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Background: Otitis media (OM) is characterized by acute 
infection progressing to chronic middle ear effusion (MEE). 
Extracellular secretion of microRNAs (miRNAs) in exosomes is 
a newly discovered mechanism for cells exerting distant cell 
genetic regulation. Whether MEE contains exosomes with spe-
cific miRNAs is unknown. This study aimed to purify and char-
acterize the exosomal and miRNA content of MEE.
Method: MEEs were subjected to Exoquick exosomal purifi-
cation and EXOCET exosomal quantification. Extracted vesicles 
were analyzed by dynamic light scattering (DLS), transmission 
electron microscopy (TEM), and immunoblotting of HSP-70. 
NanoString hybridization was performed to profile miRNAs. 
Exosomal protein content was profiled by Liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS).
results: EXOCET assays showed presence of exosomes (0–
0.5 × 107/ml) in MEEs. DLS confirmed exosomal size between 
10 and 200 nm. Western blot analysis showed presence of HSP-
70. Twenty-nine miRNAs were found to be unique to MEEs. 
The most abundant miRNA was miR-223, a miRNA typically 
secreted by neutrophils. Proteomics demonstrated typical neu-
trophil markers as well as common innate immune molecules. 
conclusion: To our knowledge, this the first report dem-
onstrating the presence of exosomes transporting miRNAs in 
MEEs. These findings open a broad and novel area of research in 
OM pathophysiology as driven by miRNA cell communication.

otitis media (OM) is one of the most common conditions 
of early childhood accounting for a very high proportion 

of all pediatric office visits and surgeries annually (1,2) at a 
national health care cost estimated to be greater than $1 billion 
(3,4). Chronic otitis media (COM) typically results as a long 
term sequelae of recurrent acute middle ear infections, and 
is characterized by persistence of middle ear effusion (MEE), 
most frequently mucoid (5–7). This viscous middle ear effusion 
has been shown to be primarily composed of innate immunity 
mediators derived from neutrophils (8,9), such as neutrophil 

extracellular traps (NETs) (10,11); along with secretory mucin 
glycoproteins, predominantly MUC5B (12).

The progression of OM from acute OM (AOM) to COM, has 
long been shown to be in part under the influence of proinflam-
matory mediators, specifically through bacterial activation of 
epithelial proinflammatory pathways (reviewed in (13)), that 
drive middle ear epithelial remodeling into a pseudostratified 
epithelium in COM able to potently produce mucins (14–16). 
Recently, exosomes have been described as important media-
tors of intercellular communication. Exosomes are actively 
shed endocytic vesicles that contain and transport functional 
mRNAs, microRNAs (miRNAs), and proteins between cells 
(17,18). MiRNAs are small, ~20–22 nucleotide, noncoding 
RNAs that post-transcriptionally regulate gene expression by 
binding to the 3′-untranslated region of target mRNAs (19). 
Indeed, exosomal derived miRNAs have been shown to strin-
gently influence either positive or negative gene effects on 
proinflammatory signaling in distant cells (20,21), as well as 
being implicated in many diseases such as cancer, and cardiac 
disease among others (22). Extracellular miRNAs have been 
proposed as relevant biomarkers for disease detection (23). In 
OM models, bacterial products have been shown to drive dif-
ferential expression of miRNAs in human middle ear epithelial 
cells (HMEECs) in vitro (24). However, to our knowledge, no 
study to date has isolated and characterized exosomal derived 
microRNAs from human COM effusion samples. Importantly, 
in parallel respiratory diseases, such as chronic lung diseases, 
epithelial derived exosomes have been shown to drive local 
inflammation through significant macrophage and neutrophil 
activation (25). Further, these events serve as crucial mediators 
of acute lung injury (26). Whether similar processes could be 
going on in OM pathophysiology remains mostly unexplored 
and is the impetus for our work, but neutrophilic inflamma-
tion appears to be key in OM disease development (9).

