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Abstract

Otitis media (OM) is the most common bacterial infection in children. It remains a major health 

problem and a substantial socioeconomic burden. Streptococcus pneumoniae (S. pneumoniae) is 

one of the most common bacterial pathogens causing OM. Innate inflammatory response plays a 

critical role in host defense against bacterial pathogens. However, if excessive, it has a detrimental 

impact on the middle ear, leading to the middle ear inflammation, a hallmark of OM. Currently, 

there has been limited success in developing effective therapeutic agents to suppress inflammation 

without serious side effects. Here, we show that vinpocetine, an anti-stroke drug, suppressed S. 
pneumoniae-induced inflammatory response in cultured middle ear epithelial cells as well as in 

the middle ear of mice. Interestingly, vinpocetine inhibited S. pneumoniae-induced inflammation 

via upregulating a key negative regulator cylindromatosis (CYLD). Moreover, CYLD suppressed 

S. pneumoniae-induced inflammation via inhibiting the activation of extracellular signal-regulated 

kinase (ERK). Importantly, the post-infection administration of vinpocetine markedly inhibited 

middle ear inflammation induced by S. pneumoniae in a well-established mouse OM model. 

These studies provide insights into the molecular mechanisms underlying the tight regulation of 

inflammation via inhibition of ERK by CYLD and identified vinpocetine as a potential therapeutic 

agent for suppressing the inflammatory response in the pathogenesis of OM via upregulating 

negative regulator CYLD expression.
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Introduction

Otitis media (OM) is the most common childhood bacterial infection and the leading cause 

of conductive hearing loss (1–3). Annually there are 24.5 million visits to physician’s offices 

in the U.S. (4, 5). Over $5 billion is spent annually for the care of OM (5–7). Since OM 

causes hearing loss during a crucial period for speech and language development, children 

with frequent middle ear infections may suffer speech and language disabilities (1–3). 

Streptococcus pneumoniae (S. pneumoniae) is a major gram-positive bacterium causing OM 

(2, 8, 9). Current S. pneumoniae vaccines have a limited impact on OM, and inappropriate 

antibiotic use increased antibiotic-resistance (9–12). Thus, there is an urgent need for 

the development of new therapeutic strategies for treating OM. Inflammation is a major 

hallmark of OM (1–3). Innate inflammatory response plays a critical role in host defense 

against bacteria (13–15). However, if uncontrolled, excessive inflammatory response often 

causes immunopathology and tissue damage in the middle ear, leading to conductive hearing 

loss (16–18). Thus, the overactive innate inflammatory response must be tightly regulated. 

The key regulators and the underlying mechanisms involved in tight control of innate 

immune response in OM remain largely unknown. Elucidating these mechanisms is thus 

critical for developing novel therapeutic strategies to control overactive the inflammatory 

response.

The drug repositioning, also known as drug repurposing, is the application of already 

existing drugs to new diseases. It has several advantages over the traditional discovery of 

new drugs including reduced clinical trial risk, time and costs (19–21). Indeed, there have 

been an increasing number of such successful examples in drug repositioning (19–21). For 

example, sildenafil was originally approved for angina and has been repositioned for treating 

erectile dysfunction and pulmonary arterial hypertension (20, 22). Thus, drug repositioning 

represents an advantageous strategy with reduced safety risk and a higher success rate for 

clinical use.

Vinpocetine, a derivative alkaloid vincamine extracted from the periwinkle plant, has long 

been clinically used for treating cerebrovascular disorders including stroke and dementia 

(23–25). Its side effects at the therapeutic doses in adults and children were reported 

rarely in the literature (26–30). Thus, vinpocetine has constantly attracted scientists and 

clinicians to seek its novel therapeutic applications as well as its underlying molecular 

mechanism of actions (25). Our previous studies have shown that vinpocetine inhibits 

tumor necrosis factor-α (TNF-α)- and lipopolysaccharide (LPS)-induced inflammatory 

response via targeting IκB kinase (IKK)/NF-κB-dependent pathway in vitro and in vivo 
(31). Moreover, vinpocetine inhibits S. pneumoniae-induced mucin MUC5AC up-regulation 

in the pathogenesis of OM (32). However, it remains unclear if vinpocetine also suppresses 

S. pneumoniae-induced inflammatory response in the middle ear.
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In this study, we showed that vinpocetine suppressed S. pneumoniae-induced inflammatory 

response in the middle ear. Interestingly, vinpocetine enhanced S. pneumoniae-induced 

expression of cylindromatosis (CYLD), a key negative regulator for inflammation. 

Vinpocetine inhibited S. pneumoniae-induced inflammatory response via inhibition of 

mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase (ERK) by 

CYLD. Importantly, the post-infection administration of vinpocetine markedly suppressed 

inflammation induced by S. pneumoniae in a well-established mouse OM model. Thus, 

the present study provides new insights into the molecular mechanisms underlying the 

tight regulation of inflammatory response in S. pneumoniae-induced OM and identified the 

new role of vinpocetine in suppressing bacteria-induced OM pathogenesis via upregulating 

negative regulator CYLD.

