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Abstract

Rationale:Mesenchymal stem/stromal cell (MSC) therapies have
shown promise in preclinical models of pathologies relevant
to newborn medicine, such as bronchopulmonary dysplasia (BPD).
We have reported that the therapeutic capacity of MSCs is
comprised in their secretome, and demonstrated that the
therapeutic vectors are exosomes produced by MSCs (MSC-exos).

Objectives: To assess efficacy ofMSC-exo treatment in a preclinical
model of BPD and to investigate mechanisms underlying MSC-exo
therapeutic action.

Methods: Exosomes were isolated from media conditioned by
human MSC cultures. Newborn mice were exposed to
hyperoxia (HYRX; 75% O2), treated with exosomes on Postnatal
Day (PN) 4 and returned to room air on PN7. Treated animals
and appropriate controls were harvested on PN7, -14, or -42
for assessment of pulmonary parameters.

Measurements and Main Results: HYRX-exposed mice
presented with pronounced alveolar simplification,
fibrosis, and pulmonary vascular remodeling, which was

effectively ameliorated by MSC-exo treatment. Pulmonary function
tests and assessment of pulmonary hypertension showed
functional improvements after MSC-exo treatment. Lung mRNA
sequencing demonstrated that MSC-exo treatment induced
pleiotropic effects on gene expression associated with
HYRX-induced inflammation and immune responses.
MSC-exos modulate the macrophage phenotype fulcrum,
suppressing the proinflammatory “M1” state and
augmenting an antiinflammatory “M2-like” state, both in vitro and
in vivo.

Conclusions:MSC-exo treatment blunts HYRX-associated
inflammation and alters the hyperoxic lung transcriptome.
This results in alleviation of HYRX-induced BPD, improvement
of lung function, decrease in fibrosis and pulmonary
vascular remodeling, and amelioration of pulmonary
hypertension. The MSC-exo mechanism of action is associated
with modulation of lung macrophage phenotype.
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Bronchopulmonary dysplasia (BPD) is a
chronic lung disease occurring almost
exclusively in preterm infants requiring
mechanical ventilation and oxygen therapy.
It is characterized by restricted lung growth
(tissue simplification), subdued alveolar and
blood vessel development, and impaired
pulmonary function. Several BPD outcomes
are associated with long-term pulmonary
complications, such as abnormal pulmonary
function test results and, in moderate to
severe cases, secondary pulmonary
hypertension (PH) (1–5). With no effective
single therapy for preventing or treating
developmental lung injuries, the need for
new therapies is urgent. A large number of
studies have investigated stem cell–based
therapies to ameliorate lung injury

associated with preterm birth and
administration of different stem/progenitor
cell types, such as mesenchymal
stem/stromal cells (MSCs) (6, 7),
endothelial colony-forming cells (8), and
human amnion epithelial cells (9), have
shown promise in preclinical models for
the prevention and/or treatment of BPD
and other major sequelae of prematurity
(10, 11).

Despite substantial physiologic
improvements in the recipient lung after
MSC therapy, several preclinical studies
noted the absence of significant engraftment
of donor cells in the lung, suggesting that the
therapeutic mechanism of action may be
paracrine or indirect (12, 13). Indeed, we
(6, 14) and others (15, 16) have
demonstrated that the cell-free conditioned
media (CM) of MSCs afforded superior
protection over MSCs themselves in
preventing alveolar loss in preclinical BPD
models. Subsequently, using a hypoxia-
induced PH model, we demonstrated that
the therapeutic vector in the MSC
secretome comprises the extracellular
vesicles (EVs) they release (17, 18), and, in
particular, the smaller (,150 nm diameter)
subpopulation generated through the
endocytic pathway, termed exosomes (19).

More recently, administration of MSC-
EVs has also been reported to benefit a
number of murine lung disease models
(15, 20–23; for reviews see References 18,
24) and to even be efficacious in an ex vivo
human lung model (25). However, wide
diversity in EV isolation techniques,
coupled with poor characterization, may
often obfuscate the therapeutic impact of
MSC exosome (MSC-exo) formulations,
impairing bioavailability and
contaminating preparations with pyrogenic
nonexosomal material. We undertake here
a more detailed characterization of purified
exosomes from MSCs derived from human
umbilical cord Wharton’s jelly (WJMSCs)
and bone marrow MSCs (BMSCs), and
investigate their efficacy in an experimental
model of BPD.

Methods

Animal Model and Experimental

Design

Extended description of our hyperoxia
(HYRX)-induced BPD model and analytical
methods are described in previous
publications (6, 14) and in the online

supplement. Animal experiments were
approved by the Boston Children’s Hospital
Animal Care and Use Committee.

