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The Function of Astrocyte Mediated
Extracellular Vesicles in Central
Nervous System Diseases
Tahereh Gharbi, Zhijun Zhang and Guo-Yuan Yang*

Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, School of Biomedical Engineering, Shanghai Jiao Tong
University, Shanghai, China

Astrocyte activation plays an important role during disease-induced inflammatory
response in the brain. Exosomes in the brain could be released from bone marrow (BM)-
derived stem cells, neuro stem cells (NSC), mesenchymal stem cells (MSC), etc. We
summarized that exosomes release and transport signaling to the target cells, and then
produce function. Furthermore, we discussed the pathological interactions between
astrocytes and other brain cells, which are related to brain diseases such as stroke,
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS)
disease, multiple sclerosis (MS), psychiatric, traumatic brain injury (TBI), etc. We provide
up-to-date, comprehensive and valuable information on the involvement of exosomes
in brain diseases, which is beneficial for basic researchers and clinical physicians.

Keywords: astrocyte, brain, extracellular vesicle, exosome, stem cell

INTRODUCTION

Astrocytes are the most abundant glial cells in the human brain. Astrocytes play key roles in
the brain such as maintenance and formation of the blood-brain barrier (BBB) (Abbott et al.,
2006), providing metabolic support to the nervous tissue (Benarroch, 2005; Allaman et al., 2011),
regulation of regional blood flow (Attwell et al., 2010; Bazargani and Attwell, 2016), regulation of
synaptic circuits (Dallerac et al., 2018), neurotransmitter recycling (Hamilton and Attwell, 2010)
as well as repairing and scarring process of the brain and spinal cord following various injuries
(Anderson et al., 2014; Adams and Gallo, 2018).

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; AMPK/mTOR, AMP-activated protein kinase
and Rapamycin; BBB, blood-brain barrier; BM, bone marrow; CCL2, C-C motif chemokine ligand 2; CNS, central nervous
system; CTGF, connective tissue growth factor; CXCL1, the chemokine (C-X-C motif) ligand 1; CX43, connexin43; EV,
extracellular vesicle; ECM, extracellular matrix; GFAP, glial fibrillary acidic protein; GJA1-20k, gap junction protein alpha
1- 20 kDa; GLT1, glial glutamate transporter 1; Grin2b, glutamate receptor, ionotropic, N-methyl D-aspartate 2B; Hsp/c70,
heat shock protein/C-terminal70; HMGB1, high-mobility group protein 1; IL-1β, interleukin 1beta; IL-10, interleukin 10; IL-
6, interleukin 6; MGMT, O6-methylguanine-DNA methyltransferase; MHC1, major histocompatibility complex1; miRNA,
microRNA; MKK4, mitogen-activated protein kinase kinase 4; MSC, mesenchymal stem cell; MS, multiple sclerosis; MV,
micro-vesicles; NGF, neuron growth factor; Nrf2-NF-κB, nuclear factor (erythroid-derived 2)-like 2 and nuclear factor-κB;
NSC, neuronal stem cell; OGD, oxygen glucose deprivation; PD, Parkinson’s disease; PTEN, phosphatase and tensin homolog;
TBI, traumatic brain injury; TGF-β, transforming growth factor beta; TLR, toll-like receptors; RABEPK, Rab9 effector protein
with Kelch Motifs; SASH1, SAM and SH3 domain-containing protein 1; SCI, spinal cord injury; SOD1, superoxide dismutase
1;STI1, stress-inducible protein 1.
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The diversity and essence of the functions of astrocytes
make them predominant among other cells in the central
nervous system. Previous studies have demonstrated various
inflammatory, anti-inflammatory, neuroprotective and
disease-causing effects of astrocytes in different diseases
(Gupta et al., 2012; Sofroniew, 2015; Habib et al., 2020).
Hundreds of researches have been conducted to increase our
understanding of how astrocyte exert their effects. However,
the ways astrocytes influence other cells’ functions remain
largely unknown.

During the past decade, scientists found that extracellular
vesicles (EVs) play important roles in both short and long-
distance communications between cells within and out of
the brain (Simons and Raposo, 2009; Zhuang et al., 2011;
Chen et al., 2016; Paolicelli et al., 2019; Kur et al., 2020).
Astrocyte-derived EVs are enriched with various biological
molecules including genes, microRNAs (miRNA), and proteins.
Interestingly, astrocytes-derived EVs that are secreted in normal
conditions are known to be enriched with neuroprotective
and neurotrophic elements. On the contrary, EVs released
by astrocytes under abnormal conditions such as oxidative
stress, nutrient deficiency, inflammation have been witnessed to
exert neuroprotective effect and promote neurite regeneration
and outgrowth (Taylor et al., 2007; Wang et al., 2011;
Moidunny et al., 2012; Gosselin et al., 2013). In response to
neuronal inflammation, astrocytes modify their EV component
to suppress the inflammation by regulating the excitability of
neurons (Chaudhuri et al., 2018). Astrocytes also modify their
EV contaminations in response to extracellular stimuli. For
example, upon normal extracellular stimuli, astrocyte-derived
EVs contain proteins that promote neurite outgrowth, synaptic
transmission, and neuronal survival. Whereas, when exposed to
an inflammatory stimulus, Interleukin 1beta (IL-1β), astrocyte
shed EVs that regulate peripheral immune response (Dickens
et al., 2017; Chaudhuri et al., 2018; Datta Chaudhuri et al., 2020).
Not only do astrocytes respond to stimulus and conditions by
secreting EVs with selected cargos, but they are also influenced
by EVs secreted from other cells. Researches have illustrated that
when a specific neuronal exosomal miRNA is internalized into
astrocyte, it can change the astrocytic function from MSCs to
astrocytes and neurons regulate gene expression of astrocytes,
thus improving functional recovery and neurite regeneration
after stroke (Xin et al., 2013; Men et al., 2019). Unfortunately,
astrocytes could also be influenced by cancer cells which can lead
to devastating effects. Glioblastoma EVs alter the astrocytes to
increase tumor growth and may drive astrocytes to a tumorigenic
phenotype (Oushy et al., 2018). Experiments also demonstrated
that astrocyte may evoke changes in glial cells’ responses that
could be elicited by EVs only (Willis et al., 2020b). Overall,
various EVs seem to play a key role in cell to cell communication
in both healthy and disease conditions. EVs are undoubtedly
one of the most important factors if not only in facilitating
communication between astrocytes and other cells. In this review,
we summarize the functions of astrocyte-derived EVs and other
brain cell-derived EVs.

Extracellular vesicles, lipid-bound vesicles that are crucial
in intracellular communication, are secreted into extracellular

space. EVs exist in variety of size, content, origin and targets. EVs
are mostly classified.

Into three main subtypes of microvesicles (MV), apoptotic
bodies and exosomes (Borges et al., 2013; Yanez-Mo et al.,
2015; Zaborowski et al., 2015) (Figure 1). EVs are loaded
with different proteins, lipids, and nucleic acids (Sedgwick and
D’Souza-Schorey, 2018). MVs are known as shedding vesicles,
ectosomes, microparticles are more heterogenous and bigger in
size (100 nm−1µm in diameter) (Raposo and Stoorvogel, 2013;
Pollet et al., 2018). MVs are secreted by outward budding and
splitting of plasma membrane. Apoptotic bodies are 1–5µm in
diameter and are produced by blebbing of apoptotic cells (Raposo
and Stoorvogel, 2013; Sedgwick and D’Souza-Schorey, 2018).
Exosome was first discovered as a vesicle in the immature red
blood cells in 1983 (Harding and Stahl, 1983; Pan and Johnstone,
1983), and further named “exosome” by Johnstone et al. (1987).
exosomes are smaller than a bacterium and exist in various sizes
from 30 to 100 nm in diameter and are formed as infusion of
multivascular body with plasma membrane (Borges et al., 2013;
Raposo and Stoorvogel, 2013). Exosomes are not only a way of
waste disposal, but they are also released to induce an effect on
their targets by making them active. Cells could utilize exosomes
to send genetic signals to other cells (Nagarajah, 2016). Exosomes
and other EVs mediate intracellular communication between
various cells by carrying a diverse quantity of bioactive molecules
(Camussi et al., 2010; Miyabe et al., 2019). The importance of
the exosome-mediated intercellular communication compared
with the traditional modulation factors like such as hormones,
cytokines, electrical and chemical signals and etc is that
communication through exosomes within the cells is highly
reliant on the delivery of genetic biomaterials which can greatly
and impact on cells behavior and phenotype changes (Ratajczak
et al., 2006; Valadi et al., 2007; Skog et al., 2008; Mittelbrunn et al.,
2011; Montecalvo et al., 2012; Zhang Y. et al., 2019), whereas
Traditional modulation factors act on receptors or ligands to
affect recipient cell functions (Premack and Schall, 1996; Thelen,
2001; Tran and Miller, 2003; Brooks and Waters, 2010; Camussi
et al., 2010; Levin and Hammes, 2016; Miyabe et al., 2019; Van
der Auwera et al., 2020). Communication through exosomes
is more complex than through secretion of chemokines and
cytokines because of exosome’s proper packaging of biomaterials
and the study of exosomes may help in identifying disease root
cells in pathophysiology (Rooj et al., 2016). Exosomes could
be released into body fluids and travel to the targeting tissue.
After being taken up by specific cells, they could subsequently
change the function and status of the recipient cells (Salido-
Guadarrama et al., 2014). Based on the genetic materials they
carry, they develop a certain ability to interact with different
cells (Zhang Y. et al., 2019). Exosomes play a significant role
in many biological processes in both healthy and abnormal
cells (Kalluri, 2016; Samanta et al., 2018; Saeedi et al., 2019;
Holtzman and Lee, 2020; Ni et al., 2020; Zhou et al., 2020).
The functions of exosome’s and other EVs are important in
both diagnosis and therapeutics clinically due to their diverse
effects on various diseases and conditions (Xu et al., 2018). In
terms of therapeutic functions, Evs’ potential involvement in the
treatments is promising as they could migrate toward the target
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FIGURE 1 | Extracellular vesicles exist in variety of size, content, origin and
targets. EVs are mostly classified Into three main subtypes of MVs, apoptotic
bodies and exosomes. MVs are secreted by outward budding and splitting of
plasma membrane. Apoptotic bodies are produced by blebbing of apoptotic
cells. Exosomes are formed as infusion of multivascular body with plasma
membrane.

cells precisely with lower adverse effects and toxicity (Schorey
and Bhatnagar, 2008; Lin et al., 2019; Thery et al., 2018; Qiu
et al., 2019). Many reasons make EVs predominant among other
therapeutic factors in disease therapy. EVs can pass the BBB, so
it is useful in the treatment of central nervous system (CNS)
disease (Zhuang et al., 2011; Liu et al., 2015; Khongkow et al.,
2019). EVs can be loaded with biomaterials and targeted at certain
types of disease-causing cells such as tumor cells (Hao et al.,
2007; Luan et al., 2017; Yang and Li, 2018; Walker et al., 2019;
O’Brien et al., 2020). EVs derived from stem cells can also be
useful for neuro-regeneration after CNS injuries (Luarte et al.,
2016; Holm et al., 2018; Vogel et al., 2018; Branscome et al.,
2020). Identification and inhibition of disease-causing EVs can
also be a potential therapeutic strategy in the treatment of various
diseases (EL Andaloussi et al., 2013). Scientists seek to turn
the exosomes into a promising factor in the diagnosis of brain
cancer to make it possible to obtain liquid samples instead of
performing brain biopsy in the early and curable stages of brain
cancer diagnosis (Manterola et al., 2014; Santiago-Dieppa et al.,
2014). Recently, scientists also established a method by using a
smartphone to detect enzymatic exosomes after brain injury in
concussion diagnosis (Ko et al., 2016).

Exosomes could simply present the cell genetic information
and from that, exosomes could help to distinguish the abnormal
cells from normal and healthy cells (Isola and Chen, 2017). The
significance of exosomes in the cell to cell communication and
transportation of unique genetic materials could be considered
as biomarkers in the diagnosis and therapy of various diseases.
Cancer studies showed that exosomes can be considered as
potential biomarkers in diagnosis and prognosis of cancer (Wong
and Chen, 2019). Besides, it was also revealed that DNM3, p65,

and p53 followed a dysregulated-patterns in the brain and blood
exosomes in both original and recurrent stages of glioblastoma
multiforme. DNM3, P65, and P53 enriched exosomes can be a
potential clinical diagnostic marker for glioblastoma multiforme
(Yang J.K. et al., 2017). Altogether, studies suggest that exosomes
have high sensitivity and specificity in the assessment of cancer
and they have the potential to be considered as biomarkers in the
diagnosis and prognosis of cancers and other diseases (H Rashed
et al., 2017; Abak et al., 2018).

There are also obstacles in the study of EVs in vivo. EVs are
recently discovered particles in many diseases. How to study
specific EV derived from a certain type of cell is still unclear
and, how to prove the importance of EVs in the cell to cell
communication is still an obstacle. Nevertheless, the role of
astrocyte-derived EVs in both health and disease conditions have
been summarized in our review.

IMPORTANCE OF ASTROCYTE-DERIVED
EVs

Astrocytes are known to be involved in brain homeostasis
regulation (Hubbard et al., 2016; Verkhratsky and Nedergaard,
2018; Jha et al., 2019). However, the underlying mechanisms
of how astrocytes communicate with other cells in the brain
microenvironment to regulate brain homeostasis is still unclear.
The brain is capable to communicate with the rest of the
body via transporting EVs to communicate healthy and disease
states of the body (Gomez-Molina et al., 2019). Study of
exosomes could increase our knowledge of astrocytes, their
homeostasis, and metabolic regulating mechanisms since they
are capable of transferring biological molecules from one cell to
another (Fruhbeis et al., 2013; Silverman et al., 2019; Upadhya
et al., 2020; You et al., 2020). Interestingly, miRNAs contained
in the exosomes secreted by mouse astrocytes were different
from the miRNAs that originally existed in mouse astrocytes.
These findings suggest a mechanism that astrocytes has to
select a specific miRNA for excretion via exosomes (Jovicic
and Gitler, 2017). Astrocytes may also secrete EVs to affect
surrounding cells in a positive or negative way. Astrocyte
shedding vesicles containing miR-34a increased the sensitivity
of dopaminergic neurons to neurotoxins (Mao et al., 2015).
Under abnormal conditions, astrocytes are triggered to releases
immune-related or anti-inflammatory related vesicles in response
to stress-related stimuli. In contrast, in a normal situation,
astrocyte-derived EVs promote neurite outgrowth and survival
(Datta Chaudhuri et al., 2020).

Another research demonstrated that astrocytes may support
oligodendrocyte differentiation by EVs, however, this support
disappears with age (Willis et al., 2020a). Identification of specific
stimulus that astrocytes respond to by secreting EVs may increase
our understanding of CNS diseases or aged brain. Astrocyte-
derived EVs contain protein biomarkers that are identified to
be involved in stress-induced diseases. Besides, astrocyte-derived
exosomes could maintain cell-specific markers, which allow the
identification of the origin of parental cells, disease initiation and
progression. Released exosomes from the cells can be isolated
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from the tissue and then be examined as an assessment for
the identification of cellular origins of extracted exosomes from
body fluids for diagnostic purposes such as blood, saliva, and
urine in finding the disease-related type of cells (Venturini et al.,
2019). Astrocyte-derived EVs can also be useful in drug targeted
therapies as a drug or drug carrier because they can pass the
BBB and be taken up by brain cells. Astrocyte-derived EVs
containing Cox2 small interfering RNA was capable of restoring
microglial phagocytic activity after being up-taken by microglial
cells in morphine-mediate neurodegenerative mice model (Hu
et al., 2018). In general, obtaining a better understanding of EVs
secreted from astrocytes may improve CNS disease diagnosis as
well as drug targeting therapies.

THE RELATIONSHIP BETWEEN
ASTROCYTE-DERIVED EVs AND
MICROENVIRONMENT

Similar to the other cells, astrocytes are surrounded by various
structures and cells such as neurons, oligodendrocytes, microglia,
micro-vessels, extracellular matrix (ECM), etc and they interact
with each other regularly. Astrocyte-derived exosomes are one of
the most significant ways of communication between astrocytes
and surrounding cells. Physical or chemical microenvironmental
changes affect astrocytes’ growth and behavior. Changes in
astrocytes alter the type of signals they release, therefore
altering the microenvironment in a positive or negative manner
(Paolicelli et al., 2019; Schiera et al., 2019; You et al., 2020).
A study found a novel brain penetrant inhibitor that inhibited
the release of vesicles in astrocytes (Rojas et al., 2019). Recently,
microenvironmental factors such as ECM, immune cells and
blood were frequently studied. Microenvironmental signals play
various roles in different disease initiation and progression.
Changes in microenvironments could affect the communication
of astrocytes with other cells. Previous studies also revealed
that astrocyte secrete EVs in response to the stimuli/signals
coming from the environment. The mobility of astrocyte-
derived vesicles in rats increased in response to the release
of ALS-IgG (Stenovec et al., 2011). Which illustrates that
astrocytes derived-EVs and microenvironment influence each
other regularly. For example, in response to interleukin 10 (IL-
10), astrocyte-derived EVs contain proteins that lead to neuronal
survival (Figure 2). Whereas, in response to IL-1β, astrocyte-
derived EVs contain proteins that mediate immune response
(Datta Chaudhuri et al., 2020) (Figure 2).

Central nervous system disease progression and initiation
are not necessarily the result of genetic mutations, physical
changes in the microenvironment could also cause the disease
by altering astrocyte-derived EVs content and secretion. Recent
research aimed to investigate the impact of scaffold morphology
on the astrocyte growth and their colonization ability by
mimicking ECM. As a result, it was found that physical
changes in the microenvironment could affect astrocyte-derived
EV production and possibly cell to cell communication (Carfi
Pavia et al., 2019) (Figure 2). From this research, it is evident
that astrocytes change the exosomes’ selection strategy in

response to the physical changes in the micro environment.
Another study demonstrated that astrocytes that are undergoing
hyperthermia increased the releasing amount of heat shock
protein/c70 (Hsp/c70) via exosomes into the extracellular
environment following stress (Taylor et al., 2007). The study
also showed that all the extracellular Hsp/c70 secreted by
astrocytes were present in exosomes, implying the importance
of exosome release in astrocytic function under stress conditions
(Taylor et al., 2007) (Figure 2).

Stem Cell Derived Exosome Is Neuro
Protective via Astrocytes
Stem cell therapies have been a famous treatment option for
various CNS diseases (Lee et al., 2017; Wei et al., 2017; Sonntag
et al., 2018; Sugaya and Vaidya, 2018; Zhang et al., 2018).

Recently, therapeutic abilities of stem cells in healing various
CNS disease was referred to their ability of generating EVs (Yang
Y. et al., 2017; Bang and Kim, 2019; Ni et al., 2019; Riazifar et al.,
2019; Zhang Z.G. et al., 2019; Zhu et al., 2019; Ghosh et al., 2020).
Some evidence show that stem cells may exert their effect via
communication with astrocytes.

Neuro stem cells (NSCs) are known to be effective in tissue
regeneration and repair in various CNS diseases (Marsh and
Blurton-Jones, 2017; Ludwig et al., 2018). NSC applied its
anti-inflammatory and neurotrophic effects by secreting EVs
(Schindowski et al., 2008; Webb et al., 2018; Rong et al.,
2019). Mouse NSC-derived exosomes have the ability to protect
astrocytes by preserving their functions post-ischemic stroke
(Sun et al., 2019).

Evidence demonstrated that BM-derived stem cell exosomes
could affect astrocytes’ functions. BM-derived stem cells are
famous for being effective in the treatment of various diseases,
especially extraosseous diseases, and are known to exert their
effect by releasing exosomes (Lyu et al., 2020). It was also
demonstrated that EVs secreted by BM-derived stem cells could
transfer selected miRNAs (Collino et al., 2010; Baglio et al.,
2015). BM-derived mesenchymal stem cells (MSCs) could also
be an effective therapeutic for the treatment of diabetes-induced
cognitive impairment through shuttling exosomes to astrocytes
and neurons that can increase the recovery of astrocytes and
boost neuronal functions (Nakano et al., 2016). BM-derived
stem cells miR-138-5p-overexpressing exosomes could prevent
astrocytes from apoptosis after ischemic stroke by targeting
lipocalin 2 (Deng et al., 2019) (Figure 3). The miR-146a
overexpression in BM-derived MSC exosomes can be triggered
by an enriched environment, and it could inhibit inflammation
in damaged astrocytes and prevent diabetes-induced cognitive
impairment (Kubota et al., 2018).

Multipotent MSCs regulate neurite outgrowth and exert
other effects by releasing EVs containing key molecules
(Xin et al., 2012).

MSC-derived exosomes transfer miR-133b to astrocytes and
MSCs derived exosomes elevate its miR-133b level after ischemic
stroke. The high level of miR-133b in astrocytes then can
down-regulate the expression of connective tissue growth factor
(CTGF), which could cause glial scar reduction and further
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FIGURE 2 | Astrocytes respond to surrounding signals and physical changes in the microenvironment by sending selected exosomes to maintain brain homeostasis.
In response to hyperthermia astrocytes secrete exosomes that contain Hsp/c70 and further activate stress-activated kinases to lower the stress. Upon oxidative
stress, EVs secreted by astrocytes transport apolipoprotein, a classical neuroprotective protein, to neurons and mediate neuronal survival. Physical changes to ECM
morphology also affect astrocyte-derived EV production and possibly cell to cell communication. Following secretion of IL-10 in the normal condition, an
anti-inflammatory signal, astrocyte-derived EVs contain proteins that lead to neuronal survival. Whereas, in regards to IL-1β, an inflammatory signal,
astrocyte-derived EVs contain proteins that mediate immune response.

increase the recovery post-ischemic stroke (Xin et al., 2013)
(Figure 3). Besides, it could improve the neuronal recovery after
ischemic stroke by down-regulation of rab9 Effector Protein With
Kelch Motifs (RABEPK) expression in astrocytes. MSC-derived
exosomes could be used in the treatment of brain disease though
affecting astrocytes functions by exerting an anti-inflammatory
effect. A study identified that the nuclear factor (erythroid-
derived 2)-like 2 and nuclear factor-κB (Nrf2-NF-κB) signaling
pathway involved in an astrocytic activation and MSC-exosomes
lowered the inflammation that causes astrocytic alteration to
neurotoxic astrocytes (Xian et al., 2019). The affect of MSC-
derived exosomes on neurotoxic A1 astrocytes induced by an
inflammatory response in post-spinal cord injured patients. Their

result demonstrated that MSC-derived exosomes could exhibit an
anti-inflammatory effect on spinal injury and further decrease A1
astrocytes (Wang et al., 2018).

Finding the specific exosomes involved between astrocytes and
stem cells toward the specific glial cells is a promising strategy
in the brain healing process in various brain diseases and help
in understanding the brain development and differentiation as
well as in vitro brain development. Study of astrocyte-like cell-
derived EVs and their effect on inducing the differentiation
of neural stem progenitor cells toward glial cells in vitro
experiment may confirm the importance of exosomes in cellular
communication in neuron activation during development
(Stronati et al., 2019).
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FIGURE 3 | Astrocytes and surrounding cells in the microenvironment regularly communicate and interact with each other via exosomes. Cells may use astrocytes
to exert their effects. For instance, BM-derived stem cells miR-138-5p-overexpressing exosomes prevent astrocytes from apoptosis after ischemic stroke by
targeting lipocalin 2 or high level of miR-133b in astrocytes can down-regulate the expression of CTGF, which cause glial scar reduction and further increase the
recovery post-ischemic stroke.

ASTROCYTES, EVs AND CNS DISEASES

Astrocyte-derived EVs are highly diverse in size, composition,
and function. This may be evidence of why astrocytes could
have both beneficial and pathological effects in various CNS
diseases. Recent studies on astrocyte-derived exosomes have
demonstrated the astrocytic roles in homeostasis and the
possible relationship of homeostasis disruption with neurological
diseases. Astrocyte-released exosomes may contain proteins with
neurotrophic properties such as co-chaperone STI1. Astrocyte-
derived exosomes that contain STI1 could be involved in brain
injury, cancer, and neurodegenerative disorder (Hajj et al., 2013).
Astrocytes may also utilize exosomes to play their role in
regulating homeostasis in CNS, disruption of astrocytic balance
in expressing amino acid transporters and protein kinases
could relate to neurological diseases (Gosselin et al., 2013).
The involvement of astrocytes and EVs in CNS diseases are
summarized below. The highlighted molecules enriched EVs
that are involved in disease progression and inhibition are
summarized in Table 1.

Stroke and Ischemia
Astrocytes could exhibit both protective and negative effects on
neurons after stroke. In the acute phase, reactive astrocytes play

a neuroprotective role by decreasing the lesion extension, anti-
excitotoxicity effects, and secretion of neurotrophins, whereas
they may have a negative or positive effect in the chronic phase
(Liu and Chopp, 2016; Pekny et al., 2019). Researches confirmed
the positive effect of astrocyte-derived exosomes on neurons
before and after ischemic stroke. Astrocyte-derived exosomes
transfer miR-92b-3p to neurons before ischemia to protect
neurons (Xu et al., 2019).

Astrocyte-derived exosomes were capable of suppressing
autophagy and improving damaged neurons after ischemic
stroke (Pei et al., 2019). Astrocyte-derived exosome containing
prostaglandin D2 synthase lead to axonal outgrowth and
increase the recovery after stroke (Hira et al., 2018). Astrocyte-
derived exosome containing miR-34c protects neurons
after cerebral ischemia (Wu et al., 2020). Astrocyte-derived
exosome containing miR-361 protects nerve damage after
stroke by mediating the AMPK/mTOR signaling pathway
(Bu et al., 2020).

An in vitro study showed that oxygen-glucose depletion
(OGD) in astrocytes-derived exosomes enriched miR-133b
mediate neuron outgrowth and elongation after stroke (Xin
et al., 2013). Astrocyte-derived exosomes also shuttle miR-190b
to prevent OGD-induced autophagy and to inhibit neuronal
apoptosis (Pei et al., 2020).
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TABLE 1 | Extracellular vesicles enriched molecules involved in CNS diseases.

Disease Mechanism Involved molecule in EV References

Brain injury, cancer,
neurodegenerative disorders

Astrocyte release exosomes have neurotropic effects STI1 Hajj et al., 2013

Inflammation Astrocyte-derived EVs lower neurite development and
maturation during inflammation

IL-1β You et al., 2020

Stroke MSCs transfer EVs to astrocytes and neurons and
consequently lead to neuronal remodeling
Astrocyte-derived exosome protects neurons after cerebral
ischemia

miR-133b miR-34c Xin et al., 2013
Wu et al., 2020

Oxidative stress and
neurodegenerative diseases

EVs secreted from astrocytes to neurons protect neurons
from oxidative stress

Apolipoprotein D Pascua-Maestro et al., 2018

AD Astrocyte release exosomes is triggered by Amyloid peptide
cause apoptosis in astrocytes Amyloid- β exposed
astrocytes overproduced exosomes

PAR-4/ceramide
Phosphor-Tau protein

Wang et al., 2012
Chiarini et al., 2017

ALS Brain astrocytes release EVs that may be involved in ALS
disease formation Astrocyte-derived exosomes level of IL-6
elevated with the disease progression

SOD1 IL-6 Basso et al., 2013;
Silverman et al., 2019
Chen W. et al., 2019

PD Astrocyte-derived exosomes prevents MPP(+)-induced
apoptotic cell death through down-regulation of MKK4
pathway AND Protect neurons

miR-200a-3p Shakespear et al., 2020

Brain cancer metastasis Astrocyte-derived EVs increase brain cancer metastasis
through the loss of PTEN in tumor cells and CCL2
chemokine secretion

miR-19a Zhang et al., 2015

Glioma Tumor-associated astrocytes derived EVs promote
anti-tumor resistance in glioma cells Glioma cell secrete
exosomes that cause phenotype changes in astrocytes and
further promote glioma invasion.

MGMT mRNA Long
non-coding RNA (lncRNA)
activated by TGF-β

Yu et al., 2018
Bian et al., 2019

SCI Astrocyte may release exosome containing proNGF in
triggering neuronal apoptosis and involve in worsening SCI

proNGF Cheng Y.Y. et al., 2019

TBI Astrocyte secrete EVs could protect and repair damaged
neurons by attenuating the CX43 phosphorylation and
protecting the mitochondria, decreasing cell death rate and
increasing neuronal recovery

GJA-20k Chen W. et al., 2019

Under hypoxic and ischemic conditions, astrocytes release
exosomes containing prion proteins that improve neuronal
survival after being uptaken by neurons. Astrocyte-derived
exosomes increase neuronal survival under oxidative and
ischemic stress (Guitart et al., 2016). Cortical neuron-derived
exosomes containing miR-181c-3p have been shown to inhibit
neuroinflammation in an ischemic brain injury rat model by
downregulating chemokine (C-X-C motif) ligand 1 (CXCL1) in
Astrocytes (Song et al., 2019).

Extracellular vesicles secreted by astrocytes transport
apolipoprotein, a classical neuroprotective protein, to
neurons and mediate neuronal survival upon oxidative stress
(Pascua-Maestro et al., 2018) (Figure 2).

Alzheimer’s Disease
Alzheimer’s disease is caused by amyloid plaques containing
amyloid- β peptidases and neurofibrillary tangles containing tau
protein. Neuronal death and cerebral amyloid angiopathy is
commonly witnessed in AD patients. Investigations of fluid
biomarkers in astrocytes and neuronal cells have proved
that degenerative and inflammatory factors in early and
late stages of AD are different and identifying the level of
degenerative and inflammatory factors in both healthy and
various stages of neurodegenerative diseases may help us to

evaluate our understandings toward disease-causing factors
such as inflammation, cellular plasticity, neuronal injury and
astrocytopathy (Elahi et al., 2019). Neuronal-derived exosomes
enhance the formation of Amyloid- β fibril and the exosomes
containing Amyloid–β are taken into microglial for degradation
(Yuyama et al., 2012).

Amyloid peptide trigger secretion of proapoptotic exosomes
and may lead to glial apoptosis in AD (Wang et al., 2012).

A recent study demonstrated that Amyloid–β exposed
astrocytes overproduced the phosphor-Tau protein within
exosomes, which was a biological marker of AD (Chiarini
et al., 2017). Another research revealed that amyloid–β and tau
released into serum were most likely from astrocytes-derived
exosomes in the brain according to animal experiments (Rosas-
Hernandez et al., 2019). The disease-causing mechanisms of
astrocytes are still unknown. Astrocytes are transformed into A1-
type astrocytes which results in neuronal cell death and damages
in AD. Neurotrophic factors levels released by astrocyte exosomes
were lower at the early stage of AD with no further depletion of
neurotropic levels by the progression of the disease in the later
stages (Goetzl et al., 2019). The number of complement proteins
in plasma astrocyte-derived exosomes are usually irregular
in AD and are not the same in mild cognitive impairment
(Winston et al., 2019). A study explored the inflammatory
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roles of astrocyte-derived exosomes by quantification of their
complement proteins and they revealed that the complement
proteins were the product of dysregulated unknown mechanisms,
which damaged neurons in the late stage of AD (Goetzl et al.,
2018). Because of the diversity of exosomes and the biological
molecules they carry as a signal to other cells, exosomes may also
be involved in disease-preventing mechanisms. Quantification of
astrocyte-derived exosome proteins in AD and frontotemporal
dementia suggests that exosome is a promising target for testing
inhibitory drugs in proteinopathic dementia diseases (Goetzl
et al., 2016) and indicates that astrocyte-derived exosomes may
participate in the pathophysiology of AD (Khongkow et al.,
2019). The robust effect of astrocyte-derived EVs in AD patients
can also show the usefulness of astrocyte-derived EVs in brain
targeting therapies (Nogueras-Ortiz et al., 2020).

Amyotrophic Lateral Sclerosis Disease
Amyotrophic lateral sclerosis (ALS) is the most common motor
neuron disease. It is an incurable disease because the pathways
that lead to selective motor neuron damage are yet unknown.
Astrocytes play a significant role in ALS (Basso et al., 2013).
The brain astrocyte-derived EVs from ALS animals contain ALS
causing proteins such as superoxide dismutase1 (SOD1), which
are only found in patients with early-stage ALS (Silverman
et al., 2019). Another study indicated that astrocyte-derived
exosomes shuttle mutant SOD1, which was transported to the
spinal neurons and attenuated neuronal cell death in ALS (Basso
et al., 2013). As inflammation is one of the major factors that
drive ALS, a study was designed to determine the interleukin-
6 (IL-6) levels in astrocyte-derived exosomes of ALS patients.
As a result, this study found a correlation between the rate
of the disease progression and the IL-6 level, suggesting that
astrocyte-derived exosomes in ALS patients could reveal the
pathophysiology of the patients (Chen Y. et al., 2019). A study
identified that neuronal-derived exosomes containing miR-124a
could be up-taken by astrocytes and consequently promote glial
glutamate Transporter 1 (GLT1) expression, which is involved in
the pathological pathways of various CNS diseases such as ALS
(Morel et al., 2013).

Parkinson’s Disease
Level of α-synuclein is crucial in the pathogenesis of Parkinson’s
disease (PD). Studies indicated that α-synuclein Transferring
α-synuclein via astrocytes is of the ways that cells eradicate α-
synuclein. Dysfunction in α-synuclein containing cells including
astrocytes could be critical in the initiation or progression
of PD and resolving these pathways may be a therapeutic
innovation in PD (Stefanis et al., 2019). Previous studies
suggested that uptake of exosomes containing α-synuclein by
astrocytes can have disease-causing effects by the propagation
of pathologic α-synuclein and changing astrocyte homeostasis
(Sorrentino et al., 2019). Dopaminergic neurons are fragile
to oxidative stress and astrocytes may protect neurons from
iron-mediated toxicity which is caused by dopamine metabolic
products in PD patients. Astrocytes were able to provide
necessary biological molecules via exosomes to neurons in order
to increase their resistance to oxidative damage. Inhibition of

astrocyte-neuron communication could be the cause of PD
(Ishii et al., 2019). For example, astrocyte-derived exosome miR-
200a-3p prevents MPP(+)-induced apoptotic cell death through
down-regulation of mitogen-activated protein kinase kinase 4
(MKK4) pathway (Shakespear et al., 2020). Besides, a recent
study demonstrated the usefulness of neuron-derived, astrocytes-
derived, and oligodendrocyte-derived exosomes in human
plasma as a diagnostic biomarker for PD (Ohmichi et al., 2019).

Cancer
Astrocyte-derived exosomes does not always have a positive
effect on microenvironments and can be devastating. For
example, astrocytes-derived exosomes enriched with miR-19a
may increase brain cancer metastasis by increasing the loss of
phosphatase and tensin homolog (PTEN) in tumor cells and C-C
motif chemokine ligand 2 (CCL2) chemokine secretion (Zhang
et al., 2015). Melanoma cells secrete EVs which can activate
pro-inflammatory signals in astrocytes and promote metastasis
and tumor formation (Gener Lahav et al., 2019). Glioma-
derived EVs increase inhibition of TP53 and MYC signaling
pathway activation in astrocytes. Those changes eventually
result in pro-inflammatory development, tumor promotion, and
progression (Hallal et al., 2019). Astrocytes develop tumor-like
behaviors after being exposed to glioma EVs indicating that
delivery of oncogenic material via EV may cause tumorigenic
changes in astrocytes (Oushy et al., 2018). Previous research
illustrated that drug-resistant cancers are caused by gene–
gene, gene–miRNA, protein–protein signaling, and cell-to-cell
interaction (Kitano, 2003, 2004). The transfer of genetic materials
between cells in the tumor microenvironment, especially between
tumor cells, has been demonstrated to promote tumor growth,
invasion, and resistance to anti-tumor drugs (Mondal et al.,
2017; Simon et al., 2018). A study found that glioblastoma
patients’ blood samples showed that exosomal mRNA status
could be related to treatment response (Shao et al., 2015).
Other research found that miR-1238 was higher in drug-
resistant glioblastoma cells and their exosomes than in drug-
sensitive glioblastoma cells. This may indicate the important role
of exosomal miR-1238 in mediating acquired drug resistance
of glioblastoma cells (Yin et al., 2019). This is noteworthy
because tumor-associated astrocyte-derived EVs contain O6-
methylguanine-DNA methyltransferase (MGMT) mRNA which
promotes anti-tumor resistance in glioma cells (Yu et al., 2018).
Additionally, brain cancer cells communicate with astrocytes by
exosomes. According to other research, it is also possible for
glioblastoma cells to transfer oncogenic materials by exosomes
to astrocytes in order to regulate the function of astrocytes (Rooj
et al., 2016). Glioblastoma-derived exosomes could potentially
convert normal astrocytes into a tumor-enhancing phenotype
(Oushy et al., 2018). It was also reported that glioma cell-
derived exosomes transfer long non-coding RNA, which was
activated by transforming growth factor-beta (TGF-β) into
astrocytes and cause miR-204-3p targeting in astrocytes and
further promote the invasion of glioma cells (Bian et al.,
2019). An in vitro study shown that EVs shed from U87
glioblastoma cell lines could degrade the gelatin matrix in
astrocytes (Hallal et al., 2019).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 October 2020 | Volume 8 | Article 56888912

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


fcell-08-568889 October 9, 2020 Time: 14:51 # 9

Gharbi et al. Exosomes and Astrocytes

As TGF-β is one of the glioblastoma biomarkers, achieving an
early diagnosis of brain tumors may be possible by examining a
patient’s body microfluid exosomes. Another study showed that
a tumor suppressor, SAM, and SH3 domain-containing protein
1 (SASH1), was dysregulated or absent in glioma cells. Similar
studies have also demonstrated the difference between the protein
patterns of normal and glioma cells and the opposite effect
of extracellular high-mobility group protein 1 (HMGB1) and
astrocytic HMGB1 on SASH1 gene expression in one glioma
cell line (Ma et al., 2019). Interaction between astrocyte-derived
exosomes that contain neurotrophic induced cargoes such as co-
chaperone stress-inducible protein 1 (STI1), and neuronal surface
components could also enhance their pathological signaling (Hajj
et al., 2013); STI1 also induced glioma through different pathways
and is involved in neuronal death and neurodegenerative diseases
(Erlich et al., 2007; Landemberger et al., 2018).

All these findings suggest that astrocytes may have the
potential to become a therapeutic target in brain cancer patients.

Other Diseases and Inflammation
Exosomes could also help to clarify the disease-causing
factors and their pathophysiology in various CNS diseases.
Astrocyte-derived exosomes could target neurons and contain
neuroprotective proteins such as neuroglobin, which explained
the neuroprotective role of astrocytes as well as the fact that
they could exert their effect by secreting exosomes (Venturini
et al., 2019). Besides, miRNAs in astrocytes-derived exosomes
such as miR-26a could be potentially considered as a mediator
for neuronal plasticity (Lafourcade et al., 2016). Studies have
demonstrated that high levels of glial fibrillary acidic protein
(GFAP) in MS patients during a clinical relapse and GFAP is
expressed on astrocytes. It may be evidence that suggests the
involvement of astrocytes in MS.

Exosome secretion of a psychosis-altered miRNA has been
shown to regulate glutamate receptor expression. A research
revealed that the inhibition of astrocytic miR-223 decreased the
exosome mediated reduction in the expression of glutamate
Receptor, Ionotropic, N-Methyl D-Aspartate 2B (Grin2b) in
neurons. As a result, they found that this psychosis-altered
miRNA can regulate the expression of glutamate receptors which
are antagonized by antipsychotics (Amoah et al., 2019).

Nerve growth factor (NGF) protein is hyper-expressed in
reactive astrocytes during spinal cord injury (SCI). The release of
NGF could be mediated by exosomes and triggered by neuronal
apoptosis post SCI. The appropriate balance of the nerve growth
factor by reactive astrocytes may be a potential therapy for SCI
(Cheng Y.Y. et al., 2019).

Traumatic brain injury (TBI) is also a common brain disease.
As complement and proteins of astrocyte-derived exosome levels
are considerably higher than those in neurons. These exosome
could be considered as TBI biomarkers (Goetzl et al., 2020). Also,
research indicates that astrocyte-derived exosome containing gap
junction protein alpha 1- 20 kDa (GJA1-20k) could protect and
repair the damaged neurons in TBI. Astrocytes-derived GJA1-20k
protein could attenuate the connexin43 (CX43) phosphorylation,
protect the mitochondria, decrease the cell death rate, and induce
neuronal recovery (Chen W. et al., 2019).

It is noted that neurons and astrocytes could regulate
each other through exosomes (Chaudhuri et al., 2018;
Men et al., 2019; Venturini et al., 2019). Exosomes are
transferred to neurons by glial cells including astrocytes
and can cause neuroinflammation and depression through
miRNA dysregulation (Brites and Fernandes, 2015).

Exosomes attenuated the inflammation by inhibiting the
CXCL1 in astrocytes (Song et al., 2019). Interestingly, activated
human astrocyte-derived EVs modulate neuronal uptake,
differentiation, and firing (You et al., 2020). Astrocytes-derived
EVs enriched IL-1β lower neurite development and maturation
during neuroinflammation (You et al., 2020). Astrocytes may
exert their inflammatory roles by utilizing exosomes (Sofroniew,
2015). Astrocytes could also induce inflammation on other cells
through toll-like receptors (TLR) signaling and by exosomes
enriched inflammation-inducing factors (Ibanez et al., 2019).
Up-regulation of major histocompatibility complex1 (MHCI)
molecules in astrocytes affect behavioral function by immune
cascades, microglial proliferation, and neuronal numbers may
lead to brain dysfunction in neuroinflammation-associated
diseases, astrocytes may exert those inflammatory effects by
releasing exosomes to target immune or neuronal cells (Sobue
et al., 2018). IL-1β enriched astrocyte-derived EVs play an
important role in cellular organization, cell communication, and
inflammatory responses (You et al., 2020). Astrocyte-derived
exosome containing HMGB1 can also be used as a biomarker in
progression of inflammation in the brain of gulf war illness with
drug treatment (Madhu et al., 2019).

CONCLUSION AND FUTURE
PERSPECTIVES

Despite of the recent efforts that have been made in
understanding the role of astrocyte-derived EVs in CNS
diseases, future studies are required to focus on the role
of astrocyte-derived exosomes and their specific associated
biological molecules as they are contained in both healthy and
abnormal cells to resolve the functional effect of astrocyte secrete
EVs. Identification of astrocyte-derived exosomes’ effects on
both short and long-distance targets and their survival strategies
may lead to the finding and development of new diagnostic
and therapeutic methods. Further narrative researches on
various biological molecules in astrocyte-derived exosomes
or other brain cell derived-exosomes that modulate astrocytic
function are required in order to further clarify their roles
in the pathophysiology of various CNS diseases. Although
cell-type-specific exosomes can be easily obtained in vitro, there
is still difficulty in vivo study of EVs since a mix of different
exosomes derived from different cells exist in extracellular
space and it is not easy to distinguish them from one another.
New approaches to label cell type specific exosomes are required
which will be helpful for tracking cells in the study of intercellular
communication in vivo. In this review, astrocyte-derived EVs
have been demonstrated to carry or transfer biological molecules
that are involved in both disease-causing and healing processes.
Thus, astrocyte-derived EVs hold considerable potential for
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various clinical applications. Astrocyte-derived EVs are capable
of crossing BBB and being up-taken by various brain cells,
the ability of which makes them suitable to be used in drug
targeted therapies a drug or drug carrier. The difference in the
contents of astrocyte-secreted EVs make them suitable to be
used as a biomarker for CNS disease diagnosis and progression
of disease states. Study of astrocyte-derived exosomes leads to
a better understanding of astrocytic functions in the brain.
Despite the existence of plethora of evidence that supports the
therapeutic potential of astrocyte-derived EVs, new in vitro/vivo
models, more powerful imaging and tracking methods are
required to track single astrocyte-derived EVs in the whole
brain microenvironment in various disease and health situation
in order to increase our understanding of astrocytes and their
secreted EVs. Understanding the cell to cell communication via
the study of astrocyte-derived exosomes and other brains cell-
derived EVs may also contribute to brain development in vitro.
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Alzheimer’s disease (AD) is the most common type of dementia. Amyloid β (Aβ)
plaques, tau-containing neurofibrillary tangles, and neuronal loss leading to brain atrophy
are pathologic hallmarks of AD. Given the importance of early diagnosis, extensive
efforts have been undertaken to identify diagnostic and prognostic biomarkers for AD.
Circulating extracellular vesicles (EVs) provide a platform for “liquid biopsy” biomarkers
for AD. Here, we characterized the RNA contents of plasma EVs of age-matched
individuals who were cognitively normal (healthy controls (HC)) or had mild cognitive
impairment (MCI) due to AD or had mild AD dementia (AD). Using RNA sequencing
analysis, we found that mitochondrial (mt)-RNAs, including MT-ND1-6 mRNAs and
other protein-coding and non-coding mt-RNAs, were strikingly elevated in plasma
EVs of MCI and AD individuals compared with HC. EVs secreted from cultured
astrocytes, microglia, and neurons after exposure to toxic conditions relevant to AD
pathogenesis (Aβ aggregates and H2O2), contained mitochondrial structures (detected
by electron microscopy) and mitochondrial RNA and protein. We propose that in the AD
brain, toxicity-causing mitochondrial damage results in the packaging of mitochondrial
components for export in EVs and further propose that mt-RNAs in plasma EVs can be
diagnostic and prognostic biomarkers for MCI and AD.

Keywords: extracellular vesicles, Alzheimer’s disease, mitochondrial protein, mitochondrial RNA, biomarker

INTRODUCTION

Alzheimer’s disease (AD) is the leading age-associated neurodegenerative disease. The disease is
associated with numerous structural and functional alterations involving not only neurons but
also all other brain cells (Weller and Budson, 2018). Currently, most accepted disease biomarkers
relate to the main pathologic hallmarks of the disease: amyloid β (Aβ) plaques (A), MAPT protein
(tau) neurofibrillary tangles (T), and neurodegeneration (N). These biomarkers, codified into the
A/T/N system, are assessed through invasive and/or expensive tests including cerebrospinal fluid
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(CSF) sampling and positron emission tomography (PET) scans
(Jack et al., 2016). Therefore, extensive efforts are underway to
identify robust, specific, sensitive, and easily accessible indicators
of AD, particularly at its mild cognitive impairment (MCI)
prodromal stage or even preclinically (Sperling et al., 2011;
Dubois et al., 2016). In addition to their importance for
clinical practice, such biomarkers might inform us about the
molecular neuropathology of AD and provide us with novel
therapeutic targets.

Extracellular vesicles (EVs) include exosomes (30–150 nm in
diameter), which originate from late endosomes and are released
from cytoplasmic multivesicular bodies (MVBs) fusing with the
plasma membrane, microvesicles (100–1,000 nm in diameter)
that originate by budding of the plasma membrane, and apoptotic
bodies (reaching up to 5,000 nm in diameter) (Raposo and
Stoorvogel, 2013; van Niel et al., 2018). They transport diverse
cargo molecules (DNA, RNA, protein, bioactive lipids, etc.)
and are believed to have a variety of functions, including
disposal of cellular waste and intercellular communication
(Hill, 2019). EVs are found in body fluids such as blood,
breast milk, amniotic fluid, urine, and saliva (Armstrong and
Wildman, 2018) and are produced by all cell types, including
neurons, astrocytes, and microglia (Holm et al., 2018; Hill,
2019). The composition, size, and concentration of EVs, and
their rate of release vary depending on the cell type and
pathophysiological conditions. Accordingly, EV contents from
many biological fluids are currently used as diagnostic or
prognostic biomarkers. For example, renal EVs detected in blood
and urine contain proteins, mRNAs, and microRNAs that are
altered with kidney disease and can be utilized as biomarkers
(Stahl et al., 2019). Similarly, EVs have emerged as biomarkers in
cancer and cardiovascular diseases (Dickhout and Koenen, 2018;
Lane et al., 2018).

In the central nervous system (CNS), microglia,
oligodendrocytes, neurons, and astrocytes have been found
to release EVs (Holm et al., 2018). EVs have been reported to
play key roles in the normal CNS (Caruso Bavisotto et al., 2019)
and have been implicated in neurodegenerative diseases (Hill,
2019), particularly in the transport of the disease-associated
proteins Aβ, tau, and α-synuclein throughout different brain
regions (Coleman and Hill, 2015; Budnik et al., 2016; Thompson
et al., 2016). Moreover, EVs may travel between the CNS and
peripheral circulation and hence can be used as biomarkers
for CNS disorders (Shi et al., 2019). In recent years, multiple
studies have identified and validated protein cargo of neuronal
and astrocytic EVs as biomarkers for AD (Goetzl et al., 2016,
2018; Cha et al., 2019; Kapogiannis et al., 2019b) and other
neurological and even psychiatric disorders (Athauda et al., 2019;
Bhargava et al., 2019, 2020; Chawla et al., 2019; Kapogiannis
et al., 2019a; Mansur et al., 2020). Nevertheless, the rich cargo
of EVs provide opportunities for discovering biomarkers that
reflect other important aspects of disease pathogenesis.

While the molecular content of EVs can provide critical clues
about the mechanisms that govern disease progression, they
can also provide a powerful disease signature. The biomarker
potential of EV cargo RNAs in AD has been explored mainly
for microRNAs in EVs (Cheng et al., 2015; Cha et al., 2019;

Lee et al., 2019). In this study, we analyzed the RNAs present
in circulating EVs obtained from age-matched individuals who
were cognitively normal (healthy controls (HC)), had MCI due
to AD or had mild dementia due to AD (five donors per
group). RNA-sequencing analysis indicated striking increases
in the mitochondrial (mt)-RNA in MCI and AD compared
with the HC individuals. This RNA abundance pattern was
further validated using reverse transcription (RT) followed by
quantitative (q)PCR analysis. As anticipated, the levels of several
mt-RNAs including MT-ND1-6, MT-ND4L, MT-ATP6, MT-
ATP8, MT-CYTB, MT-CO1, MT-CO2, MT-CO3 mRNAs, and
MT-RNR1 rRNA were elevated in MCI and AD EVs relative
to HC EVs, while glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA levels remained unchanged. We postulated
that toxicity from Aβ and tau aggregates in the AD brain may
cause mitochondrial damage in brain cells leading to the export of
mitochondrial components to the extracellular space via EVs. To
test this hypothesis, cultures derived from astrocytes, microglia,
and neurons were incubated with Aβ oligomers, the toxic species
in Aβ plaques, or with H2O2 to mimic the oxidative stress that
occurs in the AD environment. EVs released into the respective
media following Aβ or H2O2 treatment showed elevated mt-RNA
levels, as well as elevated mitochondrial proteins and remnants
of structures resembling mitochondria inside EVs. Together,
these findings suggest that the circulating EVs from AD patients
contain mitochondrial material, perhaps due to mitochondrial
dysfunction that results from exposure to stressful stimuli. Our
results further suggest that EV mt-RNAs in plasma may serve as
biomarkers of early AD.

MATERIALS AND METHODS

Human Subjects
All participants donated blood as part of their participation in
clinical studies at the National Institute on Aging (NIA) approved
by the National Institutes of Health Institutional Review Board.
All participants provided written informed consent. Procedures
for sample collection and processing were identical for all
samples. For RNA-sequencing analysis, we used five individuals
with mild AD dementia, five with MCI due to AD, and five age-
and sex-matched cognitively normal HC (Cohort 1, Table 1).
For RT-qPCR analysis, we used another set of five individuals
with mild AD dementia, five with MCI due to AD, and five HC
individuals (Cohort 2, Table 1).

Individuals with MCI or mild AD dementia for both cohorts
were participants in a clinical trial of exenatide in early AD1;
Mullins et al., 2019); eligibility criteria included > 60 years
old, clinical diagnosis of amnestic MCI or probable AD (with
mild dementia), clinical dementia rating (CDR) global score
of 0.5 or 1, low CSF Aβ42 < 192 pg/ml (using INNO-BIA
Alz Bio3 kits), and absence of other neurological disorders or
significant neuroimaging abnormalities. For the purpose of this
study, we selected baseline samples (i.e., before randomization)
of individuals that fulfill criteria for high probability AD

1https://clinicaltrials.gov/ct2/show/NCT01255163
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TABLE 1 | Demographic, clinical, and biomarker characteristics
of human subjects.

Normal MCI AD p-value (AD
vs. HC/AD vs.

MCI)
Number of subjects 5 5 5

Cohort 1

Age [SD] 76.2 [5.97] 76.0 [7.25] 77.6 [3.65] NS/NS

Sex (F/M) 2/3 2/3 2/3 NS*

MMSE [SD] 29 [2.07] 23 [2.51] –/0.020

ADAS-70 [SD] 10 [6.19] 19 [6.40] –/0.047

CDR-Global [SD] 0.50 [0.00] 0.60 [0.22] –/NS

CDR-Sob [SD] 1.70 [0.27] 3.60 [1.64] –/0.052

CSF tau (pg/ml) [SD] 75.60 [15.47] 108.80 [49.09] –/NS

CSF p181-tau (pg/ml)
[SD]

36.40 [11.41] 71.00 [35.77] –/0.075

CSF Aβ 1-42 (pg/ml)
[SD]

155.80 [26.60] 128.60 [39.80] –/NS

Cohort 2

Age [SD] 75.8 66.40 [3.78] 74.60 [8.29] NS/0.075

Sex (F/M) 3/2 4/1 3/2 NS/0.003*

MMSE [SD] 25.40 [4.88] 18.60 [6.88] –/ NS

ADAS-70 [SD] 11.40 [6.23] 22.20 [4.44] –/0.028

CDR-Global [SD] 0.40 [0.22] 1.20 [0.45] –/0.005

CDR-Sob [SD] 2.10 [1.39] 6.20 [1.82] –/0.009

CSF tau (pg/ml) [SD] 63.40 [13.59] 105.00 [66.28] –/NS

CSF p181-tau (pg/ml)
[SD]

56.40 [14.54 59.40 [35.21] –/NS

CSF Aβ 1–42 (pg/ml)
[SD]

184.80 [26.57] 178.40 [22.28] –/NS

Pairwise comparisons between groups were conducted with t-test for continuous
variables and Chi-square for categorical variables. NS corresponds to p > 0.1.
*Chi-square.

based on clinical diagnosis of amnestic MCI or probable AD,
low CSF Aβ42, high CSF total tau, and/or p181-tau (Albert
et al., 2011; McKhann et al., 2011). Moreover, upon review
of individual cases, individuals used for this study qualify as
amyloid+/tau+/neurodegeneration+ according to the A/T/N
framework (Jack et al., 2016). Normal controls were participants
at the Baltimore Longitudinal Study on Aging conducted at
the NIA who have remained cognitively normal for the course
of their participation; they have Blessed Information Memory
Concentration Test score < 4, and CDR = 0. EVs isolated from
each individual subject were processed and analyzed separately.

RNA Sequencing Analysis From EVs in
Human Plasma
Plasma was isolated from five HC, five MCI, and five AD donors
(Cohort 1). EV RNA was extracted from 4 ml of thawed human
plasma using exoRNeasy Serum/Plasma Maxi kits (QIAGEN)
and cDNA was prepared and amplified using the Ovation
RNA-Seq System V2 (NuGEN) kit. The amplified cDNA was
fragmented using a Bioruptor (Diagenode), adaptors were ligated
to cDNA using TruSeq ChIP Sample Preparation kit (Illumina,
San Diego, CA, United States), the DNA fragments were size-
selected (300–350 bp) after electrophoresis on a 2.5% agarose gel,

the selected DNA was subjected to 17 cycles of PCR amplification,
and library quality was determined using a Bioanalyzer 2100.
The final libraries were subjected to paired-end sequencing (110
bases) using an Illumina HiSeq 2500 sequencer. FASTQ files
were extracted using bcl2fastq v2.18.0.12, trimmed for adapter
sequences using Cutadapt v1.18, and aligned to human genome
hg19 Ensembl v82 using STAR software v2.4.0j. FeatureCounts
was used to create gene counts from 15 samples. Differential
expression analysis was carried out using edgeR library in R. Data
are available at GSE153881.

Reverse Transcription and Real-Time
Quantitative (q)PCR Analysis From EVs
For validation studies, plasma was collected from a separate
set of individuals (five HC, five MCI, and five AD). EVs
isolated from individual subjects were not pooled, and their
effects were assessed and analyzed separately to respect their
biological variability.

For RT-qPCR validation of RNA in EVs, 1 ml each
of thawed human plasma from five individuals per group
(HC, MCI, and AD) was filtered using 0.8 µm Millex-AA
syringe filters (Millipore) to eliminate larger particles including
apoptotic bodies. EV RNA was then extracted using exoRNeasy
Serum/Plasma Kit (QIAGEN) and used for cDNA synthesis
using random hexamers and reverse transcriptase (Invitrogen).
Gene-specific primers were then used for real-time quantitative
(q)PCR amplification by employing SYBR Green master mix
(Kapa Biosystems) and a QuantStudio 5 thermal cycler (Thermo
Fisher Scientific). PCR primer pairs (each forward and reverse)
were as follows:

CCCACTTCTTACCACAAGGC and GTAGGTGGCCTGCA
GTAATG for MT-ATP6 mRNA, ATGCCCCAACTAAATACT
and TTGTGGGGGCAATGAATG for MT-ATP8 mRNA, ACC
CTAGACCAAACCTACGC and TAGGCCGAGAAAGTGTTG
TG for MT-CO1 mRNA, ACAGATGCAATTCCCGGACG
and GGCATGAAACTGTGGTTTGC for MT-CO2 mRNA,
ACTTCCACTCCATAACGCTC and TGGCCTTGGTATGTGC
TTTC for MT-CO3 mRNA. CTCCCGTGAGGCCAAATATC
and GAATCGTGTGAGGGTGGGAC for MT-CYTB mRNA, TG
CACCACCAACTGCTTAGC and GGCATGGACTGTGGTCA
TGAG for GAPDH mRNA, TGGCCAACCTCCTACTCCTC and
ATGGCGTCAGCGAAGGGTTG for MT-ND1 mRNA, ACTGC
GCTAAGCTCGCACTG and ATTATGGATGCGGTTGCTTG
for MT-ND2 mRNA, CTACCATGAGCCCTACAAAC and ACT
CATAGGCCAGACTTAGG for MT-ND3 mRNA, ACAAGCTC
CATCTGCCTACG and TTATGAGAATGACTGCGCCG for
MT-ND4 mRNA, TATCGCTCACACCTCATATC and AGGCG
GCAAAGACTAGTATG for MT-ND4L mRNA, GGTTTCA
TCCTCGCCTTAGC and ACCTAATTGGGCTGATTTGC
for MT-ND5 mRNA, ATTGGTGCTGTGGGTGAAAG and
GGATCCTCCCGAATCAACCC for MT-ND6 mRNA, and CT
GCTCGCCAGAACACTACG and TGAGCAAGAGGTGGTGA
GGT for MT-RNR1 rRNA.

For RT-qPCR quantification of RNAs present in EVs prepared
from mouse primary neurons, the following primer pairs were
used (each forward and reverse):
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GGATGCAGGGATGATGTTCT and GGGTGTGAACCACG
AGAAAT for Gapdh mRNA, CATTAGCAGTCCGGCTTACA
and GTAGCTGTTGGTGGGCTAAT for mt-Atp6 mRNA,
TGTATGAGCCCACCACATATTC and CACCGGTAGGAAT
TGCGATAA for mt-Co1 mRNA, AGGAGACCCAGACAAC
TACA and TGAGCGTAGAATGGCGTATG for mt-Cytb mRNA,
CCATTTGCAGACGCCATAAA and GAGTGATAGGGTAGGT
GCAATAA for mt-Nd1 mRNA, TGGTTGTCTTGGGTTAGCA
TTA and AACGATCCACCAAACCCTAAA for mt-Nd6 mRNA,
and CAGCCTATATACCGCCATCTTC and TTGGCTACACCT
TGACCTAAC for mt-Rnr1 rRNA.

Cell Culture and Treatment Conditions
Immortalized human microglia HMC3 cells (ATCC CRL−3304),
astrocytoma 1321N1 cells (Sigma-Aldrich; derived from human
brain astrocytoma; Macintyre et al., 1972), and neuroblastoma
SK-N-BE(2)-M17 (M17) (ATCC CRL-2267) cells were cultured
in Eagle’s minimum essential medium (EMEM) or Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% antibiotics and
antimycotics (Gibco).

For primary cultures of embryonic cortical neurons, timed-
pregnant mice were obtained from The Jackson Laboratory.
Cultures were prepared from embryonic day (E) 14.5 cerebral
tissues as described (Zhao et al., 2019). Briefly, pregnant mice
were killed by fast cervical dislocation, embryos and embryo
brains were removed, and the cerebral hemisphere was dissected
in sterile Hank’s balanced saline solution (HBSS). The collected
brain tissues were incubated in 0.25% trypsin-EDTA for 30 min at
37◦C and then transferred to DMEM containing 10% fetal bovine
serum (DMEM+). The tissues were transferred to neurobasal
(NB) medium containing B27 supplements, 2 mM L-glutamine,
antibiotics and antimycotics (Gibco), and 1 mM HEPES and
dissociated by trituration using a fire-polished Pasteur pipet.
The dissociated cells were seeded into polyethyleneimine-coated
plastic culture dishes at a density of 60,000 cells/cm2 and cultured
in the same B27-containing NB medium.

Before the collection of EVs from conditioned culture media,
cells were incubated for 3 days in media containing exosome-
depleted FBS (Gibco). Cell lines HMC3 and 1321N1 were treated
for 3 days with either 50 or 100 µM hydrogen peroxide (H2O2;
Sigma-Aldrich). H2O2 was diluted from a 10 mM stock solution
immediately before use. Primary neuronal cultures at day 3 of
culture in vitro (DIV 3) were treated with either 5 µM H2O2
for three additional days and collected at DIV 6. Aβ1−42 (Aβ42,
Bachem) was dissolved in double-deionized water at 200 µM of
Aβ42 by incubation at 37◦C and further diluted with conditioned
media for 24 h to promote peptide self-aggregation to obtain the
concentration of 1 or 5 µM of oligomeric Aβ.

EV Isolation From Cell Culture Media
For human cell lines HMC3, M17, and 1321N1, cells were grown
in 150-mm dishes with DMEM or EMEM with 10% EV-depleted
FBS until cells reached approximately 90% confluency (3 days).
Primary neuronal cultures were cultured in 60-mm dishes for
3 days (DIV 3), whereupon they were changed to NB media
without FBS; 3 days later (at DIV 6), the conditioned media

was collected for EV isolation. Cell viability was assessed using
ViaStain AO/PI Staining Solutions (Nexcelom). Medium from
cultures with > 85% viability was used for EV RNA isolation,
which was performed using exoRNeasy Serum/Plasma Maxi kits
(QIAGEN) following the manufacturer’s protocol. The intact EVs
were isolated from the media following the protocol developed by
Jeppesen et al. (2019). Briefly, media was centrifuged at 500 × g
for 10 min at room temperature, and further centrifuged at
2000 × g for 20 min to remove debris and apoptotic bodies.
From this supernatant, samples were pelleted by centrifugation at
15,000 × g for 40 min and EVs by centrifugation at 100,000 × g
for 16 h at 4◦C. The EVs were resuspended in 4 ml of
filtered PBS (0.22-µm filter, Millipore) followed by additional
ultracentrifugation at 55,000 rpm for 1 h using a TLA-110 Rotor
(Beckman Coulter, Fullerton, CA) to wash the sample. EVs were
centrifuged 55,000 rpm at 4◦C to pellet for RNA isolation (Trizol,
Invitrogen), protein extraction, and electron microscopy analysis.

Protein Analysis
Proteins were extracted from whole-cell lysates or EVs using
RIPA buffer (50 mM Tris-HCl (pH 7.2), 150 mM NaCl, 1%
NP40, 0.1% SDS, 0.5% DOC, 1 mM PMSF, 25 mM MgCl2)
supplemented with a HaltTM Protease and Phosphatase Inhibitor
Cocktail (Thermo Scientific). Following size fractionation using
SDS-containing polyacrylamide gels, samples were transferred
onto nitrocellulose membranes (Bio-Rad Laboratories). Primary
antibodies recognizing TOMM20, COX IV, OPA1, and GAPDH
(Cell Signaling Technology), CD81 (Abcam) and CD63 (BD
Biosciences) were used. After incubation with appropriate
secondary antibodies, protein signals were developed using
enhanced chemiluminescence (ECL), and digitized images were
captured using Kwik Quant Imager (Kindle Biosciences).

Transmission Electron Microscopy
Samples were adhered to Poly-L-Lysine-coated coverslips for
5 min, then fixed in 1% glutaraldehyde 80 mM phosphate buffer
(Sorenson’s) containing 5 mM MgCl2 at pH 7.4. One hour later,
samples were placed in the same fixative with the pH shifted
to 8.5 and fixed for 1 h at room temperature. Coverslips were
rinsed in buffer containing sucrose then postfixed in potassium
ferrocyanide-reduced osmium tetroxide for 1 h on ice. After
phosphate and maleate buffer rinses, samples were stained en
bloc in 2% uranyl acetate in maleate buffer for 1 h at 4◦C.
After a series of ethanol dehydrations (30–100%), samples were
infiltrated with Eponate 12 (Polysciences) resin, embedded, and
cured at 60◦C for 48 h.

Coverslips mounted to inverted beam capsules were gently
removed after soaking in liquid nitrogen for 10 min. Blocks were
then trimmed and sectioned on a Riechert Ultracut E microtome
with a Diatome Diamond knife (45◦). Sections (70 nm) were
picked up on formvar-coated 1 × 2 mm copper slot grids and
stained with methanolic uranyl acetate followed by lead citrate.
Grids were viewed on a Hitachi H 7600 TEM operating at 80 kV
and digital images captured with an XR50 5 megapixel CCD
camera from Advanced Microscopy Techniques Corp.
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RESULTS

Increased Abundance of mt-RNAs in EVs
From MCI and AD
Each group of HC, MCI, and AD individuals included three
males (M) and two females (F) with mean ages of 76.2,
77.6, and 76 years, respectively (Cohort 1, section “Materials
and Methods”; Figure 1A). As outlined in the workflow
(Figure 1B), donor plasma samples were used to isolate total
RNA from circulating EVs, which was then used to prepare
cDNA libraries using a NuGEN kit (section “Materials and
Methods”). Representative data of successful amplification using
the ovation kit and reduction of distinct ribosomal RNA peaks are
shown (Figures 1C,D). RNA sequencing (RNA-seq) analysis was
performed as described (section “Materials and Methods”) with
110 bp paired-end directional reads.

RNA-seq analysis revealed a total of 15,215 transcripts in all
EVs. The majority of RNAs (∼80%) corresponded to coding
transcripts (mRNAs), while non-coding RNAs (e.g., pseudogene
RNAs, lincRNAs, mt-tRNAs, antisense RNAs, etc.) comprised
∼20% of the total (Figure 2A and Supplementary Figure S1A).
Comparisons of the EV RNAs from MCI relative to HC and
from AD relative to HC individuals revealed many differentially
abundant RNAs in these samples, as shown in the volcano
plots (Figure 2B). Strikingly, mt-RNAs were among the most
abundant RNAs in all samples; among mt-RNAs, we found 13
mRNAs, 22 tRNAs, and 2 rRNAs, all upregulated in MCI, and
most of these are also upregulated in AD (Figure 2C). Non-
coding RNAs transcribed in the nucleus but capable of residing in
mitochondria in relatively low levels (e.g., RMRP, RPPH1, TERC)
were undetectable (not shown). The abundance of reads of mt-
RNAs found in EVs (from HC, MCI, and AD donors), along
the mitochondrial chromosome were visualized in the UCSC
Genome Browser (Figure 2D). As observed, the mitochondrial
RNA reads in EVs from HC individuals (gray) were lower than
the mitochondrial RNA reads from MCI (blue) or AD (pink).
These findings indicate that EVs from persons with MCI and
AD have higher levels of mitochondrial RNAs than EVs from
healthy persons.

Validation of mt-RNAs
The observation that mt-RNAs were widely elevated in EVs
from MCI and AD individuals, as determined from RNA-seq
analysis, prompted us to validate these changes using RT-qPCR
analysis in a new cohort. We obtained plasma samples from
an additional five individuals per group (HC, MCI, and AD in
Cohort 2, section “Materials and Methods”; Figure 3A), isolated
EVs, extracted RNAs, and performed RT-qPCR analysis using
specific primer pairs. As shown in Figure 3B, all transcripts tested
(MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5,
MT-ND6, MT-ATP6, MT-ATP8, MT-CYTB, MT-CO1, MT-CO2,
and MT-CO3 mRNAs, and MT-RNR1 rRNA) were significantly
more abundant in EV RNAs obtained from individuals with
MCI due to AD (but not from individuals with mild AD
dementia) than in EV RNA from HC individuals. Measurement
of GAPDH mRNA, which encodes the housekeeping protein

GAPDH, showed that the levels of this cytoplasmic mRNA
were unchanged among these groups. In summary, in EVs from
patients with MCI due to AD, the levels of mt-RNAs are robustly
and significantly more abundant.

Brain Cell Types Release EV-Containing
mt-RNA Upon Stress
Given the strong rise in mt-RNAs in EVs from MCI and AD
individuals, we hypothesized that this elevation might result from
the toxic environment in the AD brain from the accumulation of
Aβ and other neurotoxic aggregates causing oxidative damage.
Of course, EVs enriched in mt-RNAs may also originate from
other tissues and organs of MCI and AD individuals, since
we were unable to establish the tissue of origin (see section
“Discussion”). Thus, we set out to test the hypothesis that
brain cells present in the vicinity of neurotoxic stimuli (Aβ and
oxidants) might participate in the release of EVs bearing mt-
RNAs, and that these EVs would then cross the blood-brain
barrier (BBB) and appear in plasma. To study this possibility, we
employed cultured human astrocytoma 1321N1 cells, microglia
(HMC3) cells, and neuroblastoma M17 [SK-N-BE(2)-M17] cells,
as well as mouse primary neurons, and exposed them to different
doses of oligomeric Aβ (specifically Aβ1−42, “Aβ42”) and the
oxidant hydrogen peroxide (H2O2) continuously for 3 days,
whereupon we isolated EVs from the conditioned media and
extracted RNA for RT-qPCR analysis of mt-RNAs. Control EVs
were prepared after incubating cells with filtered PBS instead of
Aβ42 oligomers or H2O2. In control reactions, the presence of
abundant transcripts often found in EVs (e.g., GAPDH and ACTB
mRNAs) and the absence of transcripts often undetectable in
EVs (e.g., CDKN1A and CDKN2A mRNAs) were confirmed by
RT-qPCR analysis (Supplementary Figure S2A); mitochondrial
DNA was also undetectable (not shown).

As shown in Figure 4A, all three Aβ42-treated populations
released EVs containing more mt-RNAs than untreated cells.
Both H1321N1 cells (treated with 1 µM Aβ42) and M17 cells
(treated with 5 µM Aβ42) showed significantly higher levels of
ND1, ND6, CO1, ATP6, and CYTB mRNAs, and RNR1 rRNA
upon Aβ treatment compared with cells treated with vehicle
alone. Microglial cells (HMC3) showed a similar trend but to a
lesser extent (Figure 4A). Similarly, treatment with H2O2 also
increased levels of mt-RNAs in EVs released by astrocytoma
1321N1 cells (Figure 4B) and from neuroblastoma M17 cells
(not shown), although not from microglia (Figure 4B). We
also observed that H2O2 treatment increased mt-RNA levels in
EVs from mouse primary neurons (Figure 4B). Together, these
findings support the notion that stressors such as Aβ42 and
the oxidant H2O2 trigger the release of EVs containing high
levels of mt-RNAs.

Other Mitochondrial Contents in EVs in
Response to Stress
The above findings support the notion that in the neurotoxic
environment of the AD brain, astrocytes, microglia, and neurons
might release more EVs that contain mt-RNA, possibly because
mitochondrial fragments are released in such EVs. To further
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FIGURE 1 | Preparation of extracellular vesicles (EVs) for RNA sequencing (RNA-seq) analysis. (A) Subject characteristics of individual human blood donors for
RNA-seq analysis. Five samples were collected in each group (HC, healthy donors; MCI, patients with mild cognitive impairment due to AD; AD, patients with mild
dementia due to Alzheimer’s disease). Mean Age is 76.2 for healthy donors, 77.6 for MCI, and 76 for AD. (B) Workflow of EV isolation, RNA extraction, and RNA-seq
analysis. (C,D) Bioanalyzer chronographs of cDNA amplified by ovation kit (C) and cDNA libraries (D). Data in (C,D) are representative of individuals in each of the 3
groups.

test this hypothesis, we investigated whether EVs released in
these cultured models (Aβ42- and H2O2-treated brain cells)
contained mitochondria or mitochondria fragments as seen
using transmission electron microscopy (TEM) analysis; control
EVs were again collected after incubating cells with filtered
PBS instead of Aβ42 oligomers or H2O2. For this analysis, we
focused on 1321N1 astrocytoma cells treated with toxic agents.
Following Aβ42 treatment and collection and preparation of
EVs, TEM images did not reveal intact mitochondria in the EV

preparations but did detect many membranous remnants inside
EVs of different sizes (arrows), which could be mitochondria or
other organelles.

To ascertain whether the structures identified by TEM might
include mitochondrial material, we performed Western blot
analysis to assess the levels of mitochondrial proteins in EVs
under stress conditions. Consistent with the mt-RNA analysis,
we also detected higher levels of mitochondrial proteins in
EVs released by 1321N1 astrocytoma cells treated with Aβ42
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FIGURE 2 | RNA-sequencing (RNA-seq) analysis. (A) Pie chart of total transcripts in EVs (for breakdown of noncoding RNA biotypes, see Supplementary Figure
S1). (B) Volcano plot of significantly changed transcripts, MCI vs. HC and AD vs. HC. (C) List of mitochondrial RNAs that are found in EVs using RNA-seq analysis:
13 mitochondrial mRNAs, 22 mitochondrial tRNAs (transfer RNAs), and 2 mitochondrial rRNAs (ribosomal RNAs). Changes in abundance were quantified as log2

fold change (FC) differences in MCI vs. HC and AD vs. HC. (D) UCSC genome browser of mitochondrial chromosome (Chr M) from 5 HC, 5 MCI, and 5 AD persons.
Mitochondrial genes were indicated above the Chr M schematic.

and H2O2 relative to untreated cells (Figure 5B). As shown,
the levels of TOMM20 (translocase of outer mitochondrial
membrane 20) increased in astrocytoma-released EVs upon Aβ42

and H2O2 treatments; the levels of TOMM20 in whole-cell
lysates were not significantly altered by Aβ42 treatment but
decreased following H2O2 treatment. The levels of mitochondrial
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FIGURE 3 | Validation of mt-RNAs in EVs by RT-qPCR analysis. (A) Subject characteristics of additional individual human blood donors for RNA-sequencing
validation. Five samples were collected in each group as in Figure 1A. Mean age is 75.8 years for HC, 66.4 years for MCI, and 74.6 years for AD. (B) RT-qPCR
analysis of human mt-RNAs (MT-ND1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L, MT-ND5, MT-ND6, MT-ATP6, MT-ATP8, MT-CYTB, MT-CO1, MT-CO2, MT-CO3
mRNAs, and MT-RNR1 rRNA) and GAPDH mRNA. Data represent all individuals of each group, 5 HC, 5 MCI, and 5 AD.
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FIGURE 4 | Treatment with Aβ42 and H2O2 increases mt-RNAs in EVs. (A) RT-qPCR analysis of mt-RNAs in EVs obtained from human astrocytoma, microglia, and
neuroblastoma cells after treatments with Aβ42 oligomers, as indicated (section “Materials and Methods”). (B) RT-qPCR analysis of mt-RNAs in EVs obtained from
astrocytoma, microglia, or primary mouse neurons after treatments with H2O2 as indicated (section “Materials and Methods”). Data are normalized to GAPDH mRNA
values and represent the means ± SEM from three independent experiments. *P < 0.05, **P < 0.01.
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FIGURE 5 | Treatment of astrocytoma with Aβ42 and H2O2 increases the presence of inclusions and mitochondrial proteins in EVs. (A) EVs were isolated from
astrocytoma cells treated with 1 µM Aβ42 for 3 days. Representative transmission electron microscopy (TEM) images showing inclusions of structures (arrows)
consistent with mitochondria fragments. Black bars, size scale. (B) Western blot analysis of COXIV, OPA1, TOMM20, GAPDH, CD81, and CD63 using whole-cell
lysates (‘Cell’) and EVs obtained from astrocytes after the indicated treatments.
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FIGURE 6 | Model. We propose that in the vicinity of lesions (plaques, tangles) found in persons with mild cognitive impairment (MCI) or Alzheimer’s disease (AD),
local damage to brain tissues can lead to the release of EVs containing dysfunctional or damaged mitochondria from cells including microglia, astrocytes, and
neurons. As these EVs cross the blood-brain barrier (BBB), the mitochondrial contents (including mitochondrial RNA) present as EV cargo can be measured in
peripheral blood. Created in BioRender.

cytochrome c oxidase subunit IV (COX IV) increased upon
H2O2 treatment but not by Aβ42 treatment (Figure 5B),
while the levels of the mitochondrial protein optic atrophy
protein 1 (OPA1) increased in EVs from Aβ42-treated cells
but were undetectable in EVs from H2O2-treated cells. CD81,
a canonical EV marker used as positive control, was only
detected in EVs and not in whole-cell lysates (‘Cells’, Figure 5B).
GAPDH signals were included as control for loading of
whole-cell lysates; other loading assessments are shown in
Supplementary Figures S2B,C. Together, these data support
the possibility that mt-RNAs and mitochondrial proteins found
in EVs may be released as mitochondrial fragments from
damaged cells (Figure 6). The data further suggest that the
increased levels of mt-RNAs recovered from plasma EVs of
MCI and AD individuals could originate (at least in part) from
mitochondrial fragments of brain cells released into EVs in
regions of neurotoxicity.

DISCUSSION

Here, we investigated the RNA content of circulating EVs isolated
from the blood of HC, MCI, and AD individuals and discovered
a striking enrichment in mitochondrial RNAs in the MCI and

AD groups (Figure 2). This finding suggests that the levels of
mt-RNAs in circulating EVs could be developed into a novel
diagnostic biomarker for early AD. Using a different cohort of
plasma donors, we carried out RT-qPCR analysis to validate
the RNA-seq differences between HC and MCI (although not
the difference from HC to AD due to high variability), further
suggesting that EV-associated mt-RNAs may be used as AD
biomarkers, especially for earlier stages of the disease (Figure 3).

AD is the result of multiple overlapping pathogenic processes,
including mitochondrial dysfunction. AD lesions, particularly
Aβ aggregates, trigger the production of reactive oxygen species
(ROS) and damaged mitochondria, which in turn causes
oxidative injury (Shelat et al., 2008), and at the same time,
mitochondrial dysfunction has been documented extensively
in AD brain (Beal, 1998 and Beal, 2005). The discovery that
circulating EVs of AD individuals contain markedly higher levels
of mt-RNAs raises a pressing question: what cells generate these
EVs rich in mt-RNAs? The use of cell type-specific markers on the
surface of EVs to isolate EV sub-populations could help resolve
this question, but, since immunocapture methodologies result
in > 10-fold lower concentrations of EVs (Mustapic et al., 2017)
and correspondingly lower RNA levels, it was not feasible to
use them for this study, which relied on RNA-seq analysis. Our
effort to immunocapture EVs enriched for neuronal origin using
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anti-L1CAM antibodies (Suire et al., 2017) resulted in a yield of
EVs that was too low to allow amplification of even the most
abundant RNAs; similar limitations were anticipated with the
detection of the astrocyte-specific EV marker GLAST [astrocyte
cell surface antigen-1 (ACSA-1)] (not shown). Accordingly,
it is important to recognize that the mt-RNA-bearing EVs
identified here might also originate in other tissues and organs
outside of the brain.

As an alternative approach, we sought to obtain preliminary
answers through experiments using cultured cells from brain,
as we posited that brain cells might be the source of EVs with
elevated mt-RNAs in AD and MCI. To model the neurotoxic
niche in the vicinity of Aβ plaques in culture, we treated
different brain cells with toxic Aβ42 oligomers or oxidants, and
quantified the RNA content of the EVs released. As documented
in Figure 4, human cells derived from microglia and astrocytes,
as well as neurons from mouse (primary neurons) and human
(neuroblastoma cells) exposed to Aβ42 oligomers or H2O2 for
3 days released EVs that were enriched in mt-RNAs. These
results support the notion that microglia, astrocytes, and neurons
from the neurotoxic niche may contribute to the population
of circulating EVs bearing high levels of mt-RNAs. Although
the magnitude of mt-RNA enrichment in EVs from Aβ42 or
H2O2-treated cells was far lower than that observed in plasma
of AD individuals, the time scales in each case are very different,
as cultured cells were only exposed for 3 days while the brain
cells of individuals with AD are exposed to neurotoxic stimuli
over decades and their EVs potentially reach a high steady
concentration in plasma over months or years. It is also certainly
possible that other cell types in the body of individuals with
AD may release these EVs instead or in addition to brain cells.
Further technical development to capture specific cell EVs with
higher yield may further reveal the source of mt-RNA-enriched
circulating EVs. In addition to mt-RNAs, EVs released from glial
and neuronal cells challenged with Aβ42 or H2O2 contained
membranous remnants consistent with mitochondrial fragments
(Figure 5) as well as mitochondrial proteins which also warrant
testing as biomarkers. The specific size and composition of
the mt-RNA-bearing EVs remain to be studied in molecular
detail. However, these EVs do not appear to include apoptotic
bodies, as we did not observe apoptotic markers (cleaved caspase
3 or cleaved PARP) in the cell populations and the diameter
of the EVs (<600 nm) was smaller than the typical diameter
( < 1,000 nm) of apoptotic bodies (Supplementary Figure S3).
It remains to be determined if EVs in AD plasma samples
contain mitochondrial proteins or fragments similar to those
found in EVs in culture.

