Cytotherapy 23 (2021) 1097-1107

Contents lists available at ScienceDirect . .
International Society

CYTOTHERAPY oo

Cell & Gene Therapy®
journal homepage: www.isct-cytotherapy.org
FULL-LENGTH ARTICLE
Translational Research
Amniotic fluid-derived extracellular vesicles: characterization and N

Check for
updates

therapeutic efficacy in an experimental model of bronchopulmonary
dysplasia

Michael A. Bellio'*, Karen C. Young?, Julian Milberg', Ivan Santos', Zanub Abdullah’,
Danique Stewart', Alissa Arango', Pingping Chen?, Jian Huang?, Kevin Williams?,
Kaitlyn Kelly?, Shanique Sterling?, Aisha Khan®, Xiumin Xu®, George C. Shapiro’,
Maria Ines Mitrani'

! Organicell Regenerative Medicine, Inc, Miami, Florida, USA

2 Department of Pediatrics, University of Miami Miller School of Medicine, Miami, Florida, USA
3 Assurelmmune LLC, Miami, Florida, USA

ARTICLE INFO ABSTRACT

Article History:
Received 30 November 2020
Accepted 22 July 2021

Background aims: Extracellular vesicles (EVs) are being tested for their use as novel therapeutics. However, the
optimal source of EVs is currently under investigation. Amniotic fluid (AF) is a natural source of EVs that can be
easily obtained for use in regenerative medicine, yet AF-EV characterization has not been fully explored.

Methods: Here the authors demonstrate AF as a rich source of EVs and identify the microRNA and proteomic
cargo. Bioinformatics analysis of this cargo revealed multiple pathway targets, including immunomodulatory,
anti-inflammatory and free radical scavenging networks. The authors further demonstrated the therapeutic
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potential of this EV product as a novel preventative agent for bronchopulmonary dysplasia (BPD).

Results: Intra-tracheal administration of AF-EVs preserved alveolar development, attenuated vascular remod-
eling and pulmonary hypertension, decreased lung pro-inflammatory cytokine expression and reduced mac-
rophage infiltration in an experimental BPD model.

Conclusions: The authors’ results suggest that AF is a viable biological fluid for EV harvest and that AF-EVs
have strong therapeutic potential for pulmonary diseases, such as BPD, warranting further development to

transition this novel EV product into the clinic.
© 2021 International Society for Cell & Gene Therapy. Published by Elsevier Inc. All rights reserved.

Introduction

Over 15 million babies are born prematurely (<37 weeks’ gestational
age) every year, accounting for 6—14% of births worldwide [1,2]. Accord-
ing to the Centers for Disease Control and Prevention, the prematurity
rate has worsened for the fourth consecutive year in the USA, and pre-
term complications are the main contributor to infant mortality [3]. Even
more concerning is that almost 50 000 infants are born every year at less
than 28 weeks’ gestational age (extreme pre-term birth). Lifesaving inter-
ventions like early surfactant therapy have reduced neonatal mortality,
but perinatal stressors [4] and suboptimal endogenous reparative
responses have resulted in a myriad of complications, the most common
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of which is bronchopulmonary dysplasia (BPD) [2]. BPD (or chronic lung
disease of prematurity) affects one in every three extreme pre-term
infants, with an increasing incidence in the past 10 years [5]. The disease
is characterized by an arrest of alveolar development, abnormal pulmo-
nary vascular growth, excessively remodeled pulmonary vessels and, in
the most severe cases, pulmonary hypertension (PH) and right heart fail-
ure [6]. Infants with BPD are also at greater risk of viral infections [7],
recurrent hospitalizations, longer hospital stays, poor growth, cerebral
palsy and long-term cardiopulmonary morbidities. Early treatment inter-
ventions are critical to mitigate the long-term morbidities of BPD.

Stem cell and other cell-based therapies have become increasingly
popular as new interventions for BPD [8,9]. However, effective cell thera-
pies have been slow to enter the clinic as a result of a number of logistical
challenges, such as cell delivery, cell survival and reproducible large-scale
manufacturing. In recent years, research has revealed that the beneficial
effects of transplanted stem cells are mainly paracrine-mediated via the
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release of extracellular vesicles (EVs) such as exosomes [10—12]. There-
fore, EV-based therapies have gained traction as the newest generation of
cell-derived biologic therapeutics.

EVs can be sourced from in vitro cell-conditioned media or from
biological fluids for use as a therapeutic agent [13,14]. The collection
of EV-rich biological fluids may supersede the need to manufacture
in vitro cultured EV products and may surpass associated challenges.
Amniotic fluid (AF) is an example of an easily obtainable biological
fluid that is known to contain EVs [15,16]. AF is derived from the
intrauterine environment and contains perinatal secreted nutrients,
cytokines and growth factors, which support fetal development and
maturation [17]. To date, characterization of the AF-EV fraction and
its regenerative potential has not been fully explored.

Here the authors aimed to demonstrate that AF is a rich source of
therapeutic EVs that can be used as a novel treatment for BPD. Fur-
thermore, the authors hypothesized that AF-EVs are enriched with
nucleotides and proteins that are anti-inflammatory and lung-protec-
tive. The authors show that AF-EVs contain a cargo of microRNAs
(miRNAs) and proteins that modulate inflammation and oxidative
stress, key contributors to BPD pathogenesis. The authors also dem-
onstrate that intra-tracheal (IT) administration of AF-EVs preserves
lung alveolar development, decreases pulmonary hypertension and
reduces lung inflammation in rodents with experimental BPD. These
findings have significant implications, as they suggest that AF-EVs
are potential translational therapeutics for BPD.