Exosome Isolation, Purification, and

Characterization

Exosomes (EVs 30–150 nm in diameter,
expressing markers CD9, CD63, and
flotillin-1, and floating at a density of
z1.18 g/ml) were isolated from cell culture
supernatants (CM) after 36-hour
incubation in serum-free media. After
differential centrifugation to clarify cell
debris and related apoptotic detritus, CM
were concentrated by filtration and
exosomes isolated by flotation on an
OptiPrep (iodixanol [IDX]) cushion and
further characterized. See the online
supplement for details.

Statistical Analysis

We used ANOVA followed by Bonferroni’s
multiple comparison test (GraphPad v 6.0;
GraphPad Software Inc.). Pearson
correlation coefficients were used to explore
the strength of the relationship between
immunohistochemistry vascular
remodeling parameters and physiological
indices of PH. Flow cytometry data analyses
used FlowJo software v10.2 (TreeStar).
Inflammatory marker mRNA levels were
assessed by RT-quantitative PCR (qPCR)
and expressed relative to cognate normoxic
(NRMX) control group average level;
significance was considered at
P less than 0.05.

For in vivo studies, sample size
calculations were based on previous work
(14), suggesting that detection of a 15%
improvement in lung architecture (assessed
by mean linear intercept [MLI]), with
greater than 90% power at the 5% a level,
required a minimum of five animals per
group.

Investigators were blinded to
experimental groups for histological analysis
and physiological measurements.

Results

Purification, Isolation, and

Characterization of Exosomes

Flotation of CM from WJMSCs, BMSCs, or
human dermal fibroblasts (HDFs) cultures
on an IDX cushion allowed for the
extraction of exosomes in fraction 9 of the
gradient (Figures 1A and 1B). Compared
with fractions 6–10, as assessed by

At a Glance Commentary

Scientific Knowledge of the

Subject: With no effective single
therapy to prevent or treat
bronchopulmonary dysplasia (BPD), a
multifactorial chronic lung disease of
preterm infants, the need for new
therapies is urgent. Mesenchymal
stem/stromal cell (MSC) therapy had
shown promise in preclinical models of
BPD, and recent studies established
that one of the main therapeutic
vectors of MSCs is found in their
secretome and represented by
exosomes (extracellular vesicles). The
new promise of an efficacious cell-free
treatment for BPD dictates the diligent
and timely assessment ofMSC-exomes’
(MSC-exos) therapeutic capacity.

What This Study Adds to the

Field: We are the first to show that a
bolus dose of purified MSC-exos
significantly improved lung
morphology and pulmonary
development, decreased lung fibrosis,
and ameliorated pulmonary vascular
remodeling in a neonatal hyperoxia
model of BPD. We extend our
observations to show that MSC-exo
treatment improved pulmonary
function test results and alleviated
associated pulmonary hypertension.
MSC-exos blunt hyperoxia-induced
inflammation, in part, via modulation
of lung macrophage phenotype.
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Figure 1. Purification, isolation, and characterization of exosomes. Wharton’s jelly mesenchymal stem/stromal cells (WJMSCs), bone marrow MSCs

(BMSCs), and human dermal fibroblasts (HDFs) secrete heterogeneous exosome populations. (A) To isolate exosomes, conditioned media (CM) were

subjected to successive differential centrifugation followed by tangential flow filtration. (B) Concentrated (503) CM was floated on an iodixanol (IDX) cushion

gradient to purify and isolate the exosome population (fraction 9, density z1.18 g/ml). (C) Nanoparticle tracking analysis and protein concentration was used

to assess exosome concentration and particle:protein ratio in the IDX cushion (123 1 ml fractions), respectively. The red line denotes protein concentration,

and the bar charts reflect exosome concentration. Fraction density is expressed as grams per milliliter. Each symbol represents a fraction from the Opti-prep

cushion gradient. Data are shown as mean6 SEM. (D) Representative size distribution of WJMSC exosomes (-exos), BMSC-exos, and HDF-exos isolated

from their corresponding fraction 9 gradients. (E) Transmission electron microscopy images demonstrating heterogeneous vesicle morphology (high

magnification, 30,0003; scale bars = 100 nm). (F) The IDX cushion gradient fractions were analyzed by Western blot (fraction 1–6 and 7–12, side by side),

using antibodies to proteins representing exosome markers. Equivalent volume of each fraction was loaded per lane. Representative images are shown. As