For this study, we hypothesized that middle ear effusions 
would contain exosomes that harbor mediators capable of 
influencing the neutrophilic inflammation typical of COM.
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METHODS
Sample Collection and Preparation
The Institutional Review Board Committee of Children’s National 
Health System approved this study. After obtaining written informed 
consent from the legal guardian, effusions from children aged 6–36 
mo with COM, undergoing myringotomy with tube placement irre-
spective of race/ethnicity/gender were collected. For sample analysis, 
effusions from each ear were pooled into one sample per patient. 
Exclusion criteria included: cleft palate or other craniofacial dys-
morphic syndromes, immunosuppressive states or conditions, cystic 
fibrosis, immotile cilia syndrome, or prior history of skull base radia-
tion therapy or skull base malignancy. A total of 23 samples of MEE 
from pediatric patients with COM were collected fresh, aliquoted, and 
if not immediately used for experiments, frozen at −80 °C. Subsets of 
MEE were used for exosome isolation and characterization depend-
ing on extracted RNA amount and sample volume.

Exosome Isolation
Exosomes were isolated with the Exoquick-TC kit (System Biosciences, 
Mountain View, CA). Briefly, samples were diluted in 1 ml of PBS and 
200 μl of each sample was centrifuged at 1,500 g for 15 min to remove 
cells and cell debris. The supernatant was mixed with 40 μl of Exoquick 
buffer and incubated overnight at 4 °C. The day after, the tubes were 
centrifuged at 1,500 g for 30 min and the exosome pellet was reconsti-
tuted in 100 μl of PBS 1×, and stored at −80 °C until further analysis.

Exosome Quantification Assay: EXOCET Assay
The EXOCET assay (System Biosciences) was used to quantify exo-
somes isolated from MEEs, according to the manufacturer recom-
mendations. Briefly, the EXOCET assay quantifies the activity of 
the acetyl-CoA acetylcholinesterase known to be within exosomes, 
through colorimetric change. Ten microliters of exosomes in PBS 
were diluted in 100 μl of exosome lysis buffer and incubated 5 min at 
37 °C to liberate exosome proteins. The samples were centrifuged at 
1,500 g for 5 min to remove debris. Fifty microliters of this prepara-
tion were incubated with the enzyme substrate in a 96-well plate. Four 
hours after the plate was read at 405 nm to quantify the production of 
the enzyme product relative to an internal control standard.

Western Blot Analysis of Exosome Markers
A previously described protocol was used for western blotting (27). 
Ten microliters of isolated vesicles from each sample were mixed with 
20 µl of RIPA buffer (SigmaAldrich, St. Louis, MO) and incubated 
at room temperature to liberate exosome proteins. They were mixed 
with Laemmli buffer and placed at 95 °C for 10 min. Samples were 
then separated by electrophoresis on NuPAGE Novex 4–12% Bis-Tris 
gels (Life Technologies, Carlsbad, CA). The molecular weight marker 
Kaleidoscope was used as a standard (Bio-Rad, Hercules, CA). 
Proteins were then transferred to a nitrocellulose membrane (Life 
Technologies). Membranes were blocked with 5% non-fat dry milk 
in PBS with 0.05% Tween-20 (PBST), and incubated with the rab-
bit HSP70 antibody (System Biosciences) at 1:5,000 and rabbit CD63 
antibody (Systems Biosciences) at 1:5,000. A secondary antibody 
anti-rabbit at 1:10,000 coupled to horseradish peroxidase (System 
Biosciences). Detection was performed with a SuperSignal West Dura 
Extended Duration Substrate kit (Pierce, Rockland, IL) according to 
the manufacturer’s instructions.

Determination of Exosome Size by Dynamic Light Scattering
The size of exosomes was evaluated using a Zetasizer Nano ZS system 
(Malvern Instruments, Malvern, UK) using the DLS technique ana-
lyzing the velocity distribution of particle movement by measuring 
the dynamic fluctuations of scattered light intensity at a fixed angle 
caused by the Brownian motion of the particle. The particle’s hydro-
dynamic radius, or considered diameter, is then calculated with the 
Stokes–Einstein equation (see www.malvern.com). After exosome iso-
lation with the Exoquick-TC, the pellet was reconstituted in 100 μl of 
PBS 1×. Ten microliters of purified exosomes were diluted in 990 μl of 
filtered PBS 1× and vortexed for 1 min. The whole volume was quickly 
put in a disposable cuvette for size measurements to avoid aggregation 
of the exosomes. Three independent measurements were performed 
for each sample and averaged by the software for the analysis.