Methods
AF-EV characterization

Isolation of AF-EVs

AF was collected from healthy donors during planned, full-term
cesarean sections after obtainment of an institutional review board-
approved protocol (Institute of Regenerative and Cellular Medicine IRB
approval number, IRCM-2020-254). All donors signed informed consent
forms for tissue to be used in research. The AF was centrifuged and
processed with a proprietary filtration system to remove all cellular
debris. EVs were precipitated from the processed AF via ultracentrifuga-
tion at 100000 x g for 3 h at 4°C using a fixed-angle rotor and a Beck-
man Coulter (Brea, CA, USA) ultracentrifuge. The resulting pellet was
then resuspended in sterile-grade 0.9% sodium chloride (normal saline).

NanoSight nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was performed using a
NanoSight NS300 instrument and NanoSight NTA 3.4 software, build
3.4.003 (Malvern Panalytical, Malvern, UK). After processing, AF-
derived product was diluted 1:1000 in water. The diluted samples
were then introduced to the NanoSight NS300 instrument. The cap-
ture settings were modified to capture 10 video files with a capture
duration of 30 s using a camera level of 15 and a continuous syringe
pump flow rate of 50. After completion of the script, the video files
were analyzed with a detection threshold of 3. NTA post-acquisition
settings were kept constant between samples and any video files that
experienced uncorrected vibration and/or poor tracking analysis
were excluded from the final analysis report.

Transmission electron microscopy

Isolated AF-EVs from three independent donors were analyzed
using a JEOL JEM-1230 electron microscope (JEOL USA, Inc, Peabody,
MA, USA) in conjunction with formvar carbon-coated transmission
electron microscopy grids (FCF400-Cu; Electron Microscopy Sciences,
Hatfield, PA, USA). The copper carbon formvar grids were glow-dis-
charged prior to loading an undiluted sample of EVs. The grids were
then floated on 10 uL of EV sample drop for 15 min, washed two
times with water by floating on the drop of water for 30 s and then
negatively stained with 2% uranyl acetate by floating on the drop of

stain for 30 seconds. The grids were blot-dried with Whatman paper
(Cytiva, Marlborough, MA, USA) and then imaged.

Fluorescent NTA

Fluorescent NTA (fNTA) was performed using a ZetaView QUATT
with ZetaView software version 8.05.12 SP1 (Particle Metrix GmbH,
Inning am Ammersee, Germany). Isolated AF-EVs were labeled with
anti CD63-Alexa 488 (NBP2-42225AF488) and anti CD81-DyLight 550
(NB100-65805R) (Novus Biologicals, Littleton, CO, USA) by adding 1 uL
of each fluorescent antibody to 20 wL of sample containing isolated
EVs, and then the sample was vortexed for 5 s. The fluorescently
labeled EV samples were then incubated for 2 h in the dark on ice. The
samples were diluted by mixing deionized water filtered through a 0.2-
pm syringe filter with corresponding volumes of sample. The fNTA was
performed in scatter mode, 488/500 fluorescent mode and 520/550
fluorescent mode. For scatter mode analysis, the ZetaView settings
were adjusted to have a sensitivity of 75, shutter speed of 100, cycles/
positions of 2/11, frame rate of 30, maximum size of 1000, minimum
size of 20, track length of 15 and minimum brightness of 20. Fluores-
cent mode analysis had similar parameters with the exception of an
increased sensitivity of 80—85. The size and concentration profiles of
each mode were then imported into Excel (Microsoft Corporation, Red-
mond, WA, USA) and superimposed. This experiment was repeated
using three AF-EV preps isolated from different donors.

MACSPlex exosome surface marker analysis

A MACSPlex exosome kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) was used to detect 37 potential exosome surface markers on
the isolated AF-EVs according to the manufacturer’s instructions. In
short, capture beads were added to the EVs and exosome detection
reagent was used to detect CD63-, CD81- and CD9-expressing EVs.
Various fluorescent bead populations were used to label the exosome
surface markers. The fluorescence intensity of each marker was
determined by flow cytometry analysis. Background fluorescence
intensity was determined using isotype controls and subtracted from
the median intensity of each marker. This experiment was repeated
using three AF-EV preps isolated from different donors.

Thioredoxin 1 enzyme-linked immunosorbent assay

The concentration of thioredoxin 1 (TXN1) in AF-EV protein lysate
was completed using an enzyme-linked immunosorbent assay (ELISA).
AF-EV pellets were resuspended in Pierce RIPA buffer (Thermo Fisher
Scientific, Waltham, MA, USA) with ChemCruz protease inhibitor cock-
tail (Santa Cruz Biotechnology, Inc, Dallas, TX, USA ) followed by sonica-
tion for 5 s on ice a total of four times. Protein concentration was
measured with a Pierce bicinchoninic acid protein assay. Total TXN1
concentration in the sample was measured using an ELISA kit
(EH451RB; Thermo Fisher Scientific). Absorbance was measured using a
SpectraMax ABS plate reader (Molecular Devices, San Jose, CA, USA)