expected for exosome markers, flotillin (FLOT)-1 and tetraspanins (CD63, CD9) were enriched in fraction 9. EVs = extracellular vesicles.
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transmission electron microscopy (TEM)
and nanoparticle tracking analysis (NTA),
fraction 9 (at a density of z1.18 g/ml)
boasted a low protein:vesicle ratio, indicating
high purity (Figure 1C). TEM and NTA
analysis of fraction 9 revealed a

heterogeneous exosome population for
WJMSC-exo, BMSC-exo, and HDF-exo
samples, which occupied a typical
diameter of 30–150 nm, had minimal
protein aggregate contaminants, and
exhibited the distinct biconcave

morphological features of exosomes
(Figures 1D and 1E). Immunoblots of
IDX cushion gradients revealed that
fraction 9 for all cell types was
positive for CD9, CD63, and flotillin-1
(Figure 1F).
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Figure 2. Mesenchymal stem/stromal cell (MSC) exosome (-exo) treatment improves short-term lung architecture outcome. Newborn mice

(FVB/NJ strain) were exposed to hyperoxia (HYRX; 75% O2) for 7 days. HYRX-exposed mice were compared with mice that remained in

normoxic (NRMX) conditions (room air). Exosome treatments were delivered intravenously (IV) at Postnatal Day (PN) 4. Short-term outcomes

were assessed at PN14 (schematic shown in A). Harvested lung sections were stained for hematoxylin and eosin. Images were taken at 1003

magnification. HYRX-control and human dermal fibroblast (HDF)-exo–treated mice presented with significant alveolar simplification,

characterized by large airspaces and incomplete alveolarization. HYRX-exposed animals that received a bolus dose of either Wharton’s jelly

MSC (WJMSC)-exos or bone marrow MSC (BMSC)-exos had a markedly improved lung alveolarization when compared with the emphysema-

like appearance of the HYRX-control mice. Quantification of mean linear intercept (MLI) represents a surrogate of average air space

diameter. Each bar represents an experimental group, indicated on the x-axis and by the accompanying (1 or 2) symbol. Data represent

results from three individual studies. Data are shown as mean6 SEM; n = 5–15 per group. **P, 0.01, ***P, 0.001, ****P, 0.0001.

Scale bars = 100 mm. PH = pulmonary hypertension.
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Short-Term Assessment (Postnatal

Day 14): A Single Dose of MSC-exos

Restores Lung Architecture

Newborn mice were exposed to 75% O2

(HYRX) from Postnatal Day (PN) 1 to PN7
and returned to room air from PN7 to
PN14. Age-matched control litters were
housed under standard room air conditions
(NRMX). Treatment groups received a
single intravenous dose of WJMSC-exos,
BMSC-exos, or HDF-exos at PN4
(schematic shown in Figure 2A). At PN14,
the HYRX-control group demonstrated a
histological pattern reminiscent of human
BPD, characterized by severe impairment of
alveolar growth, large airspaces, and
incomplete alveolar septation (Figure 2B),
and this was reflected in elevated MLI
values compared with NRMX-control mice
(mean6 SEM, 38.76 1 vs. 25.16 1, P,
0.0001, respectively). Animals treated with
MSC-exos presented with dramatically
improved alveolarization and almost
completely restored lung architecture
compared with the HYRX-control group.
This improvement was observed in
treatments with either WJMSC-exos (29.86
1, P, 0.001) or BMSC-exos (31.66 2, P,
0.001). HDF-exos served as a biologic and
vehicle control, and had no significant
protective effect as assessed at PN14 (34.246
2 mm, P. 0.05), and were thus not used for
experiments assessing long-term effects. No
difference was found comparing NRMX-
control animals and animals treated with
WJMSC-exos under normoxia (see Figure E1
in the online supplement; P. 0.05).

Long-Term Assessment (PN42): A

Single Dose of MSC-exos Improves

Pulmonary Development and

Ameliorates Septal Fibrosis

To assess long-term endpoints, lung
architecture and collagen deposition were
measured at PN42 (Figure 3). HYRX-
control mice demonstrated persistent
destruction of the alveolar architecture,
large airspaces, and significant alveolar
simplification compared with NRMX-
control group (MLI = 26.76 0.7 vs. 18.86
0.5 mm, P, 0.0001). Again, animals treated
with either WJMSC-exos or BMSC-exos
presented a dramatically improved
alveolarization and robust restoration of
lung architecture when compared with
HYRX-control mice (WJMSC-exos,
MLI = 21.66 0.9 mm, P, 0.01; BMSC-exos,
MLI = 22.76 0.4 mm, P, 0.01).
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Figure 3. Mesenchymal stem/stromal cell (MSC) exosome (-exo) treatment improves lung

architecture and reduces hyperoxia (HYRX)-induced fibrosis. For long-term outcomes, mice were

assessed at Postnatal Day 42 (6 wk). Lung sections were stained for hematoxylin and eosin (H&E) and