Transmission Electron Microscopy of Isolated Exosomes
After exosome isolation with the Exoquick-TC, the pellet was recon-
stituted in 100 μl of PBS 1× filtered through a 0.2 μm membrane and 
used soon thereafter, so as to not damage the structure of the exo-
somes. Ten microliters of a 1/20 dilution of purified exosomes were 
then plated onto carbin coated formvar grids (Electron Microscopy 
Sciences, Hatfield, PA), fixed with a solution of 2% glutaraldehyde 
0.1M cacodylate, stained with 4% aqueous uranul acetate, and imaged 
with a FEI Talos F200X Transmission Electron Microscope (Brno, 
Czech Republic) at 80 KV.

miRNA Isolation and Analysis
The miRNAs were isolated with the SeraMir columns (System 
Biosciences) using the protocol recommended by the supplier. The 
quality of the miRNA was then evaluated using the Agilent Small 
RNA kit and the Agilent RNA 6000 Nano Kit for the total RNA 
(Agilent Technologies, Santa Clara, CA).

Nanostring Identification of miRNAs
The global microRNA profile was obtained using NanoString human 
microarrays (human V2 miRNA array >800 probes, Nanostring 
Technologies, Seattle, WA). To account for differences in hybridiza-
tion and purification, data were normalized to the average counts for 
all control spikes in each sample using proprietary bioinformatics 
software (nSolver Analysis Software 2.5, Nanostring Technologies, 
Seattle, WA). Briefly, we calculated a background level of expression 
for each sample using the mean level of the negative controls plus 2 
SD of the mean. MiRNAs expressing less than 2 SD from the mean 
were set to 0 expression. Those miRNAs that were considered non-
zero expression, were normalized using a scaling factor based on the 
top 100 expressing miRNAs across all samples. For each sample, the 
average of the geometric means of the top 100 expressing miRNAs 
across all samples was divided by the geometric mean of each sample 
(http://www.NanoString.com/media/pdf/MAN_nCounter_Gene_
Expression_Data_Analysis_Guidelines.pdf).

Validation of miRNAs by PCR
miRNAs of interest were validated by polymerase chain reaction of 
the isolated exosomal RNA. After the isolation of miRNAs with the 
SeraMir kit, 100 ng of total miRNA was used for the reverse transcrip-
tion, performed with the miScript Reverse Transcriptase kit (Qiagen, 
Redwood City, CA) according to the manufacturer’s recommenda-
tions. The real-time PCR was then performed on the cDNA gener-
ated, with the QuantiTect SYBR Green PCR kit (Qiagen). The kit 
uses a miRNA universal primer in addition with primers targeting 
miRNAs of interest. The primers used were: Hs_miR-223_1 miScript 
Primer Assay, Hs_miR-16_2 miScript Primer Assay, and Hs_miR-
320e_1 miScript Primer Assay. In addition, control and normalization 
gene/miRNA were provided by the kit: Human RNU6B (RNU6-2) 
miScript Primer Assay and Human miR-15a miScript Primer Assay. 
Those three miRNAs were chosen for validation because we intended 
to validate three abundant miRNAs for which we had primers readily 
available. Notably, 223-3p, 320e, and 16-2p have all been implicated 
in neutrophilia, inflammation, and programmed cell death (28,29).

Preparation of Exosome Proteins for Mass Spectrometry Analysis
Twenty microliters of isolated vesicles were mixed with 80 μl of RIPA 
buffer (Sigma Aldrich) and the total protein concentration was deter-
mined using Bicinchoninic Acid Microtiter Plate Assays (Pierce).

The detergent was first removed from the samples (50 μl of pro-
tein) with Pierce Detergent Removal Spin Column (ThermoScientific, 
Waltham, MA). The proteins were then digested into peptides using 
the SMART digest kit (ThermoScientific) and fractionated with the 
Pierce High pH Reversed–Phase Peptide Fractionation columns 
(ThermoScientific). Eight tubes per sample were generated, using 
different concentrations of acetonitrile. Extracted peptides were then 
completely dried in a SpeedVac (ThermoScientific).