miRNA sequencing of AF-EV’s

AF-EVs collected from three donors were processed for miRNA
isolation and sequencing in triplicate. The miRNA extraction and
sequencing were conducted by QIAGEN Genomic Services (German-
town, MD, USA). RNA was isolated using part Il of an exoRNeasy midi
kit (QIAGEN) and automated on a QIAcube (QIAGEN). A total of 700
uL of QIlAzol (QIAGEN) was added to the EVs, and then the authors
continued with the second part of the exoRNeasy midi kit for RNA
purification per the manufacturer’s protocol. RNA, including RNA
spike-ins in the purification step, was extracted from the samples to
allow monitoring of the RNA extraction efficiency. Each RNA sample
was successfully reverse-transcribed into complementary DNA
(cDNA) and tested for the expression of five miRNAs and three syn-
thetic spike-ins. RNA was reverse-transcribed in 10-uL reactions
using a miRCURY LNA reverse transcription kit (QIAGEN). The cDNA
was diluted 100x and assayed in 10-uL polymerase chain reactions
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(PCRs) using a miRCURY LNA SYBR Green PCR kit (QIAGEN). The
amplification was performed using a LightCycler 480 system (Roche
Diagnostics, Basel, Switzerland) in 384-well plates. The amplification
curves were analyzed using Roche LightCycler software, both for
determination of Cq (by the second derivative method) and for melt-
ing curve analysis. Raw data were extracted from the Roche LightCy-
cler software. The evaluation of expression levels was performed
based on raw Cq values.

The library preparation was done using the QIAseq miRNA library
kit (QIAGEN). A total of 5 «L of RNA was converted into miRNA next-
generation sequencing libraries. Adapters containing unique molecu-
lar identifiers were ligated to the RNA, and then RNA was converted
to cDNA. The cDNA was amplified using PCR (22 cycles), and indices
were added during the PCR. After PCR, the samples were purified.
Library preparation quality control was performed using either a Bio-
analyzer 2100 or TapeStation 4200 (Agilent Technologies, Santa Clara,
CA, USA). The library pool was then sequenced on a NextSeq 500
sequencing instrument (Illumina, Inc, San Diego, CA, USA) according
to the manufacturer’s instructions. Raw data were de-multiplexed
and FASTQ files for each sample were generated using bcl2fastq soft-
ware (Illumina, Inc). FASTQ data were checked using the FastQC
tool. FASTQ data were processed in QIAGEN’s OmicSoft array suite
version 10.1.1.14. Following the pre-processing of the reads, reads
were aligned to the genome using the OmicSoft sequence aligner. All
statistical analysis and miRNA identification were performed by QIA-
GEN Genomic Services.

Proteomic analysis

AF-EVs collected from three donors were subjected to protein pre-
cipitation using a glacial acetone method. Cold acetone was added to
samples in a 4:1 ratio. Samples were briefly vortexed and incubated
overnight at —20°C. After incubation, samples were centrifuged at 15
000 x g at 4°C for 15 min. After centrifugation, the supernatants
were removed and the protein pellets were washed with acetone.
After washing, the pellets were allowed to air dry at room tempera-
ture. The pellets were reconstituted in 0.2 mL of 8 M urea. To com-
plete protein digestion, 50 ug of protein was reduced with
dithiothreitol, alkylated with iodoacetamide and subjected to over-
night trypsin digestion. Peptide samples were cleaned with Pierce
C18 desalting columns (Thermo Fisher Scientific) prior to peptide
quantitation. Samples were analyzed by liquid chromatography with
tandem mass spectrometry using an EASY-nLC 1200 with Q Exactive
HF (Thermo Fisher Scientific) and normalized to the total peptide
amount. Protein identification and quantification were completed
using MaxQuant and the UniProt human database.

Bioinformatics

Bioinformatics was completed using Ingenuity Pathway Analysis
(IPA) Knowledge Base software version 01-16 (QIAGEN). For miRNA
analysis, mature miRNA and messenger RNA (mRNA) target relation-
ships were determined. All gene targeting was limited to relation-
ships with experimental observed findings. For protein analysis, the
commonly expressed proteins identified from mass spectrometry
were uploaded to create a protein database on IPA. Proteins and
mRNA target lists were used for core analysis to identify canonical
pathways, top functional groups and top networks. During core anal-
ysis, Fisher’s exact test is used to calculate the statistical significance
of overlap of the data set molecules with various sets of molecules
that represent annotations such as canonical pathways, upstream
regulators and diseases. The test looks at the number of molecules in
the chosen reference set and determines which are eligible for such
analysis. In the right-tailed Fisher's exact test, only over-represented
annotations—those that have more analysis-ready molecules than
expected by chance—are significant. Under-represented annotations
(“left-tailed” Pvalues), which have significantly fewer molecules than
expected by chance, are not shown.

The Pvalues are calculated using the reference set that is defined
in the settings on the Create Analysis page. By using the unfiltered
data set as the reference set, the resulting Pvalues indicate how sig-
nificant the molecule overlap is with each annotation considering
both the molecules assayed (reference set) and the input molecules
that met the cutoff (analysis-ready molecules). Venny 2.1 was used
to create Venn diagram comparison charts.

Pathway analysis to identify predicted miRNA—RNA interactions
was completed using the IPA Knowledge Base software version 01-
16 bioprofiler and pathway tools. To complete this search, bioprofiler
analysis created a data set of genes associated with respiratory sys-
tem inflammation. This list was filtered to include only those genes
targeted by the AF-EV miRNAs. The list was further filtered to include
only genes in which increased activity has been associated with
increased respiratory inflammation. Using the generated list, the
pathway tool was used to identify the direct (human) miRNA—RNA
targeting interactions with experimentally observed relationships.

Experimental BPD and PH model

Animal maintenance

Pregnant Sprague Dawley rats were purchased from Charles River
Laboratories (Wilmington, MA, USA). Rats were treated according to
National Institutes of Health guidelines for the use and care of labora-
tory animals following approval of the study protocol by the Univer-
sity of Miami Animal Care and Use Committee.

