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Background: Asthma is characterized by increased airway
narrowing in response to nonspecific stimuli. The disorder is
influenced by both environmental and genetic factors. Exosomes
are nanosized vesicles of endosomal origin released from
inflammatory and epithelial cells that have been implicated in
asthma. In this study we characterized the microRNA (miRNA)
content of exosomes in healthy control subjects and patients
with mild intermittent asthma both at unprovoked baseline and
in response to environmental challenge.
Objective: To investigate alterations in bronchoalveolar lavage
fluid (BALF) exosomal miRNA profiles due to asthma, and
following subway air exposure.
Methods: Exosomes were isolated from BALF from healthy
control subjects (n 5 10) and patients with mild intermittent
asthma (n 5 10) after subway and control exposures. Exosomal
RNA was analyzed by using microarrays containing probes for
894 human miRNAs, and selected findings were validated with
quantitative RT-PCR. Results were analyzed by using
multivariate modeling.
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Results: The presence of miRNAs was confirmed in exosomes
from BALF of both asthmatic patients and healthy control
subjects. Significant differences in BALF exosomal miRNA
was detected for 24 miRNAs with a subset of 16 miRNAs,
including members of the let-7 and miRNA-200 families,
providing robust classification of patients with mild
nonsymptomatic asthma from healthy subjects with 72%
cross-validated predictive power (Q2 5 0.72). In contrast,
subway exposure did not cause any significant alterations in
miRNA profiles.
Conclusion: These studies demonstrate substantial differences
in exosomal miRNA profiles between healthy subjects and
patients with unprovoked, mild, stable asthma. These changes
might be important in the inflammatory response leading to
bronchial hyperresponsiveness and asthma. (J Allergy Clin
Immunol 2013;nnn:nnn-nnn.)

Key words: microRNA, allergic asthma, IL-13, exosome, lung
function

Asthma is a common chronic inflammatory respiratory disorder
with increasing morbidity1 characterized by airway narrowing in
response to various stimuli, such as allergens, infections, and air
pollutants.2,3 The pathogenesis is influenced by both genetic fac-
tors and environmental triggers.4 The pathophysiologic changes
leading to asthma remain unclear, particularly in terms of nonal-
lergic responses, and currently, there are no fully effective
therapies.

Exosomes, nanosized vesicles of endosomal origin released
from both immune and structural cells in the lung,5-9 have re-
cently been shown to play a role in allergy and asthma.10,11 Al-
though previously thought to be intracellular debris, exosomes
are now viewed as important mediators in intercellular communi-
cation12-14 capable of loading their content into recipient cells
both proximally and distally.15,16 We recently showed that exo-
somes from bronchoalveolar lavage fluid (BALF) of patients
with asthma differ in phenotype and function compared with
those from healthy subjects.17 Furthermore, we have demon-
strated that exosomes can induce cysteinyl leukotriene and IL-8
release in lung epithelial cells, an effect that was significantly
higher for exosomes from asthmatic patients compared with those
from healthy control subjects.17 These findings suggest that exo-
somes play a role in local regulation of asthma pathology in
the lung.

Exosomes are present in most body fluids, and their compo-
sition differs depending on their cellular origin.8,18-23 The pres-
ence of RNA has previously been confirmed in exosomes from
1
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Abbreviations used
BAL: B
ronchoalveolar lavage
BALF: B
ronchoalveolar lavage fluid
CV-ANOVA: C
ross-validated ANOVA
FACS: F
luorescence-activated cell sorting
JAK: J
anus kinase
KEGG: K
yoto encyclopedia of genes and genomes
MAPK: M
itogen-activated protein kinase
MFI: M
ean fluorescence intensity
MHCII: M
HC class II
miRNA: M
icroRNA
OPLS: O
rthogonal projections to latent structures
PCA: P
rincipal component analysis
PM: P
articulate matter
qPCR: Q
uantitative PCR
STAT: S
ignal transducer and activator of transcription
SUS: S
hared and unique structures
VIP: V
ariable importance in the projections
saliva, plasma, and breast milk.20 Exosomes can transfer genetic
material to nearby cells, thereby affecting the function of the re-
cipient cell.20,24,25 The presence of microRNA (miRNA) in exo-
somes from certain bodily fluids, including saliva, has also been
confirmed.20,21,26 miRNAs are small noncoding RNAs that exert
posttranscriptional fine tuning of gene expression by suppressing
translation or through mRNA degradation. A single miRNA can
regulate large numbers of genes, and multiple miRNAs can regu-
late the same gene with additive or synergistic effects.27 miRNAs
play fundamental roles in several pulmonary diseases, including
interstitial lung disease, chronic obstructive pulmonary disease,
and asthma.28-33 Altered miRNA expression has recently been as-
sociated with airway smooth muscle hyperresponsiveness34 and
mild asthma in human subjects.33,35 Exosomes and miRNAs
have thus been implicated in asthma separately; however, altera-
tions in exosomal miRNA content caused by asthma have not yet
been described. The primary goal of this studywas to characterize
differences in exosomal miRNA between patients with mild inter-
mittent asthma and healthy subjects.