Mass Spectrometry and Protein Identification
MS was carried out as previously described (12,30,31). Briefly, dried 
peptides were resuspended in trifluoroacetic acid (TFA) and 6 μl was 
injected and loaded onto a C18 trap column. The sample was subse-
quently separated by a C18 reverse-phase column. The mobile phases 
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consisted of water with 0.1% formic acid (A) and 90% acetonitrile 
with 0.1% formic acid (B). A 65-min linear gradient from 5 to 60% B 
was used. Eluted peptides were introduced into the mass spectrom-
eter via a 10-μm silica tip (New Objective, Ringoes, NJ) adapted to a 
nano-electrospray source (Thermo Scientific). The spray voltage was 
set at 1.2 kV and the heated capillary at 200 °C. The linear trap quad-
rupole (LTQ) mass spectrometer (ThermoScientific) was operated in 
data-dependent mode with dynamic exclusion in which one cycle of 
experiments consisted of a full-MS (300–2,000 m/z) survey scan and 
five subsequent MS/MS scans of the most intense peaks. Pathways 
enriched with the proteins were generated by Ingenuity Pathways 
Analysis (IPA, version 8.5, Ingenuity Systems, Redwood City, CA). 
Relative protein amounts for each sample compared to the blood con-
trol were done by using peptide counts as a measurement of “amount” 
for each identified protein.

Ingenuity Pathway Analysis
The average counts of the 17 specific MEE miRNAs were entered in 
IPA. Predicted targets were generated from this dataset. To do so, the 
miRNA Target Filter analysis tool was used, focusing on the targets 
experimentally verified and highly conserved predicted targets. The 
list of mRNAs generated was then analyzed with the Core analysis 
tool and pathways with a P value < 0.01 were considered. Results 
shows relevant OM pathways activated as predicted by the dataset 
analysis.

RESULTS
Patient Characteristics and Sample Processing
Samples were collected from 23 COM patients undergo-
ing myringotomy at Children’s National Health System in 
Washington, DC. Mean age of patients was 25.3 mo. All 
subjects had presented with effusions lasting greater than 3 
mo and had conductive hearing loss of 20–40 dB at 500 Hz. 
Importantly, given limitations in sample and extracted RNA 
volume, not every single middle ear fluid specimen could be 
profiled by each experimental technique. All 23 samples col-
lected underwent exosome extraction through the Exoquick 
assay, of these 16 also had exosomal quantification through 
Exocet, and 6 were used directly for miRNA profiling through 
Nanostring analysis. The remaining sample was used for pro-
teomics. Of the 16 samples used for Exocet quanitification, 10 
were further profiled with Western blot, 3 were used for DLS 
validation, and 1 for Nanostring profiling. Of the 10 samples 
analyzed by Western blot, 4 were also used for Nanostring 
analysis, 3 for DLS validation, and 1 for proteomics. Finally, 
1 of the 11 Nanostring samples was also used for proteomics. 
The number of samples processed by each technique is sum-
marized as a Supplementary Figure S1 online.

Exosome Quantification
Exosomes were isolated from middle ear effusion or human 
serum (0.5 ml) as a control. The exosome pellets were resus-
pended and protein concentration measured. The exosomes 
were gently lysed as to preserve the enzymatic activity of the 
exosomal AChE enzyme. Exosomes were detected in 13 of the 
16 tested MEE samples, and contained between 0.57 × 108 and 
33.14 × 108 exosomes. The average quantity of exosomes in 
these 13 samples was 15.04 × 108 exosomes (Table 1).

Validation of Purified MEE Exosomes
As an initial strategy, immunoblotting for HSP70, a marker 
known to be accumulated in body fluid exosomes (32,33), 

was used to validate purified exosomes. Western blot analyses 
demonstrated the presence of HSP70 in 8 of 10 samples tested 
(Figure 1a). Importantly, we did not identify CD63 in the 
purified exosomes. Analysis of eluted exosomal size was per-
formed by DLS of 7 MEEs samples and 1 serum sample. Figure 
1b shows a DLS curve for a representative sample (MEE 2). 
This graph shows a distribution of vesicle size across samples 
between 10 and 300 nm. Overall the mean size of exosomes 
across samples was 223.02 nm (SD 79.7), with a mean polydis-
persity index of 0.78 (SD 0.2), signifying a broad diversity in 
the size distribution of exosomal vesicles Table 2). The mean 
Zeta potential across sample was −9.16 (SD −2.56) indicating 
the expected presence of negative charged particles.

Transition electron microscopy (TEM) of the isolated 
vesicles was then performed in order to visually confirm the 
presence of exosomes. Images revealed vesicular structures 
ranging from 10–100 nm in size with a central depression gray 
appearing area for the bigger ones, which is characteristic of 
TEM imaging of exosomes (34) (Figure 2a). Additionally, 
these vesicular structures were frequently found to aggregate 
or be involved with entangled filamentous structures, possibly 
consistent with mucin glycoproteins as reported by others (35) 
(Figure 2b).

