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Study Objectives: Longitudinal studies support the usage of positive airway pressure (PAP) therapy in treating obstructive sleep apnea (OSA) to improve 
cardiovascular disease. However, the anticipated benefit is not ubiquitous. In this study, we elucidate whether PAP therapy leads to immediate improvements 
on endothelial function, a subclinical marker of cardiovascular status, by examining the effect of circulating exosomes, isolated from patients before and after 
PAP therapy, on naive endothelial cells.
Methods: We isolated plasma-derived circulating exosomes from 12 patients with severe OSA and obesity hypoventilation syndrome (OHS) before and after 
6 weeks of PAP therapy, and examined their effect on cultured endothelial cells using several in vitro reporter assays.
Results: We found that circulating exosomes contributed to the induction and propagation of OSA/OHS-related endothelial dysfunction (ie, increased 
permeability and disruption of tight junctions along with increased adhesion molecule expression, and reduced endothelial nitric oxide synthase expression), 
and promoted increased monocyte adherence. Further, when comparing exosomes isolated before and after PAP therapy, the disturbances in endothelial cell 
function were attenuated with treatment, including an overall cumulative decrease in endothelial permeability in all 12 subjects by 10.8% (P = .035), as well as 
detection of a subset of 4 differentially expressed exosomal miRNAs, even in the absence of parallel changes in systemic blood pressure or metabolic function.
Conclusions: Circulating exosomes facilitate important intercellular signals that modify endothelial phenotype, and thus emerge as potential fundamental 
contributors in the context of OSA/OHS-related endothelial dysfunction. Exosomes may not only provide candidate biomarkers, but are also a likely and 
plausible mechanism toward OSA/OHS-induced cardiovascular disease.
Clinical Trial Registration: Registry: ClinicalTrials.gov, Title: AVAPS-AE Efficacy Study, URL: https://clinicaltrials.gov/ct2/show/NCT01368614, Identifier: 
NCT01368614
Keywords: cardiovascular disease, endothelial function, exosomes, obstructive sleep apnea, positive airway pressure
Citation: Bhattacharjee R, Khalyfa A, Khalyfa AA, Mokhlesi B, Kheirandish-Gozal L, Almendros I, Peris E, Malhotra A, Gozal D. Exosomal cargo properties, 
endothelial function and treatment of obesity hypoventilation syndrome: a proof of concept study. J Clin Sleep Med. 2018;14(5):797–807.

INTRODUCTION

Obstructive sleep apnea (OSA) is highly prevalent, affecting 
22% of men and 17% of women.1 The prevalence of OSA ap-
pears to be overall increasing,2 likely due to increased patient 
and physician awareness and enhanced referral patterns, along 
with improvements in the diagnostic approaches of OSA, but 
is also likely to be attributable to the epidemic of obesity, the 
latter constituting a major and significant risk factor for de-
velopment of OSA.3 Obesity hypoventilation syndrome (OHS) 
affects nearly 10% to 20% of obese patients with OSA.4 OHS is 
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defined by daytime hypercapnia and hypoxemia (PaCO2 ≥ 45 
mmHg and PaO2 < 70 mmHg at sea level) in an obese patient 
(body mass index [BMI] ≥ 30 kg/m2) with sleep-disordered 
breathing in the absence of any other detectable cause of 
hypoventilation.5

Recent large-scale longitudinal population-based studies 
have revealed that the risk of cardiovascular disease in adults 
is independently associated with OSA.6 Both the Busselton 
Health Study and the Wisconsin Sleep Cohort have reported 
that severe OSA in adults is associated with a threefold increase 
in the risk of all-cause mortality, and a higher cardiovascular 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Recent studies show mixed results on the therapeutic benefits of positive airway pressure (PAP) therapy for 
improving cardiovascular function in adults with sleep-disordered breathing. Few such studies have addressed the early subclinical improvements 
in cardiovascular function, including endothelial function, which may shed insight into the mechanisms accounting for how PAP therapy can improve 
cardiovascular disease.
Study Impact: Here, we show that circulating exosomes isolated from patients with obesity hypoventilation syndrome adversely affect naïve 
endothelial integrity in vitro and such deleterious effects are improved following just 6 weeks of PAP therapy.
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mortality at 18-year follow-up, respectively.7,8 Furthermore, 
the presence of OHS also adds to the risk of cardiovascular 
morbidity and mortality.4,9 Among the relevant cardiovascu-
lar outcomes, OSA is strongly associated with hypertension,10 
myocardial ischemia,11 arrhythmias,12 ischemic stroke,13,14 such 
that the cumulative effect of OSA on the cardiovascular system 
is likely accountable for the reported increases in both fatal 
and nonfatal cardiovascular events.15,16

Therapy of OSA/OHS through application of positive air-
way pressure (PAP) treatment prevents episodic airway col-
lapse by maintaining airway patency during sleep and is 
clearly beneficial in treating OSA/OHS, even if its ability to 
reverse underlying cardiovascular disease and reduce fatal and 
nonfatal cardiovascular events remains unclear.17–20 However, 
PAP therapy decreases systemic blood pressure and surges 
in blood pressure during sleep.21,22 Indeed, in a multicenter 
randomized controlled trial, Martinez-Garcia and colleagues 
demonstrated that 12 weeks of CPAP therapy resulted in sig-
nificant decreases in 24-hour mean blood pressure (3.1 mmHg, 
P  =  .02) and 24-hour diastolic blood pressure (3.2 mmHg, 
P  =  .005) in patients with resistant hypertension, and the ben-
eficial effect was significantly associated with the duration of 
nocturnal CPAP therapy.23

The putative mechanisms underlying the adverse cardio-
vascular outcomes of OSA have been intensely explored24,25 
and among them, evidence of increased sympathetic nervous 
system outflow and endothelial dysfunction are particularly 
prominent. In this study, we hypothesized that circulating exo-
somes, which contain cellular bioactive cargo including mi-
croRNAs, are not only biomarkers of end-organ morbidity, but 
are also important contributors to modifying the cardiovascu-
lar phenotype in severe OSA/OHS, by inducing physiological 
alterations of vascular endothelial cells and by disrupting en-
dothelial function. As a corollary to such hypothesis, we would 
anticipate that subclinical improvements from PAP therapy 
can become readily detectable in exosomal biological proper-
ties, and therefore be identifiable much earlier than the possible 
PAP-changes in large vessels, such as those traditionally as-
sessed for monitoring blood pressure.

