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Editorial on the Research Topic

Exosomes as Therapeutic Systems

For longer than 30 years, researchers from around the world have put a lot of effort in the
application of nanotechnology to clinical therapy, in the attempt to maximize the effectiveness
of any therapeutic agent while reducing its side effects. Through an inter- and multi-disciplinary
approach, it has been possible to develop finely functionalized platforms able to specifically target
cells of interest, temporally and spatially control the delivery of the agent while maintaining its
bioactivity and immunotolerance. The goal of developing strategies with the potential to achieve all
these functions at the same time, however, is still far from completion.

Advancements in the nanotechnology field have, on the other hand, allowed scientists to identify
and characterize the natural delivery systems exploited by cells within our body to communicate, in
physiological and pathological conditions. These nanoscopic particles, in the range of 50–150 nm,
are called exosomes and provide a unique and multifaceted opportunity for the development of
cell-free therapeutics. Exosomes are produced by all cell types and display similar properties as
their parental cells, including their molecular composition and function. The use of exosomes
offers several advantages over cellular-based therapeutics, as they easily penetrate across organs and
tumor interstitium (size advantage), do not suffer from a by-stander effect thus maintaining their
properties even in an immunosuppressive environment (activation advantage), and have a greater
shelf-life, thus allowing for a long-term storage. Compared to synthetic formulations, exosomes
display an inherent targeting specificity and a natural lipophilic core that compartmentalizes
native materials and provides stability to the cargo. For these reasons, clinical trials testing
the use of exosomes as therapeutic agents for the treatment of various diseases are currently
ongoing. However, exosomal products have not yet been approved by the FDA, as scalability and
standardization remain themajor limitations for their broader use in clinical settings. In this special
issue, we portrait the recent advances in the preparation, characterization and preclinical use of
exosomes and exosomesmimetics for a better understanding of their therapeutic impact (Figure 1).

Therapeutic intervention mediated by cells and their derivatives with immunomodulatory
properties offers a broad range of applications spanning from regenerative medicine to oncology.

This collection includes preclinical studies testing the protective effect and therapeutic efficacy
of exosomes from multiple cell sources for the treatment of chronic diseases.

Stem cell therapies are among the most promising types of treatment to combat the rising
prevalence of chronic diseases. In fact, the number of clinical trials conducted with stem cells,
particularly with mesenchymal stem cells (MSCs), has increased exponentially over the past few
years. MSCs are adult stem cells that can be isolated from human and animal sources. They are
self-renewable, multipotent, genetically stable, relatively ease to culture in vitro, and do not present
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ethical issues compared to embryonic stem cells. They exert a
myriad of therapeutic roles in paracrine manner suggesting a key
role for the extracellular vesicles (EV) they release in mediating
their effects. Exosomes derived from stem cells are currently
being explored as potential cell-free therapeutics with protective
and immunomodulatory properties. In their review, Gowen et al.,
offer an overview of the current use of MSC-EV as an alternative
to their cellular counterparts and discuss preclinical studies and
current clinical trials for chronic diseases including diabetes,
cardiovascular disease, and macular degeneration. The authors
highlight current challenges around MSC-EV implementation
such as large-scale manufacturing, characterization of EVs
loading agents, pharmacokinetics, biodistribution, safety profiles,
and the existing hurdles in translating the success obtained
in preclinical studies to clinical settings. Nevertheless, the
potential therapeutic benefit for patients merits the developing
of MSC-EVs as therapeutic treatment options. Ramirez-Bajo
et al. demonstrate that the effect of EVs derived from stem
cells isolated from bone marrow and adipose tissue (BMSC
and ATSC, respectively), display opposite effects, which also
depend on the administration approach (Ramirez-Bajo et al.).
Specifically, authors propose the autologous administration of
exosomes isolated from BMSC as a potentially promising therapy
to improve kidney graft outcomes in rats with chronic mixed
rejection, while the allogeneic use of exosome from ATSC results
in the exacerbation of the progression to end-stage kidney.
In addition, when the role of BMSC derivatives (including
conditioned medium and exosomes) in exerting a renoprotective
effect is evaluated, only a partial recovery is found in mice
with chronic cyclosporine nephrotoxicity following the treatment
with exosomes, highlighting the requirement of an optimal

FIGURE 1 | Exosomes are nanoscopic particles released by cells to communicate. Their molecular and biophysical properties change depending on their parental cell

type, with biological implications in health and disease. In this special issue we highlight the therapeutic efficacy of exosomes and discuss the main limitations

scientists working in the field encounter in their translation into clinic, including isolation and characterization procedures, and the need of a standardized approach to

scale-up their production. Finally, we propose the production of semi-synthetic exosomes as novel approach to overcome those limitations and their opportunity to be

conceived as reconfigurable cell-free.

regimen (i.e., dose and timing) to achieve a better long-term
outcome (Ramirez-Bajo et al.). The broad-spectrum therapeutic
capacity of MSC-EVs is further highlighted in the study by
Kholia et al.. Here, the authors report the ability of MSC-
EVs on halting kidney injury in a mouse model of toxin
(aristolochic acid)-induced nephropathy, a disease featured by
its strong fibrotic, inflammatory, and apoptotic components that
ultimately evolve into carcinoma in 40% of the cases. In this
context, intravenously administration of MSC-EVs were shown
to significantly downregulate pro-fibrotic genes and improve
kidney regeneration from toxin-induced injury. The ability of
EVs to reduce fibrosis signaling at the genetic and protein
levels has also been described in Liver regeneration. In a study
from Li et al., EVs from multi-model normal hepatocytes
were shown to promote anti-fibrotic actions while reducing
the activation of major fibrosis-producing cells in the liver and
their fibrogenic actions including inflammatory, immunological
and proliferative molecular cascades. While these evidences
reinforce the therapeutic potential of EVs in the regeneration of
toxin-mediated fibrotic liver, it remains elusive our mechanistic
understanding of how EVs can control fibrosis and potentially
more severe forms of liver disease. Branscome et al. offer their
perspective on the beneficial use of stem cell-derived exosomes
in the treatment of an alternative approach to traditional cell-
based therapies for the repair of cellular damage associated with
pathologies associated to the central nervous system (CNS).
EVs role in mediating physiological and pathological processes
of the CNS have been widely explored given all cells of the
CNS secrete exosomes. Interestingly EVs have been reported
to exert bi-directional effects by either facilitating disease
development or by providing protection against injury. Within
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the nervous system EVs have been found to support myelination,
an important process that supports myelin formation and
its function of increasing the speed of nerve impulses.
Changes in myelination affect circuit function through life
with demyelination associated with several neurodegenerative
diseases, autoimmune diseases, and age-associated cognitive
decline. In this special issue Domingues et al., provide a
comprehensive review of the use of exosomes as diagnostic and
prognostic biomarkers of demyelination associated conditions,
with particular emphasis on exosomal biomarkers in multiple
sclerosis (MS). Additionally, EVs-mediated mechanism of
promoting de novo myelination including the therapeutic effect
of EVs secreted from peripheral MSCs on myelination is
elegantly discussed.

Boulestreau et al. offer their perspective on exosomes from
stem cells as a suitable tool to obtain a comprehensive
understanding of the effect of senescence in aging. In particular,
this group suggests age-related alterations in the number
and molecular/bio-chemical features of stem cells (inherited
by the exosomes they produce) as the primarily cause of
aging and propose their therapeutic potential to improve age-
related diseases.

Exosomes isolated from immune cell types have been
proposed as a suitable approach to not only to boost the anti-
cancer immune response but also to create a pro-regenerative
environment. In this context, Lai Tung et al. propose exosomes
derived from regulatory T cells as a stand-alone personalized
therapy to prevent transplant rejection, due to their inherent
protective and anti-inflammatory potential. While the capability
of exosomes to promote and support thrombin generation is
widely recognized, underlining their relevance in hemostasis and
thrombosis, the plasticity attributed to immune cells opens the
field to the investigation on the effects of the microenvironment
on the exosomes they release. Tripisciano et al. demonstrate that
platelet-, red blood cell, and monocyte-derived exosomes exhibit
an enhanced pro-coagulant potential which the authors found
to be dependent on differences in their membrane composition,
including the higher levels of phosphatidylserine.

In recent years, EVs have emerged as a ubiquitous and
functionally diverse modality for transferring information
between different cells but also between organisms of different
species. In addition to their roles in normal physiology, EVs
allow molecular shuttling from pathogens (e.g., Parasites) to
hosts and serve as means for antigens and infection diseases
spreading. In the elegant study by Zhou et al., exosomes
isolated from Tick saliva and salivary glands are shown to
inhibit wound healing as a potential mechanism to facilitate
blood feeding and pathogen transmission while evading potential
host immunological responses. At the molecular level this
inhibitory effect underlies the downregulation of the host C-X-
C motif chemokine ligand 12 and upregulation of interleukin-
8, highlighting the importance of selective molecular targeting
in the development of new therapeutic and vaccine strategies.
The potential for extracellular vesicles derived from virus
infected cells or extracellular vesicles carrying viral factors for
therapeutic use was also explored by Dogrammatzis et al.,
who interestingly propose how extracellular vesicles may be

hijacked and utilized by pathogens, and that this in turn could
underpin the optimization of existing therapeutic tools and
develop novel approaches.

In this special issue we also include manuscripts discussing
the effect of the existing methods for exosome production,
analysis and storage on their structure and function. With
their work, El Baradie et al. address the challenge of storage
and preservation that in most cases affect exosomes bioactivity
and ultimately limit their clinical application. In particular,
they compare the most used methods for exosome isolation
(ultracentrifugation and ultrafiltration through tangential fluid
filtration) and optimized the lyophilization method. The results
obtained demonstrated that while exosome storage at low
temperature determines a marked reduction in their integrity,
by combining ultracentrifugation with a freeze/dried method
in the presence of trehalose it is possible to retain size, number,
and bioactivity of exosomes, facilitating their therapeutic
applications. Recognizing the limitations of Nanoparticle
tracking analysis (NTA) techniques commonly used to measure
extracellular vesicles concentration in biofluids, Shearn
et al. systematically investigated factors that could interfere
NTA when looking at neat biofluids and proposed a robust
methodological approach to address some of the limitations of
this technique. Combined with other techniques such as Atomic
Force Microscopy (https://doi.org/10.1039/D0NR09235E)
the physical characteristics of extracellular vesicles can be
carefully validated.

While significant progress has been made in the development
of cell-free therapeutics, mimicking the composition and design
of the natural tools our body uses in physiological and
pathological conditions holds the promise to improve the
outcome of biological devices and facilitate their translation
into clinical settings. Exosomes offer a great opportunity for
the improvement of current therapeutic systems in terms of
payload tuning, targeting specificity and design, with a broad
spectrum of applications, spanning from regenerative medicine
to oncology, to infectious diseases. As such, exosomes are being
conceived as reconfigurable therapeutic systems (including both,
semisynthetic, and synthetic exosomes) with the potential to
increase pharmaceutical acceptability through a controllable
assembly process. In this special issue, the convergence that lies
between natural and semi-synthetic exosomes is highlighted by
the work proposed by Pisano et al.. To overcome challenging
large-scale production of exosomes which is current limiting
the translationability of naturally occurring exosomes in the
clinic, the authors developed a reproducible and time-consuming
approach to produce Immune (Cell) Derived Exosome Mimetics
(IDEM). IDEM are formulated from monocytic cells by
combining sequential filtration steps through filter membranes
with different porosity and size exclusion chromatography
columns. The approach utilized by this group allows for about
2.5-fold increase in the fabrication of semi-synthetic exosomes
displaying similar physiochemical and molecular characteristics
of their natural counterparts. Interestingly, IDEM show a higher
encapsulation efficiency (over 30%) and drug release over time
compared to natural exosomes, unraveling the advantage of
IDEM in reducing side-effects while increasing cytotoxicity of
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targeted cells. In addition, the use of monocyte-derived exosome
mimetics combines the advantages of a biomimetic drug-delivery
system with reduced immunogenicity as they do not induce
systemic inflammation following infusion nor face being rejected
by the immune system. Along the same line, Chivero et al.
show the manipulation of extracellular vesicles miRNAs as an
efficient means for delivery of RNA-based therapeutics to target
organs. In their study, the authors demonstrate that engineered
extracellular vesicles loaded with miR-124 can effectively
delivered this miRNA into the CNS, thereby alleviating cocaine-
mediated microglial activation. Psychostimulants such as cocaine
activate microglia by downregulating miR-124 resulting in
neuroinflammation, and miR-124 restoration via extracellular
vesicles delivery is effective at alleviating this cocaine-mediated
neuroinflammatory effect in a murine model.

Finally, Killingsworth et al. minireview discusses the potential
of liquid biopsies for translational opportunities reflecting on the
different components of liquid biopsies including exosomes. The
authors briefly explore the relevant role of EVs as biomarkers of
disease, within this platform, while discussing EVs therapeutic
potential with challenges around EVs heterogeneity and dosage
marking the future directions for EV therapeutics.

By combining key properties of natural exosomes with those
associated to synthetic nanoparticles it is possible to improve
manufacturing scalability and cost-effectiveness, enhance drug
loading efficiency and targeting, and increase bioavailability
while preserving organotropism. The possibility to develop
novel reconfigurable cell-free therapeutics for the treatment of a
broad spectrum of degenerative diseases through a personalized
approach is currently attracting the interest of national and
international Biotech companies. The global market for exosome
therapeutic is expected to reap the revenue of $582.45 million
by 2027.

AUTHOR CONTRIBUTIONS

BC and RC wrote the article. DG and IM have made a direct
contribution to the work. All authors have approved the article
for publication.

ACKNOWLEDGMENTS

The editors thank all the authors and reviewers who
contributed to the Research Topic and success of this
special issue. We would like to thank the editorial board
members of Frontiers in Cell and Developmental Biology
for promoting this issue and for the assistance and help
during the reviewing process. BC acknowledges salary
support through the Sêr Cymru II programme, funded by
the European Commission through the Horizon 2020 research
and innovation programme under the Marie Skłodowska-
Curie Actions (MSCA) COFUND scheme and the Welsh
European Funding Office (WEFO) under the European Regional
Development Fund (ERDF) (grant agreement 663830). DG
acknowledges funding support from Health & Care Research
Wales (HS-16-38).

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Corradetti, Gonzalez, Mendes Pinto and Conlan. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 July 2021 | Volume 9 | Article 7147438

https://doi.org/10.3389/fcell.2020.00573
https://doi.org/10.3389/fcell.2021.556837
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


fcell-07-00368 January 2, 2020 Time: 18:51 # 1

ORIGINAL RESEARCH
published: 10 January 2020

doi: 10.3389/fcell.2019.00368

Edited by:
Robert Steven Conlan,

Swansea University, United Kingdom

Reviewed by:
Sonia A. Melo,

University of Porto, Portugal
Joeri Lambrecht,

Vrije Universiteit Brussel, Belgium

*Correspondence:
David R. Brigstock

David.Brigstock@Nationwide
Childrens.Org

†These authors share first authorship

Specialty section:
This article was submitted to

Molecular Medicine,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 22 August 2019
Accepted: 16 December 2019

Published: 10 January 2020

Citation:
Li X, Chen R, Kemper S and

Brigstock DR (2020) Extracellular
Vesicles From Hepatocytes Are
Therapeutic for Toxin-Mediated

Fibrosis and Gene Expression
in the Liver.

Front. Cell Dev. Biol. 7:368.
doi: 10.3389/fcell.2019.00368

Extracellular Vesicles From
Hepatocytes Are Therapeutic for
Toxin-Mediated Fibrosis and Gene
Expression in the Liver
Xinlei Li1†, Ruju Chen1†, Sherri Kemper1 and David R. Brigstock1,2*

1 Center for Clinical and Translational Research, The Research Institute at Nationwide Children’s Hospital, Columbus, OH,
United States, 2 Department of Surgery, Wexner Medical Center, The Ohio State University, Columbus, OH, United States

Extracellular vesicles (EVs) are nano-sized membrane-limited organelles that are
liberated from their producer cells, traverse the intercellular space, and may interact
with other cells resulting in the uptake of the EV molecular payload by the recipient
cells which may become functionally reprogramed as a result. Previous in vitro studies
showed that EVs purified from normal mouse AML12 hepatocytes (“EVNorm”) attenuate
the pro-fibrogenic activities of activated hepatic stellate cells (HSCs), a principal fibrosis-
producing cell type in the liver. In a 10-day CCl4 injury model, liver fibrogenesis,
expression of hepatic cellular communication network factor 2 [CCN2, also known
as connective tissue growth factor (CTGF)] or alpha smooth muscle actin (αSMA)
was dose-dependently blocked during concurrent administration of EVNorm. Hepatic
inflammation and expression of inflammatory cytokines were also reduced by EVNorm. In
a 5-week CCl4 fibrosis model in mice, interstitial collagen deposition and mRNA and/or
protein for collagen 1a1, αSMA or CCN2 were suppressed following administration of
EVNorm over the last 2 weeks. RNA sequencing (RNA-seq) revealed that EVNorm therapy
of mice receiving CCl4 for 5 weeks resulted in significant differences [false discovery
rate (FDR) <0.05] in expression of 233 CCl4-regulated hepatic genes and these
were principally associated with fibrosis, cell cycle, cell division, signal transduction,
extracellular matrix (ECM), heat shock, cytochromes, drug detoxification, adaptive
immunity, and membrane trafficking. Selected gene candidates from these groups were
verified by qRT-PCR as targets of EVNorm in CCl4-injured livers. Additionally, EVNorm

administration resulted in reduced activation of p53, a predicted upstream regulator of
40% of the genes for which expression was altered by EVNorm following CCl4 liver injury.
In vitro, EVs from human HepG2 hepatocytes suppressed fibrogenic gene expression in
activated mouse HSC and reversed the reduced viability or proliferation of HepG2 cells
or AML12 cells exposed to CCl4. Similarly, EVs produced by primary human hepatocytes
(PHH) protected PHH or human LX2 HSC from CCl4-mediated changes in cell number
or gene expression in vitro. These findings show that EVs from human or mouse
hepatocytes regulate toxin-associated gene expression leading to therapeutic outcomes
including suppression of fibrogenesis, hepatocyte damage, and/or inflammation.

Keywords: extracellular vesicle, hepatocyte, hepatic stellate cell, hepatic fibrosis, inflammation, cell cycle,
extracellular matrix, exosome
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INTRODUCTION

A common pathophysiological feature of chronic liver injury
is the excessive production of collagen and extracellular
matrix (ECM) components that become deposited as insoluble
fibrotic scar material, resulting in physical and biochemical
changes which can compromise essential cellular functions.
Hepatic stellate cells (HSC) are the major fibrosis-producing
cell type in the liver and their fibrogenic actions result
from their participation in an orchestrated molecular response
to sustained injury that also involves injured hepatocytes,
activated resident macrophages, sinusoidal endothelial cells,
and infiltrating immune cells. Many studies have documented
that numerous soluble or ECM-associated signaling molecules
comprise a complex regulatory network that drives and fine-
tunes the fibrogenic response via autocrine, paracrine, or
matricellular pathways among these various cell types. HSC
function is also regulated by juxtacrine pathways that are
triggered by direct cell-cell contact. In turn, these studies have
highlighted the potential value of targeting components of
these pathways in the development of new-generation anti-
fibrotics (Ghiassi-Nejad and Friedman, 2008; Cohen-Naftaly and
Friedman, 2011). However, in many cases the optimal targets,
type of therapeutic agent and mode of administration have yet to
be elucidated and there remain few viable options for direct anti-
fibrotic therapy in patients whose liver fibrosis does not resolve
upon treatment of their primary liver disease.

A newly recognized component of cell-cell communication
in the liver is intercellular trafficking of molecules that are
contained within nano-sized extracellular vesicles (EVs) such as
exosomes or microvesicles. Whereas microvesicles are generally
200–1000 nm in diameter and are formed by budding of
the plasma membrane, exosomes are typically 50–200 nm in
diameter and arise by inward budding of multivesicular bodies
which then fuse with the plasma membrane and cause exosomes
to be released from the cell. Despite their distinct pathways
of biogenesis, both exosomes and microvesicles mediate cell-
cell transfer of their respective molecular payloads that can
potentially cause reprograming events in recipient cells. EV cargo
molecules include a broad spectrum of microRNAs, mRNAs
and proteins that originate from their cells of origin and which
are protected from extracellular degradation by the presence of
the outer vesicular membrane which also functions to present
docking proteins and receptors to recipient cells, allowing for
EV uptake either by fusion with the plasma membrane or
by endocytosis (Kowal et al., 2016). A role for liver-derived
exosomes in fibrosis is suggested by an increase in activation or
fibrogenesis in HSC after their exposure to exosomes from lipid-
laden hepatocytes (Povero et al., 2015), sinusoidal endothelial
cells (Wang et al., 2015), or from activated HSC themselves, the
latter of which involved EV-mediated delivery of pro-fibrogenic
cellular communication network factor 2 (CCN2), also known
as connective tissue growth factor (CTGF; Charrier et al., 2014a;
Perbal et al., 2018). However, the molecular composition of
the EV molecular payload and the phenotypic status of the
recipient cells are critical determinants of how EV action is
manifested in the context of liver fibrosis. For example, we have

shown that quiescent HSC produce exosomes that attenuate
pathways of activation or fibrogenesis in activated HSC due
to exosomal transfer into the recipient cells of miR-214 or
miR-199a-5p which directly inhibit transcription of CCN2, thus
suppressing downstream alpha smooth muscle actin (αSMA)
or collagen production and reverting the cells to a more
quiescent phenotype (Chen et al., 2014, 2015, 2016b). Hence
the molecular cargo in exosomes from HSC may be pro- or
anti-fibrogenic depending on the differential activation status
of producer versus recipient cell. Similarly, EVs produced by
fat-laden hepatocytes drive pro-fibrogenic pathways in HSC
(Povero et al., 2015) whereas we recently showed that EVs from
normal hepatocytes bind to HSC in vivo and have suppressive
actions on activated HSC in vitro (Chen et al., 2018a). In
pursuing the latter findings, we now report that EVs from
hepatocytes have anti-fibrotic actions in vivo that are associated
with attenuated HSC activation and fibrogenesis, hepatocyte
recovery, reduced levels of hepatic monocytes and macrophages,
and attenuated expression of inflammatory mediators, ECM
components, detoxifying cytochromes, and regulators of cell
division. These findings reveal that EVs from hepatocytes have
previously unrecognized therapeutic actions in the liver.

MATERIALS AND METHODS

CCl4-Induced Hepatic Fibrogenesis in
Mice
Animal protocols were approved by the Institutional Animal
Care and Use Committee of Nationwide Children’s Hospital
(Columbus, OH, United States). Male Swiss Webster wild type
mice or transgenic (TG) Swiss Webster mice expressing enhanced
green fluorescent protein (EGFP) under the control of the
promoter for CCN2 (TG CCN2-EGFP (Charrier et al., 2014b);
(4–5 weeks old; n = 5 per group) were injected i.p. with carbon
tetrachloride (CCl4; 4 µl in 26 µl corn oil/25 g body weight;
Sigma-Aldrich, St. Louis, MO, United States) on Days 1, 3,
5, and 8. Control mice received i.p. corn oil (30 µl/25 g) on
the same days. Some mice received i.p. mouse hepatocyte EVs
(prepared as described below; 0–80 µg EV protein per 25 g body
weight) on Days 2, 4, 6, and 9. Mice were sacrificed 2 days
after the last injection and liver lobes were either perfused with
phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde
and processed for histological analysis or immediately harvested
for EGFP imaging using a Xenogen IVIS 200 (PerkinElmer,
Waltham, MA, United States) or snap-frozen in liquid nitrogen
for later RNA or protein extraction.

CCl4-Induced Hepatic Fibrosis in Mice
Wild-type male Swiss Webster mice (4–5 weeks old; n = 5 per
group) were injected i.p. with CCl4 (4 µl in 26 µl corn oil/25 g)
or corn oil (30 µl/25 g) three times per week for 5 weeks. On
alternative days to those used for CCl4 or oil administration,
some mice received i.p. EV (0–80 µg/25 g) three times per week
over the last 2 weeks of the experiment. Mice were sacrificed
36 h after the last CCl4 or oil injection, or in non-treated
littermates. Individual liver lobes were harvested and snap-frozen
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in liquid nitrogen for subsequent RNA extraction or perfused
using PBS followed by 4% paraformaldehyde (Sigma-Aldrich) for
histological analysis of fixed tissue.

Histology
Perfused mouse livers were fixed and embedded in paraffin.
Sections of 5 µm thickness were cut and stained with
H and E. Sections were stained with 0.1% Sirius Red
(Sigma-Aldrich) for detection of collagen or subjected to
immunohistochemistry (IHC) (see below). Positive signals were
quantified by image analysis.

Hepatocyte Cultures
AML12 mouse hepatocytes [American Type Culture Collection
(ATCC), Manassas, VA, United States] were maintained
in vitro in DMEM/F12/10% FBS containing insulin, transferrin,
selenium and dexamethasone (Chen et al., 2015). HepG2 cells
(ATCC) were maintained in DMEM/10% FBS. Primary human
hepatocytes (PHH; IVAL LLC, Columbia, MA, United States)
were cultured in Universal Primary Cell Plating Medium (IVAL)
according to the vendors’ directions.

Hepatic Stellate Cell Cultures
Primary mouse HSC were isolated from male wild-type Swiss
Webster mice (6–8 week) by perfusion and digestion of
livers with pronase/collagenase, followed by buoyant-density
centrifugation (Ghosh and Sil, 2006; Chen et al., 2011, 2016b).
The cells were maintained in Gibco DMEM/F12/10% FBS
medium (Thermo Fisher Scientific, Waltham, MA, United States)
and split every 5 days for use up to passage 4 (P4). Freshly isolated
quiescent HSC contained lipid droplets that we previously
showed to express desmin or Twist1 but not CCN2, αSMA or
collagen 1a1 (Col1a1) whereas cells that autonomously activated
over the first week of culture expressed desmin, CCN2, αSMA or
Col1a1, but not Twist1 (Chen et al., 2011, 2015). LX-2 human
HSC (courtesy of Dr. Scott Friedman, Icahn School of Medicine
at Mount Sinai, New York, NY, United States) were cultured in
DMEM/10% FBS as described (Chen et al., 2011, 2015).

Hepatocyte EV Purification
Prior to collecting EVs from the conditioned medium of mouse
or human hepatocytes, spent medium was removed, and the
cells were rinsed twice with Hanks Balanced Salt Solution prior
to incubation overnight in their respective serum-free medium
which was then replaced with fresh serum-free medium for up
to 48 h. The supernatant obtained from sequential centrifugation
of conditioned medium (300 × g for 15 min, 2,000 × g for
20 min, 10,000 × g for 30 min) underwent ultracentrifugation
(100,000 × g for 70 min at 4◦C) in a T-70i fixed-angle rotor
(Beckman Coulter, Brea, CA, United States), the pellet from
which was resuspended in PBS and subjected to the same
ultracentrifugation conditions again. The resulting pellet was
dispersed in PBS and the constituent EVs were characterized as
described below. AML12 cell-derived EVs are hereafter termed
“EVNorm” since they were produced under essentially normal
culture conditions as opposed to other EV studies involving

hepatocyte injury or stress (Povero et al., 2013, 2015; Momen-
Heravi et al., 2015; Hirsova et al., 2016a; Ibrahim et al., 2016;
Verma et al., 2016; Lee et al., 2017).

Nanoparticle Tracking Analysis (NTA)
EVs in PBS (107–108 particles/ml) were subjected to nanoparticle
tracking analysis (NTA) using a Nanosight 300 (Malvern
Instruments, Westborough, MA, United States) that had
been calibrated with 100 nm polystyrene latex microspheres
(Magsphere Inc., Pasadena, CA, United States) diluted in PBS to
a fixed concentration. EV samples were each analyzed twice and
v3.2.16 analytical software (Malvern Instruments) was used to
estimate mean particle concentration and size. Recordings were
performed at room temperature with a camera gain of 15 and a
shutter speed of 4.13 ms. The detection threshold was set to 6.

Transmission Electron Microscopy
EVNorm were fixed in 2.5% glutaraldehyde for 30 min and pelleted
by ultracentrifugation. They were then placed on 200-mesh
copper grids that had been coated with Formvar/Carbon support
film (Ted Pella, Redding, CA, United States) and glow-discharged
with a PELCO easiGlow discharge cleaning system (Ted Pella).
EVs were negatively stained with 1% aqueous uranyl acetate and
examined by transmission electron microscopy (TEM) using a
FEI Tecnai G2 Biotwin instrument (Atlanta, GA, United States)
operating at 80 kV. Digital micrographs were captured using an
AMT camera with FEI imaging software.

EV Cell Binding Assays
Primary human hepatocytes-derived EVs were labeled with the
fluorescent lipophilic membrane dye PKH26 (Sigma-Aldrich)
essentially as previously described (Chen et al., 2018a) and
incubated in a 96-well culture plate at 2 × 109 particles/ml for
24 h with PHHs (on collagen-coated wells) or LX-2 cells that
had been exposed to 20 mM CCl4 for the preceding 24 h. Cells
were stained with DAPI, rinsed in PBS, and EV binding was
assessed using a LSM 800 fluorescence microscope (Carl Zeiss
Inc., Thornwood, NY, United States) and quantified using ImageJ
software (NIH, Bethesda, MD, United States).

Effect of Hepatocyte EVs on Hepatocyte
or HSC Function in vitro
HepG2 cells, PHHs, or human LX2 HSC were incubated for
24 h in their respective normal growth media prior to being
placed under fresh serum-free conditions in the presence or
absence of 20 mM CCl4 for 48 h, the last 24 h of which included
incubation with or without EVs from HepG2 cells or PHHs (8–
16 µg/ml or 2–4 × 108 particles/ml, respectively). Cells were
assessed for cell proliferation using a CyQUANT R© assay (Thermo
Fisher Scientific) or for viability using an AlamarBlue assay
(Thermo Fisher Scientific). For gene expression studies, PHHs,
LX2 cells, or mouse P3-4 HSC were placed in fresh serum-free
medium overnight prior to treatment with EVs from HepG2 cells
(8 µg/ml) or PHHs (4 × 108 particles/ml) for 36–48 h in the
presence or absence of 20 mM CCl4 prior to analysis by RT-PCR.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 January 2020 | Volume 7 | Article 36811

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00368 January 2, 2020 Time: 18:51 # 4

Li et al. Hepatocyte Extracellular Vesicles Suppress Fibrosis

Iodixanol Gradient Ultracentrifugation
PKH26-labeled EVs in 200 µl PBS were loaded on to a 5 ml
stepwise gradient of 8, 16, 24, 32, and 40% iodixanol followed by
ultracentrifugation at 37,500 rpm (SW55 Ti rotor, Beckman) for
17 h at 4◦C. The tube contents were collected from top to bottom
into 20 fractions which were assessed for iodixanol concentration
using an Abbe refractometer (Bausch and Lomb, Rochester, NY,
United States) and PKH26 fluorescence (Ex/Em = 540/585 nm,
cut-off = 570 nm) using a Spectra Max M2 spectrophotometer
(VWR, Atlanta, GA, United States). The fraction containing the
peak PKH26 signal was then assessed for its ability to modulate
gene expression in activated mouse HSC.

Protein Assay
A Pierce bicinchoninic acid assay kit (Thermo Fisher Scientific)
was used to quantify protein concentrations of EVs in PBS or
of liver tissue proteins that had been extracted using Pierce
radioimmunoprecipitation buffer (Thermo Fisher Scientific).

Immunohistochemistry
Mouse liver sections were incubated with primary antibodies
to F4/80 (1:100, Abcam, Cambridge, MA, United States), Ly6c
(1:400, Abcam), collagen 1 (1:250, Abcam), αSMA (1:500;
Thermo Fisher Scientific), or CCN2 [in-house; 5 µg/ml (Charrier
and Brigstock, 2010; Charrier et al., 2014b)] followed by Alexa
Fluor 488 goat-anti rabbit IgG and Alexa Fluor 568 goat-anti
mouse IgG, or Alexa Fluor 647 goat-anti mouse IgG, or Alexa
Fluor 568 goat-anti-chicken IgG (all at 1:500; Thermo Fisher
Scientific) for 1 h at room temperature. The slides were mounted
with Vectashield Mounting Medium containing 4′,6-diamidino-
2-phenylindole nuclear stain (Vector Laboratories, Burlingame,
CA, United States), and examined by confocal microscopy.
Activated HSC were identified by positive immunostaining for
CCN2, αSMA and/or Col1a1.

Mouse Cytokine Microarray
A mouse cytokine proteome profilerTM array (Panel A kit; R &
D Systems, Minneapolis, MN, United States) was incubated with
detergent lysates (320 µg/ml) of pooled liver tissue from acute
CCl4 injury in male Swiss Webster mice (short-term fibrogenesis
model) with or without EVNorm treatment, as described above
(n = 3 or 4 mice per group). Arrays were developed using
chemiluminescence and the mean pixel intensity of duplicate
component spots was quantified using ImageJ (NIH, Bethesda,
MD, United States). Targets showing significant changes in
intensity in response to CCl4 and EVNorm were tested for
their corresponding RNA expression by quantitative real-time
polymerase chain reaction (qRT-PCR).

Western Blot
Proteins in liver tissue extracts or hepatocyte EVs were subjected
to sodium dodecyl polyacrylamide gel electrophoresis (SDS-
PAGE; 10–25 µg protein/lane). Depending on the sample in
question, Western blots were performed to detect proteins
associated with EVs, cytosol, or liver fibrosis. Blots were
incubated with primary antibodies to CD9 (1:500; Abcam),

Alix (1:500; Thermo Fisher Scientific), TSG101 (1:500; Thermo
Fisher Scientific), flotillin-1 (1:200; BD Biosciences, San Jose, CA,
United States), CD63 (1:100; Millipore Sigma, Burlington, MA,
United States), calnexin (1:500; Novus Biologicals, Centennial,
CO, United States), calreticulin (1:500; Novus Biologicals,
United States), p53 (1:1,000; Cell Signaling, Danvers, MA,
United States), phopho-p53 at Ser15 (1:1,000; Cell Signaling)
or β-actin (1:1,000; Invitrogen, Waltham, MA, United States).
Blots were developed using an Odyssey Imaging System (LI-COR
Biosciences, Lincoln, NE) and signals were normalized relative to
β-actin for quantification using ImageJ (NIH).

RNA Sequencing
RNA-seq libraries from mouse livers (long-term fibrosis model
with n = 3 per group for control, oil, oil + EVNorm,
CCl4, or CCl4 + EVNorm) were prepared using the TruSeq
Stranded protocol (Illumina, San Diego, CA, United States).
Following assessment of the quality of total RNA using
an Agilent 2100 Bioanalyzer and RNA Nano chip (Agilent
Technologies, Santa Clara, CA, United States), 100 ng mouse
liver total RNA was treated with a Ribo-zero Human/Mouse/Rat
Gold kit (Illumina) to deplete the levels of cytoplasmic and
mitochondrial ribosomal RNA (rRNA) using biotinylated, target-
specific oligos combined with rRNA removal beads. Following
rRNA removal, mRNA was fragmented using divalent cations
under elevated temperature and converted into double stranded
cDNA. Incorporation of dUTP in place of dTTP during second
strand synthesis inhibited the amplification of the second strand.
The subsequent addition of a single “A” base allowed for
ligation of unique, dual-indexed adapters with unique molecular
identifiers (UMIs) (Integrated DNA Technologies, Coralville, IA,
United States). Adaptor-ligated cDNA was amplified by limit-
cycle PCR. Quality of libraries were determined via Agilent 4200
Tapestation using a High Sensitivity D1000 ScreenTape Assay kit
(Agilent Technologies), and quantified by KAPA qPCR (KAPA
Biosystems, Woburn, MA, United States). Approximately 60–
80 million paired-end 150 bp sequence reads were generated
for each library on the Illumina HiSeq 4000 platform. For data
analysis, each sample was aligned to the GRCm38.p3 assembly
of the Mus musculus reference from NCBI using version 2.6.0c
of the RNA-seq aligner STAR (Dobin et al., 2013). Features were
identified from the GFF file that came with the assembly from
Gencode (Release M19). Feature coverage counts were calculated
using featureCounts (Liao et al., 2014). Differentially expressed
features were calculated using DESeq2 (Love et al., 2014) and
significant differential expressions were those with an adjusted
P-value [i.e., false discovery rate (FDR)] of <0.05.

Gene Ontology and Pathway Enrichment
Analyses
Grouping of target genes into molecular functions, biological
processes, or cellular components was achieved by gene ontology
(GO) analysis1 based on the DAVID database2. The Kyoto

1http://geneontology.org/
2https://david.ncifcrf.gov/
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Encyclopedia of Genes and Genomes (KEGG)3 was used to
understand high-level biological functions and utilities. Genes
were also functionally grouped using Reactome4. Upstream factor
analysis of the gene lists was carried out using the Ingenuity
Pathway System (Qiagen, Redwood City, CA, United States).
These analyses were each performed with a criterion FDR <0.05.

Protein–Protein Interaction (PPI)
Network Construction
To analyze the physical and/or functional interactions among
the proteins encoded by identified differentially expressed genes
(DEGs), DEGs were uploaded to the online program Search Tool
for the Retrieval of Interacting Genes (STRING)5, and results
with a minimum interaction score of 0.4 were collated. Clustering
was done using the Markov Cluster Algorithm method with an
inflation parameter of 2.

RNA Extraction and RT-qPCR
Total RNA from liver tissues or cultured hepatocytes was
extracted using a miRNeasy mini kit (Qiagen) and reverse
transcribed using a miScript II RT kit (Qiagen) according to
the manufacturer’s protocols. Transcripts were evaluated by qRT-
PCR using an Eppendorf Mastercycler System and SYBR Green
Master Mix (Eppendorf, Hauppauge, NY, United States). Primers
are shown in Table 1. Each reaction was run in duplicate, and
samples were normalized to GAPDH mRNA or 18S rRNA.
Negative controls were a non-reverse transcriptase reaction and
a non-sample reaction.

Statistical Analysis
Experiments were performed at least twice in duplicate or
triplicate, with data expressed as mean ± SEM. Fluorescence
images were scanned and quantified using ImageJ software
(NIH). Data from qRT-PCR, NTA, and imaging were analyzed
by student’s t-test using Sigma plot 11.0 software (SPSS
Inc., Chicago, IL, United States). Statistics for RNA-seq
analysis are described above. P-values <0.05 were considered
statistically significant.

RESULTS

Characterization of EVs From Mouse
AML12 Hepatocytes
AML12 hepatocyte EVs (“EVNorm”) isolated from 36 to 48-h
conditioned medium under serum-free conditions had a mean
diameter of 110± 2.5 nm with a size range of approximately 50–
300 nm as assessed by NTA (Figure 1A). Western blot confirmed
the presence of EV-associated proteins such as CD9, CD63, Alix,
flotillin, and TSG101 (Figure 1B and Supplementary Figure 1)
and we have previously reported that these EVs are also positive
for asialoglycoprotein receptor (Chen et al., 2018a) which is

3https://www.genome.jp/kegg/
4https://reactome.org/
5https://string-db.org/

expressed exclusively in hepatocytes and has been used by others
to characterize or identify hepatocyte-derived EVs (Rega-Kaun
et al., 2019). Moreover, whereas calreticulin or calnexin were
readily detected in AML-12 cell lysates, they were not detected
in EVNorm demonstrating that the EV preparations were not
overtly contaminated with cytoplasmic or cytosolic components
(Figure 1B). A very similar size range to that determined by
NTA was obtained by TEM which also confirmed the vesicular
nature of the purified nanoparticles (Figure 1C). As assessed
by NTA of conditioned medium from AML12 cells that was
removed and replenished at fixed time points during cell culture,
there was a consistent output of EVNorm when the cells were
maintained in serum-free conditions for up to 48 h (Figure 1D).
This demonstrated that the cell culture conditions did not
compromise EVNorm production and hence for the experiments
described below, EVNorm were collected from AML12 cells
that had been maintained in serum-free conditions for up to
48 h in culture.

Therapeutic Effects of EVNorm in vivo
The effects of EVNorm on fibrosing liver injury were analyzed
in mice exposed to CCl4 which is a widely used means of
inducing fibrotic responses in the rodent liver (Constandinou
et al., 2005). First, as assessed by direct Xenogen imaging of
GFP fluorescence in whole liver pieces, the induction of pro-
fibrotic CCN2 in male TG CCN2-EGFP mice that were exposed
to acute CCl4 injury over 8 days was dose-dependently reduced
by administration of EVNorm (Figure 2A). Dose-dependent
suppression by EVNorm on CCl4-induced EGFP, CCN2, or αSMA
levels was also evident by immunohistochemical analysis of
liver tissue sections (Figure 2A). The most effective EVNorm

dose (80 µg/25 g) was next tested for its effect in male
wild-type Swiss Webster mice receiving CCl4 for 5 weeks, a
chronic injury model which elevates serum levels of alanine
aminotransferase and aspartate aminotransferase (Chen et al.,
2018b). Hepatic fibrosis assessed by Sirius Red staining of
interstitial collagen (Figure 2B) was attenuated to near-baseline
levels by i.p. administration of EVNorm over the last 2 weeks of
the experiment and this was associated with reduced levels of
CCl4-induced protein levels of αSMA, CCN2, or Col1a1 assessed
by immunostaining (Figure 2C). CCl4 also caused a significant
increase in hepatic Col1a1 mRNA expression that was attenuated
in the presence of EVNorm and a similar but non-significant
trend was also seen for αSMA (Figure 2D). We further found
that inflammatory responses to CCl4 as evidenced by increased
hepatic monocyte (lyc6+) or macrophage (F4/80+) frequency
was suppressed by EVNorm (Figure 3A). Protein microarray
analysis (not shown) indicated that EVNorm dampened the CCl4-
induced levels of tissue inhibitor of metalloprotease-1 (TIMP-1)
and of the pro-inflammatory factors C-C motif chemokine
ligand (CCL)3, CCL5, and CCL12, all except the latter of which
have been previously shown to be associated with inflammation
and fibrosis of the liver (Berres et al., 2010; Heinrichs et al.,
2013; Thiele et al., 2017). Accordingly, the same targets were
analyzed by RT-PCR with the result that expression of their
respective CCl4-induced mRNAs was found to be suppressed
by EVNorm (Figure 3B). A similar trend but one that did not
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TABLE 1 | Primers used for qRT-PCR.

Gene ID Accession no. Primer Length (bp)

Fwd Seq (5′–3′) Rev Seq (5′–3′)

Col3a1 (mouse) NM_009930 GCCCACAGCCTTCTACACCT GCCAGGGTCACCATTTCTC 110

LTBP1 (mouse) NM_019919 TCAGAACAGCTGCCAGAAGG GGCCACCATTCATACACGGA 125

MMP2 (mouse) NM_008610 GCAGCTGTACAGACACTGGT ACAGCTGTTGTAGGAGGTGC 182

Serpinh1 (mouse) NM_009825 GCCGAGGTGAAGAAACCCC CATCGCCTGATATAGGCTGAAG 120

Serpinhb8 (mouse) NM_011459 GTGAAGCCAATGGGTCTTTTGC CAGAAGAACAGGTTTCGTGACT 79

Reln (mouse) MMU24703 TTACTCGCACCTTGCTGAAAT CAGTTGCTGGTAGGAGTCAAAG 73

Lum (mouse) NM_008524 CTCTTGCCTTGGCATTAGTCG GGGGGCAGTTACATTCTGGTG 114

CCN2 (mouse) NM_010217 CACTCTGCCAGTGGAGTTCA AAGATGTCATTGTCCCCAGG 111

Col1a1 (mouse) NM_007742 GCCCGAACCCCAAGGAAAAGAAGC CTGGGAGGCCTCGGTGGACATTAG 148

αSMA (mouse) NM_007392 GGCTCTGGGCTCTGTAAGG CTCTTGCTCTGGGCTTCATC 148

CCNB1 (mouse) NM_172301 AAGGTGCCTGTGTGTGAACC GTCAGCCCCATCATCTGCG 228

ccnb2 (mouse) NM_007630 GCCAAGAGCCATGTGACTATC CAGAGCTGGTACTTTGGTGTTC 114

cdc25c (mouse) NM_009860 ATGTCTACAGGACCTATCCCAC ACCTAAAACTGGGTGCTGAAAC 67

cdk1 (mouse) NM_007659 AGAAGGTACTTACGGTGTGGT GAGAGATTTCCCGAATTGCAGT 128

KIF2C (mouse) NM_134471 ATGGAGTCGCTTCACGCAC CCACCGAAACACAGGATTTCTC 121

CYP20A1 (mouse) NM_030013 TGCAAGGTTGTGTACCTGGAC TGATAGGACCCTCCCCTAAAAC 104

CYP2C55 (mouse) NM_028089 AATGATCTGGGGGTGATTTTCAG GCGATCCTCGATGCTCCTC 111

CYP4A31 (mouse) NM_201640 AGCAGTTCCCATCACCGCC TGCTGGAACCATGACTGTCCGTT 276

CCL12 (mouse) NM_011331 GTCCTCAGGTATTGGCTGGA GGGTCAGCACAGATCTCCTT 181

CCL3 (mouse) NM_011337 TGAAACCAGCAGCCTTTGCTC AGGCATTCAGTTCCAGGTCAGTG 125

CCL5 (mouse) NM_013653 AGATCTCTGCAGCTGCCCTCA GGAGCACTTGCTGCTGGTGTAG 170

TIMP-1 (mouse) NM_001044384 CCTATAGTGCTGGCTGTGGG GCAAAGTGACGGCTCTGGTA 136

TREM-1 (mouse) AF241219 CCCTAGTGAGGCCATGCTAC GGAAGAGCACAACAGGGTCA 110

CCN2 (human) NM_001901 AATGCTGCGAGGAGTGGGT GGCTCTAATCATAGTTGGGTCT 115

Col1a1 (human) NM_000088 GAACGCGTGTCATCCCTTGT GAACGAGGTAGTCTTTCAGCAACA 91

HNF4α (human) NM_178849 ACAGCAGCCTGCCCTCCAT GCTCCTTCATGGACTCACACAC 143

Albumin (human) A06977 TGCTATGCCAAAGTGTTCGATG TTGGAGTTGACACTTGGGGT 159

CYP7A1 (human) NM_000780 GCTACTTCTGCGAAGGCATTT CATCATGCTTTCCGTGAGGG 131

18S (mouse, human) X03205 GGTGAAATTCTTGGACCGGC GACTTTGGTTTCCCGGAAGC 196

GAPDH (mouse, human) NM_002046 TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 87

reach statistical significance occurred for triggering receptor
expressed on myeloid cells 1 (TREM-1) (Figure 3B), which was
recently reported to drive Kupffer cell activation, inflammation
and fibrosis (Nguyen-Lefebvre et al., 2018).

RNA-Seq Analysis of EVNorm-Mediated
Effects on Gene Expression During CCl4
Liver Injury
Although our primary analysis was focused on the ability
of EVNorm to exert anti-fibrogenic, anti-fibrotic, and anti-
inflammatory activities during liver injury in vivo, we next
performed RNA-seq of liver tissue RNA to investigate potential
broader effects of EVNorm on CCl4-modulated hepatic gene
expression. Significant (FDR < 0.05) up- or down-regulated
expression of 3511 genes occurred in response to CCl4, 233
of which were significantly altered by EVNorm (Supplementary
Table 1 and Figure 4A). The differential expression of these
233 genes is represented in the heatmap shown in Figure 4B
and comprised 191 genes and 42 genes that were, respectively,
induced or suppressed by CCl4. GO (Figure 4C) and Reactome

pathway (Figure 4D) analyses both indicated a significant
enrichment in functions involving cell cycle or cell division,
drug metabolism/detoxification, cell-cell adhesion/ECM, signal
transduction, adaptive immunity, and membrane trafficking.
These enrichments were consistent with the outcome of
STRING analysis which revealed four major interactive clusters
comprising 128 cell cycle/division-related genes, 18 ECM-
related genes, 6 heat shock genes, 7 cytochrome genes, and
8 other detoxifying genes (Supplementary Figure 2). Since
six genes in the ECM-related group (Figure 4E) (Col3a1,
LTBP, MMP2, RELN, Serpinb8, LUM) have been reported to
be involved in fibrogenesis (Preaux et al., 1999; Breitkopf
et al., 2001; Krishnan et al., 2012; Alvarez Rojas et al., 2015;
Carotti et al., 2017; Zhan et al., 2019), we used qRT-PCR to
independently validate the ability of EVNorm to dampen CCl4-
induced expression of each of these transcripts (Figure 4F). All
targets were significantly suppressed by EVNorm (except Serpinb8
which nonetheless trended downward) thus confirming and
extending the anti-fibrogenic properties reported above. qRT-
PCR was also used to confirm the ability of EVNorm to suppress
CCl4-induced expression of cytochromes (CYP2C55, CYP4A31;
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FIGURE 1 | Characterization of mouse hepatocyte-derived EVs. Mouse AML12 hepatocytes were grown under serum-free conditions for 36 h after which EVNorm

were isolated by ultra-centrifugation of conditioned medium and characterized by (A) NTA [mean ± SEM for particle diameter (nm) is indicated]; (B) comparative
Western blot with AML12 cell lysates for common EV- or cell-associated proteins (25 µg EV or cellular protein per lane; uncropped data are shown in
Supplementary Figure 1); or (C) TEM (×56,000; scale bar = 100 nm). (D) EV concentration in conditioned medium from AML12 cells that were maintained under
serum-free conditions for 16 h, 24 h (with a medium exchange at 16 h), 40 h (with medium exchanges at 16 and 24 h), or 48 h (with medium exchanges at 16, 24,
and 40 h). The mean EV output per cell per hour over 0–16, 16–24, 24–40, or 40–48 h was computed by expressing particle number at each collection (from NTA
analysis) as a function of the cell number (from cell count at each collection time) and the duration of the incubation for EV collection (8 or 16 h).

Figure 4G) and of several randomly selected members of the
cell cycle/cell division-related group (CCNB1, CCNB2, CDK1,
KIF2C; Figure 4H), and with some targets (CYP20A1, CDC25C)
showing downward but non-significant trends in expression by
EVNorm. We also selected three CCl4-suppressed genes (IFI47,
MUP18, SLC1A2) for qRT-PCR validation and confirmed the
ability of EVNorm to partially but significantly reverse their
inhibited expression by CCl4. (Figure 4I). Finally, p53 – a
CCl4-indicible tumor suppressor gene that regulates cell cycle,
apoptosis, and genomic stability (Guo et al., 2013; Elgawish
et al., 2015) – was ranked in first position by Ingenuity pathway

analysis as a predicted upstream regulator of 40% of the EVNorm

DEGs (i.e., 91 of 233 genes) in CCl4 liver injury (Supplementary
Figure 3). Consistent with this prediction, Western blot analysis
of liver tissue extracts revealed that the level of CCl4-enhanced
phospho-p53 was attenuated by EVNorm (Figures 4J,K).

Characterization and Biological Effects
of EVs From Human Hepatocytes
To substantiate that human hepatocyte EVs exert similar effects
in vitro as their mouse counterparts, we first characterized
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FIGURE 2 | Therapeutic effects of EVNorm in CCl4-mediated liver fibrogenesis or fibrosis. (A) TG CCN2-GFP mice received oil (Ctrl) or CCl4 over 8 days and EVNorm

(0–80 µg i.p. q.o.d.) on the “off days” until Day 9. Animals were sacrificed two days after the last injection. Pieces of fresh liver lobe were imaged for GFP (upper)
while liver sections were stained for GFP, αSMA or CCN2 by IHC with fluorescence for each protein quantified by imaging (lower) (∗P < 0.05 vs. CCl4 + 0 µg EV).
(B) Wild type Swiss Webster mice received 5 weeks of oil or CCl4, with or without EVNorm (80 µg/25 g i.p. q.o.d.) over the last 2 weeks. The figure shows Sirius red
staining of representative liver sections (upper) and quantification of the staining (lower; ∗P < 0.05; ∗∗∗P < 0.005). (C) Immunohistochemical detection of Col1a1,
αSMA or CCN2 in liver sections (upper) and the quantified fluorescent signal assessed by scanning (lower) (∗P < 0.05 vs. CCl4). The residual staining for αSMA in the
CCl4 + EVNorm group reflects constitutive production of αSMA by vascular smooth muscle rather induced production in activated HSC. (D) qRT-PCR for Col1a1 or
αSMA of total liver RNA (∗∗P < 0.01 vs. CCl4).

EVs from the immortalized non-tumorigenic human HepG2
hepatocyte cell line. HepG2 cell-derived EVs purified from
serum-free conditioned medium had a mean diameter of
91.2 ± 1.3 nm, with the majority of particles falling in the 50–
150 nm range (Figure 5A). The EVs were positive by Western
blot analysis for a variety of EV-associated proteins but the

cytosol-associated protein calnexin was absent from EVs and
restricted to cell lysates (Figure 5A). When incubated with
activated mouse HSC in vitro, the HepG2 cell-derived EVs caused
the transcript levels of αSMA, Col1a1 or CCN2 to be significantly
suppressed (Figure 5B). To confirm that these responses were
most likely attributable to the purified EVs themselves rather
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FIGURE 3 | Anti-inflammatory effects of EVNorm in CCl4-mediated liver injury. Wild type male Swiss Webster mice (n = 5) received oil or CCl4 i.p. for 9 days, with or
without i.p. administration of 80 µg EVNorm/25 g. The figure shows (A) typical immunofluorescent detection of Ly6c (monocytes) or F4/80 (macrophages) (left; scale
bar 50 µm), with data quantified using ImageJ software (right; each data point represents one liver section); and (B) mRNA expression assessed by qRT-PCR of
inflammation- or fibrosis-related molecules in the liver extracts. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005.

than a contaminant, the HepG2 cell-derived EVs were further
enriched using an iodixanol gradient (Figure 5C) after which
their ability to inhibit gene expression in HSC was shown to be
essentially maintained (Figure 5D).

In vivo administration of fluorescently labeled EVNorm in
mice results in their localization to various hepatic target cells
including HSC and hepatocytes (Chen et al., 2018a). Since
we have shown that EVNorm reverses ethanol/TNFα-mediated
suppression of cell proliferation in hepatocytes (Chen et al.,
2018a), we evaluated viability and proliferation of HepG2 cells
that had been exposed in vitro to CCl4 (or DMSO carrier)
in the presence or absence of HepG2 cell-derived EVs. The
reduced viability caused by CCl4 was significantly and dose-
dependently reversed by HepG2 cell-derived EVs (Figure 5E).
Whereas DMSO caused a reduction in HepG2 cell proliferation,
this was exacerbated even further by CCl4 but the deleterious
effects of both agents was dose-dependently reversed by HepG2
cell-derived EVs (Figure 5F). HepG2 cell-derived EVs also

promoted a slight but significant increase in the viability of
HepG2 cells maintained under control non-injurious conditions
(Figure 5E). Similar data were observed for CCl4-treated
AML12 cells exposed to EVNorm or HepG2 cell-derived EVs
(data not shown).

Since HepG2 cells are an immortalized cell line, we next
use PHHs as an alternative source for human hepatocyte
EVs. PHH-derived EVs purified from serum-free medium were
99 ± 5.9 nm in diameter (approx. range 50–150 nm) as assessed
by NTA (Figure 6A) and when analyzed by Western blot
they were positive for common EV proteins but not calnexin
which was present exclusively in PHH lysates (Figure 6B and
Supplementary Figure 4). PHH-derived EVs were then labeled
with PKH26 and incubated in vitro with PHHs or human LX-
2 HSC in the presence or absence of CCl4. The number of
PHHs was significantly greater in the presence of EVs under
both basal conditions and after exposure of the cells to CCl4, the
latter of which otherwise caused a ∼60% decrease in overall cell
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FIGURE 4 | Transcriptomic changes by EVNorm in long-term CCl4-mediated liver injury. Liver tissues from wild type Swiss Webster mice that were control or received
5 weeks of oil or CCl4, with or without EVNorm (80 µg/25 g i.p. qod) over the last 2 weeks, were subjected to transcriptome analysis by RNA-seq as described in
Methods. (A) Venn diagram showing DEGs between CCl4 vs. oil and CCl4 + EVNorm vs. CCl4. (B) Heatmap showing pattern of expression of 233 DEGs identified in
each animal of each experimental group. (C) Gene ontology (biological processes) analysis of the 233 DEGs showing the top 20 enriched biological processes.
(D) Top 20 Reactome pathways of the 233 DEGs. (E) Heat map showing differential expression of interacting ECM-related genes identified by STRING analysis (see
Supplementary Figure 2). qRT-PCR showing the effect of EVNorm on either hepatic expression of CCl4-induced (F) fibrosis-related ECM genes, (G) cytochromes,
(H) cell cycle-related genes, or on (I) CCl4-suppressed genes. (J) Liver tissue levels of total p53 or phopho-p53 detected by Western blot in light of identification of
p53 by Ingenuity Pathway Analysis (Supplementary Figure 3). (K) Quantification of data in panel (J) using ImageJ. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005.
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FIGURE 5 | Characterization and actions of EVs from HepG2 cells. (A) EVs from 48-hr HepG2 cell conditioned medium (serum-free) were analyzed by NTA or
Western blotting (inset, with comparison to HepG2 cell lysate; 10 µg EV or cellular protein per lane). (B) P3-4 mouse HSC were incubated for 42 h in the absence or
presence of HepG2 cell-derived EVs (8 µg/ml) and then analyzed by RT-PCR for expression of CCN2, αSMA, or Col1a1. (C) PKH26-labeled EVs underwent
iodixanol gradient centrifugation and (D) the peak fluorescent fraction was tested on mouse HSC as in panel (B). (E) AlamarBlue viability assay or (F) CyQuant
proliferation assay of HepG2 cells that were treated with 20 mM CCl4 (or 0.02% DMSO carrier) for 24 h followed by 8 or 16 µg/ml HepG2 cell-derived EVs for the
following 24 h. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.005.

number during the 48-h experiment (Figure 6C). This outcome
generally resembled the effect of EVNorm or HepG2 cell-derived
EVs on AML12 cells or HepG2 cells (see above). The number
of LX2 cells was not significantly altered by PHH-derived EVs
under normal conditions but exposure of the cells to CCl4
resulted in a 20% decrease in cell number that was reversed in
the presence of PHH-derived EVs (Figure 6D). As compared
to control cultures of each cell type, there was enhanced EV

binding to the cells after their exposure to CCl4 (Figures 6B,C),
consistent with our previously reported increased binding of
EVNorm to (i) ethanol-treated mouse hepatocytes in vitro, (ii)
mouse hepatocytes recovered from fibrotic livers in vivo, or (iii)
activated mouse HSC in vitro or in vivo (Chen et al., 2018a). PHH
EVs partially or completely reversed CCl4-mediated alterations of
CCN2, albumin or CYP7A1 expression in PHHs (Figure 6E) or
of CCN2 or Col1a1 expression in LX-2 HSC (Figure 6F).
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FIGURE 6 | Characterization and actions of EVs from PHH. EVs present in 24-h serum-free conditioned medium from PHHs were analyzed by (A) NTA or
(B) Western blotting (the latter compared to PHH lysate; 10 µg EV or cellular protein per lane; uncropped data are shown in Supplementary Figure 4). Purified
PHH-derived EVs were labeled with PKH26 and incubated for 24 h with (C) PHHs or (D) LX-2 HSC that had been exposed to 20 mM CCl4 for the preceding 24 h.
Cells were stained with DAPI and viewed using fluorescence microscopy with data quantified for total cell number (left) or the frequency of PKH26-positive cells
(right). ∗P < 0.05, ∗∗∗P < 0.005. (E) PHHs or (F) LX-2 HSC were serum-starved for 12 h and then treated for 36 h with 20 mM CCl4 in the presence or absence of
PHH-derived EVs (4 × 108 particles/ml) after which mRNA was assessed by qRT-PCR. ∗P < 0.05 vs. Ctrl; #P < 0.05 vs. CCl4.
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Thus, EVs from human hepatocytes restored alterations in
gene expression associated with injury in human hepatocytes or
fibrogenesis in human or mouse HSC.

DISCUSSION

The emerging field of EV biology has provided a new
impetus for research of liver physiology and pathology, and
virtually every hepatic cell type has now been identified as
an EV producer and/or recipient cell (Lemoinne et al., 2014;
Hirsova et al., 2016b; Cai et al., 2017; Maji et al., 2017;
Szabo and Momen-Heravi, 2017). Unfortunately, as in other
organ systems, there is a dearth of information regarding the
true nature of EV signaling in the liver and between the
various hepatic cell types because few models have yet to be
developed that would allow their various EV populations to
be either tracked from the time of their initial biogenesis in
donor cells to their uptake and action in recipient cells or
functionally compromised in vivo. Despite these limitations,
accumulating evidence supports a role for liver-derived EVs
in regulating hepatic function. For example mouse hepatocyte
exosomes promote hepatocyte proliferation in vitro or after
acute liver injury in vivo caused by ischemia reperfusion
(Nojima et al., 2016). Our previous (Chen et al., 2018a) and
current findings for mouse or human hepatocyte EVs show
that, in vitro, they are anti-fibrogenic for activated HSC, and
reverse ethanol- or CCl4-suppressed proliferation or viability or
alterations in gene expression in hepatocytes. Indeed, the data
presented here show that hepatocyte EVs possess therapeutic
properties that are quite consistent across three hepatocyte
producer cell types (AML12, HepG2, PHH) from two species
of origin of EV producer cell (human, mouse) and across
two target cell types (HSC, hepatocytes) from two species of
origin (human, mouse).

By performing a focused analysis of fibrosis-related molecular
targets and cellular processes in toxic injury in vivo or
in vitro, we showed that in the liver, mouse hepatocyte EVs
are anti-fibrogenic, anti-fibrotic, suppress monocyte/macrophage
infiltration, dampen expression of inflammatory mediators, and
restore toxin-induced changes in hepatocyte function and HSC
activation. The latter two properties were also elaborated by
human hepatocyte EVs in in vitro models suggesting that
the therapeutic properties are evolutionary conserved. It is
currently unclear why, in CCl4-treated mouse liver, EVNorm

appears to target the αSMA protein more efficaciously than its
corresponding mRNA but this may point to the targeting of
αSMA post-transcriptional regulation by the EVNorm molecular
payload. With respect to mRNA targets, RNA-seq analysis
enabled us to undertake a comprehensive analysis of liver genes
that were targeted by EVNorm in mice with CCl4-induced hepatic
fibrosis. In addition to identifying a further slate of pro-fibrogenic
targets, we found that EVNorm action was also associated with the
altered expression of genes associated with ECM, detoxification,
cell cycle/cell division, signal transduction, adaptive immunity,
and membrane trafficking. Thus, the transcriptomic landscape
of genes targeted by EVNorm was diverse, notwithstanding the

fact many were associated with p53, consistent with its level of
activation being a target of EVNorm.

Most previous studies on hepatocyte EVs have addressed
their pathogenic properties when produced by cells that are
stressed, injured, infected, or tumorigenic. For example, (i)
exosomes are used by HCV or HEV as a mean of egress and
transmission from and between hepatocytes (Tamai et al., 2012;
Ramakrishnaiah et al., 2013; Nagashima et al., 2014), (ii) HCV-
infected hepatocytes produce EVs that promote T follicular
regulatory cell expansion (Cobb et al., 2017) and which contain
miR19a which drives HSC activation via the STAT3-TGF-β
pathway (Devhare et al., 2017), (iii) EVs from HBV-infected or
alcohol-treated hepatocytes stimulate macrophage activation and
immune function (Momen-Heravi et al., 2015; Kouwaki et al.,
2016; Verma et al., 2016), (iv) exosomes derived from CCl4-
treated hepatocytes increase toll-like receptor three expression in
HSC, leading to increased IL-17A production by γδ T cells and an
exacerbation of liver fibrosis (Seo et al., 2016), (v) palmitate- or
lysophosphatidylcholine-treated hepatocytes produce ceramide-
enriched EVs (Kakazu et al., 2016), containing C-X-C motif
ligand 10 (Ibrahim et al., 2016), are released from the cell by
mixed lineage kinase 3 (Ibrahim et al., 2016) and have a broad
effect on target cells including stimulation of chemotaxis and
production of inflammatory mediators in macrophages (Hirsova
et al., 2016a; Kakazu et al., 2016), induction of migration and tube
formation in endothelial cells in vitro and angiogenesis in mice
(Povero et al., 2013), and activation of HSC via delivery of miR-
192 or miR-128-3p (Povero et al., 2015; Lee et al., 2017), and (vi)
exosomes from hepatocellular carcinoma cells can either deliver
receptor tyrosine kinases to monocytes which show improved
survival due to activation of mitogen activated protein kinases
(Song et al., 2016) or elicit heat shock protein-specific NK anti-
tumor responses when the donor cells are treated with anti-
cancer drugs (Lv et al., 2012). In contrast, our studies show that
EVs from normal hepatocytes have distinct biological properties
resulting in therapeutic outcomes for liver cell damage and
fibrosis. Future studies will need to provide clarity on how fibrosis
and more severe forms of liver pathology are regulated by the
balance between different populations of EVs from the various
intact and injured hepatic cell types. It will also be interesting
to determine if endogenously released EVNorm, along with EVs
from other hepatic cells, play a more nuanced role by intrinsically
limiting hepatocellular damage and pathogenesis after injury.
Along these lines, the ability of hepatocyte EVs to enhance
hepatocyte function (e.g., HepG2 cell viability, PHH cell number)
even under basal conditions may be attributable to the collection
of EVs from cells under culture conditions that are not absolutely
identical to those used for subsequent biological assays, thereby
manifesting a modest therapeutic benefit.

We have recently shown that serum EVs are anti-fibrogenic
and anti-fibrotic in the same in vitro or in vivo models (Chen
et al., 2018b). Although high fidelity animal models to monitor
hepatocyte EV release and distribution are currently lacking,
emerging evidence suggests that EVs harboring hepatocyte
markers are detectable in the circulation, at least in certain liver
diseases (Povero et al., 2014; Rega-Kaun et al., 2019). Hence
in the future it will be of interest to determine if EVNorm
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are present in the circulation and thereby contribute to the
pool of therapeutic EVs in serum. We previously identified
miR-34c, -151, -483, or -532 as potential therapeutic cargo
molecules in serum EVs (Chen et al., 2018b) and, while detailed
studies are needed in the future, our preliminary studies have
implicated some of the same miRs in EVNorm (Chen et al.,
2016a). That said, it is likely that additional cargo molecules
in EVNorm contribute to the therapeutic actions of EVNorm on
parenchymal and non-parenchymal liver cells, as well as on the
various infiltrating cell types. Indeed, as recently emphasized
(Gho and Lee, 2017), a reductionist approach to addressing this
question may have a somewhat limited outcome because EVs
are highly heterogeneous at both the single vesicle and systems
level (cargo, EV sub-types etc.). Furthermore, we documented
a broad response in cellular functions and gene expression in
response to EVNorm, and it is likely that multiple interacting
molecules in the EV molecular payload (miRs, mRNAs, proteins)
are collectively involved, both directly and indirectly. For these
many reasons, a holistic approach (Gho and Lee, 2017) will need
to be undertaken to comprehensively determine the molecular
basis for EVNorm actions. Proteomic analysis of exosomes derived
from rat or mouse hepatocytes previously revealed the presence
of approximately 250 proteins with enrichment for functional
activities including oxidoreductase, GTPase, iron-binding, lipid
binding, intracellular transport, protein folding, stress response,
cellular homeostasis and lipid metabolism (Conde-Vancells et al.,
2008). We speculate that the combinatorial delivery by EVNorm

of a similar repertoire of proteins, together with EV-derived miRs
and mRNAs, underlies the net therapeutic properties of EVNorm.

Finally, many studies have started to emerge showing that
toxic liver injury, inflammation, hepatic fibrosis and HSC
activation are ameliorated by EVs produced by various stem
cells (SC) including umbilical cord mesenchymal SC (Li et al.,
2013; Jiang et al., 2018), adipose-derived mesenchymal SC
(Qu et al., 2017), embryonic SC-derived mesenchymal stromal
cells (Mardpour et al., 2018), amnion-derived mesenchymal SC
(Ohara et al., 2018), pluripotent SC (Povero et al., 2019), bone
marrow mesenchymal SC (Rong et al., 2019), and liver SC (Bruno
et al., 2019). As this research area expands, it will be important
to determine if common mechanisms in these EV populations
account for their shared therapeutic effects in the liver and
the extent to which there is mechanistic overlap with anti-
fibrogenic EVs from differentiated cells such as either hepatocytes
as reported here or quiescent HSC as reported previously (Chen
et al., 2014, 2015, 2016b).

In summary, hepatocyte EVs have anti-fibrotic actions
in vivo that are associated with attenuated HSC activation and
fibrogenesis, hepatocyte recovery, reduced levels of hepatic
monocytes and macrophages, and attenuated expression of
inflammatory mediators, as well as regulation of genes associated
with ECM, detoxification, cell cycle/cell division, signal

transduction, adaptive immunity, and membrane trafficking.
These novel findings show that hepatocyte EVs hold promise
as an innovative therapy for acute or chronic liver injury.
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Background: Mesenchymal stromal cells (MSCs) from different sources possess
great therapeutic potential due to their immunomodulatory properties associated with
allograft tolerance. However, a crucial role in this activity resides in extracellular vesicles
(EVs) and signaling molecules secreted by cells. This study aimed to evaluate the
immunomodulatory properties of donor and recipient MSCs isolated from adipose
tissue (AD) or bone marrow (BM) and their EVs on kidney outcome in a rat kidney
transplant model.

Methods: The heterotopic-kidney-transplant Fisher-to-Lewis rat model (F-L) was
performed to study mixed cellular and humoral rejection. After kidney transplantation,
Lewis recipients were assigned to 10 groups; two control groups; four groups
received autologous MSCs (either AD- or BM- MSC) or EVs (derived from both
cell types); and four groups received donor-derived MSCs or EVs. AD and BM-EVs
were purified by ultracentrifugation. Autologous cell therapies were administered three
times intravenously; immediately after kidney transplantation, 4 and 8 weeks, whereas
donor-derived cell therapies were administered once intravenously immediately after
transplantation. Survival and renal function were monitored. Twelve weeks after kidney
transplantation grafts were harvested, infiltrating lymphocytes were analyzed by flow
cytometry and histological lesions were characterized.

Results: Autologous AD- and BM-MSCs, but not their EVs, prolonged graft and
recipient survival in a rat model of kidney rejection. Autologous AD- and BM-MSCs
significantly improved renal function during the first 4 weeks after transplantation. The
amelioration of graft function could be associated with an improvement in tubular
damage, as well as in T, and NK cell infiltration. On the other side, the application of
donor-derived AD-MSC was harmful, and all rats died before the end of the protocol.
AD-EVs did not accelerate the rejection. Contrary to autologous MSCs results, the single
dose of donor-derived BM-MSCs is not enough to ameliorate kidney graft damage.
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Conclusion: EVs treatments did not exert any benefit in our experimental settings. In the
autologous setting, BM-MSCs prompted as a potentially promising therapy to improve
kidney graft outcomes in rats with chronic mixed rejection. In the donor-derived setting,
AD-MSC accelerated progression to end-stage kidney disease. Further experiments are
required to adjust timing and dose for better long-term outcomes.

Keywords: bone marrow, adipose tissue, mesenchymal stromal cells, extracellular vesicles, kidney
transplantation, immunomodulation, chronic kidney disease

INTRODUCTION

Patient survival after kidney transplantation has improved over
the past decade due to the optimization of immunosuppressive
strategies. Unfortunately, these treatments can cause severe
side effects, including immunologic side effects, post-transplant
malignancy, opportunistic infections and non-immunologic side
effects such as nephrotoxicity and neurotoxicity (Yu et al.,
2017). Thus, it is necessary to study new strategies to minimize
immunosuppression or novel interventions such as cell-based
therapies to modulate the immune response promoting a state of
tolerance in organ transplantation and the graft survival (Sayegh
and Remuzzi, 2007; Crop et al., 2009; Casiraghi et al., 2016;
Rovira et al., 2017).

The application of cell therapies as immunomodulatory
strategies in a clinical setting is promising. Concretely,
mesenchymal stromal cells (MSCs) have beneficial proprieties
against inflammation (Wise and Ricardo, 2012), apoptosis
(Sung et al., 2013; Liu et al., 2015), fibrosis (Caldas et al.,
2008; Choi et al., 2009) and also immunomodulation activities
(Bartholomew et al., 2002; Ben-Ami et al., 2014; Insausti et al.,
2014) in various in vivo models of ischemia/reperfusion (Togel
et al., 2005; Chen et al., 2011), and renal allograft rejection
(Reinders et al., 2010; Hara et al., 2011; Franquesa et al., 2012;
Cao et al., 2013), without adverse events reported. Donor-
derived MSCs therapy could be especially interesting due to
low immunogenicity when compared with other donor-derived
cell types from healthy donors (Lohan et al., 2017). However,
autologous MSC therapy could be a safer choice to avoid immune
responses. In addition, one of the challenges is to find the most
appropriate stem cell type, since proliferation capacity and
secretion of secreted paracrine factors depend on the cell type.
Bone marrow-MSCs (BM-MSCs) are the most widely studied;
however, they are not always the most interesting option. The
immunomodulatory properties of MSCs from different adult
human tissues; adipose-derived (AD), umbilical cord blood (CB),
and cord Wharton’s jelly (WJ), showed an equivalent potential to
suppress T-cell proliferation (Ammar et al., 2015; Pleumeekers
et al., 2018) and a different capacity for differentiation (Liu et al.,
2007), secretion of different paracrine factors, as VEGF-D, IGF-1,
IL-8, and IL-6, that contributes to different levels of angiogenic
capacity (Hsiao et al., 2012).

Previous studies showed that in addition to cell contact, the
action of MSCs is due to paracrine signaling induced by the
secretion of cytokines, growth factors and extracellular vesicles
(EVs). However, their mechanisms of action remain unclear.
EVs are tiny membrane-enclosed droplets released by cells

through membrane budding and exocytosis and are composed
of several cytoplasmatic components. They represent a cell-
cell paracrine/endocrine communication mechanism allowing
the transfer of inflammatory cytokines, growth factors and
microRNAs which can regulate the proliferation, maturation, and
migration of different types of immune cells (Seo et al., 2019).
MSC-EVs could reproduce the immunomodulatory functions of
MSCs targeting T cells (Blazquez et al., 2014; Del Fattore et al.,
2015), B cells (Budoni et al., 2013) and NK cells (Di Trapani et al.,
2016) and reduce the production of pro-inflammatory cytokines
(Ma et al., 2019). Besides, the MSC-EVs compared with the
MSCs are a safe cell-free alternative with advantages regarding
immunogenicity and tumorigenicity.

In this study, we show for the first time a full comparison of
the therapeutic effect of AD- and BM-MSC and their EVs within
autologous or donor-derived settings in a rat model of chronic
kidney allograft rejection.

MATERIALS AND METHODS

Animals
Male Lewis rats received male either Lewis or Fischer-344 (Fisher)
grafts for syngeneic and donor-derived kidney transplants,
respectively. Fisher and Lewis strains differ partially at major
histocompatibility complexes and various non-MHC loci,
conferring a weak histocompatible combination. The animals
were kept at a constant temperature, humidity, and at a 12-h
light/dark cycle with free access to water and rat chow. The study
was approved by and conducted according to the guidelines of
the local animal ethics committee (Comitè Ètic d’Experimentació
Animal, CEEA, Decret 214/97, Catalonia, Spain).

Isolation of Mesenchymal Stromal Cells
From Adipose Tissue (AD-MSC) and
Bone Marrow (BM-MSC)
Perirenal AD-MSCs were obtained from Lewis or Fisher rats
(200g). Adipose tissue was cleaned with PBS, minced, and
digested with 0.10% collagenase type IV (Thermo Fisher
Scientific, Waltham, MA) in modified Eagle’s medium (α-MEM)
for 2 h at 37◦C. The cell suspension was centrifuged at 400g for
20 min at room temperature. Cells were seeded and expanded in
α-MEM supplemented with 10% fetal bovine serum (FBS).

Bone marrow-MSCs were isolated from femurs of Lewis or
Fisher rats (200g). The bone shaft was extracted inserting a 22G
needle and flushed out with α-MEM supplemented with 10% FBS
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and 2 mM EDTA. The cell suspension was centrifuged at 400g for
20 min at room temperature. Cells were seeded and expanded in
α-MEM supplemented with 10% FBS.

After 48 h, non-adherent cells from AD- and BM-MSCs
cultures were removed and fresh medium was replaced. Cells
were cultured continuously for 1 to 3 weeks and then trypsinized.
Subsequently, MSCs were frozen and cryopreserved in α-MEM
medium supplemented with 10% FBS, and 10% dimethyl
sulfoxide (DMSO). Three to five days before MSC administration,
cells were thawed, seeded and cultured to ensure their viability.
The day of administration MSC cells were trypsinized and
prepared in physiological saline.

Characterization of AD- and BM-MSCs by Flow
Cytometry
Cells had a typical spindle-shaped appearance and phenotype
was confirmed by expression of MSC markers (CD44H, CD29,
and CD90) and the absence of markers of the hematopoietic
and endothelial lineage (CD45 and CD31, respectively) by flow
cytometry (Supplementary Figure S1A). The cell suspension was
stained with the antibodies indicated in Supplementary Table S1.
Flow cytometry analysis was performed on a FACS Canto II (BD
Biosciences, Heidelberg, Germany) and data were analyzed using
FlowJo software (Tree Star, Ashland, OR, United States).

Osteogeneic and Adipogenic Differentiation of
AD- and BM-MSCs
The potential of AD- and BM-MSCs to differentiate into
adipogenic and osteogenic lineages were examined. To
induce adipogenic differentiation, cells were treated with an
adipogenic differentiation medium (Lonza, Basel, Switzerland)
for 3 weeks. Adipogenesis was assessed by Oil Red O staining
(Supplementary Figure S1B). For osteogenic differentiation,
cells were treated with osteogenic differentiation medium (Lonza,
Basel, Switzerland) for 3 weeks. Osteogenesis was assessed by
Alizarin Red S staining (Supplementary Figure S1C). Medium
changes were performed twice weekly for the two assays.

Isolation of Extracellular Vesicles
Derived From MSCs
EVs were isolated from supernatants of AD- or BM-MSCs
cultured during 16 h in RPMI1640 deprived of FBS at 37◦C.
The supernatant was centrifuged at 3000g for 20 min to remove
cell debris and apoptotic bodies followed by microfiltration
with 0.22µm pore filter membranes. Cell-free supernatants
were centrifuged at 100,000g for 1 h at 4◦C. EV pellets were
resuspended in medium RPMI1640 supplemented with 10%
DMSO and frozen at –80◦C for later use (Herrera et al.,
2010). According with “Minimal Information for Studies of
Extracellular Vesicles 2018 (MISEV2018)”, we have prepared the
checklist (Supplementary Material Information).

Characterization of MSC-EV by Electronic
Microscopy
A Holey Carbon support film on a 400-mesh copper grid was
used. After glow discharge, the sample was deposited onto the
grid, which was mounted on a plunger (Leica EM GP) and

blotted with Whatman No. 1 filter paper. The suspension was
vitrified by rapid immersion in liquid ethane (–179◦C). The
grid was mounted on a Gatan 626 cryo-transfer system and
inserted into the microscope. Images were obtained using a
Jeol JEM 2011 cryo-electron microscope operated at 200kV,
recorded on a Gatan Ultrascan US1000 CCD camera and
analyzed with a Digital Micrograph 1.8 (n = 3 per group)
(Supplementary Figures S2A,B).

Characterization of MSC-EV by NanoSight
Size distribution and concentration of EVs were measured using
the NanoSight LM10 instrument (Malvern, United Kingdom),
equipped with a 638 nm laser and CCD camera (model F-033).
Data were analyzed with the Nanosight NTA Software version
3.1 (build 3.1.46), with detection threshold set to 5, and blur,
Min track Length, and Max Jump Distance set to auto. Samples
were evaluated using different dilutions in sterile-filtered PBS 1X.
Readings were taken in single capture or triplicates during 60 s
at 30 frames per second (fps), camera level at 16 and manual
monitoring of temperature. Supplementary Figures S2C,D
shows representative results obtained by NanoSight from EVs
produced by AD- and BM-MSCs.

Characterization of MSC-EV by Flow Cytometry
The size of EVs was calculated with Megamix-Plus SSC beads
(BioCytex, Marseille, France) that contain a mix of green
fluorescent bead populations with sizes of 160, 200, 240, and
500 nm. The analysis was performed using a log scale for forward
scatter and side scatter parameters, and a threshold SSC-H of
1000. MSC-derived EVs were characterized by flow cytometry
according MSCs markers (CD44+, CD29+, CD90+, CD45−,
CD31−) and EVs markers (CD9+ and CD81+) (Supplementary
Table S1 and Supplementary Figure S3).

Fisher-to-Lewis Renal Transplant Model
For renal transplantation, Lewis rats received either male Lewis
or Fisher grafts for syngeneic (L-L) and donor-derived renal
transplants (F-L), as previously described (Rovira et al., 2018).

Experimental Design and Follow-Up
Recipients Lewis rats of allogenic kidney grafts were distributed
in nine groups after transplantation (F-L, n = 126). (1) Control
group (F-L + Ø, n = 42); (2–5) autologous cell therapies groups:
F-L+ AD-MSCs (n = 11), F-L+ BM-MSCs (n = 11), F-L+ AD-
EVs (n = 19), and F-L + BM-EVs (n = 14); (6–9) donor-derived
cell therapies groups: F-L+AD-MSCs (n = 5), BM-MSCs (n = 4),
AD-EVs (n = 10), and BM-EVs (n = 10). Eleven Lewis rats
received a syngeneic kidney graft (L-L).

For autologous cell therapies, 1 × 106 MSCs or 1.4 × 109

EVs from Lewis rats were resuspended in 400 µl of physiological
saline and injected through the tail vein at the moment of the
kidney transplantation, and 4 and 8 weeks after transplantation.
For donor-derived cell therapies, Lewis rats received one
intravenous dose of AD-, BM-MSCs or their EVs immediately
after transplantation (Figure 1). One week after transplantation
and monthly until the end of the study, at 12 weeks, rats
were weighed and placed in metabolic cages for 24 h urine
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FIGURE 1 | Experimental design of the protocol of AD- and BM-MSCs and their EVs administration regimens from recipient and donor in the Fisher-Lewis renal
transplant model. (A) Cell therapies from recipients were administered intravenously in the moment of the transplant, and 4 and 8 weeks post-transplant. (B) Cell
therapies from the donor were administrated once after kidney transplantation. KTx, kidney transplantation; UniNx, right uninephrectomy; AD, adipose
tissue-derived; BM, bone marrow; MSC, mesenchymal stromal cells; EVs, extracellular vesicles.

and tail-vein-blood collection. From blood samples, BUN and
blood creatinine were determined, and urine creatinine and
proteinuria from 24h urine.

At the end of the study, the animals were sacrificed and
kidney graft and spleen were harvested. Then the kidney graft was
divided: one piece was fixed in formalin and another piece was
used for infiltrating immune cell detection by flow cytometry.

Histology and Immunohistochemistry
Analysis
Paraffin-embedded renal sections (3 µm-thick) were stained
with hematoxylin-eosin (H/E), periodic acid Schiff (PAS) and
Sirius Red. These stains were evaluated by a renal pathologist
(Eduardo Vazquez-Martul) and the degree of tubular atrophy
(TA), fibrosis (F), tubulitis, peritubular capillaritis (PTC) and
glomerular pathology was quantified. TA and F were scored
from grade 0 to 3 (0, none [<10%]; 1, mild [10 to 20%]; 2,
moderate [20 to 50%]; 3, severe [>50%]). Tubulitis was scored
from grade 0 to 3 according to Banff criteria (1, <4 lymphocytes
per tubular section and 2, >4 lymphocytes). PTC was scored
from grade 0 to 3 according Gibson-Banff classification (1,
<3 monocytes/ptc lumen; 2, 3-5 monocytes/ptc lumen; 3, >5
monocytes/ptc lumen).

Sections (3 µm-thick) mounted on xylene glass slides were
used for immunohistochemistry. After antigen retrieval had
been carried out, endogenous peroxidase blocking for 10 min
in 3% hydrogen peroxide (Merck, Darmstadt, Germany) was
performed before primary antibody incubation. The primary
antibody, rat anti-C4d (Hycult Biotech, Plymouth Meeting, PA,

United States) was incubated overnight at 4◦C. Envision system-
specific anti-rabbit secondary antibody labeled with horseradish
peroxidase polymer (Dako, Glostrup, Denmark) was applied for
1 h. All sections were counterstained with Mayer’s hematoxylin.
The immunohistochemical procedure was performed at the
same time to avoid possible day-to-day variations in staining
performance. All images were acquired using an Olympus BX51
clinical microscope and DP70 digital camera and software
(Olympus, Tokyo, Japan).

Flow Cytometric Characterization of
Immune Cells
Spleens were mashed and passed through a 70 µm nylon cell
strainer (BD Falcon) and single-cell suspensions were obtained.
Kidney grafts were digested with collagenase type IV (Thermo
Fisher Scientific, Waltham, MA, United States) and mechanically
dissociated by GentleMacs (Miltenyi Biotec GmbH, Germany)
to obtain a single-cell suspension. Cell surface markers were
stained with antibodies indicated in Supplementary Table S2,
according to the instructions of the manufacturer. Cells were
stained intracellularly with Foxp3 specific mAbs using the
intracellular Foxp3-staining kit (eBiosciences San Diego, CA,
United States). In all the samples, Aqua Live/Dead fixable dead
cell kit (Thermo Fisher Scientific, Waltham, MA, United States)
was used unambiguously to remove dead cells. Flow cytometry
analysis was performed on a FACS Canto II (BD Biosciences,
Heidelberg, Germany). Data were analyzed using FlowJo software
(Tree Star, Ashland, OR, United States). Overview of the
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gating strategy for T, NK, and B cells has been shown in
Supplementary Figure S4.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 5
statistical software (GraphPad Software Inc.). Univariate analysis
using the log–rank test (Kaplan–Meier curves) was conducted to
assess rat survival (time from kidney transplantation to death).
Values are given as mean ±standard deviation. The Kruskal-
Wallis or Mann-Whitney U tests were used where applicable.

RESULTS

The main results are summarized in the Table 1.

Autologous Cell Therapies
Renal Function
Renal function was evaluated monthly after renal transplantation.
Donor-derived control group (F-L + Ø) showed progression
of renal failure characterized by an increase of BUN, serum
creatinine and proteinuria (PU) levels and a reduction of urine
creatinine, compare to syngenic group (L-L + Ø) (Figures 2A–
D). The administration of AD- or BM-MSCL from Lewis
rats significantly improved renal function, both BUN and
blood creatinine, during the first 4 weeks after transplantation.
Subsequently, these improvements weakened progressively until
the end of the study. AD-MSCL and their EVs showed worse
results compared to BM-MSCL and their EVs. None of the
treatments blocked the progression of PU.

Survival
At the end of this mixed cellular and humoral rejection model,
F-L + Ø group, 100% of Lewis recipients rejected Fisher kidney
grafts and nearly 50% progressed to end-stage renal disease and
died. The Kaplan-Meier plot showed that autologous AD- and
BM-MSCL increased rat survival from 47.5% (control group F-L)
to 82% in both therapies without reaching statistical significance
(P = 0.059 and P = 0.054, respectively) (Figure 2E). Nevertheless,
BM-MSCL treatment improved significantly mean survival time

compared to the F-L + Ø group (Figure 2F). EVs therapies did
not improve the survival rate nor survival time.

Histology and Immunohistochemistry
At the end of the study, histological examination of kidneys
from the control group (F-L + Ø) revealed a mixed cellular
and humoral rejection characterized by moderate-to-severe
tubular atrophy, tubulitis, peritubular capillaritis and fibrosis
(Figure 3). EVs derived from AD-MSCL reduced tubular atrophy
in kidney grafts (Figure 3A). All therapies reduced tubulitis
injury (Figure 3B), AD-MSCL treatment reached statistical
differences, and none of the kidney grafts into recipients treated
with EVs either AD- and BM-MSCL presented tubulitis.

Donor-derived renal transplantation (F-L) is characterized by
C4d deposition in the peritubular capillaries (2.00 ± 1.00). AD-
and BM-MSCL therapies significantly reduced C4d deposition
(0.17± 0.17 and 0.11± 0.11, respectively, and P < 0.0001 in both
cases) (Supplementary Figure S5).

Lymphocyte Infiltration Into Kidney Graft and Spleen
The analysis of infiltrating lymphocytes in the kidney graft
showed that the recipient AD- and BM-MSC reduced partially
T-cell filtration, whereas B, NK cells were significantly reduced
(Figure 4). Both EVs therapies, AD-EVL and BM-EVL, did
not modify kidney graft lymphocyte infiltration. None of the
recipient cell therapies modified the spleen lymphocyte subtypes
counts (Supplementary Figure S6).

Donor-Derived Cell Therapies
Renal Function
The application of donor AD-MSCF impaired renal function
(both BUN and blood creatinine), whereas BM-MSCF improved
renal function at short-term analysis (until week four after
transplantation) (Figures 5A–D). The application of EVs derived
from AD-MSCF or BM-MSCF did not modify renal function
compared to the control group.

At 12 weeks after transplantation, rats treated with donor
BM-MSCF had slightly better renal function than the control
group. The administration of EVs, independently from the tissue-
derived, did not improve renal function.

TABLE 1 | Summary of effects of donor-derived and autologous AD- and BM-MSCs and their EVs administration regimens in the Fisher-Lewis renal transplant model at
the end of the study (12 weeks).

Treatment Cell therapy Renal function Survival Histology Lymphocyte infiltration

Tubular atrophy Tubulitis Capillaritis Fibrosis

Autologous BM-MSCL = ↑ = ↓ ↓ ↓ ↓ T cell and NK cells

BM-EVL = = = ↓ = = =

AD-MSCL = ↑ = ↓ ↓ ↓ ↓ T cell and NK cells

AD-EVL = = ↓ ↓ ↓ ↓ =

Donor-derived BM-MSCF = ↑ ↓ ↓ ↓ ↓ =

BM-EVF = = = ↓ = = =

AD-MSCF ↓ ↓ Ø Ø Ø Ø Ø

AD-EVF = = ↓ ↓ ↓ ↓ ↓ T cell and NK cells

=, no change; ↑, increase; ↓, decrease; Ø, no rat survives.
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FIGURE 2 | Effect of autologous AD- or BM-MSCs and their EVs treatments on renal function and rat survival after kidney transplantation. (A) Blood Urea Nitrogen.
(B) Blood creatinine levels. (C) Proteinuria. (D) Urine creatinine levels. (E) Survival curve was generated using the Kaplan-Meier method and compared using the
long-rank (Mantel-Cox) test. (F) Mean survival time (days). *Significantly different when compared L-L vs F-L + Ø group (*P < 0.05; **P < 0.01; and ***P < 0.001).
#F-L + Ø group vs BM-MSCF (#P < 0.05).

Survival
As mentioned previously, the control group survival was 47.5%
(Figures 5E,F). The application of donor-derived AD-MSCF was
harmful, and all rats from this group died before the end of

protocol follow-up at 12 weeks (P = 0.0074). Donor-derived BM-
MSCF and AD-EVF therapies did not improve the survival rate,
being 50% in both groups. Eight out of ten rats treated with
EVs from donor-derived BM-MSCF survived until the end of

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 January 2020 | Volume 8 | Article 1030

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00010 January 27, 2020 Time: 15:58 # 7

Ramirez-Bajo et al. MSC and Derived-EV Kidney Transplantation

FIGURE 3 | Histological evaluation of lesions observed in renal allograft during the rejection process after autologous AD-, BM-MSCs and their EVs treatments. (A)
Tubular atrophy, (B) fibrosis, (C) tubulitis, (D) capillaritis, and (E) interstitial infiltrate in rats without treatment (Ø) and with the administration of AD-, BM-MSC, and
their EVs. Significantly different when compared to F-L + Ø group (*P < 0.05).

the protocol, however, neither Kaplan-Meier nor mean survival
time analysis confirmed the statistical differences compare to
the control group.

Histology
Kidney grafts from surviving rats of AD-EVF and BM-MSCF
groups showed a partial reduction of tubular atrophy, peritubular
capillaritis, interstitial infiltrate, and fibrosis without reaching
statistical differences. None of the kidney grafts from surviving
rats of AD-EVF and BM-MSCF groups showed tubulitis, whereas
kidney grafts from the BM-EVF group had less tubulitis than the
control group (Figure 6).

Lymphocyte Infiltration Into Kidney Graft and Spleen
The analysis of infiltrating lymphocytes in survival kidney grafts
at the end of protocol showed a reduction of T, B, and NK
cell infiltration in rats treated with AD-EVF. None of the other
cell therapies reduced T cell infiltration (Figure 7). The spleen
lymphocytes’ amount and subtypes remained stable between
groups (Supplementary Figure S7).

DISCUSSION

The Fisher-to-Lewis renal transplantation is a model of
mixed cellular and humoral rejection, where kidney allografts
develop clinical and histopathological features of immune-
mediated chronic allograft dysfunction (White et al., 1969;

Rovira et al., 2018). A large number of studies had been focusing
on the application of MSCs from different sources in kidney
transplants, and few studies have compared allogeneic versus
autologous MSC therapy to determine its beneficial effects
on renal rejection outcome. Moreover, stem cell-derived EVs
are described as a new therapeutic option for renal injury,
but their application in pre-clinical models is only related to
avoiding renal damage during the organ reperfusion prior to
transplant (Gregorini et al., 2017; Rigo et al., 2018). Here,
we have evaluated the immunomodulatory properties of MSCs
isolated from adipose tissue (AD) or bone marrow (BM) and
their EVs within autologous and donor-derived settings, on
kidney outcome in a rat model of kidney rejection without
immunosuppression associated.

MSCs therapy is limited by their poor engraftment and rapid
disappearance on most of studied models. For this reason, it
is rationale suppose that multiple administrations are able to
increase the efficiency of the treatment and it has to be the
most recommended therapy (Tang et al., 2018). Our results
showed that multiple autologous AD- and BM-MSCL doses
could improve the survival of animals undergoing cell therapy.
Specifically, BUN and serum creatinine levels were reduced
during the first 4 weeks after transplantation, however, it
did not avoid kidney failure in the long-term. Rats treated
with BM-MSCL presented better outcomes than AD-MSCL.
In addition, histological analysis revealed an amelioration of
the tubular injury and C4d deposition related to antibody-
mediated rejection that requires complement activation. Tu et al.
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FIGURE 4 | Effect of autologous AD- and BM-MSCs and their EVs treatments on infiltrating immune cell in kidney graft. (A) T cells, CD3+. (B) Thelpers + Treg cells,
CD3+CD4+. (C) Tcytotoxic cells, CD3+CD8+. (D) NK cells, CD3-CD314+CD161+. (E) B cells, CD3-CD161-B220+. *Significantly different when compared to
F-L + Ø group (*P < 0.05; **P < 0.01).

(2010) described that MSCs are able to inhibit complement
pathway activation due to the secretion of Factor H, which is
a natural regulator of the complement system. This histological
improvement could be related to the partial and significant
reduction of T- and B-cell filtration and NK cells observed
in kidney graft. Corroborating, previous in vitro experiments
that showed a suppression by MSC of NK cell proliferation,
cytolytic activity and cytokine production (Spaggiari et al., 2006;
Lupatov et al., 2017). Furthermore, it has been described that
the administration of MSCs in vitro and in vivo models of
acute rejection in cardiac transplant induces an alteration in
dendritic cell (DC) differentiation, maturation, and cytokines
secretion (Nauta et al., 2006; Ge et al., 2009). In addition, B
cell proliferation and differentiation to IgM and IgG producing-
cells are inhibited (Corcione et al., 2006; Vogelbacher et al.,
2010). Finally, MSCs mediated T cell inhibition enhancing a
reduction of IFNγ and an increment of VEGF, and soluble factors
(TGFβ and HGF) (Di Nicola et al., 2002). Therefore, it is evident
that MSCs are receptive to signals from the environment and
they have the potential to direct reprogramming of immune
system cells promoting the host defense and avoiding an
inflammatory process. However, in our in vivo model, donor-
derived AD- and BM-EVF did not improve the renal function,
survival rate or immunomodulation, and we only observed
a reduction in tubular atrophy in the kidney grafts and
tubulitis. Therefore, it could be crucial in future experiments
to optimize timing, doses, and frequency of cell therapy and

derivatives for understanding the mechanisms and inducing the
immunomodulation.

In donor-derived MSCs setting, we have considered a
single administration because these cells are not intrinsically
immunoprivileged since these cells could induce rejection, which
is followed by an immune memory and sensitization. A couple of
clinical trials, it has demonstrated that 19% and 34% of patients
treated with allogeneic MSC developed HLA class I donor-
specific antibodies (DSA) (Panes et al., 2016; Alvaro-Gracia et al.,
2017). Our results have shown that donor-derived AD-MSCF
treatment is a harmful therapeutic option in the F-L kidney
transplant model. AD-MSCF impaired renal function (both BUN
and blood creatinine) leading to graft dysfunction and finally
graft loss before the end of the study. The application of a
single injection from allogenic AD-MSCF was able to trigger
an immune response enough to induce 100% mortality to the
animals. These results corroborated previous studies with murine
MSCs which demonstrate that MSC not are immunoprivileged
in vivo, at least not when there is a complete MHC class I
and II mismatch (Eliopoulos et al., 2005). In spite of a single
intra-articular injection of autologous MSCs did not result in
an adverse clinical reaction (Carrade et al., 2011), repeated
intra-articular injections of donor-derived MSCs resulted in
an adverse clinical response, suggesting there is an immune
recognition of donor-derived MSCs after a second exposure
(Joswig et al., 2017). In our study, the recipients were submitted
to a double exposure at the same time: MSCs and kidney
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FIGURE 5 | Effect of donor-derived AD- or BM-MSCs and their EVs treatments on renal function and rat survival after kidney transplantation. (A) Blood Urea
Nitrogen. (B) Blood creatinine levels. (C) Proteinuria. (D) Urine creatinine levels. (E) Survival curve was generated using the Kaplan-Meier method and compared
using the long-rank (Mantel-Cox) test. (F) Mean survival time (days). *Significantly different when compared L-L vs F-L + Ø group (*P < 0.05; **P < 0.01, and
***P < 0.001). #F-L + Ø group vs BM-MSCF (#P < 0.05). &F-L + Ø group vs BM-EVF (&P < 0.05). $F-L + Ø group vs AD-MSCF ($P < 0.05).
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FIGURE 6 | Histological evaluation of lesions observed in renal allograft during the rejection process after donor-derived BM-MSCs, their EVs and AD-EVs
treatments. (A) Tubular atrophy, (B) fibrosis, (C) tubulitis, (D) capillaritis, and (E) interstitial infiltrate in rats without treatment (Ø) and with treatment. Significantly
different when compared to F-L + Ø group (*P < 0.05).