Why might neurotoxic stimuli trigger the release of
mitochondrial content in cultured cells? We postulated that
cells might remove damaged mitochondria in order to prevent
further oxidative injury. The removal of damaged mitochondria
can be achieved internally by the cell through mitophagy, a
form of autophagy specialized in breaking down dysfunctional
mitochondria (Youle and Narendra, 2011; Yin et al., 2016;
Montava-Garriga and Ganley, 2020; Wang et al., 2020). Such
elimination of dysfunctional mitochondria through mitophagy
and the mitochondrial-lysosomal axis become aberrant during

aging (Picca et al., 2019a). Therefore, in a chronic disease
developing against the background of aging, such as AD, perhaps
the burden of damage is such that removal of dysfunctional
mitochondria from the cell by encapsulating them in EVs may be
chosen to accelerate this clearance.

EVs have also been proposed to function in intercellular
communication and transport cargo from one cell or tissue to
another, possibly spanning long distances. Whether EVs from
AD individuals may have a signaling role is unknown. However,
it is unlikely that the mt-RNAs being transported in EVs can
function in protein translation, as the mt-RNA in our EVs are
fragmented (Figures 1C,D). Nonetheless, small RNAs, peptides,
bioactive lipids, and small molecules present in EVs from MCI
and AD plasma might function as signaling factors in cell-
to-cell communication (El Andaloussi et al., 2013; Thompson
et al., 2016), but their nature and function have not been
comprehensively studied at present.

Other pathologies have also been associated with the
presence of mitochondrial contents in EVs. For example,
sera from children with autism spectrum disorder contain a
significant amount of mt-DNA compared with the normotypic
controls (Tsilioni and Theoharides, 2018), astrocytes release
mitochondrial particles after stroke (Hayakawa et al., 2016), and
EVs containing mitochondria components were proposed as
biomarkers in PD (Picca et al., 2019b). In addition, mitochondrial
membrane proteins were also higher in melanoma-derived
EVs compared with control EVs (Jang et al., 2019) and in
chemoresistant breast cancer (Sansone et al., 2017). Adding
mt-RNA and other RNAs to protein biomarkers may further
increase the diagnostic performance of EV biomarkers in AD.
As the presence of mitochondrial material in EVs is increasingly
being associated with various diseases, it will be important to
comprehensively study mitochondrial molecules as biomarkers
of disease and aging.
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Introduction: Diabetes increases the risk of Parkinson’s disease (PD). The
phosphorylation of type 1 insulin receptor substrate (IRS-1) determines the function
of insulin signaling pathway. Extracellular vesicles (EVs) are emerging as biomarkers
of human diseases. The present study investigated whether PD patients exert altered
phosphorylation IRS-1 (p-IRS-1) inside the blood neuron-derived extracellular vesicles
(NDEVs).

Research Design and Methods: In total, there were 94 patients with PD and 63
healthy controls recruited and their clinical manifestations were evaluated. Blood NDEVs
were isolated using the immunoprecipitation method, and Western blot analysis was
conducted to assess total IRS-1, p-IRS-1, and downstream substrates level in blood
NDEVs. Statistical analysis was performed using SPSS 19.0, and p < 0.05 was
considered significant.

Results: The isolated blood EVs were validated according to the presence of CD63 and
HSP70, nanoparticle tracking analysis and transmission electron microscopy. NDEVs
were positive with neuronal markers. PD patients exerted significantly higher level
of p-IRS-1S312 in blood NDEVs than controls. In addition, the p-IRS-1S312 levels in
blood NDEVs was positively associated with the severity of tremor in PD patients after
adjusting of age, sex, hemoglobin A1c, and body mass index (BMI).

Conclusion: PD patients exerted altered p-IRS-1S312 in the blood NDEVs, and also
correlated with the severity of tremor. These findings suggested the association between
dysfunctional insulin signaling pathway with PD. The role of altered p-IRS-1S312 in blood
NDEVs as a segregating biomarker of PD required further cohort study to assess the
association with the progression of PD.
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INTRODUCTION

Insulin and the insulin signaling pathway are involved in the
regulation of numerous essential cellular growth and metabolism
processes (Haeusler et al., 2018). Insulin resistance, that is, an
impaired cellular response to insulin stimulation, is the main
characteristic of type 2 diabetes and contributes to downstream
diabetes-related cellular and organ damage (Yaribeygi et al.,
2019). The brain, especially neurons, is one of the major targets
of insulin and is particularly vulnerable to insulin resistance
(Gray et al., 2014). Alzheimer disease (AD), the most common
neurodegenerative disease, is speculated to be associated with
neural insulin resistance because the major AD pathogeneses,
such as neurofibrillary tangles, neuroinflammation, oxidative
stress, and neurodegeneration, are all associated with neural
insulin resistance (Arnold et al., 2018). Furthermore, several
studies have suggested that diabetes increases the risk of or
accelerates the progression of Parkinson’s disease (PD), (Hu
et al., 2007; Cereda et al., 2011; Sun et al., 2012; Lu et al.,
2014; Hong et al., 2020). Moreover, no biomarker evidence
exists to confirm the association between PD and neural
insulin resistance.

Detecting neural insulin resistance in humans is challenging.
In the cell, insulin activates insulin receptor tyrosine kinase,
which phosphorylates and recruits type 1 insulin receptor
substrate (IRS-1) protein. The phosphorylated IRS-1 (p-IRS-
1) affect the function of insulin signaling pathway through
regulating the downstream substrates. The levels of p-IRS-1/total
IRS-1, therefore, can be cellular markers of the function of
insulin signaling pathway (Copps and White, 2012). However,
this cell-based assessment requires tissue biopsy, which is not
feasible for PD, a neurodegenerative disease with the involvement
of central nervous system (CNS). Therefore, neuron-derived
extracellular vesicles (NDEVs) in blood is an ideal alternative
(Budnik et al., 2016). Extracellular vesicles (EVs), small cargo
secreted from all mammalian cells, carry abundant proteins
and nucleotides from original cells. Exosome, a type of EV of
diameter 30–100 nm, has attracted the most research attention
because of their potential applications as biomarkers and in
treatment (Shah et al., 2018). The inner content of NDEVs may
mimic the cytoplasm of their original neurons (Pegtel et al.,
2014), and the lipid bilayer outer membrane of EVs ensures
their long-term stability in the blood. Additionally, NDEVs can
cross the blood–brain barrier, and therefore, NDEVs in the
peripheral blood can be used to detect the conditions of CNS
neurons (Mustapic et al., 2017; Yang et al., 2018). Through the
identification of a specific surface protein, L1 Cell Adhesion
Molecule (L1CAM), NDEVs can be isolated from the blood
(Fiandaca et al., 2015) and served as the platform of novel
biomarkers identification of the neurological disease (Goetzl
et al., 2019). The pathognomonic proteins of AD, such as
β-amyloid and tau, which accumulate in neurons, have also
been found in blood NDEVs in a high proportion (Lee et al.,
2019; Watson et al., 2019). Regarding PD, EVs may augment
the transmission of disease pathology (Han et al., 2019) and
exosomal α-synuclein could be a biomarker for the development
and progression of disease (Niu et al., 2020).

In addition to providing information on the cellular level
of disease-related pathognomonic proteins, blood NDEVs can
reveal the cellular functional status of neurons, such as the
function of insulin signaling pathway through the status of p-IRS-
1/IRS-1 (Kapogiannis et al., 2015). Currently, the association
between the functional of neuronal insulin signaling pathway
and PD has to be clearly confirmed because diabetes may
be one of the few modifiable risk factors for PD, and a few
Food and Drug Administration-approved antiglycemic agents
have demonstrated neuroprotective effects on PD experimental
models (Dehmer et al., 2004; Quinn et al., 2008; Ismaiel et al.,
2016; Katila et al., 2017). Unlike the known association between
AD and dysfunctional p-IRS-1 in blood NDEVs (Mullins et al.,
2017), the association between blood p-IRS-1/IRS-1 and PD is
unknown. It had only been applied on a clinical trial to investigate
the therapeutic response of exenatide on PD patients (Athauda
et al., 2019). The present study hypothesizes that dysfunctional
insulin signaling pathway is associated with PD and can be
identified through altered p-IRS-1 in blood NDEVs. In addition,
this phenomenon may correlate with PD severity.

MATERIALS AND METHODS

Study Participants
In total, 157 participants (94 people with PD and 63 healthy
controls) were enrolled in this study. PD diagnoses were based
on the United Kingdom Parkinson’s Disease Society Brain Bank
Diagnostic Criteria (Hughes et al., 1992). Only people with
mild to moderate PD, defined as stage I–III PD according to
the Hoehn and Yahr stage, were included. Healthy controls
were free from known neurodegenerative, psychiatric, and major
systemic diseases (malignant neoplasm and chronic kidney
disease) and were regularly followed up in outpatient clinics for
chronic conditions (hypertension, diabetes, or hyperlipidemia).
This study was approved by the Joint Institutional Review
Board of Taipei Medical University (approval nos. N201609017
and N201801043). The informed consent was obtained directly
from the study participants in the outpatients clinic after
the explanation of this study by the attending neurologists
(CC, LC, and CH).

Clinical Assessments
All participants were interviewed to obtain their baseline
demographic data. The cognitive functions of all study
participants were investigated by trained nurses using the
Taiwanese versions of the Mini-mental state examination
(MMSE) and Montreal cognitive assessment (MoCA). All PD
participants were evaluated using Parts I, II, and III of the
unified Parkinson’s disease rating scale (UPDRS) during an
outpatient visit. The time between the most recent dose of anti-
PD medication and the assessment of UPDRS Part III was not
recorded, and patients with PD were assumed to be on time. The
subgrouping of the UPDRS Part III into the categories of tremor,
akinetic rigidity and postural instability and gait disturbance
(PIGD) subtype was modified according to the previous literature
(Lewis et al., 2005). In brief, tremor score was from the subitem 20
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and 21 of UPDRS; PIGD from the subitem 27, 29, and 30; akinetic
rigidity from subitem of 18, 22, 23, 24, 25, 26, and 31.

Blood NDEVs Isolation and Validation
The blood sampling was performed through venipuncture during
the outpatient clinic visit, at which fasting was not requited.
The process blood sample, isolation of plasma and the storage
were followed the recommendations from International Society
for Extracellular Vesicles (Théry et al., 2018). Plasma samples
from both healthy controls and PD patients were purified
for EVs isolation by using an ExoQuick Plasma Prep with
Thrombin kit (System Biosciences, EXIQ5TM-1, Palo Alto,
CA, United States) according to the manufacturer’s protocol.
In brief, 250 µL plasma was mixed with 2.5 µL thrombin
and rotated at room temperature for 5 min. Then, it was
centrifuged at 12,000 rpm for 5 min at 4◦C. In a new test
tube, 200 µL supernatant was mixed with 50 µL ExoQuick
solution at 4◦C for 1 h followed by centrifugation at 1,000 g for
30 min. After the supernatant was removed, EVs pellets were
further immunoprecipitated with 1 µg anti-L1CAM antibody
(clone UJ127.11, Sigma-Aldrich) and DynabeadsTM protein A
beads with DynaMagTM-2 system (Thermo Fisher) for NDEVs
isolation. The mixtures were incubated on the rotator (Multi
Bio RS-24, Biosan) in 4◦C for 12 h with 11 rpm speed and 1 s
orbital rotation. The turning angle and time of reciprocal motion
was 90◦ and 3 s. The turning angle of vibro motion was 5◦

and 5 s. Plasma EVs from randomly selected six health controls
and PD patients were diluted with exosome-grade PBS (Cat.17-
516L, Lonza) for nanoparticle analysis by using a Nanoparticle
Tracking Analyzer (NTA, NanoSight NS300, Malvern Panalytical,
Malvern, United Kingdom). The capture and analysis settings of
the NTA were kept constant among all samples as following table.

Capture settings

Camera type sCMOS

Laser type Blue 488

Number of capture 3

Capture duration 60 s

Camera level 16

Slider shutter 1,300

Slider gain 512

FPS 25.0

Temperature 25.0◦C

Analysis settings

Detect threshold 5

Screen gain 10.0

Transmission Electron Microscopy
Morphological analysis and imaging of EVs isolated from
plasma were performed using a Hitachi 7700 transmission
electron microscopy (TEM; Hitachi High-Tech Corporation.
Tokyo, Japan). In brief, EVs were transferred onto a filmed
grid (F077/N050, Aldermaston, Berks, United Kingdom) in
chloroform immediately after isolation. The grids were then

stained with 2% (v/v) uranyl acetate in double-distilled water just
before examination.

IRS-1 and p-IRS-1 Level Assessment and
Antibodies Used in Study
Immunoprecipitated NDEVs were directly lysed using protein
sample buffer (NuPAGETM LDS Sample Buffer, Thermo Fisher)
and analyzed using protein sodium dodecyl sulfate and
polyacrylamide gel. IRS phosphorylation status and exosome
marker were detected using specific antibodies. Human brain
lysate was purchased from GeneTex (GTX27918). Antibodies
against IRS-1 Ser636/639 (#2388), total IRS-1 (#2382), Akt
pan (#4691), Akt S473 (#4060), extracellular signal-regulated
kinases (Erk) (#4695), phospho Erk (#4380), p70 S6 Kinase
(49D7, #9203), Phospho-p70 S6 Kinase (Thr389, #9234), and
Phospho-p70 S6 Kinase (Thr421, #9204) were purchased from
cell signaling. Antibodies for IRS-1 T612 (44-816G), IRS-1
S616 (44-550G), and CD63 (10628D) were purchased from
Thermo Fisher. Antibodies for glyceraldehyde 3-phosphate
dehydrogenase (GADPH) (GTX100118), GFAP (GTX1108711),
COX4 (GTX114330) were from GeneTex. Tau-1 (MAB3420),
L1CAM (ab24345), GluR1 (04-823), GluR2 (MAB397), and
IRS-1 S312 (clone 24. 6.2, #05-1087) were purchased from
Millipore, and heat shock proteins (HSP) 70 (NBP1-77456) was
from NOVUS. L1CAM (L4543) used for immunoprecipitation
which was from Sigma. NR2A (75-288) was from NeuroMab.
Antibodies were prepared in tris-buffered saline containing
0.2% Tween 20 (TBST) and 3% BSA (Bovine serum albumin).
Secondary antibodies including anti-Mouse IgG conjugated HRP
(115-035-003) and anti-Rabbit IgG conjugated HRP (111-035-
003) were purchased from Jackson ImmunoResearch. Protein
blot intensities were quantified using Image J software. The
expression level of phosphorylated protein was normalized to the
total form in the same patient. The others were normalized to
GADPH. For making sure the data can be comparable among
gels, all of the data was normalized to the average of control group
in the same gel.

Statistical Analysis
All statistical analyses were performed using SPSS for Windows
10 (version 19; SPSS Inc., Chicago, IL, United States). Non-
parametric Kolmogorov–Smirnov test was used to compare the
continuous variables, including age, hemoglobin A1c, body mass
index (BMI), scores of the clinical assessments and total IRS-
1, p-IRS-1 and downstream substrates levels in blood NDEVs
between PD patients and controls. Fisher’s Exact test was used
to compare the categorical variables between PD patients and
controls, such as sex and the presence of diabetes. Spearman’s
rank test was used to investigate the correlation between p-IRS-
1S312 and p-IRS-1S616 with the severity of motor symptoms in
PD patients. Multivariable linear regression was used to adjust
the confounding factors, including age, sex, HbA1c, and BMI.
One-way ANOVA with Dunnett’s post hoc analysis was used for
multiple comparison. Data was presented as mean ± standard
deviation (SD) if no specific description. We considered p value
of <0.05 as statistically significant.
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FIGURE 1 | Characterization of blood neuron-derived extracellular vesicles from healthy controls and Parkinson’s disease (PD) patients. The particle size distribution
of plasma extracellular vesicles from both healthy control and PD patients’ was analyzed by electron microscopy (A,B) and NTA (data are presented as mean ±

SEM) (C,D). The (E) concentration and (F) average size of EVs from healthy controls and PD patients were not different. The percentages of EVs of sizes
(G) 30–75 nm and (H) 75–150 nm varied in PD patients *p < 0.05.

RESULTS

Blood NDEV Validation
Plasma EVs were isolated using the ExoQuick Plasma kit (see
section “Materials and Methods”). Isolated EV particles were
validated using TEM (Figures 1A,B) and NTA (Figures 1C,D).
The particle size was mainly distributed from 30 to 120 nm
(Figures 1C,D). The concentration and the average size of EVs
isolated from plasma were not different between healthy controls
and PD patients (Figures 1E,F). However, EVs of sizes between
30 and 75 nm were more in healthy controls than in PD patients
(p = 0.0321; Figure 1G); the majority of EVs isolated from PD
patient plasma were 75–150 nm in size (p = 0.0433; Figure 1H).
Thus, the EVs population in PD patient blood may vary.

Demographic Data of the Study
Participants
The baseline data are presented in Table 1. No differences
were noted in age, sex, education level, or BMI between the
PD patients and controls. PD patients exhibited significantly
lower rate of diabetes (PD, 14 out of 94; control, 21 out
of 63; p = 0.01) and worse cognition (PD: 25.18 ± 5.24;
control: 27.33 ± 2.79 which were assessed by MMSE with
total score = 30; p = 0.03). PD patients exerted a trend
of lower HbA1c (PD, 6.02 ± 0.93; control, 6.15 ± 1.18%;
p = 0.06). For PD patients, the mean disease duration was
2.85 ± 2.47 years, and the mean score of UPDRS Part III was
22.77 ± 9.60. The anti-PD medications for the PD patients
included levodopa (n = 83, median dosage = 300 mg/day),

ropinirole (n = 34, media dosage = 4 mg/day), rotigotine
(n = 13, median dosage = 6 mg/day), pramipexole
(n = 11, median dosage = 0.75 mg/day), rasagiline (n = 10,
median dosage = 0.5 mg/day), amantadine (n = 8, median

TABLE 1 | Demographic data of the study participants.

Control,
n = 63

PD, n = 94 P value

Age, years 67.97 ± 7.57
(52∼89)

69.00 ± 8.20
(50∼99)

0.53

Female 24 46 0.15

MMSE 27.33 ± 2.79
(16∼30)

25.18 ± 5.24
(2∼30)

0.03

MoCA 23.22 ± 3.92
(11∼29)

20.91 ± 6.26
(0∼30)

0.06

Diabetes 21 14 0.01

HbA1c,% 6.15 ± 1.18
(5.00∼9.00)

6.02 ± 0.93
(4.3∼10.6)

0.06

BMI 25.38 ± 3.02
(19.72∼31.74)

25.39 ± 3.56
(17.96∼38.10)

1.00

Education > 12 years 9 22 0.16

Disease duration, years 2.85 ± 2.47
(0∼15)

UPDRS-III 22.77 ± 9.60
(2∼52)

MMSE, mini-mental status examination; MoCA, Montreal Cognitive Assessment;
HbA1c, glycated hemoglobin; BMI, body mass index; UPDRS, unified Parkinson’s
disease rating scale; PD, Parkinson’s disease. Data was presented as mean ± SD
(minimum∼maximum).
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dosage = 200 mg/day), and selegiline (n = 2, median
dosage = 7.5 mg/day).

Blood NDEV IRS-1 and p-IRS-1 Levels in
the PD Patients and Controls
The NDEVs was further purified with L1CAM
immunoprecipitation. The neuronal proteins—MAP-2, Tau-
1, Synaptophysin and L1CAM were analyzed. Compared to
NDEVs and brain lysate, total plasma EVs expressed lower
level of MAP2 and Tau protein. Mitochondria protein—COX4
was found in brain lysate only but not NDEVs and total EVs
(Supplementary Figure 1).

The levels of total IRS-1 and tyrosine/serine p-IRS-1 in blood
NDEVs were analyzed in PD patients and control (Figure 2A
as representative figure and summarized in Supplementary
Figure 2). HSP70 and CD63 are EVs markers. There was no
significant difference regarding the total IRS-1 level in PD
patients compared with controls. Significant elevation of the level
of p-IRS-1Y612, p-IRS-1S616, and p-IRS-1S312 were noted in PD

patients. In the downstream substrates of IRS-1, phosphorylated
Erk (Figure 2E and Supplementary Figure 1D) was significantly
increased in the PD patients whereas no significant difference
was found from the rest of substrates such as Akt and P70S6
Kinase (Figures 2C,D and Supplementary Figures 2B,C).
However, considering diabetes may affect the p-IRS-1 in the
neurons, people with diabetes in both control and PD group
were separated into individual subgroup. Significant elevation
of p-IRS-1 in non-diabetes PD patients compared with non-
diabetes control was only observed in the p-IRS-1S312 and p-IRS-
1S616 (Figure 2B). If further taking out the impaired cognition
controls (MMSE < 27), p-IRS-1S312 remained significantly
elevated in PD patients compared with normal cognition controls
(Supplementary Table 1). In addition, there was no significant
difference between the non-diabetes PD patients and controls in
the downstream substrates level in blood NDEVs (Figures 2C–
E). For PD patients, the level of p-IRS-1S312 in blood NDEV
was significantly elevated compared with the normal cognition
controls after adjusted the effect of age, sex, HbA1c, and

FIGURE 2 | Total IRS-1, p-IRS-1 and downstream substrates level in blood neuron-derived extracellular vesicles. (A) The representative protein blot images of IRS-1
and different phosphorylated forms of IRS-1, including Y612, S616, S636/639, and S312. HSP70 and CD63 were exosomal proteins and markers. GAPDH was the
protein loading control (1 and 2 indicate different samples). Comparison of the levels of total IRS-1, p-IRS-1Y612, p-IRS-1S616, p-IRS-1S636/639, p-IRS-1S312 (B), and
downstream IRS-1 substrates (C–E) between healthy controls [with or without diabetes mellitus (DM)] and Parkinson’s disease (PD) patients (with or without DM).
The phosphorylation status of IRS-1, P70S6K, Akt, and Erk was normalized to total form IRS-1, P70S6K, Akt, and Erk. (F) The EV markers–CD63 and HSP70 was
not different between 4 groups. Data was presented as mean ± SEM. *p < 0.05.
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BMI (Table 2). The EVs level was not different among four
groups regarding to CD63 and HSP70 levels (Figure 2F and
Supplementary Figure 2E).

p-IRS-1S312 in Blood NDEVs Was
Associated With the Severity of Tremor
in PD Patients
In PD patients, the level of p-IRS-1S312 but not p-IRS-1S616 in
blood NDEVs were significantly associated with the severity of
resting and action tremor (Supplementary Table 2). The level of
p-IRS-1S312 and p-IRS-1S616 were both not associated with the
disease duration (Supplementary Figure 2). Further categorizing
the motor symptoms into three aspects: tremor, akinetic rigidity
and PIGD, only tremor was significantly associated with the
level of p-IRS-1S312 but not p-IRS-1S616 in blood NDEVs after
the adjustment of age, sex, BMI, and HbA1c (Table 3). Further
subgrouping of PD patients based on the quartile of the level
p-IRS-1S312 in blood NDEVs, it was found that the severity of
tremor was significantly different between the four subgroups
of PD patients (p for trend = 0.035) (Figure 3). The post hoc
analysis also demonstrated that the significant difference was
noted between Q1–Q4 (p = 0.028), and Q3–Q4 (p = 0.035).

In PD patients, p-IRS-1S312 was negatively associated with
total IRS-1 level, and positively associated with p-IRS-1Y612

and p-IRS-1S616. Regarding the downstream substrates of IRS-
1, p-IRS-1S312 was not significantly associated with any selected
targets (Supplementary Table 3). None of the downstream
substrates was associated with the severity of any clinical item
significantly (Supplementary Table 4).

TABLE 2 | The association of Parkinson’s disease with the neural-derived
exosomes total and phosphorylated IRS-1 level between PD patients with normal
cognition controls (mini-mental state test >26) after the adjustment of age, sex,
HbA1c, and body mass index among people without the diagnosis of diabetes.

Standardized
coefficient (β)

95% confidential
interval

p value

IRS-1total
−0.065 −0.234∼0.129 0.569

p-IRS-1Y612 0.168 −0.018∼0.144 0.126

p-IRS-1S616 0.193 −0.009∼0.164 0.080

p-IRS-1S636/639 0.163 −0.166∼0.196 0.871

p-IRS-1S312 0.235 0.009∼0.224 0.035*

*p < 0.05.

DISCUSSION

The present study demonstrated that in blood NDEVs, the p-IRS-
1S312 level was significantly increased in either overall and non-
diabetes PD patients compared with their counterpart controls.
Additionally, the p-IRS-1S312 level in blood NDEVs significantly
correlated with the severity of tremor after the adjustment of
age, sex, BMI, and HbA1c, which indicated the possible role of
altered p-IRS-1S312 as a disease segregating biomarker. Although
the levels of p-IRS-1S312 certainly overlapped between controls
and PD patients, to the best of our knowledge, the present
study is the first to provide biomarker-based evidence for the
association between the altered neuronal p-IRS-1 with PD by
means of the analysis of blood NDEVs, and this observation also
hinted the role of dysfunctional insulin signaling pathway in the
pathogenesis of PD.

Type 2 diabetes exerts wide-spectrum detrimental effects on
cells, tissues, and organs (Mauricio et al., 2020). A growing
body of evidence has demonstrated an increased PD risk for
patients with diabetes. In addition, diabetes and poor blood
sugar control are linked to fast deterioration and worse PD
severity (Cereda et al., 2012; Kotagal et al., 2013). Although
insulin resistance or diabetes enhances PD-related pathogeneses
in in vivo and in vitro neuronal models (Bousquet et al., 2012;
Solmaz et al., 2017; Hong et al., 2020), biological evidence in
human studies is lacking and the functional assessment of insulin
signaling pathway in PD patients’ neurons is challenging. The
fasting or postprandial blood glucose and HbA1c test reflect the
pancreatic islet function but not insulin resistance (Desimone
and Weinstock, 2000). The altered p-IRS-1 can be an indicator
of dysfunctional insulin signaling pathway, which is feasible in
skeletal muscles or adipocytes but not in CNS due to difficulty
in obtaining the neuronal tissue (Le Roith and Zick, 2001;
Zick, 2001). The present study investigated the p-IRS-1 and
the downstream substrates in blood NDEVs, which achieved
two goals simultaneously. Increased p-IRS-1S312 and p-IRS-1S616

in blood NDEVs indicated the dysfunctional insulin signaling
pathway in PD patients, which supports the association reported
in previous epidemiological studies about diabetes and PD.

Type 1 insulin receptor substrate has numerous
phosphorylation sites, which are responsible for different
functions individually. Ser616, the most studied phosphorylation
site, is located exactly at the phosphoinositide 3-kinase (PI3K)
binding domain, which promotes the downstream protein
kinase B pathway and subsequent cell metabolism. Conversely,

TABLE 3 | The association between pIRS-1S312 and pIRS-1S616 with the three major categorial motor symptoms of PD after the adjustment of age, sex, HbA1c, and
body mass index in all PD patients.

p-IRS-1S312 p-IRS-1S616

Standardized coefficient (β) p value Standardized coefficient (β) p value

Tremor 0.235 0.047* 0.060 0.618

Akinetic rigidity −0.112 0.349 −0.061 0.613

Postural instability and gait disturbance −0.126 0.264 −0.047 0.680

*p < 0.05.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 December 2020 | Volume 8 | Article 56464139

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


fcell-08-564641 November 29, 2020 Time: 19:32 # 7

Chou et al. Phosphorylation of IRS-1 and PD

FIGURE 3 | Association of p-IRS-1S312 with the severity of tremor in
Parkinson’s disease (PD) patients. The box plot demonstrated the severity of
tremor in PD patients with different amount of p-IRS-1S312 in blood NDEVs.
Subgrouping of PD patients based on the quartile of p-IRS-1S312 level in
blood NDEs. The box plot presented the data as median, first quartile and
third quartile with the whiskers presented the minimum and maximum.
Outliers were presented as hallow circle. **p < 0.01.

insulin activates other signaling pathways and kinases, and their
negative feedback induces the Ser312 phosphorylation of IRS-1
and inhibits its functions (Gual et al., 2005). Furthermore, p-IRS-
1S312 triggers IRS-1 degradation through the PI3K pathway
(Greene et al., 2003). However, it also had been found that in
mice, p-IRS-1S307 (human S312) positively regulated the severity
of insulin resistance by maintaining proximal insulin signaling
(Copps et al., 2010). These conflicts may indicate the existence
of a well-regulated feedback loop for the phosphorylation of
IRS-1, and the possible dual roles of each phosphorylation site
in the regulating of insulin signaling pathway. Clinically, on
the hippocampal formation of people with AD, p-IRS-1S616

increase was associated with a reduction of insulin response, the
oligomeric of Aβ plaques, and the memory (Talbot et al., 2012).
The present study demonstrated that in PD patients, the p-IRS-
1S312 and p-IRS-1S616 level in blood NDEs increased compared
with non-PD controls, but only p-IRS-1S312 was associated
with the severity of tremor, one of the most remarkable motor
symptoms of PD. Increased p-IRS-1S312 but not p-IRS-1S616

expression levels was noted in PD patients in the post-mortem
study and mutant α-synuclein over-expressing animal model
(Bassil et al., 2017). This discrepancy may require further in vitro
and in vivo studies to delineate the clear causal relationship.

The strength of the present study is that it provides the cell
biology-based association between PD and altered neuronal IRS-
1 phosphorylation. Blood NDEVs, which had promising roles

in the study of PD [reviewed by Porro et al. (2019) and Yu
et al. (2020)] provide neuronal information directly without
the interference from peripheral. The increase in p-IRS-1S312

in PD blood NDEVs may hint dysfunctional insulin signaling
pathway in the neurons of PD patients. Although the causal
relationship between insulin resistance and PD is not well
defined, numerous antiglycemic agents exhibit possible disease
modification effects on PD. The results of the present study
may facilitate the development of novel treatment because of
a better understanding of the relationship, and the p-IRS-1 in
the neurons may also serve as a biomarker of the therapeutic
effect of antiglycemic agents in clinical trials [Athauda et al.,
2017; Ninds Exploratory Trials in Parkinson Disease (Net-Pd)
Fs-Zone Investigators, 2015]. In fact. the total/phosphorylated
IRS-1 and the downstream substrates had been investigated in a
phase II clinical trial, which investigated the disease modification
effect of exenatide (Athauda et al., 2019). In that study, both
tyrosine and serine p-IRS-1 were elevated in the treatment group
of PD patients, and the downstream substrates elevation was
associated with the improvement of motor symptoms. Compared
with that study which enrolled PD patients only, the present
study made the comparison between PD patients and controls.
Moreover, the increase in the p-IRS-1S312 level in blood NDEVs
was associated with greater severity of tremor. Tremor dominant
PD is distinct form other subtypes (akinetic rigidity and PIGD)
of PD in the clinical presentations, comorbidity and the brain
pathology (von Coelln and Shulman, 2016). Cerebellum is known
to be the origin of the tremor (Wu and Hallett, 2013) and diabetes
induces the PD pathology in the cerebellar Purkinje cells in vivo
(Solmaz et al., 2017), which may be responsible for the association
between altered p-IRS-1 in blood NDEVs with the severity of
tremor. This relationship suggested p-IRS-1S312 in blood NDEVs
as a potential segregating biomarker of PD, although a follow-
up study is warranted to confirm the prediction accuracy. Lastly,
obtaining blood NDEVs was more convenient than obtaining
CSF, and the stability of exosomes makes long-term storage and
long-haul transport possible, which facilitates further large-scale
international PD cohort studies.

The present study provided some interesting insights but
also had some limitations. It is a single-centered study, which
required further study for validation in different institutes, races
and countries. The control subjects were not the healthy controls
like other study but relative a disease-control. They were age,
sex matched population who regularly visit outpatient clinic
for controlling conventional vascular risk factors (hypertension,
diabetes, and hyperlipidemia). Some of them, although did
not have subjective memory decline, may already fell into
the category of mild cognitive impairment or mild dementia,
which indicated the comorbidity with vascular or AD pathology
in the control group. However, this approach was able to
generate a control with similar cognitive ability with PD
patients in the study, and obtained the PD-specific but not
overall neurodegeneration-related neuronal insulin resistance
comparison. Second limitation was the lack of association
between the downstream substrates of insulin signaling pathway
with either the p-IRS-1 or the clinical presentations. Nevertheless,
those proteins, such as Akt and Erk, were regulated by multiple
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molecular pathways. The other pathogeneses of PD, such as
mitochondrial dysfunction, neural inflammation and lysosomal
dysfunction, may also affect these substrates, and those substrates
may not be packed into EVs. In addition, several serine
phosphorylation sites are available on IRS-1, and the present
study demonstrated that while p-IRS-1S312 was associated with
PD, and the severity of tremor in PD patients. The underlying
pathogenesis related to this specific phosphorylation must be
addressed in basic in vitro and in vivo studies of PD, which
may be beneficial for understanding disease pathogenesis and
drug development. The overlap between PD patients and control
in the level of p-IRS-1S312 in blood NDEVs may limit the
application of p-IRS-1 as a diagnostic biomarker for PD, but
the association with tremor may provide another role as the
segregating biomarker for PD. Lastly, it was a cross-sectional
study, which required further cohort study to validate the
association between the role of p-IRS-1 in blood NDEVs with the
progression of PD.

In conclusion, altered p-IRS-1 in blood NDEVs was observed
in PD patients compared with controls. In addition, higher
p-IRS-1S312 in blood NDEs was noted in PD patients with greater
severity of tremor. These findings provide not only the basis of
the previously reported epidemiological association between PD
and diabetes but also the possibility of developing a novel blood
biomarker of PD. We recommend further investigation of p-IRS-
1 in blood NDEVs in PD patients longitudinally for examining its
correlation with multiple aspects of disease progression.
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Extracellular vesicles, phospholipid bilayer-membrane vesicles of cellular origin, are
emerging as nanocarriers of biological information between cells. Extracellular vesicles
transport virtually all biologically active macromolecules (e.g., nucleotides, lipids, and
proteins), thus eliciting phenotypic changes in recipient cells. However, we only
partially understand the cellular mechanisms driving the encounter of a soluble ligand
transported in the lumen of extracellular vesicles with its cytosolic receptor: a step
required to evoke a biologically relevant response. In this context, we review herein
current evidence supporting the role of two well-described cellular transport pathways:
the endocytic pathway as the main entry route for extracellular vesicles and the
autophagic pathway driving lysosomal degradation of cytosolic proteins. The interplay
between these pathways may result in the target engagement between an extracellular
vesicle cargo protein and its cytosolic target within the acidic compartments of the cell.
This mechanism of cell-to-cell communication may well own possible implications in the
pathogenesis of neurodegenerative disorders.

Keywords: aggregation, autophagy, cargo, cell-to-cell communication, endocytosis, extracellular vesicles,
lysosome, neurodegeneration

INTRODUCTION

In multicellular organisms, cell-to-cell communication is a cardinal process that coordinates and
synchronizes cellular activities, ensuring the correct function of tissues, organs, and ultimately
the whole system. A broad variety of mechanisms has evolved to accomplish the transmission
of information between neighboring or distant cells. Among these, lipid bilayer-membrane

Abbreviations: AD, Alzheimer disease; AEP, asparagine endopeptidase; ALS, amyotrophic lateral sclerosis; AP2, adaptor
protein 2; ATG, autophagy-related; CAME, caveolin-mediated endocytosis; CLME, clathrin-mediated endocytosis; CMA,
chaperone-mediated autophagy; CQ, chloroquine; EIPA, 5-(N-ethyl-N-isopropyl)amirolide; ESCRT, endosomal sorting
complex required for transport; EVs, extracellular vesicles; FTLD, frontotemporal lobar degeneration; GBA, beta-
glucocerebrosidase; GSK3beta, glycogen synthase kinase 3 beta; HD, Huntington disease; HSC70, chaperone protein heat
shock cognate 70; ILVs, intraluminal vesicles; LAMP2A, lysosomes-associated membrane protein type 2A; LC3, microtubule-
associated protein light chain 3; LIR, LC3-interacting region; MCL, mantle cell lymphoma; MHC-II, major histocompatibility
complex II; mTOR, mammalian target of rapamycin; MVBs, multivesicular bodies; NFTs, neurofibrillary tangles; NHE,
Na+/H+ exchanger; TGFbeta1, transforming growth factor beta1; PD, Parkinson disease; PS, phosphatidylserine; RGD, Arg-
Gly-Asp; RVG, rabies virus glycoprotein; TSE, transmissible spongiform encephalopathies; UBA, ubiquitin-associated; UPS,
ubiquitin-proteasome system.
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nanovesicles released from cells act as vectors for short- and
long-distance transport of biological messages. First described in
the early 1980s as secreted exosomes derived from endosomes
(Harding et al., 1983; Pan and Johnstone, 1983; Pan, 1985), their
function was first proposed as an alternative degradative path
through which cells expel dispensable intracellular molecules.
The subsequent advances in isolation and characterization
procedures depicted a more complex and heterogeneous
population of secreted nanovesicles, for which the generic
term “extracellular vesicles” (EVs) was coined (György et al.,
2011). The first concept on their function was challenged by
the observation that EVs secreted from B cells induce T-cell
proliferation by activating major histocompatibility complex
II (MHC-II) receptors carried on their surface (Raposo
et al., 1996). More recently, a strong support for a relevant
role of macromolecules transported by EVs in cell-to-cell
communication is reflected by the demonstration that nucleic
acids synthetized and encapsulated in EVs by the donor cells are
active in recipient cells (Valadi et al., 2007). It is now established
that EVs are required for multiple cellular processes in health and
disease by contributing to immunomodulation, inflammation,
cancer, and neurodegeneration (Mathieu et al., 2019). EVs even
find applications as nanocarriers for therapeutic agents (Luan
et al., 2017; Yang et al., 2018).

At least three main criteria can be defined for EVs to be
accounted as functional vectors in cell-to-cell communication:
secretion by the donor cell after selective macromolecule
encapsulation, transport of the cargo to the target cell, and release
of the transported messenger in the recipient cell for interaction
with its effector. To date, the efforts in the field were primarily
directed to understand the biogenesis and the mechanisms for
the packaging of macromolecules in EVs (Raposo and Stoorvogel,
2013; Colombo et al., 2014; van Niel et al., 2018; Mathieu et al.,
2019). EVs comprise small EVs (with a diameter of 30–150 nm)
or large EVs (>150 nm) that mostly depend on their origin from
endosomes or the cell surface, respectively (Colombo et al., 2014).
Exosomes, a class of small EVs, are born as intraluminal vesicles
(ILVs) by inward membrane budding during the maturation of
multivesicular bodies (MVBs), a process that is regulated by
the endosomal sorting complex required for transport (ESCRT)
(Colombo et al., 2014; Cocucci and Meldolesi, 2015; Mathieu
et al., 2019). The ESCRT-0 and ESCRT-I subcomplexes sort
cargo molecules in membrane microdomains, and the ESCRT-
II and ESCRT-III subcomplexes drive membrane budding
and fission. ILVs are also generated by ESCRT-independent
mechanisms. This can occur by the hydrolysis of sphingomyelin
to ceramide and the creation of membrane microdomains;
further metabolism of ceramide to sphingosine 1-phosphate
activates its receptor that sorts the cargo of ILVs (Colombo
et al., 2014). In addition, members of the tetraspanin family,
which are efficiently sorted to the endosomal pathway, appears
involved in the sorting of EV cargo (van Niel et al., 2011). The
fusion of MVBs at the cell surface results in exosome secretion.
Large EVs, in particular microvesicles, predominantly originates
from the outward budding of the plasma membrane (van Niel
et al., 2011). Cargo packaging entails that macromolecules are
first targeted to the respective production site. Then, with a

process requiring molecular clustering and budding, they end
up in EVs following membrane fission. The proteins involved
in the biogenesis of EVs eventually become themselves cargo
molecules and can be utilized as markers characterizing the origin
of EVs (Colombo et al., 2014; Mathieu et al., 2019). On the other
hand, although the delivery of cargo macromolecules to recipient
cells is a critical step required for absolving the biological
activities associated to EVs, the mechanisms involved in this
process remain largely elusive. Macromolecules transported on
the exterior of EV may directly interact with surface membrane
receptors, as it may be the case for MHC-II receptors. For a
luminal EV cargo, it is plausible to assume that the cytosol is the
main site for intracellular target engagement. However, current
evidence suggests that this is a possible but rather rare event
(Ridder et al., 2014; Zomer et al., 2015; Sterzenbach et al., 2017).
Inadequate detection sensitivity is a plausible technical limitation.
In fact, circumstantial evidence indicates that a measurable
biological effect is counterbalanced by the difficulty to detect
a cargo molecule in the cytosol of the recipient cell (Zomer
et al., 2015; Steenbeek et al., 2018; Pedrioli et al., 2020). Lack
of sensitivity may result because recipient cells represent only a
minor subpopulation able to decipher an EV message. In such a
case, EVs specifically targeting a specialized cell pool present in an
organ may reduce EV cargo release to a rare event that still holds
a significant biological relevance (Ridder et al., 2014; Zomer et al.,
2015). At the same time, a sporadic but continuous transport
over years of pathological protein forms between cells may well
contribute to a slow progression and propagation of disease
as in the case of neurodegenerative disorders. That being said,
an infrequent cytosolic EV cargo release does not exhaustively
explain the large body of evidence, suggesting a cardinal role
of EVs in cell-to-cell exchange of macromolecules. Nevertheless,
given the broad heterogeneity of luminal cargos, there is the need
to assess whether alternative intracellular locations may account
for the release and the target engagement of biologically active
EV cargo macromolecules.

LOOKING FOR THE TARGET CELL

The rising interest around EVs in recent years is linked to
the increasing evidence of phenotypic changes in recipient
cells apt to translate a message transported by these vesicles
(Valadi et al., 2007; Ridder et al., 2014; Zomer et al., 2015;
van Niel et al., 2018; Mathieu et al., 2019; Wang et al.,
2019; O’Brien et al., 2020). The molecular process exploited
by EVs to target recipient cells remains a matter of debate,
possibly because different mechanisms may coexist. Human
carcinoma cells were shown to non-selectively respond to EVs
originating from different cell types (Horibe et al., 2018). The
composition and modifications of external components may
affect the overall charge of the EV surface, thus reducing the
natural electrostatic repulsion of membranes (Williams et al.,
2019). This process may become more relevant once EVs are
internalized into the acid environment of endocytic organelles
(Winchester, 2005). Besides a randomly determined event, a
combination of EV and cell origin, EV subtype, and cell type
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and state may confer specificity to the recognition of EVs by
the recipient cell, a mechanism defined as tropism of EVs
(Kooijmans et al., 2016). EVs derived from B cells in mantle
cell lymphoma (MCL) are readily and preferentially taken up
by other MCL cells (Hazan-Halevy et al., 2015). In the nervous
system, EVs secreted from oligodendrocytes have a specific
tropism for microglia cells (Fitzner et al., 2011). In both cases,
preferential EV internalization may occur because of active
intake mechanisms characterizing these cell types. EV docking
at the plasma membrane may be facilitated by cell membrane
adhesion receptors recognizing macromolecules exposed on the
surface of EVs. Tetraspanins, in particular CD9 and CD81,
which are highly enriched in the lipid membranes of EVs,
appear as possible candidates (Morelli et al., 2004). Additional
proteins exposed on the EV surface participate in ligand-binding
mechanisms. On dendritic cell–derived EVs, the beta-2 integrin
family of proteins (CD18/CD11 a, b), the intercellular adhesion
molecule-1 and -2 (ICAM-1/-2), and the serum milk fat globule-
EGF factor 8 facilitate the interaction with recipient cells (Théry
et al., 1999, 2001; Nolte-‘T Hoen et al., 2009; Genschmer et al.,
2019). Glycans as well may contribute to the EV and cell
recognition process (Williams et al., 2018, 2019; Dusoswa et al.,
2019). Glioblastoma-derived EVs are decorated with glycans
recognized by sialic acid–binding immunoglobulin-like lectin
receptors, an essential and specific step for their capture by
dendritic cells (Dusoswa et al., 2019). To add complexity to the
system, the heterogeneous size and composition of EVs may
influence their recognition and uptake by recipient cells.

As all cell types secrete EVs, the extracellular milieu is rich in
a large variety of EVs. A productive message possibly covering
a distant radius of action requires that the target cell developed
a precise instrument of docking and internalization of freely
circulating EVs. The elucidation of the fate of EVs once docked on
the cell surface is of critical importance in the context of disease.
Understanding the molecular and cellular mechanisms involved
in a pathogenic cell-to-cell communication mediated by EVs may
offer new approaches for the development of specific treatments.

“EATING AND DRINKING” EVs

The variability in EV uptake routes may depend on the
combination of multiple factors contributed by macromolecules
present on the surface of both EVs and recipient cells
(Mulcahy et al., 2014). Most experimental evidence suggests that
endocytosis is the major uptake path (Koumangoye et al., 2011;
Nanbo et al., 2013; Mulcahy et al., 2014; Heusermann et al.,
2016; Nakase et al., 2016; Durak-Kozica et al., 2018; Yao et al.,
2018). EVs are internalized by dendritic cells and fuse with
membranes of the endocytic pathways releasing their content
into the cytosol (Montecalvo et al., 2012). However, once taken up
by recipient cells, EVs can also be either recycled and released in
the extracellular space or targeted to lysosomes for degradation.
For instance, upon internalization by interconnected neurons,
fusion events between exogenous and endogenous EVs were
found to potentially increase the radius of action of EVs
and the consequent pathogenicity in the context of Alzheimer
disease (AD) (Polanco et al., 2018). In contrast, microglia take
up oligodendrocyte-derived EVs through a macropinocytotic

mechanism on their route to lysosomes for degradation (Fitzner
et al., 2011), consistent with their role in cleaning the extracellular
space from cell debris.

The term “endocytosis” was coined by Christian de Duve
in the 1960s to describe a cellular process in which the
invagination of the limiting plasma membrane leads to the
intracellular formation of vesicles encapsulating extracellular
material (Fürthauer and Smythe, 2014). Various functions are
now assigned to endocytosis, a key homeostatic mechanism
that regulates major cellular processes such as provision of
educts for biochemical synthesis of macromolecules, receptor
down-regulation, intracellular signaling, antigen presentation
(Miaczynska et al., 2004; Miaczynska and Stenmark, 2008;
Ellinger and Pietschmann, 2016), or as the main route for EV
internalization (Koumangoye et al., 2011; Nanbo et al., 2013;
Mulcahy et al., 2014; Heusermann et al., 2016; Nakase et al., 2016;
Durak-Kozica et al., 2018; Yao et al., 2018). Indeed, EV uptake
through this route is rapid, with EVs identified inside cells within
few minutes after their application to the culture medium (Feng
et al., 2010). EV uptake requires an active process as shown by
its absence in cells kept at 4◦C or fixed with paraformaldehyde
(Fitzner et al., 2011; Pan et al., 2012) and is therefore modulated
by the same mechanisms regulating endocytosis (Joseph and
Liu, 2020). Alternatively, it may occur by bulk flow, similarly,
to the fluid phase-uptake marker dextran (Tian et al., 2014a;
Nakase et al., 2016). Once internalized, EVs locate with various
markers of the endocytic pathway. For instance, EVs derived
from Epstein–Barr virus–infected B cells and tracked through
a fluorescent lipophilic dye localize, at increasing time points,
with RAB5, RAB7, and CD63-positive endocytic organelles of
recipient epithelial cells (Nanbo et al., 2013). EVs are observed
to enter human primary fibroblasts via filopodia and travel along
the endocytic pathway and end their route, after scanning the
endoplasmic reticulum, in lysosomes (Heusermann et al., 2016).
Consistent with this, EVs appear to exploit the endocytic pathway
to travel from the periphery, rich in early endosomes, toward the
perinuclear area, rich in late endosomes and lysosomes, or they
are sorted and recycled by secretion at the plasma membrane
(Mercer et al., 2010; Durak-Kozica et al., 2018), as described for
protein receptors (Gonda et al., 2019). Indeed, EVs (and viral
particles) are found within lysosomes of recipient cells as soon as
1 h after application (Koumangoye et al., 2011; Zhou et al., 2011;
Yao et al., 2018). This close proximity with the nucleus is hijacked
for the delivery of viral genomic material to “the control center
of the cell” and may hint to a possible shared delivery mechanism
also used by EVs (Mercer et al., 2010). Endocytosis is a broad term
that includes a range of internalization pathways that include
cell eating (“phagocytosis”) and cell drinking (“pinocytosis”)
processes, both involved in EV internalization (Feng et al., 2010;
Tian et al., 2014a; Ellinger and Pietschmann, 2016; Holder et al.,
2016; Chiba et al., 2018; Horibe et al., 2018; Ogese et al., 2019;
Verweij et al., 2019; Figure 1).

Phagocytosis
Phagocytosis is the main internalization path shared by
professional phagocytic cells, which embrace neutrophils,
macrophages, and dendritic cells (Savina and Amigorena, 2007;
Richards and Endres, 2014). Phagocytosis is tightly regulated,
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FIGURE 1 | Cellular pathways exploited for the delivery of EV cargo. EVs reaching recipient cells can interact with cell surface receptor or fuse with the limiting
membrane and deliver the soluble cargo directly to the cytosol. Alternatively, EVs are internalized through macropinocytosis, micropinocytic processes such as
clathrin-mediated endocytosis, and caveolin-mediated endocytosis or phagocytosis. Internalized EVs transit through endosomal compartments when directed to
lysosomes. Within endo-lysosomal organelles, ligands present on the EV surface can induce an intracellular signaling cascade through a ligand–receptor
mechanism. Moreover, cytosolic delivery of EV cargo may occur by fusion with the membrane of these organelles. The action of acidic hydrolases may liberate the
EV cargo for degradation, interaction with other endo-lysosomal components, or recycling to the extracellular milieu by back fusion with the cell membrane. Symbols
used are specified in the legend on the bottom of the scheme.

and it requires ligand–receptor–mediated recognition followed
by the active ingestion of large extracellular particles (>0.5 µm)
into intracellular organelles called phagosomes. These latter are
then directed to fuse with lysosomes to generate phagolysosome
(Stuart and Ezekowitz, 2005; Kuhn et al., 2014; Kettler et al.,
2016; Rosales and Uribe-Querol, 2017). Given the nature of this
process, it is understood that phagocytes preferentially internalize
large EVs, such as apoptotic bodies and ectosomes. Of particular
interest is the highly selective uptake of apoptotic bodies by
dendritic cells, a route that is mediated through the receptors for
phosphatidylserine (PS), which is enriched on the surface of these
large cell debris (Rubartelli et al., 1997; Hoffmann et al., 2001;
Gasser et al., 2003). Nevertheless, also particles less than 100 nm
in size are observed to be taken up by phagocytes (Kuhn et al.,
2014; Kettler et al., 2016). This is supported by the observation
that dendritic cells internalize exosomes through a process
that is inhibited by latrunculin-A (Ogese et al., 2019), a potent
inhibitor of phagocytosis (de Oliveira and Mantovani, 1988)
acting by depolarizing actin filaments (Fujiwara and Zweifel,
2018). Likewise, exosomes derived from leukemia cell lines are
taken up by a process sensitive to genetic inhibition of a key
regulator of phagocytosis (DNM2), and once internalized, they
localize with phagolysosome markers (Feng et al., 2010). Despite
sufficient evidence for phagocytosis as an endocytic process

involved in EV uptake, the exact mechanisms of small-size EVs
phagocytosis, e.g., the receptor involved, remain to be elucidated.
Moreover, given the nature of phagocytic cells, internalized EVs
end up in organelles rich in digestive enzymes (Feng et al., 2010),
thus representing a mean for their elimination, rather than a
process involved in cell-to-cell communication.

Pinocytosis
Pinocytosis describes a process in which inward budding of
the plasma membrane serves to internalize small amounts of
extracellular fluid and dissolved particles eventually forming
intracellular pinocytic vesicles. Pinocytosis is subdivided in
micropinocytosis (<0.1 µm) and macropinocytosis (∼0.2–
5.0 µm) according to the size (and fate) of pinocytic vesicles
and the molecular mechanism involved (Steinman, 1983;
Kruth et al., 2005).

Micropinocytosis
Most receptor-bound ligands are internalized via
micropinocytosis providing an efficient means for
uptake of specific macromolecules (Sallusto, 1995;
Banchereau and Steinman, 1998; Swanson, 2008; Mercer and
Helenius, 2009; Bloomfield and Kay, 2016). The internalization
of transferrin upon binding to the transferrin receptor is the
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best studied example of receptor-mediated endocytosis (Sullivan
et al., 1976; Harding et al., 1983). Coupling transferrin with
a fluorescent tag, a routine in monitoring micropinocytosis,
showed different localization of EVs with transferrin, depending
on incubation time and recipient cell type (Tian et al., 2014a;
Yao et al., 2018). Micropinocytosis forms clathrin-, caveolin-,
or non–clathrin/non–caveolin–coated plasma membrane pits
(Steinman, 1983; Kruth et al., 2005; Kaksonen and Roux, 2018).
Then, invaginated membranes pinch off to create organelles that
mature and fuse with endosomes. This delivers their contents for
recycling after fusion with the plasma membrane or for further
transport to lysosomes (Mellman, 1996; Kirchhausen, 2000;
Kaksonen and Roux, 2018).

EV size, EV origin, and recipient cell type may all play a
role in deciding whether micropinocytosis entails the use of
clathrin or caveolin or neither. EVs localize with markers of
clathrin-mediated endocytosis (CLME) by a process sensitive
to inhibitors of key effectors of this pathway. The compound
pitstop 2 is a potent, but not selective, inhibitor of clathrin-
dependent endocytosis that binds to the amino terminus of
clathrin and blocks its association with amphiphysin (von Kleist
et al., 2011; Dutta et al., 2012; Willox et al., 2014). CLME
inhibition by pitstop 2 decreases EV uptake in human trophoblast
cells (Holder et al., 2016) and colorectal carcinoma cells (Horibe
et al., 2018). The cationic amphiphilic drug chlorpromazine
inhibits the formation of clathrin-coated pits at the plasma
membrane (Wang et al., 1993) and reduces the uptake of
EVs in several in vitro cell culture models (Feng et al., 2010;
Escrevente et al., 2011; Tian et al., 2014a; Yao et al., 2018). EV
internalization is also decreased in the presence of pyrimidyn-7
and dynasore (Macia et al., 2006; McGeachie et al., 2013; Chiba
et al., 2018; Verweij et al., 2019), two non-selective inhibitors
of the GTPase activity of dynamin, a large GTPase involved
in late stages of clathrin-coated pits formation (Sever et al.,
2000; Hill et al., 2001). The genetic shRNA knockdown of
clathrin adaptor protein 2 (AP2) and that of dynamin inhibit
the assembly of clathrin-coated pits and result in an appreciable
reduction of EV uptake (Tian et al., 2014a). While CLME is
the best documented micropinocytic process for EV uptake, the
involvement of caveolin-mediated endocytosis (CAME) becomes
increasingly evident. Because of the small size of the caveolae,
it is plausible to assume that CAME tends to internalize EVs
with a small 60–80 nm diameter (Wang et al., 2009; Parton and
Collins, 2016). The endogenous expression of caveolin-1, the
main structural protein of caveolae, fluctuates between cancer
cell lines and correlates with the degree of EV uptake (Horibe
et al., 2018). In support to this, specific shRNA knockdown
of caveolin-1 impairs EV internalization (Nanbo et al., 2013).
Sterol-binding compounds that disrupt lipid rafts and caveolae
structures, such as filipin, genistein, and nystatin, inhibit CAME-
mediated EV uptake in various cell types (Svensson et al., 2013;
Tian et al., 2014a; Lin et al., 2018; Yao et al., 2018; Harischandra
et al., 2019). As dynamin also participates to the formation
of caveolae at the plasma membrane (Oh et al., 1998), studies
assessing the role of this protein through the use of genetic
and pharmacological inhibitors do not discern the possible
involvement of CLMA and CAME.

Taken together, the evidence that micropinocytosis is
implicated in the internalization of small-size EVs is well
documented. However, some of the molecular mechanisms
involved in this process need more investigation, in particular the
selective tropisms toward subclasses of small-size EVs.

Macropinocytosis
Macropinocytosis, on the other hand, overcomes the size
limitation in EV internalization of micropinocytic processes.
Macropinocytosis is characterized by the formation of actin-rich
plasma membrane extensions, named ruffles (Swanson and
Watts, 1995; Kerr and Teasdale, 2009). These pockets-like
membrane structures fuse back with the plasma membrane
and pinch off to form non-coated organelles, referred to
as macropinosomes, which encapsulate a large volume
of extracellular material (Kerr and Teasdale, 2009). The
relatively large size of macropinosomes allows the uptake of
a greater load of EVs and a broader range of EV sizes when
compared to micropinosomes. As for most endocytic organelles,
macropinosomes mature, shrink, and move toward the center
of the cell where they eventually fuse with lysosomes. Although
rarely, these organelles can recycle back to the plasma membrane
and release their content in the extracellular space (Swanson
and Watts, 1995). Macropinocytosis is an efficient, although
non-selective, mechanism for internalizing EVs (Swanson and
Watts, 1995). To demonstrate the participation of this pathway
in the EV uptake, various inhibitors targeting the machinery
generating macropinosomes were employed (Swanson and
Watts, 1995; Swanson, 2008; Kerr and Teasdale, 2009; Lim
and Gleeson, 2011). Macropinocytosis is dependent on the
Na+/H+ exchanger (NHE) activity (Swanson and Watts, 1995;
Koivusalo et al., 2010). EIPA (5-(N-ethyl-N-isopropyl)amirolide)
is an inhibitor of NHE that impairs micropinocytosis and EV
uptake (Tian et al., 2014a; Costa Verdera et al., 2017). Other
non-selective compounds are applied to study macropinocytosis.
Wortmannin and LY294002 (Feng et al., 2010; Tian et al., 2014a;
Costa Verdera et al., 2017), potent inhibitors of phosphoinositide
3-kinases, impair intracellular membrane traffic and endocytosis
(Araki et al., 1996). Latrunculin-A and cytochalasin-D destabilize
actin filaments (Lamaze et al., 1997; Yarmola et al., 2000;
Veltman et al., 2016) and inhibit ruffles formation (Montecalvo
et al., 2012; Svensson et al., 2013; Emam et al., 2018). As
macropinocytosis shares with phagocytosis similar molecular
mechanisms, the use of inhibitors is not sufficient to infer on
the specific involvement of either processes. Colocalization of
EVs with fluorescently tagged dextran, a fluid-phase marker of
endocytosis, is consistent with this view (Kerr and Teasdale,
2009; Fitzner et al., 2011; Tian et al., 2014a; Costa Verdera
et al., 2017; Canton, 2018). Moreover, macropinocytosis
does not specifically target molecules in the extracellular
environment, indicating that EV uptake may be dictated
just by their proximity to the cell membrane. Nevertheless,
macropinocytosis is regulated by specific mechanisms (Bryant
et al., 2007; Ha et al., 2016; Colin et al., 2019); stimulation, e.g.,
of the epidermal growth factor receptor, enhances EV uptake
(Nakase et al., 2015; Colin et al., 2019). Notably, also EVs
appear to induce macropinocytosis (Costa Verdera et al., 2017).
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Similar to phagocytosis, macropinocytosis channels EVs to
lysosomes (Fitzner et al., 2011; Yao et al., 2018), possibly
indicating a clearance mechanism, rather than a route for
transcellular signaling.

DELIVERING AN EV CARGO:
MEMBRANE FUSION

Cells exploit EVs to communicate biological information over
short and long distances, implying that the message transported
by EVs must engage with its natural target. This may occur at
the cell surface excluding an internalization process (Shelke et al.,
2019), e.g., when B-lymphocyte EVs activate T-cell receptors on
the surface of lymphocytes (Raposo et al., 1996). In contrast,
for a cargo such as RNAs transported in the EV lumen, the
target enabling a biological response is likely to be located in
the nuclear-cytosolic compartment where the machineries for,
e.g., mRNA translation or for microRNA regulation are expected
(Valadi et al., 2007; Zomer et al., 2015). However, there is a lack of
knowledge on the cell biology and biochemistry allowing the EV
cargo to bypass the robust barriers imposed by the phospholipid
bilayers, limiting both EVs and recipient cells. Not surprisingly,
the direct fusion of EVs with the membranes of recipient cells
is proposed as a relatively simple process for cell entry (Parolini
et al., 2009; Zomer et al., 2015; Prada and Meldolesi, 2016; Van
Dongen et al., 2016). Given the large body of evidence for an
EV uptake by endocytosis before cargo delivery, it is conceivable
that endocytic organelles may act as the location where EVs fuse
with cell membrane, in a process known as “endosomal escape.”
In this sense, recent studies offer a reasonable mechanism of
membrane fusion facilitated by the acidic environment and by the
degradative activity of lysosomal hydrolases (Parolini et al., 2009;
Montecalvo et al., 2012; Joshi et al., 2020). This is reminiscent
of the process used by several virus to deliver genomic material
to the host cell (Burkard et al., 2014). Indeed, low pH and
acidic hydrolases may induce conformational changes in viral
fusion proteins that facilitate the merge with the cell membranes
(Burkard et al., 2014; Staring et al., 2018). This is the case for
the rabies virus glycoprotein (RVG), which binds to the nicotinic
acetylcholine receptor expressed by cells of the nervous system
(Lentz et al., 1982; Gaudin et al., 1993; Lafon, 2005).

Interestingly, liposomes and other types of synthetic EVs are
developed as vectors for the delivery of membrane-impermeable
drugs, whereby multiple solutions were designed to improve
endosomal escape. The engineering of EVs bearing a short
peptide derived from RVG efficiently delivers functional BACE1
siRNA to neuronal cells in the mouse brain (Alvarez-Erviti
et al., 2011). Similarly, the integrin-recognition motif Arg-
Gly-Asp (RGD), present on viral envelopes, mediates host
cell infection (Hussein et al., 2015) by driving viral particle
internalization and endosomal escape (Shayakhmetov et al.,
2005). Incorporation of LAMP2 fused to RGD in the membrane
shield of EVs results in an efficient EV delivery of the
chemotherapeutic doxorubicin to integrin-positive breast cancer
cells (Tian et al., 2014b). Lipids participate as well in membrane
fusion events (Mathieu et al., 2019). For instance, PS on

the EV surface may interact with the PS-ligand annexin-V
enriched in membranes of early and late endocytic organelles of
macrophages (Diakonova et al., 1997). In an opposite manner,
PS on the luminal side of endocytic membranes (Matsudaira
et al., 2017) binds to annexin-V present on the surface of
apoptotic bodies (Igami et al., 2020). Cholesterol is a key
component of membrane organization and fusion events (Yang
et al., 2016). Indeed, the incorporation of cholesterol in EV
membranes is tightly regulated, and the endocytic process
largely depends on cholesterol (Mulcahy et al., 2014; Pfrieger
and Vitale, 2018; Mathieu et al., 2019; Skotland et al., 2020).
A recent report describes that treatment with U18666A, a
ligand of Niemann–Pick C1 protein, causes endo-lysosomal
accumulation of low-density lipoprotein–bound cholesterol and
hampers EVs fusion with recipient cell membranes (Joshi
et al., 2020). In a more provocative way, the description of an
unconventional delivery of EV content directly into the nucleus
of recipient cells mediated by late endosomes in contact with the
nuclear envelope unveils a beforehand unexplored EV delivery
mechanism (Rappa et al., 2017).

Independently of the mechanisms involved, the fusion of
EVs with cell membranes is expected to result in the liberation
of EV luminal cargos within the cytosol of the recipient cell.
Several studies have exploited the extremely sensitive CRE-based
recombination technique to infer on EV-mediated trans-cytosol
transport of biologically active macromolecules. Strikingly, these
studies reveal that cytosolic entry of an EV cargo occurs at
a sporadic rate (Ridder et al., 2014, 2015; Zomer et al., 2015;
Sterzenbach et al., 2017; Steenbeek et al., 2018; Ilahibaks et al.,
2019), an observation in contradiction with the large body of
evidence showing an efficient EV uptake through endocytosis.

THE ENDO-LYSOSOMAL SYSTEM, A
CROSSROAD FOR EXOGENOUS AND
ENDOGENOUS BIOMOLECULES?

The molecular mechanisms governing EV cargo loading dictate
not only the specific cargo signature of an EV and thus
the specific effect it will elicit in recipient cells, but also
the preferential route of delivery (van Niel et al., 2018).
Among all the identified biomolecules transported within
the EV lumen (Colombo et al., 2014), nucleic acids and
proteins have been shown to elicit a response in recipient
cells (Valadi et al., 2007; Skog et al., 2008; Zomer et al.,
2015). The target machinery able to translate a nucleic
acid–encoded message is expected within the cytosol or the
nucleus of recipient cells, with delivery requiring membrane
fusion events. A different prospect applies for a protein
cargo, as various surface and intracellular targets are apt
for engagement, thus widening the possible location for the
delivery of the message. Additional intracellular locations
besides the cell surface and the cytosol, discussed above, are
plausible. Recent studies imply an EV-mediated signaling in
the endo-lysosomal compartment. Human mast cell–derived
EVs promote phenotypic changes in recipient mesenchymal
stem cells through transforming growth factor beta1 (TGFbeta1)
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signaling (Shelke et al., 2019). The role of endosomes in this
signaling is demonstrated by requirement of an acidic pH for
the activation of TGFB1 (Annes et al., 2003; Shelke et al.,
2019). EVs loaded with the enzyme beta-glucocerebrosidase
(GBA) cause increased lysosomal GBA activity in recipient
cells to a similar extent when GBA was engineered in the
lumen or on the surface of EVs (Do et al., 2019a). These data
indicate that macromolecules transported through EVs could
remain functionally active in organelles of the endo-lysosomal
pathway. Endo-lysosome organelles represent a subcellular
compartment where degradative pathways able to transfer
exogenous and endogenous proteins converge (Lawrence and
Zoncu, 2019). In other words, the endo-lysosomal compartment
represents a crossroad where extracellular molecules delivered
through “cell-eating” and “cell-drinking” endocytic pathway may
meet intracellular molecules transported by the “self-eating”
autophagic machinery (Mizushima and Komatsu, 2011).

SELF-EATING

Protein homeostasis is maintained in mammalian cells by
multiple systems (Li et al., 2012). The ubiquitin (Ub)–proteasome
system (UPS) is a selective proteolytic machinery, in which
(usually) short-living poly-ubiquitinated proteins are unfolded
and degraded by the proteasome (Mizushima and Komatsu,
2011). The term autophagy originates from the Greek words
αùτóς (auto = self) and ϕαγεîν (phagy = eating), hence
describing a self-eating process (Wesselborg and Stork, 2015).
The autophagic machinery is complex in terms of both
distinct mechanisms and substrate heterogeneity; this latter
spanning from (usually) long-living proteins, protein aggregates,
nucleic acids, and cellular organelles (Mizushima and Komatsu,
2011; Fujiwara et al., 2017). Moreover, besides its degradative
function, autophagy is a truly dynamic process that serves
also as a recycling system providing the cell with the material
required to maintain its energetic homeostasis (Mizushima and
Komatsu, 2011). The broad term “autophagy” encompasses
three main processes: macroautophagy, microautophagy, and
chaperone-mediated autophagy (CMA) (He and Klionsky, 2009;
Tooze and Yoshimori, 2010; Feng et al., 2014; Dikic and
Elazar, 2018). Macroautophagy sequesters and encapsulates
cytoplasmic components including whole organelles or organelle
portions within an intermediate double-phospholipid-bilayer
organelle named “autophagosome” (Xie and Klionsky, 2007;
Tooze and Yoshimori, 2010; Lawrence and Zoncu, 2019). This
latter travels along microtubules toward the perinuclear region
where it fuses either directly with lysosomes or with late
endosomes as an intermediate step (Xie and Klionsky, 2007;
Tooze and Yoshimori, 2010; Mizushima and Komatsu, 2011;
Nakamura and Yoshimori, 2017). In contrast, microautophagy
sequesters small components of the cytoplasm (Mijaljica et al.,
2011). Non-selective microautophagy is specific toward small
cytosolic substrates, e.g., soluble proteins, and is characterized
by the formation of tubular invaginations of the lysosomal
membranes (Mijaljica et al., 2011; Li et al., 2012). These
membrane invaginations pinch off, forming intralysosomal

vesicles, which then release their cargo in the hydrolase-
rich environment of lysosomes (Sahu et al., 2011). Inward
membrane budding is also at the basis of ILV biogenesis
in MVBs, a process that may be suitable for eliminating
cytosolic components by secretion. On the other hand, selective
microautophagy is specific toward large substrates or organelles
(e.g., mitochondria, nucleus, and peroxisomes). These are
engulfed through the projected, arm-like protrusion of lysosomal
membranes; internalized within the lumen of lysosomes; and
then gradually digested (Mijaljica et al., 2011; Mizushima
and Komatsu, 2011; Li et al., 2012). Unlike the other two
types of autophagy, in CMA the combined action of the
chaperone protein heat shock cognate 70 (HSC70) and the
lysosomes-associated membrane protein type 2A (LAMP2A)
results in the specific recognition of protein substrates carrying
a KFERQ-like pentapeptide and in their active translocation
across lysosomal membranes (Mizushima et al., 2008; Orenstein
and Cuervo, 2010; Mizushima and Komatsu, 2011; Mizushima,
2018; Figure 2).

Autophagy is thus a diversified system that continuously
delivers a large variety of intracellular substrates to the endo-
lysosomal compartments. In this way, it is a process that, at
any given time, expands the array of macromolecules available
to meet extracellular material internalized through endocytosis,
with possible implications in health and disease. Notably, EV
cargos such as mRNAs and miRNAs may directly regulate the
autophagic processes once released within recipient cells (Song
et al., 2016; Cai et al., 2017; Kulkarni et al., 2018). This encounter,
within an acidic compartment dedicated to degradation, may
gain relevance in cellular states where lysosomal activity is
compromised, and substrates may accumulate.

AUTOPHAGY–LYSOSOME
DYSFUNCTION IN
NEURODEGENERATIVE DISEASES

Neurodegenerative disorders, such as AD, Parkinson disease
(PD), Huntington disease (HD), amyotrophic lateral sclerosis
(ALS), and transmissible spongiform encephalopathies (TSEs),
are etiologically and clinically distinct. Crucially, they all share
as pathological hallmark the deposition of protein aggregates
into ubiquitinated intraneuronal inclusions (Brundin et al.,
2010; Ciechanover and Kwon, 2015). Each disorder-specific
protein aggregate is formed by distinct proteins, which acquire
a beta-sheet–enriched conformation and eventually form soluble
multimeric structures and insoluble protein inclusions. Beta-
amyloid and tau are linked to AD (Terry, 1963; Masters et al.,
1985; Grundke-Iqbal et al., 1986; Goate et al., 1991; Haass and
Selkoe, 1993), alpha-synuclein to PD (Polymeropoulos et al.,
1997; Uversky, 2007), huntingtin to HD (Davies et al., 1997;
DiFiglia et al., 1997), TDP43 to ALS, and frontotemporal lobar
degeneration (FTLD) (Arai et al., 2006; Neumann et al., 2006)
and prion to TSE (Aguzzi, 2007). A recognized risk factor
for this family of disorders is aging, as well as the gradual
impairment of the cellular degradative systems (Kovács et al.,
2007; Piras et al., 2016; Malik et al., 2019). Postmitotic neurons
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FIGURE 2 | Autophagic processes contributing to cellular proteostasis. Protease-resistant protein complexes and aggregates are delivered to lysosomal degradation
by macroautophagy. This process is mediated by scaffold autophagy receptors able to bind to ubiquitinated proteins and the cleaved and
phosphatidylethanolamine-conjugated LC3 present on the forming autophagosome. The complex is then encapsulated within the lumen of the double-lipid by-layer
autophagy organelle, which expands and fuses with lysosome membranes for acidic hydrolases degradation. In chaperon-mediated autophagy (CMA), cytosolic
proteins bearing a KFERQ-like domain recognized by the unfolding chaperon HSC70 are escorted to LAMP2A on the surface of lysosomal membranes. Two
consecutive recruitments of LAMP2A molecules form a module that translocates the CMA substrate to the hydrolase-rich lumen of lysosomes. Symbols used are
specified in the legend on the bottom of the scheme.

of the central nervous system are particularly vulnerable to
the impairment of the autophagy–lysosome pathway. This age-
dependent progressive deficiency observed in the aging brain
correlates with the increasing accumulation of potentially toxic
protein forms in the neurodegenerating brain (Wong and
Cuervo, 2010; Lamark and Johansen, 2012; Ciechanover and
Kwon, 2015; Metaxakis et al., 2018). This is further supported by
animal models of late-onset neurodegenerative disorders, which
display a progressive accumulation of autophagic organelles
and protein aggregates (Spencer et al., 2009; Decressac et al.,
2013; Valionyte et al., 2020). Furthermore, nanoscale analysis
performed on postmortem brain tissue slice of patients
affected by AD and PD showed that beta-amyloid and
alpha-synuclein inclusions were enriched in lipid membranes
and organelles structurally resembling lysosomes and in part
immune-reactive for lysosomal markers (Nixon et al., 2005;
Hassiotis et al., 2018; Shahmoradian et al., 2019). Similar
observations were made with the identification of intralysosomal
prion inclusions in neurons of sporadic Creutzfeldt–Jakob
disease brains (Kovács et al., 2007). Actually, most studies
demonstrated that cytosolic protein inclusions are substrates
of selective macroautophagy and that molecular interventions
aimed to stimulate macroautophagy reduce intraneuronal
protein deposition with concomitant decrease in cell toxicity
and amelioration in behavioral phenotypes in animal models

(Tanaka et al., 2004; Spencer et al., 2009; Caccamo et al., 2010;
Spilman et al., 2010; Yang et al., 2011; Steele et al., 2013;
Savolainen et al., 2014; Yoon et al., 2017; Djajadikerta et al.,
2019). Intuitively, a defect in a key clearance mechanism of
the cell is expected to directly contribute to the build-up of
aberrant proteins predestined to be eliminated. On the other
hand, cellular inclusions and lysosomal overload may contribute
to a vicious cycle of events curbing lysosomal dysfunction
and protein deposition. Nevertheless, the discussion whether
defective activity of the autophagy–lysosome pathway is a “cause”
or an “effect” of intracellular protein inclusions merits more
attention (Figure 3).

The “Cause”
Compelling genetic and pharmacological experimental evidence
supports that impairment of the autophagy–lysosome pathway
exacerbates the accumulation of potentially toxic protein
oligomers and causes neurodegeneration. To reinforce this
argument, an approach often used is to abolish or reduce
the transcription of genes belonging to the core machinery
of autophagy. The autophagy-related 5 (ATG5) gene encodes
for a protein that conjugates with ATG12 and ATG16 to
form a complex involved in the extension of autophagosome
membranes (Tanida, 2011). Mice lacking Atg5 expression
specifically in neurons are characterized by the progressive
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FIGURE 3 | Lysosomal dysfunction in neurodegeneration. Controlled degradation of proteins via lysosomal hydrolases is a key cellular homeostatic event. Aging,
unknown factors, mutations in neurodegeneration-associated genes and in autophagy–lysosome genes, and the accumulation of cytosolic protein inclusions are
negative regulators of lysosomal function. In a vicious circle, defective lysosomal function contributes to aging, accumulation of toxic gene products, and disease.
Impaired lysosomal function may occur at the level of acidic hydrolase activity or by altered fusion and maturation of autophagy–lysosome organelles.

neuronal accumulation of cytoplasmic, Ub-positive inclusion
bodies and by the concomitant progressive deficit in motor
and behavioral functions (Hara et al., 2006). ATG7 is an
E1-like activating enzyme whose primarily function is to
participate in the conjugation of ATG12 and in the lipidation
of the microtubule-associated protein light chain 3 (LC3), two
essential steps in the formation of functional autophagosomes
(Xiong, 2015). The study of Atg7 knockout mice provides
additional evidence for the contribution of autophagy in the
formation of protein inclusions with aberrant intraneuronal
accumulation of beta-amyloid and cognitive dysfunction in a
mouse model of AD (Nilsson et al., 2013). Beclin-1, another
regulator of macroautophagy, appears altered in aged brains
and in patients affected by AD and HD. Decreased beclin-
1 in mice models of AD- and HD-related amyloidosis causes
impaired macroautophagy, increased inclusion bodies, and
general neuronal deficits, aspects reversed through ectopic
beclin-1 expression (Shibata et al., 2006; Pickford et al., 2008;
Lucin et al., 2013).

To date, there is only a single report of a human pathogenic
mutation among all the core ATG genes. The homozygous
E122D mutation in ATG5 was found in two siblings affected
by a childhood form of ataxia, characterized by progressive loss
of Purkinje cells, cerebellar hypotrophy, and clinical symptoms
affecting muscle coordination (Kim et al., 2016). At the cellular
level, the single point mutation leads to impaired autophagy
flux caused by defective conjugation of ATG5 with ATG12
(Kim et al., 2016).

Selective macroautophagy depends on Ub-binding scaffold
proteins that recognize cytoplasmic ubiquitinated protein
substrates and deliver them to the autophagy pathway
for degradation (Zientara-Rytter and Subramani, 2019).
Among all, P62/sequestome 1 (encoded by the SQSTM1
gene), NBR1 autophagy receptor (NBR1, neighbor of BRCA1
gene), autophagy-linked FYVE protein ALFY (WDFY3),

and optineurin (OPTN) are found in almost all types of
protein aggregates (Pankiv et al., 2007; Stolz, 2014; Lim and
Yue, 2015). The presence of autophagy receptors within
cytoplasmic inclusions supports the view that protein
aggregates are cleared by a selective macroautophagic
process (aggrephagy) (Øverbye, 2007). Concomitantly, the
presence of autophagy receptors within cytoplasmic inclusions
is also linked to a role of these as facilitators of protein
aggregation (Pankiv et al., 2007; Shen et al., 2015). Most
autophagy receptors are scaffold proteins that carry an Ub-
associated (UBA) domain and an LC3-interacting region
(LIR). The UBA domain binds to mono-ubiquitinated and
poly-ubiquitinated proteins (Shaid et al., 2013; Stolz, 2014;
Deng et al., 2017). On the other hand, the LIR sequence binds
to LC3 conjugated to the inner surface of the phagophore
(LC3-II), thus mediating the encapsulation of the complex
in autophagosomes (Stolz, 2014; Deng et al., 2017; Dikic
and Elazar, 2018), whereby autophagy receptors and LC3-
II become themselves autophagy substrates (Deng et al.,
2017). Genetic variants of the autophagy receptors OPTN
and SQSTM1 are linked to ALS-FTLD (Fecto et al., 2011;
Deng et al., 2017), and more severe disease forms are caused
by mutations in the UBA domain of P62 (Fecto et al., 2011;
Kwok et al., 2014). Furthermore, P62, optineurin, and NBR1
localize within Lewy bodies and neurofibrillary tangles (NFTs)
in postmortem human brain tissue (Osawa et al., 2011;
Odagiri et al., 2012). At the cellular level, P62 binds to poly-
ubiquitinated tau mediating its clearance, and mice with genetic
Sqstm1 inactivation display intraneuronal tau aggregation
(Ramesh Babu et al., 2008).

Inherited mutations of lysosomal hydrolases are linked to
neurodegenerative disorders (Lwin et al., 2004; Osellame et al.,
2013; Ebrahimi-Fakhari et al., 2014; Menzies et al., 2017; Do
et al., 2019b). For instance, homozygous mutation in the GBA
gene encoding for the lysosomal enzyme glucocerebrosidase
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causes Gaucher disease, a lysosomal storage disorder (Mazulli
et al., 2011; Menzies et al., 2017; Do et al., 2019b). Loss
of GBA function triggers the accumulation of its substrate
glucocerebroside within lysosomes leading to dysfunctional
lysosomal degradation and autophagic processes (Mazulli et al.,
2011; Menzies et al., 2017; Do et al., 2019b). Experimental Gba
knockout mouse model of Gaucher disease displays defective
autophagy with P62 accumulation, Ub-positive proteins, and
oligomeric alpha-synuclein (Osellame et al., 2013). Notably,
heterozygous mutation in GBA is the most common genetic
risk factor for PD (Lwin et al., 2004; Menzies et al., 2017;
Do et al., 2019b).

