lysosome Fusion

The dysfunction of autophagy degradation may be due to the impairment of lysosomal function or dysfunction in the fusion stage of autophagosomes and lysosomes. Firstly, we test lysosomal function. Lysosomal activity is important for the autophagy degradation process (Tai et al., 2017). In order to investigate whether the autophagy impairment mechanism induced by PGPS is related to the dysfunction of lysosome, we examined the protein expression level of key lysosome enzymes like LAMP-1, Cathepsin B and Cathepsin D to evaluate the lysosomal function. Lysosome associated membrane protein-1 (LAMP-1) is a major protein component of the lysosomal membrane (Eskelinen, 2006). Cathepsin B, a member of the cysteine cathepsin family, involved in regulating the bioavailability of lysosomes and autophagosomes (Man and Kanneganti, 2016). Cathepsin D is one of the major lysosomal proteases indispensable for the maintenance of cellular proteostasis (Marques et al., 2020). Immunofluorescence results showed that compared with NS group, the expression of LAMP1 protein increased in the PGPS group (Figure 4A). The immunohistochemical results of Cathepsin B and Cathepsin D also showed a consistent increase in PGPS group (Figures 4B,C,E,F). These data showed that lysosome function maybe is not impaired.
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FIGURE 4. Peptidoglycan-polysaccharide induces obstacles to the fusion of autophagosomes and lysosomes in OM mice. Mice were inoculated with NS or PGPS for 3 days. Paraffin-embedded sections of ME tissues were immunostained with antibodies. (A) The representative images and quantification of LAMP1 expression in ME tissues. (B) The representative images of Cathepsin B expression in ME tissues. (C) The representative images of Cathepsin D expression in ME tissues. (D) The representative images of Rab7 expression in ME tissues. (E) The quantification of Cathepsin B expression in ME tissues. (F) The quantification of Cathepsin D expression in ME tissues. (G) The quantification of Rab7 expression in ME tissues. (H) The representative images and quantification of Syntaxin 17 expression in ME tissues. #P < 0.05 vs. NS group, n = 4 per group, Student’s t-test. ME represents the middle ear; EC represents epithelial cells. Scale bar = 25 μm.


Considering that lysosome function does not seem to be impaired, we examined the process of autophagosome and lysosome fusion by evaluating expression of Rab7 and Syntaxin 17 protein. Rab7 is a member of the Rab family, involved in transport to late endosomes and in the biogenesis of the perinuclear lysosome compartment (Gutierrez et al., 2004; Guerra and Bucci, 2016). It plays a critical role in the final maturation of late autophagic vacuoles (autophagosome and lysosome fusion) (Jager et al., 2004; He et al., 2019). Syntaxin 17 is also required for fusion between the autophagosome and lysosome (Itakura et al., 2012; Shen et al., 2021). Our results showed that Rab7 and Syntaxin 17 expression decreased in the PGPS group compared with the NS group (Figures 4D,G,H). These results suggested that PGPS may block the autophagy degradation stage mainly due to the impairment of the autophagosome and lysosome fusion stage. And PGPS may impair the fusion of autophagosomes with lysosomes by decreasing the expression of Rab7 and Syntaxin 17.



Rapamycin Treatment Enhances Autophagy in PGPS-Treated Otitis Media Mice

Immunohistochemical staining showed that after injection of PGPS + 0.35/0.7 μM RPM, p-S6, Raptor and mTOR exhibited lower protein levels than the PGPS group (Figures 5A–C). These results suggested that RPM may enhance autophagic initiation by inhibiting mTORC1 activity. LC3 staining in ME epithelial cells revealed lower expression of LC3 and lower numbers of LC3 vesicles in RPM-treated mice than in PGPS-treated mice, the size of LC3 vesicles did not show a significant difference (Figure 6A). These results suggested that there may be a certain accumulation of LC3 after injection of PGPS, and after the treatment of RPM, the autophagy flux may became smooth. Immunohistochemical staining showed that after injection of PGPS + 0.35/0.7 μM RPM, ATG7 and Beclin-1 exhibited lower protein levels than the PGPS group (Figures 6B–C).
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FIGURE 5. Rapamycin treatment inhibits mTORC1 activity. Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images and quantification of p-S6 expression in ME tissues. (B) The representative images and quantification of Raptor expression in ME tissues. (A) The representative images and quantification of p-S6 expression in ME tissues. (C) The representative images and quantification of mTOR expression in ME tissues. n = 4 per group. ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.
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FIGURE 6. Rapamycin treatment enhances autophagy in PGPS-treated OM mice. Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images of LC3 expression, as well as quantitative images of the fluorescence intensity of LC3 protein expression and quantitative images of the size and number of LC3 vesicles. n = 4 per group. (B) The representative images and quantification of ATG7 expression in ME tissues. n = 4 per group. (C) The representative images and quantification of Beclin-1 expression in ME tissues. n = 4 per group. (D) The representative images and quantification of p62 expression in ME tissues. n = 4 per group. ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.