Materials and Methods

Reagents and antibodies

Vinpocetine was purchased from Tocris Bioscience. We also tested vinpocetine solution 

manufactured by pharmaceutical companies for injection, and we found that vinpocetine 

purchased from both sources exhibited equivalent potency at inhibition of S. pneumoniae

induced inflammation. PD98059 was purchased from Enzo Life Sciences. Antibodies 

against phospho-ERK1/2 (Thr-202/Tyr-204, #9101), total ERK1/2 (#9102), anti-rabbit HRP

linked antibody (#7074), and anti-mouse HRP-linked antibody (#7076) were purchased 

from Cell Signaling Technology. Antibodies against CYLD (sc-74435), β-actin (sc-8432), 

and FITC-conjugated goat anti-mouse IgG (sc-2010) were purchased from Santa Cruz 

Biotechnology.

Bacterial strains and culture condition

Clinical OM isolates of S. pneumoniae strain 6B, 19F and 23F as well as the well

characterized D39 were used in this study (32–34). All the S. pneumoniae strains were 

grown on chocolate agar plate and in Todd-Hewitt broth supplemented with 0.5% yeast 

extract (THY) at 37°C in 5% CO2 overnight. S. pneumoniae were prepared as described 

previously (32–34) for in vitro and in vivo experiments. For the all in vitro experiments, S. 
pneumoniae were treated at multiplicity of infection (MOI) of 5. Cells were stimulated with 

S. pneumoniae for 6 h, or otherwise as indicated. For experiments with inhibitors, cells were 

pre-treated with vinpocetine or PD98059 for 1 h followed by S. pneumoniae stimulation. 

The solvent dimethyl sulfoxide (DMSO) was used as control.

Cell culture

All media described below were supplemented with 10% FBS (Sigma-Aldrich) and Pen/

Strep (100 units/ml penicillin and 0.1 mg/ml streptomycin; Corning). Human middle ear 

epithelial cells (HMEEC) were maintained as described previously (35). All cells were 

cultured at 37°C in 5% CO2.

Real-time quantitative RT-PCR (Q-PCR) analysis

Total RNA was isolated with TRIzol reagent (Invitrogen) by following the manufacturer’s 

instruction. The reverse transcription reaction was performed using PrimeScript reverse 
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transcription reagent kit (Takara) following the manufacturer’s instruction. For Q-PCR 

analysis, reactions were amplified and quantified using SYBR Green Universal Master 

Mix reagent and Applied Biosystems StepOnePlus Real-Time PCR System (Applied 

Biosystems) as described previously (35, 36). The relative quantities of mRNAs were 

obtained by using the comparative Ct method and were normalized using human cyclophilin 

or mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an endogenous control. 

The primer sequences used are described in Supplemental Table 1.

Plasmids and transfections

The expression plasmids of Flag-tagged CYLD wild-type (WT) and dominant-negative 

(DN) mutants of ERK1 and ERK2 have been previously described (32, 34, 37). All transient 

transfections were carried out in triplicate using TransIT-2020 reagent (Mirus) following the 

manufacturer’s instruction. Empty vector was transfected as control. Cells were assayed 48 h 

after transfection.

RNA-mediated interference

Human short interfering RNA (siRNA) oligos for CYLD (siCYLD, L-004609–00) and 

control siRNA oligos (D-001810–10) were purchased from Dharmacon, and knockdown 

of CYLD using siCYLD was performed using Lipofectamine RNAiMAX (Invitrogen) 

following the manufacturer’s instruction. Cells were transfected with 10 nM siRNA and 

assayed 48 h after transfection.

Western blot analysis

Western blot analysis was performed as described previously and following the 

manufacturer’s instruction (35, 38). Whole-cell lysate was separated in 8 or 10% SDS-PAGE 

gel, and transferred to polyvinylidene difluoride (PVDF) membrane, then incubated with 

antibodies against phospho-ERK1/2, total ERK1/2, CYLD, or β-actin. Respective proteins 

were visualized by using secondary HRP-conjugated rabbit or mouse IgG antibody (Cell 

Signaling Technology) and the ECL detection system (Amersham ECL Prime Western 

Blotting Detection Reagent, GE Healthcare).

Mice and animal experiments

Cyld knock-out (KO) mice have been described previously (35, 37, 39), and age-matched 

(8–12 weeks old) background C57BL/6 mice were used as WT controls. Anaesthetized mice 

were inoculated transtympanically or transbullarly with S. pneumoniae at a concentration 

of 5 × 106 CFU (transtympanically) or 2 × 106 CFU (transbullarly) per mouse, and saline 

was inoculated as control (32, 33). For transbullar inoculation, mice were anesthetized 

with intraperitoneal (i.p.) injection of ketamine (100 mg/kg) and xylazine (15 mg/kg). 