Experimental BPD model

Newborn Sprague Dawley rats were assigned to normoxia (21%
oxygen, room air) or hyperoxia (85% oxygen) from postnatal day (P)
1 to P14. Oxygen exposure was achieved in a plexiglass chamber
using a flow-through system, and the oxygen level inside the cham-
ber was monitored daily with a Maxtec oxygen analyzer (OM25-
RME; Maxtec, Salt Lake City, UT, USA). Mother rats were rotated
every 48 h between hyperoxia and normoxia chambers to prevent
damage to their lungs. Litter size was adjusted to 10—12 pups to con-
trol for the effect of litter size on nutrition and growth. Right ventric-
ular systolic pressure (RVSP) measurements, right ventricular
hypertrophy and lung morphometric and molecular studies were
performed at P14.

AF-EV administration

Newborn rats exposed to normoxia or hyperoxia from P1 to P14
were given a single IT injection of 1 x 10" total AF-EVs suspended in
50 uL of saline or 50 uL of saline only (placebo) on P3 (preventative
approach) or P7 (therapeutic approach).

Hemodynamic studies

Following normoxic and hyperoxic exposures, rats were evaluated at
P14. Rats were anesthetized with 1% isoflurane and RVSP was measured
as previously described [18]. Briefly, after thoracotomy, a 25-gauge nee-
dle fitted to a pressure transducer was inserted into the right ventricle.
RVSP was measured and continuously recorded on a Gould polygraph
(TA-400; Gould Instrument Systems, Inc, Cleveland, OH, USA). Immedi-
ately after RVSP measurements were obtained, the animals were killed.
Right ventricular hypertrophy was determined by measuring the weight
ratio of the right ventricle (RV) to the left ventricle (LV) and septum (S)
(RV/(LV+S)).

Lung morphometric analysis

Lungs were perfused and fixed in 4% paraformaldehyde and
embedded in paraffin. Serial sections, 5-pm thick, were taken from
the upper and lower lobes and stained with hematoxylin and eosin.
Images from five randomly selected, non-overlapping parenchymal
fields were acquired from lung sections of each animal using an
Olympus Q-Color3 (Olympus America, Inc., Melville, NY, USA) color
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camera interfaced with a light microscope (DMI 4000B; Leica, Wet-
zlar, Germany) at 20x magnification. Alveolarization was determined
by calculating the mean linear intercept (MLI). MLI was calculated by
determining the average distance between intersects of alveolar sep-
tal tissue and a superimposed counting grid. Images were analyzed
using Image] version 1.53a.

Pulmonary vascular density

Lung sections were deparaffinized, rehydrated and stained with
polyclonal rabbit anti-human von Willebrand factor 1:50 (Dako
North America, Inc, Carpinteria, CA, USA). The number of vessels
(diameter, 20—50 pum) per high-power field (HPF) was quantified in
five randomly selected, non-overlapping parenchymal fields from
lung sections of each animal. Images from non-overlapping paren-
chymal fields were acquired from lung sections of each animal using
an Olympus Q-Color3 color camera interfaced with a Leica light
microscope at 20x magnification. Images were analyzed using Image]
version 1.53a.

Pulmonary vascular remodeling

Paraffin-embedded sections were stained with polyclonal rabbit
anti-human von Willebrand factor and monoclonal mouse anti-alpha
smooth muscle actin 1:500 (Sigma-Aldrich, St Louis, MO, USA). The
percentage of peripheral pulmonary vessels (<50 um in diameter)
stained with anti-alpha smooth muscle actin over >50% of the cir-
cumference was determined from 10 random images of each lung
section, and all analyses were performed by a blinded observer.
Images from non-overlapping parenchymal fields were acquired
from lung sections of each animal using an Olympus Q-Color3 color
camera interfaced with a Leica light microscope at 20x magnifica-
tion. Images were analyzed using Image] version 1.53a.

Pulmonary macrophage infiltration

Lung macrophage infiltration was assessed by immunostaining
lung sections with a rat monoclonal antibody to MAC-3 at 1:20 (BD
Biosciences, San Jose, CA, USA). The number of MAC-3+ cells in the
alveolar air spaces was determined by evaluating six random HPFs
on each slide and quantifying the number of MAC-3+ cells per HPF.
Images from non-overlapping parenchymal fields were acquired
from lung sections of each animal using an Olympus Q-Color3 color
camera interfaced with a Leica light microscope at 20x magnifica-
tion. Images were analyzed using Image] version 1.53a.

Lung inflammatory cytokine mRNA expression

IL-1¢, IL-18, MCP-1 and MIP-1« gene expression was determined
by real-time PCR. RNA from P14 rat lung tissue was extracted (miR-
Neasy mini kit; QIAGEN) and reverse transcription performed
(GoScript reverse transcription kit; Promega Corporation, Madison,
WI, USA). The real-time PCR reaction was completed using
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SsoAdvanced Universal SYBR Green supermix (Bio-Rad Laboratories,
Hercules, CA, USA) on an ABI Fast 7500 system (Applied Biosystems,
Foster City, CA, USA). Primers for IL-1«, IL-18, MCP-1, MIP-1¢¢ and
B-actin (as an internal control) were obtained from Sigma-Aldrich.
The relative mRNA expression of IL-1¢, IL-18, MCP-1 and MIP-1«
was normalized to S-actin expression and the fold change calculated
from gene expression in the room air (RA)—placebo (PL) group. Gene
primer design was as follows: IL-1« forward (5’ -> 3’) GCATCCTCAG-
CAGCAGAATT, reverse (5 -> 3') ACAGGAGGGCAAAAGACTGA; IL-18
forward (5 -> 3') TTGAGTCTGCACAGTTCCCC, reverse (5 -> 3')
GTCCTGGGGAAGGCATTAGG; MCP-1 forward (5 -> 3") AGCCAACTCT-
CACTGAAGCG, reverse (5 -> 3') AACTGTGAACAACAGGCCCA; MIP-1«
forward (5 -> 3’) CGAAGTCTTCTCAGCGCCATA, reverse (5’ -> 3')
TGGAATTTGCCGTCCATAGG; B-actin forward (5 -> 3') GCAGGAG-
TACGATGAGTCCG, reverse (5’ -> 3') ACGCAGCTCAGTAACAGTCC.