Air pollutants are important factors in causing asthma exac-
erbations.36-38 Urban air contains many pollutant factors, includ-
ing particulate matter (PM), ozone, and nitric oxides. In large
cities the subway system represents a major form of transporta-
tion and is a significant source of PM emission, yet few studies
have focused on the health effects of this environment. We
have previously described differences in oxylipin profiles in asth-
matic patients exposed to subway air, suggesting impaired anti-
inflammatory responses to the initial proinflammatory response
triggered by subway PM stimuli in asthmatic patients, thus pro-
longing the inflammation compared with that seen in healthy
subjects.39 As such, a secondary aim of this study was to inves-
tigate exosomal miRNA profiles after exposure to Stockholm
subway air.
METHODS

Study subjects and sampling
Patients with mild intermittent asthma (n 5 10) and healthy subjects

(n 5 10, Table I)39 were included. Detailed descriptions of study design, ex-

posure regimen, PMmonitoring results, and subjects are given elsewhere.40,41

Patients with asthma were hyperresponsive, which was defined as a 20% or

greater decrease in FEV1 after methacholine challenge. b2-Agonist use on
demand was allowed, but other medications, including inhaled corticoste-

roids, were not permitted. Participants were nonsmokers, were not habitual

subway commuters, and refrained from subway use for more than 3 weeks be-

fore study initiation. In vitro allergy tests were conducted on all subjects (Pha-

diatop; Pharmacia-Upjohn, Uppsala, Sweden).39 The studywas performed out

of the pollen season, and the washout period for respiratory tract infections

was 6 weeks. All subjects underwent 2 bronchoscopies 14 hours after a

2-hour exposure regimen in a Stockholm subway station at rush hour (Odenplan,

Stockholm, Sweden) and an ambient control air environment, which were per-

formed in random order with a minimum interval of 3 weeks. During expo-

sure, breathing rates were normalized to 20 L/min/m2 body surface through

mild exercise on an exercise bicycle with individually adjusted resistance.

Bronchoalveolar lavage (BAL) was performed, as previously described.42

BAL cells were pelleted by means of centrifugation at 400g for 10 minutes

at 48C, and the cell-free supernatant (BALF) was stored at 2808C until exo-

some preparation. The study was approved by the Stockholm Local Ethical

Committee (case nos. 2006/643-31/4 and 2007/748-31/3), and all subjects

provided written consent.

Exosomal preparation
Exosomes were isolated from 100 6 1 mL of BALF per patient, minus

6 mL for fluorescence-activated cell sorting (FACS) analysis, by using serial

ultracentrifugation: 3,000g for 30 minutes to remove debris and thereafter

10,000g for 30 minutes at 48C (Beckman Coulter Optima L-100 XP Ultracen-

trifuge with Ti45 rotor; Beckman Coulter, Fullerton, Calif). The supernatant

was filtered through a 0.2-mm filter (DISMIC-25cs cellulose acetate; Advan-

tec, Dublin, Calif), followed by a second ultracentrifugation at 140,000g for

2 hours at 48C to pellet the exosomes. The pellet was resuspended directly

in Nucleospin miRNA lysis reagent (Macherey-Nagel, D€uren, Germany)

and frozen at 2808C until use.

Exosome characterization by FACS analyses
BALFwas added directly to Dynabeads (2 mL/mL beads) coated with anti–

MHC class II (MHCII) antibodies (clone HKB1; Invitrogen/Dynal, Paisley,

United Kingdom), as previously described.43 Beads were labeled with fluores-

cein isothiocyanate–labeled anti–MHC class I, anti–MHC class II, CD63, and

CD86 and phycoerythrin-labeled anti-CD54 or isotype-matched controls

(BioLegend, San Diego, Calif). Samples were analyzed in a FACSCalibur

(BD Biosciences, San Jose, Calif) by using forward scatter/side scatter bead

gating, and mean fluorescence intensity (MFI) ratios were calculated as the

geometric mean of the marker divided by the geometric mean of the isotype

control.

RNA extraction and miRNA microarray
RNA was extracted and separated into small RNA (including miRNAs,

18-200 nt) and large RNA (>200 nt) fractions by using Nucleospin miRNA,

according to the manufacturer’s instructions. RNA quality was assessed by

using UV 260/280 and 230/260 absorbance ratios obtained by using Nanodrop

(Thermo Scientific, Wilmington, Del), resulting in a mean 260/280 ratio of

1.95. RNA size distribution was examined on RNA Pico LabChips (Agilent

Technologies, Palo Alto, Calif) processed on the Agilent 2100 Bioanalyzer

small RNA electrophoresis program.

