
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Exosomal transfer of mitochondria from airway myeloid-derived regulatory
cells to T cells☆

Kenneth P. Hougha, Jennifer L. Trevora, John G. Strenkowskia, Yong Wanga, Balu K. Chackoc,
Sultan Tousifa, Diptiman Chandaa, Chad Steelea,1, Veena B. Antonya, Terje Doklandb,
Xiaosen Ouyangc, Jianhua Zhangc, Steven R. Duncana, Victor J. Thannickala,
Victor M. Darley-Usmarc, Jessy S. Deshanea,⁎

a Division of Pulmonary Allergy and Critical Care Medicine, Department of Medicine, University of Alabama at Birmingham, Birmingham, AL 35294, USA
bDepartment of Microbiology, University of Alabama at Birmingham, Birmingham, AL 35294, USA
cMitochondrial Medicine Laboratory, Department of Pathology, University of Alabama at Birmingham, Birmingham, AL 35294, USA

A R T I C L E I N F O

Keywords:
Exosomes
Mitochondria
Asthma
Myeloid-derived
Derived Regulatory Cells

A B S T R A C T

Chronic inflammation involving both innate and adaptive immune cells is implicated in the pathogenesis of
asthma. Intercellular communication is essential for driving and resolving inflammatory responses in asthma.
Emerging studies suggest that extracellular vesicles (EVs) including exosomes facilitate this process. In this
report, we have used a range of approaches to show that EVs contain markers of mitochondria derived from
donor cells which are capable of sustaining a membrane potential. Further, we propose that these participate in
intercellular communication within the airways of human subjects with asthma. Bronchoalveolar lavage fluid of
both healthy volunteers and asthmatics contain EVs with encapsulated mitochondria; however, the % HLA-DR+

EVs containing mitochondria and the levels of mitochondrial DNA within EVs were significantly higher in
asthmatics. Furthermore, mitochondria are present in exosomes derived from the pro-inflammatory HLA-DR+

subsets of airway myeloid-derived regulatory cells (MDRCs), which are known regulators of T cell responses in
asthma. Exosomes tagged with MitoTracker Green, or derived from MDRCs transduced with CellLight
Mitochondrial GFP were found in recipient peripheral T cells using a co-culture system, supporting direct
exosome-mediated cell-cell transfer. Importantly, exosomally transferred mitochondria co-localize with the
mitochondrial network and generate reactive oxygen species within recipient T cells. These findings support a
potential novel mechanism of cell-cell communication involving exosomal transfer of mitochondria and the
bioenergetic and/or redox regulation of target cells.

1. Introduction

Asthma is a chronic disease characterized by persistent inflamma-
tion and partially reversible expiratory airflow obstruction [1,2]. A
diverse immune cell repertoire is involved in orchestrating in-
flammatory responses in asthma [3–5]. Thus, investigating novel me-
chanisms of immune cell regulation that underlie the pathophysiology

of asthma may lead to the development of improved asthma therapies
that target inflammatory responses.

Recent studies have suggested an immunoregulatory role for ex-
tracellular vesicles (EVs) in chronic inflammatory diseases, including
acute lung injury [6–10], cancer [11–17] and asthma [18–20]. Exo-
somes are endosomally-derived EVs that facilitate intercellular transfer
of nucleic acids [21,22], proteins [23], lipids [24], and metabolites
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[25]. Although their biological functions beyond intercellular commu-
nication are still being elucidated, the transfer of bioactive cargo by
exosomes has potential implications for disease pathogenesis
[18,24,26–29].

The content and activities of airway exosomes from the bronch-
oalveolar lavage (BAL) fluid of asthmatic subjects have been reported to
be distinct from healthy controls [22,30], and thus, exosomes may
mediate important immunomodulatory effects in asthma [18–20].
Peripheral antigen presenting dendritic cells (DCs) have been shown to
release exosomes expressing peptide-MHC II that activate T cells to
produce cytokines [31–33]. We and others have shown that free radical
generating myeloid-derived regulatory cells (MDRCs) regulate T cell
proliferation and airway responses in asthma [34–38]. Our group has
demonstrated that reactive oxygen species (ROS)-producing HLA-DR+

subsets of human MDRCs promote CD4+ T cell proliferation [34]. Al-
though oxidant pathways and soluble mediators are the primary me-
chanisms by which MDRCs modulate T cell responses, exosome-medi-
ated intercellular transfer of bioactive cargo to T cells has not yet been
explored as a potential mechanism of immune regulation by MDRCs in
asthma.