In order to understand the role of RPM, we injected RPM alone in TLR2–/– mice. The results showed that the expression of LC3 and the number of LC3 vesicles in RPM injection group was lower than that of the PGPS group, but it was higher than that of the NS group (Supplementary Figures 3A,B,D). There was almost no statistical difference in the size of LC3 vesicles among the groups (Supplementary Figures 3A,C). These results suggested that after the injection of PGPS, the mouse ME epithelial cells activated the initiation of autophagy to resist the toxicity by PGPS. However, obstacle may occur in the autophagy degradation stage, which led to the accumulation of LC3 protein. Moreover, RPM may promote the degradation stage of autophagy.

In addition, there was less p62 protein accumulation in the RPM-treated mice than in the PGPS-treated mice (Figure 6D). After injection of RPM alone, the expression level of p62 was significantly lower compared with the PGPS group, and there was almost no difference compared with the NS group (Supplementary Figure 3E). These results indicated that degradation function may be improved after RPM treatment.

Similarly, we tested lysosome function and the fusion function of autophagosome and lysosome after RPM treatment alone. The results showed that the expression of LAMP1, Cathepsin B and Cathepsin D (Figures 7A–C) in the RPM-treated mice was relatively weaker than that in the PGPS group. After RPM injection alone, we found that the expression level of Cathepsin B protein was lower than that of the PGPS group, but higher than that of the NS group (Supplementary Figure 3F). We further speculate that the increased activity of lysosomal after PGPS injection may be a response to external stimuli by PGPS, so the expression level of Cathepsin B is higher than that of the RPM injection group. We speculate that RPM may promote lysosome function, thus the expression level of Cathepsin B in RPM injection alone group is higher than that of NS group. In addition, the expression of Rab7 and Syntaxin 17 protein increased in the PGPS + RPM-treated mice (Figures 8A,B), thus RPM may promote the process of autophagosome and lysosome fusion. TUNEL staining showed that there were less apoptotic cells in the ME after RPM treatment (Figure 9). In addition, we did not find obvious apoptotic cells in the RPM alone group (Supplementary Figure 4). These data indicated that RPM may enhance the autophagic activity of OM mice by inhibiting the activity of mTORC1, increasing the fusion of autophagosomes with lysosomes and relieving ME epithelial cell apoptosis.
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FIGURE 7. Lysosome function may not be impaired after PGPS injection Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images and quantification of LAMP1 expression in ME tissues. (B) The representative images and quantification of Cathepsin B expression in ME tissues. (C) The representative images and quantification of Cathepsin D expression in ME tissues. n = 4 per group, ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.



[image: image]

FIGURE 8. Rapamycin treatment increases the fusion of autophagosomes and lysosomes in OM mice. Mice were inoculated with PGPS or a combination of PGPS and either 0.35 or 0.7 μM RPM. Paraffin-embedded sections of ME tissues were immunostained antibodies. (A) The representative images and quantification of Rab7 expression in ME tissues. (B) The representative images and quantification of Syntaxin 17 expression in ME tissues. n = 4 per group, ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, one-way ANOVA, Scale bar = 25 μm.
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FIGURE 9. Rapamycin treatment relieved ME epithelial cell apoptosis. Apoptotic cells in the MEs were examined by TUNEL staining. The quantitative image of apoptotic cells was shown in Figure B. The PGPS + 0.7 μM RPM group showed fewer TUNEL-positive epithelial cells than the PGPS group. ME represents the middle ear; EC represents epithelial cells. *P < 0.05 vs. the PGPS group, n = 4 per group, Scale bar = 500 μm, one-way ANOVA.