An aliquot of 1 mL was used for validation by means of quantitative RT-

PCR, and the rest was concentrated (SpeedVac, Thermo Fisher) to a

volume of 4 mL and used for amplification. RNA was labeled with

Cy3-CTP by using the miRCURY LNA microRNA power labeling kit

(Exiqon, Woburn, Mass), according to the manufacturer’s protocol.

Labeled RNA was hybridized to 1-color Agilent custom UCSF miRNA

v3.5 multi-species 8x15K Ink-jet arrays (Agilent Technologies) containing

894 different miRNAs.

Nanoscale quantitative RT-PCR validation
High-throughput nanoscale quantitative PCR (qPCR) was used to confirm

the differential expression of selected miRNAs. An aliquot of 1.0 mL,

corresponding to a starting material of 4.6 mL of BALF, was used for



TABLE I. Patients’ data

Diagnosis Subject no.* Sex Age (y) Allergy responsey
Control exposure Subway exposure

FVC (%) FEV1 (%) FVC (%) FEV1 (%)

Asthmatic patients 4 F 40 0 118 122 114 126

7 F 31 4 113 114 109 121

20 M 25 4 100 94 102 92

21 M 25 5 98 87 94 80

23 M 23 4 113 110 118 110

25 F 21 5 98 84 102 88

26 F 21 6 98 94 104 101

28 F 20 5 101 82 97 80

32 F 19 5 78 83 76 83

34 M 18 2 113 126 111 125

Healthy control subjects 3 M 42 0 113 109 113 106

5 F 36 0 136 122 139 120

6 F 31 0 94 85 101 87

8 F 29 0 90 74 108 88

9 F 28 0 121 101 112 95

10 F 27 0 107 110 107 111

13 M 26 0 99 100 102 102

18 M 24 0 104 105 106 104

19 M 24 0 125 116 119 109

22 M 22 0 111 86 112 87

F, Female; FVC, forced vital capacity; M, male.

*Subject ID numbers correspond to IDs used in the study by Lundstrom et al.39

�Allergy response test values are classified from 0 to 6 (negative: 0, <0.35 kU/L; positive: 1, 0.35-0.69; 2, 0.7-3.4; 3, 3.5-17.4; 4, 17.5-49; 5, 50-99; and 6, >99 kU/L) (Phadiatop,

Pharmacia-Upjohn). Allergy was tested against timothy grass, Acarus species, horse, cat, mugwort, birch, dog, olive, lichwort, fish, and Cladosporium species. The maximum

response level for each subject is indicated.
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multiplex stem-loop reverse transcription and preamplification, as previously

described.44 After purification of multiplex PCR products, uniplex nanoscale

qPCRwas run on a microfluidics chip (Fluidigm, South San Francisco, Calif).

After removing miRNAs that were not detected in any samples, reactions that

did not amplify were set to a cycle threshold of 26, corresponding to a value

less than the limit of detection. Log2-transformed relative normalized expres-

sion values were generated by subtracting the cycle threshold for each miRNA

of interest from the sample-specific mean of 26 miRNAs expressed in all

samples.45

Statistical analyses
The microarray dataset was normalized by using quantile normalization.46

No background subtraction was performed, and the median feature pixel in-

tensity was used as the raw signal before normalization. miRNAs with a

log2 expression value of less than 5.5, corresponding to a signal-to-noise ratio

of less than 2, were excluded from all statistical analyses. Univariate statistical

analyses were performedwith a 2-way ANOVA linear model, andP value cor-

rection to account for a high false-positive rate was performed by using the

false discovery rate method according to Hochberg and Benjamini47 with

the R package limma in Bioconductor.48,49

Multivariate analyses were performed with SIMCA P version 13.0

(Umetrics AB, Ume�a, Sweden) by using principal component analysis

(PCA) and orthogonal projections to latent structures (OPLS) analysis. In

contrast to the more commonly used PCA modeling, OPLS analysis is a

supervised method designed to separate structured noise unrelated (orthog-

onal) to the predictive variance of interest (eg, asthmatic patients vs healthy

subjects), thereby increasing the interpretability of the multivariate model,

particularly in deriving the observed group separation back to miRNA

variables of interest.50 Analyses were performed on log2-transformed,

quantile-normalized, mean-centered data scaled to unit variance. Variable

selection for model optimization was performed iteratively based on varia-

ble importance in the projections (VIP) and scaled loadings of the predic-

tive component of the OPLS models as (p[corr]), applying cutoffs of a

VIP of greater than 1 and jp(corr)j of greater than 0.5 (see Fig E1 in this

article’s Online Repository at www.jacionline.org). Model performance is

reported as cumulative correlation coefficients for the model (R2),
predictive performance based on 7-fold cross-validation (Q2), as well as

cross-validated ANOVA (CV-ANOVA) P values for OPLS-based group sep-

aration. To evaluate differences between the disease states, we subdivided

the analyses into comparisons of control exposures separately from the sub-

way exposures. Individual models were compared through shared-and-

unique-structures (SUS) analyses, in which the scaled loadings

(p[corr]) of the respective models are plotted against each other.51 Shared

variables cluster along the diagonals, whereas variables unique for either

model are found along the axes.