Since mitochondria are capable of generating ROS and participating
in pro-inflammatory signaling, we hypothesized that they may be
packaged and transferred within exosomes to influence T cell function.
In this study, we identify and characterize mitochondria-containing
exosomes isolated from the airways of control subjects and asthmatics.
We demonstrate, for the first time, that airway MDRCs transfer mi-
tochondria to T cells via exosomes. This study provides proof-of-con-
cept that intercellular mitochondrial transfer by MDRCs represents a
novel mode of immune regulation in asthma.

2. Materials and methods

2.1. Human subjects

Asthmatic and healthy volunteers were recruited from the
University of Alabama at Birmingham Lung Health Center. All study
subjects were non-smokers and were screened for IgE titer, blood eo-
sinophil frequencies, past medical history, and FEV1. Healthy controls
did not have any prior history of asthma, pulmonary infection or other
known lung diseases. All asthmatic subjects enrolled in the study were
previously diagnosed with asthma with 12% or more change in FEV1

30min post-administration of 400 μg of albuterol, as described in the
GINA guidelines (Global Strategy for Asthma Management and
Prevention; http://www.ginasthma.org/) [39]. Healthy controls with
high IgE were excluded from the study. Patients with serum cotinine
levels greater than10 ng/ml or who had received treatment with in-
haled or systemic corticosteroids within 6 weeks of enrollment were
excluded from participation.

Samples collected from 22 study subjects (11 healthy controls and
11 asthmatics) were included in this study. Bronchoscopies on recruited
participants were performed as described previously [34,40]. 200ml of
sterile saline solution was administered with an average return of
113.6 ± 17.2 ml among healthy controls, and 91.2 ± 41.4ml for
asthmatics. Extracellular vesicles were purified from 80ml of BAL fluid
collected from each subject. This study was approved by the University
of Alabama at Birmingham Institutional Review Board (IRB-
151209005), and all procedures were conducted in accordance with
relevant guidelines and regulations. Written informed consent was
obtained from all participants.

2.2. Isolation of extracellular vesicles from BAL fluid

Extracellular vesicles (EVs) were purified from the BAL fluid using
an established differential centrifugation method, as previously de-
scribed [22,30,32,41] with minor modifications. Briefly, 80ml of BAL
fluid was centrifuged at 300×g for 10min at 4 °C to remove cells.

Supernatant was further centrifuged at 2000×g for 10min at 4 °C to
remove any apoptotic bodies. The supernatant was centrifuged again at
10,000×g for 30min at 4 °C and filtered through a 0.2 µm cellulose
acetate filter (Corning, New York). The filtrate was then centrifuged at
100,000×g for 70min at 4 °C. The resulting pellet was washed with
fresh PBS to remove large protein aggregates. The washed pellet was
centrifuged at 100,000×g for 70min at 4 °C and resuspended in 200 µl
of fresh sterile PBS. The purified EVs were stored at −80 °C.

2.3. Preparation of exosome-depleted media

RPMI media was supplemented with 20% Corning Human AB
Serum (Corning, NY) and centrifuged on an ultracentrifuge overnight at
100,000×g at 4 °C. Supernatant was filtered through a 0.2 µm cellulose
acetate filter (Corning, New York). The exosome depleted media was
then diluted 1:1 with RPMI to make a final concentration of 10%
Human AB Serum and additional supplements added (1% Penicillin-
Streptomycin, 1% L-Glutamine). Exosome-depleted media was then
stored at 4 °C until use.

2.4. Isolation of exosomes from isolated human airway HLA-DR+ MDRCs

Human HLA-DR+ myeloid-derived regulatory cells (MDRCs) were
sorted by FACS from the BAL of healthy volunteers and asthmatics as
described before [34]. BAL cells were first incubated with RPMI media
containing 10% Corning Human AB Serum (Corning, NY) for 30min on
ice and then stained with the following antibodies: CD11b APC Cy7
(ICRF44, BD Biosciences, Franklin Lakes, NY), HLA-DR APC (LN3)
CD163 PE (eBioGHI/61), CD33 PE-Cy7 (WM53), CD14 Percpcy5.5
(61D3) and CD11c PECy5 (3.9) (all other antibodies from eBioscience,
Waltham, MA). HLA-DR+ MDRCs positive for these markers were
sorted using BD FACS Aria. Sorted cells were cultured in exosome-de-
pleted media for 48-h. Conditioned media was collected for exosome
isolation. The conditioned media was centrifuged twice at 2000×g to
remove any cell pellets and apoptotic bodies. The supernatant was then
incubated with the Total Exosome Isolation Reagent for Cell Culture
Media kit (ThermoFisher, Waltham, MA) per the manufacturer's pro-
tocol. Purified exosomes were stored in 50 µl of PBS at −80 °C.