Exosomes consist of 30–100 nm vesicular structures gen-
erated within the endosomal network that begin with inward 
budding of the cell membrane to form early endosomes, fol-
lowed by second inward budding of the endosomal membrane 
to form the various intraluminal vesicles. These endovesicles 
will then fuse with the cell membrane, and are released to 
the extracellular space in an exocytotic fashion. Once in the 
circulation or in any other intercellular space, exosomes can 
then specifically bind, integrate, and selectively affect target 
cells.26,27 Thus, exosomal cargo exchanges represent potential 
and intriguing pathways of intercellular communication be-
tween target and recipient cells through delivery of proteins, 
lipids, RNAs, nontranscribed RNAs, microRNAs (miRNAs), 
and cell-free DNA, which in concert can modify the phenotype 
of the target cells.28

Here, we isolated exosomes from severe OSA/OHS pa-
tients at diagnosis and following 6 weeks of PAP therapy to 
evaluate whether plasma exosomes can elicit in vitro func-
tional alterations in naïve endothelial cells, and can therefore 

be contemplated as not only biomarkers, but also as effectors 
of anticipated improvements in endothelial function following 
PAP therapy. Accordingly, the effects of circulating exosomes 
on endothelial cell monolayer impedance, expression of tight-
junction function proteins, endothelial nitric oxide synthase 
(eNOS), and adhesion molecules, and monocyte attachment to 
endothelial cells were assessed as reporter assays of the OSA-
induced phenotypic changes in endothelial function.

METHODS

Subjects
This was a substudy of a two-center randomized controlled 
trial evaluating the efficacy of three different modalities of 
PAP therapy in patients with OHS (clinical trial registration 
NCT01368614). These PAP modalities included average vol-
ume assured pressure support with auto-expiratory positive 
airway pressure (AVAPS-AE), continuous positive airway 
pressure (CPAP), and bilevel PAP. The primary study was 
designed to test the hypothesis that in patients with OHS, the 
AVAPS-AE mode provides a benefit in daytime gas exchange 
at 6 weeks that is equivalent or no worse than bilevel PAP and 
CPAP therapy. Six weeks was chosen as the duration of follow-
up, because it typically takes 2 to 4 weeks for daytime hyper-
capnia to improve in patients with OHS who are adherent to 
PAP therapy.4

Our inclusion criteria were age 18 year or older and age 75 
years or younger, diagnosis of OHS in the past 3 months but no 
initiation of PAP therapy, body mass index (BMI) ≥ 30 kg/m2, 
daytime partial pressure of arterial CO2 (PaCO2) ≥ 45 mmHg, 
daytime pH > 7.35 from an arterial blood gas, presence of OSA 
with an apnea-hypopnea index (AHI) ≥ 5 events/h of sleep, 
and forced expiratory volume in 1 second (FEV1)/forced vital 
capacity (FVC) > 70% (ie, no evidence of chronic obstructive 
pulmonary disease or obstructive airways disease). We ex-
cluded acutely ill and unstable patients, a hospitalization for 
respiratory exacerbation fewer than 6 weeks prior to screening 
visit, and evidence of alkalosis (pH > 7.45) on the arterial blood 
gas measurement.

Between November 2011 and February 2014, 51 patients eval-
uated in the Sleep Disorders Clinic were referred to the Univer-
sity of Chicago research site for suspicion of OHS and 46 patients 
attended the research screening visit. Two patients declined con-
sent to the substudy whereas the remaining 44 provided written 
informed consent. Due to lack of hypercapnia on the screening 
baseline arterial blood gas (PaCO2 < 45 mmHg), 19 subjects 
were excluded. Two participants were excluded because they 
were undergoing active PAP therapy, one was excluded due to 
obstructive airways disease on spirometry (FEV1/FVC < 70%), 
and one had a BMI of less than 30 kg/m2. An additional four 
participants did not show up for the first appointment after the 
initial screening. Thus, the final analytic cohort for the substudy 
consisted of 17 patients with OHS. Of these 17 participants, pre-
treatment and posttreatment blood samples were available in 12 
participants for the purposes of the current analysis. Therefore, 
the final analytic cohort consisted of 12 patients with OSA/
OHS (5 male and 7 female) who underwent two venipunctures 6 
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weeks apart after being prescribed PAP therapy. The 5 excluded 
patients without pretreatment and posttreatment blood samples 
were similar to the 12 patients included in this analysis based 
on age, sex, race, BMI, and AHI. The main protocol and the 
substudy were approved by the University of Chicago Institu-
tional Review Board (protocol # 10-702-A-CR004), and all par-
ticipants provided written informed consent.