FIGURE 7 | Effect of donor-derived AD- and BM-MSCs and their EVs treatments on infiltrating immune cell in kidney graft. (A) T cells, CD3+. (B) Thelpers + Treg cells,
CD3+CD4+. (C) Tcytotoxic cells, CD3+CD8+. (D), NK cells, CD3-CD314+CD161+. (E) B cells, CD3-CD161-B220+. ∗Significantly different when compared to
F-L + Ø group (*P < 0.05; **P < 0.01).
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graft, being the last one a continued and prolonged exposure.
Moreover, in the case of donor-derived BM-MSCF, this therapy
did not provide any survival benefit in our model but improved
renal function at short-term analysis (until week four after
transplantation), and at 12 weeks after transplantation. This
slight amelioration of renal function was associated with a
histological improvement, which was not sufficient to counteract
the reject evolution. To try to do an explanation about this
differences in immunoreactivity that we observed in this setting,
it is that although they have similar surface molecular markers,
and immunomodulatory capacities (Yoo et al., 2009; Pendleton
et al., 2013; Hao et al., 2017), their differentiation capacity
(Liu et al., 2007) as well as, the secretion of paracrine factors
is different (Togel et al., 2005; Hsiao et al., 2012). It is
important to highlight that most of these studies about their
characterization are in vitro models with a relative translatability
to a complex in vivo models. Further in vivo studies have
to be performed to enlighten the deleterious effect of donor-
derived AD-MSC.

The application of donor-derived EVs, independently
from the tissue-derived, did not improve renal function.
Surprising, BM-EVF showed a slight improvement in
survival but AD-EVF was the only therapy that induced
a reduction of T and NK cell infiltration into the kidney.
There are controversies in the bibliography about the
immunomodulatory potential of MSC-EVs. While in pre-
clinical studies it is described that MSC-EVs treatment
halted DC maturation resulting in decreased secretion of
pro-inflammatory cytokines IFNγ, TNFα, IL1β, IL6, and
IL-12p70 and increased the production of anti-inflammatory
cytokine as TGFβ and IL10 (Reis et al., 2018; Ma et al., 2019).
There are differences in the results obtained about B cell
immunomodulation (Koppler et al., 2006; Budoni et al., 2013;
Carreras-Planella et al., 2019), and this immunological capacity
seems to be minor when is compared with parental cells
(Conforti et al., 2014).

Our study has limitations. As EVs were isolated by
ultracentrifugation, and as a consequence, the pellet obtained
contains a heterogeneous population of EVs, including
microvesicles and exosomes, and bioactive proteins as
contaminants, that could interfere in our results. Another
limitation that has to be considered is the EV’s dose administered.
In the literature, the range of doses administrated, either
single or multiple injections, was 30 to 100µg of protein
from EVs or 5.3 × 107 to 1 × 1010 of EVs (Grange et al.,
2017, 2019). In our setting, we would like to treat the
animals with an intermediate dose. For that reason, we
used 1 × 109 EVs that is equivalent to 60µg of protein
from EVs. Moreover, in donor-derived MSCs setting, after
4 weeks of transplantation, we have observed that 25 and
60% of rats died, in BM-MSCF and AD-MSCF, respectively.
The increased mortality led to decide not to include more
rats per group, according to guidelines of the local animal
ethics committee.

Despite of these limitations, we believe that the improvement
of MSCs therapies versus EVs that we observed could be due
to contact cell, moreover at the constant secretion of paracrine

signals as EVs and growth factors. In our opinion, for applying an
EV’s therapy in the future could be necessary more in vivo studies
to perform timing and dose of administration. In addition,
the choice of autologous or donor-derived origin is complex
because autologous are more compatible and can escape from
rejection contrary to the donor-derived origin. However, the
quality of autologous cells could differ between the patients
(Bolton and Bradley, 2015; Mohamed-Ahmed et al., 2018; Chung,
2019) in contrast with donor-derived cells, and that point is
very relevant in the renal improvement. In our hands, donor-
derived MSC therapies showed worse results than autologous
MSC therapies. Concretely, donor-derived AD-MSC accelerates
the rejection process whereas autologous BM-MSC was the
most promising therapy. Moreover, autologous and allogenic
EVs derived from AD- or BM-MSCs did not improve renal
function and graft survival. The reduction of cellular infiltrate
showed could be associated with the described induction of
tolerance associated with Treg dependent mechanism related
to indoleamine 2, 3-dioxygenase (IDO) production induced by
MSCs (Ge et al., 2010; Casiraghi et al., 2012). In spite of this
initial improvement, at the end of the study, we did not observe
a significant reduction of rejection and it could be because the
regenerative potential of MSC was insufficient to revert back the
continuous insult of our chronic in vivo model. It is important to
highlight that in vivo models for MSCs are more adverse than
in vitro, and a poor micro-environment such as low oxygen,
inflammatory condition, and free radicals could decrease the
nephroprotective effect of MSCs (Chung, 2019). In our renal
transplant model, we also applied donor-derived AD- and BM-
EVs as an alternative free-cell-therapy. However, in our protocol,
the timing and dose of MSC-EVs did not reproduce the results
obtained by MSCs. Although the administration of MSC-EVs
has achieved success in acute in vivo models, many questions
about the mechanism of action remain without an answer in
chronic models. The design of in vivo models could be very
complex due to the increased combination of variables in terms
of administration timing, cell type or derivatives, the cell number,
and administration route, which makes the translation to the
clinic difficult.

Our previous results in kidney transplantation using gold
standard immunosuppression (IS), calcineurin and mTOR
inhibitors, showed a significant reduction of graft damage
without reaching complete remission of rejection signs (Rovira
et al., 2018). In this study, we aimed to analyze the long-
term impact of different cell therapies without the presence
of IS on kidney transplantation preventing kidney graft
rejection. However, the animal model established and the
scheme of cell therapies did not have impressive kidney
graft improvement. Further experiments should be performed
using immunosuppressive regimens, being mTOR inhibitors our
choice, in combination with better cell therapy schemes in order
to obtain better results. Inline, Reinders et al. are currently
recruiting patients in a Phase II study (NCT02057965) where
hypothesizes that the combination of autologous bone marrow
MSCs with Everolimus might be an optimal strategy to facilitate
early Tacrolimus withdrawal and reduce fibrosis compared to
standard Tacrolimus dose (Reinders et al., 2014).
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CONCLUSION

In view of our results, EVs treatments did not exert any
benefit in our experimental settings. In the autologous
setting, BM-MSCs prompted as a potentially promising
therapy to improve kidney graft outcomes in rats with
chronic mixed rejection. On the other hand, in the donor-
derived setting, AD-MSC in renal transplantation should be
discouraged because accelerated the progression to end-stage
kidney disease. Further experiments are required to adjust
timing and dose for better long-term outcomes in renal
transplantation.
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Aging is associated with high prevalence of chronic degenerative diseases that take
a large part of the increasing burden of morbidities in a growing demographic of
elderly people. Aging is a complex process that involves cell autonomous and cell non-
autonomous mechanisms where senescence plays an important role. Senescence is
characterized by the loss of proliferative potential, resistance to cell death by apoptosis
and expression of a senescence-associated secretory phenotype (SASP). SASP
includes pro-inflammatory cytokines and chemokines, tissue-damaging proteases,
growth factors; all contributing to tissue microenvironment alteration and loss of
tissue homeostasis. Emerging evidence suggests that the changes in the number
and composition of extracellular vesicles (EVs) released by senescent cells contribute
to the adverse effects of senescence in aging. In addition, age-related alterations
in mesenchymal stem/stromal cells (MSCs) have been associated to dysregulated
functions. The loss of functional stem cells necessary to maintain tissue homeostasis
likely directly contributes to aging. In this review, we will focus on the characteristics and
role of EVs isolated from senescent MSCs, the potential effect of MSC-derived EVs in
aging and discuss their therapeutic potential to improve age-related diseases.

Keywords: mesenchymal stem cells, extracellular vesicles, regenerative medicine, aging, senescence, clinical
translation

INTRODUCTION

Aging of the global population represents a growing burden on our healthcare system with a
significant increase in the incidence of co-morbidities, including neurodegeneration, diabetes,
cardiovascular diseases, cancer, osteoporosis, and osteoarthritis (OA), among others (Suzman et al.,
2015). It is expected that in the coming years, people aged 65 years and over will outnumber children
younger than 5 years. The rise of degenerative chronic diseases in the elderly not only influences
negatively their quality of life but impacts financially our social security systems. There is therefore
an urgent need to better understand the mechanisms driving aging and how we can positively
impact on age-related disorders to develop novel therapeutic strategies.

AGING AND SENESCENCE

Aging is a complex process resulting from the accumulation of unpredictable molecular and
cellular alterations in a time-dependent manner. Aging is characterized by nine hallmarks: genomic
instability, telomere attrition, epigenetic alteration, loss of proteostasis, metabolic dysfunction,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
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communications (for review see Lopez-Otin et al., 2013;
Lidzbarsky et al., 2018). Subsequently, aging is a cell-autonomous
accumulation of damages to organelles and macromolecules
in cells and organs. Cell non-autonomous mechanisms also
play a role in modulating the degenerative changes occurring
spontaneously. As examples, the pro-geronic C-C motif
chemokine ligand 11 (CCL11) detected in serum from old mice
can drive aging in young mice (Villeda et al., 2011). By contrast,
the anti-geronic growth and differentiation factor (GDF11)
identified in serum from young mice can induce rejuvenation
after transfer in old mice using heterochronic parabiosis
(Katsimpardi et al., 2014). However, the anti-aging role of
GDF11 has been questioned since a potent inhibitory effect
on skeletal muscle regeneration has been described thereafter
(Brun and Rudnicki, 2015; Egerman et al., 2015). Although
circulating factors may be important actors in the maintenance
and propagation of aging, the identification of such factors is
still missing. By contrast, the possibility that circulating EVs
may instead mediate the beneficial function of a young milieu
has been reported in a couple of studies and recently discussed
(Prattichizzo et al., 2019).

Cellular senescence is characterized by permanent cell cycle
arrest with resistance to cell death through necrosis, apoptosis
or autophagy. It can be seen as a cell defense mechanism
preventing unwanted proliferation of damaged cells to proceed
toward oncogenic transformation. Senescence is likely not a
single cell state and recent evidence highlights that distinct
stimuli can induce different modes of senescence (for review,
see Lunyak et al., 2017). DNA damage is a key inductive
factor of senescence induced by physical (irradiation) or
chemical [reactive oxygen species (ROS), mutagens] stress
stimuli (stress-induced senescence). The imbalance between
the production of ROS and anti-oxidants defined as oxidative
stress contributes not only to DNA damage but also to protein
damage and mitochondrial dysfunction leading to loss of
homeostasis and senescence (Li et al., 2017). Other well
characterized causes of senescence are telomere shortening
(replicative senescence) and oncogene activation (oncogene-
induced senescence, OIS), which also lead to DNA damage
and persistent DNA damage response (DDR). Recently, the
importance of senescence induced by transforming growth
factor-β (TGF-β)/SMAD and phosphoinositide 3-kinase
(PI3K)/Forkhead box O (FOXO) pathways has been highlighted
as part of the normal developmental process (developmental
senescence) (Munoz-Espin et al., 2013). Whatever the inductive
signal, senescence is primarily controlled by the p53/p21CIP1
(p21) and p16INK4A/pRB signaling pathways (Larsson, 2011).
Stimuli activating the DDR trigger the transcriptional activation
of p53 inducing the cyclin-dependent kinase inhibitor (CDKI)
p21, which inhibits pRB phosphorylation and prevents E2F
activity (Figure 1). Expression of p16INK4A also leads to pRB
activation and E2F inactivation. Depending on the stimulus,
either or both pathways may be activated. Furthermore,
senescence may be transient or chronic. Transient senescence
is involved in a beneficial process for normal development and
regeneration while chronic senescence is associated with harmful
process leading to disease and aging.

Senescent cells are characterized by enlarged nuclei and
flattened morphology with presence of stress fibers, decreased
adherence on plastic and vacuolization resulting from the
dysregulated accumulation of macromolecules. They stain
positive for acidic senescence-associated β-galactosidase (SA-
βGal) activity, which is one of the most used senescence
markers. More recently, senescence-associated lysosomal α-L-
fucosidase (SA-α-Fuc) was proposed as a more sensitive and
robust biomarker for cell senescence as compared to SA-
βGal (Li et al., 2017). The presence of senescence-associated
heterochromatin foci (SAHF), which are stained by DAPI, and
the expression of lysine 9-trimethylated histone H3 (H3K9Me3)
are also hallmarks of DRR-associated senescence. The activity
of the DDR can be highlighted by revealing the accumulation
of γH2AX protein in the nucleus (Larsson, 2011). Markers
of senescent cells include enhanced expression of cell cycle
regulators (p16INK4a, p21, p27, p53, pRB) and of senescence-
associated secretory phenotype (SASP) factors (Figure 1).
The SASP comprises cytokines [interleukin-1β (IL-1β), IL-6],
chemokines [monocyte chemoattractant protein-1 (MCP-1), IL-
8], growth factors [vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), hepatocyte growth factor
(HGF), insulin growth factor-1 (IGF-1), TGFβ] and extracellular
proteases [matrix metalloprotease-1 (MMP-1), -3, -13]. Of note,
a large number of these factors are expressed at high basal levels
in multipotent mesenchymal stromal or stem cells (MSCs).

MESENCHYMAL STEM CELLS AND
EXTRACELLULAR VESICLES

Mesenchymal stem cells (MSCs) are isolated in large quantities
from different tissue sources, especially bone marrow, adipose
tissue or perinatal tissues and can be expanded ex vivo. They
are defined by their capacity to adhere to plastic, a set of
phenotypic markers (CD73+, CD90+, CD105+, CD11b− or
CD14−, CD19− or CD79a−, CD34−, CD45−, HLA-DR−) and
the ability to differentiate toward osteoblasts, adipocytes and
chondrocytes (Dominici et al., 2006). In addition to their
differentiation potential, MSCs are supportive cells exerting
pleiotropic functions. They can exert namely anti-inflammatory,
pro-proliferative, pro-angiogenic, anti-fibrotic, anti-apoptotic
functions thanks to cell-cell interactions and secretion of a high
number of soluble molecules. Among these, prostaglandin E2
(PGE2), TGFβ, IL-6, IL-1 receptor antagonist (IL-1RA), tumor
necrosis factor (TNF)-inducible gene 6 protein (TSG6), nitric
oxide (NO) produced by inducible NO synthase (iNOS) or
kynurenine produced by indoleamine 2. 3-dioxygenase (IDO)
are part of the anti-inflammatory secretome (Harrell et al.,
2019). Other molecules such as HGF, FGF, VEGF are important
components of the paracrine activity of MSCs. These molecules
act upon release in the extracellular compartment but recent
evidence indicates that they are primarily conveyed within
extracellular vesicles (EVs) that play a key role in the cell-cell
communication pathways.

Extracellular vesicles are divided into two main
subtypes: exosomes and microvesicles (or microparticles)
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FIGURE 1 | Summary of transcriptional regulation of senescence in MSCs. In response to different stresses (oncogene, telomere attrition, oxydative stress,
inflammation or mitochondrial dysfunction), DNA damage response (DDR) is induced in healthy MSCs leading to the activation of the two main signaling pathways
p19ARF and p16INK 4A. Activation of p19ARF results in p53 and p21 activation, which inhibits CDK2 and induces senescence. Activation of the p16INK 4A-pRB
pathway leads to cell cycle arrest and triggers senescence. Senescent MSCs are characterized by enlarged cells and nuclei, increased number of stress fibers,
increased number of γH2AX foci and senescence-associated heterochromatin foci (SAHF), positive staining for SA-βGal and increased senescence markers and
senescence-associated secretory phenotype (SASP).

(van Niel et al., 2018). Exosomes are small particles (less than
120 nm) originating from the endosomal compartment and
produced in multivesicular bodies (MVB) that thereafter
fuse with the plasma membrane to release their exosomal
content. Microvesicles are vesicles around 100–500 nm
that form by the budding of the plasma membrane under
stress-inductive conditions. A third type of EVs called
apoptotic bodies are characterized by a larger size (500–
5000 nm) and a release upon fragmentation of apoptotic cells.
However, they are not in the focus of the present review.
The heterogeneity in EV size makes difficult to separate
exosomes from microvesicles using current procedures for EV
isolation, essentially based on physico-chemical properties.

Because large exosomes and small microvesicles share similar
density and size, the available purification methods can
only separate small size and large size EVs (sEVs and lEVs,
respectively), independently of their biogenesis (Thery et al.,
2018). EVs contain proteins, lipids and nucleic acids, including
mRNA, DNA and non-coding RNAs such as microRNAs
and long non-coding RNAs (lncRNAs). They are enriched
in some specific proteins (tetraspannins, members of the
endosomal sorting complexes required for transport (ESCRT),
heat shock proteins) and lipids, especially cholesterol and
sphingolipids. Nonetheless, the content of EVs mirrors the cell
of origin and EVs also convey molecules that are specific for a
particular cell type.
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Extracellular vesicles are found in all biological fluids (blood,
urine, breast milk, saliva, cerebrospinal fluid, synovial fluid,. . .)
and are produced by all cell types. They are recognized
as important components of the cell-to-cell communication
pathways and exert a number of functions depending upon the
parental cell and the environmental context. They are involved
in tissue homeostasis maintenance and repair. They may also
reflect the pathological state of the releasing cells, making them
promising biomarkers of diverse pathologies (Svenningsen et al.,
2019). EVs are therefore attractive as biomarkers for diagnosis or
prognosis purposes and as therapeutic agents with documented
activities related to the parental cell origin. EVs isolated from
MSCs (MSC-EVs) are of particular interest for the scientific
community because they reproduce the main functions of the
parental cell, notably their immunosuppressive effect, and are
safer since they do not possess nuclei and cannot replicate
(Baldari et al., 2017). However, the function and the number of
MSCs are altered with aging, which likely impact the content
and effect of MSC-EVs (Li et al., 2017; Robbins, 2017). This
dysfunction contributes to a large extend to the age-related
degenerative changes in old individuals.

EFFECT OF AGING ON MSCs

Although data on the functionality of MSCs isolated from aged
subjects with respect to young individuals are still debated
in the literature, some consensual evidence appears. With the
increase of donor age, MSCs from bone marrow are reported
to show a decrease in proliferative and clonogenic/self-renewal
capacities, characterized by the number of colony-forming unit-
fibroblasts (CFU-F) but no phenotypic change is correlated
with age (for review, see Charif et al., 2017). Nevertheless, a
low expression level of CD146 is associated with late passages
and shortening of telomeres in MSCs (for review, see Fafian-
Labora et al., 2019). In addition, a decrease in the expression of
CD106 and Stro-1 is observed in late passage MSCs while CD295
(leptin receptor) is increased (for review, see Li et al., 2017).
Functionally, the differentiation capacity of MSCs, notably the
osteogenic and chondrogenic differentiation potential, decreases
with increasing donor age as well as their capacity to polarize
macrophages toward the anti-inflammatory M2 phenotype (Yin
et al., 2017). Adipogenic differentiation of MSCs is reported
to increase with age. Interestingly, autophagy is increased in
MSCs entering replicative aging (for review, see Fafian-Labora
et al., 2019). Autophagy may play a dual role: in some models,
autophagy induction is required for senescence while in other
contexts, the decrease of autophagy induces senescence (Falser
et al., 1987; Capasso et al., 2015). Nonetheless, the current
paradigm underlines a key role for autophagy in reversing
partially the senescence process occurring during aging (for
review, see Fafian-Labora et al., 2019). Finally, levels in ROS and
resulting oxidative stress are increased in aging MSCs (Marycz
et al., 2016). Oxidative stress may result from low grade chronic
inflammation occurring in aging and many degenerative diseases
(Tofino-Vian et al., 2017). By contrast, treatment of MSCs
with melatonin protects them from oxidative stress and related

senescence highlighting the correlation between oxidative stress
and senescence (Yun et al., 2018).

Replicative senescence can be induced in MSCs upon
passages within population doublings (PD) 20–50 in culture.
MSCs stop proliferating but maintain their metabolic state
for a prolonged time. Although telomere shortening is not
detected, accumulation of DNA damages and activation of the
DDR together with loss of epigenetic control on chromatin
deterioration have been described (for review, see Lunyak et al.,
2017). MSCs have also been shown to enter OIS in response
to oncogene exposition or loss of tumor suppressor genes
(Braig et al., 2005). They can enter stress-induced senescence
when exposed to oxidative stress, doxorubicin, bleomycin or
very low doses of pesticides or irradiation (for review, see
Lunyak et al., 2017). Finally, although not shown yet in MSCs,
ectopic expression of the four reprogramming transcription
factors OCT4, SOX2, KLF4 and C-MYC (OSKM) can cause
senescence, which suggests that it could be indispensable for
organism development (Mosteiro et al., 2016). Indeed, aging and
senescence impact MSC characteristics in several ways and affect
also the release of bioactive factors and EVs. A detailed analysis
of the MSC secretome in different models of induced senescence
revealed different protein profiles sustaining different expected
functions (for review, see Lunyak et al., 2017).

Interestingly, a couple of studies indicate that age-related
alterations in MSCs can be reversed. One interesting study
reports a significant increase of cell division cycle 42 (Cdc42)
activity in aged MSCs that can be decreased by the selective
inhibitor ML141 (Chaker et al., 2018). Addition of ML141 on
aged MSCs enhances cell growth, plastic adherence, viability and
decreases the senescence markers, p16, p21, p53 while it restores
the balance between pro- and anti-inflammatory cytokines.
Other treatments, including resveratrol and non-coding RNA
modulation, may also reverse the altered phenotype in senescent
MSCs (Okada et al., 2016; Vono et al., 2018).

IMPACT OF CIRCULATING SENESCENT
EVs ON MSC FUNCTION

The SASP in local tissue microenvironment and in body fluids
impacts the characteristics and functions of resident stem cells
and participates to altered tissue homeostasis occurring with
aging. EVs are proposed to take a large part in senescence
induction as demonstrated in a number of studies, notably
on MSCs. A first study reported that the miRNA profiles of
EVs isolated from the bone marrow interstitial fluid (BMIF-
EVs) from young or aged mice were different with a significant
increase of the miR-183 cluster in aged samples (Davis et al.,
2017). In vitro, aged BMIF-EVs were highly endocytosed by
young MSCs, which displayed reduced capacity to differentiate
into osteoblasts. Transfection of young MSCs with miR-183-
5p reduced proliferation and osteogenesis while it increased
senescence. Likewise, circulating EVs from blood plasma of
elderly donors were shown to reduce the osteogenic potential
of young MSCs (Weilner et al., 2016). MiR-31 produced by
endothelial cells was detected at elevated levels in the plasma
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of osteoporotic and elderly patients and identified as one
causal factor of osteogenesis inhibition by targeting Frizzled-3.
Indeed, miR-31 may be involved in impaired bone formation
in age-related diseases and may represent a valuable circulating
biomarker for aging. Another study revealed that EVs from older
women express high levels of C24:1 ceramide, a sphingolipid
associated with the promotion of cell senescence and apoptosis,
compared to younger individuals (Khayrullin et al., 2019).
MSCs, which readily capture serum EVs, can be induced to
senescence when EVs are loaded with C24:1 ceramide. In another
report, muscle-derived circulating EVs isolated from the serum
of old mice were shown to express higher levels of miR-34a,
a miRNA associated with aging and inflammation, than in
young mice (Fulzele et al., 2019). EVs recovered from miR-
34a-overexpressing myoblasts reduced the survival of MSCs and
increased senescence as detected by higher SA-βGal activity.
Interestingly, EVs isolated from these myoblasts homed to bone
in vivo and induced senescence of primary bone marrow-derived
MSCs ex vivo. The authors concluded that aged skeletal muscle
may be a potential source of circulating senescence-associated
EVs impacting stem cell populations in tissues. Altogether,
current data confirm that MSCs cultured ex vivo can be induced
to senescence by circulating and tissue-derived aged EVs.

CHARACTERISTICS AND FUNCTION OF
EVs FROM SENESCENT OR AGED MSCs

Increase of EV production is a general feature in aged and
senescence-induced cells as shown by several studies as early as
2008 (Lehmann et al., 2008; Beer et al., 2015; Takasugi et al.,
2017). Accordingly, the production of EVs by MSCs increases
with donor age and late passage cultures (Fafian-Labora et al.,
2017, 2019; Lei et al., 2017). The release of EVs from senescent
cells is at least partially dependent on p53 and its downstream
target gene tumor suppression-activated pathway 6 (TSAP6).
P53 is a transcriptional regulator of endosome-associated genes,
including Rab5B and Rab27B, that play important roles in
endosome regulation and exosome biosynthesis (Fujii et al.,
2006). There are two possible explanations for the enhanced
secretion of EVs from senescent cells. EVs mediate the removal of
undesirable, misfolded and toxic molecules, notably cytoplasmic
DNA, allowing survival of cells (for review, see Takahashi et al.,
2017). Fragmented DNA is known to activate the DDR and
the export of fragmented DNA by EVs may contribute to
prevent the aberrant activation of DDR pathways. Alternatively,
senescent cells release EVs in the surrounding environment as a
protective mechanism to communicate a distress signal, enabling
neighboring cells to react more rapidly and more efficiently
to stress. However, it must be underlined that EVs may also
represent a non-canonical part of the SASP contributing to a
pro-senescent signal via a bystander effect.

A second feature of EVs released by senescent cells is
altered cargos (for review, see Urbanelli et al., 2016). EVs are
proposed to be involved in the modulation of chronic, systemic
inflammation occurring during aging (inflamm-aging), which is
associated with the progression of age-related diseases, through

the transport of a number of miRNAs. These miRNAs called
inflammamiRs regulate the main age-related processes: DDR,
oxidative stress, proteotoxic stress, senescence or mitochondrial
dysfunction (for a review, see Prattichizzo et al., 2017). A panel of
inflammamiRs commonly identified in distinct cell types includes
miR-19b, miR-20a, miR-21, miR-126, miR-146a, and miR-155.
In MSC-EVs, expression of several miRNAs is modulated with
increasing age (for review, see Fafian-Labora et al., 2017).
A decreased expression of a number of miRNAs was observed
in MSC-EVs from old versus young rats (Wang et al., 2015).
A significant decrease was confirmed for miR-294 and miR-
872-3p. In another study, miR-146a and miR-335-5p were
up- and down-regulated, respectively, in late passage MSC-
EVs versus early passage MSC-EVs but the expression of both
miRNAs increased with increasing age in MSC-EVs (Lei et al.,
2017). However, the modulated expression of these miRNAs in
MSC-EVs was not demonstrated to be related to senescence
induction. Finally, miR-183-5p was shown to be preferentially
expressed in EVs isolated in bone marrow-derived MSCs from
aged mice and to induce senescence features in young MSCs
(Davis et al., 2017). The modulation of miRNAs in aged versus
young MSC-EVs or late versus early passage MSC-EVs is
illustrated in Figure 2. Furthermore, a number of miRNAs
whose expression is modulated in aged versus young MSCs
have been identified (Okada et al., 2016; Ganguly et al., 2017;
Kulkarni et al., 2017; Vono et al., 2018; Figure 2). Their presence
and expression level in MSC-EVs remain to be determined.
However, two of them, miR-17 and miR-335-5p, have been
described as higher in young MSCs versus aged MSCs and in
aged MSC-EVs versus young MSC-EVs, respectively, suggesting
a possible modulation of their expression in MSC-EVs with
respect to the parental cells. These miRNAs identified in MSCs
as senescence- and/or aging-associated factors have also been
described in other cell types, except for miR-27b, miR-199-5p,
miR-294, and miR-872-3p, highlighting their importance in the
regulation of aging.

The current notion is that EVs exert similar functions
as the parental cells. Indeed, the modulation of secretomes
and EV contents released by senescent and/or aged MSCs
likely contributes to their altered functions (for review, see
Lunyak et al., 2017). Contrary to EVs isolated from aged
MSCs, EVs from young MSCs were shown to rejuvenate old
hematopoietic stem cells and restore their functions thanks
to the transfer of autophagy- and lineage commitment-related
mRNAs (Kulkarni et al., 2017). The authors discussed the
hypothesis that reduced expression of these mRNAs in old
MSC-EVs could be one of the mechanisms involved in niche-
mediated aging of hematopoietic stem cells. Similarly, bone
marrow MSC-EVs isolated from aged mice were reported to
impair the sensitivity to insulin of adipocytes, myocytes and
hepatocytes in vitro and to induce insulin resistance in vivo,
through miR-29b-5p upregulation (Su et al., 2019). Another
study described the therapeutic role of young MSC-EVs in
liposaccharide-induced acute lung injury while aged MSC-EVs
failed to exert protective effect (Huang et al., 2019). This effect
was mediated by the switch in macrophage polarization toward
an anti-inflammatory phenotype and an altered miRNA content.
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FIGURE 2 | Features of senescent MSC-EVs. With aging and senescence, production of EVs by MSCs is increased and their cargo is altered. Both the content in
different types of molecules and their number may be altered in MSCs. More specifically, several miRNAs have been identified as being modulated in MSCs and in
MSC-EVs (blue) with aging and/or senescence. Upon release, MSC-EVs will interact in an autocrine and paracrine manner with the parental and target cells
contributing to senescence propagation. Senescent MSC-EVs can interact directly with cell surface receptors and induce intracellular signaling pathways or fuse
with the plasma membrane or be internalized by endocytosis. After internalization, proteins, miRNA and mRNA are released in the cytosol where they are functionally
active.

To our knowledge, no literature exists on the function of EVs
isolated from senescence-induced MSCs. Interestingly, senescent
fibroblasts isolated from oral submucous fibrosis biopsies were
shown to participate in the improvement of fibrotic tissue
through the secretion of MMPs (Pitiyage et al., 2011). Although
we have to face to the lack of data on the contribution of
EVs isolated from aged or senescent MSCs to the aging of
the organism, the hypothesis that the secretome of senescent
MSCs might influence and modulate stem cell niches and
tissue homeostasis has been discussed elsewhere (for review, see
Lunyak et al., 2017). Therefore, the possibility that senescent

MSC-EVs may induce opposite effects depending on the tissue,
the age or the context (inflammation, disease, . . .) has to be
further investigated.

THERAPEUTIC EFFECT OF MSC-EVs ON
SENESCENCE IN AGE-RELATED
DISEASES

The regenerative properties of MSCs and MSC-EVs have
been largely demonstrated and illustrated on a large
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variety of age-related degenerative diseases (for review, see
Phinney and Pittenger, 2017; Chang et al., 2018; Chen et al.,
2019). As examples, MSC-derived EVs were reported to have a
chondroprotective effect in OA (Cosenza et al., 2017; D’Arrigo
et al., 2019) and to exhibit beneficial role in type 1 and
type 2 diabetes (Fan et al., 2019; Mahdipour et al., 2019), in
cardiovascular diseases (Bian et al., 2014; Suzuki et al., 2017) or
stroke (Doeppner et al., 2015).

The modulating role of EVs on the aging process has been
demonstrated in vivo in a couple of studies. One of these
studies reported that hypothalamic neural stem/progenitor cells
(NSS) secrete decreasing amounts of EVs in the cerebrospinal
fluid during aging (Zhang et al., 2017). Interestingly, a
central treatment with healthy NSS-EVs could control whole
body’s aging through the release of exosomal miRNAs.
Another study showed that circulating levels of extracellular
nicotinamide phosphoribosyltransferase (eNAMPT) decline
with age and that over-expression of eNAMPT in adipose
tissue or infusion of eNAMPT-containing EVs can extend
the lifespan of aged mice (Yoshida et al., 2019). This effect
was mediated by the release of eNAMPT-containing EVs
into target cells that led to enhanced NAD+ synthesis,
a known factor regulating the aging process. However,
the effect of MSCs has been poorly investigated on age-
associated senescence. One study reports that the secretome
from human fetal MSCs ameliorates replicative senescence
of adult MSCs as shown by significantly reduced SA-βGal
expression and activity, enhanced cell proliferation and
osteogenic differentiation potential in late passage (Wang
et al., 2016). A similar approach demonstrated that the
conditioned medium (CM) from MSCs regulated senescence
features in IL1β-treated OA chondrocytes, namely SA-βGal
activity, accumulation of γH2AX foci and reduction in
the number of actin stress fibers (Platas et al., 2016). In
addition, CM from MSCs decreased the oxidative stress,
expression of p21 and enhanced the expression of sirtuin-
1 (SIRT-1). These data were confirmed in another report
showing that MSC-EVs from healthy donors downregulate
SA-βGal activity and γH2AX foci in IL1β-treated osteoblasts
isolated from OA patients (Tofino-Vian et al., 2017). MSC-
EVs were also shown to reduce the production of the pro-
inflammatory cytokines IL6 and PGE2 and the oxidative
stress. Finally, EVs from young MSCs were reported to
improve growth and to reduce senescent features of MSCs

induced to genetic or replicative senescence (passages 10–14)
(Liu et al., 2019).

CONCLUSION AND PERSPECTIVES

Aging impacts the function of MSCs and stimulates their
senescence in vivo. With advancing donor age, senescent
MSCs are characterized by a decline in the number of CFU-
F, decreased capacity for differentiation, angiogenesis, wound
healing properties and increased secretion of a SASP that
contributes to senescence propagation. MSC-EVs have now been
shown to be new components of the SASP and critical players
in cellular senescence and aging. MSC-EVs are moving into
the clinics for a number of therapeutic applications because
this cell-free therapy offers more safety, better reproducibility
and potentially higher scalability. Success of these therapies will
depend on the physiological function of the parental cells and
senescent MSCs may loss or have reduced therapeutic function
and even worse, counteract the efficiency of the treatment.
Aging therefore represents a limitation to the use of autologous
MSCs, especially in older patients, for their use in tissue
engineering and cell therapy applications. A better understanding
of the senescence process will help controlling and modulating
MSC-EVs cargos for boosting the beneficial effects of these
innovative treatments.
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Stem cell therapy has garnered much attention and application in the past decades for
the treatment of diseases and injuries. Mesenchymal stem cells (MSCs) are studied most
extensively for their therapeutic roles, which appear to be derived from their paracrine
activity. Recent studies suggest a critical therapeutic role for extracellular vesicles (EV)
secreted by MSCs. EV are nano-sized membrane-bound vesicles that shuttle important
biomolecules between cells to maintain physiological homeostasis. Studies show that
EV from MSCs (MSC-EV) have regenerative and anti-inflammatory properties. The use of
MSC-EV, as an alternative to MSCs, confers several advantages, such as higher safety
profile, lower immunogenicity, and the ability to cross biological barriers, and avoids
complications that arise from stem cell-induced ectopic tumor formation, entrapment in
lung microvasculature, and immune rejection. These advantages and the growing body
of evidence suggesting that MSC-EV display therapeutic roles contribute to the strong
rationale for developing EV as an alternative therapeutic option. Despite the success in
preclinical studies, use of MSC-EV in clinical settings will require careful consideration;
specifically, several critical issues such as (i) production methods, (ii) quantification and
characterization, (iii) pharmacokinetics, targeting and transfer to the target sites, and
(iv) safety profile assessments need to be resolved. Keeping these issues in mind, the
aim of this mini-review is to shed light on the challenges faced in MSC-EV research in
translating successful preclinical studies to clinical platforms.

Keywords: mesenchym stem cell, extracellular vesicle, stem cell therapeutics, biodistribution, clinical use

INTRODUCTION

Stem cell therapy has garnered much attention and application in the past decades for the treatment
of diseases and injuries. Among the different stem cell types, mesenchymal stem cells (MSCs) are
studied most extensively, particularly for their application in regenerative medicine and tissue
engineering (Brooke et al., 2007). MSCs are being widely researched for their therapeutic roles.
MSCs are multipotent stromal cells that can differentiate into a variety of cell types (Ullah et al.,
2015) and can be obtained from four common sources: adipose tissue, peripheral blood, bone

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 March 2020 | Volume 8 | Article 14948

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.00149
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00149
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00149&domain=pdf&date_stamp=2020-03-12
https://www.frontiersin.org/articles/10.3389/fcell.2020.00149/full
http://loop.frontiersin.org/people/895026/overview
http://loop.frontiersin.org/people/896567/overview
http://loop.frontiersin.org/people/895044/overview
http://loop.frontiersin.org/people/895058/overview
http://loop.frontiersin.org/people/232622/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00149 March 10, 2020 Time: 20:22 # 2

Gowen et al. Mesenchymal Stem Cell-Derived Extracellular Vesicle

marrow, and umbilical cord/blood (Gimble and Guilak, 2003;
Timmins et al., 2012; Roura et al., 2015). Initially, the therapeutic
efficiency of MSCs was attributed to their ability to migrate
and engraft in target tissues; however, studies show that
systemically administered MSCs rarely reach the target in great
numbers (Gao et al., 2001), suggesting that the biological effects
observed due to stem cell administration are likely due to
their secreted factors. These secreted factors are attributed to
several beneficial effects, such as neuroprotection, neurogenesis,
myocardial protection, inflammation, etc (Lai et al., 2010; Yagi
et al., 2010; Hsieh et al., 2013).

Recent studies on extracellular vesicles (EV) and their function
have shed light on their crucial role in mediating cell-to-
cell communication (Yáñez-Mó et al., 2015). EV are nano-
sized membrane-bound vesicles (size range 30–1000 nm) that
shuttle important biomolecules between cells (Valadi et al., 2007;
Mittelbrunn and Sanchez-Madrid, 2012; Tetta et al., 2013),
maintain physiological homeostasis (Zhang et al., 2019), and
influence pathogenesis (Vakhshiteh et al., 2019). Studies show
that EV from MSCs (MSC-EV) have regenerative and anti-
inflammatory properties in animal models of stroke (Doeppner
et al., 2015; Bang and Kim, 2019; Dabrowska et al., 2019),
traumatic brain injury (Kim et al., 2016; Das et al., 2019; Ni
et al., 2019), wound healing (Zhang et al., 2015), and perinatal
brain injury (Thomi et al., 2019). Recent studies demonstrated
that MSC-EV exert biological effects comparable to those of the
parent cells (Bruno et al., 2009; Lai et al., 2010; Nawaz et al., 2016;
Shao et al., 2017; Baek et al., 2019) and mediate the paracrine
effects of the MSCs (Camussi et al., 2013; Xin et al., 2013a).
While there are only a few studies that directly compare MSC-
EV treatments to MSCs treatments, the overlapping effects seem
to indicate that MSCs are merely the vehicle and that MSC-EV
have a greater likelihood of impacting damaged areas (Moon
et al., 2019). The use of MSC-EV, as an alternative to MSCs,
confers several advantages such as higher safety profile (Yeo
et al., 2013), lower immunogenicity (Natasha et al., 2014), and
the ability to cross biological barriers (Zhuang et al., 2011).
Additionally, use of MSC-EV avoids complications that arise
from stem cell-induced ectopic tumor formation, entrapment
in lung microvasculature, and immune rejection (Badillo et al.,
2007; Jeong et al., 2011; Wang et al., 2015; Fennema et al., 2018).
These advantages and the growing evidence of MSC-EV having
therapeutic roles contribute to the strong rationale, if not the
necessity, for developing EV as therapeutic treatment options.

PRECLINICAL STUDIES OF MSC-EV

The therapeutic efficiency of human MSC-EV has been tested
in preclinical animal models and across many diseases and
injuries. Li et al. (2013) showed that human umbilical cord
MSC (hUCMSC)-derived exosomes (that are extracellular
vesicles of 30–150 nm range) could ameliorate the carbon
tetrachloride-induced liver fibrosis by providing hepatic
protection and inhibiting the detrimental epithelial-to-
mesenchymal transition. Further, hUCMSC-derived EV are
shown to ameliorate experimental autoimmune uveoretinitis

by inhibiting inflammatory cell migration (Bai et al., 2017).
Exosomes from hUCMSCs are also suggested as therapeutic
tools for cisplatin-induced nephrotoxicity (Zhou et al., 2013).
Bian et al. (2014) demonstrated that hUCMSC-derived EV
protect cardiac tissue from ischemic injury, partly by promoting
angiogenesis, in a rat model of myocardial infarction. In
atopic dermatitis mouse models, intravenous administration
of EV from human adipose tissue-derived MSCs (hAMSCs)
has shown anti-atopic effects (Cho et al., 2018). EV from
hAMSCs are also shown to possess therapeutic potential in
neurodegenerative disorders, such as Alzheimer’s disease (AD),
and Huntington’s disease. In an in vitro AD mouse model,
hAMSC-derived EV are shown to ameliorate the progression
of beta-amyloid-induced neuronal death (Lee et al., 2018).
Investigation of the therapeutic effects of hAMSC-derived
exosomes in in vitro Huntington’s model revealed their
neuroprotective effects; the Huntington’s disease phenotype was
ameliorated via modulation of mutant Huntington aggregates’
mitochondrial and apoptotic functions (Lee et al., 2016).
Interestingly, this neuroprotective property seems to influence
the neurodevelopment of the fetal brain; it has been shown that
application of human bone marrow (hBMMSC)-derived EV is
capable of protecting the development of fetal brains afflicted
with hypoxia (Ophelders et al., 2016). As highlighted in Figure 1,
several preclinical studies showed success in applying MSC-EV;
however, generating success in the lab is not enough to generate
conclusive clinical results.

CLINICAL USE OF MSC-EV

There are few published studies demonstrating the clinical
effectiveness of MSC-EV. In one study, hBMMSC-EV were
tested in patients suffering from steroid refractory graft-versus-
host disease (Kordelas et al., 2014). Outcomes of the study
revealed significant improvements in graft-versus-host disease
symptoms. In another study, administration of hUCMSC-EV
resulted in overall improvement in kidney function in grade
III-IV chronic kidney disease patients (Nassar et al., 2016).
Nassar et al. (2016) conducted a clinical trial to assess the effects
of hUCMSC-EV on pancreatic islet beta cell mass in Type-1
diabetic patients (trial NCT02138331). Results of this clinical
trial are not yet published. However, a supporting preclinical
study suggested that intravenous administration of hUCMSC led
to reduced blood sugar level as the main paracrine approach
of MSCs and partially reversed insulin resistance in Type 2
diabetes mellitus indirectly to accelerate glucose metabolism
(Yaoxiang et al., 2018). Also, with other MSC, it was shown
that hBMMSCs led to the suppression of autoimmunity and the
regeneration of islet beta cells, therefore preventing the onset
of Type-1 diabetes (Ezquer et al., 2012; Zhao et al., 2012).
Moreover, there are other ongoing trials conducted to determine
the safety and efficacy of human MSC-EV – one led by Zhang
et al. (NCT03437759) using hUCMSCs to promote healing of
large and refractory macular holes and another by Zali et al.
(NCT03384433) using miR-124-loaded exosomes in patients with
acute ischemic stroke. While many clinical studies are in the
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FIGURE 1 | Therapeutic roles of human MSC-derived EV in various diseases. MSC-EV from different sources (hUCMSCs, hBMSCs, hATMSCs) are shown to
ameliorate disease conditions such as Alzheimer’s (AD), Parkinson’s (PD), and cirrhosis. It also effects cell and organ injuries such as microbial ischemic brain injury,
calcification of Smooth Muscle (SM) cells, Skeletal Muscle (SK) degeneration, chronic and acute renal injury, Pancreatic degeneration, and Acute respiratory
distress/injury. The mechanism of affect is shown by positive regulation in the blue arrow and negative regulation in the red line.

recruitment and active phases, much of these terminate without
producing a significant publication.

CHALLENGES IN CLINICAL
APPLICATIONS

Despite the therapeutic success of MSC-EV in preclinical studies,
use of these EV in clinical settings will require resolution
of several critical issues such as (i) large-scale production
and isolation methods, (ii) methods for rapid and accurate
quantification and characterization of EV, (iii) precise content
characterization of the cargo, (iv) pharmacokinetics, targeting
and transfer mechanisms of EV to the target sites, and (v) safety
profiles to determine the optimal clinical dosage and possible
toxicities upon repeated administration.

Large-Scale Production of MSC-EV
Traditional methods for maintenance and expansion of cells rely
on a two-dimensional culture technique. Long-term passaging
to produce sustainable quantities of EV may cause the cells to
lose clonal and differentiation capacity (McKee and Chaudhry,
2017). Therefore, there is an urgent need for development of
methods for reliable expansion of MSCs to mass produce EV for
clinical use. Current methods of expansion of MSCs are labor-
intensive and involve several procedures. The methods available
for MSCs culture expansions are: (i) traditional tissue culture
techniques in flasks (Nekanti et al., 2010; Oliver-Vila et al., 2016)
or (ii) use of three-dimensional culturing bioreactors made up
of polysulphone hollow fibers with semi-permeable membranes

that greatly increase the surface area, as described by Mennan
et al. (2019) and (McKee and Chaudhry, 2017). Unfortunately,
the existing methods for EV production have low yields and are
not scalable, impeding the progress of preclinical and clinical use
of EV as therapeutics (Whitford and Guterstam, 2019). Large-
scale EV production employs the use of large or multi-layer
culture flasks, fixed-bed bioreactors, in-stirred tank bioreactors,
or continuous production in perfusion reactors (Colao et al.,
2018). Most of these methods aim to increase the EV production
through maximizing the culture surface area as compared to the
conventional planar cell culture in flasks (Whitford et al., 2015).
Supporting this notion, a recent study showed that cultivation
of hUCMSCs in scalable microcarrier-based three-dimensional
cultures resulted in twenty-fold greater yield of EV than two-
dimensional cultures (Haraszti et al., 2018).

Several technical factors when using cell culture supernatants
for EV extraction need to be standardized to ensure batch-to-
batch reproducibility and lot-consistent EV-production (Witwer
et al., 2013). Many factors can affect the quality and quantity of
the EV produced from the MSCs, such as cellular confluence,
early versus later passage of cells, oxygen concentration,
cytokines, heparin, and serum content of the medium (Lener
et al., 2015). For instance, studies show that fetal bovine serum
(FBS), a nutrient for growing cells in culture, has RNA-containing
EV that can affect the cell culture behavior, highlighting the
importance of developing a protocol where EV are generated
without such interferences (Shelke et al., 2014). Also, serum-
free cultures are shown to alter EV quantity and protein
composition (Li et al., 2015). Addressing this issue, Pachler et al.
(2017) developed a Good Manufacturing Practice (GMP)-grade
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standard protocol where they showed that hBMMSCs cultured in
EV-depleted medium with reduced pooled human platelet lysate
(a serum-free medium) (i) retained their morphology, phenotype,
viability and differential potential, (ii) strongly affected hBMMSC
proliferation and differentiation capacities, (iii) were enriched
in hBMMSC-EV, and (iv) showed unchanged EV-RNA profiles
that originated from hBMMSCs (Pachler et al., 2017). This
study offers an option for GMP-compliant large-scale production
of MSCs and MSC-EV. Apart from manipulating the culture
conditions, manipulating the EV-biogenesis biology may also
improve the yield of EV (Phan et al., 2018).

Effective and Scalable EV Isolation
Methods From MSCs Culture Medium
Besides large-scale manufacturing of EV, scalable EV isolation
techniques are lacking, making clinical translation of EV
therapeutics difficult. Currently, there are various methods
available for EV isolation (Lotvall et al., 2014; Li et al., 2019);
however, there is no state-of-the-art technology to isolate EV
in large quantities for clinical use. In research, there are
five major isolation methods: (i) differential centrifugation,
(ii) density gradient ultracentrifugation, (iii) size-exclusion
chromatography (SEC), (iv) precipitation, and (v) immune-
based capture method (Colao et al., 2018). Interestingly, many
research groups (Nordin et al., 2015; Benedikter et al., 2017;
Mol et al., 2017) have demonstrated that EV isolated from stem
cell culture by ultrafiltration followed by SEC results in higher
yield while preserving EV biophysical and functional properties
(Monguio-Tortajada et al., 2019).

The popularity of SEC in both therapeutics and biomarker
discovery for disease diagnosis was explored by Stranska et al.
(2018) to demonstrate the superiority of SEC qEV (Izon Science)
over affinity-based EV isolation method (using exoEasy kit,
Qiagen) from human plasma. Intriguingly, SEC alone is unable
to separate plasma EV from lipoproteins unless combined with
density gradient isolation (Karimi et al., 2018).

Biodistribution and Targeting of MSC-EV
to Target Tissues
To investigate MSC-EV as a therapeutic tool, it is critical to
consider their biodistribution and targeting mechanisms in vivo.
One method of studying different tissue targets in living animals
is optical imaging (OI). This non-invasive method can visualize
labeled cells in vivo using near-infrared (NIR) dyes that maximize
depth of tissue penetration and reduce background (Rao et al.,
2007; Boddington et al., 2008; Tögel et al., 2008; Grange et al.,
2014; Wen et al., 2019). In a mouse model of acute kidney injury
(AKI), Grange et al. (2014) used two methods for the labeling of
MSC-EV: direct labeling of purified EV and generation of labeled
EV from MSCs pre-incubated with NIR dye. They found that
EV were detectable in whole-body images and dissected kidneys
using OI, and EV that were directly labeled with NIR dye showed
higher and brighter fluorescence compared to the labeled EV
produced by MSCs. They also found that MSC-EV accumulated
in the kidneys of their AKI mice but not in controls. MSCs are
recruited to sites of injury via receptor-mediated interactions

(Herrera et al., 2007), therefore MSC-EV, which have the same
membrane receptors of MSCs, may be recruited to the site of
injury via the same mechanism (Grange et al., 2014).

Researchers have used different dyes to track the
biodistribution of EV after their administration. Wen et al.
(2019) used DiD lipid dye-labeled MSC-EV to assess their
distribution in mice under various conditions. The DiD-labeled
MSC-EV distributed maximally in the liver and spleen, lesser
in the bone marrow of the spine, femur, and tibia, and were
undetectable in the lung, heart, and kidney (Wen et al., 2019).
PKH-26A, a lipophilic dye that integrates into cell membranes,
is commonly used to label MSC-EV (Bucan et al., 2019; Karaoz
et al., 2019; Kuang et al., 2019). Bucan et al. (2019) evaluated
the effects of rat adipose-derived MSC-EV (rAMSC-EV) on
sciatic nerve regeneration and neurite growth. rAMSC-EV
enhanced the regeneration of the sciatic nerve in vivo after
injury and neurite growth in vitro. They also characterized
neural growth factor transcripts in rAMSC-EV (Bucan et al.,
2019). Another study from Wang et al. (2019) used DIO to
label MSC-EV in a rat carotid artery balloon injury model. They
found that MSC-EV can transfer miR−125b to vascular smooth
muscle cells, which can attenuate neointimal formation and
could be a therapeutic target of vascular diseases (Wang et al.,
2019). There are also several reports of labeling MSC-EV with
different labeling agents such as DiI (1,1′-Dioctadecyl-3,3,3′,3′-
Tetramethylindocarbocyanine Perchlorate), Alexa fluor 488, and
gadolinium for locating the biodistribution of EV (Abello et al.,
2019; Chew et al., 2019; Cui et al., 2019).

Furthermore, a study from Moon et al. (2019) investigated
the biodistribution, therapeutic efficacy, and mode of action of
MSC-EV in a preclinical rat model of stroke. This study used
PKH26 or 5-(and-6)-carboxyfluorescein diacetate succinimidyl
ester (CFSE) to label EV for in vivo tracking. EV were identified
and counted using flow cytometry, and Nanosight nanoparticle
tracking analysis was used to measure size and morphology
(Moon et al., 2019). They found that MSC-EV migrated to the
infarcted brain. While MSC-EV accumulated in the infarcted
brain in a dose-dependent manner, injected MSCs aggregated in
the lung and liver with increasing doses, again highlighting that
MSCs rarely make it to target tissues (Gao et al., 2001).

The mechanism of therapeutic action of EV is still unclear.
EV-cargo can include membrane proteins, cytoplasmic proteins,
mRNAs, and microRNAs, which can all be delivered to
recipient cells. It is speculated that the therapeutic effect of
EV comes through the transfer of miRNAs to diseased and
injured cells (György et al., 2011). Studies have shown that
miRNAs in MSC-EV influence physiology and pathophysiology
of microenvironments (Xin et al., 2013b; Moon et al., 2019).
Additionally, miRNAs from MSC-EV have been shown to
influence cardiac regeneration and protection (Nouraee and
Mowla, 2015). Strategies for loading and modifying the EV-cargo
exist; electroporation, freeze-thaw cycles, saponin-mediated
loading, and hypotonic dialysis have all been studied for use in
exogenously loading EV (Kotmakçı and Çetintaş, 2015; Mendt
et al., 2018). EV cargo may also influence EV migration.
It is speculated that MSC-EV express chemokine receptors
that facilitate targeting to injured regions (Kim et al., 2012;
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Moon et al., 2019). Decoration of the EV surface with
phosphatidylserine-binding and HER2-targeting proteins has
been shown to increase EV delivery to HER2-expressing cells
(Wang et al., 2018). Other studies demonstrate the feasibility
of this decorating method of targeting EV to specific tissues
(Alvarez-Erviti et al., 2011; Kooijmans et al., 2016; Antes et al.,
2018), so perhaps these strategies may be applied to MSC-EV
as well. Though the exact mechanism is not known, it is
speculated that MSC-EV function similarly to MSCs. MSCs exert
therapeutic effects through the secretion of factors that reduce
cellular injury and promote repair, and MSC-EV may function
as communication vehicles employed by MSCs to signal support
from the tissue microenvironment (Katsuda and Ochiya, 2015;
Yin et al., 2019).

Safety Profile
With any therapeutic treatment, a safety profile must be
established. While EV-based treatment is in its clinical infancy
we know that many of the harmful effects of cell therapies
are absent in EV-based treatments. The main apprehension for
using stem cell therapy is the differentiation of the transplanted
MSCs and the potential of MSCs to suppress anti-tumor immune
responses and act as a progenitor for blood vessels, which
potentially promote tumor growth and metastasis (Burrello et al.,
2016). Further, MSCs are hindered by their tumorigenicity,
immunogenicity, and genomic mutability (Heng et al., 2004;
Klyushnenkova et al., 2005; Zhang et al., 2012). Fortunately,
MSC-EV are not affected by the above-mentioned limitations.
A few clinical trials have been performed utilizing EV (not
derived from MSCs) and these studies have established good
safety profiles for treatments with ascite- and dendrite-derived
EV (Pitt et al., 2016). EV inherently lack the features to cause
the above-mentioned issues which, for many researchers, mark
them as attractive candidates for use as therapeutic agents. Future
clinical research will likely see a huge upswing in the utilization
of stem cell-derived EV in place of its progenitor cell sources.

CONCLUSION

The future of MSCs has long been anticipated, and there
is no doubt with the discoveries coming forth and the
exponentially increasing amount of clinical trials that they will
provide therapies for a myriad of heretofore untreated maladies.
However, it is possible that the future of MSCs will be dominated
by MSC-EV. The EV’s ability to operate similarly to MSCs
while not possessing many of the drawbacks extant in cell-based
therapies provide them a unique niche in therapeutics.

The future of MSC-EV is dependent on the large-scale
culturing of MSCs. This key step in manufacturing will open
the door for them to be considered a successful therapeutic
option. Standardizing treated culturing of MSCs will be a
necessary future development; these EV will be treated in
hypoxic conditions and likely treated with miRNA applications.
Both of these conditions will significantly increase MSC
growth while also increasing release of EV. Additionally,
increasing the proliferation of EV isolation is another issue.
For therapeutic purposes, many isolation methods can be
ignored for either damage, interference, or low yield of EV.
There are increasing developments being made in the field
of EV isolation and characterization. SEC, with its ability
to provide unaltered and selective EV, has replaced standard
methodologies like immunoprecipitation and density-gradient
centrifugation. Despite EV being touted for the lack of a
toxic profile, the ability to include a range of specifically
sized EV is an important focus in the field of EV research,
especially in therapeutics. SEC allows for the more precise
extraction of EV, which can ensure specific and more efficient
treatments.

The biodistribution and targeting of MSC-EV is a simpler
matter, despite being poorly understood. These EV act as
key messengers between MSCs and damaged tissues. While
MSCs might aggregate in unintended organs and tissues,
their secreted EV target damaged tissues. To increase our
understanding of potentially confounding effects of MSC-EV,
a greater understanding of their targeting and biodistribution
is necessary. Presently, clinical and preclinical trials have not
reported unintended targeted effects. With few complications and
a range of benefits, MSC-EV are increasingly researched despite
issues with large-scale production.
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Cellular therapies have tremendous potential for the successful treatment of major
extremity wounds in the combat setting, however, the challenges associated with
transplanting stem cells in the prolonged field care (PFC) environment are a critical
barrier to progress in treating such injuries. These challenges include not only production
and storage but also transport and handling issues. Our goal is to develop a new
strategy utilizing extracellular vesicles (EVs) secreted by stem cells that can resolve
many of these issues and prevent ischemic tissue injury. While EVs can be preserved by
freezing or lyophilization, both processes result in decrease in their bioactivity. Here,
we describe optimized procedures for EVs production, isolation, and lyophilization
from primary human adipose-derived stem cells (hADSCs). We compared two isolation
approaches that were ultrafiltration (UF) using a tangential fluid filtration (TFF) system and
differential ultracentrifugation (UC). We also optimized EVs lyophilization in conjunction
with trehalose and polyvinylpyrrolidone 40 (PVP40) as lyoprotectants. Bioactivity of EVs
was assessed based on reversal of hypoxia-induced muscle cell injury. To this end,
primary human myoblasts were subjected to hypoxic conditions for 6 h, and then treated
with hADSC-derived EVs at a concentration of 50 µg/mL. Subsequently, muscle cell
viability and toxicity were evaluated using MTS and LDH assays, respectively. Overall,
nanoparticle tracking data indicated that UF/TFF yields threefold more particles than
UC. Lyophilization of EVs resulted in a significantly reduced number of particles, which
could be attenuated by adding lyoprotections to the freeze-drying solution. Furthermore,
EVs isolated by UF/TFF and freeze-dried in the presence of trehalose significantly
increased viability (P < 0.0193). Taken together, our findings suggest that the isolation
and preservation methods presented in this study may enhance therapeutic applications
of EVs.

Keywords: exosome, ultrafiltration, ultracentrifugation, hypoxia, trehalose, PVP

INTRODUCTION

The field of regenerative medicine has produced significant and innovative discoveries related to
the use of stem cells to heal human tissue (Pati et al., 2015). A number of studies support the
use of mesenchymal stem cells (MSCs), induced pluripotent stem cells (iPSCs), and embryonic
stem cells (ESCs) to enhance tissue repair following injury (Caplan, 2007; Gimble et al., 2007;
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Hirschi et al., 2014). The primary mechanism of action by which
these cells are thought to improve tissue healing is via the
release of secreted factors (e.g., growth factors and cytokines)
that function in a paracrine manner (Caplan and Dennis, 2006).
Indeed, it is estimated that 80% of the therapeutic effect of
stem cells is mediated through paracrine actions of the stem cell
“secretome” (Uccelli et al., 2008; Maguire, 2013). It has recently
been found that stem cells secrete high levels of EVs, generally
referred to as exosomes and microvesicles. Exosomes are small
(<150 nm) and microvesicles are larger (>150 nm) membrane-
bound particles that carry proteins, microRNAs (miRNAs), and
mRNAs (Hodges et al., 2017; Murphy et al., 2018). These
nanoparticles are endocytosed by recipient cells, and thus are key
players in cell-to-cell communication (Thery, 2011). Importantly,
stem cell-derived EVs can promote tissue repair in a variety
of organs and tissues (Tetta et al., 2012). For example, EVs
produced by MSCs improve cell survival in the heart and kidney
following ischemia-reperfusion injury (Arslan et al., 2013; Chen
et al., 2013) as well as in the fetal brain after hypoxia-ischemia
(Ophelders et al., 2016) and EVs can also support peripheral
nerve regeneration (Ching and Kingham, 2015).

It is thought that stem cell-derived EVs ameliorate ischemia-
reperfusion injury primarily by delivering enzymes that increase
ATP production and activate survival pathways in recipient
cells (Arslan et al., 2013). EVs also promote angiogenesis
in target tissues by transferring specific microRNAs such
as miR-125a (Liang et al., 2016) as well as angiogenic
proteins such as vascular endothelial growth factor (VEGF)
(Franquesa et al., 2014). MSCs are the most common cell
type used for EVs production, and these include both adipose-
and bone-derived MSCs. Adipose-derived MSCs are generally
more abundant than bone-derived MSCs (Gimble et al.,
2007), and both adipose-derived MSCs and their secreted
EVs demonstrate no immunogenicity in allergenic or even
xenogenic transplantation (Lin et al., 2012), underscoring their
therapeutic potential. While cellular therapies have tremendous
potential for tissue repair, an alternative strategy is to utilize
the stem cell secretome itself to promote cell survival and
regeneration. Indeed, EVs have demonstrated their effectiveness
at improving cutaneous wound healing (Hu et al., 2016)
and skin flap ischemia-reperfusion injury (Bai et al., 2018).
Limb ischemia is major challenge in the trauma setting,
and prolonged ischemia can lead to skeletal muscle death
(Blaisdell, 2002). The application of stem cell-derived EVs to
the preservation of skeletal muscle in the ischemic environment
may therefore represent one approach for tissue salvage in
the trauma setting.

Typically, the differential ultracentrifugation (UC) method
has been used for isolation of EVs (Jeppesen et al., 2014). More
recently, the ultrafiltration (UF) method using a tangential fluid
filtration (TFF) system proved to be effective in isolating EVs
from large fluid volumes (Andriolo et al., 2018; Busatto et al.,
2018). Although the isolated EVs can be frozen or lyophilized for
long-term storage, both approaches are known to decrease the
bioactivity of EVs by compromising their integrity to different
extents (Bari et al., 2018). Thus, there is a need for optimized
methods for cryopreservation and lyophilization of EVs. In

particular, successful lyophilization of EVs could represent an
“off-the-shelf ” strategy for utilizing the stem cell secretome in a
therapeutic context (Ge et al., 2014). Here, we test two hypotheses
that (1) the UF using TFF system is more efficient than the UC
method at isolating exosomes from hADSCs and (2) such EVs
can maintain their effectiveness for promoting skeletal muscle
cell survival under hypoxic conditions when freeze-dried by using
a rationally designed lyophilization approach.

MATERIALS AND METHODS

Culture of Human Adipose-Derived Stem
Cells
StemProTM Human Adipose-Derived Stem Cells (hADSCs)
were purchased from Thermo Fisher Scientific (Catalog #
R7788115; Norcross, GA, United States). The cells were
cultured in monolayer conditions in Dulbecco’s Modified
Eagle Medium (DMEM/High Glucose; Hyclone, Logan, UT,
United States), supplemented with 5% (v/v) fetal bovine serum
(FBS; Atlanta Biologicals, Atlanta, GA, United States) and 1%
(v/v) penicillin/streptomycin (Pen-Strep; Gibco, Grand Island,
NY, United States). The hADSCs were cultured at 37◦C under 5%
CO2 and used at passages 5–6 in all experiments.

Preparation of Conditioned Medium and
Isolation of hADSC-Exosomes
hADSCs were seeded in 10/150 mm dishes within DMEM/High
Glucose, supplemented with 5% (v/v) FBS and 1% (v/v)
penicillin/streptomycin. Once the hADSCs reached a sub-
confluence state of ∼80%, they were first washed with the
culture medium containing 5% exosome-depleted FBS, and then
cultured in the same medium (25 mL/dish) for 24 h. Next, the
conditioned medium was collected from each dish and 25 mL
of fresh medium was added to each dish for another 24 h
of culture. At the end of the culture period, the conditioned
medium was collected from each dish again and mixed together
with previously collected one to obtain a total of 500 mL
conditioned medium.

The half (250 mL) of the conditioned medium was used
to isolate EVs by differential UC as described by Jeppesen
et al. (2014). In brief, cell debris were pelleted at 300 ×
g for 10 min and 2000 × g for 20 min. Larger vesicles
were pelleted at 10,000 × g for 30 min, and the supernatant
was filtered through a 0.2 µm Nalgene PES membrane filter
(Thermo Fisher Scientific, Waltham, MA, United States). Next,
exosomes were pelleted at 100,000 × g for 120 min using 70
mL polycarbonate tubes (355622; Beckman Coulter, Brea, CA,
United States). The exosome pellets were resuspended either in
250 µL of sterile phosphate buffer saline (PBS; Hyclone, Logan,
UT, United States) or in 250 µL of 50 mM trehalose (Trehalose
dihydrate; Sigma-Aldrich, St. Louis, MD, United States) to use in
different experiments.

The remaining half (250 mL) of the conditioned medium
was subjected to TFF for isolation of exosomes. Cell debris
and larger vesicles were pelleted at 10,000 × g for 30 min, the
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supernatant filtered through a 0.2 µm PES membrane filter.
The conditioned medium was then subjected to ultrafiltration
in a Labscale Tangential Flow Filtration System (TFF; EMD
Millipore Corporation, Billerica, MA, United States) using 300
kDa Pellicon XL Cassette. A feed flow rate of 30–50 mL/min,
transmembrane pressure < 3.5 psi, and crossflow rate > 10:1
were maintained throughout the filtration process. Once the
conditioned medium was concentrated to 10-fold, we started the
diafiltration step via changing the media with the 5X volume of
1X PBS. The final product was sterile filtered using a 0.2 µm filter,
resulting in a filtrate that contains exosomes in 1X PBS for the
subsequent step.

Testing the Effectiveness of
Exosome-Isolation Methods
This set of experiments was designed to compare the effectiveness
of two methods (i.e., UC and UF/TFF) in isolating EVs
(exosomes) by evaluating their size, number, and bioactivity.
In addition, 50 mM trehalose prepared in 1X PBS was tested
as a suspension buffer and lyoprotectant with respect to 1X
PBS. Thus, the main test groups were (1) UC, (2) UF/TFF, and
(3) UF/TFF plus lyophilization whereas the subgroups included
(a) fresh EVs suspended 1X PBS and (b) exosomes suspended
in 50 mM trehalose. For the latter, the buffer was exchanged
with 5X volume of 50 mM trehalose at the diafiltration step.
The resulting product contained exosomes suspended in sterile
50 mM trehalose/1X PBS. The EVs suspended in 50 mM trehalose
and allocated to Group 3 (UF/TFF + Lyophilization) were
first frozen at −80◦C overnight, and then lyophilized using the
2.5 L −50◦C Benchtop Freeze Dryer (Labconco Corporation,
Kansas, MO, United States). The lyophilized EV samples were
stored at room temperature until experimental testing. They were
rehydrated with ddH2O by adding the original volume, and then
vortexed before using for NTA and bioactivity assays along with
the EVs from other two groups as described below.

Optimization of Exosome Lyophilization
For this set of experiments, the UF/TFF method was used to
isolate EVs based on the outcome of the first set of experiments.
To further optimize the lyophilization process in terms of
preserving bioactivity of EVs, we tested different concentrations
of trehalose and PVP40 as lyoprotectants. To maintain the
overall osmolality of the lyophilization solutions at around
290 mOsm/kg, the strength of PBS was adjusted according
to trehalose concentrations while PVP40 concentrations were
ignored due to their insignificant contribution to the overall
osmolality (Table 1). For the first group, 0.095 g trehalose was
dissolved in sterile 4 ml of 0.83X PBS, and then 1 mL of freshly
prepared exosomes in 1X PBS were added to bring the total
volume to 5 mL. The final concentration of the trehalose was
50 mM. For the second group, the same approach was used with
a modification that included adding 0.12 g PVP40. The resulting
final concentrations of trehalose and PVP40 were 50 mM
and 2.5%, respectively. For the third group, the concentration
of PVP40 increased to 5% while the trehalose concentration
remained unchanged at 50 mM. The same strategy was used to

prepare additional three different combinations of trehalose and
PVP40, which included 100 mM trehalose+ 0% PVP40, 100 mM
trehalose+ 2.5% PVP40, and 100 mM trehalose+ 5% PVP40. To
prepare the 100 mM trehalose, 0.191 g of trehalose was dissolved
in sterile 4 ml of 0.65X PBS, then 1 mL of freshly prepared EVs in
1XPBS were added to bring the total volume to 5 mL (Table 1).

For the exposure experiments, the EVs were next held in
their respective freeze-drying solutions at 4◦C for 1 h, and then
trehalose and PVP40 were removed by diafiltration using the
TFF system with 1X PBS. Subsequently, NTA and bioactivity
evaluation were performed.

For the freeze-drying experiments, the 5 ml of each EVs
samples prepared in the aforementioned freeze-drying solutions
were divided into 10 polypropylene microcentrifuge tubes, each
tube contains 0.5 ml of lyophilization solution supplied with
exosomes. After the EVs samples were placed in safe-lock
polypropylene microcentrifuge tubes and were frozen overnight
at -80 degrees. Immediately before loading into the freeze
dryer, the tubes were opened, and a film in which 7 holes
were pierced (1 mm diameter each) was placed on top of the
tube’s opening. The samples were loaded into 2.5 L −50◦C
Benchtop Freeze Dryer (Labconco Corporation, Kansas, 150
MO, United States), which has a condenser temperature as low
as – 55◦C and a vacuum pump capable of reaching an absolute
pressure of 0.039 mBar. Samples were lyophilized for 10 h (with
the environmental temperature conditioned to 22◦C) and were
stored at room temperature (23–25◦C) in the tightly sealed
box to prevent moisture absorption and light exposure. Before
their use, the lyophilized EVs were rehydrated with ddH2O by
adding the original volume and vortexed subsequently. Next,
trehalose and PVP40 were removed by diafiltration using the
TFF system with 1XPBS, and subsequently, NTA and bioactivity
evaluation were performed.

Nanoparticle Tracking Analysis (NTA)
NTA was performed using the ZetaView PMX 110 (Particle
Metrix, Meerbusch, Germany) and its corresponding software
(ZetaView 8.04.02). Samples were diluted 1:100 in PBS, manually
injected into the instrument. The instrument measured each
sample at 11 different positions throughout the cell, with two
cycles of readings at each position. After automated analysis of
all 11 positions and removal of any outlier positions, the mean,
median, and mode (indicated as diameter) sizes, as well as the
concentration of the sample, were calculated by the optimized
machine software. For each measurement, the instrument pre-
acquisition parameters were set to a temperature of 23◦C, a
sensitivity of 85, a frame rate of 15 frames per second (fps), a
shutter speed of 100, and a laser pulse duration equal to that of
shutter duration. The number of particles per particle size curves
was created using quadratic interpolation. The average of three
samples was taken in order to compare the data.

Western Blotting
First, protein concentration was measured using Synergy H1
Multi-Mode Reader (BioTek, Winooski, VT, United States)
in each sample. Next, 4X Laemmli buffer was added to
exosomes samples containing 50 µg/µL protein. The EVs
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TABLE 1 | Experimental groups and preparation of freeze-drying solutions containing exosomes.

Experimental groups Trehalose added PVP40 added Volume and strength of PBS Exosomes added Total volume

1X PBS (Control) 0.000 g 0.000 g 4 mL of 1X PBS 1 mL in 1X PBS 5 mL

50 mM Trehalose + 0.0% PVP40 0.095 g 0.000 g 4 mL of 0.83X PBS 1 mL in 1X PBS 5 mL

50 mM Trehalose + 2.5% PVP40 0.095 g 0.125 g 4 mL of 0.83X PBS 1 mL in 1X PBS 5 mL

50 mM Trehalose + 5.0% PVP40 0.095 g 0.250 g 4 mL of 0.83X PBS 1 mL in 1X PBS 5 mL

100 mM Trehalose + 0.0% PVP40 0.191 g 0.000 g 4 mL of 0.65X PBS 1 mL in 1X PBS 5 mL

100 mM Trehalose + 2.5% PVP40 0.191 g 0.125 g 4 mL of 0.65X PBS 1 mL in 1X PBS 5 mL

100 mM Trehalose + 5.0% PVP40 0.191 g 0.250 g 4 mL of 0.65X PBS 1 mL in 1X PBS 5 mL

To maintain the osmolality around 290 mOsm/kg, diluted PBS solutions at 0.83X and 0.65X strengths were used for preparation of 50 and 100 mM trehalose whereas
PVP’s contribution is assumed to be negligible. To ensure the sterility, freeze-drying solutions containing trehalose and PVP were prepared in larger volumes and then
sterile filtered before adding exosomes.

TABLE 2 | Protein content of hADSc cell lysate, UC, UF, and UF/lyophilization
exosomes.

Sample Protein yield mean ± SD (µg/µL)

hADSCs Cell lysate 5.3 ± 0.01

UF/Treh. 3.8 ± 0.02

UF/Lyo Treh. 3.5 ± 0.012

UC/Treh. 2 ± 0.013

UF/1XPBS 3.9 ± 0.023

UF/Lyo 1XPBS 2 ± 0.03

UC/1XPBS 1.9 ± 0.01

samples were then loaded onto 4–20% sodium dodecyl sulfate-
polyacrylamide gel, subjected to electrophoresis, and transferred
to a polyvinylidene fluoride transfer membrane, followed by
blocking for 1 h. The membrane was incubated with the
following antibodies: anti-CD63 (1:200 dilution), anti-CD81
(1:200 dilution), anti-TSG 101 (1:200 dilution), anti-ToMM20
(1:200 dilution) and anti-APOA1/2 (1:200 dilution) overnight
at 4◦C. The membrane was then incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:1000
dilution) for 1 h at room temperature. The membrane was reacted
with Immobilon Western Chemiluminescent HRP substrate,
and chemiluminescence was detected and quantified using an
infrared Odyssey machine (LI-COR Biosciences). Because UC
samples had low protein contents (Table 2), larger sample
volumes were loaded to achieve a protein concentration similar
to that of UF samples. The low protein content of the UC samples
may be a reflection of their lower EVs yield.

Transmission Electron Microscopy
For initial fixation, EVs samples were mixed with an equal
volume of 4% paraformaldehyde in PBS for 1 h. The fixed samples
were applied to carbon Formvar film-coated transmission
electron microscopy (TEM) grid, incubated for 20 min at room
temperature, and then were wicked off with filter paper. After
washing with PBS, the samples were fixed with 1% glutaraldehyde
for 5 min. Upon washing with distilled water, the grid was stained
with 1% uranyl acetate for 30 s, wicked off with Whatmen filter
paper, and then allowed to dry before viewing. TEM examination
was performed using JEM 1230 transmission electron microscope

(JEOL USA Inc., Peabody, MA, United States) at 110 kV
and imaged with an UltraScan 4000 CCD camera and First
Light Digital Camera Controller (Gatan Inc., Pleasanton, CA,
United States). The preparation and imaging of TEM samples
were performed at the Electron Microscopy and Histology Core
Laboratory at Augusta University1.

Hypoxic Cell Culture and Treatment of
Primary Human Myoblasts
It has been shown that exposure of myoblast monolayers
to nutrition depletion and hypoxia for 6–12 h can simulate
certain characteristics of skeletal muscle ischemia, which include
a significant increase in partial pressures of oxygen (PO2)
decreases in carbon dioxide (PCO2) and a pH of the extracellular
fluid. The overall effect of these changes is increasing the
percentage of apoptotic cells, which is a feature of skeletal
muscle ischemia. We hypothesized that stem cell-derived EVs
ameliorate ischemia-reperfusion injury and activate survival
pathways in recipient cells (Arslan et al., 2013). To test
this hypothesis, we performed the following steps: Primary
Human Skeletal Myoblasts purchased from Thermo Fisher
Scientific (Catalog # A11440; Norcross, GA, United States) were
cultured as monolayers in DMEM/High Glucose, supplemented
with 5%(v/v) FBS and 1% (v/v) penicillin/streptomycin. The
medium was changed after 24 h to discard non-adherent
cells. Media were changed every 2 days, and the cells were
expanded until passage 4–6. The expanded myoblast cells were
then seeded in 48-well plates at density 7000cells/well and
allowed to attach and grow for 24 h. Next day, the culture
medium was changed to DMEM containing 4.5 g/L glucose
without L-glutamine and Phenol red (Corning, Manassas, VA,
United States), and the myoblasts were exposed to hypoxia
condition (1% O2 and 5% CO2) for 6 h. At the end of
the hypoxia period, exosomes from different experimental
groups (Table 1) were added to the injured myoblasts at
a concentration of 50 µg/µL. For the control group, the
ischemic myoblasts were treated with freshly prepared EVs
(50 µg/µL) in 1X PBS.

We also ran parallel experiments where ischemic myoblasts
were treated either with phenol red-free DMEM supplemented

1www.augusta.edu/mcg/cba/emhisto/
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with 1% FBS as a control group or with different concentrations
of sodium hydrosulfide NaHS or sodium hydrosulfide donor
(GYY4137, Cayman Chemical), since hydrogen sulfide has
previously been shown to attenuate ischemic injury (Henderson
et al., 2011; Wetzel and Wenke, 2019) we were interested
in comparing the efficiency of exosomes treatment to other
treatment approaches.

A stock solution of sodium hydrosulfide (NaHS; Cayman
Chemical, Ann Arbor, MI, United States) was prepared by
dissolving it in PBS at a concentration of 10 mM. Next, different
volumes of the stock solution were added to myoblast cultures
during the last 20 min of the hypoxia-period to obtain 100 and
10 µM final concentrations of NaHS in the culture medium
(phenol red-free DMEM supplemented with 1% FBS). At the end
of the hypoxia period, the myoblast cultures were transferred to
a normoxic incubator for additional 3 h. To test the effect of
the H2S donor, a stock solution of GYY4137 was prepared in
PBS and added to myoblast cultures at the end of the hypoxia
period to obtain different final concentrations of 100 and 10
µM. After treatment under the normoxic condition for 24 h,
the myoblasts were subjected to bioactivity assays (MTS and
LDH, see below).

Assaying Viability and Proliferation of
Ischemic Primary Human Myoblasts
To determine if freeze-dried EVs and NaHS can ameliorate
the ischemic injury in a similar manner, ischemic human
myoblasts were first treated with EVs and NaHS or its
donor as explained above, and then subjected to both
MTS and LDH assays according to the manufacturer’s
protocol. Briefly, the ischemic myoblasts in each well were
mixed with 100 µL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS, Promega Corporation, FL, United States) after
removal of the culture medium at the end of the normoxic
incubation period while a group without cells served as the
blank. The optical density (OD) was measured at 490 nm
using a microplate reader. Each group was run in sextuplicate.
For the LDH assay, media from each treatment group were
collected at the end of the normoxic incubation period,
and the absorbance was measured at 490 nm and 680 nm.
The LDH activity was determined after the subtraction
of the 680nm absorbance value (background) from the
490nm absorbance. The percentage of cytotoxicity was
calculated as% Cytotoxicity = (Compound-treated LDH
activity–spontaneous LDH Activity)/(Maximum LDH activity–
spontaneous LDH activity) × 100. The data for each group
were obtained from sextuplicate experiments and shown as
mean percentages.

Statistical Analysis
All data sets obtained were expressed as means ± SD. Data were
tested for statistical significance by using Graph-Pad Prism 8
software. GraphPad Prism 8 was utilized to perform ANOVA
with Bonferroni pairwise comparison or unpaired t-tests as
appropriate. A p-value of 0.05 or less was considered significant.

RESULTS

Characterization of hADSC-Derived EVs
Obtained via UC, UF, and
UF/Lyophilization (UF/LYO)
To characterize the purified exosomes derived from hADSCs
via UC and UF techniques, NTA, TEM, and western blot
analysis were used. NTA showed that the size of the majority
of the particles was consistent with that of exosomes (50–
150 nm). Furthermore, both isolation techniques yielded particles
with statistically similar diameters (Figure 1A). In contrast,
the total number of particles isolated with UF and UF/LYO
was significantly higher than the UC at the same starting
volume of 1 mL sample (Figure 1B). After confirming that the
diameters of the particles are within the expected range for
exosomes (50–150 nm), we further verified that these particles
correspond to exosomes by using TEM imaging, a well-accepted
technique for nanoparticle identification. Negatively stained
exosome samples isolated with each of the three techniques
showed particles with a typical cup-shaped morphology within
the size range of exosomes (Figure 1C). WB analysis revealed
that the particles expressed the well-established exosome
biomarkers TSG 101, CD81 (Figure 1D), CD63 (Figure 1E),
Additionally, the purity and the specificity of the small EVs
(exosomes) have assessed using common negative control as
non-integral protein, apolipoproteins A1/2 (anti-APOA1/2) and
transmembrane, lipid-bound and soluble proteins associated to
other intracellular compartments (mitochondria) anti-ToMM20
(Figure 1E). Overall, these results confirm that the particles
collected using the aforementioned three different techniques are
within acceptable quality limits in terms of size, morphology, and
enrichment of biomarker proteins.

Effectiveness of Exosomes Isolated by
Different Methods in Treating Ischemic
Myoblasts
After completing the validation of hADSCs-derived exosomes
purified with UC, UF and UF/LYO, we further evaluated the
effects of these exosomes on the viability of ischemic human
myoblasts by treating them with the same concentration (50
µg/mL) of exosomes for 24 h. MTS assay showed that there was
a statistically significant difference in cell numbers between the
UF/LYO group and the other two treatment (i.e., UC and UF)
groups (Figure 2A). Furthermore, the LDH assay results suggest
that exosomes isolated using the UC method were significantly
less effective in ameliorating the ischemic injury compared to
those obtained using two different UF methods (Figure 2B).
Based on these results, we selected the UF method for the
optimization experiments as described next.

Optimization of Exosome Lyophilization
To optimize the freeze-drying process, hADSC-derived exosomes
obtained using the UF method were first exposed to different
combinations of two lyoprotectants (i.e., trehalose and PVP40)
at 4◦C temperature for 1 h without undergoing the lyophilization
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FIGURE 1 | Identification and characterization of exosomes secreted by human ADSCs. Exosomes were isolated either by Ultracentrifugation (UC), Ultrafiltration (UF)
or Ultrafiltration/Lyophilization (UF/LYO) from supernatants of hADSCs using 1XPBS, 100 mM Trehalose (Tre) and 100 mM Trehalose + 5% PVP, the lyophilized
exosomes were rehydrated with ddH2O by adding the original volume and vortexed immediately before use. NTA using the ZetaView instrument was done to
measure particles diameters (nm) (A) and to determine the total number of particles isolated using different techniques (B). Purified exosomal pellets after negative
staining display a pure population exosomes with typical morphology (C) while Western blotting shows the protein level of the exosomal markers TSG101, and
CD81 for different experimental groups (D), Lane 1 = UF/Tre; Lane 2 = UF/LYO-Tre; Lane 3 = UC/Tre; Lane 4 = UF/1X PBS; Lane 5 = UF/LYO-1XPBS; Lane
6 = UC/1XPBS. For CD63 and for the negative marker of the purity and the specificity of the small EVs apolipoproteins A1/2 (anti-APOA1/2) anti-ToMM20 (E).
1 = UF/1XPBS, 2 = UF/Tre + Lyo. 3 = UC/Tre. 4 = UF/1XPBS, 5 = UF/1XPBS + LYO, 6 = UC/1XPBS, 7 = hADSCs lysate. Data are expressed as mean ± SD (n = 6).
For NTA total number of particles, *P < 0.0001 UF 1XPBS, 100 mM trehalose, 100 mM trehalose + 5%PVP, UF/Lyo 100 mM trehalose and 100 mM trehalose + 5%
PVP vs. UC 1XPBS. $P < 0.0001 UF 1XPBS, 100 mM trehalose, 100 mM trehalose + 5% PVP, UF/Lyo 100 mM trehalose and 100 mM trehalose vs. UC trehalose.
&P < 0.0001 UF 1XPBS, 100 mM trehalose, 100 mM trehalose + 5% PVP, UF/Lyo 100 mM trehalose and 100 mM trehalose vs. UC trehalose/PVP. ˆP < 0.001 UF
1XPBS, 100 mM trehalose, 100 mM trehalose + 5% PVP, UF/Lyo 100 mM trehalose and 100 mM trehalose + 5% PVP vs. UF/LYO 1XPBS. #P < 0.02 UF/Lyo 100
mM trehalose vs. UF/Lyo 100 mM trehalose + 5%PVP.

step (Exposure experiments). Subsequently, trehalose and PVP40
were removed by diafiltration using the TFF system with 1X
PBS, and then NTA of the treated exosomes were performed
with respect to controls that were kept in 1X PBS. The results
of NTA showed no significant difference in the diameter of
individual particles exposed to different combinations of two
lyoprotectants or kept in 1X PBS (Figure 3A). While the total
number of particles in the experimental groups exposed to
different concentrations of trehalose and PVP40 was slightly

lower than that of the control group, the differences were not
statistically significant (Figure 3B), suggesting that addition and
removal of two lyoprotectants do not induce any significant
damage to exosomes.

The next set of experiments included the lyophilization
steps. Basically, exosomes isolated using the UF method were
lyophilized in the presence of the same combinations of
two lyoprotectants, and then NTA was performed to analyze
the average diameter and total number of particles upon
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FIGURE 2 | Effect of human ADSC-derived exosomes on ischemic human myoblasts. Human myoblasts were treated with hADSC-derived exosomes ultrafiltrated in
50 mM trehalose for 24 h following the exposure to hypoxia for 6 h. Shown is the effect of different techniques on proliferation of ischemic human myoblasts as
determined by MTS assay (A) and cell viability in different groups as determined by LDH assay (B). Data are expressed as mean ± SD (n = 6). For LDH assay,
*P < 0.0262 UC trehalose vs. UF trehalose/LYo. $P < 0.016 UC trehalose vs. UF trehalose. For MTS assay, *P < 0.0385 UC trehalose vs. UF trehalose/LYo.
$P < 0.019 UC trehalose vs. UF trehalose.

rehydration of the samples and removal of the lyoprotectants.
The lyophilization step did also not induce any significant
change in the diameter of particles (Figure 3C). Similar to
the exposure experiments, the total number of particles was
slightly reduced after lyophilization and rehydration steps when
compared to the control group. However, combining 5% PVP40
with 50 and 100 mM trehalose yielded significantly higher
numbers of particles than trehalose alone as a lyoprotectant,
suggesting that combining trehalose with PVP40 better preserves
exosomes (Figure 3D).

To verify whether the tested combinations of two
lyoprotectants also preserve the bioactivity of hADSC-derived
exosomes, the exposure and lyophilization experiments
mentioned above were next repeated, and then the effect of
the resulting exosomes on amelioration of ischemic injury was
assessed by treating ischemic human myoblasts. The control
groups included treatments with exosome-free medium (phenol
red-free DMEM supplemented with 1% exosome-depleted
FBS) and fresh exosomes suspended in 1X PBS. Except the
medium control, the exosome concentration in all treatment
groups was adjusted to 50 µg/mL, and the treatment duration
was 24 h at 37◦C. The MTS assay revealed that exposure
to different combinations of two lyoprotectants does not
adversely affect the beneficial bioactivity (i.e., mitigation
of the ischemic injury) of the exosomes with respect to
freshly prepared exosomes in 1X PBS. Compared to the
medium treatment, all exosome treatment groups showed
significantly higher bioactivity as assessed by the MTS assay
(Figure 4A). There were no significant differences between
the exosome treatment groups including the freshly prepared
exosome control group. Similarly, the LDH assay showed

significantly lower cell toxicity in all exosome treatment
groups compared to the treatment with exosome-free medium
(Figure 4B). After adding the lyophilization and rehydration
steps, the results remained similar (Figures 4C,D), suggesting
that the beneficial bioactivity of hADSC-derived exosomes
can be preserved by freeze-drying them in the presence of
trehalose and PVP40.

Effects of NaHS and H2S Donor GYY4137
on Ischemic Human Myoblasts
Since NaHS and GYY4137 could protect organs and tissues
against Ischemia-reperfusion (I/R) injury, we here evaluated the
effect of NaHS and GYY4137 on ischemic human myoblasts by
MTS and LDH assays. The results of these experiments are shown
in Figure 5. Compared to the control treatment with an exosome-
free medium (i.e., phenol red-free DMEM supplemented with
1% exosome-depleted FBS), all tested concentrations of NaHS
and GYY4137 were unable to significantly improve the hypoxia-
induced ischemic injury to human myoblasts. These findings
suggest that NaHS and GYY4137 are ineffective in ameliorating
the ischemic injury compared to hADSC-derived exosomes
obtained using the UF method, which showed increase viability
and reduced toxicity to ischemic injury human myoblasts cells
under the same conditions of the experiment (Figures 4A–D).

DISCUSSION

Research in EVs has recently received increasing attention;
however, one major roadblock is the lack of a scalable technique
permitting efficient purification of the small EVs (exosomes).
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FIGURE 3 | ZetaView measurements of exosomes extracted from human ADSCs using two different isolation techniques. For the exposure experiments (A,B),
exosomes were held in different concentrations of trehalose and PVP40 at 4◦C temperature for 1 h. Then, the trehalose and PVP40 were removed by diafiltration
using the TFF system with 1XPBS. For the freeze-drying experiments (C,D), exosomes were lyophilized in each freeze-drying solution, stored at room temperature,
rehydrated with ddH2O by adding the same starting volume, and then trehalose and PVP40 were removed by diafiltration using the TFF system with 1XPBS. Finally,
NTA was performed using the ZetaView instrument to measure particles diameters (A,C) and to determine the total number of particles (B,D). Data are expressed as
mean ± SD (n = 6). *p < 0.0033 50 mM trehalose + 5% PVP40/LYO or 100 mM trehalose + 5% PVP40/LYO vs. 100 mM trehalose, #p < 0.0282 100 mM
trehalose + 5% PVP40/LYO vs. 100 mM trehalose + 2.5%PVP40.

Here we report the first systematic comparison study evaluating
biochemical and functional aspects of UF- and UC-purified
exosomes while also optimizing their preservation method. NTA
and WB revealed that while exosomes isolated from hADSC
cultures via both methods have similar size distributions, the
UF/TFF method produces substantially higher yields of exosomes
than the standard UC method. Moreover, exosomes obtained
using the UF/TFF method and lyophilized in the presence of
trehalose and PVP retained their size and numbers, as well as
their bioactivity in terms of ameliorating the hypoxia-induced
ischemic injury to human myoblasts.

Among the methodologies used for isolation of EVs and
thus exosomes, the UC method has been remained as a gold
standard and is widely used (Thery et al., 2018; Li et al., 2019).
However, the UC method has some drawbacks such as low
recovery rates, low yield, being highly time consuming, and
changing the exosome’s morphology and composition due to high
centrifugal forces (Lamparski et al., 2002; Witwer et al., 2013;

Greening et al., 2015; Linares et al., 2015). In recent years,
other approaches such as UF/TFF, size exclusion chromatography
(SEC), and microfluidic platforms have been introduced (Boing
et al., 2014; Gholizadeh et al., 2017; Busatto et al., 2018). Although
SEC and microfluidic techniques are promising methods, they
have also some disadvantages such as low capability and complex
manufacturing processes. In the present study, we systematically
compared the UC and UF/TFF methods. In our hands, the
UF/TFF method proved to be more efficient in terms of exosome
yield and bioactivity and allowed fast processing of large volumes.

In addition to a simple and efficient isolation method,
exosome research also requires effective long-term preservation
methods for realization of its therapeutic potential.
Lyophilization would represent an ideal solution to the
long-term storage challenge of exosomes. It may allow storing
freeze-dried samples at room temperatures, and thus offers
several advantages including addressing biosafety issues by
preventing cross-contamination of samples (Tedder et al., 1995;
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FIGURE 4 | Effect of hADSC-derived exosomes on ischemic human myoblasts as analyzed by both MTS and LDH assays. For the exposure experiments (A,B),
hADSC-derived exosomes were collected and held in different combinations of trehalose and PVP40 at 4◦C temperature for 1 h. Thereafter, trehalose and PVP40
were removed from the exosome solution by diafiltration using the TFF system with 1XPBS. Subsequently, ischemic human myoblasts were distributed to the
different exposure groups and treated with the same exosome concentration (50 µg/mL) beside the media -treated group which treated with phenol red free media
sublimated with 1% FBS for 24 h. For the freeze-drying experiments (C,D), hADSC-derived exosomes were lyophilized in each freeze-drying solution, and then
stored at ambient temperature until experimental testing. Upon rehydration and removal of trehalose and PVP40, ischemic human myoblasts treated with a 50
µg/mL concentration of the lyophilized exosomes as well as the media treated group for 24 h to determine their effects on cell proliferation and reversal of cell
toxicity by MTS (A,C) and LDH (B,D) assays, respectively. Data are expressed as mean ± SD (n = 6). *p < 0.01, **p < 0.0056, ***p = 0.0001, ****p < 0.0001.

Bielanski et al., 2000), facilitating sample transport, and greatly
reducing storage and transport costs. However, lyophilization
is a complex process involving both freezing and drying and
applies considerable stresses to biological samples as a result
of the removal of both unbound and bound water. Typically,
completion of primary and secondary drying (complete
lyophilization) results in 0.05 g H2O per g dry weight or lower
(Zhang et al., 2017). At such low water content, lipid membranes
usually undergo phase transition from a liquid crystalline to a
gel-like state, which would lead to phase separation and a leaky
membrane. Consequently, membrane-bound vesicles such as
exosomes are expected to be leaky during the freeze-drying and
rehydration process if not properly protected.

In nature, many organisms including tardigrades, some
insects, brine shrimp, bacteria, and yeasts survive extreme

drying, and thus address the phase separation issue and other
drying-associated stresses mainly by accumulating intra- and
extracellular sugars such as trehalose (Crowe et al., 1992;
Potts, 1994). The protective effect of trehalose during drying
and rehydration has also been demonstrated in different
model systems (e.g., liposomes, membranes, and proteins) and
mammalian cells (Crowe et al., 1993a,b, 1987, 1994; Remmele
et al., 1997; Guo et al., 2000; Chen et al., 2001). As a non-reducing
disaccharide, trehalose has a remarkably high glass transition
temperatures (Tg) (Levine and Slade, 1988; Eroglu et al., 2009;
Eroglu, 2010), which would support the resulting vitrified state
at high temperatures. Therefore, trehalose has been extensively
used for preservation of biological materials (Bissoyi et al., 2016).
Experimental evidence suggest that trehalose exerts its protective
effects (i) by stabilizing lipid membranes as a result of direct
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FIGURE 5 | Effect of sodium hydrogen sulfide (NaHS) and hydrogen sulfide
(H2S) donor GYY4137 on ischemic human myoblasts. To test the effect of
NaHS, ischemic human myoblasts were treated with 1 mM, 100 µM, and 10
µM of NaHS for 20 min before the end of the 6 h hypoxia treatment and then
for additional 3 h under the normoxia condition (A,B). Similarly, ischemic
human myoblasts were treated with 100 and 10 µM of GYY4137 for 24 h
(C,D). The effect of both compounds on cell proliferation and reversal of cell
toxicity was determined by MTS and LDH assays, respectively. Data are
expressed as mean ± SD (n = 6).

interactions with polar residues through hydrogen bonding (so-
called “water replacement hypothesis”) (Crowe et al., 1993a,b,
1996); (ii) by its excellent glass forming properties (vitrification
hypothesis) (Koster et al., 1994); (iii) by preventing aggregations
of intracellular proteins (Tanaka et al., 2004, 2005); and (iv) by
acting as osmolyte/protectant against osmotic (Somero, 1986;
Singer and Lindquist, 1998), chemical (Sola-Penna et al., 1997),
oxidative (Benaroudj et al., 2001; Herdeiro et al., 2006), and
hypoxic stresses (Chen and Haddad, 2004). The ability to
directly interact with polar groups is particularly important for
lyophilization because by replacing the lost water molecules in
the dehydrated state via hydrogen bonding to lipid head groups,
trehalose prevents phase separation, and thus leakage of lipid
membranes (Crowe et al., 1993a,b, 1996).

Unlike trehalose-like small sugar molecules, polymers such
as PVP, dextran, and ficoll cannot directly interact with polar
lipid head groups through hydrogen bonding (Crowe et al.,
1998). Nevertheless, such polymers may improve the stability
of freeze-dried products by increasing the product’s Tg. Indeed,
our previous experiments clearly showed that supplementing
trehalose solutions with polymers such as PVP and ficoll greatly

increases Tg of the resulting mixtures upon drying (Drake et al.,
2018). Considering that trehalose-PVP mixtures tested in the
present study have no adverse effects on exosomes and such
mixtures have a very high Tg at low water contents (Drake et al.,
2018), the tested combinations of trehalose and PVP (particularly
100 mM trehalose + 5% PVP40) are expected to preserve
lyophilized exosome samples at ambient temperature without any
significant activity lost even if the storage temperature fluctuates.
In fact, our preliminary data on the residual moisture content of
the freeze dried samples along with published data (Drake et al.,
2018) suggest a Tg over 70◦C for 100 mM trehalose+ 5% PVP.

Skeletal muscle ischemia and reperfusion injury are now
recognized as one of the most common and important clinical
problems. The clinical need for an effective musculoskeletal
injury therapy is in a great demand. Therapeutic interventions
that change the biochemical environment during the ischemic
and/or reperfusion period may result in amelioration of
subsequent cellular damage. Hydrogen sulfide (NaHS or its donor
GYY4137) has been proposed in many studies as a therapy
to prevent IR damage by reducing free radical-induced stress,
promoting mitochondrial function, activating vascularization
pathways, and reducing apoptosis. Therefore, NaHS treatment
represented an alternative approach to assess the effectiveness
of our exosome treatment. Our experiments using the same
cells under the same experimental conditions revealed that the
hADSC-derived exosome treatment is more effective than the
NaHS treatment in terms of ameliorating the ischemic injury,
further supporting clinical applications of exosome therapies.