2.5. Nanoparticle tracking analysis (NTA) quantitation of EVs

The NanoSight NS300 (Cambridge, MA) was used to determine the
concentration and size distributions of purified airway EVs [42].
Polystyrene latex microspheres (Malvern Instruments Ltd., Malvern,
UK) of 100 nm diameter were used to calibrate the instrument. EVs
were diluted with PBS 1:1000 to make a final volume of 1ml and
loaded in to a 1ml syringe. The syringe was placed on a syringe pump
and EVs infused at a flow rate of 25 µl/s at room temperature. The
camera level was set to 7, gain to 1, and detection threshold to 5. A total
of 5 videos were acquired with a duration of 1min per video. A
minimum of 2000–4000/video were processed.

2.6. ImageStream analysis of EVs

ImageStream combines flow cytometry with fluorescence imaging
technology and can resolve much smaller particles. The tetraspanin
marker, CD63 eFlour450 (clone H5C6; Affymetrix, Inc., Santa Clara)
was used as a positive marker to distinguish exosomes from other types
of EVs and calibration beads [32,43]. The following antibodies were
used to characterize EVs: HLA-DR APC (clone LN3; Affymetrix, Inc.,
Santa Clara), CD9 PE (clone M-L13; BD Biosciences, San Jose, CA),
CD81 PE-Cy7 (clone 5A6; BioLegend, Inc., San Diego, CA), Grp94 Dy-
Light 488 (clone 9G10; Enzo Life Sciences, Inc., Framingdale, NY), and
ARF6 APC (AssayPro, LLC, St. Charles, MO)　[43–46]. The stained
samples were imaged at 60×magnification with extended depth of
field (EDF), while acquiring data on channels Ch01, Ch03, Ch06, Ch07,
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Ch09, Ch11 and Ch12. For acquisition of MitoTracker Green, Mito-
Tracker Red, MitoSox, or CellLight Mitochondrial GFP, channel Ch02
was used for green fluorescence and Ch03 for red. Appropriate controls,
single color stains, and calibration beads were used to adjust spectral
compensation. A total of 5000 events were acquired. Channels Ch01
and Ch09 were used as brightfields, and Ch12 was used for side-scatter.
The acquired data was analyzed using IDEAS software version 6.2 (EMD
Millipore, Bellerica, MA).

2.7. Flow cytometry analysis of EVs

Flow cytometry analysis was conducted by staining 1×107 parti-
cles of EVs with antibodies specific for CD63, HLA-DR, CD9, CD81,
ARF6, Grp94, and TSG101 Alexa Fluor 647 (clone 4A10; Novus
Biologicals, Littleton, CO). Data was acquired using a BD Becton
Dickinson LSRII (Franklin Lakes, NJ). ApogeeBead Mix (Apogee Flow
Systems Ltd., Hertfordshire, UK) was used to adjust the photomultiplier
tube (PMT) voltage for forward and side scatters to 600 V and 286 V
respectively. This allowed us to acquire particles between 50 and
100 nm on the cytometer. A total of 100,000 events were acquired for
particles within the 50–100 nm gate. PBS with antibodies alone was
used to rule out potential noise from free, unbound antibodies. Sheath
fluid from the fluidics system was used to determine the threshold for
removing background signal inherent to the cytometer. Thresholding
on both forward and side scatters was set to 500 V. Single color stains of
EVs were used to determine fluorescence compensation. Data was
analyzed using FlowJo X.

2.8. Labeling of airway EVs with MitoTracker green

EVs were labeled with a final concentration of 100 nM MitoTracker
Green (ThermoFisher, Waltham, MA) in PBS. Samples were stained for
15min at 37 °C in the dark, followed by isolation using Total Exosome
Isolation from Cell Culture Media kit (ThermoFisher, Waltham, MA) per
the manufacturer's protocol. Final EV pellet was resuspended in 50 µl of
sterile PBS.

2.9. Cryo-electron microscopy of EVs

For Cryo-EM, 3 µl of an EV sample was applied to glow-discharged
200 mesh Quantifoil R 2/2 nickel grids (Electron Microscopy Sciences,
Hatfield, PA) and vitrified in liquid ethane using a FEI Vitrobot Mark IV
(FEI; Eindhoven, Netherlands), as previously described [47]. The grids
were transferred to a Gatan 622 cryo-holder and observed in a FEI
Tecnai F20 electron microscope (FEI; Eindhoven, Netherlands) oper-
ated at 200 kV. Images were collected under low-dose conditions on a
Gatan Ultrascan 4000 CCD camera at a magnification of 65,500× and
a typical defocus of 2.5 µm.