DISCUSSION

Otitis media, a general term for inflammatory changes in the ME cavity, is one of the most common childhood conditions (Mittal et al., 2014; Venekamp et al., 2017). The pathogenic mechanism of OM is not yet clear and excessive antibiotic treatment has also brought a heavy burden to society, so it is particularly important to explore the mechanism of OM and find suitable drug treatments (Vergison et al., 2010). In recent years, the autophagy pathway has played a certain role in inflammation, but the research on the relationship between autophagy and OM has not been in-depth. It was found that the expression of LC3-II was significantly increased in the inflammatory ME tissues in human (Jung et al., 2020b). Studies have shown that in the ME fluid of patients with OM, the mRNA level of autophagy initiation-related genes such as Beclin-1, is increased in OM patients with cholesteatom (Jung et al., 2020a). Our study aims to explore the role of autophagy in the pathogenesis of OM by TLR2–/– mice model, and treat OM mice by RPM, aiming to provide a theoretical basis and new treatment strategies for the treatment of clinical OM.

The mTOR is involved in the induction and initiation of autophagy (Cayo et al., 2021). We tested the expression of p-S6, Raptor and mTOR after injection of PGPS, and found that the mTORC1 activity of mice in the PGPS group was weakened. These results indicated that autophagy may be activated in the mice in the PGPS group, which seems to be consistent with the increase in the expression of proteins related to autophagy initiation like LC3, ATG7 and Beclin-1. Among them, the expressions of LC3, ATG7 and Beclin-1 in the PGPS group all showed increased compared with NS group. We speculate that autophagy may act as an instinctive stress response to resist external stimuli by PGPS. RPM + PGPS combination treatment groups showed that the protein expression of LC3, ATG7 and Beclin-1 were reduced compared with the PGPS group. Considering the complexity of the RPM pathway, we also injected RPM alone in TLR2–/– mice. The results suggested that the expression of LC3, ATG7, and Beclin-1 in RPM injection alone group was also lower than PGPS group, but was higher than NS group. These results indicated that the PGPS group does not seem to be impaired during the initiation of autophagy. We speculated that there may be obstacles in the degradation stage of autophagy, resulting in accumulation of LC3 protein in PGPS group. The expression of p62 in PGPS group is more increasing than NS group, and after the injection of PGPS + RPM combination, the level of p62 decreased, which demonstrated that PGPS may induce autophagy impairment in the autophagy degradation stage and RPM may promote the degradation stage of autophagy.

Both the function of lysosome and the fusion of autophagosomes and lysosomes affect the autophagic degradation. We first evaluated the lysosomal function. Lysosome-related proteins such as LAMP1, Cathepsin B and Cathepsin D play an important role in the normal function of lysosomes (Eskelinen, 2006; Man and Kanneganti, 2016; Marques et al., 2020). In our experiment, compared with the NS group, the expression of the three proteins increased in the PGPS group. The expression level of the three proteins in the RPM + PGPS combination treatment group was lower than that of the PGPS group. After injection of RPM alone, the expression of Cathepsin B also decreased compared with PGPS group, but was higher than NS group. These results seemed to demonstrate that the lysosomes of OM mice are not impaired. On the contrary, increased lysosomal function may be a stress response after PGPS injection.

Based on the above experimental results, we tested the fusion stage of autophagosomes and lysosomes by evaluating the protein expression of Rab7 and Syntaxin 17. Our results showed that after PGPS injection, the expression of Rab7 and Syntaxin 17 decreased, and co-treatment with RPM, the expression of Rab7 and Syntaxin 17 increased. These results suggested that after injection of PGPS, the fusion of autophagosome and lysosome is impaired, leading to autophagy impairment. RPM treatment may stimulate the fusion of autophagosomes and lysosomes, making the autophagy pathway smoothly. Previous study also found that RPM could promote the fusion of lysosomes and autophagosomes (Choi et al., 2016). In addition, we also found that after PGPS and RPM combination treatment, the expression of p-S6, mTOR and Raptor was lower than that of PGPS alone. Therefore, we speculate that when TLR2–/– mice injected with PGPS, autophagy acts as an instinctive stress response to resist external stimuli. But, there may be an obstacle when autophagosomes fuse with lysosomes, which leads to obstacles in the degradation stage of autophagy and causes protein accumulation. This may produce proteotoxic stress, and autophagy is insufficient to resist proteotoxic stress during OM. After RPM treatment, mTORC1 could be further inhibited, thereby promoting the initial stage of autophagy. At the same time, our experimental results also found that RPM may promote the degradation stage of autophagy. In summary, RPM may play a positive role in both stages, so as to exert its therapeutic effect.