CONCLUSION

In conclusion, the results of the present study support our
hypotheses that (1) UF/TFF is an efficient method for isolating
high yield, bioactive exosomes and (2) freeze-drying in the
presence of trehalose and PVP better retains the size, number,
and bioactivity of hADSC-derived exosomes. These findings may
facilitate therapeutic application of exosomes.
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Limitations in the current therapeutic strategies for the prevention of progression of
chronic kidney disease (CKD) to end stage renal disease has been a drawback to
improving patient recovery. It is therefore imperative that a solution is found to alleviate
this problem and improve the health and well-being of patients overall. Aristolochic acid
(AA) induced nephropathy, a type of nephrotoxic CKD is characterised by cortical tubular
injury, inflammation, leading to interstitial fibrosis. Extracellular vesicles derived from
human bone marrow mesenchymal stem cells (MSC-EVs) display therapeutic properties
in various disease models including kidney injury. In the current study, we intended
to investigate the ability of MSC-EVs on ameliorating tubular injury and interstitial
fibrosis in a mouse model of aristolochic acid nephropathy (AAN). The chronic model
of AAN is comprised of an intraperitoneal injection of AA in NSG mice, followed by
a three-day incubation period and then inoculation of MSC-EVs intravenously. This
routine was performed on a weekly basis for four consecutive weeks, accompanied by
the monitoring of body weight of all mice. Blood and tissue samples were collected
post sacrifice. All animals administered with AA developed kidney injury and renal
fibrosis. A gradual loss of body weight was observed, together with a deterioration in
kidney function. Although no significant recovery was observed in weight loss following
treatment with MSC-EVs, a significant reduction in: blood creatinine and blood urea
nitrogen (BUN), tubular necrosis, and interstitial fibrosis was observed. In addition,
infiltration of CD45 positive immune cells, fibroblasts, and pericytes which were elevated
in the interstitium post AA induced injury, were also significantly reduced by MSC-EVs.
Kidneys were also subjected to molecular analyses to evaluate the regulation of pro-
fibrotic genes. MSC-EVs significantly reduced AA induction of the pro-fibrotic genes
α-Sma, Tgfb1 and Col1a1. A downregulation in pro-fibrotic genes was also observed
in fibroblasts activated by AA injured mTECs in vitro. Furthermore, meta-analyses of
miRNAs downregulated by MSC-EVs, such as miR21, revealed the regulation of multiple
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pathways involved in kidney injury including fibrosis, inflammation, and apoptosis. These
results therefore suggest that MSC-EVs could play a regenerative and anti-fibrotic role
in AAN through the transfer of biologically active cargo that regulates the disease both
at a protein and genetic level.

Keywords: aristolochic acid nephropathy, extracellular vesicles, mesenchymal stem cells, chronic kidney
disease, miRNA, fibrosis

INTRODUCTION

The current limitation in effective therapeutic strategies, available
to prevent the progression of chronic kidney disease (CKD)
toward end stage renal disease, has been a major drawback in
improving patient recovery. It is therefore imperative that a
solution is found to alleviate this problem and improve the overall
health and well-being of patients (Shea and Booth, 2019).

Aristolochic acids (AA) are a group of toxins that are enriched
in plants of the genus Aristolochia and Asarum, commonly found
worldwide (Han et al., 2019). These plants have been regularly
used as part of traditional herbal therapy for the treatment of
various ailments as well as slimming (Jadot et al., 2017). In
the early 1990s, various women who were on a similar weight
loss regimen, consisting of Chinese herbs, presented with a
rapidly progressive form of CKD, known as Chinese herbal
nephropathy (CHN) (Jadot et al., 2017). In addition, another
form of nephropathy, more prominent in the Balkan region of
Eastern Europe, hence known as Balkan endemic nephropathy
(BEN), also exhibited similarities to CHN (Jelakovic et al., 2019).
Further investigations led to the discovery of AA in the Chinese
herbs, as the cause of CHN. Meanwhile, the contamination of
the weed species Aristolochia clematitis (rich in AA) in wheat
consumed in the Balkan regions was identified to be the cause of
BEN (Jadot et al., 2017). As a result, both CHN and BEN are now
collectively classified as aristolochic acid nephropathy (AAN)
(Jadot et al., 2017). AAN is mainly characterised by tubular
damage and atrophy accompanied with interstitial nephritis
and extensive fibrosis. In addition, 40% of cases manifest with
urothelial carcinoma due to the DNA adducting properties of
AA. Although extensive research has been done over the years
to elucidate the underlying mechanisms of AAN, no effective
therapeutic regimen is available as of yet (Han et al., 2019).

Current advances in the field of regenerative medicine
have generated an interest in the development of alternative
treatments that would aim not only to alleviate the symptoms,
but also to repair and regenerate injured tissues. In particular,
therapies based on adult stem cells have become a promising
strategy due to their abilities of self-renewal, multipotency,

Abbreviations: α-Sma, alpha smooth muscle actin; AA, aristolochic acid; AAN,
aristolochic acid nephropathy; AKI, acute kidney injury; BEN, Balkan endemic
nephropathy; BUN, Blood urea nitrogen; CHN, Chinese herbal nephropathy;
CKD, chronic kidney disease; DMEM, Dulbecco’s minimum essential medium;
DMSO, dimethyl sulfoxide; EVs, extracellular vesicles; HLSC, human liver stem
cell; LTBP1, latent TGFb binding protein 1; MFI, mean fluorescence intensity;
mkCF, mouse kidney cortical fibroblast; MSC, mesenchymal stem cells; mTEC,
mouse tubular epithelial cell; PDGF, platelet derived growth factor; TGFb,
transforming growth factor beta; UUO, Unilateral ureter injury; WNT, Wingless-
related integration site.

and plasticity. Bone marrow derived mesenchymal stromal
cells (MSCs) are one of the most extensively studied stem
cell types, as they are easy to isolate/expand, and have a low
risk of forming teratomas. In addition, they have shown great
therapeutic potential in various experimental models of acute and
chronic kidney disease. For instance, Morigi et al. (2004) reported
that murine bone marrow derived MSCs in a mouse model of
cisplatin-induced acute kidney injury (AKI) alleviated tubular
damage and improved renal function. Furthermore, Herrera et al.
(2004), in their mouse model of glycerol-induced AKI, also
showed a similar tubular regenerative effect attributed to the
engraftment of MSCs in the damaged kidney. Apart from AKI,
MSCs have also been reported to be therapeutically effective in
experimental CKD. For instance, bone marrow derived MSCs
attenuated tubulointerstitial injury, in a model of unilateral ureter
obstruction in mice (Xing et al., 2019) and promoted renal
repair, by limiting the dysfunction of podocytes and glomerular
progenitor cells, in a model of adriamycin-induced nephropathy
(Zoja et al., 2012). However, due to limitations in the expansion
of MSCs in vitro, the induction of senescence at an early passage,
and immunogenicity, has made the translation of experimental
findings to a more clinical setting rather challenging (Rota et al.,
2019). Various mechanisms have been suggested through which
MSCs exhibit their reno-protective effect. One such mechanism
is the packaging and release of biologically active factors in the
form of extracellular vesicles (EVs).

Extracellular vesicles are heterogeneous membrane bound
particles, naturally released by all cells in the body (Grange
et al., 2019a). They are classified according to their biogenesis,
whereby, EVs derived from multivesicular bodies are known
as exosomes and those released from the cell surface through
membrane blebbing are known as ectosomes (van der Pol et al.,
2012). EVs influence recipient cells, both locally and systemically,
through the transfer of their biologically active cargo (nucleic
acids, proteins, and lipids) (Bruno et al., 2019). In addition,
they can also induce epigenetic changes in injured target cells,
activating regenerative programmes (Derkus et al., 2017).

The regenerative capability of MSC-EVs has been very well
described in multiple models of kidney disease. For instance,
Bruno et al. (2009) demonstrated that MSC-EVs augmented the
recovery of injured tubular cells, by preventing apoptosis and
promoting proliferation, in a glycerol induced murine model
of AKI. In addition, the effect observed was similar to the
effects observed when injecting MSCs in the same model (Bruno
et al., 2009). In addition, Alzahrani (2019) showed through a
rat model of renal ischemia reperfusion injury, that exosomes
derived from MSC alleviate the disease. However, exosomes
isolated from melatonin preconditioned MSCs were even more
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effective in comparison to naïve MSC exosomes. This therefore
indicates the potential prospect of enhancing the therapeutic
effect of MSC-EVs through preconditioning. MSC-EVs have also
proven to be functional in toxic models of AKI, whereby renal
function together with the classic pathophysiological features
were significantly improved (Bruno et al., 2012; Reis et al., 2012).
Apart from AKI, MSC-EVs have also been shown to be effective
in various models of CKD. For instance, in a murine model
of diabetic nephropathy, Grange et al. (2019b) confirmed the
reversion of renal fibrosis and an improvement in renal function
post treatment with MSC-EVs. In other models of CKD, such as
the 5/6 nephrectomy model and the unilateral ureter obstruction
(UUO) model, MSC-EVs have proven to be effective in reducing
glomerulosclerosis and fibrosis (He et al., 2012, 2015). Recently,
we reported that also human liver stem cell-derived EVs (HLSC-
EVs) exhibit regenerative properties and are effective in reducing
fibrosis and improving overall kidney function in the current
model of AAN (Kholia et al., 2018).

The aim of the current study was therefore to evaluate whether
MSC-EVs exhibit any therapeutic effect similar to HLSC-EVs in
the CKD model of AAN.

MATERIALS AND METHODS

Cell Culture
Mesenchymal Stem Cells (MSC)
Human bone marrow MSCs purchased from Lonza (Basel,
Switzerland) were cultured in mesenchymal stem cell basal
medium (MSCBM, Lonza). Cells were sub-cultured after 15 days
following thawing from passage one and then after every
seven days for successive passages. EVs were isolated from cells
until passage six.

Murine Tubular Epithelial Cells (mTEC)
mTECs, isolated from kidneys of healthy female C57 mice [as
described previously by our lab (Bruno et al., 2009)], were
cultured in Dulbecco’s modified essential medium (DMEM)
supplemented with L-glutamine (5 mM), penicillin (50 IU/ml),
streptomycin (50 µg/ml) and 10% FCS (Euroclone, Milan, Italy).

Mouse Kidney Cortical Fibroblasts (mkCF)
mkCFs, were isolated from the kidneys of healthy male CD1
mice [as previously described by our lab (Kholia et al., 2018)],
were cultured in DMEM high glucose (Euroclone, Milan, Italy)
supplemented with L-glutamine (5 mM), penicillin (50 IU/ml),
streptomycin (50 µg/ml), 10 ml HEPES (Sigma Aldrich), and 10%
FCS (Euroclone, Milan, Italy).

Isolation and Characterisation of EVs
EVs were isolated from supernatants, obtained from MSCs
(1 × 106 cells/T150 flask) following overnight (18 h) starvation
in serum free Roswell Park Memorial Institute Medium (RPMI)
(Euroclone, Milan, Italy). The viability of cells post starvation
was 98%, as confirmed by Trypan blue exclusion staining. Briefly,
supernatants were subjected to centrifugation at 3000 g for
15 min at 4◦C, followed by microfiltration using a 0.22 µm

vacuum filter unit (Millipore, United States), for the removal of
cell debris and apoptotic bodies. The effective removal of cell
debris by this procedure was checked by electron microscopy.
In order to pellet EVs, the purified supernatant was further
ultracentrifuged at 100,000 g for 2 h at 4◦C using the SW70Ti
rotor in a Beckman Coulter Optima L-90 K ultracentrifuge
(Beckman Coulter, Fullerton, CA, United States). The resulting
pellet was resuspended in RPMI supplemented with 1% dimethyl
sulfoxide (DMSO) and stored at -80◦C.

Characterisation of EVs was performed according to the
criteria suggested by the ISEV position paper (Thery et al.,
2018). The expression of surface markers was evaluated using
the human cytofluorimetric bead-based MACSPlex exosome
kit (Miltenyi Biotec, Germany) according to manufacturer’s
protocol. Briefly, three independent MSC-EV preparations
consisting of approximately 1 × 109 MSC-EVs/preparation were
diluted in MACSPlex buffer (MPB) to a final volume of 120 µl in a
1.5 ml microcentrifuge tube. This was followed by the addition of
15 µl of MACSPlex exosome capture beads (containing a cocktail
of 39 different exosomal marker epitopes). The EVs on capture
beads were counterstained by adding 5 µl of APC-conjugated:
anti-CD9, anti-CD63, and anti-CD81 detection antibodies to
each of the tubes and incubating for 1 h at room temperature in
the dark on an orbital shaker at 450 rpm. Post incubation, the
beads were subjected to first washing with 1 ml of MPB at 3,000 g
for 5 min, followed by a longer washing step by incubating the
beads in 1 ml of MPB on an orbital shaker (as before) for 15 min.
After this step, the beads were centrifuged at 3,000 g for 5 min and
the supernatant was carefully aspirated leaving a residual volume
of 150 µl per tube for acquisition. Flow cytometric analysis
was performed using the Cytoflex flow cytometer (Beckman
Coulter, Brea, CA, United States) whereby approximately 5000–
8000 single bead events were recorded per sample. The median
fluorescence intensity (MFI) for all 39 exosomal markers were
corrected for background and gated based on their respective
fluorescence intensity as per manufacturer’s instructions.

Transmission electron microscopy was performed as
described previously (Kholia et al., 2018) using negative staining
with NanoVan (Nanoprobes, Yaphank). Samples were examined
by a Jeol JEM 1010 electron microscope (Joel, United States).
Electron microscopy revealed the presence of vesicles ranging
from 35 to 100 nm. Western blot analysis of EV protein was
performed to confirm the presence of the classical exosomal
marker CD63, and the absence of the cytoplasmic marker GM130
(positive in MSC cell lysates). Particle size and concentration of
purified EVs was assessed with the Nanosight NS300 (NanoSight,
Amesbury, United Kingdom) equipped with a 405 nm laser
using the NTA 1.4 Analytical Software as described previously
(Herrera Sanchez et al., 2014).

In vitro Model of Aristolochic Acid
Nephropathy
In order to elucidate the effects of MSC-EVs on cortical renal
fibroblasts, an in vitro model of AA-induced fibrosis was set.
Briefly, 1.5 × 104 mTECs were treated with 100 µM AA for
4 h in 24 well cell culture inserts (1.0 µm pore) (Thermo Fisher
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Scientific). mTECs without AA treatment served as controls.
Post incubation, the mTECs were washed once with PBS and
co-cultured with mkCF cells (already seeded the day before
in a 24 well plate at a concentration of 2 × 104 cells/well)
for five days at 37◦C in the presence or absence of MSC-EVs
at a concentration of 75,000 EVs/cell (MSC-EVs were added
to the lower compartment with fibroblasts). Post incubation,
mkCFs were analysed for fibrotic gene expression by qRT-PCR.
Fibroblasts co-cultured with healthy mTECs served as controls.

Mouse Model of Aristolochic Acid
Induced Nephropathy
Animal studies were conducted according to the guidelines for
the Care and Use of Laboratory Animals set by the National
Institute of Health. All procedures were approved by the
Ethics Committee of the University of Turin and the Italian
Health Ministry (authorisation number: 766/2016-PR). AAN was
instigated in male NOD/SCID/IL2Rγ KO (NSG) mice (bred
at the animal facility in the Molecular Biotechnology Centre)
(6/8 weeks old; n = 12) by intraperitoneal injections of 4 mg/kg
of AA diluted in 250 µl of PBS final volume (Santa Cruz
Biotechnology, Santa Cruz, CA, United States) (AA was dissolved
in DMSO at a concentration of 10 mg/ml) once a week for
four consecutive weeks (Figure 2A). A group of mice were
injected with MSC-EVs (n = 9) intravenously at a concentration
of 1 × 1010 EVs/ml/mouse or vehicle alone (PBS) (n = 5; as
control) three days after AA administration on a weekly basis
(Figure 2A). Mice were sacrificed after four weeks and subjected
to multi-parameter analyses as mentioned below. The use of
immunodeficient mice was preferred in this study to avoid an
immunogenic reaction due to repeated injections of MSC-EVs.
During AA administration, healthy mice were injected with the
volume of DMSO (equivalent to 4 mg/kg of AA) diluted in 250 µl
of PBS final volume.

Total Body Weight and Kidney Function
Body weight of mice was recorded to assess their general health
on a weekly basis prior to AA injections and at the end
of the experiment just before sacrificing. Kidney function of
mice from all experimental groups was evaluated by measuring
blood plasma creatinine after sacrificing using a colorimetric
microplate assay based on the Jaffe reaction (Quantichrom
Creatinine Assay, BioAssay systems, Hayward, CA, United States)
as per manufacturer’s protocol. Blood urea nitrogen (BUN)
was measured by direct quantification of plasma urea with a
colorimetric assay kit according to the manufacturer’s protocol
(Quantichrom Urea Assay, BioAssay Systems, Hayward, CA,
United States).

RNA Extraction and qRT-PCR
Total RNA was extracted from mouse tissue as described
previously (Kholia et al., 2018). Briefly, mouse renal tissue
was resuspended in 1 ml of TRIzolTM solution (Ambion,
Thermofisher) in microcentrifuge tubes and homogenised in a
Bullet blender (Next Advance Inc, NY, United States) at a speed
of 8 rpm for 3 min using 3.2 mm size zirconium beads. The

tubes were then placed on a tube rotator at 4◦C for 30 min,
followed by centrifugation at 12,000 g for 15 min at 4◦C.
Supernatant was transferred to clean tubes and subjected to RNA
isolation using the miRNeasy mini kit (Qiagen, Frederick, MD,
United States), according to the manufacturer’s protocol. For
the isolation of RNA from cells, 700 µl of TRIzolTM solution
was added to cells in the wells and incubated for 10 min on
a shaker. The mixture was then transferred to 1.5 ml RNAse
free tubes and subjected to RNA isolation using the miRNeasy
mini kit (Qiagen, Frederick, MD, United States), according to
the manufacturer’s protocol. Total RNA was quantified using the
NanoDrop2000 spectrophotometer (Thermo Fisher, Waltham,
MA, United States) and either used immediately or stored at
-80◦C until further use.

cDNA was synthesised by retro-transcribing 200 ng of total
RNA using the High Capacity cDNA reverse transcription kit
(Thermo Fisher, Waltham, MA, United States), according to
the manufacturer’s protocol. qRT PCR was performed using
the StepOnePlus RT-PCR machine (Thermo Fisher, Waltham,
MA, United States) in 20 µl reactions with Power SYBR Green
PCR Master Mix (Thermo Fisher, Waltham, MA, United States)
and specific oligonucleotide primers (Table 1) (MWG−Biotech,
Eurofins Scientific, Brussels, Belgium). Data were analysed using
11Ct method with Gapdh as endogenous control.

Validation of the expression of specific miRNAs obtained
from the Fireplex R© assay by ABCAM, was performed as follows.
Total RNA was isolated from ten (8 µm) formalin fixed
parafilm embedded (FFPE) sections (n = 3/condition) using
the RecoverALLTM Total Nucleic acid isolation kit for FFPE
(Thermo Fisher, Waltham, MA, United States) according to
the manufacturer’s protocol. The total RNA from each mouse
(200 ng of input RNA) was reverse transcribed, using the
miScript Reverse Transcription Kit (Thermo Fisher, Waltham,
MA, United States) and the cDNA was subjected to RT-PCR, to
validate the miRNAs of interest. Experiments were performed in
triplicate using 3 ng of cDNA for each reaction as described by the
manufacturer’s protocol (Qiagen). The following miRNAs were

TABLE 1 | List of Primers used for qRT-PCR.

Gene Primer Sequence 5′-3′

m_Col1a1 Forward ATC TCC TGG TGC TGA TGG AC

m_Col1a1 Reverse ACC TTG TTT GCC AGG TTC AC

m_Tgfb1 Forward CGA AAG CCC TGT ATT CCG TCT

m_Tgfb1 Reverse GCA ACA ATT CCTGGC GTT ACC

m_α-Sma Forward CTG ACA GAG GCA CCA CTG AA

m_α-Sma Reverse CAT CTC CAG AGT CCA GCA CA

m_Ltbp1 Forward GGA GCC CGA AGT GGT AAC AG

m_Ltbp1 Reverse GAA TAG TTG AAA CCC CTG GGG

m_Gapdh Forward TGT CAA GCT CAT TTC CTG GTA TGA

m_Gapdh Reverse TCT TAC TCC TTG GAG GCC ATG T

hsa-miR-132-5p TAA CAG TCT ACA GCC ATG GTC G

hsa-miR-342-3p TCT CAC ACA GAA ATC GCA

hsa-miR-214-3p ACA GCA GGC ACA GAC AGG

hsa-RNU6b CGC AAG GAT GAC ACG CAA
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screened in all mice conditions: miR-132-5p, miR-342-3p, and
miR-214-3p with RNU6b as endogenous control.

Histological Analysis
Paraffin embedded renal tissues were cut in 5 µm-thick
sections and stained with haematoxylin and eosin (for tubular
damage and hyaline cast formation), or Masson’s Trichrome
(for interstitial fibrosis) (Bio-Optica, Milan, Italy), according to
the manufacturer’s protocols. Assessment of tubular necrosis
was performed by analysing 10 non-overlapping cortical
fields/section at a magnification of 400x (high power field, HPF)
using ImageJ software. Quantification of interstitial fibrosis was
performed by measuring collagenous fibrotic areas stained in blue
(sections stained with Masson’s trichrome) in 10 random cortical
fields/section from images taken at a magnification of 200x, using
multiphase image analysis with ImageJ software version 1.49s
(Schneider et al., 2012).

Immunohistochemical staining was performed as described
previously (Herrera Sanchez et al., 2014). Briefly, 5 µm sections
were deparaffinised, hydrated, and subjected to antigen-retrieval.
Endogenous peroxidase was removed using 5% H2O2. Sections
were blocked with 3% BSA/PBS and then incubated with
antibodies of interest: proliferating cell nuclear antigen (PCNA)
(1:400, Santa Cruz Biotechnology), α-smooth muscle actin
(α-SMA) (1:100, Ab7817, Abcam), S100A4 [Fibroblast specific
protein 1 (FSP-1)] (1:500, Ab41532, Abcam), and CD45 (1:500,
Ab10558, Abcam) overnight at 4◦C. The following day, after two
washes with PBS-tween 0.01%, the sections were incubated with
secondary horse radish peroxidase antibody (Pierce, Rockford,
IL, United States) for 1 h at room temperature. Sections were then
developed with diaminobenzidine (DAB) (Dako, Carpinteria,
CA, United States), counterstained with haematoxylin, and
analysed via microscopy.

For sections that required immunofluorescence double
staining, the slides were blocked with 3% BSA/PBS for 30 min
following antigen retrieval, permeabilised in 0.2% Triton-
X100/PBS for 6 min at 4◦C and then incubated with the
primary antibodies of interest: α-SMA (1:100, Ab7817, Abcam),
and platelet derived growth factor receptor beta (PDGFRβ,
1:50, Ab32570, Abcam) overnight at 4◦C. Secondary antibodies
were incubated with sections for 1 h at room temperature.
Following washes, the sections were stained with DAPI and
mounted with Fluorescent mounting media and analysed via
microscopy. Sections labelled only with secondary antibody
served as controls.

In order to evaluate changes in cell death, kidney
tissue sections were stained for DNA fragmentation using
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) according to the manufacturer’s protocol (Roche,
United Kingdom). Cell death was quantified by averaging the
numerical count of TUNEL-positive nuclei in 8 random cortical
fields/section from images taken at a high magnification of 400x,
using ImageJ software as mentioned above.

Fireplex miRNA Assay
The FirePlex multiplex miRNA allows a high-throughput analysis
of up to 65 literature validated peer-reviewed miRNA targets,

involved in kidney injury, by flow cytometry and efficient
analysis with the FirePlex Analysis Workbench Software. In order
to evaluate the regulation of miRNAs specifically involved in
kidney injury, formalin fixed paraffin embedded tissue slices
(in duplicate) from mice treated with AA (n = 3), AA mice
treated with MSC-EVs (n = 5), and healthy mice (n = 3) were
provided to Abcam to perform the assay specific to kidney
injury (kidney toxicity panel, ab219508, Abcam) as a service.
The samples were processed as per the published protocol.
Briefly, FFPE samples were mixed with 36 µl Digest Buffer,
20 µl water and 4 µl Protease Mix and incubated at 60◦C for
45 min with shaking. For each sample run, FirePlex Particles
(35 µl) were added to a well of a 96-well filter plate and filtered.
Twenty-five µl Hybe Buffer was added to each well followed by
1 ng of total RNA. The plate was incubated at 37◦C for 1 h
with shaking. After two washes with 1 × Rinse A, 75 µl of
1× Labeling Buffer was added per well. The plate was further
incubated at room temperature for 1 h with shaking. After
two washes with 1 × Rinse B and one wash with 1 × Rinse
A, a catch plate was added to the vacuum manifold and the
filter plate put under constant vacuum. Sixty five µl of 95◦C
RNAse-free water was added twice to each well to elute the
ligated sample. Thirty µl of this meltoff was added to a clean
PCR plate and mixed with 20 µl PCR master mix. The mixture
underwent 32 cycles of PCR amplification. Sixty µl of Hybe
Buffer was then added back to each well of the original particles
followed by 20 µl of the PCR product, and the plate was
incubated at 37◦C for 30 min with shaking. After two washes
with 1 × Rinse B and one with 1 × Rinse A, 75 µl of
1 × Reporting Buffer was added per well and the plate was
incubated at room temperature for 15 min on a shaker. Post
incubation, the plate was washed twice with 1 × Rinse A, and
then 175 µl of Run Buffer was added to each well. The samples
were then scanned on an EMD Millipore Guava 6HT flow
cytometer (MilliporeSigma, Germany) and the Flow cytometry
quantification data was analysed with the FirePlex Analysis
Workbench software (Abcam, Cambridge, MA, United States)
whereby, the Fluorescence intensity values across all samples
were normalised using the geNorm algorithm.

Bioinformatic Analyses
Data from the Fireplex miRNA assay were further analysed using
FirePlex R© Analysis Workbench Software version 2.0 (Abcam)
Fireplex Analysis Workbench software (Abcam). Gene target
prediction was performed with miRWalk 3.0 considering only
miRNAs targeting the 3′UTR sequence and a score above
0.95 (Dweep et al., 2014). Panther Classification System online
software was used for pathway enrichment analysis (Thomas
et al., 2003). Only pathways with a minimum number of five
genes were considered in the classification.

Statistical Analyses
All data obtained were analysed using GraphPad Prism 6.0.
Results are expressed as mean ± standard deviation (SD) or
standard error of the mean (SEM) where indicated. Statistical
analyses were performed by employing the one way analyses of
variance (ANOVA) or two-way ANOVA with a multi comparison
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FIGURE 1 | Characterisation of MSC-EVs. (A) Multiplex bead-based flow cytometry assay was used to characterise MSC-EV surface antigens. Thirty nine
multiplexed populations of dye-labeled antibody-coated capture beads containing established exosomal markers were incubated with MSC-EVs and analysed by
flow cytometry. Experiments were performed with three different samples. (B) Nanoparticle tracking analyses showing the size distribution and quantity of MSC-EVs
purified by differential ultracentrifugation. (C) Representative transmission electron microscopy showing MSC-EVs (original magnification 150,000X).
(D) Representative Western blot analysis of the exosomal marker CD63 (30–60 kDa) in MSC-EVs and negatively stained for GM130 (130 kDa) (MSC lysate was used
as positive control).

test where appropriate. A p-value of <0.05 was considered
statistically significant.

RESULTS

Characterisation of MSC-EVs
EVs were evaluated for typical expression markers using the
MACS multiplex bead-based flow cytometry assay described

recently (Koliha et al., 2016; Wiklander et al., 2018). The assay
involves incubating EVs with a cocktail of 39 different bead
populations, each representing a typical exosomal surface antigen
(37 markers and 2 isotypic controls). EVs bound to beads are
counterstained with a cocktail of APC conjugated detection
antibodies of commonly used exosome markers anti-CD9, anti-
CD63, and anti-CD81 and analysed by flow cytometry. Data
analysis revealed that EVs were positive for the typical MSC
markers such as CD29, CD44, CD49e, CD105, CD146, as well
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FIGURE 2 | Induction of nephropathy in NSG mice by aristolochic acid intoxication. (A) Schematic representation of the experimental design for aristolochic acid
nephropathy (AAN) in vivo showing the days of administration of AA or Human bone marrow mesenchymal stem cell-derived extracellular vesicles (MSC-EVs) for
4 weeks (wk). (B) Mice body weight was measured weekly before AA injections for 4 weeks. The body weight is represented as percentage weight change.
A two-way analyses of variance (ANOVA) was performed with Bonferroni’s multi comparison test; Data are expressed as mean ± SEM of seven mice per group. **p
and ***p < 0.001 AA vs. control. (C) Plasma creatinine and (D) BUN levels in mice treated with vehicle alone or mice injected with AA or AA mice injected with
MSC-EVs (n = 7 mice per group). **p < 0.001 AA vs. control and AA + MSC-EVs vs. AA. Data are expressed as mean ± SEM; a one way ANOVA with Bonferroni’s
multi comparison test was performed.

as for the exosomal positive tetraspanins CD9, CD63, and CD81
(Figure 1A). In addition, EVs were negative for the endothelial
marker CD31 and epithelial marker CD326, therefore confirming
their mesenchymal origin (Figure 1A). Furthermore, Nanosight
analysis revealed the size of EVs to be in the typical range of 30-
300 nm, which was further confirmed by transmission electron
microscopy (Figures 1B,C). Western blot analysis showed that
EVs were positive for CD63 and negative for the cell cytoplasmic
marker GM130 (Figure 1D).

MSC-EVs Ameliorate AA Induced Kidney
Damage
Weight loss is considered to be one of the main macro symptoms
of AAN. Therefore, we monitored the total body weight of each
mouse on a weekly basis prior to AA administration (Figure 2A).
Mice injected with AA lost weight significantly from week two
onward compared to healthy mice (Figure 2B). Treatment with
MSC-EVs, post AA administration, did not ameliorate the loss of
weight induced by AA throughout the course of the pathology
(Figure 2B). As a parameter of kidney function, the plasma
creatinine and BUN levels were also evaluated in all mice groups
at sacrifice. Data analysis revealed a significant increase in plasma
creatinine and BUN levels of mice injected with AA compared
to healthy controls (Figures 2C,D). In contrast, AA mice treated
with MSC-EVs had significantly reduced levels of both plasma
creatinine and BUN in comparison with mice injected with AA
alone (Figures 2C,D).

Immunohistochemical analyses were performed to evaluate
the morphological changes of kidney tissue from all the
experimental groups. Kidney tissue of mice that had been injected
with AA alone had severe damage of the proximal tubules,
formation of hyaline casts, and development of interstitial
fibrosis, compared to healthy controls (Figures 3A,B). On
the other hand, mice that received treatment with MSC-
EVs showed a significant amelioration in kidney damage,
whereby there was a marked reduction in tubular necrosis
(H&E staining) and interstitial fibrosis, as observed by Masson’s
trichrome staining (Figures 3A,B). This was further confirmed
by the histological score (obtained by quantifying tubular
necrosis and interstitial fibrosis in kidney sections from all
experimental groups) whereby, mice inoculated with MSC-
EVs significantly reduced the number of necrotic tubules, and
interstitial fibrosis compared to AA injured mice (Figures 3C,D).
Furthermore, assessment of proliferation and apoptosis through
PCNA/TUNEL staining showed a significant increase in PCNA
positive cells (Figure 4A) and a decrease in TUNEL positive
apoptotic cells (Figure 4B) in AA mice treated with MSC-EVs
compared to mice injected with AA alone.

Activation of fibrogenic cells, as assessed by α-SMA staining,
was found to be significantly elevated in mice injected with AA
compared to healthy controls (Figure 5A). Interestingly, this
elevation was significantly reduced in AA mice treated with
MSC-EVs as evaluated by morphometric analyses (Figure 5A).
Infiltration of FSP-1 positive cells, and CD45 positive
inflammatory cells was also assessed through staining with their
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FIGURE 3 | Histological analyses of AAN in vivo model. (A) Micrographs representing H&E stained renal tissue from healthy mice injected with the vehicle alone
(control), or mice injected with AA, or AA mice treated with MSC−EVs. Original magnification at 400X. (B) Micrographs representing Masson’s trichrome stained
renal sections from control, AA or MSC-EV treated AA mice. The blue stain is collagen fibres signifying interstitial fibrosis. Original magnification at 200X.
(C) Histological score of tubular necrosis in AAN mice experimental groups. Mice treated with AA had significantly high levels of tubular necrosis, which was reduced,
on treatment with MSC-EVs. Data represent mean ± SEM of tubular necrosis observed under high power field (original magnification: 400X). A one way ANOVA with
Bonferroni’s multi comparison test was performed. ***p < 0.001 AA vs. control or AA+MSC−EVs vs. AA. (D) Histological quantification of interstitial fibrosis in AAN
mice experimental groups by multiphase image analysis of 10 fields per section. Data represent mean ± SEM; A one way ANOVA with Bonferroni’s multi comparison
test was performed. ***p < 0.001 AA vs. control, **p < 0.01 MSC−EV vs. AA.

respective antibodies. Mice treated with AA had a significantly
higher presence of both FSP-1 and CD45 cells compared to
healthy controls (Figures 5B,C). In contrast, treatment of
AA mice with MSC-EVs significantly reduced the infiltration
of FSP-1 and CD45 positive cells (Figures 5B,C). This was
further confirmed by histological score analyses which revealed
a significant difference between the three experimental groups,
exhibiting an ameliorating effect of MSC-EVs (Figures 5B,C).
Pericytes are perivascular cells that migrate to the interstitium
and differentiate into myofibroblasts during renal interstitial
fibrosis. The presence of pericytes/myofibroblasts was therefore
assessed through PDGFrβ/α-SMA co-staining. Data analyses

revealed a significant rise in PDGFrβ/α-SMA positive cells in
the kidney interstitium following AA induced injury compared
to healthy controls (Figure 5D). However, AA mice treated
with MSC-EVs had significantly lower levels of PDGFrβ/α-SMA
positive cells compared to AA mice (Figure 5D).

MSC-EVs Revert AA Induced
Upregulation of Pro-fibrotic Genes in
AAN Mice Kidneys
Real time PCR of kidney tissue from the experimental mice
groups revealed that mice treated with AA alone had significantly
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FIGURE 4 | Representative micrographs of PCNA and TUNEL stained renal tissue. (A) Proliferating cell nuclear antigen (PCNA) staining of control, AA, or AA mice
treated with MSC-EVs. Histological score of PCNA positive cells in AAN mice experimental groups observed under high power with an original magnification of 400X.
An increase in PCNA positive cells was observed in MSC-EV treated mice renal tissue. Data represent mean ± SEM. A one way ANOVA with Bonferroni’s multi
comparison test was performed. *p < 0.01 AA vs. control, or ***p < 0.05 AA+MSC−EVs vs. AA (B) TUNEL staining of control, AA, or AA mice treated with
MSC-EVs. Histological score of% of apoptotic cells (by TUNEL staining) in AAN mice experimental groups observed under high power with an original magnification
of 400X. A decrease in TUNEL positive cells was observed in MSC-EV treated mice renal tissue. Data represent mean ± SEM. A one way ANOVA with Bonferroni’s
multi comparison test was performed. **p < 0.01 AA vs. control, or **p < 0.05 AA+MSC−EVs vs. AA. Original magnification at 400X.

elevated levels of the pro-fibrotic genes: alpha Smooth muscle
actin (α-Sma), Collagen 1a1 (Col1a1) and Transforming Growth
Factor beta 1 (Tgfb1) (Figures 6A–C) compared to healthy
controls. However, AA mice, that had received MSC-EVs,
exhibited significantly lower levels of all three pro-fibrotic
genes (Figures 6A–C) in comparison with AA injured mice.
Furthermore, we also evaluated the regulation of the gene
Latent-Transforming Growth Factor beta-binding protein 1
(Ltbp1), that codes for the LTBP1 protein, involved in the
activation of TGFβ1. Mice treated with AA had significantly
upregulated levels of the Ltbp1 gene which was found to be
significantly downregulated in AA mice treated with MSC-
EVs (Figure 6D).

MSC-EV Treatment Induced the
Downregulation of Pro-fibrotic Genes in
Fibroblasts in vitro
In order to elucidate the role of MSC-EVs on activated renal
fibroblasts, an in vitro model in which AA injured mTECs
were co-cultured with kidney fibroblasts in a transwell system
was set-up (Figure 7A). Analyses of pro-fibrotic genes in renal
fibroblasts revealed a significant increase in α-Sma, Tgfb1, and
Col1a1 expression in fibroblasts exposed to mTECs pre-treated
with AA (Figure 7B). Following treatment with MSC-EVs,
this upregulation of pro-fibrotic genes was significantly reduced
(Figure 7B), therefore confirming the direct effect of MSC-EVs
on activated fibroblasts.

MSC-EVs Reverse the Expression of
miRNAs Dysregulated in AAN
miRNAs have been reported to play a crucial role in the regulation
of genes involved in kidney injury (Chung and Lan, 2015).

Furthermore, it has also been very well established that EVs can
influence the regulation of nucleic acids such as miRNAs by
transduction or horizontal transfer to recipient cells or tissue
(Ratajczak et al., 2006; Deregibus et al., 2007; Valadi et al.,
2007). The regulation of miRNAs by MSC-EVs, following AA
injury in mice, was evaluated using the mouse Fireplex miRNA
assay. Out of the 65 miRNAs analysed, 13 were found to be
significantly dysregulated in mice injured with AA and 36 were
found to be significantly regulated following treatment with
MSC-EVs (Figure 8A) (Supplementary Tables S1, S2). The
comparison of miRNAs between AA and AA+MSC-EV groups,
revealed ten to be commonly regulated. Among them, seven
were significantly downregulated following MSC-EV treatment
(Figures 8B,C), whereas three miRNAs were upregulated with
respect to AA treated mice and healthy controls (Figures 8B,D).
Three out of the seven miRNAs were validated through RT-PCR
(Supplementary Figure S1).

We further analysed the seven miRNAs (Figure 8C)
downregulated by MSC-EVs to identify the genes and pathways
regulated by them. The list of predicted target genes identified
through Mirwalk (data not shown), was further analysed
via Panther gene ontology software online. Ninety nine
pathways were predicted to be linked to miRNA targeted genes
(Supplementary Table S3) out of which the top 37 pathways
were selected based on a cut off of >5 genes/pathway and the
relevance of the pathway in kidney injury (Table 2). Furthermore,
analyses on validated pathways revealed the regulation of 14
pathways (Table 3). Interestingly, the majority of pathways
identified have been implicated in various pathological processes
such as fibrosis, inflammation, and apoptosis, all of which are
considered to be hallmarks of CKD. The list of all the miRNAs
that were identified to be regulated in the kidney tissues of
all the experimental mice groups analysed by Fireplex miRNA
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FIGURE 5 | Immunohistological staining of kidneys from mice treated with AA. Kidney paraffin-sections from healthy mice, or mice treated with AA, or AA mice
treated with MSC-EVs were stained for α-SMA (A), FSP-1 (B), or CD45 (C) to identify presence of active fibroblasts and inflammatory cell infiltration (original
magnification: 400X). (D) PDGFRβ/α-SMA staining was also performed to identify Pericyte/myofibroblast transition in the renal interstitium of kidney paraffin-sections
from AAN mice experimental groups (original magnification: 400X). The histograms represent the quantification of cells positive for the relative immunostaining in
mouse kidney paraffin-sections from AAN mice experimental groups. Data represent mean ± SEM of the fluorescence intensity of cells positive per high power field
measured from 10 images taken at random from six samples per treatment. ∗∗∗p < 0.001 AA vs. control or AA+MSC−EVs vs. AA. A one way ANOVA with
Bonferroni’s multi comparison test was performed. ∗ and $: AA vs. Control, p < 0.001; & and #: AA+MSC−EV vs. AA, p < 0.001.

assay can be found in the Supplementary Data (Supplementary
Tables S4, S5).

DISCUSSION

The current study demonstrates the capacity of MSC-EVs to
inhibit the progression of kidney injury in a CKD murine model
of AAN. Following MSC-EV treatment, mice showed an overall
improvement in kidney function, as reflected by a significant
reduction of blood creatinine, and BUN levels. In addition, MSC-
EVs significantly reduced tubular necrosis, interstitial fibrosis and
favoured renal regeneration. Furthermore, a marked reduction
in inflammatory cells, active fibroblasts, and pericytes was also
observed after MSC-EV treatment.

Over the last decade, the role of stem-cell derived EVs,
as an alternative strategy for tissue regeneration, has evolved
tremendously. In particular, MSC-EVs have been extensively
studied in various experimental disease models (Grange et al.,
2019a). For instance, in the classical CKD model of ureter urinary

obstruction (UUO), intravenous administration of MSC-EVs
not only improved renal function in a span of two weeks, but
also alleviated tubular injury and interstitial fibrosis (He et al.,
2015). Interestingly, in a porcine model of renovascular disease
(RVD), a more diverse model of CKD, a single dose of MSC-
EVs alleviated renal inflammation through the regulation of
pro and anti-inflammatory cytokines, contributing to recovery
(Eirin et al., 2017).

Alternative sources of MSC-EVs have also proven to be
effective. For example, urine derived MSC-EVs reduced podocyte
and tubular epithelial cell apoptosis and increased proliferation
of glomerular endothelial cells, therefore exhibiting an overall
regenerative effect in a rat model of diabetic nephropathy (Jiang
et al., 2016). Along the same line, Nagaishi et al. (2016) showed
that administration of MSC exosomes under the renal capsule,
in a similar mouse model of diabetic nephropathy, resulted in
equivalent anti-apoptotic effects and general improvement of
renal morphology.

More recently, our group reported the therapeutic effects of
multiple sources of stem-cell derived EVs, in a mouse model
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FIGURE 6 | MSC-EVs downregulate pro-fibrotic genes in mice treated with AA. Gene expression levels of α-Sma (A), Col1a1 (B), Tgfb1 (C), and Ltbp1 (D) in mice
treated with vehicle alone (control), or mice treated with AA, or AA mice treated with MSC-EVs. Data show mean ± SEM of n = 7 samples per treatment.
∗∗∗p < 0.001 AA vs. control, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 AA+MSC−EVs vs. AA. A one way ANOVA with Bonferroni’s multi comparison test was
performed.

of streptozotocin induced diabetic nephropathy (Grange et al.,
2019b). Grange et al. (2019b) showed that the administration
of EVs derived from both MSCs and HLSCs in diabetic
mice, significantly reduced, to near normal levels, the elevated
kidney functional parameters plasma creatinine, BUN and
albumin/creatinine excretion. In addition, the authors also
observed a significant reduction of fibrosis both at a protein
and molecular level, as a result of MSC-EV and HLSC-EV
treatment. A comparative miRNA expression analysis between
both EV types highlighted the presence of some common and
some uncommon miRNAs linked to the regulation of pro-
fibrotic genes. These findings further supported the anti-fibrotic
effect of MSC-EV, in a curative model of CKD (Grange et al.,
2019b). In addition, the regenerative effect of HLSC-EVs was
also reported by our lab, in an alternative model of CKD.
We demonstrated that in the CKD model of AAN, HLSC-
EVs not only improved the overall kidney function, but also
alleviated interstitial fibrosis and contributed to tubular repair.
The underlying repairing mechanisms were partially attributed to
the regulation of genes and miRNAs involved in the progression
of the disease (Kholia et al., 2018).

In the current study, using the same CKD model of AAN,
we attempted to evaluate the effect of MSC-EVs. We particularly
sought to identify similarities in the amelioration of kidney
damage and possible differences in the underlying molecular
mechanisms between MSC and HLSC EV sources.

The pathogenesis of CKD primarily involves dysfunction
of the local parenchyma in the form of tubular damage that
eventually progresses to necrosis and formation of hyaline casts
(Grange et al., 2019a). This phase of kidney injury is directly
correlated with an impairment of renal function, observed
through elevated blood BUN and creatinine levels as well as loss
of body weight as observed in various experimental models of
AAN (Zhou et al., 2010; Yuan et al., 2011; Bruno et al., 2012;
Huang et al., 2013; Grange et al., 2019b).

In the current study, the administration of AA increased
tubular damage and necrosis, as well as the levels of blood
creatinine and BUN. A gradual loss of mouse body weight,
over the course of the time, was also observed. Treatment
with MSC-EVs ameliorated tubular necrosis and reduced
blood BUN and creatinine levels. This effect was similar to
the one previously described following HLSC-EV treatment
(Kholia et al., 2018). However, at variance with HLSC-EVs, no
significant improvement in body weight was observed in mice
treated with MSC-EVs.

The activation of inflammatory, fibrotic, and reparative
processes occur simultaneously to promote regeneration and
repair, following an insult. An increase in the infiltration
of inflammatory and pro-fibrotic cells can impair tissue
regeneration and lead to fibrosis (Black et al., 2019). Renal fibrosis
characterised by progressive tissue scarring is a hallmark of CKD
and a prominent feature of AAN. Most of the patient cases of
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FIGURE 7 | MSC-EVs downregulate pro-fibrotic genes in kidney cortical fibroblasts in an in vitro model of AAN. (A) An illustration depicting the AAN in vitro assay
whereby: mTECs treated with or without AA for 4 hrs were co-cultured with mouse fibroblasts (mkCF) in the presence or absence of MSC-EVs (75,000 EVs/cell) for
5 days at 37◦C. (B) Gene expression analyses revealed an upregulation of the profibrotic markers: α-Sma, Tgfb1, and Col1a1 in mkCFs co-cultured with AA treated
mTECs. The expression levels of all three pro-fibrotic genes were reduced significantly following treatment with MSC-EVs. The data represents the mean ± SEM of
three independent experiments performed in quadruplicate. **p < 0.01 vs. AA, ***p < 0.001 vs. AA. A one way ANOVA with Bonferroni’s multi comparison test was
performed.

AAN, described in the literature, link chronic kidney failure with
fibrosis accompanied with interstitial inflammatory infiltrates
(Lo et al., 2004; Yang et al., 2007, 2012). In addition, various
experimental models of AAN also describe fibrosis, as a common
feature initiated mainly by the combination of inflammatory cells
and infiltration/activation of resident fibroblasts (Pozdzik et al.,
2008a; Sato and Yanagita, 2017).

Pozdzik et al. (2008a) reported the accumulation of cells
positive for vimentin and α-smooth muscle actin, both markers of
activated fibroblasts, in the renal interstitium of rats intoxicated
with AA. This was further confirmed by Huang et al. (2013)
in their mouse model of AAN, whereby an influx of FSP-
1 positive cells was observed in the kidneys of AA treated
mice. Furthermore, infiltration/activation of fibroblasts was
accompanied by the inflow of CD45 positive inflammatory cells,
as well as activated mononuclear and cytotoxic T cells (Pozdzik
et al., 2008a; Huang et al., 2013).

Along the same line, in our model of AAN, intoxication
with AA induced an influx of inflammatory cells (CD45 positive
cells) and myofibroblast activation (FSP-1 positive cells, and
α-SMA staining) in the renal interstitium, which was alleviated by
HLSC-EV treatment (Kholia et al., 2018). Interestingly, the same
effect was observed in our current study with MSC-EVs. Mice
that received treatment with MSC-EVs, showed a significantly
lower expression of CD45 positive cells, FSP-1 and α-SMA
positive myofibroblasts. As NSG mice lack an adaptive immune
system due to their genetic background (Shultz et al., 2005),
we speculate that, the CD45 positive cells are likely to be part

of the innate immune system. As a severe kidney injury was
observed in NSG mice following AA injection, we speculate that
the mechanism of injury could be mainly related to the innate
immune system. To explore the role of the adaptive immune
system, immunocompetent mice need to be used. However, in
the current study, as the MSC-EVs were derived from human
origin, immunodeficient mice had to be used to avoid an
immune reaction related to xenogenic material. Overall, our data
indicate that MSC-EVs attenuate the innate immune response
ameliorating AA induced kidney injury.

Another cell type known to play an important role in
fibrosis is the pericyte. They have been identified as a major
source of myofibroblasts in interstitial fibrosis (Wang et al.,
2017). These perivascular cells rich in PDGFRβ mainly provide
support to the vasculature under physiological conditions.
However, during a pathological insult in the kidney, they
tend to migrate toward the renal interstitium and undergo
transition into myofibroblasts positive for α-SMA (Wang et al.,
2017). In the current model, mice intoxicated with AA had a
significantly high number of pericyte/myofibroblast transitioned
cells (positive for PDGFRβ/α-SMA), which was significantly
reduced following MSC-EV treatment. The reduction in
interstitial fibrosis was also observed at a molecular level, whereby
a downregulation of the pro-fibrotic genes α-Sma, Col1a1, and
Tgfb1 was detected in kidneys of mice treated with MSC-EVs.
In vitro experiments on fibroblasts co-cultured with AA injured
mTECs further supported a role of MSC-EVs as mediators
of myofibroblast activation, as downregulation of pro-fibrotic
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FIGURE 8 | FirePlex miRNA assay. miRNAs, regulated in kidney toxicity, were detected in paraffin kidney sections in mice from all experimental groups (n = 3 per
group). (A) Venn diagram comparing the miRNAs regulated by AA and by MSC-EVs in the AAN model. Thirteen miRNAs were dysregulated in AA intoxicated mice
with respect to control mice and 36 in AA mice treated with MSC-EVs. Ten miRNAs were found to be common between the two groups. (B) List of the 10 modified
miRNAs common between AA mice and AA mice treated with MSC-EVs. (C) Box plots representing the miRNAs that were upregulated in mice injured with AA and
downregulated following treatment with MSC-EVs. (D) Box plots representing the miRNAs that were common between AA mice and AA mice treated with MSC-EVs
but not downregulated.

genes was observed following MSC-EV treatment. Furthermore,
a marked increase in proliferating cells, as evaluated by
PCNA staining and a significant reduction in apoptotic cells
evaluated by TUNEL staining, was observed in mice treated
with MSC-EVs, further supporting the activation of a renal pro-
regenerative programme. These findings demonstrate the anti-
inflammatory/anti-fibrotic properties of MSC-EVs, previously
described for HLSC-EVs in various models of CKD (Kholia et al.,
2018; Grange et al., 2019b).

TGFβ-1, a key factor in fibrosis was subsequently analysed
in our model. It is a major regulator of the pro-fibrotic process

leading to the development of scar tissue and ultimately end stage
renal disease (Jadot et al., 2017). The dysregulation of TGFβ-1 has
been reported in various experimental models of AAN (Pozdzik
et al., 2008b; Wang et al., 2008). In line with these studies, we also
observed a significant upregulation of TGFβ-1, at molecular level,
in mice damaged with AA. Interestingly, this upregulation was
further reverted following treatment with MSC-EVs. A similar
trend was also observed in the expression of the ltbp1 gene which
encodes for the LTBP1 protein, involved in the activation of
TGFβ-1. Of note, these data suggest a possible mechanism of
action of MSC-EVs in the regulation of TGFβ-1, which itself is a
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TABLE 2 | Panther gene ontology pathway analyses.

Pathways predicted by PANTHER online meta-analyses No of genes
involved

Wnt signalling pathway (P00057) 138

Inflammation mediated by chemokine and cytokine signalling
pathway (P00031)

94

Angiogenesis (P00005) 91

Cadherin signalling pathway (P00012) 77

Integrin signalling pathway (P00034) 73

PDGF signalling pathway (P00047) 71

EGF receptor signalling pathway (P00018) 69

FGF signalling pathway (P00021) 58

TGF-beta signalling pathway (P00052) 53

Apoptosis signalling pathway (P00006) 52

p53 pathway (P00059) 44

Interleukin signalling pathway (P00036) 42

Endothelin signalling pathway (P00019) 40

T cell activation (P00053) 39

Ras Pathway (P04393) 35

B cell activation (P00010) 33

Oxidative stress response (P00046) 31

VEGF signalling pathway (P00056) 29

Toll receptor signalling pathway (P00054) 26

PI3 kinase pathway (P00048) 24

Notch signalling pathway (P00045) 24

Interferon-gamma signalling pathway (P00035) 23

FAS signalling pathway (P00020) 15

Hypoxia response via HIF activation (P00030) 14

GABA-B receptor II signalling (P05731) 13

p53 pathway by glucose deprivation (P04397) 13

Histamine H1 receptor mediated signalling pathway (P04385) 13

Heterotrimeric G-protein signalling pathway-rod outer segment
phototransduction (P00028)

11

Hedgehog signalling pathway (P00025) 11

General transcription regulation (P00023) 11

JAK/STAT signalling pathway (P00038) 10

Beta3 adrenergic receptor signalling pathway (P04379) 10

Glycolysis (P00024) 10

DNA replication (P00017) 9

Angiotensin II-stimulated signalling through G proteins and
beta-arrestin (P05911)

8

Cell cycle (P00013) 7

P53 pathway feedback loops 1 (P04392) 6

Predicted pathways regulated by miRNAs downregulated by MSC-EVs in AA mice.
The top 37 pathways have been selected on the basis of number of genes involved
in kidney injury.

key stone in the progression of inflammation and fibrosis (Wang
et al., 2008; Black et al., 2019).

miRNAs are non-coding RNA molecules, that function as
post-transcriptional regulators, blocking target mRNAs. Their
role in regeneration has been gaining an increasing interest
over the past decade (Ignarski et al., 2019). Various studies
have reported the altered expression of miRNAs in renal tissue
during the progression of acute and CKDs, both in human and
animal models (Trionfini et al., 2015). In addition, miRNAs

TABLE 3 | Panther pathway enrichment analyses on validated target genes of
differentially expressed miRNAs in AA mice treated with MSC-EVs.

Pathways validated by PANTHER online meta-analyses No of genes
involved

Angiogenesis (P00005) 12

Apoptosis signalling pathway (P00006) 10

Integrin signalling pathway (P00034) 10

PDGF signalling pathway (P00047) 9

CCKR signalling map (P06959) 9

TGF-beta signalling pathway (P00052) 8

Gonadotropin-releasing hormone receptor pathway (P06664) 8

p53 pathway (P00059) 7

p53 pathway feedback loops 2 (P04398) 7

Inflammation mediated by chemokine and cytokine signalling
pathway (P00031)

6

FGF signalling pathway (P00021) 6

FAS signalling pathway (P00020) 6

EGF receptor signalling pathway (P00018) 6

Oxidative stress response (P00046) 6

enriched in EVs, have been shown to exert their biological
action by being directly transferred into recipient cells or
indirectly by influencing the cells genetic content (Ratajczak
et al., 2006; Deregibus et al., 2007). We therefore, sought to
investigate, the dysregulation of miRNAs in our current model
of AAN. Seven miRNAs were identified to be upregulated in
AA intoxicated kidneys, and downregulated following MSC-EV
treatment. Interestingly, these miRNAs have been reported to
play a role in kidney fibrosis. For instance, Thum et al. (2008) first
reported the overexpression of miR21 in a fibrosis model of heart
failure, while subsequent studies demonstrated its involvement
in various other models, including kidney fibrosis (Liu et al.,
2010; Denby et al., 2011). In another study, the upregulation of
miR34a was found to be elevated in the interstitium of mouse
fibrotic kidneys subjected to UUO injury (Zhou et al., 2014). In
addition, both miR132-3p and miR214 have been found to be
upregulated in various models of kidney diseases and associated
with inflammation, apoptosis, myofibroblast activation, and
dysregulation of the extracellular matrix (Denby et al., 2011, 2014;
Bijkerk et al., 2016). Furthermore, attenuation of these miRNAs
through inhibition or silencing has been shown to ameliorate the
various forms of kidney diseases by downregulating pathways
and processes favoring the progression of injury and fibrosis
(Denby et al., 2011; Liu et al., 2019).

Bioinformatic meta-analysis was performed on the predicted
and validated target genes of these 7 miRNAs for the relative
pathways to be identified. Through online Panther pathway
analysis, we identified over 30 predicted pathways out of which
some were linked with kidney injury and paralleled with the
ones regulated by HLSC-EVs in our previous study (Kholia
et al., 2018). Among some of these pathways, the WNT/beta-
catenin signalling pathway, chemokine/cytokine pathway, and
the TGFβ signalling pathway were identified. On the other hand,
the validated pathways regulated by the 7 miRNAs mentioned
above, were much less (14 pathways) in comparison with the
validated pathways regulated by HLSC-EVs (data not shown).
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Nonetheless, this study allowed us to identify validated pathways
that were specifically regulated by MSC-EVs which include:
apoptosis, TGFβ, FAS, and P53 signalling pathways amongst
others that have been reported to play a role in CKD (Chung and
Lan, 2015; Kholia et al., 2018; Black et al., 2019; Grange et al.,
2019b). Moreover, the comparison between miRNAs regulated by
MSC-EVs in the current study and HLSC-EVs in our previous
study (Kholia et al., 2018), showed no overlap, suggesting that
the molecular targets of stem cell derived EVs could differ despite
their overall common therapeutic effect.

Various studies have been performed in our lab to identify
the active biological molecules responsible for the therapeutic
effects observed. For instance, proteomics studies, performed
by Collino et al. (2017) on MSC-EV fractions, revealed the
presence of cytokines, chemokine receptors such as CXCR1,
CXCR6 etc; interleukins such as IL13, IL10, IL 4, that are
involved in regulating multiple immunomodulatory, and anti-
inflammatory pathways. In an earlier study by Collino et al.
(2015), EVs from wild-type MSCs induced morphological and
functional recovery of the kidneys in a mouse model of AKI,
whereas EVs from drosha-knockdown MSCs that had a global
downregulation of microRNAs were ineffective. They showed,
through RNA sequencing and gene ontology analysis that kidney
genes dysregulated post AKI (that mainly influenced pathways
related to inflammation, matrix-receptor interaction, among
others) were reverted after treatment with wild-type MSC-
EVs but not EVs from drosha-knockdown MSCs. Therefore,
confirming the contribution of miRNAs towards MSC-EV
biological activity. In a recent study by Grange et al. (2019b),
molecular analysis of MSC-EVs revealed enrichment with
miRNAs that regulated various inflammatory and pro-fibrotic
pathways therefore further confirming part of the EV therapeutic
effects to the miRNA content. Although, multiple reports have
been published dissecting the contents of stem cell derived EVs
to identify the active content responsible for their biological
activity, the demonstration that single or multiple component are
responsible for their specific function are still very challenging.

CONCLUSION

Our data suggest that multiple injections of MSC-EVs not only
improved renal function, but also ameliorated kidney fibrosis,
and tubular necrosis, possibly by attenuating the infiltration of
inflammatory cells and myofibroblasts, as well as by reducing the
transition of pericytes to myofibroblasts. Although the various
regenerative effects of MSC-EVs on AA injured mice were
similar to those previously observed with HLSC-EVs on the same
model of AAN (Kholia et al., 2018), the biological effect exerted

by both EV sources, can be ascribed to different underlying
molecular mechanisms.
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As transmitters of biological information, extracellular vesicles (EVs) are crucial for
the maintenance of physiological homeostasis, but also contribute to pathological
conditions, such as thrombotic disorders. The ability of EVs to support thrombin
generation has been linked to their exposure of phosphatidylserine, an anionic
phospholipid that is normally restricted to the inner leaflet of the plasma membrane
but exposed on the outer leaflet during EV biogenesis. Here, we investigated whether
EVs of different cellular origin and from different settings, namely platelets and red blood
cells from blood bank units and a monocyte-like cell line (THP-1), differ regarding their
potential to support factor XII-dependent thrombin generation. EVs were isolated from
blood products or THP-1 cell culture supernatants using differential centrifugation and
characterized by a combination of flow cytometry, nanoparticle tracking analysis, and
Western blotting. Soluble factors co-enriched during the isolation of EVs were depleted
from blood-cell derived EV fractions using size exclusion chromatography, while proteins
bound to the surface of EVs were degraded by mild protease treatment. We found
that platelet-derived and red blood cell-derived EVs supported factor XII-dependent
thrombin generation to comparable extents, while monocytic EVs failed to support
thrombin generation when added to EV-depleted human plasma. We excluded a major
contribution of co-enriched soluble proteins or of proteins bound to the EV surface to the
thrombogenicity of blood cell-derived EVs. Our data suggest that the enhanced potential
of blood cell-derived EVs to support thrombin generation is rather due to enhanced
exposure of phosphatidylserine on the surface of blood cell-derived EVs. Extending
these investigations to EVs from other cell types, such as mesenchymal stromal cells,
will be crucial for their future therapeutic applications.

Keywords: extracellular vesicles, phosphatidylserine, thrombin generation, coagulation, platelets, flow cytometry

Abbreviations: CTI, corn trypsin inhibitor; EVs, Extracellular vesicles; FC, flow cytometry; FIX, coagulation factor IX; FXII,
coagulation factor XII; FX, coagulation factor X; LA, lactadherin; MFI, median fluorescence intensity; mlEVs, monocyte-like
cell-derived EVs; NTA, nanoparticle tracking analysis; pEVs, platelet-derived EVs; rbcEVs, red blood cell-derived EVs; TF,
tissue factor.
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INTRODUCTION

Extracellular vesicles are sub-cellular fragments originating from
the endosomal system or shed from the plasma membrane
of virtually all cell types of the human body, generated
under physiological or pathological conditions (Deatherage and
Cookson, 2012; Sedgwick and D’Souza-Schorey, 2018). EVs are
considered key players in intercellular communication, where
they exhibit variable functions depending on their cellular origin,
their membrane composition, their surface proteins, and their
cargo (Valadi et al., 2007; Jorgensen et al., 2015; Willms et al.,
2016; McConnell, 2018).

The generic term “extracellular vesicles” encompasses
individual vesicle subpopulations, which display overlapping
features despite their heterogeneity (Greening and Simpson,
2018). Small EVs (40–130 nm, “exosomes”) originate from the
fusion of endosomal multivesicular bodies with the plasma
membrane, whereas the formation of large EVs (100–1000 nm;
“microvesicles”) involves actin-myosin-based contraction of
the cytoskeleton and a rearrangement of plasma membrane
phospholipids (D’Souza-Schorey and Clancy, 2012; Hessvik
and Llorente, 2017). This phospholipid rearrangement results
in the translocation of negatively charged phosphatidylserine
from the inner to the outer membrane leaflet, creating a catalytic
surface for the attachment and interaction of coagulation
factors on the EV surface. Specifically, the assembly of the
tenase (factors VIIIa, IXa) and prothrombinase (factors Va,
Xa) complexes of the coagulation cascade is greatly facilitated
in the presence of EVs, with Ca2+ acting as a bridge between
negatively charged gamma-carboxyglutamic acid-rich domains
on coagulation factors and phosphatidylserine on the EV
surface (Furie and Furie, 1992). Thus, phosphatidylserine
supports the propagation of coagulation, while tissue factor
(TF) or factor XII (FXII) are required as sparks to initiate the
coagulation cascade. The exposure of phosphatidylserine on
EVs may further contribute to coagulation by supporting the
transformation of TF, the high-affinity receptor for FVII/FVIIa
and main physiological initiator of the extrinsic coagulation
pathway (Mackman, 2009), from a quiescent form into a
biologically active state (Chen and Hogg, 2013; Ansari et al.,
2016; Grover and Mackman, 2018).

The pro-coagulant role of EVs is clearly evidenced by the
presence of elevated levels of EVs in pathologies associated
with an increased risk of thromboembolic events, such as
cancer, atherosclerosis, and sepsis (Levi et al., 2013; Matsumoto
et al., 2015; Deng et al., 2019; Lacroix et al., 2019). Moreover,
individuals with impaired phosphatidylserine exposure and EV
release, known as Scott syndrome, suffer from severe bleeding
disorders (Zwaal et al., 2004).

We have previously shown that platelet-derived EVs from
healthy individuals support the propagation of coagulation only
under conditions allowing for FXII-driven contact activation
(Tripisciano et al., 2017). In the same study, we observed that
EVs derived from lipopolysaccharide-stimulated monocyte-like
THP-1 cells were able to initiate coagulation independent of
contact activation due to their expression of TF, while EVs from
unstimulated monocyte-like cells failed to initiate coagulation

even under conditions allowing for contact activation. This
different ability of EVs derived from platelets and unstimulated
monocyte-like cells to support coagulation under conditions
allowing for contact activation led us to hypothesize that EVs
from different cell types or from different environments, such
as blood vs. cell culture settings, differ regarding their pro-
coagulant characteristics. In support of this hypothesis, recent
evidence from studies on human mesenchymal stromal cell-
derived extracellular vesicles suggests that the ability of EVs to
trigger coagulation depends on the type and state of their parent
cells (Christy et al., 2017; Chance et al., 2019).

In the present study, we therefore assessed the ability of EVs
derived from blood products (human medical grade platelet
concentrates and red blood cell concentrates) and from THP-
1 cell culture supernatants as a model for human monocytes
(Bosshart and Heinzelmann, 2016), to support coagulation in
the presence or absence of contact activation. We were able
to confirm differences in the pro-coagulant activity of EVs
from different sources, which appear to be due to differential
exposure of phosphatidylserine rather than to the presence of
soluble factors or EV surface proteins co-enriched during the
isolation of EVs.

MATERIALS AND METHODS

Blood Products
Blood collection was approved by the Ethical Review Board
of Danube University Krems, and written informed consent
was obtained from all donors. Human whole blood was drawn
from healthy volunteers into vacutainer tubes containing sodium
citrate (Vacuette, Greiner Bio-One, Kremsmuenster, Austria) or
sodium citrate supplemented with 50 µg/mL CTI (Haematologic
Technologies, Essex Junction, VT, United States) to inhibit
contact activation. Freshly drawn blood was centrifuged at
2,500 × g for 10 min to remove blood cells, the resulting
plasma was collected, centrifuged at 100,000 × g for 60 min,
sterile filtered to deplete EVs (Minisart 0.2 µm syringe filter,
Sartorius Stedim Biotech, Göttingen, Germany), and stored at
−80◦C until further use in thrombin generation experiments
as described below. The efficiency of EV depletion is shown in
Supplementary Figure S1.

Medical grade platelet concentrates as well as red blood cell
concentrates from healthy volunteer donors were obtained from
the Clinic for Blood Group Serology and Transfusion Medicine,
Medical University Vienna, Austria, after approval by the local
ethics committee (ECS2177/2015). They were produced in a
blood bank setting using a Trima Accel R© automated blood
collection system (Version 5.0, Terumo BCT, Lakewood, CO,
United States). Platelet concentrates were stored in polyolefin
bags in SSP+ solution (Macopharma, Tourcoing, France) at a
ratio of 80% SSP+ and 20% plasma and used within 2 days.
Red blood cell concentrates were stored in polyvinyl chloride
(PVC) bags plasticized with di-2-ethylhexyl phthalate in the
presence of citrate phosphate dextrose (CPD) supplemented with
a combination of sodium chloride, adenine, glucose and mannitol
(D’Amici et al., 2012) and used within 17 days.
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Reagents and Cell Culture Media
Phosphate buffered saline without calcium and magnesium (PBS;
Life Technologies, Paisley, United Kingdom) was centrifuged
at 100,000 × g for 60 min and sterile filtered (0.1 µm;
Millex-VV Syringe Filter Unit, Merck KGaA, Darmstadt,
Germany). Polyacrylamide gels (4–20%), running buffer, sample
buffer, and nitrocellulose membranes for Western blotting were
obtained from BioRad (Hercules, CA, United States). RIPA
buffer (125 mM Tris pH 7.6, 750 mM NaCl, 5% Igepal
CA-630, 5% sodium deoxycholate, 0.5% SDS) was purchased
from Cell Biolabs (San Diego, CA, United States). RPMI-1640
medium was supplemented with 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 100 units/mL penicillin
and 100 µg/mL streptomycin (all from Sigma Aldrich, St. Louis,
MO, United States). Fetal bovine serum (FBS) and human AB
serum (both from Sigma Aldrich), were heat-inactivated at 56◦C
for 30 min and sterile filtered prior to use. AB serum was
additionally centrifuged at 100,000× g for 60 min to deplete EVs.
All antibodies and fluorochrome-conjugated antibodies used for
flow cytometric characterization of EVs and for Western blotting,
their respective clones, and their suppliers are specified in Table 1.

Cell Culture
Monocyte-like cells (THP-1; American Type Culture Collection),
were grown in humidified atmosphere at 37◦C and 5% CO2
in supplemented RPMI medium containing 10% EV-depleted
FBS. When stable growth was reached, cells were harvested
by centrifugation at 450 × g, washed, and 1 × 106 cells/mL
were seeded into supplemented RPMI medium containing 10%
AB serum and grown for 4 h. Thereafter, the cell suspension
was centrifuged at 450 × g for 5 min to deplete cells, and
the remaining supernatant was further centrifuged (1,500 × g,
15 min, 4◦C) to remove debris. The remaining supernatant
was collected and immediately used for EV isolation (section
“Isolation of Extracellular Vesicles”).

Isolation of Extracellular Vesicles
Platelet concentrates used to isolate pEVs contained
2.1 ± 0.4× 106 platelets/µL, 0.06 ± 0.03 red blood cells/µL, and
0.03± 0.02 leukocytes/µL. Red blood cell units serving as starting
material for the isolation of rbcEVs contained 6.7 ± 0.8 × 106

red blood cells/µL, while platelet and leukocyte counts remained
below the detection limit. Platelet concentrates or red blood
cell concentrates (section “Blood Products”) were centrifuged at
2,500 × g, for 15 min at room temperature (platelets) or at 4◦C
(red blood cells) to deplete cells and debris. Depletion of blood
cells was confirmed by cell counting (Sysmex KX-21N, Sysmex,
Neumuenster, Germany), and supernatants were immediately
used for EV isolation. To obtain platelet-derived EVs (pEVs),
red blood cell-derived EVs (rbcEVs), and EVs derived from
monocyte-like cells (mlEVs), the cell-free supernatants from
platelet concentrates, red blood cell concentrates, and THP-1
cell cultures obtained as described above were centrifuged
at 20,000 × g (30 min, 4◦C), using a Sorvall Evolution RC
centrifuge, Rotor SS-34 (Thermo Fisher Scientific, Waltham,
MA, United States). The remaining supernatants were discarded,
and the pellets were washed with PBS, re-centrifuged at
20,000 × g, and re-suspended in PBS. The protein content
of the EV suspensions was determined using the DC Protein
Assay (Bio-Rad). Aliquots standardized to a protein content of
4 mg/mL were stored at−80◦C until further use.

Flow Cytometric Characterization of
Extracellular Vesicles
Flow cytometry was used to characterize platelet-derived, red
blood cell-derived and monocytic EVs obtained as described
in section “Isolation of Extracellular Vesicles.” EV suspensions
were diluted in PBS to a protein concentration of 1 µg/mL
and stained for 15 min at room temperature in the dark with
FITC-conjugated lactadherin as marker of phosphatidylserine,

TABLE 1 | Antibodies and fluorochrome conjugates used for flow cytometry and Western blotting.

Flow cytometry

Antigen Clone Marker for Fluorochrome Abbreviation Supplier

CD41 P2 platelets Phycoerythrin Cyanin 7 PC7 Beckman Coulter

CD235a HIR2 (GA-R2) red blood cells Allophycocyanin Alexa Fluor 750 APC AF750 Beckman Coulter

CD45 J33 leukocytes Pacific Blue PB Beckman Coulter

lactadherin n.a. phosphatidylserine Fluorescein Isothiocyanate FITC Haematologic Technologies, Inc.

Western blotting

Antigen Clone Supplier

CD63 T63 Invitrogen

Alix OTI1A4 Bio-Rad

α-Actinin1 Sc-17829 Santa Cruz Biotechnology

Calnexin polyclonal Bio-Rad

Factor IX polyclonal Coachrom

Factor X polyclonal Coachrom

n.a., not applicable.
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as well as with CD41-PC7 as platelet marker, CD235a-APC
as red blood cell marker and CD45-PB as leukocyte marker.
All antibody conjugates were centrifuged at 17,000 × g for
10 min at room temperature prior to use. Stained samples
were diluted 5-fold in PBS and analyzed on a Gallios flow
cytometer (Beckman Coulter, Brea, CA, United States) equipped
with 405, 488, and 638 nm lasers. Fluorescent-green silica
particles (1.0, 0.5, 0.3 µm; excitation/emission 485/510 nm;
Kisker Biotech, Steinfurt, Germany) were used for calibration,
the triggering signal was set to forward scatter/size, and the
EV gate was set at the 1 µm bead cloud. EVs were defined
as lactadherin-positive events in the EV gate as previously
described (Tripisciano et al., 2017; Weiss et al., 2018). The lower
size limit of detection was 250 nm. Data were acquired for
3 min at a flow rate of 10 µL/min and analyzed using the
Kaluza Software (Beckman Coulter), n = 10. Isotype controls and
single stainings of specific monoclonal antibodies are shown in
Supplementary Figure S2. As no isotype control is available for
lactadherin staining, unfiltered PBS, which contains non-defined
particular material, was “stained” with lactadherin-FITC to rule
out unspecific binding.

Nanoparticle Tracking Analysis
Particle size range and concentration were assessed by
nanoparticle tracking analysis (NTA; Zeta View, Particle
Metrix, Inning, Germany) equipped with a 520 nm laser and a
550 nm filter. To assess particle size, EV suspensions (section
“Isolation of Extracellular Vesicles”) were diluted 5,000-fold in
PBS for scattering mode analyses. Measurements were performed
in triplicates at room temperature at a camera sensitivity of 80%,
counting an average of 1,000 tracks with 15 fps. Alternatively,
we performed measurements in fluorescence mode after
staining with the membrane dye Cell Mask Orange (CMO,
excitation/emission 554/567 nm, Invitrogen, Carlsbad, CA,
United States). EVs were incubated with CMO (5 µg/mL) for
30 min in the dark (EV-to-CMO ratio of 1:2, 10-fold dilution of
EVs in PBS). Stained EVs were further diluted 100-fold in PBS
and analyzed at a camera sensitivity of 90%. A correction factor
of 1.43 was introduced to compare measurements recorded
at different sensitivities (80% for scattering mode, 90% for
fluorescence mode). Data were analyzed using the Zeta View
version 8.04.02. Eleven different EV batches were tested.

Characterization of Extracellular Vesicles
by Western Blotting
Extracellular vesicles fractions (section “Isolation of Extracellular
Vesicles”) containing 10 µg protein were added to cold RIPA
buffer to a final volume of 10 µL, and the mixture was
incubated 5 min on ice and vortexed at maximum speed.
Protein extracts (10 µg protein per lane) were resolved by SDS-
PAGE under reducing conditions, with the exception of CD63,
which was analyzed under non-reducing conditions. Gels were
blotted onto nitrocellulose membranes, and blots were developed
using anti-CD63, anti-α-Actinin1, anti-Alix, and anti-Calnexin
antibodies, as specified in detail in Table 1. To test for the
presence of coagulation factors IX (FIX) and X (FX) in blood

product-derived EVs, blots were developed with anti-FIX and
anti-FX antibodies. Human FIX and FX (Coachrom, Vienna,
Austria) as well as human EV-depleted citrate plasma were
used as controls. Membranes were developed using the Western
Breeze chemiluminescence kit (Invitrogen) according to the
manufacturer’s protocol.

Size Exclusion Chromatography to
Deplete Soluble Proteins
To separate EVs from co-enriched soluble proteins, pEVs as
well as rbcEVs were subjected to size exclusion chromatography.
EV aliquots (400 µg protein) were diluted to 500 µL in PBS
and run through 5 mL size exclusion columns (qEVoriginal,
Izon Science, Medford, MA, United States), according to
the manufacturer’s instructions. Fractions (0.5 mL each) were
collected and characterized regarding their protein content (DC
assay, Bio-Rad) and their exposure of phosphatidylserine, CD41,
and CD235a (FC). Fractions containing LA+ events in FC (i.e.,
EVs exposing phosphatidylserine) were pooled, the pool was re-
centrifuged (20,000× g, 30 min), and the resulting EV pellet was
re-suspended in PBS and immediately used for further analysis.
Three independent experiments were conducted.

Protease Treatment of Extracellular
Vesicles
To degrade membrane-associated factors potentially
contributing to thrombin generation, such as coagulation
factors associated with the EV surface, EVs were exposed to
mild protease treatment. Aliquots of isolated EVs (100 µg
protein/mL) were incubated with increasing concentrations of
trypsin (0, 1, 5, 10, 50, 100 µg/mL final concentration; Serva,
Heidelberg, Germany) at 37◦C for 10 min. The reaction was
stopped by the addition of protease inhibitor (cOmplete Mini,
Roche, Mannheim, Germany), EVs were pelleted at 20,000 × g,
washed with PBS, re-centrifuged, re-suspended in PBS, and
immediately used for further analysis; n = 4.

Thrombin Generation Assay
The pro-coagulant potential of pEVs, rbcEVs, and mlEVs was
assessed by thrombin generation assays (Technoclone, Vienna,
Austria) as previously described (Tripisciano et al., 2017). In
brief, isolated EVs (25 µg protein/mL) were added to EV-depleted
human plasma (section “Blood Products”) anticoagulated with
citrate in the presence or absence of CTI. The thrombin-
dependent cleavage of a fluorogenic substrate was recorded at
37◦C for 60 min at 1 min intervals (Synergy 2 microplate reader,
Bio-Tek Instruments Inc., Winooski, VT, United States) at an
excitation/emission 360/460 nm, and thrombin concentration
was calculated after calibration against a thrombin standard;
experiments were repeated from 3 to 4 times. Data were analyzed
with the Bio-Tek Gen5 software.

Statistical Analysis
GraphPad Prism version 7.02 (La Jolla, CA, United States) was
used for statistical analysis. Data are presented as mean of three
or more independent experiments ± standard deviation (SD).
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For multiple comparisons of normally distributed data, repeated
measures one-way analysis of variance (ANOVA) followed by
a Bonferroni correction for multiple comparisons were used.
A Kruskal-Wallis test followed by Dunn’s multiple comparisons
test was used for not-normally distributed data. Values < 0.05
were considered as statistically significant.

RESULTS

Characterization of Extracellular Vesicles
Derived From Platelets, Red Blood Cells,
and Monocytic THP-1 Cells
Isolated EV fractions were characterized regarding their protein
content, particle size and number, the presence of EV protein
markers, as well as the exposure of phosphatidylserine and
of markers of cellular origin (Figure 1). According to FC,
94.7 ± 0.9% (pEVs), 90.2 ± 0.5% (rbcEVs), and 73 ± 13.2%
(mlEVs) of all events in the EV gate exposed phosphatidylserine,
as indicated by their positive lactadherin staining. 93.5± 2.1 and
88.8 ± 0.2%, of pEVs and rbcEVs, respectively, carried CD41

(platelet marker) or CD235a (red blood cell marker), while only
23.8 ± 5.4% of mlEVs stained positive for CD45 (leukocyte
marker; Figures 1A,B). Monocyte-like THP-1 cells were 100%
CD45+ (Supplementary Figure S3), indicating that CD45 is not
fully transferred to mlEVs from their parent cells. Alternatively,
antibodies may differ in their ability to detect molecules on
cell surfaces vs. EVs due to conformational changes of surface
molecules on strongly curved surfaces, leading to apparently
lower expression of CD45 on EVs vs. cells.

To obtain an estimate of phosphatidylserine exposed on
the surface of pEVs, rbcEVs, and mlEVs, we calculated
the difference between specific lactadherin signals for each
vesicle subtype and fluorochrome-labeled reagent controls (delta
median fluorescence intensities; MFI) and found that pEVs (delta
MFI 62.4 ± 13.8) and rbcEVs (49.3 ± 2.9) exhibited higher
surface expression of phosphatidylserine as compared to mlEVs
(16.5 ± 2.0). The difference was statistically significant for pEVs
vs. mlEVs (both n = 10; Figure 1C), while the number of available
rbcEV batches (n = 2) for this specific experiment did not allow
for the calculation of statistical significance.

The mean particle size, according to nanoparticle tracking
analysis, was 161 ± 5.9 nm for pEVs, 140 ± 13 nm for

FIGURE 1 | Characterization of extracellular vesicle fractions. EVs were isolated from platelet concentrates (pEVs), red blood cell concentrates (rbcEVs), or from
monocytic THP-1 cells (mlEVs). Characterization of isolated EV fractions was performed using flow cytometry, nanoparticle tracking analysis, and Western Blotting,
as described in the section “Materials and Methods.” (A) Flow cytometric characterization of EVs was performed after calibration with fluorescent silica beads. EVs
were defined as phosphatidylserine-exposing (i.e., lactadherin-positive) events in the EV gate, and their cellular origin was assessed using CD41, CD235a, and CD45
as markers for pEVs, rbcEVs, and mlEVs, respectively. (B) Exposure of markers of cellular origin (n = 10) and mean size of pEVs, rbcEVs, and mlEVs (n = 11); b.d.,
below detection. (C) Difference between the specific antibody staining and the respective fluorochrome-labeled reagent control (median fluorescence intensity, MFI)
for lactadherin staining. Significance (***p ≤ 0.001) was calculated for pEVs vs. mlEVs (n = 10); as only two batches of rbcEVs were available, significance cannot be
indicated for rbcEVs vs. mlEVs. (D) Characterization of pEVs, rbcEVs, and mlEVs using Western blotting (10 µg of protein per lane). The blot images are presented
as grouped images from different parts of the same membrane or from different membranes. The original blots are available online as Supplementary
Datasheet S2 of the Supplementary Material. b.d., below the limit of detection.
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rbcEVs and 186 ± 6.7 nm for mlEVs. In Western blotting
(Figure 1D), the tetraspanin CD63, which is highly glycosylated
and predominantly associated with late endocytic organelles
(Kowal et al., 2016; Doyle and Wang, 2019), was present as a band
of 30–60 kDa in pEVs and, at lower abundance, in rbcEVs, while
it appeared as band of 50–70 kDa in mlEVs, presumably due to
differential glycosylation. α-Actinin1, a marker of medium-sized
to large EVs (Takov et al., 2019) mediating the attachment of
actin filaments to the cell membrane at adherence-type junctions
(Otey and Carpen, 2004) was abundantly present in EVs from all
three cellular sources. Alix, an accessory protein of the endosomal
sorting complex required for transport (ESCRT) involved in the
biogenesis and cargo sorting of vesicles at late endosomes (Iavello
et al., 2016) appeared as weak band in mlEVs, and was barely
detected in pEVs and rbcEVs. We failed to detect Calnexin,
a protein localized in the endoplasmic reticulum and excluded
from EVs regardless of their origin (Théry et al., 2018) indicating
the absence of major cellular contaminants in the isolated EV
preparations. Individual lanes represent different parts of the
same blot or of different membranes.

Extracellular Vesicles Derived From
Platelets, Red Blood Cells, and
Monocyte-Like Cells Differ Regarding
Their Potential to Induce Thrombin
Generation
To examine the ability of pEVs, rbcEVs, and mlEVs to induce
coagulation, we assessed thrombin generation induced by the
addition of pEVs, rbcEVs, and mlEVs to EV-depleted human
plasma. To suppress the activation of coagulation via the
contact activation pathway in our experimental set-up, we
added CTI, a serine protease inhibitor that specifically prevents
the activation of human coagulation factor XII, as previously
described (Tripisciano et al., 2017).

Both, pEVs and rbcEVs failed to induce thrombin generation
in the presence of CTI, while significant amounts of thrombin
were generated under conditions allowing for contact activation,
i.e., when CTI was omitted (Figure 2), which is in agreement
with previous findings (Rubin et al., 2010; Van Der Meijden
et al., 2012). EVs derived from monocytic THP-1 cells, in
contrast, did not support coagulation, regardless of the presence
or absence of CTI.

Depletion of Soluble Proteins Fails to
Reduce the Thrombogenicity of
Platelet-Derived or Red Blood
Cell-Derived Extracellular Vesicles
To assess whether soluble proteins co-enriched during the
isolation of pEVs and rbcEVs from blood products would
account for their thrombogenicity, we further purified pEVs and
rbcEVs by size exclusion chromatography. This purification step
depleted substantial amounts of soluble proteins, as evidenced
by approximately 3-fold higher EV counts per µg protein
in the purified EV fractions according to FC (Figure 3).
Depletion of soluble proteins did, however, not result in

FIGURE 2 | Thrombin generation induced by pEVs, rbcEVs, and mlEVs. EVs
were isolated from medical grade platelet concentrates or red blood cell
concentrates as well as from monocyte-like cell culture supernatants as
described in the section “Materials and Methods.” Aliquots of isolated EVs
were normalized regarding their protein content and added to EV-depleted
human plasma at a final concentration of 25 µg/mL, in the presence or
absence of corn trypsin inhibitor (CTI; 50 µg/mL), an inhibitor of contact
activation. Thrombin generation was quantified via the cleavage of a
fluorogenic substrate (n = 3); ctrl, plasma incubated with buffer only;
**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.

decreased thrombogenicity. On the contrary, SEC-purified pEV
and rbcEV fractions induced significantly higher thrombin
generation as compared to non-purified fractions, when samples
were normalized regarding their protein content (Figure 3D).
This reflects the higher concentration of phosphatidylserine-
exposing EVs after purification and excludes that soluble proteins
co-enriched during EV isolation from blood products are
responsible for the thrombogenicity of pEVs and rbcEVs.

Protease Treatment Degrades
Extracellular Vesicle Surface Proteins,
but Does Not Result in Reduced
Thrombogenicity
Having excluded soluble protein contaminants as major source
of thrombin generation in pEV and rbcEV fractions, we
hypothesized that factors exposed on the surface of EVs, such
as coagulation factors, might support thrombin generation
induced by EVs derived from platelets and red blood cells.
To test this hypothesis, pEVs and rbcEVs were subjected to
mild protease treatment, which was monitored via the dose-
dependent decrease of CD41 expression on pEVs (Figures 4A,B).
Degradation of EV surface proteins did, however, not result in
reduced thrombin generation by pEVs and rbcEVs, providing
evidence that proteins associated with the surface of pEVs and
rbcEVs are not primarily responsible for EV-induced thrombin
generation (Figures 4C,D). Of note, protease-treated monocytic
EVs even exhibited enhanced thrombogenicity as compared
to the untreated control, which will be further addressed
in the Discussion.

To explicitly exclude a role of EV-associated coagulation
factors in thrombin generation induced by pEVs and rbcEVs, we
evaluated the expression of FIX and FX via Western blotting.
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FIGURE 3 | Influence of soluble proteins co-enriched during isolation of extracellular vesicles on thrombin generation. (A) EVs isolated from medical grade platelet
concentrates (pEVs) and (B) from red blood cell concentrates (rbcEVs) were separated from soluble co-enriched proteins by size exclusion chromatography (SEC),
and EV-containing fractions were pooled and characterized as described in the section “Materials and Methods.” (C) EV counts (assessed by FC) normalized to
protein content before and after size exclusion chromatography. (D) Thrombin generation induced by pEVs and rbcEVs before and after purification via size exclusion
column chromatography (n = 3); ****p ≤ 0.0001.

Using affinity-purified FIX and FX from human plasma as
control, we failed to detect FIX and FX in pEV and rbcEV
fractions (Figure 4E). Individual lanes represent different parts
of the same blot (FIX) or of the same blot at different
exposure times (FX).

DISCUSSION

The ability of EVs to promote and support thrombin generation
is widely recognized, underlining their relevance in hemostasis
and thrombosis (Rubin et al., 2010; Zwicker et al., 2011; Van Der
Meijden et al., 2012; Nomura and Shimizu, 2015).

In a previous study, we found that platelet-derived EVs
were able to propagate coagulation initiated by FXII-mediated
contact activation in the absence of TF, whereas EVs derived
from unstimulated monocyte-like cells failed to support FXII-
mediated coagulation (Tripisciano et al., 2017). This prompted
us to investigate whether the different ability of platelet-derived
and monocyte-like EVs to promote thrombin generation was
dependent on differences in their cellular origin and membrane
composition or was rather due to factors co-enriched during EV
isolation from different settings, such as blood vs. cell culture
medium. In our present work, we additionally included EVs

derived from red blood cells, and found that they supported
FXII-dependent thrombin generation to an extent comparable
to platelet-derived EVs. This led us to assume that residual
plasma-derived soluble proteins or plasma proteins bound to
the EV surface - such as coagulation factors - might be
mainly responsible for the pro-coagulant activity of blood-
cell derived EVs.

We chose to use monocyte-like THP-1 cells rather than
primary human monocytes, as the isolation of primary human
monocytes would barely have yielded sufficient quantities of
monocyte-derived EVs. Moreover, we have recently shown
(Fendl et al., 2019) that primary monocytes isolated from
whole blood inevitably contain residual platelets (approximate
ratio of monocytes:platelets 2:1 using a commercial monocyte
isolation kits), and that monocyte preparations therefore contain
considerable amounts of platelet-derived EVs, which would have
confounded our results.

Co-enrichment of soluble plasma proteins is inevitable when
isolating EVs by centrifugation according to their buoyant
density, since protein complexes and lipoproteins overlap in
size and density with circulating EVs (Konoshenko et al.,
2018). Plasma proteins including coagulation factors may also
be part of the external cargo or protein corona of EVs
derived from blood products. We therefore first depleted
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FIGURE 4 | Protease treatment to degrade surface-associated EV proteins. pEVs, rbcEVs, and mlEVs were treated with trypsin to degrade surface-associated
proteins as described in the section “Materials and Methods.” (A) Flow cytometry density plots of platelet-derived EVs prior to (–trypsin) and after (+trypsin) protease
treatment with increasing trypsin final concentrations (1, 10, 100 µg/mL), showing the gradual repositioning of the EV cloud from the CD41+ (upper, right) to the
CD41- (lower, right) quadrant. (B) The effect of trypsin treatment was monitored via the decrease of CD41 on the surface of pEVs, which was dose-dependent
(n = 4). Exposure of phosphatidylserine remained unaffected by protease treatment, as shown by flow cytometry after staining with fluorochrome-labeled LA.
(C) Thrombin generation induced by pEVs (25 µg protein/mL) after treatment with 1, 10, and 100 µg/mL trypsin (n = 4); trypsin alone was used as control
(25 µg/mL). (D) Thrombin generation induced by pEVs, rbcEVs, and mlEVs with and without trypsin treatment (100 µg/mL; n = 3), *p < 0.05. (E) Western blotting
confirmed the absence of coagulation factors IX and X in blood-cell derived EV fractions (pEVs and rbcEVs). 10 µg of protein were loaded per well; st, molecular
weight standard; FIX, FX, human native factor IX or factor X, 20 ng/lane; pl, EV-depleted citrate plasma diluted 50-fold was used for comparison. The blot images are
presented as grouped images from different parts of the same membrane or from different membranes. The original blots are available online as Supplementary
Data Sheet S1 of the Supplementary Material.

soluble co-enriched proteins from isolated EV fractions using
size exclusion chromatography and re-evaluated the ability of
purified EV fractions to induce thrombin generation. Contrary
to our hypothesis, SEC-purified pEVs and rbcEVs generated
significantly higher amounts of thrombin as compared to
unpurified EV fractions. As we normalized all EV fractions
regarding their protein content prior to thrombin generation
assays, SEC-purified fractions contained larger numbers of EVs
per µg of total protein as compared to unpurified fractions.
This provides evidence that thrombin generation depended on
the number of EVs per sample and argues against a role of
soluble co-enriched factors in the thrombogenicity of blood cell-
derived EVs.

We therefore went on to test the role of surface-associated
proteins, such as coagulation factors bound to the membrane
of EVs. To this end, we exposed pEVs, rbcEVs, and mlEVs to

mild trypsin treatment to degrade EV-associated proteins and
employed FC to investigate the effect of protease treatment.
Incubation with trypsin resulted in a dose-dependent decrease
of EV surface protein expression, as monitored for CD41 on
platelet-derived EVs. Using this approach, we selected a trypsin
concentration of 100 µg/mL for all further experiments to
ensure efficient digestion of EV surface proteins as well as
maintenance of EV integrity. While trypsin concentrations of up
to 1 mg/mL have been recently reported to digest EV surface
proteins (Fitzgerald et al., 2018), comparable conditions resulted
in significantly decreased EV counts in our experimental setting
according to FC, indicating a loss of EV integrity.

When protease-treated EV fractions were subjected to
thrombin generation assays, we found that degradation of
EV surface proteins did not decrease the potential of pEVs
and rbcEVs to induce thrombin generation. Quite on the
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opposite, a significant augmentation in thrombin generation was
observed after protease treatment of monocytic EVs. This could
suggest the presence of anti-coagulant factors on monocyte-
like cells and, consequently, also on monocytic THP-1 EVs.
Monocytes have been reported to express the transmembrane
protein thrombomodulin (Satta et al., 1997), which decreases
upon stimulation with lipopolysaccharide (Kim et al., 2007).
Thrombomodulin, first described on endothelial cells, is an
essential cofactor for the activation of the anticoagulant protein
C by thrombin. It is thus conceivable that trypsin treatment
of mlEVs resulted in the degradation of thrombodulin - or
other inhibitors of coagulation - on the mlEV surface, leading
to enhanced thrombin generation, but this remains to be
further investigated.

In addition to trypsin treatment, which targets the whole
spectrum of EV surface proteins, we assessed the presence of
specific coagulation factors in EVs derived from blood cells.
Factor X induces the cleavage of prothrombin into thrombin,
when activated by the TF/FVIIa complex of the extrinsic pathway
or by factor IX of the contact pathway. We therefore focused on
the presence of FIX and FX in pEV and rbcEV fractions, but were
unable to detect either of these factors using Western blotting.
Of other potential candidate factors, we excluded FVII, which is
exclusively involved in the TF-mediated extrinsic pathway, as well
as factors XI and XIIa, which, if present, would have triggered
thrombin formation even in plasma anticoagulated with CTI.
FXIII, which acts downstream of thrombin and therefore is not
relevant in the context of thrombin generation, was also omitted.

Several reports in the literature have associated the
procoagulant activity of EVs from red blood cell concentrates to
FXI rather than FXII, as FXI is involved in normal hemostasis
not only upon activation by factor XIIa and thrombin, but also
by self-activation (Gao et al., 2013). The importance of FXI was
as well reported by Rubin et al. (2013), who showed that rbcEVs
at concentration of ≥ 5 × 109/L induced thrombin generation
despite the presence of CTI. Very recently, EVs from red blood
cell units have been suggested to initiate the intrinsic pathway
by two mechanisms leading to FIX activation, (i) the normal
FXIIa-FXI-FIX pathway and (ii) the activation of kallikrein that
in turn directly activates FIX (Noubouossie et al., 2020). Notably,
the authors of this study described that heating at 60◦C or
treatment with trypsin abolished the ability of rbcEVs to induce
thrombin generation, suggesting that EV-associated proteins
were responsible for the activation of FXII and kallikrein.

In our study, protease treatment did not affect the
thrombogenicity of rbcEVs or pEVs. It should be noted,
however, that the rbcEVs used in the studies by Rubin et al.
(2010); Gao et al. (2013), and Noubouossie et al. (2020) were
derived from red blood cell units that had been stored for
42–45 days, which is likely associated with oxidative changes
and storage lesion (D’Alessandro et al., 2015; Almizraq et al.,
2018). This enhanced thrombogenicity upon prolonged storage
of red blood cell units may also be the cause of a higher incidence
of deep vein thrombosis after transfusion of aged blood units
(Koch et al., 2019). One might therefore speculate that prolonged
storage of red blood cells induces biochemical modifications on
the EV surface, resulting in altered thrombogenicity.

Overall, in the present study, both the results obtained for
protease-treated EVs and the lacking expression of coagulation
factors contradict a major involvement of EV surface proteins
in the induction of thrombin generation. The different ability of
pEVs and monocytic EVs to support FXII-mediated thrombin
generation might therefore rather be due to differences in
their membrane composition. Based on the primary role of
phosphatidylserine in supporting coagulation (Lentz, 2003;
Ansari et al., 2016; Su et al., 2018), our data provide evidence
that EVs from different sources or settings might differ regarding
their exposure of phosphatidylserine. This is further supported
by the data obtained with flow cytometric characterization
of pEVs, rbcEVs, and mlEVs in the present work, showing
higher density of phosphatidylserine on pEVs and rbcEVs as
compared to mlEVs. Along this line, a recent study found
that human pancreas carcinoma and colorectal adenocarcinoma
cell lines secrete distinct EV subpopulations of different size,
density, surface charge, and phosphatidylserine expression
(Matsumura et al., 2019).

CONCLUSION

Our study provides evidence that EVs enriched from different
settings differ regarding their ability to support thrombin
generation. Neither soluble contaminants nor membrane-
associated proteins appear to be responsible for the enhanced
pro-coagulant potential exhibited by platelet- and red
blood cell-derived EVs as compared to cell culture-derived
monocytic EVs. Our findings suggest that differences in
phosphatidylserine exposure might account for the different
ability of EVs from different settings to support thrombin
generation. We are currently extending our studies to the pro-
coagulant potential of EVs derived from mesenchymal stromal
cells, which has important implications for any therapeutic
application of these EVs.
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Background: Cell therapies and derived products have a high potential in aiding
tissue and organ repairing and have therefore been considered as potential therapies
for treating renal diseases. However, few studies have evaluated the impact of these
therapies according to the stage of chronic kidney disease. The aim of this study was to
evaluate the renoprotective effect of murine bone marrow mesenchymal stromal cells
(BM-MSCs), their extracellular vesicles (EVs) and EVs-depleted conditioned medium
(dCM) in an aggressive mouse model of chronic cyclosporine (CsA) nephrotoxicity in
a preventive and curative manner.

Methods: After 4 weeks of CsA-treatment (75 mg/kg daily) mice developed severe
nephrotoxicity associated with a poor survival rate of 25%, and characterized by tubular
vacuolization, casts, and cysts in renal histology. BM-MSC, EVs and dCM groups were
administered as prophylaxis or as treatment of CsA nephrotoxicity. The effect of the cell
therapies was analyzed by assessing renal function, histological damage, apoptotic cell
death, and gene expression of fibrotic mediators.

Results: Combined administration of CsA and BM-MSCs ameliorated the mice survival
rates (6–15%), but significantly renal function, and histological parameters, translating
into a reduction of apoptosis and fibrotic markers. On the other hand, EVs and
dCM administration were only associated with a partial recovery of renal function
or histological damage. Better results were obtained when used as treatment rather
than as prophylactic regimen i.e., cell therapy was more effective once the damage
was established.
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Conclusion: In this study, we showed that BM-MSCs induce an improvement in renal
outcomes in an animal model of CsA nephrotoxicity, particularly if the inflammatory
microenvironment is already established. EVs and dCM treatment induce a partial
recovery, indicating that further experiments are required to adjust timing and dose for
better long-term outcomes.