2.10. Labeling of MDRCs with MitoTracker green and transduction of
MDRCs with CellLight Mitochondria GFP

Sorted MDRCs were labeled with MitoTracker Green
(ThermoFisher, Waltham, MA) or transduced with CellLight
Mitochondria GFP (a fusion construct of the leader sequence of the E1
alpha pyruvate dehydrogenase (a mitochondrial matrix protein) and
emGFP (emerald Green Fluorescent protein), Thermofisher, Waltham,
MA). For MitoTracker Green (MitoT-Green) staining, the stock dye
(1mM) was first diluted 1:1000 in PBS, and further diluted with 100 µl
of cell suspension (1×105~1×106 cells) and 10 µl diluted MitoT-
Green for a final concentration of 100 nM. Samples were stained for
15min at 37 °C in the dark, followed by two washes with pre-warmed
exosome-depleted human serum RPMI media.

For transduction with CellLight Mitochondria GFP(Mito-GFP) a
particle-per-cell value of 10 was used to determine the volume of
BacMam 2.0 reagent for 1×105 cells/well in one well of a 96-well

plate. 10 µl of CellLight Mitochondria GFP was used per 1×105 cells/
well following the manufacturer's protocol. The transduction was per-
formed in exosome-depleted human serum RPMI media for 24 h.
Throughout the study, the levels of light energy used for excitation and
the wavelength channel selections were kept constant, consistent with
standard operating conditions of these instruments.

2.11. Mitochondrial DNA quantitation

Total DNA was harvested from 2.5×1010 exosomes from both
study groups (2 sets of pooled exosomes from non-overlapping 5
healthy or 5 asthmatic subjects per pool). A third quantitation was
performed on airway EV samples (2.5×1010 particles/subject) from a
healthy individual and an asthmatic subject. Real time PCR for mtDNA
was performed using mtDNA-F (5′-CACCCAAGAA CAGGGTTTGT-3′)
and mtDNA-R (5′-TGGCCATGGG TATGTTGTTA A-3′). The quantity of
DNA was calculated based on a standard curve with known amount of
DNA. Data are represented as Mean+ /-SEM.

2.12. Labeling of T cells with MitoSox and MitoTracker red

Purified peripheral CD4+ T cells were labeled with MitoTracker Red
or MitoSox (ThermoFisher, Waltham, MA). For MitoTracker Red
staining, the stock dye (1mM) was first diluted 1:1000 in PBS, and
further diluted with 100 µl of cell suspension (1×106 cells) for a final
concentration of 100 nM. Samples were stained for 15min at 37 °C in
the dark, followed by two washes with pre-warmed exosome-depleted
human serum RPMI media. For MitoSox staining, the stock dye (5mM)
was diluted 1:100 in PBS, and further diluted with 100 µl of cell sus-
pension (1×106 cells) for a final concentration of 5 µM. Samples were
stained for 10min at 37 °C in the dark, followed by three washes with
pre-warmed exosome-depleted human serum RPMI media.

2.13. Co-culture of exosomes with T cells

Purified exosomes were cultured with T cells at a ratio of 10 exo-
some per T cell based on concentrations determined from NTA analysis.
To normalize our conditions, we also used a ratio of exosome gen-
erating cells to CD4+ T cells. The ratio used was 2.5×105 MDRCs
(exosome generating cells) to 1×106 CD4+ T cells. The exosome-T cell
co-culture was performed for 24-h.

2.14. Statistical analysis

The statistical analysis was performed using GraphPad Prism soft-
ware (La Jolla, CA, USA). Data are presented as mean± standard de-
viation unless indicated otherwise in the figure legend. A p-value less
than 0.05 was considered to be statistically significant. A two-tailed
unpaired Student's t-test or ANOVA with Tukey post-hoc test for data
with more than two groups was performed to determine statistical
significance.