Following informed consent, obese adult patients with OSA/
OHS underwent diagnostic polysomnography (PSG). Patients 
were then randomized to receive different modalities of posi-
tive airway pressure (PAP) and underwent a full night of PAP 
titration in the sleep laboratory. All subjects returned for a third 
in-laboratory PSG 6 weeks after home PAP therapy. The PSG 
at 6 weeks was performed with the patients using their home 
PAP devices without any additional titration (see supplemental 
material for further details). All patients had PAP adherence 
appraised using remote data device adherence monitoring. 
Further details regarding PSG procedures, PAP titration, PAP 
adherence monitoring, questionnaires, and blood pressure 
measurements are provided in the supplemental material.

Exosome Isolation, Labeling, and Characterization
Exosomes were isolated from plasma using a commercially 
available kit (Life Technologies, Carlsbad, California, United 
States). Briefly, plasma was centrifuged at 2000 xg for 20 min-
utes to remove cell/debris. The supernatants were collected 
and 0.2 volume of the Total Exosome Isolation Reagent was 
added. The mixtures were incubated at 4°C for 30 minutes fol-
lowed by centrifugation at 10,000 xg for 10 minutes, and pel-
lets were solubilized in 1x phosphate buffered saline (PBS). 
Isolated exosomal fractions were then carefully characterized 
and confirmed using electron microscopy (Figure S1 in the 
supplemental material) and western blot analysis (Figure S2 
in the supplemental material) in a subset of patients, as recom-
mended by the recent Consensus Guidelines.29 Exosome quan-
tification was performed in all subjects both before and after 
PAP therapy using ExoQuant (Life Technologies, Carlsbad, 
California, United States). There were no observed differences 
in exosome quantification before and after therapy (data not 
shown). Equivalent amounts of plasma exosomes isolated from 
each subject before and after receiving PAP therapy were then 
applied to naïve endothelial cells in vitro.

Endothelial Cell Culture
Brain Endothelioma 3 cell lines (always used before passage 
4–6) were purchased from Lonza (catalog #CC- 2543; Allen-
dale, New Jersey, United States) and grown in Dulbecco modi-
fied Eagle medium (DMEM) supplemented and incubated at 
37°C and 5% CO2.

Electric Cell-Substrate Impedance Sensing and 
Immunofluorescence
To examine the effect of exosomes on endothelial cell mono-
layer barrier, endothelial cells were grown to confluence into 
electric cell-substrate impedance sensing (ECIS) arrays as a 
single confluent monolayer. As previously described30 exo-
somes were added in duplicate wells and changes in imped-
ance across the monolayer were continuously monitored in the 

ECIS instrument (Applied Biophysics Inc., Troy, New York, 
United States) for up to 24 hours.31,32

For immunofluorescence staining, confluent endothelial cell 
monolayers were grown on 12 coverslips for 24 hours in DMEM 
media containing 10% fetal bovine serum (FBS), and then 
washed with DMEM media containing 2% FBS. Isolated exo-
somes from subjects were added individually to coverslips for 
24 hours. Cells were fixed with 4% (w/v) paraformaldehyde in 
PBS for 20 minutes at room temperature (RT) and then washed 
again with PBS. The cell membranes were permeabilized by in-
cubation with 0.25% (v/v) Triton-X-100 in PBS for 10 minutes at 
RT. After washing with PBS the samples were blocked with 3% 
(w/v) bovine serum albumin in PBS for 45 minutes at RT to block 
unspecific binding sites, and followed by overnight incubation 
at 4°C with ZO-1, 1:400; vascular endothelial (VE)-cadherin, 
1:400 (Life Technologies, Grand Island, New York, United 
States), intercellular adhesion molecule-1 (ICAM-1),1:250; and 
vascular cellular adhesion molecule-1 (VCAM-1), 1:100 (Santa 
Cruz Biotechnology, Inc., Dallas, Texas, United States). Alexa 
488 or Alexa-594 were used as secondary antibodies (1:400, 2 
mg/mL; Life Technologies, Grand Island, New York, United 
States) and nuclear staining with DAPI (4’,6-Diamidino-2-Phe-
nylindole, Dihydrochloride); 1:1000; Life Technologies, Grand 
Island, New York, United States) were performed. Appropri-
ate controls and preadsorption experiments were performed to 
ascertain the specificity of the staining. Images were captured 
with a Leica SP5 Tandem Scanner Spectral 2-photon confocal 
microscope (Leica Microsystems, Inc., Buffalo Grove, Illinois, 
United States) with a 63× oil-immersion lens.

Western Blot Analysis
Lysates of exosomes were separated and isolated exosomes 
were homogenized in radioimmunoprecipitation assay buffer 
(50 mmol/L Tris-HCL [pH 7.4], 1 mmol/L EDTA, 150 mmol/L 
NaCl, 0.1% sodium dodecyl sulfate, 1% Triton, complete pro-
tease inhibitor cocktail tablet [Roche, Basel, Switzerland]). 
Proteins were separated with sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis, and transferred to polyvinyli-
dene difluoride membranes using an electrotransfer apparatus 
(Bio-Rad, Hercules, California, United States). The mem-
branes were blocked with 3% non-fat dry milk (1 hour) and 
probed with primary polyclonal antibody (CD63 antisera (Sys-
tem Biosciences), which detects a tetraspanin that is a ubiq-
uitous exosome protein (1:1,000) overnight at 4°C. The next 
day, membranes were washed and incubated with secondary 
antibody (horseradish peroxidase conjugated, 1:10,000) for 
60 minutes at RT, and developed with enhanced chemilumi-
nescence detection system (GE Healthcare, Piscataway, New 
Jersey, United States). The images were recorded in chemipro-
gram of the gel documentation system (Bio-Rad) and band 
intensity was normalized with respective glyceraldehyde 
3-phosphate dehydrogenase intensity calculated through Im-
age Lab densitometry software (Bio-Rad).