Keywords: bone marrow mesenchymal stem cells, extracellular vesicles, conditioned medium, cyclosporine A,
nephrotoxicity

INTRODUCTION

Cyclosporine A (CsA), a calcineurin inhibitor, exerts its effect by
reducing IL-2 expression and hence reducing T-cell activation.
CsA is often used in organ transplantation as well as for the
treatment of autoimmune diseases. However, CsA therapy has
been associated with severe side effects, as for instance dose- and
time-dependent nephrotoxicity (Myers et al., 1984; Bennett et al.,
1996). CsA-induced damage is primarily characterized by acute
and chronic vasoconstriction in the arterioles and glomerular
vessels. Subsequently, a reduction of the glomerular filtration
rate may occur. The increase of the reactive oxygen species
(ROS) production, transforming growth factor β-1 (TGFβ-1) and
endothelin-1 has been observed, thus, causing cellular injury and
inducing apoptosis and fibrosis (Redondo-Horcajo and Lamas,
2005). Therefore, it becomes evident that–although widely used
in different situations of kidney disease–CsA is associated with
several severe drawbacks for kidney patients. On the other hand,
the increased prevalence of chronic kidney disease (CKD) in
the adult population reflects the importance to identify new
therapies that halt or even reverse renal failure and its progression
toward an end-stage.

The application of cellular therapies to halt the progression
of renal diseases is a very promising approach due to its
immunomodulatory and regenerative capacities (Morigi et al.,
2004; Togel et al., 2005; Humphreys and Bonventre, 2008;
Rovira et al., 2016). However, safety issues, such as the
possibility of rejection of infused cells, gene stability, poor long-
term differentiation and probability of viral transfer should be
thoroughly analyzed (Kunter et al., 2007; Wang et al., 2012).
Furthermore, it has been described that the secretome of the
mesenchymal stromal cell (MSC)-conditioned medium (CM)
presented the same protective effect as MSCs themselves on
tissue damage by contributing to the immunomodulation of the
inflammatory state in different animal models (Bi et al., 2007; van
Koppen et al., 2012). These studies reported that the protective
effect of MSCs is not due to their transdifferentiation, but their
paracrine mechanisms on the damaged tissue (Togel et al., 2005).
Camussi et al. (2010) described extensively that extracellular
vesicles (EVs) released from cells may contribute to the paracrine
action of MSCs (Deregibus et al., 2007; Camussi et al., 2010).
EVs can transfer proteins, lipids and genetic material to cells
present in the injured tissue, and particularly, EVs can induce the
resident-cell reprogramming by mRNA and miRNA horizontal
transfer (Ratajczak et al., 2006; Valadi et al., 2007; Collino et al.,
2015). These data suggest that the application of EVs therapy

could be considered a safer and interesting approach to avoid
adverse events related to cellular therapies.

In recent years, several groups have demonstrated the
beneficial effect of MSCs (Bi et al., 2007; Kim et al., 2012), and CM
(Milwid et al., 2012) as well as EVs (Bruno et al., 2009; He et al.,
2012; Choi et al., 2014) in animal models of acute kidney injury.
These treatments protect against nephrotoxicity or ischemia
reperfusion injury (IRI), due to a decrease in the expression
of inflammatory molecules, stimulation of angiogenesis and
proliferation as well as apoptotic inhibition (Bruno et al., 2009;
He et al., 2012). Moreover, mRNAs and miRNAs from EPC-
and BM-MSC-derived EVs (Cantaluppi et al., 2012; Collino
et al., 2015) activate their putative target cells. Regarding CKD-
mimicking animal models, a reduction in fibrosis has been
observed by applying MSCs in 5/6 nephrectomy (Semedo et al.,
2009; He et al., 2012), renal polycystic kidney disease (Franchi
et al., 2015), diabetic nephropathy (Ezquer et al., 2008; Lee
et al., 2006), adriamycin-induced glomeruloesclerosis (Zoja et al.,
2012; Song et al., 2018), atherosclerotic stenosis (Eirin et al.,
2012), and cisplatin-induced CKD (Moghadasali et al., 2015).
Furthermore, human MCS-derived EVs successfully protected
from IRI-induced acute and later chronic renal damages (Gatti
et al., 2011). Nevertheless, its extensive application in chronic
models remains still unknown and it requires further studies.

The goal of this work was to perform a comparative study
of the role of murine BM-MSCs, EVs and dCM application
as preventive and curative treatment, and to evaluate the
impact of these therapies according to the stage of chronic
CsA nephrotoxicity.

MATERIALS AND METHODS

Isolation and Characterization of
BM-MSCs
Mice BM-MSCs were isolated as previously described by
Herrera et al. (2004). In brief, BM-MSCs were isolated from
femurs and tibias of 8-week-old C57BL/6 mice. The bone shaft
was flushed and cell clumps desegregated in modified Eagle’s
medium (alpha-MEM). Cells were plated in MEM supplemented
with combined 10% FCS (fetal calf serum) and 10% horse
serum. After 72 h, non-adherent cells were removed and fresh
medium was replaced. Cells were cultured continuously for 1
to 3 weeks. Upon confluence, cells were passed at 1:3 ratio.
Cells had a typical spindle-shape appearance and phenotype
was confirmed by expression of MSCs markers (Sca-1, CD44
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and CD29– Supplementary Table S1) by flow cytometry. Flow
cytometry analysis was performed on a FACSCALIBUR and
data were analyzed using Cell Quest software (BD Biosciences,
Heidelberg, Germany).

The potentials of BM-MSCs to differentiate into osteogenic
and adipogenic lineages were examined. For osteogenic
differentiation, the 4th-passage cells were treated with osteogenic
differentiation medium (Lonza, Basel, Switzerland) for 3 weeks.
Osteogenesis was assessed by alizarin red S staining. To
induce adipogenic differentiation, the 4th-passage cells were
treated with an adipogenic differentiation medium (Lonza,
Basel, Switzerland) for 3 weeks. Adipogenesis was assessed
by oil red O staining. In both assays, medium changes were
performed twice a week.

EVs Isolation and dCM Preparation
Extracellular vesicles were isolated from supernatants of murine
BM-MSCs cultured during 6 h in RPMI deprived of FCS
at 37◦C. The supernatant was centrifuged for 20 min at
3000 × g to remove cell debris and apoptotic bodies followed
by microfiltration with 0,22 µm pore filter membranes. Cell-free
supernatants were centrifuged at 100,000 × g for 1 h at 4◦C. EV
pellets were resuspended in medium RPMI1640 supplemented
with 10% dimethyl sulfoxide (DMSO) and frozen at –80◦C for
later use (Bruno et al., 2009). Protein content was quantified by
the Bradford method (Bio-Rad, Hercules, CA, United States).

Supernatants from EVs isolation were used for preparing
dCM. After ultracentrifugation dCM was concentrated ∼25-
fold by centrifugation at 2,700 × g for 75 min at 4◦C, using
ultrafiltration units with a 3 kDa molecular weight cut-off
(Amicon Ultra -15, centrifugal filter devices, Millipore, Billerica,
MA, United States) and dCM was stored directly at −20◦C.
A total of 250 µL of dCM was obtained from 5× 106 cells/T150.

Characterization of EVs by Nanoparticle
Tracking Analysis (NTA)
Size distribution and concentration of EVs were measured
using NanoSight LM10 instrument (Malvern, United Kingdom),
equipped with a 638 nm laser and CCD camera (model F-033).
Data were analyzed with the Nanosight NTA Software version
3.1. (build 3.1.46), with detection threshold set to 5, and blur, min
track length and max jump distance set to auto. Samples were
evaluated using different dilutions in sterile 0.1 µm filtered PBS
1X. Readings were taken in single capture or triplicates during
60 s at 30 frames per second (fps), camera level at 16 and manual
monitoring of temperature.

Characterization of EVs by Electronic
Microscopy
A Holey Carbon support film on a 400-mesh copper grid was
used. After glow discharge, the sample was deposited onto the
grid, which was mounted on a plunger (Leica EM GP) and
blotted with Whatman No. 1 filter paper. The suspension was
vitrified by rapid immersion in liquid ethane (−179◦C). The grid
was mounted on a Gatan 626 cryo-transfer system and inserted
into the microscope. Images were obtained using a Jeol JEM

2011 cryo-electron microscope operated at 200 kV, recorded on
a Gatan Ultrascan US1000 CCD camera and analyzed with a
Digital Micrograph 1.8 (n = 3 per group).

Characterization of EVs by Flow
Cytometry
Bone marrow mesenchymal stromal cells-derived EVs were
characterized by determination of MSCs markers (CD44+,
CD29+, and Sca1+) and EVs makers (CD63+, and CD9+) using
flow cytometry (Supplementary Table S1). The size of EVs was
calculated with Megamix-Plus SSC beads (BioCytex) that contain
a mix of green fluorescent bead populations with sizes of 160,
200, 240 and 500 nm. The analysis was performed using a log
scale for forward scatter and side scatter parameters, and a
threshold SSC-H of 2000. Flow cytometry analysis was performed
on a FACS Canto II (BD Biosciences, Heidelberg, Germany) and
data were analyzed using FlowJo software (Tree Star, Ashla nd,
OR, United States).

Animals
Male C57BL/6 mice (7–8-week-old) were purchased from
Charles River laboratories and animals were kept at constant
temperature, humidity, and at a 12-hour light/dark cycle.
This study was approved by and conducted according
to the guidelines of the Local Animal Ethics Committee
(Comitè Ètic d’Experimentació Animal, CEEA, Decret 214/97,
Catalonia, Spain).

Mouse Model of Chronic CsA
Nephrotoxicity
The animals underwent for 1 week a low-salt diet (0.01% sodium,
Ssniff Spezialdiäten GmbHS) (Young et al., 1995) and they were
maintained for 4 weeks. Mice received a daily intraperitoneal
injection castor oil (vehicle group) or 75 mg/kg dose of CsA to
induce nephrotoxicity for 4 weeks.

Experimental Design and Follow-Up
Mice were randomly assigned to five groups: (a) control (castor
oil as vehicle), (b) CsA 75 mg/kg (Sandimmum; Novartis,
Basel, Switzerland) diluted in castor oil, (c) CsA + BM-MSCs
(1 × 106), (d) CsA + EVs (100 µg), and (e) CsA + dCM (from
5× 106 cells) (Figure 1).

The cell therapy was administered in preventive and curative
treatment, respectively.

Preventive: cell therapy was administered at 24 h after
CsA administration and afterward, weekly until the
end of the study.
Curative: cell therapy was administered at 2 weeks
after CsA administration and afterward, weekly until the
end of the study.

To minimize number of animals for bioethical reasons,
control and CsA group were common for both treatments. The
low-salt diet continued throughout the week 4 of the study and
daily body weight was recorded.
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FIGURE 1 | Scheme of BM-MSCs, their EVs and dCM administration as
preventive and curative regiments in an in vivo model of CsA nephrotoxicity. In
preventive treatment, cell therapies (BM-MSCs, EVs and dCM) were provided
once per week intraperitoneal along 4 weeks. In curative treatment, cell
therapies were provided later on 2 weeks after CsA challenges and
subsequent kidney damage; therapeutic doses were provided together with
CsA once per week completing the 4-week endpoint.

At the end of the CsA treatment, animals were anesthetized
with ketamine and xylazine, and blood sample were collected.
A paramedian incision was made and the abdominal wall opened
up to the peritoneum and kidneys were removed.

CsA Determination by Tandem Mass
Spectrometry
The bioanalytical procedure for determination CsA in mouse
plasma involved a protein precipitation extraction with
Acetonitrile. Cyclosporine A was determined by the AcquityTM
UPLC System with tandem mass spectrometry (API4000TM)
using positive electrospray as the ionization mode (Envigo CRS
S.A.U., Barcelona, Spain). The retention time of CsA under
the chromatographic conditions used was for ≈ 0.86 min with
sample analysis completed within 2 min. Cyclosporine D was
used as internal standard. The retention time of Cyclosporine D
under the chromatographic conditions used was for Cyclosporine
D≈ 0.88 min.

Assessment of Renal Function
Blood samples were collected on the day of sacrifice and
centrifuged at 1200 × g for 15min at room temperature.
Blood urea nitrogen (BUN) was determined with a colorimetric
assay kit according to the manufacturer’s instruction manual
(Quantichrom Urea Assay, BioAssay Systems).

Cell Apoptosis Analysis
Renal tissue sections (3-µm-thick) were used for TUNEL
staining with the In Situ Cell Death Detection Kit, TMR red
(Roche, Mannheim, Germany) and DAPI was used for nuclear
counterstaining. Mouse renal tissue was scanned with Automated
Microscope System Leica DMI6000 B (Leica Microsystems.
CMS GmbH, Mannheim, Germany) and all measurements
were performed with the use of ImageJ software (National
Institutes of Health).

Histological Analysis
Paraffin-embedded renal sections (3-µm-thick) were stained
with periodic acid-Schiff (PAS). The quantification of tubular
vacuolization, casts and cysts were assessed in 20 non-
overlapping high-power fields (X40). All images were acquired
using an Olympus BX51 clinical microscope and DP70 digital
camera and software (Olympus, Tokyo, Japan).

Real-Time PCR
Total RNA was extracted from mouse kidney by using Trizol
reagent (Invitrogen, Carlsbad, CA, United States) according to
the manufacturer’s instructions. Quality and quantity of RNA was
checked by NanoDrop ND1000 (Thermo Scientific, Wilmington,
DE, United States) spectrophotometer. cDNAs were generated
by reverse transcription by using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Part N◦: 4368813).
Quantitative real-time PCR was performed with 7th generation
high-productivity RT-qPCR Viia7 System (Thermo Fisher
Scientific). PCR was performed by utilizing the primers at
a final concentration of 200 nM. The following genes were
measured: Tissue inhibitor of matrix metalloprotease-1 (TIMP-
1), Plasminogen activator inhibitor-1 (PAI-1), and Interferon-γ
(IFN-γ). The relative expression levels of different genes were
calculated using the 2−11Ct method and were normalized against
HPRT as the endogenous control (Supplementary Table S2).

Statistical Analysis
All data are presented as mean ± SEM. Statistical analyses
were calculated with SPSS 14.0 statistics package (Microsoft,
Redmond, WA, United States). One-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparisons test was
used to compare group’s means. A P value of <0.05 was
considered statistically significant. Statistical significance of gene
expression was performed using GraphPad Prism 5 statistical
software (GraphPad Software Inc), and data sets were analyzed
applying an unpaired Student’s t-test.

RESULTS

The main results are summarized in the Table 1.

Characterization BM-MSCs and Their
EVs
Bone marrow mesenchymal stromal cell were isolated and
cultured up to 3 weeks. Their phenotype was confirmed
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TABLE 1 | Summary of effects of BM-MSCs, EVs and dCM therapies in a murine model of CsA nephrotoxicity at the end of the study.

Treatment Cell therapy Survival Body weight BUN levels Histology

Vacuolization Cast Cyst

Preventive BM-MSCs = = = = = ↓

EVs = = = = = =

dCM = = = = = ↓

Curative BM-MSCs = ↑ ↓ ↓ ↓ ↓

EVs = ↑ = = = ↓

dCM = ↑ = = = =

=, no change; ↑, increase; and ↓, decrease.

FIGURE 2 | Murine BM-MSCs characterization by phenotype and multilineage differentiation. (A) Flow cytometry analysis of surface stem cells markers (Sca-1,
CD44 and CD29). (B) Osteogenic, and (C) adipogenic differentiation showed positivity for alzarin red S and oil red O staining, respectively. (400× magnification).

determining the expression of MSCs markers as Sca-1, CD44,
and CD29 by flow cytometry analysis (Figure 2A). In addition,
their capacity of differentiation was assessed after 21 days of
culture in osteogenic or adipogenic medium. At this moment,
BM-MSCs showed the formation of mineralized bone nodules or
lipid droplets that were stained with alizarin red S and oil red O,
respectively (Figures 2B,C).

Bone marrow mesenchymal stromal cells derived EVs
were characterized by Nanoparticle Tracking Analysis (NTA;
Figure 3A), and size distribution analysis showed that the
mean diameter was 196.7 ± 87.8 nm. By Transmission
Electron Microscopy (TEM; Figure 3B), EV preparations showed
typical round shaped membrane particles, and Bead-based Flow
Cytometry confirmed the expression of MSCs markers as Sca-1,

CD44, and CD29, and specific EVs surface markers as CD9 and
CD63 (Figure 4).

Survival
The proposed model of CsA nephrotoxicity has a very aggressive
course with short survival reaching 25% at 4 weeks. Besides,
no casualties were observed in the control group under castor
oil administration. 4 weeks of preventive administration of
BM-MSCs, their EVs and dCM were not associated with
a significant improvement in survival. Regarding curative
treatments, survivor mice at 2 weeks were randomized according
cell therapy treatment. Survival analysis performed in the
curative subset showed that 76.7% of CsA treated mice
survived until week 4. Moreover, a numerical improvement in
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FIGURE 3 | Characterization of BM-EVs by NTA and electron microscopy. (A) NTA measurement shows the concentration and size distribution. The mean size of
EVs was 196.7 ± 87.8 nm. (B) Representative cryo-electron microscopy images of EVs. Images from cryo-electron microscopy (scale bars 0.5 and 0.1 µm).

FIGURE 4 | Characterization of EVs by flow cytometry. (A) Representative microparticle analysis showing Megamix-Plus SSC as internal size standards (160, 200,
240 and 500 nm). (B,C) Positive expression of tetraspanins as EVs markers: CD63 and CD9. (D–F) Positive expression of mesenchymal markers: CD44, CD29, and
Sca-1. Shaded gray represents isotype as negative controls.

survival was observed in curative treatment with BM-MSCs
(87.5%) and their EVs (92.3%) without reaching statistical
significance. Survival rate of dCM was similar to CsA group
(Supplementary Figure S1).

In our model of CsA-induced mice nephrotoxicity, CsA blood
levels were determined by tandem mass spectrometry in a group
of mice (n = 46), and CsA concentration was 1916 ± 786 ng/mL
at the end of the protocol (at 4 weeks).
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FIGURE 5 | Impact of CsA-induced nephrotoxicity on mice body weight
recorded weekly during the model. (A) Preventive treatment. (B) Curative
treatment. (CsA, n = 70), (BM-MSCs, n = 35), (EVs, n = 34), and (dCM,
n = 16) *Significantly different when compared CsA versus control group
(∗∗∗P < 0.001). #Significantly different when compared CsA versus treatment
groups (#P < 0.05). Data are expressed as mean ± SEM. One-way analysis
of variance (ANOVA) followed by Dunnett’s multiple comparisons test was
used to compare group’s means.

Body Weight
All mice were observed daily, and body weight was measured
before CsA administration, and the percentage of the body
weight (BW) was calculated (Figure 5). During the first 2 weeks
of CsA treatment, BW was drastically reduced to 30% and
then continuing the BW reduction to 20% over the following
2 weeks. In the preventive treatment (Figure 5A), only EVs
therapy mitigated weight loss over time compare to CsA group
(P < 0.05), reaching statistical differences between groups at day
15 (75 and 30%, EVs and CsA, respectively). On the other hand,
the administration of BM-MSCs, EVs and dCM in the curative

FIGURE 6 | Representation of BUN (mg/dL) levels in mice with nephrotoxicity
induced by CsA after different regimens of cell therapy (BM-MSC, EVs and
dCM). (A) After 4 weeks of preventive treatment. (B) After 4 weeks of curative
treatment. (n = 6 per group). #Significantly different compared to Control group
(###P < 0.001). *Significantly different compared to CsA (∗P < 0.05). Data are
expressed as mean ± SEM. One-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparisons test was used to compare group’s means.

strategy induced a significant increase of BW at day 20 compare
to CsA group (Figure 5B) which is maintained until the end of
the protocol (P < 0.001).

Renal Function
Cyclosporine A nephrotoxicity led to a reduction of renal
function as showed by the high levels of BUN at the end of the
follow-up (Figure 6). Among all treatments administrated, BM-
MSCs as curative treatment was the only one to decrease BUN
levels with statistical significance versus CsA group (p < 0.05).
Moreover, EVs decreased the levels but without statistical
significance. However, dCM group in any treatment did not
improve renal function.
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FIGURE 7 | Histological changes in renal sections stained with PAS from mice with CsA-induced nephrotoxicity with or without different regimens of cell therapy
(BM-MSC, EVs and dCM). (A) Representative micrographs of kidney histology of healthy C57BL/6 mice treated with castor oil as control group (A1) and mice
treated with CsA (75mg/kg daily) indicating tubular vacuolization (red arrow), hyaline casts (black arrow) and cysts (asterisks) (A2). (B) Preventive treatments of CsA
nephrotoxicity with BM-MSC (B1), EVs (B3), and dCM (B5); curative treatments of CsA nephrotoxicity with BM-MSC (B2), EVs (B4), and dCM (B6). PAS staining.
Original Magnification: x200.

Histology
To evaluate the renal injury induced by CsA, renal pathological
sections were stained by PAS (Figure 7). In the CsA group
we observed the expected injury characterized by tubular
vacuolization, hyaline casts and cysts in the outer cortical tubules.

In the preventive treatment, BM-MSC, EVs, and dCM
administration failed to maintain the healthy pattern, and we only
detected a remarkable reduction of cysts under BM-MSC and

dCM therapies (p < 0.05) versus CsA group. In the case of BM-
MSCs, this reduction is in agreement with physiological recovery
and survival improvement (Figure 8A).

In the curative treatment, BM-MSC significantly improved
the histological injury by successfully reducing the tubular
vacuolization, casts, and cysts rate (p < 0.01). Moreover, EVs
therapy decreased the number of cysts (p < 0.01) (Figure 8B).
However, dCM therapy does not improve the histological injury.
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FIGURE 8 | Quantitative evaluation of renal histological injury in renal sections stained with PAS after administration of BM-MSC, EVs, and dCM. Quantification of
casts, tubular vacuolization and cysts per HPF in mice with (A) preventive treatment, and (B) curative treatment (n = 5 per group). Original Magnification: x200.
#Significantly different compared to Control group (#P < 0.05; ##P < 0.01; ###P < 0.001). *Significantly different compared to CsA (*P < 0.05; **P < 0.01). Data are
expressed as mean ± SEM. One-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test was used to compare group’s means.

Cell Apoptosis Analysis
Cyclosporine A treatment induced apoptosis on tubular cells
compared to control group. We investigated whether different
cell therapies exerted anti-apoptotic activity on tubular cells
of mice with nephrotoxicity. The administration of BM-MSCs
inhibited apoptosis in both preventive and curative strategies
without reaching the statistical significance (Figure 9).

Gene Expression of Renal Injury Markers
The administration of CsA induced the up-regulation of PAI-
1, TIMP-1 and IFN-γ genes in kidney samples (Figure 10).
Regarding the application of cell therapies, PAI-1 expression was
reduced by all therapies in the preventive and curative strategies
(p < 0.05). TIMP-1 and IFN-γ expression was reduced by EVs
and dCM in both strategies (p < 0.05), whereas BM-MSCs
group only showed a down-regulation of both genes when it was
administered in the curative strategy (p < 0.05).

DISCUSSION

Chronic kidney disease is a serious public health issue that
is projected to increase in the next years. Nowadays, there
are 1.4 million patients worldwide receiving renal replacement
therapy, and the only possibility to reduce this number could
be an early intervention with novel treatments (Kazancioglu,
2013). In particular, nephrotoxicity by CsA is a complicated
physiological process that leads to renal dysfunction in patients
and activation of the inflammatory response, oxidative stress,

renin-angiotensin-aldosterone system inducing fibrosis and
apoptosis (Padi and Chopra, 2002; Redondo-Horcajo and Lamas,
2005; Gonzalez-Guerrero et al., 2017). MSCs and their bio-
products such as the secretome (CM and EVs) are known to
exert potent anti-inflammatory, anti-apoptotic and anti-fibrotic
effects (Rovira et al., 2016); therefore, they are a promising
approach to improve kidney function and halt the progression
of CKD (Morigi et al., 2004; Togel et al., 2005; Humphreys
and Bonventre, 2008; Nassar et al., 2016; Roushandeh et al.,
2017). In this study, we evaluated the renoprotective effects
of different cell-based therapies applying murine BM-MSCs,
their EVs and their dCM in an aggressive mouse model of
chronic CsA nephrotoxicity. We carried out two approaches of
administration: (i) a preventive treatment to avoid CsA-induced
nephrotoxicity, (ii) and a curative treatment, initiated once the
renal damage is established, to halt the progression of the renal
disease. The impact of these therapies observed was according to
the stage of chronic kidney disease.

Chronic kidney disease is characterized by a persistent kidney
injury that leads to inflammation, loss of functional structures
and deposition of extracellular matrix proteins that conclude
in fibrosis. This inflammation and remodeling of renal tissue
is a consequence of the activation of pro-fibrotic factors such
as renin-angiotensin-system (RAS) and TGF-β that induce the
expression of PAI-1 and TIMP-1 (Duymelinck et al., 2000; Ma
and Fogo, 2009). In our study, mice with CsA nephrotoxicity
developed deterioration of renal capacity, associated with a high
reduction of BW and survival rate. Administration of BM-MSCs
in a curative manner caused an improvement in renal function,
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FIGURE 9 | Impact of cell therapies on the apoptosis in CsA-induced
nephrotoxicity. The quantification of apoptotic-positive nuclei per cm2 was
performed by TUNEL staining. (A) Preventive treatment. (B) Curative
treatment. (n = 5 per group). #Significantly different compared to Control
group (#P < 0.05). Data are expressed as mean ± SEM. One-way analysis of
variance (ANOVA) followed by Dunnett’s multiple comparisons test was used
to compare group’s means.

tissue morphology and kidney injury biomarkers expression.
Concretely, we observed a reduction of BUN accompanied
by a tendency toward BW gain and an increase in survival
rate. Additionally, histological analysis showed a decrease of
tubular vacuolization, hyaline casts and cysts, and a reduction
of apoptotic cell death. In several animal models of renal
fibrosis, it has been previously described that MSCs curative
treatment promotes a decrease in PAI-1 and TIMP-1 gene
expression and consequently, of the fibrosis score (Semedo
et al., 2009; Lang and Dai, 2016). Moreover, Song et al. showed
that the application of a BM-MSC therapy in a mice model
of adriamycin-induced nephropathy significantly decreased the
levels of pro-inflammatory cytokines as INF-γ, TNF-α and IL-
12, and ROS (Song et al., 2018). Corroborating these results,
in curative BM-MSCs treatments, we observed in renal tissues
a reduction in the expression of PAI-1, TIMP-1, and IFN-γ
injury markers that could be partially responsible for histological

amelioration. However, we cannot exclude some influence of
the immune system in the renoprotective action of BM-MSCs.
Indeed, He et al. described that MSCs therapy can modify
macrophages from the M1 (pro-inflammatory) to the M2
(anti-inflammatory) phenotype in kidneys from nephrotoxic
models, mainly through their EVs (He et al., 2019). These
results confirmed that MSCs present immunosuppressive and
remodeling properties that promote a decrease in kidney fibrosis.
We have to highlight that in general, better results were
obtained when cell therapy was administered as curative rather
than preventive treatment, evidencing that the inflammatory
kidney microenvironment could be relevant to renoprotective
effects of these therapies. This is consistent with the fact that
peripherally infused MSCs migrate preferentially to injured
tissues (Kidd et al., 2009), an action that had been attributed to
the inflammatory milieu (Spaeth et al., 2008). The relevance of the
microenvironment for MSCs tropism was highlighted by Burks
et al. that observed that MSCs migration to kidney parenchyma
was suppressed in cyclooxygenase-2 knockout mice pretreated
with anti-inflammatory drugs (Burks et al., 2017).

Intravenous administration in vivo models showed that EVs
migrate into lungs, liver, spleen and brain. Nonetheless, it is
important to emphasize that EVs possess a great specificity
toward homing in injured tissues, which may be explained due to
the changes in the expression of surface markers of parenchymal
cells under stressful conditions such as inflammation (Aghajani
Nargesi et al., 2017). It is described that MSCs recruitment
into injured tissues is mediated by interactions with receptors
such as CD44, CD9, and CD29 (Herrera et al., 2007), EVs
incorporation could also be facilitated by the same mechanism
(Grange et al., 2014; Eirin et al., 2017). In our model, we
observed that EVs and dCM treatments were less efficient than
BM-MSCs although we also observed an amelioration of renal
function associated with a reduction in TIMP-1, PAI-1, and
IFN-γ expression and survival rate increase. Such qualities were
also accompanied by a tendency toward BW gain as well as an
improvement in some histological features, such as a reduction
in the number of cysts and apoptotic nuclei. We propose that
the observed improvement under MSCs therapy versus EVs and
dCM, could be a consequence of direct cell-cell contact, and
moreover, due to steady secretion of paracrine signals such as
EVs and growth factors included in dCM, while EVs specificity
toward injured tissue, and accumulation is for a limited time,
as it is described within the lumen of injured renal tubules
and endothelial cells (Bruno et al., 2009). A limiting step to
observe benefits under the different treatments used in the
study is the aggressiveness of the nephrotoxicity induced by
high doses of CsA used in this animal model, up to seven
times higher than those used as immunosuppressive treatment
to humans. Such doses may trigger a damage that is then
harder to halt and obviate the progression toward end-stage
CKD. Therefore, to improve these results, it could be crucial in
future experiments to optimize timing, doses, and frequency of
cell-based therapy and their derivatives for understanding the
regenerative mechanisms.

Immunosuppressive drugs are used in different pathologies
to suppress the immune response against allogeneic or autogenic
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FIGURE 10 | Impact of cell therapies on the expression of renal fibrosis markers, PAI-1, TIMP-1, and IFN-γ in CsA-induced nephrotoxicity. The quantification of gene
expression was evaluated by real-time PCR using the 2−11Ct method and normalizing with HPRT as the endogenous control. (A) Preventive treatment.
(B) Curative treatment. (n = 6 per group). * Significantly different compared to CsA group (*P < 0.05; **P < 0.01; ***P < 0.001). Data are expressed as mean ± SEM.
Unpaired Student’s t-test was used for statistical analysis.

antigens. Therefore, it could be interesting in the future
to test the interference between immunosuppression with
CsA and cell therapy in vivo models of hematopoietic stem
cell transplantation as well as solid-organ transplant (Calne
et al., 1978; Inoue et al., 1985; Zeiser and Blazar, 2016;
Rovira et al., 2018), and autoimmune diseases (rheumatoid
arthritis, lupus, psoriasis, and Crohn’s Disease) (Furukawa
et al., 1995; Giacomelli et al., 2002; Ikezumi et al., 2002;
Voskas et al., 2005; Lindebo Holm et al., 2012). Chung
et al. described that the administration of human adipose
tissue mesenchymal stem cells (hAT-MSCs) in rats with
CsA-induced nephrotoxicity led to the deterioration of
renal function when compared to those treated with CsA
alone due to an increase of ROS in kidney (Chung et al.,
2013). Our results have shown that BM-MSCs and their
bioproducts were not associated with an aggravation of
CsA-induced nephrotoxicity and we did not observe an
increase of mortality or impairment of the renal function
with the different therapies. A possible explanation for these
conflicting results may rely on the differences of MSCs origin
as well as on doses of CsA administrated to animals. In
the literature, it is described that AT and BM-MSCS have
a similar phenotypic profile, gene expression (Jeon et al.,
2016) and immunological properties (Mattar and Bieback,
2015). However, it has been described differences in their
capacity of differentiation (Chen et al., 2015) and secretion of
paracrine factors (Hsiao et al., 2012). In our opinion, further

experiments are required to study differences between AT
and BM-MSCs therapy before precluding a translation to the
clinical practice.

This study has the limitation that our model showed massive
kidney damage due to a high dose of CsA (75 mg/kg/day).
This dose is higher than the recommended dose in the
clinical practice, around 4–8 mg/kg/day for CsA (blood
levels of 50–140 ng/mL). And, it is described that patients
who reached continuous CsA levels above 1000 ng/ml
developed side effects such as hepatotoxicity and neurotoxicity,
and/or nephrotoxicity associated with severe morbidity and
mortality (Klintmalm et al., 1985; Burdmann et al., 1994).
In this study, despite the model severity mice showed
some improvement after all treatments what it proves
to be encouraging.

In conclusion, these findings are promising for both BM-
MSCs and derived secretome products as therapies in CKD
patients. Moreover, it is important to highlight the relevance of
applying the cell therapy in the most appropriate environment
and understanding drug interferences that will enable their
applicability in clinical practice.
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Regulatory T cells (Tregs) are a subpopulation of CD4+ T cells with a fundamental
role in maintaining immune homeostasis and inhibiting unwanted immune responses
using several different mechanisms. Recently, the intercellular transfer of molecules
between Tregs and their target cells has been shown via trogocytosis and the release
of small extracellular vesicles (sEVs). In this study, CD4+CD25+CD127lo human Tregs
were found to produce sEVs capable of inhibiting the proliferation of effector T cells
(Teffs) in a dose dependent manner. These vesicles also modified the cytokine profile
of Teffs leading to an increase in the production of IL-4 and IL-10 whilst simultaneously
decreasing the levels of IL-6, IL-2, and IFNγ. MicroRNAs found enriched in the Treg EVs
were indirectly linked to the changes in the cytokine profile observed. In a humanized
mouse skin transplant model, human Treg derived EVs inhibited alloimmune-mediated
skin tissue damage by limiting immune cell infiltration. Taken together, Treg sEVs may
represent an exciting cell-free therapy to promote transplant survival.

Keywords: Regulatory T (Treg) cells, extracellular vesicles, cytokines, allograft rejection, miRNA – microRNA

INTRODUCTION

Regulatory T cells (Tregs) are essential for the maintenance of tolerance to self-antigens and
immune homeostasis (Shevach, 2018). In humans, a link between the frequency of Tregs within
allografts and longevity has been described (Pearce et al., 1993), whilst the adoptive transfer of
ex vivo expanded murine, or human Tregs, in preclinical murine transplant models significantly
prolonged the survival of murine and human skin allografts, respectively (Sagoo et al., 2011;

Abbreviations: Regulatory T cells (Tregs); Extracellular vesicles (EVs); Effector T cell (Teff) and Dendritic cells (DCs).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 May 2020 | Volume 8 | Article 317110

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.00317
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.00317
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.00317&domain=pdf&date_stamp=2020-05-20
https://www.frontiersin.org/articles/10.3389/fcell.2020.00317/full
http://loop.frontiersin.org/people/906183/overview
http://loop.frontiersin.org/people/613665/overview
http://loop.frontiersin.org/people/877083/overview
http://loop.frontiersin.org/people/901347/overview
http://loop.frontiersin.org/people/925229/overview
http://loop.frontiersin.org/people/23690/overview
http://loop.frontiersin.org/people/534806/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00317 May 18, 2020 Time: 14:10 # 2

Tung et al. Treg EVs Inhibit Allograft Rejection

Boardman et al., 2017; Pilat et al., 2019). Given their efficacy
in vivo, we are currently conducting Phase I/II clinical trials to
investigate the therapeutic potential of autologous Treg therapy
to promote transplant survival rates in kidney (The ONE Study:
NCT02129881) and liver (ThRIL: NCT02166177) transplant
recipient patients (Romano et al., 2017; Sánchez-Fueyo et al.,
2019). Despite being used in the clinical setting how these
cells function and their target cells in vivo have yet to be
clearly elucidated.

Tregs are a heterogeneous CD4+CD25+ T cell subpopulation
consisting of thymus derived (natural) and peripheral (induced)
Tregs which suppress other immune cells, such as effector T
cell (Teff) and dendritic cells (DCs) through both cell contact
dependent and independent mechanisms (Romano et al., 2019).
These include IL-2 deprivation through expression of CD25,
production of immune modifying cytokines such as TGFβ, IL-10
and IL-35, induction of target cell death and inhibition of
antigen presenting capacity of DCs [reviewed in Shevach (2009)].
Recently, Tregs were found to maintain immune homeostasis
through the intercellular acquisition, or trogocytosis, of key
components involved in activating Teffs. For example, Samson
and colleagues have shown that CTLA-4 expressed on Tregs
removed CD80/86 from the surface of antigen presenting cells
(APCs), thereby limiting their co-stimulatory capacity (Qureshi
et al., 2011). More recently, antigen-specific Tregs that formed
strong interactions with peptide pulsed DCs were shown to
remove MHC class II: peptide complexes from these cells,
reducing their capacity to present antigen (Akkaya et al., 2019).
Intercellular communication by Tregs has also been shown
to occur via the release of small extracellular vesicles (EVs).
CD4+CD25+ Tregs isolated from rodents [mouse (Smyth et al.,
2013; Okoye et al., 2014), and rat (Yu et al., 2013; Aiello et al.,
2017)] and humans (Torri et al., 2017; Azimi et al., 2018) were
found to produce EVs following TCR activation. These vesicles
displayed in vitro immune modulatory properties similar to
the cell they were derived from [Smyth et al. (2013), Okoye
et al. (2014), Torri et al. (2017)]. We have shown that exposure
to murine Treg EVs causes (i) a reduction in CD4+ Teff cell
proliferation as well as IL-2 and IFNγ release (Smyth et al.,
2013), and; (ii) an increase in IL-10 production by murine DCs
following LPS stimulation (Tung et al., 2018). We attributed
these effects to the cell surface immune modulatory molecule
CD73, an ecto enzyme involved in adenosine production (Smyth
et al., 2013), and specific miRNAs, such as miR-142 and miR-
150, present in these vesicles (Tung et al., 2018). Other miRNAs,
such as Let-7d and miR-146a-5p have also been linked to the
suppressive capacity of these vesicles (Okoye et al., 2014; Torri
et al., 2017). Treg-derived EVs have also been shown to transfer
iNOS to target cells as a means of disrupting signaling pathways
and eliciting a regulatory function (Aiello et al., 2017).

So far, only a few groups have studied the suppressive capacity
of Treg EVs in vivo in animal models of intestinal inflammation
and solid organ transplants. Adoptive transfer of Let-7d deficient
murine Tregs into Rag−/− mice reconstituted with CD45RBhi

cells failed to prevent intestinal inflammation compared to wild
type Tregs (Okoye et al., 2014). The authors demonstrated
in vitro that this outcome was due to a decreased suppressive

activity of Let-7d deficient Treg EVs compared to their untreated
counterparts (Okoye et al., 2014). In a rat transplant model,
Yu et al. (2013) demonstrated that the administration of Treg
vesicles post-transplant prolonged the survival time and function
of kidney grafts (Yu et al., 2013). More recently, Aiello et al.
(2017) observed that EVs derived from induced Tregs, generated
by co-culturing rat CD4+CD25− cells with DCs made immature
by inhibiting NF-KB, by overexpressing the dominant negative
form of IKK2, promoted transplant tolerance only when given in
combination with Cyclosporine (Aiello et al., 2017). From these
observations, it could be envisaged that like their cell counterpart,
human Treg EVs may represent a promising therapeutic tool for
treating transplant rejection or autoimmunity.

In this study, we investigated the mechanisms of action of
human Treg EVs and their function in vivo using an established
humanized mouse model of human skin transplantation. Our
results demonstrated the immune regulatory role of human Treg
EVs in vivo and highlighted the possibility of applying them to
prevent transplant rejection.

MATERIALS AND METHODS

Human CD4+CD25+ and CD4+CD25−

Isolation and Expansion
Anonymous healthy donor blood was obtained from the
National Blood Service (NHS Blood and Transplantation,
London, United Kingdom) with informed consent and ethical
approval (Institutional Review Board of Guy’s Hospital;
reference 09/H0707/86). RosetteSepTM (StemCell Technologies,
Cambridgeshire, United Kingdom) was used to select CD4+
T cells. Subsequently, CD25 Microbeads II (Miltenyi Biotec,
Surrey, United Kingdom) were used to separate CD4+CD25+
(Tregs, Supplementary Figures S1A,B,E) and CD4+CD25−
(Teffs, Supplementary Figures S1C,D) cells. Tregs were cultured
and expanded for 20 days as previously reported (Scottà et al.,
2013). Briefly, isolated Tregs were cultured in X-VIVO 15
medium (Lonza, Berkshire, United Kingdom) supplemented
with 5% heat-inactivated human AB serum (Biosera, Sussex,
United Kingdom) in the presence of anti-CD3/CD28-coated
beads (Thermo Fisher Scientific, Paisley, United Kingdom),
100 nM rapamycin (LC-Laboratories, MA, United States) and
1000 U/mL recombinant IL-2 (Proleukin-Novartis, Camberley,
Surrey, United Kingdom). Teffs were cultured in the same media
in the presence of anti-CD3/CD28-coated beads and 100 U/mL
recombinant IL-2. All cell cultures were tested for mycoplasma
and all samples used were mycoplasma free.

EV Purification and Quantitation
Anti-CD3/CD28 beads were removed from cultured cells using
a magnet and bead free Tregs and Teffs were cultured in
EV-free culture medium for 2 days in the presence of low
dose IL-2 (100 IU/ml) in the absence of rapamycin. EV-free
media consisted of X-VIVO 15 supplemented with 5% EV
free heat-inactivated fetal bovine serum (FBS; Thermo Fisher
Scientific). This media was subjected to ultracentrifugation for
18 h at 100,000 × g and 4◦C using a L8-60M Beckman
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FIGURE 1 | Activated human Tregs release EVs. (A) (1st panel) Representative EM image of EVs released by activated human Treg cells. Scale bar indicates
100 nm. 2nd panel, A representative of a size distribution plot for EVs released by TCR activated Tregs. The EV samples were acquired using the NanoSight

(Continued)
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FIGURE 1 | Continued
LM-10 and 5 videos of 30 s duration were recorded. Histogram represents the mean size from all 5 measurements with the red error bars indicating mean ± 1 SEM.
3rd panel, the average mean particle size and the average mode size of Treg EVs isolated from 12 individual donors. (B) Graph shows the number of EVs released
per cell from resting versus activated Tregs. EVs were isolated from Tregs expanded from 5 donors. (C) Representative flow cytometry histogram plots showing the
expression of CD63, CD81, CD25, CTLA4, CD39, CD73, Fas-Ligand, CD4, and CCR4 on Treg EVs attached to latex beads following specific antibody staining
(black lines). Control samples (gray lines) represent beads stained with the aforementioned antibodies in the absence of EVs. Values indicate the mean fluorescence
intensity (MFI) for each of the molecules shown and the control beads. Data represents 1 out of 3 independent experiments. (D) Left panel, graph showing the
average number of CD63+ EVs (×109) ± SEM detected from 1 × 106 Tregs isolated from 3 donors using a CD63 ExoELISA (left panel). Right panel, Western blot
showing CD63 (top panel), CD81 (middle panel) and Calnexin (lower panel) expression in Treg EVs lysates (2 individual donors) and Treg cell lysates (1 individual
donor). (E) Normalized Total Spectra of described proteins found in Treg EVs (1 individual donor).

Coulter ultracentrifuge with a Type 70.1 Ti rotor. To isolate
EVs, 5–50 × 106 T cells (2.5 × 106 per ml) were activated
using plate-bound anti-CD3 (5 mg/mL, OKT3; Thermo Fisher
Scientific) and anti-CD28 (10 mg/mL, αCD28.2) antibodies
in EV free media. 24 h post-activation, cell culture media
was collected and differential centrifugation preformed. Briefly,
culture supernatant was centrifuged at 300 g for 10 min, at
2000 g for 10 min and passed through a 0.22 µm pore-
sized filter (Merck Millipore, MA, United States). EVs were
isolated via ultracentrifugation or ExoQuick-TCTM (Systems
Biosciences, California, United States). ExoQuick-TCTM was
used according to manufacturer’s instructions. Alternatively,
EVs were pelleted at 100,000 g using a Beckman L8-60M
ultracentrifuge with Beckman Type 70.1 Ti rotor for 1.5 h at
4◦C. The EV enriched pellet was washed in PBS at 100,000 g for
1.5 h at 4◦C. Ultracentrifugation was employed for transmission
electron microscopy, NanoSight LM-10 (NanoSight, Malvern,
Kk) and flow cytometry EV analysis. EV enriched pellets were
re-suspended in PBS and used immediately except for NanoSight
LM-10 analysis where EVs were stored at−80◦C. EV isolation via
ExoQuick-TCTM was employed for EV RNA extraction, protein
analysis, EV suppression assays with subsequent cytokine bead
array analysis and for the in vivo experiments. EVs pellets derived
from ExoQuick-TCTM were re-suspended in EVs-free complete
media for in vitro analysis and sodium chloride (NaCl) 0.9% w/v
saline (B Braun, Sheffield, United Kingdom) for in vivo analysis.
To measure the concentration and size of the particles isolated,
EVs were assessed on a NanoSight LM10 under a constant flow
injection. 5 videos of 30 s duration were recorded per sample.

Electron Microscopy (EM)
10 × 106 Tregs were activated and EVs isolated as described
above. EVs were added to Formvar/carbon films with copper
grids (TAAB, United Kingdom) and following fixation with
2% glutaraldehyde (Sigma-Aldrich, Dorset, United Kingdom),
the grids were washed three times with distilled water. EVs
were then stained with 3% uranyl acetate (Sigma-Aldrich) and
2% methylcellulose and analyzed on a transmission electron
microscope (FEI TecnaiTM G2 20, Netherlands). All steps were
performed at room temperature.

Cell and EVs Phenotype
All antibodies were purchased from Thermo Fisher Scientific
unless otherwise stated and cells were stained using FACS buffer
(PBS containing 5 mM EDTA and 1% FCS). Cells were stained
with antibodies specific for human; CD4 (OK-T4), CD25 (AE3),

CD127 (eBioRDR5), FoxP3 (PCH101), CD39 (eBioA1), CD73
(AD2), CTLA4 (BN13), CD69 (H1.2F4), CD81 (5A6), CD9
(eBioSN4), CD63 (HSC6), TCRαβ (T1089.1A-31) and CCR4
(L291H4). Intracellular staining was performed using a FoxP3
staining buffer set according to manufacturer’s instructions. To
stain Treg EVs, EVs were coated onto 4 µm aldehyde/sulfate
latex beads (Thermo Fisher Scientific) before the addition of
fluorochrome-conjugated antibodies, as previously described
(Smyth et al., 2013). Cells and beads were acquired using BD
LSR-Fortessa flow cytometer (BD Biosciences, Franklin Lakes,
NJ, United States) and analyzed using FlowJo 10 software
(Tree Star, OR, United States). CD63 expression on Treg
EVs was also assessed using an ExoELISA-ULTRA complete
kit (CD63 detection), following manufacture’s instructions
(Systems Biosciences).

SDS Page Gel and Western Blotting
All reagents were purchased from Thermo Fisher Scientific,
unless otherwise stated. Treg EVs isolated from (50 × 106)
Tregs and Tregs (1 × 106) were lysed in RIPA buffer
supplemented with protease inhibitors (Merck, Gillingham,
United Kingdom). 10 µgs of denatured protein was run on a 10–
20% Novex WedgeWell Protein gel and proteins were transferred
onto a PVDF membrane. CD63 and CD81 were assessed
using an ExoAb antibody kit following the manufacture’s
instructions (Systems Biosciences). Calnexin expression
was assessed using a rabbit anti-human/mouse Calnexin
primary Ab (Proteintech, Manchester, United Kingdom)
followed by a goat anti-rabbit Ig-HRP conjugated secondary
Ab (Cell Signaling Technologies MA, United States), both
at a 1:1000 dilution. Protein bands were visualized using
ECL and a ChemiDoc Imaging System (Bio-Rad, Watford,
United Kingdom).

Mass Spectrometry
Treg EVs, isolated using ExoQuick-TC, were sent for
proteomic analysis at Systems Biosciences (SBI Exosome
Proteomics Services) and a total EV protein prolife was
undertaken. Briefly, according to SBI, EVs were lysed
using a sonic probe and 10 µg of sample run on a 10%
Bis Tris NuPage gel. An in gel-based digestion, using
trypsin, was undertaken to generate peptidic libraries for
nano LC-MS/MS analysis using a Waters NanoAcquity
HPLC system. Data analysis was undertaken using Scaffold
Proteome Software.
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FIGURE 2 | Human Treg EVs are suppressive. (A) 1 × 105 Cell Trace Violet (CTV) CD4+25- (Teffs) were co-cultured alone (Top left panel, Resting Teffs) or with
anti-CD3/CD28 coated beads, in the absence (Top right panel, Activated Teffs) or presence of Treg EVs derived from various numbers of Tregs (Lower panels, + Treg
EVs). After 5 days the proliferation of the CTV Teffs was assessed by flow cytometry. Representative data of the percentage proliferation from an individual donor is

(Continued)
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FIGURE 2 | Continued
shown. (B) Average% suppression of Teff proliferation following exposure to increasing dose of Treg EVs. Data is from 3 independent experiments using 3 individual
donors. Bars show mean + SEM. (C) Graph represents the% suppression of Teffs from at least 7–9 independent donors, each shown as an individual point,
following co-culture with various ratios of Treg cells or Treg EVs derived from 50 × 106 Treg cells. The mean ± SEM is shown. In all panels data are expressed as
percentage of suppression of Teff proliferation relative to Teffs cultured alone with anti-CD3/28 beads. (D) Teffs were activated with anti-CD3/28 beads for 5 days in
the absence (Activated Teffs) or presence of proteins and EVs isolated from culture media (Activated Teffs + media pellet). Flow cytometry histogram plots represent
the proliferation of Teffs as measured by CTV dilution. Data shown represents one of 6 individual experiments with the pooled percentage CFSE−/lo cells
(% proliferation) shown in the right panel. Statistical significance was tested using one-way ANOVA where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and
ns, non-significant.

Suppression Assays
1 × 105 CellTrace Violet (CTV, Thermo Fisher Scientific)-
labeled non-autologous CD4+25− (Teffs) were incubated with
or without anti-CD3/CD28 beads (at a 1:40 of bead:Teff ratio).
Co-cultures of Tregs:Teffs and Treg EVs:Teffs were set up
using varying ratios of cells and EVs, as indicated, for 5 days
at 37◦C and 5% CO2. As a control, the pellet isolated from
the same amount of media used to isolate EVs from was
used in the suppression assays. CD4+ T cell proliferation
was assessed by CTV dilution using a BD LSR-Fortessa flow
cytometer and analyzed as mentioned previously. Results are
shown as percent suppression relative to T cells cultured alone.
Culture supernatants were harvested and stored at −20◦C for
cytokine measurements.

Cytokine Measurements
Culture supernatants were analyzed using a Human
Th1/Th2/Th17 Kit BDTM Cytometric Bead Array (BD
Biosciences) according to manufacturer’s protocols. Beads
were acquired on a BD LSR-Fortessa flow cytometer
and data analyzed using FCAP Array v.3 software. IL-10
was also measured using a human IL-10 ELISA (Thermo
Fisher Scientific).

Animals and Human Skin Xenograft
Transplant Model
BALB/c recombination activating gene (RAG)2

−/−γc−/− (BRG)
mice were maintained under sterile conditions (Biological
Services Unit, New Hunt’s House, King’s College London).
All procedures were performed in accordance with all legal,
ethical, and institutional requirements (PPL70/7302). Human
skin was obtained from routine surgical procedures with
informed consent and ethical approval. Skin sections (1.5 cm2)
were transplanted onto the dorsal region of 10–11 week old
BRG mice as previously described (Sagoo et al., 2011; Boardman
et al., 2017) and mice received anti-mouse Gr1 antibody
(100 ugs; BioXCell, Upper Oxfordshire, United Kingdom)
every 4 days via intraperitoneal injection. 6 weeks post-
transplant mice received 5 × 106 CD4+CD25− cells via
intravenous (IV) injection. Control mice received saline. In
addition, and concurrently, mice received 1 × 106 Tregs or
Treg-derived EVs (derived from 50 × 106 activated Tregs).
Control mice received “media EVs” (protein and EVs derived
from the EV isolation media) or saline. Transplanted human
skin was explanted for histological analysis 5 weeks post-
adoptive transfer.

Histological and Confocal Analysis
Human skin allografts explants were immediately frozen
in optimum cutting temperature (OCT) (Thermo Fisher
Scientific). Skin sections (8 µm) were fixed with 10%
formalin (Thermo Fisher Scientific) before incubating with
hematoxylin solution followed by 1% eosin (Merck). For
immunofluorescence staining, sections were fixed in 4%
paraformaldehyde, and treated with a mixture of 10% goat
serum, 0.1% fish skin gelatin, 0.1% Triton X-100 and 0.5%
Tween-20 (Merck) in PBS. Next sections were stained with
a mixture of the following primary antibodies: anti-human
CD3 (polyclonal rabbit; DAKO, Cheshire, United Kingdom)
anti-human CD45 (HI30, Thermo Fisher Scientific), anti-
human involucrin (CY5, Sigma-Aldrich), anti-human CD31
and anti-human Ki67 (both rabbit polyclonal, Abcam,
Cambridge, United Kingdom) for 18 h. Lastly, the sections
were stained with secondary antibodies goat anti-mouse Alexa
Fluor R©555 and goat anti-rabbit Alexa Fluor R©647 antibodies
with 4-6-diamidino-2-phenylindole (DAPI) (Thermo Fisher
Scientific) and mounted with Fluorescence Mounting Medium
(DAKO, Ely, United Kingdom). Nikon C2 + point scanning
confocal microscopy (Nikon, Surrey, United Kingdom) and
quantitative analysis was performed using ImageJ (FIJI)
imaging software.

MicroRNA Analysis
Total RNA was extracted from Tregs and Treg EVs as
previously described (Tung et al., 2018) and a microRNA
profile was conducted by Exiqon, United States. The EV
miRNA screen was normalized using the global normalization
method with RNU6-2 as an endogenous control. For
qPCR analysis, cDNA fragments were synthesized using
miScript RT Kit (Qiagen) and qPCR reactions were set
up with the miScript SYBR Green PCR Kit and primers
specific for miR-142-3p and miR-150-5p and RNU6-
2, as per manufacturer’s protocols (Qiagen, Hilden,
Germany). Samples were run on the Applied BiosystemsTM

ViiATM 7 Real time PCR system. Data was analyzed
using the 11CT method where RNU6-2 was used as
housekeeping controls.

Statistics
Statistical significance was determined using student’s t test,
one-way ANOVA with Tukey’s multiple comparisons test. Data
was analyzed using PRISM software (GraphPad Software, Inc,
California, United States).
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FIGURE 3 | Treg EVs modify cytokine production. CD4+25− (Teffs) cells were co-cultured alone (−) or with anti-CD3/CD28 coated beads in the absence (+) or
presence of Treg EVs derived from various numbers of Tregs (Treg EVs × 106) or different ratios of Tregs. After 5 days the presence of (A) IFNγ, (B) IL-6, (C) IL-2,
(D) IL-4, and (E) IL-10 was assessed by flow cytometry. Individual graphs (A–E) show the relevant cytokine levels produced by Teffs exposed to Tregs or Treg EVs
isolated from 7 to 9 individual donors. Each assay was performed as a technical triplicate. Data is shown as the fold change relative to activated Teffs (+), which was
set arbitrarily as 10. Statistical significance was tested using one-way ANOVA; mean ± SEM is shown where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
and ns, non-significant.
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RESULTS

Human Treg Cells Release Extracellular
Vesicles
Several publications from us, and others, have demonstrated
that Tregs isolated from mouse (Smyth et al., 2013; Okoye
et al., 2014) rat (Yu et al., 2013; Aiello et al., 2017) and
human (Torri et al., 2017; Azimi et al., 2018) sources can
produce EVs. To characterize human Treg EVs, CD4+CD25+
human T cells were enriched by magnetic beads separation
from healthy donor peripheral blood (average purity of
95.1 ± 3.02%, Supplementary Figures S1A,B), stimulated
with anti-CD3/CD28 beads and expanded ex vivo in the
presence of interleukin-2 (IL-2) and rapamycin, as previously
published (Scottà et al., 2013). This protocol has been used
for the expansion of Tregs for clinical application in the
treatment of renal and liver transplant patients (Romano
et al., 2017; Sánchez-Fueyo et al., 2019). The resulting cells
maintained a standard Treg phenotype (CD4+CD25hiCD127low)
with a high expression of FoxP3, CTLA-4, CD39, and CD73
(Supplementary Figures S2A,B), as previously reported (Scottà
et al., 2013; Boardman et al., 2017). Furthermore, these cells also
expressed detectable levels of common markers used to define
EVs (Théry et al., 2018) including the tetraspanin molecules
CD81, CD63, and CD9 (Supplementary Figures S2C,D).
As expected, these cells were suppressive, as determined
by their ability to inhibit CD4+25− T cell proliferation
(Supplementary Figure S2E).

To isolate EVs, and to avoid the isolation of apoptotic
bodies, Tregs were stimulated with plate bound anti-CD3/CD28
antibodies for 24 h and EVs isolated from cell supernatants.
The presence of Treg EVs with a cup-shaped morphology was
confirmed by electron microscopy (EM) (Figure 1A, left panel).
These vesicles had a mean size of 150 nm and a mode of 125 nm,
as assessed by NTA suggesting that they are small EVs (sEVs,
Figure 1A middle and right panels). Following activation, the
number of released sEVs increased significantly with an average
of 1.15 × 103 vesicles (range of 0.55 × 103

−1.82 × 103 vesicles)
being released per activated Treg cell (Figure 1B).

Our previous study showed that murine Treg EVs presented
CD63, CD81, CD4, CD25, CTLA-4, and CD73 by flow cytometry
using latex beads (Smyth et al., 2013). As such, we next
characterized our human Treg EVs phenotypically (Figure 1C).
Treg EVs presented CD63 and CD81 as expected, as well as CD25,
CD39 molecules and CCR4 (Figure 1C). Low levels of CD4 and
CTLA-4 were also observed whilst in contrast, FasL and CD73
were not associated with these vesicles (Figure 1B). The presence
of CD63+ CD81+ on Treg EVs particles was confirmed using a
CD63 ExoELISA and Western blotting (Figure 1D).

In accordance with the ISEV position paper on the minimal
requirements for reporting EV data (Théry et al., 2018) we
assessed several proteins of EV and non-EV origin in our samples.
A proteomic screen of the precipitated EV rich pellet, from
one donor, was performed. HSP90AB1, actin and tubulin, all
previously shown in EVs, were observed (Figure 1E), however,
calnexin was not detected (Figure 1D). Previous studies have

shown that albumin is a major protein, of non-EV origin, co-
isolated with EVs from culture supernatants (Théry et al., 2018).
Indeed serum albumin was present in our EV sample (Figure 1E).

Taken together, activated human Tregs released small
CD63+CD81+ vesicles, which express molecules found on
their cellular equivalent, including CD25, CD39 as well as the
homing receptor CCR4.

Human Treg EVs Suppress T Cell
Proliferation in vitro
Next, we tested the suppressive capacity of human CD4+CD25+
T cell derived EVs in vitro. Cell Trace Violet R© (CTV)-labeled
CD4+CD25− Teffs were stimulated with anti-CD3/CD28 coated
beads in the presence or absence of different quantities of Treg
EVs (Figures 2A). As expected, Teff proliferation was suppressed
in the presence of Treg EVs in a dose-dependent manner with
the maximal inhibition of T cell proliferation observed in the
presence of Treg EVs isolated from 50 × 106 cells (Figures 2A).
This was constant across several different donor Treg EVs
(Figure 2B, 5 × 106 Treg-derived EVs versus 50 × 106 Treg-
derived EVs p = 0.0438; 10 × 106 Treg-derived EVs versus
50 × 106 Treg-derived EVs p = 0.0317; 35 × 106 Treg-derived
EVs versus 50× 106 Treg-derived EVs p = 0.0190).

Next, the efficiency of Treg EVs to suppress T cell proliferation
compared with Tregs was addressed. The suppression of T cell
responses observed in the presence of 50× 106 Treg-derived EVs
was equivalent to those observed when the Teff:Treg ratio was
at 1:8 (Figure 2C), suggesting that whilst Treg EVs are immune
modulatory, they are less efficient at inducing suppression than
the Treg cells themselves in the in vitro assay used. Given that
the protocol used to isolate the Treg EVs co-precipitated albumin
the contribution of this, and other non-EV proteins, to the
above observations was assessed. To do this a Treg EV free
control; “pellet” isolated from similar volumes of media used
to culture cells during activation, was included in the assays.
Importantly, no inhibition of Teff proliferation was observed
in the absence of Treg EVs (Figures 2D). Taken together, our
observations highlight the capacity of Treg-derived EVs to inhibit
Teff proliferation in vitro.

Human Treg EVs Modulate Teffs
Cytokine Production
Next, the direct modulation of Teff function by human Treg EVs
was evaluated. Teffs were stimulated with anti-CD3/CD28 beads
in the presence or absence of either Treg cells or Treg EVs and
cytokine production was evaluated. Teffs produced high levels
of IFNγ, IL-2, and IL-6, which were significantly reduced in the
presence of Treg cells in a dose dependent manner. Exposure to
Treg EVs significantly reduced IFNγ and IL-6 secretion in a dose
dependent manner (Figures 3A,B) while IL-2 was significantly
reduced following exposure to 50 × 106 Treg derived EVs only
(Figure 3C). Like the proliferation data, the reduction of these
pro-inflammatory cytokines by Treg EVs was less efficient than
those induced by their cell counterparts.

In contrast, we observed a significant increase in IL-
4 and IL-10 cytokine production in the supernatants
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FIGURE 4 | MiRNA present in Treg EVs target the 3′ UTR of mRNA of IL-2, IL-6 and IFNγ cytokines. (A) Microarray heat map diagram showing a two-way
unsupervised hierarchical clustering of miRNAs by Tregs and Treg EV miRNAs. Cells and EVs from three independent donors are shown. (B) Table of miRNAs found
exclusively in Treg EVs or enriched in Treg EVs compared to Tregs and their targeting prediction to 3′ UTR of IFNγ, IL-2 and/or IL-6 mRNA. (C). Bar graphs
(mean ± SEM) showing the relative quantity (RQ) of miR-142-3p and miR-150-5p expression in Tregs EVs and control EVs, as measured by qPCR and normalized
relative to RNU6-2. Data was pooled from 3 individual experiments that were performed in triplicates. Statistical significance was determined using an One way
ANOVA and Tukey’s multiple comparison test, where **p < 0.01 and ***p < 0.001.

of Teffs following co-culture with high doses of Treg
derived EVs (Figures 3D,E, respectively). Interestingly,
the increased level of cytokines observed were greater
than those produced in the presence of Tregs (1:1 and 1:2

Teff:Treg ratio). This increase in IL-10 was not due to this
cytokine being present in the Treg EVs themselves. No IL-
10 was detected in lysed EVs using an IL-10 specific ELISA
(data not shown).
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FIGURE 5 | Human Treg EVs protect against alloimmune mediated human skin allograft damage. BALB/c Rag2−/−γc−/− mice were transplanted with human skin
and 6 weeks later mice were reconstituted with 5 × 106 allogenic CD4+25- T cells plus polyclonal 1 × 106 Tregs or Treg EVs derived from 50 × 106 Tregs. Control
mice received saline only or control EVs (media EVs). Human skin grafts were removed 5 weeks post-injection, and cryopreserved sections were fixed and stained
for human CD45/Ki67/DAPI (A), or CD31/involucrin/DAPI (A). Representative images of human skin graft sections with the various treatments are shown.
(B) Quantification of the number of human CD45+ cells and Ki67+ keratinocytes cells per field of view was performed using NIS Elements and FIJI imaging software.
Results represent 3–9 mice per group where four to six fields of view were quantified per section and data are representative of 5 individual experiments. Statistical
significance was tested using one-way ANOVA and Turkey multiple comparison post hoc test where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns,
non-significant. DAPI, 4’,6-diamidino-2-phenylindole.
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Murine Treg EVs contain miRNAs which, when acquired,
modify the cytokine profile of the target cells (Tung et al.,
2018). To assess whether miRNAs present in our human
Treg EVs could potentially affect pro-inflammatory cytokine
production, a microarray screen was undertaken (Figure 4A).
A bioinformatics tool (microRNA.org) was used to predict
whether miRNAs highly expressed in Treg EVs, as compared
to the Tregs, targeted the 3′UTRs of IFNγ, IL-2 and IL-
6 mRNA (Supplementary Figures S3A–C). As shown in
Figure 4B, several miRNAs were identified which were predicted
to recognize one or more target sequences within each of the
aforementioned pro-inflammatory cytokine mRNAs. In addition,
two miRNAs present in murine Treg EVs, miR-142 and miR-150,
linked with reduced IL-6 (Sun et al., 2013) and IL-10 production
in DCs and T cells, respectively (King et al., 2016), were also
identified and their expression validated by qPCR (Figure 4C).

Overall, these results demonstrate that like their cell
counterparts, human Treg EVs have the capacity to skew CD4+
T cells toward an anti-inflammatory state, with Treg EVs being
more efficient at doing so than Tregs. We suggest that the
miRNAs enriched in the human Treg EVs maybe responsible for
the modulation of the cytokine profile observed, although this
requires validation. Given these findings we next tested whether
the protective effects seen in vitro could be translated in vivo.

Human Treg EVs Function in vivo
To investigate the in vivo effect of human Treg EVs, a well-
established humanized mouse model of skin transplantation was
selected (Sagoo et al., 2011; Putnam et al., 2013; Boardman
et al., 2017). In this model, human skin grafts were transplanted
onto immune deficient BALB/c Rag2

−/−γc−/− mice prior
to reconstituted with allogeneic human CD4+CD25− T cells
alone or in combination with autologous Tregs or Treg EVs
(Supplementary Figure S4A). H + E staining of human
skin isolated from mice 30 days after being treated with
CD4+CD25− T cells displayed an irregular stratum corneum,
disrupted epidermis and dense cellular infiltration compared
to saline-treated control mice (Supplementary Figure S4B).
Additionally, the epidermal thickness and the rete ridge height
were significantly increased (Supplementary Figures S4C,D),
indicating an alloimmune-mediated inflammatory response
(Sagoo et al., 2011; Putnam et al., 2013; Boardman et al.,
2017). Conversely, the injection of CD4+CD25− T cells in
the presence of Treg EVs resulted in a smooth stratum
corneum as well as a significant decrease in epidermis
thickness, rete ridge height (p < 0.05) and cellular infiltration
(Supplementary Figures S4C,D).

To validate these findings, the expression of specific immune
cell and skin-related markers was assessed by three-color
immunofluorescence microscopy. As expected, compared to
saline controls, grafts from CD4+CD25− T cells treated mice
showed active inflammation with human CD3+ and CD45+
cell infiltrates (Figures 5A,B and Supplementary Figure S5)
and loss of dermo-epidermal integrity, mediated by allogeneic
human leucocytes (Figure 5A). Quantitative analysis of histology
findings demonstrated that treatment with Treg EVs, but not
proteins isolated in the media pellet, significantly decreased

the number of infiltrating human CD45+ cells (Figure 5B, left
panel), which correlated with significantly fewer CD3+ T cells
(Supplementary Figures 5A,B). In addition, Treg EV treatment
significantly decreased the frequency of Ki67+ proliferating
keratinocytes (Figure 5B, right panel). All these parameters
were reduced in skin transplants following Treg treatment, as
previously shown (Putnam et al., 2013; Boardman et al., 2017).
These results highlight the efficacy of Treg EVs in protecting
allografts in vivo and suggest that these vesicles have relevance
in clinical application to prevent graft rejection.

DISCUSSION

In this study, we show that TCR-activation of human Tregs
results in the release of small EVs capable of suppressing T cell
proliferation and altering their cytokine profile in favor of IL-
4 and IL-10 secretion. In a humanized mouse model, human
Treg-derived EVs protected human skin grafts from alloimmune-
mediated damage. Taken together, these observations suggest that
human Treg EVs are immune regulators, which may represent a
translatable therapy for the treatment of transplant rejection.

Like murine Tregs, EVs released by their human counterparts
inhibit T cell proliferation in a dose dependent manner (Smyth
et al., 2013). The exact mechanism behind this observation is
unknown, however, one possible explanation is based on the
evidence that Treg EVs express Treg-associated markers such as
CD39 and CD25. Given that both of these molecules have been
linked to the immunosuppressive nature of Tregs, it is tempting
to suggest that CD25 and CD39 expression on Treg EVs may
explain the inhibition of proliferation observed. The presence of
CD25, a high affinity receptor for IL-2, on murine Tregs and T
cell derived EVs has previously been reported (Nolte-t Hoen et al.,
2004; Smyth et al., 2013). It is tempting to speculate that CD25+
Treg derived EVs bind to the cell surface of T cells, leading
to depletion of IL-2 from the microenvironment and apoptosis
of Teffs. IL-2 was indeed reduced in the presence of high
concentrations of Treg EVs, suggesting that CD25 on Treg EVs
could be playing a similar role, driving the immunosuppressive
response, although this needs to be validated.

Ectoenzymes CD39 and CD73 present on Tregs work together
to convert pro-inflammatory ATP into anti-inflammatory
adenosine (Deaglio et al., 2007), which can be taken up
by adenosine A2 receptors to suppress target cell function
and provide an anti-inflammatory microenvironment. CD73
expression contributed directly to the suppressive nature of
mouse Treg EVs (Smyth et al., 2013), however, a similar
possibility does not exist with the human counterparts, as the
human derived EVs do not express this molecule. Although our
human Treg EVs only contained CD39, as human T cells express
A2 adenosine receptors (Koshiba et al., 1999; Ohta et al., 2009;
Linden and Cekic, 2012) it is possible that the combination of
these proteins on Teffs following Treg EV fusion resulted in the
immune suppression observed in our co-cultures.

Another possible explanation, although not mutually
exclusive, is the function of miRNAs identified within the EVs.
Recently, Torri et al. highlighted that human Treg EVs were
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highly enriched in miR-146a-5p, which suppressed proliferation
of CD4+ T cells by inhibiting Stat1 and Irak2 mRNA levels (Torri
et al., 2017). Like this study, we also observed miR-146a-5p in
Treg EVs, suggesting that this miRNA may contribute to the
reduced Teff proliferation observed.

In our study, we observed a modulation of cytokines produced
by T cells following exposure to Treg EVs. Treg EVs reduced IL-
6 whilst increasing IL-4 and IL-10 production. IL-6 is known to
work in concert with TGFβ to cause degradation of FOXP3 (Gao
et al., 2012) and promote the differentiation of pro-inflammatory
Th17 cells from naïve CD4+ T cells (Bettelli et al., 2006). In
contrast, in the absence of IL-6, naïve T cells are more prone
to commit toward a Treg compartment (Bettelli et al., 2006). As
such, by reducing the presence of detectable IL-6, it is possible
that Treg derived EVs both hinder the differentiation of Th17
cells and promote the development of immunosuppressive Tregs.
Furthermore, IL-4 is a critical factor involved in skewing naïve T
cell differentiation toward a Th2 phenotype.

It is known that EVs are carriers of cytokines (Clayton et al.,
2007; Szabó et al., 2014; Konadu et al., 2015; Tokarz et al.,
2015) it is therefore conceivable, and another way that EVs
modulate the immune response, that the presence of cytokines
such as IL-4 and IL-10 are found within the human Treg EVs
themselves. However, we have previously shown that murine
Treg EVs did not contain IL-10 (Tung et al., 2018) and confirmed
this finding with human Treg EVs. Like our current study, we
previously observed an increase of IL-10 production in LPS
activated BMDCs following treatment with murine Treg EVs,
suggesting that something intrinsic to the Treg EVs increased IL-
10, and presumably IL-4, production in recipient cells. Several
components of the Treg EVs maybe responsible for this including
miRNAs. We have recently suggested that miR-150 expressed in
murine Treg EVs altered cytokine production in LPS activated
DCs leading to an increase in IL-10 (Tung et al., 2018). Our
conclusion was based on the published findings of King et al.
(2016) who observed that miR-150 was overexpressed in IL-10
secreting CD46-induced human CD4+ T cells (King et al., 2016).
The same authors demonstrated that inhibiting miR-150, using a
miR-150 antisense locked nucleic acid (LNA), led to a decrease
in IL-10 production by these cells (King et al., 2016). In this
study, we have shown that miR-150 is present in human Treg
EVs, suggesting that it might be responsible for the modulation
of the IL-10 cytokine profile observed.

As mentioned above, IL-6 is a pro-inflammatory cytokine,
produced by many cells including T cells, which has a pleotropic
effect on cells of the innate and adaptive immune system
(Tanaka et al., 2014). This cytokine has also been shown to drive
transplant rejection with Zhao et al. (2012) demonstrating that,
with co-stimulatory blockade (CTLA-4-Ig), wild-type C57BL/6
mice rejected fully mismatched BALB/c cardiac grafts but IL-
6-deficient C57BL/6 mice accepted these allografts. The authors
suggested that blocking IL-6 production and IL-6 signaling
in combination with co-stimulatory blockade inhibited Th1
responses, and promoted transplant tolerance (Zhao et al., 2012).
Recently, the role of IL-6 in allograft rejection was revisited
(Pilat et al., 2019). These authors showed that in combination
with rapamycin and an anti-IL-2 monoclonal antibody plus

IL-2-complex, blocking IL-6 prolonged MHC mismatched skin
transplants for greater than 75 days (Pilat et al., 2019). Here, we
show that T cell derived IL-6 production was inhibited in the
presence of Treg EVs, suggesting one way that these vesicles may
have abrogate T cell alloresponses seen in our mouse model. In
addition, early work by Bushell et al. (1999) showed that IL-4
plays a role in tolerance induction to an alloantigen following
Treg transfer (Bushell et al., 1999). Therefore increasing IL-4
levels through administration of Treg EVs maybe beneficial for
transplant outcomes. Our data highlight that these vesicles could
play a protective role in the setting of transplantation. The novel
finding that human Tregs EVs prevented alloimmune-mediated
damage in human skin allografts, following administration,
highlights their potential as a novel cell-free therapy for
inhibiting inflammation. The inhibition of IL-6, together with the
modulation of IL-4, further underlines the potential of Treg EVs
as immunotherapy reagents for transplant patients.

In summary, human Treg EVs inhibit T cell proliferation
and cytokine production in vitro and protect human skin
grafts from alloimmune-mediated damage in vivo. Given
the latter, and as we previously suggested (Agarwal et al.,
2014), these vesicles have the potential to be translated into
the clinic as a stand-alone personalized therapy. One major
development, that will help the translation of Treg EVs
into the clinic, is the recent publication of data from a
phase 1 clinical trial on the efficacy of autologous human
Tregs in a liver transplant setting (Sánchez-Fueyo et al.,
2019). These authors highlighted that administration of these
cells to patients post-transplant was safe and led to a
transient increased in Treg numbers whilst decreasing CD8+
donor-specific responses over time following injection, hence
demonstrating efficacy. These important findings align with
our speculation that Treg EVs may have a similar effect to
their cellular counterparts in vivo. Given that these authors
found no adverse affects with Tregs helps pave the way for
their EVs to be used in a similar setting. Whether these
vesicles are best used in combination with Tregs cells has yet
to be addressed.

In our previous review we discussed several hurdles that
required addressing before human Treg EVs could be used
in a clinical setting. These included designing protocols for
optimizing ex vivo isolation of GMP-grade Treg EVs, improving
scalability and assessing reproducibility, a full assessment of
protein contaminants, identification of in vivo targets as well
as working out a dosing regime. Although many of these
are still relevant we feel that our protocol of EV isolation
allows reproducibility, as determined by the consistency in EV
miRNAs expression across several donors. Since the publication
of our review several key advances such as GMP compatible EV
isolation reagents, bioreactors to allow scalability and tangential
flow filtration (Busatto et al., 2018) are transforming EVs
research, with several companies now attempting to create off the
shelf EV products for patient use. Given this, and the fact that
DC-derived EVs have been used in phase II clinical trials for the
treatment of non-small cell lung cancer, and were found to have
efficacy (Besse et al., 2016, achieving a similar outcome for Treg
EVs within liver or kidney transplantation maybe feasible.
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Small extracellular vesicles (sEVs) are those nanovesicles 30–150 nm in size with a
role in cell signalling and potential as biomarkers of disease. Nanoparticle tracking
analysis (NTA) techniques are commonly used to measure sEV concentration in biofluids.
However, this quantification technique can be susceptible to sample handing and
machine settings. Moreover, some classes of lipoproteins are of similar sizes and
could therefore confound sEV quantification, particularly in blood-derived preparations,
such serum and plasma. Here we have provided methodological information on NTA
measurements and systematically investigated potential factors that could interfere
with the reliability and repeatability of results obtained when looking at neat biofluids
(i.e., human serum and pericardial fluid) obtained from patients undergoing cardiac
surgery and from healthy controls. Data suggest that variables that can affect vesicle
quantification include the level of contamination from lipoproteins, number of sample
freeze/thaw cycles, sample filtration, using saline-based diluents, video length and
keeping the number of particles per frame within defined limits. Those parameters
that are of less concern include focus, the “Maximum Jump” setting and the number
of videos recorded. However, if these settings are clearly inappropriate the results
obtained will be spurious. Similarly, good experimental practice suggests that multiple
videos should be recorded. In conclusion, NTA is a perfectible, but still commonly used
system for sEVs analyses. Provided users handle their samples with a highly robust
and consistent protocol, and accurately report these aspects, they can obtain data that
could potentially translate into new clinical biomarkers for diagnosis and monitoring of
cardiovascular disease.

Keywords: cardiac surgery, exosome (vesicle), exosomal biomarkers, nanopartcicles, NTA (nanoparticle tracking
analysis)
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BACKGROUND

Small extracellular vesicles (sEVs) are generally in the region
of 30–150 nm in size and are released from all cells. They
are a heterogeneous group of nanoparticles of different cargo
content and function, including exosomes (Giulietti et al., 2018).
They have become of great interest due to their emerging role
in cell-to-cell communication (Théry et al., 2002; Emanueli
et al., 2015), through their ability to transfer their active
molecular cargoes to recipient cells. Additionally, they can
use surface proteins to activate cell signalling pathways in the
cells they come into contact with. However, given their small
size, established methods, such as standard flow cytometry,
which can, for example, be applied to identify and quantify
larger EVs, cannot be used directly to investigate concentrations
of small EVs (Emanueli et al., 2015; Coumans et al., 2017).
In recent years a technique originally developed for other
industrial applications, nanoparticle tracking analysis (NTA),
has been adapted for this purpose (Dragovic et al., 2011).
NTA has become a staple technique in the toolbox of sEV
researchers, with the recognition that certain procedures have
to be followed to ensure reliable and repeatable data are
produced (Filipe et al., 2010; Gardiner et al., 2013; Maas
et al., 2015; Tian et al., 2016; Parsons et al., 2017; Vestad
et al., 2017). Parsons et al. (2017) showed that the precision
of routine NTA measurements can be significantly improved
for different biofluids by increasing video replicates. Other
studies proposed the use of silica microspheres for calibration
to overcome differences between instruments with different
specifications (Gardiner et al., 2013) or the use of instrument-
optimised settings to correct significantly different results
observed between different instruments with identical software
settings (Vestad et al., 2017). Although NTA camera level and
detection threshold were determined as significant factors in
the quantification of liposomes, changing these variable settings
were less prominent for sEV quantification (Filipe et al., 2010;
Gardiner et al., 2013; Maas et al., 2015). Sample heterogeneity,
operator and software version were reported as other factors
affecting the accuracy of NTA measurements (Vestad et al., 2017;
Bachurski et al., 2019).

We will build on and expand these observations, specifically in
relation to neat serum and pericardial fluid (PF) prepared from
cardiovascular patients, with the intention of producing a “how
to” guide for analysing these samples using NTA.

When analysing neat biofluids, particularly the ones
deriving from blood, it must be taken into account that
the size of sEVs and lipoproteins overlap partially. This is
true for the following classes of lipoproteins: chylomicrons
(75 nm–1.2 µm), chylomicron remnants (30–80 nm),
very low density lipoproteins (VLDL: 30–80 nm) and
intermediate-density lipoproteins (ILDL: 25–35 nm)
(Feingold and Grunfeld, 2000).

One potential use for sEVs in the clinic is as biomarkers
of disease, particularly through the extraction of sEVs from
bodily fluid as a “liquid biopsy.” It is therefore important to
standardise methodologies in place in order to demonstrate
this. In many cases the biomarker studies involving sEVs

have focussed on their molecular cargo, especially microRNAs
(miRs) (Alegre et al., 2016; Manier et al., 2017; Selmaj et al.,
2017). This aspect has considerable potential, but it might
necessitate sEV extraction followed by molecular analyses, thus
adding complexity and delay between taking the sample and
obtaining the result. This is not ideal when an early diagnosis or
prognostic indicator is necessary, such as in patients presenting
with a suspected myocardial infarction, or to assess the risk
of early complications following cardiac surgery. These and
other situations are where, potentially, acute changes in sEV
concentration or their size could be used (Cappello et al.,
2017). We demonstrated, for example, that dramatic changes in
plasmatic sEV-size particle concentrations could be detected in
patients undergoing coronary artery bypass graft surgery (CABG)
under cardiopulmonary bypass (CPB). We also demonstrated
that, following surgery, the size of these particles changed and
that they contained miRs (such as miR-1 and miR-133a/b) known
to be enriched in the myocardium and whose concentration also
increased significantly in both the plasma and plasma-derived
sEVs (Bachurski et al., 2019). It is therefore conceivable that the
plasma nanoparticle changes were caused by their induced release
by the myocardium as a response to the ischaemia/reperfusion
injury induced by the surgery. In line with this, both the
sEV plasma concentration (measured by NTA) and the cardiac
miRs in the sEVs were highly correlated with high sensitivity
cardiac troponins (hs-cTNs), the gold standard biomarker for
myocardial injury (Emanueli et al., 2016). We used neat plasma
samples when carrying out NTA in this study, which is unusual
among sEV studies, as others have extracted the sEVs from
the plasma first (Vicencio et al., 2015). Our approach presents
additional challenges when using NTA, such as the presence of
a multitude of other particles and proteins in the sample that can
confuse the tracking software. However, the currently available
protocols for sEVs extraction are intrinsically associated with
sEV loss (Lobb et al., 2015; Patel et al., 2019) and, especially
in the case of plasma or serum, they have not be able to
resolve the problem of protein and lipoprotein contaminations.
Moreover, for potential applications in an acute bedside-testing
type setting, the minimal handling offered by analyses on neat
biofluid is remarkable.

There are a number of potential sources of error that
should be taken in consideration when designing protocols
for studies involving clinical samples using an NTA system.
These have not been systematically demonstrated. For example,
the handling of a sample from the immediate point at
which it is taken has been suggested to introduce variability
in the sEV content (Witwer et al., 2013). Similarly, it
has also been suggested that storage and freeze-thaw cycles
could have an impact on sEV integrity and aggregation
(Bosch et al., 2016). This does not appear to be conclusive
but, if true, has the potential to lead toward additional
variability in results, particularly if samples are not handled
consistently. We have thus carried out a thorough investigation
such that we are able to suggest important methodological
considerations for the quantification of nanoparticles in bodily
fluids using some of the most up-to-date software and hardware
available for NTA.
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METHODS

General Setup
All experiments were carried out using a NanoSight NS300
(Malvern PANalytical, Malvern, United Kingdom), with NTA
software version 3.2 (Malvern Instruments). All samples were
diluted using Gibco phosphate buffered saline (PBS, catalogue
number 14190094) (Thermo Fisher, Paisley, United Kingdom)
except where otherwise noted. The PBS was filtered prior to
use using a Millex 33 mm, 0.22 µm syringe filter unit (Merck,
Nottingham, United Kingdom). Samples were vortexed briefly,
filtered using a 4 mm, 0.22 µm Millex syringe filter unit
(Merck), except where otherwise noted, then taken up into
a 1 mL BD Plastipak syringe (BD Biosciences, Wokingham,
United Kingdom) and injected into the flow cell of the NanoSight
NS300. Once loaded, the sample was passed through the system
using a syringe pump at a rate of 50 arbitrary units (A.U.),
decreased gradually through 500, 300, 200 and 100 A.U. Once
stable, this flow rate allows the particles to pass across the field
of view in approximately 8 s. A video would then be captured and
processed (script attached, Supplementary File 1).

Sample Collection
Samples were handled in accordance with the Declaration of
Helsinki and the Human Tissue Act. The samples used in this
study were collected as discarded tissue from different cardiac
surgery patients operated on at our Centre and from healthy
controls who provided informed consent. Samples were covered
by ethical approvals from the UK National Research Ethic Service
NRES (REC 10/H0107/63, 12/LO/1361, 13/LO/1687). Blood was
collected in an SST Advance vacutainer (BD Biosciences) and
transferred to the lab within 1 h, where it was double-centrifuged
at 2240 × g and RT for 10 min to produce serum. The sera were
quickly aliquoted and immediately frozen and kept at −80◦C
until use. Pericardial fluid was collected following the opening of
the pericardial sac at the beginning of heart surgery. The PF was
then moved to the lab and spun at 4◦C at 300× g for 5 min to and
the supernatant collected. The supernatant was then spun again
at 13000× g for 5 min. The supernatant was collected and stored
at−80◦C until use.

Investigation of Sample Composition
Nanoparticle counts were registered in parallel from the whole
serum and sEVs isolated from the serum by size exclusion
chromatography (SEC). sEVs were isolated as previously
described (Beltrami et al., 2017) and tested for ApoA1 and
ApoB by ELISA kits (ab108803, ab190806, Abcam, Cambridge,
United Kingdom). This was performed in serum samples
collected before and at 24 h following cardiac surgery (n = 6) to
investigate if the serum nanoparticle counts followed the trend
observed when measuring serum-derived sEVs. To completely
explore the composition of the serum samples, we also considered
the presence of high density lipoproteins (HDLs) and VLDL.
To do that, we measured apolipoprotein A1 (ApoA1, which is
paramount of the HDLs) and ApoB (characteristic from LDLs,
IDLs, VLDLs and chylomicrons).

Initial Preparation of the NTA
The optical glass of the laser module was initially wiped with a
tissue dampened with:

1. 70% IMS.
2. MilliQ water.
3. 1% ethanoic acid (Sigma-Aldrich, Dorset,

United Kingdom).
4. MilliQ water.

Following this, the low-volume flow cell was attached to the laser
module and the system flushed with:

1. 1 mL 10% ethanol (Sigma-Aldrich).
2. 1 mL filtered Gibco PBS (Thermo Fisher).
3. 1 mL filtered Gibco PBS.

The machine was then considered ready for use.

Standard Washing Procedure
The standard, non-automated, washing procedure adopted in
this protocol was as follows:

1. 1 mL filtered Gibco PBS.
2. 1 mL filtered Gibco PBS.
3. 1 mL 1% ethanoic acid.
4. 1 mL filtered Gibco PBS.
5. 1 mL filtered Gibco PBS.

This was carried out prior to running any standard or sample.

Standard Machine Settings
Unless otherwise stated, recordings were made using settings
previously chosen to give the best contrast in our experience,
using the NS300:

• Slider Shutter: 1300
• Slider Gain: 512
• Camera Histogram Upper Limit: 2470
• Camera Histogram Lower Limit: 130
• Syringe Pump Speed/AU: 50

Focus was set manually according to manufacturer’s
instructions, ensuring that the maximum number of particles
was in focus in the field of view, by maximising the central blob
intensities and minimising the ring intensity (diffraction rings
that can occur when particles are correctly focussed) to reduce
non-zero-order peaks.

Calibration and Reproducibility
We used a commercially available sEV standard consisting of
sEVs derived from the plasma or serum of healthy human
controls (HansaBioMed, Tallinn, Estonia) as a calibrator. The
standard was diluted according to manufacturer’s instructions,
aliquoted, then frozen in individual aliquots for single use. On
each day of NTA use, a new aliquot was prepared into a working
dilution suitable for running on the NanoSight by adding 5 µL
of the standard to 995 µL PBS, giving a 1:200 dilution. Four 90-s
videos were recorded under flow conditions and processed using
Detection Threshold 9. This was repeated over 25 days to observe
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day-to-day variations, quantifying particle concentration and the
number of particles in the 90–120 nm range.

Serum Sample Preparation
Except for when testing diluents, serum was thawed for 30 min at
RT and initially prepared for analysis by NTA at a 1:100 dilution
by diluting 10 µL of sample with 990 µL PBS; 200 µL of this
initial dilution was added to 800 µL PBS, to give a final 1:500
dilution. For the diluent experiment, 1:500 was not feasible for
technical reasons (i.e., not sufficient to allow for particle detection
when using water). Therefore, in this instance, serum samples
were prepared at a 1:100 dilution using the diluent to be tested,
then further diluted using 900 µL of the diluent and 100 µL of
the sample to ultimately give a working dilution of 1:1000.

Pericardial Fluid Sample Preparation
Pericardial fluid was thawed for 30 min at RT, then diluted 1:50.
This was achieved by diluting 20 µL sample with 980 µL PBS.
This dilution was also used for the diluent experiment.

Investigating the Effect of Sample
Freeze-Thaw Cycles on Particle Count
Each serum or pericardial sample was prepared and run
according to our standard protocol. The original sample was then
re-frozen at−70◦C. The same sample was subsequently defrosted
and run again using the same settings and again re-frozen. This
was repeated twice more. Time-points were defined as: T0 – first
defrosting of sample having been freshly frozen, T1 – second
defrosting, T2 – third defrosting, T3 – fourth defrosting. Each
sample thawed on the bench and was re-frozen overnight before
thawing again the following day.

Investigating the Effect of Different
Diluents on Sample Particle Count
Initial manufacturer recommendations suggest that one should
use water for diluting a sample for analysis with NTA, which
might not be suitable for biological samples, as there is the
possibility that biological vesicles could lyse due to osmotic
potential. We investigated the effect on particle count of using
different diluents to dilute both serum and PF samples. The
diluents tested were the PBS we have used in our other
experiments in this paper, simulated body fluid (SBF), Hanks
Balanced Salt Solution (HBSS, Sigma-Aldrich, catalogue number
H1387) and filtered, deionised water. SBF was prepared as
previously described (Gu et al., 2010). HBSS was prepared
according to the instructions supplied by the manufacturer. Four
videos of 90s were acquired for each of the different diluents and
processed using the standard settings above.

Investigating the Effect of Sample
Concentration
The sEV standard was initially prepared as above. Dilutions were
made in filtered Gibco PBS (Table 1). The sample of the standard
was then run and analysed on the NanoSight using the settings
above, except that 3 90-s videos were recorded instead of 4 and

the fold dilution recorded by the software as 1, rather than the
actual fold dilution.

Investigating the Effect of Particle
Masking
By “masking” we refer to a large particle hiding a smaller particle
and thus excluding it from the total NTA count. Firstly, as a proof
of principle for the issue of masking, 100 nm (NTA 4088) and
200 nm (NTA 4089) Latex Standard beads (Malvern) were diluted
in PBS and used alone or in combination. 100 nm standards
were diluted 1:1000, while 1:100 dilution was used for 200 nm
standards. This meant that when 100 and 200 nm standards were
combined, their ratio was 1:10 respectively. Three 30-s videos
were recorded and all videos were processed using a Detection
Threshold of 8. We hypothesise that a mixture of 100 nm and
200 nm particles would result in reduced counts in the sEV
range due to masking.

The effect of particle masking was further explored using
serum or PF samples, prepared as above. Four 90-s videos
were acquired. The analysis was carried out using Detection
Threshold 9. These were compared with the unfiltered equivalent
sample, i.e. prepared in the same way, except that the
filtration step was excluded. Again, we hypothesise that the
unfiltered samples would have lower counts in the small EV
range due to masking.

Investigating the Effect of Video Length
and Number of Videos
A serum or PF sample was prepared and four videos were
recorded, using 30, 60, 90, 120, 150 and 180 s acquisitions. All
videos were processed using a Detection Threshold of 9. A fresh
sample was prepared for each test of video length. The flow
cell was cleaned (as per the standard protocol) between each
sample. The data recorded using videos of 90 s in length was
also arbitrarily used to investigate the effect of the number of

TABLE 1 | Dilutions of plasma calibrator to determine linearity.

Fold dilution 1st dilution 2nd dilution (of 1st dilution)

Vol standard
(µL)

Vol PBS
(µL)

Vol diluted
standard (µL)

Vol PBS
(µL)

20 50 950 – –

40 25 975 – –

50 20 980 – –

66.67 15 985 – –

100 10 990 – –

125 8 992 – –

142.875 7 993 – –

200 5 995 – –

250 4 996 – –

333.33 3 997 – –

400 10 990 250 750

500 10 990 200 800

800 10 990 125 875

1000 10 990 10 990

2000 10 990 50 950
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videos recorded on the results, comparing the standard deviation
in particle concentration readings between acquisitions with 2,
3 and 4 recordings. We hypothesise that longer acquisition time
and higher number of videos would result in smaller variability
(standard deviation) of the sEV counts.

Investigating the Effect of Changing
Focus
A serum sample was prepared and four videos of 90 s each
were recorded with the focus set correctly, as described above,
then 10 and 30 A.U. below optimum. The videos were recorded
consecutively, without pausing the syringe pump. Following the
standard washing procedure, the experiment was repeated with a
fresh sample, this time increasing the focus 10 and 30 A.U. above
optimum. All videos were processed using a Detection Threshold
of 9. The same experiment was carried out with PF, varying the
focus by 10 or 30 A.U. in each direction.

The Effect of Maximum Jump Distance
The “Maximum Jump” setting is used by the NTA software to
determine how far it needs to “look” for a particle as it moves
from one frame to the next in the video. The smaller the particle,
the further it will move between frames and therefore a larger
search area is required by the software to track it successfully.
This is a setting which can be set to “Auto” and the software
scans through the first 100 frames of the video to determine the
optimum setting. However, there can be small changes between
videos, so potentially this can introduce variability to the results.
We investigated how manually keeping this setting constant
affects the readings, compared to the automatic setting. Serum
and PF samples were prepared as above and loaded into the
machine. The same sample was then run four consecutive times
on the same settings as above. The maximum jump setting was
set to “Auto” for the first run, 14 A.U. for the second, 20 A.U. for
the third and 10 A.U. for the fourth. Videos were analysed using
Detection Threshold 9.

Data Analysis
NanoSight Raw Data outputs were used in all analyses. All
graphs show concentration/particle count data as mean ± SD.
The magnitude of the effect of a variable is presented as a
percentage change. Additionally, we present the variability in
measurements, as observed by changes in the SD of the data.
Whilst the focus is generally to observe the magnitude of changes
induced by different settings, in some cases where a hypothesis
was formulated in relation to a specific variable a statistical
test was performed, using non-parametric tests (Mann–Whitney
test, Wilcoxon test, Friedman test or Kruskal–Wallis test with
Dunn’s post hoc test, as appropriate) with p < 0.05 indicating
statistical significance.

RESULTS

Samples
Particle count results to characterise the serum samples
revealed no significant difference when comparing whole serum

measurements and isolated sEVs, suggesting that whole serum
mimics the isolated sEVs. This was observed at all relevant
particle ranges (30–60, 61–90, 91–120 and >121 nm) as shown
in Figure 1. As confirmation of scarce lipoprotein presence
on the isolated sEVs, ApoA1 and ApoB sharply decreased in
isolated sEVs in comparison to the whole serum (Figures 1B,D).
This was observed also when samples were divided according
to timing of surgery (i.e., pre/post-surgery; Figures 1C,E), with
ApoB interestingly showing increased values post-surgery.

Calibration and Reproducibility
Four runs using the sEV standard were carried out and the raw
traces of each of the recordings were superimposed (Figure 2A).
Importantly, there was little day-to-day variability in calibrator
concentration over a 25-day time period (≤6%), in terms of either
total particle concentration (Figure 2B) or percentage particles in
the 90–120 nm range, as a reference size range (Figure 2C).

Repeated Freeze-Thaw Cycles Tend to
Increase in Particle Count
With serum, we saw an increase in the number of particles
in the sEVs range (30–120 nm) with more freeze-thaw
cycles [3.72 × 1011

± 1.37 × 1010 particles/mL at T0,
4.73 × 1011

± 2.83 × 1010 particles/mL at T1 (27% increase over
T0), 5.77 × 1011

± 1.46 × 1010 particles/mL at T2 (55% increase
over T0, p = 0.006), Figure 3A]. The percentage of particles
in this size range relative to the total particle concentration
did not appear to vary (85% at T0, 82% at T1, 83% at T2,
84% at T2, Figure 3B). There was also an increase in the
particle concentration in the 121–210 nm size range (p = 0.016
T2 vs. T0) (Figure 3C), and no differences in the percentage
particles in this size range (Figure 3D). Therefore, there was an
increase in the total number of particles, with a 58% increase
between T0 (4.36 ± × 1011 8.34 × 109 particles/mL) and T2
(6.91× 1011

± 2.18× 1010 particles/mL, Figure 3E, p = 0.006).
Pericardial fluid also showed a trend toward increasing

particle counts with increasing freeze-thaw cycles. The 30–
120 nm particles increased by 27% from 2.92× 1010

± 1.15× 109

particles/mL at T0 to 3.72 × 1010
± 3.43 × 109 particles/mL

at T3 (p = 0.037, Figure 3F). Both the particle counts from
121 to 210 nm (3.48 × 1010

± 1.11 × 109 particles/mL at T0
to 4.61 × 1010

± 1.71 × 109 particles/mL at T3, p = 0.006,
Figure 3G) and total particles (8.05 × 1010

± 2.560 × 109

particles/mL at T0 to 1.03 × 1011
± 1.71 × 109 particles/mL

at T3, p = 0.006, Figure 3H) increased consistently (32 and
28% respectively).

Different Diluents Give Different Results
for the Same Sample
For both serum and PF, the particle count in water was
substantially higher than in any of the other diluents. For serum
in particular, the particle count was approximately threefold
higher in water (15.9 × 1011

± 1.9 × 1011 particles/mL vs.
5.8 × 1011

± 1.3 × 1010 in SBF, 5.4 × 1011
± 2.3 × 1010 in

HBSS, and 5.9× 1011
± 3.6× 1010 in PBS). For PF, particle count

was 13% higher in water (4.6 × 1010
± 1.2 × 109 particles/mL)
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FIGURE 1 | Small EVs vs. whole serum nanoparticles. (A) Comparison of nanoparticle concentration by size range. (B) ApoB quantification on small EVs and whole
plasma in all samples. (C) ApoB quantification on small EVs and whole plasma in Pre- and Post-surgery samples. (D) ApoA1 quantification on small EVs and whole
plasma in all samples. (E) ApoA1 quantification on small EVs and whole plasma in Pre- and Post-surgery samples. *p < 0.05.

than SBF (4.1 × 1010
± 1.19 × 109 particles/mL), 24% higher

than HBSS (3.7 × 1010
± 1.45 × 109 particles/mL) and 61%

higher than PBS (2.84 × 1010
± 5.57 × 108 particles/mL). This

is illustrated in Figure 4.