3. Results

3.1. EVs purified from airways of asthmatics are MitoT-Green+ and
contain mitochondrial DNA

Complexity of exosome mediated cell-cell signaling has been at-
tributed to the heterogeneity of their molecular cargo, which in turn
may contribute to differences in their granularity, size and functions.
Using an ImageStream imaging flow cytometer, we investigated this
heterogeneity in EVs from BAL and identified three subpopulations of
CD63+ EVs based on their forward and side scatter properties (larger
more granular (A), larger less granular (C) and small (B)) (Fig. 1). In our
efforts to determine if inclusion of membranous cellular components
contributed to this enhanced granularity in specific subpopulations of
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EVs, we extensively characterized the EVs with MitoT-Green and ad-
ditional exosome markers (Fig. 1a). The larger more granular CD63+

EVs stained positive for MitoT-Green with some overlap with the less
granular populations, and with MitoT-Green+ CD63+ EVs segregating
into both HLA-DR+ and HLA-DR- EVs (Fig. 1b & c). The total propor-
tions of MitoT-Green+ HLA-DR+ within the larger granular (A) and the
smaller population (B) of EVs were significantly higher in asthmatics
compared to healthy controls (p=0.0437) (Fig. 1d). Additionally, the
proportions of MitoT-Green+HLA-DR+ EVs was significantly higher
than MitoT-Green+HLA-DR- EVs in asthmatics (p=0.0037). The pro-
portions of large granular (A) MitoT-Green+HLA-DR- EVs of asthmatics
were significantly (p=0.0227) higher than the proportions of small (B)
MitoT-Green+HLA-DR- EVs of asthmatics. Additionally, the proportions
of HLA-DR+ EVs were significantly increased in the BAL of asthmatic
subjects (Healthy = 26.4 ± 13.0% compared to Asthmatics=
39.5 ± 13.1%, p=0.0174). The total MitoT-Green+ EVs were
33% ± 19.4 in healthy subjects and 34.3% ± 7.2 in asthmatics with
no overall significant difference between the two groups. Quantitation
of mitochondrial DNA (mtDNA) in the total EVs from BAL showed
significantly higher levels in EVs from asthmatics compared to those
from healthy controls (Fig. 1e), consistent with the presence of mi-
tochondrial components. Cryo-electron microscopic analyses confirmed
membrane bound vesicles of exosome size and larger EVs packaged
with multiple vesicles, of which some were electron dense and con-
sistent with potential inclusion of mitochondria but without recogniz-
able cristae (Fig. 1f).

3.2. MDRCs produce exosomes that contain polarized mitochondria

Recent studies have implicated ROS-producing MDRC subsets as
critical regulators of T cell proliferation and airway responses
[34–38,48], with CD163+HLA-DR+human airway MDRCs increasing T
cell proliferation in asthmatics in a ROS-dependent manner [34]. We
investigated if these pro-inflammatory MDRC subsets produced EVs
containing mitochondria. To confirm the presence of mitochondria,
purified CD163+HLA-DR+ human airway MDRCs were transduced
with CellLight Mitochondria-GFP (Mito-GFP) to mark the mitochondria
present in EVs secreted by these cells (Fig. 2a). We then used MitoT-Red
to label all MDRC mitochondria and to determine whether the mi-
tochondrial network of MDRCs co-localized with the Mito-GFP signal
(Fig. 2a). As shown in Fig. 2b & c,> 90% of the MitoT-Red overlapped
with the Mito-GFP signal. Only a small percent of MDRCs
(1.08% ± 0.007) were MitoT-Red+Mito-GFP- (Fig. 2. c-e) consistent
with maintenance of membrane potential and a stable protein en-
vironment allowing expression of the Mito-GFP signal.

Further characterization of EVs produced by these MDRCs con-
firmed that they were almost 100% ARF6- exosomes and GRP94- devoid
of contamination with endoplasmic reticulum components (Fig. 3a). We
then used additional tetraspanin exosomal markers to phenotype
MDRC-exosomes and determined the proportions of CD9+CD63+,
CD81+TSG101+ as well as CD9+CD63+CD81+TSG101+ exosomes
(Fig. 3a). Next, to determine if MDRCs contributed to exosomes MitoT-
Green+ exosomes present in BAL, we stained MDRCs with MitoT-Green
and purified MDRC exosomes (Fig. 3b). Additionally, we transduced
MDRCs as in Fig. 2a and isolated MDRC-derived exosomes including