Pathway analysis
The cumulative effects on gene expression of the observed alterations in

exosomal miRNA expression between healthy subjects and asthmatic patients

at baseline was calculated by using miRSystem.52 The fold changes of the

24 significantly altered miRNAs were used as input, including only experi-

mentally validated target genes in the output. The resulting list of target genes

displaying an observed-to-expected ratio of greater than 1.0 (244 genes) was

included in downstream pathway analysis by using the DAVID tool, version

6.7,53,54 with Kyoto Encyclopedia of Genes and Genomes (KEGG)

Pathways.55,56

RESULTS

FACS characterization of exosomes
Each BALF sample was analyzed with Dynabeads to detect

surface proteins. Pilot experiments showed very low binding
to latex beads coated with anti-CD63 (data not shown); hence
anti-MHCII beads were chosen for further analysis. Exosomes
from all samples showed the presence of CD63, supporting an
endosomal origin. Furthermore, exosomes displayed a strong
signal for MHCII. MHC class I, CD54, and CD86 were not
detected (Fig 1). No significant differences were seen between
groups. A representative image of the bead gating is displayed
in Fig E2 in this article’s Online Repository at www.
jacionline.org.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 1. Flow cytometric analysis of BALF exosomes displayed expression of

MHCII andCD63surfacemarkers,whereasMHCclass I,CD54, andCD86were

not detected. Results are shownas theMFI for thedetectedmolecule divided

by the MFI for the isotype control. Data represent means1 SEMs (n5 10 in

each group). AC, Asthmatic patients after control exposure; AS, asthmatic

patients after subway exposure; HC, healthy control subjects after control

exposure; HS, healthy control subjects after subway exposure.

TABLE II. Statistical differences and fold changes between

asthmatic patients and healthy control subjects in microarray

analysis, multivariate modeling, and qPCR validations

Microarray, AC vs HC

Fluidigm nanoscale

qPCR, AC vs HC

P(corr) FDR Fold P value Fold

let-7c 20.86 .0010 22.2 .14 21.5

let-7b 20.84 .0036 22.0 .20 21.5

miR-141 20.83 .00088 22.4 ND

miR-200b 20.82 .0038 21.8 .067 21.9

let-7d 20.82 .0038 21.8 ND

let-7a 20.81 .0036 22.4 .017 29.4

miR-21 20.79 .0038 22.3 .001 217

miR-27a 20.79 .0036 22.5 .16 22.1

let-7e 20.76 .0036 21.7 ND

miR-34c-5p 20.75 .0038 22.4 .11 3.6

miR-34b-5p 20.75 .0038 22.3 .12 2.4

miR-19b 20.73 .0093 21.8 ND

miR-1972 0.62 .025 1.6 ND

miR-665 0.65 .014 1.7 .10 3.1

miR-658 0.77 .014 1.7 .039 3.8

miR-483-5p 0.81 .0038 2.2 .45 1.8

miR-0022 NA .0036 22.2 .94 1.0

miR-0024 NA .0064 21.9 .050 21.6

miR-0026a NA .0054 22.2 .024 21.8

miR-0099a NA .027 21.6 .045 21.9

miR-0200c NA .0038 22.0 .018 21.6

miR-1268 NA .050 1.9 .0010 3.8

miR-0203 NA .012 1.5 ND

miR-0130a NA .0038 1.8 .30 21.5

FDR, False discovery rate; NA, not applicable; ND, not determined because of a lack

of specific primer pairs.
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Asthmatic patients versus healthy control subjects

at baseline
All samples from healthy control subjects and patients with

mild asthma breathing ambient air passed quality control and
were used for analysis.

Univariate statistical analysis of miRNA microarray expression
values revealed that 24 miRNAs were present at significantly
different levels in asthmatic patients comparedwith healthy control
subjects (false discovery rate, <.05; Table II). Correlation analyses
with clinical data, as well as BAL cell differential data, revealed a
strong correlation between the expression profile of the 24 altered
miRNAs and FEV1 within the asthmatic group at baseline
(R2 5 0.74, PLS inner relation; Fig 2, right panel) but not within
the other groups. No relevant correlations were found between
BAL cell differential counts and miRNA expression profiles.

Subsequent multivariate modeling with OPLS revealed a sig-
nificant separation between asthmatic patients and healthy control
subjects at baseline (P 5 1.4 3 1025, CV-ANOVA; Fig 2, left
panel). Results of the corresponding supervised hierarchic cluster-
ing based on univariate analysis of miRNA expression values are
displayed in Fig E3 in this article’s Online Repository at www.
jacionline.org. The optimal OPLS model achieved after iterative
variable selection (Fig E1) identified 16 of the significantly altered
miRNAs to be themost important for separating asthmatic patients
from healthy control subjects at baseline (Table II and Fig 2), re-
sulting in a predictive power of 73% (R25 0.77, Q25 0.73) based
on 7-fold cross-validation.
Asthmatic patients versus healthy control subjects

after subway air exposure
Samples 03S and 34S were removed from final analyses

because of failure to pass microarray quality control criteria. In
addition, initial PCA analysis identified 20S as a strong outlier,
driving the first 2 principal components (Fig E4 in this article’s
Online Repository at www.jacionline.org). Accordingly, these 3
samples were removed from all statistical analyses.