Through the incision of the ventral aspect of the neck, the ventral aspect of the bulla was 

exposed and a hole was drilled with a sterile 29-gauge needle under the surgical microscope. 

Approximately 10 μL of S. pneumoniae (total 2 × 106 CFU) was injected slowly into the 

middle ear cavity with a thinner needle. The hole was then sealed with a fat graft harvested 

from the adjacent neck tissue and the incision stapled. The inoculated mice were then 

sacrificed at 9 h or 3 days post-inoculation. Eardrums of mice were inspected for signs of 
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middle ear inflammation and photographed for recording pathological changes of eardrum 

under the video otoscope (MedRx Deluxe, MedRx Inc.). Dissected mouse middle ears were 

then subjected to total RNA extraction and histological analysis. For inhibition study, mice 

were pretreated with vinpocetine or PD98059 intraperitoneally 2 h before S. pneumoniae 
inoculation. For the post-S. pneumoniae inoculation treatment experiments, mice were post

treated with vinpocetine intraperitoneally 2 h after S. pneumoniae inoculation. The treatment 

was repeated once a day during the experiment. All animal experiments were approved by 

the Institutional Animal Care and Use Committee (IACUC) at Georgia State University.

Histology and immunofluorescence (IF) assay

For histological analysis, formalin-fixed paraffin-embedded mouse middle ear tissues 

were sectioned (4–5 μm), and then stained with hematoxylin and eosin (H&E) to 

visualize inflammatory responses and pathological changes in the middle ear as described 

previously (32, 33, 35). For IF assay, IF detection of CYLD protein was performed using 

mouse anti-CYLD (Santa Cruz Biotechnology), and FITC-conjugated goat anti-mouse 

IgG (Santa Cruz Biotechnology) in the paraffin section of mouse middle ear tissues as 

described previously (35). Images of stained tissue sections were recorded under light- and 

fluorescence-microscopy systems (AxioVert 40 CFL, AxioCam MRC, and AxioVision LE 

Image system, Carl Zeiss), and analyzed by using a quantitative image analysis system 

with the VISIOPHARM Integrator System software version 3.0.8.0 (Visiopharm, Horsholm, 

Denmark).

Statistical analysis

All experiments were repeated in at least three independent experiments. Data are shown 

as mean ± SD or mean ± SEM of n determinations. Statistical analysis was assessed by 

two-tailed unpaired student’s t-test. p < 0.05 was considered statistically significant.

Results

Vinpocetine suppresses S. pneumoniae-induced inflammatory response in vitro and in 
vivo

To determine whether vinpocetine suppresses S. pneumoniae-induced inflammatory 

response, we first assessed the effect of vinpocetine on up-regulation of key pro

inflammatory mediators by S. pneumoniae at the mRNA level using a well-established 

human middle ear epithelial HMEEC cell culture system in vitro by performing real

time quantitative PCR (Q-PCR) analysis. As shown in Fig. 1A, vinpocetine inhibited up

regulation of pro-inflammatory mediators including interleukin (IL)-1β, IL-6, IL-8, and 

TNF-α mRNA expression induced by S. pneumoniae. Moreover, the inhibitory effect 

of vinpocetine on up-regulation of pro-inflammatory mediators was also observed in 

HMEEC cells treated with a variety of S. pneumoniae strains, including common OM 

pathogens 6B, 19F, and 23F strains as well as a well-characterized strain, D39 (Fig. 1B, 

Supplemental Fig. 1A), thereby suggesting that the inhibitory effect of vinpocetine on 

pro-inflammatory mediators is generalizable to most OM-causing strains of S. pneumoniae. 

We next determined if vinpocetine also inhibits S. pneumoniae-induced inflammatory 

response in the middle ear of mice in vivo. We previously investigated the effects of 
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vinpocetine (administered i.p.) at 2.5, 5, and 10 mg/kg of body weight on LPS-induced 

lung inflammation (31). Vinpocetine inhibited LPS-induced up-regulation of TNF-α, IL-1β 
and MIP-2 in a dose-dependent manner. Notably, vinpocetine at 10 mg/kg of body weight 

exhibited the most effective inhibitory effect on LPS-induced lung inflammation. The 

marked effectiveness of vinpocetine at 10 mg/kg of body weight was also confirmed in 

bacteria-induced up-regulation of mucin MUC5AC in the middle ear of mice (32). Thus, 

we sought to directly focus on evaluating the effect of vinpocetine (10 mg/kg, i.p.) on 