miRNA Isolation and Microarray Hybridization
Total RNA including miRNA was extracted from isolated exo-
somes using miRNeasy Mini Kit-column-based system follow-
ing the manufacturer’s instructions (Qiagen, Turnberry Lane, 
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Valencia, California, United States). Exosomes were isolated as 
indicated above and the pellet were solubilized in 700 µL of Qia-
zol Column. The columns were dried for 5 minutes before elution. 
Total RNA was eluted by adding 14 μL of DNAse-RNase-free 
water to the membrane of the spin column and incubating for 1 
minute before centrifugation at 13,000 xg for 1 minute at RT.31,33 
The RNA quality and integrity was determined using the Eu-
karyote Total RNA Nano 6000 LabChip assay (Agilent Tech-
nologies, Santa Clara, California, United States) on the Agilent 
2100 Bioanalyzer. The quality of miRNA was determined using 
Agilent Small RNA Kit according to the manufacturer’s proto-
col. Both total RNA and miRNA samples were quantified on a 
Nanodrop 2000 (Ambion, Austin, Texas, United States).

Each sample was prepared according to Agilent’s miRNA 
recommended approach using the one-color technique, and 
profiled on the Agilent human miRNA microarray (Agilent 
Technologies). Each array consisted of 60-mer DNA probes 
synthesized in situ that represent 2,006 human miRNA. To-
tal RNA including enriched miRNA was dephosphorylated 
with calf intestine alkaline phosphatase (GE Healthcare Eu-
rope GmbH), denatured with dimethyl sulfoxide, and labeled 
with pCp-Cy3 using T4 RNA ligase (GE Healthcare Europe 
GmbH). The labeled RNAs were hybridized to custom human 
miRNAs microarrays 8x60K (Agilent, Santa Clara, California, 
United States). Following hybridization and washing, the ar-
rays were scanned with an Agilent microarray scanner using 
high dynamic-range settings as specified by the manufacturer. 
Microarray results were extracted using Agilent Feature Ex-
traction software (v12.0) to quantify signal intensities.31,33 The 
quality control for each miRNA was evaluated based on their 
Agilent Feature Extraction quality control report. MiRNA 
microarray data were log-base 2 transformed and quantile 
normalized. The normalized data were expressed as the differ-
ence of log of g processed signal (Agilent Feature Extraction). 
Undetected probes were excluded from further analysis. Back-
ground-subtracted intensities were normalized for detected 
miRNA probes using the quantile method across all miRNA 
microarray experiments as described previously.31,33

Quantitative Reverse Transcription Polymerase Chain 
Reaction Assays
Quantitative polymerase chain reaction analysis was per-
formed for selected messenger RNAs (mRNAs) (ICAM, 
VCAM, eNOS, and β integrin) using ABI PRISM 7500 System 
(Applied Biosystems, Foster City, California, United States). 
For RNA, cDNA was synthesized using 250 ng of total RNA 
using a High-Capacity cDNA Archive Kit (Applied Biosys-
tems, Foster City, California, United States). Human TATA-
box binding protein (TBP gene) was used as a reference gene to 
normalize the expression ratios. The cycle number (Ct) values 
were averaged and the difference between the TBP Ct and the 
gene of interest Ct were calculated to calculate the relative ex-
pression of the gene of interest, and the data were normalized 
to corresponding pretreatment.

Monocyte Attachment Assays
Monocyte attachment to endothelial cells was assessed 24 
hours after plasma exosome administration in a subset of 

patients, as previously described.34 For additional information, 
please see the supplemental material.

Data Analyses
Results are presented as means ± standard deviation, unless 
stated otherwise. All numerical data were subjected to statisti-
cal analysis using paired t tests or analysis of variance followed 
by post hoc tests (Tukey) as appropriate. Chi-square analysis 
was performed on categorical data concerning demographic 
characteristics of the various groups. Finally, canonical cor-
relation analyses were performed to explore the relationships 
between sets of variables. Statistical analyses were performed 
using SPSS version 21.0 (SPPS Inc., Chicago, Illinois, United 
States). For all comparisons, a two-tailed value of P < .05 was 
considered to define statistical significance.

miRNA Microarray Analysis
The false discovery rate was controlled at 5% to correct for 
multiple comparisons. miRNA target predictions for differen-
tially expressed miRNAs were initially computationally pre-
dicted using established miRNA target-prediction programs 
including DIANA-mirPath v3.0 (http://diana.imis.athena-inno-
vation.gr/DianaTools/index.php?r = microT_CDS/index), and 
miRWalk2.0: a comprehensive atlas of microRNA-target inter-
action (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
generetsys-self.html). In order to improve the reliability of the 
miRNA targets, only target genes predicted by at least three 
of the programs were selected. The predicted genes of indi-
vidual miRNA were uploaded to the online DAVID program 
(http://david.abcc.ncifcrf.gov/) for their functional annotation 
and clustering analysis. The software performs an enrichment 
analysis of multiple miRNA target genes by comparing each 
set of miRNA targets to all known KEGG pathways (Kyoto 
Encyclopedia of Genes and Genomes). The pathways exhibit-
ing a false discovery rate adjusted value of P < .05 were con-
sidered significantly enriched between the compared classes.