In this study, we verify again that PGPS injection could cause OM in TLR2–/– mice, which leads to hearing loss. In addition, we demonstrated that inflammation in OM mice may be due to the impairment of autophagy pathway, mainly due to impairment in the process of autophagosome fusing to lysosomes, which is manifested by the decrease of Rab7 and Syntaxin 17 expression in the PGPS group. We also found that after injection of RPM, it could inhibit the activity of mTORC1, increase the expression level of Rab7 and Syntaxin 17 and promote autophagy flux. RPM treatment also reduce the inflammatory response of ME epithelial cells, reduce cell apoptosis, and thereby alleviate hearing loss in OM mice. Therefore, these data suggested that autophagy impairment may be involved in the development of OM and that RPM could effectively improve OM conditions, most likely by alleviating autophagy impairment. A general scheme showing that RPM-enhanced autophagy protects against PGPS-induced OM in TLR2–/– mice is shown in Figure 10.
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FIGURE 10. The proposed mechanism for RPM-enhanced autophagy protects against PGPS-induced OM in TLR2– /– mice. TLR2 deficiency may inhibit fusion between autophagosomes and lysosomes, leading to the accumulation of p62. It may also induce inflammation and apoptosis. RPM treatment may improve the autophagic clearance ability and have a protective effect against OM injury.


Autophagy is a bulk degradation system that delivers cytoplasmic constituents to autolysosomes for recycling and maintaining cell homeostasis. In addition, autophagy has critical functions in cell-autonomous defense in immunity (Matsuzawa-Ishimoto et al., 2018). Many studies found autophagy impairment could mediate susceptibility to infectious and inflammatory diseases like Crohn’s disease and chronic obstructive pulmonary disease (Lupfer et al., 2013; Lassen et al., 2014; Murthy et al., 2014). In this study, we found for the first time that autophagy was involved in OM and that RPM significantly alleviated autophagy impairment and improved ME inflammatory conditions.

To date, RPM has been used in some clinical trials like tuberous sclerosis complex-related facial angiofibromas (Koenig et al., 2018). It has been also shown to be effective in a variety of inflammatory diseases like autoimmune encephalomyelitis and retinal inflammation (Okamoto et al., 2016; Joean et al., 2017; Li et al., 2019a,b). In this study, we showed that RPM significantly alleviated autophagy impairment and improved ME inflammatory conditions. Some researchers also found that RPM could promote the fusion of lysosomes and autophagosomes (Choi et al., 2016; Cheng et al., 2021). Therefore, we speculate that RPM may play a positive role in the treatment of OM. Due to the complexity of RPM signaling pathways, we do not rule out the possibility that the protective effect of RPM on the OM may also involve other branches of RPM signaling in addition to autophagy. Nonetheless, our data suggest that modulating autophagy activity may be possible intervention for OM. Our study provides a theoretical basis for the clinical application of RPM in the treatment of OM. However, it has been reported that RPM has immunosuppressive side effects. Several new RPM analogs have demonstrated reduced side effects, and these new drugs may be safer and less immunosuppressive than RPM (Fu et al., 2018). Perhaps the ability of these analogs to prevent OM should be tested.

In summary, our research shows that autophagy impairment is related to OM, and impairment to the fusion of autophagosomes and lysosomes is an important factor leading to the occurrence of PGPS-induced otitis media. RPM treatment could alleviate hearing loss to a certain extent. These findings highlight the potential of specific autophagosome-to-lysosome fusion activators in reducing PGPS-induced OM. Considering that increasing autophagic clearance may be useful as a new therapeutic strategy against severe OM damage, autophagosome and lysosome fusing dysfunction may be a candidate target for therapeutic intervention. Therefore, extensive pharmaceutical studies should be performed in the near future. Future research is necessary to better explain the mechanism underlying the protective role of the normal autophagy process against the pathogenesis of OM, and then design and test potential therapeutic methods to prevent or treat OM.
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