Fig. 1. Characterization of extracellular vesicles (EVs) from the bronchoalveolar lavage (BAL) fluid of healthy controls and asthmatic subjects. (a) Schematic diagram
of characterization of BAL EVs by labeling with MitoTracker-Green (MitoT-Green) and anti-CD63 and HLA-DR antibodies (b) ImageStream flow cytometry images
showing positive staining of MitoT-Green in airway EVs, along with CD63 and HLA-DR (n= 3 healthy, n= 4 asthmatics; 3 technical replicates each) (c)
Representative plot of particle heterogeneity. Granularity is represented on the y-axis and the x-axis represents size (n=3 healthy, n= 4 asthmatics; 3 technical
replicates each) (d) Quantitation of the proportionality of EVs that are positive for MitoT-Green and HLA-DR. The majority of the MitoT-Green signal was found in
small and large granular particles. Statistical significance was observed for the following comparison: MitoTGreen+HLA-DR+ Healthy (A+B) vs Asthmatics (A+B) p-
value< 0.05; and MitoTGreen+HLA-DR- Asthmatics (A) vs Asthmatics (B) p-value< 0.05 (unpaired Student's T-test) (e) Quantitation of mitochondrial DNA in
pooled BAL EVs (total n= 11/group, with 3 independent experiments (** p < 0.01; unpaired Student's T-test) (f) Representative Cryo-Electron Microscopy images
of airway EVs (n= 3 independent experiments) showing heterogeneous morphology. Airway EVs were multi-vesicular with electron dense cargo.

Fig. 2. BAL MDRCs were transduced to express
CellLight Mitochondria-GFP. Mitochondria-
GFP (Mito-GFP) had proper subcellular locali-
zation as seen by the MitoTracker Red (MitoT-
Red) overlay. (a) Schematic for validation of
transduction and subcellular localization of
Mito-GFP (b) ImageStream flow cytometry
images illustrating Mito-GFP expression and
co-localization with MitoT-Red. (c)
Quantitation of % HLA-DR+ MDRCs that are
positive for Mito-GFP, MitoT-Red, or both (***
p < 0.001; unpaired Student's T-test) (d-e)
Quantitation of mean fluorescence intensity
(MFI) of either Mito-GFP or MitoT-Red signal
in HLA-DR+ MDRCs gated for either Mito-
GFP+, MitoT-Red+, or Mito-GFP+MitoT-Red+

(*** p < 0.001; unpaired Student's T-test)
(n=3 subjects, 3 technical replicates).
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those that were Mito-GFP+ (Fig. 3b). Similar to BAL EVs, MitoT-Green
labeled MDRCs also produced MitoT-Green+ exosomes that were
CD63+ HLA-DR+ (Fig. 3c). As shown in Fig. 3d, MDRCs transduced
with Mito-GFP also produced GFP+ exosomes that were ARF6- and
GRP94- with no significant difference between MDRCs isolated from
healthy subjects or asthmatics. The proportions of Mito-GFP+ exosomes
which were CD9+ and CD81+ were also not significantly different
between healthy controls and asthmatics (Fig. 3d).

We then determined if MDRC-derived Mito-GFP+ exosomes had
polarized mitochondria by evaluating their potential to take up MitoT-
Red which requires a membrane potential. The percent of CD63+Mito-
GFP+MitoT-Red+ exosomes were significantly higher than the CD63+

MitoT-Red+Mito-GFP- exosomes in both study groups (Fig. 3e). Al-
though the percent of CD63+Mito-GFP+MitoT-Red+ MDRC-derived
exosomes were significantly higher in healthy subjects compared to
asthmatics (Fig. 3f), the MFI of MitoT-Red and Mito-GFP were both
significantly higher in these exosomes from asthmatics compared to
controls (Fig. 3g). This is mainly due to the fact that the MitoT-
Red+Mito-GFP- exosomes were significantly increased in asthmatics
(Fig. 3e). Taken together, these data confirms the presence of mi-
tochondria in MDRC-derived exosomes which are polarized and suggest
that they are competent in proton translocation and maintaining a
membrane potential which also requires competency in electron
transfer. Importantly, there are significant differences in the properties
of exosomes between healthy subjects and asthmatics.

3.3. Mitochondria that are transferred from MDRC-exosomes to T cells
form a mitochondrial network

We then evaluated if mitochondria present in MDRC-derived exo-
somes could be transferred to autologous peripheral blood T cells
(Fig. 4a). We first co-cultured MitoT-Green labeled BAL exosomes with
peripheral T cells. As shown in Fig. 4b, the MItoT-Green+ BAL exo-
somes were transferred to T cells. Approximately, 20% of the T cells, in
both healthy and asthmatics were MitoT-Green+ after exposure to
exosomes (Fig. 4c). Additionally, we stained purified airway MDRCs
with MitoT-Green and then co-cultured MDRC-derived exosomes with
autologous peripheral T cells and observed MitoT-Green+ exosomes
within the T cells (Fig. 4d) suggesting that these exosomes are capable
of transferring the mitochondria to T cells. We then isolated exosomes
from MDRCs transduced with Mito-GFP (as in Fig. 4a). In co-cultures of
these exosomes with peripheral T cells, approximately 20% of the re-
cipient T cells in both healthy and asthmatics contained transferred
Mito-GFP+ exosomes. To determine if these exosomally transferred
mitochondria merged with the T cell mitochondria and produced ROS,
autologous peripheral T cells labeled with MitoSox or MitoT-Red were
co-cultured with MDRC-derived Mito-GFP+ or MitoT-Green+ exo-
somes. As shown in Fig. 4f, both Mito-GFP+ and MitoT-Green+ exo-
somes co-localized with mitochondrial network of MitoT-Red labeled T
cells. Additionally, MDRC-derived Mito-GFP+ exosomes co-localized
partially with MitoSox labeled T cells (Fig. 4g) suggesting that the