Overcrowded Samples Result in
Underestimation of Nanoparticles
We observed that, as the number of particles per frame increases,
so does the particle concentration, in a linear fashion (R2 = 0.99).
If we compare the fold dilution of the sample with either the
particles per frame or measured particle concentration, this
results in a non-linear curve (Table 2 and Figures 5A,C). This

suggests that there comes a point where the machine over- or
under-estimates the particle concentration, due to there being
too few or too many particles per frame. There is a section of
this curve which is, indeed, largely linear, between a fold dilution
of 66.67 and 250 (R2 = 0.93, Figure 5D), corresponding to a
particle-per-frame range 39–110 (Figure 5B).

The Effect of Masking: Filtration
Increases Particle Count
The effect of masking was demonstrated in the first instance
by the latex beads experiment. The recorded 30–120 nm
particle concentration of latex beads decreases by 91% from
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FIGURE 2 | Calibration. (A) Traces of four consecutive videos, closely
superimposed one on top of the other. (B) Total particle concentration of
calibrator. (C) Percentage particles in the 90–120 nm range. Lines on (B,C)
represent mean concentration and %, respectively.

1.34 × 1011
± 1.35 × 1010 particles/mL 100 nm beads alone, to

1.18× 1010
± 8.54× 108 particles/mL when mixed with 200 nm

beads (p ≤ 0.013, Figure 6A). The 200 nm bead concentration,
however, shows very little change (4.55 × 1010

± 3.06 × 109

particles/mL 200 nm beads alone vs. 4.80 × 1010
± 2.50 × 109

particles/mL when mixed with 100 nm beads, an increase of 6%).
This was confirmed by observing the effect of filtration. An

increase of 78%, from 3.64 × 1011
± 3.184 × 1010 particles/mL

in the nanoparticle concentration in an unfiltered serum sample
to 6.48 × 1011

± 1.77 × 1010 particles/mL in a filtered sample
(p = 0.029, Figure 6B) was recorded. Repeating the test on PF
gave an increase in particle count in a filtered sample of 21% over
an unfiltered sample (1.23 × 1010

± 1.69 × 109 particles/mL
unfiltered vs. 1.49 × 1010

± 1.65 × 109 particles/mL filtered,

p = 0.029, Figure 6C). This suggests that this effect is less
noticeable in PF than in serum.

Increasing Video Length, Up to a Point,
Increases Particle Concentration
It stands to reason that the longer the video recordings are,
the more events that will be captured and, therefore, the more
opportunity the software has to track particles, thereby reducing
the variability in the particle count between recordings and
increasing the robustness of the result. Particle concentration
in serum peaked at 90s video length (Figure 7A). Particle
concentration in the 30–120 nm range varied by 6% from 30s
to 90s. Interestingly, the number of counted particles begins to
decrease beyond 90s, with a 30% decrease being observed for a
180s video, compared to 90s. The particle count at 90s also saw
the lowest SD (1.93 × 1010). Repeating this experiment using
PF gave similar results (Figure 7B). The highest particle count
in the 30–120 nm range in this case was given by recordings
of 150s, which were 12% higher than those calculated by 90s
videos, however with a higher standard deviation (1.63 × 109 vs.
1.17× 109 particles/mL).

The Number of Recordings Has a
Limited Impact on Particle Count
Overall, low variability between particle counts in the sEV range
was observed when testing the effect of multiple recordings. We
saw that with the PF, the SD remained very similar with an
increasing number of videos. There was, however, an increase
in the standard deviation with an increase in the number of
videos when looking at serum (Table 3). However, the SD
was <2.5% of the total particle concentration for serum and <5%
for PF. In both cases, the total particle count increased with the
number of recordings.

Small Changes in Focus Do Not Alter
Particle Count
When looking at serum samples (Figure 8A), if the focus is
increased a small amount away from optimum, i.e., 10 A.U. in our
study, there is a 10% decrease in particle count. If it is decreased
by the same value, there is a 22% decrease. However, if one moves
more substantially away from focus (±30 A.U.), one sees a 63%
drop in particle count on increasing the focus and a 70% decrease
when decreasing it. The same is seen with PF (Figure 8B) where,
if one substantially deviates from the optimum focus, there is
a 22% drop in particle count when increasing the focus and a
25% drop on decreasing it. Examples of screenshots from under-,
over-, and focussed videos (pericardial fluid) are shown in the
Supplementary Figure 1.

Small Variations in Maximum Jump
Distance Do Not Affect Measurements
If the Maximum Jump setting is manually altered to a setting
close to that which the software would automatically select (i.e.,
14) there is no difference in particle count. However, if the
setting is moved further away from this optimal setting in either
direction (i.e., 10 or 20), then variations in particle concentration
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FIGURE 3 | Freezing and thawing affects the recorded particle concentration. Serum particle concentration in the 30–120 nm (A) and 121–210 nm (C) range.
Percentage particles in the 30–120 nm (B) and 121–210 nm range (D) in serum. Total particle concentration in serum (E). Pericardial fluid (PF) particle concentration
in the 30–120 nm (F) and 121–210 nm (G) and total particle concentration (H). T0 = first defrosting of freshly frozen sample, T1 = second defrosting, T2 = third
defrosting, T3 = fourth defrosting. *p < 0.05, **p < 0.01.

are observed. This was seen in both serum (Figure 9A) and
PF (Figure 9B).

DISCUSSION

Our study has investigated the way in which several different
settings or preparation methods immediately prior to sample

analysis have an effect on the particle concentration shown
by NTA using a NanoSight NS300 apparatus, seeking to
compare the effect of the settings or preparations tested on the
same sample.

We have shown that it is possible to use commercially available
sEV standards that, when aliquoted and stored in the same way,
produce repeatable results when run on the NanoSight. If these
are run over the duration of an experiment (days/weeks/months),
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FIGURE 4 | The effect of different diluents on particle count. (A) Serum,
(B) pericardial fluid. Data shown is the particle concentration for the
30–120 nm size range with mean ± SD.

they can be used as a calibrator. In our hands these sEVs appear
stable over the course of several months when stored at−80◦C.

We have also used these commercials EVs to investigate the
linearity of the measurements made by the NanoSight. It is
important, particularly in the case of neat human samples, to
appreciate that there will be variability between patients. This
has implications for the development of any technique which
analyses neat samples, as it will have to be able to take into
account this large variability. We have shown that there is a limit
to with the NanoSight where the increase in particles per frame
no longer gives a linear increase in the particle concentration.
This is in line with the recommendations of the manufacturer
and is likely due to a similar effect to that which we see with large
particle masking. Here, with these particular samples, we suggest
that this range is between approximately 40 and 110 particles per
frame. In order to ensure that one is operating in this range, it
may be necessary to change the dilution of the sample (e.g., due
to variability between samples derived from different patients).
Furthermore, it is possible that this varies from sample type to
sample type. It is, therefore, perhaps prudent for the reader to
carry out an experiment similar to that which we have carried out
in this study to determine the best dilution for their samples. If on

TABLE 2 | Number of completed tracks for each video of plasma calibrator
linearity experiment.

Fold dilution Video recording

1 2 3

20 73516 77511 75046

40 51540 50308 51963

50 73516 77511 75046

66.67 27977 25202 25327

100 26187 26263 26538

125 21032 19986 19967

142.875 19110 19241 19529

200 12516 10241 9769

250 8345 7930 7757

333.33 9593 9205 8742

400 8104 7725 6793

500 6772 5300 4202

800 6088 4239 3379

1000 6770 1975 1984

2000 1091 1295 *

*The concentration of this sample was so low that only two of the three videos gave
any form of measurement.

the one hand best practice indicates to apply the same protocol to
all samples in a study, in the event of observing an overcrowded
sample when running consecutive samples on the NTA the
suggestion would be to adjust the concentration and repeat the
measurement, to ensure that particle concentration is not under-
estimated for that particular sample. This consideration applies
particularly to studies involving patient-derived samples where
variability between patients could be very high (e.g., between
different conditions).

There have been suggestions that sEVs can be degraded or can
aggregate when subjected to repeated freeze/thaw cycles (Zhou
et al., 2006; Muller et al., 2014; Bosch et al., 2016). Our data
suggests that the number of particles in the exosomal range will
increase with repeated freezing and thawing. Potentially, this is
due to the rupture of larger particles into smaller ones that are
then counted in the sEV size range and/or to particles smaller
than the sEV size range, which aggregate and are then counted
within the larger size range. Therefore, it is important to bear this
in mind when processing samples and the reader is encouraged
to both minimise freeze-thaw cycles and to treat all samples
in the same way.

Once the samples have been defrosted, they need to be
diluted in the same manner, at the same concentration. Good
experimental practice dictates that the same pipette type should
be used for making up the same part of the dilution for all the
samples in a given experiment.

The presence of larger particles has been reported to affect
the quantification of smaller (<150 nm) extracellular vesicles in
neat platelet-free plasma even using different techniques (e.g.,
Tunable Resistive Pulse Sensing) (Mørk et al., 2016) and indeed
this is a concern for NTA. This issue can be mitigated by filtering
samples with a 0.22 µm filter prior to running through the
machine, although we accept that there may be some degradation
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FIGURE 5 | Relationship between number of particles per frame tracked by the software and a range of fold dilutions (A), with a range of fold dilutions (66.67 to 250)
where this relationship is linear (R2 = 0.93) and is largely within the range defined by the manufacturer (10–100 particles per frame) (B). This pattern is repeated when
fold dilution is compared with particle concentration (C), where between a fold dilution of 66.67 and 250 this relationship becomes linear (R2 = 0.93) (D).

of larger particles into smaller ones caused by this process. It is
interesting also to note that the effect of filtering may depend on
sample type. The biofluids we present here – serum and PF – are
two contrasting examples. Serum, in our hands, is a particularly
difficult sample to run on NTA and very much requires filtration
prior to running. Pericardial fluid is less difficult, and one might
avoid filtration in many cases. However, if one wishes to compare
data between patients one needs to treat the same sample type in
the same way across different patients. Therefore, we recommend
filtering all samples as a matter of course.

The NanoSight must be focussed accurately before
commencing any recordings, with some degree of tolerance. For
example, we demonstrated that, with serum, an increase of 10
A.U. has only a 10% effect on particle count. However, if this
is increased to 30 A.U., the particle count decreases by 63%.
It is also interesting to note that the effect that this has varies
depending on sample type.

Video length has an impact on the quality of the results
obtained. We have shown that, up to a point, longer video
acquisition allows for capturing more particles, whilst a shorter
video would be more likely be affected (e.g., by an artefact due
to an aggregate) and any small variation would have a bigger
impact on the final total count. On the other hand, longer video
acquisitions result in decreased particle counts. One can speculate
that this may be due to some settling of the particles in the syringe

over time, and/or their binding to the sides of the syringe. Peak
values were recorded using different video lengths for the two
different sample types used, but if one also looks at the standard
deviations of the recorded values, 90 s videos gave the smallest
SDs in both sample types. However, we suggest to the reader that
it is perhaps prudent to run a test as we have done in this study to
determine the optimum video length.

The number of videos recorded and small, reasonable
variations in the Maximum Jump setting did not seem to have
large effects on the results. One would again advocate consistency
across measurements, and not altering the Maximum Jump from
default settings.

With regards to camera gain settings, these were intentionally
not tested as in our opinion they have been sufficiently
discussed elsewhere (Filipe et al., 2010; Gardiner et al., 2013;
Maas et al., 2015).

With regards to data presentation, we have shown particle
concentrations as both absolute numbers of particles, as well
as percentage particles relative to the total concentration. The
total concentration is the total number of particles measured by
the NanoSight in a given measurement. From the perspective
of using this technology on patient-derived samples, this is
useful if, for example, a given acute situation results in an
increase in the number of sEVs released. The presentation of
the results as a percentage of the total particles, on the other
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FIGURE 6 | Filtration eliminates the masking effect of larger particles on
smaller ones. (A) Concentration of latex beads in either monodisperse or
polydisperse preparations. Concentration of particles in the 30–120 nm range
in (B) serum or (C) pericardial fluid, in either unfiltered or filtered preparations.
Data are shown as individual recordings and the mean ± SD. *p < 0.05.

FIGURE 7 | Video length has a noticeable impact on total particle
concentration. (A) Serum, (B) pericardial fluid.

TABLE 3 | Changes in particle concentration and standard deviation in pericardial
fluid and serum samples with different numbers of videos recorded.

Pericardial fluid Serum

Video
number

Particle
concentration

SD Particle
concentration

SD

2 2.54E + 10 9.90E + 08 8.48E + 11 2.83E + 09

3 2.59E + 10 1.16E + 09 8.56E + 11 1.40E + 10

4 2.56E + 10 1.19E + 09 8.64E + 11 1.93E + 10

hand, can give a different and, possibly, complementary picture
to that demonstrated by the absolute quantification. Presenting
the results in this way potentially allows a change in the size of
the particles released due to a given stimulus to be observed.
Indeed, in our cardiac surgery study we saw both these effects
(Emanueli et al., 2016).

We have included a sample script for the NTA software
(Supplementary File 1), along with a sample Standard Operating
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FIGURE 8 | Small changes in focus levels do not have an impact on recorded
particle concentration. Serum (A), pericardial fluid (B).

Procedure (Supplementary File 2). It is important to note
that while we have investigated the effect of sample handling
inasmuch as how freeze-thaw cycles affect the results obtained
through NTA, a complete discussion of sample handling is
beyond the scope of this work and has, indeed, been investigated
elsewhere (Witwer et al., 2013). However, it appears that
when analysing samples using NTA, the adage “junk in, junk
out” applies. It is, therefore, of the utmost importance that
the reader appreciates that poor (or at least inconsistent)
sample handling can have a considerable detrimental effect on
NTA results.

There is documented evidence to suggest that lipoproteins
do, partly, fall into the same size range as small EVs
(Dragovic et al., 2011; Sódar et al., 2016; Mørk et al., 2017; Karimi
et al., 2018) and would therefore interfere with the counts
made by the NanoSight. Unfortunately, the tested apparatus does
not have the capability to use fluorescence staining, so we are
unable to use a fluorescent membrane dye to discern sEVs from
lipoproteins. Data gathered as part of our sample characterisation
revealed that whole serum mimics isolated sEVs; we did
not observe a significant difference in particle concentrations

FIGURE 9 | Small, reasonable changes in “Maximum Jump” settings do not
affect concentration measurements. (A) Serum, (B) pericardial fluid.

between whole serum and isolated sEVs. Moreover, we detected
low level of lipoproteins’ proteins (ApoA1 and ApoB) in serum-
extracted sEVs. This is relevant to report because lipoproteins are
potential contaminants of isolated sEV preparation (Grigor’eva
et al., 2017). Whilst this study is still potentially confounded
by the presence of lipoproteins, given that we have used neat
biofluids, its goal of assessing different machine settings on
human-derived samples is fulfilled and the observations on
machine settings remain valid.

In conclusion, we have investigated the effect of several factors
that could have an effect on the results produced by NTA using
the NanoSight NS300 system, with a focus on clinically-derived
samples. We suggest that the factors that must be controlled when
running experiments on this system are:

1. Freeze thaw cycles of the sample being run,
2. Length of recorded videos,
3. Filtering samples prior to running on the machine to

prevent masking of smaller particles by larger ones,
4. The number of particles per frame in the video recorded

and whether this is in the range of particles per frame where
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the concentration is calculated linearly by the
NanoSight,

5. Using a saline-based diluent (e.g., PBS) to dilute the sample
before running.

The aspects that are less important, but that we advise the
reader to be aware of are:

1. Focus – small variations are acceptable and will not have a
major impact on results, however this can vary depending
on the sample type.

2. “Maximum Jump” settings can set to default values.
3. The number of videos has a minimal impact on particle

counts, however, we would encourage the reader to
record multiple videos (minimum 3), as this will increase
confidence in their results and allow a more representative
volume of the total sample to be analysed.

The use of a calibrator is advised. In this case we have
shown the suitability of commercially available small EVs for this
purpose. If these are prepared, aliquoted and frozen on the same
day they can be used throughout the experiment as a reference
to demonstrate that the machine is producing repeatable results.
This allows the reader to be confident that their data from 1 day
to the next can be compared.
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Extracellular vesicles (EVs) constitute a heterogeneous group of vesicles released by
all types of cells that play a major role in intercellular communication. The field of EVs
started gaining attention since it was realized that these vesicles are not waste bags, but
they carry specific cargo and they communicate specific messages to recipient cells.
EVs can deliver different types of RNAs, proteins, and lipids from donor to recipient
cells and they can influence recipient cell functions, despite their limited capacity for
cargo. EVs have been compared to viruses because of their size, cell entry pathways,
and biogenesis and to viral vectors because they can be loaded with desired cargo,
modified, and re-targeted. These properties along with the fact that EVs are stable in
body fluids, they can be produced and purified in large quantities, they can cross the
blood–brain barrier, and autologous EVs do not appear to cause major adverse effects,
have rendered them attractive for therapeutic use. Here, we discuss the potential for
therapeutic use of EVs derived from virus infected cells or EVs carrying viral factors. We
have focused on six major concepts: (i) the role of EVs in virus-based oncolytic therapy
or virus-based gene delivery approaches; (ii) the potential use of EVs for developing viral
vaccines or optimizing already existing vaccines; (iii) the role of EVs in delivering RNAs
and proteins in the context of viral infections and modulating the microenvironment
of infection; (iv) how to take advantage of viral features to design effective means of
EV targeting, uptake, and cargo packaging; (v) the potential of EVs in antiviral drug
delivery; and (vi) identification of novel antiviral targets based on EV biogenesis factors
hijacked by viruses for assembly and egress. It has been less than a decade since
more attention was given to EV research and some interesting concepts have already
been developed. In the coming years, additional information on EV biogenesis, how
they are hijacked and utilized by pathogens, and their impact on the microenvironment
of infection is expected to indicate avenues to optimize existing therapeutic tools and
develop novel approaches.

Keywords: exosomes, viral vectors, therapy, innate immunity, virus egress, exosomes biogenesis, miRNAs, cargo
delivery
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INTRODUCTION

Extracellular vesicles (EVs) are released by all cell types,
including bacteria, archaea, fungi, and eukaryotes (Deatheragea
and Cooksona, 2012). The properties and functions of these
EVs have become a subject of recent investigation, as techniques
for their isolation and characterization have advanced (Théry
et al., 2006; Van Niel et al., 2018). EVs have diverse functions,
including delivering selected cargo (such as MHC molecules) to
stimulate T cells, transferring antigens to dendritic cells for cross-
presentation to T cells, and delivering genetic materials such as
transcripts and miRNAs that can cause epigenetic modifications
to the cells (Théry et al., 2002).

Generally, EVs are classified based on their size and origin
into three major groups, exosomes, microvesicles, and apoptotic
bodies (Stoorvogel et al., 2002; Raposo and Stoorvogel, 2013;
Kowal et al., 2014; Tricarico et al., 2017; Van Niel et al., 2018). All
three classes of vesicles have different lipid composition, contain
a wide variety of cellular components, such as DNA, coding and
non-coding RNAs, proteins, and their size can vary from a few
nm to µm. Thus EVs are considered to be highly heterogeneous
(Van Niel et al., 2018).

There are multiple pathways involved in the biogenesis of
EVs (Raposo and Stoorvogel, 2013; Tricarico et al., 2017; Van
Niel et al., 2018). The Endosomal Sorting Complex Required
for Transport (ESCRT) pathway has been implicated in the
biogenesis of exosomes but ESCRT-independent mechanisms for
exosomes formation also exist, as evidenced by the detection
of vesicles containing CD63, a tetraspanin that mediates
cargo sorting and intraluminal vesicles (ILVs) formation, but
not ESCRT components (van Niel et al., 2011). The factors
responsible for the production of plasma membrane-derived
vesicles (microvesicles) are less well defined, but changes in
membrane lipid composition at the budding sites and alterations
in calcium levels have been reported (Piccin et al., 2007; Pap et al.,
2009; Tricarico et al., 2017; Van Niel et al., 2018).

With the identification of biological roles for EVs, one
emerging area is how the production and content of EVs may be
modulated during infections and how these EVs could contribute
to viral-mediated pathogenesis (Madison and Okeoma, 2015;
Kalamvoki and Deschamps, 2016). It appears that there is an
overlap between EV biogenesis and virion assembly or egress
from the host cells (Gould et al., 2003; Wurdinger et al., 2012;
Schorey et al., 2015; van Dongen et al., 2016; Sadeghipour and
Mathias, 2017; Dogrammatzis et al., 2019). Moreover, changes
in the cargo of EVs during infections could cause a variety
of effects on uninfected recipient cells (Walker et al., 2009;
Temme et al., 2010; Deschamps and Kalamvoki, 2018; Kakizaki
et al., 2018). These observations have led to increased interest
in characterizing EVs from infected cells and determining their
possible implications in viral-mediated pathogenesis.

An additional aspect is how EVs could be used for therapeutic
purposes, as they have some attractive qualities such as ease of
isolation and the potential to be loaded with different molecules.
Studies have also indicated the potential for EVs to serve as
vaccines or adjuvants (Schorey et al., 2015). Additionally, it has
been shown that during cancer progression there are changes

to the numbers and cargo of EVs, which could have some
diagnostic potential (Schorey et al., 2015; Jaiswal and Sedger,
2019). There have also been studies showing that antigen loading
onto exosomes can stimulate an anti-tumor response (Zeelenberg
et al., 2008; Tai et al., 2018). Also, delivery of EVs from
pathogen infected cells can stimulate pro-inflammatory cytokine
production in recipient cells (Bhatnagar and Schorey, 2007).

Despite the potential therapeutic applications for EVs, there
is not yet an approved therapy. One issue is targeting of EVs
to a particular tissue (Gyorgy et al., 2015). There are other
concerns, such as the actual uptake of EVs by specific cell types,
their activity, the ability to load EVs with a specific cargo, and
the amount of EVs needed to achieve a desired effect while
minimalizing off-target effects (Gyorgy et al., 2015).

Here, we discuss how viruses may help address some of the
concerns regarding the use of EVs for therapeutic purposes. We
discuss the potential use of EVs for drug delivery and their
use for vaccine development against different viruses, as well as
how some viruses or viral components could be delivered to
treat different cancers. Moreover, we discuss how viruses could
modulate the cargo of EVs, as well as the overlap in the biogenesis
of EVs and virion morphogenesis. Finally, we summarize how
understanding the interplay between viruses and EVs could be
applied to the development of novel therapeutics and indicate
novel potential targets.

EV BIOGENESIS PATHWAYS ARE
HIJACKED BY VIRUSES FOR THEIR
ASSEMBLY INDICATING NOVEL
ANTIVIRAL TARGETS

Extracellular vesicles constitute an effective means of cell-to-cell
communication but often viruses co-opt EV biogenesis pathways
for assembly and dissemination. For example, enveloped viruses
can usurp EV biogenesis machinery to facilitate their assembly
and envelopment at the plasma membrane or other membrane
compartments (Lorizate and Kräusslich, 2011). The topology of
virus budding from the cells requires constricting of the budding
membranes toward the cytoplasm, and therefore factors that can
catalyze membrane fission and can work from within the budding
neck. The ESCRT pathway is known to perform a variety of
membrane fission events, and such a capability may explain why
it is utilized by different viruses (Figure 1). The best example
to illustrate how the ESCRT pathway is utilized during virus
budding is the process of HIV-1 assembly (Lorizate et al., 2013).

LESSONS FROM VIRUSES THAT UTILIZE
ESCRT

Some viruses that hijack the ESCRT pathway encode proteins
that contain one or more so-called “late domains.” These are
peptide sequences that interact with proteins of the ESCRT
pathway or ESCRT-associated components, and at least five
distinct classes have been described. Such interactions have been
best described for HIV-1 (Figure 2). HIV-1 Gag is the major
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FIGURE 1 | Viruses hijack EV biogenesis mechanisms to mediate their own
assembly. The topology of viral envelopment requires constricting budding
membranes toward the cytoplasm. (A) ESCRT recruits cargo on the
membranes of early endosomes and can catalyze the formation of
intra-luminal vesicles (ILVs) that contain ESCRT-recruited cargo. ESCRT-III
catalyzes the scission of necks of ILVs. (B) In a similar manner, viruses can
co-opt ESCRT to mediate their envelopment. ESCRT-III can catalyze scission
of the budding neck of enveloping virions, allowing their release.

viral structural protein. Gag is targeted to the inner leaflet of
the plasma membrane by a bipartite targeting signal, and can
capture the viral RNA genome and assemble into a spherical
virion (Bharat et al., 2012). Late domains on HIV-1 capsid
protein Gag [PPXY, P(S/T)AP and LYPXL] bind to ESCRT-I and
Alix and mimic the ESCRT-0-ESCRT-I interaction. In parallel,
Alix also binds CHMP4 and activates ESCRT-III assembly.
ESCRT-III filaments were found to surround Gag assemblies
at the plasma membrane in Vps4 depleted cells. Recent super-
resolution studies show ESCRT proteins at the base of or inside
budding virion necks, which suggests scission by ESCRT-III and
Vps4. Further support for the role of ESCRT-III and Vps4 in
scission of HIV-1 is provided by live imaging, which showed
that exogenous GFP-tagged ESCRT-III and Vps4 were transiently
recruited to budding HIV-1 particles just prior to their release.
Looking also into other viruses, it becomes clear that viruses can
enter the ESCRT pathway using late domains that can bind to
different ESCRT accessory factors (e.g., Tsg101, Alix, and Nedd4)
(Votteler and Sundquist, 2013).

Interestingly, non-enveloped viruses can also utilize ESCRT
for their release, blurring the line between non-enveloped and
enveloped viruses. Feng et al. (2013) demonstrated that hepatitis
A virus (HAV) exits the cell in two forms; as a non-enveloped
capsid that is readily detectable in a capsid antigen enzyme-linked
immunosorbent assay (ELISA) and as a virion that is cloaked
in host-derived membranes, thereby protecting the virion from
antibody-mediated neutralization. They show that enveloped
HAV (eHAV) constitutes 79% of virus released from infected
cells. Release of eHAV seems to be dependent on ESCRT-
associated proteins, but not on the entire ESCRT machinery
(Figure 2). Anti-Alix antibodies precipitated encapsidated viral

RNA, while silencing of Alix expression blocked release of the
enveloped virus. Additionally, depletion of VPS4B leads to a
significant reduction in eHAV release. A search for potential late
domains in the HAV polyprotein identified two tandem YPXL
motifs in the VP2 capsid protein, which mediates interactions
with Alix in other cases of enveloped viruses. Tyr-to-Ala
substitutions within either motif abrogated capsid assembly.
These data are consistent with a role for the ESCRT machinery,
the ESCRT accessory protein Alix, and the VP2 late domains
in viral assembly and release. These results also revealed a
previously unrecognized strategy by which a virus cloaks itself
in host membranes to evade neutralizing antibodies. However,
the picture was complicated by further work (González-López
et al., 2018). It was shown that the YPXL motifs of HAV VP2
are redundant for Alix recruitment, and they identified mutations
that inhibit virus release but not virus assembly. Also, the fact
that these VP2 mutants are solvent-inaccessible considering the
crystal structure of VP2, should restrict access of ESCRT factors,
raising questions about the structure of the HAV capsid prior to
and following envelopment.

Nagashima et al. (2017) worked with the Hepatitis E Virus
(HEV), another non-enveloped virus, and in parallel with
Emerson et al. (2010) they demonstrated that release of HEV
from cultured cells depends on the ORF3 protein and requires
an intact PXXP motif in the ORF3 protein. This motif mediates
the interaction with TSG101 and facilitates the budding of
membrane-associated HEV particles.

Tamai et al. (2012) showed that HCV secretion from host
cells requires the Hrs-dependent exosomal pathway Figure 2.
Hrs (Hepatocyte Growth Factor-regulated Tyrosine Kinase
Substrate) is a component of the ESCRT pathway that recognizes
ubiquitinated cargo and directs it to ILVs. Hrs depletion
attenuated both HCV release into the supernatant and the
number of infectious particles in the cytoplasm, but not the
amount of HCV-RNA in the cytoplasm, suggesting that Hrs is
involved in HCV assembly. The core protein (capsid) and the E2
(envelope) were found in MVBs in Huh7 cells, indicating that
HCV probably takes advantage of the MVBs for its assembly. It is
not clear how HCV utilizes ESCRT for its assembly though, as no
canonical late domains exist in HCV proteins. Nonetheless, the
HCV core has been reported to be ubiquitinated by E6AP/UBE3A
(an E3 ubiquitin ligase). It is possible that Hrs can recognize
the ubiquitinated HCV core protein and sort it to the viral
budding site in the MVBs. Further work on HCV in MVBs
has been done (Elgner et al., 2016) where a MVB formation
inhibitor (U18666A) was used to investigate the relevance of
MVBs/late endosomes to HCV virion morphogenesis and release.
U18666A works by inhibiting the function of the NPC1 protein,
a protein first described in Niemann–Pick disease patients.
NPC1 inhibition abrogates the trafficking of cholesterol and
results in its accumulation in large lysosomal structures, which
can prove fatal. Under treatment with U18666A, significant
inhibition of HCV release was observed, but the assembly of the
particles was not affected, as shown by the retention of infectious
particles inside the cells. Furthermore, in U18666A-treated
cells HCV core accumulates in exosomal and autophagosomal
structures, reflecting the involvement of the exosomal pathway
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FIGURE 2 | Viruses that utilize EV biogenesis mechanisms to mediate their release. (A) HSV-1 requires Alix and ESCRT-III for nuclear de-envelopment. Depletion of
Alix results in accumulation of capsids in the internuclear space. (B) Coxsackievirus B (CVB3) was detected in autophagosome-like vesicles that were carrying LC3.
It was suggested that CVB3 uses AWOL to increase its release from infected cells. HSV-1 was also suggested to use AWOL in oligodendroglial cells. (C) HHV-6,
Norovirus, and EV71 were detected in CD63 + MVBs. (D) HIV-1 Gag recruits Alix to the plasma membrane, which mediates assembly of ESCRT-III and promotes
scission of HIV virions. (E) Rotavirus was detected in large protrusions from the plasma membrane and in microvesicles that were larger than 500 nm. (F) HCV
replicates in lipid enriched domains of the ER membrane and egresses through the Golgi to the plasma membranes. Extracellular release of HCV requires Hrs, a
factor of the ESCRT-0 complex. AWOL, autophagosome-mediated exit without lysis; MVB, multi-vesicular body; EE, early endosome; ESCRT, endosomal complex
required for transport.

in the release of HCV particles. Interestingly, HCV particles
that are released in exosomes can be infectious in vitro
(Ramakrishnaiah et al., 2013).

Late domains are not the only sorting signal that viruses
can utilize to hijack ESCRT. Proteins that are ubiquitinated
can be recognized by the Hrs (ESCRT-0) component, the first
step in the ESCRT pathway. Binding of Hrs to ubiquitinated
cargo can recruit the ESCRT-I complex, which then recruits
the ESCRT-II and -III complexes. Ubiquitin depletion has

been shown to inhibit virus budding (Votteler and Sundquist,
2013), and ubiquitin itself can recruit ESCRT components
when conjugated to retroviral Gag proteins (Joshi et al.,
2008). Additionally, multiple components of ESCRT contain
ubiquitin binding domains (Bissig and Gruenberg, 2014;
Olmos and Carlton, 2016) and decreased viral budding
can be observed when forms of ubiquitin, which lack
the ability to form K63-linked chains, are overexpressed
(Strack et al., 2002).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 May 2020 | Volume 8 | Article 376141

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00376 May 23, 2020 Time: 17:53 # 5

Dogrammatzis et al. Viruses in Exosome-Based Therapies

STRATEGIES DEVELOPED BY VIRUSES
THAT DO NOT UTILIZE ESCRT
PATHWAYS

Viruses can also utilize ESCRT-independent EV biogenesis
pathways as a means of dissemination or assembly and
envelopment (Figure 2). Most often, ESCRT independence is
inferred from insensitivity to knockdown of the Vps4 ATPase
(the recycling factor of ESCRT). It is unclear what cues the viruses
use to hijack the host EV biogenesis machinery, and most work
focuses on demonstrating the shedding of virions inside vesicles
of plasma membrane (PM) or endosomal origin.

Enteroviruses seems to utilize both vesicles of PM and
endosomal origin to assemble and disseminate. Santiana et al.
(2018) show that rotaviruses and noroviruses are shed in non-
negligible quantities inside EVs and have a disproportionately
larger contribution to infectivity than free viruses. They detected
rotaviruses inside protrusions from the plasma membrane that
is consistent with rotavirus release in microvesicles (Figure 2).
Interestingly, rotaviruses in microvesicles were also detected in
stool samples. Microscopic analysis of vesicles isolated from stool
samples confirmed the presence of viruses inside large EVs, with
70% of them being >500 nm. On the other hand, noroviruses
were detected in vesicles of exosomal origin, as shown by EM
of the norovirus-containing vesicles, and further confirmed by
the presence of the tetraspanins CD63, CD81, and CD9, and by
inhibition of exosome biogenesis through GW4869 treatment, a
neutral sphingomyelinase inhibitor that inhibits production of
ceramide, which is a major structural component of exosomes.
Although both rotaviruses and noroviruses seem to exploit the
EV biogenesis pathways for their own dissemination, it remains
undetermined what viral cues are utilized to target the virions in
exosomes or microvesicles.

Coxsackievirus B3 (CVB3) is another enterovirus shedding
inside microvesicles. Robinson et al. (2014) studied the
dissemination of Coxsackievirus and visualized the route
of infection. They utilized a recombinant CVB3 expressing
“fluorescent timer” protein (Timer-CVB3), which “develops”
from green to red and is used to distinguish recently infected
from previously infected cells. Infection of partly differentiated
neural progenitor and stem cells (NPSCs) and C2C12 myoblast
cells induced the release of abundant extracellular microvesicles
(EMVs) containing red Timer-CVB3 and infectious virus.
Virions were also observed in EMVs by transmission electron
microcopy. Interestingly, the lipidated form of LC3 was detected
in released EMVs that harbored infectious virus, suggesting
that the autophagy pathway may play a role in EMV shedding
(Figure 2). This pathway may be similar to the means
of extracellular delivery of poliovirus (Taylor et al., 2009).
Infection with poliovirus induced autophagosome-like vesicles
that harbor poliovirus particles. Taylor et al. (2009) proposed
that this extracellular delivery of cytoplasmic contents be termed
autophagosome-mediated exit without lysis (AWOL), and this
might be utilized by CVB3 as shown by Robinson et al. (2014).

Mao et al. (2016) suggest that Enterovirus 71 (EV71) can
shed inside exosomes from EV71-infected cells, and those

virus-containing EVs can establish a productive infection in
human neuroblastoma cell lines (SK-N-SH). EV71 RNA and
the VP1 capsid protein have previously been detected in
extracellular vesicles, which supports EV71 utilization of EVs.
Mao et al., defined the EVs they isolated as exosomes based on
CD63 (Figure 2).

Herpesviruses also utilize ESCRT-independent pathways
to mediate their assembly and egress. Mori et al. (2008)
suggested that human herpes virus-6 (HHV-6) is released
in vesicles produced from the exosomal pathway (Figure 2).
First, they analyzed the intracellular localization of the HHV-
6 structural components, such as the envelope protein gB,
by immunofluorescence microscopy during the late stages of
infection. They found that gB colocalized partially with CD63
in the juxtanuclear area, indicating that it was associated with
late endosomes. Looking into the maturation pathway of HHV-
6 by EM, they detected vesicular or tubular structures that
surrounded virions, and were distinct from the Golgi network.
Those structures were also partially positive for CD63, indicating
that the virus enveloping membrane may have characteristics
shared with TGN and endosomes. Furthermore, structures
resembling MVBs were found containing virions and small
vesicles, which were fused with the PM and released both virions
and vesicles in the extracellular space. These results suggest
that HHV-6 hijacks the EV biogenesis machinery to mediate its
envelopment and release.

Bello-Morales et al. (2018) worked on HSV-1 in
oligodendrocytes (OLs). OLs are the myelin-forming cells
of the central nervous system (CNS) and are highly susceptible
to HSV-1 infection. Bello-Morales et al. (2018) suggested that
HSV-1 can be packaged in EVs from OLs and transferred
from infected to uninfected cells. Using electron microscopy
approaches (TEM), they detected microvesicles (MVs) carrying
HSV-1 virions (Figure 2). In their case the term microvesicles
was used to describe vesicles of unknown origin, rather than
vesicles released from the plasma membrane. They also found
that Chinese hamster ovary (CHO) cells, which lack receptors
for HSV-1, were susceptible to HSV-1 infection after exposure to
virus-containing MVs that were isolated from the supernatant
of infected OL cells. Incubation of virus-containing MVs with
anti-HSV-1 antibodies did not neutralize infection of the CHO
cells. Therefore, they proposed that packaging of HSV-1 in MVs
from OLs may be a means of virus spread by avoiding immune
surveillance. The exact mechanistic process of targeting HSV-1
to MVs remains unclear though. The fact that MVs released
by OLs are LC3-II positive suggests that autophagic processes
contribute to viral shedding in a manner similar to AWOL,
proposed by Taylor et al. (2009) and Robinson et al. (2014)
However, this would require further work to confirm that the
MVs that carry virus are LC3-II positive, since Bello-Morales
et al. (2018) did not perform any single-EV analysis. Additionally,
other work (Pawliczek and Crump, 2009) suggests that HSV-1
utilizes the ESCRT-III pathway to mediate its envelopment, but
is independent of Alix and Tsg101, whereas Arii et al. (2018)
suggest that HSV-1 utilized ESCRT and Alix for its nuclear
envelopment and de-envelopment. The mechanistic details of
HSV-1 utilizing ESCRT or MVs are not clear, as late domains
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interacting with ESCRT have not been described for HSV-1
proteins. However, ESCRT might facilitate HSV-1 assembly
through recognizing ubiquitinated capsid proteins. HSV-1
encodes an E3 ubiquitin ligase (ICP0) and a de-ubiqutinase
(UL36) to modify host ubiquitin functions and could hijack the
ESCRT pathway by regulating the ubiquitination of host and
viral factors. For example, it was demonstrated that in the case of
HSV-2, the viral tegument protein UL56 regulates Nedd4 ligase
localization in the cytoplasm and thereby could mediate viral
egress (Ushijima et al., 2008).

THE VIRAL MODIFIED PROTEINACEOUS
CARGO OF EVS DICTATES NOVEL
THERAPEUTIC TARGETS

With the discovery that some viruses hijack EV biogenesis
pathways to be released from infected cells, more work has
focused on if exosomes released from infected cells can carry
viral proteins or if viral infections can modify the proteinaceous
cargo of EVs. An example of a virus infection where released EVs
contain viral proteins is the observation that fibroblasts infected
with human cytomegalovirus release EVs that contain certain
viral glycoproteins and this was independent of free virus (Zicari
et al., 2018). Similar data were obtained several years ago by
Temme et al. (2010) who demonstrated that HSV-1 modifies
the cargo of EVs through the functions of the glycoprotein B
(gB). This group found that in cells transfected with gB, the
EVs released contained gB and the human leukocyte antigen,
isotype DR (HLA-DR), however, HLA-DR is typically sorted into
compartments with MHC class II where it encounters processed
antigens that are then presented on the cell surface (Temme
et al., 2010). These data suggest that HSV-1 is able to prevent this
antigen presentation through instead sorting HLA-DR into EVs
with gB (Temme et al., 2010).

In another study, it was discovered that exosomes released
from hepatocytes transfected with full length HCV genome
containing Flag-tagged E2 could release exosomes containing
E2, which was independent of viral genome replication or the
core protein (Deng et al., 2019). Ebola virus (EBOV) is another
example of a virus where several viral proteins have been detected
in exosomes from infected or transfected cells, including VP40,
NP, and GP proteins (Figure 3A) (Pleet et al., 2016, 2019). The
most well-studied so far is VP40, the matrix protein, and it was
found that exosomal VP affects the RNAi machinery in recipient
cells and causes cell death in immune cells, such as T cells, B cells,
and monocytes (Pleet et al., 2016, 2018). Moreover, VP40 has
been found to modulate the cell cycle, in part through binding
to the promoter of cyclin D1 and increasing its levels (Pleet
et al., 2018). It seems that this function of VP40 also regulates
when EVs are released, with the most EVs released in G1/S or
G2/M phases (Pleet et al., 2018). This group also found that
there was differential expression of various cytokines in EVs
from VP40-expressing cells, many of which have previously been
identified to exacerbate EBOV pathogenesis (Pleet et al., 2018,
2019). While the nucleoprotein, NP, of EBOV is known to bind
to viral RNA, it has been shown to not be specific for only viral

RNA and therefore its role in EVs should be further explored
(Noda et al., 2010; Pleet et al., 2019). It is not yet known what
potential roles there are for the GP protein of EBOV, but it is
known to be required for viral entry into the host cell and is
trafficked through the ER and Golgi vesicular transport system
(Pleet et al., 2019). Therefore, more work should be done to
characterize the roles for both NP and GP in exosomes from
EBOV-infected cells. Additionally, the presence of these proteins
in exosomes may represent a novel therapeutic target. These
results have not been explored for their effect on recipient cells,
nor their contribution to pathogenesis or therapeutic potential.
Overall, these are just a few pieces of evidence that viral
infections alter the protein cargo released in EVs. Additionally,
viral infection can trigger changes to host proteins released in
exosomes. For instance, HSV-1 infections triggers the release of
the innate immunity DNA sensor, STING, in exosomes which
can stimulate immune responses in uninfected recipient cells
and down-regulate a subsequent HSV-1 infection (Kalamvoki
et al., 2014; Deschamps and Kalamvoki, 2018). Therefore, it
seems that viral infections can have varying effects on the
protein cargo of EVs.

Using tick-borne Langat virus (LGTV), a model flavivirus
similar to tick-borne encephalitis virus (TBEV), one group has
found that this virus induces the release of exosomes from
tick cells and human brain endothelial cells that contain viral
proteins and intact viral genome, which can then be transported
and taken up by neuronal cells (Zhou et al., 2018). Infected
neuronal cells were also found to release exosomes containing
LGTV RNA and proteins (Zhou et al., 2018). These researchers
found similar results when culturing mouse cortical neurons and
infecting with LGTV, where blocking exosome release led to
decreased infection of cortical neurons (Zhou et al., 2018). These
findings could be used to develop a novel therapeutic strategy
for targeting TBEV. Moreover, these findings should be further
explored to understand how EVs cross the blood–brain barrier
and the impact they could have on other cell types in the brain
that may take up these EVs.

One study has found that the HBV mRNA for the protein
HBx can be exported in exosomes from cells expressing the
HBx protein, and through a mass spectrometry screening it
was found that the HBx protein is present in exosomes as
well (Figure 3B) (Kapoor et al., 2017). Furthermore, this group
saw that when exposing exosomes containing HBx to hepatic
stellate cells it led to expression of various transactivators and
proliferation proteins, which was not seen from control exosomes
(Kapoor et al., 2017). This study warrants further investigation
of the role of HBx protein in exosomes and its potential role in
disease progression and viral-mediated pathogenesis. From an
immunology perspective, another group found that EVs released
from cells containing pre-genomic RNA of HBV under an
inducible promoter (HepAD38 cells) had an immunosuppressive
function when exposed to monocytes from patients, as evidenced
by increased PD-L1 expression (Figure 3B) (Kakizaki et al.,
2018). This group also found that this effect was partially reversed
when HepAD38 cells were stimulated to express HBV and
exposed to nucleotide reverse transcriptase inhibitors (NRTIs)
prior to isolating EVs (Kakizaki et al., 2018). Another group
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FIGURE 3 | Release of viral proteins in EVs and effects in recipient cells. (A) Infection with EBOV causes the release of vesicles that contain viral proteins, including
the NP, GP, and VP40. (B) Infection of hepatocytes with HBV induces the release of vesicles that contain the HBx protein, it’s mRNA and HBV pre-genomic RNA.
Uptake of these vesicles by monocytes can cause increases in expression of PD-L1 and IL-6. (C) Infection of multiple different cell types with EBV has been shown
to induce the release of LMP1 in EVs. When these EVs are taken up by PHA-differentiated T cells it caused decreased proliferation, while uptake of LMP1 + EVs by
NPCs caused an increase in p38 MAP kinase signaling.

has found that in an HBV-inducible cell line the protein cargo
of EVs from uninduced cells versus induced cells differed (Jia
et al., 2017). One major difference noted was down-regulation
of multiple subunits of the 26S proteasome complex from
induced cells when compared to uninduced cells (Jia et al.,
2017). Furthermore, when EVs from uninduced cells or induced
cells were incubated with human peripheral monocytes, higher
IL-6 (a pro-inflammatory cytokine) production was observed
from cells incubated with EVs from the HBV-induced cell line
(Figure 3B) (Jia et al., 2017). Therefore, the immunological
impact of EVs released from HBV infected cell lines warrants
further investigation as it implies a role in disease progression.
These examples further bolster that viral-mediated pathogenesis
is a complex process that involves both intra- and inter-
cellular signaling.

Another viral protein that is secreted in exosomes is the HIV
Nef (Raymond et al., 2011; Lee et al., 2016). One group examined
the role of Nef-containing EVs on macrophage recipient cells
(Mukhamedova et al., 2019). These researchers produced Nef-
containing EVs and found that they were able to reorganize
lipid rafts in recipient macrophages, including altering the lipid
composition, increasing lipid rafts abundance, and reducing the
abundance of ABCA1 (the lipid transporter, ATP binding cassette
transporter type A1) in lipid rafts (Mukhamedova et al., 2019).

They found that this reorganization of lipid rafts functions to
re-locate the inflammatory receptor TLR4 and the inflammatory
response amplifier TREM-1 to lipid rafts, which indeed led
to increased inflammation in macrophages pre-treated with
exosomal Nef and then treated with LPS (Klesney-Tait et al.,
2006; Mukhamedova et al., 2019). Additionally, these researchers
administered exosomes containing Nef to mice intravenously
and saw recapitulation of their in vitro results, as evidenced by
increased lipid rafts in monocytes and increased plasma levels of
pro-inflammatory cytokines (Mukhamedova et al., 2019). Finally,
these results were also observed through use of HIV infected
human macrophages or plasma from HIV-positive patients,
where exposure of macrophages to Nef-containing vesicles and
treatment with LPS recapitulated the in vitro results and mouse
experiment results (Mukhamedova et al., 2019). These findings
demonstrate a novel understanding of the role of exosomal Nef
and its potential role in disease progression.

In another example, it was found that in both asthmatic
and non-asthmatic primary bronchial epithelial cells (PBECs),
infection with either of two serotypes of human rhinovirus
(RV) induced the extracellular release of tenascin-c (TN-C)
in a cell death-independent manner (Mills et al., 2019). TN-
C is an extracellular matrix glycoprotein and its expression is
positively correlated with asthma in humans as it sustains chronic
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inflammation (Mills et al., 2019). This group demonstrated that
when PBECs were treated with poly(I:C), a sequence of nucleic
acids that mimics the virus, TN-C was released in EVs and when
these EVs were exposed to epithelial cells or macrophages there
was increased expression of pro-inflammatory cytokines which
may explain how RV exacerbates asthma (Mills et al., 2019).
These findings could be expanded upon to further examine cargo
changes during RV infection, as well as understand how other
co-morbidities may affect the cargo of EVs.

In an additional example, cells infected with human
papillomavirus (HPV), specifically HeLa cells with detectable
expression of the HPV oncogenes E6/E7, release the anti-
apoptotic factor Survivin into the extracellular environment
in EVs, which leads to increased cell proliferation, decreased
pro-apoptotic factor expression, and may aid in cancer cell
migration following uptake (Khan et al., 2009; Khan et al., 2011;
Honegger et al., 2013). This group also found that a mutant
of Survivin, the Surv-T34A that can no longer block apoptosis,
also was released into the extracellular environment and caused
apoptosis in recipient cells (Khan et al., 2009). This pro-apoptotic
effect was exacerbated when chemotherapy drugs were combined
with exposure of cells to Surv-T34A (Khan et al., 2009). This
observation represents a potentially novel therapeutic strategy to
induce apoptosis in cancer cells.

Furthermore, it was found that in Epstein-Barr virus (EBV)-
positive lymphoblastoma cell lines, which express the viral
oncogene latent membrane protein (LMP1), LMP1 was released
in exosomes (Figure 3C) (Flanagan et al., 2003). This group
differentiated peripheral blood mononuclear cells (PBMCs)
with the mitogen phytohemagglutinin (PHA) to induce a
T-cell phenotype and then exposed the cells to LMP1-positive
exosomes, where they observed decreased T cell proliferation
(Figure 3C) (Flanagan et al., 2003). Another group utilized these
findings to expose nasopharyngeal carcinoma cells (NPCs) to
exosomes from NPCs containing LMP1, where they observed
induction of p38 MAP kinase signaling (Figure 3C) (Zhang
et al., 2019). This signaling led to increased cell proliferation and
increased resistance of NPCs to ionizing radiation, as evidenced
by decreased apoptosis upon exposure to radiation (Zhang et al.,
2019). Altogether, these data suggest a role of exosomal LMP1 in
viral-mediated pathogenesis.

The previous examples indicated novel research directions
relevant to disease pathogenesis. One group has attempted a
novel therapeutic approach based on delivering selected factors
in EVs with some promising results. This group engineered EVs
to deliver anti-HIV Env antibodies with either an apoptosis-
inducing miRNA (miR-143) or the chemotherapy compound
curcumin, which has been shown to have anti-HIV activity,
as well as anti-inflammatory and anti-tumor effects (Liang
et al., 2016; Mantzorou et al., 2018; Tan et al., 2019). This
group found that they could indeed target Env-expressing cells
with exosomes containing the anti-Env antibody and if the
exosomes also contained curcumin, the Env-positive cells died
(Zou et al., 2019). Worth noting is that exosomes containing
anti-Env and curcumin also caused some cell death in Env-
negative cells, though it was less than what was seen in
Env-positive cells. Similarly, when exosomes were loaded with

anti-Env and miR-143 they observed about 60% cell death
in Env-positive cells, while also observing about 35% cell
death in Env-negative cells (Zou et al., 2019). Furthermore,
treating HIV-infected cells with exosomes containing anti-Env
and either curcumin or miR-143 suppressed the viral infection
while also killing the infected cells (Zou et al., 2019). This
effect with exosomes containing anti-Env and either curcumin
or miR-143 was also observed in cell lines where the virus
was latent and then re-activated, or in PBMCs collected from
chronically infected patients undergoing antiretroviral therapy
(ART) (Zou et al., 2019). Finally, these researchers engineered
an Env-expressing tumor model to represent the bodily reservoir
of HIV during latency. When exosomes containing anti-Env
and curcumin were injected intravenously in mice, they saw
inhibition of tumor growth indicating a potential use for
engineered EVs in treating latent HIV (Zou et al., 2019).
Optimizing this approach for more efficient targeting of Env-
positive cells will open novel avenues to treat virally infected
cells, and this strategy could subsequently be modified to
target cancer cells.

The cumulative evidence presented here represents a
multitude of proteins, viral and host, that could serve as
therapeutic targets or could be utilized for therapeutic purposes,
but this will require further investigation.

THE THERAPEUTIC POTENTIAL OF
HOST miRNAs RELEASED FROM VIRUS
INFECTED CELLS

In 2007, it was first described that multiple RNA species can be
carried (or shuttled) into EVs that could be delivered to recipient
cells, and microRNAs (miRNAs) were among the species present
in EVs (Valadi et al., 2007). There have been numerous
studies regarding the role of extracellular miRNAs in cell-to-cell
communication, as well as the presence of extracellular miRNAs
in various cancers (Mitchell et al., 2008; Skog et al., 2008; Taylor
and Gercel-Taylor, 2008; Barger et al., 2016). It has even been
established that delivery of miRNAs in exosomes could be used
as a therapy for some cancers. In one such study, miR-124a
was delivered with a lentiviral vector to mesenchymal stem cells,
where miR-124a was then packaged into EVs (Lang et al., 2018).
Upon delivery of EVs containing miR-124a to glioma stem cell
lines, the survival of cancer cells was reduced and when glioma
stem cells were pre-treated with exosomal miR-124a and then
implanted into mice, it was found that mice survived longer
compared to mice implanted with untreated glioma stem cells
(Lang et al., 2018). In one form of prostate cancer it was found
that miR-146a was down-regulated and when it was exogenously
expressed in a prostate cancer cell line it reduced the expression of
its target gene, ROCK1, by almost 80% and consequently reduced
cell proliferation, invasion, and metastasis (Lin et al., 2008).
This work was then expanded upon using extracellular miR-146a
produced from fibroblasts. The supernatant from these cells was
exposed to a prostate cancer cell line, where down-regulation of
ROCK1 was again observed and cell proliferation was reduced
(Kosaka et al., 2010). It should be noted that this group did not
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confirm that miR-146a was in exosomes specifically, but this work
is an example of how miRNAs can be secreted from cells and used
as a potential therapy for treatment of certain types of cancers.

With these promising initial results, research has been done
looking at how viruses modify the miRNA cargo of EVs
and identifying novel therapeutic targets. EBV down-regulates
some cellular miRNAs. Particularly, it was found that in EBV-
associated gastric carcinoma the cellular miRNAs, miR-200a
and miR-200b, were downregulated in patient tissue samples
(Shinozaki et al., 2010). Down-regulation of miR-200a and miR-
200b leads to the down-regulation of E-cadherin expression,
which is a critical step in the development of EBV-associated
gastric carcinomas (Shinozaki et al., 2010). Therefore, restoring
expression of miR-200a and miR-200b would be inhibitory on
gastric carcinogenesis, and indeed with overexpression of other
members of this miRNAs family one group observed inhibition
of cancer cell proliferation (Du et al., 2009). These findings could
be used to develop a therapeutic approach based on restoring the
levels of miR-200a or miR-200b through EV delivery.

Not only is EBV known to modify the miRNA cargo of EVs,
but other viruses are known to affect the RNA cargo of EVs
as well. Recently, it was found that during respiratory syncytial
virus (RSV) infection of lung carcinoma cells there are changes to
the composition of RNA species in exosomes, including miRNAs
and piwi-interacting RNAs (piRNAs), compared to uninfected
cells (Chahar et al., 2018). When exosomes were isolated from
RSV infected cells and then exposed to either human monocytes
or uninfected lung carcinoma cells pro-inflammatory cytokines
were upregulated (Chahar et al., 2018). These data suggest that
exosomes from RSV infected cells contain cargo that can induce
an immune response, and this is perhaps due to the altered RNA
species that are carried by these exosomes. These exosomes from
RSV infected cells could then have therapeutic potential.

Another group found that hepatitis B virus (HBV) infection of
hepatocytes increased the abundance of the immunomodulatory
miRNAs, miR-21 and miR-29a, in EVs, which led to a decrease
in the mRNA targets of these miRNAs in THP-1 macrophages
exposed to these EVs (IL-12p35 and IL-12p40, respectively)
(Figure 4) (Kouwaki et al., 2016). This evidence can be used to
better understand how HBV suppresses the immune response
during chronic infection and could be exploited for therapeutic
uses (Kouwaki et al., 2016). It was found by another group
that patients with chronic HBV infection (CHB) [whose levels
of alanine aminotransferase (ALT) were normal, while they did
have liver tissue inflammation] had changes in the secretion
of miRNAs in exosomes depending on the severity of liver
tissue inflammation, as evidenced by high throughput sequencing
(Ronghua et al., 2018). This represents a novel method to monitor
CHB that does not rely on detection of ALT, which is classically
used as a method to detect liver disease, and could also be used to
determine severity of liver inflammation (Ronghua et al., 2018).

Hepatitis C virus (HCV) has also been shown to alter the
miRNA cargo of EVs. It was previously demonstrated that there
is an association of the viral RNA with Ago2, miR-122, and heat
shock protein 90 (HSP90) and that this has a positive effect on
viral replication (Henke et al., 2008; Wilson et al., 2011; Bukong
et al., 2013). MicroRNA-122 is expressed primarily in liver cells

FIGURE 4 | Differential effects of miRNAs released in EVs from infected cells.
Infection with HSV-1 or EBV induces the release of vesicles containing viral
miRNAs that cause degradation of viral mRNAs, while also inducing the
expression of ISGs and pro-inflammatory molecules. EBV also expresses a
miRNA that functions to block innate immune responses. HBV infection
induces the release of immunomodulatory miRNAs that also suppress the
innate immune response.

and is important for stability, translation, and replication of HCV
genome (Henke et al., 2008). These findings were then used
to examine the cargo of exosomes from either patient samples
of primary hepatocytes or from a liver cell line, where it was
found that in both cases exosomes contain a complex of HCV
RNA with Ago2, HSP90, and miR-122 (Bukong et al., 2013). It
was also demonstrated that after EV uptake a productive HCV
infection occurs independent of free virus (Bukong et al., 2014).
Therefore, miR-122 may represent a novel therapeutic target for
blocking HCV infection.

Regarding HPV, it was found that there is differential
expression of about 10 intracellular miRNAs in E6/E7 positive
compared to E6/E7 negative cells (Honegger et al., 2015).
This group also found that there were seven distinct miRNAs
abundant in exosomes released by HeLa cells that appear to have
roles in cellular proliferation and apoptosis, and thus positively
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impact HPV-positive cancer cell growth (Honegger et al., 2015).
Aside from the aberrant expression profiles of miRNAs in
HPV-positive cells and their exosomes, there is still much
to be explored about these miRNAs and their potential as
therapeutic targets.

THERAPEUTIC POTENTIAL OF
HERPESVIRUS miRNAs RELEASED INTO
EXOSOMES

Members of the Herpesviridae family are well known for
expressing miRNAs (Skalsky and Cullen, 2010). It has been
shown that several EBV miRNAs, specifically miR-BART2-
5p, miR-BART7-3p, miR-BART13-3p, and miR-BART1-5p, are
found in the circulation of patients who have EBV-associated
nasal natural killer/T-cell lymphoma (NNKTL), which is a disease
with poor prognosis (Komabayashi et al., 2017). The levels of
these miRNAs decreased after patients underwent treatment,
which suggests that detection of these EBV miRNAs could be
used as biomarkers for NNKTL (Komabayashi et al., 2017).

It was also found that the BART1 miRNA of EBV is exported
in EVs, and it is known to target immunomodulatory peptides
such as CXCL11 in uninfected cells (Figure 4) (Pegtel et al., 2010).
This group also showed that other EBV miRNAs such as miR-
BART2 and miR-BART5 which target the EBV DNA polymerase
transcript and the viral LMP1 transcript, respectively, are found
in exosomes (Figure 4) (Pegtel et al., 2010). HSV-1 miRNAs
are expressed mainly during latency and some of the targets
include the transcripts for the immediate early genes, ICP0 and
ICP4, and the transcript for ICP34.5, all of which are important
for a successful productive infection (Skalsky and Cullen, 2010).
There has been a lot of interest in understanding how HSV-1
miRNAs can affect the infection. Interestingly, some of the HSV-
1 miRNAs have been found in exosomes released by infected
cells (Kalamvoki et al., 2014; Han et al., 2016; Wang et al., 2018;
Huang et al., 2019). In one such study, researchers developed
artificial miRNAs targeting the transcript of the ICP4 gene of
HSV-1, an immediate-early gene that encodes for the essential
regulatory protein ICP4 (Wang et al., 2018). These researchers
found that an exosomal miRNA targeting ICP4 could block a
subsequent HSV-1 infection, and were able to optimize packaging
of this miRNA by adding an exosome targeting sequence to it
(Wang et al., 2018). Additionally, it was found that two HSV-1
miRNAs, miR-H28 and miR-H29, are released into EVs during
the late stage of the productive infection and if they are exposed
to cells during early times post-infection they can lead to a
reduction in viral yields (Figure 4) (Han et al., 2016). Building
on this, the same group found that exposing cells to miR-
H28 caused an increase in IFN-γ production, which restricts
the virus (Huang et al., 2019). Kalamvoki et al. (2014) have
also found that LAT, miR-H3, miR-H5, and miR-H6 are all
exported in EVs from HSV-1 infected cells, and the role for
these miRNAs in recipient cells remains to be characterized
(Figure 4). The seminal implication of these findings is that a
potential therapeutic approach could be developed in which EVs

are engineered to contain viral miRNAs that could control HSV-1
infection and dissemination.

Cumulative data described here suggest multiple roles for
both host and viral miRNAs in EVs that may be beneficial
from a therapeutic perspective. Overall, the role viruses play in
modifying the secretion of host miRNAs is of interest to better
understand interactions between the virus and the host.

THERAPEUTIC POTENTIAL OF
ANTIVIRAL FACTORS DELIVERED BY
EXTRACELLULAR VESICLES

Autologous EVs have negligible immunogenicity when
administered in vivo (Alvarez-Erviti et al., 2011), and can
enhance the stability and biodistribution of their cargo (Sun
et al., 2010; Shtam et al., 2018). EVs can be loaded with desired
molecules either ex vivo or during their biogenesis. EVs in the
literature have been loaded with miRNAs, shRNAs, mRNAs,
proteins, and small molecules (Zhang et al., 2016; Hurwitz et al.,
2017; Anticoli et al., 2018; McNamara et al., 2018). There are
many publications regarding the use of EVs as a vehicle for
drug delivery against tumors, bacteria, and fungal infections
(Sambasivarao, 2013; Ha et al., 2016; Balachandran and Yuana,
2019). However, there is little work published on antiviral
factors that can be delivered in EVs, and most approaches
involve delivery of RNA-targeting agents such as miRNAs or
siRNAs. Zhang et al. (2017) report a modified method of calcium
chloride-mediated transfection to introduce miRNAs in EVs,
which can then be delivered efficiently in vitro and in vivo. Their
method is simple, easy, and convenient. However, further work
is required particularly because Zhang et al. (2017) worked on
macrophages, and their efficiency of EV uptake might be high
since it occurs through phagocytosis.

Zhu et al. (2014) developed a novel strategy against PRRSV
infection. The available inactive and live-attenuated vaccines
fail to provide sustainable protection against heterogeneous
PRRSV strains. PRRSV enters porcine alveolar macrophages
(PAMs) by receptor-mediated endocytosis, using heparan sulfate
as the general attachment factor, sialoadhesin (Sn or CD16)
for the viral binding and internalization, and CD163 for the
viral genome release. Zhu et al. (2014) used artificial miRNAs
(amiRNAs) targeting the viral receptors Sn and CD163 to prevent
PRRSV infection. These miRNAs were packaged in EVs following
transduction of pig cells with recombinant adenoviruses carrying
these miRNAs. Treatment of PAMs with the two amiRNA-
containing EV groups significantly inhibited PRRSV infection of
PAMs. These results suggest that EVs can be used as a small RNA
vehicle that can target viral receptors to decrease viral infection.

Delivery of small RNAs in EVs could also occur after infection
(Bitko et al., 2005), since siRNA treatment of mice infected with
RSV, even 2–3 days post infection, ameliorated pathogenesis.
Therefore, EVs can be engineered as antiviral siRNA carriers, and
their potency makes them attractive tools of delivery. EVs can
also be used for delivery of siRNAs to a mouse brain, achieving
up to 60% knockdown of the BACE1 gene (Alvarez-Erviti et al.,
2011). The ability of EVs to cross the blood–brain barrier suggests
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that they could be used for delivery of antiviral agents in the brain,
possibly targeting of viruses that either spread to the brain such
as HIV-1 or establish their latent reservoir in neuronal cells in
the brain such as HSV (Thompson et al., 2011; Yao et al., 2014).
Delivery of therapeutic agents to the brain is a major challenge
but Alvarez-Erviti et al. (2011) demonstrated the potential of EVs
due to specificity and safety.

Besides targeting specific factors (e.g., viral receptors), Jeon
et al. (2019) demonstrated that EVs from KSHV-infected
cells (KSHV EVs) can stimulate the expression of interferon
stimulated genes (ISGs) in cells exposed to KSHV EVs. Double-
stranded DNA on the surface of EVs can be an inducer of
inflammation, and Jeon et al., demonstrated that mtDNA is
enriched in KSHV EV isolations. Knock-down of cGAS in KSHV
EV-recipient cells inhibited ISGs expression, therefore it seems
that mtDNA carried in KSHV EVs is sensed by cGAS in recipient
cells, leading to ISGs expression. In addition, pretreatment of
uninfected human umbilical vein endothelial cells (HUVECs)
with KSHV EVs inhibited a subsequent infection with KSHV
or HSV-1. The enhanced ISG expression observed when pre-
exposing cells to mtDNA-carrying KSHV EVs is an interesting
avenue for treating infections in which innate immunity is
abrogated, e.g., Ebola infection (Hartman et al., 2008).

Delorme-Axford et al. (2013) focused on the resistance of the
human placental trophoblasts to infection by viruses. Cultured
primary human trophoblasts (PHT) are resistant to infection
by a panel of viruses, and PHT conditioned media can confer
that resistance to other non-PHT cell lines. The group further
investigated the human cluster of C19MC miRNAs, which are
almost exclusively expressed in placenta and they are the most
abundant species in EVs from PHT cells. Exogenous expression
of C19MC in U2OS cells conferred resistance to infections,
similarly to exposure of cells to PHT EVs. Mechanistically, the
miRNAs in EVs triggered autophagy, and that induction of
autophagy appears to be required for resistance to viral infections.
This work defines a role for EVs in autophagy-mediated antiviral
responses and shows potential for a therapeutic approach when
dealing with infections during pregnancy for example.

ANTIVIRAL EFFECTS ASSOCIATED WITH
ASSORTED FACTORS

Antiviral effects can be triggered by factors in EVs other than
nucleic acids. Khatua et al. (2009) investigate the antiviral effect
of APOBEC3G (A3G) that is secreted in EVs from infected
cells. They used A3G expressing CD4+ T cells or 293T cells and
demonstrated that A3G is released in EVs and is catalytically
active. Pretreatment of peripheral blood mononuclear cells
(PBMCs) with EVs carrying A3G followed by HIV-1 infection
caused an inhibition of HIV-1 replication. Surprisingly, this
happens even though the Vif protein of HIV-1, a known A3G
inhibitor is expressed. It is possible that A3G in EVs has an effect
before accumulation of Vif following HIV-1 infection.

Li et al. (2013) presented evidence that IFN-α induces the
transfer of antiviral molecules from non-permissive liver non-
parenchymal cells (LNPCs) to hepatocytes through the release

of EVs. This intercellular transfer of antiviral molecules in EVs
bypassed mechanisms by which the viruses counteract anti-viral
responses and resulted in restoration of the antiviral state in
virus-infected cells. Based on these findings, this group proposed
a physiological role for EVs in vivo based on three points.
First, inhibition of EV production by nSMase-2 or Rab27α-
knockdown weakened IFN-α induced antiviral activity in vivo.
Second, after depletion of macrophages in mice liver, a weaker
antiviral response to HBV was achieved when mice liver were
repopulated with BMDMs in which nSMase-2 or Rab27a were
knocked down than with wild type BMDMs. Third, EVs mediated
transfer of APOBEC3G from BMDMs to hepatocytes in the
mouse liver after stimulation with IFNα. The delivery of strong
antiviral factors in EVs may be an attractive therapeutic strategy
that could lead to the development of novel treatments for
chronic HBV infection and other diseases.

Kesimer et al. (2009) detected “EV-like” vesicles in human
tracheobronchial epithelial (HTBE) cell culture secretions that
have antiviral properties. These vesicles carried the epithelial
mucins MUC1, MUC4, and MUC16, and a-2,6-linked sialic acid
that was associated with these mucin molecules. The human
influenza virus is known to bind sialic acid, and functional
analysis of those vesicles showed that they have a neutralizing
effect on influenza virus infection. Mixing EVs from HTBE cells
with different doses of influenza virus resulted in dramatic loss
of infectivity of the influenza virions. In addition, Kesimer et al.
(2009) treated those EVs with neuraminidase, which cleaved sialic
acid off the surface of EVs. Mixing the neuraminidase-treated
EVs with influenza virus caused no loss of viral infectivity. These
data suggest that the loss of infectivity is dependent on the
interaction between the sialic acid and the virions. This work
further underscores the antiviral potential of EVs, but additional
work on individual pathogens is necessary to identify relevant
exosomal targets.

Extracellular vesicles could also be used for the delivery
of antiviral drugs. Curcumin is a phenolic compound from
the spice turmeric that has a wide range of activities that
include incompletely characterized antiviral activities. It can
block transcription and replication of HIV-1 (Kumari et al.,
2015), it promotes HIV-1 Tat degradation (Ali and Banerjea,
2016), it can abrogate HSV-2 infection if cells are pretreated
with curcumin (Kutluay et al., 2008), and can lead to diminished
HTLV-1 or HPV cellular transformation by inhibiting AP-1
transcription activation (Karbalaei and Keikha, 2019). It can
also act as an antiherpetic compound by inhibiting p300/CBP
transcription activation which is hijacked by HSV (Kutluay
et al., 2008). Sun et al. (2010) demonstrate that curcumin can
be incorporated in EVs, and EV-bound curcumin becomes
more soluble and stable in the blood circulation of mice.
Furthermore, binding of curcumin to EVs enhances its uptake
by activated monocytes in vivo, and mice can be protected
from LPS-induced septic shock. This work is a proof of
principle regarding the use of EVs as a drug delivery system
to combat diseases and alleviate pathogenesis. Incorporating
curcumin in EVs for example, could enhance its potency in vivo,
and could provide access to organs such as the brain that
might otherwise be inaccessible due to the blood–brain barrier.
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Alvarez-Erviti et al. (2011) has shown that EVs can deliver
cargo in the brain, and recently Morad et al. (2019) also
demonstrated mechanistically how this happens. Particularly,
Morad et al. (2019) demonstrated that breast cancer-derived
EVs could cross the blood–brain barrier through transcytosis.
The uptaken EVs are sorted in Rab11+ recycling endosomes
and are released in the basolateral membrane. Endothelial Rab7
is downregulated, thereby preventing sorting of the uptaken
EVs to lysosomes. The identification of the mechanism that
EVs use to breach the blood–brain barrier can guide the
development of brain-targeting therapeutics. Particularly in
the case of HSV-1, the clinical use of curcumin has been
investigated as a treatment for HSV-1-associated Alzheimer’s
disease but curcumin’s low penetration efficiency across the
blood–brain barrier is a problem (Piacentini et al., 2014).
However, based on Sun et al. (2010), EVs may enable delivery
of curcumin to the brain as Alvarez-Erviti et al. (2011) and
Morad et al. (2019) showed.

VESICLE-CLOAKED VIRUSES OR VIRAL
FACTORS WITH ANTI-TUMOR EFFECTS

With the recent success of different oncolytic viruses, such
as recombinant measles virus, recombinant vaccinia virus, a
specific serotype of reovirus, and an attenuated mutant of HSV-
1 in clinical trials, there is a growing interest in modifying
viruses to treat human diseases, particularly cancer. Cancer is
the second leading cause of death in the United States and it
is projected that the cost for cancer treatment in 2020 will be
$173 billion (Mariotto et al., 2011). Therefore, there is a need
for cancer treatment options. Some hurdles obstructing the use
of oncolytic viruses include the targeting of these viruses to
tumors, the efficiency of uptake, and the activity in the cancer
cells. While in some cases oncolytic viruses may be injected
directly into a tumor, this is not always the case and injecting
oncolytic viruses into the bloodstream has demonstrated issues
in targeting and uptake of these viruses by the tumor (Willmon
et al., 2009). Therefore, one major focus for oncolytic virus
research has been in improving uptake of these viruses. An
approach that is currently explored is the use of EVs to deliver
viruses. In one such attempt, Garofalo et al., 2018a found that
when using EV-encapsulated oncolytic adenovirus there was
enhanced inhibition of tumor growth in vivo than when using
the oncolytic adenovirus alone. This inhibition was enhanced
further when using EV-encapsulated paclitaxel (a drug that
inhibits mitosis through stabilization of microtubules) with the
oncolytic adenovirus, however, it is not fully understood how
this increased anti-tumor effect was accomplished (Figure 5) (de
Brabander et al., 1981; Garofalo et al., 2018a). One possibility is
improved delivery. In support of this, the same group further
showed that there was enhanced delivery of EV-encapsulated
oncolytic adenovirus to the tumor site depending on the route
of injection, and they also confirmed increased cancer cell death
in vitro with EV-encapsulated oncolytic adenovirus compared
to oncolytic adenovirus alone (Garofalo et al., 2018b). The fact
that EV-encapsulated viruses display higher infectivity than free

viruses was recently described for rotaviruses and noroviruses,
both in cell culture models and in vivo (Santiana et al., 2018).

The use of adeno-associated virus (AAV) for gene therapy
purposes and for the treatment of cancer is promising. However,
there have been issues in using AAV for gene delivery due to
pre-existing neutralizing antibodies against the virus, low levels
of gene expression in target tissues, and high accumulation in
the liver where AAV particles are degraded or can have toxic
side effects (Murphy et al., 2019). Recently it was found that
AAV can be contained in microvesicles, and these are referred
to as vexosomes (Maguire et al., 2012). The vexosomes showed
a greater transduction efficiency in both cultured cells and in
mice than AAV alone, and they were also resistant to human
neutralizing anti-AAV antibodies (Maguire et al., 2012; György
et al., 2015). One successful approach utilizing AAV vexosomes
(exo-AAV) is through intravascular delivery targeting tumor
stromal cells in glioblastomas (Volak et al., 2018). Recently,
a group used exo-AAV carrying the interferon-beta (IFN-β)
gene and injected the vexosomes intravascularly, where they saw
increased survival of mice that had glioblastomas compared to
those treated with exo-AAV that did not contain IFN-β (Figure 5)
(Volak et al., 2018). Overexpression of the tetraspanin CD9 in
cells transduced with AAV increased the production of exo-
AAV, and yielded a higher transduction of AAV in recipient cells
than regular exo-AAV (Schiller et al., 2018). However, additional
optimization is required.

Extracellular vesicles can also be used to deliver viral
components. For example, EVs from HIV-1 infected cells contain
the viral protein Nef (Lenassi et al., 2010). Peretti et al. (2005) had
previously mutated Nef such that is was incorporated with high
efficiency into virus-like particles (VLPs), while it’s C-terminus
could be fused to other proteins. Both of these findings have
since been built upon to include the form of Nef with high VLP
incorporation efficiency fused to peptides of interest, which were
found to incorporate into exosomes as efficiently as they were
incorporated into VLPs (Lattanzi and Federico, 2012). Also, this
group began fusing the E7 peptide from human papilloma virus
(HPV) to mutated Nef and incorporating them into exosomes
(Figure 5) (Di Bonito et al., 2017). HPV is an oncogenic virus, and
E7 is a viral protein implicated in oncogenesis, thus developing a
robust immune response against E7 could possibly prevent the
development of HPV-associated cancer (Ann and Karl, 2013).
This group transfected cells with a plasmid expressing the mutant
form of Nef fused to HPV E7, collected and purified EVs, and
inoculated mice subcutaneously. They then collected the CD8+

T cells from these mice and activated them with HPV E7 in vitro,
where they saw a CD8+ T cell mediated cytotoxic response
was elicited, which killed HPV-associated cancer cells that were
pre-treated with HPV E7-positive exosomes in vitro (Di Bonito
et al., 2015). When these exosomes were injected intramuscularly
into mice with HPV-positive tumors the tumor size was smaller
and weighed less than mice treated with control exosomes or
exosomes containing the mutant form of Nef alone (Di Bonito
et al., 2017). Therefore, this mutated form of Nef could be used to
develop strategies to block tumor progression. However, there is
more work needed to characterize the amount of viral protein or
amount of EVs needed to accomplish such an effect without safety
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FIGURE 5 | Combining EVs carrying viruses or viral factors along with viral infection to combat cancer. Adenoviruses, some retroviruses, and AAV have been found
in endosomes or EVs and can be used, alone or in combination with other factors, to target cancer cells. Viral proteins can also be packaged in EVs and used for the
treatment of cancer, while oncolytic viruses could be combined with EVs containing anti-tumor factors to target cancer cells.

concerns, as well as characterization of the best immunogenic
peptides to fuse to Nef. However, this strategy offers a way to
utilize viral components without the need for virus, and with the
flexibility of developing a more targeted approach.

Another concept is how vectors and EVs may work in tandem
to induce an anti-tumor response. One example is the finding
that retroviral particles loaded into T cells could be delivered
to tumor cells through the endosome/lytic granule pathway
(Figure 5) (Kottke et al., 2006). Endosomes are vesicles in the
cytoplasm that form through endocytic trafficking pathways,
and in T cells they typically contain cytotoxic/lytic granules. In
this case, T cells delivered perforin and cytotoxic granules in
addition to unenveloped retroviral particles to tumor cells, which
increased the survival of tumor-bearing mice, including those
with metastatic disease, and also protected the mice against re-
challenge (Kottke et al., 2006). Another example of EVs working
in tandem with a virus to modulate the intracellular environment
is the observation made by Kalamvoki et al. (2014) that EVs
released by HSV-1 infected cells contain STING (Figure 5).
In support of a role for STING in the anti-tumor response,
one group found that STING itself was down-regulated in
multiple human colorectal and ovarian cancer cell lines, in
addition to defects in cGAS (a cellular nucleotidyltransferase
involved in the STING signaling pathway) and other stages of
the STING pathway (Xia et al., 2016; De Queiroz et al., 2019).
Additionally, this group found that infection of colorectal or
ovarian cancer cells with the approved oncolytic HSV did not

stimulate the production of IFN-β in cell lines that were shown
to be defective for STING, but did cause death in multiple cell
lines (Xia et al., 2016; De Queiroz et al., 2019). When mice
carrying colorectal or ovarian cancer tumors with defects in
the STING pathway were infected intratumorally with oncolytic
HSV there were reductions in tumor size (Xia et al., 2016;
De Queiroz et al., 2019). STING is of interest as a potential
tumor suppressor. Characterization of EVs from an oncolytic
HSV infection has not been done, but it is possible that EVs
from cells infected with oncolytic HSV may contain factors
which could induce an anti-tumor response by stimulating
the immune system.

ROLE OF EVs IN THE DEVELOPMENT OF
VIRAL VACCINES

Extracellular vesicles can influence both adaptive and innate
immunity through the exchange of vesicles between immune
cells. The idea arose when EVs released by B-cell lines were
found to carry peptide/MHC class II complexes and to prime
specific immune responses (Raposo et al., 1996). Exosomes from
dendritic cells were also shown to carry antigen presenting
molecules and accessory factors such as MHC classes I and II,
CD54, and CD86 (Zitvogel et al., 1998). These EVs could induce
an immune response, as antigen-specific T cell activation can be
induced by EVs secreted by dendritic cells (DCs). Additionally,
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EVs can modulate both the viral replication and host immune
response to infection by different pathogens through functioning
as host and viral antigen cargo carriers (Masciopinto et al.,
2004; Xu et al., 2009; Kouwaki et al., 2016, 2017; Dogrammatzis
et al., 2019). EVs are an effective means of transporting cargo to
recipient cells, making them ideal tools for delivering antigens.
Therefore, their antigenic potential makes them ideal candidates
in vaccine production.

In this area, one group (Anticoli et al., 2018) built an
exosome-based platform for the generation of vaccines, aiming
at the stimulation of an effective antigen-specific cytotoxic T
lymphocyte (CTL) immune reaction. This platform is based
on the fact that the HIV-1 Nef protein is highly incorporated
into EVs, and in order to abrogate its immunomodulatory
properties they have used a mutated form (Nefmut) that is
lacking several anti-cellular effects typically induced by wild-
type Nef, including CD4 down-regulation, increase of HIV-
1 infectivity, and MHC class I down-regulation. This Nefmut

maintains its ability to incorporate into exosomes. Anticoli
et al. (2018) built DNA vectors where a viral antigen of
interest was fused to Nefmut, and subsequently this DNA vector
was injected in mice intramuscularly. Viral antigens that were
tested, included the Ebola virus virion proteins VP24, VP40,
and nucleoprotein (NP), the influenza virus NP, the Crimean-
Congo hemorrhagic fever virus NP, the West Nile virus non-
structural protein 3 (NS3), and the hepatitis C virus NS3. EVs
that carried Nefmut fused to each viral antigen were detected
in the serum of the injected mice. Also, a highly detectable
CD8+ T cell reaction was observed for all viral proteins
tested, which was specific. DNA vectors can be very stable
and easy to develop, making this concept exciting. Another
group (Kanuma et al., 2017), built a DNA vaccine encoding
an ovalbumin (OVA) antigen fused to CD63, a tetraspanin
protein that localizes to various cellular membranes including
EVs. Transfection of this plasmid to cells produced OVA-
carrying EVs, and immunizations with these OVA-carrying EVs
primed naïve mice to induce OVA-specific CD4+ and CD8+

T cells. Therefore, the strategy of fusing antigens of interest
with a protein targeted to EVs is a strategy that can mediate
effective vaccine design.

PRRSV is a virus that affects pigs, with a significant economic
burden. The inactivated PRRSV vaccine is safe but poorly
immunogenic and has failed to prevent PRRS outbreaks and
infections (Martínez-Lobo et al., 2013; Pileri et al., 2015).
Strategies using nanoparticle-trapped antigens are more
effective than conventional vaccine platforms (Dwivedi et al.,
2013; Renukaradhya et al., 2014). To this end, one group
(Montaner-Tarbes et al., 2016) determined the antigenicity of
exosomes isolated from viremic or non-viremic pigs. PRRSV
viral proteins were detected in exosomes using nanoscale
liquid chromatography coupled to tandem mass spectrometry
(nanoLC-MS/MS), particularly the RNA-dependent RNA
polymerase and the highly immunogenic nucleocapsid protein
N. It was further shown that exosomes that were isolated from
non-viremic (NV) animals (previously infected but now free-of-
virus) are antigenic when tested with sera from pigs previously
exposed to PRRSV, thus establishing that viral proteins contained

in the exosomes from NV animals are antigenic. This is the
first report of antigenic exosomes in animals that have no
detectable pathogen load and may be of importance for future
vaccine approaches.

Another potential use of EVs in vaccines is as adjuvants. Qazi
et al. (2009) show that OVA loaded exosomes can act as an
adjuvant. They exposed DCs to OVA, and subsequently isolated
exosomes that were defined as indirectly loaded, or “OVA-
Exo.” They observed that co-administration in vivo of OVA-
exo with antigen enhanced the humoral response, augmented
the specific T-cell responses, and promoted a Th1-type shift
in the immune response. A Th1-type shift cannot be achieved
with alum or lipopolysaccharides (LPS), other commonly used
adjuvants, which underlines the potential of EVs as adjuvants
(Awate et al., 2013). Similarly, another group (Jesus et al., 2018)
described the role of unmodified exosomes as adjuvants for
hepatitis B vaccination strategies. They isolated EVs from the
supernatant of LPS-stimulated human monocytic cell lines (THP-
1) and showed that they evoked a pro-inflammatory profile in
spleen cells of healthy mice through the induction of cytokines.
Subcutaneous vaccination of mice with those EVs, combined
with a solution of hepatitis B recombinant antigen (HBsAg)
or a suspension containing HBsAg loaded poly-ε-caprolacone
(PCL)/chitosan nanoparticles (NPs), induced a humoral immune
response similar to the one induced when using HBsAg alone.
However, EVs also triggered an immunomodulator effect on the
cellular immune response, highlighted by the enhance of IFN-
γ secretion. Interestingly, Jesus et al., detected a shift toward
a Th1 response, which was observed before when using EVs
as an adjuvant in vivo (Aline et al., 2004; Qazi et al., 2009;
Jesus et al., 2018). One issue that was not addressed is whether
potential LPS contamination of their isolated exosomes could be
partly responsible for the immune responses. Its effect should be
clarified when LPS-adjuvanted HBsAg, and LPS-free EVs are used
as control samples.

EVs AS A NEGATIVE FACTOR IN
VACCINE PRODUCTION

The efficacy of several vaccines can be optimized when
considering the effects of EVs. The production of the rabies
vaccine in Medical Research Council cell strain 5 (MRC-5) cells
could be improved in terms of yield (Wang et al., 2019). MRC-
5 cells have a poor susceptibility to the rabies virus (RABV)
infection limiting the yield of the vaccine. EVs participate in the
resistance of MRC-5 cells to RABV, through delivery of miR-423-
5p. The delivery of miR-423-5p abrogates the inhibitory effect of
suppressor of cytokine signaling 3 (SOCS3) on type I interferon
(IFN) signaling. Targeting EV production can therefore be a
potential strategy of improving MRC-5 cell-based rabies vaccine
production. Additionally, miRNAs in EVs affect the response to
the influenza whole-virus vaccine (WV) (Okamoto et al., 2018).
miR-451a is abundant in human serum EVs and its presence in
blood-circulating EVs can attenuate the innate immune response
of macrophages and dendritic cells to the inactivated influenza
WV. This is because EVs carrying miR-451a (and potentially
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other miRNAs) are internalized by macrophages and dendritic
cells and can affect the immune response to WV in vivo. Such
effects should be considered to improve current vaccine efficacy
and when designing novel vaccine strategies.

Taking into consideration EVs when optimizing vaccine
production is also important when working with virus-
like particles (VLPs). VLPs are composed of one or more
recombinantly produced structural viral proteins, which upon
expression self-assemble into particles that mimic the virion
structure (Roldão et al., 2010). VLPs are uptaken by antigen
presenting cells (APCs) and give rise to a potent humoral and
cellular immune response (Ludwig and Wagner, 2007). However,
EVs and VLPs present similar physicochemical characteristics
making it difficult to separate them during VLP production in
any system, and often their mixing is ignored or biologically not
understood (Steppert et al., 2016). As a result, VLP-based vaccine
preparations contain immunologically irrelevant proteins that
might affect vaccine potency. One group (Venereo-Sánchez et al.,
2019) demonstrated contamination of VLPs with several host
proteins due to co-purified EVs and vice versa. Based on these
data, novel affinity-based methods for depletion of EVs should be
developed to optimize the purity of isolated VLPs.

CONCLUSION

Extracellular vesicles are natural mediators of intercellular
communication, and as such they can carry RNA, proteins,
and other biologically active molecules. Multiple viruses hijack
EV biogenesis mechanisms to mediate their own assembly and
dissemination, indicating novel antiviral targets. Such targets
could be exploited to develop more effective strategies to combat
viral infections or even prevent them. However, many aspects
of the interplay between viruses and EV biogenesis remain to
be elucidated. Before taking advantage of this relationship in
a therapeutic context, we need to gain a better understanding
at a foundational level to elucidate the molecular interactions.
Often in the case of pathogens, characterization of EVs occurs
at a single timepoint, which is a snapshot of the actual ongoing
infection. One group (van der Grein et al., 2018) underlined
the importance of relating EV analysis back to the relevant
timepoint of the pathogen life cycle. Characterization of EVs
throughout the life cycle of a pathogen of interest could
provide a more precise understanding regarding the effect of
the pathogen on EVs production. Spatial analysis of EVs may
also be important, especially regarding therapeutics. EVs may be
“edited” (van der Grein et al., 2018) depending on their milieu.
Neuron-derived EVs bind Alzheimer disease-associated amyloid
β-peptide, enhancing the formation of non-toxic amyloid fibrils
and their uptake by microglia (Yuyama et al., 2012). EVs
and retroviruses can bind to fibronectin in plasma, enhancing
their uptake to target cells (Osawa et al., 2017). These and
other similar EV edits should be taken into consideration when
investigating the EV and pathogen interplay, or the design of EV
therapeutic delivery.

Nonetheless, EVs can regulate gene expression and cellular
functions in recipient cells and therefore they can cause signaling

effects that can be exploited therapeutically. Therapeutic
molecules, which can be otherwise difficult to deliver, can be
loaded on EVs, and can then be delivered with great efficiency
and efficacy. Thus, it is possible to use EVs to deliver therapeutic
agents in tissues that are difficult to reach, such as past the blood–
brain barrier. Also, EVs can promote the stability of compounds
like curcumin, or RNA molecules with therapeutic potential like
miRNAs or siRNAs. There are data showing the potential for
treating viral infections using EVs, or promising work in the
field of cancer therapy using EVs to trigger T cell cytotoxic
responses. EVs could also be used by themselves, or in tandem
with oncolytic viruses.

Although many different techniques have been utilized for the
isolation of EVs in different fields, the lack of a standardized
protocol to separate vesicles from virions in viral infections makes
clinical uses of such protocols complicated (Gyorgy et al., 2015;
Murphy et al., 2019). Additionally, EVs can have diverse routes
of uptake and a better understanding is necessary to improve
delivery of functional cargo in the tissue of interest (Mathieu
et al., 2019; Murphy et al., 2019). Strategies like engineering
EVs to carry ligands on their surface that can bind to receptors
in a particular tissue, which provides a targeted approach, have
shown potential (Lattanzi and Federico, 2012; Di Bonito et al.,
2017). However, more work is necessary to correlate EVs uptake
with an effect. Many experiments have been performed using
very different number of EVs. Generally, EV yield per cell varies
depending on the cell line and its physiological status. Most
studies suggest an average yield of 1,000–2,000 EVs per cell.
It is unclear how physiologically relevant are experiments that
describe EV effects by exposing cells at a lot higher numbers
of EVs or based on the amount of protein. Additionally,
such experiments describe variable durations of EV exposure
or multiple waves. Therefore, further research is required to
determine appropriate conditions.

Promising work has been done in the field of vaccine
development. EVs can carry viral proteins and can be
immunogenic when administered in vivo. However, the
immunological effect of altered EV cargo during an infection can
be both pro-viral and anti-viral. Therefore, further research
is required in order to discern the cargo with antiviral
properties that could be exploited for delivery. EVs can
also impose a risk and complication for vaccine production.
Their shared physicochemical properties with most viruses
might result in contamination of vaccine preparations,
thereby withholding the full immunogenic potential of vaccine
antigens. More sensitive separation techniques of EVs could
prevent such problems.

Besides the similar physicochemical properties, it is intriguing
that viruses and EVs utilize common machinery for their
assembly and release. Similarly to how HIV Gag co-opts the
ESCRT machinery for HIV release, two groups (Ashley et al.,
2018; Pastuzyn et al., 2018) show how the neuronal Gag-
like Arc protein can form virus-like capsids that can bind its
own mRNA and traffic across synapses. Similar behavior was
observed with the Gag region of the Copia retrotransposon (a
distantly Arc-related retroelement) that could form a complex
with its own mRNA. The plethora of such retroelements
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in eukaryotic genomes suggests that they may utilize EV
biogenesis mechanisms for intercellular transfer. Since
such retroelements are considered ancestral to modern
retroviruses (Malik et al., 2000), it is an intriguing question
whether those elements co-opted EV biogenesis to become
infectious and gave genesis to retroviruses, or whether
they domesticated already existing viral mechanisms to
shuttle across cells.

Overall, the interwoven relationships between viruses and EVs
have indicated novel areas of research with therapeutic potential.
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Neurodegeneration is a hallmark of many diseases and disorders of the central nervous
system (CNS). High levels of neuroinflammation are often associated with irreparable
damage to CNS cells due to the dysregulation of signaling cascades that are unable to
restore a homeostatic balance. Due to the inherent complexity of the CNS, development
of CNS-related therapeutics has met limited success. While stem cell therapy has been
evaluated in the context of CNS repair, the mechanisms responsible for their functional
properties have not been clearly defined. In recent years, there has been growing interest
in the use of stem cell extracellular vesicles (EVs) for the treatment of various CNS
pathologies as these vesicles are believed to mediate many of the functional effects
associated with their donor stem cells. The potency of stem cell EVs is believed to be
largely driven by their biological cargo which includes various types of RNAs, proteins,
and cytokines. In this review, we describe the characteristic properties of stem cell
EVs and summarize their reported neuroprotective and immunomodulatory functions.
A special emphasis is placed on the identification of specific biological cargo, including
proteins and non-coding RNA molecules, that have been found to be associated with
stem cell EVs. Collectively, this review highlights the potential of stem cell EVs as an
alternative to traditional stem cell therapy for the repair of cellular damage associated
with diverse CNS pathologies.

Keywords: central nervous system, mesenchymal stem cells, induced pluripotent stem cells, extracellular
vesicles, exosomes

INTRODUCTION

The central nervous system (CNS) is regarded as the most complex system in the human body and
its associated diseases and disorders represent leading causes of death and disability worldwide.
These pathologies encompass a wide range of conditions ranging from neuro-degenerative diseases
[e.g., Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis], to brain cancer,
ischemia, traumatic brain and spinal cord injury, and viral infections of the CNS (Gooch et al.,
2017; Ben Abid et al., 2018; Erkkinen et al., 2018). Collectively, these pathologies represent a major
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burden to the global healthcare industry. As the incidence
of neurodegenerative diseases rises in aging populations, this
burden is expected to substantially increase due to the associated
increases in life expectancy (Wyss-Coray, 2016; GBD 2016
Neurology Collaborators, 2019).

Neurodegeneration is a common feature among many CNS
pathologies. In recent years the association between neuronal
damage and neuroinflammation has received much attention as
it is becoming increasingly evident that chronic and/or aberrant
inflammation may contribute to the progression of many
neurodegenerative disorders (Amor et al., 2010; Stephenson et al.,
2018). Indeed, many of the cellular processes that are involved
in the neurodegenerative cascade (e.g., apoptosis, necroptosis,
autophagy, and demyelination) can be driven by inflammatory
responses, and CNS-resident astrocytes and microglia are the
predominant cell types which mediate these effects (Chen et al.,
2016; Chitnis and Weiner, 2017). However, it is important to note
that in addition to perpetuating damage, the immune system also
plays a pivotal role in mediating both reparative and regenerative
mechanisms (Stephenson et al., 2018). Therefore, further studies
are warranted to delineate the underlying factors that control
these responses.

Historically, therapeutics targeting the CNS have met limited
success and have experienced higher than average failure
rates relative to non-CNS therapeutics. These failures are
attributed to multiple factors such as the extended timeframes
and higher costs associated with CNS drug development,
stringent regulatory procedures, challenges associated with drug
delivery across the blood–brain-barrier (BBB) and, perhaps
most importantly, an overall lack of comprehensive knowledge
surrounding both normal brain physiology and CNS disease
pathology (de Lange et al., 2017; Gribkoff and Kaczmarek,
2017; Danon et al., 2019). These gaps of knowledge underscore
the importance for continued research and novel therapeutic
strategies targeting the CNS.

During the last decade stem cells have emerged as potential
therapeutic candidates for various CNS pathologies. This
is largely due to their multipotent, neurotrophic, and
immunomodulatory properties (Song et al., 2018). Specifically,
mesenchymal stem cells (MSCs) represent a prominent source
of stem cells which have been extensively studied for different
biomedical applications. MSCs are non-hematopoietic stem
cells which can be isolated from various tissues throughout the
body [e.g., bone marrow (BM), adipose tissue, and amniotic
fluid] and possess multilineage differentiation potential when
cultured under the appropriate conditions (Chamberlain et al.,
2007; Samsonraj et al., 2017). MSCs have demonstrated broad
reparative and regenerative properties in various studies,
including those relating to bone, cardiac, liver, lung, kidney,
skin, and CNS which have been extensively reviewed elsewhere
(Trounson and McDonald, 2015; Han et al., 2019). To further
illustrate this point, a current search of clinicaltrials.gov using
the search criteria of “mesenchymal stem cells” yields over 300
trials that are designated as active, recruiting, or enrolling.

With respect to MSCs, it should be noted that due to
the heterogeneity of their origin these cells must meet a set
of pre-defined criteria prior to their use in laboratory-based

and pre-clinical studies. These criteria were published in 2006
by the Mesenchymal and Tissue Stem Cell Committee of
the International Society for Cellular Therapy in an effort
to standardize cell preparations among laboratories (Dominici
et al., 2006). Specifically, the guidelines state that MSCs must
demonstrate plastic-adherence in standard tissue culture flasks,
exhibit specific expression of surface markers (e.g., positive
expression of CD105, CD73, CD90 and negative expression of
CD45, CD34, CD14, or CD11b, CD79a, or CD19, HLA class
II), and possess the ability to differentiate into osteoblasts,
adipocytes, and chondroblasts in vitro. Thus, by adhering to
these guidelines, more meaningful comparisons of scientific data
and experimental outcomes relating to MSCs can be achieved
(Dominici et al., 2006).

Recent advances in biotechnology have further evolved the
field of stem cell research. For example, the generation of induced
pluripotent stem cells (iPSCs) has resulted in substantial progress
to be made in the context of disease modeling, drug discovery,
and cell-based therapy over the last several years (Shi et al.,
2017). Utilizing specialized protocols, adult somatic cells can be
genetically reprogrammed into iPSCs via the forced expression
of key transcription factors (i.e., Oct3/4, Sox2, Klf4, and c-Myc)
(Takahashi et al., 2007). Once generated, iPSCs display properties
similar to those of embryonic stem cells (ESCs) and, therefore,
have the ability to differentiate into cells of each of the three germ
layers. This technology was first applied in 2006 by Takahashi
and Yamanaka when they generated iPSCs from adult mouse
cells; in 2007 these same researchers reported the successful
reprogramming of human somatic cells into iPSCs (Takahashi
and Yamanaka, 2006; Takahashi et al., 2007).

The therapeutic potential of iPSCs has been studied in
conditions ranging from corneal, cartilage, and cardiac repair
to immunotherapy (Jiang et al., 2014; Yoshida and Yamanaka,
2017; Castro-Viñuelas et al., 2018; Chakrabarty et al., 2018).
With respect to the CNS, iPSCs have been highly regarded for
their potential to model neurodegenerative diseases and this is
largely attributed to their ability to differentiate into multiple
different neuronal and glial lineages (Haston and Finkbeiner,
2016). To illustrate this point, iPSCs have been used to model
Alzheimer’s, Parkinson’s, and Huntington’s diseases as well as
several motor neuron diseases (Ebert et al., 2009; Israel et al.,
2012; Juopperi et al., 2012; Burkhardt et al., 2013; Nihei et al.,
2013; Woodard et al., 2014).

From a mechanistic viewpoint, the extracellular vesicles (EVs)
that are released by stem cells are believed to mediate many of
the multi-functional effects that are attributed to their donor
stem cells (Phinney and Pittenger, 2017). EVs are nano-sized
vesicles that are secreted by most, if not all, cell types and act as
signaling messengers between cells. Broadly speaking, EVs can be
classified based on their size and biogenesis, with exosomes and
microvesicles (MVs) representing the two subtypes of EVs that
are the most commonly studied (van Niel et al., 2018). Briefly,
exosomes range from 50 to 150 nm in diameter and originate
from the endocytic pathway. Exosomes are contained within
multivesicular bodies (MVBs) and upon fusion of MVBs to the
plasma membrane, exosomes are released into the extracellular
space. In contrast, MVs can have diameters ranging from 50 to
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1,000 nm and are shed directly from the plasma membrane via
outward budding (Akers et al., 2013; Zaborowski et al., 2015;
van Niel et al., 2018).