Chemical compounds are also used to mimic autophagy
dysfunction and its consequences. Bafilomycin A1, a
macrolide derived from Streptomyces griseus, specifically
inhibits the vacuolar ATPase that transports protons to the
interior of acidic organelles (Mauvezin and Neufeld, 2015).
Chloroquine (CQ), a drug known for its antimalarial and
anti-inflammatory properties, is a lysosomotropic buffering
agent rapidly penetrating across cell membranes and undergoing
a protonation-based trapping in the acidic environment of
autophagic, endocytic, or lysosomal organelles (Al-Bari, 2015).
The presence of either compound efficiently neutralizes the
luminal pH, inhibits acidic hydrolases, and impairs the fusion
among acidic organelles (Yamamoto et al., 1998; Mauvezin and
Neufeld, 2015; Mauthe et al., 2018). Increased accumulation
of cytosolic aggregates is found when these drugs are applied
to in vitro and in vivo models of neurodegeneration. This
occurs, for instance, in COS-7 cells expressing an aggregation-
prone fragment of mutant huntingtin, where treatment with
bafilomycin A1 results in a more pronounced aggregation
determined by the increase in aggregates size and in the number
of affected cells (Ravikumar et al., 2002). The same treatment
exacerbates the formation of detergent-insoluble alpha-synuclein
species in rat embryonic cortical neurons (Lee et al., 2004).
An increment in seeding events is observed in primary
neurons derived from tau transgenic mice when incubated with
exogenous tau fibrils and CQ (Gibbons et al., 2017). A higher
Ub-positive cytoplasmic TDP43 inclusion load is observed
upon CQ treatment of a mouse model expressing mutated
vasolin-containing protein (Custer et al., 2010; Nalbandian et al.,
2015). In good agreement with these findings, macroautophagy
stimulation is a proven intervention apt to reduce cytosolic
protein aggregates, ultimately reversing behavioral phenotypes in
animal models of neurodegenerative diseases (Ravikumar et al.,
2004; Tanaka et al., 2004; Spencer et al., 2009; Caccamo et al.,
2010; Spilman et al., 2010; Yang et al., 2011; Steele et al., 2013;
Savolainen et al., 2014; Yoon et al., 2017; Djajadikerta et al., 2019).
In a mouse model of beta-amyloid and tau pathology, induction
of autophagy with an inhibitor of the mammalian target of
rapamycin (mTOR) decreases intraneuronal beta-amyloid
accumulation and rescues cognitive deficits (Caccamo et al.,
2010). Similarly, oral administration of the disaccharide trehalose
in a transgenic mouse model for mutant huntingtin effectively
reduces cytosolic inclusions and ameliorates hallmark motor
dysfunctions of HD (Tanaka et al., 2004). The neuroprotective
effect of trehalose may rely on stimulation of autophagic flux

independently from the mTOR signaling pathway (Sarkar et al.,
2007; Lee et al., 2018).

The “Effect”
The increased impairment of the autophagy–lysosome pathway
associated with the progression of neurodegenerative disorders
may hint to intrinsic negative effects caused by accumulating
aberrant protein forms. This outcome may result from a
loss of function; e.g., the scaffold protein huntingtin interacts
with P62 and facilitates the association of ubiquitinated
substrates targeted to autophagy with LC3 (Ochaba et al.,
2014). Mutant huntingtin fails in this role, thus compromising
cytosolic cargo recognition and delivery to selective autophagy
(Martinez-Vicente et al., 2010).

UPS and CMA are the first-line defense in disposing
soluble proteins. However, when proteins aggregate into fibrillar
insoluble forms, as it is the case for neurodegenerative
disorders, they become increasingly resistant to both UPS
and CMA degradation (Ciechanover and Kwon, 2015). The
capacity to “escape” UPS and CMA degradation may well rely
on the resilience of structured, beta-sheet–enriched protein
aggregates to chaperon-mediated “unfolding,” which is required
for funneling the polypeptide into these degradative pathways.
As a result, they may act as negative regulators. CMA-mediated
degradation relies on the presence of the KFERQ-like motif
on its substrates. Accordingly, the VKKDQ sequence on alpha-
synuclein is a recognition and binding domain for the chaperon
HSC70, which mediates its translocation into lysosomes (Fred
Dice, 1990; Cuervo et al., 2004). Fibrillar forms of alpha-
synuclein resist to the unfolding activity of HSC70, and by
binding to LAMP2A, they act as translocation inhibitors further
busting their accumulation and impairing the degradation of
other CMA substrates (Cuervo et al., 2004; Ross and Poirier,
2005). Likewise, at least in vitro, cytosolic protein inclusions
act as clogging blockers in the barrel-shaped structure of the
proteasome (Cuervo et al., 2004; Martinez-Vicente et al., 2008;
Andre and Tabrizi, 2012). However, UPS and CMA impairment
stimulates the specialized activity of aggrephagy as an alternative
degradative machinery (Massey et al., 2006; Pandey et al., 2007;
Lamark and Johansen, 2012).

Interestingly, prion infection disrupts the maturation of endo-
lysosomal organelles by interfering with RAB7 association to
membranes, which eventually prevents lysosomal degradation
of PrPSc in favor of fibril formation (Shim et al., 2016).
The key molecular spark that triggers prion pathogenesis is
the conformational conversion of prion protein PrPC, with
a predominant alpha-helix content, into the highly infectious
beta-sheet–rich PrPSc (Pan et al., 1993). PrPSc forms detergent-
insoluble fibrils also defined as PrPRes to highlight their intrinsic
ability to resist to proteolytic degradation. As the endo-lysosomal
pathway may represent the subcellular site where the conversion
to PrPSc occurs, this has the potential to impair overall lysosomal
degradative function (Caughey et al., 1991). Indeed, increased
number and size of lysosomes and autophagic vacuoles are
well-established neuropathological features of prion-infected
neurons in animal models and in patients (Boellaard et al., 1991;
Sikorska et al., 2004).
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In addition to the effect of cytosolic aberrant protein forms,
also their extracellular counterparts need to be considered when
studying the pathogenesis of diseases. As previously discussed,
non–cell-autonomous proteins exploit the endocytic pathway
to access the inside of cells. In this respect, recombinant and
brain-extracted protein fibrils and seeds enter the cell and traffic
toward lysosomes upon endocytosis (Hu et al., 2009; Domert
et al., 2016; Karpowicz et al., 2017; Evans et al., 2018), whereby
lysosomal function appears required prior to reach the cytosol
for further propagation (Tsujimura et al., 2015; Domert et al.,
2016; Evans et al., 2018; Hoffmann et al., 2019). Intriguingly,
exogenous alpha-synuclein fibrils taken up by endocytosis drive
intracellular seeding within the endo-lysosomal compartment
(Tsujimura et al., 2015). This occurs with the assistance of the
lysosomal protease cathepsin-beta that, when compared other
proteases, specifically triggers its aggregation. Concurrently,
the accumulation of protease resistant alpha-synuclein fibrils
within lysosomes impairs lysosomal function and autophagic flux
(Hoffmann et al., 2019).

Protein Aggregation Within Lysosomes
In the context of this review, it is intriguing to consider
alternative intracellular locations besides the cytosol, which
may serve as seeding hubs in the nucleation process leading
to intraneuronal inclusions as observed in neurodegenerative
disorders. The acidic organelles of the cell may represent the
initial location for the seeding activity of exogenous protein
oligomers and fibrils, which may then gain access to the cytosol
and trigger further aggregation (Figure 4). The endo-lysosomal
pathway of the cell gathers at least four features that ideally
facilitate the mechanism of disease-causing protein aggregation:
(1) the presence of proteases, (2) the co-assistance of other
protein-modifying enzymes such as glycosidases, sulfatases, and
kinases, (3) a low pH, and (4) a relatively small volume and
membrane surface area.

Proteolytic processing of neurodegeneration-associated
proteins has received particular attention as in vitro evidence
suggests increased propensity to aggregate when these are
cleaved at specific amino acid sites. We discussed already above
the evidence that in a cellular model of prion infection, the amino
terminus of PrPRes, or of its precursor, is removed by lysosomal
proteases facilitating its aggregation within lysosomes (Caughey
et al., 1991). It was recently reported that tau is a substrate
of asparagine endopeptidase, a lysosomal cysteine protease
generating tau fragments with a high propensity to aggregate
(Chen et al., 1998) observed also in the brain of human AD or tau
transgenic mice (Zhang et al., 2014). What is more, the release of
beta-amyloid from its precursor is initiated by the activity of the
acidic endoprotease BACE located in endo-lysosomes (Pasternak
et al., 2004). Intriguingly, the discovery within lysosomes of
kinases phosphorylating neurodegenerative-associated proteins
has raised awareness that pathological phosphorylation may
be acquired within these organelles. As an example, the beta-
isoform of glycogen synthase kinase 3 (GSK3beta), the main
phosphorylating enzyme for a tau form enriched in disease-
associated NFTs (Cohen and Goedert, 2004), is found within
acidic organelles of the endo-lysosome pathway (Taelman et al.,

2010; Li et al., 2016). Although experimental evidence that
directly links tau toxicity to lysosomal GSK3beta is missing, this
mechanism is intriguing and cannot be disregarded.

A high load of energy is required for the activity of the proton
pump to maintain the acidic conditions required for the activity
of lysosomal enzymes (Mindell, 2012). A low pH could serve
as a spark triggering protein aggregation as it was shown for
prion conversion (DeMarco and Daggett, 2007; Srivastava and
Lapidus, 2017). Indeed, a protonation-based model approach
demonstrated that the partial unfolding and dissociation of
one alpha-helices of PrPC result in the loss of critical long-
range salt bridges, which favor the conversion to a PrPSc-like
structure (DeMarco and Daggett, 2007). Similar results were
obtained analyzing kinetics of amyloid fibril formation, which is
accelerated in the pH range observed in lysosomes of living cells,
implying a possible contribution of lysosomes in amyloid diseases
(Colon and Kelly, 1992).

The relatively small size of endo-lysosomal organelle
when compared to the cytosol should also be considered
a critical contributor of neurotoxic protein aggregation.
Seeding aggregation of proteins is remarkably dependent
on protein concentration and on the interaction with
membranes (Eisele et al., 2015; Poulson et al., 2020), whereby
a threshold concentration has to be reached in order to
initiate a nucleation-dependent polymerization (Harper
and Lansbury, 1997). Autosomal dominant disease forms
bring clinical evidence of the correlation between protein
concentration and pathogenicity. Examples are a hereditary PD
form characterized by the triplication of the alpha-synuclein
locus and extensive Lewy body formation (Singleton et al.,
2003) or trisomy 21 characterized by an extra copy of the
APP gene and early-onset AD-like amyloidosis (Lott and
Head, 2019). In vitro experiments support the view that
lysosomes may foster the critical concentration and exposure
to membranes required for protein nucleation and further
multimerization. This is the case when extracellular beta-
amyloid monomers were found to be taken up by cells and to
accumulate with seeding nucleation properties within lysosomes
(Hu et al., 2009).

Disease Spreading and EVs
Neurodegenerative diseases are characterized by the spreading
of pathological protein forms following a predictable
spatiotemporal pattern through the brain of affected patients.
This correlates with the symptom progression in a disorder-
specific and unique manner. For instance, in AD, tau NFTs
first occur in the entorhinal region and then spread to the
surrounding hippocampal area and reach the entire neocortex
in later disease stages (Goedert, 2015; Kaufman et al., 2018).
In contrast, beta-amyloid senile plaques are first observed in
the orbitofrontal and basal temporal neocortex and then slowly
progress from anterior to posterior areas to invade the entire
neocortex, the hippocampus, the amygdala, and the basal ganglia
(Goedert, 2015). At the cellular level, nucleation-competent
seeds are transferred from cell-to-cell, possibly exploiting
existing cell communication mechanisms to drive the spreading
of pathology. At the molecular level, the conversion of a native
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FIGURE 4 | Lysosomal contribution to seeded propagation of disease. The endocytic organelles represent a crossroad where exogenous proteins (A) transported by
EVs engage with their cellular cytosolic targets (B) transported by autophagy. The slightly acidic milieu of these organelles may spare proteins from degradation in
favor of a biologically relevant target engagement, or of a pathogenic mechanism of seeded propagation of toxic protein forms. This latter may subsequently lead to
lysosomal membrane rupture, overt cytotoxicity, and the formation of cytosolic protein inclusions as pathological hallmarks of disease. Symbols used are specified in
the legend on the right of the scheme.

(often unfolded) state to a highly ordered fibrillar structure
resembles the template-mediated mechanisms of prions, thus
defined as prion-like paradigm (Soto and Pritzkow, 2018).
In vitro studies support the notion that the dissemination of
pathogenic protein forms through templated amplification
occurs via interconnected neurons (Gribaudo et al., 2019;
Hallinan et al., 2019), which fits well the progressive spreading
through anatomically linked brain regions observed in vivo
(Narasimhan et al., 2017; Henderson et al., 2019; Wegmann
et al., 2019). Noteworthy, some connected brain areas are spared
by this process, hinting to a specific cellular mechanism of
release/uptake of protein seeds. Among the non-exclusive routes
of cell-to-cell seed transport, EVs have gained a significant
recognition as likely transcellular vehicles (Fiandaca et al.,
2015; Thompson et al., 2016; Guix et al., 2018), with the
advantage to ensure protection against degradative activities
and propagation to distant targets. This pathogenic role of EVs
is supported by observations made in animal models of most
neurodegenerative disorders (Vella et al., 2007; Watson et al.,
2019). Not surprisingly, there is the demand to better define
whether a specific mechanism exists for the encapsulation of

nucleation-competent particles into EVs by the (infectious)
donor cell. At the same time, and possibly more importantly, we
need to understand how seeds are internalized by the (healthy)
recipient cell to reach their target. As discussed above, EVs
mainly take advantage of the endocytic pathway to enter the
cell where they may accumulate within lysosomes and liberate
their possibly noxious cargo. Accordingly, a recent in vitro study
from our laboratory brought evidence that it is conceivable that
an EV-transported, proaggregating tau form uses this route of
cell entry to eventually induce cellular tau accumulation within
acidic organelles of the recipient cell. The physical interaction
between exogenous seeds and endogenous wild-type tau at the
crossroad between the endocytic and the autophagic pathways
ultimately triggered the formation of tau epitopes typical of
NFTs, progressive lysosomal impairment, and overt cytotoxicity
(Pedrioli et al., 2020). Thus, despite the dichotomy of degradative
organelles embodying the cellular site where seeded propagation
of pathogenic protein occurs, mounting experimental evidence
points to a role of EVs as transcellular mediators exacerbating
an (age-related) impairment of the lysosomal pathway in the
neurodegenerative state.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 January 2021 | Volume 8 | Article 59551554

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


fcell-08-595515 December 23, 2020 Time: 15:8 # 13

Pedrioli and Paganetti Endocytosis and Autophagy in Extracellular Vesicles Communication

CONCLUSION AND FUTURE
DIRECTIONS

A constantly growing knowledge on the biology of EVs has
expanded the initial, but still valid, interpretation of them as a
kind of garbage bag expelled by the cell, to include now for them
a role as vehicle of precise cell-to-cell communication and as
critical contributor to disease. Technologic advances allowed a
detailed, yet in part incomplete, perception of the complexity of
this variegate population of secreted vesicles. A main objective
of this review is to discuss the cellular mechanisms required
to elicit a biological response in the acceptor cell, while much
is already known in terms of EV biogenesis in the donor cell.
Among them, the list includes the specific tropism toward the
recipient cell, the route evolved for their uptake, and the release
mechanism for the target engagement of a biological active cargo
molecule. Distinct subpopulations of EVs, their cargo signatures,
and the type and state of recipient cells, to name a few, are all
puzzle fragments contributing to the complexity of the picture
currently assembled.

This review has focused on the experimental evidence
pointing to the central role for EV-mediated cellular
communication provided by the endocytic pathway. In an
organism, cells are exposed, at any given time, to EVs
continuously released from a wide range of cell populations,
with distinct biophysical properties and cargo compositions and
originating from close and distant locations. Some questions
relating to the mechanisms regulating the tropism of EVs
remain partially unanswered. In this plethora of EVs floating
on the surrounding of a cell, how is a message delivered
with accurate precision to the desired target cell? Does the
endocytic pathway merely represent a route exploited by EVs
to gain access to the cell, or does it provide the favorable
environment for functional cargo delivery in health and disease?
Will the knowledge on the biology driving viral infection of a
cell facilitate the identification of the mechanisms governing
EV cargo release, or do we need to implement innovative
and highly sensitive research methods for this purpose? The
current techniques suggest that release of an EV cargo in
the cytosol of recipient cells is an existing but rather rare
event. An important question to be addressed will be to define

“rare” in the context of a biologically relevant EV-mediated
cell-to-cell communication.

Finally, we also discussed the existence of a possible
vicious cycle driving a neurodegenerative process (Figure 3).
Aggregation of aberrant proteins may impair autophagic
and lysosomal degradative pathways, which in turn curb
further protein aggregation, and importantly seeded transcellular
propagation possibly mediated by EVs as vectors for direct
delivery of replication-competent particles to acidic organelles
of recipient cells. Even more, EVs could be the trigger for
the initiation of a cascade of adverse events including prion-
like propagation and lysosomal dysfunction. In this context,
autophagy stimulation as a proposed intervention to reduce
intraneuronal protein inclusions may backfire into a completely
opposite direction. If not specifically targeted to the affected
neuron, autophagy stimulation may well favor that an EV cargo
with seeding capabilities could encounter and propagate on the
native protein counterpart within lysosomes of healthy neurons.
The potential dichotomic role of the autophagy–lysosome
pathway in clearing cytosolic inclusions and contributing to
transcellular propagation certainly requires further attention and
experimental validation.
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Background: Microglia are important myeloid cells present in the brain parenchyma
that serve a surveillance function in the central nervous system. Microglial cell activation
results in neuroinflammation that, when prolonged, can disrupt immune homeostasis
and neurogenesis. Activated microglia-derived extracellular vesicles (EVs) may be
involved in the propagation of inflammatory responses and modulation of cell-to-cell
communication. However, a complete understanding of how EVs are regulated by drugs
of abuse, such as cocaine, is still lacking.

Findings: Cocaine exposure reduced human microglial cell (HMC3) viability, decreased
expression of CD63 and dectin-1 in HMC3-derived EVs, and increased expression of
the apoptotic marker histone H2A.x in HMC3-derived EVs.

Conclusion: Cocaine impacts HMC3 cell viability and specific EV protein expression,
which could disrupt cellular signaling and cell-to-cell communication.

Keywords: HMC3, microglia, extracellular vesicles, cocaine, brain

INTRODUCTION

Microglial activation is a pivotal focus of neurobiology (Franco and Fernandez-Suarez, 2015;
Liddelow et al., 2017; Regen et al., 2017). Microglia can be neuroprotective by mediating
neuroinflammation and the release of various substrates (Polazzi and Monti, 2010; Chen and Trapp,
2016; Condello et al., 2018). However, this changes under various conditions (Szepesi et al., 2018).
In a study looking at meningitis there appeared to be a feedback mechanism involving IL-10 and Il-
6 which are anti-inflammatory and proinflammatory, respectively (Rock et al., 2004). Microglia can
release trophic factors which was evident when microglia were depleted with subsequent neuronal
loss. It appears that the pathological state may dictate whether the microglia is protective or not
(Szepesi et al., 2018).

One pathological state that causes microglial activation is stress (Bollinger et al., 2017; Lehmann
et al., 2018; Zhang et al., 2020). Stress can dictate the relationship between the nervous system and
the immune system. One known stress, alcohol, is well studied and in autopsy studies of alcoholics
it shows an increase in microglial activation (Dennis et al., 2014). Activation of microglia in this
case causes an increase in proinflammatory substances which can cause neuronal death (Dennis
et al., 2014). Chronic exposure does not induce microglial activation as much as an acute exposure

Abbreviations: EV, extracellular vesicles; NTA, NanoSight Tracking Analysis; CD, cluster of differentiation; HSP, heat shock
protein; TLR, Toll-like receptor.
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(Sutherland et al., 2013). Alcohol can affect many biological
processes but in a recent study it was shown that alcohol had
a significant effect on both the composition and production of
exosomes which can have significant physiological consequences
(Crenshaw et al., 2019).

Extracellular vesicles (EVs) are small nanovesicles which can
include exosomes (30–120 nm) and ectosomes (100–500 nm).
EVs are released from most cell types including cells of the
nervous system (Fitzner et al., 2011; Chivet et al., 2012; Wang
et al., 2012; Glebov et al., 2015). The formation of EVs
involves multivesicular bodies (exosomes) and plasma membrane
(ectosomes). EVs are heterogeneous as it pertains to its cargo
and membrane proteins. EVs contain lipids, proteins, RNA and
microRNA. EVs are involved in intercellular communication and
their regulation is paramount.

Another drug that is a potent activator of microglia
(Burkovetskaya et al., 2020; Linker et al., 2020) and may regulate
EVs is cocaine. Cocaine has been shown to increase microglial
activation in rodent striatum and hippocampus (Blanco-Calvo
et al., 2014). When human glioblastoma cells were treated with
cocaine the release of EVs was stimulated, in particular the
exosomes in a time dependent manner (Carone et al., 2015). The
greatest effect was seen at the highest concentration, 150 µM,
used. There is a paucity of data on what the effects of cocaine
may be on EV regulation and composition in microglia. Thus, in
this study we aimed to investigate what effect cocaine had on EV
composition, size, and quantity in human microglia.

MATERIALS AND METHODS

Cell Culture and Treatment
Human microglial cells (CRL-3304) were purchased from
American Type Culture Collection (ATCC) (VA, United States).
Human microglial cells (HMC3) were cultured in ATCC
recommended Eagle’s Minimum Essential Medium (EMEM)
supplemented with 11.2% Fetal Bovine Serum (FBS), 1%
Pen/strep, 0.05% Amphotericin-B at 37◦C in 5% CO2.

HMC3 microglia cells were plated at 2 × 106 cells/dish and
allowed to adjust overnight before cocaine dosing. The next
morning, old media was removed and fresh exosome-depleted
complete medium was added to each dish, Medium-only served
as experimental control; however, exosome-depleted complete
media containing 1 µM, and 100 µM of cocaine served as
experimental treated-group which were incubated for 24 h at
37◦C in 5% CO2. All experiments were performed either in three
or five independent replicates.

Assessment of Cell Viability
To test the percent cell viability trypan blue exclusion test was
performed. For trypan blue test 5 µL of cell suspension was mixed
with 45 µL of trypan blue dye and 10 µL of this cell mix was
loaded to hemocytometer to perform a live/dead cell count. Cells
were counted in four blocks of the hemocytometer under a light
microscope and the average of the four blocks was taken and
multiplied by the respective dilution factor and 10,000. The cell
viability was represented in percent cell viability.

Isolation of EVs
Isolation of microglia cell derived EVs was carried out using
condition medium after 24 h of cocaine exposure at 1 µM,
100 µM, and control (No-treatment). Condition media was
carefully collected and spun down at 300 × g [1,300 revolutions
per minute (rpm)] at 4◦C for 10 min using a Sorvall RT 6000
refrigerated centrifuge. The supernatant was further spun at
2,600 × g (3,900 rpm) at 4◦C for 10 min. The supernatant was
filtered with 0.22 µM membrane and tubes were balanced using
a 5% sucrose solution in phosphate buffer saline (PBS) containing
a 1x protease inhibitor cocktail. Ultracentrifuge tubes were spun
at 20,000 × g (10,800 rpm) at 4◦C for 45 min in an SW41T1
swinging bucket rotor at 4◦C using a Beckmann Coulter Optima
TML-70K Ultracentrifuge. Exosome fraction was collected after
70 min spun at 110,000 × g (32,000 rpm) at 4◦C and were
subjected to further experiments.

Assessment of EV-Size and
-Concentration
To analyze the size and concentration of HMC3 cell-derived
EVs (particle per mL), nanoparticle tracking analysis (NTA) was
performed using NanoSight-LM10, Malvern Instrument, Inc.,
Malvern, United Kingdom. The samples were prepared at a
dilution of 1:100 in 1x PBS and loaded in a 0.3 mL disposable
syringe. The NTA works on the principle of the Brownian
movement of the particle to analyze the size and concentration
of EVs in the samples. The mean values of the replicate were
recorded and processed for each reading frame of the five
independent experiments.

The size and morphology of exosomes analyzed using
transmission EM (TEM). For TEM, fixed exosome samples were
loaded on the EM-grid and incubated for 1 min at RT and
immediately stained with 7 µL of filtered uranyl acetate (UA)
solution on the surface of the EM-grid. After 15 s, samples
were observed under TEM (Tecnai 120 kV (FEI, Hillsboro, OR,
United States) at 80 kV within 24 h as compared to the negatively
stained grids. Digital images were captured with a BioSprint 29
CCD Camera (AMT, Woburn, MA, United States).

Dot Blot Analysis
To examine the expression of apoptotic markers, exosomal
markers, and HSPs, dot blots analysis was carried out using
5 µg per dot total EVs-lysate after boiling at 99◦C for 5 min.
Membranes were allowed to dry for 5 min and non-specific
binding was blocked with 1x Pierce Fast blocker for 10 min at
room temperature. Membranes were incubated with the primary
antibodies of CD9 (1 µg/mL), CD63 (0.5 µg/mL), cleaved
caspase-9 (1:1,000), cleaved caspase-3 (1:1,000), H2A.x (1:1,000),
Hsp70 (1:1,000), Hsp90-β, (1:1,000), Dectin-1 (1 µg/mL), TLR2
(1:2,000), for 1 h at room temperature. Membranes were washed
three times 10 min each with 1x TBST-20 buffer containing 0.09%
tween-20. HRP-conjugated appropriate secondary antibodies
either goat anti-rabbit (1:1,000) or goat Anti-mouse (1:1,000 were
used to incubate the membranes using 2% non-fat milk solution
in TBST-20 buffer for 1 h at room temperature. Membranes were
washed 3-times 10 min each with TBST-20. Targeted proteins on
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the membranes were detected using ECL liquid substrate system
(Invitrogen, MA, United States) under a Bio-Rad ChemiDoc
TM XRS+ system.

Statistical analysis: For multi group comparisons, one-way
ANOVA was used. Statistical significance was established to be
(∗) P < 0.05, (∗∗) P < 0.01.

RESULTS

HMC3 cells, an immortalized human microglial cell line, were
exposed to 1 or 100 µM cocaine, which was freshly prepared in
exosome-depleted medium from 5.9 mM stock, for 24 h. Cell
viability, assessed using trypan blue exclusion assay, showed a
significant decrease in cell viability after exposure to 1 or 100 µM
cocaine compared with the control condition (Figure 1A and
Supplementary Figures 1A, 5), indicating that cocaine has a
detrimental effect on microglia cells.

To test the effect of cocaine exposure on HMC3 cell-derived
EVs, we cultured cells in complete Eagle’s Minimum Essential
Medium using exosome-depleted fetal bovine serum with 1 or
100 µM cocaine. Medium only was used as a control. After
incubating cells with cocaine, EVs released into the medium
were isolated and purified using a standard ultracentrifugation
procedure (Bell et al., 2019; Crenshaw et al., 2019; Jones et al.,
2019). The size and quantity of isolated EVs were measured using
NTA and TEM. We found that cocaine did not alter the size
of EVs and EVs are visible and easily recognizable (Figure 1B
and Supplementary Figures 1B,D–F), which ranged from 30 to
150 nm in diameter across conditions, consistent with previous
studies (Bell et al., 2019; Crenshaw et al., 2019; Jones et al., 2019;
Kumar et al., 2020). However, 100 µM cocaine slightly reduced

the number of EV particles per mL compared with the 1 µM
cocaine and control conditions, although this difference was not
significant (Figure 1C and Supplementary Figures 1C,D–F).

Membrane-bound proteins perform a variety of vital functions
for the survival of organisms, including playing critical roles in
signal transduction, cell-to-cell communication, transportation,
and adhesion. Therefore, using western/dot blot analysis, we
evaluated the expression of select membrane-associated proteins
in HMC3 cell-derived EVs that are critical for cellular signaling
and are known EV-associated markers, including cluster of
differentiation (CD)9 and CD63 (Polazzi and Monti, 2010; Chen
and Trapp, 2016; Condello et al., 2018). Based on the evaluation
of calnexin western blot analysis we found that purified exosomes
(Figure 2A) after cocaine exposure did not alter CD9 expression
(Figure 2B and Supplementary Figure 2B) but significantly
reduced CD63 expression in EVs (Figure 2C and Supplementary
Figure 2C).

The proteolytic cleavage of caspases is a unique characteristic
of apoptotic cell death. We examined the effect of cocaine
exposure on expression of cleaved caspase-9 and -3
along with histone H2A.x (Figure 3A), a well-known
marker of double-stranded DNA break or damage (Talasz
et al., 2002; Stucki, 2009; Yin et al., 2019). We found
that cocaine exposure did not alter the expression of
cleaved caspase-9 or -3 (Figures 3B,C and Supplementary
Figures 3B,C). However, 100 µM cocaine significantly
increased histone H2A.x expression (Figure 3D and
Supplementary Figure 3D), supporting previous findings
(Bell et al., 2019).

Heat shock proteins (HSPs) are an evolutionarily conserved
group of proteins expressed in all eukaryotes and some
prokaryotes (Kumar et al., 2013, 2016). In particular, Hsp70

FIGURE 1 | Cocaine reduces HMC3 cell viability. HMC3 cells were exposed to 1 or 100 µM cocaine for 24 h, after which cell viability (trypan blue exclusion assay)
and EV size and quantity were evaluated using NTA and TEM. (A) Cocaine significantly reduced HMC3 cell viability when compared with the control condition.
Cocaine did not alter (B,D–F) EV size but (C) slightly decreased EV production (particles per mL) compared with the control condition, although this difference was
not significant. Data were obtained from 3 to 5 independent experiments performed in triplicate. Statistical significance is indicated as *P < 0.05 and **P < 0.01.
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FIGURE 2 | Cocaine modulates expression of EV markers in HMC3 cells. Equal amounts (5 µg/dot) of total protein from HMC3 cell-derived EVs derived after
cocaine treatment with 1 or 100 µM cocaine were loaded onto nitrocellulose membranes to assess the expression of CD9 and CD63. Cocaine (A) demonstrated
purity of exosomes (B) did not alter CD9 expression but (C) significantly decreased CD63 expression compared with the control condition. Statistical significant
difference obtained from 5-independent experiment is indicated as *P < 0.05 and **P < 0.01.

FIGURE 3 | Cocaine affects expression of apoptotic markers in HMC3 cell-derived EVs. (A) Equal amounts (5 µg/dot) of total protein from HMC3 cell-derived EVs
derived after cocaine treatment with 1 or 100 µM cocaine were loaded onto nitrocellulose membranes to assess the expression of cleaved caspase-9/-3 and
histone H2A.x. Cocaine did not alter the expression of (B) cleaved caspase-9 or (C) cleaved caspase-3. However, (D) 100 µM cocaine significantly reduced the
expression of histone H2A.x compared with the control condition. Statistical values obtained from 5-independent experiment is indicated as *P < 0.05.
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and Hsp90-β act as molecular chaperones that assist proper
folding or refolding of newly synthesized polypeptide chains
and thereby exert a cytoprotective effect against stress-induced
apoptosis. We found that cocaine exposure had no/minimal
effect on expression of Hsp70 or Hsp90-β (Figures 4A–C and
Supplementary Figures 4B,C).

Finally, we measured the expression of dectin-1 and
Toll-like receptor 2 (TLR2) in HMC3 cell-derived EVs.
Dectin-1 is a C-type glycoprotein/lectin receptor expressed on
macrophages, microglia, monocytes, dendritic cells, neutrophils,
and a subset of T cells (Shah et al., 2008; Maneu et al.,
2011) that plays important roles in the secretion of crucial
cellular proteins (e.g., pro-regenerative factors) and anti-
fungal immunity (Willment et al., 2001; Kato et al., 2006).
TLR2 is a key regulator that induces activation of NF-kB
and controls the expression of immune and inflammatory
response-related genes (Medzhitov et al., 1997). We found
that 100 µM cocaine significantly reduced the expression
of dectin-1 (Figures 4A,D and Supplementary Figure 4D)
but had no effect on TLR2 expression (Figure 4A,E and
Supplementary Figure 4E). These results are consistent with
previous reports that dectin-1 and TLR2 activation modulate
macrophage function in the central nervous system and reduce
the damaging effects of inflammation (Dennehy et al., 2008; Kelly
et al., 2008; Lee et al., 2009; Gensel et al., 2015). Furthermore,
these results support previous studies showing that cocaine

activates brain microglial cells and that activated microglia-
derived EVs play important roles in neuroinflammation and
modulation of cell-to-cell communication (Cotto et al., 2018;
Periyasamy et al., 2018).

DISCUSSION

Microglial cells are important cells in the CNS and are the
resident macrophages. Activated microglia release many harmful
substances such as free radicals which often times leads to death.
The current study was designed to examine cocaine induced
microglial cell death and focus on cocaine’s effect on EV proteins.
The study provides novel insight into cocaine’s effect on exosome
biogenesis in microglia. Prior to our work, there has been a
limited study of cocaine’s effect on extracellular vesicles in the
brain. Cocaine-induced EV regulation has been studied but not
in microglia. Cocaine induced EV regulation involves the sigma 1
receptor (Sig-1R), ADP ribosylation factor 6 (ARF6) and myosin
light chain kinase (Machado-Pineda et al., 2018) but still remains
poorly understood. Cocaine self-administration was shown to
alter the signaling of neuronal exosomes to astrocytes using a
CD63 reporter (Jarvis et al., 2019). However, no studies have
investigated the role of cocaine on extracellular vesicular proteins
in human microglia. Though the study is in an immortalized cell
line, and limited, it is the first attempt at understanding the role of

FIGURE 4 | Cocaine affects expression of dectin-1 in HMC3 cell-derived EVs. Equal amounts (5 µg/dot) of total protein from HMC3 cell-derived EVs were loaded
onto nitrocellulose membranes. Cocaine did not alter the expression of (A) representative dot blot, (B) Hsp70, and (C) Hsp90-β, or (E) TLR2. However, (D) 100 µM
cocaine significantly reduced the expression of dectin-1 compared with the control condition. *P < 0.05 indicates statistical significant difference between control vs.
treated.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 January 2021 | Volume 8 | Article 56344167

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


fcell-08-563441 December 28, 2020 Time: 17:19 # 6

Kumar et al. Cocaine Impacts EVs

cocaine on EVs in microglia. These data allow us to design future
studies and investigate these finding in animal work.

Here we show targets of cocaine as it pertains to EV regulation.
Carone et al. demonstrated that cocaine increases EV release,
mainly exosomes in glioblastoma cultures. The conclusion of that
work was that cocaine could exert its’ effect on through lipid rafts
or potentially cocaine-induced modifications but not no evidence
that cocaine alters the ESCART pathway (Carone et al., 2015). We
demonstrated that cocaine does not affect some EV proteins like
CD9 but decreases CD63 which are both located on exosomes.
CD9 has been shown to enhance pathogenicity in HIV-1 infection
(Sims et al., 2018) and be involved in cell adhesion (Machado-
Pineda et al., 2018) and migration (Blake et al., 2018). CD63 is
a tetraspanin involved in cell development, activation, growth
and motility (Kang et al., 2014; Forte et al., 2017; Raaben et al.,
2017). There was not a significant difference in CD9 but we did
demonstrate a preferential effect on CD63 which may have a
role in microglia activation, growth and motility. Our findings
suggest that there is a decrease in CD63 but did not have a major
impact on EV characteristics. It is difficult to say if a more chronic
exposure to cocaine would cause a more dramatic effect. One
limitation of our study was it was over 24 h and a single dose of
cocaine. In a study using positron emission tomography imaging
in cocaine abusers, it did not show that there was a significant
difference in microglial activation when they analyzed the 18 kDa
translocator protein (TSPO) (Narendran et al., 2014).

At our higher concentration, cocaine did cause a significant
effect on cell viability. The dose corresponds to other
concentration reported in the literature (Liao et al., 2016;
Periyasamy et al., 2018). The effect of cocaine on apoptosis was
investigated by examining cleaved caspase 3 and 9. Cocaine
did not have any effect on the caspases examined. However,
histone 2A.x, which forms when double stranded breaks appear
(Johnston et al., 2015), was elevated. The results suggest that there
is evidence of cell injury/death which may be time dependent
and may be more dramatic with longer exposures. We also,
hypothesized that since cocaine administration caused cell death
the heat shock proteins would not be increased and that is
revealed in this study.

In many cases, when microglia were studied TLR2 has been
shown to be a target that is increased when microglia are activated
(Liao et al., 2016). Thus, we speculated that we would also see the
same response in the exosome fraction of TLR2 but cocaine had
no effect on these levels. However, these studies were performed
in BV2 microglial cells which suggests there may be differences
that are cell line specific (Baldwin et al., 2015). Dectin-1 is
involved in neuroinflammation and secretory cellular processes
and should be affected by cocaine administration (Baldwin et al.,
2015; Gensel et al., 2015; Ye et al., 2020). We demonstrated there
was a decrease as predicted in the dectin-1 levels.

CONCLUSION

Our findings demonstrate the impact of cocaine exposure on
HMC3 cells and HMC3 cell-derived EVs. We found that cocaine
exposure reduced HMC3 cell viability and has a slight downward

trend in the quantity of EVs. We have not answered in this study
whether a more chronic exposure could disrupt EV biogenesis
in microglia. We found that cocaine exposure dose-dependently
increased expression of the apoptotic marker histone H2A.x in
HMC3 cell-derived EVs, suggesting that cocaine reduces cell
viability. Although cocaine exposure did not affect levels of
various EV biogenesis proteins [(e.g., small GTPase RAB-5, 7, 11,
27A, and 35 (data not shown)], it reduced the expression of CD63
in HMC3 cell-derived EVs. This down-regulation of CD63 and
dectin-1 in HMC3 cell-derived EVs suggests that cocaine’s effects
are specific to these proteins but not others examined. CD63
has a major role in EV production and endosomal sorting and
a decrease in this protein may lead to altered exosome release and
subsequent cell-to-cell communication. These results contrast
with those found in murine-derived EVs. There may be more
specie-specific differences in cocaine disruption of EV formation.
More human studies are needed, and further investigations are
warranted to elucidate the mechanisms involved in the interplay
between cocaine and EVs.
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Supplementary Figure 1 | Cocaine reduces HMC3 cell viability. HMC3 cells were
exposed to 1 µM or 100 µM cocaine for 24 h, after which cell viability (trypan blue
exclusion assay) and EV size and quantity were evaluated using NTA and TEM. (A)
Cocaine significantly reduced HMC3 cell viability when compared with the control
condition. Cocaine did not alter (B and D–F) EV size but (C) slightly decreased EV
production (particles per mL) compared with the control condition, although this
difference was not significant. Data were obtained from 3–5 independent
experiments performed in triplicate. Statistical significance is indicated as
*P < 0.05 and **P < 0.01.

Supplementary Figure 2 | Cocaine modulates expression of EV markers in
HMC3 cells. Equal amounts (5 µg/dot) of total protein from HMC3 cell-derived
EVs derived after treatment with 1 µM or 100 µM cocaine. These samples were
loaded onto nitrocellulose membranes to assess the expression of CD9 and
CD63. Cocaine (A) demonstrated purity of exosomes (B) did not alter CD9
expression but (C) significantly decreased CD63 expression compared with the
control condition. Statistical significant difference obtained from 5-independent
experiment is indicated as *P < 0.05 and **P < 0.01.

Supplementary Figure 3 | Cocaine affects expression of apoptotic markers in
HMC3 cell-derived EVs. (A) Equal amounts (5 µg/dot) of total protein from HMC3

cell-derived EVs derived after treatment with 1 µM or 100 µM cocaine. These
samples were loaded onto nitrocellulose membranesto assess the expression of
cleaved caspase-9/-3 and histone H2A.x. Cocaine did not alter the expression of
(B) cleaved caspase-9 or (C) cleaved caspase-3. However, (D) 100 µM cocaine
significantly reduced the expression of histone H2A.x compared with the control
condition. Statistical values obtained from 5-independent experiment is indicated
as *P < 0.05.

Supplementary Figure 4 | Cocaine affects expression of dectin-1 in HMC3
cell-derived EVs. Equal amounts (5 µg/dot) of total protein from HMC3
cell-derived EVs were loaded onto nitrocellulose membranes. Cocaine did not
alter the expression of (A) Representative dot blot, (B) Hsp70, and (C) Hsp90-β,
or (E) TLR2. However, (D) 100 µM cocaine significantly reduced the expression of
dectin-1 compared with the control condition. *P < 0.05 indicates statistical
significant difference between control vs. treated.

Supplementary Figure 5 | Cocaine reduces HMC3 cell viability. HMC3 cells were
incubated with 1 µM or 100 µM cocaine for 24 h to test the cell viability using
MTT assay. Data indicated that cocaine significantly reduced HMC3 cell viability
when compared with the control.
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Extracellular vesicles (EVs) are a heterogenous group of membrane-bound particles

that play a pivotal role in cell–cell communication, not only participating in many

physiological processes, but also contributing to the pathogenesis of several diseases.

The term EVs defines many and different vesicles based on their biogenesis and release

pathway, including exosomes, microvesicles (MVs), and apoptotic bodies. However, their

classification, biological function as well as protocols for isolation and detection are still

under investigation. Recent evidences suggest the existence of novel subpopulations of

EVs, increasing the degree of heterogeneity between EV types and subtypes. EVs have

been shown to have roles in the CNS as biomarkers and vehicles of drugs and other

therapeutic molecules. They are known to cross the blood brain barrier, allowing CNS

EVs to be detectable in peripheral fluids, and their cargo may give information on parental

cells and the pathological process they are involved in. In this review, we summarize the

knowledge on the function of EVs in the pathogenesis of multiple sclerosis (MS) and

discuss recent evidences for their potential applications as diagnostic biomarkers and

therapeutic targets.

Keywords: extracellular vesicles, neuroinflammation, biomarker, multiple sclerosis, therapeutic target

INTRODUCTION

Extracellular vesicles (EVs) are nano-sized vesicles released into different body fluids,
heterogeneous in terms of origin, activities, compositions. Originally considered an in vitro artifact
or useless cellular debris (Chargaff and West, 1946), they became an attractive object of research
when they were shown to be an evolutionary conserved way of intercellular communication
(Camussi et al., 2010; Tkach and Théry, 2016). Their precious cargomade of proteins, lipids, nucleic
acids provide information of the cells and microenvironment where they are originally released.

Despite a huge advance in the knowledge of neuroinflammatory diseases, a biomarker tracking
every pathogenetic step is still missing.

One of the most conceivable reason is the “hard-to-access” stage where neuroinflammation
occurs. Brain and spinal cord are protected by the blood brain barrier (BBB), rather sequestered
from the rest of the body and hard to be sampled.

Unsurprisingly, EVs produced by microglia, astrocyte, and other neural cells providing a
snapshot of their original environment, have become the focus of thousands of studies investigating
neuroinflammation, particularly in multiple sclerosis (MS).

Although recent studies have brought many advances in EV knowledge, different points still
remain to be addressed. In this review we try to bridge conflicting data concerning classification,
isolation, and detection techniques. Moreover, we deeply dissect EVs’ role either as epiphenomenon
of neuroinflammation (marker of disease) or direct culprits involved in pathogenetic mechanisms
(contributory cause of disease).
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EXTRACELLULAR VESICLES

Detection and Isolation
Current approaches to identify and distinguish discrete
populations of EVs are based on size, density, subcellular origin,
and molecular composition (Raposo and Stoorvogel, 2013;
Colombo et al., 2014; van Niel et al., 2018). Because of their
overlapping physicochemical properties, classification of EVs
is challenging and has produced a number of controversial
results, stumbling blocks for their isolation and detection, lack of
guidelines regarding their nomenclature are mainly responsible
for this inconsistency. Moreover, increasing evidences highlight
the existence of various subpopulations even within EV
populations, suggesting that EVs are more complex entities than
previously recognized and that they can be further classified into
various subtypes (Lässer et al., 2018; Théry et al., 2018).

In recent years, technical advancements have led to the
development of optimized methods for EV isolation and
purification in attempt to elucidate the heterogeneous nature of
secreted EVs and give a more comprehensive understanding on
the properties of EV subtypes (Crescitelli et al., 2013; Lunavat
et al., 2015; Kibria et al., 2016; Kowal et al., 2016; Willms
et al., 2018). Several techniques of EV purification have been
described including differential centrifugation, density gradient,
ultrafiltration, polymer-based precipitation, immunoaffinity, and
size exclusion chromatography, resulting in variable yield and
purity of isolated EVs. Differential centrifugation remains by
far the standard and the most widely used method to isolate
EVs from biological fluids and media (Théry et al., 2006;
Gardiner et al., 2016). This approach is often combined with
density gradient flotation to efficiently eliminate copurified non-
EV material or EV fragments which arise during differential
centrifugation (Karimi et al., 2018; Onódi et al., 2018; Théry et al.,
2018; Lee et al., 2019). In a recent work, Jeppesen et al. (2019)
redefined EV composition and differential sorting of protein,
RNA, and DNA between EV and non-vesicular extracellular
particles. They clarified the composition of exosomes, excluding
several highly abundant cytosolic proteins (like GAPDH, ENO1,
and PARK7/DJ1) as well as the proteins involved in the
miRNA machinery that were thought to be incorporated. Several
groups have performed subfractionation of EV preparations
and identified vesicle subclasses in given EV samples based
on RNA composition (Crescitelli et al., 2013; Lunavat et al.,
2015) or protein profiling data (Kibria et al., 2016; Kowal et al.,
2016; Willms et al., 2018). Addressing the EV heterogeneity, the
Lötvall’s group most recently provided a detailed categorization
of tumor tissue-derived EV subpopulations, separated by size
and density, which showed different RNA composition and
protein profile (Crescitelli et al., 2020). Interestingly, both shared
and unique protein markers of EV subpopulations were found.
Recently, by using asymmetric-flow field-flow fractionation,
Zhang Y. et al. (2018) identified a new class of nanoparticles
of 20–50 nm in diameter, named exomeres, which lack an
external membrane.

A standardized approach for EVs biochemical and physical
characterization is still challenging due to this huge heterogeneity
concerning origin, cargo and function. Up to now, no single

technology has been reported to be highly efficient to fully cover
the wide spectrum of EV properties and the use of combined
complementary approaches to analyze EVs is recommended.
EV analytical and detection techniques are based on multiple
parameters, such as size and morphology, refractive index, or
presence of a certain EV-specific marker. The most popular
approaches for vesicle size distribution and concentration
measurements include nanoparticle tracking analysis (NTA),
dynamic light scattering (DLS), and tunable resistive pulse
sensing (TRPS). Flow Cytometry is also a widely use method for
characterization and quantification of EVs, and even more, the
high-resolution flow cytometry is reported to be a proficient tool
in EV analysis, providing increased sensitivity for the detection
of smaller EVs (<100 nm). In addition, non-optical methods
such as immunoaffinity-based EV techniques and western blot
assays have also been employed for analysis of EVs. The
physical and morphological characterization of EVs is mostly
performed by direct imaging with atomic force microscopy
(AFM), transmission electron microscopy (TEM) and, more
recently, cryo-TEM. Moreover, novel integrated lab-on-a-chip-
type microfluidic devices for the detection and analysis of EVs
have been developed (Coumans et al., 2017; Szatanek et al., 2017;
Chiriacò et al., 2018; van der Pol et al., 2018).

Notably, the International Society for Extracellular Vesicles
(ISEV) has recently suggested the minimal information required
for EV research, with detailed guidelines for how to best isolate
and characterize the different types of EVs (Théry et al., 2018).
Combined EV isolation methods as well as improved techniques
for accurate characterization are strongly recommended, toward
a review of their classification, composition and biological roles.
An overview of different EV isolation and detection methods is
reported in Table 1.

Classification
A conventional EV classification is based on their biogenesis
and biophysical characteristics and distinguishes EVs into
three major populations: exosomes, microvesicles (MVs),
and apoptotic bodies. However, this classification should be
considered with caution in line with recent evidences that report
the presence of other subsets of EVs and add a new layer of
complexity that need to be addressed in EV field (Figure 1).

Exosomes are small extracellular nano-size vesicles, typically
30–100 nm in diameter that are formed as intraluminal vesicles
within endosomal multivesicular bodies (MVBs), and are
released from cells upon the fusion of MVBs with the plasma
membrane (Raposo and Stoorvogel, 2013). MVBs can also fuse
with lysosomes to degrade the content. The outward budding of
exosomal membranes can be regulated by the endosomal sorting
complex required for transport (ESCRT) proteins or by neutral
sphingomyelinase and ceramide in an ESCRT-independent
manner (Stuffers et al., 2009). Due to their endocytic origin,
exosomes can be identified by specific markers such as proteins
involved in MVB biogenesis (ALIX and TSG101), membrane
transport and fusion proteins (GTPases, Annexins, and flotillin)
and tetraspanin proteins (CD9, CD63, CD81) (Mathivanan and
Simpson, 2009). Exosomal membranes are enriched in elements
of lipid rafts (e.g., GM1 gangliosides) and lipid components
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TABLE 1 | Isolation and detection methods of different EV subtypes.

EV subtypes Size range Biogenesis Isolation Detection

Exosomes (Exo)

(Théry et al., 2006,

2018; Raposo and

Stoorvogel, 2013;

Yáñez et al., 2015;

Kowal et al., 2016;

Willms et al., 2018;

Jeppesen et al.,

2019)

30–100 nm Release by exocytosis

of multivesicular bodies

(MVBs)

Differential centrifugation and

density gradients

(100,000–200,000 ×g),

immunoprecipitation,

commercial kit, size exclusion

chromatography

TEM, AFM, NTA, TRPS,

DLS, WB, flow cytometry

(bead coupled), ELISA

Microvesicles

(MVs) (Lötvall et al.,

2014; Cocucci and

Meldolesi, 2015;

Kowal et al., 2016;

Szatanek et al.,

2017; Chiriacò et al.,

2018; Crescitelli

et al., 2020)

100–1,000 nm Direct budding of the

cell membrane

Differential centrifugation

(10,000–20,000 ×g)

Density gradients

TEM, AFM, WB, flow

cytometry (for vesicles

>300 nm)

Apoptotic bodies

(Wickman et al.,

2012; Atkin-Smith

et al., 2015; Xu

et al., 2019)

500–5µm Outward blebbing and

fragmentation of the

cell membrane

Centrifugation, filtration TEM, IF, flow cytometry

TEM, transmission electron microscopy; AFM, atomic force microscope; NTA, nanoparticle tracking analysis; TRPS, tunable resistive pulse sensing; DLS, dynamic light scattering; IF,

immunofluorescence microscopy; ELISA, enzyme-linked immunosorbent assay; WB, western blotting.

including cholesterol, ceramide, and sphingomyelin (Yáñez et al.,
2015).

MVs, also known as ectosomes or shedding vesicles (SVs),
are larger than exosomes ranging in size typically from 100
to 1,000 nm in diameter (Cocucci and Meldolesi, 2015). They
originate directly by the outward budding of the plasma
membrane and are subsequently released into the extracellular
space after a selective incorporation of proteins, nucleic
acids and lipids (Tricarico et al., 2016). The outer leaflet
of the MV membrane is enriched with phosphatidylserine
and sphingomyelin but also cholesterol and transmembrane
proteins, which enable MV shedding through charges in
plasma membrane shape (Muralidharan-Chari et al., 2010).
Common markers used for identifying exosomes, such as
CD63 and CD81 tetraspanins or components of the endosomal
complex, such as TSG101 and ALIX, can also be found
in MVs. However, CD40 ligand, ADP-ribosylation factor 6
(ARF6), HSP90, gp96 and different protein associated to lipid
rafts, such as integrins and flotillins, are reported as MV
markers (Muralidharan-Chari et al., 2009; Kim et al., 2012;
Lötvall et al., 2014). Recently, Annexin A1 has been proposed
as a novel and specific marker for MVs (Jeppesen et al.,
2019).

Apoptotic bodies are 500 nm−5µm in diameter and
are released into the extracellular environment during the
cell apoptotic process (Muhsin-Sharafaldine and McLellan,
2018; Xu et al., 2019). They contain fragmented subcellular
organelles for degradation, and they can be characterized
by cellular organelles and DNA (Caruso and Poon,
2018).

Due to the substantial size overlap among these membrane
vesicles, confusion on their nomenclature has spread throughout
the literature, limiting a consensus on understanding the specific
biological functions of different categories of vesicles. Along with
the definition of a uniformly accepted EVs nomenclature, further
studies specifically addressing EVs subtypes are needed in order
to better standardize results obtained in the field. For clarity,
in this review, we will specify/discriminate exosomes and MVs
exclusively in studies concerning MS allowing for this distinction
and use the term EVs when both types of vesicles are investigated.

EVs IN CNS AND NEUROINFLAMMATION

EVs in Neurological Diseases
The CNS is a complex organ comprising several cell types, each
exerting a unique function. Neurons, astrocytes (Thompson et al.,
2016), oligodendrocytes (Frühbeis et al., 2012), and microglia
(Verderio et al., 2012) have all been reported to release EVs in
vitro and in vivo, contributing in physiological and pathological
conditions in the brain. EVs are involved in transporting signals
between neighboring cells within the CNS (Basso and Bonetto,
2016; van der Vos et al., 2016), and are implicated in other
processes, including development, synaptic neurotransmission,
neurodegeneration, and tumor progression.

Thanks to their biological characteristics, EVs spread around
the CNS but can easily cross the BBB and diffuse into peripheral
blood and reach other organs. Several mechanisms have been
proposed, however it seems that exosomes can cross the BBB
by moving from cell to cell via MVB compartment and
endocytosis (Record et al., 2011). More recently, exosomes
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FIGURE 1 | Cells release heterogeneous populations of EVs different in sizes and secretion pathways. Exosomes are generated intracellularly from multivesicular

bodies (MVBs). Microvesicles (MVs) are larger than exosomes and arise as a result of outward budding and fission of the plasma membrane. Large oncosomes (LOs)

are derived from the shedding of non-apoptotic blebs unique to cancer cells. Apoptotic bodies are released upon cell fragmentation during apoptotic cell death.

Exomeres have been recently suggested to be non-membranous nanoparticles with size smaller than 50 nm; their biological role remains unknown.

released by a human glioma transplanted in mouse brain
were detected in peripheral blood, crossing an intact BBB
(García-Romero et al., 2017).

One notable example for the study of EVs spreading in the
periphery, comes from the study of a mouse model of CNS
injury. Exosomes isolated from peripheral blood of damaged
brain mice where intravenously injected into naïve mice, causing
an immune cell activation in the liver of recipient mice (Couch
et al., 2017). This is the first study which strongly indicates an
immune activation of cells in CNS disease mediated by exosomes.

According to the possibility for the EVs to cross both
undamaged and disrupted BBB, EVs could be detected in
different biological fluids and represent a new class of biomarkers
(Verderio et al., 2012; Galazka et al., 2017) and be also implicated
in some stage of MS development and pathogenesis (Dolcetti
et al., 2020).

MS Pathogenesis
MS is a chronic inflammatory autoimmune demyelinating
disease of the CNS (Harbo et al., 2013). It affects worldwide
more than 2 million people, being the most common immune
mediated CNS disease. MS has a typical onset between the ages of
20–40 years, women outnumbering men 3:1, being for both sexes

the leading cause of non-traumatic disability in young adults
(Harbo et al., 2013).

Clinically heterogeneous, MS can be classified into different
disease phenotypes. These include relapsing remitting MS
(RRMS), secondary progressive MS (SPMS), primary progressive
MS (PPMS), and clinically isolated syndrome (CIS) (Lublin
et al., 2014). The most common form is RRMS, characterized
by acute episodes of neurological deficit (relapses) followed
by partial or complete clinical remission (Weiner, 2008). On
the opposite, the progressive forms of MS are characterized
by insidious disability accrual over time that can start ab
initio (PPMS) or after a RR phase (SPMS). CIS is defined
as the first clinical manifestation of a diseases that shows
features of demyelination typical of MS, not fulfilling yet MS
diagnostic criteria (Lublin et al., 2014). In addition, radiologically
isolated syndrome (RIS) is characterized MRI incidental findings
of CNS lesions suggestive of demyelination (Lebrun-Frenay
et al., 2020). Inflammation, demyelination, gliosis and axonal
degeneration are major histopathological hallmarks, responsible
for different and unpredictable clinical courses (Ransohoff et al.,
2015). Despite huge advances in its neurobiology, neuroimaging,
neuropathology, MS remains a disease of unknown etiology.
Epidemiological data suggest an etiological role for both
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genetic and environmental factors. Biological findings point
to neuroinflammation and neurodegeneration as intertwined
mechanisms involved in MS pathogenesis (Ransohoff et al.,
2015). Crucial players of neuroinflammation are dysfunctional
cells of both innate and adaptive immune system. Monocytes
and peripherally activated T and B cells transmigrate from
the blood to the CNS where they start myelin and axonal
disruption (Lassmann, 2019). From peripheral activation to
neural destruction, almost all pathogenetic steps have been
largely studied and various mechanisms have been elucidated.
A defective functioning of FoxP3-CD4+ CD25high regulatory T
cells exosomes is recognized as contributing to an insufficient
suppression, leading to a possible mechanism of activation of
autoreactive T cells in periphery (Azimi et al., 2018). Upon
activation these cells transmigrate across BBB by a multistep
process where endothelial adhesionmolecules and cognate ligand
on leukocytes are involved (Brandstadter and Katz Sand, 2017).

The most convincing evidence of how crucial this step is,
is provided by the effectiveness of natalizumab. This disease
modifying drug interferes with an adhesion molecule (integrin-
α4) leading to a robust decrease in clinical and radiological
disease activity in most of the treated RRMS patients (Havrdova
et al., 2009). Once in the CNS, these cells undergo further
activation and together with microglia orchestrate myelin
and axonal destruction (Lassmann, 2019). A proinflammatory
environment caused by cytokines and chemokines, proteolytic
enzymes and neurotoxic products leads to neuroinflammation,
demyelination and neurodegeneration occurring through CNS
white and gray matter.

Since a long time, neurodegeneration has been recognized
as crucial pathogenetic mechanism in MS, already present
in the early stages of disease. Among others, oxidative
stress, iron accumulation, mitochondrial injury, ion channel
dysfunction, glutamate excitossicity are widely found in MS
neurodegeneration (Lassmann, 2019).

Unfortunately, when, how and to what extent these
phenomena get into action is still elusive.

EVs Role in MS
In 2017 (Mustapic et al., 2017) L1 cell adhesion molecule
(L1CAM) was appointed as a promising marker for EVs derived
from CNS region. The possibility of identifying EVs of neural
origin represent a precious messenger of tissue releasing them.
Deciphering their origin and biogenesis can provide new insight
into MS pathogenetic mechanisms still partially understood.
Conflicting results about EVs role in MS can be ascribed to
different methods of studies but also to a Janus role that EVs play
in MS. Depending on cell of origin, microenvironment, status of
disease, EVs can be detrimental or protective.

Studies in vitro have shown that endothelium-derived EVs are
involved in the activation of CD4+ and CD8+ T lymphocytes
(Wheway et al., 2014) and can cause their infiltration in the CNS.

One of the most accredited mechanisms postulate that EVs
carrying metalloproteinases have a key role in BBB disruption
(Sáenz-Cuesta et al., 2014). Again, recent studies demonstrated
that EVs derived from brain microvascular endothelial cells
can provide a bridge protein (claudin-5) between leukocytes

and endothelial cells inducing transendothelial migration of the
former (Paul et al., 2016).

An indirect confirmation of detrimental role of EVs
in MS pathogenesis comes from experimental autoimmune
encephalomyelitis (EAE), mouse model of MS. A-SMase KO
mice, genetically impaired in MVs production, are protected
from EAE (Verderio et al., 2012).

By contrast, several studies suggest a repairing activity of
EVs. Indeed, microglia exposed to IL4 or mesenchymal stem cell
(MSC) can release EVs promoting oligodendrocyte precursors
cells (OPC) migration and/or differentiation. Lipids embedded
in EV surface have being indicated as crucial mediators of this
myelin repairing activity (Lombardi et al., 2019). Using EVs as
therapeutic vector to mediate a protective and repairing activity
during the disease will be further explored in the review.

Again, one of the first studies focusing on EVs (Scolding et al.,
1989) reported that oligodendrocytes can recover from injury by
“membrane-attack complex-enriched vesicles” released from the
surface of viable cells.

A protective function of EVs was further studied inMS during
pregnancy. It is known that MS female patients experience less
severe symptoms and less frequent relapse during pregnancy
(Airas and Kaaja, 2012). Studies in the animal model showed
that serum derived EVs from mice in late pregnancy were
more numerous than those isolated from virgin mice (Gatson
et al., 2011). Moreover, T cells co-cultured with exosomes
from pregnant mice induced stronger suppression of T-cell
proliferation compared to exosomes obtained from virgin
animals (Gatson et al., 2011). A further study by the same
group showed a reduction in IFN- gamma production and
decreased expression of Tbet (Th1 transcription factor) in T
cells exposed to pregnancy-derived exosomes. In addition, the
authors demonstrated, in EAE, the positive effect of pregnancy-
derived exosomes on oligodendrocyte precursor cells migration
to lesion areas and subsequent maturation (Williams et al., 2013).
Accordingly, authors conclude that EVs are among crucial agents
responsible for the immune modulation in pregnant EAE mice.

Besides “conventional” immune cells, myeloid cells, such
as infiltrating macrophages and resident microglia, have been
indicted in MS pathogenesis. Like EVs, their role is dual, acting
either as harmful or as protective factor. Indeed, activated
myeloid cells release EVs detectable in CSF of MS patients
and animal models (Carandini et al., 2015; Nigro et al., 2016).
For example, pro-inflammatory cytokines such as IL1β, IFNγ,
TNFα, and caspase 1 can be loaded inside EVs and boost
an inflammatory microenvironment. As previously mentioned,
EVs contain metalloproteinases responsible for degradation
of the extracellular matrix and tight junctions, facilitating
leukocytes infiltration (Sáenz-Cuesta et al., 2014; Zappulli et al.,
2016). Consequently, injection of microglia-derived EVs into
EAE mice led to a recruitment of inflammatory T-cells and
exacerbated the disease (Verderio et al., 2012; Sáenz-Cuesta et al.,
2014).

Another source of EVs is represented by those released by
astrocytes. In response to neuronal injury, astrocytes become
activated and release EVs containing IL-1β, which exacerbates
tissue deterioration, fostering a vicious circle (Prada et al., 2018).
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EVs IN MS CLINICAL PRACTICE

EVs as Biomarkers
Despite of a large research effort, several biomarkers have been
proposed for MS, but their clinical relevance remains uncertain
(Selmaj et al., 2017; Ziemssen et al., 2019). Complex diseases
require biomarkers that allow to read into their complexity. In
this direction, EVs seem to be good candidates. They are known
to cross the BBB, allowing CNS EVs to be detectable in peripheral
fluids (Verderio et al., 2012; Galazka et al., 2017; Shi et al.,
2019) and their unique content could give information about the
origin cells and on the pathological process they are involved
in. Considering this, interest in EVs as a potential biomarker
in neuroinflammatory diseases is constantly increasing. The
number of original researches dealing with EVs in MS has more
than quadrupled in the last 5 years, compared to the same
previous period.

We identified 27 original researches on the PubMed Database
relating to EVs as biomarker in MS (see Table 2) published
from 2011 to early 2020. Sixteen of these works analyzed
plasma or serum-derived EVs, seven from CSF, six from the
supernatant of cell cultures or PBMC, one from urine and one
from tears. In nine papers the miRNA contained in the EVs
was investigated. Seven papers were focused on differences in
concentration of EVs with specific surface markers, while three
studies investigated concentration or production of the total
EVs population. Five publications analyzed EVs protein content,
whereas two investigated lipid cargo. Finally, three papers were
focused on functional assays.

To the date, none of the published works reached the
ambitious target of a possible use of EVs in MS clinical practice.
Papers focusing on CSF-EVs demonstrated good correlations
with MS disease activity or disability (Verderio et al., 2012;
Geraci et al., 2018; Pieragostino et al., 2018), in some cases
supporting also a role in the diagnostic process (Verderio
et al., 2012). Nevertheless, since CSF collection requires an
invasive procedure, CSF-EVs don’t meet the need of an easily-
collectable biomarker (Ziemssen et al., 2019), preventing their
use in monitoring disease over time. Serum/plasma-derived
EV miRNAs were found to be possible markers of disease
activity (Niwald et al., 2017; Selmaj et al., 2017; Ebrahimkhani
et al., 2020), together with serum exosomal MOG protein
(Galazka et al., 2017). EV miRNAs were also proposed as
potential biomarkers of treatment response (Manna et al., 2018;
Ebrahimkhani et al., 2020), as well as platelet-derived EVs
(Nordberg et al., 2011), whereas lipid content correlates with
disability (Moyano et al., 2016). Nonetheless, taking into account
the complexity and cost of EV isolation and characterization,
these findings do not provide yet an added value to clinical
and MRI management of MS patients (Ziemssen et al., 2019).
Interestingly, Ebrahimkhani et al. (2017) proposed miRNA
signatures able to distinguish RRMS from PMS, addressing a
dramatically open issue of this disease.

However, a common limit of all the studies about blood EVs is
that they do not specifically address CNS-derived EVs. Recently,
Goetzl et al. (2015) published a method to enrich plasma
exosomes for neuronal origin. This method was then replicated

and applied also for astrocyte-derived (Goetzl et al., 2016, 2018)
and oligodendrocyte-derived exosomes (Dutta et al., 2018). Since
CNS-derived exosomes represent a very small percentage of the
total plasma/serum exosome population (Hornung et al., 2020),
the employment of CNS-derived exosomes enriching techniques
might lead to peripherally collectable CNS biomarkers in MS,
as demonstrated in other neurological diseases (e.g., Alzheimer
disease, brain traumatic injury) (Goetzl et al., 2015, 2019).

The wide variability in isolation methods and analysis (see
Table 2) makes an organic interpretation of the published works
at least challenging. According to comparison studies, different
isolation methods have different performances concerning purity
of samples and co-isolation of contaminating material (Baranyai
et al., 2015; Lee et al., 2019; Takov et al., 2019). In light of
this, Rekker et al. (2014) observed that exosomal miRNA profile
is affected by the isolation method (i.e., Ultracentrifugation
vs. ExoQuick). Tang et al. (2017) demonstrated similar results.
The choice of different methods among authors [not always in
agreement with those suggested by ISEV (Théry et al., 2018)]
might affect the reliability and consistency of the findings, both
for cargo analysis and functional assays (Takov et al., 2019).
Finally, as discussed above, Jeppesen et al. (2019) had recently
published an important paper that strongly stresses the need
for exosome composition reassessment, changing the whole EVs
research scenario. In this direction, a further validation of what
previously published about EVs and MS should be required.

EVs as Therapeutic Tool
MS and its animal model EAE are the most common
inflammatory demyelinating diseases caused by autoimmune-
activated immune cells in the CNS (Li et al., 2017; Zhang Y.
et al., 2018). It has been reported that EVs can penetrate the
BBB and contribute to brain antigens spreading to the periphery
(Selmaj et al., 2017). The injection of microglia-derived EVs into
the CNS of EAE mice enhanced inflammation and exaggerated
disease (Verderio et al., 2012). Moreover, mice with an impaired
ability to secrete EVs were resistant to EAE (Verderio et al.,
2012). Accordingly, it’s conceivable that EVs are involved in
EAE pathogenesis.

Based on the possible role of EVs in EAE andMS, some groups
developed treatment strategies that employed the use of EVs as
therapeutic tool to treat neuroinflammation and demyelination.

The use of MSCs has always given good outcomes in the
treatment of EAE and is currently in clinical trial for MS
(Karussis et al., 2010; Yamout et al., 2010; Cohen, 2013).
Nevertheless, cell-based therapies are affected by the immune
rejection of donor cells among main safety issues (Kim and
Park, 2017). To overcome this problem, several groups are now
interested in eliminating the rejection problem by administering
a non-cell based treatment, namely EVs. MSCs stimulated with
IFNγ produce exosomes carrying these cytokines, and their
administration results in a good therapeutic effect on EAE
(Riazifar et al., 2019). Again, MSCs derived from placenta were
found effective in having a regenerative, immunomodulatory
and protective effect. The exosomes derived from this type
of cells can reduce DNA damage in oligodendroglia and
increase myelination within the spinal cord of treated mice
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TABLE 2 | EVs as biomarkers in MS.

References Patients EV Isolation

method

Quantification

method

Source Cargo/measures Results Biomarker

Azimi et al. (2019)RRMS, HC Exo Total exosome

isolation kit

(Invitrogen)

Elisa T cell cultures miRNA miR-326 is upregulated in

RRMS vs. HC.

Diagnostic

Bhargava et al.

(2019)

RRMS, HC Exo Exoquick (System

Biosciences)

NTA—nanosight Serum Concentration protein TLR3 reduction, TLR4

increase in RRMS vs. HC.

Diagnostic

Ebrahimkhani

et al. (2020)

RRMS Exo Size exclusion

chromatography

(qEV Izon)

NTA—nanosight Serum miRNA miRNA differential expression

between active vs. non-active

RRMS. miRNA differential

expression between FTY

responders vs.

non-responders.

Disease activity,

response to

treatment

Pieragostino et al.

(2019)

MS, HC EVs FACS FACS,

Dynamic

light scattering

CSF, Tears Proteomics Microglial and neuronal EVs

detectable in CSF and tears.

Protein cargo is different

between MS and HC.

Protein cargo overlap (70%)

between tears and CSF EV

in MS.

Diagnostic

Amoruso et al.

(2018)

RRMS, HC MV Differential

centrifugation

Fluorescence Monocytes Concentration Increased MVs concentration

in RRMS vs. HC, reduced by

FTY

Diagnostic,

treatment effect

Azimi et al. (2018)RRMS, HC Exo Total exosome

isolation kit

(Invitrogen)

Elisa Treg cultures Functional assay Treg-derived MS exo are less

effective in suppressing

conventional T cell

proliferation and in inducing T

cell apoptosis.

Diagnostic

Geraci et al.

(2018)

RRMS, OND EV Differential

centrifugation

FACS,

NTA—nanosight

CSF Concentration

Markers

No differences in

concentration and Ib4

positivity in MS vs. OND.

Increased concentration, Ib4

positivity and CD19+/CD200+

in active vs. stable MS.

CCR3+ CCR5+

CD4+/CCR3+, CD4+/CCR5+

CC3+/CCR5+ are increased

in MS with MRI activity.

Disease activity

Kimura et al.

(2018)

RRMS, PMS,

HC

Exo Differential

centrifugation

NTA—nanosight Plasma Functional assay,

miRNA

let-7i, miR-19b, miR-25,

miR-92a are upregulated in

MS.

No differences between

disease subtype.

MS exo decrease Treg cell

frequency, through let-7i.

Diagnostic

Manna et al.

(2018)

RRMS Exo Exoquick

(System

Biosciences)

Dynamic light

scattering

Serum miRNA miRNA differential expression

between IFNB-treated vs.

naive RRMS. miRNA

differential between IFN

responders vs.

non-responders

Treatment effect,

Response to

treatment

Pieragostino et al.

(2018)

MS,

c-OND,

p-OND

Exo FACS FACS, Dynamic

light scattering

CSF Lipids Increased Exo concentration

in MS vs. to p- and c-OND.

Concentration correlates with

acid sphingomyelinase

activity.

Exo deliver active acid

sphingomyelinase cargo.

Exosomal acid

sphingomyelinase activity

correlates with EDSS.

Diagnostic,

Disability

(Continued)
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TABLE 2 | Continued

References Patients EV Isolation

method

Quantification

method

Source Cargo/measures Results Biomarker

Sáenz-Cuesta

et al. (2018)

RRMS, HC EVs Differential

centrifugation

NTA—nanosight Serum Concentration miRNA

Functional assays

FTY increases EVs

concentration.

FTY changes EVs miRNA

expression.

FTY reduces the ability of EVs

to inhibit

lymphocyte activation.

Treatment effect

Blonda et al.

(2017)

RRMS, HC MV Differential

centrifugation

Fluorescence Monocytes Production Increased MVs concentration

in MS. IFNB, TFM, and FTY

reduce monocyte MVs

production.

Disease,

Treatment effect

Dalla Costa et al.

(2018)

RRMS, HC MV Differential

centrifugation

FACS Monocytes Concentration Increased MV concentration

in RRMS vs. HC.

FTY reduces concentration,

NTZ increases it. No

differences for IFN and GA.

Diagnostic,

Treatment effect

Ebrahimkhani

et al. (2017)

MS (RR, PMS),

HC

Exo Size exclusion

chromatography

(qEV Izon)

NTA—nanosight Serum miRNA miRNA are dysregulated in

MS.

Differential expression in

disease subtype.

Combination of 3 or more

miRNAs predicts the

clinical form.

Disease,

Disease subtype

Galazka et al.

(2017)

MS (RR, PMS),

HC

Exo Exoquick kit

(System

Biosciences)

NTA—nanosight Serum, CSF Concentration protein,

Functional assay

MOG is increased in RRMS

and SPMS.

MOG correlates with MRI

activity.

MS exo induces proliferation

of MOG-TCR transgenic

T cells.

Diagnostic,

Disease activity

Niwald et al.

(2017)

RRMS, HC Exo Total exosome

isolation kit (Life

Technologies)

None Serum miRNA miR155, miR-301a decrease

and miR-326 increase in MS.

miR-301a and miR155 are

higher in recently

active RRMS.

Diagnostic,

Disease activity

Selmaj et al.

(2017)

RRMS, HC Exo ExoQuick kit

(System

Biosciences)

NTA—nanosight Serum, PBMC Concentration miRNA 4 miRNA are differentially

expressed among HC,

aRRMS, naRRMS.

Negative correlation with MRI

activity and clinical activity.

These miRNA are significantly

less concentrated in RRMS

PMBC exo.

Diagnostic,

disease activity

Welton et al.

(2017)

RRMS vs. IIH Exo Exo-spin (Cell GS)NTA—nanosight CSF Concentration

proteomics

Higher concentration and p/p

ratio in RRMS.

50 proteins specifically

enriched in RRMS exo vs.

RRMS CSF.

Diagnostic,

Lee et al. (2019) MS, NMO,

LETM

Exo Differential

centrifugation

FACS,

NTA—nanosight

CSF Proteomics MS and NMO have a different

exosomal protein content.

Diagnosis

Moyano et al.

(2016)

RRMS, HC Exo, MV Differential

centrifugation

NTA—nanosight Plasma Concentration size

lipids

C16:0 sulfatide is more

expressed in RRMS vs. HC.

Negative correlation

with EDSS.

Diagnostic,

Disability

Zinger et al.

(2016)

RRMS, HC EV Differential

centrifugation

FACS Plasma Concentration

markers

Total EV and CD105+ MPs

are increased while CD19+

EV are reduced in untreated

RRMS vs. HC.

FTY restores their levels

comparable to HC.

Diagnostic,

Treatment effect

(Continued)
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TABLE 2 | Continued

References Patients EV Isolation

method

Quantification

method

Source Cargo/measures Results Biomarker

Alexander et al.

(2015)

MS (RR, SP),

HC

Exo Differential

centrifugation

FACS Plasma Concentration

markers

Exo from different sources are

differently modulated in RR

and SPMS. Correlation with

MRI measures.

Diagnostic

Giovannelli et al.

(2015)

RRMS, HC Exo Exosome-specific

extraction kit

(Norgen)

None Plasma, urine miRNA JCV miRNA are more

represented in exo of JCV +

RRMS (NTZ) and HC.

Treatment side

effects

Marcos-Ramiro

et al. (2014)

MS (CIS, RR,

PMS), HC

EV Differential

centrifugation

FACS Plasma Concentration

markers

CD62+ and CD31+ are

increased in all MS subtypes

vs. HC

Diagnostic

Sáenz-Cuesta

et al. (2014)

RRMS, SPMS,

HC

MV Differential

centrifugation

FACS Plasma Concentration

markers

CD61+, CD45+, CD14+ MP

are increased in RRMS vs.

SPMS and HC. NTZ and IFNB

treatment increase their level.

Diagnostic,

treatment effect

Verderio et al.

(2012)

MS, NMO,

OIND, ONIND,

HC

MV FACS FACS CSF Concentration of

myeloid MVs

Myeloid MVs are increased in

active RRMS compared to

stable RRMS and in CIS

compared to HC. MVs

concentration correlates with

MRI activity.

Diagnostic

disease activity

Nordberg et al.

(2011)

MS EV FACS FACS Plasma Concentration

markers

CD31+ and CD54+ MPs are

reduced by IFNB.

Correlation with a reduction of

MRI activity.

Response to

treatment

MS, multiple sclerosis; RR, relapsing remitting; PMS, progressive multiple sclerosis; SP, secondary progressive; HC, healthy controls; OND, other neurological disorders; IIH, idiopathic

intracranial hypertension; NMO, neuromyelitis optica; LETM, longitudinal extensive transverse myelitis; CIS, clinically isolated syndrome; ONIND, other non-inflammatory neurological

disorders; Exo, exosomes; MV, microvesicles; NTA, Nanoparticle tracking analysis; PBMC, peripheral blood mononuclear cell; CSF, cerebrospinal fluid; miRNA, microRNA; FTY,

fingolimod; IFNB, interferon-beta; TFM, teriflunomide; NTZ, natalizumab; EDSS, expanded disability status scale; MOG, myelin oligodendrocyte glycoprotein.

(Clark et al., 2019). Conversely, bone marrow derived MSCs
exosomes, administered systemically, can decrease the immune
cell infiltration and inflammation in the CNS, together with
decreasing the demyelinating process (Zhang Q. et al., 2018). In
the same way, another group, using bone marrow derived MSCs
pre-treated with IFNγ has shown a decreased demyelination in
EAE mice and manage to demonstrate that the administration
of exosomes can ameliorate EAE by suppressing pathological
Tcells activation and inducing Tregs action (Riazifar et al., 2019).
Moreover, these exosomes seems to mediate a phenotype switch
of microglia from a pro-inflammatory to a rescue phenotype (Li
et al., 2019). These data provided evidence that MSCs-derived
exosomes can be used as cell-free therapies for autoimmune and
central nervous system diseases.

In order to elicit a specific reaction, scientists use different cell
source of EVs to hit specific target cells.

Accordingly, the use of EVs derived from dendritic cells
overexpressing TGF-β1 resulted in the inhibition of Th1 and
Th17 differentiation and T reg cells were promoted, leading
to milder EAE (Yu et al., 2013). Casella et al. designed
a mouse microglial cell line releasing a large amount of
engineered EVs containing the anti-inflammatory cytokine IL-
4 and expressing a target eat-me signal for macrophages on
the surface. EAE mice injected with these engineered EVs
show a less severe course of disease (Casella et al., 2018).
Through intranasal route, Zhuang et al. (2011) manage to

deliver curcumin-loaded exosomes in CNS and manage to
reduce neuroinflammation by targeting resident microglia. Other
than microglia, oligodendrocytes and their differentiation are
an interesting target in treating demyelination in EAE. Pusic
et al. (2014) used exosomes from bone marrow dendritic cells
to support oligodendrocytes maturation. Exosomes produced by
IFNγ stimulated dendritic cells contain high levels of miR-219,
a key player in oligodendrocyte precursors cells differentiation.
In addition, these exosomes can increase the number of mature
oligodendrocytes and help the remyelination process in vivo.

Compared to the crucial contribution and successful results
of EVs in cancer treatment, EVs applications as therapeutic
delivery vehicle in neuroinflammatory diseases are yet in their
early stages (Villa et al., 2019; Hernandez-Oller et al., 2020; Li
et al., 2020). Currently just one clinical trial is ongoing for the
treatment of chronic postsurgical temporal bone inflammations
(Clinicaltrials.gov, NCT04281901), but we are sure that in the
next few years the number of clinical trials using EVs as
therapeutic vector will increase.

CONCLUSIONS

There is increasing evidence, as described in this review,
supporting a pivotal role for EVs both in CNS physiology and
during neuroinflammatory pathogenetic processes. Most of our
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knowledge on the role of EVs in the CNS comes, however, from
in vitro studies, since technologies to follow EVs fate in vivo
are difficult and, in any case, uncertain. The development of
tools allowing the modulation of CNS EVs release and/or uptake
in vivo in animal models would represent a ground-breaking
advancement for the field. This would allow to highlight EVs role
in physiological and pathological processes, in vivo and possibly
in a cell-specific manner. Unfortunately, available genetic models
lack specificity andmost pathways (and therefore genes) involved
in EVs release or uptake have yet to be elucidated. Specific
pharmacological tools, on the other hand, are also missing.

The use of EVs as biomarkers in clinical practice seems
a more realistic short-term goal. As demonstrated by many
studies, EVs can mirror the biology and environment of
the donor cell, providing a broader information on ongoing
pathologies in neurological patients. Both their number and
content, comprising different kind of signals, may provide
indication of disease stage and prognosis. Access to pathologically
relevant tissues is extremely difficult for neurological diseases,
thus the use of EVs may be key since may be easily
isolated from the blood. What we still miss here is a deeper
knowledge of EVs subpopulations in the blood, to differentiate
and better characterize EVs origin and their content in
physiological or pathological conditions. The uncertain and
evolving technological landscape for EVs examination calls for
a consensus on protocols, for standardization of EVs isolation

and analysis. International associations (i.e., ISEV) are trying
to do this work but cannot avoid the publication of studies of
heterogeneous quality.

Finally, the use of EVs as therapeutic vectors in neurological
diseases is just at its beginning. There are some encouraging
data and publications but many more pre-clinical studies must
be performed before establishing ways of administration, nature
of plausible cargos, in vivo fate, possible target cells, etc. The
study of the therapeutic use of EVs in the cancer field is
more advanced and raises hopes we might develop EVs as
therapeutic vectors in clinical trials in the future also for
neurological disorders.