Masson’s trichrome to assess the degree of alveolar simplification and fibrosis, respectively. Sections

were captured at 1003 (H&E) and 2003 (Masson’s trichrome) magnification using a Nikon Eclipse

80i microscope to illustrate extensive alveolar simplification as well as modest lung fibrosis, denoted
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Collagen deposition (Masson’s
trichrome stain) was used to measure the
degree of lung fibrosis. Only slight collagen
deposition was recorded in all groups in
this model of BPD (,1% of total septal
area), in comparison to more severe models
of BPD where animals were exposed to
HYRX for 14 days (14, 18). However,
HYRX-control mice had a subtle but
significantly higher amount of collagen
deposition compared with NRMX-control
mice (0.226 0.06 vs. 0.086 0.01 mm,
P, 0.01, respectively). HYRX-exposed
mice treated with either WJMSC-exos or
BMSC-exos had significantly decreased
collagen deposition (0.16 0.02 and 0.136
0.01 mm, P, 0.01, P, 0.05, respectively).

MSC-exo Treatment Rescues HYRX-

induced Loss of Peripheral Pulmonary

Blood Vessels and Peripheral

Pulmonary Arterial Remodeling

To explore the potential impact of MSC-
exos on HYRX-induced peripheral
pulmonary vascular remodeling, lung
sections of mice harvested at PN42 were
stained with a-smooth muscle actin
(Figure 4A). HYRX-exposed animals
demonstrated a greater peripheral
pulmonary vascular muscularization
(36.556 2.7 media thickness index [MTI])
compared with NRMX-control animals
(20.236 2.2 MTI; P, 0.01). WJMSC-exo
and BMSC-exo treatment ameliorated the
HYRX-induced vascular muscularization
(26.36 1.1 MTI, P, 0.05, and 27.226 2.3
MTI, P, 0.05, respectively; Figure 4C and
Figure E2A).

To determine the effect of HYRX
exposure on pulmonary vessel number, we
assessed von Willebrand factor staining in
lung sections of mice at PN42. Compared
with NRMX-control mice, HYRX exposure
led to significant loss of small (peripheral)
vessels less than 50 mm diameter (4.46 0.3
vs. 2.96 0.2 blood vessels/field, respectively,
P, 0.01), whereas WJMSC-exo or BMSC-
exo treatment restored these vessels (3.96
0.4 and 4.46 0.6 blood vessels/field,

P = 0.06, and P, 0.01, respectively;
Figure 4D and Figure E2B). There was no
significant difference in number of vessels
greater than 150 mm diameter between the
groups (data not shown).

MSC-exo Administration Improves

HYRX-induced PH

To assess the degree of HYRX-induced PH,
right ventricular (RV) systolic pressure
(RVSP) measurements, the RV to body
weight (BW) ratio (RV:BW) and Fulton’s
index (RV:left ventricle1 septum ratio)
were measured. RVSP was found to be
modestly elevated in HYRX-control animals
(30.86 0.85 vs. 22.386 0.68 mm Hg
for NRMX, P, 0.001). MSC-exo
treatment ameliorated this (26.856
0.83 mm Hg, P, 0.05 vs. HPRX, Figures
4E and Figure E2C). Similarly, the RV:BW
of the HYRX-control group was elevated
compared with NRMX-control (0.856 0.06
vs. 0.776 0.02 for NRMX, P, 0.05) as was
the Fulton’s index (0.266 0.015 vs. 0.226
0.007 for NRMX, P, 0.05; Figures 4F and
Figure E2D). MSC-exo treatment
ameliorated the modest increase in RV:BW
(0.776 0.05, P, 0.05 vs. HYPRX-control).
Fulton’s index showed a decrease with
MSC-exo treatment that was statistically
significant for the BMSC-exos (Figure
E2D).

Across all experimental groups, the
degree of vascular remodeling (a-smooth
muscle actin staining) was significantly
associated with RV:BW (P = 0.002, r =
0.807), Fulton’s index (P = 0.001, r = 0.69),
and RVSP (P = 0.002, r = 0.806).