It is important to note that due to vesicle heterogeneity,
lack of standardized nomenclature, and the various methods
utilized for vesicle purification, it is challenging to effectively
distinguish between exosomes and MVs. For these reasons we
believe that much of the literature describing reparative exosomes
may actually refer to a mixed population of vesicles ranging
from 30 to 250+ nm in size, of which exosomes represent
only a fraction of the total population. Additionally, it is worth
noting that The International Society for Extracellular Vesicles
(ISEV) endorses the generic term “extracellular vesicle,” and the
MISEV2018 guidelines strongly urge authors to clearly describe
the physical and biochemical characteristics of the vesicles used
in their studies (Théry et al., 2018). For the purposes of this
review and to maintain consistency in terminology we will use
the generic term “EV” when referencing the work of others.

The biological cargo that is associated with EVs includes
various types of RNAs and proteins. These molecules can be
horizontally transferred to recipient cells and, thus, have the
ability to significantly affect or alter cellular activity through
interactions with intracellular targets and signaling pathways
(Phinney and Pittenger, 2017). Numerous studies have begun
to investigate the therapeutic potential of both MSC and iPSC
EVs and their multi-functional effects on processes relating to
cellular repair and regeneration have been extensively reviewed
(Sabapathy and Kumar, 2016; Börger et al., 2017; Phinney and
Pittenger, 2017; Keshtkar et al., 2018; Taheri et al., 2019; Zhao T.
et al., 2019). Additionally, stem cell EVs are now being evaluated
as potential therapeutic tools for CNS repair (Koniusz et al., 2016;
Luarte et al., 2016; Galieva et al., 2019).

Here, we summarize recent literature surrounding the
biochemical characterization and functional effects of stem cell
EVs, specifically those that have been isolated from either MSCs,
iPSCs, or iPSC derivatives, with a focus on studies relating to
CNS repair. Collectively, this review highlights the potential of
stem cell EVs as an alternative approach to traditional stem cell-
based approaches for the repair of cellular damage associated with
CNS pathologies.

BIOLOGICAL CARGO ASSOCIATED
WITH STEM CELL EVs

The potency of stem cell EVs is believed to be driven by
the various types of bioactive cargo associated with these
vesicles. This cargo includes lipids, RNAs, proteins, and other
important signaling molecules such as cytokines, chemokines,
and interleukins (Deng H. et al., 2018). The identification of
EV-associated cargo is critical from both a characterization and
analytical perspective as this information can be used to generate
reference standards and to better define and understand the
functional attributes of EVs. As such, many studies have begun
to extensively profile the molecular content of EVs derived from
different sources of stem cells. Here, we discuss important studies
relating to EV-associated cargo and highlight specific molecules
that may be associated with regenerative properties.

RNA Profiling of Stem Cell EVs
While it has been previously reported that stem cell EVs carry
intact mRNA that can be transferred horizontally and translated
in recipient cells (Ratajczak et al., 2006; Tomasoni et al., 2013;
Ragni et al., 2017), most studies to date have focused on the non-
coding RNA components. Despite not coding for protein, non-
coding RNAs (ncRNAs), including both small non-coding (<200
nucleotides) and long non-coding (≥200 nucleotides) RNAs, play
important regulatory roles in a number of physiological processes
including those relating to the CNS (Mattick, 2009; Zhou et al.,
2016; Wang et al., 2017). Thus, EV-associated ncRNAS can be
regarded as mediators of trans- regulation with the potential to
significantly alter the phenotype of recipient cells (Valadi et al.,
2007; Fatima et al., 2017).

Small Non-coding RNAs
Small ncRNAs include microRNA (miRNA), piwi-interacting
RNA, transfer RNA (tRNA), Y RNA (yRNA), small nuclear RNA
(snRNA), and small nucleolar RNA (snoRNA), among others
(Wang et al., 2017). Despite this diversity, miRNAs represent the
most widely studied type of ncRNAs and it has been reported
that between 30 and 80% of protein coding genes are regulated by
miRNAs. This is primarily achieved through the complementary
binding of miRNA to a target mRNA sequence, resulting in either
mRNA degradation or translational repression (Filipowicz et al.,
2008; Lu and Clark, 2012).

Several studies have comprehensively analyzed the small
RNAomes of EVs from different sources of stem cells and
compared them to those of their donor stem cells. The first in-
depth sequencing of MSC EVs was performed by Baglio et al.
(2015). This study demonstrated that EVs from different sources
of MSCs have distinctly different RNA profiles relative to their
donor cells. Whereas cellular samples had high abundance of
miRNAs and snoRNAs, EVs were found to be enriched with small
fragments (14–30 nucleotides) of tRNAs as well as small subsets
of mature miRNA transcripts, which collectively represented less
than 5% of the total RNAome (Baglio et al., 2015). This study
was the first to suggest that ncRNAs are selectively packaged
into MSC EVs, a finding that was previously reported in EVs
from cancer cells and immune cells (Hessvik et al., 2012; Nolte-’t
Hoen et al., 2012). Interestingly, while the exact function of EV-
associated tRNAs are not well understood, it has been suggested
that tRNAs may function in a manner similar to miRNA (Kumar
et al., 2014). When the antisense complements to the most
abundant tRNAs were evaluated the potential targets included
proteins involved in the inflammatory pathway (Baglio et al.,
2015). These findings warrant further investigation to determine
if tRNAs could contribute to the immunomodulatory properties
of stem cell EVs.

While there is no collective miRNA signature attributed to
stem cell EVs, others have observed the findings described
by Baglio et al. (2015) which suggested that the EV miRNA
landscape is dominated by relatively few and high abundant
transcripts. For example, the top miRNAs in different EV
preparations have been found to represent between 40 and 79% of
the total miRNA associated with stem cell EVs (Fang et al., 2016;
Ferguson et al., 2018). Additionally, a study by Kaur et al. (2018)
compared the miRNA landscape of EVs from both MSCs and
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pluripotent stem cells (PSCs). Distinct differences were observed
between EVs isolated from each cell type; specifically, miRNAs
relating to maintaining pluripotency and cellular differentiation
were most abundant in EVs from PSCs while miRNAs associated
with MSC EVs were found to regulate various processes relating
to differentiation, cell survival, and immunomodulation (Kaur
et al., 2018). While these studies are suggestive that certain
ncRNAs may be selectively packaged into stem cell EVs, the
factors that contribute to this packaging have not been defined.
Given the variable factors that can influence cell culture it
is highly likely that the microenvironment, as well as the
differentiation potential of the donor cells, may affect the sorting
of EV cargo. However, it is interesting to note that the addition
of the sequence GGCU was previously reported to promote
sorting of miRNAs into EVs, while another study found specific
enrichment of 3′-uridylated miRNAs in EVs relative to their
donor cells (Koppers-Lalic et al., 2014; Santangelo et al., 2016).
Further studies are needed to examine the mechanisms by
which this may occur.

Highly abundant miRNAs from MSC EVs have been found
to regulate processes relating to both wound healing and
angiogenesis. Fang et al. (2016) identified 4 highly expressed
miRNAs in umbilical cord MSC EVs (miR-21, miR-23a,
miR-125b, and miR-145) that suppressed the formation of
myofibroblasts via inhibition of the transforming growth factor-
β2/SMAD2 pathway in a model of wound healing. In a recent
study of adipose derived MSC EVs, Mitchell et al. (2019) also
identified 3 of these miRNAs (miR-23a, miR-125b, and miR-145)
within the top 50. Also, highly abundant were several anti-
inflammatory miRNAs from the miR-let7family which have been
shown to reduce fibrosis, modulate macrophage polarization,
and to target TLR-4 pro-inflammatory signaling (Banerjee et al.,
2013; Teng et al., 2013; Ti et al., 2015; Wang et al., 2016;
Mitchell et al., 2019).

Another extensive study revealed that the top 23 miRNAs
from BM-MSC EVs targeted genes which control angiogenesis.
Among these were miR-21, miR-1246, miR-23a-3p, and miR-
130a-3p which have previously been shown to modulate
angiogenesis through varying mechanisms including activation
of Akt and ERK (miR-21), Smad signaling (miR-1246), targeting
Sprouty2 and Sema6A (miR-23a-3p), and downregulation of
anti-angiogenic homeobox genes (miR-130a-3p) (Chen and
Gorski, 2008; Chhabra et al., 2010; Feng et al., 2014; Yamada
et al., 2014; Ferguson et al., 2018). In vitro, miR-130a-3p
enriched EVs promoted angiogenesis in HUVECs as measured by
branch length, segment number, and total number of nodes and
junctions. Moreover, treatment with miR-130a-3p EVs reduced
the expression of anti-angiogenic homeobox gene HOXA5 by
approximately 90% (Ferguson et al., 2018).

miRNA analysis has also been performed on EVs from iPSCs,
although to a somewhat lesser extent relative to MSC EVs.
Similar to what has been observed in MSC EVs, Bobis-Wozowicz
et al. (2015) reported that iPSC EVs contained substantially less
miRNA relative to their donor cells and that a fraction of the
total miRNAs were highly abundant in these vesicles. Pathway
analysis revealed that the 29 most abundant miRNAs targeted
multiple genes in pathways relating to focal adhesion, cell cycle,

apoptosis, signal transduction (e.g., Wnt, PI3K-Akt, and MAPK),
VEGF signaling, and RIG-I receptor signaling, among others
(Bobis-Wozowicz et al., 2015).

More recently, Povero et al. (2019) identified approximately
700 miRNAs in iPSC EVs; from these a total of 22 miRNAs
were chosen for subsequent analysis based on their relative
abundance. Several of the most highly expressed miRNAs, such
as miR-92a-3p, miR-26a-5p, miR- 22-3p, and miR-486-5p, have
been shown to mediate anti-fibrotic effects through various
mechanisms (e.g., targeting of pro-fibrotic mediators, attenuation
of fibroblast trans-differentiation and epithelial-mesenchymal
transition, and suppression of cell proliferation) (Berschneider
et al., 2014; Graham et al., 2014; Liang et al., 2014; Li et al.,
2016). The anti-fibrotic effects of iPSC EVs were further evaluated
in an in vivo mouse model of liver fibrosis. Notably, EVs
significantly decreased the expression of several pro-fibrogenic
genes (e.g., αSMA, Collagen Iα1, and TIMP), decreased collagen
deposition, and decreased activation of hepatic stellate cells;
highly suggesting that the candidate miRNAs identified above
may be partially responsible for mediating these effects (Povero
et al., 2019). While the focus of this particular study was on liver
fibrosis, it is important to note that fibrosis is highly associated
with many chronic inflammatory diseases, and dysregulation of
this process can lead to significant tissue damage and organ
malfunction (Wynn and Ramalingam, 2012). Therefore, the
observed anti-fibrotic effects of stem cell EVs could have broad
application to many different pathologies.

Taken together, the studies described above are significant
because they represent high-level, comprehensive analyses that
reveal both the similarity and the diversity that exists among RNA
cargo associated with stem cell EVs.

Long Non-coding RNAs
Compared to the small ncRNAs, studies relating to lncRNAs
associated with stem cell EVs are relatively scarce; perhaps due
to the relative complexity of their molecular mechanisms, their
heterogeneity, and their poorly conserved nature (Beermann
et al., 2016). However, recent research has found the lncRNA
MALAT1 to be associated with stem cell EVs and there is
mounting evidence that this lncRNA may regulate regenerative
processes. Cooper et al. (2018) demonstrated a potential role for
MALAT1 (adipose MSC EVs) in wound healing. Using an electric
cell- substrate impedance sensing assay, cellular migration of
human dermal fibroblasts significantly increased upon treatment
with MALAT1-containing EVs whereas depletion of MALAT1
from EVs failed to enhance cellular migration (Cooper et al.,
2018). MALAT1 (umbilical cord MSC EVs) was also found to
prevent aging-induced cardiac dysfunction (Zhu et al., 2019).
Here, treatment of cardiomyocytes with MALAT1-containing
EVs decreased NFκB activity and resulted in reduced levels of
p-p65. Additionally, decreases of inflammatory marker TNFα

as well as aging marker p21 were observed at both the
mRNA and protein level. Thus, suggesting that that the anti-
aging effects of MSC EVs may be mediated through a novel
MALAT1/NFκB/TNFα pathway (Zhu et al., 2019).

In the context of the CNS, MALAT1 may be responsible
for mediating reparative functions. El Bassit et al. (2017)
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first described a neuroprotective role for this lncRNA in
which MALAT1 (adipose MSC EVs) mediated splicing of the
pro-survival protein kinase C δII, which promoted neuronal
proliferation and survival in vitro. Similarly, in vivo studies
also demonstrated potential neuroprotective effects of MALAT1
(adipose MSC EVs) as measured by improvement in motor
impairment and reduction of lesion volume in a mouse model
of traumatic brain injury (TBI). Here, analysis of gene expression
patterns revealed that a number of the genes altered in response to
treatment with stem cell EVs containing MALAT1 were related to
the inflammatory response, signal transduction, cell survival and
apoptosis. Moreover, this pattern was not observed in response to
treatment with stem cell EVs that had been depleted of MALAT1
(Patel et al., 2018).

An additional role by which lncRNAs may act as miRNA
sponges has also been suggested (Paraskevopoulou and
Hatzigeorgiou, 2016). Yang et al. (2019) recently described a
similar role for MALAT1 (BM-MSC EVs) in the context of
alleviating osteoporosis. Through binding to miR-34c, MALAT1
promoted the expression of a key protein required for osteogenic
differentiation, SATB2, which is an expected target of miR-34c.
Furthermore, treatment of human osteoblasts with MALAT1-
containing EVs resulted in increased expression of Runx2
and ATF4 which are two proteins important for osteogenic
differentiation. Thus, the pro-osteogenic functions of MSCs
EVs were attributed to the sponging of miR-34c via MALAT1
(Yang et al., 2019).

Similarly, Zhao W. et al. (2019) found that the lncRNA
PVT1 was enriched in EVs from BM-MSCs. EV-associated
PVT1 increased/stabilized the expression of oncogenic protein
ERG, which correlated to increased proliferation and migration
of osteosarcoma cells in vitro and promoted tumor growth
and metastasis in vivo. Interestingly, EVs derived from PVT1
knockdown cells negated these effects, thereby highlighting their
potential therapeutic application for osteosarcoma. In addition to
the direct interaction between PVT1 and ERG, it was confirmed
that PVT1 also promoted ERG expression through the sponging
of miR-183-5p (Zhao W. et al., 2019).

It has also been suggested that in addition to sponging
miRNAs, exosomal lncRNAs may serve as molecular sponges for
other molecules including RNA-binding proteins (RBPs) (Kim
et al., 2017). This potentially novel and relatively unexplored
function of EV-associated lncRNA deserves further attention
as this could have significant downstream effects on numerous
cellular processes. Therefore, we believe further research into the
lncRNA landscape of stem cell EVs is needed not only to explore
this uncharacterized field but to also complement the pre-existing
literature surrounding EV-associated small ncRNAs.

Circular RNAs
Circular RNAs (circRNAs) represent a unique class of non-coding
RNAs that are gaining increased attention. Briefly, circRNAs arise
from back splicing and covalent linking of 3′ and 5′ splice sites;
thus resulting in highly stable, closed loop structures (Lasda and
Parker, 2016). While this area of research is relatively novel, there
is mounting evidence that circRNAs act as post- transcriptional
regulators (e.g., miRNA sponges) in various biological processes

and, in particular, may be involved in the progression of cancer
(Zhong et al., 2018; Bach et al., 2019). Previous studies have found
that circRNAs are expressed from multiple genomic locations
(e.g., coding and non-coding exons, intergenic regions) and,
moreover, that they demonstrate both tissue and developmental-
specific expression patterns (Memczak et al., 2013; Maass et al.,
2017; Xia et al., 2017; Mahmoudi and Cairns, 2019).

A study by Li et al. (2015) was the first to show enrichment
of circRNAs in EVs. Here, it was reported that the expression
of circRNA in EVs was at least two-folder higher than in donor
cells and that the ratio of circRNA to linear RNA in EVs was
approximately sixfold higher relative to donor cells. While the
above observations were made in a panel of various cancer cell
lines, these authors subsequently detected over 1,000 intact and
stable circRNAs in serum EVs obtained from 3 healthy donors
(Bao et al., 2015; Li et al., 2015).

Another recent study also found that circRNAs co-
precipitated with EVs from three different cell lines (Hela,
293T, and U-2 OS) and RT-qPCR revealed that the ratios of
circRNAs to their linear RNA counterparts were higher in EVs
relative to donor cells (Lasda and Parker, 2016). While the
underlying mechanisms remain unknown, these studies highly
suggest that circRNAs could be selectively incorporated into EVs
as a mechanism of clearance from the donor cell. For a more
thorough review of the biogenesis and effects of EV-associated
circRNAs we direct the reader to a recent review published
by Wang et al. (2019).

Although circRNAs have been associated with metastatic
phenotypes, it stands to reason that these RNAs could also
modulate cellular repair. Along these lines, Sun et al. (2018)
performed an extensive characterization of circRNAs to assess
their potential involvement in the process of MSC-mediated
repair of endometrial stromal cells (ESCs). Here, over 5,000
circRNAs were found to be significantly upregulated after MSC
co-culture and results from enrichment analysis revealed the
most significant pathways and biological processes to be related
to DNA repair or cell proliferation (Sun et al., 2018).

In 2019, another study identified circFOXP1 as a specific
marker of MSCs from multiple sources (e.g., cord blood, BM,
adipose tissue, and Wharton’s jelly). Interestingly, knockdown
of circFOXP1 in MSCs reduced both cellular proliferation and
expression of characteristic MSC cell surface markers. In vivo,
circFOXP1 knockdown was also associated with reduction of
bone repair in a fracture/osteotomy model, thereby suggesting
a potential functional role for circFOXP1 in maintaining the
identity and reparative properties of MSCs (Cherubini et al.,
2019). While the topic of EVs was outside of the scope of these
experiments, studies of this nature nonetheless set an important
precedent for future investigation into the potential functional
effects of stem cell EV- associated circRNA.

Proteomic Profiling of Stem Cell EVs
Equally important, from both a characterization and functional
perspective, is the proteomic content of stem cell EVs. While
EV biogenesis can occur via both ESCRT-dependent and
ESCRT-independent mechanisms, ESCRT components and their
accessory proteins such as Alix, TSG101, HSC70 and HSP90β
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are commonly regarded as EV marker proteins independent of
their cell source (Doyle and Wang, 2019). Other proteins that are
commonly associated with EVs include transport proteins (Rab
GTPases and annexins), signal transduction factors (kinases),
integrins (CD81, CD63, and CD9), metabolic enzymes, and
cytoskeletal proteins (Simons and Raposo, 2009; Chaput and
Théry, 2011). Here we will discuss other important protein cargo
that has been found to be associated with stem cell EVs.

The initial characterization of the BM-MSC EV proteome
was performed by Kim et al. (2012) and identified 730
proteins with high confidence. Through extensive functional
analysis, several candidate proteins expected to mediate potential
therapeutic effects were identified from this study. These included
surface receptors (e.g., PDGFRB and EGFR), cell adhesion
molecules (e.g., fibronectin and integrins), and multiple proteins
involved in signaling pathways relating to MSC self-renewal
and differentiation (e.g., Wnt, TGFβ, and RAS-MAPK pathways)
(Kim et al., 2012).

Lai et al. (2012) also performed an early proteomic analysis
on MSC EVs and through functional clustering found that
32 biological processes were over-represented. Among them
were processes related to EV biogenesis, cellular motility,
inflammation, and proteolysis. Interestingly, this study revealed
that all subunits of the 20S proteasome were present in the
MSC EVs and, furthermore, that this complex was found
to be enzymatically active in vitro. In vivo, 20S proteasome
functionality was assayed in a mouse model of myocardial
reperfusion injury and treatment with EVs significantly lowered
the levels of misfolded proteins (Lai et al., 2012). These results
point toward a potential mechanism by which MSC EVs may
exert a protective effect through the proteolytic degradation of
damaged proteins.

More recently, using a high-resolution mass spectrometry
approach, Anderson et al. (2016) evaluated the proteome of
BM-MSC EVs from multiple different donors and detected a
total of 580 membrane associated proteins within each sample.
Among those detected were ATPases, EGFRs, G proteins, RAB
family members, various protein kinases, as well as several known
EV- and MSC-specific markers. Through the generation of an
angiogenesis interactome network, robust protein interactions
between PDGFR, EGFR, and NFκB proteins were revealed.
Furthermore, EVs derived from MSCs exposed to ischemic
conditions were enriched in angiogenic signaling proteins (e.g.,
EGF, FGF, and PDGF), suggesting that under stressful conditions
cells may release EVs containing proangiogenic factors to
facilitate localized tissue repair. When these EVs were applied
to HUVECs that had been treated with an NFκB inhibitor they
failed to induce tubular formation, supporting the theory that
NFκB signaling may be required to mediate the angiogenic
potential of MSC EVs (Anderson et al., 2016).

In further support of a potential protein-mediated angiogenic
effect, it was found that EVs from umbilical cord MSCs could
directly deliver VEFG to epithelial cells in an in vivo model of
renal ischemia. The authors attributed this transfer of VEGF to
the corresponding increase in renal angiogenesis and capillary
density in EV-treated animals (Zou et al., 2016). Additionally,
we recently detected VEGF and FGF-2, out of a total of 40

cytokines, as the two highest iPSC EV- associated cytokines. In
an in vitro angiogenesis co-culture assay, significant increases in
tubular length were observed in response to treatment with iPSC
EVs (Branscome et al., 2019). A recent review has also highlighted
other pro-angiogenic proteins that have been associated with
MSC EVs; these include TGF-β1, IL-8, thrombopoietin, and
MMPs (Merino-González et al., 2016).

Others have also identified EV proteomic cargo that may
contribute to tissue repair and wound regeneration. Shabbir et al.
(2015) found that BM-MSC EVs could enhance cell growth and
migration in both normal and diabetic wound fibroblasts in vitro.
Through further analysis, it was shown that exposure to MSC
EVs resulted in activation of AKT, ERK, and STAT3 signaling
pathways and, moreover, significantly induced the expression of
several cell cycle and growth factor (e.g., HGF, IGF1, and NGF)
genes (Shabbir et al., 2015).

Bakhtyar et al. (2018) performed a similar experiment to
evaluate the effect of MSC EVs (acellular Wharton’s jelly from
umbilical cord) on cell viability and migration. Treatment with
EVs significantly enhanced cell viability and migration in vitro;
interestingly, when EVs were lysed this effect was diminished,
thereby suggesting that intact EVs are required to exert
downstream effects. While proteomic analysis of EVs identified
a number of proteins associated with wound healing (e.g., actin
aortic smooth muscle, vimentin, fibrillin, and fibronectin), the
proteinase inhibitor alpha-2-macroglobulin (α2M) was one of
the most highly abundant proteins. In vitro, the addition of
exogenous α2M significantly increased cellular viability and
migration, thereby highlighting a novel role by which α2M in
stem cell EVs may contribute to the wound healing process via
the inhibition of proteinases (Bakhtyar et al., 2018).

Liu S. et al. (2019) observed that both MSC and iPSC
EVs reduced reactive oxygen species (ROS) and alleviated the
phenotypes associated with aging using in vitro models of cellular
senescence. Specifically, in response to stem cell EVs, the number
of cells expressing senescence- associated beta-galactosidase,
gene expression of p21 and p53, and production of cytokines
IL-6 and IL-1A were all lower. Moreover, there was reduced
expression of γ-H2AX protein, which is associated with DNA
damage. Analysis of the proteomes identified approximately
1,135 proteins that were common among MSC and iPSC
EVs and, among these several antioxidant enzymes belonging
to the peroxiredoxin (PRDX) family were abundant. Notably,
treatment of senescent cells with purified plasma EVs, which
had undetectable levels of PRDX proteins, had minimal effect
on the aging phenotype relative to stem cell EVs. Thus, it was
proposed that PRDX enzymes delivered by stem cell EVs may
play a role in mitigating oxidative stress and repairing age-
associated damage (Liu S. et al., 2019). While other studies have
also reported similar findings relating to the effect of stem cell
EVs on aging cells (Kulkarni et al., 2018; Oh et al., 2018; Zhu et al.,
2019), this study provided a novel proteomic insight as to how
this may be mediated.

Kumar et al. (2019) profiled the proteomic composition of
EVs from placental MSCs and found proteins with functions
related to extracellular matrix (e.g., collagen, fibronectin, and
laminin), MMPs (e.g., MMP1, MMP2, and various ADAM
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proteins), and numerous signaling molecules (e.g., HGF, galectin-
1, PDGF, and TGF-β). Biological processes related to the MSC
proteome, as identified by STRING, included wound healing,
extracellular matrix organization and disassembly, cell adhesion,
neurogenesis, and axonogenesis. In vitro, MSC EVs were found
to exert a neuroprotective effect on apoptotic cells as measured
by increases in neurite outgrowth and branching points. Further
analysis supported a potential role for galectin-1, which was
present on the surface of EVs, in mediating these functions as
pre-incubation of EVs with anti-galectin-1 partially abrogated the
neuroprotective effects (Kumar et al., 2019).

Finally, a recent study compared various size EVs, including
exomeres, from a variety of cancer cell lines (Zhang et al., 2019).
Exomeres represent the most recently discovered and smallest
type of EV, with an estimated size of ≤50 nm. Here, these
colleagues found that exomeres were enriched in proteins relating
to metabolism, glycan processing, and mTORC1 signaling;
confirming observations from a previous study (Zhang et al.,
2018) of exomeres. Interestingly, exomeres were also enriched in
Argonaute (Ago 1, Ago 2, and Ago 3) proteins and contained
a higher amount of small RNAs relative to EVs, indicating
that miRNAs may be enriched in exomeres (Zhang et al.,
2019). Further studies are needed to see if this data reproduces
in stem cell EVs.

EV-Associated Lipids and Other
Metabolites
Lipids also play an important role in EV biogenesis and are
involved in several steps relating to EV fate and bioactivity.
For example, it has been shown that EV-associated lipids (e.g.,
phosphatidylserine and lysophosphatidylcholine) are required
to bridge intercellular communication (Freeman et al., 2010)
and, furthermore, can serve as chemoattractants for lymphocytes
(Radu et al., 2004) and induce maturation of dendritic cells
(Perrin-Cocon et al., 2004; Deng H. et al., 2018). Previous
research has also revealed that MSC EVs contain several
critical glycolytic enzymes, namely glyceraldehyde-3-phosphate
dehydrogenase, phosphoglycerate kinase, lactate dehydrogenase
A, aldolase A, enolases, and pyruvate kinase m2 isoform; many of
which are among the top 25 EV-associated proteins according to
ExoCarta (Lai et al., 2012; Toh et al., 2018).

Showalter et al. (2019) also found that EVs from primed
MSCs, which had been cultured in serum free medium under
hypoxic conditions, displayed altered lipidomic and metabolic
profiles. Specifically, EVs had a higher content of lipid membrane
components (e.g., phosphatidyl-ethanolamine phospholipids,
ceramide, and lysophosphatidylcholines) and were packaged
with metabolites linked to carbohydrate, amino acid, and
nucleoside metabolism. Moreover, several distinct metabolites
with immunomodulatory functions (e.g., adenosine, arginine,
aspartic acid, cholesterol, glutamine, nicotinamide, palmitic acid,
and isoleucine) were also detected in EVs (Showalter et al., 2019).
This data suggests that priming of cells has the potential to
reprogram the metabolic profile of EVs and that this altered
metabolic content may enhance their functional capabilities in
recipient cells.

The lipid content of EVs may also contribute to their observed
pro- or anti-inflammatory functional effects. For example, Toh
et al. (2018) found that EV subpopulations can be differentiated
based upon affinity for membrane lipid-binding ligands, namely
cholera toxin B chain (CTB), annexin V (AV) and Shiga toxin B
chain (ST), which bind to GM1 ganglioside, phosphatidylserine,
and globotriaosylceramide. Along these lines, it may be possible
to customize the mode of EV purification to better allow
for characterization of EV binding and delivery of cargo into
recipient cells.

Taken together, the results outlined in this section highlight
the complex and diverse nature of the biological cargo that
is associated with EVs from different sources of stem cells.
Despite this complexity, EVs from stem cells share the common
ability to exert protective and reparative effects in a wide range
of cellular contexts. Due to the heterogeneous nature of EV
cargo, it is not likely that one single candidate molecule is
responsible for eliciting a therapeutically relevant biological
response. Rather, EV-associated cargos are likely to work in a
complementary manner to synergistically mediate the pleiotropic
effects attributed to stem cell EVs. This synergy may hold
relevance from a therapeutic perspective considering the fact
that previous CNS trials based on single cytokines have been
unsuccessful due to factors relating to half-life, inability to access
CNS, and low distribution (Drago et al., 2013). Due to their rich
composition and their ability to cross the blood brain barrier,
stem cell EVs may overcome these challenges. However, the
kinetics underlying the interactions between EV cargo and their
target pathways have yet to be fully defined. A more thorough
understanding of the contribution of EV RNAs and proteins is
therefore necessary and will be absolutely required in order to
advance EV-based therapeutics.

STEM CELL EVs FOR CNS REPAIR

Recent years have experienced an abundant interest in the use
of stem cell EVs, particularly those derived from MSCs, to
treat various CNS pathologies. Several in vitro and in vivo
studies have demonstrated that these vesicles have the potential
to regulate various cellular processes, such as neurogenesis,
angiogenesis, and neuroinflammation, that are critical for the
repair of damaged CNS cells. In the following sections we
highlight and discuss many of these key findings. Tables 1, 2
summarize the respective in vitro and in vivo studies of the
selected references.

Stem Cell EV-Mediated Repair in vitro
Several recent studies have reported the neuroprotective effects
of stem cell EVs in various different recipient cell types. Using
an in vitro apoptotic model of the human neuroblastoma cell line
SHSY5Y, Kumar et al. (2019) found that treatment with EVs from
placental MSCs resulted in a significant increase in cell number,
circuitry length, and branch points. Analysis of EV proteomic
data revealed several pathways (e.g., adhesion, extracellular
matrix receptor interaction, PI3K-Akt, Rap1, and axon guidance)
that were regulated (Kumar et al., 2019). Using the same
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TABLE 1 | In vitro studies using stem cell EVs for CNS-related repair.

Study Vesicle source Vesicle type Vesicle cargo Recipient cell type Functional effect

Kumar et al., 2019 Placental MSCs;
human

Exosomes Galectin-1 SH-SY5Y; human neuroblastoma cell
line; treated with staurosporine to
induce apoptosis

Increased circuitry length, branch points,
and tube length; increased cell number

Ching et al., 2018 Adipose MSCs
differentiated into
Schwann cell-like
phenotype; rat

Exosomes miR-18a, miR-182,
miR-21, miR-222;
Gap43 and Tau
mRNA

NG108-15; mouse neuroblastoma cell
line

Increased neurite outgrowth

Yuan et al., 2019 BM-MSCs; human Exosomes Fibronectin SH-SY5Y; human neuroblastoma cell
line

Induced proliferation; promoted secretion
of mitogenic and neurotrophic factors

Bodart-Santos
et al., 2019

Wharton’s jelly
MSCs; human

EVs Catalase Primary hippocampal cells; rat;
exposed to AβOs

Reduced oxidative stress; prevented
AβO-induced synaptic damage

Bonafede et al.,
2016

Adipose MSCs;
mouse

Exosomes Not studied NSC34; mouse motoneuron-like cell
line expressing ALS mutations and
challenged with oxidative stress

Rescued cell viability; reduced apoptosis

Reis et al., 2018 BM-MSCs; human EVs miR-21-5p Monocyte-derived DCs; human Decreased antigen uptake by immature
DCs; modulated DC maturation and
secretion of cytokines; reduced DC
migration

Deng M. et al.,
2018

ESCs and
ESC-derived NPCs

Exosomes Not studied ESC-derived neurons; human;
oxygen–glucose deprivation

Increased neuronal survival; reduced
apoptosis; reduced expression of
pro-inflammatory factors; attenuated
mTOR signaling

EVs, extracellular vesicles; AβOs, amyloid beta oligomers; ALS, amyotrophic lateral sclerosis; MSCs, mesenchymal stem cells; BM, bone marrow; DCs, dendritic cells;
ESCs, embryonic stem cells; NPCs, neural progenitor cells; mTOR, mammalian target of rapamycin.

neuroblastoma cell line, another study found that exposure to
MSC EVs that had been generated under primed conditions
(reduced serum, 1% oxygen) induced cellular proliferation and
promoted secretion of several proteins with mitogenic and
neurotrophic functions (e.g., HGF, VEGF, TGFβ1/β3, FGF-7,
BDNF, GDNF, and PDGF-AA) (Yuan et al., 2019). Extensive
proteomic analysis confirmed that EVs were packaged with
over 700 extracellular proteins associated with proliferation;
among these fibronectin was the most abundant. Subsequent
assays using inhibitors against both Akt and fibronectin signaling
attenuated the mitogenic effects of EVs, thus demonstrating that
cellular proliferation was mediated in a fibronectin-dependent
manner (Yuan et al., 2019). The results from this study also
highlighted how EV biogenesis may be potentiated to enhance
their functional effects.

Ching et al. (2018) found that EVs isolated from adipose
stem cells which had been differentiated into a Schwann
cell-like phenotype could promote neurite outgrowth in the
mouse neuroblastoma cell line NG108-15. Analysis of EV
RNA identified four miRNAs (miR-18a, miR-182, miR-21,
and miR-222) which have previously been shown to be
enriched in axons, promote Schwann cell proliferation, promote
neurite outgrowth and nerve regeneration, and inhibit neuronal
apoptosis (Strickland et al., 2011; Zhou et al., 2012; Iyer et al.,
2014; Zhou et al., 2015). Additionally, Gap43 and Tau-coding
mRNAs, which encode proteins important for neurite growth
and regeneration, were upregulated in EVs (Frey et al., 2000;
Ching et al., 2018). Treatment of NG108-15 cells with EVs
fluorescently labeled with an RNA-specific dye revealed that
EV-associated RNA was internalized and distributed among
the cell body and nerve axons. Interestingly, exposure of

EVs to UV light significantly reduced their neuritogenic
properties. Overall this data suggests that both EV miRNAs and
mRNAs may be important mediators of their functional effects
(Ching et al., 2018).

Bodart-Santos et al. (2019) recently reported the
neuroprotective effects of MSC EVs in response to damage
by amyloid-β oligomers (AβOs). Using rat primary hippocampal
cultures, the authors found that EVs rescued AβO-induced
oxidative stress by reducing the level of ROS to that of the
control and, moreover, that this effect was mediated by catalase
contained within the EVs. Since AβOs are known to reduce
the levels of pre- and post-synaptic marker proteins (Lourenco
et al., 2013; Brito-Moreira et al., 2017; Batista et al., 2018) the
effect of EVs on synaptic density was next examined. Notably,
a 22-h incubation with EVs was able to completely eliminate
synaptic damage and, again, this was found to be mediated in a
catalase-dependent manner. Interestingly, fluorescent labeling
of EVs revealed that they were primarily taken up by astrocytes
in the hippocampal cultures, thereby highlighting the potential
of stem cell EVs to mediate the function of astrocytes in AD
(Bodart-Santos et al., 2019). MSC EVs have also demonstrated
neuroprotective effects in an in vitro model of amyotrophic
lateral sclerosis (ALS). Here, Bonafede et al. (2016) utilized
different constructs of the motoneuron-like NSC-34 cell line
engineered to express 3 human ALS mutations [SOD1(G93A),
SOD1(G37R), and SOD1(A4V)]. Apoptosis was induced via
exposure to hydrogen peroxide; double staining with AO/PI
revealed that treatment with EVs restored cellular viability to
that of the control in each cell line tested (Bonafede et al., 2016).

Deng M. et al. (2018) recently evaluated the effects of
EVs from different cell types including ESCs and ESC-derived
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TABLE 2 | In vivo studies using stem cell EVs for CNS-related repair.

Study Disease
model

Vesicle
source

Vesicle type Route of
administration

Outcomes

Huang et al., 2017 SCI BM-MSCs; rat Exosomes Tail vein injection Reduced lesion size; reduced apoptosis and inflammation;
promoted angiogenesis

Li et al., 2018 SCI BM-MSCs
over-expressing
miR-133b; rat

Exosomes Tail vein injection Improved functional recovery; decreased lesion cavity; preserved
NeuN+ neurons; enhanced axonal outgrowth

Ruppert et al.,
2018

SCI BM-MSCs;
human

EVs Tail vein injection Improved locomotor recovery and mechanical sensitivity threshold;
attenuated neuroinflammation

Liu W. et al., 2019 SCI BM-MSCs; rat Exosomes Tail vein injection Reduced apoptosis and formation of glial scars; promoted axon
regeneration; suppressed activation of microglia and A1 neurotoxic
astrocytes

Lu et al., 2019 SCI BM-MSCs; rat EVs Tail vein injection Improved motor recovery; reduced neuronal death; preserved
BSCB integrity; increased BSCB pericyte coverage

Zhao C. et al., 2019 SCI BM-MSCs; rat Exosomes Tail vein injection Improved motor function; attenuated complement activation;
inhibited NFκB activation

Ni et al., 2019 TBI BM-MSCs; rat Exosomes Retro-orbital
injection

Reduced lesion area; reduced apoptosis and inflammation;
downregulated M1 phenotype and upregulated M2 phenotype

Sun et al., 2019 TBI NSCs; human EVs Tail vein injection Enhanced migration of NSCs to site of injury; increased VEGFR2
expression; improved motor function

Williams et al.,
2019

TBI BM-MSCs;
human

Exosomes Intravenous
injection

Reduced injury severity; improved neurocognitive recovery

Drommelschmidt
et al., 2017

Perinatal
brain injury

BM-MSCs;
human

EVs Intraperitoneal
injection

Reduced cellular degeneration and apoptosis; prevented reactive
gliosis; improved myelination and cognitive deficits; restored white
matter integrity

Thomi et al., 2019 Perinatal
brain injury

Wharton’s jelly
MSCs; human

Exosomes Intranasal
administration

Reduced expression of pro-inflammatory molecules; reduced
microgliosis

Chang et al., 2019 Sepsis
syndrome

Adipose MSCs;
rat

Exosomes Intravenous
injection

Reduced infiltration of inflammatory cells in brain tissue; reduced
expression of brain damage biomarkers, apoptotic markers,
inflammatory biomarkers, and oxidative stress biomarkers

Ding et al., 2018 AD UC-MSCs;
human

Exosomes Tail vein injection Improved spatial learning and memory; reduced Aβ plaques;
increased expression of Aβ-degrading enzymes; alleviated
neuroinflammation

Elia et al., 2019 AD BM-MSCs;
mouse

EVs Intracerebral
injection

Reduced Aβ plaque area; reduced plaque solidity; reduced
formation of dystrophic neurites

Reza-Zaldivar et al.,
2019

AD MSCs; human Exosomes Stereotaxic surgery Improved cognitive functions and increased neurogenesis

Long et al., 2017 Status
Epilepticus

BM-MSCs;
human

Exosomes Intranasal Reduced expression of pro-inflammatory cytokines; reduced
activation of microglia; reduced neuronal loss; reduced loss of
inhibitory interneurons; preserved reelin+ neurons

Xin et al., 2013a Stroke BM-MSCs; rat Exosomes Tail vein injection Improved functional recovery; increased synaptic plasticity, neurite
remodeling, neurogenesis, and angiogenesis

Xin et al., 2013b Stroke BM-MSCs; rat Exosomes Tail vein injection Increased synaptic plasticity and neurite remodeling; promoted
neurogenesis and angiogenesis

Doeppner et al.,
2015

Stroke BM-MSCs;
human

EVs Intravenous
injection

Improved neurological recovery; increased long-term neuronal
density; increased angioneurogenesis; reversed lymphopenia

Xin et al., 2017b Stroke BM-MSCs
over-expressing
miR-133b; rat

Exosomes Intra-arterial
injection

Improved neurological outcome; increased axonal density and
synaptic plasticity

Xin et al., 2017a Stroke BM-MSCs
over-expressing
miR-17-92; rats

Exosomes Intravenous
injection

Improved functional recovery; increased neurite remodeling;
increased neurogenesis and oligodendrogenesis

Otero-Ortega et al.,
2018

Stroke Adipose MSCs;
rat

EVs Tail vein injection Promoted axonal sprouting; increased expression of
oligodendrocyte-associated markers; promoted myelin restoration

Webb et al., 2018 Stroke NSCs; human EVs Intravenous
injection

Decreased lesion volume and cerebral swelling; preserved diffusivity
and white matter integrity; increased exploratory behavior and
motor activity; improved temporal and spatial gait parameters

Deng et al., 2019 Stroke BM-MSCs;
mouse

Exosomes Injection (not
specific)

Reduced neuronal apoptosis; reduced inflammation

(Continued)
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TABLE 2 | Continued

Study Disease
model

Vesicle
source

Vesicle type Route of
administration

Outcomes

Baulch et al., 2016 Irradiation NSCs; human MVs Intrahippocampal
transplantation

Improved cognitive function; reduced activation of microglia;
preserved structure of hippocampal neurons

Smith et al., 2020 Irradiation NSCs; human EVs Intrahippocampal
transplantation

Preserved dendritic complexity; protected neurons against
degradation; increased dendritic spine density; reduced activation
of microglia

EVs, extracellular vesicles; MVs, microvesicles; MSCs, mesenchymal stem cells; NSCs, neural stem cells; BM, bone marrow; UC, umbilical cord; TBI, traumatic brain
injury; SCI, spinal cord injury; BSCB, blood spinal cord barrier; NSCs, neural stem cells; Aβ, amyloid beta.

neural progenitor cells. Addition of these EVs to oxygen–glucose
deprived (OGD) human neurons resulted in increased survival
rate, reduction of apoptosis, and attenuation of OGD-induced
expression of pro-inflammatory factors (e.g., COX-2, iNOS, and
TNFα). Further analysis indicated that EVs also exerted effects
on the mammalian target of rapamycin signaling pathway as
measured by decreased expression of p-AMPK and increased
expression of p-PI3K p85 and p-Akt (Deng M. et al., 2018).

From an immunological perspective, Reis et al. (2018)
were the first to perform a comprehensive analysis of the
immunomodulatory effects MSC EVs on the function of
human dendritic cells (DCs) in vitro. When DCs were exposed
to EVs antigen uptake was impaired, expression of CD83,
CD38, CD80 maturation/activation markers were reduced,
pro-inflammatory cytokine secretion was decreased, and anti-
inflammatory cytokine production was increased. Furthermore,
the expression of CCR7, a known regulator of DC migration, was
also reduced and DCs exhibited a significant reduction in their
ability to migrate to the CCR7 ligand CCL21 after treatment with
EVs. When EV miRNA content was analyzed, several miRNAs
with known effects on DC function and maturation (e.g., miR-
21-5p, miR-142-3p, miR-223-3p, and miR-126-3p) were within
the top 10. Among these miR-21-5p was found to target
CCR7, and DCs engineered to overexpress this miRNA partially
recapitulated the effects associated with MSC EV treatment (Reis
et al., 2018). Therefore, EV-associated miRNA may be responsible
for modulating DC phenotypes.

Stem Cell EV-Mediated Repair in vivo
SCI, TBI, and Other Brain Injury
The neuroprotective effects of stem cell EVs on various types of
brain injury has been highly studied. In the context of spinal cord
injury (SCI), Liu W. et al. (2019) performed a comprehensive
analysis and found that MSC EVs attenuated neuronal death,
reduced formation of glial scars, suppressed microglia and
neurotoxic astrocyte (A1) activation, reduced the production of
pro-inflammatory cytokines (e.g., TNFα, IL-1β, and IL-6), and
promoted axon regeneration. Here, the suppression of microglial
and A1 activation was postulated to reduce neuronal apoptosis
and contribute to the overall neuronal repair necessary for the
recovery of functional behavior in rats (Liu W. et al., 2019). These
results were consistent with an earlier study by Huang et al.
(2017) who also found that administration of MSC EVs improved
hindlimb locomotor activity of rats and reduced lesion size

post-SCI. Treatment with EVs also reduced apoptosis, decreased
levels of TNFα and IL1β, and promoted angiogenesis; again
indicating that EVs could ameliorate the effects associated with
brain trauma and promote tissue repair and functional recovery
(Huang et al., 2017).

Ruppert et al. (2018) have also reported beneficial effects
of MSC EVs in a rat model of SCI. Specifically, locomotor
recovery improved, mechanical hypersensitivity increased, and
neuroinflammation was attenuated in response to EVs from
both unstimulated and TNFa/IFN-γ stimulated MSCs. Notably,
these effects were observed despite administration of treatment
3 h post-injury, a timeframe which is expected to have a
more realistic translation to real-world application (Ruppert
et al., 2018). Lu et al. (2019) recently examined the effects of
EVs on the blood-spinal cord barrier (BSCB) following SCI.
Here, treatment with EVs was associated with a reduction
of BSCB permeability and an increased coverage of PDGFRβ

positive pericytes. Mechanistically, the functional effects of EVs
were attributed to a downregulation of NFκB p65 signaling
(Lu et al., 2019). In another study, Zhao C. et al. (2019)
investigated the effects of MSC EVs on the complement
system after SCI. Proteomic analysis revealed downregulation of
several complement proteins in EV-treated animals and RT-PCR
confirmed signification reductions in C1q, Cfh, C3, C4b, C6, C5,
Mbl, Cfp complement mRNA. Additionally, EVs downregulated
p-p65 and p-IκBα, thereby inhibiting the SCI-induced activation
of NFκB (Zhao C. et al., 2019).

Interestingly, Li et al. (2018) demonstrated that MSC EVs
could be engineered with enhanced levels of miR-133b, a miRNA
which has previously been associated with neuroprotective
properties (Xin et al., 2012, 2013b; Lu et al., 2015; Niu et al., 2016).
Administration of miR-133b EVs promoted functional recovery,
decreased lesion volume, and promoted axonal outgrowth after
SCI relative to control EVs. Treatment with EVs also resulted in
decreased expression of RhoA, a known target of miR-133b that
is associated with neuronal death (Wu et al., 2017) and increased
phosphorylation of ERK1/2, STAT3, and CREB (Li et al., 2018).
These results suggest that the neuroprotective effects of miR-133b
EVs may be mediated through the activation of pathways relating
to cell survival and axon regeneration.

Ni et al. (2019) studied the functional properties of MSC
EVs during the early stages post-TBI. Here, retro-orbital
injection of EVs not only improved behavioral performance
but also attenuated apoptosis and reduced the expression of
IL-1β and TNFα in the injured cortex. Immunofluorescence
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revealed a decrease in iNOS+/Iba1+ cells and an increase in
CD206+/Iba1+ cells 3 days post-injury, suggesting that EVs
modulated the polarization of microglia/macrophages from the
classic (M1) to the alternative (M2) phenotype (Ni et al.,
2019). Sun et al. (2019) also evaluated the functional and
histological effects of human neural stem cell EVs in a rat model
TBI. They found that EV-treated animals exhibited reduced
tissue loss, increased presence of neural stem cells around the
injury site, increased expression of vascular endothelial growth
factor receptor 2 (VEGFR2), and demonstrated enhanced motor
function. Interestingly, the authors noted that these effects
appeared to be stronger in male rats, a finding that warrants
further investigation into the potential sex-dependent effects of
EVs (Sun et al., 2019). Williams et al. (2019) also observed
protective effects of MSC EVs in a clinically relevant large animal
model of TBI. Assessment of neurocognitive functions strongly
suggested that EV treatment attenuated the severity of injury and
permitted faster recovery (Williams et al., 2019).

Thomi et al. (2019) also found that MSC EVs decreased
production of pro-inflammatory cytokines TNFα, IL-1β and
reduced microgliosis in a rat model of perinatal brain
injury. Through subsequent studies it was found that the
anti-inflammatory effects of EVs were partially mediated via
interference with the TLR-4/CD14 signaling cascade (Thomi
et al., 2019). In a similar study Drommelschmidt et al. (2017)
also observed that MSC EVs reduced apoptosis and cellular
degeneration in both the cortex and white matter, prevented
reactive gliosis of microglia and astrocytes, and improved
myelination. Additionally, EV treatment improved cognitive
deficits (e.g., memory function and exploratory activity) and
improved white matter integrity after inflammatory brain injury
(Drommelschmidt et al., 2017). Thus, stem cell EVs may
contribute to functional recovery through the modulation of
brain microstructure and neuro- inflammation.

Lastly, Chang et al. (2019) evaluated the therapeutic potential
of MSC EVs against sepsis- syndrome induced brain damage.
Results from this study revealed several neuroprotective effects in
response to EV treatment; these included a reduced infiltration
of inflammatory cells (e.g., F4/80+, CD14+, MMP-9+, and
GFAP+ cells), reduced expression of brain damage biomarkers
(e.g., AQP4 and γ-H2AX), and reduced expression of apoptotic
and oxidative stress biomarkers. However, the authors noted
the most important finding to be the potential EV-mediated
suppression of a DAMP component (HMGB1) as well as several
of its downstream inflammatory markers (e.g., TLR-2, TLR-4,
MYD88, IL-1β, TNFα, NFκB, and MMP-9) (Chang et al., 2019).
Since the brain is highly susceptible to damage associated with the
inflammatory response, these results suggest that stem cell EVs
may represent a novel therapeutic platform for sepsis syndrome.

Neurodegenerative Disorders
The therapeutic potential of MSC EVs has also been evaluated
in several animal models of neurodegeneration. Reza-Zaldivar
et al. (2019) found that MSC EVs significantly improved cognitive
function and neurogenesis in a beta amyloid 1-42 induced model
of AD. Notably, 28 days after administration, the outcomes
of EV-treatment animals were comparable to those of the

normal controls as assessed by Morris water maze and novel
object recognition tests as well as immunofluorescent analysis
of PSA-NCAM+ and DCX+ cells in the subventricular zone,
which indicated stimulation of neurogenesis (Reza-Zaldivar et al.,
2019). Ding et al. (2018) also found that MSC EVs were
functional in a double-transgenic mouse model of AD. Here,
administration of EVs improved spatial learning and memory,
lowered the number of amyloid beta (Aβ) plaques in the cortex
and hippocampus, and increased the levels of Aβ-Degrading
Enzymes Insulin-degrading enzyme (IDE) and Neprilysin (NEP).
Results from RT-qPCR showed increased gene expression of M2
microglia markers YM-1, Arg-1, MRC1, and ELISA confirmed
reduced levels of pro-inflammatory cytokines IL-1β and TNFα

in both the peripheral blood and brains of EV-treated animals,
suggesting that EVs could alleviate neuroinflammation through
the alternative activation of microglia (Ding et al., 2018). Elia
et al. (2019) also investigated the effects of MSC EVs during
the early stages of AD using the APPswe-PS1dE9 double
transgenic mouse model. EVs strongly reduced the Aβ plaque
area, plaque solidity, and plaque density in different regions
of the brain, leading the authors to propose that EVs not
only facilitated disaggregation of pre-existing plaques but also
slowed the formation of new ones. Immunostaining further
revealed a decrease of Smi31-32 positive neurofilaments in
the brains of treated animals, indicating that EVs reduced
the formation of dystrophic neurites around Aβ plaques
(Elia et al., 2019).

Neuroprotective effects of MSC EVs have also been observed
in a mouse model of status epilepticus (SE). Notably, labeling of
EVs revealed robust localization to neurons (frontoparietal cortex
and the dorsal hippocampus) and microglia (rostral regions of
cortex) after SE (Long et al., 2017). EV treatment reduced the
expression of 7 pro-inflammatory cytokines [TNFα, IL-1β, MCP-
1, stem cell factor (SCF), MIP-1α, GM-CSF, and IL-12], increased
the expression of 5 anti-inflammatory cytokines/growth factors
(IL-10, G-CSF, PDGFβ, IL-6, and IL-2), and prevented aberrant
neurogenesis in the hippocampus. Moreover, EVs decreased
microglia activation in the hippocampus, increased expression
of NeuN neurons, and reduced the loss of PV, SS, and NPY
GABAergic interneurons in the hippocampus. Behavioral studies
confirmed that EV-treated animals demonstrated enhanced
performance in object location test, novel object recognition
test, and pattern separation test; collectively suggesting that stem
cell EVs may repress the neuroinflammation, neurodegeneration,
and cognitive impairments associated with SE (Long et al., 2017).

Stroke
Xin et al. (2013a) evaluated the effects of MSC EVs on
functional recovery and neuronal remodeling in a rat model of
stroke. These studies were the first to show that EV treatment
increased synaptic plasticity, neurite remodeling, neurogenesis,
and angiogenesis in the ischemic boundary zone (Xin et al.,
2013a). In separate studies, these colleagues subsequently found
that engineering of MSC EVs to overexpress either miR-133b
(Xin et al., 2017b) or miR- 17-92 cluster (Xin et al., 2017a) further
amplified many of these outcomes. Interestingly, it was shown
that the miR-17-92 over-expressing EVs decreased the levels of
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PTEN, leading to activation of downstream PI3K/Akt/mTOR
signaling and subsequent inactivation of GSK-3β. Thus, the
therapeutic benefits of these EVs were attributed to direct
targeting of the PTEN axis (Xin et al., 2017a).

In addition to the neuroprotective and neuroregenerative
properties listed above, Doeppner et al. (2015) also observed that
MSC EVs exerted effects on the peripheral immune response
in a mouse model of ischemic stroke. Specifically, EVs were
found to deactivate dendritic cells and to reverse lymphopenia
at 6 days post-injury as measured by absolute counts of B-
cells, NK cells, and T cells. Due to the fact that MSC EVs are
generally regarded for their anti- inflammatory actions, these
results were particularly important because they demonstrated
that MSC EVs do not exacerbate post-stroke immunosuppression
(Doeppner et al., 2015).

Mesenchymal stem cells EVs have also been shown to
contribute to the repair of white matter in a rat model
of subcortical stroke. As shown by Otero-Ortega, a single
administration of MSC EVs not only improved functional
recovery but also enhanced axonal sprouting, promoted myelin
restoration, and increased the expression of several markers
related to oligodendrocyte maturation (e.g., CNP-ase, A2B5,
and MOG) (Otero-Ortega et al., 2018). Deng et al. (2019)
recently showed that MSC EVs over- expressing miR-138-5
further reduced neuronal apoptosis and expression of IL-6, IL-
1β, and TNFα relative to control MSC EVs in a middle cerebral
artery occlusion mouse model. These effects were believed to
be largely mediated via miR-138-5 targeting of LCN2, a protein
which is highly associated with brain injury and inflammation
(Deng et al., 2019).

Using a large animal model of ischemic stroke, Webb et al.
(2018) studied the effects of human neural stem cell EVs at both
the functional and tissue level. EV treatment decreased lesion
volume and cerebral swelling and, furthermore, examination of
tissue 84 days post- injury revealed preservation of white matter
integrity. Additionally, EV-treated animals displayed increased
exploratory behavior and motor activity and exhibited improved
temporal and spatial gait parameters (Webb et al., 2018). Thus,
the results from these experiments provided clinically relevant
end points for the therapeutic application of stem cell EVs against
stroke. Many of the results described in this subsection have been
further discussed in a recent review by Doeppner et al. (2018).

Irradiation
Different studies have also pointed toward an EV-mediated repair
in tissue that has been damaged by irradiation. This is particularly
important considering that cancer patients exposed to cranial
irradiation often develop debilitating cognitive dysfunction
(Meyers, 2000; Butler et al., 2006). The first evidence of this
was provided by Baulch et al. (2016) who performed cranial
grafting of EVs from human neural stem cells (hNSCs) into
the hippocampus of rat subjects that had been exposed to
10 Gy of irradiation. These authors found that 1 month
after transplantation, EV-treated animals exhibited significant
improvements in three different cognitive tasks (novel object
recognition, novel place recognition, and object in place).
While exposure to irradiation severely compromised neuronal

complexity and architecture, grafting of EVs reduced the damage
to hippocampal neurons as visualized by Golgi staining and
quantification of different structural parameters (e.g., dendritic
length, volume, and capacity). Moreover, EVs significantly
reduced the amount of activated microglia in brain regions that
were proximal and distal to the site of engraftment, thereby
suggesting that EVs may spare the brain from irradiation-
induced cognitive deficits (Baulch et al., 2016).

In a more recent follow-up study, these effects were further
explored using a similar experimental design (Smith et al., 2020).
Here, treatment with EVs restored dendritic spine density and
preserved dendritic complexity. These results were attributed to
the EV-mediated restoration of the neurotrophic factor glial cell
line-derived neurotrophic factor (GDNF), which was detected
in higher levels in the ipsilateral and contralateral regions of
EV-treated animals. Further experiments also revealed that EV
treatment attenuated the irradiation-induced increase of the
postsynaptic scaffolding protein PSD-95, a protein which has
strongly correlated to the cognitive reductions associated with
irradiation (Smith et al., 2020). Taken together, these studies
strongly suggest that stem cell EVs may have the potential
to mitigate the detrimental and debilitating side effects that
are associated with cranial radiation. A more comprehensive
review of this innovative topic was recently published by
Leavitt et al. (2019).

Engineered EVs
The production of “designer” EVs with enhanced therapeutic
potential have also been reported. For example, EVs from MSCs
that were stimulated with IFNγ have proven to be effective
in repairing and reversing cellular damage in an experimental
autoimmune encephalomyelitis (EAE) mouse model. Here,
Riazifar et al. (2019) demonstrated that administration of EVs
yielded several beneficial effects such as reduced demyelination,
decreased neuroinflammation, induction of CD4+ CD25+
FOXP3+ regulatory T cells (Tregs), in addition to the observed
functional Improvements. RNA sequencing further revealed that
these EVs were enriched with anti-inflammatory RNAs, including
Indoleamine 2,3-dioxygenases 1 and Thymosin beta 10 mRNA as
well as miR-146b, and proteomic analysis of EVs also identified a
number of neuroprotective proteins (e.g., Galectin-1, Aggrecan,
Testican 1, and Periostin) (Riazifar et al., 2019). Thus, this study
demonstrated that the priming of donor stem cells may produce
EVs with enhanced functional ability.

Interestingly, Kojima et al. (2018) have generated an EXOtic
device which simultaneously enhances EV biogenesis and RNA
packaging into EVs as well as EV secretion and delivery of mRNA
into recipient cells. Implantation of EXOtic into a mouse model
of PD resulted in the production of EVs that could successfully
deliver therapeutic catalase mRNA into the brain which, in
turn, reduced neuroinflammation and attenuated neurotoxicity.
While these results were obtained using a construct generated
with human embryonic kidney (HEK) cells, the authors also
noted that the EXOtic device had demonstrated functionality in
MSCs (Kojima et al., 2018). Overall, this system is of particular
interest since the implantation of modified producer cells can
constitutively produce drug-containing EVs, which may offer
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a long-term therapeutic approach for conditions that require
repeated or long-term treatment.

In summary the in vitro and in vivo studies referenced
above have shown that EVs from different sources of MSCs
can exert potent, multifunctional effects in various scenarios
of CNS damage. The observed effects include modulation of
neuroinflammation via polarization of M1 and A1 astrocytes
to their alternative M2/A2 phenotypes and mediation of
other neuroprotective effects that are characterized by reduced
cell death, enhanced neurogenesis and neurite outgrowth,
and reduction of synaptic damage (Figure 1). Collectively,
these outcomes may contribute to the partial repair or
reversal of associated functional and neurological impairments.
Furthermore, the performance of numerous animal studies has
shown that the in vitro effects of stem cell EVs can be effectively
recapitulated in vivo and this has been showcased in various
animal models of CNS injury. Figure 2 summarizes the general
effects associated with the in vivo administration of stem cell EVs
in the general context of SCI, although it is important to note that
the neuroprotective effects of stem cell EVs are conserved across
a wide range of pathological conditions. While these results are
largely observed in response to MSC EVs, our previous research
has suggested that EVs from human iPSCs may also promote
the recovery of certain CNS cell types, namely astrocytes and
monocyte-derived macrophages, under radiation-induced stress.

Moreover, we have observed distinct differences in EV-associated
cytokines and lncRNAs among MSC and iPSC EVs (Branscome
et al., 2019). This is a new and exciting area of research which
deserves further attention to better characterize the effects of
iPSC EVs both in vitro and in vivo in the context of CNS repair.
Additionally, these types of studies will be critical to determine if
the functional effects conveyed by MSC EVs can be reproduced
using EVs from different sources of stem cells and, furthermore,
to distinguish any potential differences in mechanisms which
may exist between stem cell EVs.

PRO- AND ANTI-TUMORIGENIC
EFFECTS OF STEM CELL EVs

It is also worth noting, as pointed out in a recent review, that there
have been contrary publications on the effects of EVs that support
either cancer progression or suppression (Katsuda and Ochiya,
2015). For instance, several studies have provided evidence that
MSC EVs may support and promote a cancer phenotype (Zhu
et al., 2012; Lin et al., 2013; Munoz et al., 2013; Roccaro et al.,
2013; Du et al., 2014), whereas others have demonstrated an
overall anti- tumorigenic effect of MSC EVs (Fonsato et al., 2012;
Bruno et al., 2013; Katakowski et al., 2013; Wu et al., 2013).
Although these studies are well-designed and controlled, it is

FIGURE 1 | Stem cell EV-mediated repair of CNS damage in vitro. CNS injury induces an inflammatory response characterized by increased levels of
pro-inflammatory astrocytes (A1) and microglia (M1). Stem cells secrete a heterogenous population of EVs which promote the polarization of astrocytes and
microglia into their A2 and M2 anti-inflammatory phenotypes, respectively. This confers an overall neuroprotective phenotype. Figure adapted from Katsuda and
Ochiya (2015) and Deng M. et al. (2018).
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FIGURE 2 | Stem cell EV-mediated CNS repair in vivo. SCI results in the disruption of the blood spinal cord barrier. Upon injury, stem cell EVs can be administered
via several different routes. Treatment with stem cell EVs is characterized by both functional and histological improvements. Figure adapted from Guo et al. (2019)
and Riazifar et al. (2019).

important to note that there are differences in the recipient cell
types used and this may impact the ultimate phenotype that
is observed upon uptake of EVs. For example, as described by
Wu et al. (2013), MSC EVs attenuated growth of bladder cancer
cells, while Du et al. (2014) found that MSC EVs promoted the
growth of renal cancer cells. At this point, it is hard to accurately
assess whether these observed phenotypes may be impacted by
the EV donor cells (due to age, sex, genetic differences, etc.) or
if they are related to the specific nature of the recipient cancer
cells. Additionally, future studies should also evaluate check point
proteins such as p53, retinoblastoma protein, Cdks and cyclins,
all of which have the capacity to contribute to the survival of
cancer cells under stressful conditions. Therefore, this area of
research deserves more focused attention in the future to clearly
assess whether the observed effects of MSC EVs are linked to the
genetic alteration of cancer cells or, alternatively, if they are due
to a ‘hit and run’ phenotype where EVs initially suppress tumor
growth followed immediately by initiation of repair pathways
which promote cellular migration and growth.

FUTURE PERSPECTIVES

The research outlined in this review highlights the multi-
functional and “holistic” properties associated with stem cell
EVs and how they may contribute to CNS repair. However,
whether the primary modes of action are mediated by proteins,
RNAs, or other EV-associated factors remains to be resolved.
Therefore, further insight into the molecular and biochemical
mechanisms by which stem cell EVs exert their functional effects

is required, especially if EV-based therapeutics are to advance to a
clinical setting. Equally significant from a regulatory perspective
is immunogenicity. Along these lines, it is necessary to emphasize
the observed hypoimmunogenic nature of stem cell EVs. As
highlighted in a recent review, over 60% of the in vivo studies
using MSC EVs have administered human material into various
animal models with no adverse effects on immunogenicity (Elahi
et al., 2020). Additionally, none of the research referenced in this
review made specific references to any EV-associated toxicity.

Several other factors, including reproducibility, quality, and
scalability must also be taken into account when considering
the future of EV-based therapeutics (Phinney and Pittenger,
2017). These points could be addressed by the development
of standardized protocols which would promote harmonization
among laboratories and allow for tighter controls over the
manufacturing and characterization of EVs. While there is no
gold standard for EV purification, scalable technology, such as
tangential flow filtration, is effective for the production of bulk
material from a single donor and can also reduce lot-to-lot
variability. Further purification can then be achieved through
the use of immunoaffinity or ion-exchange chromatography
(Colao et al., 2018). The use of these procedures could not only
streamline EV manufacturing but also improve purity and yield
as the use of chromatography offers the advantage of being able to
isolate EV subpopulations based on their biochemical properties.

Recent advances in high-throughput technology have
allowed for the unbiased screenings of the RNA and proteomic
components of stem cell EVs and many studies have identified
functionally relevant EV-associated cargo. As the field
moves forward it will be critical to rigorously validate and
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confirm this data to achieve GMP compliance. Additionally,
thorough characterization of the molecular content of each EV
subpopulation (microvesicles, exosomes, exomeres, etc.) will be
necessary to support the potential therapeutic use of stem cell EVs
(Jafari et al., 2019). A more comprehensive assessment relating
to the production of EV therapeutics has also been published by
Gimona et al. (2017).

With respect to EV-associated cargo, it is important to
acknowledge the recent work of others who have reported
that media components often contain contaminating RNAs that
co- precipitate with EVs. For instance, Mannerström et al.
(2019) screened multiple samples of EV-depleted FBS as well as
commercially manufactured serum- and xeno-free media. RNA
sequencing data confirmed the presence of small ncRNA (e.g.,
miRNA, tRNA, yRNA, and snRNA) contaminants in each of
these samples (Mannerström et al., 2019). In a similar study,
Auber et al. (2019) also analyzed the RNA content of chemically
defined, serum free media and found that exogenous miRNAs
co-isolated with EVs. Interestingly, the supplemental component
primarily responsible for this contamination was identified as
catalase (Auber et al., 2019). This data underscores the absolute
need for the inclusion of control samples of unconditioned media
in order to properly validate all RNA sequencing data. From
a regulatory perspective, this is a critical issue that should be
addressed when considering the future therapeutic application of
stem cell EVs. For a more thorough discussion of this topic we
direct the reader to a recent review by Tosar et al. (2017).

CONCLUDING REMARKS

There remains an unmet need for the development of effect
CNS therapies. In recent years, the fields of EV research and
stem cell biology have merged and, thus, paved the way for
the development of next generation therapeutics which have the
potential to simultaneously harness the regenerative properties of
stem cells while reducing the potential adverse effects associated
with stem cell therapy. Due to their ability to transfer a rich source
of biological cargo between cells, EVs are natural mediators of
cellular communication. As complex injury may necessitate a
multi-faceted therapeutic approach, EVs may be naturally poised
to deliver these effects. Relative to cell-based therapy EVs offer
unique advantages including increased stability and potency,
improved shelf life, and lower immunogenicity (Seo et al., 2019).
The use of stem cell EVs therefore represents a new paradigm that

holds tremendous potential for regenerative medicine. This holds
true not only for the CNS, but for any pathological condition
characterized by tissue injury or damage.

To underscore this, the COVID-19 outbreak can be used
as an example. In the race to develop treatments against this
novel infection in the face of a global pandemic, researchers and
clinicians have turned to stem cells as an alternative therapeutic
strategy. Two recent publications have already reported that
transplantation of MSCs in critically-ill COVID-19 patients
successfully reduced life-threatening symptoms and led to
recovery (Leng et al., 2020; Liang et al., 2020). At the time of
publication there were already over two dozen studies listed on
clinicaltrials.gov that included stem cell therapy for COVID-19
treatment; one of which was specifically related to the use of
MSC EVs. Additionally, our lab has begun testing the effects of
stem cell EVs to repair COVID-19-related damage in multiple cell
types (e.g., neurons, astrocytes, macrophages, and T-cells) that are
important for regulating CNS function and BBB integrity. Now
more than ever these factors provide a strong justification for the
continued evaluation of EV-based therapeutics.
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Reciprocal neuron–glia cell communication is fundamental for the proper function of
the nervous system. Oligodendrocytes are the myelinating cells of the central nervous
system (CNS) that insulate and provide trophic support to neurons. This effective
interaction is crucial not only for myelination but also for long-term axonal survival and
neural connectivity. In recent years, exosomes have been portrayed as key players
in intercellular interaction in the context of the healthy and diseased CNS. They
act as communicating vehicles, true attachés operating between neurons and glial
cells. Despite the complex exosome circuitry within the nervous system, experimental
evidence supports the role of exosomes in modulating myelination. Oligodendrocytes
secrete exosomes in response to neuronal signals in an electric activity-dependent
manner. These released exosomes are then internalized by neurons, contributing to their
integrity and activity. In turn, neurons secrete exosomes to control the communication
between them and with myelinating cells in order to regulate synaptic function in
neuronal development, myelin maintenance, and neuroregeneration. In this review, we
provide a critical view of the current understanding on how exosomes, either from CNS-
resident cells or from the periphery, contribute to the formation and maintenance of
myelin and, additionally, on how the differential content of exosomes in normal and
pathological conditions foresees the use of these nanovesicles as putative diagnostic
and/or therapeutical agents in white matter degeneration-associated diseases.

Keywords: Exosomes, myelin, axon-oligodendrocyte unit, demyelinating diseases, biomarkers, therapeutic
vehicles, mesenchymal stem cells, secretome

INTRODUCTION

The CNS myelination mechanisms emerge from intercellular communication events that occur
during development and underlie dramatic morphological alterations. Oligodendrocytes produce
myelin, a lipid-rich membrane that wraps axons providing insulation and metabolic support. In
fact, the myelin sheet is metabolically coupled with its subjacent axon through cytoplasmic-rich
pathways and myelinic channels that allow movement of macromolecules into the periaxonal space.
One such example is the oligodendrocyte-derived lactate that is metabolized within myelinated
tracts for mitochondrial ATP production (Funfschilling et al., 2012; Simons and Nave, 2016).
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A considerable body of research has focused on the identification
of axonal- and oligodendrocyte-derived signals necessary for
CNS myelination (extensively reviewed by Chong and Chan,
2010). In the absence of neuronal biochemical instructions
but with appropriate biophysical cues, oligodendrocytes have
an intrinsic property to produce specialized myelin sheath
membranes and generate an appropriate 3D myelin architecture
(Lee et al., 2012, 2013; Bechler et al., 2015; Domingues et al.,
2018). However, the myelination process is permissive to neural
activity dependent on action potentials capable of stimulating
neighboring oligodendrocytes to myelinate axons (Gibson et al.,
2014; McKenzie et al., 2014; Etxeberria et al., 2016). This
interaction between axon and oligodendrocyte in the internodal,
paranodal, and juxtaparanodal regions is highly dynamic and
mediated by cell–cell adhesion and tight junction molecular
complexes (Devaux and Gow, 2008; Elazar et al., 2019). Yet,
cell contact-independent mechanisms also take place and are
mediated by paracrine signaling. In this context, molecular
cues can be released in their soluble form or confined into
extracellular vesicles (EVs) to elicit various responses at the
targeted cell (Colombo et al., 2014). EVs are a heterogeneous
group of membrane vesicles of endosomal or plasma membrane
origin, from which exosomes constitute the smallest type of
EVs, ranging in size between ∼30 and 150 nm. Exosomes were
first described in the 1980s as small EVs seen by electron
microscopy and secreted by reticulocytes (Harding et al., 1983;
Pan and Johnstone, 1983; Pan et al., 1985; Johnstone et al.,
1987). Of endosomal origin, exosomes are generated by the
trafficking of multivesicular bodies (MVBs) that are released
to the extracellular environment upon fusion with the plasma
membrane (extensively reviewed by Colombo et al., 2014). All
cells of the CNS release exosomes (Holm et al., 2018; Krämer-
Albers and Hill, 2018), including neurons (Fauré et al., 2006),
oligodendrocytes (Krämer-Albers et al., 2007; Fitzner et al.,
2011), microglia (Potolicchio et al., 2005), and astrocytes (Taylor
et al., 2007). These nanoscale vesicles are secreted both in
homeostatic and pathogenic conditions and work as messengers
in intercellular communication. Exosome cargo, consisting of
membrane and cytosolic proteins, lipids, and nucleic acids, are
released and targeted into a recipient cell in a specific manner
to induce changes in its physiology, as discussed in higher detail
in the next sections. In the context of the CNS, experimental
evidence suggests that exosomes are crucial players not only
in neuron–neuron (Chivet et al., 2014) but also in neuron–
glia (Men et al., 2019) communication, with large repercussions
in myelin development and repair (Krämer-Albers and Hill,
2018). If that is the case, what is their effective contribution to
myelin biogenesis and maintenance? Do these messengers work
in an iterative process? That is, do they work in feedback loops
where the production of both oligodendrocyte- and neuron-
derived exosomes is orchestrated in a synchronous manner
to promote a proper neural circuitry? Can myelination be
modulated by exosomes produced by other CNS-resident cells
or non-resident cells? Moreover, can exosomes derived from
young or stem cell microenvironments promote myelination
and, consequently, neuroregenerative effects? If so, can we
engineer artificial exosomes with specific contents to serve as

a CNS neuroregenerative biopharmaceutical asset? Here, we
review what is the current state of the art on how myelination
is influenced by exosomes, not only through the complex
interaction between CNS-resident cells but also by exosomes
of cells from peripheral origin. We also discuss the existing
gaps and how the knowledge of this expanding field can be
applied in human health through the use of exosomes as potential
diagnostic biomarkers and therapeutical agents.

EXOSOMES IN MYELIN DEVELOPMENT
AND MAINTENANCE

Myelin is a highly specialized membrane with a unique
structure and composition. In comparison to other membranes,
myelin possesses in its dry weight an opposite proportion
of lipids to proteins with more than 70% of lipids and
most of its protein composition is myelin-specific. Myelin
basic protein (MBP) and proteolipid proteins (PLP) are
the most abundant myelin proteins found in the compact
myelin fraction (Simons and Nave, 2016). Trajkovic et al.
(2006) found that oligodendrocytes produce and sort myelin
membrane upon neuronal request through regulation of
myelin trafficking. Specifically, PLP is internalized and stored
in late endosomes/lysosomes (LEs/Ls) of multivesicular and
multilamellar appearance and the transport of PLP from LEs/Ls
to the plasma membrane is triggered by neuronal signals
(Trajkovic et al., 2006). In 2007, it was shown for the first time
that oligodendrocytes secrete exosomes into the extracellular
space in a calcium dependent manner (Krämer-Albers et al.,
2007). Another study identified the sphingolipid ceramide to be
required for intraendosomal membrane transport and exosome
formation in oligodendrocytes (Trajkovic et al., 2008). In these
studies, oligodendroglial exosomes contained major amounts
of myelin proteins, such as PLP (Krämer-Albers et al., 2007;
Bakhti et al., 2011), MBP, myelin oligodendrocyte glycoprotein
(MOG), and 2’3’-cylic-nucleotide-phosphodiesterase (CNPase),
along with myelin-specific lipids and other proteins such as
14-3-3 proteins, heat shock proteins, dihydropyrimidinase-
related proteins, and peroxiredoxin. These chaperones and
enzymes involved in the management of oxidative stress
led the authors to speculate that these molecules may be
involved in providing trophic support to axons (Krämer-
Albers et al., 2007; Trajkovic et al., 2008; Bakhti et al., 2011).
Additionally, Bakhti et al. (2011) observed that exosomes
derived from oligodendrocytes have an autoinhibitory effect
in cell differentiation by reducing oligodendrocyte surface
expansion, in a process dependent of actomyosin contractility.
When in co-cultures with neurons, one or more factors in
the neuronal conditioned medium inhibited the release of
exosome-like vesicles from oligodendrocytes, suggesting that
neurons control myelin membrane biogenesis by regulating the
release of oligodendroglial autoinhibitory exosomes. In another
study with cell contact-independent co-cultures of neurons and
oligodendrocytes, Frühbeis et al. (2013) showed that neuronal
glutamate was able to trigger the release of oligodendroglial
exosomes in a process mediated by calcium entry through glial
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NMDA and AMPA receptors. Using microfluidic chambers, the
authors verified that oligodendroglial exosomes were internalized
by neurons by endocytosis at axonal and somatodendritic sites
and improved cell viability under stress conditions (Frühbeis
et al., 2013). Later, the same authors identified an extensive
spectrum of positive effects of oligodendroglial exosomes on
neuronal physiology, namely neuronal survival and antioxidant
activity upon oxygen-glucose deprivation, increased neuronal
firing rate, and transcriptional regulation (Fröhlich et al., 2014).
However, the specific molecules mediating such effects were
not identified. In a zebrafish myelination model, the inhibition
of neuronal synaptic vesicle release affected the myelinating
capacity of oligodendrocytes during their initial period of
sheath formation (Mensch et al., 2015). This work supports the
concept of glutamate-dependent myelination observed in vitro.
It remains to be seen whether in this model exosomes
are active participants in promoting neuron-oligodendrocyte
communication-mediated myelination.

Similar mechanisms of exosome release seem to operate
in myelinating cells of the peripheral nervous system (PNS)
but the exosome content of Schwann cells (SC) differs
from the ones described in oligodendrocytes. There is
evidence that after axotomy SC dedifferentiate and secrete
exosomes that are specifically internalized by dorsal root
ganglia (DRG) axons and promote axonal regeneration
after axotomy (Lopez-Verrilli et al., 2013). These exosomes
contained common exosome markers such as CD63, Tsg101,
Hsp70, Hsp90, and flotillin-1. In addition, they contained
p75-neurotrophin receptor (p75NTR), characteristic of a
dedifferentiated SC phenotype and usually expressed after
nerve damage. Recently, it was shown that upon DRG-derived
glutamate stimulus, Schwann cells released exosomes in
a calcium-dependent manner, which increased nerve cells
activity (Hu et al., 2019). Characterization of exosomes
from Schwann cells-conditioned medium by proteomics
revealed the presence of molecules that are closely related
to axon regeneration, such as carboxypeptidase E (CPE),
fatty acid-binding protein (FABP5), fibronectin, flotillin-2,
major vault protein (MVP), monocarboxylate transporter
1 (MCT1), neuropilin-2 (NRP2), septin-7 (SEPT7), protein
disulfide-isomerase A3 (PDIA3), and syntenin-1. It also
included αB-crystallin and galectin-1, which have anti-
inflammatory effects (Wei et al., 2019). Of note, these data
on SC exosome content differ from their CNS counterparts,
which may, at least in part, explain the higher remyelination
efficiency in the PNS.

Oligodendrocyte myelination is regulated by molecules
released by other glial cells such as microglia and astrocytes
(reviewed by Domingues et al., 2016) but the mechanisms
involving exosomes are still unknown. Nevertheless,
oligodendroglial exosomes were found to be efficiently
internalized by macropinocytosis by non-activated microglia,
both in vitro and in vivo. Significantly, inflammatory stimuli
decreased microglia internalization (Fitzner et al., 2011),
suggesting that this immunologically silent internalization may
represent a clearance mechanism to regulate myelin maintenance
under homeostatic conditions.

Altogether, these studies suggest that exosomes produced by
myelinating cells convey mechanisms of (1) storage of myelin
components for myelin membrane biogenesis, whose release
is regulated by neuronal stimuli; (2) transfer of trophic and
survival factors to surrounding axons under homeostatic and
stress conditions to support effective myelination; and (3) myelin
membrane maintenance (Figure 1).

EXOSOMES IN
DEMYELINATION-ASSOCIATED
CONDITIONS: CONCEIVABLE
BIOMARKERS OF DIAGNOSTICS AND
DISESASE PROGRESSION

If the content of exosomes is cell-specific and varies accordingly
with the biological process in homeostasis, the same logical
reasoning applies to the state of disease or injury. Indeed,
exosome content changes in response to disease (Manterola et al.,
2014; Fiandaca et al., 2015) and is able to cross the blood–brain
barrier (BBB) bidirectionally, especially in disease conditions
(Zhuang et al., 2011; Chen et al., 2016; Picciolini et al., 2018).
Also, their cargo is protected against degradation and can be
easily obtained from the patient’s body fluids such as peripheral
blood serum and cerebrospinal fluid (CSF) (Street et al., 2012;
Kanninen et al., 2016), making them potential candidates for
biomarker discovery in diagnostics and disease monitoring.

Demyelination is most commonly associated with the
autoimmune disease multiple sclerosis (MS), but it also occurs
in several neurodegenerative diseases and conditions such as
leukodystrophies, spinal cord injury (SCI), psychiatric disorders,
Alzheimer’s, multiple system atrophy (MSA), and cognitive-
associated aging (Kremer et al., 2016). Numerous studies
have demonstrated a direct association between exosomes and
conditions affecting myelin.

Neuroinflammation is one of the most common
triggers of myelin loss (Love, 2006). In acute disseminated
encephalomyelitis, a brief but intense immune attack to the
brain and spinal cord leads to myelin damage. In a similar way,
a dysregulated immune-system infiltrates the CNS, causing the
destruction of myelin observed in MS and in neuromyelitis optica
spectrum disorder (NMOSD), which was originally thought to be
a type of MS. The discovery of a specific autoimmunity against a
water channel, aquaporin 4, in NMOSD patients that was absent
in MS patients made the distinction between these two diseases
possible (Lennon et al., 2005). MS has a complex diagnosis
as it does not rely on a single diagnostic test but instead on a
combination of clinical evaluations, brain imaging techniques
such as magnetic resonance imaging (MRI), and complementary
tests to exclude other diagnostic possibilities (Gelfand, 2014).
To avoid a delay in MS diagnosis, patients would benefit from
improved diagnostic biomarkers. This would allow an early and
adequate treatment that would impact on the disease course
(e.g., by preventing the evolution to a chronic stage). Moreover,
the existence of prognostic and treatment-response biomarkers
would be crucial for therapeutic decision-making. Despite the
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FIGURE 1 | Exosomes in normal myelin development and maintenance. Oligodendrocyte-derived exosomes contain myelin proteins and lipids, including PLP,
CNPase, MAG, MOG, cholesterol, and sphingolipids, as well as other molecules such as heat shock and 14-3-3 proteins. They act directly in other oligodendrocytes
(yellow), neurons (gray), or microglia (blue) to regulate myelin membrane biogenesis, degradation and maintenance and provide neuronal trophic support.

progress made over the last years, the discovery of good MS
biomarkers is still challenging (Paul et al., 2019).

In the past years, it has been shown that extracellular vesicles
can be therapeutic targets and markers of MS. For instance,
in rodents with experimental autoimmune encephalomyelitis
(EAE), an MS model, vesicles of myeloid origin including
exosomes, was increased in the CSF of EAE animals and
associated with proinflammatory signals. Impairment of
microvesicle release using a transgenic mouse provided
resistance to the disease. Interestingly, these microvesicles were
also increased in the CSF of patients with neuroinflammation,
including MS and clinically isolated syndrome (CIS) patients,
when compared to healthy controls (Verderio et al., 2012).

Another study showed that the number of CD31+microparticles
of endothelial origin was high in the plasma of MS patients in
the exacerbation disease period but not in the remission phase,
suggesting that CD31 + microparticles may reflect a chronic
injury of the endothelium and represent a marker of acute
injury in MS (Minagar et al., 2001). Furthermore, they are
thought to bind and activate monocytes and this conjugate
is also increased in MS (Jy et al., 2004; Jimenez et al., 2005).
Although all these studies refer to extracellular vesicles or
microparticles and not specifically to exosomes, these could
also comprise exosomes. Likewise, in a study performed in
1989, the authors described the presence of “membrane-attack
complex-enriched vesicles” in the CSF of MS patients that are
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released by viable oligodendrocytes as a protective mechanism
(Scolding et al., 1989). This was possibly the first study reporting
MS-triggered exosome release. More recently, a correlation
was established between exosomes and modulation of MS
disease severity. A surprising work demonstrated that during
pregnancy, disease progression was halted by exosomes derived
from maternal serum, exerting an immunosuppressive effect
(Gatson et al., 2011). Moreover, these exosomes induced
neuroprotection by promoting migration and maturation of
oligodendrocyte precursor cells (OPC) (Williams et al., 2013).
This finding could contribute to the observed suppression of MS
in pregnant patients.

Alterations in the content of exosomes in response to disease
may be due to differences in proteins, lipids, and/or RNA
composition. Proteomic analysis of exosomes collected from the
CSF of patients with MS, NMOSD, and idiopathic longitudinally
extensive transverse myelitis revealed a “biosignature” specific
for the three diseases (Lee et al., 2016). Serum exosomes were
also shown to carry myelin proteins, such as MBP, PLP, and
MOG, both in healthy controls and in MS patients. The levels
of MOG were increased both in serum and CSF of MS patients
when compared to controls and correlated with the disease
severity (Galazka et al., 2018). This suggests that exosomes might
contribute to the autoimmune reaction against myelin proteins
in MS and may provide novel markers of disease activity.

Other MS-specific exosomal-derived biomarkers and
mechanisms of disease have been unveiled by using a lipidomics
approach. Pieragostino et al. (2018) demonstrated that exosome-
derived lipids are also changed in response to MS and proposed to
use CSF acid sphingomyelinase (SMase) as a biomarker of MS as
its enzymatic activity was correlated with the disease progression.

Additional exosomal biomarkers in MS are emerging from
transcriptomic analysis studies. Serum exosomes carry unique
microRNA profiles in relapsing remitting MS, revealing potential
diagnostic biomarkers to distinguish MS relapse (Selmaj
et al., 2017). Furthermore, distinct circulating microRNAs
were identified in relapse and remitting and secondary or
primary progressive MS, suggesting that exosomal microRNAs
can also predict MS subtypes (Ebrahimkhani et al., 2017).
Furthermore, microRNAs from exosomes could be used to
monitor therapy response in MS patients. Manna et al. (2018)
isolated circulating exosome-derived microRNAs from patients
before and after receiving IFN-beta treatment and found
16 microRNAs differentially expressed, suggesting that these
microRNA signatures could be used as prognostic biomarkers
and to monitor patient responses to therapy. Finally, a recent
study described that regulatory T cells were suppressed by
circulating exosomes in MS, and this effect was mediated by let-
7i, a microRNA that is enriched in exosomes from MS patients
(Kimura et al., 2018).

In other CNS diseases with less extensive demyelination, there
is also some evidence for the involvement of exosomes but
much still remains unexplored. In MSA, an α-synucleopathic
neurodegenerative disease, misfolded α-synuclein is accumulated
in glial cytoplasmic inclusions (GCIs) of oligodendrocytes.
McCormack et al. (2019) suggested that exosomes mediate
the spreading of pathogenic unfolded α-synuclein. These were

released extracellularly from the presynaptic terminal, taken up
by oligodendrocytes and selectively targeted to an inclusion body
via retrograde vesicular transport (McCormack et al., 2019).

Altogether, these studies show that there are in fact alterations
in exosome content in different demyelinating diseases, and these
may be potential disease biomarkers (Figure 2A). However, due
to the fact that exosomes are isolated from blood and CSF, it
is not possible to assure the exact cell origin from which these
exosomes derive.

REMYELINATING THERAPIES BASED
ON EXOSOME-MEDIATED
MECHANISMS

In SCI, axonal regeneration precedes remyelination, and
retinoid signaling is important in this process. It was recently
shown that activation of neuronal retinoic acid receptor-beta
(RARβ) in neurons promotes synthesis of OPC retinoic acid
(RA), which is released in exosomes to act as a positive cue
to axonal and dendrite outgrowth (Goncalves et al., 2018).
Additionally, RA signaling promotes remyelination after SCI
through the synergic interaction of neuron–glia network
pathways via exosomes. RARβ agonist treatment of SCI animals
led to an increased synthesis and secretion of decorin by
neurons. Decorin had a promyelinating effect in NG2 positive
OPC by reducing intracellular calcium concentrations, which
restricted exosome release and generated an intracellular
pool of retinoic acid, promoting OPC differentiation into
myelinating oligodendrocytes (Goncalves et al., 2019). These
data suggest that remyelination mechanisms via exosomes
are a recapitulation of developmental myelination, as
discussed above.

Exosomes derived from the blood serum can also have a
positive impact on CNS remyelination. Pusic and Kraig showed
that blood circulating cells from young and environmentally
enriched animals – characterized by increased physical,
intellectual, and social activity – secrete exosomes with
myelinating and remyelinating effects. They showed that
exposure of hippocampal organotypic slice cultures from aged
animals to such exosomes promoted OPC differentiation into
myelin producing cells, both under normal conditions and
after acute lysolecithin-induced demyelination. Additionally,
intranasal administration of exosomes to aging naïve rats
also enhanced myelination. These effects were mediated by
miR-219, highly enriched in peripheral exosomes (Pusic and
Kraig, 2014). The authors found that various peripheral cell
types produced miR-219-containing exosomes (Pusic et al.,
2016). In particular, the same pro-myelinating and remyelinating
effects were obtained with exosome treatment from dendritic
cell cultures stimulated with low levels of the cytokine IFNγ.
These exosomes had a direct impact on myelination as they were
preferentially taken up by oligodendrocytes (Pusic et al., 2014).
These data provide supporting evidence that cells from youthful
and enriched environments release exosomes with regenerative
effects in myelination (Figure 2B).
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FIGURE 2 | Exosomes in demyelinating diseases and myelin repair. (A) In response to myelin damage, CNS resident cells change the content of their exosomes.
Differential levels of molecules such as MBP, PLP, MOG, SMase, and the miRNA let-7i have been identified in peripheral blood serum and CSF of demyelinating
diseases and may be considered potential diagnostic biomarkers. (B) In SCI, retinoid signaling is an important endogenous mechanism for remyelination. RA was
identified in exosomes from OPC (orange) to promote neurite outgrowth. Numerous regenerative molecules were found in the exosomes of MSCs (pink), including
GDNF, FGF-1, BDNF, IGF-1, NGF, miR-134, miR-199a-5p, and miR-145, with promising therapeutic effects in remyelination.

THERAPEUTIC POTENTIAL OF MSCS
DERIVED EXOSOMES AND SECRETOME
IN NEUROREGENERATION AND
MYELINATION

Mesenchymal Stem Cells (MSCs) secretome is, nowadays, at the
forefront of a new wave of possible therapeutic strategies for CNS
repair and regeneration (Teixeira and Salgado, 2020).

We have demonstrated that treatment with the secretome
of MSCs from bone marrow (BM-MSCs) has promising effects
in a rat pre-clinical model of Parkinson’s disease, where
sole administration leads to significant motor improvements
(Teixeira et al., 2017; Mendes-Pinheiro et al., 2019; Vilaça-Faria
et al., 2019; Teixeira et al., 2020). In vitro, we have demonstrated
positive effects of MSCs secretome in neuronal and glial survival
and differentiation and axon growth (Salgado et al., 2010; Teixeira
et al., 2017; Assunção-Silva et al., 2018; Mendes-Pinheiro et al.,
2019). In the past years, we have been characterizing MSCs
secretomes of different sources (Pires et al., 2016) as complex
mixtures of soluble components that comprise a proteic soluble
fraction (containing trophic and neurotrophic factors), and a
vesicular portion composed by microvesicles and exosomes,
which can be involved in the transfer of proteins, peptides,
and genetic material (e.g., miRNAs) to neighbor cells, and that
have revealed important functions in neurodevelopment such as

neurogenesis, neurodifferentiation, axonal guidance, and growth
(Teixeira et al., 2016, 2017; Martins et al., 2017; Assunção-
Silva et al., 2018). Actually, from peripheral to central, and
from traumatic to neurodegenerative conditions, MSCs paracrine
activity has shown regenerative effects with promising insights to
future clinical applications in traumatic brain injury, Parkinson’s
disease, MS, or SCI (Ferreira et al., 2018; Praveen Kumar et al.,
2019). Notwithstanding, under the context of developmental
myelination or demyelination-associated diseases, the concept
of MSCs secretome applications still remains to be addressed.
As discussed above, exosome-mediated signaling from various
cell sources contributes not only to support neuronal functions
but also to modulate OPC and their myelin production process
(Holm et al., 2018). Therefore, it is plausible that the MSCs
secretome has additional positive effects in oligodendrocyte
development. Few recent studies have already shed some light
on the potential effects that MSC-derived vesicles may have in
myelination and oligodendrocytes activity (Laso-García et al.,
2018; Dong et al., 2019; Osorio-Querejeta et al., 2019; Thomi
et al., 2019). For instance, in perinatal brain injury (PBI),
which is characterized by white matter injury and myelination
deficits, Thomi et al. (2019) found that intranasal injection of
MSC-derived exosomes led to a reduction in neuronal cell death
levels and an increase in mature oligodendrocyte counts, thereby
rescuing normal gray and white matter neurodevelopment
after PBI condition. Based on preliminary findings from deep
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RNA sequencing data of MSC-derived exosomes, the authors
in this study speculated about the potential involvement
of certain enriched miRNAs in oligodendrocyte maturation,
such as miR199a-5p and miR145. In an in vivo subcortical
ischemic stroke model, MCS-derived exosomes were shown
to promote oligodendrocyte differentiation and remyelination.
After intravenous administration, the authors detected higher
levels of myelin protein and more myelinated axons (Otero-
Ortega et al., 2017). These data are in agreement with an in vitro
model of ischemic stroke showing that miR-134 derived from
exosomes of bone marrow MSCs had a beneficial effect on
rat oligodendrocytes by suppressing apoptosis through targeting
of caspase-8 (Xiao et al., 2019). In addition to miRNAs,
MSC-derived exosomes can also shuttle neurotrophic factors
to promote axonal regeneration and tackle peripheral myelin
biogenesis, as it is the case of glial cell-derived neurotrophic factor
(GDNF), fibroblast factor-1 (FGF-1), brain-derived neurotrophic
factor (BDNF), insulin-like growth factor-1 (IGF-1), and nerve
growth factor (NGF) (Bucan et al., 2019). Finally, in a model
of progressive MS, Laso-García et al. (2018) demonstrated
that administration of MSC-derived exosomes from human
adipose tissue was able to attenuate motor deficits through
immunomodulatory actions, diminishing brain atrophy and
promoting remyelination.

Overall, the potential neuroprotective and
immunomodulatory actions of MSC-derived vesicles have been
explored in the recent past and hold great promise regarding
their role in myelination in health and disease (Figure 2B). The
content of such nanovesicles suggests multifaceted functions by
both regulating neuronal and glial cells behavior. Additionally,
their ease of availability places MSCs as favorable sources of
vesicles for cell-free therapy to a variety of CNS degenerative
diseases, including those affecting myelin. Nevertheless, further
characterization and mechanistic studies are still required to
address the role of MSC-derived vesicles in developmental
myelination and subsequent potential therapeutic applications
in the context of demyelinating diseases. More specifically, it is
important to identify factors in these vesicles able to modulate
OPC migration and axon-oligodendrocyte communication.
Ultimately, such knowledge will enable specific reengineering
of such nanovesicles with specific loadings for presentation as a
biopharmaceutical product to act on demyelinating diseases.

CONCLUSION, CHALLENGES, AND
OPPORTUNITIES

Myelination is orchestrated by an impressive cooperation
between neurons and myelinating glia, which communicate
bidirectionally by multiple signals to assure a balance between
the necessary number of myelinating oligodendrocytes and the
axonal area to be myelinated. All this has to happen in a
synchronized manner in order to enable myelination at the
proper time and place. Research data described in this review
highlight an increasing body of evidence for the relevant role
of exosomes in myelin dynamics in health and disease. The
surrounding CNS resident glial cells as well as cells from the

periphery clearly influence myelination. Still, there is much to
be learned about the identity, progeny, and mechanisms of the
involved molecules. Other key questions await to be addressed.
For example, could exosomes constitute a mechanism of white
matter plasticity during adulthood? Do these nanostructures play
a role in activity-dependent regulation of myelination during
learning? Are exosomes per se a potential therapeutic approach or
do they require the synergistic collaboration of soluble factors for
an effective regenerative effect? One major and ongoing challenge
in exosome research is to improve methods of isolation and
purification. This would highly benefit the characterization of
exosome content in the various contexts, in vivo and in vitro,
in normal and pathological conditions, in animals and humans.
In addition, it is highly relevant to understand in more detail
exosome biogenesis and secretion mechanisms in CNS cells
in order to be able to identify the origin of the different
populations and disentangle their physiological relevance for
each specific biological process. This fundamental knowledge will
be important to decipher the contexts of exosome biology in
developmental myelination and, eventually, envision exosomes
as potential diagnostic biomarkers and/or therapeutic agents.
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Ticks secrete various anti-coagulatory, anti-vasoconstrictory, anti-inflammatory, and
anti-platelet aggregation factors in their saliva at the bite site during feeding to evade
host immunological surveillance and responses. For the first time, we report successful
isolation of exosomes (small membrane-bound extracellular signaling vesicles) from
saliva and salivary glands of partially fed or unfed ixodid ticks. Our data showed a novel
role of these in vivo exosomes in the inhibition of wound healing via downregulation
of C-X-C motif chemokine ligand 12 (CXCL12) and upregulation of interleukin-8 (IL-
8). Cryo-electron microscopy (cryo-EM) analysis revealed that tick saliva and salivary
glands are composed of heterogeneous populations of in vivo exosomes with sizes
ranging from 30 to 200 nm. Enriched amounts of tick CD63 ortholog protein and
heat shock protein 70 (HSP70) were evident in these exosomes. Treatment of human
skin keratinocytes (HaCaT cells) with exosomes derived from tick saliva/salivary glands
or ISE6 cells dramatically delayed cell migration, wound healing, and repair process.
Wound healing is a highly dynamic process with several individualized processes
including secretion of cytokines. Cytokine array profiling followed by immunoblotting
and quantitative-PCR analysis revealed that HaCaT cells treated with exosomes derived
from tick saliva/salivary glands or ISE6 cells showed enhanced IL-8 levels and reduced
CXCL12 loads. Inhibition of IL-8 or CXCL12 further delayed exosome-mediated cell
migration, wound healing, and repair process, suggesting a skin barrier protection role
for these chemokines at the tick bite site. In contrast, exogenous treatment of CXCL12
protein completely restored this delay and enhanced the repair process. Taken together,
our study provides novel insights on how tick salivary exosomes secreted in saliva can
delay wound healing at the bite site to facilitate successful blood feeding.