There are still several technical challenges and even more
learning needs on EVs biology, but we are convinced that
current difficulties in this research field may be overcome, and
that EVs may become in the next years not only clinically
useful biomarkers, but also a source of information on disease
pathogenesis and possibly an alternative therapy for currently
untreatable diseases.
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Glial cells are crucial for the maintenance of correct neuronal functionality in a

physiological state and intervene to restore the equilibrium when environmental

or pathological conditions challenge central nervous system homeostasis. The

communication between glial cells and neurons is essential and extracellular vesicles

(EVs) take part in this function by transporting a plethora of molecules with the

capacity to influence the function of the recipient cells. EVs, including exosomes and

microvesicles, are a heterogeneous group of biogenetically distinct double membrane-

enclosed vesicles. Once released from the cell, these two types of vesicles are difficult

to discern, thus we will call them with the general term of EVs. This review is focused on

the EVs secreted by astrocytes, oligodendrocytes and microglia, aiming to shed light on

their influence on neurons and on the overall homeostasis of the central nervous system

functions. We collect evidence on neuroprotective and homeostatic effects of glial EVs,

including neuronal plasticity. On the other hand, current knowledge of the detrimental

effects of the EVs in pathological conditions is addressed. Finally, we propose directions

for future studies and we evaluate the potential of EVs as a therapeutic treatment for

neurological disorders.

Keywords: extracellular vesicle, glia, central nervous system, astrocyte, oligodendrocytes, microglia

INTRODUCTION

The human central nervous system (CNS) is an extremely complex organ composed by
billions of highly specialized cells. In this review, we focus on two main types of cells:
neurons, electrically active cells, which form a complex circuitry for the transmission and
the processing of information, and glial cells. Glia are spread throughout the CNS and are
essential for its homeostasis. Glia comprise a heterogeneous population of cells with different
structures, functions and origin, and play a key role in pivotal physiological conditions, by
performing housekeeping functions (Allen and Lyons, 2018). Moreover, when environmental
stress or pathological conditions challenge CNS homeostasis, glial cells respond, with the
attempt to defend CNS and preserve its normal functions. Glia are divided into macroglia
and microglia. Macroglia consist of astrocytes and oligodendrocytes, cells of neuroepithelial
origin (Rowitch and Kriegstein, 2010). Astrocytes are a heterogeneous population of cells with
critical functions: they support neurons and are essential for the correct synaptic activity and
modulation of synaptic plasticity (Mederos et al., 2018). Moreover, astrocytic processes create
contacts not only with neurons, but also with blood vessels, aiding in the maintenance of
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blood-brain barrier (BBB) integrity (Abbott et al., 2010; Farhy-
Tselnicker and Allen, 2018). Oligodendrocytes are responsible
for production of myelin, thus maximizing the conduction
of neuronal impulse through the axons (Simons and Nave,
2016). Microglia are cells of myeloid origin (Tay et al., 2017).
Although they account for only about 10% of glia and are
small in size, they are big in their function: they monitor and
protect the CNS environment for the presence of tissue infection
and damage (Wolf et al., 2017), control neuronal connectivity,
synaptic transmission and plasticity, and prune synapses during
development (Tay et al., 2017).

All the roles carried out by neurons and glia are tightly
controlled and organized by an intricate communication system
which can be mediated by direct contact-dependent mechanisms
and paracrine action of secreted molecules (Eyo and Wu, 2013;
Araque et al., 2014). During the last decades, the importance of
extracellular vesicles (EVs) for this cell-to-cell communication
has become evident: these membrane structures allow the
transfer of molecules to other cells locally or over longer
distances. Indeed, EVs can deliver active molecules across the
BBB, making them a potential tool for early diagnosis of
neurological diseases (Fiandaca et al., 2015) and potential vehicles
for targeted and non-invasive therapies (Alvarez-Erviti et al.,
2011).

The research on the physiological role of EVs in the
CNS and on their involvement in CNS disorders, together
with the potential role of EVs in treating these diseases, is
rapidly progressing. In this review we describe the role of glia-
derived EVs in the inter-cellular communication between glia
and neurons, considering both physiological and pathological
mechanisms in which EVs may be involved in the CNS.

EXTRACELLULAR VESICLES IN THE
CENTRAL NERVOUS SYSTEM

EVs are double membrane-enclosed vesicles released into the
extracellular space by potentially all cells, including neurons,
astrocytes, oligodendrocytes, and microglia (Potolicchio et al.,
2005; Fauré et al., 2006; Krämer-Albers et al., 2007; Proia et al.,
2008), and can be found in practically all body fluids (Pisitkun
et al., 2004; Ogawa et al., 2016; Karimi et al., 2018; Manek et al.,
2018). EVs are often divided into two main subtypes: exosomes
that originate from the endosomal pathway after the fusion
of the multivesicular bodies with the plasma membrane, and
microvesicles that are shed through outward budding of the
plasma membrane. Exosomes are characterized by a size between
30 and 150 nm, whereas microvesicles have a size between 100
and 1000 nm (Vidal, 2019). Exosomes and microvesicles are
highly heterogeneous groups, both in terms of molecular and
biological properties (Willms et al., 2016; Van Niel et al., 2018).
This, together with the overlap in size, makes it difficult to
certainly assign the biogenetic origin after their release from the
cell (Hartjes et al., 2019). Moreover, no concrete standardization
for EV isolation and characterization, that would fit in all
circumstances, exist, which adds an additional challenge in the
interpretation of the conclusions derived from EV studies. In

recent years, the International Society of Extracellular Vesicles
has started extensive work to compile common guidelines for the
field to avoid artifacts or misinterpretation when analyzing the
functions of EVs, and we highly recommend the reader to refer to
these guidelines (Théry et al., 2018). The methods used to isolate
EVs include ultracentrifugation, ultrafiltration, size exclusion
chromatography, polymer precipitation, immunoaffinity
capture, and microfluidic techniques, to name a few. All
methodologies have both advantages and disadvantages (Yang
et al., 2020) and the chosen method can vary depending on the
type of biological sample, the purpose of the analysis and the
cost (Diaz et al., 2018; Patel et al., 2019; Guzman and Guzman,
2020). Being extensively reviewed elsewhere, we kindly suggest
the reader to refer to the aforementioned literature on the
importance of EV isolation methodology selection.

The content of both exosomes and microvesicles varies based
on the type of cell from where they derive, and can change
based on the physiological state of the releasing cell and on
environmental stimuli (Yáñez-Mó et al., 2015). Initially, EVs were
considered as carriers of waste products, but now it is clear
that their role goes beyond this: EVs are responsible for the
exchange of molecules, including proteins, lipids, and nucleic
acids, allowing the transfer of signals and contributing to the
maintenance of cellular homeostasis (Vidal, 2019). EVs can
reach the target cells by fusion with the plasma membrane,
or by internalization through endocytosis, macropinocytosis
or phagocytosis. In this way, EVs have been described to be
involved in the mediation of a plethora of processes, including
immune response, stem cell activation, and response to stress
(Anel et al., 2019; Bruno et al., 2019; O’Neill et al., 2019).
EVs have also a role during CNS development and later they
continue to contribute to its homeostasis, being, for example,
involved in waste elimination, trophic support of neurons,
antigen presentation and maintenance of myelin and synaptic
plasticity (Krämer-Albers et al., 2007; Fitzner et al., 2011).
The involvement of EVs in the CNS homeostasis appears
to be central for also non-mammalians. Indeed, considerable
evidence for the functional role of EVs has been collected
from invertebrate models, which exhibit developmental and
physiological mechanisms in the nervous systems that are highly
conserved across various animals. For example, glia-derived EVs
transport the miR-274, a microRNA required for the coupling of
synaptic boutons to tracheal branches in Drosophila larvae (Tsai
et al., 2019). In addition, the medicinal leech CNS constitute an
interesting model to study the interaction between microglia and
neurons, and microglia-derived EVs play a role in this process,
exhibiting neurotrophic properties (Raffo-Romero et al., 2018).
Interestingly, leechmicroglia EVs have been described to trigger a
significant increase of rat PC12 cell differentiation, suggesting the
presence of common molecular mediators and the evolutionary
conservation of EV-mediated communication systems (Raffo-
Romero et al., 2018). In addition, a proteomic analysis and studies
on miRNA signatures of EVs released from leech microglia
further support the presence of conserved neuroprotective cargo
throughout the evolution (Arab et al., 2019; Lemaire et al., 2019).

It is essential to take into account that the role of EVs
in the CNS can goes beyond the maintenance of homeostatic
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functions, as they can be involved in the pathogenesis of CNS
disorders (Nikitidou et al., 2017) and in the communication
between the cells of the microenvironment of CNS tumors such
as glioblastoma (Simon et al., 2020). However, understanding the
impact of EVs on the complexity of CNS disorders is not easy, as
suggested by the fact that EVs can contribute to the removal of
toxic proteins and aggregates, but, on the other hand, they can be
involved in the spread of pathogenic proteins (Ngolab et al., 2017;
Sardar Sinha et al., 2018). Thus, better knowledge of the source of
EVs and their impact on the specific CNS cell types, including
neurons, is essential, not only to understand the involvement of
EVs in physiological processes of the CNS, but to deepen our
knowledge on their pathological role in neurodegenerative and
neuroinflammatory diseases. To this regard, next we will focus
on the role of EVs from different glial cells in several central
mechanisms of CNS function, and on the implication of EVs for
the pathogenesis of CNS disorders.

ROLE OF ASTROCYTE-DERIVED EVs IN
THE CENTRAL NERVOUS SYSTEM

Astrocytes are the most abundant cell type in the CNS
and play a key role in its homeostasis, by regulating BBB
permeability, nutrient uptake, and removal of waste metabolites.
In addition, they protect neurons from cell death and
neurotoxicity, and play a role in regulating neurogenesis
and synaptogenesis (Allen and Lyons, 2018; Michinaga and
Koyama, 2019). These cells have a regulatory role also at the
astrocyte-microglia level by modulating microglial phenotypes
and phagocytosis (Vainchtein and Molofsky, 2020). Under
physiological conditions, astrocytes respond to the neuronal
activity, by sensing several neurotransmitters. In turn, they
can release a variety of biomolecules, which can selectively
target neurons, thus contributing to their maturation and
survival, and to the modulation of synaptic function (Durkee
and Araque, 2019). Astrocytes also react to pro-inflammatory
molecules released from other CNS cells and are able to
mediate inflammatory responses (Giovannoni and Quintana,
2020), highlighting the diversity of processes in which astrocytes
are involved.

Effects of Astrocyte-Derived EVs on
Neurons
Communication between astrocytes and neurons is possible due
to the release of several molecules, including neurotransmitters,
and EVs additionally contribute to this process. For example,
EVs derived from astrocytes can transport mtDNA (Guescini
et al., 2010) and specific miRNAs, with a profile that differ from
the one of astrocytes (Jovičić and Gitler, 2017). Importantly,
the alteration of the miRNAs may have an impact on CNS
development and function, highlighting the centrality of EVs
for the correct cell-to-cell communication (Jovičić and Gitler,
2017). Several studies have suggested that astrocyte-derived EVs
are neuroprotective. For example, EVs released from astrocytes
contain the angiogenic factors VEGF and FGF-2, suggesting their
contribution to brain cell differentiation and function (Proia

et al., 2008). EVs can be released from astrocyte processes, acutely
prepared from adult rat cerebral cortex, possibly contributing
to the signal transmission in the CNS. Indeed, these EVs
can selectively target neurons in co-culture and they can be
internalized (Venturini et al., 2019). Astrocyte-derived EVs
have been shown to exhibit neuroprotection by prion protein
(PrP) dependent mechanisms against hypoxia, ischemia and
hypoglycemia (Guitart et al., 2016). EVs can carry PrP from
astrocytes to PrP deficient neurons and thereby enhance neuronal
survival (Guitart et al., 2016). Moreover, ApoD-containing
EVs secreted by astrocytes may mediate protection of neurons
against oxidative stress, a challenge typical of aging and
several pathological conditions (Pascua-Maestro et al., 2018)
(Figure 1A).

EVs from astrocytes exposed to oxygen and glucose
deprivation (OGD) preconditioning can also reduce neuronal
cell death (Xu et al., 2019) (Figure 1A). Xu et al. showed thatmiR-
92b-3p levels, an oncogenic miRNA promoting cell proliferation
(Zhuang et al., 2016), were increased in the EVs, suggesting this
miRNA as a mediator for subsequent protection of neurons from
OGD injury. In the context of ischemic stroke, Pei at al. described
that EVs from astrocytes are able to inhibit the apoptosis in
neurons subjected to OGD by regulation of autophagy (Pei et al.,
2019). A follow-up study showed the involvement of miR-190b
in this protection: astrocytes secrete miR-190b into the EVs and,
when taken up by neurons, EV-containing miR-190b regulates
autophagy (Pei et al., 2020). In addition, EVs shed from the
astrocytes have been studied in the context of traumatic brain
injury (TBI), in which they can contribute to protection and
repair damaged neurons through restoration of mitochondrial
function and downregulation of apoptosis (Chen et al., 2020).

Impact of Astrocyte-Derived EVs on Neuronal

Morphology and Synaptic Plasticity
Astrocyte-derived EVs can directly impact neurons by
regulating their morphology, as shown in hippocampal neurons
(Luarte et al., 2020) (Figure 1A). The regulation of dendritic
development may be dependent on astrocytes’ ability to modify
the miRNA cargo in their EVs (Luarte et al., 2020).

Chaudhuri et al. described that astrocytes can release EVs
enriched with miRNAs that regulate synaptic homeostasis
(Chaudhuri et al., 2018) (Figure 1A). Some of these miRNAs,
such as miR-29c and miR-130a, were previously described to
target mRNAs involved in the regulation of neurite outgrowth,
dendritic spine formation, and density (Zou et al., 2015; Zhang
et al., 2016), suggesting that the constitutive release of EVs from
astrocytes may participate in the homeostatic maintenance of
neuronal synapses. Furthermore, astrocytes treated with ATP
may promote neuronal survival, synapse maturation and may
increase neural network connectivity, through induced release
of EVs with specific miRNA cargo such as miR-21 and miR-
29a known to regulate axon growth and neuronal survival.
Coherently, astrocytes can also alter their EV protein cargo
in response to different stimuli. A recent study compared
the proteomic profile of EVs from astrocytes treated with
ATP, interleukin (IL)-1β and IL-10, showing that EVs from
astrocytes stimulated with ATP or anti-inflammatory IL-10 are
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FIGURE 1 | EVs in astroglia-neuron communication. (A) EVs from astrocytes can be internalized by neurons, contributing to the control of cellular morphology and

synaptic homeostasis. Astrocyte-derived EVs can contribute to neuronal survival under hypoxic and ischemic conditions and to the protection against oxidative stress.

(B) Astrocytes can adapt their EV content in response to different stimuli. EVs from astrocytes stimulated with ATP and anti-inflammatory stimuli, like IL-10, may

promote synaptogenesis and may increase neural network connectivity, thus contributing to the regulation of neuronal plasticity. On the other hand, astrocytes are

also immune-competent cells, able to respond to inflammatory molecules. IL-1β and TNF-α increase the release of EVs from astrocytes, vesicles that are enriched

with miRNAs and proteins able to reduce dendritic growth in developing neurons, simplify dendritic complexity in mature neurons, finally damping neuronal excitability.

Created with BioRender.com.

enriched with proteins involved in neurite outgrowth, axonal
guidance, synaptogenesis, and synaptic long-term potentiation
(Datta Chaudhuri et al., 2020). Moreover, EVs from astrocytes
treated with IL-10 contain proteins that can regulate gap
junction signaling and CREB signaling (Datta Chaudhuri et al.,
2020). Considering that gap junction plasticity is a homeostatic
mechanism to balance asynchronous irregular neuronal activity
and synchronized oscillations (Pernelle et al., 2018), and CREB
signaling is involved in the enhancement of long-term synaptic
plasticity and neuronal excitability (Zhou et al., 2009) as well
as in the increment of spine density and in the alteration of
local neuronal connectivity (Sargin et al., 2013), it is clear that
these EVs are likely to have a role in the regulation of neuronal
plasticity (Figure 1B).

Effects of Astrocyte-Derived EVs on
Neurons During Neuroinflammation
Astrocytes act also as immune-competent cells, able to respond
to and activate immune responses, by secreting cytokines and
chemokines. TNF-α treatment promotes the release of EVs
from astrocytes in vitro and this release can be inhibited by
antioxidants, like N-Acetyl-L-cysteine or glutaminase inhibitors,
highlighting the role of glutaminase in mediating EV release in
inflammatory conditions (Wang et al., 2017). Moreover, both
IL-1β and TNF-α increase the release of EVs from astrocytes
and induce a change in the miRNA load, as reported by

Chaudhuri et al. The majority of the miRNAs enriched in
the EVs from astrocytes treated with IL-1β and TNF-α target
mRNAs supporting neuronal functions, like neurogenesis and
synaptogenesis (Chaudhuri et al., 2018). In particular, miR-125a-
5p and miR-16-5p target the transmembrane tyrosine kinase
receptor for neurotrophin 3, described to promote neuronal
survival and differentiation (Bartkowska et al., 2007), and Bcl2 in
neurons. These data suggest that inflammatory cytokines induce
the release of EVs enriched with miRNAs that reduce dendritic
growth in developing neurons, simplify dendritic complexity in
mature neurons, and reduce neuronal excitability (Figure 1B), a
fact that the authors hypothesized to be protective in conditions
of brain inflammation (Chaudhuri et al., 2018). Moreover, IL-
1β can alter the proteomic cargo of the astrocyte-derived EVs,
leading to an enrichment of proteins, like C3, a component of
the complement system, prothymosin alpha and lysyl oxidase,
involved in the stimulation of the peripheral immune response
(Samara et al., 2017; Datta Chaudhuri et al., 2020).

Some studies propose the effects of astrocyte-derived EVs on
neurons in inflammatory conditions as detrimental. A recent
work characterized the proteomic profiles of EVs from both non-
treated and IL-1β stimulated human astrocytes and analyzed
their functional impact on primary mouse cortical neurons (You
et al., 2020). In agreement with previous studies, the release
of EVs was increased in IL-1β-treated astrocytes with altered
proteomic profile. In particular, the authors identified proteins

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 January 2021 | Volume 8 | Article 62377187

http://BioRender.com
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Pistono et al. Glia-Derived Extracellular Vesicles

related to pathways characteristic of reactive astrocytes, including
cell metabolism and organization, cellular communication and
inflammatory response, and a cluster of surface proteins which
regulate endocytic pathways. Moreover, they showed that the
cellular uptake of EVs by neurons is increased for EVs from
reactive astrocytes, that in turn have detrimental effects on
neurite differentiation and neuronal firing, contrary to the
EVs from the non-treated astrocytes, that promote neuronal
maturation (You et al., 2020). In 2015, Mao et al. described
that in vitro lipopolysaccaride (LPS)-stimulated astrocytes release
EVs that increase neuronal apoptosis after treatment with low
concentrations of neurotoxins (Mao et al., 2015). These EVs
can enter the targeted neurons and carry different miRNAs,
compared to EVs isolated from resting astrocytes. EVs from LPS-
stimulated astrocytes show the upregulation of miRNAs targeting
proteins involved in the regulation of the apoptosis, including the
miR-34a, that is able to bind Bcl2 in the neuronal targeted cells,
finally reducing its anti-apoptotic functions (Mao et al., 2015).

However, assessing the impact of astrocytes on the
inflammatory conditions of neurodegenerative diseases is
not easy, as regional diversity may exist, as suggested by a recent
work on amyotrophic lateral sclerosis (ALS) (Gomes et al., 2020).
ALS is a neurodegenerative disorder in which astrocytes are
important players for motor neuron loss in both brain cortex and
spinal cord. The authors showed that the inflammation-related
miRNAs miR-155, miR-21 and miR-146a are downregulated in
primary cortical astrocytes from mSOD1 mice but upregulated
in spinal cord astrocytes (Gomes et al., 2020). Interestingly,
a reduction of these miRNAs was reported in the EVs from
both cortical and spinal cord astrocytes, suggesting the need
to assess the impact of astrocyte-derived EVs in ALS-related
neuroinflammatory processes.

Binge ethanol drinking in adolescence causes
neuroinflammation and brain damage. Interestingly, it has
been shown that in vitro the treatment of astrocytes with ethanol
augment the secretion and alter the content of the EVs, by
increasing the cargo of inflammatory proteins involved in the
innate immune defense, in particular associated with the TLR4
and NLRP3 pathways, as well as inflammation-related miRNAs
(Ibáñez et al., 2019). Astrocyte-derived EVs can be internalized
by cortical neurons and affect the physiological state of neurons
by altering the expression of inflammation-related proteins and
miRNAs. These results support the role of astroglia-derived EVs
in promoting neuroinflammation and pinpoint the role of TLR4
in this type of response. Indeed, no ethanol effects were observed
on the EVs that derived from the TLR4-KO astrocytes (Ibáñez
et al., 2019).

The release of EVs from pro-inflammatory astrocytes was
also studied in the presence of systemic inflammation, since
systemic immune activation can have an impact on CNS
functionality. A 2018 study showed that, following systemic
immune activation, mice have increased inflammatory marker
levels in the brain and an augmented expression of MHC class
I molecules in neurons and astrocytes (Sobue et al., 2018). The
authors described that transgenic mice expressing the soluble
form ofMHCI/H-2D in astrocytes of themedial prefrontal cortex
show behavioral alterations, activated microglial cells, decreased

parvalbumin-positive cell numbers, and reduced dendritic spine
density. The repetitive treatment with GW4869, an agent that
inhibits EVs secretion, provided almost a complete protection
against behavioral and neuropathological deficits suggesting the
possible involvement of EVs in the onset of social and cognitive
deficits following immune system activation (Sobue et al., 2018).

Astrocyte-Derived EVs, Protein Spreading,
and Neurotoxic Action in
Neurodegenerative Disorders
In neurodegenerative disorders the spreading of pathologic
proteins has a central role and EVs have been hypothesized to
take part in this process. Astrocytes activate secretory pathways
that can selectively eliminate mutant SOD1 and possibly other
misfolded or oxidized proteins, to reduce the formation of
intracellular toxic aggregates. Indeed, mutant SOD1 primary
astrocyte cultures can secrete mutant SOD1-containing EVs.
These EVs transfer mutant SOD1 into spinal neuron cultures
and selectively induce motor neuron death (Basso et al., 2013).
Also studies on animal models support the role of astrocyte-
derived EVs in the spread of pathogenic SOD1. For example,
Silvermann et al. analyzed the proteome of EVs from neuronal
tissue of SOD1G93A mice at the onset of motor neuron disease.
They found out that the proteome of brain-derived EVs was
largely unchanged compared to the wild-type (WT) mice, but
both brain- and spinal cord-derived EVs carry misfolded and
aggregated SOD1, and express astrocyte and neuronal markers,
(Silverman et al., 2019). The authors showed that also EVs
from human SOD1-familial ALS neural tissues carry misfolded
and aggregated SOD1, indicating that mutant/misfolded SOD1
within EVs may be a potential mechanism for the systematic
spread of the pathogenic protein in ALS. Moreover, probably
other factors beside mutant SOD1, can contribute to this toxicity.
To this regard, a recent work using induced pluripotent stem
cells derived from patients suffering of ALS, carrying the C9orf72
mutation, showed that the astrocytes derived from patients
secrete less EVs, compared to healthy controls (Varcianna et al.,
2019). Moreover, EVs from the patients’ astrocytes are sufficient
to induce motoneuron death and the miRNAs typically found
to be altered in patients’ EVs target transcripts involved in
the regulation of axonal/neurite growth and maintenance, thus
underlining the detrimental effect of astrocyte-derived EVs
in ALS.

The role of EVs has also been analyzed for the spreading of
Aβ oligomers and their ability to induce neuronal cell death and
impairment of synaptic functions. Söllvander et al. described that,
in vitro, Aβ42 protofibrils are indirectly neurotoxic (Söllvander
et al., 2016). Indeed, they can be engulfed by astrocytes, but
their degradation is extremely slow and results in long-term
intracellular deposits of Aβ. In turn, this accumulation leads
to severe lysosomal dysfunctions (Söllvander et al., 2016).
Moreover, the accumulated Aβ in the astrocytes can be partially
modified to N-terminally truncated Aβ, that is more resistant to
degradation, more prone to aggregate and more toxic, compared
to the full-length Aβ (De Kimpe et al., 2013). These exposed
astrocytes secrete EVs, primarily containing the N-terminally
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truncated form of Aβ42, and they can induce the apoptosis
of cultured neurons, thus demonstrating a detrimental role of
astrocyte-derived EVs in Alzheimer’s disease (AD) (Söllvander
et al., 2016).

Pathogenic proteins can have an impact on the release of EVs
from astrocytes. For example, EV release is significantly reduced
when cultured astrocytes are treated with Aβ1−42, probably due
to the stimulation of JNK phosphorylation (Abdullah et al., 2016).
The reduction in EV release induced by Aβ may increase Aβ

accumulation and toxicity, finally leading to an exacerbation
of AD pathology (Abdullah et al., 2016). The inhibition of
EV release from astrocytes has also been observed for mutant
Huntingtin (mHtt), as reduction of EVs released from astrocytes
from the HD140Q knock-in mouse model, compared to WT
astrocytes, was observed (Hong et al., 2017). In the same work,
the authors reported that the misfolded protein are not detected
in the EVs isolated from cultured astrocytes and that mHtt
can inhibit the expression of αB-crystallin, a protein described
mediating exosome secretion, thus reducing the release of EVs.

As mention before, EVs from astrocytes can carry not only
misfolded pathogenic protein, but also neurotoxic factors, as
it has been described for neurotoxic HIV-related proteins.
Indeed, HIV-1 has an impact also in the CNS, inducing
neuroinflammation and leading to HIV-associated neurological
disorders (Katuri et al., 2019). Several viral proteins can damage
the CNS and, among these proteins, Nef has a role in mediating
neuronal toxicity. Nef can be expressed in astrocytes and
recently it has been described to be delivered to neurons via
astrocyte-derived EVs (Sami Saribas et al., 2017). In addition,
the transactivator of transcription has a neurotoxic effect and
the exposure of astrocytes to this protein leads to an increased
expression and release of several miRNAs, through EVs. These
EVs can be taken up by hippocampal neurons and lead to the loss
of both excitatory and inhibitory synapses (Hu et al., 2019).

ROLE OF OLIGODENDROCYTE-DERIVED
EVs IN THE CENTRAL NERVOUS SYSTEM

Myelin is the membrane wrapping the axons of neurons in the
CNS, allowing the saltatory conduction which is vital for the
correct transmission of the nerve impulse. Myelin homeostasis
is related to brain plasticity and learning, and its dysregulation
is associated to neuro-psychiatric disorders and age-related
cognitive decline (McKenzie et al., 2014; Hasan et al., 2019).
Oligodendrocytes are highly specialized cells responsible for
myelin production; they derive from the oligodendrocyte
precursor cells (OPCs) which can maintain the ability to
proliferate and differentiate in myelinating oligodendrocytes in
the adult CNS, allowing myelin homeostasis and physiological
regeneration (Kang et al., 2010). Oligodendrocytes are
affected by neuronal activity, that influence different aspects
of oligodendrocyte lineage progression, like proliferation,
differentiation, survival and myelination (Barres and Raff,
1993; Almeida and Lyons, 2016). Moreover, oligodendrocyte
function goes beyond the mere production of myelin in fact they
contribute, together with the other glial cells, to the regulation

of network formation, and to the maintenance of its correct
functioning (Allen and Lyons, 2018; Suminaite et al., 2019). In
addition, oligodendrocytes provide axons with external energy
substrates, such as lactate (Fünfschilling et al., 2012; Lee et al.,
2012).

Effects of Oligodendrocyte-Derived EVs on
Neurons
As for the astrocytes, also oligodendrocytes secrete EVs. A
2007 work in primary cultured oligodendrocytes, in absence
of neurons, showed that EV secretion from oligodendrocytes
is Ca2+-dependent and the released EVs carry unprocessed
proteolipid protein (PLP) and DM20, two abundant proteins of
myelin which are produced by alternative splicing from the PLP
gene (Krämer-Albers et al., 2007). Based on this observation,
the authors suggested that the function of oligodendroglial EVs
might be the disposal of redundantmyelin components produced
by default by oligodendrocytes to balance myelin production
in vivo. Moreover, EVs from oligodendrocytes not only contain
myelin proteins, but they carry a plethora of chaperones and
enzymes involved in the management of oxidative stress, raising
the intriguing suggestion that also oligodendroglial EVs have
a role in transcellular signaling between glia cells and neurons
(Krämer-Albers et al., 2007).

The release of EVs from oligodendrocytes, that is regulated by
neurotransmitters, like glutamate, released from the neurons, and
the role of these EVs in glia-neurons signaling was confirmed by
later studies. An in vitro work supported the fact that neurons
control the secretion of EVs from oligodendrocytes and showed
that EVs themselves can inhibit myelination (Bakhti et al., 2011)
(Figure 2). This is possible since EVs can have an autoinhibitory
effect by reducing oligodendrocyte surface expansion. An
additional study presented a model in which activity-triggered
EV release from myelinating oligodendrocytes occurs along
internodes and paranodal regions into the periaxonal space,
where they are internalized by axons. Furthermore, EV release
may also occur from cell bodies and their uptake can also take
place at the level of neuronal somas or dendrites (Frühbeis
et al., 2013). Importantly, this work presented not only in vitro,
but also in vivo evidence for the uptake of oligodendrocyte-
derived EVs by neurons and showed the functional recovery
of their cargo. Furthermore, the supply of cultured neurons
with oligodendroglial EVs supports the neuronal metabolism
and increases neuronal viability under conditions of cell stress.
Indeed, neurons treated with oligodendroglial EVs were less
sensitive to oxidative stress or starvation (Frühbeis et al.,
2013). In addition, the treatment with oligodendrocyte-derived
EVs protects neurons during OGD (Fröhlich et al., 2014)
(Figure 2). Although a complete characterization of the cargo
molecules involved in these protective mechanisms is still
lacking, the presence of Hsc/Hsp70, SOD1 and catalase has been
described and these molecules can be transferred to neurons
(Frühbeis et al., 2013; Fröhlich et al., 2014). These proteins are
involved in the antioxidant defense and have a neuroprotective
effect. Furthermore, in the targeted neurons several kinases are
activated upon treatment with oligodendroglial EVs, including
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FIGURE 2 | EVs in oligodendrocyte-neuron communication. Neurons can

control the secretion of EVs from oligodendrocytes. (1) These EVs can inhibit

myelination, by reducing oligodendrocyte surface expansion. (2) Moreover, the

EVs can influence neurons, supporting their metabolism and increasing their

viability under stress conditions, such as oxidative stress, starvation, and OGD.

Created with BioRender.com.

Akt, Erk1/2, and JNK, proteins that are implicated in promoting
cell survival and in several physiological processes, including
neuronal functions and cell death/survival pathways (Dudek
et al., 1997; Jin et al., 2002; Zeke et al., 2016). Also the
transcription factor CREB and the enzymes GSK-3α/β and GSK-
3β are phosphorylated, highlighting the variety of pathways
potentially involved in mediating the neuroprotective effect
of oligodendrocyte-derived EVs on neurons (Fröhlich et al.,
2014). Moreover, in vitro, oligodendroglial EVs enhance the
spontaneous neuronal activity of treated neurons, but the impact
of EVs on neuronal excitability in vivo remains to be proven.

ROLE OF MICROGLIA-DERIVED EVs IN
THE CENTRAL NERVOUS SYSTEM

Microglia constitute the resident immune cells of the CNS,
constantly monitoring and responding to changes in the local
environment. Microglia have been traditionally divided into the
pro-inflammatory M1 and the anti-inflammatory M2 microglia,
yet any classification over simplify the real complexity of these
cells (Ransohoff, 2016). Microglia respond to tissue injury or
to the presence of pathogens and switch from a “resting”
homeostatic state to an active state. Microglia have several
other essential functions and they sense neuronal activity

mediated by the expression of membrane receptors for several
neurotransmitter, whose activation influences key microglial
functions (Marinelli et al., 2019). In turn, they can release
molecules that can bind to receptors on neurons, contributing
to the control of neurotransmission and thus allowing the
bidirectional neuronal-microglial communication essential for
sculpting of neuronal connections during development and, later,
for the maintenance of CNS homeostasis (Marinelli et al., 2019).
In the adult CNS, the chemokine signaling between neurons and
microglia, and the appropriate levels of cytokines are essential
for maintenance of normal brain plasticity (Stellwagen and
Malenka, 2006; Rogers et al., 2011). Furthermore, it is known
that inflammatory stimuli can alter synaptic plasticity, leading to
aberrant synaptic depression or potentiation, based on the type of
the stimulus (Costello et al., 2011; Pascual et al., 2012; Zhang et al.,
2014). In this way, microglia and their secreted cytokines can
have a direct impact on CNS development, learning, andmemory
(Depino et al., 2004; Yli-Karjanmaa et al., 2019).

Effects of Microglia-Derived EVs on
Neurons
Not only chemokines and cytokines are important for the
microglia-neuron communication, but an increasing number of
evidence supports the key role of EVs. Microglia secrete EVs
that contribute to the metabolic support of neurons: they contain
enzymes essential for anaerobic glycolysis and lactate production
that could contribute as supplementary energy substrate during
synaptic activity (Potolicchio et al., 2005) (Figure 3). Moreover,
the presence of enzymes involved in the glycolysis, like pyruvate
kinase and glyceraldehyde 3 phosphate dehydrogenase, has
also been reported, together with members of the heat shock
protein family, molecular chaperones important for cell survival
(Potolicchio et al., 2005; Hooper et al., 2012). In addition, EVs
from cultivated microglia contain enzymes involved in protein
degradation, suggesting that microglial EVs contribute to the
catabolism of neuropeptides (Potolicchio et al., 2005). Moreover,
microglia can be stimulated to produce EVs by different signals.
For example, Hooper et al. described that primary rat microglia
release EVs following stimulation with Wnt3a, but not under
control conditions (Hooper et al., 2012). Furthermore, serotonin
secreted from neurons can bind to microglial 5-HT receptors
and induce the elevation of intracellular Ca2+ levels, thus finally
stimulating EV release (Glebov et al., 2015).

Microglia-derived EVs have also an impact on neuronal
functionality in the context of neurological disorders. To
this regard, a 2019 study showed that EVs from BV2 cells
treated with IL-4 are neuroprotective in ischemic stroke,
augmenting neuronal survival, and through other factors, such as
fibroblast growth factor, nerve growth factor, and brain-derived
neurotrophic factor (BDNF) (Song et al., 2019) (Figure 3). EVs
from microglia treated with IL-4 are taken up by neurons both
in vitro and in vivo, and contribute to neuronal survival due to
the transport of elevated levels of miR-124. This miRNA is linked
to hypoxic injury and its expression can attenuate neuronal
damage by reducing M1 macrophage activation and promoting
the anti-inflammatory microglia phenotype (Ponomarev et al.,
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FIGURE 3 | EVs in microglia-neuron communication in physiological and pathological conditions. (1) Microglia can release EVs that contribute to the metabolic

support of neurons. Moreover, (2) EVs from microglia can contribute to the homeostatic regulation of neurotransmission and modulate neuronal activity, by enhancing

spontaneous and evoked excitatory transmission. Microglia-derived EVs are also involved in pathological conditions, where they can play a dual role, protective or

detrimental. In ischemic stroke, (3) microglia-derived EVs can reduce neuronal apoptosis, thus increasing neuronal survival, while in TBI they promote neurite

outgrowth and inhibits autophagic activity. (4) EVs from microglia treated with pro-inflammatory stimuli reduce the density of dendritic spines and decrease excitatory

postsynaptic currents. These synaptic changes may represent a compensatory response to preserve neuronal circuits and counteract hyperexcitability induced by

pro-inflammatory cytokines. However, the sustained exposure of neurons to these EVs leads to an over-inhibition of synaptic function and to an excessive synapse

destabilization, contributing to synaptic dysfunction typical of chronic neuroinflammation. (5) EVs from pro-inflammatory microglia can also contribute to

neuroinflammation, carrying increased levels of pro-inflammatory miRNAs and reduced levels of anti-inflammatory miRNAs. Moreover, EVs from pro-inflammatory

microglia induce a reduction in neuronal viability. Created with BioRender.com.

2011; Veremeyko et al., 2013). The transfer of miR-124 is
neuroprotective, probably by targeting the expression of ROCK
and USP14 and thereby reducing neuronal apoptosis in mice
subjected to tMCAO (Song et al., 2019). Interestingly, the
increase in miR-124 levels has also been described in TBI (Huang
et al., 2018; Li et al., 2019). miR-124-3p levels in microglia-
derived EVs increase during the acute to the chronic phase
transition after TBI. The transfer of miR-124-3p from EVs
promotes also neurite outgrowth in scratch-injured neurons
(Huang et al., 2018) and inhibits autophagic activity (Li et al.,
2019) (Figure 3).

Impact of Microglia-Derived EVs on Neuronal

Morphology and Synaptic Plasticity
Microglia can modulate neuronal activity via release of EVs:
EVs from cultured primary rat microglia and N9 cell line can
interact with the plasma membrane of cultured hippocampal
neurons, thus enhancing spontaneous and evoked excitatory
transmission (Antonucci et al., 2012) (Figure 3). Although this
work lacks an extensive characterization of EVs, it suggested

that EVs may influence neurotransmission by inducing the
metabolism of sphingolipids, molecules described to be involved
in the release of neurotransmitters (Mochel, 2018). Indeed,
EV treatment leads to the increase of the formation of
sphingosine and ceramide from sphingomyelin (Antonucci et al.,
2012).

The impact of microglia-derived EVs on synaptic
transmission has also been described in pathologic conditions,
like neuropathic pain. Following the spinal nerve ligation, the
release of EVs from microglia augment in a time-dependent
manner and these EVs promote the release of the pro-
inflammatory IL-1β and enhance the frequency and the
amplitude of excitatory postsynaptic currents (Li et al., 2017).
The impact of microglial EVs on neuronal activity has also been
described in the context of metabolic dysfunctions: primary rat
microglia incubated with the saturated free fatty acid palmitate
not only increase the release of cytokines, but their released
EVs can induce morphologic alterations to dendritic spines in
hippocampal cultured neurons (Vinuesa et al., 2019). These
dendritic spines are more immature and thinner, suggesting the
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involvement of microglial EVs in neuronal dysfunction upon
metabolic insult.

The effect of microglia EVs on synapses may be mediated
again by specific miRNAs. For example, miR-146a-5p is
upregulated in the EVs isolated from reactive primary rat
microglia, treated with inflammatory and degenerative stimuli,
and can be transferred to neurons (Prada et al., 2018). It
is known that miR-146a-5p represses the translation of the
presynaptic Synaptotagmin-1 and the postsynaptic Neuroligin-
1 proteins (Jovičić et al., 2013), and, in accordance, the study
by Prada et al. showed a reduction of both of these proteins in
neurons treated withmicroglia-derived EVs containingmiR-146-
5p (Prada et al., 2018).Moreover, the neurons showed a reduction
in the density of dendritic spines and a decrease in excitatory
postsynaptic currents. These synaptic changes may represent
a compensatory response to preserve neuronal circuit, and
counteract acute hyperexcitability and excessive glutamatergic
transmission, induced by pro-inflammatory cytokines released
by microglia (Figure 3). However, sustained exposure of neurons
to EVs containing miR-146a-5p leads to an over-inhibition of
synaptic function and to an excessive synapse destabilization,
leading to the pathological loss of synapses, a situation that
may contribute to synaptic dysfunction typical of chronic
neuroinflammation (Prada et al., 2018) (Figure 3). Interestingly,
miR-146a-5p is present, together with other miRNAs, in EVs
isolated from the CSF of patients suffering of multiple sclerosis
(MS), proving an evidence for the possible link betweenmicroglia
activation, enhanced EV production and cognitive symptoms in
MS patients (Prada et al., 2018).

MiRNAs are not the only molecules carried by the
EVs that can mediate an effect on synapses. The N-
arachidonoylethanolamine, an endocannabinoid, has been
described to be present and enriched on the surface of EVs
released from microglia (Gabrielli et al., 2015). EVs carrying this
endocannabinoid can activate the type-1 cannabinoid receptor
in primary hippocampal cultures, inhibiting GABA release and
miniature inhibitory postsynaptic currents, thus contributing to
the homeostatic regulation of neurotransmission (Gabrielli et al.,
2015).

Effects of Pro-inflammatory Microglia
Derived EVs on CNS Cells
Microglia in different conditions can secrete distinct EV
populations. EVs from pro-inflammatory microglia have
been described to contribute to neuroinflammation. The
overexpression of glutaminase C (GAC), present in early stages
of AD-like pathology in mouse brains, promotes microglial pro-
inflammatory activation and induces release of EVs that contain
increased levels of pro-inflammatory miRNAs and decreased
levels of anti-inflammatory miRNAs (Gao et al., 2019) (Figure 3).
Activated microglial BV2 cells, stimulated with LPS, release more
and larger EVs, that contain higher levels of pro-inflammatory
cytokines, like IL-6 and TNF, and have a distinct proteomic
profile (Yang et al., 2018). Moreover, it has been shown that
EVs released from LPS-treated microglia induce a reduction
in cell viability in cultured neurons, suggesting a detrimental

effect of these vesicles (Tang et al., 2016) (Figure 3). In this
study, the authors highlighted that LPS-treated microglia show
an augmented miR-375 expression, an increase also described
at the level of their EVs. miR-375, a miRNA involved in cell
viability and apoptosis, may reduce Pdk1 protein expression in
cultured neurons, suggesting its involvement in the EV-induced
neuronal damage. Another work, focused on clarifying the role
of the metabotropic glutamate receptor 5 (mGlu5) in microglia
activation, support the detrimental role of microglia-secreted
EVs (Beneventano et al., 2017). In BV2 cells, the current
elicited by the P2X7 receptor activation is increased following
stimulation of the mGlu5 receptor with an agonist and this
treatment leads to an augmented shedding of EVs. The authors
reported that the stimulation of mGlu5 receptor increase the
expression of miR-146a (Beneventano et al., 2017), a miRNA
up-regulated by pro-inflammatory signals and that negatively
controls a plethora of genes involved in inflammation (Lukiw
et al., 2008; Li et al., 2011). Moreover, upon P2X7 receptor
stimulation, this miRNA can be packed into the released EVs,
thus reaching the neighboring cells. In addition, the stimulation
of microglia with LPS leads to increased miR-146a levels in the
EVs (Beneventano et al., 2017).

On the other hand, in the context of CNS tumor, EVs from
microglia treated with LPS and IFN-γ may have a protective
effect. In fact, these EVs can interfere with the migration and
invasion of glioma cells in vitro. When injected into the brain
of mice with glioma, these EVs led to a decrease in the tumor
size by reducing the proliferation and migration of cells in the
tumoral region (Grimaldi et al., 2019). In addition, the EVs can
act on the tumor-associated myeloid cells and direct them toward
an antitumor phenotype, highlighting the ability of microglia
to communicate with several cell types through the release of
EVs. This underlines how the impact of EVs from microglia
subjected to a pro-inflammatory environment can be detrimental
or beneficial depending on the context considered, supporting
the need to study the involvement of microglial EVs in different
pathological conditions in more detail.

Microglia-Derived EVs and Protein
Spreading in Neurodegenerative Disorders
The involvement of microglia-derived EVs in the pathogenesis
of neurodegenerative disorders appears to go beyond their
role in neuroinflammation, and they are also implicated in
the spatiotemporal propagation of pathogenic proteins. In AD,
EVs can act as an endogenous source of lipids able to shift
the equilibrium toward toxic Aβ species. Indeed, EVs released
from primary rat microglia increase Aβ toxicity in cultured
hippocampal neurons: the lipid components of the EVs promote
the formation of small soluble neurotoxic species from Aβ1−42

extracellular aggregates, that can activate in vitro the NMDA
receptor activity, finally inducing excitotoxic damage (Joshi et al.,
2014). In addition, microglial EVs contain toxic forms of Aβ1−42

and Aβ1−40, supporting a detrimental role of microglia in AD
that contribute to the spreading of neurotoxic amyloid species
throughout the brain. It has been hypothesized that EV-mediated
release of neurotoxic Aβ species may occur when the intracellular
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pathways of Aβ degradation are saturated, in this way, the
shedding of EVs may become a way for microglia to eliminate Aβ

(Joshi et al., 2014). The observation that microglia-derived EVs
collected from the CSF of AD patients promote the extracellular
formation of neurotoxic Aβ species in vitro further supports
the involvement of EVs in Aβ spreading. However, additional
studies will be essential to define the topology of Aβ species and
to clarify whether Aβ forms are associated to the extracellular
membrane of shed EVs. Moreover, it is important to underscore
that EVs involved in Aβ spreading are also shed by neurons and
they may accelerate Aβ amyloidogenesis in vitro (Yuyama et al.,
2012). These EVs can be taken up by microglia for degradation,
highlighting how microglia can have a double positive and
detrimental role in AD, also in this context, and the importance
of the constant coordination between neurons and microglia.

Tau is present in EVs isolated from the PS19 mouse brain, a
mouse model of tauopathy (Asai et al., 2015). Microglia depletion
reduces the content of tau in brain EVs and suppresses the
transmission of tau containing EVs to neurons ex vivo, suggesting
that microglia-secreted EVs spread tau. However, it is important
to note that the transmission of tau via microglia-derived EVs
is not the only mechanism involved in the detrimental protein
spreading. Asai et al. suggested that the entorhinal cortex, one of
the first regions affected by tau accumulation, is less dependent
on EV-mediated tau propagation, whereas this mechanism seems
to be more involved in tau accumulation in the dentate gyrus
(Asai et al., 2015).

Microglial EVs take part not only to the spreading of
pathologic proteins in AD, but they may also be involved in
α-synuclein (α-syn) transmission in PD. EVs isolated from
the plasma of PD patients show higher total α-syn and α-syn
oligomers levels, compared to healthy controls (Xia et al., 2019).
Injection of these EVs into the striatum of mice reveal that
EVs can spread throughout the brain and they can be taken
up by microglia. In turn, microglia can secrete α-syn via EVs
and the pathogenic protein can be transmitted to neurons, thus
contributing to its spreading into the brain.

All these observations suggest an important role of EVs in
the transmission of pathogenic proteins, thus placing EVs as
central contributors to the pathogenesis of neurodegenerative
disorders. However, further studies to clearly understand EVs
role in protein spreading, but also to shed light on how these
proteins are internalized by the recipient cells, will be essential
to guide future research to develop effective treatments able to
block the pathological protein spreading.

EXTRACELLULAR VESICLES IN
GLIA-TO-GLIA COMMUNICATION

The EVs secreted from glial cells do not only have an impact
on neurons but can target other glial cells. It has been reported
that microglia uptake EVs released from astrocytes treated
with morphine, leading to impaired phagocytosis (Hu et al.,
2018). Moreover, a recent study on TBI revealed that astrocytes
can regulate microglia polarization by releasing EVs (Long
et al., 2020). In particular, the EVs released from astrocytes

exposed to TBI brain extract are enriched with miR-873a-5p
and they can promote microglia anti-inflammatory phenotype
transformation, suppressing pro-inflammatory factors and
promoting the release of anti-inflammatory molecules, due to
the inhibition of ERK and NF-κB, thus finally contributing to
the attenuation of brain edema (Long et al., 2020). In addition,
a study on cellular aging highlighted how astrocyte-derived EVs
can target oligodendrocytes (Willis et al., 2020). The authors
described astrocyte-derived EVs as key contributors to the
cellular effects of the inflammatory phenotype of aged cells: EVs
from young astrocytes, but not from aged astrocytes, can transfer
oligodendrocyte progenitor cells proteins which contribute to
their maturation to oligodendrocytes (Willis et al., 2020).

Moreover, it is well-known that microglia strongly influence
remyelination, with a predominant pro-regenerative phenotype
essential for an efficient myelin repair after damage (Miron et al.,
2013). However, how microglia can have an impact on myelin
repair was unclear. A recent study described that EVs from
pro-inflammatory microglia can block remyelination, contrary
to the EVs released by pro-regenerative microglia, that are able
to promote OPC recruitment and differentiation (Lombardi
et al., 2019). Interestingly, this study highlighted the fact
that astrocytes mediate the detrimental action of inflammatory
microglia-derived EVs on OPCs. In vitro, the authors described
how EVs from pro-inflammatory microglia favor differentiation
of OPCs, but, when co-cultured with astrocytes, they block
OPC maturation (Lombardi et al., 2019). This observation is
important in the context of demyelinating disorders, like MS,
because it can be hypothesized that demyelinating lesions fail
to remyelinate because of the release of EVs from chronically
activated microglia, that can block OPC differentiation, by
inducing harmful astrocyte conversion, thus nullifying the direct
pro-myelinating action of EVs (Lombardi et al., 2019).

POSSIBLE THERAPEUTIC STRATEGIES
FOR CNS DISORDERS BASED ON
EXTRACELLULAR VESICLES

Development of EV based therapeutics for neurological
conditions, in which the crossing of the BBB has always
represented an obstacle to overcome, has been recently under
active investigation. Poor brain penetration of many drugs
ranging from small molecules to bioactive proteins constitute a
problem. Interestingly, Yuan et al. showed improved targeting
of BDNF to the brain parenchyma when complexed with EVs,
compared to free BDNF, highlighting the feasibility of using
EVs as drug delivery vehicles (Yuan et al., 2017). EV tissue
distribution has been shown to be dependent on the cellular
origin of the EVs (Wiklander et al., 2015). While dendritic cell
(DC)-derived EVs distributed more to the spleen, melanoma- or
muscle cell-derived EVs were found in higher levels in the liver.
Alvarez-Erviti et al. were the first to demonstrate improved brain
delivery of EVs fromDCs expressing the rabies viral glycoprotein
(RVG), a protein that specifically binds to the acetylcholine
receptor, on EV surface (Alvarez-Erviti et al., 2011). In this and
in a later study (Wiklander et al., 2015), EVs from DCs carrying
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RVG were intravenously administered to C57BL/6 mice and
efficiently reached the brain. This technological demonstration
serves as an intriguing platform to further improve the targeting
and bioavailability of EVs to possible specifically delivery drugs
to the CNS. EVs can further be loaded with therapeutic proteins
(Haney et al., 2015; Patel et al., 2018). Moreover, Kojima et al.
designed a method to boost EV production in a desired cell
type and to increase the loading of specific mRNAs. The brain
delivery by this system was ensured by RVG on EV surface. The
engineered cells were implanted subcutaneously in mice and the
delivery of the catalase mRNA by the designed EVs attenuated
neurotoxicity and neuroinflammation, indicating the potential
usefulness of the method as a therapeutic application (Kojima
et al., 2018).

Interestingly, neuroinflammation, induced by intracranial
LPS injection, increases the distribution of EVs in the brain (Yuan
et al., 2017). This is an important factor to consider in several
neurogenerative diseases with prominent neuroinflammation as
part of the pathology, suggesting that EVs may have a good
bioavailability in the brain of the patients. Indeed, intranasally
administered EVs increasingly accumulate in the brain of mice
after focal brain ischemia, compared to the healthy brains
(Betzer et al., 2017). In this study, the authors demonstrated a
more efficient brain delivery of EVs via intranasal compared to
intravenous administration, highlighting the possibility for less
invasive administration routes. Similar enhancement of brain
delivery of intranasally administered EVs is observed in the
context of kainic acid induced seizures (Kodali et al., 2020), where
human mesenchymal stem cell (MSC)-derived EVs distribute
throughout the brain and co-localize with neurons andmicroglia.
In addition, the authors proposed that the uptake of the EVs
may be higher in injured cells compared to the healthy ones,
providing an extra level of pathology specific targeting. However,
the BBB of mice and humans have been shown to react differently
in response to drug treatments (Jackson et al., 2017), implicating
that crucial species differences in the function of the BBB, and
targeting of EVs to the brain, may exist. Brain distribution studies
of EVs in humans or primates are still lacking.

Whilst mainstream of studies have focused on using MSC-
derived EVs as therapeutic vehicles (Xin et al., 2017; Losurdo
et al., 2020), the use of EVs from glial cells to treat neurological
disorders has been also tested. Astrocyte-derived EVs injected
intravenously in a model of MCAO enhance neuronal viability
and inhibit the activation of astrocytes and microglia (Pei et al.,
2019). The beneficial effects of astrocyte-derived EVs have been
described also in a rat model of TBI (Chen et al., 2020). Injection
of EVs fromWT astrocytes into the striatum of a mouse model of
HD reduces the density of mHtt aggregates in the injected area,
thus highlighting a role of astrocyte-derived EV in preventing
the accumulation of mHtt (Hong et al., 2017). Immediately after
MCAO, intravenously injected EVs from IL-4 treated microglia
reduced the infarct volume by decreasing neuronal apoptosis,
and attenuated behavioral deficits 3 days after the ischemia,
probably due to the neuroprotective role of miR-124 (Song et al.,
2019). The beneficial effects of this microRNA have been reported
also by other studies on TBI: mice with repetitive TBI injected
with microglia-derived EVs have a better neurologic outcome

and a reduction of neuroinflammation (Huang et al., 2018; Li
et al., 2019).

Taken together, these studies suggest that glia-derived EVs
may have therapeutic potential. Yet, further studies are essential
in order to understand the role of glial EVs in different
pathological conditions. It is important to note that in some
neurodegenerative diseases, such as AD and PD, glia-derived
EVs may be detrimental in contributing to the spreading of
misfolded proteins.

In the last years, several studies have focused on the use of
EVs as biomarkers to obtain information about the presence
and/or the molecular evolution of neoplastic diseases (Le Rhun
et al., 2020; Murgoci et al., 2020a). In addition, the use of EVs
for glioma therapy has been explored. Murgoci et al. described
a method for the isolation and characterization of microglia-
derived EVs from rat neonatal cortex, that were used to treat a
3D glioma model (Murgoci et al., 2018). The authors described
the ability of these EVs to suppress the invasive behavior of
cancer cells, suggesting the use of glia-derived EVs as potential
therapeutic agents against glioma. However, in the complex
context of tumoral environment, it is essential to consider that
several cells can release EVs and have an impact on the tumor.
For example, normal human astrocytes, when stimulated by
glioma cells, increase the EV levels of MGMT mRNA, encoding
the O6-alkylguanine DNA alkyltransferase. The delivery of this
mRNA toMGMT-negative glioma cells may confer the resistance
to temozolomide, through the repression of apoptosis (Yu
et al., 2018). Thus, blocking the mutual exchange of EVs from
astrocytes to glioma cells may be a novel strategy to prevent
tumor recurrence.

Further studies are needed to deepen the knowledge on the
roles of glia-derived EVs in neurodegenerative disorders and in
CNS tumors, and to understand if they may potentially constitute
an advantage when designing novel therapeutics.

CONCLUSION AND FUTURE
PERSPECTIVES

In this review we have summarized the current knowledge on
the involvement of glial EVs in the communication between
CNS cells. These vesicles can transfer specific molecules that
are involved in both physiological and pathological processes,
having an impact on the function of the surrounding neurons
and glial cells. Owing to the recent advances in high-throughput
technology, the screening for RNAs and proteomic components
of glial EVs have allowed the identification of several functionally
relevant EV-associated molecules (Murgoci et al., 2020b).
However, despite the recent efforts, we are still far from complete
understanding the role of glial EVs in health and disease and
future studies are essential to clarify the functional effects of
these vesicles and the specific modes of actions. Furthermore,
it is worth noting that cell specific EVs can be studied in vitro,
but there are still methodological difficulties to study the EV
biology in vivo. Thus, efforts should be put into development of
new models and more powerful imaging and tracking methods
to allow studies in vivo. In addition, special emphasis should still
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be placed for the development of standardized protocols, useful
to promote harmonization among laboratories and to allow a
tighter control for EV characterization, an essential requirement
for all EV studies.
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Exosomes contribute to cell–cell communications. Emerging evidence has shown
that microglial exosomes may play crucial role in regulation of neuronal functions
under ischemic conditions. However, the underlying mechanisms of microglia-derived
exosome biosynthesis are largely unknown. Herein, we reported that the microglial
PDE1-B expression was progressively elevated in the peri-infarct region after focal
middle cerebral artery occlusion. By an oxygen-glucose-deprivation (OGD) ischemic
model in cells, we found that inhibition of PDE1-B by vinpocetine in the microglial
cells promoted M2 and inhibited M1 phenotype. In addition, knockdown or inhibition
of PDE1-B significantly enhanced the autophagic flux in BV2 cells, and vinpocetine-
mediated suppression of M1 phenotype was dependent on autophagy in ischemic
conditions. Co-culture of BV2 cells and neurons revealed that vinpocetine-treated
BV2 cells alleviated OGD-induced neuronal damage, and treatment of BV2 cells with
3-MA abolished the observed effects of vinpocetine. We further demonstrated that
ischemia and vinpocetine treatment significantly altered microglial exosome biogenesis
and release, which could be taken up by recipient neurons and regulated neuronal
damage. Finally, we showed that the isolated exosome per se from conditioned
BV2 cells is sufficient to regulate cortical neuronal survival in vivo. Taken together,
these results revealed a novel microglia-neuron interaction mediated by microglia-
derived exosomes under ischemic conditions. Our findings further suggest that PDE1-B
regulates autophagic flux and exosome biogenesis in microglia which plays a crucial role
in neuronal survival under cerebral ischemic conditions.
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HIGHLIGHTS

- PDE1-B expression increases in OGD-conditioned microglial
cells in ischemic brain tissues and BV2 cells in vitro.

- Vinpocetine suppresses M1 BV2 cell activation and promotes
OGD-BV2 survival in an autophagy-dependent manner.

- Inhibition of PDE1-B by vinpocetine enhances the autophagic
flux and alters exosome biogenesis in OGD-BV2 cells.

- Vinpocetine treated OGD-BV2 exosomes reverses the OGD-
BV2 exosome induced recipient neuronal cell apoptosis and
neurite dysfunction.

INTRODUCTION

Phosphodiesterase enzyme (PDE) is known as a calcium-
and calmodulin-dependent phosphodiesterase. By catalyzing the
hydrolysis of cAMP and cGMP, PDE limits the intracellular
levels of cyclic nucleotides and thus regulates the amplitude,
duration, and compartmentation of cyclic nucleotide signaling.
Because cAMP and cGMP are two critical intracellular secondary
messengers that regulate cell signaling pathways, PDE is involved
in many cellular processes, including platelet functions (Liu
et al., 2014), stabilization of the blood-brain barrier (Kraft et al.,
2013; Bieber et al., 2019), and inflammation (Vijayakrishnan
et al., 2007). The superfamily of PDE enzymes is classified
into 11 groups, including PDE1–PDE11 in mammals (Gulati
et al., 2019), and PDE1 is the best characterized (Kakkar
et al., 1999). For another, three PDE1 isoforms have been
identified (PDE1A, PDE1B, and PDE1C). All the isoforms
are expressed within the central nervous system, and PDE1-
B is mainly distributed in the cortex (Siuciak et al., 2007).
Vinpocetine is a synthetic derivative of the vinca alkaloid
vincamine and a specific inhibitor of PDE1 (Zhang Y.S. et al.,
2018). Large body of evidence has shown that vinpocetine
possesses diverse therapeutic effects on a myriad of diseases,
such as osteoporosis (Zhu et al., 2019), age-related macular
degeneration (Gao et al., 2019), and liver fibrosis (Essam
et al., 2019). In particular, vinpocetine has been reported
for its neuroprotective effects on reducing neuroinflammation,
improving cerebral blood flow, and synaptic plasticity after
ischemic stroke (Sauer et al., 1988; Szilagyi et al., 2005;
Vas and Gulyas, 2005; Medina et al., 2006; Krahe et al.,
2009; Zhang W. et al., 2016) in rodents and humans. It
has been reported that vinpocetine suppresses the release
of proinflammatory molecules and proliferation of microglia
by inhibiting NF-κB pathway (Zhao et al., 2011; Zhang
and Yang, 2014). However, the mechanism of action of
vinpocetine in microglia under ischemic stroke condition is not
fully understood.

Microglial cells are distributed in the central nervous system
and play a critical role in ischemic stroke. Having a similar
function to macrophages, microglia recognize and rapidly
phagocytose dead cells and regulates homeostasis in the brain.

Abbreviations: 3-MA, 3-methyladenine; MCAO, middle cerebral artery
occlusion; NTA, nanoparticle tracking analysis; OGD, oxygen-glucose deprivation;
PDE1-B, phosphodiesterase enzyme 1-B; TEM, transmission electron microscope.

Therefore, they are highly involved in regulation of neuronal
functions and survival by several mechanisms including the
production of neurotrophic factors, proinflammatory cytokines
or extracellular vesicles (Fricker et al., 2018). Normal microglia
remain in a resting state, while damaged cells or pathogens
stimulate normal microglia to become the activated M2 or M1
microglia which promote the generation of anti-inflammatory or
proinflammatory cytokines respectively. In addition, microglial
activation is a common feature of many neurodegenerative
diseases (Prinz et al., 2011) and ischemic stroke (Ma et al.,
2017). Activated microglia induce neuronal dysfunction by
inducing apoptosis, excitotoxicity and necrotic death (Block
et al., 2007; Brown and Vilalta, 2015) in many neurodegenerative
diseases and ischemic stroke (Kim et al., 2015). In addition
to inflammatory cytokines, recent findings have revealed
that microglia have a strong secretory capacity in releasing
exosomes which have been shown to play important roles in
regulation of cellular microenvironment during ischemic stroke
(Zagrean et al., 2018).

Exosome is one of the cellular microvesicle with diameters
of 30–200 nm originating from the endocytic pathway. Recent
evidence has revealed that microglia-derived exosomes play
an important role in cell–cell communication regulating brain
cell survival after brain damage. It has been reported that
microglial exosomes are also involved in crosstalk among
innate immune cells, microglial training, and neuroinflammation
(Lemaire et al., 2019; Song Y. et al., 2019; Hou et al.,
2020). It becomes increasingly clear that microglial exosomes
contain various cellular metabolites dependent on the status
of microglia and they can have diverse effects on the
recipient cells. For example, M2 microglia-derived exosomes
protect the mouse brain from ischemia-reperfusion injury by
exosomal miR-124 (Song Y. et al., 2019). In the context of
brain tumors, exosomes could transfer transcripts of several
inflammation-related genes from one microglial cell to another
dysfunctional microglial cell (Grimaldi et al., 2019). In addition,
it has been reported that inhibition of microglial exosome
secretion or altering microglial cell states could block the
transmission of alpha-synuclein and influence PD progression
(Xia et al., 2019). A recent study has showed that miR-
124 in the microglial exosomes secreted after ischemic-
reperfusion injury has neuroprotective effect (Zagrean et al.,
2018). Interestingly, another report also showed that miR-124-
3p could alleviates neurodegeneration and improves cognitive
function after traumatic brain injury (Ge et al., 2020). These
studies indicate that microglial exosomes play novel roles during
brain damages. However, the underlying mechanism by which
microglia produce and release their exosomes after ischemic
stroke remains poorly understood.

In this study, we investigated the mechanism of
exosomes released from microglia and their functional
role in regulation of neurite morphology and neuronal
survival by different ischemic stroke models. We found
that PDE1-B plays a role in upregulation of autophagic
flux and exosome release after ischemia in cerebral
cortex. In addition, PDE1-B inhibition by vinpocetine
treatment significantly enhances exosome released from
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microglia and protects neuronal cells against ischemic
damage.

RESULTS

Elevated Expression of PDE1-B in
Microglial Cells in Ischemic Brain Tissue
To explore the role of PDE1-B in microglia after ischemic stroke,
we firstly used the intraluminal suture-mediated transient and

permanent MCAO models in mice. However, the high mortality
rate of the transient MCAO model prevented us from performing
the time course experiments in this study. Thus, we used the distal
permanent MCAO model as the survival rate was much higher.
We compared the distribution of microglia and their PDE1-B
expression. As expected, the Iba-1-positive microglial cells in the
peri-infarct ischemic region were significantly increased in the
first day and peaked at the 14th day after MCAO (Figures 1A,B).
Consistent with previous studies (Chang et al., 2011; Dziennis
et al., 2011), we found that the expression of CD11b, which

FIGURE 1 | Microglial activation and PDE1-B expression are significantly increased in the ischemic brain tissue. (A) Adult C57/B6 mice were subjected to sham or
focal MCAO surgery and brain sections were collected after 1, 3, and 14 days. Microglial cells were visualized using Iba-1 staining by immunohistochemical
microscopy. The dotted line indicates the infarct area. Asterisk indicates the site of MCA occlusion. The boxed areas indicate the peri-infarct regions, which are
magnified for better visualization (right panels). (B) Quantification data are presented as mean ± SD. **p < 0.01, N = 3 mice per group, scale bar = 200 µm.
Representative immunofluorescence images (C) and quantifications (D) of PDE1-B positive M1 microglia (CD11b) in the peri-infarct cortex of mice 3 days and
14 days after MCAO. Nucleus were visualized by DAPI staining. **p < 0.01, N = 3 mice per group, scale bar = 100 µm.
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is a marker of M1-type microglial cells, was elevated in the
peri-infarct region of the MCAO groups compared with that
in sham group. Interestingly, we found that PDE1-B expression
was also increased in the CD11b-positive cells (Figures 1C,D).
These results suggest that ischemic brain tissue promotes PDE1-B
expression in the M1 microglial cells.

Vinpocetine Inhibits the OGD-Induced
M1-BV2 Activation and Promotes M2
Phenotype
To investigate the role of PDE1-B in ischemic microglial cells,
we employed an oxygen and glucose deprivation (OGD) model
and used vinpocetine to selectively inhibit PDE1 (Hagiwara
et al., 1984) in microglial BV2 cells. Consistent with our
in vivo observation in Figure 1C, PDE1-B expression was
increased in OGD-treated BV2 cells (Figure 2A). In addition,
we examined the effect of vinpocetine on the polarity of BV2
cells under ischemic conditions using Iba-1, CD11b, and Arg-
1 expression as the markers for general, M1 and M2 microglia,
respectively. As expected, Iba-1 and Arg-1 were significantly
decreased in the OGD-treated cells, while CD11b expression
was elevated significantly (Figure 2A). Vinpocetine treatment
significantly decreased PDE1-B protein expression, which was
accompanied by repression of CD11b in a dose-dependent
manner and enhancement of Arg-1 expression (Figure 2A). And
the 20 µM vinpocetine treatment obtained a significant change
when compared with OGD modeling cells without drugs. We
further confirmed these observations with immunofluorescence
analysis. As shown in Supplementary Figure S1, vinpocetine
dose-dependently reversed the abundance of CD11b-positive
cells and Arg-1-positive cells in OGD conditions. Co-staining
analysis revealed that PDE1-B expression in CD11b-positive
BV2 cells was reduced in a vinpocetine dose-dependent manner
(Figures 2B–E). Our result in Figure 1 and others have shown
that Iba-1 expression is increased in the activated microglia. In
contrast, we found that in BV2 cells under OGD treatment, Iba-1
expression was decreased (Figure 2A, lane 2). This discrepancy
may be due the different nature of the in vivo and in vitro
experiments. It is conceivable that although BV2 cells were
activated in OGD condition, the OGD-induced damage reduced
the Iba-1 expression as reported previously (Lu et al., 2019; Xu
et al., 2019). These results suggest that inhibition of PDE1-B
by vinpocetine inhibit M1 microglia polarization in ischemic
conditions.

Vinpocetine Suppresses M1 BV2
Activation by Enhancing Autophagic Flux
in Ischemic Condition
Oxygen-glucose deprivation (OGD) is known to strongly
induce autophagy which is generally regarded as an adaptive
mechanism for protection of cells from transient metabolic
stress (Kroemer et al., 2010). We reasoned that the observed
vinpocetine-enhanced-microglia viability under OGD condition
may be resulted from the activation of autophagy. To test
this hypothesis, we detected various autophagy marker proteins
by western blot. As shown in Figure 3A, HIF-1α expression

was highly increased in OGD treated BV2 cells, indicating the
success of our OGD model. After OGD treatment, expression
of p62 was declined and LC3-II/I ratio was significantly
increased, demonstrating that the autophagic flux was elevated
after OGD. We found that vinpocetine treatment further
enhanced the LC3II/I ratio and decreased the p62 expression
in BV2 cells. Moreover, blocking autophagy by inhibitor 3-
Methyladenine (3-MA) led to abolishment of the vinpocetine-
induced autophagy enhancement (Figure 3A). We further
performed immunofluorescence staining and showed that LC3-
II level was increased in Iba-1-positive cells after OGD treatment
(Figure 3B). After vinpocetine treatment, the expression of LC3-
II in Iba-1-positive cells was further increased compared with
that in the OGD group. In agreement with the western blot
results, 3-MA treatment completely eliminated the enhancement
of autophagy by vinpocetine (Figure 3B). We further knocked
down PDE1-B expression in BV2 cells by siRNA and found that
the autophagy level of BV2 in both control and OGD groups
were also increased to significantly (Figure 3C). These results
imply that PDE1-B plays a critical role in negatively regulating
autophagic activity in BV2 cells under ischemic conditions.

To examine the changes of autophagic flux by vinpocetine
treatment in more details, we used electron microscopy
to investigate the effect of vinpocetine on autophagosome
formation in BV2 cells (Figure 4). We observed that under
normal condition, the cytoplasm of microglial cells appeared
normal, with intact mitochondria and endoplasmic reticulum.
After OGD treatment, however, a large-number of vacuoles
appeared in the cytoplasm and the mitochondria became
dissolved or fragmented. A large number of late autophagosomes
(lysosome-containing autophagosomes, blue arrows) in the
OGD BV2 cells were also observed. Notably, BV2 cells
treated with vinpocetine exhibited more autophagosomes
and endosomes (red arrows). Moreover, most mitochondria
remained intact, and the number of autophagosomes in
the cells increased prominently with the overall improved
cell morphology, although mitochondrial dissolution was still
observed. Under higher magnification, the early autophagosomes
(microbubbles with intact membrane structures encapsulating
certain contents without lysosomes, marked by yellow
arrows), late autophagosomes (autolysosomes), and end-
stage autophagosomes (microbubbles with intact membrane
structures containing nested multilayer membrane structure,
with or without lysosomes, marked by green arrows) were more
prominently observed in the cells treated with vinpocetine.
To determine whether the observed effect of vinpocetine was
dependent on autophagic pathway, we used 3-MA to inhibit
autophagy formation and mature in vinpocetine-treated cells
and found that both of the number and size of autophagosomes
were apparently reduced by the treatment of 3-MA. Thus, these
results demonstrate that vinpocetine enhances autophagy in BV2
cells under OGD condition.

We further asked whether autophagy in BV2 cells was involved
in mediating microglia polarization in ischemic conditions.
We used Arg-1 and CD11b to determine the M2 and M1
microglial BV2 cells, respectively, and 3-MA to inhibit autophagy.
Consistent with the results in Figure 2A, OGD significantly
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FIGURE 2 | Vinpocetine treatment inhibits BV2 M1 and promotes M2 phenotype in OGD condition. (A) Representative immunoblots and quantification of Iba-1,
Arg1, CD11b, PDE1-B in BV2 cells pre-treated with the indicated concentrations of vinpocetine for 24 h before OGD incubation for 3 h or in normal medium
(control). Whole cell lysates were used for immunoblotting with antibodies against Iba-1, Arg-1, CD11b, PDE1-B, and β-actin. Each band has three repeated
experiments for statistical analysis. *p < 0.05 and **p < 0.01 versus Control group; #p < 0.05 and ##p < 0.01 versus OGD group. (B) Representative
immunofluorescence images of CD11b and PDE-1B positive BV2 cells as treated in (A). (C–E) Quantification of CD11b (C), PDE1-B positive cells (D), and PDE1-B
positive cells per CD11b positive cells (E). **p < 0.01. Scale bar = 100 µm.

increased the expression of CD11b and decreased Arg-1 and Iba-
1 expressions, and vinpocetine treatment blocked this change
induced by OGD (Supplementary Figure S2A). Treatment

of 3-MA significantly inhibited the effect of vinpocetine on
suppressing microglia M1 polarization without the change of
PDE-1B level (Supplementary Figure S2A). We performed
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FIGURE 3 | Vinpocetine treatment enhances autophagy in OGD-conditioned BV2 cells. (A) Representative immunoblots and quantification of HIF-1α, p62, LC3-I,
LC3-II, β-actin in BV2 cells treated with vinpocetine (Vinpo) or/and 3-MA for 24 h after OGD incubation for 3 h or in normal medium (control). Whole cell lysates were
used for immunoblotting. *p < 0.05 and **p < 0.01 versus control; #p < 0.05 and ##p < 0.01 versus OGD; &&p < 0.01 versus OGD + vinpo. (B) Representative
immunofluorescence images of LC3-II and Iba-1 co-staining in BV2 cells as treated in (A), and the quantification of the ratio of LC3-II positive BV2 cells to Iba-1
positive cells. **p < 0.01, Scale bar = 100 µm. (C) Representative immunoblots and quantification of cleaved caspase 3, Bax, Bcl-2 and β-actin in BV2 cells which
pre-treated PED1-B siRNA or treated with vinpocetine (Vinpo) after OGD incubation or in normal medium (control). Whole cell lysates were used for immunoblotting.
*p < 0.05 and **p < 0.01.
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FIGURE 4 | Transmission electron microscope images of the ultrastructure in different BV2 cells. Four groups BV2 cells has been shown (N = 3 cells per group),
which incubated in normal medium (control), OGD condition for 3 h in the absence or presence of pretreatment with vinpocetine (Vinpo) or 3-methyladenine (3-MA)
for 24 h. ‘M’ for mitochondria; ‘N’ for nucleus; blue arrows for autolysosomes; yellow arrows for early autophagosomes; green arrows for late autolysosomes; pink
arrows for oversize autophagosomes; red arrows for endosomes.

immunofluorescence analysis and observed a similar effect
of vinpocetine on BV2 polarization (Supplementary Figures
S2B,C). These results demonstrate that vinpocetine suppresses
M1 and promoted M2 microglia phenotype through, at least in
part, positive regulation of autophagy.

Vinpocetine-Treated BV2 Cells Alleviate
OGD-Induced Neuronal Damage in
Co-culture System
Microglia play a crucial role in mediating neuronal survival
after ischemic stroke. To examine the effect of vinpocetine
on autophagy of microglia under ischemic conditions and the
resulting influence on neuronal cell viability, we performed an
in vitro Transwell assay using co-culture of BV2 cells and SH-
SY5Y cells. BV2 cells were firstly incubated in OGD medium, or
OGD in the presence of vinpocetine, or OGD in the presence of
vinpocetine and 3-MA. Then these conditioned BV2 cells were
co-cultured with SH-SY5Y cells in normal or OGD conditions.
As expected, the expression of HIF-1α was increased in SH-
SY5Y cells after OGD incubation (Figure 5A). The apoptosis
level, as judged by cleaved caspase 3 expression, in SH-SY5Y cells
was also elevated by OGD treatment. In OGD condition, SH-
SY5Y cells that were co-cultured with control BV2 cells (BV2
conditioned in normal medium) or OGD-conditioned BV2 cells
showed no significant change in cleaved caspase 3, Bax and
Bcl-2 levels compared with no-BV2 control (Figure 5A lane
3&4 vs. lane 2). However, vinpocetine plus OGD-conditioned
BV2 cells significantly alleviated SH-SY5Y apoptosis in OGD
condition (Figure 5A, lane 5 vs. lane 4), as judged by cleaved
caspase 3, Bax and Bcl-2 levels. We found that 3-MA treatment
significantly reversed the effect of vinpocetine-treated OGD

BV2 cells on SH-SY5Y cell viability. In addition, we performed
TUNEL staining and confirmed the effect of vinpocetine on
protecting SH-SY5Y cells in an autophagy-dependent manner
(Supplementary Figure S3). These results imply that vinpocetine
may regulate the secretion of certain cell permeable substances
from the conditioned BV2 cells that influenced SH-SY5Y viability
in OGD condition. We also examined the neurite morphology
in the co-cultured primary mouse neuronal cells with the
conditioned BV2 cells. Microtubule-associated protein 2 (MAP2)
functions as a neuron-specific cytoskeletal protein marker for
monitoring the dendritic structures. As shown in Figures 5B,C,
MAP2 staining indicated that the morphology of neurons was
significantly impaired in OGD condition. Co-cultured with
OGD-conditioned BV2 cells further reduced the number of the
dendrites. However, treatment of neuronal cells with vinpocetine
plus OGD-conditioned BV2 cells significantly alleviated the
change of dendritic structural impairment in neurons, and 3-
MA reversed the effect of vinpocetine. These results suggest
that the secretion from OGD-conditioned BV2 cells may further
deteriorate the neurite morphology, while vinpocetine treatment
in the OGD-conditioned BV2 cells mitigates the deformation of
neurites in a BV2 autophagy-dependent manner.

Vinpocetine Treatment Regulates
OGD-Conditioned BV2 Cell-Derived
Exosomes Which Influences Neuronal
Viability and Neurite Morphology
The above results implied that certain secretory substance
from the conditioned BV2 cells played a role in regulation of
recipient cell viability in OGD condition. We hypothesized that
exosomes may be the candidate because accumulating evidence
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FIGURE 5 | Vinpocetine-treated OGD-conditioned BV2 cells alleviates OGD-induced SH-SY5Y apoptosis and loss of neuron synapse. (A) Representative
immunoblots and quantification of HIF-1α, cleaved caspase 3, Bax, Bcl-2, and β-actin in SH-SY5Y cells which were co-cultured with BV2 cells treated as described
in Figure 3A. **p < 0.01 versus control; #p < 0.05 and ##p < 0.01 versus OGD + OGD-BV2; &p < 0.05 and &&p < 0.01 versus OGD + OGD-vinpo-BV2.
(B) Representative immunofluorescence images of MAP2 staining of primary mouse neurons co-cultured with the BV2 cells treated as described in (A).
(C) Quantification of intersection number of neurite in (B). Scale bar = 100 µm.

has revealed the functions of exosomes in microglia-neuron
communication (Men et al., 2019). Exosomes are produced
by inward budding into the early endosome, resulting in
maturation into multivesicular bodies (MVB)/late endosome.
After their formation, the late endosome can either fuse with
the lysosome to degrade its content or fuse with the plasma
membrane to release the intraluminal vesicles (ILVs) as exosomes
(Song L. et al., 2019). It has been proposed that exosome
biogenesis and secretion were closely associated with autophagic
flux (Gudbergsson and Johnsen, 2019; Jeppesen et al., 2019)
(Figure 6A). To determine whether these phenomena occurred
in our in vitro system, we examined the subcellular structures of
BV2 cells cultured in OGD condition by EM analysis. Indeed,
we observed various intracellular vesicles which were related
to autophagic flux and exosome biogenesis (Figure 6B). Thus,
these results confirmed the existence of exosome formation
in the BV2 microglial cells incubated in OGD condition. Our

observations further suggest that autophagosomes could either
fuse with lysosome or late endosomes to form autophagosomes
or amphisomes, respectively, since amphisomes could fuse with
plasma membrane of microglia to release exosomes, while
autophagosomes could proceed to autolysosome formation
in OGD condition.

Next, we tried to characterize the exosomes released from
the BV2 cells under ischemic condition. We extracted and
purified exosomes that were secreted by different conditioned
BV2 cells. Results of the nanoparticle tracking analysis (NTA)
showed that the size of isolated microvesicles ranged from 84
to 189 nm (Figure 6F) which were slightly bigger than the
usual exosomal size of 40–160 nm (Jeppesen et al., 2019; Kalluri
and LeBleu, 2020). This was likely due to the method we used
to purify exosomes. To enhance the yield of exosomes, we
used the precipitation-based polyethylene glycol (PEG) method
which is known to slightly enlarge the size of exosomes for
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FIGURE 6 | Identification of the exosomes derived from OGD-conditioned BV2 cells. (A) Illustration for the relationship between exosome biogenesis and autophagic
flux. (B) Scanning electron microscopic images showing the existence of different states of autophagosome formation and exosome packaging in amphisome in BV2
cells incubated in OGD for 3 h. (C) Representative immunoblots and quantification of TSC101, CD63, CD81, and Calnexin in whole cell extract (Cell) and the purified
exosomes from BV2 cells which were treated as described in Figure 3B. (D) Quantification of TSG101, CD63, CD81 in (C). (E) Transmission electron microscopic
images of the purified exosomes. (F) Nanoparticle tracking analysis of the purified exosomal size (N = 3 repeated detections per group). Scale bar = 200 nm.

their precipitation fur the isolation process (Liu et al., 2017).
In addition, the TEM results showed that the microvesicles we
isolated were generally cup-shaped and round particles with a
complete membrane structure (Figure 6E). These characteristics
were consistent with the morphology and size of exosomes
(Jeppesen et al., 2019). For further verification, we examined
the exosome marker proteins in microvesicle lysates by western
blot and found that TSG101, CD63, and CD81 were detected,
but the endoplasmic reticulum-associated protein Calnexin was
not detected in the extracts (Figure 6C). These results indicate
the success of our exosome isolation from BV2 cells. Then,
we compared the exosomes isolated from different conditioned
BV2 cells. NTA results in Figure 6F showed that the average
exosome size was increased in the OGD-conditioned BV2
cells. Vinpocetine treatment further increased the size of the
released exosomes. Exosomes exhibited largest size after BV2
cells treated with 3-MA and vinpocetine in OGD medium
(Figures 6E,F). In addition, TEM image of exosomes from the
OGD + vinpo + 3MA treatment implied the possibility of
fusion of exosomes (Figure 6E). By western blot analysis, we
found that all of the expression of exosome marker proteins
TSG101, CD63, and CD81 were increased after OGD treatment.
Consistent with the NTA results, vinpocetine treatment further
increased the exosome specific proteins slightly. However, those
exosome specific protein levels were reduced by 3-MA treatment

(Figures 6C,D). These results suggest that vinpocetine-enhanced
autophagy in microglia affects the physical property and loaded
contents of exosomes.