Statistical analysis

Data are expressed as mean + standard deviation and were ana-
lyzed by two-way analysis of variance with post-hoc analysis (Tukey).
P < 0.05 was considered statistically significant. Figures were created
and statistical analysis performed using Prism 9 software (GraphPad
Software, San Diego, CA, USA)

Results
Nanoparticle composition of amniotic fluid

Nanoparticle size composition and distribution of the processed
AF were measured using NTA (Figure 1A). The analysis found AF to
contain an average of 2.3 x 10'! + 1.68 x 10°® particles per mL with a
mode size of 101.2 + 3.8 nm (Figure 1B,C). Transmission electron
microscopy images revealed a “deflated” balloon phenotype of the
EVs that was within the expected size range of <200 nm (Figure 1D).

Characterization of AF-EV particles

Positive EV identification was completed using fNTA to demon-
strate positive expression of transmembrane proteins CD63 and
CD81 (Figure 2A,B). Comparison of unstained and stained particles
revealed that the nanoparticles were 69.4 + 6.4% positive for CD63
and 70.8 + 4.8% positive for CD81 (Figure 2C). Multiplex analysis of
exosome surface markers further revealed positive detection of exo-
some-associated markers (CD9, CD81 and CD63) (Figure 2D). This
analysis also identified several other protein markers that were pres-
ent on AF-EVs at various intensity levels (CD14, CD24, CD44, CD326
and CD133).

C

150+

Mode Size (nm)

AF

Figure 1. Nanoparticle analysis of AF (amniotic fluid). (A) NTA and size distribution analysis of processed AF. (B) Average particle per mL concentration of processed AF (n = 14). (C)
Average of the mode particle size (nm) of processed AF (n = 14). (D) Representative TEM image of nanoparticles isolated from processed AF. Error bars represent standard error of

the mean. TEM, transmission electron microscopy.
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unstained particles. (C) Average percentage of CD81+ and CD63+ particles (n = 3). (D) Median fluorescence intensity of positively detected EV- and exosome-associated markers

(n =3). Error bars represent standard error of the mean.
Sequencing EV miRNA cargo

The miRNA sequencing was completed on EVs isolated from
three different donors and detected 102 commonly expressed miR-
NAs above 100 copies (Figure 3A; also see supplementary Table 1).
The top 50 miRNAs were listed in descending order of expression,
from highest to lowest expression. The top five most concentrated
miRNAs were let-7b, miR-200c, miR-30d, miR-125a and miR-483
(Figure 3B). Interestingly, the top 15 concentrated miRNAs
accounted for 80% of the total miRNA content (Figure 3C). Bioinfor-
matics analysis was performed using the Qiagen IPA software to
identify 81 mature miRNAs from the 102 sequenced miRNAs. Of the
81 mature miRNAs, 63 were linked to 1216 different mRNAs (with
experimentally observed relationships). The identified mRNAs were
further analyzed using IPA top canonical pathway analysis to reveal
the top pathways associated with the targeted mRNAs (Figure 3D).
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The top pathways identified included macrophage recruitment and
invasion, senescence, IL-6 signaling, osteoarthritis and nuclear fac-
tor-kB signaling.

Bioinformatics analysis was also performed to predict miR-
NA-RNA interactions on genes associated with respiratory system
inflammation. This analysis identified 14 miRNAs that directly target
an array of genes (see supplementary Table 2), and miR-146a-5p, one
of the top miRNAs identified in AF-EVs, was predicted to directly
interact with 16 different genes associated with respiratory system
inflammation.

Protein analysis of EV cargo

Mass spectrometry analysis of AF-EV preparations identified 315
commonly expressed proteins (Figure 4A). Among the diverse collection
of proteins, this analysis detected several exosome marker proteins,
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Figure 3. miRNA sequencing and bioinformatics of AF-EV cargo. (A) Venn diagram analysis of commonly expressed miRNAs above 100 copies (n = 3). (B) Normalized read count of
the top 50 expressed miRNAs. (C) Pie chart analysis of the top 15 expressed miRNAs compared with the remaining content. (D) Top 21 canonical pathways identified from bioinfor-
matics analysis of the RNA targets corresponding to the miRNA cargo. NF-kB, nuclear factor-kB; PTEN, phosphatase and tensin homolog.
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identified from the commonly expressed protein list by the total number of focus molecules detected. (D) Quantification of TRX concentration in AF-EV protein lysate (n=5).