MSC-exo Treatment Improves Lung

Function after HYRX-induced Lung

Injury

To determine the functional impact of
altered lung architecture and fibrosis, we
performed pulmonary function testing in
our experimental groups (NRMX-controls,
HYRX-controls, and HYRX-exposed mice
treated with WJMSC-exos) at PN42. In
accordance with the lung histology

(simplified alveolarization and emphysema-
like features of lung disease), HYRX-
exposed mice displayed an altered
pressure–volume (PV) loop when
compared with the NRMX-control group.
PV loops in the HYRX-control group were
shifted upwards and to the left, indicative of
emphysema-like features of lung disease
and air trapping (26). HYRX-control mice
had an elevated total lung capacity (1.366
0.04 ml), compared with the NRMX-
control group (0.776 0.04 ml, P, 0.0001),
which was ameliorated by WJMSC-exo
treatment (1.186 0.02 ml, P, 0.01;
Figure 4G). Exosome treatment improved
the HYRX-induced emphysematous
changes, significantly shifting the PV loop
downward and to the right (Figure 4H).
Airway resistance was not different between
the groups; however, the HYRX-control
mice had an elevated baseline compliance
measurement that was not affected by
MSC-exo treatment (not shown).

WJMSC-exos Modulate the Lung

Transcriptome and Blunt HYRX-

induced Inflammation

We opted for whole-organ RNA sequencing
to generate an unbiased overview of the
impact of WJMSC-exo treatment on the
lung transcriptome, and to identify markers
that could serve as potency metrics of
exosome preparations through simple and
expedient qPCR assays (Figures E3A–E3F).
At PN7, HYRX-exposed animals had 2,561
significantly enriched and 2,344 suppressed
mRNAs compared with their NRMX
counterparts. WJMSC-exo treatment
suppressed a subset of the HYRX-induced
genes (117 mRNAs), and upregulated 83
genes that were suppressed by HYRX
exposure, shifting the overall transcriptome
profile toward the NRMX group
(Figure 5A). Interestingly, 41 genes were
specifically induced by WJMSC-exo
treatment, and not by HYRX. Gene
ontology analysis indicated these genes are
likely involved in extracellular matrix and
structural organization, cardiovascular

Figure 3. (Continued). by collagen deposition in the septal area. Compared with the emphysema-like appearance of HYRX-control animals, mice that

received Wharton’s jelly MSC (WJMSC)-exos or bone marrow MSC (BMSC)-exos presented with a restored alveolar development that was akin to

the normoxic (NRMX) controls (H&E stain). Assessing collagen deposition, HYRX-controls had a modest, but significant, increase in septal collagen

deposition when compared with NRMX-controls, as highlighted by arrows (Masson’s trichrome stain). Levels were restored to NRMX-controls in HYRX-

exposed mice that received either WJMSC-exos or BMSC-exos. Quantification of alveolar simplification was performed by measuring the mean

linear intercept (MLI). Collagen deposition was used as a surrogate of fibrosis and was reported as percent of septal area. Each bar represents an

experimental group, indicated on the x-axis and by the accompanying (1 or 2) symbol. Data are shown as mean6 SEM; n = 4–5 per group. *P, 0.05,

**P, 0.01, ***P, 0.001, ****P, 0.0001. H&E scale bars = 100 mm. Masson’s trichrome scale bars = 50 mm.
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loss of microvasculature, rescues peripheral pulmonary arterial remodeling, and improves lung function after HYRX-induced lung injury. With minimal

evidence to suggest differences between Wharton’s jelly MSC (WJMSC)-exo and bone marrow MSC (BMSC)-exo treatments, regarding their beneficial

effects on long-term lung architecture, fibrosis, and pulmonary vasculature, our exosome treatments (WJMSC-exos and BMSC-exos) were plotted

together and referred to as MSC-exo. (A and C) To assess the potential impact of MSC-exos on HYRX-induced peripheral pulmonary vascular remodeling,

lung sections of mice harvested at Postnatal Day (PN) 42 were stained with a-smooth muscle actin. Increased pulmonary vascular remodeling was evident

in HYRX-controls compared with their normoxic (NRMX) counterparts. MSC-exo treatment blunted the HYRX-induced increase in pulmonary vascular
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development/morphogenesis, and SMAD
protein import into the nucleus (Figure
E3C).

Using gene ontology analysis, we found
that HYRX exposure upregulated genes
involved in the adaptive immune response,
inflammatory response, and leukocyte-
mediated immunity (Figure E3D). WJMSC-
exo treatment blunted the hyperoxic
induction of genes involved in
inflammation, adaptive immune responses,
IFN-g–mediated signaling, and granulocyte
and cytokine production (Figure E3E). In
contrast to PN7, fewer changes in the lung
mRNA profile were detected at PN14
(Figure E3B). HYRX-control mice had 356
upregulated and 282 suppressed mRNAs
when compared with their NRMX
counterparts. WJMSC-exo–treated mice
presented modulated levels of a subset of
HYRX-dysregulated genes (Figure E3F).