RESULTS

Subject Characteristics
A total of 12 severe OSA/OHS subjects were included in this 
substudy and all patients returned for follow-up in 6 weeks. In-
dividual and group demographic data are presented in Table 1 
and Table S1 in the supplemental material. Women represented 
58% of the cohort. Mean age was 51.4 ± 11.9 years and mean 
BMI was 48.9 ± 11.7 kg/m2. Nearly all subjects were African 
American (92%). The mean baseline AHI was 88.8 ± 24.7 
events/h, which improved significantly after 6 weeks of PAP 
therapy (residual AHI estimated by PAP devices 3.9 ± 2.2 
events/h, P < .001). Mean PAP therapy usage per night was 
5.6 ± 1.3 hours, mean percentage of nights of PAP usage was 
89.5 ± 3.6%, and mean percentage of nights where PAP was 
used for more than 4 hours was 73.8 ± 20.9%.

PAP therapy led to significant improvement in daytime 
sleepiness, quality of life, and daytime hypoventilation. More-
over, significant improvements were observed in polysomno-
graphic measures of sleep quality, sleep-disordered breathing, 
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and gas exchange during sleep (Table 2). Despite these clini-
cally significant improvements, there were no significant 
improvements in systolic and diastolic blood pressure or in 
metabolic and inflammatory markers after 6 weeks of PAP 
therapy (Table 2).

Exosomal Effects on Endothelial Cell Monolayers
Exosomes from subjects isolated before and after 6 weeks of 
PAP therapy were added to brain endothelioma 3 (BEnd3) 
endothelial cells. ECIS normalized resistance values were 
monitored continuously, and substantial decrements in mono-
layer resistance were observed following administration of 
exosomes isolated from all subjects with severe OSA/OHS 
compared to control (Figure 1A). Following 6 weeks of PAP 
therapy, although decrements in monolayer impedance were 
clearly apparent, their effect was significantly attenuated 
when compared to pre-PAP (Figure 1A; P < .001) denoting 
that the degree of endothelial barrier integrity was improved. 
Figure 1B shows the individual changes in ECIS resistance 
values illustrating that most but not all patients had measur-
able improvement, further supporting the large variability in 
patient responses following 6 weeks of PAP therapy. The over-
all cumulative improvement in endothelial resistance in all 12 
subjects was +10.8% (P = .035; of note, exclusion of one outlier 
subject, #10 resulted in markedly improved statistical signifi-
cance: P = .0049).

In addition to ECIS assays, immunohistochemistry assess-
ments confirmed that exosomes incubated with BEnd3 endo-
thelial cells induced disruption of cell membrane integrity, 
as illustrated by the discontinuity of VE-cadherin along the 
membrane, and the altered topographic distribution of the tight 
junction protein ZO-1 (Figure 1C). When exosomes isolated 

Table 1—Demographic summary of subjects.
Number of subjects 12
Age 51.4 ± 11.9
Women 7 (58%) 
Race/ethnicity  

Black 11 (92%)
Hispanic 1 (8%)

BMI (kg/m2) 48.9 ± 11.7
Smoking Status  

Current 3 (25%)
Past 3 (25%)
None 6 (50%)

Hypertension 9 (75%)
Diabetes mellitus 4 (33%)
Congestive heart failure 4 (33%)
Dyslipidemia 3 (25%)
AHI (events/h) 88.8 ± 24.7
PAP modality

CPAP 5 (41.7%)
Bilevel PAP 1 (8.3%)
AVAPS-AE 6 (50%)

PAP usage (h/night) 5.6 ± 1.3
PAP, % days used 89.5 ± 3.6
Percentage of nights PAP was used > 4 hours 73.8 ± 20.9
Residual AHI estimated by PAP device 3.9 ± 2.2

Data presented as mean ± standard deviation or n (%). AHI = apnea-
hypopnea index, AVAPS-AE = average volume assured pressure 
support with auto-expiratory positive airway pressure, BMI = body mass 
index, CPAP = continuous positive airway pressure, PAP = positive 
airway pressure.

Table 2—Clinical Summary of 12 subjects before and after PAP therapy.
 Pretreatment Posttreatment P
Epworth Sleepiness Scale score 13 ± 6 (9–16) 6 ± 6 (2–9) .002
Severe respiratory insufficiency questionnaire scale 60.7 ± 13.6 (53.0–68.3) 72.1 ± 15.9 (63.1–81.1) .009
End tidal CO2 during wake (mmHg) 50.9 ± 6.3 (47.3–54.4) 42.9 ± 4.9 (39.7–46.1)  < .001
SpO2 during wake (%) 92 ± 3 (91–94) 95 ± 2 (93–96) .018
PaCO2 during wake (mmHg) 49.4 ± 5.2 (46.0–52.8) 41.4 ± 4.0 (38.8–44.0)  < .001
PaO2 during wake (mmHg) 58.5 ± 6.4 (54.9–62.1) 64.4 ± 5.0 (61.5–67.2) .016
% TST < 90% SpO2 (%) 69.4 ± 18.6 (58.9–80.0) 11.3 ± 14.0 (3.3–19.2)  < .001
TcCO2 > 50 mmHg during sleep (minutes)* 255 ± 109 (193–317) 110 ± 66 (72–147) .007
TcCO2 > 60 mmHg during sleep (minutes)* 90 ± 123 (20–160) 26 ± 40 (4–49) .118
Systolic blood pressure (mmHg) 135.3 ± 20.2 (123.8–146.7) 133.2 ± 15.9 (124.2–142.2) .304
Diastolic blood pressure (mmHg)  84.8 ± 14.6 (76.5–93.1) 81.2 ± 11.6 (74.6–87.7) .123
Glucose (mg/dL) 118.9 ± 46.2 (92.8–145.0) 123.8 ± 68.0 (85.2–162.2) .261
Insulin (mU/mL) 13.2 ± 7.7 (8.9–17.5) 15.9 ± 5.6 (12.7–19.1) .139
HDL cholesterol (mg/dL) 47.4 ± 13.9 (39.6–55.3) 45.7 ± 13.2 (38.2–53.2) .264
LDL cholesterol (mg/dL) 94.2 ± 36.5 (73.5–114.8) 92.2 ± 23.9 (78.6–105.7) .376
Triglycerides (mg/dL) 91.1 ± 46.6 (64.7–117.5) 99.4 ± 51.5 (70.3–128.6) .136
hsCRP (mg/L) 13.2 ± 11.9 (6.4–19.9) 8.6 ± 5.4 (5.5–11.7) .107