including CD8, CD9, flotillin-1 and TSG101, along with various heat shock
proteins and annexin (see supplementary Tables 3, 4). Bioinformatics
analysis of the protein cargo determined top disease and biofunction clus-
ters (Figure 4B) The top diseases and disorder functions included
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inflammatory response, organismal injury and connective tissue disor-
ders. The top physiological system functions included immune cell traf-
ficking, hematological system function and humoral immune response.
The top molecular and cellular functions identified included cellular
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Figure 5. Effect of AF-EV administration on pulmonary hypertension and right ventricular hypertrophy. (A) Right ventricular systolic pressure (RVSP, mmHg) measurement in RA-
PL, HYP-PL and HYP-AF-EV groups (n = 5—7 per group). (B) Right ventricular hypertrophy determined by mass of right ventricle (RV) divided by left ventricle (LV) and septum (S)
(RV/(LV+S) in RA-PL, HYP-PL and HYP-AF-EV groups (n = 69 per group). Error bars represent standard error of the mean. ns P > 0.05, **P < 0.01, ****P < 0.0001.
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Figure 6. Effect of AF-EV administration on lung structure and macrophage infiltration. (A—C) Representative lung sections showing alveolar structure in each experimental group.
(D—F) Representative immunofluorescent staining showing vWF+ immunostaining (green) in each experimental group. (G—I) Representative immunofluorescent staining of lung
sections showing pulmonary vascular muscularization in each experimental group. Green = VWF, red = alpha smooth muscle actin. (J-L) Representative lung sections immunos-
tained with macrophage marker MAC-3 antibody (brown) in each experimental group. (M) Quantification of MLI in each group (n = 4—7 per group). (N) Average vascular density
quantification per field in each group (n = 6 per group). (O) Quantification of average percentage of muscularized vessels per field in each group (n = 5—6 per group). (P) Quantifica-
tion of average number of MAC-3+ cells in all groups (n = 4—5 per group). Image magnification is x20. Error bars represent standard error of the mean. ns P > 0.05, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001. vWF, von Willebrand factor.

movement, cell-to-cell signaling and cellular maintenance. Finally, the top
four molecular networks identified from the protein list included cell
morphology, two humoral immune response networks and free radical
scavenging (Figure 4C). To confirm the expression of one of the identified
free radical scavenging proteins, TXN1, ELISA analysis of AF-EV protein
lysate was completed to obtain a value of 0.011 ng TXN1 protein/ug of
total AF-EV protein (Figure 4D).

Therapeutic efficacy of AF-EVs in a pre-clinical BPD model

IT administration of AF-EVs was found to be safe, with no observa-
tion of adverse events. At P14, animals treated at P3 were assessed for
pulmonary hypertension and right ventricular hypertrophy. AF-EV-
treated animals had significantly decreased pulmonary hypertension,
as seen by decreased RVSP (Figure 5A). RVSP increased in PL-treated,
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Figure 7. Effect of late AF-EV administration on experimental BPD and PH. (A) Right ventricular systolic pressure (RVSP) measurement in RA-PL, HYP-PL and HYP-AF-EV groups
(n=6-11 per group). (B) RV hypertrophy determined by weight of right ventricle (RV) divided by left ventricle (LV) and septum (S) (RV/(LV+S)) in RA-PL, HYP-PL and HYP-AF-EV
groups (n =4-10 per group). (C) Quantification of mean linear intercept (MLI)_ in each group (n = 4-5 per group). (D) Average vascular density quantification per field in each group
(n=5-6 per group). Error bars represent standard error of the mean. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 8. Effect of AF-EV administration on inflammatory cytokines. (A) Fold change of IL-1cr RNA expression in each group relative to RA-PL group. (B) Fold change of IL-18 RNA
expression in each group relative to RA-PL group. (C) Fold change of MCP-1 RNA expression in each group relative to RA-PL group. (D) Fold change of MIP-1ax RNA expression in
each group relative to RA-PL group (n = 6 per group). Error bars represent standard error of the mean. ns P > 0.05, *P < 0.05, **P < 0.01, ****P < 0.0001.

hyperoxia-exposed (HYP) animals (30.6 + 1.16 mmHg) compared
with PL-treated RA control (17.8 + 1.02 mmHg) (P< 0.0001). This
effect was significantly diminished in the HYP group that received
AF-EV treatment (24.5 + 0.93 mmHg, P< 0.01). Similarly, right ven-
tricular hypertrophy increased in the HYP group that received PL
(0.43 £ 0.02) compared with the RA-PL group (0.32 + 0.02) (P <
0.01). Although there was a trend for reduced right ventricle/left ven-
tricle and septum in the HYP group that received AF-EVs, right ven-
tricular hypertrophy was not significantly different from either the
RA-PL or HYP-PL group (Figure 5B).

Histological analysis of lung tissue revealed improved alveolar
structure in the HYP group that received AF-EV treatment. Mor-
phometric analysis revealed a significant reduction in MLI in the
HYP group that received AF-EV treatment (87.4 + 2.5 um) com-
pared with the HYP-PL group (101 + 6.1 um) (P< 0.05)
(Figure 6A—C,M). Vascular density also decreased in the HYP-PL
group (7.33 + 0.6 vessels per HPF) compared with the RA-PL group
(22.2 £ 0.8 vessels per HPF) (P < 0.0001). Vascular density in the
HYP group did not, however, significantly increase with AF-EV
treatment (9.5 &+ 1.0 vessels per HPF) (Figure 6D—F,N). Pulmonary
vascular remodeling was assessed by quantifying the percentage
of muscularized vessels. Animals in the HYP-PL group had signifi-
cantly increased pulmonary vascular remodeling (92.0 + 3.3%
muscularized pulmonary vessels) compared with the RA-PL group
(31.33 + 7.1% muscularized pulmonary vessels) (P < 0.0001). AF-
EV treatment significantly reduced muscularization compared
with the HYP-PL group (65.7 &+ 6.6% muscularized pulmonary ves-
sels, P< 0.05) (Figure 6G-I1,0).