MSC-exos Suppress Inflammation by

Immunomodulation of Macrophage

Phenotype In Vitro and In Vivo

RNA-seq data were validated by qPCR using
independent experimental groups treated
with either WJMSC-exos or BMSC-exos.
The results for a small panel of cytokines are
plotted as one combined “MSC-exos” group
in Figure 5B, and graphs depicting the
effect of either WJMSC-exo or BMSC-exo
preparations can be found in Figure E4.
Cytokines, such as Ccl2, Ccl7, and Il6,
typically associated with a proinflammatory
macrophage programming, often denoted
as “M1-like,” as well as genes such as Arg1
(arginase-1), Cd206, and Ccl17, typically
associated with an antiinflammatory,
proreparative/proremodeling
programming, often denoted as “M2-like,”
were dysregulated in the hyperoxic lung,
and were efficiently suppressed by the
treatment.

We next assessed the ability of
WJMSC-exos to regulate macrophage
phenotype in vitro. Using fluorescence
microscopy we observed WJMSC-exos were
readily taken up by alveolar macrophages
(Figure E5A). We then determined whether
WJMSC-exos could regulate key
macrophage genes as assessed by RT-qPCR.
In a dose-dependent manner, the addition
of WJMSC-exos to classically activated
(M1) bone marrow–derived macrophages
significantly reduced the mRNA levels of
established proinflammatory M1 markers,
such as Tnfa, Il6, and Ccl5 (P, 0.05;
Figure 6A). The addition of WJMSC-exos
to M2 polarized macrophages significantly
suppressed Retnla and Cd206 induction
(P, 0.001 and P, 0.01, respectively;
Figure 6B), and greatly enhanced
macrophage Arg1 expression levels.
Responses were dose dependent, and HDF-
exos used as a vehicle and biologic control
demonstrated minimal effect (Figure E5B).

In our HYRX-induced BPD model,
flow cytometry was used to assess lung
macrophage (Cd451ve, Cd11b2ve, Cd11c1ve,
Cd641ve) phenotype in vivo at PN7 and
PN14 (Figures 6C and 6D, Figure E6). Cd40
and Cd86 were used as markers for the
proinflammatory “M1-like” phenotype,
whereas Cd206 was used as marker for the
antiinflammatory, proremodeling “M2-
like” phenotype. Akin to our in vitro results
using bone marrow–derived macrophages
and the observed lung transcriptome
modulation in vivo, WJMSC-exos
significantly suppressed the hyperoxic
induction of Cd206 levels at PN7 (P,
0.05), a trend that continued to PN14 (P,
0.01). At PN7 and PN14, Cd40 levels were
elevated in HYRX-control compared with
their NRMX counterparts. This increase
was suppressed by WJMSC-exo treatment
at PN14, and, although a similar trend was
observed at PN7, it was statistically

nonsignificant. We found no difference in
Cd86 levels across all groups at both PN7
and PN14.

Discussion

Our results should be judged in the context
of the experimental model we used. Several
animal models have been developed, and
continue to be refined, aiming to
recapitulate pathological pulmonary
hallmarks noted in lungs of human neonates
with BPD. Although every preclinical model
of BPD is subject to its own advantages and
limitations, arguably BPD is most
commonly modeled in mice. Reasons for
this are manifold, and include relatively
short gestation times allowing expedient
studies on lung development. Importantly,
the saccular stage of murine lung
development occurs between Embryonic
Day 17.5 and PN5. Therefore, term mouse
lungs present a development stage
resembling that of a human preterm
neonate between 24 and 28 weeks gestation.
This represents an excellent model for
developmental lung injury, recently
reviewed in Reference 27. We should note
significant differences, however. Term
mouse lungs, albeit in the saccular stage, are
competent for proper gas exchange,
whereas human preterm neonates often
require supplemental oxygen and surfactant
administration. Notwithstanding such
divergence, the model used in this study
presents significant alveolar simplification
and subtle elevation in indices of secondary
PH, closely resembling the human
phenotype of “new” BPD.