S. pneumoniae-induced inflammation in the middle ear of mice. We first assessed the 

effect of vinpocetine on the induction of pro-inflammatory mediators by S. pneumoniae 
at the mRNA level in the middle ear of mice by inoculating S. pneumoniae into the 

middle ear of wild-type (WT) strain C57BL/6 via a trans-tympanic membrane route. As 

shown in Fig. 1C and Supplemental Fig. 1B, vinpocetine inhibited up-regulation of pro

inflammatory mediators at the mRNA level in the middle ear of mice inoculated with S. 
pneumoniae (D39, 6B, and 19F) as assessed by performing Q-PCR analysis. Consistent 

with these results, vinpocetine also inhibited S. pneumoniae-induced mucosal thickening 

and polymorphonuclear neutrophil infiltration in the middle ear mucosa as assessed by 

histological analysis (Fig. 1D, 1E). These data demonstrate that vinpocetine suppresses S. 
pneumoniae-induced inflammatory response in vitro and in vivo.

Vinpocetine suppresses S. pneumoniae-induced inflammatory response via upregulating 
CYLD

We next sought to determine how vinpocetine suppresses S. pneumoniae-induced 

inflammatory response. As CYLD has been shown to act as a key negative regulator of 

bacteria-induced inflammation (35, 40–44), we first evaluated up-regulation of CYLD by S. 
pneumoniae in vitro and in vivo. Our recent studies have shown that S. pneumoniae induces 

expression of CYLD at mRNA level in HMEEC in vitro and in the middle ear of mice 

in vivo (45). Consistent with these studies, CYLD protein expression was also upregulated 

by S. pneumoniae in HMEEC (Fig. 2A) and in the middle ear of mice (Fig. 2B). We next 

assessed the effect of vinpocetine on the up-regulation of CYLD induced by S. pneumoniae. 

Interestingly, vinpocetine significantly enhanced S. pneumoniae-induced up-regulation of 

CYLD mRNA expression in HMEEC (Fig. 2C) and in the middle ear of mice (Fig. 2D).

We next determined if CYLD acts as a critical regulator for S. pneumoniae-induced 

inflammation. As shown in Fig. 3A, expressing CYLD WT inhibited S. pneumoniae

induced IL-1β, IL-6, IL-8 and TNF-α mRNA expression in HMEEC. Conversely, depleting 

CYLD using short interfering RNA (siRNA) markedly enhanced up-regulation of pro

inflammatory mediators induced by S. pneumoniae (Fig. 3B). Moreover, S. pneumoniae

induced IL-1β, IL-6, IL-8 and TNF-α mRNA expression was enhanced in Cyld knock-out 

(KO) mice (Fig. 3C), and the typical symptoms of OM including congestion and swelling 

of tympanic membrane and accumulation of mucous effusion inside the bulla became worse 

in Cyld KO mice (Fig. 3D). Consistent with these results, S. pneumoniae-induced mucosal 

thickening and polymorphonuclear neutrophil infiltration in the middle ear mucosa was 

enhanced in Cyld KO mice (Fig. 3E, 3F). These data suggest that CYLD is a negative 

regulator for S. pneumoniae-induced inflammatory response in vitro and in vivo.
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Having demonstrated that vinpocetine suppressed S. pneumoniae-induced inflammation 

and enhanced CYLD up-regulation, it is still unclear whether vinpocetine inhibits S. 
pneumoniae-induced inflammatory response via upregulating CYLD expression. We first 

determined if vinpocetine suppresses S. pneumoniae-induced inflammation in CYLD

depleted cells. Interestingly, vinpocetine no longer suppressed S. pneumoniae-induced up

regulation of pro-inflammatory mediators in HMEEC in which CYLD was depleted with 

CYLD siRNA (Fig. 4A). Moreover, similar results were also confirmed in the mouse model 

of S. pneumoniae-induced inflammation in the middle ear. As shown in Fig. 4B, vinpocetine 

no longer inhibited S. pneumoniae-induced up-regulation of pro-inflammatory mediators in 

the middle ear of Cyld KO mice. As assessed by performing histopathological analysis, 

vinpocetine also failed to suppress S. pneumoniae-induced inflammatory response including 

mucosal thickening and polymorphonuclear neutrophil infiltration in Cyld KO mice as 

compared with WT mice (Fig. 4C, 4D). These data demonstrate that vinpocetine suppresses 

S. pneumoniae-induced inflammatory response via upregulating the key negative regulator 

CYLD.