Keywords: exosomes, ticks, saliva, salivary glands, interleukin-8 (IL-8), C-X-C motif chemokine ligand 12
(CXCL12), skin barrier, wound healing
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INTRODUCTION

Ticks and tick-borne diseases are of major concern due to medical
and veterinary health importance (Nuttall et al., 2000; Neelakanta
and Sultana, 2015; de la Fuente, 2018). Ticks not only cause
damage/inflammation to human or animal skin but also facilitate
transmission of deadly pathogens to the host (Wikel and Whelen,
1986; Wikel, 1996a, 2018; Nuttall et al., 2000; Nuttall and Labuda,
2003, 2004; Bernard et al., 2015). In these triad interactions that
involve pathogen, arthropod, and vertebrate/human host, ticks
serve as medically important vectors for pathogen transmission
to the host (Wikel and Whelen, 1986; Labuda et al., 1996; Nuttall
et al., 2000; Nuttall and Labuda, 2004; Neelakanta et al., 2010;
Sultana et al., 2010; Leitner et al., 2011; Wikel, 2018). Several
studies have shown that during blood feeding, ticks transmit a
variety of pathogens that mainly includes bacteria from rickettsial
family and Lyme disease agent and viruses such as tick-borne
encephalitis virus (TBEV) that belongs to Flaviviridae family
(Wikel and Whelen, 1986; Labuda et al., 1996; Nuttall et al.,
2000; Nuttall and Labuda, 2004; Neelakanta et al., 2010; Sultana
et al., 2010; Leitner et al., 2011; Wikel, 2018; Zhou et al., 2018).
We recently reported for the first time that tick-borne Langat
virus (LGTV), a model pathogen closely related to TBEV, is
transmitted via infectious tick exosomes containing viral RNA
and proteins (Zhou et al., 2018). Our study also showed that
LGTV profusely used arthropod exosomes that were capable of
transmission of infectious viral RNA and proteins to the HaCaT
cells and human blood endothelial cells (Zhou et al., 2018).
Keratinocytes are the initial and highly critical defense barrier
lining of the human skin that comes in direct contact during
the bites from infected ticks (Hanel et al., 2013; Kim et al.,
2014; Zhou et al., 2018). Keratinocytes react by producing the
pro-inflammatory chemokines like interleukin-8 (IL-8) to recruit
leukocytes such as neutrophils at the site of damage caused by
pathogenic viruses, bacteria, fungi, parasites, UV radiation, heat,
or water loss (Kamata et al., 2011; Jiang et al., 2012; Hanel et al.,
2013; Kim et al., 2014; Scholl et al., 2016; Zhou et al., 2018). Other
than keratinocytes, skin harbors several residential immune
cells that check and limit infections by secreting inflammatory
cytokines, type I interferons (IFNs), critical chemokines, and
antimicrobial peptides or by directly killing pathogens with
alternative mechanisms such as synthesis of nitric oxide or
reactive oxygen species (ROS) (Labuda et al., 1996; Labuda
and Randolph, 1999; Nuttall and Labuda, 2003; Hanel et al.,
2013; Bernard et al., 2014, 2015; Scholl et al., 2016; Glatz et al.,
2017; Han et al., 2017; Zhou et al., 2018; Nuttall, 2019). Studies
addressing transcriptional regulation, immunohistochemistry,
and immune cells targeting the tick–virus–host interface during
early stages of infections have highlighted participation of
inflammatory cytokines and chemokines along with infiltration
of mononuclear cells and neutrophils (Labuda et al., 1996; Labuda
and Randolph, 1999; Hanel et al., 2013; Bernard et al., 2014,
2015; Hermance and Thangamani, 2015; Zhou et al., 2018).
Although skin keratinocytes constitute an efficient physical and
immune barrier at the vector and pathogen interface, ticks have
evolved appealing mechanisms to thwart and evade the innate
and adaptive immune responses at this region (Wikel, 1996a,b,

2018; Bowman et al., 1997; Nuttall et al., 2000; Nuttall and
Labuda, 2003, 2004; Brossard and Wikel, 2004; Leitner et al., 2011;
Hanel et al., 2013; Bernard et al., 2014, 2015; Kotal et al., 2015;
Nuttall, 2019). In order to allow the firm attachment, acquire
a continuous blood meal, successfully complete feeding and
repletion, ticks do secrete a combination of pharmacologically
bioactive salivary factors into this feeding site (Wikel and
Whelen, 1986; Labuda et al., 1996; Wikel, 1996a; Nuttall and
Labuda, 2003; Lewis et al., 2015; Scholl et al., 2016; Vora et al.,
2017; Bakshi et al., 2018). Some of these tick salivary factors
include the inhibitors of the itch and/or pain or in combination
of both, anticoagulants, immunomodulators, vasodilators (that
dilate blood vessels), and antiplatelet molecules (that can avoid
platelet-mediated killing mechanisms) (Wikel and Whelen, 1986;
Labuda et al., 1996; Wikel, 1996a; Bowman et al., 1997; Nuttall
and Labuda, 2003, 2004; Bernard et al., 2015; Kotal et al., 2015;
Lewis et al., 2015; Scholl et al., 2016; Glatz et al., 2017; Vora et al.,
2017; Bakshi et al., 2018; Nuttall, 2019).

Numerous studies have shown that several tick salivary factors
play differential roles to facilitate evasion of host immune
responses (Bowman et al., 1997; Nuttall and Labuda, 2004;
Bernard et al., 2015; Kotal et al., 2015; Glatz et al., 2017;
Nuttall, 2019). We have shown that tick salivary factors elicit
differential levels of fibrinogenolysis upon blood feeding on
immunocompetent or immunodeficient mice (Vora et al., 2017).
A differential level of D-dimer, a fibrin degradation product, was
noted in ticks fed on different immune background animals. This
work defined a novel role for tick heat shock protein 70 (HSP70)-
like molecule(s) in contributing to these differential levels of
fibrinogenolytic activity (Vora et al., 2017). Upon feeding on
immunodeficient animals, one of the transcripts of HSP70-like
protein was reduced, suggesting a requirement for this factor
in tick saliva (Vora et al., 2017). Independent work from our
laboratory also showed the presence of HSP70 as an enriched
protein in ISE6 tick cell-derived exosomes (Zhou et al., 2018).
The presence of HSP70 in tick exosomes suggested that salivary
factors are perhaps secreted via exosomes. We now provide
first evidence for the successful isolation of in vivo exosomes
from Ixodidae tick saliva and salivary glands and show that
these exosomes inhibit tissue healing via host molecules like IL-8
and C-X-C motif chemokine ligand 12 (CXCL12). Furthermore,
cytokine array profiling of human keratinocytes incubated with
tick saliva/salivary glands or ISE6 cell-derived exosomes revealed
a skin barrier protection role for secreted IL-8 and CXCL12. The
present study strongly suggests that tick exosomes are perhaps the
carriers of bioactive salivary factors that facilitate blood feeding
and pathogen transmission.

MATERIALS AND METHODS

Ticks and Other Animals
The Gulf Coast tick, Amblyomma maculatum (Am) was
maintained at the University of Southern Mississippi according
to established methods (Patrick and Hair, 1975). Unfed Am adult
female ticks were purchased from Oklahoma State University’s
tick-rearing facility (Stillwater, OK, United States). Female Am
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were kept at room temperature with approximately 90% relative
humidity under a photoperiod of 14 h of light and 10 h of
darkness before infestation on sheep. Female Am were blood-
fed on sheep and removed at intervals between 1 and 11 days,
depending upon the experimental protocol. Adult unfed female-
blacklegged ticks, Ixodes scapularis (Is), were obtained from BEI
Resources [American Type Culture Collection (ATCC)] and were
maintained at our laboratory in a similar way as described above.
The unfed female Is were used as an independent group and not
to compare with the partially fed group of female Am.

Collection of Tick Saliva, Salivary Glands,
and Tick Cell Culture Supernatants
Saliva and salivary glands were collected from female Am as
described (Karim et al., 2002, 2011). Briefly, partially fed female
Am were stimulated to salivate into capillary tubes by induction
method and with 1% pilocarpine buffered in 1 × phosphate
buffered saline (PBS) (Ribeiro et al., 2004; Crispell et al., 2019).
Freshly collected saliva pooled from 100–200 Am female ticks
was immediately stored at −80◦C or until subsequent exosome
purifications were performed. Partially fed female Am were
processed for isolation of salivary gland tissues (pooled from
80–100 separate batch of Am) that were dissected within 2 h of
removal of these ticks from sheep (Karim et al., 2002, 2011). Am
salivary glands were washed in M-199 buffer and stored in 0.15 M
Tris-HCl, pH 8.0, containing 0.3 M NaCl, 10% glycerol, and 1%
protease inhibitor cocktail (Amresco, Solon, OH, United States)
and at −80◦C. In addition, salivary glands were also dissected
from unfed female Is (pooled from 80–100 ticks) and collected in
1 × PBS containing protease or phosphatase cocktail and stored
immediately at−80◦C. These two groups of salivary glands from
Am or Is are not for comparison but were used as independent
samples to show the presence of exosomes and the detection of
exosomal markers. As we have successfully isolated exosomes
from I. scapularis ISE6 tick cell line in our previous study, we
used these cells as a positive control for isolation of purified
exosomes (14). ISE6 cells were grown in L15300 media as per
the culture methods (Zhou et al., 2018). Tick cell (2 × 106)
culture supernatants were collected and processed for isolation of
exosomes as described in our previous study (Zhou et al., 2018).
The media used for tick cells are free of endotoxins, and we do
not expect any endotoxins in our exosome preparations.

Exosome Isolation From Tick Saliva,
Salivary Glands, and Concentrated ISE6
Cell Culture Supernatants
OptiPrep density gradient exosome (DG-Exo) isolation or
differential ultracentrifugation methods were used for isolation
and purification of exosomes (Thery et al., 2006; Zhou et al.,
2018). Details for these procedures are schematically shown
in our previous studies (Vora et al., 2018; Zhou et al., 2018).
To isolate exosomes, we used concentrated pooled saliva from
several partially fed female Am ticks. To minimize the cell
damage, Am or Is salivary glands were gently processed for
exosome isolation. We successfully isolated in vivo exosomes
as six different fractions using DG-Exo-isolation method (Vella

et al., 2017) for soft tissues such as brain. We included C57BL/6
mouse brain slices (20 mg) as internal control along with tick
salivary glands (80–100 pairs, weight ∼20 mg) to isolate six
different exosome fractions. Frozen brain tissues were sliced
lengthwise with razor blade to generate small sections that
were kept frozen. Tissues (salivary glands and brain slices)
were weighed (to similar weight) while partially frozen and
transferred to a tube containing 75 U/ml of collagenase type
3 in Hibernate-E medium (at a ratio of 800 µl per 100 mg
of tissue). Tissues were incubated for a total of 20 min in a
shaking water bath at 37◦C and were gently mixed by inversion
after 5 min, then returned to the incubation, and pipetted for
several times after 5–10 min and again kept for the remaining
time. After the incubations, tissues were immediately kept on
ice, with the addition of protease and phosphatase inhibitors
cocktail. To separate clear supernatants, disassociated tissue was
spun at 300 g for 5 min followed by transfer and centrifugation
of the supernatant at 2,000 g for 10 min, and again 10,000 g
for 30 min (all spins were done at 4◦C). Tick cell culture
supernatants as positive control (∼20 ml) were collected and
centrifuged at 4◦C (480 g for 10 min followed by 2,000 g
for 10 min to remove cell debris and dead cells). Cell culture
supernatants were then concentrated to volume of 2–2.5 ml
using the Corning Spin-X UF concentrators or centrifugal filter
device with a 5 k nominal molecular weight limit (NMWL).
The concentrated tick culture supernatants were processed for
OptiPrepTM (DG-Exo) isolation as described (Zhou et al., 2018).
Briefly, discontinuous gradients of 40% (w/v), 20% (w/v), 10%
(w/v), and 5% (w/v) solutions of iodixanol were prepared from
the stock solution of OptiPrepTM 60% (w/v) of aqueous iodixanol
(Axis-Shield PoC, Norway) with 0.25 M Sucrose/10 mM Tris, pH
7.5. Concentrated saliva, salivary gland suspensions, or tick cell
culture supernatants were overlaid onto the top of the gradient
and centrifuged at 100,000 g for 18 h at 4◦C. Six individual
fractions of ∼3 ml were collected (from top to bottom, as
fractions 1–6, and with increasing density) and diluted with 5 ml
of sterile PBS. Fractions were centrifuged again at 100,000 g
for 3 h at 4◦C and followed by one more wash with 5 ml
of PBS and resuspended in 80–200 µl of PBS. Purified DG-
Exo preparations were stored at −80◦C and used later for
further analysis. DG-Exo-isolation was used for generation of
six fractions of exosomes that were used in immunoblotting
analysis. In addition, exosomes from saliva and tick cell culture
supernatants were isolated by differential ultracentrifugation
method as described in our studies (Vora et al., 2018; Zhou
et al., 2018, 2019). To isolate exosomes without a mixture of
bovine exosomes, we plated ISE6 cells (1 × 106 cells, as six
replicates) in exosome-free fetal bovine serum [Exo-free FBS
obtained from Systems Biosciences Inc. (SBI)]. To perform
sonication, exosomes were sonicated on ice five times with
each time period of 20 s and with a 20-s cooling break in
between (20-s bursts with 20-s resting periods). After sonication
of exosomes, they were freeze and thawed at −80◦C three
times. Sonicated or not sonicated groups of exosomes were
run on native polyacrylamide gel electrophoresis (PAGE) (Zhou
et al., 2018) to confirm the lysis of sonicated/treated exosomes.
Furthermore, sonicated or not sonicated groups of exosomes
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were treated with 5 mg/ml of RNaseA/DNaseI mixture for 15 min
at 37◦C, followed by RNA extractions and quantitative real-time
PCR (QRT-PCR) analysis to reveal the cytokine loads. For the
measurement of exosome numbers, we used the microfluidic
resistive pulse sensing (MRPS) analysis. MRPS was performed
with nCS1 Spectradyne nanoparticle analyzer (Spectradyne LLC,
United States) and by using TS-300 filter that measures particles
from 50 to 300 nm. Exosome measurements were performed as
three independent replicates.

Cryo-Electron Microscopy
Cryo-electron microscopy (cryo-EM) was performed at two
independent institutional facilities [University of Texas Medical
Branch (UTMB) and Indiana University (IU)] on Am saliva or
salivary gland-derived exosomes. At UTMB facility, exosomes
were vitrified on carbon holey film grids (Sherman et al., 2006,
2009) (R2 × 2 Quantifoil; Micro Tools GmbH, Jena, Germany;
or C-flatTM, Protochips, Raleigh, NC, United States). Briefly,
purified concentrated suspensions of exosomes in PBS were
applied to the holey films in a volume of ca. 3 µl, blotted with
filter paper, and plunged into liquid ethane cooled in a liquid
nitrogen bath. We used computerized Vitrobot plunger (FEI,
Hillsboro, OR, United States) for freezing. Frozen grids were
stored under liquid nitrogen and transferred to a cryo-specimen
holder (70 deg. 626, Gatan, Inc., Pleasanton, CA, United States
or 2550 cryo-tomography holder, E.A. Fischione Instruments,
Inc., Export, PA, United States) under liquid nitrogen before
loading into a JEOL 2200FS or a JEOL 2100 electron microscope
(JEOL Ltd., 3-1-2 Musashino, Akishima, Tokyo 196-8558, Japan).
JEOL 2200FS was equipped with in-column energy filter (omega
type) and a field emission gun (FEG); JEOL 2100 had a LaB6
filament, both were operated at 200 keV. Grids were maintained
at near-liquid nitrogen temperature (−172 to −180◦C) during
imaging. Preliminary screening and imaging of exosomes were
done using a 4k × 4k Gatan US4000 CCD camera (Gatan, Inc.,
Pleasanton, CA, United States), and final imaging was done at
indicated 40,000×magnification with a 5k× 4k Direct Electron
Detector camera (DE-20, Direct Electron, Inc., San Diego, CA,
United States) using a low-dose imaging procedure. An in-
column omega electron energy filter was used during imaging
with a zero-loss electron energy peak selected with a 20-eV slit.
Images were acquired with a ca. 20 electrons/Å2 dose; the pixel
size corresponded to 1.5 Å on the specimen scale. We used a 2.0–
2.3-µm defocus range for imaging. For cryo-EM analysis at IU
facility, 4 µl of sample solution was applied on a glow-discharged
holey carbon film coated copper grid with an additional layer
of ultrathin carbon film (Quantifoil). The grid was quickly
frozen using FEI VitrobotTM Mark III with 2.5-s blotting time,
at 8◦C, and under 100% humidity. Frozen-hydrated specimen
was transferred using Gatan 626 cryo-holder and imaged by
JEM-1400plus. Images were screened and taken under low-
dose conditions on a Gatan OneView camera. Overall, exosome
images were acquired from two independent batches of exosomes
(from Am saliva and salivary glands) at each institution. For
cryo-EM imaging, we performed two independent experiments
at each facility.

Immunoblotting Analysis and ELISA
Assay
For immunoblotting assays, exosomal fractions (1–6) were
prepared by DG-Exo-isolation method and resuspended in
freshly prepared cold 1 × PBS and processed for detection
of exosomal-enriched molecules. Exosomal proteins isolated
from brain tissue, tick saliva, or salivary glands were measured
by bicinchoninic acid (BCA) method and at 562 nm. Equal
volumes (20 µl) of each exosomal fraction (1–6) were loaded
onto 12% sodium dodecyl sulfate (SDS)-PAGE gels, followed
by immunoblotting and labeling with specific exosomal markers
such as HSP70 (rat monoclonal; Cell Signaling Technologies,
Inc.) or CD63 (mouse monoclonal; Santa Cruz Biotechnologies,
Inc.) antibodies. Both HSP70 and CD63 antibodies were used at
1:500 dilutions. BCA assay was performed on exosomal protein
amounts from Am saliva or salivary glands, Is salivary glands, or
ISE6 cell culture supernatants, or mice brain tissue using Pierce
kit and by following manufacturer’s instructions. The BCA assay
was performed in triplicate. For multiple human cytokine array
Panel A (Proteome Profiler Array Kit, Catalog Number ARY005
purchased from R&D Systems, Biotechne) that identifies the
cytokines and chemokines that are differentially regulated upon
secretion, blots were incubated with cell culture supernatants
(0.5 ml) from HaCaT cells treated (for 24 h) with tick exosomes
derived from Am saliva or salivary glands, Is salivary glands,
or ISE6 cell culture supernatants. Briefly, expression levels of
36 human cytokines/chemokines secreted protein levels were
analyzed and were processed as per the instructions from
the manufacturer, and the assay details are provided on the
company’s manual. The human cytokine proteome profiler
array consists of four independent nitrocellulose membranes
spotted with carefully selected capture antibodies for 36 different
cytokines/chemokines, including three pairs of positive spots and
one pair of negative spot.

To validate the cytokine array, we performed immunoblotting
analysis and loaded 20 µl of concentrated culture supernatants
(concentrated using the Corning Spin-X UF concentrators or
centrifugal filter device with a 5 k NMWL) collected from HaCaT
cell treated (24 h) with respective groups of tick exosomes
on to 12% SDS-PAGE gels, followed by probing with IL-8
(Santa Cruz Biotechnologies, Inc.) or CXCL12 (Cell Signaling
Technologies, Inc.) mouse monoclonal antibodies, respectively.
For immunoblotting analysis to detect the presence of CD63 in
Am salivary gland whole lysates or ISE6 whole cell lysates (20 µg)
or ISE6 cell-exosomal lysates (10 µg), samples were loaded on
to 12% SDS-PAGE gel. Respective secondary antibodies (Santa
Cruz Biotechnologies, Inc.) with horseradish peroxidase (HRP)
conjugates (dilutions of 1:5,000) were used for each primary
antibody. Total protein profiles (images obtained from stain-
free gels) served as loading controls. Antibody binding was
detected with WesternBright ECL kit (Advansta, BioExpress).
Membranes were exposed for a number of seconds depending on
the intensity of the signals or until the desired signal is reached.
Blots were imaged using Chemidoc MP imaging system and
processed using ImageLab software from the manufacturer (Bio-
Rad). All immunoblotting analysis was performed in duplicates.
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For ELISA, we coated Nunc grade plates as six replicates with
200 µl (each well) of cell culture supernatants obtained from
HaCaT cells treated (24 h) with tick exosomes derived from Am
saliva or salivary glands or ISE6 cells overnight. Samples were
blocked with 3% bovine serum albumin (BSA) for 2 h at 4◦C,
followed by IL-8 primary antibody (1:100 dilution) incubation
for 1 h at 4◦C, and HRP-conjugated secondary antibody (1:2,500
dilution) incubation for 1 h at room temperature (RT). SureBlue
TMB Microwell Peroxidase Substrate and Stop solution (from
KPL) were used according to manufacturer’s instructions. Optical
density was measured at an absorbance of 450 nm using a
Multimode infinite M200 Pro Microplate reader (Tecan). ELISA
was performed in six replicates for each group.

Wound Healing Assays and Phase
Contrast Microscopy
HaCaT cells were grown in complete Dulbecco’s modified
Eagle’s medium (DMEM) containing 5% heat-inactivated FBS
(Invitrogen, GIBCO; Thermo Scientific) and maintained as per
the ATCC Company guidelines. Briefly, 1–1.5 × 106 HaCaT
cells were plated in six-well plates with regular media, and
after overnight attachment, culture medium was removed,
and fresh medium with 10% FBS was added to these cells.
Before exosome treatments, images of HaCaT cell monolayers
were taken as before scratch (also referred as before scratch).
Wounds/scratches were generated in the middle of the HaCaT
cell monolayers and by using sterile 1-ml blue pipette tips
(nearly 0.5–0.75 mm). Monolayers of HaCaT cells were then
treated for 24 h (at 37◦C) with purified exosomes from Am
saliva/salivary glands or Is salivary gland or ISE6 cell-derived
exosomes. Cells were monitored, and several phase contrast
images were collected (using EVOS FL system, Thermo Scientific,
at 10×magnification, and with a scale bar of 400 µm) at different
time points (of 0, 4, 8, 16, and 24 h) after scratches from each
group. HaCaT monolayers without exosome treatments but with
scratches were considered as untreated (UT) controls in each
assay. Images of HaCaT cell monolayers obtained immediately
after treatment (for 24 h) with exosomes from different groups
are considered as 0 h. To determine the role of tick exosomes
on the cell migration and wound repair process, we continuously
collected images at the indicated time points of 4, 8, 16, and
24 h post wound generation. Representative images are shown in
each panel. For antibody or protein treatments, HaCaT cells were
plated (as above) overnight, changed to fresh DMEM medium
with 10% FBS and treated for 12 h with either IL-8 or CXCL12
or both antibodies or IgG isotype control antibody (2 µg per
well/per group, for each antibody; IL-8 or CXCL12 or IgG
isotype) or treated for 4 h with purified CXCL12-glutathione
S-transferase (GST)-tagged protein or GST protein alone (2 µg
per well/per group, for each protein; CXCL12 or GST) at 37◦C,
followed by scratches to generate wounds and treatments with
tick exosomes of the respective groups. Scratched monolayers
were treated (24 h) with exosomes, and images were obtained at
the indicated time points as described above. IL-8 (B-2) antibody
(Catalog number: sc-8427) and CXCL12/stromal cell-derived
factor 1α (SDF-1α) (F-4) antibody (Catalog number: sc-518066)

were obtained from Santa Cruz Biotechnology, Inc. The relevant
isotype control IgG antibody (Catalog number: ab37355) was
purchased from Abcam. We used CXCL12 or SDF-1α (hBA-
68) (Catalog number: sc-4654) purified protein produced from
Escherichia coli bacterial lysates (> 98%) and supplied as 35-
kDa biologically active, GST-tagged fusion protein corresponding
to 68 amino acids of the SDF-1α of human origin (Santa
Cruz Biotechnology, Inc.). CXCL12 purified protein used in this
study is free of endotoxin and is obtained from a commercial
vendor. GST purified protein was produced in our laboratory
from E. coli. For siRNA studies, monolayers of HaCaT cells
were transfected with ∼1 µg of IL-8 siRNA for 24 h (and as
per the manufacturer’s instructions; Santa Cruz Biotechnologies,
Inc.), followed by wound healing assays (for another 24 h) as
described above. Scrambled siRNA serves as a control to monitor
transfection efficiency. UT internal controls were considered for
wound healing assays. All assays were performed in duplicate for
each group of tick exosomes, and data from one independent
experiment is shown. Quantitative estimation as percentages
of remaining wound sizes against different time points after
scratching was calculated using ImageJ (NIH generated imaging
software) and by measurement of wound closures in each group
and in each independent experiment in comparison to their
respective UT controls. Wounds at 0 h were considered as
100% for all groups. Bar graphs were generated using GraphPad
Prism 6 software.

RNA Extraction, cDNA Synthesis, PCR
and QRT-PCR Analysis
Briefly, HaCaT cells were seeded (5 × 105) overnight in 5%
FBS containing DMEM medium. Next day, cells were changed
to fresh DMEM medium containing 10% FBS. HaCaT cell
monolayers were treated with tick exosomes from respective
groups for 24 or 72 h posttreatment. Freshly prepared exosomes
(by DG-Exo-isolation method) were collected in PBS, pooled,
and stored frozen at −80◦C for treatment of HaCaT cells.
Total RNA from HaCaT cells was extracted (at either 24
or 72 h) using Aurum Total RNA Mini kit (Bio-Rad) and
following manufacturer’s instructions. During RNA extractions,
DNaseI treatment was performed as on column digestion and
as per the recommendations from the manufacturer. Using
Bio-Rad iScript cDNA synthesis kit, 1 µg RNA was converted
to cDNA and used as template for the amplification and
determination of cytokine expression by QRT-PCR. Arrays
of cytokines were analyzed at both tested time points of 24
and 72 h posttreatment. Independent UT control groups were
maintained for each cytokine group analyzed in this study.
Human beta-actin amplicons were quantified with published
primers (Sultana et al., 2010, 2012) and used for normalization.
QRT-PCR was performed using iQ-SYBR Green Supermix
(Bio-Rad, United States). Standard curves were prepared
using 10-fold serial dilutions starting from standard 1 to 6 of
known quantities of actin or different cytokine gene fragments.
UT samples served as internal controls. For amplification of
CD63-like molecules, we used female Is or ISE6 cells extracted
RNA that is converted to cDNA as template in QRT-PCR
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analysis. Following are the primer sequences used for CD63-like
molecules amplifications: for ISCW001785 (forward primer 5′
GCATCCTCCACATCTTCAACTTCA 3′ and reverse primer
5′ CAGGAGCAGGAGGAAGGTGT 3′), for ISCW010731
(forward primer 5′ GCTCTGGGAAGAGTGTGCGT 3′ and
reverse primer 5′ CCTCCTGGCTTTTGAGTCCTCT 3′), and for
ISCW014150 (forward primer 5′ GGCAGGCATTTTGGGATT
CA 3′ and reverse primer 5′ GCAGCACGAGAAAGGGACA 3′).
The primers for cytokines and chemokines were used from
published studies (Strausberg et al., 2002; Cho et al., 2007;
Miyamoto et al., 2007; Schutyser et al., 2007; Kang et al., 2009;
Sultana et al., 2009; Xie et al., 2009; Kawane et al., 2010; Carneiro
et al., 2011; Bernard et al., 2016; Roy et al., 2017) and shown
in Supplementary Table S3. For IL-8 siRNA analysis, after
acquiring the images for wound healing assay, HaCaT cells were
processed for RNA extractions followed by PCR amplification of
IL-8 and actin. We loaded PCR samples on 1.2% DNA agarose
gel for detecting the IL-8 and actin loads. For all RNA extractions,
we have considered six replicates and performed the QRT-PCR
in duplicate for each replicate.

Statistics
Statistical differences observed in data sets were analyzed using
GraphPad Prism6 software and Microsoft Excel. The non-paired,
two-tail Student t-test was performed (for data to compare
two means) for the entire analysis. Error bars represent mean
(+SD) values, and P-values of <0.05 were considered significant
in all analyses. Statistical test and P-values are indicated for
significance. We have also performed the two-way ANOVA
without replicates analysis to measure the significant differences
in wound healing percentages and treatments.

Ethics Statement
All animal experiments were conducted in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (NIH).
Protocol for performing the blood feeding of Am ticks on
sheep was approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Southern Mississippi
(protocol # 15101501). All efforts were made to minimize animal
sufferings. For both ticks and human cell line experiments, we
used the institutionally approved protocol #15-014.

RESULTS

Cryo-Electron Microscopy Analysis
Revealed a Novel Discovery of
Exosomes in Tick Saliva and Salivary
Glands
In this study, we have presented a novel discovery showing
the presence of in vivo exosomes/extracellular vesicles (EVs)
in tick saliva and salivary gland tissues. Our cryo-EM analysis
showed the presence of purified tick saliva or salivary gland-
derived in vivo exosomes with the size ranges of 30–200 nm
in diameter (Figure 1A) that are similar to exosomes isolated

from ISE6 cells or other mammalian cells (Fevrier and Raposo,
2004; Ludwig and Giebel, 2012; Regev-Rudzki et al., 2013;
Zhou et al., 2018, 2019). Exosomes isolated from tick saliva or
salivary glands showed a heterogeneous population of vesicles
with variable sizes (Figure 1A). We observed no differences
in exosomes imaged from either saliva or salivary glands and
neither from two independent institutional research groups
(Figure 1A). Additional cryo-EM representative images are
shown from both independent groups for further confirmation
that in vivo tick exosomes are intact vesicles with membrane-
bound lipid bilayers (Supplementary Figure S1A). Furthermore,
measurement of exosome numbers by MRPS analysis revealed
that Am saliva-derived exosome sizes (measured as particle
diameter against concentration of particles) were variable from
50 to 110 nm (Supplementary Figure S1B). Particle diameter vs.
transit time (time taken to move particles in the thin capillaries of
Spectradyne device) was also calculated by excluding events that
serve as background noise and/or false positives (Supplementary
Figure S1B). Only included events represent particles considered
for this analysis (Supplementary Figure S1B). Fewer particles
were counted due to less number/concentration (±2.18E + 08,
1.17E + 08/ml) of exosomes in Am saliva samples that
were diluted with PBS/Tween 20 (PBST) in a ratio of 1:1
(Supplementary Figure S1B). In contrast to saliva-derived
exosomes, we counted (±3.99E08, 3.55E + 08/ml) higher number
of Is salivary gland-derived exosomes (also diluted with PBST
in a 1:1 ratio) that were variable between 50 and 180 nm in
sizes (Supplementary Figure S1C). Similar to data shown for
Am saliva-derived exosomes, we considered only the included
events for particle counts in salivary gland-derived exosomes
(Supplementary Figure S1C).

Detection of Enriched Exosomal Markers
in Tick Saliva and Salivary Gland-Derived
Exosomes Confirmed the Presence of
Extracellular Vesicles in These in vivo
Samples
Next, we collected exosomes as six different fractions from
saliva or salivary glands of partially fed Am or salivary glands
from unfed Is female ticks or ISE6 cells or soft brain tissue as
internal control (Vella et al., 2017). CD63 (a specific exosomal
marker in mammalian cells) was highly enriched in exosomal
fractions isolated (resuspended in 20 µl of PBS) from brain
tissue samples (Supplementary Figure S2A). The protein profile
image serves as a loading control (Supplementary Figure S2A).
Exosomal protein measurement by BCA method showed a
linear graph and the standards R2 value to be close to 1
(Supplementary Figure S2B). The R2 value generated from BSA
standards is shown for estimation. Exosomal protein amounts
were determined to be 0.39 µg/µl (∼8 µg per 20 µl) for
each tick group (Supplementary Figure S2C). Immunoblotting
analysis with 20 µl of each tick exosomal fraction (collected
by DG-Exo isolation) revealed the presence of HSP70 (70 kDa)
from both Am saliva and salivary glands (Figure 1B). In
addition, we found abundant amounts of HSP70 in Is salivary
gland-derived exosomal fractions (Figure 1B). As expected,
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FIGURE 1 | Isolation of in vivo exosomes derived from tick saliva and salivary glands and detection of exosomal markers. (A) Cryo-electron microscopy (Cryo-EM)
images collected from two independent institutions [University of Texas Medical Branch (UTMB) and Indian University (IU)] showing exosomes isolated from Am saliva
or salivary glands. Scale bar indicates 100 nm, or 1 µm, or 500 nm, respectively. For better estimation, scales have been provided close to individual exosomes to
show the heterogeneous population of exosomes. For images from IU, insets show details of exosome structures from the field. (B) Immunoblotting analysis
showing detection of exosomal-enriched markers CD63 and HSP70 in six different exosome fractions derived from Am saliva or salivary glands, Is salivary glands or
ISE6 cells. CD63 and heat shock protein 70 (HSP70) levels indicate the presence and enrichment of tick exosomal markers in each fraction. Am represents
Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Total protein profile images of stain-free gels shown for each group
serve as a loading control. Asterisk indicates additional exosomal-enriched proteins detected in the gel images.

HSP70 was also detected in ISE6 cell-derived exosomal fractions
(Figure 1B). We found enhanced levels of HSP70 in ISE6 cell-
derived exosomes when compared to saliva or salivary gland-
derived exosomes, suggesting that higher exosomal numbers are
derived from a large volume of tick cell culture supernatant
(Figure 1B). In addition to HSP70, we also detected the
presence of mammalian ortholog of tick CD63 (exosomal marker,
30–65 kDa; endogenous-glycosylated) in both Am saliva and
salivary gland-derived exosomal fractions (Figure 1B). Similarly,
CD63 ortholog was also detected in Is salivary gland and
ISE6 cell-derived exosomal fractions (Figure 1B). CD63 protein
loads in Am salivary gland whole extracts (20 µg) are shown
along with loads in ISE6 whole cells (20 µg) or cell-derived
exosomal lysates (20 µl) (Supplementary Figure S3A). Both
salivary gland and ISE6 whole cell lysates showed endogenous
CD63 protein in addition to the glycosylated form, whereas
in ISE6 cell-derived exosomal lysates, we detected only the
heavily glycosylated form of CD63 (Supplementary Figure S3A).
Gel image showing total protein profile serves as a loading
control for each group of sample analyzed (Figure 1B and
Supplementary Figure S3A). Some of the additional bands
observed in total protein profile gel images from Figure 1B
(indicated with asterisk) are highly enriched proteins in exosomal
fractions that have been in the process of identification. The
abundant levels of both HSP70 and CD63 tick orthologs suggest
the presence of in vivo exosomes in tick saliva and salivary
gland samples, in addition to the ISE6 cell-derived exosomes.

Furthermore, combing of Is genome (not completely annotated)
for CD63 ortholog sequences revealed three different CD63-
like proteins with the following accession numbers IsCW001785,
IsCW014150, and IsCW010731. PCR amplifications of CD63
showed products of 245, 261, and 241 bp, respectively, from
both Is unfed females or ISE6 cells (Supplementary Figure S3B).
ClustalW alignments of these three Is CD63-like protein amino
acid sequences revealed 23–30% identity with sequences from
Aedes aegypti mosquito protein, Tsp29Fb (Vora et al., 2018),
mouse, or human orthologs (Supplementary Figures S4A,B).
Phylogenetic analysis showed that two of the Is CD63-like
proteins (IsCW001785 and IsCW014150) shared the same clade;
however, the third one (IsCW010731) formed a divergent clade
(Supplementary Figures S4B,C).

Exosomes Derived From Tick Saliva,
Salivary Glands, or ISE6 Cells Delay
Migration and Tissue Repair of HaCaT
Cells
To our knowledge, this is the first report about the discovery
of in vivo exosomes in tick saliva or salivary glands. Next, we
addressed the functional role or physiological significance of
these tick exosomes at the tick–host skin interface. We found
that HaCaT cells treated (for 24 h) with 20 µl of exosomal-
pooled fractions (1–6) from groups of either Am saliva or
salivary glands or Is salivary glands or ISE6 cells showed delays
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in cell migration and wound repair (noticeable at 16 and
24 h posttreatment) in comparison to the UT control group
(Figure 2A and Supplementary Figure S5). Moreover, HaCaT
cells treated with in vivo exosomes from tick saliva or salivary
glands (from both Am or Is) had a much clear delay in cell
migration and wound repair at 16 h in comparison to the UT
control group (Figure 2A and Supplementary Figure S5). At
16 h, HaCaT cells treated with exosomes from ISE6 cells showed
less delay and better wound closure in comparison to the in vivo
tick exosomes (Figure 2A and Supplementary Figure S5). UT
monolayers of HaCaT cells were considered as internal controls
and are shown for comparison (Figure 2A and Supplementary
Figure S5). For clear appearance of HaCaT cell monolayers,
images from all time points (of 0, 4, 8, 16, and 24 h and including
before scratches) and from all groups of exosome are shown
(Supplementary Figure S5). Measurement of percentages for
remaining wound sizes collected from images at different time
points (of 0, 4, 8, 16, and 24 h) are shown in Figure 2B. At
24 h post wound scratch and treatment with tick exosomes (for
24 h), the percentages remaining of the wound sizes are in the
following order from high to low: 25% (Am saliva), 18% (Is
salivary gland), 8.7% (Am salivary gland), 6.4% (ISE6 cells), or 0%
(UT control) (Figure 2B). All four groups of exosomes derived
from Am saliva or salivary glands or Is salivary glands or ISE6
cells had a significant (P < 0.05) delay in wound closure when
compared to the UT control group (Supplementary Table S1A).
These data show that tick exosomes from saliva or salivary glands

severely delayed wound healing that perhaps correlates to severe
damage at the tick bite site.

Cytokine Profiling From HaCaT Cells
Revealed Differential Immune
Responses by Tick Saliva, Salivary
Glands, or ISE6 Cell-Derived Exosomes
After 24 or 72 h posttreatment of HaCaT cells with 20 µl
of exosomal-pooled fractions (1–6) from Am saliva or salivary
glands or Is salivary glands or ISE6 cells, we analyzed the
expression of several common cytokines or the ones that are
highly expressed in human skin. QRT-PCR analysis revealed that
some of the human cytokines were differentially regulated at both
24 and 72 h posttreatment with tick exosomes (Figures 3A–
D and Supplementary Figures S6A–D). We found that at
both 24 and 72 h time points, transcript levels of IL-8 (IL-
8 or CXCL8) were significantly (P < 0.05) upregulated with
the treatment of tick exosomes (from all four groups) in
comparison to their respective UT controls (Figures 3A–D and
Supplementary Figures S6A–D). Exosomes derived from Am
saliva or salivary glands or Is salivary glands or ISE6 cells showed
very similar and consistent induction of IL-8 (Figures 3A–D and
Supplementary Figures S6A–D). In contrast to IL-8, we found
that at both 24- and 72-h time points, SDF-1, also known as
CXCL12, transcripts were significantly (P < 0.05) downregulated
upon treatment with all four groups of tick exosomes in

FIGURE 2 | Exosomes derived from tick saliva, salivary glands, or ISE6 cells delay cell migration, closure, and repair of the scratch. (A) Phase contrast images of
HaCaT cell monolayers treated with 20 µl of exosomal-pooled fractions (1–6) from either Am saliva, salivary glands, or Is salivary glands or ISE6 cells for 24 h.
Images were collected immediately after tick exosome treatment that is considered as 0 h time point. Representative images are shown for each selected time
points (of 0, 8, 16, and 24 h). HaCaT cell monolayers maintained as untreated (UT) group serves as the control. Images were obtained using 10 × magnification.
Scale bar indicates 400 µm for each image per group/time point. (B) Quantitative measurement of remaining wound size percentages obtained from ImageJ at
different time points of (0, 8, 16, and 24 h) posttreatment of Am saliva or salivary gland or Is salivary gland or ISE6 cell-derived exosomes is shown. Am represents
Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line. Wounds at 0 h were considered as 100% for all groups, including the
UT control. Percentages for remaining wound sizes at 24 h posttreatment of in vivo or in vitro tick exosomes are shown as bar graphs for comparison. Two-way
ANOVA for significance is shown in Supplementary Table S1A.
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FIGURE 3 | Tick exosome differentially regulates human skin cytokines and chemokines. Quantitative real-time PCR (QRT-PCR) analysis showing differential gene
expressions of several cytokines and chemokines [CXCL12, CXCR4, IL-8, Serpin E1, tumor necrosis factor (TNF)-α, IL-1β, transforming growth factor (TGF)-β, IL-6,
fibroblast growth factor (FGF)-7, and vascular endothelial growth factor A (VEGFA)] from HaCaT cells upon treatment with in vivo or in vitro tick exosomes derived
from Am saliva (A) or salivary glands (B) or Is salivary glands (C) or ISE6 cells (D) for 24 h posttreatment. Untreated (UT) controls were used for each group of
respective tick exosomes. Cytokine and chemokine transcript levels were normalized to human beta-actin. Am represents Amblyomma maculatum, Is indicates
Ixodes scapularis, and ISE6 denotes Is-derived cell line. Asterisk indicates significance (P < 0.05) in comparison to the respective UT controls. P-value (P < 0.05)
determined by Student’s two-tailed t-test is shown.

comparison to their respective UT controls (Figures 3A–D and
Supplementary Figures S6A–D).

The human keratinocyte growth factor or fibroblast growth
factor (FGF)-7 that is involved in wound healing was also
significantly (P< 0.05) downregulated (at both 24 and 72 h) upon
treatment with tick exosome from all four groups in comparison
to their respective controls (Figures 3A–D and Supplementary
Figures S6A–D). Similar to FGF-7, the vascular endothelial
growth factor A (VEGFA), also known as vascular permeability
factor (VPF) that stimulates the formation of new blood vessels,
showed significant (P < 0.05) downregulation (at both 24 and
72 h) upon treatment with tick exosomes (from all four groups)
in comparison to their respective controls (Figures 3A–D and
Supplementary Figures S6A–D). Two of the other cytokines that
showed consistent and significant (P < 0.05) differences with
tick exosome treatments (at both 24 and 72 h) include IL-1β

and Serpin E1 [also known as endothelial plasminogen activator
inhibitor (PAI)] (Figures 3A–D and Supplementary Figures

S6A–D). Tumor necrosis factor alpha (TNF-α) transcripts
were significantly (P < 0.05) upregulated only at 72 h
posttreatment with exosomes (Supplementary Figures S6A–D).
No significant differences were observed with TNF-α transcript
levels at 24 h posttreatment with tick exosomes (Figures 3A–
D). At 24 h posttreatment, transforming growth factor beta
(TGF-β) transcript levels were significantly upregulated upon
treatment with exosomes from Am saliva and ISE6 cells but
not with treatment of Am or Is salivary gland-derived exosomes
(Figures 3A–D). However, at 72 h posttreatment, TGF-β
transcripts were significantly (P < 0.05) upregulated only in Am
saliva-exosome group (Supplementary Figures S6A–D) but not
in other groups. The C-X-C chemokine receptor type 4 (CXCR-
4, also known as CD184) transcript levels were significantly
(P < 0.05) downregulated at 24 h posttreatment with Am salivary
glands or ISE6 cell-derived exosomes and showed no significant
differences with Am saliva or Is salivary gland-derived exosomes
in comparison to their respective UT groups (Figures 3A–D).
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At 72 h, CXCR-4 transcripts were unaltered in all four groups
of exosomes (Supplementary Figures S6A–D). IL-6 that acts
as both a pro-inflammatory cytokine and an anti-inflammatory
myokine (cytokine released by muscle cells; myocytes) was
not influenced (at both 24 and 72 h) by treatments with tick
exosomes (Figures 3A–D and Supplementary Figures S6A–
D). Next, we addressed if ISE6 cell-derived exosomes collected
from complete L15 medium containing 5% FBS are regulating
the cytokine expression independent of bovine exosomes from
FBS. We performed similar experiments where HaCaT cells were
treated with ISE6 cell-derived exosomes collected from ISE6
cells maintained in exosome-depleted FBS media. The expression
levels of both CXCL12 (downregulated) and IL-8 (upregulated)
were very similarly modulated when HaCaT cells were treated
(for 24 h posttreatment) with these ISE6 cell-derived exosomes
that are depleted of bovine exosomes (Figure 4A).

Furthermore, we tested whether extracellular RNA or DNA
acts as a stimulus to differentially regulate the cytokines in
human skin cells treated with ISE6 cell-derived exosomes. Native
PAGE gel analysis of pretreated exosomes for sonication (to
lyse their lipid bilayer membranes) showed that it degraded
the tick exosomal proteins in comparison to the UT group of
exosomes (Figure 4B). HaCaT cells treated with ISE6 exosomes
(sonicated or not processed for sonication but both groups
incubated with RNaseA/DNaseI mixture) or with an internal
control group of PBS alone (as tick exosomes were suspended
in PBS) showed no significant differences in cytokine expression
of CXCL12 (Figure 4C) or IL-8 (Figure 4D). Both groups of
exosomes (not sonication or processed for sonication) showed
a significant (P < 0.05) reduction of CXCL12 or induction
of IL-8 when compared to the internal control group of PBS
alone-treated HaCaT cells (Figures 4C,D). In addition, we also
tested the mouse macrophages (RAW 264.7 cell line) treated
with exosomes derived from Am saliva or salivary glands or
ISE6 cells and analyzed the expression levels of cytokines such
as IL-1β, CXCL12, and TGF-β. No differences were observed
for both IL-1β and TGF-β upon treatment with ISE6 exosomes
(Supplementary Figure S7A). CXCL12 expression in RAW
cells showed a significant (P < 0.05) reduction with Am tick
salivary gland-derived exosomes; however, other groups showed
no significant differences in comparison to the respective UT
control group (Supplementary Figure S7A). Data from profiling
of human cytokines suggested a differential immune response to
tick exosomes at the bite site.

Exosomes Derived From Tick Saliva,
Salivary Glands, or ISE6 Cells
Consistently Upregulated Interleukin-8
and Downregulated C-X-C Motif
Chemokine Ligand 12 Secreted Proteins
From HaCaT Cells
Both IL-8 and CXCL12 transcript loads were significantly
(P < 0.05) modulated upon treatment with tick exosomes at
24 and 72 h posttreatment (Figures 3A–D and Supplementary
Figures S6A–D). Next, we analyzed if these extracellular

signaling molecules are also differentially secreted as proteins
after tick exosome treatments by using a human cytokine
proteome profiler array panel. Layout and Appendix table
for human cytokine assay coordinates are provided in
Supplementary Figures S7B,C. We found six secreted proteins
to be differentially regulated in this profiler array. Interestingly,
both IL-8 (increased) and CXCL12 (reduced) proteins were
consistently regulated in cell supernatants collected from HaCaT
cells treated (for 24 h) with Am saliva, Is salivary glands, or
ISE6 cell-derived exosomes when compared to the UT control
group (Figure 5A). We also noticed the presence of Serpin
E1 to be consistently downregulated upon treatment with tick
exosomes in comparison to the UT control (Figure 5A). The
other three molecules modulated in HaCaT cell supernatants
upon treatment with tick exosomes are CXCL1, macrophage
migration inhibitory factor (MIF), and IL-1 receptor antagonist
(IL-1RA) in comparison to the UT control (Figure 5A). Cell
culture supernatants collected from UT HaCaT cells served
as a control (Figure 5A). Densitometry analysis showed a
differential regulation of IL-8, CXCL12, and other proteins
in comparison to the UT control (Figure 5B). Furthermore,
independent immunoblotting analysis performed with cell
culture supernatants collected from HaCaT cells treated with
tick exosomes and respective antibodies showed that secreted
levels of IL-8 protein are dramatically upregulated and CXCL12
protein was considerably reduced in comparison to the UT
control group (Figure 5C). Total protein profile gel image serves
as a loading control (Figure 5C). Densitometry analysis for these
immunoblots showed increased or decreased levels of IL-8 or
CXCL12 proteins, respectively (Supplementary Figure 7D).
Consistent with immunoblotting analysis, ELISA assay showed
upregulation of secreted IL-8 protein in culture supernatants
collected from HaCaT cells treated with exosomes derived from
Am saliva or salivary glands or ISE6 cells in comparison to the
UT control (Supplementary Figure 7E). These data suggest
that tick exosomes affect the secretion of extracellular signaling
molecules such as IL-8 and CXCL12 from human skin cells.

Blocking of Interleukin-8 and C-X-C
Motif Chemokine Ligand 12 Increased
Tick Exosome-Mediated Effects of
Delayed Cell Migration and Repair
Process
In order to understand the importance of tick exosome-mediated
IL-8 induction and CXCL12 reduction, we performed wound-
healing assays (as described in the section “Materials and
Methods”) in HaCaT cell monolayers. We found that HaCaT
cell monolayers treated with IL-8 antibody in combination with
tick exosome treatment (16 h) showed similar results as noted
before (Figures 2A,B) with posttreatment of tick exosomes
alone (Figure 5D and Supplementary Figure S8). At 16 h, we
observed that wounds were neither closed in IL-8 antibody alone
or IL-8 antibody treatment in combination with tick exosomes
(Figure 5D and Supplementary Figure S8). However, we found
that at 24 h, the group treated with IL-8 antibody alone was
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FIGURE 4 | Tick exosomal proteins stimulate the regulation of interleukin-8 (IL-8) and C-X-C motif chemokine ligand 12 (CXCL12) and independent of bovine
exosomes. (A) Quantitative real-time PCR (QRT-PCR) analysis showing gene expression of CXCL12 and IL-8 upon treatment (for 24 h) of HaCaT cells with
exosomes collected from ISE6 cells cultured in Exo-free fetal bovine serum (FBS) medium (without any bovine exosomes). Black bar indicates HaCaT cells treated
with tick cell-derived exosomes, and white bars indicate the untreated (UT) group. (B) Native polyacrylamide gel electrophoresis (PAGE) gel image showing
degradation of tick exosomal proteins upon sonication. Sonicated exosome group is shown in duplicate with two lanes. Exo indicates exosomes that were not
sonicated and serves as the control. M indicates protein ladder showing bands of 50 and 70 kDa. Arrowheads indicate the degraded proteins in sonicated exosome
group in comparison to the not sonicated group of exosomes. QRT-PCR analysis showing CXCL12 (C) or IL-8 (D) gene expression in HaCaT cells treated with tick
cell-derived exosomes processed for sonication followed by treatment with the mixture of RNaseA/DNaseI (last bar in each graph). HaCaT cells incubated with tick
cell exosomes (not processed for sonication but treated with the mixture of RNaseA/DNaseI) serve as the control. HaCaT cells incubated with phosphate buffered
saline (PBS) alone that is treated with the mixture of RNaseA/DNaseI serve as the internal control. Transcript levels of cxcl12 and Il-8 were normalized to human
beta-actin. Asterisk indicates significance (P < 0.05) in comparison to respective UT controls. P-value determined by Student’s two-tailed t-test is shown.

capable of closing the wound gap in comparison to the IL-
8 antibody and tick exosomes combined groups (Figure 5D
and Supplementary Figure S8). Similar observations were noted
upon measurement of remaining wound size percentages at
different time points (Figure 5E). At 24 h post wound scratch
and treatment of exosomes (from Am saliva or salivary glands
or Is salivary glands or ISE6 cells), the remaining wound sizes
were calculated as 9, 8, 7, or 12.2%, whereas IL-8 antibody alone

showed 0% wound remaining size, respectively (Figure 5E). No
remaining wound size was seen in UT control group at 24 h,
suggesting a complete wound closure in the absence of tick
exosomes (Figure 5E). These data suggest that tick exosomes
delay wound healing via an exaggerated immune response
triggered by IL-8. Inhibition of IL-8 alone (via antibody blocking)
showed delayed wound closure (at 16 h) in comparison to
the UT control (Figure 5D and Supplementary Figure S8). In
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FIGURE 5 | Tick exosome treatments showed consistent upregulation of interleukin-8 (IL-8) and downregulation of C-X-C motif chemokine ligand 12 (CXCL12) in
HaCaT cells. (A) Multiple cytokine protein arrays with cell culture supernatants collected from HaCaT cells treated with in vivo or in vitro tick exosomes derived from
Am saliva, or Is salivary glands, or ISE6 cells for 24 h posttreatment are shown. Images of nitrocellulose membranes with spotted molecule (as duplicates) are shown
along with proteins spotted as a positive reference on three corners of each membrane. Proteins spotted as one negative control are shown at the bottom right and
indicated as NC. Numbers indicated on membranes are related to CXCL1 (1), CXCL12 (2), IL-1 receptor (3), IL-8 (4), MIF (5), and Serpin E1 (6). Numbers indicate the
molecules detected and evaluated for densitometry analysis. (B) Densitometry of spots detected on nitrocellulose membranes from multiple cytokine arrays of
culture supernatants from HaCaT cells treated (for 24 h) with tick exosomes is shown. Different bar shades represent tick exosome-treated groups.
(C) Immunoblotting analysis showing levels of secreted IL-8 and CXCL12 proteins in cell culture supernatants collected from HaCaT cells treated (for 24 h) with
in vivo or in vitro tick exosomes derived from Am saliva, or Is salivary glands, or ISE6 cells. Total protein profiles are stain-free gel images that serve as the loading
control. (D) Wound healing assay images from monolayers of HaCaT cells treated with IL-8 antibody (2 µg) for 12 h, followed by treatments (for 24 h) with tick
exosomes from respective groups is shown. Phase contrast images collected at different time points (of 0, 8, 16, and 24 h) of post tick exosome treatments are
shown. HaCaT cell wound closure images for IL-8 antibody alone or untreated (UT) groups collected at indicated time points serve as controls. Scale bar indicates
400 µm. (E) Quantitative measurement of remaining wound size percentages (obtained from ImageJ) from HaCaT cell monolayers treated with IL-8 antibody for
12 h, followed by treatment with tick exosomes at different time points (of 0, 8, 16, 24 h) is shown. Am represents Amblyomma maculatum, Is indicates Ixodes
scapularis, and ISE6 denotes Is-derived cell line. Wounds at 0 h were considered as 100% for all groups, including IL-8 antibody alone or UT controls. Percentages
for remaining wound sizes at 16 or 24 h posttreatment with in vivo or in vitro tick exosomes are shown as bar graphs for comparison. The –/+ indicates the presence
or absence of IL-8 antibody. UT represents the untreated group that serves as the control in each respective experiment. Two-way ANOVA is shown in
Supplementary Table S1B. WH indicates wound healing.

order to understand the significant role of IL-8 upon treatment
with tick exosomes, we applied a genetic approach by using
siRNA studies. Wound healing assays performed with HaCaT
cells transfected with IL-8 siRNA for 24 h followed by treatment
(24 h) with ISE6 cell-derived exosomes showed that silencing of
IL-8 had no differences in comparison to the scrambled siRNA
or the UT internal controls (Supplementary Figure S9A). At
24 h, all groups closed the scratch area without any differences
(Supplementary Figure S9A). Measurement of remaining
wound size percentages at 8 h showed no differences in wound
closure with silencing of IL-8 siRNA (17%) when compared to the
scrambled (34%) or UT control (30%) groups (Supplementary
Figure S9B). Also, at 24 h, no significant differences were
observed between IL-8 siRNA group or scrambled/UT controls
(Supplementary Figure S9B and Supplementary Table S2A).

The DNA agarose gel image shows the lower amounts of IL-8
transcripts in HaCaT cells in comparison to the scrambled or
UT control groups (Supplementary Figure S9C). No differences
were observed with actin transcript levels that serve as internal
control (Supplementary Figure S9C). Densitometry analysis of
the DNA agarose gel revealed lower levels of IL-8 transcripts
in HaCaT cells transfected with siRNA in comparison to the
scrambled/UT control groups (Supplementary Figure S9D).

In contrast to IL-8 antibody treatment, we found that
CXCL12 antibody treatment completely failed to close wounds
(even at 24 h posttreatment) either alone or when treated in
mixture with tick exosomes (Figure 6A and Supplementary
Figure S10). Noticeably, wider scratched areas were visualized
(at 16 h posttreatment) upon treatment with CXCL12 antibody
(alone) or in mixture with exosomes derived from Am saliva
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FIGURE 6 | Blocking of C-X-C motif chemokine ligand 12 (CXCL12) via antibody increased but exogenous CXCL12 protein treatment restored tick
exosome-mediated delayed wound healing and the repair process. Wound healing assay performed on monolayers of HaCaT cells treated with CXCL12 antibody
(2 µg) for 12 h (A) or with CXCL12 purified protein (2 µg) for 4 h (C), followed by treatments with tick exosomes derived from Am saliva or salivary glands, or Is
salivary glands, or ISE6 cells is shown. Phase contrast images collected from different time points (0, 8, 16, and 24 h) of post tick exosome treatments are shown.
HaCaT cell wound closure images for CXCL12 antibody alone or CXCL12 purified protein alone or untreated (UT) groups serve as internal controls. Scale bar
indicates 400 µm. Quantitative measurement of remaining wound size percentages (obtained from ImageJ) of HaCaT cell monolayers treated with either CXCL12
antibody for 12 h (B) or with purified human CXCL12 protein for 4 h (D) followed by treatment with tick saliva, salivary glands, or ISE6 cell-derived exosomes at
different time points (of 0, 8, 16, 24 h) is shown. Am represents Amblyomma maculatum, Is indicates Ixodes scapularis, and ISE6 denotes Is-derived cell line.
Wounds at 0 h were considered as 100% for all groups, including CXCL12 antibody alone or CXCL12 protein alone or UT controls. Percentages for remaining
wound sizes at 16 or 24 h posttreatment of tick exosomes are shown as bar graphs for comparison. The –/+ indicates the presence or absence of CXCL12 antibody
or CXCL12 purified protein. Two-way ANOVA is shown in Supplementary Table S1B. Ab indicates antibody, and Exo denotes exosomes in the figure title.

or salivary glands, Is salivary glands, or ISE6 cells (Figure 6A
and Supplementary Figure S10). Images obtained from before
scratch or immediately after tick exosome treatment (as 0 h) or
continued until 24 h are shown for comparison (Supplementary
Figures S8, S10). One group in each category treated with IL-8
or CXCL12 antibody alone served as an internal control in each
respective independent experiment (Supplementary Figures S8,
S10). Also, independent UT groups (without any treatments)
were considered as internal controls in each antibody experiment
(Supplementary Figures S8, S10). For clear appearance of cell
monolayers and comparison with before scratch and inclusion
of 4 h imaging group, we have shown enlarged images again for

IL-8 and CXCL12 antibody alone treatments (Supplementary
Figures S8, S10). Quantitative measurement analysis (at 24 h
posttreatment) revealed wider areas of remaining wound sizes of
about 36% for treatment with CXCL12 antibody alone, whereas
CXCL12 antibody in combination with exosomes derived from
Am saliva or salivary glands, Is salivary glands, or ISE6 cells
showed 13, 14, 6, or 11%, respectively (Figure 6B). UT group
showed (at 24-h treatments) 0% remaining wound size as
expected (Figure 6B). In addition to IL-8 or CXCL12 antibody
alone treatment controls, HaCaT cells were treated with IgG
isotype control antibody. No differences in wound healing were
observed with IgG antibody-treated group when compared to
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the UT control group at all tested time points (Supplementary
Figure 11A). Also, the remaining wound size percentages showed
no significant differences (Supplementary Figure 11B). No
significant differences were also noted between the UT and IgG
antibody-treated groups (Supplementary Table S2B). These data
suggest that CXCL12 plays an important role in wound healing
and the repair process and hence it is dramatically inhibited by
tick exosomes to delay wound closures in skin.

Exogenous Treatment of C-X-C Motif
Chemokine Ligand 12 Protein Restored
Cell Migration in Injured Areas Impaired
by Exosomes From Tick Saliva, Salivary
Glands, or ISE6 Cells
It was interesting to note that treatment with CXCL12 antibody
alone showed wider remaining wound sizes and delayed wound
healing either in the presence or absence of tick exosomes from
all four groups. Next, we determined if treatment of HaCaT
cells with human CXCL12 or SDF-1α (hBA-68) purified protein
(2 µg) alone or in combination with tick in vivo or in vitro
exosomes has any effect(s) in tick exosome-mediated delayed
wound healing. It was noteworthy to find that treatment with
2 µg of human CXCL12 purified protein enhanced wound
closure and the repair process at 16 h and in both cells
treated with either CXCL12 protein alone or in combination
with tick exosome groups (Figure 6C and Supplementary
Figure S12). At 24 h posttreatment, we found that tick exosome
(derived from Am saliva or salivary glands, Is salivary glands,
or ISE6 cells)-mediated delayed wound closures/healings were
completely restored in the presence of CXCL12 purified protein
(Figure 6C and Supplementary Figure S12). These restored
effects were comparable to the wound closures observed in
CXCL12 protein alone-treated group or with the UT control
group (Figure 6C and Supplementary Figure S12). The UT
group, without any treatments, was considered as an internal
control (Figure 6C and Supplementary Figure S12). Images
collected before scratch and after immediate treatment (as 0 h)
with respective groups of tick exosomes are shown as control
groups (Supplementary Figure S12). For clear appearance of cell
monolayers and comparison with before scratch and excluded
4-h time point group, enlarged images are shown for all panels
in Supplementary Figure S12. Quantitative measurements of
remaining wound sizes at 24 h showed 0% for all groups
including CXCL12 protein alone or protein in combination with
tick exosome treatments (Figure 6D). Measurements at 16 h
post tick exosome treatment revealed that the CXCL12 protein
restored wound sizes to be 0.68% (Am saliva exosomes), 3.1%
(Am salivary gland-derived exosomes), 9.6% (Is salivary gland-
derived exosomes), and 6.7% in ISE6 cell-derived exosomes in
comparison to the UT group that showed 4.1% remaining wound
size (Figure 6D). CXCL12 protein alone control group showed
3.5% wound remaining size (Figure 6D). In the presence of the
CXCL12 protein, Am saliva-derived exosomes were considerably
inhibited to impair wound closure and the repair process, and
at 24 h, all groups closed the wounds (remaining wound size
calculated as 0%) that were comparable to that of the UT group

(Figure 6D). It is interesting to observe that in comparison
to IL-8 or CXCL12 antibody treatment, the CXCL12 protein
treatment showed significant (P < 0.05) restoration in wound
closure with all four groups of tick exosomes in comparison to
their respective mock controls. Significant (P < 0.05) differences
between IL-8 and CXCL12 antibody-treated groups or CXCL12
protein-treated groups were noted by the two-way ANOVA
(Supplementary Table S1B). In addition, wound healing assays
performed with GST purified protein (2 µg) alone (control
to the CXCL12-GST-tagged purified protein) or GST protein
in combination with ISE6 cell-derived exosomes showed that
GST protein alone had no effect, and it was comparable to
that of the UT control group (Supplementary Figure S13A).
However, GST protein in combination with ISE6 cell-derived
exosomes showed delayed wound healing similar to the one
noticed in Figure 2 and Supplementary Figure S13A. These data
also showed that in contrast to CXCL12 protein, GST protein
alone has no role in restoring tick exosome-mediated delays in
wound repair (Supplementary Figure S13A). The quantitative
measurements (at 24 h) showed 9.6% remaining wound sizes for
GST protein in combination with ISE6 cell-derived exosomes,
whereas GST protein alone or UT control groups showed 0%
remaining wound sizes (Supplementary Figure S13B). At 16 h,
no differences were seen for GST protein alone (11%) or UT
groups (8.6%) (Supplementary Figure S13B). No significant
differences were also noted between the UT and GST protein
alone-treated groups (Supplementary Table S2C). Inhibition of
both IL-8 and CXCL12 via antibodies in combination showed
better delay in wound closures and the repair process (19%) in
comparison to the UT control (Supplementary Figure S13B).
These data suggest that enhanced expression and secretion of
biologically active CXCL12 are very critical to suppress and
restore the damaging effects of tick saliva or salivary gland-
derived in vivo exosomes that impair wound healing and the
repair process at the tick bite site.

DISCUSSION

To complete a successful blood meal, ticks evade the host defense
system, including the very first barrier of skin keratinocytes
and the responses from recruited immune cells at the bite site
(Nuttall and Labuda, 2003, 2004; Leitner et al., 2011; Hanel et al.,
2013; Bernard et al., 2014, 2015; Glatz et al., 2017; Zhou et al.,
2018; Nuttall, 2019). The biological processes at the tick–host–
virus interface have been well studied (Kazimirova et al., 2017).
There are several important studies showing that saliva from
ticks is enriched in molecules that modulate the host immune
attack and tranquil the blood meal intake process (Bowman
et al., 1997; Nuttall and Labuda, 2003, 2004; Brossard and
Wikel, 2004; Valenzuela, 2004; Leitner et al., 2011; Bernard et al.,
2014, 2015; Kotal et al., 2015; Scholl et al., 2016; Glatz et al.,
2017; Vora et al., 2017; Wikel, 2018; Nuttall, 2019). In order to
understand the transmission modes of tick-borne pathogens to
human and other vertebrate hosts, we have previously shown
that ISE6 cells secrete exosomes/EVs that mediate pathogen
transmission to human skin keratinocytes and blood endothelial
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cells (Zhou et al., 2018). To our knowledge, this is the first
report to implicate the tick saliva and salivary gland-derived
in vivo exosomes in modulating the host immune response
at the tick bite site to allow, ease, and mediate the blood-
feeding process. Our discovery of the presence of exosomes
in Am saliva or salivary glands or Is salivary glands suggests
a functional role for tick salivary exosomes as extracellular
signaling vesicles to coordinate and facilitate the process of tick
feeding. Ticks have to elicit a variety of responses to modulate
the sensing danger signals at the critical skin barrier (Bowman
et al., 1997; Nuttall and Labuda, 2003, 2004; Brossard and
Wikel, 2004; Valenzuela, 2004; Leitner et al., 2011; Bernard
et al., 2014, 2015; Kotal et al., 2015; Scholl et al., 2016; Glatz
et al., 2017; Vora et al., 2017; Wikel, 2018; Zhou et al., 2018;
Nuttall, 2019). We assume that saliva molecules contained
securely inside tick exosomes would be safe enough to avoid
and shield themselves against these sensing dangers. This would
allow ticks to win the first battle at the skin barrier that
ultimately leads to successful blood feeding. Given that more
force is required at this feeding point, salivary glands might
continue to release exosomes with required cargo molecules
(as shielded warriors) into the saliva pool and at the tick
bite site. We have found that both tick saliva and salivary
gland-derived exosomes were heterogeneous in the population
with sizes from 30 to 200 nm in diameter (Figure 1A and
Supplementary Figure S1A), suggesting differential cargo being
transported via these EVs. The in vivo tick exosomes showed
the presence of lipid bilayer membrane that maintains high
stability for securely fusing the luminal cargo content into
host keratinocytes. A higher expression of tick CD63 protein
further confirmed that arthropod exosome membranes are highly
stable with enriched tetraspanin domain containing glycoprotein
decorations that perhaps allows interactions with host molecules.
Our immunoblot data showing that CD63 is heavily glycosylated
in tick cell-derived exosomes in comparison to the whole tick
cells or tick salivary glands suggest that this molecule is highly
modulated and perhaps transported in its readily functional or
active form to maintain exosome membrane integrity and relay
extracellular signaling. Also, the presence of three orthologs of
CD63-like proteins in Is ticks further suggested the importance
of these tetraspanins to play various/redundant roles during tick
feeding. Our previous studies have shown abundant amounts
of HSP70 as exosomal enriched protein in exosomes derived
from cells of tick, mosquito, and mouse cortical neurons (Vora
et al., 2018; Zhou et al., 2018, 2019). Detection of HSP70
in tick saliva and salivary gland-derived in vivo exosomes in
addition to ISE6 cell-derived in vitro exosomes further confirmed
a role for this chaperon at the tick bite site. We believe that
the presence of HSP70 in tick exosomes plays a major role in
blood feeding. Our independent study showed induction of this
chaperon in ticks feeding on immunocompetent mice, whereas
ticks feeding on immunodeficient animals had reduced HSP70
loads, perhaps due to less immune interference and disturbance
(Vora et al., 2017). The presence and detection of CD63 and
HSP70 suggest that cargo contents of tick exosomes derived
from saliva and salivary glands are highly similar. Since ISE6
cells are a derivative of a mixture of salivary gland and midgut

tissues, we assume that the cargo content from different tissues is
perhaps similar or at least maintain important components such
as tetraspanin glycoprotein, CD63. Given the pharmacological
wonders of tick saliva, its complexity, chemical composition,
and numerous functions (Bowman et al., 1997; Valenzuela, 2004;
Kotal et al., 2015; Nuttall, 2019), we believe that exosomes are
perhaps released with additional secreted proteins from saliva
and hence would have more effects that could be synergic in
mounting a higher immune response at the site of the tick
bite. Also, in this study, we cannot compare the composition
of exosomes from unfed or fed ticks and note that these
differences could be based on the interspecific, stage-specific, or
feeding-induced changes observed in ticks. An important study
identified a novel plasminogen activator referred as Longistatin
from the ixodid tick, Haemaphysalis longicornis, that was found
to be resistant to the endothelial PAI-1 or Serpin E1 (Sugino
et al., 2003). Serpins are serine protease inhibitors that mainly
inhibit plasminogen activators and functions in fibrinolysis and
blood clotting (Imamura et al., 2005; Prevot et al., 2006, 2009;
Mulenga et al., 2009; Chalaire et al., 2011; Ibelli et al., 2014;
Radulovic and Mulenga, 2017; Bakshi et al., 2018; Pongprayoon
et al., 2019). Our current study showed that human Serpin
E1 is consistently downregulated upon treatment with tick
exosomes. Suppression of Serpin E1 in human keratinocytes
upon treatment with tick exosomes suggests a tick response to
allow tissue plasminogen activator or PLAT protein induction
and breakdown of blood clots to allow continuous blood flow
during tick feeding. Our current efforts are completely focused
on understanding the detailed role of Serpin E1 during tick
exosome-mediated blood feeding.

During tick bite, the saliva dribbles and suppresses blood
clotting and the immune responses that reject these arthropod-
mediated modulations (Bowman et al., 1997; Brossard and
Wikel, 2004; Nuttall and Labuda, 2004; Valenzuela, 2004; Leitner
et al., 2011; Kotal et al., 2015; Lewis et al., 2015; Glatz et al.,
2017; Vora et al., 2017; Nuttall, 2019). It has been shown
that blood plasma EV fibrinogen induces autoimmune-mediated
spontaneous relapsing disease in a murine model of multiple
sclerosis (Willis et al., 2019). Our previous work with HSP70
has shown that ticks elicit variable levels of fibrinogenolytic
activities depending on the host immune background (Vora et al.,
2017). Our present study explored the role of tick saliva, salivary
glands, and ISE6 cell-derived exosomes in wound healing and
the repair process in human keratinocytes. It was highlighting
to find that tick exosomes delayed wound closure and the repair
process, suggesting their role in mediating inhibition of tissue
repair and facilitation of blood feeding at the bite site. Similar
effects displayed by both in vivo and in vitro tick exosomes
further confirmed their role in contributing to the delayed repair
process in order to perhaps ease and facilitate blood feeding.
Furthermore, consistent upregulation of IL-8 and repression of
CXCL12 in HaCaT monolayers treated (24 and 72 h) with tick
exosomes from respective groups suggested an important role
for these molecules as regulators in wound healing and the
repair process. Both IL-8 and CXCL12 have been suggested to
play key roles during wound healing and the skin tissue repair
process (Kamata et al., 2011; Ogawa et al., 2011; Jiang et al., 2012;
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Bollag and Hill, 2013; Scholl et al., 2016). IL-8 (CXCL8), a
chemokine and a pro-inflammatory mediator, abundantly
expressed in skin keratinocytes allows recruitment of neutrophils
at this line of defense (Kamata et al., 2011; Jiang et al., 2012;
Scholl et al., 2016). Several host cytokines including IL-8 have
been modulated by tick salivary gland extracts (Hajnicka et al.,
2005). Also, reduced IL-8 activity in context to several ixodid
tick species (Dermacentor reticulatus, Amblyomma variegatum,
Rhipicephalus appendiculatus, Haemaphysalis inermis, and Ixodes
ricinus) was observed (Hajnicka et al., 2001). IL-8 has been
shown to play important roles during the wound healing
process. Polymorphonuclear leukocytes (PMNs) in human
blisters and skin grafts donor site wounds showed a potential
role for IL-8 as a chemoattractant (Rennekampff et al.,
2000). In human keratinocyte assays, IL-8 recombinant protein
(1 µg/ml) increased migration of these cells, and endogenous
IL-8 played sequential functions in all phases of the human
wound healing process (Rennekampff et al., 2000). In addition,
autocrine/paracrine secretion of IL-8 supported the poly I:C-
mediated HaCaT cell migration in scratch assays (Takada et al.,
2017). An important study showed that tick saliva enhanced
the production of pro-inflammatory mediators including IL-8
and IL-6 in dermal fibroblast cells (Scholl et al., 2016), whereas
saliva when incubated on monocytes cocultured with Borrelia
burgdorferi showed suppressive effects on the expression of IL-
8 (Scholl et al., 2016). Our studies are in agreement with these
findings that tick saliva, salivary gland, and ISE6 cell-derived
exosomes induce IL-8 production and release from human
keratinocytes. IL-8 gene transcripts and secreted protein were
both upregulated, suggesting a magnified role for IL-8 in wound
healing upon treatment with tick exosomes. We assume that
induction of IL-8 is a host-mediated response, as inhibition of
IL-8 (via antibody blocking, at 16 h) failed to close wounds
in comparison to UT controls. At 24 h, IL-8 blocking showed
wound closure in comparison to the IL-8 antibody and tick
exosome combination treatment groups. We believe that upon
IL-8 inhibition, CXCL12 or other molecules may play enhanced
roles to repair the wounds. We did not find any changes with
IL-6 upon treatment with tick exosomes at both 24 and 72 h,
but we cannot exclude the possibility that in the absence of IL-
8, IL-6 may play a compensatory role in the wound healing
process. Upregulation of TNF-α levels at 72 h posttreatment
but not at 24 h posttreatment with tick exosomes suggests its
role in enhanced inflammation and exaggerated necrosis at the
tick bite site during later stages of feeding. Upregulation of IL-
1β upon treatment with tick exosomes suggests a local immune
response to bite and salivary components. Early tick bite skin
lesions at 24 h of I. ricinus attachments from 22 biopsy samples
have shown elevated mRNA levels of pro-inflammatory cytokine
IL-1β from macrophages and chemoattractant IL-8 (CXCL8)
from neutrophils (Glatz et al., 2017). It has been assumed that
after 24 h of tick attachment period, the primary inflammatory
response weakens and an adaptive immune response arises and
develops (Wikel, 1996a,b; Hanel et al., 2013; Glatz et al., 2017;
Han et al., 2017). We have noted that upon tick exosome (both
in vivo and in vitro) treatments, skin keratinocytes had increased
levels of both IL-1β and IL-8 at 72 h posttreatment, but much

higher levels were observed for both these transcripts at 24 h,
an early period with tick exosome treatment. Other than IL-8
and IL-1β, we have observed differences with other cytokines
such as TGF-β that show upregulation with treatment of tick
saliva or ISE6 cell-derived exosomes. It has also been reported
that tick salivary gland extract binds to growth factors such
as TGF-β1, platelet-derived growth factor (PDGF), FGF-2, and
hepatocyte growth factor (HGF) (Hajnicka et al., 2011). We
have noted the reduction of FGF-7 and VEGFA cytokines. The
significance for this differential expression will be addressed
in our future studies. We assume that tick exosomes may
either lyse up to release the luminal content or perhaps fuse
with keratinocytes and other recruited immune cells such as
neutrophils, macrophages, and dendritic cells. Several studies
have examined the role of tick saliva on monocytes, macrophages,
dendritic, and several other immune cells (Nuttall and Labuda,
2004; Valenzuela, 2004; Prevot et al., 2006; Kotal et al., 2015;
Scholl et al., 2016; Radulovic and Mulenga, 2017; Nuttall, 2019).
No or inconsistent differences found in expression levels of
IL-1β, CXCL12, and TGF-β from mouse macrophages suggest
that tick exosomes modulate these molecules in human skin
barrier keratinocytes specifically and perhaps differentially in
other immune cells. We cannot rule out the effect of incubation
of tick exosomes with macrophages and analyze the expression
of cytokines and chemokines at the later time points such as
72 h post infection. We are in the process of exploring the role
of tick saliva and salivary gland-derived exosomes on various
other immune cells and their responses in the production of
cytokines and chemokines.

So far, there are no reports showing a role for CXCL12 in
facilitating tick exosome-mediated immune response(s) during
tick feeding or aiding the host defense at the tick bite site.
CXCL12 has been shown to play sufficient roles during wound
healing and the tissue repair process (Gillitzer, 1996; Gillitzer
et al., 2000; Restivo et al., 2010; Feng et al., 2014; Kim et al.,
2015; Vagesjo et al., 2018). Wound healing is a highly dynamic
and regulated process with several subprocesses or phases. We
considered the phases that required the integration of both
biological and molecular events such as secretion of cytokines,
cell migration, and repair of the scratch processes in this
study. We believe that induction of IL-8 is a host-mediated
independent event. Inhibition of IL-8 delayed wound healing and
the repair process. However, in the presence of tick exosomes,
skin cells further upregulated (perhaps three folds) this molecule
to support healing and the repair process. We also believe that in
the presence of IL-8 antibody, the inhibition is much enhanced
as the secreted IL-8 protein is blocked efficiently (by the antibody
binding), and the effects are stronger in comparison to the genetic
approach by siRNA silencing of the IL-8 transcript. Proteomic
analysis of whole human saliva-derived exosomes has shown
the presence of HSP70, Alix, Tsg101, and CD26. The latter
molecule has been shown to metabolically cleave chemokines
such as CXCL11 and CXCL12 to regulate the local immune
defense against oral microbes (Ogawa et al., 2011). Consistent
suppression of CXCL12 upon treatment (at early 24 h or late
72 h) with in vivo- or in vitro-derived tick exosomes suggests
a very critical role played by this molecule in host defense
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at the human skin. Our data clearly suggested that CXCL12
mRNA transcripts and secreted protein were severely inhibited
by tick exosomes derived from either in vivo or in vitro group.
Downregulation of CXCR4 (a receptor for CXCL12) at early 24 h
posttreatment of tick exosomes further suggested the reduced
uptake, production, secretion, and binding of CXCL12 ligand
to its receptor (CXCR4). Inhibition of CXCL12 by antibody
blocking in combination with tick exosome treatments especially
from Am saliva or salivary glands showed a dramatic delay in
wound closure and repair at both 16 and 24 h posttreatment.
Importantly, restoration in wound healing and repair observed
after treatment with CXCL12 purified protein clearly suggested a
potential role for this molecule in the inhibition of inflammation,
damage, and enhancement of wound closure and tissue repair
at the tick bite site. It was surprising to note that only 2 µg of
CXCL12 protein was sufficient to protect the skin keratinocytes
and mediate wound closure and the repair process. Our proposed
model (Figure 7) suggests that induction of CXCL12 and perhaps
IL-8 in skin keratinocytes would support to ease inflammation,
reduce skin damage, and promote cell proliferation, wound
healing, and tissue repair at the tick bite site. Also, exogenous
use of stable CXCL12 protein as lotion or spray at the bite site
may inhibit the exaggerated responses triggered by tick exosomes.
We assume that the use of CXCL12 as a potential therapeutic on
human skin may affect tick saliva exosomes and/or prevent blood
feeding by inducing the host defense to promote rapid wound
healing and the repair process. Our future studies will target such

applied research in in vivo mouse models. Overall, our study
showed a novel role for in vivo/in vitro exosomes in facilitating
tick blood feeding by modulating important host molecules such
as IL-8 and CXCL12 from skin keratinocytes. This work also
suggested the therapeutic potential of CXCL12 in preventing
not just tick-related but also other skin inflammation, tissue
damage, injury, skin burns, and wound closures. Taken together,
this study opens new thoughts on how arthropod exosomes in
saliva can take the toll to facilitate and allow tick feeding at the
confrontation site and conquest a difficult and dangerous battle
for that delicious blood meal.

SIGNIFICANCE STATEMENT

Our work suggests that induction of CXCL12 and perhaps IL-
8 in skin keratinocytes would ease inflammation, reduce skin
damage, and promote cell proliferation, wound healing, and
tissue repair at the tick bite site. Also, exogenous use of stable
CXCL12 protein may inhibit the exaggerated responses triggered
by exosomes upon tick bite. We assume that the use of CXCL12
as a potential therapeutic on human skin may affect tick saliva
exosomes and/or prevent tick blood feeding by inducing the host
defense to promote rapid wound healing and the repair process.
Overall, our study showed a novel role for exosomes in facilitating
tick blood feeding by modulating important host molecules such
as IL-8 and CXCL12 from skin keratinocytes.

FIGURE 7 | Tick saliva exosomes modulate human skin interface. Model showing tick bite site or hypostome injected into a damaged skin pit, with saliva deposit or
spit from Am or Is ticks. We propose that the release of in vivo exosomes into the saliva at the wound/bite site exaggerates the residential keratinocytes and perhaps
residential Langerhans cells to modulate cytokines or chemokines such as interleukin-8 (IL-8) and/or C-X-C motif chemokine ligand 12 (CXCL12) to control tissue
damage, injury, wound healing, and repair processes. This may allow, ease, and promote successful completion of tick blood feeding. Am represents Amblyomma
maculatum, and Is indicates Ixodes scapularis.
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FIGURE S1 | Cryo-EM imaging and measurement of in vivo exosomes derived
from Am saliva and salivary glands. (A) Additional cryo-EM (electron microscopy)
images collected from two independent institutions (University of Texas Medical
Branch; UTMB and Indiana University; IU) showing exosomes isolated from Am
saliva or salivary gland tissues. Scale bar indicates 100 nm (UTMB), or 200 or
500 nm (IU), respectively. For better comparison, scales have been provided close
to individual exosomes. For images from IU on right side, insets show detailed
structure of exosomes from the field. Measurement of diameters shows
heterogeneous population of in vivo exosomes from saliva or salivary glands.
Particle diameter measurement (in nm) analysis against the concentration of
particles to determine the exosome sizes from Am saliva (indicated as Am-S) (B)
or Is salivary gland-derived exosomes (represented as Is-SG) (C) is shown. N
represents number of particles determined or counted using the TS-300 filter that
measured 50–300 nm particle sizes. Scatter plot graphs on right in both (B) and
(C) shows number of particles counted during the transit time (indicated as N) in
Spectradyne nCS1 nanoparticle analyzer. Am represents (Amblyomma
maculatum) and Is indicates (Ixodes scapularis) ticks.

FIGURE S2 | Detection of CD63 from brain tissue-derived exosomal fractions and
estimation of proteins from tick exosomes. (A) Immunoblotting analysis showing
detection of exosomal enriched marker CD63 in six different exosomal fractions
prepared from C57/BL6 wild type mice brain tissue. Total protein profile is shown
from the stain free gel image that serves as loading control. (B,C) BCA
measurement assay showing the estimated protein amounts at an optical density
of 562 nm (shown in Y-axis) and concentration of tick exosomal proteins (in
µg/µl). The R2 value is shown for the standards.

FIGURE S3 | Enhanced CD63 levels in tick cell-derived exosomes and
amplification of Is CD63-like molecules. (A) Immunoblotting analysis showing
detection of exosomal enriched marker CD63 in Am whole salivary gland lysates,
tick cell-derived exosomes, and whole tick cell lysates. Arrowheads indicate the
endogenous (lower) and glycosylated (middle and upper) protein in salivary gland
and ISE6 cell and exosomal lysates. Total protein profile is shown from the stain
free gel image that serves as loading control. M indicate protein ladder and SG
denotes salivary glands. (B) PCR amplification of CD63-like genes from Is unfed
female ticks or ISE6 cells cDNA is shown. Three different fragments were
amplified, and bands of approximately 245, 261 and 241 bp (denoted by
arrowheads) were detected on 1% agarose gel for ISE6 cells. Is unfed female ticks
showed amplified product for two CD63-like molecules (IsCW014150, and
IsCW010731). NTC denotes no template control, and NTC is shown for respective
primer pairs. M represents DNA ladder and Is shows Ixodes scapularis.
Arrowhead indicates the 200 bp reference bands in DNA ladder.

FIGURE S4 | Alignment, phylogenetic analysis and identity of Is CD63-like
proteins. (A) Deduced Is CD63-like amino acid sequence alignments (with other
orthologs) using ClustalW program in DNASTAR Lasergene is shown. Residues
that match are shaded in black color. GenBank accession numbers for
M. musculus and H. sapiens CD63 sequences are shown. VectorBase accession
numbers for three of the Is CD63-like proteins, and A. aegypti Tsp29Fb are
provided. Total length of the amino acid sequence is provided at left end of each
sequence. (B) Phylogenetic analysis was performed in DNASTAR by ClustalW
slow/accurate alignment method using Gonnet as default value for protein weight
matrix. Scale at the bottom denotes amino acid substitutions per 100 amino acid
residues. Bootstrap and seed numbers are provided. (C) Percent identity
(horizontally above black boxed diagonal) and divergence (vertically below black
boxed diagonal) of Is CD63-like nucleotide sequence in comparison to A. aegypti
Tsp29Fb, M. musculus and H. sapiens CD63 sequences is shown.
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FIGURE S5 | Exosomes derived from tick saliva, salivary glands, or ISE6 cells
delay wound closure and repair in skin keratinocytes. Phase contrast images of
HaCaT cells monolayers treated with 20 µl of exosomal-pooled fractions (1–6)
from either Am saliva or salivary glands or Is salivary glands or ISE6 cells for 24 h
is shown. Images were obtained before any treatments and shown as before
scratch. Scratch generated cell images before treatment with tick exosomes are
shown as 0 h. Representative images are shown for each time points (of 0, 4, 8,
16, and 24 h) post tick exosome-treatments. Images from time points of 0, 8, 16,
and 24 h are previously shown in Figure 2 and are repeated in this figure for better
comparison with inclusion of before scratch and 4 h time point group. HaCaT cell
monolayers maintained as untreated (UT) group serve as control. Images were
obtained using EVOS FL system and 10X magnification. Scale bar indicates
400 µm for each image per group/time point. Am represents (Amblyomma
maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cell line.
Two-way ANOVA analysis is shown in Supplementary Table S1A.

FIGURE S6 | Human skin cells cytokine analysis revealed differential regulation by
tick saliva, salivary gland, or ISE6 cell-derived exosomes. QRT-PCR analysis
showing levels of different cytokines/chemokines (CXCL12, CXCR4, IL-8, Serpin
E1, TNF-α, IL-1β, TGF-β, IL-6, FGF-7 and VEGFA) from HaCaT cells (A–D) treated
(for 72 h) with exosomes derived from Am saliva or salivary glands, Is salivary
glands or ISE6 cells. Transcript levels were compared to the levels of the cytokine
or chemokine levels in untreated (UT) HaCaT cells. Cytokine levels were
normalized to human beta-actin, respectively. Asterisk indicates significance
(P < 0.05) in comparison to respective untreated controls. P-value determined by
Student’s two-tailed t-test is shown.

FIGURE S7 | Cytokine expression in mouse macrophages, protein array profile
layouts and detection of IL-8 upregulation by ELISA. (A) QRT-PCR analysis
showing expression of IL-1β, TGF-β and CXCL12 from mouse macrophages
(RAW264.7 cell line) treated (for 24 h) with exosomes from Am saliva or salivary
glands, or ISE6 cells. Each cytokine load is compared to its respective untreated
control group. UT indicates untreated. Transcript levels in RAW 264.7 cells were
normalized to mouse beta-actin, respectively. (B) Layout of human cytokine assay
coordinates spotted on four of the nitrocellulose membranes purchased from R&D
systems is shown. (C) Appendix table for assay coordinates showing the details of
cytokines/chemokines spotted in duplicate on the nitrocellulose membrane is
provided from the vendor’s website. The Reference proteins as positive control are
spotted on membranes at A1, 2; E1, 2 and A19, 20 whereas E19, 20 were
negative controls for the assay. (D) Densitometry analysis showing differences in
secreted protein levels of IL-8 or CXCL12 in comparison to the untreated (UT)
control. Am represents (Amblyomma maculatum), Is indicates (Ixodes scapularis)
and ISE6 denotes Is-derived cell line. (E) ELISA assay showing IL-8 expression in
cell culture supernatants collected from HaCaT cells treated (24 h) with exosomes
from Am saliva or salivary glands, or ISE6 cells. SG indicates salivary glands.
Asterisk indicates significance (P < 0.05) in comparison to respective untreated
controls. P-value determined by Student’s two-tailed t-test is shown.

FIGURE S8 | Blocking of IL-8 via antibody followed by treatment with exosomes
derived from tick saliva, salivary glands, or ISE6 cells further delays wound closure
and repair. Phase contrast images of HaCaT cell monolayers treated with IL-8
antibody (2 µg) for 12 h, followed by treatments with 20 µl of exosomal-pooled
fractions (1-6) from either Am saliva, or salivary glands or Is salivary glands or ISE6
cells for 24 h is shown. Images of HaCaT cell monolayers collected before any
treatments served as before scratch internal control. Scratches were generated
and images collected immediately after scratches as 0 h, followed by treatment
(for 24 h) of HaCaT cells with tick exosomes is shown. Representative images are
shown for each time points (of 0, 4, 8, 16, and 24 h) post tick
exosome-treatments. Images from time points of 0, 8, 16, and 24 h are previously
shown in Figure 5D, and repeated in this figure for comparison with before
scratch and 4 h group. HaCaT cell monolayers that were maintained as untreated
(UT) served as control. Images were obtained using EVOS FL system and 10X
magnification. Scale bar indicates 400 µm for each image/group/time point. Am
represents (Amblyomma maculatum), Is indicates (Ixodes scapularis) and ISE6
denotes Is-derived cell line. Two-way ANOVA analysis is shown in
Supplementary Table S1B.

FIGURE S9 | Silencing of IL-8 via siRNA followed by treatment with exosomes
derived from tick cells. (A) Phase contrast images of HaCaT cell monolayers
treated with IL-8 siRNA (∼1 µg) for 24 h, followed by scratches and treatments

with 20 µl of exosomal-pooled fractions (1–6) from ISE6 cells for 24 h is shown.
Images were collected immediately after scratches as 0 h. Representative images
are shown for each time points (of 0, 4, 8, 16, and 24 h) post tick
exosome-treatments. Scrambled (Scr) siRNA group serve as control. HaCaT cell
monolayers that were maintained as untreated (UT) served as internal control.
Images were obtained using EVOS FL system and 10X magnification. Scale bar
indicates 400 µm for each image/group/time point. (B) Quantitative measurement
of percentages of remaining wound sizes at different time points of 0, 4, 8, 16, and
24 h are shown for IL-8 siRNA, or scrambled siRNA in combination with ISE6
cell-derived exosomes. Wounds at 0 h were considered as 100% for all groups,
including IL-8 siRNA, or scrambled siRNA or untreated (UT) controls. Percentages
for remaining wound sizes at 8 or 24 h posttreatment of ISE6 cell-derived
exosomes are shown on bar graphs for comparison. Two-way ANOVA analysis is
shown in Supplementary Table S2A. (C) PCR amplification and DNA agarose
gel electrophoresis (1.2% gel) of HaCaT cells collected from wound healing assay
showing transcripts of IL-8 in siRNA treated, scrambled, or untreated groups. The
actin transcripts are shown as internal control. M indicate DNA ladder and
arrowhead denotes an amplified product of 219 bp. (D) Densitometry analysis
showing the reduction in IL-8 amplified product in siRNA treated group in
comparison to the scrambled or untreated controls.

FIGURE S10 | Blocking of CXCL12 followed by treatment with exosomes derived
from tick saliva, salivary glands, or ISE6 cells further delays wound closure and
repair. Phase contrast images of HaCaT cell monolayers treated with CXCL12
antibody (2 µg) for 12 h, followed by treatment with 20 µl of exosomal-pooled
fractions (1–6) from either Am saliva, or salivary glands or Is salivary glands or ISE6
cells for 24 h is shown. Images of HaCaT cells before scratch or any treatments
served as internal control group. Images collected immediately after scratches are
considered as 0 h and shown for comparison. Scratches were generated and tick
exosomes were treated for 24 h and representative images are shown for each
time points (of 0, 4, 8, 16, and 24 h). Images from time points of 0, 8, 16, and 24 h
are previously shown in Figure 6A, and repeated here for comparison with before
scratch and 4 h time point groups. HaCaT cell monolayers that were maintained
as untreated (UT) served as control group. Images were obtained using EVOS FL
system and 10X magnification. Scale bar indicates 400 µm for each image per
group/time point. Am represents (Amblyomma maculatum), Is indicates (Ixodes
scapularis) and ISE6 denotes Is-derived cell line. Two-way ANOVA analysis is
shown in Supplementary Table S1B.

FIGURE S11 | Treatment of isotype control IgG antibody did not interfere with
wound healing process. (A) Phase contrast images of HaCaT cell monolayers
treated with isotype control IgG antibody (2 µg) for 24 h, followed by scratches
and treatments with 20 µl of exosomal-pooled fractions (1–6) from ISE6 cells for
24 h is shown. Images were collected immediately after scratches as 0 h.
Representative images are shown for each time points (of 0, 4, 8, 16, and 24 h)
post tick exosome treatments. Untreated (UT) group served as internal control.
Images were obtained using EVOS FL system and 10X magnification. Scale bar
indicates 400 µm for each image/group/time point. (B) Quantitative measurement
of percentages of remaining wound sizes at different time points of 0, 4, 8, 16, and
24 h are shown for IgG isotype antibody group treated with ISE6 cell-derived
exosomes or untreated control. Wounds at 0 h were considered as 100% for all
groups, including IgG isotype antibody group or untreated (UT) control.
Percentages for remaining wound sizes at 16 or 24 h posttreatment of ISE6
cell-derived exosomes are shown on bar graphs for comparison. Two-way
ANOVA analysis is shown in Supplementary Table S2B.

FIGURE S12 | CXCL12 exogenous protein treatment restored delayed wound
closure and repair. Images from purified GST-tagged CXCL12 protein (2 µg)
treated on HaCaT cell monolayers for 4 h, then followed by treatments with 20 µl
of exosomal-pooled fractions (1–6) from either Am saliva or salivary glands or Is
salivary glands or ISE6 cells for 24 h are shown. Images of HaCaT cell monolayers
before scratch served as internal control group. Images collected immediately
after scratches and before treatment with tick exosomes are shown as 0 h.
Representative phase contrast images are shown for each time points (of 0, 4, 8,
16, and 24 h) post tick exosome treatments. Images from time points of 0, 8, 16,
and 24 h are previously shown in Figure 6C and repeated in this figure for
comparison with before scratch and 4 h time point groups. HaCaT cell
monolayers, that were maintained as untreated (UT) serve as control. Images were
obtained using EVOS FL system and 10X magnification. Scale bar indicates
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400 µm for each image per group/time point. Am represents (Amblyomma
maculatum), Is indicates (Ixodes scapularis) and ISE6 denotes Is-derived cells.
Two-way ANOVA analysis is shown in Supplementary Table S1B.

FIGURE S13 | Treatment of GST purified protein does not influence tick
exosome-mediated delay in wound closure and repair. (A) Purified GST protein
alone (2 µg) treated on HaCaT cell monolayers for 4 h, followed by treatments
with 20 µl of exosomal-pooled fractions (1–6) from ISE6 cells for 24 h is shown.
Images from IL-8 and CXCL12 combination antibodies (2 µg, each) treatment is
also shown as control. Images of HaCaT cell monolayers taken before scratch
serve as control. Scratches were generated and images were collected
immediately after scratches as 0 h. Representative phase contrast images are
shown for each time points (of 0, 4, 8, 16, and 24 h) post tick exosome
treatments. HaCaT cell monolayers, that were maintained as untreated (UT) serve
as control. Images were obtained using EVOS FL system and 10X magnification.
Scale bar indicates 400 µm for each image per group/time point. (B) Quantitative
measurement of percentages of remaining wound sizes at different time points of
0, 4, 8, 16, and 24 h are shown for GST protein alone, or GST protein in
combination with ISE6 cell-derived exosome treatment or treatments with
combination of IL-8 and CXCL12 antibodies is shown. Wounds at 0 h were

considered as 100% for all groups, including GST protein alone or untreated (UT)
controls. Percentages for remaining wound sizes at 16 or 24 h posttreatment of
ISE6 cell-derived exosomes are shown on bar graphs for comparison. Two-way
ANOVA analysis is shown in Supplementary Table S2C.

TABLE S1 | Two-way ANOVA analysis for HaCaT cells incubated with ISE6
cell-derived exosome treatments and treatments with IL-8/CXCL12 Antibodies or
CXCL12 protein. (A) Statistical significance is indicated as Yes or No below
black-boxed diagonal and P-value for each comparison is indicated above black
boxed diagonal. All significant and marginal significant values are in bold text. (B)
Statistical significance was compared to mock-treated group. Time point
posttreatment is shown. All significant and marginal significant values
are in bold text.

TABLE S2 | Two-way ANOVA for HaCaT cells incubated with ISE6 cell-derived
exosome and treatments with IL-8 siRNA and isotype control IgG antibody. In all
panels, Source of variations, SS, df, MS, F, P value, and F crit values are shown.
P > 0.05 is not considered significant.

TABLE S3 | Oligonucleotides used in this study.
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MicroRNA-124 (miR-124), a brain-enriched microRNA, is known to regulate microglial
quiescence. Psychostimulants such as cocaine have been shown to activate microglia
by downregulating miR-124, leading, in turn, to neuroinflammation. We thus rationalized
that restoring the levels of miR-124 could function as a potential therapeutic approach
for cocaine-mediated neuroinflammation. Delivering miRNA based drugs in the brain
that are effective and less invasive, however, remains a major challenge in the field.
Herein we engineered extracellular vesicles (EVs) and loaded them with miR-124
for delivery in the brain. Approach involved co-transfection of mouse dendritic cells
with Dicer siRNA and RVG-Lamp2b plasmid to deplete endogenous miRNAs and
for targeting the CNS, respectively. Mouse primary microglia (mPm) were treated
with purified engineered EVs loaded with either Cy5-miR-124 or Cy5-scrambled
miRNA oligos in the presence or absence of cocaine followed by assessing EV
uptake and microglial activation. In vivo studies involved pretreating mice intranasally
with engineered EVs followed by cocaine injection (20 mg/kg, i.p.). mPm exposed
to EV-miR-124 exhibited reduced expression of miR-124 targets – TLR4 and
STAT3 as well as ERK-1/2 and Iba1. In cocaine administered mice, EV-Cy5-miR-
124 delivered intranasally were detected in the CNS and significantly reduced the
expression of inflammatory markers TLR4, MYD88, STAT3 and NF-kB p65 while
also downregulating the microglial activation marker, Iba1. Collectively, these findings
suggest that engineered EVs can deliver miR-124 into the CNS, thereby alleviating
cocaine-mediated microglial activation. Manipulating EV miRNAs can thus be envisioned
as an efficient means for delivery of RNA-based therapeutics to target organs.