Using this model, we demonstrate that
a bolus dose of purified human exosomes,
from either BMSCs or WJMSCs, effectively
alleviates and rescues core features of
HYRX-induced BPD, even after the injury

Figure 4. (Continued). remodeling. Images were taken at 4003 magnification. Medial thickness index = 1003 (area[ext] – area[int]) / area[ext]). Area[ext] and

area[int] denote the areas within the external and internal boundaries of the a-smooth muscle actin layer, respectively. Data are shown as mean6 SEM;

n = 4–10 per group. Scale bars = 50 mm. (B and D) MSC-exos prevent HYRX-induced loss of blood vessels in the peripheral microvasculature. Lung

sections were stained for von Willebrand factor (vWF) in mice harvested at PN42. vWF-positive vessels between 25 and 150 mm outer diameter were

counted at 1003 magnification in 8–12 random views, as described under METHODS. Representative immunofluorescence staining shows a significant

loss of small vessels (,50 mm diameter) in HYRX-exposed compared with NRMX-control mice, and a protective effect of MSC-exos in small (,50 mm)

vessel number. Data are shown as mean6 SEM; n = 5–10 per group. Scale bars = 100 mm. Arrows highlight vWF-stained pulmonary vessels. To

quantify the degree of pulmonary hypertension, we undertook direct right ventricular (RV) systolic pressure (RVSP) measurements (E) and assessed RV to

body weight (BW) ratio (RV:BW) (F). Data are shown as mean6 SEM; n = 6–12 per group. In a separate experiment, pulmonary function testing was

performed on mice harvested at PN42. Here, NRMX-control, HYRX-control, and HYRX1WJMSC-exo experimental groups were assessed. Total lung

capacity (G) and pressure–volume (PV) relationships (H) were measured. Representative PV loops demonstrate a significant shift upward and to the

left for the HYRX-control animals (red trace), indicative of emphysema-like features of lung disease and air trapping when compared with NRMX-controls

(blue trace). HYRX-exposed animals that received a single dose of WJMSC-exos (green trace) showed a significant shift in PV loops downward and to

the right (H). Data are shown as mean6 SEM; n = 5–8 per group. *P, 0.05, **P, 0.01, ***P, 0.001.
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has commenced. Specifically, we are the first
to show that MSC-exo treatment radically
improved lung morphology and pulmonary
development, decreased lung fibrosis,
rescued pulmonary vasculature loss, and

ameliorated pulmonary vascular
remodeling. We extend our observations to
show that the cytoprotective actions of MSC
exosomes result in desirable functional
outcomes, such as improved pulmonary

function test results and amelioration of
associated PH. MSC-exos blunt
proinflammatory signaling and immune
responses in the hyperoxic lung via
modulation of lung macrophage phenotype.
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Our previous studies demonstrated
that the MSC secretome is able to reverse
core features of pathology in the neonatal
mouse BPD model (6) even after severe
injury subsequent to prolonged hyperoxic
exposure (14). The current report identifies
the therapeutic vector as exosomes, because
a single dose of human MSC-exos suffices
to ameliorate alveolar simplification,
vascular remodeling and pulmonary blood
vessel loss, and to blunt lung fibrosis
and parameters of PH in our model.
Complementing these findings, our study
also shows that MSC-exo treatment results
in significant long-term benefits in
pulmonary function, improving PV loops
and reducing total lung capacity. This
is most relevant, as lung function
abnormalities of infants with BPD often
persist throughout childhood, and even into
early adolescence. Consequently, this
population exhibits increased risk in
developing chronic obstructive pulmonary
disease (28–30).

Inflammatory pathways are
dysregulated in BPD (31, 32), and
macrophages are critical mediators of the
lung immune response, participating in
both the initiation and the resolution of
inflammation (33–36). Macrophage
phenotypes are diverse, representing
the impact of multidimensional
networks on development, activation,
and functional diversity (37, 38). The
traditional M1/M2 binary paradigm is
considered obsolete (39), and, indeed,
recent elegant studies in preclinical
models stress the effects of microenvironment
on pulmonary macrophage plasticity and
address the diversity of temporal and
compartmental macrophage phenotypes in
relation to lung homeostasis and disease
(35, 36, 40).

MSC-exos have been recognized as
potent immunomodulators (for reviews, see
References 24, 41–43), and our study
suggests that they can modulate the
pulmonary macrophage phenotype
fulcrum, as evidenced by the expression of
markers associated with proinflammatory
“M1-like” states and antiinflammatory,
proremodeling, “M2-like” states. We
suggest that the impact of MSC-exo on
pulmonary macrophage phenotype
underlies their therapeutic action through
the modulation of the HYRX-induced
inflammation in the neonatal lung. At
PN14, when exposed animals had already
been returned to room air for a week, most
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Figure 6. Immunomodulatory capacity of Wharton’s jelly mesenchymal stem/stromal cell (WJMSC)

exosomes (-exos): macrophage polarization potency assay. Macrophage polarization plays an important

role in regulating the immune response and inflammation in the developing lung. The addition of WJMSC-

exos to mouse bone marrow–derived macrophages or alveolar macrophages polarized to the

proinflammatory M1 phenotype reduced the mRNA induction of markers, such as Il6, Ccl5, and Tnfa (A).