exosomally transferred mitochondria promote post-transfer ROS pro-
duction in T cells Mito-GFP+ or MitoT-Green+ Mito-GFP+ or MitoT-
Green+. Taken together, our studies demonstrate that airway pro-in-
flammatory regulatory myeloid cells transfer mitochondria that main-
tain a membrane potential via exosomes to T cells.

4. Discussion

In this study, we report that EVs isolated from the airways of both
healthy and asthmatic subjects contain mitochondria. However, these
mitochondria containing EVs had increased mitochondrial DNA content
in asthmatic subjects. Our investigations of potential airway cellular
sources for these exosomal mitochondria suggest an important role for
pro-inflammatory airway MDRCs. These MDRC-derived exosomes
contain both a mitochondrial protein marker, Mito-GFP, and a chemical
membrane potential based marker, MitoT-Green. Since the detection of
these markers are based on different mechanisms, it is unlikely that
selectivity has been introduced during the EV preparation. This pro-
vides convincing evidence for the presence of mitochondria in EVs.
Furthermore, since the MitoT structural motif consists of a delocalized
cation it accumulates across membranes with a net negative internal
charge. This occurs if the membrane provides an intact compartment
impermeable to ions particularly protons, although this does not imply
specificity to mitochondria since other membranes are also capable of
polarization. However, the combination of the presence of the mi-
tochondrial marker protein Mito-GFP, mtDNA and contiguous mem-
brane structures in EM studies, again strongly support our conclusion
that airway MDRC-derived exosomes contain mitochondria.
Furthermore, the MDRC-derived Mito-GFP+ exosomes can also be post-
labeled with MitoT-Red, which is consistent with the capacity to
maintain a polarized membrane and electron transfer. Importantly,
these MDRC-derived exosomal mitochondria can be transferred to T
cells ex vivo, following which they co-localize with the mitochondrial
network of T cells and generate an increased MitoSox signal. Although
the functional effects of donor mitochondria on recipient cells are yet to
be determined, our studies support that sufficient elements of mi-
tochondrial electron transport have been retained to allow maintenance
of a membrane potential. Together, these studies provide the first evi-
dence of MDRC to T cell transfer of mitochondria packaged within
exosomes.

Mitochondria are known to not only regulate energy metabolism
but also the survival and fate of eukaryotic cells. Mitochondrial dys-
function may contribute to diverse diseases, ranging from airway dis-
eases [49–52], neurological pathologies [53–55] to cancer [56–58].
There is emerging evidence that mitochondria translocate from one cell
to the other both in vitro and in vivo, both in physiological and patho-
physiological conditions that includes tissue injury [59–61] and cancer
[62–64]. Intercellular trafficking of mitochondria has also been shown
to exert potent biological effects such as the therapeutic effects of
mesenchymal stem cells [65,66]. There is emerging evidence that
tunneling nanotubes are used by mesenchymal stem cells (MSCs) for