Data expressed as mean ± standard deviation with corresponding 95% confidence interval. P value calculated using paired t test. * = TcCO2 data available in 8 
subjects. HDL = high density lipoprotein, hsCRP = high sensitivity C-reactive protein, LDL = low density lipoprotein, PaCO2 = partial pressure of carbon dioxide 
in arterial blood, PaO2 = partial pressure of oxygen in arterial blood, PAP = positive airway pressure, TST = total sleep time, TcCO2 = transcutaneous CO2.
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from the same patients after PAP therapy were added to BEnd3 
endothelial cells, there was a marked increase in circumferen-
tial membrane restricted staining of VE-cadherin and ZO-1, 
implying improved endothelial barrier integrity, thereby cor-
roborating the improvements in membrane barrier resistance 
observed in the ECIS assays. Control subjects not shown as 
patients were compared before and after PAP therapy.

Exosomal Effects on Endothelial Cellular Adhesion
The distribution and abundance of the adhesion molecules 
ICAM-1 and VCAM-1 was examined using immunohistochem-
ical approaches (Figure 2A). Quantification using immunohis-
tochemistry imaging was not performed, rather, expression of 
adhesion molecules was evaluated. Exosomes isolated from 
patients prior to PAP therapy resulted in marked increases in 
the expression of both adhesion molecules throughout the sur-
face of naïve BEnd3 cells. However, attenuated immunofluo-
rescence reactivity emerged for both ICAM-1 and VCAM-1 
when exosomes isolated from the same patients but following 
PAP therapy were applied.

As a proof of concept that the enhanced expression of the 
adhesion molecules is indicative of increased propensity for 

intercellular attachment, we next evaluated the degree of mono-
cyte attachment using red fluorescent protein (RFP) tagged 
bone marrow monocytes to BEnd3 endothelial cells previously 
treated with exosomes from four subjects before and after 6 
weeks of PAP therapy (Figure 2B). Monocyte attachment was 
markedly increased compared to vehicle controls in untreated 
subjects, and a significant reduction in monocyte attachment 
emerged in the same subjects following 6 weeks of PAP ther-
apy (Figure 2C; P = .0423).

Further, ICAM-1, VCAM-1, and β-integrin mRNA expres-
sion were all markedly upregulated in naïve endothelial cells 
treated with exosomes from subjects at baseline, and reductions 
in expression occurred after PAP therapy for both ICAM-1 and 
VCAM-1 but not for β-integrin (Figure 2D). In addition, be-
cause endothelial function is highly dependent on eNOS, we 
also evaluated eNOS mRNA expression and observed an in-
crease in eNOS mRNA expression in BEnd3 cells after PAP 
when compared to pre-PAP (Figure 2D; P < .05).

miRNA Array Analyses
miRNA array analyses of exosomal cargo using techniques 
as previously described30 in eight pretreated and post-PAP 

Figure 1—Exosome-mediated in vitro effects on endothelial cell monolayer resistance and membrane tight junction proteins.

(A) Ensemble-averaged curves of ECIS measured endothelial cell barrier resistance changes over time after administration of exosomes from adult patients 
with severe OSA/OHS before (Pre-PAP; red line) and after (Post-PAP; green line) positive airway pressure therapy compared to endothelial cells incubated 
with plasma free media and empty exosomes (control; black line). (The y axis refers to a ratio of ECIS values to baseline ECIS values at start of experiment). 
(B) Evaluation of ECIS measured endothelial cell barrier resistance changes of all 12 individual patients (pt) comparing the effects on endothelial cells 
24 hours after exosome administration. ECIS changes were evaluated before (Pre-PAP) and after 6 weeks positive airway pressure therapy (Post-PAP). 
The overall cumulative improvement in endothelial cell monolayer resistance for all 12 subjects was +10.8% (P = .035). (C) Effect of plasma exosomes on 
tight junction and membrane structure in naive endothelial cells. Representative images of at least six separate experiments illustrate exosome-induced 
changes in expression of VE-cadherin and zonula occludens (ZO)-1 expression patterns. The scale bars for all the representative images are 25 μm. Left 
figures represent before and right figures represent after PAP therapy. ECIS = electric cell-substrate impedance sensing, OHS = obesity hypoventilation 
syndrome, OSA = obstructive sleep apnea, PAP = positive airway pressure.
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subjects were performed to identify uniquely differentially 
expressed miRNAs, and revealed four differentially ex-
pressed miRNAs (Figure 3), which were validated using 
quantitative reverse transcription polymerase chain reac-
tion. Further exploration of the potential gene pathways as-
sociated with these miRNAs was conducted in silico and are 
shown in Figure 3. The functional significance of these four 
differentially expressed miRNAs is not currently well estab-
lished given their novelty and will need to be addressed with 
further studies.

DISCUSSION

In the current study, we provide evidence that in patients with 
severe OSA/OHS, 6 weeks of PAP therapy leads to marked 
improvements in circulating exosomal cargo effects on the 
endothelium. This improvement was present despite the lack 
of detectable improvement in routinely measured clinical and 
laboratory surrogates of cardiovascular risk such as blood pres-
sure, hs-CRP or dyslipidemia. Furthermore, we show plasma 
exosomes from adult subjects with severe OSA/OHS induce 
endothelial dysfunction as reflected by several reporter assays 

in naïve cells in vitro, and that such properties are attenuated 
after 6 weeks of PAP therapy.