ERK1 is required for S. pneumoniae-induced inflammatory response

We next sought to determine how vinpocetine suppresses S. pneumoniae-induced 

inflammatory response via upregulating CYLD. The MAPK ERK pathway plays an 

important role in regulating inflammatory responses (46, 47). We previously found that 

vinpocetine suppresses S. pneumoniae-induced MUC5AC up-regulation via inhibiting ERK 

(32). Thus, we initially determined the involvement of ERK in S. pneumoniae-induced 

inflammation in the middle ear. As shown in Fig. 5A, the specific ERK signaling inhibitor 

PD98059 suppressed S. pneumoniae-induced pro-inflammatory mediators in HMEEC in 
vitro. As ERK1 and 2 represent the two major isoforms of ERK expressed in the middle 

ear epithelial cells, we next determined which isoform is involved. Interestingly, expressing 

ERK1 dominant-negative mutant form (ERK1 DN), but not ERK2 DN form, significantly 

attenuated S. pneumoniae-induced up-regulation of pro-inflammatory mediators in HMEEC 

(Fig. 5B). Consistent with these in vitro findings, the administration of PD98059 inhibited 

S. pneumoniae-induced up-regulation of pro-inflammatory mediators and inflammation 

including mucosal thickening and polymorphonuclear neutrophil infiltration in the middle 

ear mucosa (Fig. 5C, 5D). Taken together, our data suggest that ERK1 is required for S. 
pneumoniae-induced inflammatory response.

CYLD suppresses S. pneumoniae-induced inflammation by inhibiting ERK

Having established that ERK1 mediates S. pneumoniae-induced inflammation, we sought 

to determine whether CYLD blocks S. pneumoniae-induced ERK activation. As shown 

in Fig. 6A, expressing CYLD WT inhibited S. pneumoniae-induced activation of ERK in 

HMEEC. Conversely, CYLD knockdown significantly enhanced ERK activation induced 

by S. pneumoniae (Fig. 6B). We next determined whether CYLD suppresses S. pneumoniae

induced ERK-dependent inflammation. Interestingly, the enhancement of S. pneumoniae

induced up-regulation of pro-inflammatory mediators by CYLD knockdown was inhibited 

by PD98059 in HMEEC (Fig. 6C). Consistent with these in vitro results, enhanced 

S. pneumoniae-induced up-regulation of pro-inflammatory mediators and inflammation 

(mucosal thickening and polymorphonuclear neutrophil infiltration) in the middle ear were 
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attenuated by PD98059 administration in Cyld KO mice (Fig. 6D–6F). Taken together, it is 

evident that CYLD suppresses S. pneumoniae-induced inflammatory response by inhibiting 

ERK in vitro and in vivo.

Discussion

In the present study, we showed that vinpocetine suppressed S. pneumoniae-induced 

inflammatory response in the middle ear in vitro and in vivo. Interestingly, vinpocetine 

enhanced up-regulation of key negative regulator CYLD induced by S. pneumoniae. 

Moreover, vinpocetine no longer suppressed S. pneumoniae-induced inflammation in 

CYLD-depleted cells and Cyld KO mice. Importantly, vinpocetine inhibited S. pneumoniae

induced inflammatory response via inhibition of MAPK ERK by up-regulating CYLD (Fig. 

7). Thus, our study provides new insights into the molecular mechanisms underlying the 

tight regulation of inflammatory response in S. pneumoniae-induced OM pathogenesis and 

may help repurpose vinpocetine as a new therapeutic agent for OM.

The major clinical hallmark of OM is overactive inflammation, which contributes 

significantly to the middle ear pathology and conductive hearing loss (1–3). Enormous 

efforts have been put into developing anti-inflammatory agents over the past decades. 

Although these agents currently available in the clinic exhibited certain efficacy, they 

often resulted in significant side effects (e.g., the impairment of host defense response), 

which limited their further clinical use in particular for long-term treatment (48–52). 

Thus, there is an urgent need for developing novel therapeutic strategies to control 

overactive inflammatory response without serious side effects. Among various strategies, 

drug repositioning (drug repurposing) has gained enormous attention from basic research 

scientists and clinicians due to a number of significant advantages over traditional drug 

discovery from scratch: [1] the risk of clinical trial failure is lower; [2] time consumption 

for drug development is shorten; and [3] costs are dramatically reduced (19–21). Taking 

advantage of the drug repositioning strategy, we previously found that vinpocetine inhibits 

TNF-α- and LPS-induced inflammatory response in the lung (31). In addition, vinpocetine 

inhibits S. pneumoniae-induced mucin MUC5AC up-regulation in the middle ear (32). In 

the present study, we provided the direct evidence that vinpocetine inhibits S. pneumoniae

induced inflammatory response in the middle ear in vitro & in vivo. This finding is of 

particular translational and therapeutic significance. First, vinpocetine has long been widely 

used in many countries for the treatment of cerebrovascular diseases (23–25), and a number 

of clinical studies have demonstrated that vinpocetine at the therapeutic doses in children 

is safe for long-term use (28–30). Its excellent safety profile makes vinpocetine even 

more appealing for the treatment of OM as OM is very common in children. Second, 

our studies have shown that vinpocetine suppresses both overactive inflammation and 

mucus overproduction, two major hallmarks of OM in the middle ear, thereby achieving 

a desired therapeutic effect–killing two birds with one stone (32). Moreover, post-infection 

administration with vinpocetine not only inhibited S. pneumoniae-induced inflammation 