To determine whether the conditioned BV2-derived exosomes
per se were sufficient to cause the observed effects, we directly
added the purified exosomes isolated from different conditioned
BV2 cells to SH-SY5Y cells and primary neuron, and examined
the SH-SY5Y cell survival and neurite morphology. We first
determined whether the purified exosomes could be taken up by
the recipient neuronal cells. To this end, the isolated exosomes
were firstly stained with PKH67, washed and then added into
the neuronal cell culture in order to distinguish the exogenous
exosomes from the endogenous ones in neurons. As shown in
Figure 7A, the distribution of pixel color dots along the x- and
y-axes of that images indicate that the labeled exosomes were
significantly enriched inside the recipient neurons.

We then treated the neuronal SH-SY5Y cells with the
isolated exosomes from different conditioned BV2 cells and
determined SH-SY5Y cell viability. As shown in Figure 7B,
although the control-BV2- or OGD-conditioned BV2-derived
exosomes did not significantly change the maker protein
expression levels of apoptosis in SH-SY5Y cells in OGD
condition, exosomes purified from the vinpocetine-treated OGD-
conditioned BV2 cells significantly decreased apoptosis in SH-
SY5Y cells in OGD condition as judged by the reduced expression
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FIGURE 7 | The exosomes derived from vinpocetine-treated OGD-conditioned BV2 cells ameliorates OGD-induced SH-SY5Y apoptosis and loss of neuron
synapse. (A) Exosomes purified from BV2 cells cultured in normal medium were labeled with PKH67 before incubated with SH-SY5Y cells. The arrows indicate the
labeled exosomes were taken up inside the SH-SY5Y cells. (B) Representative immunoblots and quantification of HIF-1, cleaved caspase 3, Bcl-2, Bax and β-actin
in SH-SY5Y cells which were incubated with the purified exosomes isolated from different conditioned BV2 cells treated with vinpocetine (Vinpo) or not for 24 h after
OGD or normal incubation (control). **p < 0.01 versus control; &&p < 0.01 versus OGD; #p < 0.05 and ##p < 0.01 versus OGD + BV2-OGD-exo; &p < 0.05 and
&&p < 0.01 versus OGD + BV2-OGD-vinpo exo. (C) Representative immunofluorescence images of MAP2 staining of primary mouse neurons incubated with the
purified exosomes isolated from the BV2 cells treated as described in (B). (D) Quantification of intersection number of neurite in (C). Scale bar = 100 µm.

of cleaved caspase-3 and Bax, and enhanced expression of
Bcl-2 (Figure 7B). Consistently, the cell damage detection,
TUNEL staining also indicated a similar effect on cell damage
(Supplementary Figure S4). We also detected the effect of BV2-
derived exosomes on neurite morphology. Immunofluorescence
results showed that the treatment of isolated exosomes purified
from OGD-conditioned BV2 cells caused a further impairment
of neurite structure. The exosomes generated from vinpocetine-
treated OGD-conditioned BV2 cells significantly alleviated the
structural impairment of neurites (Figures 7C,D). These results
suggest that vinpocetine regulates the neuroprotective property
of OGD-conditioned BV2-derived exosomes which influenced
SH-SY5Y survival and neurite structure in OGD condition.

Brain Injection of Exosomes Is Sufficient
to Affect Neuronal Survival
To verify the exosome function in vivo, we isolated exosomes
from the various conditioned BV2 cells, and injected those

exosomes directly into the left cortex of normal adult mice. We
then monitored the localization of exosomes after injection in
the cortex at different time points. The immunofluorescence
imaging results showed that the PKH67-labeled exosomes were
accumulated in the cortex over times, and peaked at after 72 h
of injection (Figure 8A, upper panel). The distribution of the
injected exosomes collected from different conditioned BV-2 cells
in the cortex of normal mice after 72 h showed no observable
difference (Figure 8A, lower panel). Nevertheless, the Nissl and
TUENL staining results in Figure 8A indicated that the OGD-
conditioned BV2-derived exosomes (OGD-exo) significantly
reduced the neuronal cell number and increased TUNEL-
positive cells around the injected area in normal mice brain,
further supporting the notion that the OGD-conditioned BV2-
derived exosomes causes neuronal loss. In contrast, injection
of the exosomes derived from vinpocetine-OGD-conditioned
BV2 reversed OGD-BV2 exosomes induced neuronal damage
(Figure 8B). To examine whether the vinpocetine-OGD-
BV2 exosome had a protective effect against stroke-induced
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FIGURE 8 | Effect of exosomes derived from different condition BV2 on brain tissue.(A) Distribution of exosomes derived from microglia in normal condition
(Control-exo) 3, 24, and 72 h after injection to the cortex (upper panels). Distribution of exosomes isolated from different conditioned BV2 at 72 h after cortical
injection (bottom panels). (B,D) Nissl and TUNEL staining of brain sections from normal or transient MCAO mice (N = 3) injected with exosomes purified from
different conditioned BV2 for 72 h. (B) For normal mice, (D) for transient MCAO mice. The red asterisks indicate the cortical injection sites. (C) Representative
immunoblots and quantification of Bax, Cleaved Casepase 3, Bcl-2 and β-actin expression levels in normal or ischemic cortical tissue extracts from mice injected
with the purified exosomes isolated from BV2 cells as described in Figure 7B for 72 h. *p < 0.05 and **p < 0.01.

neuronal damage, we injected the OGD-BV2 exosomes and the
vinpocetine-OGD-BV2 exosomes to the cerebral cortex of mice
subjected to transient MCAO. After 72 h of MCAO, the cortical
tissues were collected for western analysis of apoptosis. We
confirmed that MCAO caused significant increased apoptosis
in the brain tissue (Figure 8C). The exosomes derived from
OGD-conditioned BV2 further enhanced the protein levels of
apoptotic markers, while exosomes isolated from the vinpocetine
treated OGD condition BV2 cells significantly reduced apoptosis
(Figure 8C). In addition, we used Nissl and TUNEL stainings to
confirm the effect of vinpocetine on rescuing the neuronal loss
and reducing cell damage in the cortical tissue induced by MCAO

(Figure 8D). These results indicate that the exosome derived
from OGD-BV2 causes neuronal damage whereas exosomes
derived from vinpocetine-treated BV2 protects the neurons
against stroke-induced damage.

DISCUSSION

Phosphodiesterase enzyme is a phosphodiesterase that
is also known as calcium- and calmodulin-dependent
phosphodiesterase. By catalyzing the hydrolysis of cAMP and
cGMP, PDEs limit intracellular levels of cyclic nucleotides and
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thus regulate the amplitude, duration, and compartmentation
of cyclic nucleotide signaling. They participate in many cell
processes including platelet functions1, stabilization of the
blood-brain barrier2,3, and inflammation4. The superfamily of
PDE enzymes is classified into 11 groups, including PDE1-PDE11
in mammals5, and PDE1 is currently the best characterized one6.
There are three PDE1 isoforms have been identified, and
PDE1-B is mainly distributed in cerebral cortex7 Vinpocetine
is a well-known PDE1 inhibitor that is a synthetic derivative of
the vinca alkaloid vincamine. Previous studies have reported
the protective effects of vinpocetine on neurons and other brain
cells after ischemic injury in rodents (Sauer et al., 1988) and
humans (Szilagyi et al., 2005; Vas and Gulyas, 2005; Zhang W.
et al., 2016). It can serve as a neuroprotective drug that possesses
anti-inflammatory effects against cognitive impairment (Gulyas
et al., 2011; Ali et al., 2019a,b). Recent studies have reported
that vinpocetine inhibits TLR4 expression in microglial cells
after OGD, leading to a decreased inflammatory response by
downregulation of TLR4/MyD88/NF-κB pathway after cerebral
ischemia-reperfusion injury (Wu et al., 2017). Interestingly, this
vinpocetine effect is independent of its well-known inhibitory
effects on phosphodiesterases (Jeon et al., 2010). Nevertheless,
whether and how PDE1B mediates neuroprotective mechanism
in stroke remains incompletely understood.

Several lines of evidence have indicated that the PDE1
inhibitor vinpocetine suppresses the release of inflammatory
cytokine and chemokines from multiple cell types by targeting
NF-κB-dependent inflammation pathway (Liu et al., 2017;
Zhang F. et al., 2018) and involving regulation of neuronal
plasticity in acute ischemic stroke patients (Medina et al., 2006).
In this study, we further demonstrate a novel mechanism by

which vinpocetine regulates microglia-neuron communication
through alteration of autophagy in microglial cells. As proposed
in our working model in Figure 9. We demonstrated that
PDE1-B expression is significantly increased in the activated M1
microglia in the ischemic brain tissue. To investigate the potential
role of PDE1-B and the effect of its inhibitor vinpocetine on
microglial function, we used BV2 cells and the OGD model to
examine the microglial response under ischemic stroke condition
in vitro. Vinpocetine inhibits BV2 microglia M1 and promotes
M2 phenotype in ischemic OGD condition. In addition, our
observation suggested that inhibition or knockdown of PDE1-
B enhances autophagy in OGD-conditioned BV2 cells, which is
associated with the release of exosomes that protects neurons
against OGD-induced damage. Finally, we directly showed in
animal stroke model that the exosomes released from the
microglia BV2 cells in OGD condition causes neuronal damage
while exosomes released from the vinpocetine-treated BV2 cells
promotes neuroprotection against ischemia-induced damage.
These results reveal a novel mechanism of microglia-neuron
communication through microglial exosomes. Inhibition of
PDE1B alters microglial autophagic flux for microglial exosome
synthesis and release which plays critical role in neuronal survival
and neurite structure. Although it is still unknown how the
change of autophagic flux could modulate the exosome contents
and release from microglia, the exosomes released from microglia
under the ischemic condition enter neurons and exert their
neuroprotective effect against ischemia-induced damage.

As known, OGD is a known inducer of autophagy (Zhou et al.,
2017; Perez-Alvarez et al., 2018). It is an active defense response
in cells that protects cells from damage to a certain extent (Fu
et al., 2016). In the early stage of cell damage, autophagy promotes

FIGURE 9 | Working model of the role of PDE1-B and the mechanism of vinpocetine in protection against neuronal damage. See main text for detailed description.
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cell repair and survival and inhibits apoptosis (Kroemer et al.,
2010). However, with further exacerbation of cell damage, the
incrementally enhanced autophagy level of the cell will result in
excessive self-digestion, and further lead to the cell death finally,
which is called autophagy-dependent cell death (Li et al., 2015;
Song S. et al., 2017; Cristofani et al., 2018). This is the dual
role of autophagy in cell survival. Interestingly, we observed an
uncommon regulation of vinpocetine in OGD- BV2 cells. We
showed that vinpocetine treatment further enhances autophagic
flux. This effect of vinpocetine is resulted from the inhibition of
PDE-1 as knockdown of PDE-1 produces a resemble effect on
alteration of autophagy.

According to previous studies (Dower et al., 2018; Minakaki
et al., 2018; Jeppesen et al., 2019), autophagosomes have two
different fates. The first is fusing with lysosomes to form
autolysosomes, which degrade and recover contents. And the
second is combining with later endosomes and fuse with the
cell membrane, further releasing contents from the cells via
extracellular vesicle. However, these two processes are not
independent, they share some common mechanisms and affect
each other in some cases. For example, the H+ ATPase inhibitor
bafilomycin A1 (BafA1) prevents the fusion of autophagosomes
and lysosomes and further promotes the secretion of cytosolic
pro-IL-1β to regulate the function of recipient cells (Klionsky
et al., 2016). Inhibiting the autophagy-lysosome pathway alters
extracellular vesicle biochemical profiles and enhances synuclein
alpha release via exosomes by increasing extracellular shuttling
of multivesicular body contents and further promotes synuclein
alpha cell-to-cell transfer (Minakaki et al., 2018). Therefore,
autophagy has a close relationship with exocytosis and may be
involved in the regulation of signal transmission between cells.

Exosomes are one of the extracellular microvesicles with a
diameter of approximately 40–160 nm (Jeppesen et al., 2019;
Kalluri and LeBleu, 2020), Exosomes are released from cells,
contain large amounts of proteins, nucleic acids, and are further
taken up by targeted cells to release signal regulators and
induce powerful biological downstream effects (Mathieu et al.,
2019; Pluchino and Smith, 2019). As previously mentioned,
exosomes generation and autophagosomes are involved in
similar mechanisms (Minakaki et al., 2018; Jeppesen et al.,
2019). The endosomes formed by the invagination of the cell
membrane and service as the precursors of exosomes, they
carry specific molecular markers, including CD63, which is also
the specific membrane protein of exosomes. Late endosomes
can fuse with autophagosomes and form amphisomes that
have both the exosome marker CD63 and the autophagosome
marker LC3. Amphisomes further release the exosomes to the
extracellular space. Thus, exosomes can transport the cargo of
autophagosomes to the recipient cells by forming amphisomes,
and autophagy may also serve as a critical factor in regulating
exosome generation. In the presented study, we isolated the
exosomes secreted by BV2 cells in different conditions, and found
that OGD and vinpocetine treatments altered the autophagic flux
and the size of exosomes released from BV2 cells. Consistently,
it has been reported that environment conditions could alter
the physical and chemical properties of exosomes (Hajrasouliha
et al., 2013). It should be noted that the exosomes we isolated

from BV2 cells were slightly larger than the usual size of
exosomes because we used the precipitation-based polyethylene
glycol method for maximizing the yield in our experiment.
Unexpectedly, inhibition of autophagy by 3-MA further increases
the exosome volume. We noticed that the size of exosomes could
be ranged from 100 to 189 nm. We speculate that 3-MA may
inhibit the formation of autophagosomes (Seglen and Gordon,
1982), resulting in the observed oversized autophagosomes
(Figures 6E,F) which may imply the fusion of autophagosomes
and endosomes. This will require further characterization in the
future research to clarify the significance and the identify of
loaded materials in these particles. To gain more insight into
the underlying mechanisms, we are conducting RNA-sequencing
and proteomics analysis in our laboratory in microglial exosomes
under different vinpocetine treatment conditions.

It should be noted that we only used male mice in this study
in order to avoid the effect of sex hormone (Spychala et al.,
2018; Zhang H. et al., 2018; Otxoa-de-Amezaga et al., 2019; Xu
et al., 2019; Al Mamun et al., 2020; Ye et al., 2020). It has been
reported that estrogen receptors (ERs) are widely distributed in
the brain, present on both neurons and glia, and expressed by
both sexes (Rettberg et al., 2014; Hewitt and Korach, 2018). The
sex hormone is involved in the regulation of glucose transport,
aerobic glycolysis, and mitochondrial function and ATP synthesis
(Liu et al., 2014). Therefore, it is likely that the periodic changes
of hormone levels in female mice may affect the neuronal
damage and recovery after stroke. While we showed the role
of microglial exosome and the mechanisms concerning the
effect of vinpocetine in male mice, the sex discrepancy and the
effect of vinpocetine on female mice are needed to be further
investigated in the future.

In summary, we discover a novel neuroprotective mechanism
of vinpocetine. By inhibiting PDE1-B in microglial cells,
vinpocetine does not only inhibit the M1 microglial phenotype
but also enhance autophagic flux which is associated with the
alteration of exosomal contents and properties for protecting the
survival and neurite structure of neurons against ischemic stroke.
However, there are outstanding questions remain unanswered.
For example, what are the identity of loading materials inside
the microglia-derived exosomes? What alterations, if any,
of these materials after vinpocetine treatment? A multiple
dimensional omics analysis such as RNA-sequencing, proteomics
and lipidomics will be required to more comprehensively analyze
the exosome contents and their changes that are related to
their neuroprotective functions. Answers to these questions
would be important for uncovering the exact pathophysiological
roles of microglial exosomes in ischemic stroke and the
development of effective therapeutic drugs for treatment of this
devastating disease.

MATERIALS AND METHODS

Animals
Adult 6- to 8-week-old C57/B6 male mice (20–24 g, N = 12
in each group) were purchased from Guangzhou University
of Chinese Medicine. The in vivo experiment was approved
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by the local medical ethics committee. All animal procedures
were performed in strict accordance with the Guide for
the Care and Use of Laboratory Animal by International
Committees and Reporting of In Vivo Experiments (ARRIVE)
guidelines and under the supervision of the Experimental Animal
Ethics Committee of Jinan University (Project ID: 0201028-03).
Endeavors were made to reduce the total number of animals
used as well as their potential pain and suffering. All animal
experiments involved in this study have been approved by the
Experimental Animal Ethics Committee of Jinan University.
Male mice were used in this study considering that estrogen
receptors (ERs) are widely expressed in the neurons and glial cells
in the brain (Rettberg et al., 2014; Hewitt and Korach, 2018).
ER activation is known to regulate glucose transport, aerobic
glycolysis, and mitochondrial functions (Rettberg et al., 2014).
The periodic changes of hormone levels in female mice may affect
the stroke-induced damage and recovery.

Middle Cerebral Artery Occlusion
Surgeries
For distal MCAO, the mice (n = 3 mice per group) were
anesthetized with isoflurane gas (4% induction anesthesia, 1.5%
maintenance anesthesia; RWD Life Sciences, Shenzhen, China).
An incision between the left eye and ear was made and the
temporal muscle was cut and separated to expose the left side
of the skull. The middle cerebral artery (MCA) was identified
through the semi-translucent skull, and a burr hole (2- to 3-
mm diameter) was drilled to expose the M1 portion as large
as possible. The MCA was occluded by electrocoagulation with
blunted needle. Saline was applied to the surgical area throughout
the procedure to prevent heat injury and dehydration. Finally,
the temporal muscle and scalp were sutured and the wound
was sterilized. Body temperature was maintained at 37◦C after
surgery. Control mice were conducted the same experiment
except for the MCA occlusion.

For transient MCAO model, mice (n = 3 mice per group) were
anesthetized with isoflurane gas. MACO model was established
by using intraluminal suture. Briefly, Under the microscope, the
left common carotid artery (CCA), external carotid artery (ECA),
and internal carotid artery (ICA) were isolated in the neck, a
silicon-coated nylon suture was carefully introduced into ECA,
then went into the internal carotid artery to 11 mm from the
carotid artery bifurcation or resistance exist for blocking the
MCA at the beginning of the MCA. MCA was blocked for 40 min,
and then remove the intraluminal suture from MCA. Finally,
the temporal muscle and scalp were sutured and the wound was
sterilized. Control mice were conducted the same experiment
except for the MCA occlusion.

Stereotactic Injection
Adult C57/B6 male mice (6- to 8-week-old, 22-24 g, N = 4) were
randomly grouped and were anesthetized with isoflurane gas. The
animals were placed in a stereotactic frame (RWD Life Sciences,
Shenzhen, China). Exosomes (4 µl at 10 µg protein/µl) from
different groups were stereotactically injected into the cortex of
mice at the following two coordinates relative to bregma: the

first site is anteroposterior (AP) 1.75 mm, mediolateral (ML)
3.0 mm, and dorsoventral (DV) 0.9 mm; the second site is
AP 2.25, ML 3.0 and DV 1.0 mm. The frozen sections of the
brain were obtained as described above. For the fluorescence
slices of labeled exosomes, they are directly observed under the
microscope without processing, and the other slices shall be
processed accordingly.

Cell Culture and Treatment
SH-SY5Y nerve cells and BV2 microglia (BV2) were purchased
from ATCC. SH-SY5Y cells and BV2 cells were cultured in
DMEM (Gibco, United States, Cat No. C11995) supplemented
with 10% FBS and 1% penicillin-streptomycin in a 5% CO2
incubator at 37◦C.

For primary neuron culture (Fath et al., 2009), the cortical
neurons cells (biological triplicates, n = 3) were dissociated from
the cerebral cortex of C57/B6 mice, and incubated in DMEM/F12
medium with 5% FBS after separation (Gibco, United States, Cat
No. C11330500) for 4 h. Then changed the medium to neurobasal
medium (Gibco, United States, Cat No. 21103049) with 2% B27
(Gibco, United States, Cat No. 177504044) and incubated for
another 7 days at 37◦C in a 5% CO2 incubator.

For siRNA transfection, BV2 cells were seeded in 6 cm
culture plate (2 × 105 cells per well) in 4 mL antibiotic-free
DMEM supplemented with 10% FBS. Once the cells reached
30–50% confluence, they were transfected siRNA using the
riboFectTM CP Transfection Kit (RiboBio, China) according
to the manufacturer’s instructions. Forty-eight hours after
transfection, the cells were used in further experiments. Small
interfering RNA (siRNA) targeting PDE1 was purchased from
RiboBio Company (Guangzhou, China), and the sequence have
shown below:

PDE1-B siRNA: CTGGAGAATCACCACATCA
For OGD model, cells were maintained in an OGD

environment, as described (Chen et al., 2016; Zang et al., 2017).
Briefly, when the cell density reached 60–70%, the cells were
washed twice in PBS (BI, Israel), glucose-free DMEM (Procell,
China, Cat No. PM150270) was added, and the cells placed in
a hypoxia chamber (95% N2, 5% CO2, and 0.1% O2). SH-SY5Y
cells were incubated in OGD condition for 6 h, and BV2 cells
were incubated for 3 h. BV2 cells in the vinpocetine group were
pretreated with vinpocetine for 24 h before OGD incubation.
At the end of OGD incubation, the cells were maintained in
regular medium in a normal atmospheric air incubator and
treatment with different drugs. Vinpocetine was obtained from
MCE (United States, Cat No. HY-13295), 3-MA was purchased
from Aladdin (China, Cat No. 5142-23-4). Biological triplicates
were examined for each experiment.

Transwell Co-culture System
Transwells were used to perform BV2-SH-SY5Y co-culture
experiments. For transwell experiments, 1 × 105 BV2 cells were
seeded on 6-well inserts with 0.4 µm pores in normal culture
medium, and 4 × 105 SH-SY5Y cells were cultured in another
6-well plate for 24 h. After OGD incubation and treatment with
different drugs, the inserts containing the BV2 cells were placed
on the wells containing SH-SY5Y cell with or without OGD
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incubation for 24 h. Biological triplicates were examined for
each experiment.

Exosome Isolation and Labeling
Before exosome isolation, the cell medium was replaced with
basic medium without FBS or exosomes and maintained for
40 h. Exosome isolation was performed as described in previous
studies (Lobb et al., 2015; Zhang X. et al., 2019). After 48 h, the
cell medium was collected and centrifuged. First, the medium
was centrifuged at 200 g for 10 min to remove floating cells.
Then, the medium was centrifuged at 2000 g for 20 min twice
to remove cellular debris and was passed through a 0.22 µm
filter (Millipore, United States). Next, the filtered medium
was added to the 10000 MWCO centrifugal filter (Millipore,
United States, Cat No. UFC901096) and centrifuged at 4000 × g
for 35 min at 4◦C. Finally, approximately 300 µl was enriched,
and then the EXO Quick-TC Exosome Isolation Reagent (System
Biosciences, United States, Cat No. EXOTC10A-1) was added to
the concentrated solution. Following the reagent instructions, we
harvested exosomes the next day. The exosomes were identified
by electron microscopy, western blotting and NTA using a
Nanosight NS300 (Malvern, United Kingdom). The results of
each image and western bolt bands were independently repeated
for three times.

To verify that SH-SY5Y cell or cortex tissues internalize
exosomes, we stained exosomes with green fluorescence PKH67
(Sigma-Aldrich, United States, Cat No. mini67). We have made
a few modifications based on the operation manual (Zhang X.
et al., 2019). Briefly, exosome precipitates were suspended in
500 µl Diluent C, and then 500 µl Diluent C and 2 µl dye
mixture were added. Subsequently, we mixed the sample by
pipetting for 5 min at room temperature. Then, 10 ml complete
medium which had passed through the ultrafiltration tube were
added to stop the staining for 1 min. The exosomes were
retained using ultrafiltration tubes and washed two more times in
complete medium and once in PBS. Finally, the enriched liquid
in the ultrafiltration tube was added to the cells (Figure 7A) or
stereotactic injection into cortex (Figure 8A, N = 3). After cell
fixation with 4% PFA and DAPI staining, the uptake of exosomes
was observed under a laser transmission confocal microscope
(Leica, United States).

Transmission Electron Microscopy
Cells samples were fixed by immersion in 2.5% glutaraldehyde
in 0.1 M Sorensen buffer, postfixed in 1% osmium tetroxide, and
stained in 3% uranyl acetate. Then, the cells were dehydrated
in ethanol and embedded in Epon. Ultra-thin sections were
poststained with uranyl acetate and lead citrate and examined
using a Philips CM100 electron microscope at 60 kV. Images
were recorded digitally with a Kodak 1.6 Megaplus camera system
that was operated using AMT software (Advanced Microscopy
Techniques, Danvers, MA, United States).

For exosome samples, 10 µl fresh exosomes were dripped
onto the carbon-coated copper grid for 10 min to dry and then
fixed with 2.5% glutaraldehyde for 10 min. The copper grid
was washed with a water drop and negatively stained with 1%
phosphotungstic acid for 30 s. Images were recorded digitally

with a Kodak 1.6 Megaplus camera system that was operated
using AMT software. The results of each TEM image were
independently repeated for three times.

Immunofluorescence and
Immunohistochemistry
The tissue samples were isolated after transcardial perfusion
with 0.9% NaCl and fixation with 4% PFA. Then, the brains
were cut into 10 µm frozen sections. For immunohistochemical
staining, the sections were incubated in 0.3% H2O2 for 15 min
to block endogenous peroxidase activity and permeabilized
with PBS containing 1% Triton X-100 for 20 min. Then, the
sections were blocked in 5% bovine serum albumin (BSA) for
30 min at room temperature. Without washing, the sections were
incubated with the primary antibodies (Table 1) overnight at
4◦C and incubated with biotin-conjugated secondary antibodies
at 37◦C for 30 min the next day. The immunoreaction was
detected by horseradish peroxidase-conjugated antibody at 37◦C
for 30 min and visualized with diaminobenzidine (DAB). For
immunofluorescence staining, sections were first incubated with
a primary antibody mixture for 24 h at 4◦C, followed by
incubation with a mixture of fluorescent secondary antibodies
for 1 h at room temperature. The images were acquired
using an intelligent inverted fluorescence microscope (Leica,
United States) and confocal laser microscopy (Zeiss LSM 510,
Oberkochen, Germany). Three mice in each group were used
for immunohistochemical and immunofluorescence assay (distal
MCAO). Three independent fields were selected in each repeat
experiment and the proportion of positive cells was counted for
statistical analysis.

The cell samples were collected after treatment and fixed with
4% PFA for 20 min. Then, the cells were permeabilized with
PBS containing 0.3% Triton X-100 for 20 min and blocked
with 5% bovine serum albumin (BSA) for 30 min at room
temperature. Without washing, the sections were incubated
with the primary antibodies (Table 1) overnight, followed by
incubation with a mixture of fluorescent secondary antibodies
for 1 h at room temperature. The images were acquired using
an intelligent inverted fluorescence microscope and confocal
laser microscopy. The results of cell immunofluorescence
experiments were independently repeated for three times. After
staining, three independent fields were selected in each repeat
experiment and the proportion of positive cells was counted for
statistical analysis.

In order to quantify the complexity of the dendritic shape,
MAP2 labeled neurons were reconstructed in Image J, and Sholl
analysis was performed to calculate the intersection number
(Ferreira et al., 2014). Five photos for statistical analysis in
each group, and every photo has at least two neurons with
complete morphology.

Nissl Staining
The tissue sections were post-fixed with PFA for 15 min and
washed with PBS. The sections were incubated in Nissl staining
solution (Beyotime, China, Cat No. C0117) for 30 min at room
temperature and washed with PBS. After color separation with
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alcohol and transparent with xylene, the sections were sealed with
neutral balsam and observed in the microscope. Nissl’s bodies
were calculated by Image J. Three mice were included in each
group (Figure 8B, N = 3, Sham; Figure 8D, N = 3, intraluminal
suture MCAO), calculate the number of positive staining cells in
the same position of three different brain slices in each animal as
the statistical parameter.

TUNEL Staining
A one step TUNEL apoptosis assay kit (Beyotime, China, Cat
No. C1086) was used to detect apoptosis according to the
manufacturer’s instructions. Briefly, cells or tissues sections (four
animals in each group)were cultured in confocal Petri dishes,
rinsed with PBS and then fixed with 4% PFA for 15 min at
room temperature. Next, the cells were washed in PBS for 5 min
three times and subsequently incubated with 0.1% Triton X-100
in PBS for 2 min on ice. After that, the cells were washed in
PBS three times and then incubated in TUNEL solution in the
dark for 1 h at room temperature. Finally, the cells or tissues
sections were washed and stained with DAPI (Beyotime, China,
Cat No. C1005) or Hoechst (Beyotime, China, Cat No. C1017),
followed by fluorescence microscopy imaging. Apoptosis levels
were obtained by fluorescence positive/nuclear staining and were
quantified by using ImageJ. The results of each TUNEL assay
in cell experiments were independently repeated for three times
and three animals in each group (Figure 8B, N = 3, Sham;
Figure 8D, N = 3, intraluminal suture MCAO) were used. After
staining, three independent fields were selected in each repeat
experiment and the proportion of positive cells was counted for
statistical analysis.

Western Blotting
Cell proteins were obtained from harvested cells by western
and IP cell lysis buffer (Beyotime, China, Cat No. P0013J)

with 1% protease inhibitor cocktail (Millipore, United States,
Cat No. 539131). After protein quantification by a BCA assay
kit (Thermo Fisher, United States), 5–20 µg of protein were
loaded onto 10 or 12% SDS-PAGE gels, and subsequently,
the proteins were transferred to a 0.22 µm PVDF membrane
(Millipore, United States). After the membrane was blocked
with 5% milk, the membranes were incubated with the primary
antibodies (Table 1) overnight at 4◦C. After washing five times
with TBST for 10 min, the membranes were incubated with
secondary antibodies for 1 h at room temperature. After washing,
the density of the protein bands was visualized and analyzed
using a Tanon 2500 gel imaging system (Tanon, Shanghai,
China). The western blot results for cell experiments were
independently repeated for three times, and three animals
in each group were used for this detection. All bands were
quantified by ImageJ and normalized to β-actin, and the
fold changes were calculated through relative quantification to
control.

Statistics
SPSS 13.0 software was used for all statistical analyses, and
GraphPad Prism 8.0 software was used for graph generation.
For western blot analysis, each set of data was derived from at
least three independent experiments. For immunofluorescence
and immunohistochemistry analyses, independent experiments
were performed using 3–4 animals in each group and at least
three sections of each brain tissue were used for analysis. Three
different fields of view were randomly selected under a high-
power microscope. The data are expressed as the mean and
standard deviation. The difference in the mean in two groups was
determined by independent sample t-tests, and if more than two
groups were included, ANOVA was used. A value of P < 0.05 was
considered statistically significant.

TABLE 1 | Information of the primary antibodies used in this study.

Antibody Specificity Type Item numbers Dilution Source

β-actin β-actin Monoclonal #3700 1:10000 WB Cell Signaling

Bcl-2 Total Bcl-2 Polyclonal #15071S 1:1000 WB Cell Signaling

BAX BAX Monoclonal #5023S 1:1000 WB Cell Signaling

Cleaved caspase 3 Cleaved caspase 3 Polyclonal #9664 1:1000 WB Cell Signaling

Iba-1 Iba-1 Monoclonal #sc-32725 1:100 WB/1:10 IHC/1:10 IF Santa Cruz

CD11b CD11b Polyclonal #BMS104 1:1000 WB/1:100 IF Invitrogen

Arg-1 Arginase-1 Polyclonal #ABS535 1:1000 WB/1:100 IF Sigma-Aldrich

PDE1-B PDE1-B Polyclonal #ab14600 1:1000 WB/1:100 IF Abcam

P62 SQSTM1/p62 Polyclonal #23214 1:1000 WB Cell Signaling

LC3I/II LC3I/II Polyclonal #4108 1:1000 WB Cell Signaling

LC3II LC3II Polyclonal #3868S 1:100 IF Cell Signaling

HIF-1α HIF-1α Monoclonal #36169S 1:1000 WB Cell Signaling

TSG101 TSG101 Polyclonal #ab125011 1:1000 WB Abcam

CD63 CD63 Polyclonal #ab59479 1:1000 WB Abcam

CD81 CD81 Monoclonal #10037S 1:1000 WB Cell Signaling

Calnexin Calnexin Polyclonal # ab22595 1:1000 WB Abcam

MAP2 Microtubule Associated Protein 2 Polyclonal #ab92434 1:200 IF Abcam

WB, western blot; IHC, immunohistochemistry; IF, immunofluorescence.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 February 2021 | Volume 8 | Article 616590115

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


fcell-08-616590 January 29, 2021 Time: 19:22 # 17

Zang et al. Neuroprotection of PDE1-B Inhibitor Vinpocetine

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Jinan
University Laboratory Animal Ethics Committee.

AUTHOR CONTRIBUTIONS

All authors had full access to the manuscript and
will take responsibility for the integrity of the data
and the accuracy of the data analysis. AX and DL
conceptualized and direct the overall project. JZ, YW, XS,
XT, TZ, YuL, YaL, and XL performed the experiments.

JZ, DL, CT, and DM wrote, edited, and proofread the
manuscript.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81671167, 81974210, 81671148,
81971121, and 81801150), the Science and Technology Planning
Project of Guangdong Province, China (2017A020215049,
2020A0505100045, and 2019A050513005), Guangdong Natural
Science Foundation (2018A0303130182 and 2019A1515010671),
and Chinese Postdoctoral Science Foundation (2018M643370).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.
616590/full#supplementary-material

REFERENCES
Al Mamun, A., Chauhan, A., Qi, S., Ngwa, C., Xu, Y., Sharmeen, R., et al.

(2020). Microglial IRF5-IRF4 regulatory axis regulates neuroinflammation after
cerebral ischemia and impacts stroke outcomes. Proc. Natl. Acad. Sci. U.S.A.
117, 1742–1752. doi: 10.1073/pnas.1914742117

Ali, A. A., Abo El-Ella, D. M., El-Emam, S. Z., Shahat, A. S., and El-Sayed,
R. M. (2019a). Physical & mental activities enhance the neuroprotective effect
of vinpocetine & coenzyme Q10 combination against Alzheimer & bone
remodeling in rats. Life Sci. 229, 21–35. doi: 10.1016/j.lfs.2019.05.006

Ali, A. A., Ahmed, H. I., Khaleel, S. A., and Abu-Elfotuh, K. (2019b). Vinpocetine
mitigates aluminum-induced cognitive impairment in socially isolated rats.
Physiol. Behav. 208:112571. doi: 10.1016/j.physbeh.2019.112571

Bieber, M., Schuhmann, M. K., Volz, J., Kumar, G. J., Vaidya, J. R., Nieswandt,
B., et al. (2019). Description of a novel phosphodiesterase (PDE)-3 inhibitor
protecting mice from ischemic stroke independent from platelet function.
Stroke 50, 478–486. doi: 10.1161/strokeaha.118.023664

Block, M. L., Zecca, L., and Hong, J. S. (2007). Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat. Rev. Neurosci. 8, 57–69. doi: 10.
1038/nrn2038

Brown, G. C., and Vilalta, A. (2015). How microglia kill neurons. Brain Res. 1628,
288–297. doi: 10.1016/j.brainres.2015.08.031

Chang, C. C., Wang, Y. H., Chern, C. M., Liou, K. T., Hou, Y. C., Peng, Y. T., et al.
(2011). Prodigiosin inhibits gp91(phox) and iNOS expression to protect mice
against the oxidative/nitrosative brain injury induced by hypoxia-ischemia.
Toxicol. Appl. Pharmacol. 257, 137–147. doi: 10.1016/j.taap.2011.08.027

Chen, H., Lin, W., Zhang, Y., Lin, L., Chen, J., Zeng, Y., et al. (2016). IL-
10 promotes neurite outgrowth and synapse formation in cultured cortical
neurons after the oxygen-glucose deprivation via JAK1/STAT3 pathway. Sci.
Rep. 6:30459. doi: 10.1038/srep30459

Cristofani, R., Montagnani Marelli, M., Cicardi, M. E., Fontana, F., Marzagalli, M.,
Limonta, P., et al. (2018). Dual role of autophagy on docetaxel-sensitivity in
prostate cancer cells. Cell Death Dis. 9:889. doi: 10.1038/s41419-018-0866-5

Dower, C. M., Wills, C. A., Frisch, S. M., and Wang, H. G. (2018). Mechanisms and
context underlying the role of autophagy in cancer metastasis. Autophagy 14,
1110–1128. doi: 10.1080/15548627.2018.1450020

Dziennis, S., Akiyoshi, K., Subramanian, S., Offner, H., and Hurn, P. D. (2011).
Role of dihydrotestosterone in post-stroke peripheral immunosuppression after
cerebral ischemia. Brain Behav. Immunity 25, 685–695. doi: 10.1016/j.bbi.2011.
01.009

Essam, R. M., Ahmed, L. A., Abdelsalam, R. M., and El-Khatib, A. S. (2019).
Phosphodiestrase-1 and 4 inhibitors ameliorate liver fibrosis in rats: modulation

of cAMP/CREB/TLR4 inflammatory and fibrogenic pathways. Life Sci. 222,
245–254. doi: 10.1016/j.lfs.2019.03.014

Fath, T., Ke, Y. D., Gunning, P., Gotz, J., and Ittner, L. M. (2009). Primary support
cultures of hippocampal and substantia nigra neurons. Nat. Protoc. 4, 78–85.
doi: 10.1038/nprot.2008.199

Ferreira, T. A., Blackman, A. V., Oyrer, J., Jayabal, S., Chung, A. J., Watt, A. J., et al.
(2014). Neuronal morphometry directly from bitmap images. Nat. Methods 11,
982–984. doi: 10.1038/nmeth.3125

Fricker, M., Tolkovsky, A. M., Borutaite, V., Coleman, M., and Brown, G. C. (2018).
Neuronal cell death. Physiol. Rev. 98, 813–880. doi: 10.1152/physrev.00011.
2017

Fu, D., Yu, J. Y., Yang, S., Wu, M., Hammad, S. M., Connell, A. R., et al. (2016).
Survival or death: a dual role for autophagy in stress-induced pericyte loss
in diabetic retinopathy. Diabetologia 59, 2251–2261. doi: 10.1007/s00125-016-
4058-5

Gao, J., Cui, J. Z., Wang, A., Chen, H. H. R., Fong, A., and Matsubara, J. A.
(2019). The reduction of XIAP is associated with inflammasome activation
in RPE: implications for AMD pathogenesis. J. Neuroinflamm. 16:171. doi:
10.1186/s12974-019-1558-5

Ge, X., Guo, M., Hu, T., Li, W., Huang, S., Yin, Z., et al. (2020). Increased
microglial exosomal miR-124-3p alleviates neurodegeneration and improves
cognitive outcome after rmTBI. Mol. Ther. J. Am. Soc. Gene Ther. 28, 503–522.
doi: 10.1016/j.ymthe.2019.11.017

Grimaldi, A., Serpe, C., Chece, G., Nigro, V., Sarra, A., Ruzicka, B., et al. (2019).
Microglia-derived microvesicles affect microglia phenotype in glioma. Front.
Cell. Neurosci. 13:41. doi: 10.3389/fncel.2019.00041

Gudbergsson, J. M., and Johnsen, K. B. (2019). Exosomes and autophagy:
rekindling the vesicular waste hypothesis. J. Cell Commun. Signal. 13, 443–450.
doi: 10.1007/s12079-019-00524-8

Gulati, S., Palczewski, K., Engel, A., Stahlberg, H., and Kovacik, L. (2019). Cryo-EM
structure of phosphodiesterase 6 reveals insights into the allosteric regulation of
type I phosphodiesterases. Sci. Adv. 5:eaav4322. doi: 10.1126/sciadv.aav4322

Gulyas, B., Vas, A., Toth, M., Takano, A., Varrone, A., Cselenyi, Z., et al.
(2011). Age and disease related changes in the translocator protein (TSPO)
system in the human brain: positron emission tomography measurements with
[11C]vinpocetine. NeuroImage 56, 1111–1121. doi: 10.1016/j.neuroimage.2011.
02.020

Hagiwara, M., Endo, T., and Hidaka, H. (1984). Effects of vinpocetine on cyclic
nucleotide metabolism in vascular smooth muscle. Biochem. Pharmacol. 33,
453–457. doi: 10.1016/0006-2952(84)90240-5

Hajrasouliha, A. R., Jiang, G., Lu, Q., Lu, H., Kaplan, H. J., Zhang, H. G., et al.
(2013). Exosomes from retinal astrocytes contain antiangiogenic components

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 February 2021 | Volume 8 | Article 616590116

https://www.frontiersin.org/articles/10.3389/fcell.2020.616590/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2020.616590/full#supplementary-material
https://doi.org/10.1073/pnas.1914742117
https://doi.org/10.1016/j.lfs.2019.05.006
https://doi.org/10.1016/j.physbeh.2019.112571
https://doi.org/10.1161/strokeaha.118.023664
https://doi.org/10.1038/nrn2038
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/j.brainres.2015.08.031
https://doi.org/10.1016/j.taap.2011.08.027
https://doi.org/10.1038/srep30459
https://doi.org/10.1038/s41419-018-0866-5
https://doi.org/10.1080/15548627.2018.1450020
https://doi.org/10.1016/j.bbi.2011.01.009
https://doi.org/10.1016/j.bbi.2011.01.009
https://doi.org/10.1016/j.lfs.2019.03.014
https://doi.org/10.1038/nprot.2008.199
https://doi.org/10.1038/nmeth.3125
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1152/physrev.00011.2017
https://doi.org/10.1007/s00125-016-4058-5
https://doi.org/10.1007/s00125-016-4058-5
https://doi.org/10.1186/s12974-019-1558-5
https://doi.org/10.1186/s12974-019-1558-5
https://doi.org/10.1016/j.ymthe.2019.11.017
https://doi.org/10.3389/fncel.2019.00041
https://doi.org/10.1007/s12079-019-00524-8
https://doi.org/10.1126/sciadv.aav4322
https://doi.org/10.1016/j.neuroimage.2011.02.020
https://doi.org/10.1016/j.neuroimage.2011.02.020
https://doi.org/10.1016/0006-2952(84)90240-5
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-616590 January 29, 2021 Time: 19:22 # 18

Zang et al. Neuroprotection of PDE1-B Inhibitor Vinpocetine

that inhibit laser-induced choroidal neovascularization. J. Biol. Chem. 288,
28058–28067. doi: 10.1074/jbc.M113.470765

Hewitt, S. C., and Korach, K. S. (2018). Estrogen receptors: new directions in the
new millennium. Endocr. Rev. 39, 664–675. doi: 10.1210/er.2018-00087

Hou, B. R., Jiang, C., Wang, Z. N., and Ren, H. J. (2020). Exosome-mediated
crosstalk between microglia and neural stem cells in the repair of brain injury.
Neural Regen. Res. 15, 1023–1024. doi: 10.4103/1673-5374.270302

Jeon, K. I., Xu, X., Aizawa, T., Lim, J. H., Jono, H., Kwon, D. S., et al.
(2010). Vinpocetine inhibits NF-kappaB-dependent inflammation via an IKK-
dependent but PDE-independent mechanism. Proc. Natl. Acad. Sci. U.S.A. 107,
9795–9800. doi: 10.1073/pnas.0914414107

Jeppesen, D. K., Fenix, A. M., Franklin, J. L., Higginbotham, J. N., Zhang, Q.,
Zimmerman, L. J., et al. (2019). Reassessment of exosome composition. Cell
177, 428–445.e418. doi: 10.1016/j.cell.2019.02.029

Kakkar, R., Raju, R. V., and Sharma, R. K. (1999). Calmodulin-dependent cyclic
nucleotide phosphodiesterase (PDE1). Cell. Mol. Life Sci. 55, 1164–1186. doi:
10.1007/s000180050364

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical
applications of exosomes. Science (New York, N.Y.) 367:eaau6977 doi: 10.1126/
science.aau6977

Kim, J. Y., Kim, N., and Yenari, M. A. (2015). Mechanisms and potential
therapeutic applications of microglial activation after brain injury. CNS
Neurosci. Ther. 21, 309–319. doi: 10.1111/cns.12360

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo
Arozena, A., et al. (2016). Guidelines for the use and interpretation of assays
for monitoring autophagy. Autophagy 12, 1–222. doi: 10.1080/15548627.2015.
1100356

Kraft, P., Schwarz, T., Gob, E., Heydenreich, N., Brede, M., Meuth, S. G., et al.
(2013). The phosphodiesterase-4 inhibitor rolipram protects from ischemic
stroke in mice by reducing blood-brain-barrier damage, inflammation and
thrombosis. Exp. Neurol. 247, 80–90. doi: 10.1016/j.expneurol.2013.03.026

Krahe, T. E., Wang, W., and Medina, A. E. (2009). Phosphodiesterase inhibition
increases CREB phosphorylation and restores orientation selectivity in a model
of fetal alcohol spectrum disorders. PLoS One 4:e6643. doi: 10.1371/journal.
pone.0006643

Kroemer, G., Mariño, G., and Levine, B. (2010). Autophagy and the integrated
stress response. Mol. Cell 40, 280–293. doi: 10.1016/j.molcel.2010.09.023

Lemaire, Q., Raffo-Romero, A., Arab, T., Van Camp, C., Drago, F., Forte, S.,
et al. (2019). Isolation of microglia-derived extracellular vesicles: towards
miRNA signatures and neuroprotection. J. Nanobiotechnol. 17:119. doi: 10.
1186/s12951-019-0551-6

Li, M., Tan, J., Miao, Y., Lei, P., and Zhang, Q. (2015). The dual role of autophagy
under hypoxia-involvement of interaction between autophagy and apoptosis.
Apoptosis 20, 769–777. doi: 10.1007/s10495-015-1110-8

Liu, F., Vermesh, O., Mani, V., Ge, T. J., Madsen, S. J., Sabour, A., et al. (2017). The
exosome total isolation chip. ACS Nano 11, 10712–10723. doi: 10.1021/acsnano.
7b04878

Liu, L., Li, J., Zhang, Y., Zhang, S., Ye, J., Wen, Z., et al. (2014). Salvianolic acid
B inhibits platelets as a P2Y12 antagonist and PDE inhibitor: evidence from
clinic to laboratory. Thromb. Res. 134, 866–876. doi: 10.1016/j.thromres.2014.
07.019

Lobb, R. J., Becker, M., Wen, S. W., Wong, C. S. F., Wiegmans, A. P., Leimgruber,
A., et al. (2015). Optimized exosome isolation protocol for cell culture
supernatant and human plasma. J. Extracell. Vesicles 4:27031. doi: 10.3402/jev.
v4.27031

Lu, D., Shen, L., Mai, H., Zang, J., Liu, Y., Tsang, C. K., et al. (2019). HMG-CoA
reductase inhibitors attenuate neuronal damage by suppressing oxygen glucose
deprivation-induced activated microglial cells. Neural Plasticity 2019:7675496.
doi: 10.1155/2019/7675496

Ma, Y., Wang, J., Wang, Y., and Yang, G. Y. (2017). The biphasic function of
microglia in ischemic stroke. Prog. Neurobiol. 157, 247–272. doi: 10.1016/j.
pneurobio.2016.01.005

Mathieu, M., Martin-Jaular, L., Lavieu, G., and Thery, C. (2019). Specificities of
secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell
communication. Nat. Cell Biol. 21, 9–17. doi: 10.1038/s41556-018-0250-9

Medina, A. E., Krahe, T. E., and Ramoa, A. S. (2006). Restoration of neuronal
plasticity by a phosphodiesterase type 1 inhibitor in a model of fetal alcohol
exposure. J. Neurosci. 26, 1057–1060. doi: 10.1523/jneurosci.4177-05.2006

Men, Y., Yelick, J., Jin, S., Tian, Y., Chiang, M. S. R., Higashimori, H., et al. (2019).
Exosome reporter mice reveal the involvement of exosomes in mediating
neuron to astroglia communication in the CNS. Nat. Commun. 10:4136. doi:
10.1038/s41467-019-11534-w

Minakaki, G., Menges, S., Kittel, A., Emmanouilidou, E., Schaeffner, I., Barkovits,
K., et al. (2018). Autophagy inhibition promotes SNCA/alpha-synuclein release
and transfer via extracellular vesicles with a hybrid autophagosome-exosome-
like phenotype. Autophagy 14, 98–119. doi: 10.1080/15548627.2017.1395992

Otxoa-de-Amezaga, A., Miró-Mur, F., Pedragosa, J., Gallizioli, M., Justicia, C.,
Gaja-Capdevila, N., et al. (2019). Microglial cell loss after ischemic stroke favors
brain neutrophil accumulation. Acta Neuropathol. 137, 321–341. doi: 10.1007/
s00401-018-1954-4

Perez-Alvarez, M. J., Villa Gonzalez, M., Benito-Cuesta, I., and Wandosell, F. G.
(2018). Role of mTORC1 controlling proteostasis after brain ischemia. Front.
Neurosci. 12:60. doi: 10.3389/fnins.2018.00060

Pluchino, S., and Smith, J. A. (2019). Explicating exosomes: reclassifying the rising
stars of intercellular communication. Cell 177, 225–227. doi: 10.1016/j.cell.2019.
03.020

Prinz, M., Priller, J., Sisodia, S. S., and Ransohoff, R. M. (2011). Heterogeneity
of CNS myeloid cells and their roles in neurodegeneration. Nat. Neurosci. 14,
1227–1235. doi: 10.1038/nn.2923

Rettberg, J. R., Yao, J., and Brinton, R. D. (2014). Estrogen: a master regulator of
bioenergetic systems in the brain and body. Front. Neuroendocrinol. 35:8–30.
doi: 10.1016/j.yfrne.2013.08.001

Sauer, D., Rischke, R., Beck, T., Rossberg, C., Mennel, H. D., Bielenberg, G. W.,
et al. (1988). Vinpocetine prevents ischemic cell damage in rat hippocampus.
Life Sci. 43, 1733–1739. doi: 10.1016/0024-3205(88)90485-7

Seglen, P. O., and Gordon, P. B. (1982). 3-Methyladenine: specific inhibitor of
autophagic/lysosomal protein degradation in isolated rat hepatocytes. Proc.
Natl. Acad. Sci. U.S.A. 79, 1889–1892. doi: 10.1073/pnas.79.6.1889

Siuciak, J. A., McCarthy, S. A., Chapin, D. S., Reed, T. M., Vorhees, C. V., and
Repaske, D. R. (2007). Behavioral and neurochemical characterization of mice
deficient in the phosphodiesterase-1B (PDE1B) enzyme. Neuropharmacology
53, 113–124. doi: 10.1016/j.neuropharm.2007.04.009

Song, L., Tang, S., Han, X., Jiang, Z., Dong, L., Liu, C., et al. (2019). KIBRA controls
exosome secretion via inhibiting the proteasomal degradation of Rab27a. Nat.
Commun. 10:1639. doi: 10.1038/s41467-019-09720-x

Song, S., Tan, J., Miao, Y., Li, M., and Zhang, Q. (2017). Crosstalk of autophagy and
apoptosis: involvement of the dual role of autophagy under ER stress. J. Cell.
Physiol. 232, 2977–2984. doi: 10.1002/jcp.25785

Song, Y., Li, Z., He, T., Qu, M., Jiang, L., Li, W., et al. (2019). M2 microglia-
derived exosomes protect the mouse brain from ischemia-reperfusion injury
via exosomal miR-124. Theranostics 9, 2910–2923. doi: 10.7150/thno.30879

Spychala, M. S., Venna, V. R., Jandzinski, M., Doran, S. J., Durgan, D. J., Ganesh,
B. P., et al. (2018). Age-related changes in the gut microbiota influence systemic
inflammation and stroke outcome. Ann. Neurol. 84, 23–36. doi: 10.1002/ana.
25250

Szilagyi, G., Nagy, Z., Balkay, L., Boros, I., Emri, M., Lehel, S., et al. (2005).
Effects of vinpocetine on the redistribution of cerebral blood flow and glucose
metabolism in chronic ischemic stroke patients: a PET study. J. Neurol. Sci.
229-230, 275–284. doi: 10.1016/j.jns.2004.11.053

Vas, A., and Gulyas, B. (2005). Eburnamine derivatives and the brain. Med. Res.
Rev. 25, 737–757. doi: 10.1002/med.20043

Vijayakrishnan, L., Rudra, S., Eapen, M. S., Dastidar, S., and Ray, A. (2007). Small-
molecule inhibitors of PDE-IV and -VII in the treatment of respiratory diseases
and chronic inflammation. Expert Opin. Investig. Drugs 16, 1585–1599. doi:
10.1517/13543784.16.10.1585

Wu, L. R., Liu, L., Xiong, X. Y., Zhang, Q., Wang, F. X., Gong, C. X., et al. (2017).
Vinpocetine alleviate cerebral ischemia/reperfusion injury by down-regulating
TLR4/MyD88/NF-kappaB signaling. Oncotarget 8, 80315–80324. doi: 10.18632/
oncotarget.20699

Xia, Y., Zhang, G., Han, C., Ma, K., Guo, X., Wan, F., et al. (2019). Microglia as
modulators of exosomal alpha-synuclein transmission. Cell Death Dis. 10:174.
doi: 10.1038/s41419-019-1404-9

Xu, P., Zhang, X., Liu, Q., Xie, Y., Shi, X., Chen, J., et al. (2019). Microglial TREM-
1 receptor mediates neuroinflammatory injury via interaction with SYK in
experimental ischemic stroke. Cell Death Dis. 10:555. doi: 10.1038/s41419-019-
1777-9

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 February 2021 | Volume 8 | Article 616590117

https://doi.org/10.1074/jbc.M113.470765
https://doi.org/10.1210/er.2018-00087
https://doi.org/10.4103/1673-5374.270302
https://doi.org/10.1073/pnas.0914414107
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1007/s000180050364
https://doi.org/10.1007/s000180050364
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1111/cns.12360
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1016/j.expneurol.2013.03.026
https://doi.org/10.1371/journal.pone.0006643
https://doi.org/10.1371/journal.pone.0006643
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1186/s12951-019-0551-6
https://doi.org/10.1186/s12951-019-0551-6
https://doi.org/10.1007/s10495-015-1110-8
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1016/j.thromres.2014.07.019
https://doi.org/10.1016/j.thromres.2014.07.019
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.1155/2019/7675496
https://doi.org/10.1016/j.pneurobio.2016.01.005
https://doi.org/10.1016/j.pneurobio.2016.01.005
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1523/jneurosci.4177-05.2006
https://doi.org/10.1038/s41467-019-11534-w
https://doi.org/10.1038/s41467-019-11534-w
https://doi.org/10.1080/15548627.2017.1395992
https://doi.org/10.1007/s00401-018-1954-4
https://doi.org/10.1007/s00401-018-1954-4
https://doi.org/10.3389/fnins.2018.00060
https://doi.org/10.1016/j.cell.2019.03.020
https://doi.org/10.1016/j.cell.2019.03.020
https://doi.org/10.1038/nn.2923
https://doi.org/10.1016/j.yfrne.2013.08.001
https://doi.org/10.1016/0024-3205(88)90485-7
https://doi.org/10.1073/pnas.79.6.1889
https://doi.org/10.1016/j.neuropharm.2007.04.009
https://doi.org/10.1038/s41467-019-09720-x
https://doi.org/10.1002/jcp.25785
https://doi.org/10.7150/thno.30879
https://doi.org/10.1002/ana.25250
https://doi.org/10.1002/ana.25250
https://doi.org/10.1016/j.jns.2004.11.053
https://doi.org/10.1002/med.20043
https://doi.org/10.1517/13543784.16.10.1585
https://doi.org/10.1517/13543784.16.10.1585
https://doi.org/10.18632/oncotarget.20699
https://doi.org/10.18632/oncotarget.20699
https://doi.org/10.1038/s41419-019-1404-9
https://doi.org/10.1038/s41419-019-1777-9
https://doi.org/10.1038/s41419-019-1777-9
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-616590 January 29, 2021 Time: 19:22 # 19

Zang et al. Neuroprotection of PDE1-B Inhibitor Vinpocetine

Ye, X. C., Hao, Q., Ma, W. J., Zhao, Q. C., Wang, W. W., Yin, H. H., et al. (2020).
Dectin-1/Syk signaling triggers neuroinflammation after ischemic stroke in
mice. J. Neuroinflamm. 17:17. doi: 10.1186/s12974-019-1693-z

Zagrean, A. M., Hermann, D. M., Opris, I., Zagrean, L., and Popa-Wagner, A.
(2018). Multicellular crosstalk between exosomes and the neurovascular unit
after cerebral ischemia. therapeutic implications. Front. Neurosci. 12:811. doi:
10.3389/fnins.2018.00811

Zang, J., Liu, Y., Li, W., Xiao, D., Zhang, Y., Luo, Y., et al. (2017). Voluntary
exercise increases adult hippocampal neurogenesis by increasing GSK-3beta
activity in mice. Neuroscience 354, 122–135. doi: 10.1016/j.neuroscience.2017.
04.024

Zhang, F., Yan, C., Wei, C., Yao, Y., Ma, X., Gong, Z., et al. (2018). Vinpocetine
inhibits NF-κB-dependent inflammation in acute ischemic stroke patients.
Transl. Stroke Res. 9, 174–184. doi: 10.1007/s12975-017-0549-z

Zhang, H., Xia, Y., Ye, Q., Yu, F., Zhu, W., Li, P., et al. (2018). In vivo expansion
of regulatory T cells with IL-2/IL-2 antibody complex protects against transient
ischemic stroke. J. Neurosci. 38, 10168–10179. doi: 10.1523/jneurosci.3411-17.
2018

Zhang, L., and Yang, L. (2014). Anti-inflammatory effects of vinpocetine in
atherosclerosis and ischemic stroke: a review of the literature. Molecules (Basel,
Switzerland) 20, 335–347. doi: 10.3390/molecules20010335

Zhang, W., Huang, Y., Li, Y., Tan, L., Nao, J., Hu, H., et al. (2016). Efficacy
and safety of vinpocetine as part of treatment for acute cerebral infarction: a
randomized, open-label, controlled, multicenter CAVIN (Chinese assessment
for vinpocetine in neurology) trial. Clin. Drug Investig. 36, 697–704. doi: 10.
1007/s40261-016-0415-x

Zhang, X., Sai, B., Wang, F., Wang, L., Wang, Y., Zheng, L., et al. (2019).
Hypoxic BMSC-derived exosomal miRNAs promote metastasis of lung cancer

cells via STAT3-induced EMT. Mol. Cancer 18:40. doi: 10.1186/s12943-019-
0959-5

Zhang, Y. S., Li, J. D., and Yan, C. (2018). An update on vinpocetine: new
discoveries and clinical implications. Eur. J. Pharmacol. 819, 30–34. doi: 10.
1016/j.ejphar.2017.11.041

Zhao, Y. Y., Yu, J. Z., Li, Q. Y., Ma, C. G., Lu, C. Z., and Xiao, B. G.
(2011). TSPO-specific ligand vinpocetine exerts a neuroprotective effect by
suppressing microglial inflammation. Neuron Glia Biol. 7, 187–197. doi: 10.
1017/s1740925x12000129

Zhou, X. Y., Luo, Y., Zhu, Y. M., Liu, Z. H., Kent, T. A., Rong, J. G.,
et al. (2017). Inhibition of autophagy blocks cathepsins-tBid-mitochondrial
apoptotic signaling pathway via stabilization of lysosomal membrane in
ischemic astrocytes. Cell Death Dis. 8:e2618. doi: 10.1038/cddis.2017.34

Zhu, M., Liu, H., Sun, K., Liu, J., Mou, Y., Qi, D., et al. (2019). Vinpocetine inhibits
RANKL-induced osteoclastogenesis and attenuates ovariectomy-induced bone
loss. Biomed. Pharmacother. 123:109769. doi: 10.1016/j.biopha.2019.109769

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 Zang, Wu, Su, Zhang, Tang, Ma, Li, Liu, Weng, Liu, Tsang, Xu
and Lu. 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 19 February 2021 | Volume 8 | Article 616590118

https://doi.org/10.1186/s12974-019-1693-z
https://doi.org/10.3389/fnins.2018.00811
https://doi.org/10.3389/fnins.2018.00811
https://doi.org/10.1016/j.neuroscience.2017.04.024
https://doi.org/10.1016/j.neuroscience.2017.04.024
https://doi.org/10.1007/s12975-017-0549-z
https://doi.org/10.1523/jneurosci.3411-17.2018
https://doi.org/10.1523/jneurosci.3411-17.2018
https://doi.org/10.3390/molecules20010335
https://doi.org/10.1007/s40261-016-0415-x
https://doi.org/10.1007/s40261-016-0415-x
https://doi.org/10.1186/s12943-019-0959-5
https://doi.org/10.1186/s12943-019-0959-5
https://doi.org/10.1016/j.ejphar.2017.11.041
https://doi.org/10.1016/j.ejphar.2017.11.041
https://doi.org/10.1017/s1740925x12000129
https://doi.org/10.1017/s1740925x12000129
https://doi.org/10.1038/cddis.2017.34
https://doi.org/10.1016/j.biopha.2019.109769
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-09-622539 March 17, 2021 Time: 18:52 # 1

ORIGINAL RESEARCH
published: 23 March 2021

doi: 10.3389/fcell.2021.622539

Edited by:
Michel Salzet,

Lille University of Science
and Technology, France

Reviewed by:
Kelly Crowe,

Mount St. Joseph University,
United States
Dasa Cizkova,

University of Veterinary Medicine
and Pharmacy in Košice, Slovakia

*Correspondence:
Andreina Schoeberlein

andreina.schoeberlein@dbmr.unibe.ch

Specialty section:
This article was submitted to

Molecular Medicine,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 28 October 2020
Accepted: 28 February 2021

Published: 23 March 2021

Citation:
Joerger-Messerli MS, Thomi G,

Haesler V, Keller I, Renz P, Surbek DV
and Schoeberlein A (2021) Human

Wharton’s Jelly Mesenchymal Stromal
Cell-Derived Small Extracellular
Vesicles Drive Oligodendroglial

Maturation by Restraining MAPK/ERK
and Notch Signaling Pathways.
Front. Cell Dev. Biol. 9:622539.
doi: 10.3389/fcell.2021.622539

Human Wharton’s Jelly
Mesenchymal Stromal Cell-Derived
Small Extracellular Vesicles Drive
Oligodendroglial Maturation by
Restraining MAPK/ERK and Notch
Signaling Pathways
Marianne S. Joerger-Messerli1,2, Gierin Thomi1,2,3, Valérie Haesler1,2, Irene Keller2,4,
Patricia Renz1,2,3, Daniel V. Surbek1,2 and Andreina Schoeberlein1,2*

1 Department of Obstetrics and Feto-maternal Medicine, Inselspital, Bern University Hospital, University of Bern, Bern,
Switzerland, 2 Department for BioMedical Research (DBMR), University of Bern, Bern, Switzerland, 3 Graduate School
for Cellular and Biomedical Sciences, University of Bern, Bern, Switzerland, 4 Swiss Institute of Bioinformatics, University
of Bern, Bern, Switzerland

Peripartum cerebral hypoxia and ischemia, and intrauterine infection and inflammation,
are detrimental for the precursor cells of the myelin-forming oligodendrocytes in the
prematurely newborn, potentially leading to white matter injury (WMI) with long-term
neurodevelopmental sequelae. Previous data show that hypomyelination observed in
WMI is caused by arrested oligodendroglial maturation rather than oligodendrocyte-
specific cell death. In a rat model of premature WMI, we have recently shown that
small extracellular vesicles (sEV) derived from Wharton’s jelly mesenchymal stromal
cells (WJ-MSC) protect from myelination deficits. Thus, we hypothesized that sEV
derived from WJ-MSC directly promote oligodendroglial maturation in oligodendrocyte
precursor cells. To test this assumption, sEV were isolated from culture supernatants
of human WJ-MSC by ultracentrifugation and co-cultured with the human immortalized
oligodendrocyte precursor cell line MO3.13. As many regulatory functions in WMI have
been ascribed to microRNA (miR) and as sEV are carriers of functional miR which can
be delivered to target cells, we characterized and quantified the miR content of WJ-
MSC-derived sEV by next-generation sequencing. We found that WJ-MSC-derived sEV
co-localized with MO3.13 cells within 4 h. After 5 days of co-culture, the expression
of myelin basic protein (MBP), a marker for mature oligodendrocytes, was significantly
increased, while the oligodendrocyte precursor marker platelet-derived growth factor
alpha (PDGFRα) was decreased. Notch and MAPK/ERK pathways known to inhibit
oligodendrocyte maturation and differentiation were significantly reduced. The pathway
enrichment analysis showed that the miR present in WJ-MSC-derived sEV target genes
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having key roles in the MAPK pathway. Our data strongly suggest that sEV from WJ-
MSC directly drive the maturation of oligodendrocyte precursor cells by repressing
Notch and MAPK/ERK signaling.

Keywords: mesenchymal stromal cells, Wharton’s jelly, small extracellular vesicles, premature white matter injury,
oligodendroglial maturation, ERK, Notch, microRNA

INTRODUCTION

White matter injury (WMI) is the most common cerebral
abnormality in premature neonates. Thanks to improved
peripartum care in preterm birth, the number of newborns
affected by the cystic form of WMI, called cystic periventricular
leukomalacia (PVL), has become very low nowadays (Hamrick
et al., 2004). However, the non-cystic and mostly diffuse type
of cerebral WMI remains predominant in very preterm-born
infants (Inder et al., 2003; Hamrick et al., 2004; Horsch et al.,
2007). The frequency of preterm WMI, counting both cystic
and non-cystic, is 39.6% in infants born before gestational week
28, 27.4% before week 32, and 7.3% before week 37 (Romero-
Guzman and Lopez-Munoz, 2017). Long-term neurological
consequences are typically cerebral palsy in cystic WMI and
cognitive deficits and impairments in attention, behavior, or
socialization in diffuse cerebral WMI (Agut et al., 2020).

The pathophysiology of premature WMI is complex.
However, it is generally accepted to relate to both fetal
cerebral hypoxia and ischemia and intrauterine infection and
inflammation causing downstream excitotoxicity and oxidative
stress, which are harmful to the maturing myelin-forming
oligodendrocyte lineage (Khwaja and Volpe, 2008; Volpe,
2008). Unfortunately, today no effective therapy for preterm
WMI is available.

In preclinical models of premature WMI, mesenchymal
stromal cell (MSC)-based therapy turned out to be an effective
treatment, in which the beneficial effects rely to a great extent on
secreted extracellular vesicles (EV) (Katsuda et al., 2013; Lener
et al., 2015). According to their size, EV can be distinguished
between small EV (sEV) (50–150 nm in diameter), also known
as exosomes, and microvesicles (≤1,000 nm in diameter) (Théry
et al., 2018; Rohde et al., 2019). EV can transfer at least parts of
the biological properties of their mother cells by releasing their
cargo, consisting of proteins, lipids and nucleic acids, into their
target cell (van Niel et al., 2018). The use of EV as biological
treatment has several advantages over classical cell-based therapy.
EV are not viable, making it less complex to store them and to
standardize the applied dose together with the biological activity.
Furthermore, they are not tumorigenic and less immunogenic
than proliferating cells.

Pre-clinically, MSC-derived EV have been proven to display
neuroprotective and –regenerative effects comparable to their
cells of origin (Vizoso et al., 2017). For instance, in ovine
fetuses, MSC-derived EV reduced the hypo-myelination and
improved the brain functions in a model of perinatal brain
injury (Ophelders et al., 2016). In a rat model of premature
brain injury induced by inflammation, the treatment with
MSC-derived EV restored white matter microstructure and

myelination (Drommelschmidt et al., 2017). We have recently
shown that intranasal administration of sEV derived from
MSC isolated from the umbilical cord connective tissue, called
Wharton’s jelly (WJ), reduced WMI in a preclinical rat model of
premature brain injury (Thomi et al., 2019a). In accordance with
others, we further provided strong pieces of evidence that the
WMI in premature brains is caused by disturbed oligodendrocyte
maturation rather than the cell death of the oligodendrocyte
lineage (Buser et al., 2012; Oppliger et al., 2016; van Tilborg et al.,
2018; Thomi et al., 2019a).

A crucial role in neurodevelopment and -regeneration
has been ascribed to microRNAs (miR), which–besides other
functional molecules–can be delivered by sEV to their recipient
cells and exert their task. MicroRNAs have first been described in
1993 by Lee and coworkers in C. elegans (Lee et al., 1993). They
are short non-coding RNAs, which are highly conserved across
species. The key function of miR is posttranscriptional gene
regulation leading to the cleavage, translational repression or
deadenylation of the target genes (Winter et al., 2009). Thereby,
the miR bind to the 3′ UTR of the repressing mRNA forming
the so-called RNA-induced silencing (RISC) complex. Because of
their crucial role in gene silencing, we hypothesize that WJ-MSC-
derived sEV contain miR that interfere with signaling pathways
involved in WMI.

Based on these findings, we aimed to explore the
neuroregenerative potential of WJ-MSC-derived sEV in WMI
by analyzing their effect on the maturation of oligodendroglial
progenitor (OPC)-like cells and the characterization and
quantification of the miR cargo of sEV.

MATERIALS AND METHODS

Isolation of sEV Derived From Human
Wharton’s Jelly-Derived Mesenchymal
Stromal Cells (WJ-MSC)
After cesarean section, umbilical cords from healthy term
deliveries (gestational age ≥ 37 weeks) were collected from
patients after obtaining informed consent. The study was
approved by the Ethics Committee of the Canton of Bern
(reference numbers: KEK BE 090_07 and KEK BE 178_03).
Human WJ-MSC were isolated from the umbilical cord
connective tissue, the so-called Wharton’s jelly, via enzymatic
digestion as previously described (Joerger-Messerli et al., 2018).
The cells were expanded in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 supplemented with 10% fetal bovine serum
(FBS), 2 mmol/L GlutaMAXTM, 100 units/mL penicillin and
100 µg/mL streptomycin (Thermo Fisher Scientific, Waltham,
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MA, United States). The WJ-MSC’s identity is regularly
confirmed, as we have previously published (Messerli et al.,
2013; Thomi et al., 2019b). At passage 4–6, WJ-MSC were
split into eight T150 cm2 cell culture flasks and cultured until
they reached 80% confluency. Then, the cells were washed
twice with PBS, and the medium was replaced with serum-free
DMEM/F12, supplemented with 2 mmol/L GlutaMAXTM, 100
units/mL penicillin, and 100 µg/mL streptomycin. After 36 h of
incubation, culture supernatants were collected and sEV were
isolated by serial centrifugations according to the protocol of
Théry et al. (2006). The pelleted sEV were retrieved in PBS and
stored at −80◦C. The sEV were characterized according to their
morphology, size, and endosomal marker expression, as we have
recently published (Thomi et al., 2019b).

Culture of MO3.13 Cells With
WJ-MSC-Derived sEV
The human oligodendrocytic hybrid cell line MO3.13 was
expanded in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS, 2 mmol/L GlutaMAXTM, 100
units/mL penicillin, and 100 mg/mL streptomycin. The cells were
detached by adding 0.25% trypsin/EDTA.

For the culture with WJ-MSC-derived sEV, MO3.13 cells were
seeded at a density of 3,500 cells/cm2. MO3.13 cells were let to
adhere overnight. The next day, sEV (0.5 µg/mL) were added
and cultured for 5 days. On day 3, the medium was changed, and
fresh sEV (0.5 µg/mL) were added. As a control, the cells were
cultured without sEV.

To analyze the interaction between sEV and MO3.13, sEV
were stained with 2× 10−6 M PKH26 (Sigma-Aldrich, St. Louis,
MO, United States) as we have recently described (Thomi et al.,
2019b). MO3.13 were seeded at a density of 2,500 cells/cm2 in
Nunc R© Lab-Tek R© 2-chamber slides (Sigma-Aldrich). To avoid
overgrowth and properly detect interactions between single
MO3.13 and sEV, the cells were seeded less dense than for the
experiments described above. The next day, PKH26-labeled sEV
were co-cultured with MO3.13 for 4 h.

Immunocytochemistry
After co-culture of MO3.13 cells and sEV, the cells were
fixed with 4% paraformaldehyde and blocked with 1% bovine
serum albumin (BSA; Sigma-Aldrich) and 0.25% Triton X-
100 (Sigma-Aldrich) in PBS for 1 h at room temperature.
MO3.13 were stained overnight at 4◦C with antibodies against
the following proteins: β-tubulin (1:200, ab6046, Abcam,
Cambridge, United Kingdom), galactocerebrosidase (GalC,
1:500, G9152, Sigma-Aldrich), 2′,3′-cyclic-nucleotide 3′-
phosphodiesterase (CNPase, 1:100, C5922, Sigma-Aldrich),
myelin basic protein (MBP, 1:200, ab40390, Abcam), and
myelin-associated glycoprotein (MAG, 1:400, ab89780, Abcam).
For the detection, anti-rabbit IgG Alexa Fluor 488 antibody
(1:200, Thermo Fisher Scientific) and anti-mouse IgG Alex
Fluor 594 antibody (1:200, Thermo Fisher Scientific) were used
and incubated for 1 h at room temperature. 4′,6-diamidino-
2′-phenylindole-dihydrochloride (DAPI; Sigma-Aldrich) was
used to counterstain the nuclei. Images were either acquired

on a DM6000 B microscope (Leica Microsystems, Wetzlar,
Germany), or on a laser scanning microscope (Carl Zeiss LSM
710, Oberkochen, Germany) and processed using the Zeiss ZEN
lite imaging software version 3.3 (Carl Zeiss). Randomly selected
fields of vision (n = 14) were chosen to calculate the percentage
of PKH26-positive MO3.13 cells relative to the number of
DAPI-positive nuclei.

RNA and Protein Extraction
RNA and protein of WJ-MSC were isolated by the use of the
QIAshredder and the Allprep DNA/RNA/Protein Mini Kit
according to the manufacturers’ protocol (Qiagen, Hilden,
Germany). Total Exosome RNA and Protein Isolation Kit
(Thermo Fisher Scientific) was used to extract the total RNA
of WJ-MSC-derived sEV according to the manufacturers’
instructions. RNA concentration was measured by NanoVue
PlusTM spectrophotometer (Biochrom, Holliston, MA,
United States). The Bicinchoninic Acid Protein Assay Kit
(Sigma-Aldrich) was used for the determination of the total
protein concentration of WJ-MSC.

Reverse Transcription and Real-Time
Polymerase Chain Reaction (PCR)
The reverse transcription of mRNA was done with up to 3 µg
RNA using the SuperScript VI First-Strand Synthesis System
(Thermo Fisher Scientific). Gene expression was measured by
real-time RT-qPCR using the primercon assays listed in Table 1.
The following PCR cycling program was run on a QuantStudio
TM7 Flex Real-Time PCR System (Thermo Fisher Scientific):
2 min at 50◦C, 10 min at 95◦C, followed by 45 cycles of 15 s at
95◦C and 1 min at 60◦C. The housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase was used as an endogenous control.
Analysis of all real-time PCR reactions was done using the
QuantStudioTM 7 Flex Real-Time PCR System Software. Data
were expressed as fold change relative to commercial total human
RNA (Thermo Fisher Scientific).

Western Blot Analysis
Extracted proteins were separated by sodiumdodecylsulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) on a 4–20%
gradient gel (Bio-Rad, Hercules, CA, United States), transferred
to nitrocellulose membranes (Thermo Fisher Scientific), and
blocked either with 5% non-fat dry milk (NFDM) or 5% bovine
serum albumin (BSA, Sigma-Aldrich) dissolved in Tris-buffered
saline (TBS). The following proteins were analyzed: Cleaved
Notch1 (4147, Cell Signaling Technology, Inc., Danvers, MA,
United States), platelet-derived growth factor receptor-alpha
(PDGFRα, ab61219, Abcam), myelin basic protein (Mbp,
AB980, Thermo Fisher Scientific), proliferating-cell-nuclear-
antigen (PCNA, 2586, Cell Signaling Technology), Erk1/2
(9102, Cell Signaling Technology), Phospho-Erk1/2 (9101,
Cell Signaling Technology), β-Tubulin (ab6046, Abcam).
Horseradish peroxidase-coupled donkey anti-rabbit or
sheep anti-mouse antibodies (Cytiva, Marlborough, MA,
United States) were used as secondary antibodies. Binding was
detected using the chemiluminescent Amersham ECL Prime
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TABLE 1 | Primers and probes or gene expression assays used for real-time RT-qPCR.

Gene Description Assay ID/Primers and probe sequences Homo sapiens

HES5 Hes family bHLH transcription factor 5 Hs01387463_g1

MAPK1 Mitogen-activated protein kinase 1 Hs01046830_m1

MBP Myelin basic protein F: 5′-ACTATCTCTTCCTCCCAGCTTAAAAA-3′

R: 5′-TCCGACTATAAATCGGCTCACA-3′

P: 5′-TGGGCATCGACTCCCTTGAATCCC-3′

NOTCH1 Notch homolog 1 F: 5′-TGCATGATGCCTACATTTCAAGA-3′

R: 5′-TTCAGTATTATGTAGTTGTTCGTTGGTTATAC-3′

P: 5′-TGGTTCTGGAGGGACC-3′

NOTCH2 Notch homolog 2 Hs01050702_m1

NRAS Neuroblastoma RAS viral oncogene homolog Hs00180035_m1

PDGFRα Platelet-derived growth factor receptor alpha Hs00998018_m1

F, Forward Primer; R, Reverse Primer; P, Probe.

western Blotting Detection Reagent (Cytiva) on a Chemidoc
XRS + system (Bio-Rad). Pixel summation of individual
bands was performed with ImageJ Software (NIH, Bethesda,
MD, United States).

RNA Sequencing and Bioinformatics
Processing
Genome-wide profiling of paired WJ-MSC and WJ-MSC-derived
sEV from the same individual (n = 6) was done by preparing
small RNA libraries, and sequencing on a Illumina HiSeq 4000
sequencing system (Illumina, San Diego, CA, United States) by
Fasteris SA (Plan-les-Ouates, Switzerland). We used MirDeep2
v. 0.1.2 (Friedlander et al., 2012) to map the reads to the human
reference genome (GRCh38) and count the number of reads per
known miRNA (miRBase v. 22).

Functional Analysis of sEV-Derived miR
A volcano plot presenting up- and down-regulated miR in sEV
relative to their parental cells was done using R (R Core Team,
2020). To create heatmaps showing the expression of the most
abundant miR (mean normalized counts >10,000) in sEV relative
to WJ-MSC and vice versa, we used the freely available web
server Heatmapper (Babicki et al., 2016). The FunRich functional
enrichment analysis tool version 3.1.3 was used to create a Venn
diagram (Pathan et al., 2015; Pathan et al., 2017).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of miR in sEV with ≥10,000 mean
normalized counts was performed using DIANA-miRPath 3.0
web-server (Vlachos et al., 2015). The rich factor was calculated
as the ratio of the number of targeted genes divided by the
number of all the genes in each pathway. The Q-value is the False
Discovery Rate (FDR)-adjusted p-value. The results were shown
as a scatter plot using R (R Core Team, 2020). To illustrate a
miR-mRNA network, Cytoscape software version 3.7.1 was used
(Shannon et al., 2003).

Statistical Analysis
The statistical analysis of the real-time PCR and western blot
results have been done using GraphPad Prism version 7.00 for
Windows (Graphpad Software, San Diego, California United

States, www.graphpad.com). To compare gene and protein
expression in untreated and sEV-treated MO3.13 cells paired
t-test was done. p < 0.05 was considered statistically significant.

To test for significant differences in miR expression between
WJ-MSC-derived EV and WJ-MSC, DESeq2 v. 1.22.2 in R v. 3.5.2
(Love et al., 2014) was used. p-values were FDR-adjusted utilizing
the procedure of Benjamini-Hochberg (p-adj). p-adj < 0.05 was
considered statistically significant.