The assumption that both obesity and severe OSA/OHS, 
known risk factors for cardiovascular disease, act initially 
to disturb endothelial homeostasis is based on an extensive 
body of literature.33,35–39 From this first site of vascular injury, 
multiple pathways operate to propagate and promote the ap-
pearance of specific cardiovascular morbidities such as hyper-
tension or ischemic heart disease. Conversely, the likelihood 
of documenting any improvements in established cardiovascu-
lar disease is low even if adherence to PAP is optimal, as re-
cently illustrated by experiments in a murine model of chronic 
OSA,40 and certainly even less likely when PAP adherence is 
poor.20 However, it is likely that removal of the injurious pro-
cesses elicited by the conjoint effects of OSA and obesity will 
begin with changes in cellular function, and that such changes 
are then reflected by alterations in circulating exosomal cargo 
properties. Based on such assumptions, we examined subjects 
with severe OSA/OHS who were reevaluated following just 6 
weeks of PAP therapy. Accordingly, we did not observe, nor 
did we expect to detect any improvements in systemic blood 
pressure or metabolic function given that these types of im-
provements are likely to emerge after more extended periods of 

Figure 2—Exosome-mediated effects on endothelial cell expression of adhesion molecules, monocyte attachment of 
endothelial cells and changes in mRNA expression.

(A) Effect of plasma exosomes on adhesion molecule expression in naive endothelial cells. Representative images of at least six separate experiments 
show exosome-induced changes in expression of vascular cellular adhesion molecule (VCAM) and intercellular-adhesion molecule 1 (ICAM) with visually 
apparent reduction in post-PAP. (B) Effect of plasma exosomes on attachment of red fluorescent protein tagged monocytes. Representative images are 
shown for at least six separate experiments in different subjects. The scale bars for all the representative images are 25 μm. Left figures represent before 
and right figures represent after PAP therapy. (C) Quantification of monocyte attachment was performed by measuring immunofluorescence intensity 
of endothelial cells inoculated with exosomes from six subjects before (Pre PAP) and after 6 weeks of positive airway pressure therapy (Post PAP), and 
compared to plasma free media with empty exosomes (control). The net reduction in monocyte attachment from to Pre PAP to Post PAP was statistically 
significant (P = .0423). (D) Changes in mRNA fold changes of ICAM-1, VCAM-1, β-integrin, and eNOS expression in endothelial cells treated with either pre-
PAP or post-PAP exosomes. PAP therapy was associated with significant reductions in the expression of both ICAM-1 and VCAM-1, along with significant 
increases in eNOS mRNA expression (P < .05 for all comparisons). eNOS = endothelial nitric oxide synthase, PAP = positive airway pressure.
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therapy.23,41,42 Our study did not include measurements of bra-
chial artery flow mediated dilatation, which would have been 
useful to assess changes in large-vessel endothelial function.

Notwithstanding, PAP therapy for such short duration led 
to reduced deleterious effects of circulating exosomes on en-
dothelial function, as illustrated first by an in vitro assay that 
specifically evaluates endothelial barrier integrity. The ob-
served variability in our findings measuring endothelial bar-
rier integrity may be related to variability among patients, or 
variability related to the ECIS assay. Although the clinical sig-
nificance of a small albeit significant improvement in endothe-
lial monolayer impedance is not well defined, the premise of 
increased endothelial barrier integrity would imply improved 
endothelial function. These findings of improved endothelial 
function were further corroborated using in vitro assays evalu-
ating endothelial cell-monocyte adhesion, as well as endothe-
lial cell eNOS mRNA expression. Thus, whether we consider 
exosomal properties as biomarkers of improvement or as ef-
fectors of end-organ morbidity, it becomes apparent that even 
after short therapeutic interventions, such as 6 weeks of PAP, 
there are significant and detectable improvements. We there-
fore surmise that the reversibility of OSA-induced end-organ 
morbidity is the one that needs to be questioned, rather than 
the reversibility of the mechanisms that ultimately induce that 

end-organ morbidity, because such mechanisms emerge as rap-
idly responsive to treatment. We acknowledge that our findings 
diverge from the recently published SAVE trial,20 a large ran-
domized control study in which CPAP therapy was not found 
to elicit a cardiovascular benefit. However, it is important to 
emphasize that our cohort was more adherent to PAP therapy; 
our study examined changes in vitro to naive nondiseased en-
dothelial cells. A lack of cardiovascular improvement by CPAP 
therapy observed in the SAVE trial is possibly related to the 
premise that in many adults with OSA, the deleterious con-
sequences of OSA to diseased blood vessels are longstanding 
and thereby irreversible which cannot be corrected with PAP 
therapy. Nonetheless, evidence suggests that CPAP therapy, 
even in patients with advanced cardiovascular disease, results 
in a statistically significant albeit small improvement in both 
systolic and diastolic blood pressure.43,44

Exosomes have been shown to transfer several bioactive el-
ements in their cargo to target cells including miRNAs, thus 
participating in miRNA-based signaling,45,46 and dysregulation 
of miRNA content in the exosomes can in turn result in al-
tered target cell function, and ultimately promote the develop-
ment of a variety of diseases.47,48 Furthermore, it appears that 
exosomes modify the phenotype of target cells chiefly through 
their intravesicular miRNA content.49–51 In a previous study, 