(Fig. 4B–4D) and mucin up-regulation but also improved hearing and bacterial clearance 

(32). Collectively, all these advantages make vinpocetine a highly desirable therapeutic 

agent for treating OM. Moreover, its excellent safety profiles for long-term use also make 

vinpocetine appealing for the treatment of chronic inflammatory diseases.
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Another major finding in the current study is that vinpocetine suppressed S. pneumoniae

induced inflammatory response via up-regulating CYLD, a key negative regulator for 

inflammation. Previous studies indicate that CYLD plays a critical role in the pathogenesis 

of numerous diseases including bacteria-induced inflammatory diseases, fibrosis, and cancer 

(35, 37, 39–44, 53–61). Dysregulated CYLD expression and mutations have been reported 

under various pathological conditions (56, 57). For example, the expression of CYLD is 

lower in tumor or damaged tissue upon overactive inflammation than in normal tissue (58–

61). It is evident that maintaining appropriate functional activity and expression of CYLD 

is critical for tightly regulating overactive inflammation and cell proliferation. Thus, it is 

logical to postulate that up-regulation of CYLD by a pharmacological agent may represent 

a novel and advantageous therapeutic strategy to restore the lowly expressed CYLD to 

the levels that allow efficient suppression of overactive pathological conditions (35). Taken 

together, identifying the new role of vinpocetine in up-regulating CYLD expression may 

lead to promising therapeutic strategies for the treatment of not only inflammatory diseases 

such as OM and chronic obstructive pulmonary diseases but also fibrosis and tumors. Future 

studies will focus on further exploring the therapeutic effects of vinpocetine in various 

diseases in which CYLD is dysregulated.

Of additional biological significance in our finding is that CYLD inhibits S. pneumoniae

induced MAPK ERK activation and ERK-dependent inflammation. CYLD is a known 

deubiquitinase (DUB) and has been shown to act as a negative regulator for various 

signaling pathway by removing lysine 63 (K63)-linked polyubiquitination chains from 

several key substrates including TNF receptor-associated factors (TRAFs), protein kinase 

B (Akt), and myeloid differentiation primary response 88 (MyD88) (37, 44, 62, 63). Thus, 

it is possible that ERK or its upstream molecules including MEK1/2, Raf and MEKK1 

(64, 65) may be polyubiquitinated via K63, and CYLD may inhibit the activation of ERK 

by deubiquitinating ERK or its upstream molecules. We will further pursue studies to 

determine if the DUB activity of CYLD is required for CYLD-mediated suppression of 

inflammatory response induced by S. pneumoniae. Because the inhibitory effect of CYLD 

on S. pneumoniae-induced inflammation was likely both ERK-dependent and -independent 

(Fig. 6C–6F), we will also further determine how CYLD inhibits S. pneumoniae-induced 

inflammatory response via directly interacting with and deubiquitinating ERK, or its 

upstream molecules (MEK1/2, Raf and MEKK1) or other key molecules such as Akt. 

In addition, it is also possible that CYLD may inhibit ERK activation and inflammation 

via up-regulation of MAPK phosphatase-1 (MKP-1). MKP-1 has been shown to act as a 

key negative regulator for inflammation via dephosphorylation and inactivation of ERK 

(46, 47). We previously demonstrated that vinpocetine suppressed MUC5AC production 

induced by S. pneumoniae via MKP-1-dependent inhibition of ERK (32). Moreover, CYLD 

also negatively regulated IL-8 induction by nontypeable Haemophilus influenzae (NTHi), 

another major OM bacterial pathogen, via MKP-1-mediated ERK inactivation (66). Our 

future study will focus on elucidating the precise molecular mechanisms underlying how 

CYLD tightly controls host immune responses via modulating both positive regulator ERK 

and negative regulator MKP-1.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CYLD cylindromatosis

DN dominant-negative

HMEEC Human middle ear epithelial cells

IF immunofluorescence

KO knock-out

MKP-1 MAPK phosphatase-1

OM Otitis media

Q-PCR quantitative PCR

siRNA short interfering RNA

S. pneumoniae Streptococcus pneumoniae

WT wild-type
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Key Points

• Vinpocetine suppresses S. pneumoniae-induced inflammation in vitro and in 
vivo.

• Vinpocetine inhibits S. pneumoniae-induced inflammation via upregulating 

CYLD.