Identification of miRNAs in MEE Exosomes
Using then Agilent Small RNA kit and the Agilent RNA 6000 
Nano Kit for quality control we identified miRNAs in 10 of 11 
samples used for miRNA profiling. There was a mean concen-
tration of 3,835.8 pg/ul miRNA in the samples (range 291.1–
21,495.3 pg/µl), with a mean percentage of miRNA purity of 
44.5% (range 17–95%) These quality data are summarized in 
Table 3. Out of 800 miRNA nucleotide sequences probed on 

table 1. Purified exosome quantification in human MEE samples

MEE sample Exosome quantity (×108)

1 28.31

2 32.26

3 0

4 1.69

5 0.57

6 6.83

7 0

8 0

9 6.05

10 12.2

11 14.46

12 20.21

13 4.36

14 21.37

15 18.79

16 33.14

MEE, middle ear effusion.
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the Nanostring chip, we identified 29 miRNAs to have relative 
abundance levels over background, with 17 being unique to 
MEE over serum controls (as shown in Figure 3). Of these, 
the most abundant miRNA across effusion samples was miR-
223-3p, followed by miR-451a, miR-16-2p, miR-320e, and 
miR-25-3p. PCR was used to validate the presence of miR-
NAs of interest (miR-223-3p, miR-320e, and miR-16-2p) in 
extracted exosomes from eight middle ear samples also pro-
filed by Nanostring (Figure 4). All the samples tested except 
the MEE13 were positive for these miRNAs. It is likely there 
had been RNA degradation in MEE13, explaining the lack of 
validation. The negative controls blood and nontemplate con-
trol (NTC) did not show any signal as expected. Ingenuity 
Pathway Analysis (IPA) (QIAGEN, Redwood City, CA) was 
then used to predict the mRNAs targeted by these 17 MEE 
miRNAs. IPA predicted the regulation of 442 target genes, 
and among them, genes that dramatically upregulate a large 
host of IL-8 mediated cellular processes including neutrophil 

Figure 1. Validation of purified exosomal preparation. (a) HSP70 Western 
Blot analysis of middle ear effusion (MEE). Ten microliters of MEE exsomal 
eluent were loaded in a polyacrylamide gel before electrophoresis. 
Proteins were transferred on a nitrocellulose membrane and exposed to 
specific antibodies to reveal HSP-70. (b) Dynamic light scattering (DLS) 
of three average runs for a representative sample. The size distribution 
is depicted as the intensity of detection in function of the particle size 
displayed over a logarithmic scale. Each solid line represents an individual 
run for a sample. The dashed line represents the average of three runs for 
one sample.

1 2 6 9 10

6

7

5

4

3

In
te

ns
ity

2

1

−1

0
0.1 1 10 100

Size

1,000 10,000

11 12 14 15 16

70 kDa

a

b

table 2. DLS results for purified MEE exosomes

Sample
Average 
size (nm) PdI Zeta potential (mV)

Blood 60.8 0.7 −6.22

2 113.9 0.896 −12.5

3 331.6 0.727 −4.59

5 292.1 0.49 −9.11

7 156.2 1 −7.4

8 299.4 0.491 −9.34

10 147.5 0.93 −10.4

14 220.5 0.9191 −10.8

Figure 2. Microscopic analysis of middle ear effusions. (a and b) TEM 
of eluted exosomes. Electron microscopy revealed copious amounts of 
vesicular structures mostly ranging from 10 to 100 nm in size. (a) Black 
arrow points to a larger exosome like structure (about 150 nm), with 
a characteristic central depression area. (b) Black arrows demonstrate 
entangled filamentous structures involved with the exosome like vesicles, 
which often appear to be aggregated.

a

b
200 nm

200 nm 200 nm

table 3. Small RNA quality analysis

MEE sample (miRNA) pg/ul % miRNA

Blood 615 31

6 291.1 25

9 718.2 24

18 1,043.8 32

19 1,034.3 17

20 701.6 46

21 2,215.3 35

13 21,495.3 82

22 1,415.2 32

14 773.2 57

15 8,670.1 95

16 ND ND

MEE, middle ear effusion; ND, not determined.
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degranulation (Figure 5a), CXCR1/2 mediated signaling asso-
ciated with antimicrobial defense, lymphocyte and monocyte 
chemoattraction as well as neutrophil degranulation (Figure 
5b) and NF-kB proinflammatory upregulation leading to 
angiogenesis and inflammation (Figure 5c).