Figure 3—Differentially expressed miRNAs in exosomal cargo in subjects pretreatment versus posttreatment (n = 8).
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we demonstrated that clinically identified endothelial dysfunc-
tion in a large set of children with either OSA or obesity was 
accompanied by parallel changes in the properties of circulat-
ing exosomes, when the latter was evaluated using some of 
the reporter assays used herein.30 Furthermore, we identified 
a candidate exosomal miRNA, namely miRNA-630, as being 
mechanistically involved in mediating endothelial function, as 
illustrated by the use of selective agomirs and antagomirs in 
some of the experiments. Further support for the biomarker 
capabilities of plasma miRNAs as indicators of cardiovascu-
lar susceptibility to OSA in children has also been reported.28 
However, we should also remark that even if we assume that 
the endothelium is as vulnerable in children as it is in adults, 
the duration of OSA and obesity is much shorter, and as such 
the proportion of children manifesting cardiovascular morbid-
ity is smaller, the duration and magnitude of the morbidity are 
likely reduced, and the reversibility of such morbidity with 
treatment is much more likely to be increased in children. Fur-
ther, in our smaller cohort of obese adults, who are phenotypi-
cally quite different from young children, especially given the 
influence of numerous confounding factors and comorbidities, 
we observed a different profile of exosomal miRNA cargo. The 
observed differences in exosomal miRNA content following 
PAP therapy, while novel, needs further investigation to elu-
cidate the functional implications and clinical significance of 
these changes.

Based on the aforementioned considerations, the fact that 
improvements in exosomal properties on endothelial targets 
are detectable in adult patients with severe obesity and severe 
OSA/OHS following just 6 weeks of therapy is notable by 
itself. However, even though no changes occurred in cardio-
vascular or metabolic function, current findings suggest that 
the subclinical improvements reflect reduced burden of dis-
ease even very early following initiation of PAP therapy, and 
further introduce the conceptual framework whereby plasma 
exosomes are central to the pathophysiology of cardiovascular 
morbidity in obesity and OSA/OHS, and that improvements in 
cardiovascular status are likely to become manifest as recov-
ery of endothelial function early in the course of treatment. 
Unfortunately, due to the limited amounts of plasma available 
from the research subjects, we cannot infer as to the specific 
cellular sources of the exosomes that contributed to the in vitro 
endothelial functional abnormalities.

As with any study, we should acknowledge some of its 
limitations. First, the small sample size of only obese patients 
with OSA/OHS will undoubtedly require additional studies in 
expanded cohorts to enable translation of potential exosomal 
molecular miRNA targets into clinical practice. Second, not 
all patients had improvements with PAP, opening the opportu-
nity to investigate exosomal cargo determinants of therapeutic 
responsiveness, important a priori knowledge that could facili-
tate precision therapy for OSA43,52,53 and OHS. Indeed, we have 
previously documented that circulating miRNAs may enable 
accurate prediction of favorable response to PAP in patients 
with resistant hypertension and OSA.54 Thus, future studies 
should explore whether the miRNA content of exosomes can 
reliably differentiate PAP responders from nonresponders. It is 
also unclear at this stage whether targeted exosomal miRNA 

therapy using agomirs/antagomirs may potentiate the recov-
ery of endothelial function and improve the reversibility of the 
cardiovascular morbidity that might be already established at 
diagnosis. Finally, the restricted quantities of plasma that were 
available from the participants were constrained by the bio-
ethical committee, and precluded exploration of differences in 
miRNA exosomal cargo in a cell-source specific manner. Our 
study restricted therapy to only 6 weeks of therapy, and there-
fore longitudinal assessments over more extended periods of 
PAP therapy are needed to assess the temporal trajectories of 
changes in exosomes and in cardiovascular function.

CONCLUSIONS

In summary, naive endothelial responses to circulating plasma 
exosomes reveal substantial deleterious alterations in patients 
with severe OSA/OHS that are collectively improved following 
short-term PAP therapy. These findings illustrate the presence 
of a dichotomous set of responses whereby early improve-
ments in exosomal cargo effects on endothelium are present 
in the absence of concurrent amelioration in cardiovascular 
clinical metrics. Furthermore, we surmise that assessments of 
exosomal functional properties and cargo may potentially de-
fine cardiovascular responses to PAP therapy and shed insight 
into discriminating PAP therapy “responders” from “nonre-
sponders,” thereby enabling precision approaches if such as-
sumptions are confirmed in future studies.

ABBRE VI ATIONS

AHI, apnea-hypopnea index
bEnd3, brain endothelialioma 3
BMI, body mass index
CPAP, continuous positive airway pressure
DAPI, 4’,6-Diamidino-2-Phenylindole, Dihydrochloride
DMEM, Dulbecco modified Eagle medium
DNA, deoxyribonucleic acid
ECIS, electric cell-substrate impedance sensing
EDTA, ethylenediaminetetraacetic acid
eNOS, endothelial nitric oxide synthase
FBS, fetal bovine serum
ICAM-1, intercellular adhesion molecule-1
miRNA, micro ribonucleic acid
OHS, obesity hypoventilation syndrome
OSA, obstructive sleep apnea
PaCO2, pressure of arterial carbon dioxide
PaO2, pressure of arterial oxygen
PAP, positive airway pressure
PBS, phosphate buffered saline
PSG, polysomnography
RNA, ribonucleic acid
RT, room temperature
SD, standard deviation
SpO2, oxyhemoglobin saturation
TBP, TATA-box binding protein
TcCO2, transcutaneous carbon dioxide
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TST, total sleep time
VCAM-1, vascular cellular adhesion molecule-1
VE-cadherein, vascular endothelial cadherin
ZO-1, zonula occludens-1
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