RESULTS

sEV Co-localize With MO3.13 Cells
Physical contact with the target cell is essential for sEV to
have a potential therapeutic effect. Therefore, PKH26-labeled
sEV were co-cultured with the immortalized oligodendrocyte
precursor cell line MO3.13. After 4 h of co-culture, confocal
microscopy revealed co-localization of PKH26-labeled sEV and
MO3.13 stained for β-tubulin (Figure 1A). sEV mostly formed
aggregates and were located in the perinuclear region, indicating
their complete internalization. The percentage of PKH26-positive
MO3.13 cells was 22.97± 20.69.

sEV Reduce PDGFRα and Induce MBP
Expression in MO3.13 Cells
We measured the expression of platelet-derived growth factor
alpha (PDGFRα) and myelin basic protein (MBP) to assess the
effect of WJ-MSC-derived sEV on the maturation of MO3.13
cells. After 5 days of co-culture with sEV, the transcription of
PDGFRα was reduced (p = 0.0339), whereas the gene expression
of MBP was increased in MO3.13 (p = 0.022) compared to
untreated MO3.13 cells (Figures 1B,C). The protein levels of
PDGFRα in MO3.13 cells were decreased as well after 5 days
of co-culture with sEV related to untreated cells (p = 0.0045)
(Figures 1D,E). Western blot analysis of MBP revealed several
signals at distinct sizes (Figure 1D). The size of the classic
MBP isoforms ranges from 14 to 21.5 kDa. Western blot
analysis showed a faint signal at a size of 20 kDa representing
monomeric MBP isoforms (mMBP). The MBP signals between
25 and 50 kDa, and 50 and 75 kDa, respectively, are most
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FIGURE 1 | WJ-MSC-derived sEV co-localize with MO3.13 cells and drive their maturation. (A) Representative confocal Z-stack section after co-culture of sEV with
MO3.13 cells for 4 h. To label sEV, the fluorescent membrane dye PKH26 (red) was used. MO3.13 cells were stained with β-tubulin (green). Their nuclei were
counterstained with 4′,6-diamidino-2′-phenylindole-dihydrochloride (DAPI) (blue). (B,C) Transcription of PDGFRα (n = 6) and MBP (n = 6) by MO3.13 cells either left
untreated or co-incubated with 0.5 µg/mL sEV for 5 days. (D) Representative western blots of PDGFRα and MBP expression by MO3.13 cells either left untreated or
co-cultured with 5 µg/mL sEV for 5 days. (E) Quantification of PDGFRα protein expression by MO3.13 cells after 5 days (n = 6) (F–I) Quantification of MBP protein
expression by MO3.13 cells after 5 days (n = 5). (J,K) Representative fluorescence microscopy images of either untreated or sEV-treated MO3.13 cells after 5 days
for the expression of GalC, CNPase, MBP, and MAG. Their nuclei were counterstained with DAPI. (L) Representative western blot of PCNA expression by MO3.13
cells either left untreated or co-cultured with 5 µg/mL sEV for 5 days. (M) Quantification of PCNA protein expression by MO3.13 cells after 5 days (n = 5). Data are
presented as mean ± SEM. *p < 0.05, **p < 0.01, ns, non-significant.
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likely representing dimeric MBP (dMBP) and trimeric (tMBP),
as MBP tends to self-associate (Smith, 1982). The expression of
all MBP signals together was significantly increased in MO3.13
cells upon 5 days of co-culture with sEV compared to untreated
cells (p = 0.022) (Figures 1F–I). Immunofluorescent stainings
showed that untreated MO3.13 expressed GalC and CNPase.
The co-culture of MO3.13 cells with sEV for 5 days intensified
the signal of CNPase (Figure 1J). In contrast, there was
nearly no expression of MBP and MAG) in untreated MO3.13
cells, which was clearly increased upon sEV treatment for
5 days (Figure 1K). Furthermore, as the decreasing proliferation
of cells is a further sign of maturation, we measured the
proliferating-cell-nuclear-antigen (PCNA) protein expression in
untreated and sEV co-cultured MO3.13 cells. Surprisingly, the
protein levels of PCNA tended to enhance in sEV-treated
MO3.13 compared to untreated cells after 5 days of culture
(Figure 1L). However, this observed increase was not statistically
significant (Figure 1M).

sEV Reduce the Notch Signaling
Pathway in MO3.13 Cells
Notch signaling is well known as a key negative regulator of
oligodendroglial maturation (Wang et al., 1998). Therefore,
we assessed whether WJ-MSC-derived sEV promote
oligodendroglial maturation by inhibiting the activation of
Notch pathway. Upon activation, the intracellular membrane-
bound Notch transcription factor, known as NICD, gets cleaved,
translocates to the nucleus and promotes transcription of Notch
target genes. However, sEV significantly reduced the cleavage of
NICD in MO3.13 cells compared to untreated cells (p = 0.0040)
upon 5 days of culture (Figures 2A,B).

Furthermore, sEV significantly decreased the transcription of
NOTCH1 (p = 0.0247), NOTCH2 (p = 0.0430), and the Notch
target gene HES5 (p = 0.0381) in MO3.13 cells after 5 days of
co-culture relative to untreated MO3.13 cells (Figures 2C–E).

sEV Reduce the MAPK/ERK Signaling
Pathway in MO3.13 Cells
A more recently identified negative regulator of oligodendrocyte
differentiation is the MAPK/ERK pathway (Suo et al., 2019;
Allan et al., 2021). The MAPK/ERK signaling comprises the
activation of RAS, including NRAS, and a subsequent kinase
cascade leading, among others, to the phosphorylation of
ERK1/2. As shown in Figures 3A,B, the ratio of phosphorylated
(p)ERK/ERK was significantly decreased in MO3.13 cells
following co-culture with sEV for 5 days relative to untreated
cells (p = 0.0087). In addition, the transcription of NRAS
(p = 0.0500) and MAPK1 (p = 0.0377), encoding for ERK2,
was significantly reduced upon the culture of MO3.13 cells
with sEV compared to untreated cells (Figures 3C,D). The
gene expression of TP53 (p = 0.0343), encoding for p53,
which is known to functionally interact with the MAPK/ERK
pathway, was significantly decreased in MO3.13 cells upon
co-culture with sEV for 5 days compared to untreated
cells (Figure 3E).

Expression of Mature miR in WJ-MSC
and Their Derived sEV
To assess whether Notch and MAPK/ERK pathways in MO3.13
could be regulated by sEV-derived miR, Illumina NextSeq
Sequencing was done. WJ-MSC and their derived sEV have
been analyzed for the expression of 2,656 known miR. In
sEV, 850 miR with mean normalized counts from 1 to more
than 10,000 were identified. Thereof, 213 were significantly up-
regulated (p-adj < 0.05) in WJ-MSC-derived sEV compared
to their donor cells, while 120 were down-regulated (p-
adj < 0.05) (Figure 4A). To identify the most prevalent miR
in WJ-MSC and their derived sEV, we set the lower limit
of mean normalized counts to 10,000. We found 32 miR
with >10,000 mean normalized counts in sEV, and 41 in WJ-MSC
(Figures 4B,C).

A Venn diagram was generated using the datasets of the miR
that were up-regulated in sEV compared to WJ-MSC (EV up),
miR that were down-regulated in sEV compared to WJ-MSC (EV
down) and miR that yielded >10,000 mean normalized counts in
either sEV (EV >10,000 counts) or WJ-MSC (WJ-MSC >10,000
counts) to identify miR, which were either unique to a certain
data set or common to several datasets (Figure 4D). Five of
the 213 miR that were up-regulated in sEV relative to their
parent cells revealed >10,000 mean normalized counts. Three of
these 5 miR, namely miR-143-3p, miR-186-5p, and miR-21-3p,
were highly expressed in WJ-MSC as well. Furthermore, 30 miR
with >10,000 mean normalized counts were common to WJ-
MSC and sEV. In WJ-MSC as well as sEV the miR with the largest
mean normalized count was miR-22-3p (WJ-MSC: 517,157.11
counts; sEV: 268,999.81 counts).

For the following KEGG pathway enrichment analysis, miR in
sEV with >10,000 mean normalized counts were included.

WJ-MSC-Derived sEV miR Target Genes
Involved in MAPK and Notch Signaling
Pathways
KEGG pathway enrichment analysis was done with the
32 most expressed sEV miR (>10,000 mean normalized
counts) and revealed 77 significantly enriched signaling
pathways, of which 29 pathways were directly assigned to a
disease (Figures 5A,B). Among the pathways, which were
not specifically attributed to a disease, the keratan sulfate
biosynthesis pathway was the pathway with the highest rich
factor. Keratan sulfate is a sulfated glycosaminoglycan and
known to promote glial scar formation, thereby inhibiting
axon regeneration after brain injury (Zhang et al., 2006).
Furthermore, the MAPK signaling pathway, as well as the
dorso-ventral axis formation pathway, including Notch
signaling, were significantly enriched, in which 154 out of
249 genes and 21 out of 28 genes, respectively, were targeted by
WJ-MSC-derived sEV miR.

Target genes of WJ-MSC-derived sEV miR were also highly
associated with other pathways closely related to premature
WMI and oligodendroglial maturation, including the dorso-
ventral axis formation pathway, TNF signaling pathway, TGF-
beta signaling pathway, p53 signaling pathway, apoptosis, FoxO
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FIGURE 2 | WJ-MSC-derived sEV drive oligodendrocyte maturation in MO3.13 cells by reducing Notch signaling. (A) Representative western blot of Notch1 and
Cleaved Notch1 (NICD) levels in MO3.13 cells either left untreated or co-cultured with 0.5 µg/mL sEV for 5 days. (B) Quantification of the Notch1/NICD ratio (n = 5).
(C–E) Transcription of NOTCH1 (n = 6), NOTCH2 (n = 6), and HES5 (n = 5) by MO3.13 cells either left untreated or co-cultured with 0.5 µg/mL sEV for 5 days. Data
are presented as mean ± SEM. *p < 0.05, **p < 0.01.

signaling pathway, Wnt signaling pathway, HIF-1 signaling
pathway, neurotrophin signaling pathway, and regulation of actin
cytoskeleton (Figure 5A).

Among disease-related signaling cascades, proteoglycans
in cancer were revealed to exhibit the highest rich factor
(Figure 5B). Further enriched disease-attributed pathways
included the signaling cascades ascribed to glioma, Huntington’s
disease, prions disease, HTLV-1 infection, and Epstein-Barr
virus infection (Figure 5B). HTLV-1 infection and Epstein-
Barr virus infection are both associated with demyelinating
diseases, namely HTLV-1 associated myelopathy (Osame et al.,
1986; Bangham et al., 2015) and multiple sclerosis, respectively
(Guan et al., 2019).

The genes encoding for NRAS and MAPK1 (ERK2), two key
players of the MAPK/ERK pathway, were targeted by 14 and 13
highly expressed WJ-MSC-sEV miR, respectively (Figure 5C).
TP53, also being interconnected with the MAPK/ERK signaling
pathway, was targeted by 11 WJ-MSC-sEV miR. NOTCH1 and

NOTCH2 turned out to be predicted targets for 5 and 8 WJ-MSC-
sEV miR, respectively.

Mature miR-486-5p and miR-654-3p, which were significantly
up-regulated in WJ-MSC-sEV relative to their parental cells,
target NRAS, and MAPK1 and NOTCH2, respectively.

Furthermore, according to the KEGG pathway enrichment
analysis NRAS, MAPK1, TP53, NOTCH2, and NOTCH1 are
predicted targets of WJ-MSC-sEV miR-22-3p, miR-181a-5p,
miR-27b-3p, and miR-30a-5p. The four let-7 family members
(let-7a-5p, let-7e-5p, let-7f-5p, and let-7i-5p) highly expressed
in WJ-MSC-sEV were expected to target the 3 MAPK pathway
members NRAS, MAPK1, and TP53 (Figure 5C).

DISCUSSION

In fetal brain development, the maturation of the myelin-
forming oligodendrocytes is precisely timed to differentiate
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FIGURE 3 | WJ-MSC-derived sEV drive oligodendrocyte maturation in MO3.13 cells by reducing MAPK/ERK signaling. (A) Representative western blot of ERK and
phosphorylated ERK (pERK) levels in MO3.13 cells either left untreated or co-cultured with 0.5 µg/mL sEV for 5 days. (B) Quantification of the ERK/pERK ratio of
n = 4 replicates. (C–E) Transcription of NRAS (n = 5), MAPK1 (n = 6), and TP53 (n = 6) by MO3.13 cells either left untreated or co-cultured with 0.5 µg/mL sEV for
5 days. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.

into mature myelin-generating oligodendrocytes. As myelination
starts only in the third trimester of pregnancy, at around
week 32 of gestation, preterm birth often leads to injury to
immature white matter (Vaes et al., 2019). Most of the cells
of the oligodendrocyte lineage in the CNS of neonates born
between gestational weeks 24–32 are in the stages of immature
OPC and pre-oligodendrocytes (Back et al., 2007; Volpe et al.,
2011). Inflammation and hypoxia occurring at preterm birth
have been characterized as the main causes of oligodendrocyte
progenitor cell injury (Khwaja and Volpe, 2008; Volpe, 2009;
Deng, 2010). Cerebral inflammation accompanied by the release
of free radicals, glutamate, and pro-inflammatory cytokines
(Favrais et al., 2011; Hagberg et al., 2012; van Tilborg et al.,
2016), and the absent expression of key anti-oxidant enzymes
makes the oligodendrocyte progenitors very vulnerable and leads
to their damage (Perrone et al., 2015). Although MSC have
been documented to have neuroprotective and –regenerative

potential, studies showing direct effects of MSC or their
derivatives on oligodendroglial maturation in vitro are sparse.
Clark and coworkers recently gave evidence that EV isolated
from MSC of the chorionic villous tissue drive oligodendroglial
maturation, as EV increased the transcription of key mature
oligodendrocyte markers in primary murine OPC in vitro (Clark
et al., 2019). However, studies mostly investigated the impact of
MSC on oligodendrocyte specification in neural stem/progenitor
cells, rather than on the differentiation of maturation-arrested
OPC and pre-oligodendrocytes (Steffenhagen et al., 2012;
Oppliger et al., 2017).

Here, we provide solid evidence that human WJ-MSC-derived
sEV, isolated by serial centrifugation, physically interacted with
the immortalized oligodendrocyte precursor cell line MO3.13
and directly accelerated their maturation. Our study shows that
sEV down-regulated the OPC marker PDGFRα in MO3.13
after 5 days of co-culture. Together with the transcription
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FIGURE 4 | Characterization of miR expressed in WJ-MSC and their derived sEV by Illumina HiSeq Sequencing. (A) Volcano plot illustrating miR expression in sEV
relative to WJ-MSC. (B) Heatmap showing the most prevalent miR expressed in WJ-MSC (mean normalized counts >10,000) relative to sEV. (C) Heatmap showing
the most prevalent miR expressed in sEV (mean normalized counts >10,000) relative to WJ-MSC. (D) Venn plot summarizing the datasets of miR, which were
significantly up-regulated in sEV (EV up) compared to WJ-MSC, significantly down-regulated in sEV (EV down) relative to WJ-MSC, and highly abundant in sEV
(EV >10,000 counts) and WJ-MSC (WJ-MSC >10,000 counts).

factor Nkx2.2, PDGFRα has been previously shown to be a
key inducer of oligodendrocyte differentiation in the developing
brain (Zhu et al., 2014). The simultaneous up-regulation of the
mature oligodendrocyte marker MBP in sEV-treated MO3.13
cells strongly indicates that the cells matured into premyelinating
oligodendrocytes.

Suprisingly, the maturation of MO3.13 cells was not
accompanied by a reduced proliferation. There was even a trend
to an increased expression of the proliferation marker PCNA in
MO3.13 cells after sEV-treatment for 5 days. This observation
may be explained by the recent finding of Lei and coworkers
that sEV derived from MSC of umbilical cords deliver functional
PCNA to their target cells (Lei et al., 2021). They further approved
that the deposition of PCNA in target cells is partly responsible
for the rejuvenating effects of umbilical cord-derived MSC-sEV.

The oligodendrocyte specification of neural stem/progenitor
cells, as well as their maturation from OPC, are tightly regulated
processes based on the activation or inhibition of specific
signaling pathways and their intersections. Whereas activated
Notch signaling has been identified as an essential step in neural

stem/progenitor cells for oligodendrocyte specification (Kagawa
et al., 2001), the Notch signaling has to be blocked for the
differentiation of OPC into mature oligodendrocytes (Wang
et al., 1998). Notch receptor activation, including the intracellular
cleavage and nuclear translocation of NICD, primarily blocks
OPC differentiation by the transcription of the target gene
HES5 (Liu et al., 2006) (Figure 6). Thereby HES5 associates
with the transcription factor SOX10, preventing the binding
of SOX10 to the promotor of MBP and the induction of its
transcription. In the present study, we show that WJ-MSC-
derived sEV significantly reduced the cleavage of NICD in
the oligodendrocyte precursor cell line MO3.13 after 5 days
of co-culture. Furthermore, the transcription of NOTCH1 and
NOTCH2, and HES5 were reduced, corroborating that the sEV-
mediated maturation of MO3.13 cells is regulated by the reduced
activation of Notch signaling.

A further key pathway negatively regulating OPC maturation
is the MAPK/ERK pathway, which has also been shown to
intersect with Notch signaling (Sundaram, 2005) (Figure 6). The
MAPK/ERK signaling pathway has been previously identified as
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FIGURE 5 | Functional analysis of WJ-MSC-derived sEV miR. (A,B) Scatter plot of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis of sEV miR (mean normalized counts >10,000) subdivided into general pathways (A) and disease-related pathways (B). (C) miR-mRNA interaction network
of sEV miRs (yellow) and their target genes (red) being relevant in oligodendrocyte maturation.

a main negative regulator of myelination in the demyelinating
diseases multiple sclerosis (Suo et al., 2019), the Costello
syndrome, and neurofibromatosis type 1, which are Rasopathies
caused by germline mutations in genes encoding for members
of the MAPK pathway including HRAS (HRas proto-oncogene,
GTPase) (Lopez-Juarez et al., 2017; Titus et al., 2017).
The multiple sclerosis model has demonstrated that the
inhibition of MAPK/ERK cascade was enough to drive OPC
differentiation (Suo et al., 2019). In the Costello syndrome and
neurofibromatosis type 1 models, it has been shown that besides
the blockade of MAPK/ERK pathways, the inhibition of the
downstream Notch cascade, either separately or collectively with
MAPK/ERK, improved the myelin structure (Lopez-Juarez et al.,
2017; Titus et al., 2017). Here, we found that the maturation
of MO3.13 cells upon exposure to WJ-MSC-derived sEV was

also mediated by reduced ERK phosphorylation and the down-
regulated transcription of genes encoding for NRAS and ERK2
(MAPK1). We also recently showed such a WJ-MSC sEV-
mediated inhibition of MAPK/ERK signaling in microglial cells
in an in vitro model of neuroinflammation (Thomi et al., 2019b).

Based on these results and the importance of miR during
neuroregeneration in premature WMI (Cho et al., 2019), we
performed Illumina HiSeq sequencing, to characterize the miR
content of WJ-MSC and WJ-MSC-derived sEV. We detected
several highly abundant miR in WJ-MSC and in their derived
sEV. Although several miR were expressed to different degrees
in sEV and cells, the most abundant miR in both cells
and sEV was miR-22-3p. Previously, miR-22-3p has been
characterized as being neuroprotective by inhibiting neuronal
apoptosis (Jovicic et al., 2013; Ma et al., 2016), which can
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explain—at least partially–the anti-apoptotic effect of WJ-MSC-
derived sEV in neurons recently observed by our group in
in vitro and in vivo models of premature WMI (Joerger-Messerli
et al., 2018; Thomi et al., 2019a). In contrast to our study,
Fang and coworkers have identified miR-21-5p as the most
abundant mature miR in umbilical cord MSC and their derived
sEV (Fang et al., 2016). The difference to our results may
rely on slightly varying isolation protocols of both cells and
sEV. However, miR-21-5p was also highly expressed (>10,000
normalized counts) in our WJ-MSC and sEV, indicating a
key function of this miR. It has been well documented that
miR-21-5p had neuroprotective impacts by reducing neuronal
cell death and promoting angiogenesis (Buller et al., 2010; Ge
et al., 2014). Furthermore, it has been published that miR-21-
5p in neuron-derived EV inhibited autophagy-mediated nerve

injury in an in vitro model of traumatic brain injury (Li
et al., 2019), elucidating the functional transfer of miR-21-5p
from EV to cells. However, as miR regulate the expression of
several mRNAs at the same time, and genes might be targeted
by different miR, we do not believe that one miR alone is
responsible for the beneficial impacts of WJ-MSC and WJ-
MSC-derived sEV. Therefore we performed KEGG pathway
enrichment analysis to identify a wider spectrum of pathways
targeted by the 32 most highly abundant sEV miR (>10,000
normalized counts). Thereby, the analysis revealed that the
keratan sulfate biosynthesis was the most enriched pathway. This
is of great interest, as the sulfated glycosaminoglycan keratan
sulfate is known to trigger glial scar formation, thereby inhibiting
axon regeneration after brain injury (Zhang et al., 2006). This
led to our hypothesis that targeting this pathway by sEV miR

FIGURE 6 | Overview summarizing the predicted targets of WJ-MSC-derived sEV miRs in the Notch and MAPK/ERK signaling cascades. Created with
BioRender.com.
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results in reduced formation of glial scars and increased axon
regeneration in our premature WMI rat model. The blocking
of the keratan biogenesis pathway could explain the reduced
glial activation we recently observed in rat pups with premature
WMI intranasally treated with WJ-MSC-derived sEV (Thomi
et al., 2019b). The impact of WJ-MSC-derived sEV miR on
glycosaminoglycans in other diseases was further reflected by the
high rich factor of the proteoglycans in the cancer KEGG pathway
after the analysis of our high-throughput sequencing results.
Glycosaminoglycans have been shown to trigger angiogenesis,
invasion and metastasis of cancer cells involving persistent
ERK1/2 signaling activation (Yang et al., 2009; Afratis et al., 2012).
Several characterized cancer drug candidates have been shown
to successfully block the MAPK/ERK pathway (Burotto et al.,
2014). The restraining of MAPK/ERK signaling activation could
also be a promising therapy approach in premature WMI, as the
activation of MAPK/ERK signaling arrests OPC maturation and
thereby leads to defective myelination in other demyelinating
diseases, as stated before (Titus et al., 2017; Suo et al., 2019).
Our high-throughput sequencing results of WJ-MSC-derived
sEV miR further strongly indicates that the negative effect of
sEV on MAPK/ERK activation in MO3.13 cells may rely on
their miR cargo.

In addition, according to our results, the dorso-ventral axis
formation pathway, which has a crucial function in neuronal
and glial cell development and includes the Notch cascade
(Wada et al., 2000; Kagawa et al., 2001), was significantly
targeted by sEV miR as well. Interestingly, miR-486-5p and miR-
654-3p, which were highly expressed in sEV and significantly
up-regulated relative to their parental cells, are predicted
to target the genes of key players of the MAPK/ERK and
Notch signaling pathways, namely NRAS, and ERK2 (MAPK1)
and NOTCH2. This observation additionally supports the
advantageous use of WJ-MSC-derived sEV over their maternal
cells as a future treatment in premature WMI. However,
22 of the 32 highly expressed sEV miR are predicted to
target either the MAPK/ERK pathway (NRAS, MAPK1), the
Notch cascade (NOTCH1, NOTCH2), or even both (Figure 6),
further accentuating that the sEV miR-mediated regulation
of pathways is a rather cooperative acting than the work of
an individual miR.

Moreover, KEGG pathway enrichment analysis revealed
that WJ-MSC-derived sEV miR target an additional negative
regulator of OPC differentiation, namely the Wnt signaling
pathway. Active canonical Wnt signaling interferes with
oligodendrocyte maturation, thereby slowing down the
generation of myelinating oligodendrocytes (Fancy et al.,
2009; Feigenson et al., 2009).

As hypo-myelination in premature WMI leads to “secondary”
injuries, often affecting demyelinated neurons and axons (Volpe,
2009), future therapy would ideally be multifactorial. As
already mentioned before, our group has recently shown that
both WJ-MSC and their derived sEV have several beneficial
impacts in in vitro and in vivo models of premature WMI.
In particular, we found that the intranasal administration of
WJ-MSC prevented myelination deficits and microgliosis in
neonatal rats with premature WMI (Oppliger et al., 2016).

Most recently, our group could demonstrate that sEV derived
from WJ-MSC reduced glial activation, neuronal apoptosis,
and rat pup mortality and promoted oligodendrocyte lineage
maturation, axon myelination, and learning and memory in
young rats suffering from premature WMI after intranasal
application (Thomi et al., 2019a,b). Based on our high-
throughput sequencing data presented here, we now can provide
powerful indications that miR play major roles in these described
neuroregenerative effects of WJ-MSC and their derived sEV.
For example, we show that the miR of sEV are predicted to
significantly target the TNF signaling pathway, which is known to
contribute to neuroinflammation. The prognosticated targeting
of the p53, apoptosis, and FoxO signaling pathways by sEV
miR (Figure 6) are very likely to play a part in the anti-
apoptotic action of WJ-MSC-derived sEV we recently observed
in neurons (Joerger-Messerli et al., 2018; Thomi et al., 2019a).
MAPK signaling functionally interacts with many of the enriched
pathways, including p53 and FoxO (Wu, 2004; Asada et al., 2007),
highlighting the manifold protective impacts of sEV miR by
blocking MAPK/ERK signaling. However, the functionality of the
sEV miR have to be further validated in future experiments.

CONCLUSION

In conclusion, our study shows that WJ-MSC-derived sEV miR
are key regulators of the Notch and ERK/MAPK signaling
pathways which allows them to drive the maturation of
OPC and pre-oligodendrocytes toward mature myelinating
oligodendrocytes (Figure 6). Furthermore, as WJ-MSC-derived
sEV miR are predicted to target distinct pathophysiological
mechanisms that are involved in premature WMI, we emphasize
that miR are key mediators of WJ-MSC-derived sEV beneficial
effects in premature WMI.
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Exosomes are natural cells-derived vesicles, which are at the forefront toward clinical
success for various diseases, including cerebral ischemia. Exosomes mediate cell-to-
cell communication in different brain cells during both physiological and pathological
conditions. Exosomes are an extensively studied type of extracellular vesicle, which
are considered to be the best alternative for stem cell–based therapy. They can be
secreted by various cell types and have unique biological properties. Even though
native exosomes have potential for ischemic stroke therapy, some undesirable features
prevent their success in clinical applications, including a short half-life, poor targeting
property, low concentration at the target site, rapid clearance from the lesion region, and
inefficient payload. In this review, we highlight exosome trafficking and cellular uptake
and survey the latest discoveries in the context of exosome research as the best fit for
brain targeting owing to its natural brain-homing abilities. Furthermore, we overview the
methods by which researchers have bioengineered exosomes (BioEng-Exo) for stroke
therapy. Finally, we summarize studies in which exosomes were bioengineered by a
third party for stroke recovery. This review provides up-to-date knowledge about the
versatile nature of exosomes with a special focus on BioEng-Exo for ischemic stroke.
Standard exosome bioengineering techniques are mandatory for the future and will lead
exosomes toward clinical success for stroke therapy.

Keywords: brain ischemia, extracellular vesicles, stroke, exosomes, bioengineered exosomes

INTRODUCTION

Stroke is a leading cause of death and neurological disability, and it has no effective treatment
up to now (Li et al., 2020a; McCann and Lawrence, 2020). Approximately 6.7 million people
die due to stroke each year (Cunningham et al., 2020), and 87% of these deaths are due to
ischemic stroke (Dabrowska et al., 2019). Pathophysiological responses after stroke are complex,
and presently, no better choice is available for stroke treatment except tissue plasminogen activator

Abbreviations: BioEng-Exo, bioengineered exosomes; BBB, blood–brain barrier; BDNF, brain derived neurotrophic factor;
BMECs, brain microvascular endothelial cells; CNS, central nervous system; EEs, early endosomes; EVs, extracellular vesicles;
ESCRT, endosomal-sorting complex essential for transport; HIV, human immunodeficiency virus; ILVs, intraluminal vesicles;
IFN-γ, interferon gamma; IL, interleukin; IONP, iron oxide nanoparticle; Lamp2b, lysosome-associated membrane protein 2;
MSCs, mesenchymal stem cells; MVs, microvesicles; MVBs, multivesicular bodies; MCAO, middle cerebral artery occlusion;
MSCs-Exo, MSCs exosomes; MNVs, magnetic nanovesicle; NTFs, neurotrophic factors; NGF, nerve growth factor; RVG,
rabies virus glycoprotein.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 March 2021 | Volume 9 | Article 619565134

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.2021.619565
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.619565
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.619565&domain=pdf&date_stamp=2021-03-23
https://www.frontiersin.org/articles/10.3389/fcell.2021.619565/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-09-619565 March 19, 2021 Time: 13:44 # 2

Khan et al. BioEng-Exo in Stroke

(Otero-Ortega et al., 2019; Pan et al., 2020), the only useful drug
within 4–6 h of clearly defined symptom onset (Malone et al.,
2019; Wang J. et al., 2020). However, due to its narrow therapeutic
window, less than 5% of patients benefit from it (Wang et al.,
2018). Even though there is some progress in stroke treatment,
current therapeutic concepts are limited, and development of
novel therapy for stroke survivors is critical.

Since the discovery that mesenchymal stem cells (MSCs)
could produce new neurons (Sanchez-Ramos et al., 2000),
much improvement has been done in MSC research (Kruminis-
Kaszkiel et al., 2020). MSCs are multipotent, self-renewing
exogenous cell populations present in adults as well as developing
individuals and can differentiate into neuron as well glial lineages
(Bai et al., 2020). However, with the advancement of this
field, scientists have found that MSCs can have unpredictable
consequences for target as well non-target organs (Wei et al.,
2019). MSC implantation in the brain is invasive and can cause
damage to healthy tissue, and they have poor survival in hypoxic
and inflammatory conditions (Kim H.Y. et al., 2020). MSCs
are big (15–40 µm), which makes them easily get trapped in
small-diameter vessels, causing vascular occlusion and a decrease
in cerebral blood flow (Bang and Kim, 2019). Hence, MSC
delivery to the ischemic region is difficult, and this limits
their clinical use for the treatment of ischemic stroke. While
considering the therapeutic abilities of stem cells, researchers are
shifting their interest toward stem cell–derived products, one of
which is the exosome.

Exosomes are cell membrane–derived vesicles secreted by
almost all body cells (Wang S. et al., 2020). The secretion process
of exosomes is related to the mechanism of waste disposal.
Wolfers et al. (2001) found that exosomes were an important
source of intercellular communication in cancer. However, now
it is confirmed by numerous studies that exosomes mediate
communication by delivering DNA, RNA, lipids, and proteins
in between cells and tissues (van Niel et al., 2018; Lin et al.,
2020), playing an important role in controlling the biological
expression of the recipient cells and leading to the activation of
their signaling pathways (Cheng et al., 2019).

Exosomes are the best choice because of their natural
characteristics, such as negligible toxicity, circulation stability,
production and storage advantages, ability to encapsulate
endogenous bioactive molecules, strong protection for
cargo, and excellent transport efficacy to distant body cells,
specifically for brains cells as they can pass through the
blood–brain barrier (BBB) easily (Rufino-Ramos et al.,
2017; Bang and Kim, 2019). Stem cell–derived exosomes’
beneficial effects were studied in animal models of stroke,
traumatic brain injury, Alzheimer’s disease, status epilepticus–
induced brain injury, multiple sclerosis, and spinal cord injury
(Kodali et al., 2020). Exosomes are the most promising
therapeutic avenues capable of addressing the need for
regenerative and therapeutic treatment deficiencies for
stroke patients (Webb et al., 2018; Gharbi et al., 2020).
In addition, synthetic therapeutic agents may suffer from
immunogenicity and toxicity, but the origin of exosomes is
biological, that is why they are less likely to induce adverse effects
(de Abreu et al., 2020).

Exosomes’ ability to cross the BBB makes them a suitable
candidate for brain diseases as well as increasing interest
in utilization of exosomes as drug delivery systems to the
brain (Wood et al., 2011). The BBB is composed of brain
macrovascular endothelial cells (BMECs), pericytes, astrocytes,
and tight junctions, which allow selective transport of some
compounds while inhibiting entry of toxic substances in between
the blood and brain (Ballabh et al., 2004). The exosome
BBB crossing mechanism remains unclear; however, research
examining exosome trafficking through the BBB points toward
absorption by BMECs via endocytosis, where they fuse to BMEC
endosomes and are released to the brain (Chen et al., 2016; Lu
et al., 2020). Interaction between exosomes and BMECs in vitro
shows that, in healthy and stroke-like conditions, exosomes retain
their BBB crossing ability (Chen et al., 2016). Exosomes crossed
the BBB and were taken up by endothelial cells in a 3-D BBB
static model (Jakubec et al., 2020). This finding of exosome BBB
crossing has been confirmed by a number of studies (Grapp
et al., 2013; Long et al., 2017; Yuan et al., 2017; Qu et al., 2018)
however, biodistribution studies of exosomes reveal that, after
intravenous administration of native exosomes to the body, they
were rapidly cleaned from the target site and accumulated in
organs of the reticuloendothelial system, such as the lungs, liver,
and spleen, and very few exosomes were found at the target site
(Lai et al., 2014; Wiklander et al., 2015; Tian et al., 2018; Lu
and Huang, 2020). Hence, there is need to engineer exosome
targeting characteristics before its use as a therapeutic agent
for stroke therapy.

Exosome research is still in its infancy, particularly in central
nervous system (CNS) diseases; therefore, a better understanding
of exosomes is of formidable importance to optimally utilize them
for therapeutic purposes. Even though the potential therapeutic
abilities of exosomes are considered to be well-established fact
now, several challenges still need to be addressed before its
successful clinical translation. These include the processes by
which they are formed and their function, exosome targeting
and trafficking, internalization, dose optimization, route of
administration, and strategies for modification of exosomes to
steer their delivery toward their target sites of action. Here, first
we overview the exosome process of biogenesis, composition, and
uptake by cells. Next, we survey some of the latest discoveries
that add unexpected new twists to our understanding of exosome
function and potential for stroke therapy. Furthermore, we
highlight exosomes’ versatile nature as being the best fit for brain
targeting and review the methodologies of exosome engineering
for brain targeting. Finally, we focus on and summarize the
studies in which exosomes were bioengineered by a third party
for stroke therapy and discuss how this field could advance. In
this review, we use the term “exosomes” for some studies on
behalf of extracellular vesicles (EVs) (Chivet et al., 2014; Liu et al.,
2019; Tieu et al., 2020).

OVERVIEW OF EXOSOME BIOGENESIS

Exosomes were first reported by Trams et al. (1981), Xin
et al. (2014); Witwer and Théry (2019). They were discovered
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in in vitro cell culture of sheep red blood cell supernatants
with structural size ranging from 40 to 200 nm (Yu et al.,
2020). Exosomes are the most important subtype of EVs,
whereas the literature also contains other EV subtypes, including
microvesicles, apoptotic bodies, blebs, exomeres, migrasomes,
oncosomes, and argosomes classified by size, biogenesis, origin,
content, and function (Ma et al., 2015; Xie et al., 2020) (Figure 1).
Exosomes differ from other types of EVs in the context of
biogenesis, diameter, and contents.

Exosome biogenesis occurs from the endo-lysosomal
pathway, in particular, when inward budding of the plasma
membrane happens. Biogenesis starts with the development
of early endosomes (EEs), then intraluminal vesicles (ILVs)
in intracellular multivesicular bodies (MVBs), transport of
MVBs to the plasma layer, and union of MVBs with the plasma
membrane. The first step in the formation of EEs is budding
from the plasma membrane and the fusion of primary endocytic
vesicles. The trans-Golgi network and endoplasmic reticulum
could promote EE formation and content. In the conversion
process of EEs to MVBs, Rab5 and its effector VPS34/p150
act as important regulators (Huotari and Helenius, 2011).
The most important protein playing a role in ILV formation

is the endosomal-sorting complex essential for transport
(ESCRT) protein family. This protein family includes four
complexes, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III
(Murphy et al., 2019; Kalluri and LeBleu, 2020). ILVs can also
generate through the ESCRT-independent pathway. For the
ESCRT-independent way of maturation, tetraspanin and CD63
are important factors. Neutral sphingomyelinase 2 enzyme
is another important mediator of ESCRT-independent ILV
maturation. This enzyme synthesizes the lipid ceramide that
makes microdomains on the surface of MVBs, a process
that is vital for ILV production (Murphy et al., 2019). Thus,
MVB biogenesis can be ESCRT-dependent or -independent.
In ESCRT-dependent biogenesis, MVBs take two paths,
influenced by the protein ubiquitin checkpoint (Vietri
et al., 2020). On the one hand, MVBs bind to lysosomes
or autophagosomes in the cells and are degraded by the
ubiquitinated cargo. On the other hand, MVBs are mediated
by specific components of the actin, cortactin, microtubule
skeleton, and Rab family (such as Rab27A and Rab27B), which
are continuously transported and eventually stuck to the
plasma membrane to secrete exosomes (Ostrowski et al., 2010;
Villarroya-Beltri et al., 2016).

FIGURE 1 | Schematic of EV biogenesis and subtypes. (A) Exosome secretion (ESCRT dependent) and composition. (B) MVs are formed during inflammatory and
hypoxic conditions as buds off of the plasma membrane. (C) Apoptotic blebs are EVs that generate with increased cell contraction and hydrostatic pressure (Xie
et al., 2020). (D) Apoptotic bodies are released only during programmed cell death (Jadli et al., 2020). (E) Exomeres are recently discovered EVs, and their biological
function and biogenesis is yet unknown (Zhang et al., 2018; Xie et al., 2020). (F) Migrasomes are oval-shaped EVs produced during cell migration. (G) Oncosomes
are membrane-derived large and small EVs released by cancer cells. They contain a unique signature of the tumor cells from which they are secreted (Chuo et al.,
2018). (H) Argosomes are exosome-like vesicles, and their biogenesis starts from the basolateral membrane of Drosophila discoid cells and can take part directly in
the transferring of molecules from producer to recipient cells (Borges et al., 2013).
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Through the biogenesis of exosomes, a series of molecular
contents with cell biological activity selectively encapsulate
into exosomes (Xu et al., 2018). The contents of exosomes
can reflect the structure of donor cells (Valadi et al., 2007).
Research indicates that exosomes are rich in many molecular
substances, such as mRNA, miRNA, and other non-coding
RNA (Vojtech et al., 2014; Xie et al., 2019); double-stranded
DNA and mtDNA (Guescini et al., 2010; Sansone et al.,
2017; Yang S. et al., 2017; Tsai et al., 2018); cholesterol,
sphingolipids, and ceramides (Skotland et al., 2017); heat
shock cognate proteins (HSP70, HSP90), adhesion molecules,
and cell skeleton proteins (Muller, 2020); and receptors
MHC-II, MHC-I, CD86 and tetraspanin proteins CD9,
CD63, CD81, CD82, and enzymes (Thery et al., 2002;
Pegtel and Gould, 2019). Once exosomes are grabbed by
the recipient cell, they can release their exosomal cargo to
the target cell performing different kinds of pathological and
physiological functions.

MECHANISM OF EXOSOME UPTAKE

Different uptake pathways involve exosome internalization
by recipient cells. Exosome uptake routes are diverse and
depend on both the donor and recipient cell type (Murphy
et al., 2019). Researchers indicate that exosomes biologically
resemble retroviruses as they share many properties. Both
exosomes and retroviruses have comparable diameter of about
120 nm (Mathieu et al., 2019), are coated with a lipid
membrane carrying genetic material originating from endosomal
pathways (Margolis and Sadovsky, 2019), and trigger a specific
reaction through their molecular contents in the recipient
cells (Nolte-’t Hoen et al., 2016). The ability of exosomes to
avoid a degradative pathway was revealed to resemble the
route of human immunodeficiency virus (HIV) mechanism
of cell uptake (Izquierdo-Useros et al., 2009). HIV causes
infection by combining with the plasma membrane; likewise
exosomes are taken up by recipient cells after combining with
plasma membranes. However, the cells take up HIV virions
through pathways, including multiple modes of macrophage
proliferation, phagocytosis, and endocytosis (Melikyan, 2014).
On the other hand, exosomes can also be taken up by
different pathways, such as caveolin-mediated endocytosis,
clathrin-mediated endocytosis, lipid raft-mediated endocytosis,
macro-pinocytosis, and phagocytosis (Mulcahy et al., 2014;
Murphy et al., 2019).

Even though exosomes have similarities to viruses in their
uptake mechanism, there are some differences as well. In some
cases, the uptake of exosomes is more complicated than viruses.
For example, exosomes are abundant in macro-molecules rich in
PS receptors, lectins, glycans, integrins, and other cell adhesion
molecules. These allow exosomes to bind to and be taken
up by nearby or faraway recipient cells via ligand-receptor
interaction to release the substances they carry (van Dongen
et al., 2016; Joshi et al., 2020). In summary, exosome uptake can
be expressed in three ways: direct fusion with cell membranes,
endocytosis, and ligand-receptor interaction. Other exosome

surface proteins, such as CD9 and CD81, are included in cell–
cell fusion, but whether they are included in the mediation
of exosome–cell fusion lacks evidence, and further studies are
needed to confirm.

INSIGHT OF NATIVE EXOSOMES FOR
STROKE

Exosomes are nano-sized extracellular membrane vesicles
that can work as a remedy for inflammation and improve
functional and behavioral recovery in stroke models of rodents
(Go et al., 2020).

Stem Cell–Secreted Exosomes in Stroke
Treatment
Among various stem cell types, MSCs are vastly studied cells
(Kabat et al., 2020). MSCs were believed to treat various disease
conditions by differentiating into healthy cells and regaining
functionality, but later on, researchers found that this was because
of the paracrine effect of MSCs on the surrounding host cells
(Murphy et al., 2019; Hur et al., 2020). The paracrine signals
of MSCs are due to exosomes (Maacha et al., 2020). Nowadays,
it is proven by multiple research groups that exosomes contain
various types of bioactive molecules possessing the properties and
contents of their origin cell (Riazifar et al., 2019; Hur et al., 2020).
Stem cell exosomes have been isolated, characterized, evaluated,
and designed for enhancing beneficial effects in brain injury
and neurodegenerative disease (Upadhya and Shetty, 2019).
MSCs exosomes (MSCs-Exo) mediate secretion of cell waste
to extracellular fluid and transmit it in between producer and
target/recipient brain cells (Glebov et al., 2015; Zhang Z.G. et al.,
2019). Under preclinical and clinical research, stem cell–derived
exosome-based approaches have been verified as a promising
regenerative medical treatment for ischemic stroke (Table 1).

Mechanism of Exosome-Mediated
Stroke Treatment
Exosomes’ brain disease–prevention characteristics are reported
by a number of studies (Long et al., 2017; Zhang et al., 2017).
Exosomes mainly protect ischemic brain by Li et al. (2020a)
improving the microenvironment and mediating immune
response, (McCann and Lawrence, 2020) inhibiting brain cell
apoptosis and activating biogenesis (Cunningham et al., 2020),
inducing vascular remolding and regeneration, and (Dabrowska
et al., 2019) alleviating inflammation.

Exosome therapy decreases inflammation in the mouse brain
and reduces infract volume and edema by reducing ROS,
TNF-α, and NMDAR1 expression (Kalani et al., 2016). In
a glutamate-induced nerve injury model, exosomes protected
brain tissues by activating the release of cytokines and growth
factors mainly by activating the phosphatidylinositol 3-kinase
(PI3K)/Akt pathway (Wei et al., 2016). MSCs-Exo had a
neuroprotective effect on hypoxic-ischemia injury in newborn
mice, and this outcome was partly because of a decrease in
neuron apoptosis and neuroinflammation. Within the injured
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TABLE 1 | Native exosomes for ischemic stroke.

Exosomes used Animal model Target Results References

M2-Exo Mouse Stroke
treatment

M2-Exo treatment improve neuronal survival, reduce infract volume, improve
behavior deficit, Downregulated USP-14 Gene

Song et al., 2019

MSCs-Exo Mouse model/
in vitro

Hypoxic
ischemia

Exosome treatment decreases neuron apoptosis and neuroinflammation while
upregulating miR-21a-5p levels

Xin et al., 2020

MSCs-Exo Rats Stroke recovery Promote neuroplasticity, functional recovery, inhibiting PTEN expression and
upregulation of Exo-miR-17-92

Xin et al., 2017

hMSCs-Exo Mouse Model
of EAE

Treat MS Reduce demyelination, decrease neuroinflammation, upregulated
CD4 + CD25 + FOXP + Tregs

Riazifar et al., 2019

hMSCs-sEVs Mouse Ischemic stroke Neuroprotective by depleting PMNs, e.g., monocytes, lymphocytes, and
reverse post ischemic lymphopenia.

Wang C. et al., 2020

EPC-Exo Mouse Ischemic stroke Decreases infract volume, NDS, apoptosis, Upregulate microvessel density
miR-126, BDNF, p-TrkB/TrkB and p-Akt/Akt

Wang J. et al., 2020

MSCs-Exo Monkey Cortical injury Motor function recovery and neurological dysfunction recovery by shifting
inflammatory microglia toward anti-inflammatory.

Moore et al., 2019;
Go et al., 2020

MSCs-Exo Rats/in vitro Brain Ischemia Improved motor function, anti-inflammatory cytokines, neurotrophic factors,
learning and memory abilities, Downregulated CysLT2R expression and ERK1/2
phosphorylation.

Zhao et al., 2020

MSCs-Exo Rats Stroke
treatment

Neuritis remolding and Functional recovery, downregulation of connective tissue
growth factor and upregulation of mir-133b after exosomes treatment

Xin et al., 2013b

MSCs-Exo Mice/in vitro Brain Hypoxic
ischemia

Exosome treatment confers neuroprotection by reducing neuronal apoptosis
and neuroinflammation, upregulated miR-21a-5p and its target gene was
Timp3.

Xin et al., 2020

MSCs-Exo Rats/in vitro Ischemic stroke Exosome treatment increased angiogenesis and neurogenesis in a stroke rat
model

Xin et al., 2013a

brain, the miR-21a-5p was upregulated in neurons and microglia
via uptake of MSCs-Exo (Xin et al., 2020). IV injection of
exosomes improved the brain microenvironment by inducing
vascular remodeling and promoting regeneration of damaged
neurons in a stroke rat model (Han et al., 2018). MSCs-Exo
enhanced motor function, learning, and memory abilities of
rats after 7 days of middle cerebral artery occlusion (MCAO).
Furthermore, an increase in production of anti-inflammatory
cytokines and growth factors and a decrease in pro-inflammatory
factors was found in both the hippocampus and cortex of
the ischemic region as well as in OGD-treated microglia
cells. Western blotting analysis results confirmed that CysLT2R
expression and ERK1/2 phosphorylation were downregulated
both in vivo and in vitro (Zhao et al., 2020). White blood cells,
especially polymorphonuclear neutrophils, appear to be the key
leukocyte population in the mediation of the neuroinflammatory
response. Exosomes derived from hMSCs were studied to
confer neurological recovery after focal cerebral ischemia in
rodents by depleting polymorphonuclear neutrophils, especially
monocytes and lymphocytes (Wang C. et al., 2020). Exosomes
from MSCs were reported to reduce neuroinflammation after
cortical injury in the aged brain of monkeys. Results show
that recovery in exosome-treated aged monkeys was fast
and efficient compared with aged control vehicle monkeys.
Moreover, exosome treatment after injury is associated with
greater densities of ramified, homeostatic microglia along with
reduced pro-inflammatory microglial markers (Go et al., 2020).
In general, exosomes’ potential therapeutic activities for stroke
can be summarized as neuroprotection; reduced inflammation;
immunomodulation; stimulation of new synapse formation; and

activation of neurogenesis, astrogenesis, angiogenesis, and white
matter remodeling (Figure 2).

Exosome-Mediated Stroke Treatment:
Pros and Cons
Exosome pros for the treatment of stroke is studied enormously
(as discussed). An ongoing clinical trial (NCT03384433) aims
to investigate exosome safety and potential for ischemic stroke.
The main aim of this trial is a safety check, i.e., to check
adverse effects within 12 months of exosome therapy, and the
secondary goal is to find out the efficacy of improvement in
modified ranking score, i.e., measure the degree of disability
in stroke patients after 12 months. Results of the study are
yet to be announced. The pitfalls of exosome applications are
that it can induce neurodegenerative disorder, autoimmunity,
viral infections, or the spread of cancer, as they can transmit
in between cells and deliver their contents. Cancer cell–derived
exosomes were immune-suppressive and had low expression
levels of tumor suppressor miRNA-15a, oncogenic protein,
and cytokines, and it increased cancer progression (Roccaro
et al., 2013; Wen et al., 2016). Besides this, the contents
and function of exosomes may depend on donor cells or on
metabolic activities of receipt cells, which makes the process
of exosome therapy problematic (Wiklander et al., 2015).
Exosome proapoptotic and pathological communications were
studied in ischemic heart injury in obesity/diabetes mellitus.
Diabetic serum exosome injection to the non-diabetic heart
caused poorer cardiac function recovery, larger infract size,
and increased apoptosis of cardiomyocytes. It was confirmed
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FIGURE 2 | Different processes regulated by exosomes after ischemic stroke.

through various analysis that miRNA-130b-3p was responsible
for the cardiotoxicity, and its direct downstream targets were
AMPKα1/α2, Birc6, and Ucp3 (Gan et al., 2020). Microglia-
derived exosomes were found to mediate neuroinflammation
(Kumar et al., 2017) and Alzheimer’s disease propagation
(Saeedi et al., 2019). Moreover, preclinical data show that
optimum dose is an important indicator for neurological
outcomes after stroke (Moniche et al., 2017); hence, exosome
time and dose-dependent studies are of utmost importance for
better and safe clinical outcomes. Exosomes’ high dose was
found to be detrimental for neurons although low doses show
neuroprotective effects (Venugopal et al., 2017). Another study
demonstrates that a low dose of exosomes was productive in
ischemic conditions although, during administration of high
doses, exosomes were mostly detected in the lungs or liver
(Bian et al., 2014; Moon et al., 2019; Williams et al., 2020).
A dose-dependent study of exosomes for stroke therapy reveals
that low doses (50–100 µg) had comparatively better outcomes.
At least 50 µg exosomes were necessary for subcortical stroke
recovery in rats and cell proliferation in OGD conditions
although in vivo analysis of low dosage groups showed better
functional recovery compared with high dose–treated animals

(Otero-Ortega et al., 2020). An exosome high dose can be
detrimental and can produce negative effects; therefore, optimum
effective dosage studies are mandatory.

Furthermore, it is believed that exosomes function because of
miRNAs although it should be kept in mind that some miRNAs
are involved in cancer pathogenesis (Van Roosbroeck and Calin,
2017). In addition, off-target effects, short half-life, tracking
procedures, and clinical-level large scale production are some
basic limitations of exosomes to be addressed. Subsequently,
scientists are engineering native exosomes to overcome the
natural limitations that we discuss in another section.

EXOSOMES’ NATURAL BRAIN
TARGETING AND HOMING ABILITIES

Recently, various invasive and newly developed non-invasive
methodologies based on overcoming the impeding action of the
impermeable BBB and targeting the required disease sites of
the brain have been explored. Researchers have put all their
efforts toward finding therapeutic agents that can effectively
target the brain. Traditional therapeutic agents do not effectively
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penetrate to the brain because they have to pass through four
main barriers, including the BBB, blood brain tumor barrier,
blood-cerebrospinal fluid barrier, and efflux protein (Khan et al.,
2018). Exosomes have recently been investigated in many studies
as a suitable alternative for the shortcomings of traditional agents
due to their biological compatibility and particularly small size
(Arrighetti et al., 2019) for brain targeting (Lapchak et al.,
2018; Qu et al., 2018). Experimental studies provide new insight
that exosomes and their cargo play important roles in nerve
regeneration, synaptic function, plasticity, immune response, and
exosome-mediated intercellular communication, contributing
to brain reconstruction (Qing et al., 2018; Liu et al., 2019;
Branscome et al., 2020). Exosomes’ BBB crossing ability opens
new getaways to the CNS, targeting the treatment of various
neurodegenerative disorders, such as stroke, Alzheimer’s disease,
tumors, and autoimmune diseases (Abbott et al., 2006; Andreone
et al., 2015). Luciferase-carrying exosomes can cross the BMEC
monolayer under stroke mimicking inflamed condition, while
not under the healthy normal conditions. Furthermore, the
results show that exosomes were internalized by BMECs via
endocytosis (Chen et al., 2016; Salunkhe et al., 2020). This study
reveals the capability of exosomes in brain targeting by exploring
their endocytic uptake via their interaction with BBB cells. Blood
exosomes’ brain targeting ability was investigated in vivo in
nude mice by injecting DiD-labeled blood exosomes through IV
administration. By taking near-infrared fluorescence images at
different times, it was found that exosomes were accumulated
specifically in the brain between 1 and 10 h after injection,
whereas the fluorescence intensity was at its peak about 4–8 h
after administration of exosomes (Qu et al., 2018). MSCs-Exo
were labeled with gold nanoparticles as a labeling agent to check
exosome migration and brain-homing abilities. Neuroimaging
results show that exosomes exactly targeted and accumulated
in pathologically relevant murine model brain regions up to
96 h while in healthy controls up to 24 h (Perets et al., 2019).
Exosomes can be used to deliver dopamine or drugs to the
brain, and brain distribution can be increased (Yang et al.,
2015; Qu et al., 2018). Exosomes are specifically internalized
by microglia cells through the macro-pinocytosis pathway in a
mix brain cells culture (Fitzner et al., 2011). Hence, exosomes
have natural brain-homing abilities, making them suitable for
brain disorders.

BIOENGINEERING OF EXOSOMES FOR
BRAIN TARGETING

Considering the natural therapeutic abilities of exosomes for
clinical translation yet the rapid clearance of exosomes from
the human brain, researchers are focusing on bioengineering of
exosomes to increase concentration on target sites, circulation
time, and half-life in the body. At least two conditions should be
met while engineering exosomes for brain targeting: (I) BioEng-
Exo must not interact with the physiological barriers, which
could limit their diffusion except the plasma membrane of the
target cell, and (II) exosomes should be engineered to preferably
target cell types relevant to disease pathogenesis, e.g., rabies virus

glycoprotein (RVG) is used to engineer exosomes specifically for
CNS disease. RVG is a 29-amino-acid peptide that specifically
binds to neural cells’ nicotinic acetylcholine receptor (Ferrantelli
et al., 2020). T7 peptides, that target the cellular transferrin
receptor in the brain has been successfully used for targeting
glioblastoma in the brain (Kim G. et al., 2020). In general,
exosome engineering can be done by two basic methodologies:
by either engineering exosome-producing cells or direct exosome
modification (Figure 3).

During bioengineering of exosome-producing cells, mainly
two approaches are practiced by scientists. Either the exosome-
producing cell is incubated with cargo (a specific drug or other
desired solution) or by genetic transfection of the parent cell
(manipulation of the cell by plasmid-containing miRNA, siRNA,
or pDNA) (Tanziela et al., 2020). Production of BioEng-Exo in
this way is challenging because it is very time-consuming, and
sometimes the required physical and chemical conditions are not
favorable for viable cells. That is why scientists mostly prefer post
exosome modification techniques.

Direct exosome bioengineering is done after isolating and
cleaning exosomes from a cell’s ordinary liquid, such as culture
medium, serum, and other cell debris. Postproduction exosome
bioengineering is a feasible method because exosomes are
non-living structure, so it is easy to apply the condition
of choice, and high yield can be loaded onto exosomes
compared with the cell-based modification approach. Direct
exosome engineering can be done by incubation, sonication,
electroporation, antibody-specific loading, the freeze-and-thaw
method, and the saponin assist method (Tanziela et al.,
2020). Through these modification techniques, researchers either
modify the surface or contents of exosomes.

Exosome Surface Modification
Despite recent progress unlocking exosomes’ secrets,
advancements in surface modification techniques are
mandatory for future clinical translation. Through surface
manipulation strategies, exosome circulation, targeting, and
stay time can be increased, and it can be done by both active
(sonication, electroporation, etc.) or passive (incubation,
diffusion etc.) techniques.

Scientists have coated exosomes with polyethylene glycol,
which is a hydrophilic polymer, and increased the circulation
time of nanoparticles (Suk et al., 2016). The PEGylation
technique increases the circulation time of exosomes and reduces
non-specific interaction with cells while improving interaction
with EGFR-expressing cells. The PEGylation approach was
employed by incubating the polyethylene glycol with exosomes
1:1 for 2 h at 40◦C to enhance Neuro2A cell–derived exosome
specificity and circulation time (Kooijmans et al., 2016).
Exosomes targeted specifically toward the brain were achieved
by engineering the exosome-producing cells to express an
exosomal protein, lysosome-associated membrane protein 2
(Lamp2b), attached to the neuron-specific RVG peptide (Alvarez-
Erviti et al., 2011). The glycosylation motif was introduced at
various positions of the Lamp2b protein, which prevented the
exosome-targeting peptide from degradation as well as stabilized
targeted delivery of therapeutic exosomes (Hung and Leonard,
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FIGURE 3 | Overview of exosome bioengineering for better ischemic stroke therapy. Two basic approaches used for exosomes engineering are (1) engineering
exosome-producing cells (transfecting, activating, or incubation of cargo with cells) and (2) direct exosome engineering (by loading or decorating specific cargo to
exosomes after isolation).

2015). Special membrane-penetrable agents can be stacked to
exosomes by incubating the small compound with exosomes
under specific conditions (25–37◦C). Exosomes were decorated
with a brain-targeting peptide (low-density lipoprotein) by the
incubation approach for directing the exosome payload toward
the glioma site in the brain. The peptide contained an ApoA-
1 mimic sequence that enabled its linkage to exosomes by
simple incubation (Ye et al., 2018). Click chemistry, originally
introduced in 1999, is a reliable, simple, fast, and highly efficient
technique for bioconjugation of small and macro molecules
to the exosome surface (Hein et al., 2008; Smyth et al.,
2014). The targeting ability of exosomes can be improved
by surface functionalization. The peptide c(RGDyK), having
high affinity to integrin αVβ3 in reactive cerebral vascular
endothelial cells, after ischemia especially, was conjugated to
the exosome surface through click chemistry reactions. Tail-vain
injection of cRGD-Exo specifically targeted the lesion region
of a mouse model of cerebral ischemia as well as entered the
neuron, microglia, and astrocytes (Tian et al., 2018). Another
group conjugated a neuropilin-1–targeting peptide to exosomes
through click chemistry for glioma therapy (Jia et al., 2018). To
cross the BBB, a gold nanoparticle surface was modified with
brain-targeting exosomes. The unique brain-targeting ability of
exosomes enabled the gold nanoparticles to cross the BBB while
their binding to brain cells was examined under laminar flow

conditions (Perets et al., 2019). GFP-CD63–labeled exosomes
from the primary neuron are taken up by neurons preferentially,
whereas those from a neuroblastoma cell line bind equally
to astrocytes (Chivet et al., 2014). All the abovementioned
studies confer exosomes with great potential to be polished
and developed as effective, safe, and precise agents for CNS
neurodegenerative disorders.

Exosome Cargo Modification
Desired cargo can be loaded onto exosomes by pre- or
post-isolation modification methods. The most simple and
straightforward technique for exosome cargo loading is
incubation by which the desired cargo is incubated with
exosome-producing cells or with exosomes. Exosomes are
promising candidates for targeted delivery of various material to
specific cells because of the lipid bilayer membrane decorated
with multiple ligands and receptors that can interact with
target molecules (Tang et al., 2020). Exosomes were loaded
with catalase or quercetin by the incubation technique for
neuroprotection in vivo and in vitro (Haney et al., 2015;
Qi et al., 2020). Proteins were loaded onto exosomes by an
optically reversible protein–protein interaction method, which
significantly increased loaded protein levels in recipient cells
(Yim et al., 2016). Another group manipulated exosome cargo
by loading them with macromolecules, such as proteins and
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ribonucleoprotein, for cellular delivery (Zhang X. et al., 2020).
MiR-210 loaded exosomes were produced by the incubation
technique for targeted delivery of miR-210 to the ischemic
stroke lesion (Zhang H. et al., 2019). Exosomes were produced
through genetic modification for cerebral protection against deep
hypothermic circulatory arrest. MSC culture was transfected with
pre-miR-214 containing lentivirus vectors, which significantly
increased the miR-214 expression in the extracted exosomes (Shi
et al., 2020). Exosomes loaded with curcumin strongly suppressed
the pro-inflammatory cytokines and cellular apoptosis in the
stroke lesion area and activated microglia cells (Tian et al., 2018).
Moreover, physical treatment techniques, such as sonication,
electroporation, extrusion, surfactant treatment, and dialysis,
are employed for loading of exosomes with specific cargo for
brain targeting (Alvarez-Erviti et al., 2011; Haney et al., 2015;
Fu et al., 2020).

Besides the stated exosome bioengineering methods and
examples for the brain, some of the latest research on exosome
engineering techniques for brain targeting (specifically for
ischemic stroke therapy, Table 2) are discussed in the next
sections, in which exosomes have been bioengineered by special
agents for ischemic stroke therapy (Figure 3).

Nanoparticle
Advanced studies have demonstrated that exosomes Possess
equivalent therapeutic potential of derived stem cells for ischemic
stroke treatment (Zhang Z.G. et al., 2019). However, the most
serious drawback of using exosomes is the poor targeting of
the ischemic lesion in the brain. Magnetic nanovesicle (MNVs)
derived from iron oxide nanoparticle-harbored MSCs increased
the targeting of the ischemic region in the brain with the help
of an external magnetic field by magnetic navigation. Magnetic
navigation increased the exosomes’ ability to target the ischemic
lesion by 5.1 times. Moreover, the MNVs considerably decreased
the infract volume and improved motor function as well as
promoted an anti-inflammatory response, angiogenesis, and anti-
apoptosis in the ischemic brain lesion (Kim H.Y. et al., 2020).
The exosomes are able to cross the BBB, but their migration
and brain-homing abilities were yet to be discovered. A research
group developed a method for longitudinal and quantitative
in vivo neuroimaging of exosomes while combining exosomes
with gold nanoparticles. Exosomes were tracked in different brain
conditions, such as ischemic stroke, Alzheimer’s disease, etc. The
results show that exosomes accumulated only in the diseased
brain and were gradually cleared from the healthy brain, and
the special protein structure of exosomes was important for
their precise and extended accumulation in the brain (Perets
et al., 2019). Glucose-coated gold nanoparticles were used in a
mouse model of brain ischemia for non-invasive neuroimaging
and tracking of exosomes, which helped to find the optimal
administration route and size parameter (Betzer et al., 2017).
Treatment and diagnosis for many neurological diseases are
hindered by the inability of theranostic agents to cross the
BBB (Moura et al., 2019). Following the concept of the
nature biotechnology group, who developed exosomes as gene
therapy vehicles for specific brain targeting (Alvarez-Erviti et al.,
2011), exosome-coated gold nanoparticles were shown to induce

targeted delivery to brain cells by increasing the permeability of
nanoparticle to cross the BBB (Khongkow et al., 2019).

Cytokines
Cytokines are soluble glycoproteins that play an important
role in the pathophysiology of stroke. The loss in between
pro-inflammatory and anti-inflammatory cytokines occurs after
stroke and affects infarct size and functional outcome (Doll
et al., 2104; Klimiec-Moskal et al., 2020). A study compared
the role of exosomes derived from interferon gamma (IFN-γ)-
stimulating stem cells and control exosomes for treating ischemic
stroke and found that IFN-γ preconditioning did not affect
the secretion, but significantly altered the functional abilities of
exosomes. Moreover, IFN-γ exosomes increased cell proliferation
and cell survival as well as decreased cell apoptosis in vitro while
exerting therapeutic effects in vivo in an ischemic rat model
(Zhang G. et al., 2020). IFN-γ-exosomes have been used for
treating neurodegenerative disorders, i.e., multiple sclerosis. IFN-
γ-stimulated exosomes reduced demyelination and decreased
neuroinflammation in a mouse model (Riazifar et al., 2019). The
effect of tumor necrosis factor alpha and interleukin-1β cytokines
was evaluated on the release and molecular composition of
astrocyte-derived exosomes, and results confirm that TNFα-
and IL-1β-treated astrocyte-derived exosomes were rich in
miR-125a-5p and miR-16-5p that target proteins involved in
neurotrophin signaling. In addition, they observed that cytokine-
treated exosomes decrease neuronal NTKR3 and Bcl2 expression
(Chaudhuri et al., 2018). Inflammatory cytokine IL-1β that
regulates the brain’s injury inflammatory response was injected
into brain; a striatal injection of IL-1β promoted an influx
of Ly6b+ leukocytes to the lesion site as well as increasing
circulating exosome levels in the plasma of mice compared with
controls. IL-1β also induced the release of astrocyte-derived
exosomes that rapidly crossed the BBB (Dickens et al., 2017).
LPS/IFNγ-treated microglia-derived exosomes reduced brain
tumor and promoted brain homeostasis recovery (Grimaldi et al.,
2019). IL-4-polarized BV2-exosomes promoted angiogenesis
in an MCAO model of ischemic stroke (Tian et al., 2019).
IL-1-primed MSC-secreted conditioned medium was assessed
to promote recovery after stroke. IL-1α-primed MSC-derived
conditioned medium treatment led to ∼30% reduction in lesion
volume and improved behavioral outcomes and neurological
score in a mouse model of stroke (Cunningham et al., 2020). In
another study, IL-4 and lipopolysaccharide polarized microglia
BV2 cells were investigated for pro-angiogenesis effects. IL-4-
polarized cells increased the tube formation of endothelial cells
by secreting exosomes, and the miRNA-26a profile was higher
compared with the LPS-polarized group (Tian et al., 2019). IL-
6, a proinflammatory cytokine that can promote the prosurvival
signaling pathway, preconditioned in neural stem cells to reduce
ischemic injury in a mouse model of stroke (Sakata et al., 2012).

Small Non-coding RNAs
The field of exosome research is still in its infancy, particularly in
studies of CNS diseases. The endothelial cells of brain capillaries
form extremely tight junctions creating the BBB, which restricts
the entry of all small molecules that are insoluble in lipids
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TABLE 2 | BioEng-Exo for stroke.

Name Aim Engineering agent Method of engineering Result References

Golden Exosomes Migration and homing abilities
of exosomes in the brain

Gold nanoparticle Incubation of GNP with exosomes and collect
golden exosomes by ultracentrifugation

Tracked the exosomes’ brain-homing abilities in
different brain disease models

Perets et al., 2019

Magnetic Nanovesicle Checking IONP-NVs ability for
targeting ischemic lesion

IONP Treat MSCs with IONPs and isolate NVs
through ultrasonication and centrifugation

Enhanced angiogenesis, growth factors,
antiapoptotic and anti-inflammatory and
ischemic recovery effects

Kim H.Y. et al., 2020

cEPC-Exosomes Explore the effect of exercise
on cEPC-EXs for stroke

Exercise Moderate treadmill exercise for 4 weeks before
MCAO

Protective effect on the brain against MCAO by
increasing EPC-EXs-miR-126

Wang J. et al., 2020

Exo-pGel Establish implantation strategy
of exosomes for injured
neurons

Hydrogel By injecting the exosomes to prepared pGEL
and incubating them overnight

Prolonged retention of exosomes for nerve
tissue recovery

Li et al., 2020b

IFN-γ-hNSC-Exo To check IFN-γ-hNSC-Exo vs.
hNSC-Exo potential for stroke

Interferon gamma
cytokine

By treating exosomes producing cells with
IFN-γ

Increase cell proliferation and survival in vitro as
well speed up stroke recovery efficiently

Zhang G. et al., 2020

RVG-Exosomes Delivery of siRNA to brain. RVG peptide and
siRNA

Expressed Exo-membrane protein Lamp2b
attached to RVG on exosomes producing cells
and loaded exosomes with siRNA by
electroporation

Specifically delivered GAPDH siRNA to
neurons, microglia, and oligodendrocytes and
knocked down BACE1 gene

Alvarez-Erviti et al.,
2011

MSCs-secretome Find out IL-1α-primed
MSC-derived secretome effect
on stroke

Interleukin-1α MSC culture was treated with IL-1α then
incubated together for 24 h, and secretome
was collected by filtration.

Improved nest building and neurological score
and reduced 30% stroke lesion volume

Cunningham et al.,
2020

RVG-circSCMH1-EVs Explore potential of circRNAs
using EVs as targeted delivery
system

RVG peptide and
Circular RNA SCMH1

Transfection of HEK293T cells with plasmids
encoding the GNSTM-RVG-Lamp2b-HA and
the circSCMH1 plasmids followed by EVs
purification

Improved functional and behavioral recovery
post stroke both in mice and monkeys,
enhance neural plasticity by binding to MeCP2
gene

Yang L. et al., 2020

RGD-Exosomes Safe and efficient delivery of
miR-210

c(RGDyK) peptide and
miR-210

Incubation of RGD-Exo with miR-210 for 1 h at
37◦C

Enhance expressions of integrin β3, vascular
endothelial growth factor (VEGF) and CD34 and
mouse stroke survival rate

Zhang H. et al., 2019

RVG-Exosomes Delivery of miR-124 to infract
size

RVG-Peptide and
miR-124

Electroporation Promote neurogenesis and functional recovery Yang J. et al., 2017

NGF@ExoRVG Delivery of nerve growth factor
to ischemic region

Neurotrophic factor
(NGF)

Transfection of cells cultured with
pcDNA3.1(-)-RVG-Lamp2b and pCI-neo-NGF
plasmids for exosomes production

NGF delivery to ischemic region that reduced
inflammation and promoted cell survival.

Yang J. et al., 2020
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(90–98%) to the brain (Yang J. et al., 2017; Blanchard et al.,
2020; Su et al., 2020). Yang et al. used exosomes for the
delivery of circular RNA to the ischemic region of stroke. They
specifically targeted neuronal cells by expressing RVG peptide
on exosome membranes and used this RVG-Exo as a cargo
delivery system for Circ-SCMHI RNA. RVG-circSCMH1-EVs
improved neuronal plasticity by binding to MeCP2 and increased
its downstream gene expression (Mobp, Igfbp3, Fxyd1, and
Prodh), which maintains brain function. IV injection of RVG-
CircSCMH1-Exo improved motor recovery, digit movement, and
functional recovery in both rodents and non-human primate
models. They suggested that RVG-CircSCMH1-Exo could have
wider therapeutic potential window compared with current
therapies as they could be administered 24 h after stroke onset
(Yang L. et al., 2020).

MiR-124 is well known for its proneuronal role in both
the developing and mature brain. Exosomes loaded with miR-
124 promote cortical neural progenitors to obtain neuronal
identity and confer recovery after ischemia by robust cortical
neurogenesis (Yang J. et al., 2017). SiRNA was delivered by
harnessing exosomes as shuttle servers. IV injection of exosomes
delivered siRNA to neurons, microglia, and oligodendrocytes
in the mouse brain. Exosome-mediated delivery of siRNA
knocked downed the BACE1 gene, and the inhibition of BACE1
significantly decreased β-amyloid levels in the brain of wild-type
mice (Alvarez-Erviti et al., 2011). Consecutively, another group
used exosomes as an siRNA carrier assuming it as a possible key
step toward siRNA clinical application (van den Boorn et al.,
2011). MiRNA-210 holds great potential to improve angiogenesis
for brain tissue repair after ischemia. Upregulation of miRNA-
210 improved functional recovery after stroke. MiRNA-210 was
delivered to the ischemic lesion by conjugating exosomes with
c(RGDyK) peptide and then loading with miRNA-210. RGD-
Exo miR-210 increased the miR-210 level at the ischemic site
as well as upregulated integrinβ3, vascular endothelial growth
factor, and CD34, thus increasing the animal survival rate (Zhang
H. et al., 2019). Exosomes were utilized for HMGB1-siRNA
delivery for treatment of ischemic stroke. Results indicate that
exosomes combined with HMGB1-siRNA decreased HMGB1,
TNF-α, apoptosis, and infract volume, showing potential for
recovery of ischemic stroke (Kim et al., 2019). All these studies
indicate that exosomes loaded with small RNAs can enormously
alter its abilities for ischemic stroke treatment.

Neurotrophic Factors (NTFs)
Neurotrophic factor are studied as a neuroprotectant in
neurovegetative disorders (Lindholm and Saarma, 2010; Houlton
et al., 2019). They control neural stem cell differentiation,
which is responsible for the recovery of neural cell function
and vessel damage due to ischemic stroke (Abe, 2000). NTFs
are emerging as a viable repair therapy in stroke, and they
are recognized for their multifaceted neuroprotective role after
ischemia (Ramos-Cejudo et al., 2015). However, NTF clinical
application is yet not applicable because of the lack of an
efficient systemic delivery approach to the ischemic region.
Engineered exosomes were used for the delivery of nerve growth
factor (NGF) to the ischemic cortex of mouse brain. HEK293

cells were incubated with NGF-Exo different quantities for
4 h, and the mRNA and NGF proteins were checked through
qPCR, which showed significant increases in both mRNA
and NGF protein expression levels, suggesting that engineered
exosomes could successfully deliver NGF mRNA and protein
to target cells in vitro. A photothrombotic ischemia model
was used, and Dil-labeled exosomes were injected through the
tail vein 24 h postischemia. Results show that a remarkable
Dil-positive ischemic region was detected in both RVG and
NGF-EXO compared with the control exosome group as well
as the Dil signal in the ischemic region overlapped with
the markers of neuron, astrocyte, and microglia, suggesting
that exosomes were taken up by these cells (Yang J. et al.,
2020). Brain-derived neurotrophic factor (BDNF) has been
investigated enormously for conferring neuroprotection and
anti-inflammatory properties. BDNF was encapsulated inside
naïve exosomes and delivered to the brain against brain
inflammation through IV administration to mice (Donoso-
Quezada et al., 2020). MiR-206 knockdown exosomes attenuated
early brain injury by upregulation of BDNF levels after exosome
treatment (Zhao et al., 2019), which gives us an idea that
bioengineering exosomes with BDNF could have a positive
outcome for brain disorders, including stroke. However, the
collaboration of both exosomes and NTFs has not been done
for stroke therapy in depth; indeed, it is a worthwhile field to
explore in the future.

CONCLUSION AND FUTURE
PROSPECTIVE

Exosomes are secreted by almost all cell types and contain
lipids, proteins, and nucleic acids of the origin cells. They are
at the forefront of clinical success in many research areas.
In the past few years, the effectiveness of exosomes has been
enormously studied as being the best fit for brain targeting
because of their native abilities to cross the biological barriers
into the brain. However, there is evidence that exosomes get
cleaned up from the brain quite quickly, and in a short time
period, very low amounts of exosomes can be seen in the brain.
Therefore, scientists have focused on bioengineering exosomes
to increase their circulation half-life, increase their stay at the
disease site, direct exosomes to target cells, and use them for
targeted delivery of therapeutic molecules or for regenerative
medicine. Scientists have BioEng-Exo with lots of agents (as
discussed in the review) for targeted stroke therapy, but still,
this field is in its infancy, and lot yet needs to be done.
In preclinical studies, promising results are obtained, but the
effect is still unknown in humans. Many studies are been
carried out, but mostly in vitro, in which the culture condition
may affect the exosomes’ biochemical and biophysical features;
therefore, future studies are needed to better understand the
physiological effects of these engineered exosomes on human
health. Moreover, the bioactive molecules loaded in exosomes
are extremely small and low in quantity; therefore, there is
need of efficient Exo-specific recognition tools in recipient cells.
Immune tolerance, potency, and toxicity of these exosomes
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need to be explored in in vivo studies. Moreover, further work
is needed on stabilization, and optimization of these BioEng-
Exo techniques as well as isolation, high scalable production,
purity, and stability of relevant exosomes is mandatory for future
potential clinical success.
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Fifty to sixty percent of HIV-1 positive patients experience HIV-1 associated
neurocognitive disorders (HAND) likely due to persistent inflammation and blood–
brain barrier (BBB) dysfunction. The role that microglia and astrocytes play in
HAND pathogenesis has been well delineated; however, the role of exosomes
in HIV neuroinflammation and neuropathogenesis is unclear. Exosomes are 50–
150 nm phospholipid bilayer membrane vesicles that are responsible for cell-to-
cell communication, cellular signal transduction, and cellular transport. Due to their
diverse intracellular content, exosomes, are well poised to provide insight into
HIV neuroinflammation as well as provide for diagnostic and predictive information
that will greatly enhance the development of new therapeutic interventions for
neuroinflammation. Exosomes are also uniquely positioned to be vehicles to delivery
therapeutics across the BBB to modulate HIV neuroinflammation. This mini-review will
briefly discuss what is known about exosome signaling in the context of HIV in the
central nervous system (CNS), their potential for biomarkers as well as their potential for
vehicles to deliver various therapeutics to treat HIV neuroinflammation.

Keywords: HIV neuroinflammation, exosomes, signaling, delivery, blood-brain barrier

INTRODUCTION

The lifespan of patients with HIV-1 has significantly improved due to combination therapy with
highly active antiretroviral therapy (HAART). However, HIV-1 associated neurocognitive disorders
(HANDs) develop in 50–60% of patients and cause significant morbidity in this population (Hogan
and Wilkins, 2011; Valcour et al., 2011). HAND is classified into three categories, including
“asymptomatic neurocognitive impairment, mild neurocognitive disorder, or HIV-associated
dementia” (Anthony and Bell, 2008; Ferrell and Giunta, 2014; Malik and Eugenin, 2016; Chivero
et al., 2017; Guo and Buch, 2019; Mitra and Sharman, 2020). Confusion, headaches, cognitive
motor impairment, and anxiety disorders are common and increase health-care costs (Hogan and
Wilkins, 2011; Valcour et al., 2011). Central nervous system (CNS) dysfunction induced by multiple
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factors likely contributes to the progression and severity
of HAND (Anthony and Bell, 2008; Ferrell and Giunta, 2014;
Malik and Eugenin, 2016; Chivero et al., 2017; Guo and
Buch, 2019). Microglia, CNS-resident mononuclear phagocytic
cells permissible to HIV infection, are implicated in the
neuropathogenesis of HIV (Schnell et al., 2001; El-Hage et al.,
2006, 2015; Cherry et al., 2014; Dever et al., 2015; Joseph
et al., 2015; Tang and Weidong, 2016; Sillman et al., 2018).
Additionally, the largest population of cells in the CNS,
astrocytes, are sources of persistent inflammation during HIV
infection (Brack-Werner, 1999; Hong and Banks, 2015; Li
et al., 2016; Rodriguez et al., 2017; Lutgen et al., 2020).
While much is known about microglia cells and astrocytes in
HIV neuroinflammation, the role that exosomes play in HIV
neuropathogenesis has not been completely elucidated and is
a rapidly developing field that may further contribute to the
understanding of HIV neuroinflammation. This mini-review will
succinctly discuss the role exosomes in HIV induced toxicity in
the CNS and the potential of exosomes to deliver therapeutics to
the CNS for HIV neuroinflammation.

EXTRACELLULAR VESICLES

Extracellular vesicles (EVs) are characterized as exosomes,
macrovesicles, and apoptotic bodies (Ohno et al., 2013; Edgar,
2016; Fujita et al., 2018; Kalluri and LeBleu, 2020). Exosomes,
in particular, are 50–150 nm phospholipid bilayer membrane
vesicles. Exosomes are synthesized by invagination of the plasma
membrane forming intracellular multivesicular bodies (MVBs),
which contain intraluminal vesicles (ILVs). ILVs are then secreted
as exosomes through the fusion of the MVB with the plasma
membrane and exocytosis (For in-depth review on exosome
biogenesis, see Edgar, 2016; Ha et al., 2016; Kalluri and LeBleu,
2020). Once released into the extracellular milieu, exosomes
interact with other cells resulting in physiological changes (Ohno
et al., 2013; Kalluri and LeBleu, 2020). Exosomes under normal
and pathological conditions have multiple biological functions
including autocrine, paracrine and endocrine communication,
and immunoregulatory potential (Eldh et al., 2010). Multiple
cells including but not limited to B and T lymphocytes,
macrophages, astrocytes, microglia, myocytes, adipocytes, and
Schwann cells produce exosomes, and exosomes are also detected
in urine, serum, and saliva (Lenassi et al., 2010; Nanjundappa
et al., 2011; Tang et al., 2018; Pulliam et al., 2019). Exosomes
express surface markers such as LAMP1, LAMP2b, and ALIX-
1 proteins, and CD9, CD63, and CD81 (Edgar, 2016; Liu et al.,
2019). In addition, exosomes are comprised of a variety of
proteins such as heat shock proteins (HSP70, HSP90) as well as
genetic materials such as microRNA (miRNA) and messenger
RNA (mRNA). The content of exosomes [proteins, mRNAs,
microRNAs (miRNAs), and signaling molecules] have potential
impact as effectors on distant cells and tissues (Ludwig and
Giebel, 2012; Ohno et al., 2013; Kalluri and LeBleu, 2020)
and consequently provide a greater opportunity to identify
potential biomarker molecules. Exosomes were often overlooked
by researchers until findings showed that they have the potential

for immunomodulatory effects (Ludwig and Giebel, 2012;
Fujita et al., 2018).