• CYLD suppresses S. pneumoniae-induced inflammation via inhibiting ERK.
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Figure 1. Vinpocetine suppresses S. pneumoniae-induced inflammatory response in vitro and in 
vivo.
(A-B) Human middle ear epithelial cells HMEEC were pre-treated with vinpocetine (10 

μM) for 1 h, followed by stimulation with S. pneumoniae for 6 h. Relative quantity 

of IL-1β, IL-6, IL-8 and TNF-α mRNA expression was measured by real-time Q-PCR 

analysis in HMEEC stimulated with S. pneumoniae strains (A) D39 and (B) 6B, 19F or 

23F. (C-E) Mice were pre-treated with vinpocetine (10 mg/kg, i.p.) for 2 h and inoculated 

transtympanically with S. pneumoniae (5 × 106 CFU per mouse) for 9 h. (C) IL-1β, IL-6, 

MIP-2 (murine homologue of human IL-8) and TNF-α mRNA expression in the middle ear 

of mice was measured by real-time Q-PCR analysis. (D) H&E staining of the middle ear 

tissues from mice was performed (Magnification, ×400; Scale bar, 20 μm) for histological 
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analysis, and (E) the thickness of middle ear mucosa was measured from 15 middle ear 

sections per experimental group. Data in (A)-(C) and (E) are mean ± SD (A-B, n = 3; C, n 
= 4; E, n = 15). *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was performed using 

Student’s t-test. Pictures of the H&E-stained middle ear tissues from one representative 

experiment are shown in (D) (n = 15). Data are representative of three or more independent 

experiments. CON, control. Sp, S. pneumoniae. Vinp, vinpocetine.
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Figure 2. Vinpocetine enhances S. pneumoniae-induced upregulation of CYLD expression.
(A) HMEEC were stimulated with S. pneumoniae for 6 h, and cell lysates were analyzed by 

immunoblotting with the indicated antibodies. (B) Mice were inoculated transtympanically 

with S. pneumoniae (5 × 106 CFU per mouse) for 9 h, and middle ear tissues were stained 

with the antibody against CYLD, and probed with FITC-conjugate (Magnification, ×400; 

Scale bars, 20 μm). (C) HMEEC were pre-treated with vinpocetine (10 μM) for 1 h, 

followed by S. pneumoniae stimulation for 6 h, and CYLD mRNA expression was measured 

by real-time Q-PCR analysis. (D) Mice were pre-treated with vinpocetine (10 mg/kg, i.p.) 

for 2 h and inoculated transtympanically with S. pneumoniae (5 × 106 CFU per mouse) for 

9 h. CYLD mRNA expression was measured by real-time Q-PCR analysis in the middle 

ear of mice. Data in (C) and (D) are mean ± SD (C, n = 3; D, n = 4). *p<0.05. Statistical 

analysis was performed using Student’s t-test. Pictures of IF-stained middle ear tissues from 

one representative experiment are shown in (B) (n = 7). Data are representative of three 

independent experiments. CON, control. Sp, S. pneumoniae. Vinp, vinpocetine.

Komatsu et al. Page 18

J Immunol. Author manuscript; available in PMC 2021 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. CYLD negatively regulates S. pneumoniae-induced inflammation in vitro and in vivo.
(A-B) HMEEC transfected with (A) CYLD WT or (B) siCYLD were stimulated with S. 
pneumoniae for 6 h, and IL-1β, IL-6, IL-8 and TNF-α mRNA expression was measured by 

real-time Q-PCR analysis. (C-F) WT and Cyld KO mice were inoculated transtympanically 

with S. pneumoniae (5 × 106 CFU per mouse) for 9 h. (C) IL-1β, IL-6, MIP-2 and TNF-α 
mRNA expression in the middle ear of mice was measured by real-time Q-PCR analysis. 

(D) Tympanic cavity of the mouse ear was observed and recorded under the video-otoscope. 

(E) H&E staining of the middle ear tissues from mice was performed (Magnification, ×400; 
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Scale bar, 20 μm) for histological analysis, and (F) the thickness of middle ear mucosa was 

measured from 16 middle ear sections per experimental group. Data in (A)-(C) and (F) are 

mean ± SD (A-C, n = 3; F, n = 16). *p<0.05, **p<0.01, ***p<0.001. Statistical analysis was 

performed using Student’s t-test. Pictures of the video otoscopy and H&E-stained middle ear 

tissues from one representative experiment are shown in (D) and (E) (D, n = 6; E, n = 16). 