Immune response to the hyperoxia injury was measured by mac-
rophage infiltration into lung tissue via MAC-3 immunostaining.
Macrophage infiltration increased in response to hyperoxia in the
HYP-PL group (28.2 & 4.4 MAC-3+ cells per HPF) compared with the
RA-PL group (0 + 1.0 MAC-3+ cells per HPF) (P < 0.001). HYP animals
that received AF-EV, however, had significantly reduced macrophage
infiltration (14.20 + 4.4 MAC-3+ cells per HPF) compared with the
HYP-PL group (P < 0.05) (Figure 6]J—L,P).

To assess whether AF-EVs had beneficial effects in established BPD,
they were also administered in the same model at P7, and animals were
analyzed for therapeutic efficacy at P14. Treatment at this later time point
did not result in decreased pulmonary hypertension (RVSP) or reduction in
right ventricular hypertrophy within the HYP-AF-EV group (Figure 7A,B).
Similarly, there was no significant improvement in alveolar structure or

vessel density in the HYP-AF-EV group compared with the HYP-PL group
(Figure 7CD).

Modulation of inflammatory cytokines

In animals treated with AF-EV at P3, lung tissue was collected at P14
for RNA expression analysis of inflammatory cytokines. IL-1¢ expression
was significantly elevated by 67.0 + 10-fold in the HYP-PL group com-
pared with the RA-PL group (P < 0.0001). Expression of IL-1cx was signifi-
cantly reduced in the HYP-AF-EV group to 1.06 + 0.6-fold (P< 0.0001)
(Figure 8A). Similarly, IL-18, MCP-1 and MIP-1¢ expression was signifi-
cantly elevated in the HYP-PL group compared with the RA-PL group by
5.62 + 0.9-fold (P< 0.0001), 12.6 & 4.3-fold (P< 0.05) and 3.89 + 0.9-fold
(P< 0.01) and was significantly suppressed in the HYP-AF-EV group to
0.53 + 0.1-fold (P< 0.0001), 1.87 & 0.6-fold (P< 0.05) and 1.03 =+ 0.3-fold
(P < 0.01), respectively (Figure 8B—D).

Discussion

EV-based therapeutics have quickly emerged as a promising ther-
apeutic candidate because of their anti-inflammatory and tissue
regenerative effects shown across various pre-clinical models, includ-
ing myocardial infarction, stroke and wound healing [19-21]. The
authors’ present study has demonstrated for the first time that AF-
EVs are a potential drug candidate for BPD, as AF-EVs preserve alveo-
lar structure, reduce pulmonary vascular remodeling, prevent pulmo-
nary hypertension and significantly reduce the induction of
inflammatory cytokines. Furthermore, characterization of AF-EVs has
broadened our understanding of the therapeutic potential of this EV
source.

This study demonstrates AF as a rich source of EVs and confirms
the authors’ hypothesis that AF-EVs are packaged with miRNA and
protein cargo that may provide therapeutic relief in BPD. Previous
studies have examined the therapeutic effect of EVs such as mesen-
chymal stromal cell (MSC)-derived EVs in the treatment of BPD. In
these models, early administration of MSC-EVs ameliorated features
of BPD, as seen by improvement in alveolar simplification, increased
vascular density and overall prevention of pulmonary hypertension
[22]. Additionally, late administration of MSC-EVs at P18 in a similar
model of established BPD improved affected pulmonary parameters
10 days later. Together, these models demonstrated MSC-EV-medi-
ated prevention and reversal of BPD pulmonary parameters [23].
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Immunomodulation of macrophages and reduction in inflammation
are underlying mechanisms of these protective effects [24]. Although
MSC-EV pre-clinical results have been promising, these therapies
require in vitro cell expansion of a single cell source to manufacture
cell numbers large enough to isolate sufficient concentrations of EVs.
This strategy imposes serious limitations on large-scale clinical devel-
opment and commercialization of EV-therapeutics [25]. Lengthy cell
culture expansion is costly in terms of reagents, labor and final prod-
uct testing. Not only does the final EV product require testing, but the
cell source material also needs extensive quality assurance testing,
such as karyotyping and adenovirus testing [26,27]. Furthermore, the
mass production of primary cell lines results in bulk quantities of EV-
rich conditioned media that require downstream processing and han-
dling. Depending on conditioned media concentrations, the purified
EV concentrations will vary, with unknown clinical dose quantities.
The authors’ finding that AF contains a pool of harvestable EVs elimi-
nates many of the challenges associated with traditional EV produc-
tion. Large volumes of AF can be readily collected from healthy
donors in planned, full-term cesarean section and can be repurposed
through processing for therapeutic use.

The authors found AF to be a reproducible source of EV dose pro-
duction. Processed AF contains EV concentrations of approximately
2.0 x 10! particles per mL. Based on the authors’ fluorescent nano-
particle tracking results, 70% of these nanoparticles are positive for
the exosome markers CD63 and CD81, indicating a preservation of
greater than 1.0 x 10! exosomes per mL. Effective large animal EV
doses have been shown to range from 1 x 10! particles per dose to
3 x 102 particles per dose [20,28,29], thus indicating that as little as
1 mL of AF is needed to obtain a clinically effective dose of EVs.