HIV AND EXOSOMES

Peripheral Studies
Extensive work has been done investigating exosomes in the
context of HIV in plasma and peripheral immune cells (Patters
and Kumar, 2018). Overall studies have shown that exosomes
facilitate the transport of viral proteins (i.e., Tat protein
and Nef) and host proteins (i.e., pro- and anti-inflammatory
cytokines/chemokines, markers of oxidative stress) and facilitate
viral dissemination (Patters and Kumar, 2018). A few key
studies are highlighted below. Studies have shown that HIV
structural and accessory proteins Gag (Booth et al., 2006; Fang
et al., 2007; Columba Cabezas and Federico, 2013) and Nef
(Lenassi et al., 2010; Shelton et al., 2012; Aqil et al., 2013,
2014; Arenaccio et al., 2014a) are secreted in exosomes from
various cells types. The HIV-1 accessory protein Nef, integral to
HIV-associated immunopathogenesis, was found within plasma-
derived exosomes of HIV-1-infected patients with HAND (Khan
et al., 2016). Studies have shown that unspliced HIV-1 RNA
sequences encoding for Gag can be incorporated in exosomes
(Columba Cabezas and Federico, 2013). The exosome pathway
in macrophages plays a major role in HIV budding (Nguyen
et al., 2003) and facilitates viral infection of other cells (Kadiu
et al., 2012). Dendritic cells transmit HIV-particles to T cells
via exosomes (Wiley and Gummuluru, 2006; Izquierdo-Useros
et al., 2010, 2012; Nanjundappa et al., 2011; Wang C. et al.,
2013; Naslund et al., 2014). HIV-1 replication occurs in CD4 T
lymphocytes exposed to exosomes derived from HIV-1-infected
cells (Arenaccio et al., 2014a,b). However, other studies have
shown that HIV-1 is produced independently of exosomes in
CD4 + T lymphocytes (Park and He, 2010). Additionally,
studies have shown that exosomes from HIV-infected patient
sera contain HIV trans-activation response (TAR) element; the
number of copies/ml were reduced in exosomes of HAART
patients or long-term non-progressors (Narayanan et al., 2013).
In macrophages, TAR RNA-exosomes also significantly increases
the levels of interleukin-6 (IL-6) and tumor necrosis factor-β
(TNF-β) (Chen et al., 2018). These studies demonstrate the role
of exosomes in modulating HIV signaling in the periphery.

CNS Exosomes and HIV
Preliminary studies have been done investigating the interactions
of HIV proteins and exosomes and their subsequent
effects on cells of the CNS; however, much work is still
to be done to understand the role of exosomes in HIV
neuroinflammation. Other studies have also examined the
potential of exosomes as biomarkers for HAND. Below, a select
few key studies are emphasized.

Biomarkers
Due to their diverse intracellular content, exosomes are
poised to provide diagnostic and predictive information that
will greatly enhance the development of new therapeutic
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interventions. Characterization of the cerebral spinal fluid (CSF)
exosome proteome found that certain proteins (concentration
and number) detected in exosome fractions were higher in
HIV + subjects with HAND compared to those without HAND
(see Table 1A). This study suggests that CSF exosomes may be
a valuable source of biomarkers (Guha et al., 2019a), which is
further supported by findings from this same laboratory that
a novel CSF exosome biomarker, neurofilament light chain,
correlates with neurocognitive impairment in cART-treated HIV-
positive individuals (Guha et al., 2019b). A study by Sun et al.
(2019) found that proteins from plasma neuron-derived enriched
exosomes (NDEs) differ in HIV infection alone and cognitive
impairment between men and women suggesting mechanistic
sex differences (Sun et al., 2019). Potential NDE proteins that
may represent biomarkers are shown in Table 1B. Combined,
these studies support the potential role of exosomes for
diagnostic biomarkers of HAND. Further studies are necessary
to determine the possibility of exosomes as predictive biomarkers
of disease progression.

Exosomes and Nef
Nef, a HIV-1 regulatory protein, stimulates viral infectivity
by facilitating early events in the HIV-1 life cycle (Geyer
et al., 2001; Buffalo et al., 2019). Transfecting astrocytes

or microglia with Nef results in the presence of Nef in
exosomes of respective cells (Raymond et al., 2016; Puzar
Dominkus et al., 2017). Nef expression in human astrocytes
increases the secretion of Nef-containing exosomes up to 5.5-
fold (Puzar Dominkus et al., 2017). Nef-containing exosomes
are taken up by neurons, inducing multiple forms of stress,
including oxidative, which suppresses neuron action potentials
(Sami Saribas et al., 2017). Furthermore, Nef-transfected
microglia-release Nef + exosomes that disrupt the integrity
and permeability of the blood–brain barrier (BBB) (Raymond
et al., 2016). The expression of the BBB tight junction
protein, ZO-1, decreases following exposure to microglia-derived
exosomes containing Nef. Microglia exposed to exosomes
containing Nef had increases in the levels of IL-12, IL-8, IL-
6, RANTES, and IL-17A (Raymond et al., 2016). Interestingly,
in neuroblastoma cells, Nef protein within plasma exosomes
induces production and secretion of amyloid beta protein.
This study demonstrates the role that peripheral exosomes
may play in neuroinflammation or HAND, as amyloid beta
(Aβ) production may increase the severity of HAND (Khan
et al., 2016). Elegant studies from Michal Toborek’s laboratory
demonstrate that HIV infection accelerates the release of brain
endothelial exosomes and alters exosome-Aβ levels. These
exosomes transfer Aβ to astrocytes (András et al., 2017).

TABLE 1 | (A) Potential Biomarkers of HAND; (B) potential biomarkers in males and females with mild impairment.

A. Potential biomarkers of HAND

Category/function Proteins Citations

Example of some proteins in exosome fractions that were higher in HIV + subjects with HAND compared to those without HAND

Inflammatory/immune response Annexins, C-reactive protein, enolase, human
leukocyte antigen (HLA),

Guha et al., 2019a

Stress response proteins Parkinsonism associated deglycase
Peroxiredoxins, alpha-synuclein, synuclein,
vimentins

Guha et al., 2019a

Neuronal Cell adhesion, ankyrin-binding protein,
Neuroplastin, Neurexins

Guha et al., 2019a

Astrocyte proteins Aldehyde dehydrogenase, glial fibrillary acidic
protein, glutamine synthetase, calcium-binding
peptide

Guha et al., 2019a

Choroid plexus protein ATPase Na + /K + transporting subunit alpha
2, ATP synthase, H + transporting,
mitochondrial F1 complex, beta polypeptide

Guha et al., 2019a

B. Potential biomarkers in males and females with mild impairment

Category/function Proteins Citations

Example of proteins from NDE from women with mild impairment that were significantly decreased

Lysosomal cysteine protease Cathepsin S Sun et al., 2019

Microtubule-associated protein Total tau Sun et al., 2019

Cell recognition and cell–cell adhesion Neuronal cell adhesion molecule Sun et al., 2019

Cell adhesion molecule Contactin-5 Sun et al., 2019

Example of proteins from NDE that were increased from cognitively impaired men

Blood coagulation/fibrinolysis, inflammation Carboxypeptidase M Sun et al., 2019

Calcium-dependent cell adhesion proteins Cadherin 3 Sun et al., 2019

Endoplasmic reticulum (ER) stress-inducible neurotrophic factor. Mesencephalic astrocyte-derived neurotropic
factor

Sun et al., 2019
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They have also found that HIV along with Aβ alter brain
endothelial exosomes proteome, which disrupts networks and
functional interactions (András et al., 2017, 2020). Overall, this
body of work demonstrates the potential contribution of Nef-
containing exosomes in the development of neuroinflammation
associated with HIV.

Exosomes and Tat
HIV Trans-activating regulatory protein (Tat) stimulates
transcription from the viral long terminal repeat promoter (Das
et al., 2011). Buch’s laboratory has done pioneering work in
Tat-induced expression of microRNAs (miRNA) in exosomes.
miRNAs are non-coding RNAs of 19–22 nucleotides that
regulate gene expression and cell homeostasis (Hamrick et al.,
2010; Smith-Vikos and Slack, 2012; Kim et al., 2014). HIV Tat
increases the release of exosomes containing miR-29b (Hu et al.,
2012) in astrocytes. Neuronal cells treated with these exosomes
had decreases in neurotrophic factor platelet-derived growth
factor expression, as well as a decrease in viability of neurons
(Hu et al., 2012). Furthermore, Tat-stimulated astrocytes release
miR-9 in exosomes that are engulfed by microglia. This prompts
a change in microglia migratory phenotype (Yang et al., 2018).
In astrocytes and neurons, HIV-1 Tat protein significantly
upregulates the number of exosomes containing miR-132.
Tat-expressing astrocytes release exosomes with miR-132 that
are taken up by neurons, inducing neurite shortening and
increases in neurotoxicity (Rahimian and He, 2016). Engineered
exosomal Tat adeno-associated viruses significantly reduce the
expression levels of synaptophysin (synaptic marker) in the brain
of mice, demonstrating HIV-1 Tat protein attributes to synaptic
damage (Tang et al., 2020). Exosomes from CSF samples were
positive for Tat protein and retained transactivation activity,
indicating that Tat present in CSF is functional and likely found
in exosomes, further implicating the role of exosomal Tat in
neurotoxicity (Henderson et al., 2019). Cumulatively, these data
provide new mechanistic insights in Tat proteins signaling and
neurotoxicity and demonstrate the potential role of exosomes
in HIV signaling both in HIV-related neuroinflammation
and neurotoxicity. Additional studies are necessary to further
demarcate the role of exosomes in Tat function, transport, and
association with HAND.

Delivery of Therapeutics to the CNS
Using Exosomes
Targeting and delivering therapeutics to the CNS has been
a longstanding challenge in biomedical research. The BBB
separates circulating blood from the brain extracellular fluid. It
is a highly selective permeable barrier that regulates diffusion
of molecules into the brain (Serlin et al., 2015; Reynolds
and Mahato, 2017; Reynolds and Mahajan, 2020). Only small,
lipophilic compounds (<400–500 Da) or hydrophobic molecules
(e.g., O2, CO2, hormones) can cross the BBB (Reynolds
and Mahato, 2017; Reynolds and Mahajan, 2020). The BBB
contains endogenous, receptor-mediated, and efflux transporters.
Endogenous transporters mediate selective uptake of water-
soluble nutrients (e.g., glucose and amino acids), whereas,

receptor-mediated transporters mediate the transport of large
molecules [e.g., insulin and transferrin (Tf)]. Furthermore, efflux
transporters [e.g., P-glycoprotein (Pgp)] pump substrates out
of the brain (Abbott, 2004, 2005; Reynolds and Mahato, 2017;
Reynolds and Mahajan, 2020). Multiple research efforts have been
devoted to develop ways to increase the passage of therapeutics
across the BBB and to increase the bioavailability of drugs
in the CNS. Exosomes have characteristics of effective drug-
delivery vehicles (van Dommelen et al., 2012; Lai et al., 2013;
Aryani and Denecke, 2016; Ha et al., 2016). The structure of
exosomes is a lipid bilayer membrane that allows for drug
loading. The exosome lipid membrane surrounds a hydrophilic
core (Frydrychowicz et al., 2015; Luan et al., 2017). Therapeutic
agents are incorporated into exosomes through active or passive
encapsulation (Luan et al., 2017). Diverse therapeutic agents have
been loaded in exosomes such as small interfering RNA (siRNA)
or small molecules (Alvarez-Erviti et al., 2011; El Andaloussi
et al., 2013; Wang C. et al., 2019; Wang H. et al., 2019; Reynolds
and Mahajan, 2020). Exosomes are slightly negatively charged
improving their stability in blood circulation, and their size helps
to eliminate renal clearance (Luan et al., 2017). They also readily
diffuse across plasma membranes (Chen et al., 2016; Matsumoto
et al., 2017). Multiple studies have used exosomes to deliver
therapeutics to the brain for multiple conditions such as stroke
(Li et al., 2020; Venkat et al., 2020), and traumatic brain injury
(Chen et al., 2020). Using a zebrafish model, Yang et al. (2015)
show that exosomes deliver paclitaxel and doxorubicin (cancer
therapeutics) across the BBB. There is a broad potential for
exosomes vehicles for the treatment of multiple CNS diseases,
with multiple studies previously published but too numerous to
discuss, with a few studies are highlighted in Table 2. One of the
first studies to demonstrate the use of exosomes to deliver siRNA
to the CNS was by Alvarez-Erviti et al. (2011). They demonstrated
RVG-targeted exosomes delivered GAPDH siRNA to neurons,
microglia, and oligodendrocytes in the brain, inducing in gene
knockdown (Alvarez-Erviti et al., 2011). In regards to HIV, Tang
et al. (2018) loaded exosomes with HIV Tat protein and these
exosomes reactivated primary HIV-infected CD4 + T-cells (Tang
et al., 2018). Our laboratory has used microglia-derived exosomes
to deliver siRNA across a human BBB model that contains

TABLE 2 | Select examples of drug delivery to the CNS.

Source of exosomes Therapeutic Citations

Stroke

Bone marrow mesenchymal stem cells miR-124 Yang et al., 2017

miR-133b+ mesenchymal stem cells miR-133b Xin et al., 2013

Alzheimer’s disease

Plasma Quercetin Qi et al., 2020

Dendritic cell GADPH siRNA Alvarez-Erviti et al., 2011

Parkinson’s disease

Macrophage Catalase Haney et al., 2015

Blood Dopamine Qu et al., 2018

Glioblastoma

U-87 Paclitaxel Salarpour et al., 2019

Glioblastoma cells miR-21 Kim et al., 2020
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HIV latently infected human telomerase reverse transcriptase
immortalized human microglial cells (HTHU-HIV) on the brain
side of the model. This study was done to demonstrate a proof of
concept that exosomes can transmigrate through the BBB model
(Figure 1). We applied microglia-derived exosomes loaded with
siRNA specific to Tspan2 to the apical side of the BBB (Reynolds
and Mahajan, 2020). Tspan2 siRNA decreases Tspan2 gene
expression in HTHU-HIV microglia at the basolateral (brain)
side of the BBB model. Knockout of Tspan2 directly led to a
decrease in C-X-C motif chemokine 12 (CXCL12) and C-X-C
chemokine receptor type 4 (CXCR4) gene expression in HTHU-
HIV microglia. The inflammatory response of HTHU latently
infected microglia cells was also altered as the gene expression
levels of the IL-13 and IL-10 decreases, and gene expression levels
for the Fc gamma receptor 2A(FCGR2A) and TNF-α increase
(Reynolds and Mahajan, 2020). Overall, this study demonstrates
a proof of concept that brain-derived exosomes can be used to
cross the BBB to deliver RNA therapeutics to modify genes and
proteins that are associated with HIV neuroinflammation. Qiu
et al. (2018) elegantly discuss the potential of exosomes to deliver
anti-HIV RNA-loaded exosomes (see review Qiu et al., 2018).
The potential to use exosomes to delivery HIV therapeutics to
the brain is an untapped field and has the potential to deliver
therapeutics that reduce inflammatory mediators (inhibitors,
siRNA), reduce viral replication (delivery of ARVs), deliver
miRNA. However, there are some limitations to using exosomes

as drug-delivery vehicles; these limitations are slowly being
resolved as the field advances. The heterogenous nature of the
content of exosomes, including proteins, lipids, miRNAs, RNA,
and DNA, is a primary concern (Record et al., 2011; Ludwig
and Giebel, 2012). Loading exosomes from one cell type with a
therapeutic and delivering to another cell type is likely to deliver
the contents to the latently infected cell type. As described above,
miRNA found in exosomes impacts target cells (Hu et al., 2012;
Yang et al., 2018). A major limitation of our study described
above was in addition to delivering Tspan2 siRNA to microglia
cells (Luan et al., 2017; Reynolds and Mahajan, 2020); we likely
delivered other contents in exosomes such as DNA, protein, or
miRNA. However, we isolated exosomes from microglia cells so
we were likely delivering similar contents to the lately infected
microglia cells (Reynolds and Mahajan, 2020). One mechanism
to overcome this limitation is to use “synthetic exosomes,” such as
liposomes or nanoparticles. For example, liposomes conjugated
to cell-penetrating peptides increased transfection efficiency of
encapsulated plasmid DNA delivery across the BBB (Dos Santos
Rodrigues et al., 2019). Our laboratory has shown that Tf-
conjugated quantum rods deliver Saquinavir across the BBB to
increase CNS concentrations (Mahajan et al., 2010). An excellent
review of nanoparticles for delivery of therapeutics for CNS
infection nicely describes the potential nanoparticles (please
see review DeMarino et al., 2017). An extensive discussion of
nanoparticles is beyond the scope of this minireview. Another

FIGURE 1 | Blood–brain barrier model demonstrating proof of concept of exosome delivery of Tspan2 across the BBB to latently infected microglia on the brain side.
Schematic adapted from Reynolds and Mahajan (2020).
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limitation, in particular with HIV, is the size of viral particles
that are similarly sized to the exosome. While isolating exosomes
from HIV-infected cells, plasma, serum, or CSF, one may also
be concentrating HIV virions. However, Kashanchi’s laboratory
(Narayanan et al., 2013; Jaworski et al., 2014; DeMarino et al.,
2017; Henderson et al., 2019), a pioneer laboratory in HIV and
exosomes, has developed a technique that allows for separation
of exosomes from HIV virions. An additional problem with using
exosomes as delivery is specific cell targeting. Isolating exosomes
from plasma or serum to be used for drug delivery across the BBB
does not allow for specific cell type (i.e., astrocytes, microglia)
targeting, which is especially important in CNS disease. Several
studies have transfected cells to produce exosomes with targeting
proteins on their surface or during isolation have enriched for
certain proteins (Alvarez-Erviti et al., 2011; El Andaloussi et al.,
2013; Sun et al., 2019). Nevertheless, the study of exosomes as
drug-delivery vehicles is an exciting field.

DISCUSSION

The field of EVs, including exosomes, is a rapidly advancing
with significant potential for determining the underpinnings
of HIV cellular signaling, transport, and treatment of HAND.
Understanding the role that exosomes play in CNS and BBB

dysfunction, and neurotoxicity in the CNS that contributes
to the progression of HAND, will allow for the development
of better treatment modalities, delivery vehicles, and potential
biomarkers. Due to their diverse intracellular content, exosomes
are poised to provide diagnostic and predictive information
that will greatly enhance the development of new therapeutic
interventions for neuroinflammation.
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Reactive astrocytes in Amyotrophic Lateral Sclerosis (ALS) change their molecular
expression pattern and release toxic factors that contribute to neurodegeneration and
microglial activation. We and others identified a dysregulated inflammatory miRNA
profile in ALS patients and in mice models suggesting that they represent potential
targets for therapeutic intervention. Such cellular miRNAs are known to be released
into the secretome and to be carried by small extracellular vesicles (sEVs), which
may be harmful to recipient cells. Thus, ALS astrocyte secretome may disrupt cell
homeostasis and impact on ALS pathogenesis. Previously, we identified a specific
aberrant signature in the cortical brain of symptomatic SOD1-G93A (mSOD1) mice,
as well as in astrocytes isolated from the same region of 7-day-old mSOD1 mice, with
upregulated S100B/HMGB1/Cx43/vimentin and downregulated GFAP. The presence
of downregulated miR-146a on both cases suggests that it can be a promising
target for modulation in ALS. Here, we upregulated miR-146a with pre-miR-146a, and
tested glycoursodeoxycholic acid (GUDCA) and dipeptidyl vinyl sulfone (VS) for their
immunoregulatory properties. VS was more effective in restoring astrocytic miR-146a,
GFAP, S100B, HMGB1, Cx43, and vimentin levels than GUDCA, which only recovered
Cx43 and vimentin mRNA. The miR-146a inhibitor generated typical ALS aberrancies
in wild type astrocytes that were abolished by VS. Similarly, pre-miR-146a transfection
into the mSOD1 astrocytes abrogated aberrant markers and intracellular Ca2+ overload.
Such treatment counteracted miR-146a depletion in sEVs and led to secretome-
mediated miR-146a enhancement in NSC-34-motor neurons (MNs) and N9-microglia.
Secretome from mSOD1 astrocytes increased early/late apoptosis and FGFR3 mRNA in
MNs and microglia, but not when derived from pre-miR-146a or VS-treated cells. These
last strategies prevented the impairment of axonal transport and synaptic dynamics
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by the pathological secretome, while also averted microglia activation through either
secretome, or their isolated sEVs. Proteomic analysis of the target cells indicated that
pre-miR-146a regulates mitochondria and inflammation via paracrine signaling. We
demonstrate that replenishment of miR-146a in mSOD1 cortical astrocytes with pre-
miR-146a or by VS abrogates their phenotypic aberrancies and paracrine deleterious
consequences to MNs and microglia. These results propose miR-146a as a new causal
and emerging therapeutic target for astrocyte pathogenic processes in ALS.

Keywords: amyotrophic lateral sclerosis, astrocyte-microglia communication, astrocyte-motor neuron crosstalk,
calcium signaling aberrancies, glycoursodeoxycholic acid, reactive astrocytes, small extracellular vesicles,
vinyl sulfone

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative
disease with a life expectancy of only 3 years. It is unclear where
the disease originates, or which are the specific targets, mediators,
and the underlying ALS mechanisms involved, hindering the
search for an effective therapeutic strategy. Though the majority
of cases occurs in people with no prior family history, several
mutations in different genes were already identified (Mejzini
et al., 2019), and the mutant Cu/Zn superoxide dismutase 1
(mSOD1) mouse is the mostly widely used animal model in
research. This model is well characterized in terms of behavior,
histopathology, and molecular mechanisms, and recapitulates
most of the pathological features of the human ALS (Al-Chalabi
et al., 2017). Although motor neuron (MN) loss is believed to
be the predominant feature, astrogliosis has a key role in MN
degeneration due to the release of unknown toxic factors, either
in the brain cortex or in the spinal cord (SC) (Robberecht and
Philips, 2013; Gomes et al., 2020), and in both sporadic ALS
(sALS) (Varga et al., 2018) and familiar ALS (fALS) (Meyer et al.,
2014; van Rheenen et al., 2016).

Astrocytes isolated from the SC of symptomatic rats exhibit
low levels of glial fibrillary acidic protein (GFAP) and glutamate
transporter 1 (GLT-1), together with increased S100B and Cx43,
and were designated as aberrant astrocytes (Díaz-Amarilla et al.,
2011). We lately confirmed this same set of aberrant/reactive
markers in astrocytes isolated from the SOD1G93A (mSOD1)
mice at 7-day-old and cultured for 13 days in vitro (DIV) (Gomes
et al., 2019; Gomes et al., 2020), pointing that such astrocytes
acquire early deficits associated to a disease-specific phenotype,
including low levels of GFAP. These low levels of GFAP were also
found in other harmful conditions (Escartin et al., 2021).

The secretome from ALS aberrant astrocytes was shown to
potentiate MN death (Díaz-Amarilla et al., 2011; Trias et al.,
2017; Gomes et al., 2019), and to lead to activated microglia
(Filipi et al., 2020), but the underlying neurotoxic processes
and how the factors involved are disseminated are still to be
clarified. One of the mechanisms may relate with the secretion
of small extracellular vesicles (sEVs) from mSOD1 astrocytes
with miRNAs (Jovicic and Gitler, 2017) and mSOD1 protein
(Basso et al., 2013) that showed to cause the selective death of
MNs. We previously found that the aberrant mSOD1 cortical
astrocytes expressed reduced levels of miR-146a (Gomes et al.,
2019). We also identified reduced levels of miR-146a in sEVs

released from both cortical and spinal 13 DIV astrocytes
that when cocultured with MNs showed to determine several
dysfunctionalities (Gomes et al., 2020). We then wonder whether
such depleted levels of miR-146a in mSOD1 astrocytes and
their sEVs could relate with the cell pathological features and
have harmful consequences to nearby MNs and microglia. In
conformity, recent data with astrocytes directly converted from
the C9orf72 patient fibroblasts has shown that their released
sEVs with downregulated miR-494-3p caused neuronal network
degeneration (Varcianna et al., 2019).

miRNAs are a class of small non-coding RNAs that play
important roles in regulating gene expression. Among them some
are more closely associated with inflammatory pathways, i.e.,
miR-155, miR-146a, miR-21 and miR-124, and are designed as
inflamma-miRNAs (Brites, 2020). Their dysregulation was found
in ALS (Butovsky et al., 2012; De Felice et al., 2014; Freischmidt
et al., 2014), and they were suggested to be potential biomarkers
(Ricci et al., 2018; Joilin et al., 2019). Upregulation of miR-
155 was found in fALS and sALS patients (Koval et al., 2013;
Butovsky et al., 2015), as well as in the SC of mSOD1 mice,
in either pre-symptomatic or symptomatic stages (Cunha et al.,
2018). When targeted in microglia, its reduction counteracted
microglia activation and attenuated the disease in the mSOD1
mice (Butovsky et al., 2015). Our discovered depletion of miR-
146a in aberrant cortical astrocytes and their sEVs may also
determine a polarized pro-inflammatory microglia phenotype if
we consider that it has a key role in repressing inflammation
(Taganov et al., 2006; Iyer et al., 2012; Waters et al., 2019).

In this study we decided to use different strategies to recover
the normal levels of miR-146a in the ALS aberrant cortical
astrocytes, comprising either the pre-miR-146a or compounds
recognized as immunoregulators. Our previous data evidenced
that glycoursodeoxycholic acid (GUDCA) and dipeptidyl vinyl
sulfone (VS) are effective in regulating inflammatory miRNAs
and counteracting the release of pro-inflammatory cytokines
(Fernandes et al., 2007; Vaz et al., 2015, 2019; Falcão et al.,
2017). Thus, we hypothesized that replenishment of miR-146a
in the cortical mSOD1 astrocytes toward normal levels could
abrogate their phenotypic aberrancies. If that happens, we will
avoid the release of neurotoxic factors leading to MN distress
and microglia activation (Nagai et al., 2007; Ajmone-Cat et al.,
2019; Gomes et al., 2019). Such polarized microglia release
TNF-α what in turn further contributes to astrocyte reactivity
and neurotoxicity (Liddelow and Barres, 2017). Therefore,
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restoration of the mSOD1 astrocyte steady-state phenotype
will facilitate homeostatic balance recovery. This is important,
once astrocyte-microglia crosstalk regulation or deregulation
determines neuronal functions and dysfunctions (Jha et al.,
2018). Actually, elimination of IL-1α, TNF-α, and C1q in the
mSOD1 mice, extended their survival (Guttenplan et al., 2020),
highlighting astrocyte reactivity and microglia activation as
therapeutic targets to prevent neurodegeneration in ALS.

In this work we used the cortical astrocytes isolated
from 7-day-old mSOD1 mice and cultured for 13 DIV,
that were transfected with pre-miR-146a or treated with the
immunomodulators GUDCA and VS, to test their ability to
abolish miR-146a downregulation. Astrocyte reactivity markers
usually characterizing their aberrant phenotype, together with
the Ca2+ overload (Kawamata et al., 2014), were assessed
with or without treatments. In addition, we evaluated the
potential neuroprotective and anti-inflammatory properties of
the secretome from treated astrocytes vs. the untreated ones,
using the mouse NSC-34 MN-like cell line produced from the SC
and the N9 microglial cell line from the brain. We explored the
expression of synaptic and axonal genes in MNs, iNOS and TNF-
α genes in microglia, as well as cell death by apoptosis, fibroblast
growth factor receptors (FGFR) 1 and 3 mRNAs, miR-146a and
proteomics in both cell types.

Our study is the first targeting the depressed levels of miR-
146a in cortical ALS astrocytes toward its restoration, with
ensuing data highlighting that both pre-miR-146a and VS may
represent new therapeutic ALS strategies to reestablish astrocyte
neuroprotection and microglia/MN homeostatic balance. Revival
of disease-specific cortical astrocytes in ALS was found to be
associated to the replenishment of miR-146a.

MATERIALS AND METHODS

Ethics Statement
The present study was performed in accordance with the
European Community guidelines (Directives 86/609/EU
and 2010/63/EU, Recommendation 2007/526/CE, European
Convention for the Protection of Vertebrate Animals used for
Experimental or Other Scientific Purposes ETS 123/Appendix
A) and Portuguese Laws on Animal Care (Decreto-Lei 129/92,
Portaria 1005/92, Portaria 466/95, Decreto-Lei 197/96, Portaria
1131/97). All the protocols used in this study were approved
by the Portuguese National Authority (General Direction of
Veterinary) and the Ethics Committee of the Instituto de
Medicina Molecular João Lobo Antunes (IMM) from Faculty of
Medicine, University of Lisbon, Portugal. Every effort was made
to minimize the number of animals used and their suffering,
according with the 3R’s principle.

Transgenic SOD1-G93A Mouse Model
Transgenic B6SJL-TgN (SOD1-G93A)1Gur/J males (Jackson
Laboratory, no. 002726) overexpressing the human(h)SOD1
gene carrying a glycine to alanine point mutation at residue
93 (mSOD1) (Gurney, 1994) and B6SJLF1/J non-transgenic
wild type (WT) females were purchased from The Jackson

Laboratory (Bar Harbor, ME, United States). Maintenance and
handling took place at IMM animal house facilities, where a
colony was established. Mice were maintained on a background
B6SJL by breeding SOD1-G93A transgenic males with non-
transgenic females. Both males and females were used as
described by us (Gomes et al., 2020). Transgenic SOD1-G93A
mice were compared to aged-matched WT mice. All animals were
maintained on 12 h light/12 h dark cycle and received food and
water ad libitum. Average number of animals per cage was 4 to 5.

Primary Culture of Astrocytes
Astrocytes were isolated from the cerebral cortices of WT
and mSOD1 mice at postnatal day 7 (Gomes et al., 2019,
2020). Approximately, 2.0 × 105 cells/cm2 were plated on
tissue culture plates in culture medium [DMEM (Biochrom
AG, Berlin, Germany) supplemented with 11 mM sodium
bicarbonate (Merck, Darmstadt, Germany), 38.9 mM glucose, 1%
Antibiotic-Antimycotic solution (Sigma-Aldrich, St. Louis, MO,
United States) and 10% Fetal Bovine Serum (FBS) (Biochrom
AG)] and maintained at 37◦C in a humidified atmosphere of
5% CO2 until 13 DIV, with changing of the culture medium at
7 DIV and 10 DIV. Then, cells were used for the evaluation of
reactive and inflammatory mediators, with or without treatment
strategies. These cells previously showed a set of specific-
disease markers that were also found in symptomatic mice
(Gomes et al., 2019), highlighting an early presentation of
the mSOD1-associated disease phenotype in such neonatal
astrocytes. Moreover, the culturing for 13 DIV guarantees the
maturation of astrocytes, as we previously showed (Falcão et al.,
2005, 2006). To assess astrocyte paracrine signaling, secretomes
were collected from 13 DIV astrocytes, either modulated or not
(as next explained), and sEVs were isolated.

Modulation of Cortical Astrocyte
Aberrancies
At 12 DIV, cells were incubated with 50 µM GUDCA
(Calbiochem; Darmstadt, Germany) or 10 µM VS (synthetized
by the Medicinal Chemistry group from Instituto de Investigação
do Medicamento) (Falcão et al., 2017), and maintained
for further 24 h.

To downregulate miR-146a in WT astrocytes, we
transfected cells with 15 nM Anti-miRTM 146a inhibitor
(#AM10722, Ambion R©, Thermo Fisher Scientific, Waltham,
MA, United States) at 11 DIV. According with manufacturer’s
description, they are chemically modified single-stranded
oligonucleotides with a patented secondary structure that binds
and inhibits the endogenous miR-146a.

To upregulate miR-146a in depleted mSOD1 astrocytes, the
cells were transfected with 15 nM Pre-miRTM 146a Precursor
(#PM10722, Ambion R©), a chemically modified double-stranded
RNA designed to mimic the endogenous precursor miR-146a and
to ensure the uptake of the correct strand to the RISC complex.
The mature miR-146a sequence was 5′UGAGAACUGAAUUC
CAUGGGUU3′ (hsa-miR-146a-5p). Then, the oligonucleotides
were mixed with X-tremeGENETM HP DNA Transfection
Reagent (Sigma-Aldrich, St. Louis, MO, United States) in
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a proportion 2:1 and diluted in Opti-MEMTM (Thermo
Scientific, Waltham, MA, United States). The controls used
were the non-transfected WT and mSOD1 cells treated only
with X-tremeGENETM HP DNA Transfection Reagent diluted
in Opti-MEMTM (mock control). To make sure that the
effect of miRNA-146a transfection in cells was due to its
specificity, we also transfected WT cells with 15 nM of
Anti-miR Negative Control and mSOD1 ones with 15 nM
Pre-miR Negative Control (Ambion R©). Results from mock
controls, and respective Anti-miR Negative Control and Pre-
miR Negative Control, were similar, validating the miR-146a
specificity (Supplementary Table 1). After 12 h, medium
was changed [DMEM supplemented with 11 mM sodium
bicarbonate, 38.9 mM glucose, 1% FBS sEVs-depleted and 1%
Antibiotic-Antimycotic solution] and maintained for 24 h. To
evaluate which alterations in astrocyte phenotype treated with VS
involved miR-146a regulation, we transfected WT astrocytes with
15 nM anti-miR-146a inhibitor at 11 DIV. After 12 h the medium
was changed, and the VS compound was added. The cells were
maintained in culture for further 24 h.

Culture of NSC-34 MN-Like Cells and
Treatment With Astrocyte-Derived
Secretome
In the present study we used the neuroblastoma hybrid
cell line NSC-34 expressing the human SOD1 WT. These
cells, produced by the fusion of MNs from mouse embryos
with mouse neuroblastoma cells N18TG2 (Cashman et al.,
1992), were shown to reproduce many features of MNs when
differentiated and maturated, and have been used to assess
neurotoxicity/neuroprotection (Maier et al., 2013; Vaz et al.,
2015), including astrocyte-induced neurodegeneration (Benkler
et al., 2013). As before, we decided to use these cells given our
previous experience with them (Vaz et al., 2015; Pinto et al.,
2017; Gomes et al., 2019) and considering the limitations of
primary spinal MN cultures, and the immature phenotype of
those generated from embryonic stem cells or from induced
pluripotent stem cells (Ho et al., 2016; Bucchia et al., 2018).

NSC-34 cells were cultured in Poly-D-lysine coated culture
plates at a density of 5 × 104 cells/ml and maintained
for 48 h in the proliferation media [DMEM high glucose,
w/o pyruvate, supplemented with 10% of FBS and 1% of
penicillin/streptomycin, and geneticin sulfate (G418, 0.5 mg/ml)
for selection], and then for additional 4 DIV in the differentiation
media [DMEM-F12 plus FBS (1%), non-essential amino acids
(1%) and penicillin/streptomycin (1%)], as previously described
(Vaz et al., 2015). Media from the differentiated NSC-34 cells
was removed and the cells incubated for 48 h with an equivalent
volume of the secretome derived from untreated astrocytes and
from pre-miR-146a and VS treated cells.

N9-Microglia Cell Culture and Treatment
With Astrocyte-Derived Secretome and
sEVs
Mouse microglial N9 cell line results from the immortalization
of microglia isolated from the cortex of CD1 mouse embryos

(Righi et al., 1989). This cell line shows properties that
are analogous to primary cultures of microglia, such as
migration, phagocytosis, and inflammation-related features
(Fleisher-Berkovich et al., 2010), and respond similarly to
lipopolysaccharide (LPS)-induced activation (Nikodemova and
Watters, 2011; Cunha et al., 2016).

N9 microglial cells were plated on uncoated culture plates at
a density of 1 × 105 cells/ml and maintained for 24 h in the
culture medium [RPMI media (Sigma-Aldrich, St. Louis, MO,
United States) supplemented with 10% FBS, 1% L-glutamine, and
1% antibiotic penicillin/streptomycin (1%), all from Biochrom
AG, Berlin, Germany], as usual in our laboratory (Cunha et al.,
2016; Pinto et al., 2017; Vaz et al., 2019). Then, culture media
were removed, and the cells incubated for 24 h with an equivalent
volume of the secretome derived from untreated astrocytes and
from pre-miR-146a and VS treated cells. Secretome contains
soluble factors and vesicular fractions as sEVs, essentially
containing miRNAs (Pinho et al., 2020). We showed that sEVs
were preferentially collected by microglia than by MNs, when in
coculture (Pinto et al., 2017). To assess whether the treatment
of astrocytes with pre-miR-146a or with VS would influence the
number of sEVs engulfed by the N9 microglia, we incubated
the isolated sEVs with microglia for 24 h. Subsequently, we
assessed the influence of those sEVs in shifting the inflammatory
state of microglia.

sEV Isolation, Characterization, and
Labeling
sEVs were isolated from the secretome of WT and mSOD1
astrocytes, using the process implemented in our lab (Pinto et al.,
2017). Briefly, the culture media was centrifuged at 1,000 g for
10 min to remove cell debris. After that, the supernatant was
centrifuged at 16,000 g to separate large extracellular vesicles
(lEVs, size 1,000 nm) and, the recovered supernatant was passed
into a 0.22 µM filter and further centrifuged in the Ultra L-XP100
centrifuge (Beckman Coulter Inc., CA, United States) at 100,000 g
to pellet sEVs, as we previously detailed (Pinto et al., 2017).
Characterization of sEVs in terms of shape was performed using
Negative-Staining Transmission Electron Microscopy (Jeol Jem
1400 TEM 120 kV, Tokyo, Japan). Concentration and size of sEVs
were evaluated by Nanoparticle tracking analysis (NTA) using
the Nanosight (model LM10-HSBF, Malvern, United Kingdom).
Expression of alix and flotillin-1 was assessed by Western blot
analysis, using 30 µg of total protein (antibodies are indicated
in the Supplementary Table 2). To evaluate miRNA cargo, the
final pellet containing sEVs was resuspended in lysis buffer, and
the RNA extracted as explained below.

To monitor the incorporation of astrocyte-derived sEVs
by N9 microglia, the sEVs were labeled with the PKH67
Fluorescent Linker Kit (Sigma Aldrich) in accordance with
manufacturer specifications, resuspended in DMEM with 1%
penicillin/streptomycin and added to N9 microglia cultures.

Immunocytochemistry
At 13 DIV, astrocytes were fixed with 4% paraformaldehyde
and immunofluorescence staining performed as published
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(Gomes et al., 2019). Briefly, cells were incubated overnight at
4◦C with GFAP (listed in the Supplementary Table 2). In the
following day, cells were incubated with secondary antibody, also
referred in the Supplementary Table 2. Cell nuclei were stained
with Hoechst 33258 dye and then mounted onto uncoated slides
using PBS-Glycerol (1:1). Fluorescence was visualized using an
AxioCam HR camera adapted to an AxioScopeA1 microscope.

Fluorescence of ten random microscopic fields were acquired
per sample using Zen (blue edition, 2012, Zeiss) software and
the number of positive cells above a determined threshold or
fluorescence per total number of cells was quantified. Area of
sEVs labeled with PKH67 was determined per total number of
PKH67-positive cells.

Western Blot Analysis
Cell lysis and protein isolation was made as usual in our
lab (Gomes et al., 2019), and we used the protein assay kit
(Bio-Rad, Hercules, CA, United States) to assess the protein
concentration as manufacturer’s specifications. Then, equal
amounts of protein were subjected to SDS-PAGE and transferred
to a nitrocellulose membrane. After blocking with 5% (w/v)
non-fat milk solution, nitrocellulose membranes were incubated
overnight at 4◦C with primary antibodies (depicted in the
Supplementary Table 2). In the following day, secondary
antibodies conjugated to horseradish peroxidase were used
(Supplementary Table 2). The chemiluminescent detection was
performed after membrane incubation with LumiGLO R© (Cell
Signaling). The relative intensities of protein bands were analyzed
using the Image LabTM analysis software, after scanning with
ChemiDocXRS, both from Bio-Rad Laboratories (Hercules, CA,
United States). Results in cells were normalized to β -actin
expression levels.

RT-qPCR
Cellular RNA was isolated using TripleXtractor Reagent (GRISP,
Porto, Portugal) (Gomes et al., 2019). For astrocyte-derived sEVs,
RNA was extracted using miRNeasy Mini kit (Qiagen, Hilden,
Germany). Quantification was performed using Nanodrop ND-
100 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE, United States).

For gene expression, cellular RNA was converted to
complementary DNA (cDNA) using GRS cDNA Synthesis
Mastermix Kit (GRISP). Reverse transcriptase quantitative PCR
(RT-qPCR) was accomplished using Xpert Fast SYBR Green Blue
(GRISP) and the following optimized conditions: 94◦C for 2 min
followed by 40 cycles at 95◦C for 0.05 min and 62◦C for 0.3 min.
To verify the specificity of the amplification, a melt-curve analysis
was performed immediately after the amplification protocol.
Non-specific products of PCR were not found in any case. β-actin
was used as an endogenous control to normalize the expression
levels. Primer sequences are listed in the Supplementary Table 3.

Expression of miRNA-146a (5′ UGAGAACUGAAUUCCAU
GGGUU 3′) was assessed in cells and sEVs by RT-qPCR. After
RNA quantification, cDNA conversion for miRNA quantification
was performed with the miRCURY LNATM RT Kit (Qiagen),
using 5 ng total RNA for cells and 10 ng for sEVs. The
PowerUpTM SYBRTM Green Master Mix (Applied Biosystems,
Life Technologies) was used in combination with pre-designed

primers. The reaction conditions consisted of polymerase
activation/denaturation and well-factor determination at 95◦C
for 10 min, followed by 50 amplification cycles at 95◦C for 10 s
and 60◦C for 1 min (ramp-rate of 1.6◦/s). SNORD110 (reference
gene) was used as an endogenous control and to normalize the
expression levels in cells. Both SNORD110 and spike-in were
used as endogenous controls and geometric mean from both
were calculated to normalize the expression levels in sEVs. RT-
qPCR was accomplished on a QuantStudio 7 Flex Real-Time PCR
System (Applied Biosystems, Life Technologies) and 384-well
plates were used. Relative mRNA/miRNA concentrations were
calculated using the 2−11CT method.

Cell Death Determination
Phycoerythrin-conjugated Annexin V (Annexin V-PE) and 7-
amino-actinomycin D (7-AAD; Guava Nexin R© Reagent, no.
4500-0450, Millipore) were used to determine the percentage
of viable (Annexin V-PE and 7-AAD negative), early apoptotic
(Annexin V-PE positive and 7-AAD negative), and late
apoptotic/necrotic (Annexin V-PE and 7-AAD positive) cells
by flow cytometry, as described (Gomes et al., 2020). After
incubation, cells were trypsinized and added to the cells already
detached in the culture medium. After centrifugation, the pellet
of cells was resuspended in PBS containing 1% bovine serum
albumin. Then, they were stained with Guava Nexin Reagent
according to manufacturer’s instructions and analyzed on a
Guava easyCyte 5HT flow cytometer (Guava Nexin R© Software
module, Millipore).

Ca2+ Imaging in Astrocytes and Analysis
Astrocyte Ca2+ imaging was performed as previously reported
(Morais et al., 2017). Briefly, the suspension of astrocytes was
plated on µ-slide 8 well chamber slide (Ibidi R©, Gräfelfing,
Germany) coated with 10 µg/ml of poly-D-lysine. At 13 DIV,
cells were incubated at 37◦C for 45 min with the Ca2+ sensitive
fluorescent dye fura-2 acetoxymethyl ester (Fura-2AM; 5 mM;
Calbiochem, Darmstadt, Germany). After three washes with
artificial cerebrospinal fluid (aCSF: NaCl 125 mM, KCl 3 mM,
NaH2PO4 1.25 mM, CaCl2 2 mM, MgSO4 2 mM, D(C)-
glucose 10 mM and HEPES 10 mM; pH 7.4 adjusted with
NaOH) cells were positioned on an inverted epifluorescent optics
microscope (Axiovert 135TV, Zeiss, Germany) with a xenon
lamp and band-pass filters of 340 and 380 nm wavelengths.
Cells were continuously perfused with aCSF (with or without
added compounds) at 1.5 ml/s and visualized with a 40x oil-
immersion objective (Zeiss). The responses were recorded by a
ratiometric method, in which image pairs were obtained every
250 ms by exciting the preparations at 340 and 380 nm, since
Fura-2 has an absorbance at 340 nm if bound to calcium,
and at 380 nm if not, while the emission wavelength was
maintained at 510 nm. The magnitude of the changes in
the emission fluorescence of Fura-2 was taken as a measure
of the changes in intracellular Ca2+ concentration (Ca2+T
amplitude).

Excitation wavelengths were changed through a high-
speed wavelength switcher, Lambda DG-4 (Sutter Instrument,
Novato, CA, United States). An estimation of intracellular
Ca2+ concentration was given by the ratio between the
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emissions derived from the two excitation wavelengths of Fura-
2 (R340/380). All data were recorded by a cooled CCD camera
(Photometrics CoolSNAP fx) and processed and analyzed by
MetaFluor software (Universal Imaging, West Chester, PA,
United States). During the first 5 min of the trial, baseline
Ca2+ levels were established. Addition of glutamate, as the
stimulating agent (100 µM), was performed after those first
5 min corresponding to the baseline, and the cell response
recorded in the next 10 min, this completing 15 min of total time
recording. Representative videos of intracellular Ca2+ changes
were obtained with the MetaFluor Analyst and using AVI Creator
and Movie Maker software programs.

The frequency of Ca2+ transients was determined with
MATLAB and Statistics Toolbox Release 2016a, The MathWorks,
Inc. (Natick, MA, United States), as previously described
(Martins et al., 2020). In the first 5 min of the experiment, a
baseline was obtained. Mean and standard error of the mean
(SEM) of all data recorded by each cell were obtained.

Ca2+ transient was considered valid when fura-2 excitation
wavelength at 340 nm and 380 nm (F340/380) ratio was
higher than the mean of baseline values plus 5 times the
SEM. In addition, the normalized ratio was considered when
above this margin for more than 5 s. For every region of
interest, the peak of each transient, as well as the occurrence of
transients, were recorded.

Proteomics
Mass Spectrometric (MS) Analysis
The following cellular pellets were collected for proteomic
analysis: (i) mSOD1 astrocytes, transfected or not with
pre-miR-146a; (ii) naïve microglia; and (iii) WT motor neurons
after incubation with mSOD1 astrocytic secretome (± pre-miR-
146a). The cellular pellets were collected by trypsinization for
5 min, washed with PBS and immediately stored at −80◦C.
Each sample resulted from a pool of three biological replicates
(cells isolated from different mice that were pooled down
and sent for analysis at EMBL Proteomics Core Facility in
Heidelberg, Germany. Samples were subjected to an in-solution
tryptic digest using a modified version of the Single-Pot Solid-
Phase-enhanced Sample Preparation (SP3) protocol (Moggridge
et al., 2018). To this end, samples were added to Sera-Mag
Beads (Thermo Scientific) in 10 µl 15% formic acid and 30 µl
of ethanol. Binding of proteins was achieved by shaking for
15 min at room temperature. SDS was removed by 4 subsequent
washes with 200 µl of 70% ethanol. Proteins were digested
overnight at room temperature with 0.4 µg of sequencing grade
modified trypsin (Promega) in 40 µl Hepes/NaOH, pH 8.4 in
the presence of 1.25 mM TCEP and 5 mM chloroacetamide
(Sigma-Aldrich). Beads were separated, washed with 10 µl of
an aqueous solution of 2% DMSO and the combined eluates
were dried down. Peptides were reconstituted in 10 µl of
H2O and reacted for 1 h at room temperature with 80 µg of
TMT10plex (Thermo Scientific) (Moggridge et al., 2018) label
reagent dissolved in 4 µl of acetonitrile. Then, they were reacted
with TMT-labeling reagent. 5% of each sample were mixed,
purified by a reverse phase clean-up step (OASIS) and analyzed

on a LUMOS system using a 1 h gradient. Calculated TMT
ratios were used to adjust sample volumes to achieve a 1:1
ratio. The combined samples were subjected to a high pH offline
fractionation yielding 12 fractions, each of those analyzed on
a 2 h gradient on Orbitrap Fusion Lumos mass spectrometer
(Thermo Scientific). Peptides were separated using an UltiMate
3000 nano RSLC system (Dionex) equipped with a trapping
cartridge (Precolumn; C18 PepMap 100, 5 mm, 300 µm i.d.
×5 µm, 100 A◦) and an analytical column (Acclaim PepMap
100. 75 cm × 50 cm C18, 3 mm, 100 Å) connected to a
nanospray-Flex ion source. The peptides were loaded onto the
trap column at 30 µl per min using solvent A (0.1% formic
acid) and eluted using a gradient from 2 to 40% Solvent B (0.1%
formic acid in acetonitrile) over 2 h at 0.3 µl per min. The
Orbitrap Fusion Lumos was operated in positive ion mode with
a spray voltage of 2.4 kV and capillary temperature of 275◦C
to analyze the peptides. MS spectra with a mass range of 375–
1.500 m/z were acquired in profile mode using a resolution
of 120.000 [maximum fill time of 50 ms or a maximum of
4 × 105 ions (automatic gain control, AGC)]. Fragmentation
was triggered for 3 s cycle time for peptide like features with
charge states of 2–7 on the MS scan (data-dependent acquisition).
Precursors were isolated using the quadrupole with a window of
0.7 m/z and fragmented with a normalized collision energy of
38. Fragment mass spectra were acquired in profile mode and a
resolution of 30,000 in profile mode. Maximum fill time was set
to 64 ms or an AGC target of 1e5 ions). The dynamic exclusion
was set to 45 s.

Raw MS Data and Analysis
Acquired data were analyzed using IsobarQuant (Franken et al.,
2015), Mascot V2.4 (Matrix Science) and a reverse UniProt
FASTA Mus musculus (UP000000589) database, including
common contaminants. The following modifications were
considered: Carbamidomethyl (C, fixed), TMT10plex (K,
fixed), Acetyl (N-term, variable), Oxidation (M, variable) and
TMT10plex (N-term, variable). The mass error tolerance for
full scan MS spectra was set to 10 ppm and for MS/MS spectra
to 0.02 Da. A maximum of 2 missed cleavages were allowed.
A minimum of 2 unique peptides with a peptide length of at
least seven amino acids and a false discovery rate below 0.01
was required on the peptide and protein level (Savitski et al.,
2015). 9083 proteins were identified, from which 6748 proteins
were quantified. The raw output files of IsobarQuant were
processed using the R programming language (R Development
Core Team, 2020). As a quality filter, we only considered proteins
that were quantified with at least two unique peptides. Raw TMT
reporter ion intensities [Average expression (signal_sum)] were
normalized using variance stabilization normalization (Huber
et al., 2002). Differential expression was evaluated by computing
the respective ratio of normalized TMT signals (additional
parameters are indicted in Supplementary Tables 4–6). The
proteins identified as hits were then classified by their link to
biological processes using Gene Ontology (GO) annotation
in Scaffold. Bioinformatic analysis of protein molecular
function was done by using PANTHER Classification System
(Version 16.0, released 2020-12-01) (Mi et al., 2021). Functional
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classification of gene lists for Mus musculus were examined using
PANTHER Protein Class ontologies. MS proteomics data have
been deposited to the ProteomeXchange Consortium via the
PRIDE database1 (Perez-Riverol et al., 2019) partner repository
with the dataset identifier PXD024294.

Statistical Analysis
Results of at least three independent experiments were expressed
as mean values ± SEM. Results of untreated or treated mSOD1
astrocytes, astrocyte-derived secretome and astrocyte-derived
sEVs were related to respective untreated WT samples. Since
we always compared at least three groups, we determined the
differences between them by using one-way ANOVA followed
by Bonferroni post hoc test. Statistical analysis was performed
using GraphPad PRISM 7.0 (GraphPad Software, San Diego, CA,
United States) p < 0.05 was considered as statistically significant.

RESULTS

VS Is More Competent Than GUDCA in
Restoring miR-146a Expression and
Counteracting mSOD1 Astrocytic
Aberrancies
In the present study, we first assessed whether our promising
immunomodulators GUDCA and VS were able to restore the
normal levels of miR-146a in the cortical mSOD1 astrocytes
isolated from the 7-day-old mSOD1 mice and cultured for 13
DIV. Such miR-146a was found downregulated in cells presenting
decreased gene and protein levels of GFAP, and upregulated
gene expression of vimentin, Cx43, S100B and HMGB1 (Gomes
et al., 2019). This miR-146a was found to fine tune Toll-like
receptors and cytokine signaling (Taganov et al., 2006) and to
be a key regulator of astrocyte-mediated inflammatory response
(Iyer et al., 2012). Though miR-146 has at least 488 predicted
targets, as reviewed in Brites (2020), we decided to investigate
whether miR-146a inhibited two of its recognized target genes,
the interleukin-1 receptor-associated kinase (IRAK) 1 and TNF
receptor-associated factor (TRAF) 6 (Iyer et al., 2012; Saba
et al., 2014). Actually, we have found that both Irak1 and
Traf6 transcripts were upregulated in mSOD1 cortical astrocytes
(Gomes et al., 2019).

We confirmed that miR-146a was indeed downregulated in
the mSOD1 cortical astrocytes (p < 0.05), while their target
genes IRAK1 and TRAF6 were upregulated (Figures 1A–C,
at least p < 0.05). We also validated that the expression of
the aberrant-associated genes was deregulated (Figures 1D–
J, at least p < 0.05), attesting the characteristic phenotype
previously established (Gomes et al., 2019). From the treatment
of cells with either GUDCA or VS, only the later showed to
effectively upregulate miR-146a and downregulate IRAK1 and
TRAF6 (Figures 1A–C, at least p < 0.01), as well as to restore
GFAP protein levels (Figures 1E,F). Interestingly, both GUDCA
and VS abrogated the increased levels of vimentin and Cx43

1http://www.ebi.ac.uk/pride/archive/projects/PXD024294

(Figures 1G,H, at least p < 0.05), and were not toxic to the
cells through the induction of early or late apoptosis, as depicted
in Supplementary Figure 1. VS was again the most efficient in
downregulating S100B and HMGB1 gene expression toward the
WT levels (Figures 1I,J at least p < 0.05). Thus, VS demonstrated
to have a broader reparative ability than GUDCA in recovering
miR-146a expression and in counteracting the mSOD1 astrocytes
associated reactive markers.

Treatment of mSOD1 Astrocytes With
Pre-miR-146a Abolishes Their
Phenotypic Aberrancies
To assess whether miR-146a downregulation in cortical
astrocytes isolated from mSOD1 pups was a player in the
deregulated astrocyte polarization, we decided to transfect the
cells with pre-miR-146a, as indicated in Material and Methods
section, and to evaluate the post-treatment signature of the cells.

We noticed that the mSOD1 astrocytes were more sensitive
to the transfection process than the WT cells, as judged by the
loss of viable cells (p < 0.05) due to an increase of cell late
apoptosis (p < 0.01) (Supplementary Figure 2). Interestingly,
such features disappeared in cells transfected with pre-miR-146a,
reinforcing the regulatory role of miR-146a in stress/immune-
associated stimuli. A 3-fold increase in the levels of miR-146a
in the mSOD1 astrocytes was achieved by the transfection with
the pre-miR-146a, with values close to those presented by WT
astrocytes (Figure 2A, p < 0.001), and its target genes IRAK1
(Figure 2B, p < 0.05) and TRAF6 (Figure 2C, p < 0.001) were
reduced near to normal values.

Then, we investigated if the restoration of miR-146a levels
was able to attenuate the aberrant phenotype of mSOD1
astrocytes. We verified that such treatment not only restored
the gene control values of S100B (Figure 2D, p < 0.001),
Cx43 (Figure 2E, p < 0.01), vimentin (Figure 2F, p < 0.05),
and HMGB1 (Figure 2G, p < 0.05), but also recovered the
GFAP protein expression levels (Figures 2H–K, p < 0.05).
Besides, genetic upregulation of miR-146a restored the protein
levels of S100B (Figures 2J,L, p < 0.001) and of Cx43
(Figures 2J,M, p < 0.01) toward the control values, attesting
that the reduction of miR-146a expression may contribute to the
cortical astrocyte aberrancies associated to the ALS disease and to
MN degeneration.

To better understand the upregulation of miR-146a in the
attenuation of ALS astrocyte-aberrancies and its potential targets
we performed proteomic analysis. Data identified 10 hits after
the treatment of mSOD1 astrocytes with pre-miR-146a vs.
the untreated cells (Figure 2N and Supplementary Table 4).
The increase of the neutrophil cytosol factor 1 encoded by
the gene Ncf1 may prevent the immune response of mSOD1
challenged astrocytes (Holmdahl et al., 2016; Zhao et al., 2017).
In the same way, the upregulated zinc finger and BTB domain-
containing 10, encoded by Zbt10, and the downregulated non-
histone chromosomal protein HMG-17, encoded by Hmgn2, may
turn the neurotoxic into a neuroprotective astrocyte phenotype.
Increased expression of proteins encoded by the genes Chd8,
Lrch4, Thg1l, Gtpbp6, and Ezh1, involved in gene transcription
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FIGURE 1 | mSOD1 astrocytic aberrancies are more efficiently counteracted by VS than by GUDCA. Astrocytes were isolated from the cortex of SOD1-G93A
(mSOD1) and wild type (WT) mice pups at 7-day-old and cultured for 13 days in vitro. Treatment with glycoursodeoxycholic acid (GUDCA) or dipeptidyl vinyl sulfone
(VS) was performed in mSOD1 astrocytes. RT-qPCR analysis of (A) miRNA(miR)-146a, (B) interleukin-1 receptor associated kinase-1 (IRAK1) and (C) TNF receptor
associated factor 6 (TRAF6), (G) vimentin, (H) connexin-43 (Cx43), (I) S100 calcium-binding protein B (S100B) and (J) high mobility group box 1 (HMGB1) was
performed. (D) Representative images of astrocytes stained with glial fibrillary acidic protein (GFAP, in green) by immunocytochemistry and (E) quantification of
GFAP-positive cells. Cell nuclei were stained with Hoechst dye (blue). (F) GFAP performed by Western blot analysis and the representative results from one blot are
shown. Expression of β-actin was used as an endogenous control for Western Blot and RT-qPCR assays. SNORD110 was used as a reference gene for (A) analysis.
Results are mean (±SEM) fold change vs. WT astrocytes from at least four independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. WT astrocytes;
#p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 vs. untreated mSOD1 astrocytes. One-way ANOVA followed by Bonferroni post hoc test was used. Scale
bar represents 20 µm.
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FIGURE 2 | miR-146a upregulation successfully recovers GFAP expression and counteracts deregulated reactive markers in mSOD1 astrocytes. Astrocytes were
isolated from the cortex of SOD1-G93A (mSOD1) and wild type (WT) mice with 7-day-old and cultured for 13 days in vitro. Transfection with pre-miR-146a was
performed in mSOD1 astrocytes. RT-qPCR analysis of (A) miRNA(miR)-146a, (B) interleukin-1 receptor associated kinase-1 (IRAK1) and (C) TNF receptor

(Continued)
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FIGURE 2 | Continued

associated factor 6 (TRAF6), (D) S100 calcium-binding protein B (S100B), (E) connexin-43 (Cx43), (F) vimentin, and (G) high mobility group box 1 (HMGB1) was
performed. (H) Representative images of astrocytes stained with glial fibrillary acidic protein (GFAP, in red) by immunocytochemistry and (I) quantification of
GFAP-positive cells. Cell nuclei were stained with Hoechst dye (blue). Protein expression of (K) GFAP, (L) S100B, and (M) Cx43 was performed by Western blot
analysis and (J) representative results from one blot are shown. Expression of β-actin was used as an endogenous control for Western Blot and RT-qPCR assays.
SNORD110 was used as reference gene for (A) analysis. Results are mean (±SEM) fold change vs. WT astrocytes from at least four independent experiments.
*p < 0.05 and **p < 0.01 vs. WT astrocytes; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. untreated mSOD1 astrocytes. One-way ANOVA followed by Bonferroni
post hoc test was used. Scale bar represents 20 µm. (N) MA plot (left) was obtained by comparison of the proteomic profiles of pre-miR-146a treated mSOD1
astrocytes and the untreated ones. Here, x axis is the mean log2 intensity (fold change) of each protein between two profiles (A-value) and y axis is the average
expression (signal_sum) of protein intensities (M-value). Summary tables (right panels) show the hits and their classification according to biological processes using
PANTHER Classification System, as indicated in methods.

and epigenetic modifications, suggest a role of miR-146a in the
accurate control of stage-specific gene activities required for
proper astrocyte function. Upregulation of the pregnancy zinc
protein, encoded by Pzp and of the guanine nucleotide exchange
factor for Rab5 (the homolog Als2cl) by pre-miR-146a may
contribute to prevent mSOD1 pathology, since the first inhibits
the aggregation of misfolded proteins (Cater et al., 2019) and
the later controls endosome dynamics, thus favoring mSOD1
clearance by sEVs (Hessvik and Llorente, 2018) and autophagy
(Otomo et al., 2012).

Overall, our data highlight miR-146a upregulation as a
promising therapeutic strategy to restore the steady-state profile
of ALS astrocytes and suggest a new mechanism of action of VS as
upregulating miR-146a in defective mSOD1 cortical astrocytes.

Anti-miR-146a Transfection in WT
Astrocytes Reproduces mSOD1 Cortical
Astrocyte Aberrancies, Which Are
Prevented by VS
To explore if the efficacy of VS in counteracting the aberrant
profile of astrocytes was mediated through its direct action on
miR-146a, we downregulated miR-146a expression in astrocytes
isolated from the brain cortex of B6SJLF1/J non-transgenic WT
mice. We confirmed that the transfection of cortical astrocytes
with anti-miR-146a, after being isolated from 7-day-old WT
mice and cultured for 13 days, led to a 2-fold decrease in the
expression of miR-146a (Figure 3A, p < 0.01). In conformity,
IRAK1 and TRAF6 gene expression levels were overexpressed
(Figures 3B,C). Such immune deregulation was translated into
the typical astrocyte ALS fingerprint, i.e., low GFAP protein and
increased S100B, vimentin and Cx43 mRNAs (Figures 3D–H), as
observed in mSOD1 cortical astrocytes.

Then, we wonder whether VS would be able to invert the
signature of ALS cells produced by miR-146a inhibition. Addition
of VS was in fact able to restore the WT astrocyte profile even
after the anti-miR-146a transfection. Indeed, WT astrocytes co-
treated with VS and anti-miR-146a presented the steady-state
signature of healthy cells for miR-146a and its targets IRAK1
and TRAF6 gene expression levels (Figures 3A–C), as well as
for GFAP, S100B and vimentin (Figures 3D–G). Interestingly,
VS was not as effective as pre-miR-146a in abrogating the
elevated levels of Cx43 derived from the anti-miR-146a treatment
in WT astrocytes.

Data suggest that miR-146a downregulation is associated with
a pathological ALS astrocyte signature, which can be rescued
through immunomodulation with pre-miR-146 or by addition of
VS, reinforcing depleted miR-146a as a promising target for the
restoration of cell homeostasis in the brain cortex.

VS Counteracts High Intracellular Ca2+

in mSOD1 Astrocytes, but Only
Pre-miR-146a Prevents Enhanced
Frequency and Amplitude of
Glutamate-Induced Ca2+ Transients
Among the several toxic factors secreted by mSOD1 astrocytes
is the excess of Ca2+ release that was found to contribute to
the pathogenesis of ALS (Kawamata et al., 2014). Though that
Ca2+ signals are fundamental for the regulation of intracellular
signaling, as well as for vesicular secretion processes in astrocytes,
their acute and chronic changes in response to brain injury were
associated to dysregulated astrocyte-neuron communication
(Vardjan et al., 2017). Evidence showed that aberrant Ca2+ signals
in reactive astrocytes are implicated in the onset, progression
and severity of neurodegenerative diseases (Shigetomi et al.,
2019). Here, we intended to explore the intracellular calcium
dysregulation in ALS astrocytes and the ability of pre-miR-
146a and VS to prevent such abnormality and restore the
neuroprotective profile of astrocytes.

We evaluated intracellular Ca2+ dynamics by live-cell imaging
using the fluorescent dye Fura-2. Ca2+ signaling was measured
without any stimulation (baseline) or in response to glutamate
addition, which is a trigger of free cytoplasmic Ca2+ oscillations
(Cornell-Bell et al., 1990) and known to be extracellularly elevated
in ALS (Yamanaka and Komine, 2018).

Ca2+ signaling was assessed by the fluorescence intensity
response of Fura-2 after consecutive stimulation at 340
and 380 nm and quantified in individual cells the ratio
between the two responses (R340/380) (Figure 4 and
Supplementary Videos 1–4). mSOD1 astrocytes revealed
a significant increase of the basal Fura-2 340/380 ratio in
(p < 0.01) when compared with matched vs. WT astrocytes
(Figures 4A,B,E,F and Supplementary Videos 1, 2). Treatment
with VS restored the WT values (p < 0.0001), but not pre-
miR-146a upregulation (Figures 4A,B,G,H and Supplementary
Videos 3, 4, respectively).

Treatment of astrocytes with 100 µM glutamate produced
a higher frequency of Ca2+ transients in mSOD1 astrocytes, as
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FIGURE 3 | VS rescues GFAP levels and abolishes vimentin- and S100B-associated reactivity induced by the miR-146a inhibitor in WT astrocytes. Astrocytes were
isolated from the cortex of wild type (WT) mice with 7-day-old and cultured for 13 days in vitro. Transfection with anti-miR-146a followed by treatment with dipeptidyl
vinyl sulfone (VS) was performed in these cells. RT-qPCR analysis of (A) miRNA(miR)-146a, (B) interleukin-1 receptor associated kinase-1 (IRAK1), (C) TNF receptor
associated factor 6 (TRAF6), (F) S100 calcium-binding protein B (S100B), (G) vimentin and (H) connexin-43 (Cx43) was performed. SNORD110 was used as
reference gene for (A) analysis and β-actin for (B,C,F–H) analysis. (D) Representative images of astrocytes stained with glial fibrillary acidic protein (GFAP, red) in red
by immunocytochemistry and (E) respective quantification of the GFAP-positive cells. Cell nuclei were stained with Hoechst dye (blue). Results are mean (±SEM) fold
change vs. untreated WT astrocytes from at least three independent experiments. **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. untreated WT astrocytes;
##p < 0.01, ###p < 0.001, and ####p < 0.0001 vs. WT astrocytes treated with anti-miR-146a. One-way ANOVA followed by Bonferroni post hoc test was used.
Scale bar represents 20 µm.

compared with the WT astrocytes (Figures 4C,E,F, p < 0.0001
and Supplementary Videos 5, 6). In the pre-miR-146a
transfected mSOD1 astrocytes the addition of glutamate
prevented the increased number of transient Ca2+ signaling
events observed in the non-modulated cells (Figures 4C,G,
p < 0.001 and Supplementary Video 7). A similar finding
was observed in the amplitude of Ca2+ waves, where a small,
but significant decrease occurred in glutamate-treated mSOD1
astrocytes previously transfected with pre-miR-146a, but not
with VS (Figures 4D,H, p < 0.01 and Supplementary Video 8),
supporting a delayed response of Ca2+ release in the mSOD1
astrocytes upregulated for miR-146a.

Results suggest that VS and pre-miR-146a differently regulate
intracellular Ca2+ load. In the absence of increased extracellular

glutamate, VS is a more promising strategy in sustaining
intracellular Ca2+ homeostasis. However, if excitotoxity is
predicted to occur, then pre-miR-146a treatment has advantage
over the use of VS to control Ca2+ dynamic dysregulation.

Overexpression of Pre-miR-146a in
mSOD1 Astrocytes Is Recapitulated in
Their Derived sEVs
Besides the paracrine influence of the Ca2+ signals derived
from reactive astrocytes, it is currently accepted that other
components of the astrocytic secretome contribute to
neurotoxicity and microglia activation in ALS, mainly due
to astrocytic-derived sEVs and their content in miRNAs and
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FIGURE 4 | VS reduces the upregulated intracellular Ca2+, while pre-miR-146a normalizes the number and amplitude of glutamate-induced Ca2+ transients in
mSOD1 astrocytes. Astrocytes were isolated from the cortex of SOD1-G93A (mSOD1) and wild type (WT) mice with 7-day-old and cultured for 13 days in vitro.
Transfection with pre-miR-146a or treatment with dipeptidyl vinyl sulfone (VS) was performed in mSOD1 astrocytes. Cells were incubated at 37◦C for 45 min with the

(Continued)
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FIGURE 4 | Continued

calcium (Ca2+) sensitive fluorescent dye fura-2 acetoxymethyl ester (Fura-2), followed by glutamate addition (100 µM). (A) Pseudocolored Fluo4 fluorescence
images in WT, untreated and treated-mSOD1 astrocytes show a prominent rise in intracellular Ca2+ and respective (B) changes in the baseline of Fura-2
fluorescence. The color code refers to the fluorescence ratio 340 nm/380 nm, with higher ratio reflecting higher intracellular Ca2+. (C) Summary plot of the frequency
of transients per minute and (D) the amplitude of the Ca2+ responses. Results are mean (±SEM) from at least 40 responsive cells from six independent experiments.
Representative profiles of normalized Ca2+ responses of at least 8 cells in (E) WT astrocytes and (F) mSOD1 astrocytes treated with (G) pre-miR-146a and (H) VS.
The first 300 s represents the changes of Fura-2 fluorescence in the baseline. The remaining 600 s refers to changes after glutamate addition. **p < 0.01 and
****p < 0.0001 vs. WT astrocytes; ##p < 0.01, ###p < 0.001, and ####p < 0.0001 vs. untreated mSOD1 astrocytes. One-way ANOVA followed by Bonferroni
post hoc test was used. Scale bar represents 20 µm.

misfolded/mutated proteins (Silverman et al., 2016; Ferrara
et al., 2018; Varcianna et al., 2019). Recently, we have shown that
astrocytes isolated from the SC and the brain cortex of mSOD1
mouse pups are depleted in miR-146a, miR-155 and miR-21
(Gomes et al., 2020).

In this sense, we next assessed if the sEVs isolated from
the mSOD1 astrocyte were depleted in miR-146a and whether
the treatment of the cells with pre-miR-146a or VS was able
to enrich the sEVs in such miRNA. We first characterized
the sEVs for the presence of characteristic proteins such as
Alix and Flotillin-1 (Figure 5A) and confirmed their cup-
shape morphology by transmission electron microscopy (TEM)
(Figure 5B), proving the efficiency of sEV isolation. Next, we
attested that the transfection of the astrocytes with pre-miR-
146 did not modified the number, size, or the concentration
of sEVs (Figures 5C–E), relatively to those from WT and
mSOD1 astrocytes. Interestingly, when assessed for miR-146a
cargo, we observed a 22-fold increase of miR-146a in sEVs
derived from the pre-miR-146a-treated astrocytes (Figure 5F,
p < 0.01). In contrast, despite the ability of VS to increase
the intracellular levels of miR-146a in the depleted mSOD1
astrocytes, it was unable to induce its integration in the secreted
sEVs from VS-treated astrocytes, as compared with the untreated
ones (Figure 5G).

From the data obtained we may conclude that only pre-miR-
146a treatment of mSOD1 astrocytes has beneficial consequences
in the active transfer of this miRNA into sEVs, thus re-
establishing paracrine signaling to recipient cells, and effects in
their target genes. We cannot, however, disregard that VS can
also have positive influence on the neighboring cells through
astrocyte-derived unidentified soluble factors.

Neuroprotective Strategies of mSOD1
Astrocytes by Pre-miR-146a or VS
Immunomodulation Involve Distinct
Signaling Pathways
Once mSOD1 astrocytes were shown to release neurotoxic factors
that lead to MN demise (Nagai et al., 2007; Gomes et al., 2019,
2020), we next decided to explore whether the effects produced
by pre-miR-146a or VS modulation in the cells would translate
into a more neuroprotective secretome.

To explore this issue, we used WT MNs given the reasons
explained in the Materials and Methods section, including our
expertise with these cells and previous data (Vaz et al., 2015;
Pinto et al., 2017; Gomes et al., 2019). We observed that
the increase of miR-146a in the WT MNs was only achieved

by the secretome from the mSOD1 astrocytes overexpressing
miR-146a (Figure 6A, p < 0.001). Despite the upregulation of
miR-146a in the mSOD1 astrocytes treated with VS (Figure 1A),
miR-146a was not enriched in sEVs isolated from the secretome
of VS-treated mSOD1 astrocytes (Figure 5G), or in WT MNs
treated with the secretome from VS-treated mSOD1 astrocytes
(Figure 6A). These findings suggest that soluble miR-146a may
have accounted for its rise in MNs, an issue that deserves future
studies for clarification.

Expression of the fibroblast growth factor receptor 1 (FGFR1)
and 3 (FGFR3) were found in neurons and associated to major
roles during neurodevelopment, namely in dendritogenesis
(Huang et al., 2017; Okada et al., 2019). We found that the
secretome from mSOD1 astrocytes induced the overexpression
of both receptors in MNs (Figures 6B,C). When modulated,
while that from VS-treated mSOD1 astrocytes did not
cause any alteration, the secretome from pre-miR-146a-
treated mSOD1 astrocytes sustained their levels close to
WT ones, a finding not achieved with VS. Transfection of
mSOD1 astrocytes with pre-miR-146a also prevented MN
death by early and late apoptosis processes (Figures 6D,E,
p < 0.05) induced by the secretome from the non-modulated
pathological cells. Only the early apoptosis was prevented
by the secretome from mSOD1 astrocytes previously treated
with VS (p < 0.01).

As depicted in Figures 6F–I, secretome from mSOD1
astrocytes decreased pre- and post-synaptic proteins
(synaptophysin and PSD-95, respectively), as well as proteins
involved in anterograde and retrograde axonal transport (kinesin
and dynein, respectively) (p < 0.05 for all). In this case, major
benefits were obtained by the VS treatment that markedly
upregulated the expression of all these genes (p < 0.001),
though the secretome from pre-miR-146a-treated mSOD1
astrocytes reversed the deficient PSD-95 gene expression and
that of the anterograde transport motor kinesin (p < 0.05).
To be sure that the effects observed in MNs were due to the
secretome from the VS-treated astrocytes and not to the presence
of the own compound in the secretome, we evaluated the
expression of PSD-95, kinesin and miR-146a in MNs exposed
to the media from untreated and VS-treated WT astrocytes.
Results showed no differences between such conditions
(Supplementary Figure 3). Overall, our findings evidence
that the treatment of mSOD1 astrocytes with VS prevents the
release of toxic factors involved in the loss of MN synaptic and
axonal dynamics.

Since we have observed an increase of miR-146a in the
WT MNs treated with the secretome from the mSOD1
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FIGURE 5 | sEVs derived from pre-miR-146a-treated mSOD1 astrocytes show enriched content in miR-146a, but not those from VS-treated cells. Astrocytes were
isolated from the cortex of SOD1-G93A (mSOD1) and wild type (WT) mice pups at 7-day-old and cultured for 13 days in vitro. Transfection with pre-miR-146a and
treatment with dipeptidyl vinyl sulfone (VS) were performed in mSOD1 astrocytes. Small extracellular vesicles (sEVs) were isolated from the secretome of astrocytes
by differential ultracentrifugation. (A) Results from one blot shows the expression of sEV markers (Alix and Flotillin-1). (B) Representative images obtained by
transmission electron microscopy of sEVs show their cup shape morphology. Results from (C) number of sEVs per cell, (D) concentration (sEVs number/mL), and
(E) size distribution derived from Nanoparticle Tracking Analysis using NanoSight. (F,G) RT-qPCR analysis of miRNA(miR)-146a expression in sEVs was performed.
Spike and SNORD were used as endogenous controls. Results are mean (±SEM) fold change vs. sEVs-derived WT astrocytes from at least three independent
experiments. *p < 0.05 vs. sEVs from WT astrocytes; ##p < 0.01 vs. sEVs from untreated mSOD1 astrocytes. One-way ANOVA followed by Bonferroni post hoc test
was used.
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FIGURE 6 | Both VS and pre-miR-146a treatment are effective in restoring the neuroprotective profile of mSOD1 astrocytes but reveal distinct benefits. Astrocytes
(Ast) were isolated from the cortex of SOD1-G93A (mSOD1) and wild type (WT) mice with 7-day-old and cultured for 13 days in vitro. Transfection with pre-miR-146a
or treatment with dipeptidyl vinyl sulfone (VS) was performed in mSOD1 astrocytes. Cell-derived secretome (sec) was incubated in WT NSC-34 motor neurons (MNs)
for 48 h. Analysis of (A) miRNA(miR)-146a, (B) fibroblast growth factor receptor 1 (FGFR1), (C) FGFR3, (F) synaptophysin, (G) post-synaptic protein 95 (PSD95), (H)
dynein, and (I) kinesin in WT MNs were assessed by RT-qPCR. SNORD110 was used as reference gene for (A) analysis and β-actin for (B,C,F–I) analysis. (D) Early
apoptotic cells (annexin V-PE positive and 7-AA negative) and (E) late apoptotic/necrotic cells (annexin V-PE and 7-AA positive) were assessed by Guava Nexin R©

Reagent in the WT MNs after secretome interaction. Results are mean (±SEM) fold change vs. MNs + secretome from WT astrocytes from at least three
independent experiments. ∗p < 0.05, ∗∗p < 0.01, and **** p < 0.0001 vs. MNs + secretome from WT astrocytes; #p < 0.05, ##p < 0.01, ###p < 0.001, and
####p < 0.0001 vs. MNs + secretome from mSOD1 astrocytes. One-way ANOVA followed by Bonferroni post hoc test was used.

astrocytes transfected with pre-miR-46a, we next performed
proteomic analysis to explore some of its potential targets in
these cells and better understand related effects. We found
one upregulated and 4 downregulated hits (Figure 7A and
Supplementary Table 5). The first was associated to the
induction of the pyruvate dehydrogenase complex encoded by
Dlat (Goguet-Rubio et al., 2016) that enhances the production
of ATP with benefits in preventing MN energetic stress that

characterizes ALS (Vandoorne et al., 2018). To that it may have
accounted the inhibition of the protein encoding for Atpif1
that also favors the ATP hydrolysis and ameliorates ALS MN
mitochondrial dysfunctionalities (Li et al., 2010; Chen et al.,
2014). These potential benefits may be increasingly sustained
by the downregulation of FtsJ RNA 2′-O-Methyltransferase 1
(Ftsj1), known to reduce apotosis (He et al., 2020). Another
important potential target was the inhibition of the Solute
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FIGURE 7 | Proteomic analysis reveals that treatment of mSOD1 astrocytes with pre-miR-146a reverts MN dysfunction and microglia activation by paracrine
mediators. Astrocytes were isolated from the cortex of SOD1-G93A (mSOD1) mice with 7-day-old and cultured for 13 days in vitro. Transfection with pre-miR-146a
was performed. Cell-derived secretome was added to (A) WT NSC-34 motor neurons (MNs) for 48 h or (B) naïve N9 microglia for 24 h. MA plots (left panels) were
obtained by comparison of the proteomic profiles of the treatment with the secretome of pre-miR-146a treated mSOD1 astrocytes and the untreated ones. Here, x
axis is the mean log2 intensity (fold change) of each protein between two profiles (A-value) and y axis is the average expression (signal_sum) of protein intensities
(M-value). Summary tables (right panels) show the obtained hits and their classification according to biological processes using PANTHER Classification System as
indicated in methods.

Carrier Family 2 (Facilitated Glucose Transporter) Member 13
protein encoded by Slc2a13, recently identified a risk factor in
frontotemporal dementia (Sirkis et al., 2019). Its silencing was
shown to diminish APP processing (Teranishi et al., 2015) and
may impact on the crosstalk between APP and mSOD1, which
seems to contribute to ALS pathology (Rabinovich-Toidman
et al., 2015). Also, adding to a better MN functionality is
the decrease of RNA-binding protein with multiple splicing
encoded by the Rbpms gene that favors synaptogenesis and
may be associated with the increased PSD-95 that we observed
(Hornberg et al., 2013).

These results clearly show distinct beneficial effects by
the secretome from VS-treated astrocytes with protective
properties on synaptic dynamics and axonal transport, while
those depending on pre-miR-146a treated astrocytes were
predominantly related with neuronal survival, miR-146a
enrichment and regulation of FGFR1 and FGFR3. As far as
we know, this is the first time that mSOD1 astrocytes are
described as showing an elevation of such fibroblast growth
factor receptors.

Secretome From mSOD1 Astrocytes
Transfected With Pre-miR-146a Shows to
Better Preserve Microglia Healthy State
Than the Treatment With VS
Besides affecting MNs, astrocytes also release soluble factors that
influence microglia activation, but such signaling events in the
context of ALS disease are still unclarified.

It is known that the expression of FGFR3 in microglia has
been linked to enhanced microglial migration and phagocytosis
of neuronal debris (Noda et al., 2014). However, inappropriate
phagocytosis of live neurons and excessive neuronal loss, termed
phagoptosis (Brown and Neher, 2014), may have detrimental
consequences on the patient outcome. Similarly, to our findings
on the effects produced by the secretome from mSOD1 astrocytes
on WT MNs, naïve N9 microglial cells showed increased gene
expression of FGFR3 (Figure 8B). Both VS and pre-miR-146a
immunomodulation of mSOD1 astrocytes were effective in
reducing such expression (p < 0.001). Further results showed
that the secretome of mSOD1 astrocytes induced early and late
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FIGURE 8 | Secretome from pre-miR-146a-treated mSOD1 astrocytes translates into microglial miR-146 increase and regulation of cell activation by the untreated
secretome, while also prevents cell demise similarly to VS modulation. Astrocytes (Ast) were isolated from the cortex of SOD1-G93A (mSOD1) and wild type (WT)
mice with 7-day-old and cultured for 13 days in vitro. Transfection with pre-miR-146a or treatment with dipeptidyl vinyl sulfone (VS) was performed in mSOD1
astrocytes. Secretome was isolated and incubated in naïve N9 microglia for 24 h. Expression of (A) miRNA(miR)-146a, (B) fibroblast growth factor receptor 3
(FGFR3), (E) inducible nitric oxide synthase (iNOS) and (F) tumor necrosis alpha (TNF-α) in microglia was assessed by RT-qPCR. SNORD110 was used as reference
gene for (A) analysis and β-actin for (B,E,F) analysis. (C) Early apoptotic (Annexin V-PE positive and 7-AAD negative), and (D) late apoptotic/necrotic cells (Annexin
V-PE and 7-AAD positive) were assessed by Guava Nexin R© Reagent in the microglia after secretome interaction. Results are mean (±SEM) fold change vs.
MG + secretome from WT astrocytes from at least three independent experiments. *p < 0.05 and **p < 0.01 vs. MG + secretome from WT astrocytes; ##p < 0.01,
###p < 0.001, and ####p < 0.0001 vs. MG + secretome from mSOD1 astrocytes. One-way ANOVA followed by Bonferroni post hoc test was used.
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apoptosis (Figures 8C,D, at least p < 0.05) that were prevented
when the cells were treated with pre-miR-146a or VS (only early
apoptosis). As expected, the secretome from mSOD1 astrocytes
also activated and polarized microglia to overexpress iNOS
(Figure 8E, p < 0.01) and TNF-α mRNAs (Figure 8F, p < 0.01).
Only the treatment of mSOD1 astrocytes with pre-miR-146a
showed to be efficient in counteracting the expression of such
inflammatory mediators and in switching microglia into their
steady-state (p < 0.01).