Data are representative of three or more independent experiments. Sp, S. pneumoniae. WT, 

wild-type. KO, knock-out. siCYLD, CYLD siRNA.
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Figure 4. Vinpocetine suppresses S. pneumoniae-induced inflammatory response via 
upregulating CYLD.
(A) HMEEC transfected with siCON or siCYLD were pre-treated with vinpocetine (10 

μM) for 1 h, followed by S. pneumoniae stimulation for 6 h, and IL-8 and TNF-α mRNA 

expression was measured by real-time Q-PCR analysis. (B-D) WT and Cyld KO mice were 

inoculated transbullarly with S. pneumoniae (2 × 106 CFU per mouse), and post-treated 

intraperitoneally with vinpocetine (10 mg/kg) 2 h after S. pneumoniae inoculation. The 

treatment was repeated at a dose of 10 mg/kg/day during the experiment. The inoculated 
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mice were then sacrificed 3 days after S. pneumoniae inoculation. (B) IL-1β, IL-6, MIP-2 

and TNF-α mRNA expression in the middle ear of mice was measured by real-time 

Q-PCR analysis. (C) H&E staining of the middle ear tissues from mice was performed 

(Magnification, ×400; Scale bar, 20 μm) for histological analysis, and (D) the thickness 

of middle ear mucosa was measured from 40 middle ear sections per experimental group. 

Data in (A) are mean ± SD (n = 3). Data in (B) and (D) are mean ± SEM (B, n = 

4; D, n = 40). *p<0.05, **p<0.01, ***p<0.001. n.s., not significant. Statistical analysis 

was performed using Student’s t-test. Pictures of the H&E-stained middle ear tissues from 

one representative experiment are shown in (C) (n = 16). Data are representative of three 

independent experiments. CON, control. Sp, S. pneumoniae. Vinp, vinpocetine. siCYLD, 

CYLD siRNA. WT, wild-type. KO, knock-out.
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Figure 5. ERK1 is required for S. pneumoniae-induced inflammatory response.
(A) HMEEC were pre-treated with PD98059 (10 μM) for 1 h, followed by stimulation 

of S. pneumoniae for 6 h. Relative quantity of IL-1β, IL-6 and IL-8 mRNA expression 

was measured by real-time Q-PCR analysis. (B) HMEEC transfected with ERK1 DN 

or ERK2 DN were stimulated with S. pneumoniae for 6 h, and IL-6, IL-8 and TNF-α 
mRNA expression was measured by real-time Q-PCR analysis. (C-D) Mice were pre-treated 

with PD98059 (5 mg/kg, i.p.) for 2 h and inoculated transbullarly with S. pneumoniae 
(2 × 106 CFU per mouse) for 9 h. (C) IL-1β and TNF-α mRNA expression in the 

middle ear of mice was measured by real-time Q-PCR analysis. (D) H&E staining of the 

middle ear tissues from mice was performed (Magnification, ×400; Scale bar, 20 μm) for 

histological analysis. Data in (A)-(B) are mean ± SD (n = 3). Data in (C) are mean ± 

SEM (n = 3). *p<0.05, **p<0.01, ***p<0.001. n.s., not significant. Statistical analysis was 
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performed using Student’s t-test. Pictures of the H&E-stained middle ear tissues from one 

representative experiment are shown in (D) (n = 12). Data are representative of three or more 

independent experiments. CON, control. Sp, S. pneumoniae. PD, PD98059. DN, dominant 

negative.
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Figure 6. CYLD suppresses S. pneumoniae-induced inflammation by inhibiting ERK.
(A-B) HMEEC transfected with (A) CYLD WT or (B) siCYLD were stimulated with S. 
pneumoniae for 5 min, and cell lysates were analyzed by immunoblotting with the indicated 

antibodies. (C) HMEEC transfected with siCON or siCYLD were pre-treated with PD98059 

(10 μM) for 1 h, followed by S. pneumoniae stimulation for 6 h, and IL-1β, IL-6 and IL-8 

mRNA expression was measured by real-time Q-PCR analysis. (D-F) WT and Cyld KO 

mice were pre-treated with PD98059 (5 mg/kg, i.p.) for 2 h and inoculated transbullarly 

with S. pneumoniae (2 × 106 CFU per mouse). The treatment of PD98059 was repeated 
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at a dose of 5 mg/kg/day during the experiment. The inoculated mice were then sacrificed 

3 days after S. pneumoniae inoculation. (D) IL-6, MIP-2 and TNF-α mRNA expression 

in the middle ear of mice was measured by real-time Q-PCR analysis. (E) H&E staining 

of the middle ear tissues from mice was performed (Magnification, ×400; Scale bar, 20 

μm) for histological analysis, and (F) the thickness of middle ear mucosa was measured 

from 20 middle ear sections per experimental group. Data in (C) are mean ± SD (n = 

3). Data in (D) and (F) are mean ± SEM (D, n = 4; F, n = 20). *p<0.05, **p<0.01, 

***p<0.001. Statistical analysis was performed using Student’s t-test. Pictures of the H&E

stained middle ear tissues from one representative experiment are shown in (E) (n = 16). 

Data are representative of three independent experiments. CON, control. Sp, S. pneumoniae. 

WT, wild-type. siCYLD, CYLD siRNA. KO, knock-out. PD, PD98059.
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Figure 7. 
Schematic model illustrating that Vinpocetine suppresses S. pneumoniae-induced 

inflammation via inhibition of ERK1 by CYLD.
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