Proteomic Analysis of Extracted Exosomes
As exosomal vesicles are known to contain proteins which can 
help elucidate the cellular origin of these, we aimed to profile 
the protein content of MEE exosomes. For this, we profiled the 
proteome from 3 MEE using LC-MS/MS. 445 unique proteins 
were detected (Supplementary Data online, Supplementary 
Table S1 online) and among them, 29 were found to be spe-
cific to MEE exosomes relative to to blood exosomes (Table 
4). Identified proteins of note appeared to be key regulators of 
innate immunity including immunoglobulins, mucin MUC5B, 
heat shock proteins, and BPI fold-containing family B mem-
ber 1 (BPIFB1); along with typical neutrophil mediators such 
as myeloperoxidase and neutrophil elastase. IPA was then 
used to analyze the relationships between the proteins of the 

MEE exosome proteomic dataset (Table 5). Notably, the pre-
dominant processes predicted from these group of mediators 
included glycolysis and hypoxia signaling (P = 2.39E−06 and 
4.41E−05, respectively), likely representing responses to the 
relatively low oxygen environment often cited in the middle 
ear space of patients with COM. Predicted upstream regula-
tors of the identified proteins included the hypoxia inducible 
factor-1α (HIF1α) and lipopolysaccharide (P = 3.35E−08 and 
7.95E−08, respectively), both notable for being purported 
mediators of chronic inflammation in the middle ear. Not sur-
prisingly, the top disease and disorders category grouping the 
identified proteome was diseases associated with an inflamma-
tory response, underlying the chronic inflammatory state in 
the middle ear during COM.

DISCUSSION
As endocytic vesicles transporting miRNA, proteins, and 
mRNAs exosomes are described as putative mediators of inter-
cellular communication, we hypothesized that they would be 
present in middle ear effusion samples and that they would 
play a role in the pathogenesis of OM. This study for the first 
time indeed demonstrates that exosomes are present in the 
MEE of pediatric patients and reports the abundant miRNAs 
contained within these exosomes. Furthermore, the protein 
content of these vesicles is also described. Of particular rel-
evance, the identified miRNAs from MEE were found to pre-
dictably upregulate transcripts of mediators related to IL-8 
activity. As an example, miR-223-b was found to be the most 
abundant miRNA within MEE exosomes. This miRNA has 
long been shown to primarily function as a regulator of neu-
trophil biology. In mice, miR-223 regulates protease activity, 
neutrophil maturation, and differentiation, modulation of che-
motaxis, and granule secretion (36). All of these processes are 
known to be important during NETosis and miR-223 has been 
proposed as a regulator of this innate immune response (37). 
Interestingly, we have recently reported that NETs are a signifi-
cant component of COM (9). The origin of the exosomes iden-
tified in MEE is unclear, and should be the subject of further 
exploration. It is known that CD15-positive cells such as neu-
trophils and eosinophils are able to secrete miR-223-b, along 
with other miRNAs identified herein such as miR-21, miR-
142, and miR-338 (28). As such, it is possible that the purified 
MEE exosomes were in part released by neutrophils (among 
other immune cells). The nature of the more abundant miR-
NAs present within MEE exosomes is therefore in line with 
the premise that infant COM denotes a primarily neutrophilic 
immune response. Indeed previous work from our group has 
reported that IL-8 is the most abundant cytokine detected by 
multiplex assay in MEE samples (9). IL-8 a well-known che-
moattractant for neutrophils, and its presence has been shown 
to positively correlate with the abundance of NETs in bronchial 
fluids (38). The proteomic profile of MEE derived exosomes 
also indicate a potential neutrophilic source for their origin, 
as a large component of the identified mediators are known 
to be derived from neutrophil granulocytes. Not surprisingly, 
the top putative pathways from the proteomic list are related 

Figure 3. Scatterplot of miRNA abundance within middle ear effusion 
exosomes. The graph shows the miRNAs assayed by the Nanostring 
method as average counts. Twenty-nine miRNAs were found to be sig-
nificantly detected above background. Each dot represents an individual 
mRNA sequence assayed on the Nanostring chip.
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to inflammatory processes. In addition, it is interesting to note 
the presence of the mucin MUC5B in the exosome proteome. 
It is possible that MUC5B binds the surface of exosomes, as has 
been suggested by others (35). This binding may allow for the 
protein to remain intact during the process of exosome isola-
tion. It is therefore possible that some of the proteins detected 
in our analysis would bind to the surface of exosomes, rather 
than being contained within the exosome itself, increasing 
their putative size.