OPLS modeling of exosomal miRNA profiles after subway
exposure resulted in significant separation between groups (Fig 3;
P 5 .049, CV-ANOVA; R2 5 0.40; Q2 5 0.35). The optimized
model consisted of 11 miRNAs, 3 of which were not prominent
in the baseline model: miRNA-125b, miRNA-130a, and
miRNA-203. SUS analysis revealed a very high correlation be-
tween the variables driving the separation between groups after
baseline and subway exposures, respectively (R2 5 0.98, Fig 4).
The response to subway air exposure consisted of a slight but non-
significant increase in most altered miRNAs in all subjects, re-
gardless of diagnosis (see Fig E5 in this article’s Online
Repository at www.jacionline.org).
miRNA profiles in relation to atopy
The changes seen in miRNA profiles at baseline were further

analyzed in relation to the degree of atopy, which was defined as
the maximal response to Phadiatop allergen testing for each
subject.39 OPLS analysis based on the subset of 16 miRNAs driv-
ing the separation between healthy control subjects and asthmatic
patients at baseline but with the maximal allergy response as the
response variable resulted in a robust significant model with a pre-
dictive power of 71% (R2 5 0.86; Q2 5 0.71; P 5 .005, CV-
ANOVA). The group separation corresponded well with asthma
diagnosis (Fig 5), with the exception of 2 asthmatic patients
who clustered together with the healthy control subjects. Further
examination of the clinical characteristics revealed that these 2
patients had mild to no atopy (maximal allergy response, 0 or
2), whereas the rest of the asthmatic patients had an allergy re-
sponse of 4 to 6 (scale of 0-6). Removing these 2 patients from
the model improved the predictive power and strengthened the

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 2. OPLS analysis of the asthmatic versus healthy groups at baseline resulted in a robust separation

between groups (scores plot, left panel). The optimized model of 16 miRNAs generated a highly significant

classificationmodel (P5 1.43 1025, CV-ANOVA), with a predictive power of 73% (R2 5 0.77, Q2 5 0.73). The

loadings for the predictive component of the 16miRNAs are shown in themiddle panel. Correlation analysis

with PLS showed a strong correlation between the expression pattern of the 24miRNAs significantly altered

between the 2 groups (q < 0.05) and FEV1 in asthmatic subjects (PLS inner relation, R2 5 0.74; right panel).

AC, Asthmatic patients after control exposure; HC, healthy control subjects after control exposure.

FIG 3. OPLS analysis of the asthmatic versus healthy groups after subway exposure yielded a significant

(P 5 .049, CV-ANOVA) separation, although with some overlap between the 2 groups (scores plot, left

panel). The optimal model consisting of 11 miRNA variables (loadings, right panel) resulted in 35% predic-

tive power (R2 5 0.40, Q2 5 0.35). AS, Asthmatic patients after subway exposure; HS, healthy control sub-

jects after subway exposure.
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overall model (R2 5 0.91; Q2 5 0.81; P 5 .002, CV-ANOVA).
SUS analysis between the OPLS model based on asthma diagno-
sis and allergy response, respectively, showed a very high similar-
ity between the models, as evident by the clustering of the
variables along the diagonal (Fig 5, lower panel).
Validation by nanoscale qPCR
Validation of 18 of the 24miRNAs significantly altered because

of asthma at baseline was performed by using high-throughput
nanoscale qPCR (Table II). Reliable primer pairs could not be
obtained for the remaining 6 miRNAs. The presence of all 18
miRNAs was verified. Significant alteration in miRNA levels in
accordance with those detected by means of microarray was con-
firmed for 8 miRNAs (let-7a, miRNA-21, miRNA-658, miRNA-
24, miRNA-26a, miRNA-99a, miRNA-200c, and miRNA-1268),
and 5 additional miRNAs displayed trends of alterations in ac-
cordance with the microarray results but did not reach signif-
icance (P 5 .06-.20; let-7b, let-7c, miRNA-200b, miRNA-27a,
and miRNA-665). Alterations opposite to those detected by using
microarrays were indicated for 2 miRNAs: miRNA-34c-5p and
miRNA-34b-5p.