The addition of WJMSC-exos to alternatively (M2) polarized macrophages super-induced arginase (Arg)-1

mRNA and modulated resistin-like alpha (Retnla) and Cd206 induction (B). Flow cytometry was used to

assess lung macrophage (Cd451ve, Cd11b2ve, Cd11c1ve, Cd641ve) phenotype. M1 markers, Cd40 and

Cd86, as well as M2 marker, Cd206, were assessed at Postnatal Day (PN) 7 and PN14. Median

fluorescence intensity (MFI) was recorded (C). Representative histograms for Cd40, Cd86, and Cd206 (D).

Data are shown as mean6 SEM; n=4–8 per group. HDF= human dermal fibroblasts; HYRX= hyperoxia;

NRMX=normoxia. *P, 0.05, **P, 0.01, ***P, 0.001, ****P, 0.0001 versus M1 or M2 controls.
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(albeit not all) of the HYRX-induced
dysregulation of lung gene expression had
returned to normal, suggesting that early
intervention and blunting the early
HYRX-induced inflammatory phase is
critical for preserving proper lung
development.

Elucidation of the molecular
mechanisms of MSC-exo action is pending.
Nevertheless, recent studies reported that
MSCs release EVs containing mitochondria,
and EV-mediated mitochondrial transfer
may alter macrophage phenotypes (23, 44).
However, the mitochondrial transfer
vector appears to be microvesicles larger
than 500 nm in diameter. Our density-
purified exosome preparations, as
assessed by TEM and size-exclusion
chromatography (45) are comprised of

particles less than 150 nm, and the
majority is under 100 nm. Although the
possibility cannot be formally excluded, we
consider it unlikely that the smaller
particles studied here could encompass
intact mitochondria (typically .1 mm).

We acknowledge several limitations of
this work. We used here only one dose of
MSC-exos, guided from the results of our
previous studies using either MSC CM or
exosomes (6, 14, 17); our rationale is further
discussed in the online supplement. Future
studies should determine dose responses,
investigate functional-potency assays to
standardize exosome dosing, and
investigate different routes/timings of
administration. The biodistribution and
metabolic fate of administered MSC-exos
remain unclear and warrants further

scrutiny. In this study, RNA sequencing
was performed on whole-lung mRNA to
define a broad base and to identify markers
that could be used as metrics of the potency
of MSC-exo preparations in simple and
expedient assays. Future studies should
profile sorted cell subtypes to assess the
effect of MSC-exos on different target cell
populations and address the molecular
mechanisms underlying their therapeutic
action.

With the recognition that MSC action
can be predominately paracrine, MSC-
exo–based therapies may be perceived as
highly advantageous over live cell–based
therapies. MSC-exos are considered less
immunogenic than their parental cells (46),
and exosome administration mitigates
many of the safety concerns and limitations
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associated with administration of viable
cells. Exosome vectors can also be modified
(47) to enhance bioavailability and cell
targeting, and, because exosomes can be
stored frozen with no loss of activity, they
can be the basis of expedient and
economical drug formulations, as “off-the-
shelf” products. However, the above
appraisal may be an oversimplification.
MSC action may not be restricted to strict
paracrine mechanisms (including the
,150-nm exosome vectors), but may also
involve transfer of higher-complexity
components, including mitochondria,
either by microvesicles (.500 nm in
diameter) or by tunneling tubes
requiring cell-to-cell contact (23, 44, 48,
49). Although in the animal models
of disease with which we work, efficacy of
purified exosome administration is

equal or superior to that of live MSCs, the
possibility that certain pathologies
could respond better (or even exclusively) to
live MSC therapies cannot be presently
excluded, and any conjectures on the
topic can only be speculative.

In conclusion, we purified and carefully
characterized exosomes derived from
human WJMSCs, BMSCs, and HDF-exos,
and demonstrated a robust therapeutic
effect in a BPD model that is specific to
exosomes of MSC origin. Importantly, we
demonstrate, for the first time, that
purified MSC-exos are the major paracrine
antiinflammatory and therapeutic
mediators of MSC action in the hyperoxic
lung. MSC-exos act, at least in part,
throughmodulation of the lungmacrophage
phenotype, suppressing lung inflammation
and immune responses to favor proper

organ development. Given the
recognized pleiotropic effects of
MSC-exos (41), other prematurity-
associated pathologies, including
neurological injury, could, in the very near
future, be the targets of exosome-based
therapies. n
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