Keywords: extracellular vesicles, miR-124, cocaine, microglia, neuroinflammation

INTRODUCTION

Cocaine is a highly potent and addictive brain stimulant that is associated with increased immune
reactivity and inflammation in humans (Fox et al., 2012; Ersche et al., 2014; Levandowski et al.,
2016; Moreira et al., 2016; Pianca et al., 2017) and neuroinflammation in animal models (Guo
et al., 2015; Periyasamy et al., 2017). Worldwide, nearly 22.5 million people are affected by cocaine
use disorder (CUD), contributing to increased global health care costs and associated social and
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economic impact (Pomara et al., 2012). Accumulating evidence
suggests a close link between drug abuse and neuroinflammation
(Crews et al., 2011; Clark et al., 2013). In particular, cocaine
has been shown to activate microglia both in in vitro and
in vivo model systems by mechanisms involving dysregulation of
microRNAs (miRNAs) and their target genes (Guo et al., 2016;
Periyasamy et al., 2017). A recent study has shown that exposure
of microglia to cocaine downregulated the expression of miR-
124 with concomitant upregulation of its targets such as TLR4,
MYD88 and STAT3 (Periyasamy et al., 2017).

MiR-124 is a brain-enriched miRNA that plays key roles
in neurogenesis, synaptic strength and transmission, and glia-
neuronal interactions essential for the maintenance of brain
homeostasis (Sun et al., 2015; Han et al., 2019). Additionally,
miR-124 is highly expressed in microglia and is critical for
maintaining microglia in a quiescent state (Ponomarev et al.,
2011; Veremeyko et al., 2013; Svahn et al., 2016). Notably,
altered expression of miR-124 has been associated with multiple
neuroinflammatory disorders such as Parkinson’s (Kanagaraj
et al., 2014; Wang et al., 2016; Dong et al., 2018; Yao et al., 2018,
2019), Alzheimer’s Diseases (Lukiw, 2007; Smith et al., 2011; Fang
et al., 2012; Zhou et al., 2018), and Huntington’s disease (Johnson
and Buckley, 2009). Here we sought to investigate whether
restoration of miR-124 in the CNS via intranasal administration
of miR-124-enriched EVs could attenuate cocaine-induced
neuroinflammation in mice.

Gene therapy is becoming a promising tool for the treatment
of human diseases that cannot be cured by conventional
therapies. RNA-based approaches such as miRNAs, siRNA, and
antisense RNA that are potent sequence-selective inhibitors
or activators of transcription are rapidly being developed as
therapeutics. EVs that can efficiently shuttle or deliver small
molecules between cells have been considered as promising
therapeutic delivery conduits for treatment of various diseases,
including neurological disorders. Several studies have reported
and reviewed the potential of EVs in the delivery of miRNAs
for the treatment of various diseases (Zhuang et al., 2011; Vader
et al., 2016; Rufino-Ramos et al., 2017; Osorio-Querejeta et al.,
2018, 2020; Long et al., 2020). EVs have also been successfully
utilized for in vivo delivery of siRNAs to specific cell types and
tissues in mice (Van Den Boorn et al., 2011; Hu et al., 2018;
Liao et al., 2019; Zhao et al., 2020). In the current study, we
attempted to deliver exogenous miR-124 to in vitro microglia, and
to in vivo brain in mice, respectively, via engenered EVs released
by donor cells depleted of endogenous miRNAs by knockdown
of dicer. Intranasal administration of EVs is a potential non-
invasive method for rapid delivery of EV-encapsulated drug(s)
into the brain via cell uptakes including microglia and other
resident CNS immune cells (Visweswaraiah et al., 2002; Lakhal
and Wood, 2011; Zhuang et al., 2011; Grassin-Delyle et al., 2012).
We envisage that manipulating EVs can be utilized as an efficient,
non-invasive means to deliver miRNAs to target organs.

The current study was aimed at testing the hypothesis
that intranasal administration of engineered EV-miR-124
could efficiently deliver miR-124 to the CNS microglial
cells and thus dampen cocaine-mediated activation and
ensuing neuroinflammation. Our findings demonstrated that

EV-Cy5-miR-124 was taken up by the microglia in vitro,
resulting in downregulation of the miR-124 targets – TLR4 and
STAT3, and also amelioration of cocaine-mediated microglial
activation, as evidenced by downregulation of Iba1 and ERK1/2.
Consistently, intranasal delivery of Cy5-miR-124 loaded EVs
in cocaine-administered mice not only resulted in attenuation
of cocaine-mediated upregulation of TLR4, STAT3, NF-kB p65
and MYD88, but also abrogated cocaine-mediated activation
of microglia (Iba1) in the brain. Taken together, our findings
suggest that intranasal delivery of engineered EV-miR-124 to
the CNS could alleviate cocaine-mediated microglial activation.
Manipulating the EV cargo with RNA based therapeutics can
thus be envisioned as an efficient, non-invasive means for specific
delivery of miRNAs to target organs such as the brain.

MATERIALS AND METHODS

Reagents
Antibodies and reagents used in this work were purchased from
the indicated sources: Lamp2 (NB300-591; Novus, Centennial,
CO, United States); CD63 (ab216130; Abcam, Cambridge, MA,
United States), TLR4 (NB100-56566 Novus, Centennial, CO,
United States), Iba1 (Novus NB1001028 or Wako; 19-19741),
STAT3 (4904S, Cell Signaling, MA, United States), ERK1 /2
(9107S; Cell Signaling, MA, United States), goat anti-mouse-
HRP (Santa Cruz Biotechnology; sc-2005), and goat anti-rabbit-
HRP (Santa Cruz Biotechnology; sc-2004); NFkB p65 (16502,
Abcam, Cambridge, MA, United States); MYD88 (ab2064;
Abcam, Cambridge, MA, United States); β-Actin (A1978; Sigma-
Aldrich, St. Louis, MO, United States). Cocaine hydrochloride
(C5776) was purchased from Sigma-Aldrich, St. Louis, MO,
United States. The RVG-Lamp2b plasmid was a gift from Drs.
Seow Yiqi and Matthew Wood at the University of Oxford,
Oxford, United Kingdom (Alvarez-Erviti et al., 2011).

Animals
All animal procedures were performed according to the protocols
approved by the Institutional Animal Care and Use Committee
of the University of Nebraska Medical Centre and the National
Institutes of Health. C57BL/6N mice were purchased from
Charles River Laboratories (Wilmington, MA, United States) and
housed under standard vivarium conditions. Food and water
were available ad libitum (Chivero et al., 2017). C57BL/6 wild
type mice were divided into two groups; receiving either cocaine
or saline injections (20 mg/kg, i.p.) for seven consecutive days.
Three days prior to sacrifice, mice were intranasally administered
dendritic cell-derived EVs loaded with either Cy5-miR-124 or
Cy5-scrambled miRNAs or left unloaded, followed by cocaine
i.p. injections 1-h post-EV delivery. Mice were sacrificed on the
seventh day followed by removal of brain tissues for analysis for
protein/RNA analysis and immunohistochemistry.

Isolation of Mouse Primary Microglia
Mouse primary microglial cells were isolated from
C57BL/6N newborn mice pup brains as described previously
(Liao et al., 2016; Chivero et al., 2017). Briefly, brain cortices
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were dissociated and digested in Hank’s buffered salt
solution (14025076, Invitrogen, Carlsbad, CA, United States)
supplemented with 0.25% trypsin (25300-054, Invitrogen,
Carlsbad, CA, United States). Mixed glial cultures were prepared
by resuspending cells in culture medium (DMEM supplemented
with 10% heat-inactivated fetal bovine serum (FBS) with 100
U/ml penicillin, and 0.1 mg/ml streptomycin) as previously
described (Guo et al., 2015). Cells were transferred to T-75
cell culture flasks (10 × 106 cells/flask) and incubated at
37◦C and 5% CO2 and half of the cell medium was replaced
every 3–5 days. At the first medium change, macrophage
colony-stimulating factor (GF026, Millipore, St. Louis, MO,
United States) was added (0.25 ng/ml) to promote microglial
proliferation. Confluent mixed glial cultures (7–10 days)
were shaken at 37◦C, 220 × g for 2 h to promote microglia
detachment. Cell medium containing released microglia cells
was aspirated, centrifuged at 1000 × g for 5 min and collected
microglia subsequently plated on cell culture plates for all
ensuing experiments. The purity of isolated microglia was
confirmed by immunohistochemical staining for Iba1 and
was routinely found to be >95% pure (Guo et al., 2015;
Chivero et al., 2017).

DC 2.4 Mouse Dendritic Cells
The DC2.4 mouse dendritic cell line was purchased from
Millipore (# SCC142). These cells were routinely maintained
at 37◦C in 5% CO2 in RPMI supplemented with 10 % heat-
inactivated fetal calf serum, 1 X L-Glutamine (TMS-002-C,
EMD Millipore, MA, United States), 1X non-essential amino
acids (TMS-001-C; EMD Millipore, MA, United States), 1X
HEPES Buffer Solution (TMS-003-C; EMD, Millipore, MA,
United States), 0.0054X β-Mercaptoethanol (ES-007-E; EMD
Millipore, MA, United States), 100 IU/ml Penicillin and
100 µg/ml streptomycin.

Isolation and Quantification of EVs
Extracellular vesicles were prepared from the supernatant
fluids of DC2.4 dendritic cells by differential centrifugation as
previously described (Hu et al., 2018). In brief, cell culture
supernatants were harvested, centrifuged at 1000 × g for
10 min to remove dead cells followed by a further spin at
10,000 × g for 30 min and subsequent filtration through a
0.22 µm filter to remove any remaining cell debris. Next, the
EVs were pelleted by ultracentrifugation (Beckman Ti70 rotor;
Beckman Coulter, Brea, CA, United States) at 100,000 × g for
70 min. CD63 and Lamp2 were detected by western blot as
exosome markers. Purified EV nanoparticle tracking analysis
(NTA) was performed using ZetaView Nanoparticle Tracking
Analyser (Particle Metrix, Germany) as previously reported
(Dagur et al., 2020). Briefly, the instrument was calibrated using
the 100 nm polystyrene nano-standard particles followed by
loading of 1 mL of each sample (diluted in 0.20 µm filtered
PBS). Particle tracking, concentration and video acquisition was
carried out with camera sensitivity set to 85, a shutter speed
of 100 and a frame rate of 30 according to the manufacturer’s
software instructions.

Small Interfering RNA (siRNA)
Transfection
Plasmid and siRNA transfections were performed using
Lipofectamine 2000 (11668027; Life Technologies, CA,
United States) according to the manufacturer’s instructions.
In brief, cells were transfected with plasmid (500 ng) or targeted
siRNA (20 pM), mixed with 6 µl of Lipofectamine 2000 diluted
in 150 µl Opti-MEM Reduced Serum Medium (31985062; Life
Technologies, CA, United States). The resulting siRNA-lipid
complexes were added to the cells, incubated for 6 h, and the
medium changed into fresh DMEM. Next, the medium was
changed to 10% FBS-containing medium for 20 h incubation.
The transfected cells were then ready for use in experiments.
Sequences of mouse Dicer1 siRNA oligonucleotides used in
this study were: mouse Dicer1-si S1, 5′-GrUrGrUrCrArUrC
rUrUrGrCrGrArUrUrCrUrArUrUr-3′; mouse Dicer1-si AS1,
5′-UrArGrArArUrCrGrCrArArGrArUrGrArCrArCr UrUr-3′;
mouse Dicer1-siS1, 5′-CrCrArArCrUrArCrCrUrCrArUrArUr
CrCrCrArUrUr-3′; and mouse Dicer1-si AS2, 5′-UrGrGr
GrArUrArU rGrArGrGrUrArGrUrUrGrGrUrUr-3′.

miRNA Transfection of EVs
Extracellular vesicles were transfected with miRNA using
ExoFect Exosome Transfection Reagent (SBI; System
Biosciences, Palo Alto, CA, United States) according
to the manufacturer’s instructions. Mouse miR-124
oligonucleotides used in this study were synthesized at IDT
(Iowa City, IA, United States). Sequences of mouse miR-124
oligonucleotides used in this study were: Cy5-miR-124 –
5′cy5-uaaggcacgcggugaaugcc-cy5-3′; Cy5-scrambled RNA -
5′cy5-gaucgaaccuagacuaguggu-cy5-3′, that does not recognize
any sequences in mouse transcriptomes. EVs were dissolved in
sterile PBS for exposure to microglia or intranasal administration
in mice.

Intranasal Delivery of EVs
C57BL/6N 8 week-old male mice were anesthetized with
low dose isoflurane and placed in a supine position in
an anesthesia chamber. Delivery of EV-Cy5-miR-124,
EV-Cy5-scrambled-miRNA, or control EVs (20 µg/100
µL) via droplets was administered intranasally using a
pipette every 2–3 min into alternate sides of the nasal
cavity, for a total of 10 min as previously described (Hu
et al., 2018). Biodistribution of EVs in the brain, liver
and spleen tissues was determined using a Xenogen IVIS
200 imager.

Western Blotting
Mouse brain tissue homogenates or microglial cells exposed
to EVs were lysed with RIPA buffer supplemented with a
protease inhibitor cocktail (78430; Thermo Fisher Scientific,
CA, United States) followed by ultrasonication for 15 s,
at 80% amplitude. Western blotting was performed
as previously described (Chivero et al., 2017, 2019).
Densitometric analyses were performed using NIH ImageJ
software (ImageJ v1.44, NIH) as previously described
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(Chivero et al., 2019). Protein amounts for bands of interest
were normalized to β -actin.

Immunohistochemistry
Immunofluorescence staining for Iba1 was performed in the
whole brain sections of mice intranasally administered dendritic
cell-derived EVs loaded with either Cy5-miR-124, Cy5-scrambled
miRNA or were left unloaded, followed by 20 mg/kg cocaine
injections (n = 4). Briefly, four sections from each brain were
processed for the immunostaining. The brain sections were
washed three times with PBS, permeabilized with 0.3% Triton
X-100 in PBS for 30 min as previously described (Liao et al.,
2016). The tissues were then blocked with 10% goat serum in PBS
for 2 h followed by overnight co-incubation with Iba1 primary
antibody at 4◦C. Next day, the slides were washed with PBS three
times, followed by incubation with corresponding secondary
Alexa Fluor 488 goat anti-rabbit (A-11032; Invitrogen, Carlsbad,
CA, United States) for 2 h. Finally, the slides were washed with
PBS for three times and mounting with ProLong Gold Antifade
Reagent with DAPI. Fluorescent images (2–3 images per section)
were taken on a Zeiss Observer using a Z1 inverted microscope
(Carl Zeiss, Thornwood, NY, United States). The fluorescence
intensity, surface area and cell number of Iba-1 + cells were
analyzed using the ImageJ software.

Statistical Analysis
Graphs and statistical analyses were performed using GraphPad
software V6.0 (GraphPad Prism Software). Student’s t-test was
used to compare results between tests and controls. One-way
ANOVA was used for multiple comparisons. P-values less than
0.05 were considered statistically significant.

RESULTS

Characterization of EVs Derived From
Dendritic Cells
Dendritic cells are sentinel antigen-presenting cells of the
immune system that produce high levels of EVs. Both dendritic
cells as well as EVs derived from dendritic cells are known to
possess MHC-I and MHC-II molecules as well as costimulatory
molecules, which, in turn, facilitates interaction with immune
cells (Pitt et al., 2016). They also possess a variety of surface
adhesion membrane proteins, which allow for effective targeting
and docking to recipient cells (Pitt et al., 2016). Since dendritic
cell-derived EVs can communicate with several cell types, we
chose to make EVs from dendritic cells as donor EVs. Herein
we first sought to engineer dendric cell-derived EVs by co-
transfection of mouse dendritic cells with Dicer siRNA and
RVG-Lamp2b plasmid to deplete endogenous miRNAs and for
targeting the CNS, respectively. As shown in Figures 1A,B,
there was efficient knockdown of dicer and over-expression of
Lamp2b in these cells following dicer siRNA and RVG-Lamp2b
co-transfection.

We next isolated and characterized EVs from these engineered
dendritic cells using a differential ultracentrifugation procedure

(Figure 1C). Purified EVs were counted and characterized
by their size and by western blot for signature EV markers.
As shown in Figure 1D, dicer knockdown by siRNA did
not significantly affect the production of EVs as shown
by EV counts using Zetaview. EV size ranged from 40 to
150 nm in diameter (Figure 1E). Additionally, levels of
selected miRs in these EVs were assessed by qPCR. As
shown in Supplementary Figure 1C, levels of selected miR-
138 and miR-223 were markedly reduced in EVs isolated
from Dicer knockdown cells. Immunoblotting of the EV
lysates revealed the presence of exosomal markers CD63 and
Lamp2b (Figure 1F).

Dendritic Cell-Derived EVs Loaded With
Cy5-miR-124 Are Taken Up by Microglia
and Inhibit Cocaine-Mediated Microglial
Activation
We next transfected dendric cell-derived EVs with Cy5-miR-
124 mimic oligos and asked whether these EVs could be
taken up by microglia, the primary immune cells within the
CNS, and inhibit miR-124 target genes that are upregulated
upon cocaine exposure. As shown in Figure 2A, mouse
primary microglia exposed to EVs transfected with Cy5-miR-
124 (1 h) demonstrated a cytoplasmic and perinuclear Cy5
fluorescence suggesting thereby that EVs were taken up by
microglial cells (Figure 2A). Since cocaine has been shown
to downregulate the expression of miR-124 and consequently
upregulate the expression of TLR4 and STAT3, known targets
of miR-124 (Periyasamy et al., 2017), we next sought to
assess the expression of TLR4 and STAT3 in mouse primary
microglial cells exposed to EVs loaded with miR-124 mimic
or scrambled miR-124, followed by exposure to cocaine
(10 µM). As shown in Figure 2B, exposure of microglia
to cocaine in cells exposed to scrambled miRNA-loaded
EVs resulted in increased expression of TLR4 compared
with control cells. In cells exposed to EVs loaded with
miR-124 oligos (EV-miR-124), however, cocaine failed to
upregulate the expression of TLR4. As shown in Figure 2C,
EVs loaded with miR-124 similarly inhibited the expression
of STAT3 in microglia exposed to cocaine compared with
cells exposed to cocaine in the presence of scrambled
miRNA control.

Having demonstrated that dendritic cell-derived EVs can
deliver functional miR-124 to microglia, which, in turn, reduces
the expression of key proinflammatory mediators, TLR4 and
STAT3, we next sought to investigate the effects of miR-124
on microglial activation. For this mouse primary microglia
were exposed to EVs loaded with either miR-124 mimic or
scrambled miR-124, followed by exposure of microglia to
cocaine and assessed for the expression of Iba1 and ERK1/2
by western blotting. As shown in Figures 2D,E, exposure
of microglia to cocaine resulted in significant upregulation
of ERK1/2 and Iba1 expression compared with control cells.
In the presence of miR-124-EVs, however, cocaine failed to
upregulate the expression of both these markers. Collectively,
these results imply that miR-124 delivered via EVs blocked
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FIGURE 1 | Characterization of dendritic cell-derived EVs: Expression levels of dicer (A) and Lamp2b (B) in mouse DC2.4 dendritic cell line co-transfected with dicer
siRNA and RVG-Lamp2b plasmid. (C) Extracellular vesicles (EVs) were isolated from the culture supernatants of engineered DC2.4 mouse dendritic cells by a series
of centrifugation. (D) Zeta view count of EVs. (E) Size distribution of EVs. (F) Western blot images for the expression of CD63 and Lamp2 in purified EVs. All
experiments were done at least three independent times, and representative figures are shown. Actin served as a loading control for western blots in B. ∗p < 0.05
vs. control.

cocaine-mediated microglial activation via inhibition of TLR4,
STAT3, and ERK1/2 expression.

Intranasal Delivery of Dendritic
Cell-Derived EVs Loaded With
Cy5-miR-124 Inhibits Cocaine-Mediated
Activation of Microglia in vivo
Having demonstrated that dendritic cell-derived EVs can deliver
functional miR-124 to microglia and modulate the expression
of both proinflammatory and activation mediators in vitro,
we next sought to validate these observations in vivo. Wild-
type C57BL/6N mice were administered with either cocaine
(20 mg/kg; i.p.) or saline for 7 consecutive days. On the fifth
day up to the seventh-day mice were intranasally administered
dendritic cell-derived EVs loaded with either Cy5-miR-124
or Cy5-scrambled miRNAs or EVs that were left unloaded,
followed by cocaine injections 1 h later (see schematic in
Figure 3A). Mice were sacrificed within 4 h after the last
injection, perfused with ice-cold PBS, followed by tissue
harvesting. The efficacy of EV delivery and biodistribution
were monitored using the in vivo imaging system (IVIS)

and the functional analysis for inflammation and activation
pathways in the brain were also performed. As shown in
Supplementary Figure 3A, IVIS imaging of organs showed
that the Cy5 signal was detectable in the brain and liver
at 4 h post-intranasal delivery. We next analyzed for the
expression levels of miR-124 and as shown in Figure 3B, levels
of miR-124 were reduced in the cortex of mice administered
cocaine compared with saline controls. Next, we sought to
examine the attenuation of cocaine-mediated upregulation of
Iba1 expression in the cortex, by assessing expression of
Iba1 by western blotting in mice pretreated with EV-cy5-
miR-124 and administered cocaine. As shown in Figure 3C,
there was downregulation of Iba1 in the cortex of mice
pretreated with EV-Cy5-miR-124 in the presence of cocaine
compared with levels of Iba1 in control mice administered
cocaine and control EVs. Next, we sought to examine the
uptake of labeled EVs by microglia in sections of both the
striatum and the cortex by assessing Cy5+ and Iba1+ double
immunopositive cells. As shown in Figures 3D,F, Cy5 signal
was detected in microglia present in both the cortical and
striatal regions (indicated by arrows), thus suggesting the
uptake of Cy5-miR-124 EVs by these cells. Interestingly, as
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FIGURE 2 | Dendritic cell-derived EVs loaded with Cy5-miR-124 are taken up by microglia and inhibit cocaine-mediated microglial activation. (A) Representative
images of mouse primary microglia exposed to EVs transfected with Cy5-miR-124 or Cy5-scrambled miRNA (1 h) showing the presence of intracellular Cy5. (B–E)
Expression of TLR4, STAT3, ERK and Iba-1 in mouse primary microglial cells pretreated with EVs loaded with miR-124 mimic or scrambled miRNA followed by
exposure to cocaine (10 µM). All experiments were done at least three independent times, and representative figures are shown. Actin served as a loading control for
western blots. Quantification of western blots is shown under each blot. Data are shown as mean ± SEM. ∗p < 0.05 vs. control, #p < 0.05 vs. cocaine group.

expected and as shown in Figure 3D, cocaine administration
in the presence of control EVs (intranasal) resulted in
upregulated expression of Iba1 in microglia in the cortex
compared with that of mice administered with saline and
control EVs (intranasal). In mice pretreated with EVs-Cy5-
miR-124 intranasally, however, cocaine failed to upregulate
the expression of Iba1 (Figure 3D). Quantification of Iba
1 fluorescent intensity normalized to the total number of
Iba1+ cells in mice brains is shown in Figure 3E. We also
analyzed striatal tissue sections and found similar findings
as that shown for cortex, specifically that Cy5-miR-124 EVs
abrogated cocaine-induced upregulation of Iba1 as evidenced
in Figure 3F and quantified in Figure 3G. In addition, we
also normalized the surface area of Iba1+ cells to the total

number of Iba1+ cells and obtained similar results as shown
in Supplementary Figures 3C,D.

Having established the functional effects of Cy5-miR-124 on
the expression of Iba1 in vivo, we further investigated whether
the targets of miR-124 such as TLR4, STAT3, NF-kB p65 and
MYD88 could be modulated by exogenous intranasally delivery
of EV-Cy5-miR-124 in cocaine administered mice. As shown in
Figure 4A and as expected, administration of cocaine resulted in
upregulated expression of TLR4 compared with control animals.
However, in mice pretreated with EV-Cy5-miR-124, cocaine
failed to upregulate the expression of TLR4. Previous studies
have shown that miR-124 negatively regulates TLR4-mediated
signaling by modulating the expression of MYD88 that is a TLR4
downstream signal (Periyasamy et al., 2017). To confirm whether
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FIGURE 3 | Intranasal delivery of dendritic cell-derived EVs loaded with Cy5-miR-124 inhibits cocaine-mediated upregulation of Iba-1 in vivo. Wild-type C57BL/6N
mice were administered cocaine (20 mg/kg; i.p.) or saline for seven consecutive days. On the fifth, sixth and seventh days, mice were intranasally administered
dendritic cell-derived EVs loaded with Cy5-miR-124 or Cy5-scrambled miRNA or were left unloaded, followed by cocaine injections (i.p.). (A) Scheme for intranasal
administration of EVs and cocaine injections. (B) Expression levels of miR-124 in the cortex. (C) Western blot for Iba1 in the cortex. Actin served as a loading control.
(D) Representative immunofluorescence staining images for Iba1 in mice cortical sections from the four groups of mice i.e., saline + control EVs; cocaine + control
EVs; cocaine + EV-Cy5-scrambled miRNA (sham); cocaine + EV-Cy5-miR-124. The blown-out sections show Iba1+cy5+ microglial cells indicated by arrows.
(E) Quantification of Iba1 fluorescence intensity normalized to the number of Iba1+ cells in the cortex. (F) Representative immunofluorescence staining images for
Iba-1 in the striatum from the four groups of mice. (G) Quantification of Iba1 fluorescence intensity intensity normalized to the number of Iba1+ cells in the striatum.
(n = 4/group, ∗p < 0.05 vs. saline+ EV control, #p < 0.05 vs. cocaine+ EV control group, one way ANOVA, Turkey’s multiple comparisons test).
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miR-124 delivered by EVs could also modulate the expression of
MYD88, we analyzed for the expression of MYD88 in cortical
tissues and found that miR-124 loaded EVs attenuated cocaine-
induced upregulation of MYD88 (Figure 4B). Since miR-124 is
also known to regulate NF-kB p65 and STAT 3, we also analyzed
the expression of these mediators in these mice. The results
demonstrated that NF-kB p65 and STAT3 were downregulated
in mice administrated with cocaine and EV-Cy5-miR-124 pre-
treatment compared with mice administered with cocaine or
saline and control EVs, respectively (Figures 4C,D).

DISCUSSION

Finding an effective and less invasive method for the delivery of
microRNA-based drugs into the brain remains a major challenge
in the field (Zhuang et al., 2011). In the current study, we loaded
EVs produced by dendritic cells with miR-124 for delivery into
mouse primary microglia in vitro and also for delivery into
the brain via the intranasal route in a mouse model of cocaine
administration in vivo. Dendritic-cell derived EVs were taken up
by mouse primary microglia in vitro and as well as into the brains

FIGURE 4 | Intranasal delivery of dendritic cell-derived EVs loaded with Cy5-miR-124 inhibits cocaine-mediated upregulation of TLR4, MYD88, STAT3 and NF-kB
p65 in vivo. Wild-type C57BL/6N, mice were administered either cocaine (20 mg/kg; i.p.) or saline for seven consecutive days. On the fifth, sixth, and seventh days,
mice were intranasally administered dendritic cell-derived EVs loaded with Cy5-miR-124 or Cy5-scrambled miRNAs or were left unloaded, followed by cocaine
injection. (A–D) Western blot images depicting the effect of EV-miR-124 on the expression of TLR4, MYD88, STAT3 and NF-kB p65. Actin served as a loading
control. Quantification of western blots is shown under each blot. Data are shown as mean ± SEM (n = 4/group, ∗p < 0.05 vs. saline+ EV control, #p < 0.05 vs.
cocaine+ EV control group).
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of mice following intranasal administration. Increased levels of
miR-124 were found to attenuate cocaine-mediated upregulation
of TLR4, MYD88, NF-kB p65 and STAT3 – mediators critical for
cocaine-mediated neuroinflammation. Additionally, there was
also reduced expression of the microglial marker Iba1 in the
presence of EV-miR-124. Our results thus suggest that dendritic
cell-derived EVs can deliver miR-124 to the CNS, thereby
alleviating cocaine-mediated microglial activation.

Dendritic cells are sentinel antigen-presenting cells of
the immune system that are known to communicate with
neighboring cells through soluble mediators, cell-to-cell-contact
and vesicle exchange (Montecalvo et al., 2012) and via release
of a vast number of EVs. In addition, dendritic cells and the
EVs they produce possess MHC-I and MHC-II molecules as
well as costimulatory molecules, which interact with immune
cells (Pitt et al., 2016). These cells and their EVs also possess a
variety of surface adhesion membrane proteins such as integrins,
immunoglobulin family member ICAM-1, and milk fat globule
EGF factor 8 (MFG-E8) which facilitates effective targeting and
docking to recipient cells (Pitt et al., 2016). Since dendritic cell-
derived EVs can communicate with several cell types, herein,
we isolated EVs from dendritic cells and loaded them with Cy5-
miR-124 for uptake by microglia both in vitro and in vivo. Here
we used EVs derived from the DC2.4 dendritic cell line that
has been well characterized and exhibits features of dendritic
cells including the expression of dendritic cell-specific markers,
cell morphology and has the ability to phagocytose and present
exogenous antigens on both MHC class I and class II molecules
(Shen et al., 1997). Our findings suggest that microglia can take
up these EVs both in vitro and in vivo. This is particularly relevant
since microglia play critical roles in modulating cocaine-induced
inflammation (Guo et al., 2015, 2016; Periyasamy et al., 2017).
Ability to deliver functional anti-inflammatory miRNAs to these
cells could be useful for neuroinflammatory diseases. It was also
seen that in addition to microglia other cell types in the brain
could also take up EVs. Further studies are warranted to examine
the potential side effects of miR-124 in these cells.

Presence and enrichment of miRNAs in EVs have been well-
documented (Penfornis et al., 2016; Bayraktar et al., 2017).
Endogenous miRNAs in EVs have been shown to affect the
cellular functions of recipient cells via various mechanisms
(Bayraktar et al., 2017). Furthermore, knockdown of dicer in
donor cells has been shown to deplete the presence of miRNAs
in the EVs isolated from these dicer knock out cells (Squadrito
et al., 2014). In the current study, we attempted to limit the
off-target effects of miRNAs in EVs by knocking down dicer
using the siRNA approach. We do acknowledge that besides
miRs, EVs are also endowed with cargo containing proteins and
lipids that could lead to off-target effects that need to be yet
characterized. As a means to increase the specific delivery of EVs
into the CNS, we followed the approach reported by Alvarez-
Erviti et al. (2011) wherein the authors were able to successfully
express Lamp2b, an EV membrane protein, fused to an rabies
virus glycoprotein (RVG) peptide in dendritic cells, followed
by loading the EVs isolated from these cells with exogenous
siRNA of GAPDH. RVG peptide is known to target the alpha-7-
subunit of the nicotinic acetylcholine receptor (Kim et al., 2010),

and facilitates the transcytosis of the EVs across the blood-
brain barrier, with specific targeting of neural cells in the brain
(Loddo et al., 1966; Alvarez-Erviti et al., 2011). It was reported
that intravenously injected RVG EVs delivered GAPDH siRNA
specifically to the neurons, microglia and oligodendrocytes in
the brain, resulting in tissue-specific gene knockdown (Alvarez-
Erviti et al., 2011). In agreement with these findings, our data also
demonstrated delivery to the brain of Cy5-miR-124 using these
Lamp2-RVG tagged EVs.

It has been well-recognized that miR-124 is highly expressed in
microglia and is critical for maintaining microglia in a quiescent
state (Ponomarev et al., 2011; Veremeyko et al., 2013; Svahn
et al., 2016). Cocaine has been shown to downregulate expression
of miR-124 in microglia with concomitant upregulation of its
targets – KLF4 and TLR4 (Guo et al., 2016; Periyasamy et al.,
2017). Interestingly, overexpression of lentivirus miR-124 by
stereotactic injection was shown to inhibit microglial activation
in cocaine-administered mice (Periyasamy et al., 2017). The
current study was aimed at developing a non-invasive method
for miR-124 delivery into the brain using brain targeted EVs.
Our in vitro findings suggested that a physiologically relevant
dose of cocaine (10 µM) resulted in significant upregulation
of proinflammatory mediators (TLR4, STAT3) and that this
effect was attenuated by EV-miR-124. It has been shown that
the plasma levels of cocaine in humans who inhale cocaine
intranasally ranges between 0.4 and 1.6 µM (Van Dyke et al.,
1976) while the plasma cocaine levels in tolerant abusers was
found to be 13 µM (Stephens et al., 2004). Further, the levels
of cocaine in the postmortem brains of chronic cocaine users
with acute intoxications have been found to be greater than 100
µM (Kalasinsky et al., 2000). Cocaine concentrations used in this
study are in keeping with the physiological levels observed in
humans abusing cocaine. Our in vivo findings demonstrated that
intranasal delivery of EVs loaded with miR-124 could reach the
brain, leading, in turn, to downregulated expression of TLR4 and
other miR-124 target genes, ultimately resulting in amelioration
of microglial activation in cocaine-administered mice.

In summary, our findings demonstrate that intranasal delivery
of CNS target peptide-engineered EVs (from dicer-deficient
dendritic cells) loaded with miR-124 have the potential to
abrogate cocaine induced-microglial activation in vivo. In
summary, manipulating EV miRNAs can be envisioned as an
efficient means for RNA drug delivery to target organs, such as
the brain, for the treatment of neuroinflammatory diseases such
as cocaine addiction.
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Exosomes are physiologically secreted nanoparticles recently established as natural
delivery systems involved in cell-to-cell communication and content exchange. Due
to their inherent targeting potential, exosomes are currently being harnessed for the
development of anti-cancer therapeutics. Clinical trials evaluating their effectiveness
are demonstrating safety and promising outcomes. However, challenging large-
scale production, isolation, modification and purification of exosomes are current
limitations for the use of naturally occurring exosomes in the clinic. Exosome mimetics
hold the promise to improve the delivery of bioactive molecules with therapeutic
efficacy, while achieving scalability and increasing bioavailability. In this study, we
propose the development of Immune Derived Exosome Mimetics (IDEM) as a scalable
approach to target and defeat ovarian cancer cells. IDEM were fabricated from
monocytic cells by combining sequential filtration steps through filter membranes with
different porosity and size exclusion chromatography columns. The physiochemical
and molecular characteristics of IDEM were compared to those of natural exosomes
(EXO). Nanoparticle Tracking Analysis confirmed a 2.48-fold increase in the IDEM
production yields compared to EXO, with similar exosomal markers profiles (CD81,
CD63) as demonstrated by flow cytometry and ELISA. To exploit the prospective
of IDEM to deliver chemotherapeutics, doxorubicin (DOXO) was used as a model
drug. IDEM showed higher encapsulation efficiency and drug release over time
compared to EXO. The uptake of both formulations by SKOV-3 ovarian cancer cells
was assessed by confocal microscopy and flow cytometry, showing an incremental
drug uptake over time. The analysis of the cytotoxic and apoptotic effect of DOXO-
loaded nanoparticles both in 2D and 3D culture systems proved IDEM as a more
efficient system as compared to free DOXO, unraveling the advantage of IDEM in
reducing side-effects while increasing cytotoxicity of targeted cells, by delivering smaller
amount of the chemotherapeutic agent. The high yields of IDEM obtained compared
to natural exosomes together with the time-effectiveness and reproducibility of their
production method make this approach potentially exploitable for clinical applications.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 September 2020 | Volume 8 | Article 553576222

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2020.553576
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2020.553576
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2020.553576&domain=pdf&date_stamp=2020-09-17
https://www.frontiersin.org/articles/10.3389/fcell.2020.553576/full
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-553576 September 17, 2020 Time: 11:15 # 2

Pisano et al. Immune Derived Exosome Mimetics

Most importantly, the appreciable cytotoxic effect observed on ovarian cancer in vitro
systems sets the ground for the development of compelling nanotherapeutic candidates
for the treatment of this malady and will be further evaluated.

Keywords: exosomes, ovarian cancer, mimetics, immune system, synthetic

INTRODUCTION

Exosomes (EXO) are well established throughout the
scientific community as paramount mediators of cell-to-cell
communication and content exchange (Tkach and Théry,
2016). They mediate physiological processes but have also
been associated with many different pathologies, due to their
capacities of transporting different types of cargos (mainly
RNAs, DNA, lipids and proteins). The molecular composition
and function of exosomes resemble those of their parental cells,
with inherent targeting mechanisms and a lipophilic core that
compartmentalizes native materials (Record et al., 2014) and
provides structural stability to the cargo (De Toro et al., 2015;
Isola and Chen, 2016; Keerthikumar et al., 2016).

Currently, a lot of effort is being put into the development of
approaches capable of effectively harnessing exosomes properties
(i.e., size, molecular content, low immunogenicity) for their
clinical application in the treatment or diagnosis of a plethora
of diseases, including cancer. So far, exosomes have been used
as diagnostic tools due to their molecular content (Tanaka
et al., 2013; Wang et al., 2014) or as therapeutic options,
as in the case of clinical grade exosomes produced to tackle
pancreatic cancer (Mendt et al., 2018) or melanoma in the
form of vaccines (Escudier et al., 2005). The exploitation of
exosomes with different origin as reconfigurable delivery vehicles
also offers opportunities compared to other nanoscopic drug
delivery systems such as liposomes and polymeric nanoparticles
(Conlan et al., 2017). Exosomes are non-immunogenic in nature
due to similar composition as the body’s own cells and can be
loaded with therapeutic moieties, as showed for some cancer
applications. For example, macrophage-derived exosomes were
loaded with the chemotherapeutic agent doxorubicin (DOXO)
and showed the highest cytotoxicity in a pancreatic cancer
model when compared to DOXO-loaded pancreatic cancer cell-
and pancreatic stellate cell-derived exosomes, suggesting that
donor cell-specific differences could influence their utility as drug
delivery vectors (Kanchanapally et al., 2019).

However, regardless of their well-established characteristics
and potential, the use of exosomes for clinical application is
still encountering limitations due to some intrinsic drawbacks
in their production and scalability. The low extraction yields,
as well as the inadequate loading and encapsulation efficiencies
represent some issues for the clinical scalability of this platform,
including their use as drug delivery systems (Ha et al., 2016;
Akuma et al., 2019). Other disadvantages are related to the
different methods used for their isolation, such as low recovery
and purity, high reagent costs, lack of protocol standardization,
morphology and phenotype changes across different techniques
(Li et al., 2019). The current alternatives to exosomes involve
some well-established liposome-based platforms, which already

are or will be heading toward a clinical application, with pegylated
liposomal doxorubicin being the first to be used as a standard
of care in the treatment of cancers such as ovarian, breast and
melanoma (Bobo et al., 2016).

Due to the aforementioned exosomes limitations, a drive
toward a synthetic or semi-synthetic approach to exosomes
has also gained momentum, and some researchers have
demonstrated high yields of production and purity (Conlan et al.,
2017). As an example, Goh et al. (2017a,b) proposed a biomimetic
cell-derived platform obtained after shearing immune cells (U937
cell line) through sequential filtering, and obtained high yields
of doxorubicin encapsulation that were tested on preclinical
models of colon adenocarcinoma. Similar results were obtained
using other cell types, such as macrophages (Raw264.7 cell line)
and embryonic stem cells, to produce mimetic nanoparticles
with a cytotoxic effect on malignant cancer models (Jang et al.,
2013; Jo et al., 2014). In particular, Jang et al. demonstrated
that membrane-derived nanovesicles are efficient for the targeted
delivery of chemotherapeutics both in vitro and in vivo, regardless
of whether they are produced naturally or artificially from cells
(Jang et al., 2013).

Among the different tumors semi-synthetic and biomimetic
platforms have been applied to, to the best of our knowledge
no such approach has been developed or tested for the
treatment of ovarian cancer. Ovarian cancer is the most lethal
gynecological malignancy (Siegel et al., 2020) and responds
poorly to the standard therapies and to immunotherapies
(Ghisoni et al., 2019). Several efforts are currently ongoing to
exploit the potential of nanomedicine, immunotherapy or even
a combination of the two to better treat ovarian cancer patients
(Corradetti et al., 2019). In particular, there is an urgent need
for the development of therapeutic strategies able to exploit the
physical and biological barriers present in the peritoneal cavity
of metastatic ovarian cancer in order to precisely accumulate
at the disease site (Nizzero et al., 2020). Due to their capacity
to stimulate the immune system and to act as chemoattractants
for other cell populations, exosomes derived from immune cells
represent ideal candidates to boost an anti-cancer response in
immunologically cold tumors such as ovarian cancer.

Here, we demonstrate the development of Immune Derived
Exosome Mimetics (IDEM) as a scalable approach to target
ovarian cancer cells. By subjecting cells to serial extrusion
through filters with diminishing pore sizes (10 and 8 µm
wide filter membranes) followed by purifications through size
exclusion chromatography, we generated high quantities of
IDEM retaining the distinctive physiochemical and molecular
features of naturally occurring exosomes. As a proof of
principle, the ThP-1 monocytic cell line was chosen to produce
IDEM due to its high proliferation rate and wide applicability
for the development of immunotherapy-based approaches
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(Corradetti, 2016). Furthermore, immune derived platforms
could prove advantageous when applied to an in vivo system.
A systematic comparison between the IDEM formulation with
exosomes extracted from the medium of the same number of
cells through well-established protocols was performed. To assess
their potential use as delivery systems, IDEM were encapsulated
with doxorubicin, as a model chemotherapeutic drug which is
widely used in clinical settings for the treatment of ovarian
cancer, and their therapeutic efficacy evaluated in vitro 2D and
3D ovarian cancer models.

MATERIALS AND METHODS

Cell Culture
Monocytic cell line (ThP-1 cells) was purchased from ATCC.
Cells were grown in Roswell Park Memorial Institute (RPMI)-
1640 medium (ATCC 30-2001TM) containing 10% (v/v) fetal
bovine serum, 100 U/mL penicillin, 0.1 mg/mL streptomycin.
ThP-1 were maintained at a concentration of 1-5 × 105

cells/ml for expansion. Ovarian cancer cells (SKOV-3 cells) were
purchased from Sigma-Aldrich and cultured McCoy’s 5A media
(Gibco) containing 10% (v/v) fetal bovine serum, 100 U/mL
penicillin, 0.1 mg/mL streptomycin. Culture conditions were
established at 37◦C and 5% CO2.

Exosome Production
Immune Derived Exosome Mimetics (IDEM) Synthesis
Immune derived exosome mimetics were synthesized by
optimizing the procedure reported by Goh et al. (2017b), where
cells are passed through porous membranes of decreasing size
in order to be deconstructed and reconstructed consequentially.
Briefly, ThP-1 cells (8.5 × 106) were harvested and washed
twice in PBS. The PBS-resuspended pellet was then filtered
through 10 µm-filter PierceTM spin cups (ThermoFisher) and
centrifuged at 14,000 × g for 10 min at 4◦C. The pelleted
flow-through was resuspended in PBS and the same process
repeated. Consequently, the pellet was passed through 8 µm
filters (Merck-Millipore) with the same centrifuge settings as
before. The pellet was finally resuspended in 150 µL of 0.22 µm-
filtered PBS and run through G-50 Sephadex high capacity
spin columns (SigmaAldrich) for further purification of the
solution. This solution was stored at −80◦C or used for
downstream applications.

Exosomes Extraction and Purification
ThP-1 cells (8.5 × 106) were incubated overnight in 15ml
RPMI-1640 media supplemented with Exo-Free FBS (FisherSci).
Media was then collected and processed through a series of
centrifugations to remove the cellular component (500 × g for
5 min) and any debris (2000 × g for 30 min). The remaining
supernatant was passed through 0.22 µm PES membrane filter
(CellTreat) and then concentrated using 10 KDa Amicon ultra
centrifugal filters (Millipore). Total exosome isolation reagent
(TEIR, Invitrogen) was then added in a 1:1 ratio to the volume
obtained after the Amicon-based concentration process. The
solution was mixed by vortexing for 30 s and incubated overnight

at 4◦C. The next day, the sample was centrifuge at 10,000 × g
for 1 h at 4◦C. The concentrated solution was centrifuged at
10,000 × g for 1 h at 4◦C, and the pellet was resuspended in
0.22 µm filtered PBS. This solution was stored at −80◦C or used
for downstream applications.

Exosomes and IDEM Characterization
Nanoparticles Tracking Analysis (NTA)
Exosome and IDEM samples were analyzed according to the
MISEV2018 Minimal information for studies of extracellular
vesicles (Théry et al., 2018). The NS300 Nanosight System
(Malvern) was used to determine size and concentration. A 100X
dilution in PBS was prepared for each sample. Briefly, five
videos of 60 s each were recorded for each sample, and the
threshold was kept constant at 5. All the experiments were
performed using different batches of EXO/IDEM, and statistical
analysis was based on at least 3 biological replicates. Size
and concentration measurements were done using 11 different
batches of EXO and IDEM.

Evaluation of Exosome-Associated Markers
CD63 quantitation was performed using the antibody-based
ExoELISA-ULTRA Complete Kit (SystemBio) following the
manufacturer’s indications. Briefly, EXO and IDEM were loaded
on a 96-well plate provided by the company and the CD63
positive particle number was quantified against a pre-set
exosomes standard curve. The number of CD63+ particles
obtained was then compared to the total amount of particles
(quantified by NTA) to gather the amount of CD63+ particles
out of the total (Kim et al., 2019). The percentage of EXO
and IDEM presenting the exosomal surface markers CD81 was
determined by flow cytometry. EXO and IDEM were conjugated
with Aldehyde/Sulfate Latex Beads (ThermoFisher). Briefly, 5 ml
stock beads were incubated with 1 × 109 EXO or IDEM for
15 min at room temperature (RT). Consequently, PBS was added
to 1 ml final volume, and the samples were incubated overnight
at RT under shaking. A 100 mM glycine solution was then added
to saturate unbound beads and incubated for 30 min at RT
before centrifugation for 5min at 4000 rpm occurred. Samples
were incubated for 30 min with APC-conjugated antibody for
CD81 (Biolegend). The BD LSR FortessaTM flow cytometer
was employed for samples analysis. 10,000 events per sample
were acquired, and the FCS/SSC parameters were used to gate
nanoparticle-bound beads which have a 4 µm diameter. Data
were analyzed with the FlowJo software (BD).

Scanning Electron Microscope
To analyze IDEM and EXO by Scanning Electron Microscope
(SEM) 50 µL of each sample were placed in 60 × 15 mm petri
dishes and incubated overnight at 4◦C. 2.5% glutaraldehyde was
subsequently added to each sample for 10 min at 4◦C. Samples
were then washed with ethanol at increasing percentages (30–50–
70–90–100%, respectively) for 5 min each at RT. Lastly, samples
were immersed in 50% butanol for 5 min. A 2 × 2 cm Petri
dish piece was mounted with double side carbon tape (Ted Pella
Inc., United States) on an aluminum SEM stub (Ted Pella Inc.,
United States). A 7 nm Iridium film was added to the sample to
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enhance image contrast. A Nava Nano SEM 230 (Thermal Fisher,
United States) was used to image samples. All SEM experiments
were performed at RT (22◦C) and under a high vacuum range
(5 × 10−6 to 2 × 10−6 Torr). The accelerator voltage was set at
5–7 kV for imaging. The electron beam spot-size was set at 3 nm
and the working distance was 5 mm.

Atomic Force Microscopy
Atomic Force Microscope (AFM) Bruker BioScope Catalyst
(Bruker Instruments, Santa Barbara, CA, United States) was
used, and Bruker MLCT-E cantilevers were used to perform
the analysis, with a nominal spring constant of 0.1 N/m. Each
cantilever was calibrated for spring constant determination on a
clean glass slide prior to each measurement. All imaging was done
in PeakForce Tapping, with a scan rate of 1 Hz and a force of 200
pN and scans ranged from 25 to 0.5 µm2. Each high-resolution
image contained one or few exosomes at the center of which a
force curve was taken, with a ramp force of 150 pN (for elastic
modulus calculation) and of 2 nN (for adhesion measurement),
a ramp rate of 1 Hz and a ramp size of 150 nm. 10 ThP-1 and
25 semisynthetic exosomes were considered. Elastic modulus was
obtained using the fitting modulus in the Nanoscope Analysis
software v1.50 on the approach curve of each force curve and
using the Hertz model, Equation 1.

F =
4E
√
Rδ3/2

3(1− υ2)

In Equation 1, F is the force applied, E is the Young’s modulus
(fit parameter), υ is the Poisson ratio (0.5), R the radius of
the indenter (20 nm), δ is the indentation depth and α is
the half-angle of the indenter (18◦). For adhesion evaluation,
the percentage of force curves that showed an adhesion event
was considered. Data was then analyzed and plotted using
Mathematica 12.0. Samples were prepared as follows. Briefly,
60 µl of 0.1% of APTES solution was deposited on freshly cleaved
mica flakes (1 µm2), left for 30 min, rinsed with 5 mL of MilliQ
water and dried with N2. Then 100 µl of EXO/IDEM solution
was deposited on the substrate for 2 h, mica was rinsed with 2 mL
of PBS and analyzed with AFM in PBS solution.

Western Blot
After exosomes and IDEM preparation, proteins were extracted
in 80 µL M-PER lysis buffer (ThermoFisher) and quantified
against a BSA standard curve using the PierceTM BCA Protein
Assay Kit (ThermoFisher). Consequently, 20 µg of proteins
were run through a Mini Protean Gel (Bio-Rad) and transferred
onto a PVDF membrane using a semi-wet transferring system
(Bio-Rad). Membranes were then incubated for 1 h in blocking
solution (BSA 5% in TBS-T solution, ThermoFisher), followed
by incubation over night at 4◦C in anti-CD63 rabbit primary
antibody with a 1:1000 dilution (Abcam). The next day,
membranes were washed in TBS-T 3 times and then incubated for
1 h at room temperature with the anti-rabbit secondary antibody
in a 1:2000 dilution (ThermoFisher). Membranes were then
developed using a Chemidoc XRS Molecular Imager (Bio-Rad).

Drug Encapsulation and Encapsulation
Efficiency (EE%) Assessment
Efficiently loading of doxorubicin within IDEM and EXO was
achieved through saponin as an encapsulation enhancer. A 0.1%
concentration of saponin was tested. Briefly, both nanoparticle
solutions were mixed with 400 µg/mL of doxorubicin before
adding saponin, and the mixture was incubated for 5 min at
37◦C in agitation at 200 rpm. Consequently, unencapsulated
doxorubicin was removed using an Exosome Spin Column
(Invitrogen). After the loading, the encapsulation efficiency
(EE%) was measured. To this, 0.1% of Triton-X-100 was
added to the samples for 10 min at RT. The concentration of
doxorubicin encapsulated in both IDEM (IDEM-DOXO) and
EXO (EXO-DOXO) was determined by measuring its excitation
and emission values (480 and 610 nm, respectively) against
a set of known standards with a Synergy H4 Hybrid Plate
Reader (Biotek).

Drug Release Profile
To assess the release profile of the nanoparticle formulations,
EXO-DOXO and IDEM-DOXO samples were injected in two
Snakeskin Dialysis Membranes (10,000 MWCO) that were then
immersed in a beaker with 20 mL PBS heated at 37◦C. At
different time points, 1 mL of PBS was taken from each beaker
for measurement and replaced with 1 mL of fresh 37◦C-heated
PBS for up to 96 h. The doxorubicin fluorescent signal was then
read with a plate reader (Biotek) and compared to a doxorubicin
standard curve. The cumulative drug release was calculated
according to the following equation:

DR% =
n=t∑
n=1

(Cn · V–Cn−1 · v)
m0

· 100

Where t is the number of time points, Cn is the concentration
of doxorubicin at time t, V the total volume of liquid (in our
case 20 mL), Cn−1concentration of doxorubicin at time t-1, v
non-withdrawn volume (in our case 19 mL), m0 the mass of
doxorubicin in the nanoparticles.

IDEM- and EXO-DOXO Uptake by
Ovarian Cancer Cells
Confocal Microscopy
To assess the IDEM- and EXO-mediated uptake of doxorubicin
by ovarian cancer cells, 1 × 104 SKOV3 cells were seeded in 8-
well of chamber glass slide and cultured overnight. The next day,
1 and 3 µg/mL doses of EXO-DOXO and IDEM-DOXO were
added and left for up to 12 h. At 3 different time points (2, 4,
12 h) cells were washed twice in pre-warmed PBS at pH 7.4, fixed
in 4% paraformaldehyde for 10 min at RT and permeabilized
in 0.1% Triton X-100 in PBS for 5 min. After washing in
PBS twice, cells were stained with phalloidin Alexa-Fluor 488,
diluted 1:200 in PBS, and incubated for 20 min at RT before
staining with DAPI Prolong anti-fade mountant (Invitrogen)
occurred. Samples were imaged with Fluoview TM3000 confocal
microscope (Olympus).
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Flow Cytometry
In order to quantify the percentage of cells containing
doxorubicin, 1 × 105 SKOV-3 cells were seeded in 12 multi-well
plates and cultured overnight. The next day, 1 and 3 µg/mL doses
of EXO-DOXO and IDEM-DOXO were added to the cells and
incubated for 12 h. A free DOXO formulation was added as a
positive control at a 10 µg/mL concentration. At three different
time points (2, 4, 12 h) cells were detached and analyzed for
the doxorubicin signal expression at the excitation of 480 nm
and emission at 590 nm (corresponding to the PerCP-Cy5.5
channel). 10,000 events per sample were acquired with a BD
LSR Fortessa flow cytometer, and the FCS/SSC parameters were
used to gate cells.

Cytotoxic Effect of IDEM- and
EXO-DOXO in 2D
SKOV-3 cells viability in 2D conditions after treatment with
EXO-DOXO and IDEM-DOXO was assessed in vitro using
2 complementary techniques, the Alamar blue assay and the
impedance-based cell index measures, respectively.

Alamar Blue Assay
SKOV-3 cells were seeded at the density of 6000/well on
a 96-well plate and incubated overnight. The following day
they were treated with different concentrations of doxorubicin
encapsulated EXO and IDEM (namely, 1, 3, and 5 µg/mL). Cell
viability was assessed for up to 96 h from the quantification of the
resazurin dye reduction (Ansar Ahmed et al., 1994). Cytotoxicity
was measured by growth inhibition and was plotted as a surviving
percentage over time. At each time point (24, 48, 72, 96 h,
respectively) the absorbance signal of the cells was read at 570 nm
and normalized to the values read at 600 nm with a plate reader
(Biotek). Three biological replicates were performed and the
growth of nanoparticle-treated cells was compared to untreated
controls. Free doxorubicin (at the concentration of 10 µg/mL)
was used as a positive control.

eSight
The xCELLigence RTCA eSight machine (Agilent) was used to
obtain real-time impedance-based measurements of cell adhesion
and proliferation (Chollangi et al., 2018). The user can set
a temporal resolution (how frequent the impedance value is
measured) in which an adimensional value called “cell index” is
measured. SKOV-3 cells were seeded at the density of 6000/well in
a company-provided electronic 96-well microplate and cultured
overnight. The following day, the same doses of nanoparticles
used for the Alamar blue assay were added, and the cell index was
measured for up to 96 h. Data were analyzed with the CELLigence
RTCA Software and plotted as cell index values over time. Right
before adding the treatments, cells in each well were also stained
with 2 µM of the fluorescently labeled Caspase-3 dye (ACEA
Biosciences) which is a marker for early apoptotic events. Four
images per well were taken by the eSight machine at a 10X
magnification every hour using the DAPI channel (429/469 nm),
and all signal-positive cells were counted and plotted by the
RTCA Software as object counts/well over time.

Cytotoxic Effect of IDEM- and
EXO-DOXO in 3D Culture Systems
Spheroids were produced using Ultra Low Attachment (ULA)
plates (Corning). Briefly, SKOV-3 cells were seeded at the density
of 5000 cells/well in a Corning ULA 96-well plate and cultured
overnight. After 24 h, EXO-DOXO and IDEM-DOXO were
added to achieve the concentration of 5 µg/mL of doxorubicin
encapsulated. The cell viability of the spheroids was assessed
using the CellTiter-Glo 3D reagent assay (Promega) at different
time points (24, 48, 72, 96 h respectively) for up to 96 h. Briefly,
the reagent was heated at 22◦C prior to use and added to
experimental wells for 30 min at RT in 1:1 volume ratio. The
plate shaking was essential for a proper spheroids lysis. After
the incubation time, the luminescent signal was read with a
plate reader (Biotek). Free doxorubicin (at the concentration of
10 µg/mL) was used as a positive control. For each time point,
a representative 10X picture of each spheroid was taken with a
IncuCyte Live-Cell analysis system (Essen Bioscience).

Statistical Analysis
For all statistical analysis including size, concentration,
encapsulation efficiency and drug release, cell cytotoxicity
in both 2D and 3D experiments, a two-tailed Student’s t-test was
performed to compare IDEM and EXO. Data with p < 0.05 were
considered significant (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). All
graphs show average values and standard deviation.

RESULTS

EXO and IDEM Synthesis and
Characterization
Exosomes (EXO) and IDEM were obtained as summarized in
Figure 1.

Nanoparticle tracking analysis (NTA) was used to determine
size and concentration of the two formulations. As shown
in Figure 2A, EXO and IDEM presented an average size of
112 ± 14 nm and 177 ± 19 nm, respectively (p < 0.001).
Starting from the same number of ThP-1cells (8.5 × 106), the
optimized procedure allowed for the production of 2.3 × 1010

IDEM compared to 9.4 × 109 EXO obtained following standard
protocols for the isolation of natural exosomes from culture
media. The difference in particle concentration was statistically
significant between the two nanoparticle types, IDEM yielding
a 2.48 times higher concentration than EXO (p < 0.001). The
presence of exosomal markers, the percentage and number
of particles expressing CD63 and CD81 were confirmed by
flow cytometry and ELISA, respectively. Figure 2B shows the
relative number of CD63-positive EXO and IDEM compared
to total particles obtained by NTA analysis. The number of
CD63-positive EXO obtained by ELISA was 5.89 × 109 (which
represents the 62% of the total number) while 1.25 × 1010 of
IDEM were CD63-positive (54%). The presence of the CD81
surface exosomal marker was also confirmed for both particle
types by flow cytometry; 43.5% for IDEM and 40.9% for EXO
(Figure 2C). Western blot analysis was also performed to assess
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FIGURE 1 | Schematics of EXO and IDEM production. (A) Summary of IDEM production through filtered-membrane centrifugation steps. (B) Summary of EXO
extraction from culture media by using the Total Exosome Isolation Reagent (TEIR).

the presence of the TSG-101 marker, a cytosolic protein highly
expressed in exosomes, and confirmed its presence on both EXO
and IDEM (Figure 2E). Characterization data were corroborated
by scanning electron microscopy (Figure 2D) and AFM images
(Figure 2F) that provided morphological information about the
two nanoparticle types. AFM was used to gather insights into the
surface, stiffness and adhesion properties of the nanoparticles.
Tapping mode analysis showed a general deviation from the
globular, near spherical shape expected for exosomes, while
IDEM presented a more uniform, globular shape. The mean
radius was significantly smaller, 95.8 ± 35 nm compared to
129.4 ± 34 nm for EXO and IDEM, respectively (p < 0.05).
EXO had a significantly lower elastic modulus of 0.15 ± 0.1 MPa
compared to IDEM, 0.28 ± 0.14 MPa (p < 0.005). The adhesive
properties of the two nanoparticles were similar, with non-
specific tip-particle adhesion events recorded as 36% for EXO
and 38% for IDEM.

Encapsulation and Drug Release Profile
EXO and IDEM were loaded with doxorubicin using 0.1%
saponin. Figure 3A shows the encapsulation efficiency (EE%)
values normalized to the initial doxorubicin concentration
(400 µg/mL). IDEM showed 28% encapsulation efficiency while
EXO retained 17% of the initial administered drug. After
assessing drug encapsulation, the cumulative drug release from
both EXO and IDEM was determined. Figure 3B shows
the percentage of drug released over a 96-h window. Both
nanoparticle formulations showed a pronounced burst release

that reached a plateau after about 12 h. IDEM proved to
release 60% of drug after 12 h, whereas EXO 40% of the
encapsulated amount.

Nanoparticles Effect on the Proliferation
and Early Apoptosis of Ovarian Cancer
Cells
Cytotoxic effects on ovarian cancer cells (SKOV-3) mediated
by IDEM and EXO loaded with doxorubicin was evaluated
using Alamar blue. Three increasing concentrations (1, 3, and
5 µg/mL) of doxo-encapsulated IDEM (IDEM-DOXO) and
EXO (EXO-DOXO) were added to SKOV-3 cell culture media.
Free doxorubicin (DOXO, 10 µg/mL) was used as a positive
control. This dose was identified as the lowest and most cytotoxic
among different concentrations of doxorubicin tested on cell
viability (data now shown). Figure 4A shows a significant effect
of IDEM-DOXO on SKOV-3 cells, with a 25% reduction in
cell viability at 24 h following the treatment at the lowest
treatment dose (1 µg/mL). Viability decreased further to 70,
75, and 80% at 48, 72, and 96 h respectively. EXO-DOXO at
a 1 µg/mL concentration showed a statistically more enhanced
effect compared to IDEM, again being more cytotoxic than
free DOXO at 24 h (p < 0.05). Increasing the dose of IDEM
to 3 µg/mL resulted in an even more pronounced cytotoxic
effect than free DOXO (Figure 4B), with a 50% reduction in
cell viability occurring at 24 h (p < 0.05). This cytotoxic effect
further increased to 85% reduction in cell viability after 72 h. In
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FIGURE 2 | EXO and IDEM characterization panel. (A) Size (nm) and concentration (particle/ml) values for EXO (in red) and IDEM (in blue) obtained by NTA (n = 11).
Statistically significant differences (p*** < 0.001) were observed between the two particle types formulations. In particular IDEM were 2.48 times more concentrated
than exosomes. (B) Number of CD63-positive EXO and IDEM as measured by ELISA (p* < 0.05). (C) Flow cytometric analysis showing EXO and IDEM stained with
a APC-CD81 antibody. Results show the positive signal compared to unstained exosomes. (D) Scanning electron microscope (SEM) images show rounded particles
phenotypes. (E) Western blot analysis of TSG-101 shows the exosomal marker presence on both EXO and IDEM. (F) Topography and Elastic Modulus of EXO and
IDEM. (Left) A representative AFM image of each formulation. (Middle) Boxplot data for diameters size for EXO and IDEM. Mean EXO value: 96 ± 35 nm. Mean IDEM
value: 129 ± 34 nm. (Right) Boxplot data for Elastic Modulus for EXO and IDEM. Mean EXO value: 0.15 ± 0.10 MPa. Mean IDEM value: 0.28 ± 0.14 MPa
(p* < 0.05).

comparison, the EXO-DOXO treatment brought to a reduction
in viability in a faster fashion, reaching more than 90% cell death
at 96 h (p < 0.05).

Treatments with empty nanoparticles confirmed the cytotoxic
effect was mediated by the encapsulated doxorubicin, and
exclude an inherent nanoparticle effect (data shown in
Supplementary Figure S1A).

To substantiate the Alamar blue assay data, the efficacy of
IDEM-DOXO on cell adhesion and proliferation was also tested
by measuring impedance changes due to cell death resulting

in cell detachment from culture plates (xCELLigence eSight).
Figure 4C shows the effect of 1 µg/mL of IDEM-DOXO on the
cell index of SKOV-3 cells, which represents a non-dimensional
value directly correlated to cell proliferation. The IDEM-DOXO
treatment showed a peak in cell index (=6) in the 40–50 h time
window, followed by a marked reduction in line with the cell
index values of free DOXO and EXO-DOXO. After 110 h, the
cell index of all three treatments was less than 1, indicating
an almost complete decrease in cell viability. A similar trend
was observed when IDEM-DOXO were tested at a 3 µg/mL
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FIGURE 3 | Encapsulation efficiency (EE%) and cumulative drug release profile. (A) EE% values obtained from a doxorubicin starting concentration of 400 µg/mL.
IDEM show higher EE% than EXO (p** < 0.01). (B) Drug release profile (%) of doxorubicin from IDEM and EXO over a 96-h period. A burst release was seen for both
formulations for up to 12 h, followed by a plateau reached soon after.

FIGURE 4 | Cell proliferation assessed by Alamar blue and xCELLigence eSight analysis of cell index. (A) Percentage of viable cells following the treatment with
doxorubicin-loaded IDEM (IDEM-DOXO) and EXO (EXO-DOXO) at 1 µg/mL. Alamar blue assay was used to quantify the percentage of viable cells over a 96-h period.
IDEM- and EXO-DOXO are statistically more cytotoxic than the free doxorubicin formulation (10 µg/mL, DOXO) at 48, 72, and 96 h time points (p* < 0.05). A two-tail
T-test was performed to assess for statistical significance compared to free doxorubicin formulation (DOXO, p* < 0.05). (B) Percentage of SKOV-3 viable cells
following the treatment with IDEM-DOXO and EXO-DOXO at 3 µg/mL. EXO-DOXO were more effective than free doxorubicin (DOXO) in causing cell cytotoxicity on
SKOV-3 cells at all time points (p** < 0.01 at 24 and 48 h, p* < 0.05 at 72 and 96 h respectively) while IDEM-DOXO were significantly more effective at 24 and 48 h
time points (p* < 0.05), both formulations reaching more than 50% reduction in viability as soon as 24 h after the beginning of the experiment. (C) Cell index analysis
of 1 µg/mL of IDEM-DOXO and EXO-DOXO over time, showing a marked decrease in cell index compared to untreated control after up to 110 h. (D) Cell index
analysis of 3 µg/mL of IDEM-DOXO and EXO-DOXO have a similar effect to free DOXO in reducing cell proliferation of SKOV-3 cells for a time period of up to 110 h.

concentration (Figure 4D). The cell index reached a peak value
of 7 in the 35–45 h time window, followed by its decrease in
value to 0.26 after 110 h. Free DOXO and EXO-DOXO reached
a cell index value 0.87 and 0.35 after 110 h, respectively. Again,
nanoparticles confirmed that the reduction in proliferation was

caused by the encapsulated doxorubicin only (data shown in
Supplementary Figure S1B).

Apoptosis was also assessed following IDEM-DOXO and
EXO-DOXO treatment using the eSight system by combining
data for expression levels of the apoptotic marker Caspase3 with
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FIGURE 5 | Quantification of early apoptosis. (A) Analysis of Caspase3 positive cells after treatment with 1 µg/mL of IDEM-DOXO and EXO-DOXO over a 110-h
time period. Ten µg/mL of free doxorubicin (DOXO) was used as a positive control. Pictures were taken every hour and analyzed with the RTCA Software.
(B) Analysis of caspase3 positive cells after treatment with 3 µg/mL of IDEM-DOXO and EXO-DOXO, with IDEM being the most effective in causing early apoptotic
events. (C) Representative images that show the signal intensity which is directly correlated to early apoptotic events. It can be noticed how all treatments lead to
marked early apoptotic events when compared to the untreated control. A 10X magnification objective was used for pictures, with a scale bar of 200 µm.

data extrapolated from the proliferation assay, and correlating
the number of Caspase3 positive cells with pro-apoptotic
activity. 1 and 3 µg/mL treatments with IDEM-DOXO yielded
4900 ± 900 and 7230 ± 314 caspase positive cells after 110 h,
respectively, which was higher than the free DOXO and EXO-
DOXO treatments (Figures 5A,B). For EXO-DOXO treatment
2520 ± 1160 and 2790 ± 660 positive cells were identified
after 1 and 3 µg/mL treatments, while free DOXO yielded
1630 ± 670 positive cells. A clear increase in the number of
Caspase-3 positive cells can be seen when comparing both the
untreated and the free DOXO-treated cells with the exosomes
and IDEM treatments (Figure 5C). No apoptotic effect was seen
when empty nanoparticles were tested as controls (data shown in
Supplementary Figure S2).

Doxorubicin Uptake
A 3 µg/mL dose of both exosomes and IDEM was added to
SKOV-3 cells for 2, 4, and 12 h to evaluate DOXO uptake. The
autofluorescent signal intensity of DOXO increasing over time
was inferred from microscopy images (Figure 6A) and quantified
using flow cytometry. Both, IDEM-DOXO and EXO-DOXO
show a similar pattern of incremental uptake by SKOV-3 cells
with slightly less uptake than free doxorubicin (Figure 6B).

Cytotoxic Effect of IDEM on Ovarian
Cancer Cells in 3D
After testing the effect of the nanoparticle treatments in 2D
systems, we evaluated their effect in a more complex spheroid
system which better mimics the in vivo environment. 24 h

post-spheroid formation, cells were treated with 5 µg/mL of
IDEM-DOXO and EXO-DOXO and monitored for up to 96 h.
The presence of doxorubicin, both as a free formulation and
encapsulated in IDEM or EXO, affects the shape and the color of
spheroids causing them to lose integrity and to become darker, as
can be noticed by eye in Figure 7A. These phenotypical changes
might be due to increased levels of necrosis in the spheroids
inner core, as has been extensively reported in literature (Freyer,
1988; Sokolova et al., 2019). These effects were corroborated by
assessing cell viability; IDEM-DOXO particles were as effective
as EXO-DOXO, and both formulations were more cytotoxic than
free doxorubicin in reducing spheroids proliferation by almost
20% after 24 h (p < 0.01 and <0.05, respectively; Figure 7B).
IDEM-DOXO showed the same effect as doxorubicin at 48 and
72 h, but its effects were significantly greater after 96 h (p< 0.05).
Similarly, doxorubicin-loaded exosomes were significantly more
effective than DOXO at 72 and 96 h (p < 0.001).

DISCUSSION

Due to their role in intercellular communication, exosomes are
being increasingly explored as delivery systems for biomedical
purposes. In particular, the organotropism of exosomes toward
tumor sites and metastatic niche makes them ideal candidates
for the development of efficient anticancer therapies targeting
metastatic cancer with reduced side effects. However, the
main drawbacks for the application of naturally occurring
exosomes are the challenges of large-scale production, isolation,
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FIGURE 6 | Doxorubicin uptake analysis. (A) Confocal microscopy images showing an increasing signal associated to free doxorubicin (DOXO, 10 µg/ml),
EXO-DOXO (3 µg/ml), and IDEM-DOXO (3 µg/ml) uptake by SKOV-3 cells overtime (2, 4, 12 h). 40x Magnification, with a 50 µm scale bar. (B) Flow cytometry was
used to quantify the amount of doxorubicin encapsulated at 2, 4, 12 h following cell treatment. The PerCP-Cy5.5 channel was used to detect doxorubicin
autofluorescence signal and was compared to untreated cells to set the unstained signal. Both IDEM-DOXO and EXO-DOXO show increased signal intensity over
time, however, free doxorubicin displays the brightest signal following uptake by SKOV-3 cells.

FIGURE 7 | Effect of EXO and IDEM on 3D ovarian cancer model. (A) Representative images taken at 24, 48, 72, and 96 h following the treatment with 5 µg/mL of
IDEM-DOXO and EXO-DOXO and 10 µg/mL of free doxorubicin (DOXO), while empty EXO and IDEM were used as negative controls (IDEM CTRL and EXO CTRL,
respectively). Untreated cells are included as negative control (CTRL). The effect of doxorubicin is evident in increasing necrosis and reducing spheroids integrity, as
indicated by the red arrows. (B) Percentage of cell viability normalized to the untreated control of all treatments obtained with the CellTiter Glo viability assay.
IDEM-DOXO were significantly more effective than DOXO at 24 and 96 h time points (*p < 0.05) while EXO-DOXO were the most effective at all time points
(***p < 0.001 at 72 and 96 h).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 September 2020 | Volume 8 | Article 553576231

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-553576 September 17, 2020 Time: 11:15 # 11

Pisano et al. Immune Derived Exosome Mimetics

modification and purification (Ha et al., 2016; Akuma et al.,
2019). Exosome mimetics hold the promise to improve the
delivery of bioactive molecules with therapeutic efficacy,
while achieving scalability and increasing bioavailability
due to their minimal immunogenicity (Antimisiaris et al.,
2018). In this work we propose a system to scale up the
production of exosome mimetics from immune cells. By
subjecting cells to serial extrusion steps through filters
with diminishing pore sizes and by consequently loading
them with a chemotherapeutic agent, we generated high
quantities of exosome-mimetic nanovesicles carrying sheltered
drugs. Compared to standard procedures for the production
of exosomes, our approach allows for a rapid synthesis
and purification, which represents a practical advantage in
terms of production.

Starting from the same number of cells (8.5 million ThP-1
cells), our approach led to a 2.5-fold increase in the number
of IDEM particles obtained, compared to naturally released
exosomes (EXO). Despite the greater average diameter of
IDEM compared to EXO (177 ± 19 nm vs. 112 ± 14 nm,
respectively), IDEM remain within the size-window that is
expected for exosomes (Doyle and Wang, 2019), and retain
the typical molecular and mechanical features of natural
exosomes. IDEM tested positive for the tetraspanins CD81
and CD63, the presence of which has been widely associated
with endosomal-derived exosomes (CD81) (Greening et al.,
2017; Hikita et al., 2018) and have been proved to be
cell-type dependent (CD63) (Kowal et al., 2016). Levels
of CD81 and CD63 found in IDEM were comparable to
those found in exosomes isolated from the media of the
same cell population, confirming their similarity with their
physiological counterparts.

Through SEM and AFM analysis, three-dimensional
morphological images of both particles were generated showing
a spheroidal shape. Size measurements performed by AFM
for both particle types followed the same trend obtained by
NTA, although average particle size was lower when measured
with AFM, and attributed to the different measurement
techniques (Sharma et al., 2010, 2011; Paolini et al., 2016).
Nanomechanical analysis revealed that both particle types
had same adhesive characteristics indicating similar surface
composition (Whitehead et al., 2015).

In contrast, IDEM particles had a greater elastic modulus
indicating an increased stability. A greater elastic modulus has
been as well associated with a better cellular uptake efficiency
(Sun et al., 2015; Wang et al., 2019), although this effect has not
been observed in the present study.

IDEM proved to be an effective drug delivery system
when loaded with the chemotherapeutic agent doxorubicin
which is currently the standard of care approach for the
treatment of metastatic ovarian cancer (Gordon, 2005;
Cronin et al., 2013). Efficient doxorubicin encapsulation
was achieved using saponin treatment yielding 28 and
17% drug encapsulation for IDEM compared to EXO
respectively. This further demonstrates the enhanced
benefits of IDEM over EXO, since the encapsulation
efficiency of doxorubicin does not generally exceed 20% in

exosomes (Gomari et al., 2018; Wei et al., 2019). Moreover,
IDEM released an amount of drug over time up to 20%
greater than exosomes.

Exosomes deploy different characteristics that render them
an attracting system for cancer therapy. For instance, they can
be taken up by acceptor cells (and alter cellular processes),
and can avoid blood clearance by the immune system
(Antimisiaris et al., 2018). These aspects together with the
nanoscopic size are likely to permit their penetration into
tumor bulks or in reaching secondary metastatic sites, which
represent one of the main challenges in ovarian cancer
treatment specifically (Mitra, 2016; Cheng et al., 2017).
IDEMs encompass these exosomes features and provide a
suitable alternative as they are reconfigurable and more
clinically translatable due to their scalability properties. In
order to assess the applicability of IDEM in an ovarian
cancer setting SKOV-3 cells were used to evaluate the
cytotoxic effect of doxorubicin-loaded IDEM. Interestingly,
both IDEM and EXO proved to be more efficient than
the free drug despite DOXO being delivered at a lower
drug concentration, with the EXO-DOXO treatment being
statistically more effective than IDEM-DOXO as well. This
event might be due to different uptake mechanisms of EXO-
DOXO/IDEM-DOXO by SKOV-3 cells compared to the free
Doxorubicin, leading to a more enhanced cytotoxic effect of the
chemotherapeutic agent. Also, as highlighted from the higher
cytotoxic effect of EXO CTRL on SKOV-3 cells compared to
IDEM, we speculate additional exosomal components might
be involved in the effect mediated by EXO which are
not present in IDEM. Moreover, drug efflux pumps which
expel drugs from cells are known to be at the base of
multi-drug resistance (Filipits, 2004). In contrast, liposomal-
based nanoformulations, which have a similar theoretical
composition to EXO and IDEM, have been proven to increase
retention of drug into cells, thus increasing their efficacy
(Patel et al., 2013).

In addition to these findings, IDEM-DOXO effectively
reduced cell proliferation at the concentrations of 1 and 3 µg/ml,
where the cell index analysis revealed two peaks in the 38–
45 h window. This might be explained with an initial cell
bloating, corresponding to increased impedance levels, followed
by cell disruption resulting in cell index decrease. Doxorubicin-
loaded IDEM also induce the highest rates of caspase3-dependent
early apoptotic events in SKOV-3 cells compared to EXO,
allowing us to evaluate the extent and timing of this mechanism.
In the case of our IDEM, this could be an indication of a
better efficacy index. Moreover, the higher apoptosis ratios after
the IDEM-DOXO treatment might be explained with different
uptake rates or possibly differential uptake mechanisms by
SKOV-3 cells, which might lead to a faster activation of the
apoptotic cascade.

In order to gain more information about the behavior of
our platform in more complex systems, the cytotoxic effect
of doxorubicin-loaded IDEM was tested on SKOV-3-generated
spheroids. Data obtained show again a more enhanced activity
when compared to the free doxorubicin formulation. Although
the efficacy of doxorubicin in penetrating spheroid systems
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resembling tumor masses to exert its effect has been widely
established (Sokolova et al., 2019), our results support the
idea that the addition of exosome-like delivery systems can
further improve the chemotherapeutic penetration and, hence,
the efficacy of the therapy.

Overall, we demonstrate the feasibility of our IDEM platform
as an effective alternative to exosomes for the development
of semi-synthetic nanoparticles for ovarian cancer therapeutics.
Compared to EXO, the advantages IDEM offer include the rapid
synthesis and purification, the higher production yields, and
an increased encapsulation efficiency/release, which make them
potential candidates for clinical translation. Moreover, the use
of the ThP-1 monocytic cell line for IDEM production not
only has a practical advantage due to its ease of expansion
in laboratory culture systems, but also proves convenient for
the development of anti-cancer strategies with a potential
application in the more complex environment found in in vivo
settings, where the immune system plays a crucial role. ThP-
1 cells can help investigate the interaction of cancer systems
with different macrophages types (these cells can also be
differentiated in M0/M1/M2 macrophages), allowing us to
further deepen our understanding of the potential of IDEM
derived from different macrophage types to efficiently interact
with OC systems.

Exosomes retain parent cell characteristics in terms of
surface markers, content and cell pathway activation, properties
that assume a pivotal role when related to immune cells,
particularly in terms of tumor recognition to exert an effective
response (Wen et al., 2017). Notably, exosomes derived from
precursor monocyte populations do not exhibit the pro-
active inflammatory properties associated with their “offspring”
macrophages highlighting the importance that the source of
exosomes play in activating or suppressing the immune response
following administration (Rice et al., 2018). As such, the use of
monocyte-derived exosome mimetics combines the advantages of
a biomimetic drug-delivery system with reduced immunogenicity
as they should not induce systemic inflammation following
infusion nor face being rejected by the immune system.
Regardless of the lower in vitro efficacy of IDEM-DOXO
when compared to EXO-DOXO, our exosome mimetics still
outperformed the free drug treatment. Hence, we believe IDEM
will contribute to revolutionizing the treatment of malignancies
for which a semi-synthetic, highly efficient, reproducible, and fast
approach is paramount.
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EV Translational Horizons as Viewed
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Institutes of Health, Bethesda, MD, United States

Extracellular Vesicle (EV)-based diagnostic and therapeutic tools are an area of intensive
study and substantial promise, but EVs as liquid biopsies have advanced years ahead
of EVs as therapeutic tools. EVs are emerging as a promising approach for detecting
tumors, evaluating the molecular profiles of known disease, and monitoring treatment
responses. Although correlative assays based on liquid biopsies are already having an
impact on translational studies and clinical practice, much remains to be learned before
these assays will be optimized for clinical correlations, functional biological studies,
and therapeutic use. What follows is an overview of current evidence supporting the
investigation and use of liquid biopsies, organized by specific liquid biopsy components
available for analysis, along with a summary of what challenges must be overcome
before these assays will provide functional biological insights into the pathogenesis and
treatment of disease. The same challenges must also be overcome before it will be
feasible to measure and monitor the dosing, distribution, pharmacokinetics, and delivery
of EV therapeutics and their cargo in complex biofluids where EVs and circulate with
and are co-isolated with a number of other nanoscale materials, including lipoproteins
(LPPs), ribonucleoprotein complexes (RNPs), and cell free nucleic acids (cfNA).

Keywords: liquid biopsies, cell free nucleic acids, extracellular vesicles, exosomes, lipoproteins, nanotechnology,
therapeutic, diagnostic

INTRODUCTION

Cells of all types produce a number of secreted or shed macromolecular complexes that can be
examined for liquid biopsies. The term “liquid biopsy” here refers to a type of assay that uses a
biofluid specimen, rather than fragment of tumor tissue, to test for various molecular biomarkers.
Liquid biopsies offer the advantage of interrogating tumor biology without invasive surgical or
interventional procedures. Furthermore, liquid biopsies may offer a more comprehensive overview
of a tumor’s molecular landscape due to the integrative nature of an assay of biomarkers that are
detectable in biofluid samples, as compared to the focused interrogative view that is obtained
by a tissue biopsy that views only part of a tumor. The ability of liquid biopsies to represent
the full complexity of heterogeneous tumor landscapes is especially relevant when there are
multiple metastases.

Just as tissue biopsies can be used to evaluate multiple different types of molecular markers in
a tumor, liquid biopsies can also be used to evaluate multiple different types of molecular markers.
Biofluid samples may include circulating tumor cells (CTCs), cell-free nucleic acid (cfNA), or
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extracellular vesicles (EVs) from multiple tissues or infectious
agents within the body. The highly heterogenous composition of
biofluids must be considered when choosing and considering the
results of various types of liquid biopsies. The types of biomarkers
available in biofluids are highly diverse and include circulating
tumor cells (CTCs), cell free nucleic acids (cfNA), lipoprotein
particles (LPP), extracellular vesicles (EVs), and exomeres. The
development of increasingly sensitive and accurate analytical
tools has enabled a wave of recent studies investigating the role
these biomarkers in all aspects of disease detection, pathogenesis,
treatment, and monitoring. The complexity of the many facets
to be considered in rigorous characterization of EVs from
biofluids provides an informative perspective on the complexities
that remain to be tackled when considering methods for
monitoring delivery, circulation, kinetics, and clearance of EV-
based therapeutics.

TUMOR ASSOCIATED PROTEINS

Although not commonly referred to as assays of the “liquid
biopsy” type, blood tests for proteins such as Prostate Specific
Antigen, CA19-9, and CA125 have been used for decades (Gold
and Freedman, 1965). These tests detect specific proteins that
are more highly expressed by certain tumors than by healthy
tissues. In common practice, these basic, well-established clinical
assays form the foundation for how clinicians currently consider
results from blood tests. The most important considerations with
each of these tumor-associated protein markers is that none is
perfectly sensitive and specific at all stages of tumor growth and
progression. If or when tumors progress, especially in the setting
of metastatic disease, overall tumor heterogeneity increases, and a
malignancy that was previously positive for one of these markers
may devolve and lose marker expression. Each of these markers
is limited in utility by the degree to with each of these markers,
by virtue of a being a single marker associated with a complex
and heterogeneous disease, incompletely reflects the status of
the disease. Nonetheless, as benchmarks for the standard of care
across decades, these assays are the “liquid biopsy” markers that a
new generation of liquid biopsies must improve upon, and these
traditional blood tests are the assays against which new liquid
biopsy assays are most commonly first compared.

CIRCULATING TUMOR CELLS

Circulating tumor cells have the next longest track record
in the field of liquid biopsies. Across more than a decade,
CTC-based assays have provided valuable insights into tumor
heterogeneity and evolution. Because CTCs contain the full
cellular composition of a tumor cell, these CTCs provide a means
of direct interrogation of disease-associated genetic variants,
including genetic variants that inform treatment selection. Such
CTC assays, especially assays that combine tests for tumor-
associated surface proteins with tests for tumor-specific genetic
mutations, have been shown to predict treatment responses
and improve treatment selection for several types of cancers

(Autio et al., 2014; Dittamore et al., 2014; Scher et al., 2016,
2017; Lack et al., 2017; Figueroa and Carter, 2018; Armstrong
et al., 2019; Salami et al., 2019). However, CTCs circulate in low
concentrations, typically at levels of 1–10 CTCs per milliliter of
blood, and some types of tumors are associated with lower levels
of CTCs than others, so, for many types of tumors, it can be
difficult to capture a full range of tumor heterogeneity in CTCs
from standard blood sample volume (Figueroa and Carter, 2018;
Jin et al., 2019).

Although CTCs carry an individually complete “package”
of cellular cargo (proteins, nucleic acids, phospholipids, etc.),
which reflects the composition of some part of a tumor,
extracellular biofluid components are inherently fragmentary. In
other words, these biofluid components individually are only
partial representations of the cell from whence they originated,
but these components also can be analyzed to interrogate the
status of the tumor.

CELL-FREE NUCLEIC ACIDS,
CIRCULATING TUMOR DNA

DNA can be detected in the extracellular portion of biofluids,
and this cfNA is found in both the biofluid fractions
that are unassociated and that are associated with other
biofluid components, such as extracellular vesicles. Despite this
heterogeneity and the present imprecision of current scientific
methods to accurately or consistently catalog the distribution
of cfNAs and the molecular carriers of cfNA in biofluids, levels
of circulating DNA are consistently found to be higher in the
setting of cancers, in a manner that is proportional to the stage
of the tumor (Newman et al., 2014). Due to the sensitivity
of current techniques, such as cancer personalized profiling
(CAPP-seq) deep sequencing, for interrogating DNA profiles,
ctDNA assays are not only able to detect advanced disease
(Newman et al., 2014; Scherer et al., 2016; Hellmann et al., 2020),
but also detect molecular residual disease following treatment
delivered with curative intent (Chaudhuri et al., 2017; Azad
et al., 2020), thereby enabling selective and informed addition of
modifications in patients’ individual treatment plans. Moreover,
such ctDNA-based assays have demonstrated an ability to
delineate tumor responses at extended intervals after treatments
such as immunotherapy in a manner may predict the risk of
eventual progression (Hellmann et al., 2020). Moreover, the
detection of tumor-specific DNA profiles using similar ctDNA
assays has been found to be predictive of responses not only to
systemic, but also to localized, ablative treatments with radiation
(Phillips et al., 2019).

CELL-FREE NUCLEIC ACIDS,
EXTRACELLULAR RNA

Among the cfNA fraction of circulating biofluids are various
extracellular RNA molecules and complexes, collectively referred
to as exRNA. Many exRNA molecules, including both long
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FIGURE 1 | Schematic scale diagram of relative sizes of LPPs, EVs, extracellular RNA (exRNA), cell free DNA (cfDNA), and proteins found in biofluids.

and short RNA, as well as RNA that is either coding or non-
coding, are associated with carriers, including EVs and LPPs,
that span across a 30 − > 200 nm size range (Figure 1). This
size range overlaps and includes some portion of the EVs, LPPs,
and exomeres discussed below. Moreover, different methods of
RNA isolation along with the wide range of biofluid processing
methods that are intended to enrich for specific carrier classes,
produce an enormous range of variance related to these different
methods (Sadik et al., 2018; Murillo et al., 2019). There exists,
therefore, much variability between previously reported studies
that report exRNA profiles a with regard to the exact nature
of specific carrier fractions, simply because methods previously
reported to isolate “exosomal RNA,” have been found to in fact
isolate EV-associated RNA molecules together with other RNA-
binding co-isolates that are neither exosomal nor EV-associated
(Sadik et al., 2018). Nonetheless, some such preparations that
were initially understood to be comprised of only exosomes,
which in fact have since been found to contain both exosomal
and non-exosomal RNA, have been demonstrated to be especially
informative for robust tumor detection and discrimination of
tumor grade or risk-stratification (McKiernan et al., 2016, 2018).
Because of the broad diversity of exRNA forms and carriers that
are found in biofluids, liquid biopsies with exRNA is an area
of active, rapidly evolving area of investigation where additional
advances are anticipated (Li et al., 2018).

EXTRACELLULAR VESICLES

Extracellular vesicles (EVs) as biomarkers (and mediators) of
disease is an emerging area of research in all medical fields. The
term EV refers to a broad range of lipid bilayer membrane-bound

vesicles that are either shed from or secreted from cells, and these
nanoscale fragments of cells are ubiquitously released from all
types of cells, ranging from marine bacteria to human neurons.
EVs carry biological information and mediate cell-to-cell effects
and extracellular niche formation, but current scientific methods
are only beginning to be able to accurately characterize their
diversity and compositions (Witwer et al., 2013; Thery et al., 2018;
Witwer and Thery, 2019).

Extracellular vesicles are both abundant and highly stable
in the peripheral circulation. Estimations of concentrations per
milliliter of blood vary widely. Most estimations are on the order
of 10–1000-fold more concentrated than the number of red blood
cells (RBC) per mL, where an average mL of blood may contain
5 million RBCs, the same volume of blood may contain 107–109

EVs (see Table 1). Because EVs are reported to be highly stable,
and because there appears to be rapid turnover of circulating

TABLE 1 | Estimated concentrations of liquid biopsy components per mL
blood in cancer.

Blood component Concentration (per mL) Size

Red blood cells 5,000,000,000 5–7 microns

White blood cells 7,000,000 7–17 microns

Platelets 300,000,000 2 microns

Circulating tumor cells 0–10 10 microns

ctDNA 5,000,000,000 –

exRNA 10,000,000,000 –

Extracellular vesicles 1,000,000,000 50 nm to microns

Lipoprotein particles 10,000,000,000,000,000 25–120 nm

Exomeres >1,000,000,000,000 <50 nm

Updated from Brock et al. (2015) TCR 2015.
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EVs in the reticuloendothelial system, it has been inferred that
EVs in circulation are recycled in a time span of hours or
days, not weeks as erythrocytes or other cellular components in
circulation. The lipid bilayer of EVs protects internal cargo RNA
and improves the stability of RNAs for testing in liquid biopsies
(Laurent et al., 2015; Srinivasan et al., 2019). The heterogeneity of
EVs, including exosomes, oncosomes, apoptotic bodies, among
many other subsets, provides a deep reservoir of cellular data
that reflects the status of many different cells in many different
stages. To parse out this information, EV subset classification has
been performed with various methods that separate or classify
the EVs according to specific features, including size, density,
molecular phenotype (e.g., surface protein expression), source,
and functional activity (Witwer et al., 2013; Thery et al., 2018;
Witwer and Thery, 2019).

The submicron size of EVs is both an advantage and
hinderance to the study of EVs as biomarkers. The submicron
size of most EVs enables their diffusion from the tumor
microenvironment into peripheral biofluids, such as serum,
plasma, and urine. Thus, intratumoral “data” can be interrogated
in peripheral biofluids. However, EVs overlap in size with other
macromolecular assemblies in biofluids, such as lipoprotein
particles (LPPs) and ribonucleoprotein (RNP) complexes, so
exact biological classification of that EV-associated “data” is non-
trivial and must be interpreted cautiously. Analyses of individual
EVs is especially challenging, but new methods are being refined
for EV profiling at the single EV level (Thery et al., 2018; Morales-
Kastresana et al., 2019; Murillo et al., 2019).

Despite the many ambiguities and complexities that must be
considered with currently available methods for EV fractionation,
several studies indicate that EVs and their cargo are deep
reservoirs to mine for biomarker profiles. EVs and their cargo
profiles have been shown to reflect tumor stage, molecular
classification, prognosis, response to treatment, and risk of
recurrence. Early EV studies are also indicating therapeutic and
functional roles for EVs, as several studies indicate that EVs
contribute to the pathogenesis of tumor progression. PD-L1
expression on tumor-derived EVs is associated with immune
evasion (Ricklefs et al., 2018), and in prostate cancer patients,
large EVs, or “large oncosomes,” carry most of the ctDNA in
plasma (Vagner et al., 2018; Zijlstra and Di Vizio, 2018), and these
large prostate cancer oncosomes mediate changes in the tumor
microenvironment and prostate fibroblast reprogramming, via
AKT1-induced MYC activation (Minciacchi et al., 2017).

LIPOPROTEINS

Lipoproteins, commonly subdivided into classifications such
as LDL, HDL, and chylomicrons, overlap in size with EVs
(Figure 1), and they also are comprised of lipids, proteins, and
nucleic acids, albeit without the lipid bilayer that defines EV
structures. Few studies have specifically interrogated lipoprotein-
associated RNA as biomarkers of disease. However, those studies
which have investigated LPP exRNAs have found striking
correlations between LPP-associated exRNA profiles and disease
(Vickers and Moore, 2013; Guo et al., 2015; Michell et al., 2016).

The scale and relevance of LPP-associated biomarkers is likely
to be significant in the future, as LPP complexes are estimated
in serum and plasma at concentrations of the 1016 individual
LPPs/mL (based on Jens, Circulation Research 2017 121:920–
922, roughly 107-fold more concentrated than EVs, for example).
Future studies of LPP-associated biomarkers in liquid biopsies
is an area for future research that is, to some extent, awaiting
improved methods for subdividing relevant LPP populations
from other biofluid components.

EXOMERES

Exomeres have emerged as a previously unidentified component
in liquid biopsies, but their biogenesis, function, and distribution
are not yet well understood. This fraction from serum or plasma
can be isolated with size-based fractionation, and identifiable
differences between exomeres and LPPs have not been fully
identified. The ambiguity in separating the exomere and LPP
fractions relates to both the small size of the exomeres (<50 nm),
which overlaps with the size of HDLs and some very small EVs,
and the lack of defining, robustly segregating markers to reliably
distinguish these different components. EVs, lipoproteins, and
other co-isolated particles from biofluids are known to bind to
or associate with other extracellular materials, such as cfDNA,
albumin, and fibronectin, which will may or may not be integral
EV components, freely circulating molecules, or detached matrix
components. Thus, even “clean” separations of liquid biopsy
components are expected to contain “co-isolates,” and high-
resolution fractionation based on component type is challenging
with currently available instruments and methods.

Newly developed and refined methods, such as asymmetric
field flow fractionation, are beginning to produce additional
insights into liquid biopsy “co-isolate” compositions. Using
asymmetric field flow fractionation, plasma samples have been
separated in a manner that shows that not only a diversity of
membrane bound vesicles (EVs) and lipoproteins (LPPs), but
also an as-of-yet minimally characterized assortment of highly
abundant macromolecular complexes comprised of lipid, protein,
and nucleic acid assemblies that are not immediately classifiable
as lipoproteins, extracellular vesicles, or any other known biofluid
component (Zhang et al., 2018; Zhang and Lyden, 2019). Because
exomeres lack lipid bilayers and because they are not immediately
classifiable as lipoproteins, these biofluid components, therefore,
have been termed “exomeres” and the significance of the
information carried in their molecular cargo is being actively
investigated (Zhang et al., 2018; Zhang and Lyden, 2019).

FUTURE DIRECTIONS FOR LIQUID
BIOPSIES

Overall, these various liquid biopsy components are only
beginning to be understood in terms of their distributions,
their biological functions, and their clinical utility as biomarkers
for disease. Because of the manner in which tumors are
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associated with molecular alterations that may be detected
in these components, this is a rapidly expanding area
of research. Fortunately, this coincides now with rapidly
converging advancements across the fields of nanomedicine,
genomics, microfluidics, and engineering, which will improve
accuracy, precision, and relevance of liquid biopsy component
profiles in the future.

For specific use in the setting of oligo metastatic disease
(and in widely metastatic disease), all of the extracellular
components delineated above afford the benefit of being able
to interrogate molecular profiles that are expected to reflect an
integral sampling across heterogenous cellular states. Thus, these
sorts of assays may offer significant advantages over focal tumor
biopsies that cannot interrogate the range of heterogeneity across
all tumor sites in the patient. Thus, these liquid biopsy-based
tumor-associated and response- associated molecular signatures
are rapidly emerging as robust sources of data to guide diagnosis,
treatment selection, and monitoring, with several new assays and
ongoing clinical trials.

FUTURE DIRECTIONS FOR EV
THERAPEUTICS

Several EV-focused therapeutic solutions have entered
development in recent years (Zipkin, 2019). Therapeutic utility
of cell-derived EVs presumes that EVs will be able to be
manufactured in sufficient quantities, with appropriately quality-
controlled purity, reproducibility, and quantifiable dosing.
Broadly speaking, the production and necessary quality control
considerations for EV therapeutics are very similar to those
of biological and cellular therapeutic agents. The regulatory
handling of EV therapeutics is overseen by the FDA’s Center
for Biologics Evaluation and Research, which recently has
issued public safety warnings relating to unapproved EV
therapeutics following reports of serious adverse events related
to “unapproved products marketed as containing exosomes”
(December 9, 2019), stating that, “There are currently no
FDA-approved exosome therapeutic products.”

One central barrier to translating EV-therapeutic products to
the clinic is the inherent cargo heterogeneity of EVs produced by

single cells. Because the full range of EVs across the full range of
EV sizes (as small as 30–50 nm) cannot be evaluated as individual
vesicles, methods for individual vesicle characterizations are a
topic of intensive research and development, which if successful
would be of substantial benefit to this field.

A second central challenge for the development of EV-
therapeutics is defining the relevant unit(s) of activity. When
any therapeutic agent is given to patients, a specific dose to
be administered is defined. In protein therapeutics, the dose is
defined in units of protein concentration. In cellular therapeutics,
the dose is defined in terms of number of cells of a defined type. In
EV therapeutics, the measure of “dose” remains to be determined
rigorously, since the field lacks instruments to accurately
measure EV concentrations and comprehensively characterize
EV heterogeneity. Presently, it is feasible to measure bulk
payload, for example, in a similar manner to the measurement of
drug cargo encapsulated in liposomes in a liposomal preparation;
however, qualitative detection or quantitative enumeration of
payload contained in few or single EVs is an unmet need.

Studies developing improved methods for measuring EVs
and other co-isolates in liquid biopsies will pave the way
for the development of qualified and standardized handling,
formulation and storage for EV therapeutics. Such challenges are
common at frontiers of great promise. Mapping the way forward
is an ongoing endeavor with close collaborations across the
diagnostic and therapeutic frontiers of EV biology, and despite
the great distances ahead, great discoveries and advancements are
continuing to be made along the way.
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