FIG 4. Comparison of the 2 OPLS models for classification of the asthmatic

and healthy groups after control exposure (x-axis) and subway exposure (y-

axis) through an SUS plot revealed high correlation between the models

(R2 5 0.98). Clustering of the variables along the diagonal indicates that

the miRNA alterations driving the separation between the 2 groups were

the same at baseline and after subway exposure.
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Pathway analysis
Investigation of the cumulative effects on gene expression

of the observed alterations between healthy control subjects and
asthmatic patients at baseline followed by downstream pathway
analysis was performed with a combination of the miRSystem
and DAVID tools. The resulting list of 244 target genes was
associated with significant alteration of 3 distinct KEGG
pathways: the mitogen-activated protein kinase (MAPK) signal-
ing pathway (13 miRNAs targeting 11 genes, P 5 .012), cyto-
kine–cytokine receptor interaction (11 miRNAs targeting 10
genes, P 5 .028), and the Janus kinase (JAK)–signal transducer
and activator of transcription (STAT) signaling pathway (11
miRNAs targeting 7 genes, P 5 .048). Four of the target genes
(IL6, IL8, IL10, and IL13) were also validated in BioCarta,
with significant alterations of the pathways ‘‘cytokine network’’
(P 5 .011) and ‘‘cytokines and inflammatory response’’
(P 5 .023). The 3 affected KEGG pathways with targeted genes
marked are displayed in Figs E6 to E8 in this article’s Online Re-
pository at www.jacionline.org.
DISCUSSION
In spite of the fact that miRNAs have been shown to regulate a

wide variety of inflammatory processes, including chronic lung
diseases such as asthma and chronic obstructive pulmonary
disease,17,29,33,57,58 no studies have previously investigated the
miRNA content of exosomes isolated from BALF. In this study
we demonstrated the presence of miRNAs in exosomes from
BALF of both healthy subjects and asthmatic patients. We also
showed that exosomal miRNA profiles are altered because of
asthma. The most striking differences were observed at baseline
levels, with 24 miRNAs significantly altered between asthmatic
patients compared with healthy subjects. Even though these asth-
matic patients had mild intermittent stable disease with normal
lung function, the expression profiles of the 24 identified miRNAs
were highly correlated with FEV1 in these subjects (R2 5 0.74).
Pathway analysis to evaluate the possible biological effects of
these alterations revealed a concerted action of a subset of these
miRNAs on cytokines of known importance in asthma, including
IL-13, IL-10, IL-6, and IL-8. The MAPK and JAK-STAT signal-
ing pathways were also significantly affected by subsets of these
miRNAs. Finally, multivariate models performed to evaluate the
predictive capacity of these findings on similar cohorts of patients
showed that a subset of 16 miRNAs provided a highly significant
separation of the asthmatic and healthy groups (P5 1.43 1025),
with a predictive power of 73% (Fig 2).

Members of the let-7 family (a-e), as well as the miRNA-200
family (200b and 141), were among the most prominent in driving
the separation between the asthmatic patients and healthy control
subjects in the multivariate models. All of these miRNAs were
downregulated because of asthma at baseline. The miRNA-200
family has been shown to regulate epithelial mesenchymal tran-
sition,59 which has been implicated in airway remodeling in asth-
matic patients.60 The let-7 family of miRNAs has also been shown
to be important in patientswith allergic asthma.61Kumar et al61 re-
cently demonstrated that airway inflammation in a murine IL-13
model was associated with a reduction in let-7 family members
and that administration through inhalation of a let-7 mimic to
the lungs of these mice resulted in decreased IL-13 levels, resolu-
tion of airway inflammation and hyperresponsiveness, and attenu-
ation of mucus metaplasia and subepithelial fibrosis. miRNA-21,
levels of which are also decreased in asthmatic patients at baseline,
has also been implicated in the regulation of IL-13 in mouse
models.62,63 IL-13 plays a central role in patients with allergic
asthma, and thus a hampered ability to fine tune IL-13 transcription
through miRNA-mediated posttranscriptional regulation might
represent an important factor in asthma pathology. A combination
of cumulative gene target and pathway analyses confirmed that
IL-13 is targeted by a number of themiRNAswith altered exosomal
expression in asthmatic patients. Two of these (miRNA-34b-5p and
miRNA-34c-5p) were recently shown to be regulated by IL-13 in
primary airway epithelial cells.33 Our data thus suggest that altera-
tions in exosome-mediatedmiRNA transport between different cell
types in the lungmight provide an additional layer of complexity in
this dysregulation.