We believe that some of the other miRNAs detected in MEEs 
were produced by the middle ear epithelium. In order to ana-
lyze this, we have completed a preliminary assay for exosomes 
in human middle ear epithelial cells (HMEEC) secretions 
after stimulation with nontypeable Haemophylus influenzae. 
Among the miRNAs detected in HMEEC secretions, 21 were 
found to also be present in MEE exosomes (data not shown). 
The eight miRNAs not also detected in HMEEC secreted exo-
somes include miR-223 (which goes along with our assump-
tion that this miRNA is being secreted into MEE by immune 
cells such as neutrophils), miR-451a, miR-579, miR-142-3p, 

miR-144-3p, miR-631, miR-10a-5p, and miR-2682-5p. This 
underscores the complexity OM pathogenesis and the implica-
tion of multiple cell types capable of secreting miRNAs target-
ing genes in a wide array of cells.

Validation of MEE exosomal size for this study was impor-
tant as previous reports suggested variability in exosome iso-
lation efficiency (39). To analyze this, we employed DLS and 
TEM. DLS revealed a mean size of 223.5 nm for the purified 
exosomes across samples. Although on the surface this may 
appear as larger than what is typical of exosomes (100 nm), it 
is in line with what has been reported from respiratory derived 
exosomes. Using a combination of light scattering techniques, 
including dynamic light scattering (DLS), Kesimer et al. (35) 
characterized extracellular vesicles derived from the apical 
secretions of two different cultured airway epithelial cells. The 
results indicated that epithelial cells release vesicles with a 
hydrodynamic radius of approximately 340 nm. This larger size 
was found to be due to the fact that the vesicles were shown 
to carry filamentous, entangled membrane mucins on their 
surface that increases their overall radius. As mentioned our 

Figure 5. IPA predicted pathways derived from MEE miRNA putative activity. Among the pathways predicted to be regulated by the 17 miRNAs abun-
dant in MEE, IL-8 derived processes were found to predominate, with downstream neutrophil degranulation (a), CXCR1-mediated signaling (b), and NF-kB 
proinflammatory upregulation (c). The red colored molecules are predicted to be upregulated at the mRNA level by miRNAs, where the orange color is 
post-translational activation. The solid arrows represent direct activation, and the dotted arrows indirect activation. IL8, interleukin 8; CXCR1, chemokine 
receptor type 1; MPO, myeloperoxidase; HNP1, defensin alpha 1; PLD, phospholipase D; CAP37, cationic antimicrobial protein/azurocidin; JNK, cJun 
N-terminal kinase 1; IRAK, interleukin-1 receptor-associated kinase 1; TRAF6, TNF receptor-associated factor 6; NIK, NK-κB-inducing kinase; IKK, IκB-kinase; 
ICAM1, intercellular adhesion molecule 1; VCAM1, vascular cell adhesion protein 1; Cox2, cycloxygenase 2.
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proteomic analysis revealed mucin MUC5B to be abundant, 
and its presence is a potential explanation for the larger size of 
the MEE-derived exosomes. Moreover, TEM imaging of the 
isolated vesicles demonstrated a broad distribution of vesicu-
lar size along with frequent aggregation of these. Filamentous 
protein-like structures were also noted associated with the 
vesicles, similar to what was reported by Kesimer et al. in exo-
somes isolated from airway epithelium (35).

The global analysis of MEE exosomal miRNAs and proteins 
using IPA confirmed the importance of middle ear inflamma-
tion during COM, and the implication of IL-8 related responses 
(13,40). This finding is in line with our recent report of NETs 

predominance in COM effusions. IPA also predicted glycoly-
sis pathway activation, a finding likely representing upregu-
lated metabolic activity in the samples. It is also relevant to 
find that IPA predicted upregulation of hypoxia pathways, as 
previous animal and in vitro studies have suggested hypoxia 
to be a common pathophysiologic condition of COM (41,42). 
In future studies, we hope to investigate the role of identified 
miRNAs in the OM pathogenesis, especially miR-223, the 
most abundant miRNA in MEE exosomes.