Fig. 3. MDRC-derived exosomes contain polarized mitochondria. (a) Characterization of MDRC-derived exosomes after purification. Quantitation of MDRC-derived
EVs that were negative for non-exosomal markers ARF6 and GRP94. Quantitation of percent MDRC-derived exosomes with Tetraspanins (CD63, CD9, CD81) and
Tsg101, an ESCRT pathway molecule (no statistical significance observed; Student's T-test) (n=3 healthy, n= 3 asthmatics; 3 technical replicates each) (b)
Schematic for characterization and validation of Mito-GFP+exosomes derived from MDRCs. MDRC mitochondria were marked with MitoT-Green or Mito-GFP.
MDRC-derived exosomes marked with Mito-GFP were labeled with MitoT-Red (c) ImageStream flow cytometry images of MDRC-derived exosomes positive for
MitoT-Green, CD63, and HLA-DR (n=3 healthy, n= 3 asthmatics; 3 technical replicates each) (d) Characterization of MDRC-derived Mito-GFP+ exosomes. BAL
MDRCs were isolated by FACS sorting from n=3 healthy and n= 3 asthmatic subjects. Purified MDRCs were transduced with Mito-GFP and exosomes isolated from
cell culture supernatant at 48 h. Histogram showing quantitation of percentages of CD63+Mito-GFP+ MDRC-derived exosomes, ARF6-Mito-GFP+ MDRC-derived
exosomes and individual percentages of CD63+, CD9+ and CD81+ MDRC-derived exosomes (no statistical significance observed; Student's T-test). (e) Histogram and
scatter plots of exosomes isolated from MDRCs transduced with Mito-GFP and then labeled with MitoT-Red (n= 3 healthy, n=3 asthmatics; 3 technical replicates
each) (f) Quantitation of the MDRC-derived Mito-GFP+ exosomes labeled ex vivo with MitoT-Red. A significant fraction of exosomes generated were positive for both
Mito-GFP and MitoT-Red. (**** p < 0.0001; Two-way ANOVA) (g) Quantitation of the mean fluorescent intensity (MFI) of the MDRC-derived Mito-GFP+ exosomes
labeled with MitoT-Red ex vivo. MDRC-derived Mito-GFP+ exosomes from asthmatics had significantly higher MFI of MitoT- Red and Mito-GFP than those derived
from MDRCs of healthy subjects (*** p < 0.001, **** p < 0.0001; Two-way ANOVA).
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intercellular transfer of mitochondria to macrophages that modifies
their phagocytic function [62,67–69]. Recent evidence shows that
MSCs target depolarized mitochondria to microvesicles which are then
fused and re-utilized by macrophages [70]. During the course of our
studies, Morrisson et al. recently identified EVs as a vehicle for inter-
cellular transfer of mitochondria between MSCs and macrophages in
models of lung injury [71]. Although these studies evaluated the
transfer of MitoT-Green labeled particles in the conditioned media of
MSCs to macrophages, the identity of these particles and the functional
capacity of mitochondria within exosomes were not clear.

Altered bioenergetics with increased mitochondrial ROS production
and epithelial injury are key aspects of the pathogenesis of airway
diseases such as asthma and chronic obstructive pulmonary disease
[49]. Environmental exposures may contribute to mitochondrial dys-
function in the airways [51,72]. Mitochondria may function as sensors
of inflammation, infection and environmental insults and can respond
to such stimuli through altered mitochondrial dynamics and dysfunc-
tion [51,72]. Conversely, mitochondrial dysfunction has downstream
influences on cytosolic and mitochondrial calcium regulation and me-
tabolism with effects on airway contractility, responses to oxidative
stress, proliferation, apoptosis, and fibrosis which are all hallmarks of
airway disease pathophysiology [50,51,73,74].

Oxidative stress has long been established as a driver of persistent
inflammation in asthma [75–77]. We have reported previously that
ROS-producing pro-inflammatory HLA-DR+ MDRCs enhance T cell
proliferation in both mice and humans with asthma [34–36]. Our stu-
dies show that asthmatics have greater proportions of mitochondria
containing EVs that express HLA-DR, a MHC-II molecule. The increased
proportions of MitoT-Green+HLA-DR+ EVs suggest a potential role for
these in antigen presentation. These data also suggest that the ROS-
producing MDRCs may contribute significantly to the airway EVs con-
taining mitochondria which is consistent with our studies with MDRCs.
Although our studies reported here do not provide direct evidence, it is
possible that the mitochondrial dysfunction in MDRCs is sensed by the
T cells in asthmatics through the transfer of mitochondria. Several
groups have isolated exosomes from BAL of healthy and asthmatic
subjects [22,30,32]. The cargo of BAL exosomes from asthmatics in-
clude lipids that drive airway inflammation [24,28] and microRNAs
that have the potential to regulate T helper cell differentiation and
macrophage functions [18,22,26]. None of these prior studies have
identified polarized mitochondria or mitochondrial components that
may alter the function of recipient T cells. Additionally, studies to-date
have not identified MDRCs or any other immune cells as significant
cellular sources for exosomes in the airways of asthmatics. Our findings
support a potential novel role for exosome-mediated signaling in
MDRC-T cell crosstalk. We propose that exosomal transfer of mi-
tochondria from pro-inflammatory MDRCs results in its integration
with the recipient cell mitochondrial network with the capacity to
change pro-inflammatory function and signaling of these organelles.
This modified retrograde signaling may regulate bioenergetic changes
in target T cells and, ultimately, alter T cell differentiation and function
in chronic inflammatory diseases such as asthma.
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