The differences in exosomal miRNA content between asth-
matic patients and healthy control subjects at baseline could be
related to the severity of allergy. Multivariate models based on
the miRNAs identified as markers for mild asthma but using
degree of atopy (ie, maximal response to Phadiatop allergen
challenge) as the response variable resulted in a significant
separation between groups (P5 5.43 1023), with a similar pre-
dictive power to the model based on asthma diagnosis
(Q2 5 0.71). As demonstrated in Fig 5, lower panel, the same
variables drove the separation in both the allergy response–based
model and the asthma diagnosis–based model, indicating that the
observed alterations in exosomal miRNA content were associ-
ated with allergic asthma. It is noteworthy that these differences
were observed in unprovoked subjects with stable mild disease
outside of the allergy season.

miRNAs have also been implicated in response to injury by
exposure to environmental pollutants.27 Air pollution is a consid-
erable health problem causing inflammation in the lungs after
inhalation of, for example, PM. These particulates might cause
more damage in vulnerable subjects with an underlying inflam-
matory condition, such as asthma. The composition of subway
PM differs significantly from that of the more well-studied

http://www.jacionline.org


FIG 5. OPLS analysis based onmaximal allergy response using the 16 biomarker miRNAs identified in Fig 2

showed a strong separation according to the expected groups, with 2 outliers from the asthmatic group

clustering with the healthy control subjects. These 2 patients had no (subject 4; allergy response 5 0) or

very mild (subject 34; allergy response 5 2) atopic responses, in contrast to the other asthmatic subjects,

who all had an allergy response of greater than 4 to at least 1 of the allergens tested. The apparent relation

between the alterations in miRNA profile detected at baseline levels to allergic asthma were verified by the

high correlation between the allergen response model and the asthma diagnosis model in the SUS plot

(R2 5 0.98, lower panel). Notably, these subjects had stable, asymptomatic, mild intermittent asthma,

with no allergen challenge for at least 3 weeks.
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exhaust from combustion motor vehicles, primarily consisting of
iron oxides as opposed to the predominant polycyclic aromatic
hydrocarbons in roadside emissions. Farraj et al64 reported down-
regulation of 14 miRNAs in the heart in response to exposure to
metal-rich PM matter. However, investigations of the effects on
lung function (FEV1, peak expiratory flow, and fraction of ex-
haled nitric oxide) in the healthy40 and asthmatic41 subjects par-
ticipating in this study did not reveal any significant effects
on lung function of the subway exposure, which was also con-
firmed by others investigating more chronic effects on subway
personnel.65
Subway exposure did not result in any significant alterations
of exosomal miRNA expression levels within either group by
using univariate measures. Overall, the OPLS models comparing
asthmatic patients and healthy control subjects after subway
exposure were highly correlated to the corresponding baseline
models (R25 0.98), with the exception of 3 miRNAs that became
more prominent for group separation after subway air exposure:
miRNA-203, miRNA-130, and miRNA-125b, all of which were
downregulated in asthmatic patients.

miRNA-203 has been shown to bind GABA-A by using
computational predictions.66 Activation of airway smooth muscle
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GABA(A) receptors with agonists promotes relaxation of airway
smooth muscle67 and has been suggested as a therapeutic target
for airway relaxation.68 miRNA-125b inhibits the expression of
TNF-a, which has been implicated in asthma, and has been shown
to be downregulated in LPS-stimulated macrophages.69 miRNA-
125b has also been demonstrated to be involved in Toll-like recep-
tor signaling and cytokine release in asthmatic patients.70 Gene
target analysis using MicroCosm also revealed that human pros-
taglandin E synthase 2 is the primary target of miRNA-125b
(P-base 5 8.7 3 1023, P-org 5 5.8 3 1025, score 5 18). We
have previously shown higher baseline levels of a number of oxy-
lipins, including prostaglandin E2, in the healthy compared with
the asthmatic group.39 These oxylipins are thought to be broncho-
protective and have anti-inflammatory effects. A reduced anti-
inflammatory response in asthmatic patients could be detected
after subway exposure, and this was interpreted as a reduced pro-
tective response to noxious stimuli in vulnerable subjects with an
already ongoing pulmonary inflammation.

It would be helpful to know the origin of the exosomes to
evaluate the importance and function of the altered miRNAs in
asthma pathology. Previous studies have shown that both epithe-
lial and immune cells secrete exosomes.6-8,23,71,72 However,
specific markers of cellular origin are not yet available.73 Known
exosomal surface markers, such as CD63, CD81, and CD9,
are primarily used for evaluating the exosomal content of the
preparation. The presence of CD63 in all samples supports an en-
dosomal origin in the current study, and we have previously dem-
onstrated the purity of exosomes isolated by using the same
method from BALF by means of Western blotting and electron
microscopy.22 However, the differences in the abundance of
CD63 previously reported between similar cohorts of healthy sub-
jects and patients with mild asthma could not be confirmed in the
current study. These discrepancies might be due to the lower sen-
sitivity achieved with the methods of direct coating of BALF onto
beads used here as opposed to preconcentration of samples used
in the previous study.17

Furthermore, the presence of MHCII but not MHC class I
might be an indication of a more prominent exosomal secretion
from antigen-presenting cells than from structural cells in these
samples. However, no discernible differences between groups
were observed. Solberg et al33 recently showed that all but 2 of the
24 miRNAs found to be altered in BALF exosomes in the current
study also are altered in the airway epithelium of steroid-naive
patients with mild asthma. The trajectory of upregulation or
downregulation was the same in the epithelium as in exosomes,
albeit to a lower degree, for all miRNAs but the 3 miRNAs pri-
marily altered because of subway exposure. However, given the
lack of relevant exosomal surface markers, it is unclear whether
these correlations might be due to the exosomes being of epithe-
lial origin or the epithelial cells being recipients of the exosomal
content.