Our report is limited though by the fact that our charac-
terization of exosomes in middle ear fluids only represents 
a “snapshot” in time, which may vary quite a bit during OM 
progression over time. Also, given sample limitations, it was 
not possible to assay every sample by each experimental tech-
nique. Another limitation to our study was the fact that we did 
not identify CD63 by western blot in the purified exosomes. 
Although CD63 is a broadly used exosomal marker, but it is 
worthy to note that it may become undetectable in biospeci-
mens containing relatively low amounts of exsosomes. Indeed, 
others have called into question the use of CD63 as a standard 
exosomal marker since the expression level of this tetraspanin 
is often considerably lower than other markers (43).

Conclusion
This is to our knowledge the first report demonstrating 
the presence of exosomes transporting miRNAs in MEEs. 
Abundant miRNAs and proteins in these exosomes appear 
to be critical mediators of innate immunity and neutrophilia. 
These findings open a broad and novel area of research in OM 
pathophysiology as driven by miRNA cell communication.

table 4. Middle ear effusion proteins identified by LC-MS/MS

Accession Description
Total peptide 

counts

P01833 Polymeric immunoglobulin 
receptor (PIGR)

105

O43707 Alpha-actinin-4 (ACTN4) 90

P26038 Moesin (MSN) 85

Q8TDL5 BPI fold-containing family B 
member 1 (BPIFB1)

75

P01602 Ig kappa chain V-I region HK102 
(Fragment) (IGKV1-5)

71

P05164 Myeloperoxidase (MPO) 70

P01596 Ig kappa chain V-I region CAR 66

P14618 Pyruvate kinase isozymes M1/M2 
(PKM)

65

P07900 Heat shock protein HSP 90-alpha 
(HSP90AA1)

62

P01593 Ig kappa chain V-I region AG 58

P13796 Plastin-2 (LCP1) 54

P08238 Heat shock protein HSP 90-beta 
(HSP90AB1)

52

P01743 Ig heavy chain V-I region HG3 46

P31146 Coronin-1A (CORO1A) 43

P29401 Transketolase (TKT) 41

O15144 Actin-related protein 2/3 complex 
subunit 2 (ARPC2)

29

P46940 Ras GTPase-activating-like protein 
IQGAP1 (IQGAP1)

27

P06733 Alpha-enolase (ENO1) 25

P80723 Brain acid soluble protein 1 (BASP1) 25

P06744 Glucose-6-phosphate isomerase 
(GPI)

24

P04217 Alpha-1B-glycoprotein (A1BG) 22

P62805 Histone H4 (HIST1H4A) 22

P01700 Ig lambda chain V-I region HA 20

P01019 Angiotensinogen (AGT) 19

Q9HC84 Mucin-5B (MUC5B) 19

P00338 L-lactate dehydrogenase A chain 
(LDHA)

18

P08246 Neutrophil elastase (ELANE) 18

P24158 Myeloblastin (PRTN3) 17

P06331 Ig heavy chain V-II region ARH-77 13

table 5. Pathway analysis of the middle ear effusion exosome 
proteomic dataset

Top canonical pathways P value Overlap %

Glycolysis 2.39E−06 12

Hypoxia signaling 4.41E−05 4.6

Remodeling of epithelial 
junctions

5.05E−05 4.4

Actin cytoskeleton signaling 7.38E−05 1.9

Upstream regulators P value

HIF1α 3.35E−08

LPS 7.93E−08

Diseases and disorders P value Molecules

Inflammatory response 5.32E−03 to 1.62E−06 15

Molecular and cellular functions P value Molecules

Cellular movement 6.07E−03 to 3.24E−12 18

Cellular function and 
maintenance

5.32E−03 to 3.52E−08 17

Cell-to-cell signaling and 
interaction

6.38E−03 to 2.12E−07 13

Cell death and survival 6.38E−03 to 3.16E−07 17

Cellular assembly and 
organization

4.95E−03 to 1.37E−06 11

LPS, lipopolysaccharide.
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SUPPLEMENTARY MATERIAL
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