AF cellular components are largely heterogeneous and include
cells derived from the fetus and fetal membrane. Therefore, the pre-
cise cellular origin of these EVs is likely to be mixed. Interestingly,
the authors found that AF-EVs had high expression of CD133. The
amniotic membrane is composed of epithelial and MSC populations.
Characterization of these two cell types revealed amnion epithelial
cells to express CD133 [30]. Interestingly, CD133+ AF-derived cells,
isolated and expanded in culture, have been shown to be therapeutic,
and EVs shed from these cells were found to be a primary source of
the cell's regenerative effects [31,32]. Therefore, the positive detec-
tion of CD133 in the EVs opens up the possibility of epithelial cell ori-
gin and may represent a therapeutic component of cell types isolated
from AF [33]. However, the wide range of cell types within the peri-
natal tissue environment, including placental trophoblasts, and fetal
secretions that contribute to the pool of EVs must be acknowledged.
Therefore, reproducibility of the harvested AF-EV populations needs
to be considered in large-scale translation.

The regenerative potential of EVs and exosomes is derived from
the intra-exosome molecular cargo. Mechanistic studies within ani-
mal models have revealed that the transfer of miRNA contributes to
target cell gene expression changes and the induction of immuno-
modulatory effects [34-37]. The authors’ completed analysis
revealed the top miRNA content that may contribute to gene expres-
sion changes. The authors’ analysis sequenced 102 unique miRNAs
above 100 copies. This diverse collection of miRNAs has potentially
thousands of gene targets involved in multiple pathways. Of note, the
authors’ bioinformatics analysis identified top canonical pathway tar-
gets, including general pro-inflammatory cascades such as the pro-
inflammaory role of macrophages in rheumatoid arthritis, IL-6 signal-
ing and nuclear factor-kB signaling. These pathways included gene
targets such as interleukins, WNT family members, and tumor necro-
sis factor alpha. Comparison of this result with previously published
miRNA sequencing of other EV types allows for the determination of
unique miRNA cargo in AF-EVs. One example is the high expression
of miR-146a in AF-EV compared with no expression in a bone mar-
row MSC-derived EV preparation [34]. However, this comparison is

cell-source dependent, as similar miR-146a counts were described in
an adipose MSC-derived EV preparation [38].

Similarly, proteomic analysis revealed potential therapeutic medi-
ators. This analysis confirmed the presence of exosome-associated
proteins such as tetraspanins (CD63, CD81 and CD9), annexin, heat
shock proteins and other endosome-associated proteins such as
TSG101. Pathway analysis of the protein list identified several key
pathways of interest, including inflammatory response, immune
modulation and free radical scavenging. Further review of the protein
cargo revealed well-known antioxidant proteins, TXN1, glutathione
S-transferase (GSTP1) and superoxide dismutase (SOD3). TXNT1 is a
small redox protein that promotes the programing of anti-inflamma-
tory macrophages and attenuates hyperoxia lung injury by suppress-
ing macrophage infiltration [39,40]. Furthermore, overexpression of
SOD3 in murine models of BPD has demonstrated the key role of
SOD3 in protecting against neonatal hyperoxia-induced alveolar
damage [41].

The authors showed that administration of AF-EVs is a novel ther-
apeutic strategy for the prevention of pulmonary hypertension and
BPD. IT administration of AF-EVs in the early stages of disease, at P3,
decreased pulmonary hypertension, preserved alveolar structure,
reduced vascular remodeling and suppressed lung inflammation.
Administration of AF-EVs at P7, where disease is established, was not
sufficient to reverse the effects of established BPD. Therefore, under
the authors’ tested protocol, AF-EVs were only effective as a preven-
tative agent and did not reverse established disease. However, this
lack of therapeutic effect may be due to inadequate dosing or a
shorter recovery time. More fine-tuning of the therapy may be
needed to reverse an established injury.

AF-EV administration also suppressed the induction of pro-
inflammatory cytokine expression that was the result of neonatal
hyperoxia injury. RNA expression of IL-1¢, IL-18, MCP-1 and MIP-1¢
was suppressed in P14 rat lungs to a level similar to that seen in the
RA-PL group. Increased pro-inflammatory signaling is a key feature of
BPD, and it is well documented that cytokines released by activated
fetal lung macrophages disrupt airway morphogenesis [42] and pre-
or post-natal inflammation decreases alveolar septation [43].
Although it is difficult to predict which of the specific AF-EV cargo
contribute to the therapeutic effect, the authors postulate that the
improvement in lung structure and function seen following AF-EV
administration is secondary to the reduction in lung inflammation
induced by hyperoxia injury. Using bioinformatics and literature
searches, the authors identified miR-146a as a potential mechanis-
tic candidate. The treatment of B cells and airway smooth muscle
cells with a miR-146a mimic has been shown to downregulate IL-
18 and other inflammatory cytokines, such as IL-6 and IL-8 [44,45].
Interestingly, nanoparticle delivery of miR-146a has been proven
to effectively inhibit pro-inflammatory cytokine secretion in a
mechanically induced model of acute respiratory distress syn-
drome, further indicating the therapeutic potential of the miRNA
in AF-EVs [46]. Collectively, the authors demonstrate that AF-EV
cargo has lung protective effects through the downregulation of
pro-inflammatory cytokines and chemokines, which may be effica-
cious for BPD and other adult diseases characterized by excessive
inflammatory responses.

Conclusions

The authors’ work demonstrates that AF contains EVs that can be
harnessed for use in allogeneic drug development and that have ben-
eficial effects in experimental BPD and PH. Moreover, AF-EVs possess
anti-inflammatory properties that may contribute to the rescue seen
with regard to lung structure and pulmonary hypertension. This
work strengthens the clinical potential of AF-EVs as a novel EV source
that may be rapidly translated into the clinic.
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