In this study we have, for the first time, verified the presence
of miRNA in exosomes isolated from BALF. Furthermore, we
revealed alterations in the exosomal miRNA profiles from
asthmatic patients and healthy control subjects both at baseline
and after subway air exposure. These differences were seen in
a distinct small group of miRNAs and were related to allergic
asthma. The most striking differences were observed in patients
with unprovoked asthma at baseline, even though the asthmatic
patients had mild stable disease with normal lung function,
suggesting an intrinsic dysregulation of exosome production in
asthmatic patients. Furthermore, the altered regulation of a subset
of miRNAs in the asthmatic group was highly correlated to lung
function. The majority of the altered miRNAs were down-
regulated, and a number of them appear to be implicated in the
regulation of IL-13, as confirmed by means of pathway analysis.
As such, these results might indicate that exosomal miRNAs
exert a moderating regulatory function in allergy-associated
pathways, which are downregulated in asthmatic patients at
baseline.

Key messages

d Exosomal miRNA profiles differ between healthy subjects
and patients with mild intermittent asthma with normal
lung function.

d Pathway analysis revealed a concerted significant effect
on IL-13, IL-10, IL-8, and IL-6, as well as on the
MAPK and JAK-STAT signaling pathways.

d The expression profile of the altered miRNAs was highly
correlated with lung function (FEV1) in the asthma group
at baseline.
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FIG E1. Volcano plot illustrating the variable selection procedure used in the OPLS analyses, here from the

model of control exposures, using the inclusion criteria of a VIP of greater than 1.0 (y-axis) and an absolute

p(corr) value of greater than .5 (x-axis). Both blue and red spots indicate selection in the first iteration, and

red spots indicate final selection after a second iteration using the same criteria.
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FIG E2. The upper panel shows representative forward scatter (FSC)/side scatter (SSC) bead gating of FACS

analyses. The lower panels show histograms of individual markers, indicating both the expression of the

specific markers (blue) and isotype controls (red). MFI ratios were calculated as the geometric mean of

the marker divided by the geometric mean of the isotype control.
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FIG E3. Hierarchic clustering based on alterations in the miRNA expression patterns between asthmatic

patients and healthy control subjects after control exposures. Clustering according to the expected groups

was observed, with the exception of subjects 5 (healthy subject) and 25 (asthmatic patient).
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FIG E4. PCA identified sample 20S to be a strong outlier, which had to be

removed from downstream analyses because of the resulting strong bias of

the first 2 principal components.
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FIG E5. Bar graph showing the average expression level for the 4 exposure groups for the 16 miRNAs

identified as driving the separation between asthmatic patients and healthy control subjects at baseline, as

well as the 3 additional miRNAs identified as main driving variables after subway exposure. Values are

scaled to log2. Error bars indicate SDs within groups. AC, Asthmatic patients after control exposure; AS,

asthmatic patients after subway exposure; HC, healthy control subjects after control exposure; HS, healthy

control subjects after subway exposure.
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FIG E6. The KEGG pathway ‘‘cytokine–cytokine receptor interactions’’ was significantly altered between

asthmatic patients and healthy control subjects at baseline (P5 .028), with 11 miRNAs (let-7a, let-7b, let-7c,

let-7d, let-7e, miR-203, miR-21, miR-26a, miR-34b, miR-34c, and miR-665) targeting 9 genes (IL13, IL10, IL6,

IL4, CCL3, CCL7, CCR7,OSMR, IL22RA1, and TNFSF9). Targeted genes are indicated by a red star in the path-

way map.
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FIG E7. The KEGG pathway ‘‘MAPK signaling pathway’’ was significantly altered between asthmatic

patients and healthy control subjects at baseline (P5 .012), with 13 miRNAs (let-7a, let-7b, let-7c, let-7d, let-

7e, miR-203, miR-21, miR-26a, miR-34b, miR-34c, miR-665, miR-483, and miR-99a) targeting 10 genes (NGF,

FGF, CACN, MKP, cPLA2, c-Myc, TGFBR, DAXX, GLK, and PAK1/2). Targeted genes are indicated by a red

star in the pathway map.
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FIG E8. The KEGG pathway ‘‘JAK-STAT signaling pathway’’ was significantly altered between asthmatic

patients and healthy control subjects at baseline (P5 .048), with 11 miRNAs (let-7a, let-7b, let-7c, let-7d, let-

7e, miR-203, miR-21, miR-26a, miR-34b, miR-34c, and miR-665) targeting 7 genes (IL6, IL10, IL2, SOCS, c-

Myc, and cytokine receptor). Targeted genes are indicated by a red star in the pathway map.
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