As before, and since we found an overexpressed miR-146a
in the microglia treated with the secretome from pre-miR-
146a mSOD1 astrocytes, we proceeded to proteomic analysis to
investigate how the potential targets related with the improved
effects we observed. Downregulation of the cyclin-dependent
kinase 1 levels (encoded by Cdk1) may have contributed to the
regulation of iNOS and TNF-α in the microglia treated with the
secretome from mSOD1 astrocytes relatively to the untreated
one (Figure 7B and Supplementary Table 6). Actually, increase
of iNOS and TNF-α is associated to microglia activation and
neuroinflammation (Sheng et al., 2011) and CDK inhibitors
were shown to reduce them in several conditions (Leitch
et al., 2009; Skovira et al., 2016). As for the decrease in the
metalloproteinase with thrombospondin motifs 1, encoded by
the gene Adamts1, it was suggested to be a modulator of the
immune cell response in tumors (Rodriguez-Baena et al., 2018),
and found elevated in LPS-activated microglia (Chiu et al., 2013).
In what concerns the immunoglobulin superfamily DCC subclass
member 4, encoded by Igdcc4 and accepted as a biomarker of
hepatocellular carcinoma (Zweerink et al., 2020) and of innate
immune/inflammatory response (Sanz-Pamplona et al., 2014),
it should be explored in the future as part of the recovering
microglia steady-state profile by pre-miR-146a in ALS cortical
astrocytes through paracrine signaling.

In sum, both pre-miR-146a and VS modulatory effects
on ALS astrocytes prevented secretome-mediated microglial
demise and FGFR3 increase. However, the transfection of the
mSOD1 astrocytes with pre-miR-146a had a higher efficiency in
preventing the microglial elevation of iNOS and TNF-α gene
expression levels than the VS treatment. We next investigated
if the effects observed on the microglia deactivation by the
secretome from the mSOD1 astrocytes treated with pre-miR-
146a were mediated by sEVs, previously shown to be enriched
in this miRNA in the section “Overexpression of Pre-miR-146a
in mSOD1 Astrocytes Is Recapitulated in Their Derived sEVs.”

sEVs From mSOD1 Astrocytes Treated
With Pre-miR-146a Are Preferentially
Captured by Microglia, Enhancing Its
Intracellular Upregulation, and Together
With VS Counteract Cell Activation by
the Pathological sEVs
Misfolded and mutated SOD1 were shown to be propagated
intercellularly by sEV-dependent and independent mechanisms
(Grad et al., 2014), and to have impact on astrocyte protein
secretion pathways, thus accounting to MN pathology

and dissemination (Basso et al., 2013). We have previously
demonstrated that sEVs from NSC-34 hSOD1G93A MN-like
cells cause alterations on N9 microglia polarization (Pinto
et al., 2017). However, the effects produced by the secretome
of pathological astrocytes on microglia polarization have been
scarcely investigated.

Similarly to what we have previously observed for WT MNs,
the secretome from pre-miR-146a-treated mSOD1 astrocytes
increased the expression of this miRNA on naïve N9 microglial
cells (Figure 8A). However, while MNs are not able to collect
entire sEVs, microglia easily engulf them, as we showed (Pinto
et al., 2017). Therefore, we isolated sEVs from the secretome of
mSOD1 astrocytes untreated or treated with either pre-miR-146a
or VS, and we investigated the presence of labeled sEVs in the N9
microglial cells 24 h after incubation. As shown in Figures 9A,B
no differences in the number of sEVs incorporated by microglia
were obtained when isolated from mSOD1 astrocyte secretome
relatively to the WT astrocyte one. However, sEVs were found
more densely internalized by microglia (p < 0.01) in the case of
the pre-miR-146a strategy, than by VS. This feature may have
accounted for the miR-146a elevation in the cells (p < 0.001,
Figure 9C), due to sEV enriched cargo in miR-146a (Figure 5F).

Interestingly, both pre-miR-146a and VS treatment in
mutated astrocytes produced sEVs able to prevent iNOS
(p < 0.01, Figure 9D) and TNF-α (at least p < 0.001,
Figure 9E) upregulation relatively to sEVs from untreated
mSOD1 astrocytes. This is a very interesting result, if we consider
that VS-derived secretome was unable to prevent microglia
activation, while its isolated sEVs showed such property.

Data highlight the differential roles of the secretome
(ineffective) and of the isolated sEVs (effective) from the VS-
treated astrocytes in recovering microglia steady-state, while
indicate to be independent of miR-146a content. However, in the
case of astrocytes treated with pre-miR-146a, both the secretome
and their isolated sEVs, suppressed microglia activation by
a mechanism that is suggestive to depend on the paracrine
influence of miR-146a expression.

DISCUSSION

Currently, there are no effective therapies for ALS and the
recent advances in this field converges in the modulation of
the inflammatory and toxic environment by controlling glial
activation (Liu and Wang, 2017). Indeed, increased evidences
have shown that reactive astrocytes impair the survival of MNs
(Díaz-Amarilla et al., 2011; Meyer et al., 2014; Qian et al., 2017;
Gomes et al., 2019).

We have recently identified the presence of a deregulated set
of reactive markers in mSOD1 cortical astrocytes isolated from 7-
day-old mSOD1 mice cultured for 13 DIV, which were similarly
present in the symptomatic stage of the same animals (Gomes
et al., 2019). The ALS-disease characteristic phenotype included
a low GFAP expression, but increased levels of S100B, Cx43,
vimentin and HMGB1. By showing the same markers identified
in the symptomatic stage of the mSOD1 mice their characteristic
fingerprint with low GFAP levels seems to be disease specific.
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FIGURE 9 | Microglia treated with sEVs from mSOD1 astrocytes modulated with pre-miR-146a or VS show different sEV internalization and miR-146a expression,
but similar protection from activation by untreated-sEVs. Astrocytes were isolated from the cortex of SOD1-G93A (mSOD1) and wild type (WT) mice with 7-day-old
and cultured for 13 days in vitro. Transfection with pre-miR-146a or VS treatment was performed in mSOD1 astrocytes. Small extracellular vesicles (sEVs) were
isolated by differential ultracentrifugation and labeled with PKH67 cell linker, followed by incubation with naïve N9 microglia for 24 h. (A) Representative images of
sEVs stained with PKH67 cell linker (green); (B) mean fluorescence area positive for PKH67-sEVs per cell. Cell nuclei were stained with Hoechst dye (blue).
Expression of (C) miRNA(miR)-146a, (D) inducible nitric oxide synthase (iNOS) and (E) tumor necrosis alpha (TNF-α) in microglia was assessed by RT-qPCR.
SNORD110 was used as reference gene for (C) analysis and β-actin for (D–E) analysis. Results are mean (±SEM) fold change vs. MG + sEVs from WT astrocytes
from at least three independent experiments. ***p < 0.001 and ****p < 0.0001 vs. MG + sEVs from WT astrocytes; ##p < 0.01, ###p < 0.001, and ####p < 0.0001
vs. MG + sEVs from mSOD1 astrocytes. One-way ANOVA followed by Bonferroni post hoc test was used. Scale bar represents 20 µm.
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FIGURE 10 | Schematic representation of the efficacy of miR-146a replenishing methods to recover the neuroprotective phenotype of aberrant mSOD1 cortical
astrocytes, and in preventing toxic paracrine signaling toward motor neurons and microglia by the mediators released from the pathological astrocytes. Astrocytes
were isolated from the cortex of SOD1-G93A (mSOD1) mice pups at 7-day-old and cultured for 13 days in vitro, showing an aberrant/reactive phenotype. Treatment
with glycoursodeoxycholic acid (GUDCA) and dipeptidyl vinyl sulfone (VS) abrogated reactive markers, with additional re-establishment of glial fibrillary acidic protein
(GFAP) and miR-146a by VS, evidencing their reparative ability. Transfection of mSOD1 astrocytes with pre-miR-146a also attenuated their phenotypic aberrancies
and intracellular Ca2+ ([Ca2+]i) overload. Moreover, such treatment increased miR146a content in the cell-derived small extracellular vesicles (sEVs), and mediated
miR-146a enrichment in SOD1-WT motor neurons (MNs) and naïve N9 microglial cell. Secretome from mSOD1 astrocytes increased early/late apoptosis and
fibroblast growth factor receptor (FGFR) gene levels in MNs and microglia, effects that were prevented by pre-miR-146a or VS modulation. These strategies led to a
secretome with preventable properties over the deregulation of synaptic dynamics and axonal transport upon the pathological extracellular milieu from mSOD1
astrocytes. The pre-miR-146a-treated cells also prevented microglia activation through their secretome or isolated sEVs, but in the case of VS only the isolated sEVs
showed such property. Data reveal that both pre-miR-146a and VS-mediated miR-146a replenishment in mSOD1 cortical astrocytes are promising approaches to
recover the neuroprotective phenotype of ALS cortical astrocytes and the microglia and MN homeostatic balance in the disease. [Ca2+]i, intracellular calcium; GFAP,
glial fibrillary acidic protein; FGFR, fibroblast growth factor receptor; GUDCA, glycoursodeoxycholic acid; iNOS, inducible nitric oxide synthase; miR-146a,
miRNA-146a; SOD1, superoxide dismutase 1; TNF-α, tumor necrosis alpha; VS, dipeptidyl vinyl sulfone.

This profile is in agreement with the previous one found in
the SC of adult symptomatic mSOD1 rats (Díaz-Amarilla et al.,
2011). Astrocyte reactivity is usually associated to elevated levels
of GFAP (Eng and Ghirnikar, 1994). Indeed, GFAP was found
elevated in the cerebrospinal fluid and in the SC of patients
with ALS (Fujita et al., 1998; Benninger et al., 2016), as well as
in isolated adult astrocytes using supplementation with growth
factors from the mSOD1 mice (Tripathi et al., 2017). However,
our data and that of others (Rossi et al., 2008; Díaz-Amarilla et al.,
2011; Cunha et al., 2018; Gomes et al., 2020) are consistent with
a downregulation of GFAP in the presence of reactive markers
that also include increased Ki-67, together contributing to
denominate astrocytes in ALS as having an aberrant phenotype.
In a recent consensus statement, it is referred that the increase in
GFAP expression do not correlate with increased injury, reactive
response to pathological stimuli or altered functions of reactive
astrocytes (Escartin et al., 2021). In conformity, it should be
used instead a combination of molecular markers to qualify
astrocytes as reactive and as having a disease-specific signature.
In this context, cortical homogenates from the symptomatic
mSOD1 mice and isolated astrocytes from such animal pups
showed increased reactive astrocyte markers, decreased GLT-1
and GFAP levels, and the pioneering downregulated expression

of miR-146a (Gomes et al., 2019, 2020). Such reduction was
even present in the presymptomatic stage and could not be
found in astrocytes from the spinal cord (Cunha et al., 2018),
suggesting regional astrocyte heterogeneity and their different
contribution to bulbar and spinal forms of ALS disease. Such
findings indicate that different therapeutic approaches may be
required, depending on the local of disease onset, and that
replenishment of miR-146a in cortical astrocytes may reveal a
promising strategy.

Interestingly, miR-146a-enriched stem cell secretome was
recently suggested to have proangiogenic and anti-inflammatory
properties (Waters et al., 2019). For that reason and given the
importance of miR-146a in controlling astrocyte inflammation
(Iyer et al., 2012), we decided to test the efficacy of pre-miR-
146a and immunomodulatory compounds, such as GUDCA
and VS (Falcão et al., 2017; Vaz et al., 2019) in reverting
astrocyte reactivity and miR-146a replenishment. Our results
demonstrated that VS induced upregulation of miR-146a and
downregulation of its targets, while GUDCA did not change such
levels. This is in line with our previous studies that demonstrated
the ability of VS in modulating miR-146a expression (Falcão
et al., 2017; Vaz et al., 2019). Furthermore, GUDCA reduced the
expression of vimentin and Cx43, exerting a modulatory role

Frontiers in Cell and Developmental Biology | www.frontiersin.org 20 April 2021 | Volume 9 | Article 634355178

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


fcell-09-634355 April 19, 2021 Time: 17:53 # 21

Barbosa et al. Repair of Astrocytes in ALS

on astrocyte reactivity, in accordance with our previous data
(Fernandes et al., 2007). However, VS showed more broader
effects, not only by restoring the levels of GFAP and decreasing
vimentin and Cx43 expression, but also by downregulating
S100B and HMGB1 levels, corroborating its anti-inflammatory
properties previously observed in microglial models of ALS (Vaz
et al., 2019) and Alzheimer’s disease (Falcão et al., 2017). To note
that neither GUDCA nor VS showed to compromise cell viability.
Then, we hypothesized if the attenuation of such aberrancy
by these compounds might be related with the modulation of
miR-146a expression.

To verify such supposition, we restored the normal levels
of miR-146a by transfecting mSOD1 astrocytes with pre-miR-
146a. Re-establishment of GFAP, vimentin, Cx43, HMGB1
and S100B toward control WT levels revealed its therapeutic
potential. Actually, vimentin is not only an intermediate filament
protein involved in cellular processes, such as cell adhesion,
migration and proliferation, promoting wound healing (Ivaska
et al., 2007), but it is also a known marker of immature
astrocytes, associated with a reactive gliosis and leading to
thicker bundles in the astrocytic processes (Cheng and Eriksson,
2017). Usually, the expression of GFAP replaces vimentin in
differentiated astrocytes (Roybon et al., 2013). In the case
of the cortical ALS astrocytes data suggest that they sustain
an immature-like reactive phenotype. The correction of the
low levels of miR-146a seems to contribute to abolish such
ALS-disease phenotype of cortical astrocytes. Regulation of
vimentin and GFAP levels by pre-miR-146a are in accordance
with a study wherein miR-146a overexpression increased
GFAP expression and attenuated proliferation, migration and
tumorigenic potential of glioma cells (Mei et al., 2011; Xiao et al.,
2015). We also found decreased S100B and HMGB1 expression
gene levels in pre-miR-146a-treated mSOD1 astrocytes. This
is in line with a previous study that suggested the increased
astrocytic S100B expression as an early occurring event in ALS
and a contributor for neurodegeneration (Serrano et al., 2017).
These Authors observed that its inhibition in mSOD1 astrocytes
decreased the expression of proinflammatory/reactive genes.
Besides, this attenuation of astrocyte-inflammatory potential
supports the role of miR-146a as a negative regulator of the
NF-κB inflammatory pathway in astrocytes (Taganov et al.,
2006; Iyer et al., 2012). Concerning Cx43, it is known
to modulate proliferation, migration and differentiation of
astrocytes (Homkajorn et al., 2010). Its upregulation was detected
in mSOD1 astrocytes, corroborating previous studies in rodent
models (Díaz-Amarilla et al., 2011; Cui et al., 2014), and
the restoration of Cx43 normal levels in pre-miR-146a-treated
mSOD1 astrocytes may associate to its ability to regulate
inflammatory response and attenuate gliosis (Mei et al., 2011).
Like GUDCA and VS, pre-miR-146a transfection also did not
activate early/late apoptosis.

Proteomic analysis showed that pre-miR-146a induced an
upregulation of the NCF1 protein that we hypothesize to
be an attempt to control the reactive/immune response in
mSOD1 astrocytes, as demonstrated in chronic inflammatory
disorders (Holmdahl et al., 2016; Zhao et al., 2017). ZBTB10
was found elevated during gliogenesis and linked to ZBTB20

for differentiation and maturation of neocortical astrocytes
(Nagao et al., 2016; Araújo, 2019). Moreover, ZBTB10 was
also suggested to be associated to DNA damage repair at
telomeres (Bluhm et al., 2019). As for HMGN2, it belongs to a
family of proteins associated to astrocyte differentiation during
development (Nagao et al., 2014). Both ZBTB20 and HMGN2
may be relevant protein targets to be used toward the recovery
of the neuroprotective phenotype by the ALS cortical astrocytes
which, in our view, deserve to be explored. The observed
upregulation of ALS2CL, by regulating the alsin-mediated
endosome, might induces sEV formation (Hessvik and Llorente,
2018) and the activation of the autophagy-endolysosomal system
(Otomo et al., 2012). Together with the PZP upregulation
associated to a sustained extracellular proteostasis and inhibition
of misfolded protein accumulation (Cater et al., 2019), they
might act together to promote mSOD1 clearance from astrocytes
by sEVs and autophagy. Indeed, PZP elevation was found
in senile plaques and in glial cells in Alzheimer’s disease,
possibly having a protective role (Ijsselstijn et al., 2011;
Nijholt et al., 2015).

To assess whether reversal of mSOD1 astrocyte aberrancies
by VS was mediated via miR-146a regulation, we depleted its
expression in WT astrocytes with a miR-146a inhibitor, before
using VS. Anti-miR-146a-transfected WT astrocytes acquired
the aberrant phenotype that characterize ALS cortical astrocytes.
Interestingly, VS was not only able to restore miR-146a levels
in such condition, but also to revert GFAP, S100B and vimentin
toward steady-state levels. In sum, our results indicate that
targeting downregulated miR-146a, either with pre-miR-146a
or VS, constitutes a good strategy to counteract the atypical
reactivity of ALS cortical astrocytes associated to the miR-
146a depletion.

Given the established contribution of ALS astrocytes on
MN death and the possible involvement of astrocytic Ca2+

dysregulation in this process (Kawamata et al., 2014), we
investigated its presence and if it was modulated by either pre-
miR-146a or VS treatments. Our results revealed a baseline
increase of intracellular Ca2+ in mSOD1 astrocytes that was
prevented by VS co-incubation, together with elevated frequency
of Ca2+ transients after glutamate stimulation, what may impact
on synapse integrity (Guerra-Gomes et al., 2017). Astrocytes
possess glutamate-sensitive ion channels and can respond to
glutamate with a fast and oscillatory elevation of cytoplasmic free
Ca2+ by autocrine and paracrine effects (Cornell-Bell et al., 1990).
We hypothesize that the excess of Ca2+ in mSOD1 astrocytes
may derive from ER stores, as observed in the SC of mSOD1
mice (Kawamata et al., 2014), or be caused by the aberrant
Cx43 overexpression (Almad et al., 2016), inducing alterations
in neuronal excitability, synaptic transmission and plasticity (Lu
et al., 2010). As so, pre-miR-146a was able to reduce the number
of [Ca+]i transients in mSOD1 astrocytes and to downregulate
Cx43 expression. Previous studies observed the reduction in
Ca2+ responses in the presence of a Cx43 blocker in ALS
astrocytes (Almad et al., 2016, 2020).

Astrocytes are highly secretory cells, with their secretome
containing hundreds of molecules. In ALS, it is accepted that
astrocytes have a paracrine contribution to neurodegeneration
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and microglial activation, but the mechanisms associated are
poorly explored (Pehar et al., 2017). As a component of
secretome, sEVs mediate the interaction between neurons and
glial cells and are responsible for the delivery of proteins, lipids,
mRNAs and miRNAs in the recipient cell, being considered
potential vehicles for drug delivery (Basso and Bonetto, 2016).
Our observation that mSOD1 astrocytes release sEVs with low
miR-146a content is in line with our previous findings (Gomes
et al., 2020). In the same study, we established that mSOD1
astrocytes contribute to the neuronal degeneration when these
cells are co-cultured with ALS MNs. Indeed, mSOD1 astrocytes
selectively provoke toxicity to MNs (Di Giorgio et al., 2007; Nagai
et al., 2007; Díaz-Amarilla et al., 2011; Haidet-Phillips et al., 2011;
Gomes et al., 2019) and their secretome was found to play an
important role (Nagai et al., 2007).

We observed that early and late apoptosis were induced by
the secretome from the pathological ALS astrocytes, leading
to a reduced expression of synaptophysin, PSD-95, dynein,
and kinesin in MNs, thus compromising synaptic and axonal
dynamics. Synaptophysin, a presynaptic membrane protein, was
found reduced in MNs from mSOD1 mice and shown to
contribute to motor deficits (Zang et al., 2005). The postsynaptic
PSD-95, also important for synaptic plasticity (Zhang and
Lisman, 2012), has been found reduced in neurodegenerative
diseases, including ALS (Fogarty, 2019). Contribution of ALS
astrocytes to synaptic failure is an established feature (Casas et al.,
2016). In particular, these cortical mSOD1 astrocytes showed to
reduce neurite length and synaptophysin expression in coculture
with NSC-34 hSOD1 WT MN-like cells (Gomes et al., 2019).
Defects in the anterograde and retrograde transports by kinesin
and dynein, respectively, also occur in ALS neurodegeneration
in patients and in mSOD1 mice (De Vos and Hafezparast,
2017). Inefficient anterograde transport was shown to reduce
the transport of synaptic vesicle precursors, contributing to the
decrease in synaptic vesicle density (Yonekawa et al., 1998) that
is reflected by the reduced expression of the synaptic proteins,
as we observed. Secretome from pre-miR-146a-treated mSOD1
astrocytes, but not from VS-treated ones, restored PSD-95 and
kinesin levels found deregulated by the pathological paracrine
signaling over WT MNs.

We identified for the first time that FGFR1 and FGFR3
gene expression levels, receptors of fibroblast growth factor-2
(FGF2), increased in MNs upon the secretome from mSOD1
astrocytes. FGF2 is highly produced in reactive astrocytes after
injury and ischemia (Reilly and Kumari, 1996; Clarke et al., 2001)
and their elevation was noticed in the CSF from ALS patients
(Johansson et al., 2003; Ekestern, 2004). The upregulation of
FGFR1 and FGFR3 identified in our study by the secretome from
mSOD1 astrocytes may contribute to axonal damage involving
the ERK/MAPK signaling (Huang et al., 2020). Instead, the
secretome derived from pre-miR-146a-treated mSOD1 astrocyte
was unique in decreasing the expression of these receptors and
together with VS prevented the induced MN apoptosis upon
treatment with the pathological astrocyte-derived secretome.

Motor neuron proteomic analysis revealed that pre-miR-146a
increases the E2 component of the pyruvate dehydrogenase
complex encoded by the Dlat gene (Goguet-Rubio et al.,

2016), leading to the production of ATP that is required to
continuously provide energy to maintain normal MN function
with a high relevance in ALS (Vandoorne et al., 2018). By
downregulating ATP1F1, pre-miR-146a may also ameliorate
mitochondrial respiratory chain dysfunction because it inhibits
ATPase activity (Chen et al., 2014), contributing to sustain
ALS MN mitochondrial functionality (Li et al., 2010; Chen
et al., 2014), and thus preventing the apoptosis induced by
the secretome from pre-miR-146a-treated mSOD1 astrocytes. In
conformity, the decreased expression of FTSJ1, as we found,
was also associated to the inhibition of apoptosis in cancer
(He et al., 2020). It was interesting to observe a reduction of
SLCA13, since this transporter was identified as a risk factor
for frontotemporal dementia (Sirkis et al., 2019). By being
reduced, it prevents APP processing (Teranishi et al., 2015) and
the interaction between SOD1 and APP, which are known to
lead to synaptic dysfunctions and associated neuroinflammation
and neurodegeneration events in ALS (Rabinovich-Toidman
et al., 2015). We also found downregulation of RBPMS
in MNs following the interaction with the secretome from
pre-miR-146a-treated mSOD1 astrocytes. Its transcript was
found downregulated in the axonal transcriptome from MNs
overexpressing human mSOD1 (Nijssen et al., 2018) and showed
to inversely affect synapse density (Hornberg et al., 2013).

VS treatment exceeded the beneficial effects of pre-miR-146a
treatment by promoting MN functionality through upregulation
of synaptophysin, PSD-95, dynein and kinesin transcripts and
by avoiding early cell death by apoptosis. This is in line with
a previous study describing vinyl sulfones as neuroprotective
agents in the treatment of Parkinson’s disease (Woo et al., 2014;
Choi et al., 2019). Increased levels of miR-146a in MNs were
observed after treatment with the secretome from the pre-miR-
146a-treated mSOD1 astrocytes, but not with that from VS
treatment. We may hypothesize that the enriched content of
the secretome or their isolated sEVs in miR-146a may have
accounted for such MN upregulation and eventually the observed
benefits. Indeed, previous studies demonstrated that miR-146a is
important for neuronal survival and differentiation (Qu et al.,
2019; Fregeac et al., 2020), as well as for axonal growth (Jia
et al., 2016). This is not the case of VS, suggesting that its
paracrine neuroprotective effect is not exclusively dependent on
sEV-derived miR-146a. In contrast, their effectiveness might be
related with soluble miR-146a or other neuroprotective factors,
an interesting hypothesis to be explored in future studies.

The secretome from mSOD1 astrocytes also switched
microglia to a pro-inflammatory subtype by increasing iNOS
and TNF-α mRNA expression, in accordance with studies
where mSOD1 astrocytes led to the activation of microglia,
thus contributing to disease progression (Yamanaka et al.,
2008). Moreover, we observed the activation of early/late
apoptosis and an increase of FGFR3 expression. Injury was
shown to upregulate the FGFR3 expression in both astrocytes
and microglia and FGF2 appears to have a dual role, by
firstly inducing gliosis and secondly neuroprotection (Goddard
et al., 2002). Here, we may speculate that, as observed for
damaged neurons, cortical ALS astrocytes release FGF2 and
enhances the expression of FGFR3, which has been associated
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to neuroprotection against glutamate toxicity and increased
microglial migration and phagocytosis (Noda et al., 2014).
Nevertheless, excessive neuronal phagoptosis also contributes
to a range of neurodegenerative diseases, including ALS
(Brown and Neher, 2014). Therefore, if we consider that the
secretome derived from both pre-miR-146a and VS-treated
astrocytes reduces FGFR3 levels in microglia, it may then
prevent reactivity and excessive phagoptosis. However, only the
secretome derived from pre-miR-146a -treated astrocytes averted
microglial inflammatory activation.

To better understand the effects produced by the secretome
from mSOD1 astrocytes treated with pre-miR-146a on microglia
we performed proteomic analysis. Among the effects produced
we noticed a reduction in Cdk1 that may have contributed to the
decrease of iNOS and TNF-α transcripts by the modulated
secretome. Such proinflammatory signaling activation,
characteristic of a polarized activated microglia (Sheng et al.,
2011), was shown to be prevented by CDK inhibitors (Leitch
et al., 2009; Skovira et al., 2016). Similarly contributing to
counteract the activation of microglia is the reduction we
found on Adamts1, once its upregulation was identified in
LPS-activated microglia (Chiu et al., 2013) and associated to a
tumor inflammatory response (Rodriguez-Baena et al., 2018).
These findings indicate that pre-miR-146a contributes to a less
polarized microglia phenotype. Regarding Igdcc4, also described
as being involved in immune response (Sanz-Pamplona et al.,
2014) and a biomarker in hepatocellular carcinoma (Zweerink
et al., 2020), further studies should investigate its precise
role in microglia.

Now going for the interaction of sEVs on microglia, though
we did not observe changes in the concentration and size of
sEVs derived from pre-miR-146a-treated astrocytes, an increased
internalization of sEVs in microglia was noticed, when compared
with sEVs derived from the pathological untreated mSOD1
astrocytes or VS-treated ones. This increased uptake by the
microglial cells is not surprising since it was demonstrated that
miR-146a leads to the upregulation of several microglia surface
receptors (Saba et al., 2012) that most likely enable the uptake of
sEVs. Also, previous studies demonstrated that microglia are one
of the neural cells that show higher ability for sEV incorporation
(Fitzner et al., 2011; Pinto et al., 2017; Xia et al., 2019).

In a previous study we evidenced that sEVs derived
from the secretome of mSOD1 MNs with an enriched cargo
in miR-124 were able to activate microglia (Pinto et al.,
2017). Similarly, our sEVs depleted in miR-146a and isolated
from the secretome of mSOD1 cortical astrocytes led to
increased gene expression of iNOS and TNF-α. We further
demonstrated that such effect was counteracted when we
used pre-miR-146a or VS-treatment in mSOD1 cortical
astrocytes. This is in line with studies evidencing that EVs
containing miR-146a attenuate inflammation, supporting
tissue repair and regeneration (Alexander et al., 2015;
Waters et al., 2019; Wu et al., 2019). Moreover, miR-146a
packaged into EVs and transferred into macrophages showed
therapeutic efficacy against sepsis (Song et al., 2017), thus
reinforcing its protective effects. Interestingly, despite not
having increased cargo in miR-146a, sEVs isolated from the

secretome of VS-treated mSOD1 astrocytes also demonstrated
ability to switch the activated microglia into the steady-
state phenotype, indicating that miR-146a is not the sole
neuroprotective factor involved in the reestablishment of the
healthy microglia state.

In sum, our study highlights that the downregulation of
miR-146a in mSOD1 cortical astrocytes is responsible, at
least in part, by the reactivity and aberrant features of these
glial cells. We propose pre-miR-146a transfection and VS
treatment as efficient strategies to induce miR-146a upregulation
in cortical ALS astrocytes toward cell revival through the
abrogation of their reactive/aberrant phenotype. These potential
therapeutic approaches have additional advantages in re-
establishing microglia and MN homeostatic states by paracrine
signaling. Comparative effects of the miR-146a replenishing
methods, i.e., pre-miR-146a, GUDCA and VS, in the ability to
recovery of the neuroprotective phenotype of cortical astrocytes
from mSOD1 mice, and the resulting paracrine signaling on
WT MNs and N9 microglial cells are schematically represented
in Figure 10. Overall, we consider sEV-enrichment in VS and
pre-miR-146a cargoes as opportunities for neuro-glial restorative
therapy in ALS disease.
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Alzheimer’s disease (AD), frontotemporal dementia (FTD), and dementia with Lewy
bodies (DLB) are the three major neurodegenerative dementias. In this study, we provide
evidence that an alteration in extracellular vesicles (EVs) release is common across the
three most common neurodegenerative dementias, AD, DLB, and FTD. Specifically,
we analyzed plasma EVs in three groups of patients affected by AD, DLB, and FTD,
and we found a significant reduction in EVs concentration and larger EVs size in all
patient groups. We then investigated whether the loss of neurotrophic factors is also a
common pathogenic mechanism among FTD, DLB, and AD, and if levels of neurotrophic
factors might affect EVs release. Plasma levels of progranulin and cystatin C (CysC)
were partially altered; however, taking together all variables significantly associated
with the diagnostic groups only EVs size and concentration were able to distinguish
patients from controls. The diagnostic performance of these two EVs parameters
together (ratio) was high, with a sensitivity of 83.3% and a specificity of 86.7%, able to
distinguish patients from controls but not to differentiate the different forms of dementias.
Among the candidate neurotrophic factors, only CysC levels were associated with EVs
concentration. Our study suggests that an alteration in the intercellular communication
mediated by EVs might be a common molecular pathway underlying neurodegenerative
dementias. The identification of shared disease mechanisms is of pivotal importance
to develop treatments to delay disease progression. To this aim, further studies
investigating plasma EVs size and concentration as early biomarkers of dementia
are required.

Keywords: Alzheimer’s disease, dementia with Lewy bodies, frontotemporal dementia, extracellular vesicles,
nanoparticle tracking analysis, biomarkers, plasma
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INTRODUCTION

Alzheimer’s disease (AD), frontotemporal dementia (FTD),
and dementia with Lewy bodies (DLB) are the three
major neurodegenerative dementias. Brain abnormal
protein accumulation and inclusions characterize all these
neurodegenerative diseases (Jellinger, 2008; Soto and
Estrada, 2008): AD is characterized by deposition of beta-
amyloid peptides (Aβ) in amyloid plaques and deposition of
phosphorylated tau protein in neurofibrillary tangles (Hardy and
Higgins, 1992; Brion, 1998); DLB is characterized by α-synuclein
inclusions in neurons, neurites, glia, and presynaptic terminals
(Beyer et al., 2009; Donaghy and McKeith, 2014); FTD includes
different pathological subtypes, characterized by tau, ubiquitin,
Fused-in-Sarcoma (FUS), and TAR DNA-binding protein 43
(TDP-43)-positive inclusions (Mackenzie and Neumann, 2016;
Neumann and Mackenzie, 2019). It is now clear that the protein
aggregates spread from neuron to neuron contributing to the
progression of the disease (Goedert, 2015). Exosomes, a specific
subtype of extracellular vesicles (EVs) of endosomal origin,
are capable of transferring biomolecules between cells without
direct cell-to-cell contact (Raposo and Stoorvogel, 2013). Thus,
EVs, and specifically exosomes, have been suggested as potential
carriers of misfolded toxic proteins, such as Aβ peptide and
tau in AD (Saman et al., 2012; Rajendran et al., 2014) and
α-synuclein in Parkinson disease (PD)/DLB (Emmanouilidou
et al., 2010; Alvarez-Erviti et al., 2011). Regarding AD, the
discovery that Aβ precursors and members of the secretase
complex are secreted within exosomes grew interest in EVs in
the last decade, demonstrating that they are actively involved
in Aβ peptide generation and plaque formation (Ghidoni
et al., 2011). Since EVs can cross the blood–brain barrier and
reach the blood, it was possible to identify several potential
biomarkers in exosomes isolated from blood: increased levels
of t-tau, p-tau, and Aβ42 in plasma/serum neurally derived
blood exosomes were demonstrated to be an early marker for
AD and cognitive decline progression (Fiandaca et al., 2015).
Conversely, in blood-derived exosomes several synaptic proteins
as well as survival proteins were described to be reduced in
AD and FTD (Goetzl et al., 2015; Goetzl et al., 2016; Goetzl
et al., 2018). In addition, we demonstrated that CysC, a trophic
protein targeted to the classical secretory pathway, is secreted by
mouse primary neurons in association with exosomes and the
overexpression of familial AD-associated presenilin 2 mutations
(PS2 M239I and PS2 T122R) resulted in a loss of exosomal
CysC and of Aβ precursor protein (APP) metabolites within
exosomes (Ghidoni et al., 2011). FTD-causing progranulin null
mutations cause a loss of progranulin (PGRN), a neurotrophic
factor (Ghidoni et al., 2008b); we demonstrated that also PGRN,
a protein targeted to the classical secretory pathway, is secreted
in association with exosomes by human primary fibroblasts
and that null mutations in the GRN gene strongly reduce
the number of released exosomes and alter their composition
(Benussi et al., 2016). Brain-derived neurotrophic factor (BDNF),
a key regulator of neuronal survival, was suggested to play an
important role in the pathophysiology of neurodegenerative
diseases including AD, FTD, and DLB (Ventriglia et al., 2013;

Mitre et al., 2017). Moreover, some studies suggested the
efficacy of neurotrophic factors (NTF) for the treatment of
PD and DLB (Ramaswamy et al., 2009; Goldberg et al., 2015).
A systemic administration of glial-derived neurotrophic factor
(GDNF)-expressing macrophages significantly ameliorated
neurodegeneration and neuroinflammation in PD mice, and one
of the suggested mechanisms for this effect was the release of
exosomes containing the GDNF, followed by the efficient GDNF
transfer to target neurons (Zhao et al., 2014).

During progressive neurodegeneration and neuronal
loss, exosomes could become the key player for neuronal
communication and the crossroads of proteins: accordingly,
survival of neurons could be easily affected by factors modulating
exosome release and/or composition (Ghidoni et al., 2008a).
We hypothesize that an alteration in exosome release and or
composition might be a common pathological mechanism across
the three major neurodegenerative dementias influencing the
fate of disease-related proteins across dementias. Loss of NTF
might be one of the determinants affecting exosome release.

To test our hypothesis, herein we analyzed human plasma
EVs and NTF (CysC, PGRN, BDNF, and GDNF) in dementia
patients (AD, DLB, and FTD diagnoses), investigating also the
link between NTF and EVs.

MATERIALS AND METHODS

Participants
Human plasma samples from n = 30 AD, n = 30 DLB, n = 30 FTD
sporadic patients and from n = 30 elderly subjects with normal
cognitive function, as control group (CTRL), were analyzed.
Patients were enrolled at the MAC Memory Clinic IRCCS
Fatebenefratelli, Brescia, and at the Neurology 5/Neuropathology
Unit, IRCCS Besta, Milan. Clinical diagnosis for probable AD,
DLB, and FTD was made according to international guidelines
(McKhann et al., 1984; McKeith et al., 1996; Neary et al.,
1998; McKhann et al., 2011; Rascovsky et al., 2011): patient
diagnosis was derived by neurologists and neuropsychologists,
who performed extensive behavioral, neuropsychological, and
neuroimaging assessments. Differential diagnosis was supported
by CSF analysis and 18-FDG PET/dopamine-transporter scan,
when available. Clinical and demographic characteristics are
shown in Table 1. Patients provided written informed consent.
The study protocol was approved by the local ethics committee
(Prot. N. 111/2017).

Evs Isolation
EVs isolation was performed with Total Exosome Isolation Kit
from plasma (InvitrogenTM, California, United States) following
the manufacturer’s protocol. Briefly, 125 µl of plasma was
centrifuged at 2,000 × g for 20′ and then at 10,000 × g for 20′;
supernatants were then transferred into new tubes, mixed with
62.5 µl (0.5 × plasma volume) of 0.2 µm filtered 1× phosphate-
buffered saline (PBS), and then incubated with 37.5 µl (0.2× total
volume) of Exosome Precipitation Reagent for 10′ at room
temperature; after incubation, samples were then centrifuged at
10,000 × g for 5′. EVs pellets were resuspended in 100 µl of
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TABLE 1 | Clinical, demographic, and biological variables of patients and controls.

CTRL (n = 30) AD (n = 30) DLB (n = 30) FTD (n = 30) p-value

Gender (M:F) 8:22 9:21 17:13 13:17 0.069†

Age, years 65.8 ± 10.5 69.0 ± 7.8 75.4 ± 6.9 65.8 ± 8.5 <0.001∗

Disease onset, years – 65.2 ± 8.2 71.0 ± 7.7 62.8 ± 6.9 0.002∗

Education, years 11.9 ± 3.2 7.2 ± 3.9 7.9 ± 3.7 7.4 ± 4.2 <0.001∗∗

MMSE 28.9 ± 1.2 19.4 ± 4.9 20.7 ± 5.8 19.0 ± 6.7 <0.001∗∗

EVs concentration, EVs/ml 2.49 × 1011 ± 1.18 × 1011 1.47 × 1011
± 6.08 × 1010 1.26 × 1011

± 5.10 × 1010 1.39 × 1011
± 6.14 × 1010 <0.001∗

EVs size, nm 113.2 ± 13.2 133.8 ± 17.1 127.2 ± 12.0 130.2 ± 18.8 <0.001∗

BDNF, pg/ml 1,142.0 ± 1,798.4 631.6 ± 545.7 833.6 ± 740.1 765.3 ± 771.6 0.840∗∗

PGRN, ng/ml 38.8 ± 9.3 32.7 ± 7.3 37.9 ± 15.0 31.1 ± 11.6 0.003∗∗

CysC, ng/ml 881.8 ± 282.1 949.3 ± 247.3 1,064.0 ± 270.2 1,001.0 ± 301.2 0.043∗∗

All continuous variables were analyzed with the Kolmogorov–Smirnov test to evaluate normality. CTRL, controls; AD, Alzheimer’s disease patients; DLB, dementia with
Lewy bodies patients; FTD, frontotemporal dementia patients; MMSE, Mini-Mental State Examination. †Chi-square test; *One-way ANOVA test; **Kruskal–Wallis test. In
bold is reported the group which differs from others (post hoc tests). Means ± standard deviation.

0.2 µm filtered 1× PBS and stored at + 4◦C or −20◦C until
nanoparticle tracking analysis (NTA). As a negative control, an
aliquot of 125 µl of 1× PBS was processed as described above.

Nanoparticle Tracking Analysis (NTA)
Suspension containing EVs from all four groups were
analyzed with the Nano-Sight NS300 Instrument (Malvern,
Worcestershire, United Kingdom). Samples were diluted
with 0.2 µm filtered 1× PBS in order to obtain an optimal
range of 20–150 particles/frame. For each sample, 5 videos of
60′′ duration were recorded and data were processed using
NanoSight NTA Software 3.2. Post-acquisition settings were
kept constant between samples. Data obtained were: particle
concentration (particles/ml), average size (nm), and particle
size distribution (D10, D50, D90: particle size values indicating
that, respectively, 10, 50, and 90% of the distribution is below
this value). Raw concentration data (particles/ml) obtained
from NTA were normalized to obtain EVs concentrations in the
human plasma sample.

Biochemical Analyses
GDNF, BDNF, and PGRN plasma concentrations were measured
with Human Premixed Multiplex—Magnetic Luminex R© Assays
(R&D Systems R©, Minneapolis, United States) following the
manufacturer’s protocol. CysC plasma concentration was
measured with Human Cystatin C Quantikine R© ELISA kit
(R&D Systems R©, Minneapolis, United States) following the
manufacturer’s protocol. All analyses were performed in
duplicate. Measurements were carried out at the same study site
on consecutive days, and researchers were unaware of whether
the sample belonged to cases or to controls.

Statistical Analysis
Normality assumption of continuous variables was evaluated
with Kolmogorov–Smirnov. One-way ANOVA, with Bonferroni
post hoc tests, was used for the comparison across the four
subject groups of the normally distributed continuous variables.
Kruskal–Wallis test with Dunn’s post hoc tests was used
for the group comparisons of non-normally distributed

variables. Chi-square test was used to assess the association
between demographic characteristic (categorical variables)
of subjects with the four groups. A classification tree (CT)
(James et al., 2015) was applied to detect the best (in terms
of classification performance) predictors for discriminating
controls versus patients’ group. CT method was carried out
on the diagnostic group as a categorical dependent variable
depending on categorical and/or quantitative covariates.
The output of the CT is given by different classification
pathways (defined by estimated covariate cut offs), and for
each of them, the probability of the most likely diagnostic
group is provided. In order to take into consideration all
possible socio-demographic and clinical confounders, in
CT all variables which differ among groups were included.
Diagnostic performance of EVs concentration and EVs size
in discriminating across the four groups was assessed by
areas under the curve (AUC) obtained by receiver operating
characteristic (ROC). Comparison of the four AUC was assessed
by DeLong test. Regression analyses were performed on EVs
concentration and size (as dependent variables, respectively)
and NTF, group, and their interaction as independent
variables. All analyses were performed by SPSS software
and significance set at 0.05.

RESULTS

EVs isolated from plasma samples of dementia patients (AD
n = 30, DLB n = 30, and FTD n = 30) and cognitively healthy
controls (CTRL n = 30) were analyzed (Table 1). NTA revealed
EVs concentrations ranging from 4.16 × 1010 to 5.04 × 1011

EVs/ml and particle size from 81.5 to 177.7 nm (D50: 69.7–
152.4 nm; D90: 115.3–314.9 nm). Thus, the EVs preparations
were enriched in exosomes. The negative control was below the
detection limit, thus not interfering with the sample analysis
(data not shown).

NTA showed a significant decrease in plasma EVs
concentration in AD, DLB, and FTD samples compared to
CTRL samples (Table 1 and Figures 1A,B) (p < 0.001, one-way
ANOVA test with Bonferroni’s post test, CTRL vs. AD, DLB,
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FIGURE 1 | EVs concentration and size in patient and control groups. (A) Representative spectra from NTA of CTRL (yellow), AD (green), DLB (orange), and FTD
(red) plasma EVs. (B) Quantification of EVs concentration with NTA in CTRL, AD, DLB, and FTD plasma samples. A statistically significant decrease in EVs
concentration was observed in the three pathological groups compared to controls. (C) Representation of EVs size measured with NTA in CTRL, AD, DLB, and FTD
plasma samples. An increase in size was observed in AD, DLB, and FTD compared to CTRL samples. Average ± SEM; **p < 0.01, ***p < 0.001, one-way ANOVA
with Bonferroni’s post test.

FTD, p < 0.001). No significant differences were shown between
patients’ groups (AD vs. DLB vs. FTD) in EVs concentration.
Conversely, EVs size was significantly increased in AD, DLB,
and FTD samples as compared to CTRL samples (Table 1 and
Figure 1C) (p < 0.001, one-way ANOVA test with Bonferroni’s
post test, CTRL vs. AD, FTD, p < 0.001; CTRL vs. DLB, p < 0.01).
No significant differences were shown between patients’ groups
(AD vs. DLB vs. FTD) in EVs size.

NTF analysis revealed that plasma levels of BDNF were not
different among the four groups (Table 1); levels of PGRN
were reduced only in FTD samples compared to CTRL samples
(Table 1) (p < 0.01; Kruskal–Wallis test with Dunn’s post test,
CTRL vs. FTD, p < 0.01). CysC levels were increased in DLB
compared to CTRL (Table 1) (p < 0.05; Kruskal–Wallis test with
Dunn’s post test, CTRL vs. DLB, p < 0.05). Plasma GDNF was not
detectable in all samples.

Considering the socio-demographic, EVs, and NTF variables
significantly associated with the diagnostic groups, two
classification trees were performed respectively on (i) four
groups of outcome variable (CTRL, AD, FTD, DLB) and on
(ii) dichotomized group variables (CTRL vs. all patients—PTS)
in order to detect the predictors that best classify subjects into
CTRL or patients. The best classification was obtained using
dichotomized group variables in which the average EVs size and
average EVs concentration resulted to be the best predictors,
i.e., the variables able to better classify the subject into CTRL
or PTS. Although we considered all the socio-demographic and
NTF in the classification tree, the best discriminant performance
was found for EVs variables. Specifically, the EVs size alone
(with values larger than 119.7 nm) could classify the majority
of dementia patients from controls (91.7% vs. 8.3%). Moreover,
among the subjects, the ones with an EVs concentration
lower than 2.3 × 1011 particles/ml were classified as PTS
with very high percentage (96.8%, Figure 2). The inclusion
of all significant variables in CT leads to results that were

adjusted, and thus robust, for possible confounding effects of the
socio-demographic and clinical variables.

To estimate the diagnostic performance of these two EVs
parameters (concentration and size), we performed a ROC
analysis to measure the ability of the EVs concentration/size
ratio to distinguish dementia patients from CTRL (Figure 3A):
an AUC of 0.86 was calculated for the whole PTS group and a
sensitivity of 83.3% and specificity of 86.7% with a cut off point
of 1.49 × 109. As expected, ROC curves for AD, DLB, and FTD
had a similar AUC (0.84, 0.89, 0.85, respectively, with DeLong test
p-values for AUC comparisons all larger than 0.436).

Finally, in order to evaluate whether EVs size and
concentration might be influenced by the NTF, we performed a
linear regression analysis between these variables by adding the
interaction with dichotomized (CTRL vs. PTS) groups. We found
that only levels of CysC were associated with EVs concentration
and in a different way between groups (group × CysC
effect: p = 0.007) (Figure 3B): in CTRL, CysC levels were
negatively associated with EVs concentration (standardized
beta coefficient = −0.28), while in PTS the association
between these two parameters was positive (standardized
beta coefficient = 0.31). A positive association was found for all
three dementias (data not shown). No significant correlations
were found between EVs size and concentration and disease
duration (years), as well as disease severity (MMSE) among
patients: Spearman’s rho < 0.191 for all the four correlations
(p > 0.096 for all correlations, data not shown).

DISCUSSION

Extracellular vesicles represent a new concept in the biomarker
field, serving as transfer vehicles between cells of membrane and
cytosolic proteins, lipids, DNA, and RNA with a wide range of
regulatory functions (Raposo and Stoorvogel, 2013).
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FIGURE 2 | Classification tree. Subjects are classified on the basis of the most predictive variables, EVs size and concentration, among all the ones which resulted to
be significantly associated with subject groups. CTRL, controls; PTS, patients; AverageSize, EVs size; AverageConcentration, EVs/ml.

FIGURE 3 | (A) ROC curves for EVs concentration/size. The ratio of EVs concentration/size was used to evaluate the discrimination of PTS from CTRL; AUC CTRL
vs. PTS 0.86 (black); CTRL vs. AD 0.84 (red); CTRL vs. DLB 0.89 (green); CTRL vs. FTD 0.84 (orange); AUC comparison with DeLong test, p > 0.436. (B) CysC
levels and EVs concentration are negatively/positively associated with CTRL/PTS, respectively (std beta = –0.28; std beta = 0.31 respectively). CTRL, controls
(green); PTS, patients (red).

In this study, we provide evidence that an alteration
in EVs release is common across the three most common
neurodegenerative dementias, AD, DLB, and FTD and that
plasma EVs dosage and size characterization might be a
promising marker for dementias. The differential diagnosis
between dementias was not supported by biomarkers for all

patients: this could be a limitation of the study (reducing the
likelihood of finding differences).

Specifically, we analyzed plasma EVs in three groups of
patients affected by AD, DLB, and FTD, and we found a
significant reduction in EVs concentration in all groups: −40%,
−50%, and −45%, respectively. EVs size was also altered across
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dementias: in all patients’ groups, we detected a larger plasma EVs
size, and specifically +18% in AD, +12% in DLB, and +15% in
FTD. We then investigated whether the loss of a neurotrophic
factor is also a common pathogenic mechanism among FTD,
DLB, and AD and if levels of neurotrophic factor might affect
EVs release. To this aim, we chose four candidates that were
previously demonstrated to be altered in dementias: BDNF,
PGRN, CysC, and GDNF. Plasma levels of PGRN and CysC
were partially altered, and specifically PGRN was reduced in
FTD while CysC was increased in DLB; however, taking together
all variables significantly associated with the diagnostic groups,
including PGRN and CysC, only the two parameters related to
EVs, i.e., EVs concentration and EVs size, were able to distinguish
patients from controls. The diagnostic performance of these two
EVs parameters together (concentration/size) was high, with a
sensitivity of 83.3% and a specificity of 86.7% (with a cut off point
of 1.49 × 109 of the EVs concentration/size ratio). As expected,
this ratio could accurately distinguish patients from controls
but was not able to differentiate different forms of dementias.
A reduction of circulating EVs in dementia is in accordance
with our previous studies on FTD and AD cellular models,
demonstrating a loss of exosome/exosome-associated CysC in the
genetic forms of these diseases (Ghidoni et al., 2011; Ghidoni
et al., 2018). These data suggest that an alteration of EVs release is
also present in sporadic dementia and it is a common alteration
in the three main dementia forms. Of note, plasma EVs alteration
is not associated with disease duration and dementia severity.

To the best of our knowledge, this is the first study
describing an alteration in the number and size of blood-
derived EVs across dementias. Other studies in blood-derived
EVs demonstrated an alteration of their cargo in AD, and
specifically increased levels of Aβ and tau/p-tau181 (Fiandaca
et al., 2015), a dysregulation of a panel of miRNA (Serpente
et al., 2020), and a reduction of survival factors (Goetzl
et al., 2015, 2016, 2018). In CSF, EVs were increased in
subjects with mild cognitive impairment and in AD with
respect to controls (Agosta et al., 2014; Joshi et al., 2014).
Furthermore, in CSF EVs the percentage of p-tau181, relative
to t-tau, appears increased starting from the early stages
of AD (Saman et al., 2012). We further highlighted the
potential of circulating EVs as a biomarker, and specifically
our data suggest an alteration in EVs production (as measured
by different circulating EVs concentrations and size) that is
occurring in all neurodegenerative dementias, independently
from the cargo. Of note, among the candidate NTF only
CysC levels were associated with EVs concentration. In
dementia patients, CysC was positively associated with EVs,

suggesting that this neuroprotective factor, as well as an anti-
amyloidogenic protein, might affect EVs release. In line with this
observation, we demonstrated in vitro (primary neurons from
CysC knockout mice) and in vivo (CysC transgenic mice) that
CysC enhances brain-EVs secretion, resulting in a protective
effect (Pérez-González et al., 2019).

In conclusion, our study suggests that an alteration in
intercellular communication mediated by EVs might be a
common molecular pathway underlying neurodegenerative
diseases leading to dementia. CysC might be one of the
determinants affecting EVs release, representing a potential
therapeutic tool. The identification of shared disease mechanisms
is of pivotal importance to identify novel potential therapeutic
targets and to develop treatments to delay, slow, or block disease
progression. To this aim, further studies investigating plasma EVs
as early biomarkers of dementia are required.
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Extracellular vesicles (EVs) are nano-sized membrane-enclosed particles released by
cells that participate in intercellular communication through the transfer of biologic
material. EVs include exosomes that are small vesicles that were initially associated with
the disposal of cellular garbage; however, recent findings point toward a function as
natural carriers of a wide variety of genetic material and proteins. Indeed, exosomes
are vesicle mediators of intercellular communication and maintenance of cellular
homeostasis. The role of exosomes in health and age-associated diseases is far from
being understood, but recent evidence implicates exosomes as causative players in
the spread of neurodegenerative diseases. Cells from the central nervous system
(CNS) use exosomes as a strategy not only to eliminate membranes, toxic proteins,
and RNA species but also to mediate short and long cell-to-cell communication as
carriers of important messengers and signals. The accumulation of protein aggregates
is a common pathological hallmark in many neurodegenerative diseases, including
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral
sclerosis, and prion diseases. Protein aggregates can be removed and delivered to
degradation by the endo-lysosomal pathway or can be incorporated in multivesicular
bodies (MVBs) that are further released to the extracellular space as exosomes.
Because exosome transport damaged cellular material, this eventually contributes to
the spread of pathological misfolded proteins within the brain, thus promoting the
neurodegeneration process. In this review, we focus on the role of exosomes in
CNS homeostasis, their possible contribution to the development of neurodegenerative
diseases, the usefulness of exosome cargo as biomarkers of disease, and the potential
benefits of plasma circulating CNS-derived exosomes.

Keywords: exosomes, central nervous system, neurodegenerative diseases, biomarkers, neural-derived
exosomes

INTRODUCTION

Extracellular vesicles (EVs) are secreted by all types of cells, including neuronal cells, and can be
found in almost all body fluids, including urine, saliva, blood, and cerebrospinal fluid (CSF) (Faure
et al., 2006; Yanez-Mo et al., 2015). EVs can be divided according to their size and mechanism of
release. In 2018, the International Society for Extracellular Vesicles (ISEV) endorsed the use of a

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1 May 2021 | Volume 9 | Article 635104194

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.2021.635104
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2021.635104
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2021.635104&domain=pdf&date_stamp=2021-05-13
https://www.frontiersin.org/articles/10.3389/fcell.2021.635104/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-09-635104 May 8, 2021 Time: 17:28 # 2

Beatriz et al. Exosomes in Neurodegenerative Diseases

new standardized nomenclature considering terms for subtypes
that refer to physical properties such as size (small < 200 nm)
or biochemical composition, among others (Théry et al., 2018).
Apoptotic bodies and microvesicles (>100 nm in diameter)
are released directly from the outward budding of the plasma
membrane, while exosomes (30–150 nm in diameter, most
common size described in the literature) are released after
fusion of endosome-derived vesicles with the plasma membrane
(Figure 1). Thus, different pools of EVs are characterized based
on distinct intracellular origins and biogenesis (Kowal et al.,
2014). Exosome biogenesis and secretion are modulated by
different cellular stress and/or pathological conditions (Raposo
and Stoorvogel, 2013; Record et al., 2014; Becker et al., 2016).
These vesicles act as selective transporters of proteins, lipids,
and genetic material, thus constituting an important intercellular
communication system, capable of influencing distinct cellular
activities in the recipient cells (Mathivanan et al., 2010; Yanez-
Mo et al., 2015). The growing interest in EVs has been reflected
in the creation of distinct databases that compile data on exosome
content such as Exocarta (Mathivanan and Simpson, 2009),
miRandola (Russo et al., 2018), EVpedia (Kim et al., 2013), and
Vesiclepedia (Kalra et al., 2012), which are constantly updated
with released studies. For the scope of this review, we will focus
on exosomes and their biological function in central nervous
system (CNS) homeostasis and discuss the role, as biomarkers, in
the context of neurological disorders, particularly CNS-derived
exosomes that can be isolated from the blood.

Exosome Biogenesis and Cargo Loading
Exosomes originate during the maturation of early endosomes
through the inward budding of the endosomal membrane that
generates intraluminal vesicles (ILVs), resulting in the formation
of late endosomes (LEs) with multiple small vesicles termed MVB
(Huotari and Helenius, 2011). During this process, cytosolic
portions, proteins, and nucleic acids are enveloped into the
vesicles, and the resulting MVBs can be either targeted to
lysosomal degradation or fused with the plasma membrane,
releasing the ILVs to the extracellular space as exosomes.

Exosome biogenesis can occur through an Endosomal
Sorting Complex Required for Transport (ESCRT)-dependent
mechanism or by an ESCRT-independent pathway. The first
relies on multiple proteins that assemble into four ESCRT
complexes (ESCRT-0, I, II, and III) and accessory proteins, such
as an AAA-ATPase, VPS4 complex, and ALIX that are involved in
MVB budding and loading (Babst et al., 2002; Henne et al., 2011;
Colombo et al., 2014).

The exosome biogenesis also occurs through an ESCRT-
independent pathway mediated by tetraspanins and ceramide-
enriched lipid rafts (Trajkovic et al., 2008; Van Niel et al.,
2011). Tetraspanins are recruited at early steps to endosome
membranes, before ILV formation (Escola et al., 1998; Pols
and Klumperman, 2009) and at least CD63, CD9, CD81,
and CD82 are found in endosome and exosome membranes
(Andreu and Yanez-Mo, 2014).

Ceramide and its derived metabolites are organized in
raft-based microdomains that interact with proteins, such
as flotillins. These lipid-enriched structures are involved not

only in endosomal membrane invagination for ILV formation
(Trajkovic et al., 2008) but also in cargo loading. The selective
cargo loading occurs during exosome biogenesis through
tetraspanin-dependent and/or ESCRT-dependent mechanisms.
The composition and quantity of exosome released are dictated
by specific molecules present in the membrane and lumen of
ILVs and in the membrane of MVB, which is determinant for
their selective trafficking toward plasma membrane for exosome
release (Figure 2A).

Proteins
Proteins that are commonly found in exosomes are the ones
involved in their biogenesis and are located in the endosomal
membrane. The proteins detected in exosome fractions comprise
components of the ESCRT machinery such as ALIX, TSG101,
and flotillins (Kowal et al., 2016), proteins responsible for
transport and fusion of MVB with the plasma membrane
(RAB27A, RAB11B) and tetraspanins (e.g., CD63, CD81, and
CD9) (Ostrowski et al., 2010; Kowal et al., 2016). Proteins
associated with lipid rafts are found in exosomes, as they originate
primarily from early endosomes formed by invagination of the
plasma membrane (de Gassart et al., 2003). Membrane-associated
and signaling proteins were found in exosomes released from
stem cells after stimulation of their trafficking to lipid rafts,
thus supporting a raft-mediated protein sorting mechanism
(Lin et al., 2017).

Ubiquitinated proteins were detected in exosomes (Buschow
et al., 2005) and might be sorted into ILVs by an ESCRT-
dependent mechanism (MacDonald et al., 2012). ESCRT-0 can
recognize and bind ubiquitin-like molecules, such as small
ubiquitin-like modifiers (SUMO), thus recruiting SUMOylated
proteins like RNA-binding proteins (RBPs) (Villarroya-Beltri
et al., 2013). NEDD4, an E3 ubiquitin-protein ligase that
recognizes PPXY motifs in cargo proteins, might also be involved
in exosome loading with ubiquitinated proteins (Putz et al.,
2008). Recently, it has been described that about 10% of exosome
protein content are mitochondria-associated proteins (Choi et al.,
2013). Despite the fact that initial studies have shown that
mitochondrial proteins are absent in tumor-derived exosomes
(Mears et al., 2004), further developments of the methodologies
for exosome proteomic analysis revealed the presence of
mitochondrial proteins in exosomes (Burke et al., 2014; Wang
et al., 2020). A recent study showed that exosomes released from
Huntington’s disease (HD) patient-derived iPSC also carried
mitochondrial proteins (Lopes et al., 2020). A preliminary report
also identified the presence of functional mitochondria in neural
stem cell-derived exosomes (Peruzzotti-Jametti et al., 2020). The
generation of mitochondrial-derived vesicles (MDVs) containing
malfunctioning parts (proteins or peptides) seems to constitute
a novel mitochondrial quality control mechanism. The MDVs
can enter the secretory pathway by fusing with LE/MVB for
further degradation into lysosomes (Soubannier et al., 2012), but,
alternatively, they can be sorted to the plasma membrane, thus
releasing the mitochondria content through exosomes.

Most of the proteins used as exosome markers are found
in exosomes from different sources and are not exclusive to
neuronal cells. Despite the enrichment of exosomes with some
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FIGURE 1 | Characterization of exosomes released from human neural stem cells differentiated from Huntington’s Disease iPS cells. (A) Left: Electron micrographs
of exosomes released from neural stem cell membrane, scale 200 nm. Right: Exosome with a lipid bilayer membrane sizing 50 nm. (B) Nanoparticle Tracking
Analysis (NTA) of exosomes with sizes ranging from 67.7 to 152.1 nm (10th; 90th percentile) cited from Lopes et al. (2020).

FIGURE 2 | Exosome biogenesis, secretion, and interaction in the central nervous system. (A) Exosomes originated in the endocytic pathway as ILVs resulting in the
formation of LE with multiple small vesicles termed MVBs. During this process, exosomes are loaded with proteins, lipids, and genetic material. Afterward, the MVBs
can be destined for lysosomal degradation or fused with the plasma membrane and the exosomes released into the extracellular space. The exosomes have a
complex composition of proteins such as ALIX, TSG101 and flotillin, Rab family, tetraspanins (e.g., CD63, CD81, and CD9), mitochondrial proteins, and others; lipids
including cholesterol, sphingomyelin, glycosphingolipids, and ceramide; and nucleic acids especially RNA and also nuclear and mitochondrial DNA. (B) Exosomes
can be released from NSC/NP, neurons, astrocytes, oligodendrocytes, and microglia acting in proximal or distal cells. Exosomes can be shuttled between the
different neural cells modulating distinct neuronal processes such as neurogenesis, synaptic function, neuronal plasticity, and neuroinflammation. (1) In neurons,
exosomes are released in response to stimulus, such as calcium influx, glutamatergic synaptic activity, and potassium-induced depolarization. (2) The exosome
signaling pathways include neuron-to-neuron communication. (3) NSC can influence the microglia function, and exosomes released from glial cells exert effects on
NSC. (4) Additionally, exosomes originated in astrocytes can be fundamental for the trophic support of neurons. (5) Oligodendrocytes can also shuttle to neuron
exosomes containing myelin proteins and glycolytic enzymes. ILVs, intraluminal vesicles; EEs, early endosomes; MVBs, multivesicular bodies, NSC/NP, neural
stem/progenitor cells.

of these proteins, they can also be found in other types of EVs, as
they are membrane-associated proteins (Lötvall et al., 2014). This
raises concerns on the definition of exosome-specific cargo and
on the characterization of cell-specific exosome fractions. Still,

some cell-specific proteins can be used to distinguish the source
of exosomes from different neuronal cells. For instance, neural
secreted exosomes present cell adhesion molecule L1 (L1CAM)
and glutamate receptors (Faure et al., 2006; Lachenal et al., 2011),
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oligodendrocyte exosomes contain specific myelin proteins
(Kramer-Albers et al., 2007), and microglial exosomes contain
CD13 and monocarboxylate transporter 1, which are cell specific
(Potolicchio et al., 2005). Therefore, it is expected that exosomes
might have a specific signature that correlates with their
cellular origin and further research will bring light on their
physiological roles.

Lipids
Lipids in exosomes share similarities with plasma membrane
composition, particularly lipids that are normally found in
lipid rafts such as plasma membrane composition cholesterol,
sphingomyelin, glycosphingolipids, and ceramide (de Gassart
et al., 2003; Llorente et al., 2013; Skotland et al., 2017). The
raft-like regions are important platforms for protein stabilization
in the outer left of the ILV: cholesterol is important for the
assembly of ESCRT protein complexes (Boura et al., 2012)
while lysophosphatidic acid (LBPA), a glycerophospholipid
mainly found in MVB, stabilizes ALIX (Kufareva et al.,
2014). Modulating the lipid content of exosomes affects their
release. Treatment of oligodendroglial cells with an inhibitor of
cholesterol egress from lysosomes (U18666A) or with a soluble
cholesterol analog compromises exosome release (Strauss et al.,
2010). On the other hand, cholesterol depletion induced by
methyl-β-cyclodextrin treatment led to an increase of exosome
release (Llorente et al., 2007). Exosomes are uniquely enriched
in phosphatidylserine in the outer face of the membrane, which
may help in the internalization process by the recipient cells
(Morelli et al., 2004). Also, ceramide and glycosphingolipids are
found in exosomes as they are involved in their biogenesis and
release. Inhibition of neutral sphingomyelinase 2 (nSMase2), an
enzyme that metabolizes sphingomyelin into ceramide, altered
the loading of CD63, flotillin, and proteolipid proteins into
exosomes and also impaired exosome secretion (Trajkovic et al.,
2008; Yuyama et al., 2012; Menck et al., 2017; Miranda et al.,
2018). Inhibition of ceramide conversion into sphingomyelin
by siRNA or chemical inhibition of sphingomyelin synthase
2 (SMS2) promotes exosome secretion (Yuyama et al., 2012;
Dinkins et al., 2014).

Genetic Material
Exosomes are natural carriers of genetic material, with almost
any type of RNA being found inside, and to some extent also
nuclear and mitochondrial DNA (mtDNA) (Valadi et al., 2007;
Waldenstrom et al., 2012; Ridder et al., 2014). Exosomes are
particularly enriched in small RNAs around 200 nucleotides in
length, and only a few have more than 3 Kb, which supports
the notion that most of the mRNA and long non-coding RNA
detected are fragmented (Crescitelli et al., 2013). RNA loading
into ILVs is mediated by RBPs that assist in the transport of RNAs
to raft-like regions by a selective mechanism that involves specific
RNA sequences and RNA hydrophobic modifications (Janas et al.,
2004; Batagov et al., 2011).

One of the most important exosome cargoes are miRNAs,
which are non-coding RNAs with 17–21 nucleotides,
that regulate protein expression by binding to the
untranslated regions (UTR) of mRNAs thus inhibiting

their translation. Several studies have shown enrichment of
selective miRNAs in exosomes, which suggests a selective
mechanism of miRNA loading during the vesicle biogenesis
(Guduric-Fuchs et al., 2012).

The packaging of miRNAs into MVBs is favored by the
presence of specific exosome-sorting motifs in the 3′ portion
of miRNA that is recognized by RBPs such as the chaperone
hnRNPA2B1 (Heterogeneous Nuclear Ribonucleoprotein
A2/B1), by a ceramide-dependent mechanism (Villarroya-Beltri
et al., 2013). Also, 3′end uridylation of miRNA is involved
with its sorting into EVs, demonstrating that posttranslational
modifications regulate selective sorting of miRNA (Wyman et al.,
2011; Koppers-Lalic et al., 2014). Mature miRNAs can interact
with proteins forming the miRNA-induced silencing complex
(miRISC). Argonaute 2 (Ago2) is a component of miRISC that
localizes in MVBs, thus promoting miRNA loading (Gibbings
et al., 2009; Guduric-Fuchs et al., 2012; Cha et al., 2015). Some
studies have shown that Ago2 is present in exosomes (Goldie
et al., 2014) while others reported its localization only at MVBs
inside cells (Gibbings et al., 2009). More recent studies showed
that the impairment of Ago2 localization in MVB affected its
secretion in exosomes (McKenzie et al., 2016). In agreement,
knockout of Ago2 impaired the export of selective miRNAs in
HEK293T-derived exosomes (Guduric-Fuchs et al., 2012).

The miRNAs are also players involved in the loading
mechanism of mRNA into exosomes. Specific sequences in
3′UTR of mRNA, with approximately 25 nucleotides and a
CTGCC motif within a stem-loop structure, act as a sorting
sequence to exosomes through a mechanism mediated by
miR-1289 (Bolukbasi et al., 2012).

Exosomes also contain mtDNA (Guescini et al., 2010; Sansone
et al., 2017) and single- and double-stranded DNA (Balaj
et al., 2011; Yang et al., 2017). The secretion of DNA by
exosomes may constitute an alternative process to maintain
intracellular homeostasis by eliminating harmful cytoplasmic
DNA (Takahashi et al., 2017). Moreover, part of the exosome
DNA was bound to histones, which have been profiled in distinct
exosome proteomic analysis (Simpson et al., 2008). So, the
authors speculate that DNA loading into exosomes might depend
on histones (Takahashi et al., 2017).

In a recent report, the authors employed a novel approach
for exosome isolation with a combined methodology of high-
resolution density gradient fractionation followed by a direct
immunoaffinity capture to selectively isolate exosomes (Jeppesen
et al., 2019). The study showed contradicting results, such as
the presence of miRNA in non-vesicular fractions rather than in
exosome fractions. This was supported by the absence of Ago2
or any miRNA machinery and RBPs in exosomes, in contrast
with previous studies (Melo et al., 2014). Also, this study showed
that isolated exosomes lacked dsDNA. Instead, this molecule is
co-purified with these vesicles when standard isolation protocols
are used. The authors proposed an EV-independent mechanism
for dsDNA extracellular release, contradicting previous findings
(Thakur et al., 2014). Most of the initial studies reporting
dsDNA within exosomes were performed in cell conditional
media, which might lead to premature conclusions on exosomes
circulating on body fluids without validated protocols and
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standardized nomenclature (Ludwig et al., 2019). The Jeppesen
study among others has pointed out that the isolation and
purification methods have an important outcome in the final
exosome content characterization and it is urgent to establish
unified criteria for vesicle standard definition (size and density)
and characterization of their cargo (Théry et al., 2018; Jeppesen
et al., 2019; Witwer and Thery, 2019). Researchers have to be
mindful of setting a subset characterization of exosome fractions
before taking general conclusions from distinct studies. The
vast majority of the current knowledge on the exosome field
was obtained from cell line studies using conditional media.
This remains the best approach for examining exosome content
derived from a single or well-defined cell-type population and
their function on other cells (Abramowicz et al., 2018).

The Transport of MVB to the Plasma
Membrane and Exosome Release
The interaction of MVBs with actin and microtubules is essential
for their transport to the plasma membrane (Villarroya-Beltri
et al., 2014). The translocation of MVB toward the plasma
membrane depends on several molecules via the cytoskeleton
(Mittelbrunn et al., 2015). Kifc2 is a neuronal protein that
moves directionally toward the plus end of microtubules and
was found to be associated with MVB, suggesting a possible
role in MVB transport to the neuronal plasma membrane (Saito
et al., 1997). Rab GTPases such as RAB11, RAB27A/B, and
RAB35 are mediators of selective sorting of MVB to the plasma
membrane and exosome release (Hsu et al., 2010; Ostrowski
et al., 2010; Escudero et al., 2014). RAB11 and p75 neurotrophin
receptors are involved in directing MBV to the plasma membrane
and exosome release in neuronal cells (Escudero et al., 2014).
Also, Rab35 is involved in the mechanism of exosome release
by oligodendrocytes (Fruhbeis et al., 2013). The MVBs are
decorated with tethering protein complexes, such as HOPS and
SNAREs, that mediate the fusion of these vesicles with the plasma
membrane (Itakura et al., 2012; Jiang et al., 2014). The presence
of tetraspanins (e.g., CD63) and lysosomal-associated membrane
proteins LAMP1 and LAMP2 in late endosomes also facilitate the
fusion of MVB with the plasma membrane (Jaiswal et al., 2002).

Uptake of Exosomes by Recipient Cells
After secretion, the exosomes will dock into the membrane of the
target cells and activate signaling events or will be internalized
through specific receptor–ligand interactions (Mulcahy et al.,
2014). The transmembrane proteins present in the surface
of exosomes (tetraspanins) can be recognized by signaling
receptors in the target cells (Munich et al., 2012), resulting
in activation of transducing pathways and modulation of
intracellular processes without entering the target cell. Exosomes
can merge with the plasma membrane of target cells releasing
its cargo directly into the cytosol by a low pH-dependent
mechanism (Parolini et al., 2009). However, the main route
for exosome uptake seems to be mediated by endocytic events.
Exosome uptake can occur by clathrin-mediated (Escrevente
et al., 2011) or caveolin-dependent endocytosis (Nanbo et al.,
2013), and the presence of lipid rafts in the membrane facilitates

the process (Izquierdo-Useros et al., 2009; Svensson et al., 2013).
After internalization, exosomes are sorted into LE/MVB with
two possible fates: to be released again to neighboring cells
or to be degraded after fusion of LE/MVB with lysosomes
(Tian et al., 2013).

The uptake of exosomes by brain cells seems to be cell-
type dependent. For instance, neurons and glial cells seem to
uptake exosomes by clathrin-mediated endocytosis (Alvarez-
Erviti et al., 2011b; Fruhbeis et al., 2013). Some neurons can also
use specific receptors from the SNARE family, such as SNAP25,
for exosome uptake (Zhang et al., 2017a). Curiously, the uptake of
exosomes seems to be a selective pathway; exosomes derived from
cortical neurons were primarily internalized by hippocampal
neurons whereas exosomes released by neuroblastoma cell line
N2A were taken up by astrocytes and oligodendrocytes (Chivet
et al., 2014). Also, exosomes derived from oligodendrocytes were
mainly internalized by microglia but not by neurons or astrocytes
(Fitzner et al., 2011). Thus, the mechanisms that regulate the
selective targeting of exosomes to recipient cells can determine
their biological effect. Moreover, the uptake of exosomes was
also more active in pre-synaptic regions, which might indicate
that these vesicles use constitutive endocytosis processes at these
regions for neuronal cell entrance (Granseth et al., 2006; Chivet
et al., 2014). Nevertheless, the exact mechanism involved in
exosome entrance into neuronal cells is still uncharacterized.

EXOSOMES AND THE CNS

If originally exosomes were considered to be disposable vehicles
for the elimination of cellular components, now multiple studies
demonstrated that exosomes play multiple physiological roles in
the nervous system. Exosomes can be released from all brain
cells, including neural stem/progenitor cells (Ma et al., 2019),
neurons (Faure et al., 2006), astrocytes (Taylor et al., 2007; Fitzner
et al., 2011), and microglia (Xia et al., 2019) acting in proximal
or distal cells. Importantly, exosomes can be shuttled between the
different neural cells modulating distinct neuronal processes such
as neurogenesis (Luarte et al., 2017), synaptic function (Lachenal
et al., 2011), neuronal plasticity (Lafourcade et al., 2016), and
neuroinflammation (Dalvi et al., 2017; Figure 2B).

Neural stem/neural progenitor cells (NSCs/NPCs), found in
neurogenic niches, can secrete or uptake exosomes, thus playing
key roles in neuronal development (Ma et al., 2019). Exosomes
derived from neural stem cells were able to promote neuronal
growth and differentiation as their protein cargo affects neuronal
development and function (Sharma et al., 2019). The exosomes
derived from NSCs carry specific miRNA that targets neural
regeneration, neuroprotection, and neural plasticity (Stevanato
et al., 2016). Moreover, miRNA present in exosomes released
from NSCs at the hypothalamic subventricular zone might play
a beneficial role in the control of aging (Zhang et al., 2017b).

Exosomes are also important mediators of neuron-to-
neuron communication. The secreted exosomes enter the
recipient cells and can be re-secreted along with the recipient
neuron endogenously formed exosomes, which facilitates
specialized long-distance communication within a cell type
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(Polanco et al., 2018). Neuronal exosomes are mostly released
from a somato-dendritic compartment in response to calcium
influx and glutamatergic synaptic activity (Lachenal et al., 2011;
Men et al., 2019). Moreover, potassium-induced depolarization
stimulates the release of exosomes at synaptic terminals
containing subunits of glutamate receptors (AMPA), GPI-
anchored prion proteins, and L1 cell adhesion molecule
(L1CAM) (Faure et al., 2006). The presence of proteins
involved in neuronal function, such as amyloid precursor
protein (APP) (Vingtdeux et al., 2007) or adaptor protein
Ndfip1 (Putz et al., 2008) in exosomes further supported
their modulatory role in synaptic function. Neuronal-derived
exosomes (NDEs) containing microtubule-associated protein
1B (MAP1B) and a specific subset of miRNA related to
synaptic plasticity were also described (Goldie et al., 2014).
The release of exosomes by neurons is an important event in
neuron-to-neuron communication. The Synaptotagmin 4 (Syt4)-
containing exosomes were implicated in retrograde postsynaptic
signaling by mediating activity-dependent presynaptic growth
and neurotransmitter release (Korkut et al., 2013). Neuronal
exosomes also carry Wnt proteins thus modulating the Wnt
signaling pathway in the recipient cells (Korkut et al., 2009).
Exosomes secreted by neurons contain a subset of miRNA that is
distinct from the donor cells (Men et al., 2019), which support a
selective packaging mechanism.

Trophic support of neurons is assisted by exosomes
released from oligodendrocytes and astrocytes (Fruhbeis
et al., 2012). Glutamate release by neurons triggers the secretion
of exosomes enriched in specific proteins, and RNA from
oligodendrocytes was shown to improve the cellular viability of
neuronal cells under stress conditions (Fruhbeis et al., 2013).
Moreover, the presence of catalase and superoxide dismutase
in oligodendroglial exosomes might help neuronal survival
under stress conditions of oxygen/glucose deprivation (Frohlich
et al., 2014). Exosomes can mediate communication between
oligodendrocytes and axons by supplying neurons with myelin
proteins and glycolytic enzymes and substrates (Kramer-Albers
et al., 2007; Kramer-Albers and White, 2011). During CNS tissue
regeneration, oligodendrocytes communicate with microglia
via exosomes to induce microglia-mediated elimination of
oligodendroglial membranes without activation of the immune
response (Fitzner et al., 2011).

Exosome-mediated signaling by astrocytes seems to be
involved in neurite growth and survival (Wang et al., 2011;
Xin et al., 2012). Synapsin I, a vesicle protein involved in
neural development, was detected in exosomes released from
astrocytes and, when added to hippocampal and cortical
neurons under stress conditions, exerts a protective effect
via promotion of neurite outgrowth and neuronal survival,
respectively (Wang et al., 2011). The transport of neuroglobin, a
hypoxic neuroprotective protein, from astrocytes to neurons was
also reported by an exosome-dependent mechanism (Venturini
et al., 2019). The exosome-mediated transfer of prion protein,
an important receptor protein that protects against oxidative
stress, from astrocytes to neurons improves their protection to
oxidative and ischemic stress (Guitart et al., 2016). Also, the
exosome-dependent release of Hsp/c70 from astrocytes might

be fundamental to locally support neighboring neurons (Taylor
et al., 2007). The neuron-to-astrocyte communication is also
involved in the modulation of synaptic activation. For instance,
exosomes from cortical neurons modulate the activation of GLT1
protein expression in astrocytes through miR-124a found in its
cargo (Morel et al., 2013).

Microglia, which constitutes the first line of defense during
brain injury or infection, releases exosomes enriched in
aminopeptidase CD13 involved in neuropeptide catabolism
(Potolicchio et al., 2005). Exosomes released from microglia can
modulate neuronal activity through the activation of sphingolipid
metabolism (Antonucci et al., 2012). Serotonin stimulates the
release of exosomes from microglia (Glebov et al., 2015).
Moreover, neuron-to-microglia communication via exosomes
enhanced the removal of degenerative neurites, thus promoting
proper neuronal function and synaptic plasticity (Bahrini et al.,
2015). Exosomes released from neural stem cells target microglia
and act as microglial morphogens by activating transcriptional
signaling pathways primarily associated with the immune system
in the post-natal nervous system (Morton et al., 2018). Exosomes
released from NSC seem to control the state, organization,
and morphology of microglia, which in turn forms a negative
feedback loop to NSC, by interfering in cell proliferation.

Exosomes are also released by the peripheral nervous system,
namely, Schwann cells, which were demonstrated to further
support local axonal maintenance and regeneration (Lopez-
Verrilli et al., 2013). The presence of miRNA from Schwann
cells was also observed in axon terminals, in a process mediated
through exosome, that has an impact on gene expression and
neurite growth (Chang et al., 2013b; Ching et al., 2018).

CRITICAL ROLES OF EXOSOMES IN
NEUROLOGICAL DISORDERS

EVs have been a recent object of research interest, resulting until
now in several studies that search for connections between their
physiological and/or pathological role and the development of
neurodegenerative diseases. Several neurodegenerative disorders
share other mechanistic features besides the accumulation
of insoluble proteins. Exosomes are known to participate in
these processes. Finding how the structure, biogenesis, cargo,
communication, and final target of exosomes are altered in
disease will give insights into their role in disease modulation
and importantly enlighten their potential as a source of disease
biomarkers. In this section, we describe the latest advances in
exosome research in neurodegenerative disorders, as summarized
in Table 1. Given the need for biomarkers of a large array of
neurological diseases, understanding the mechanism underlying
exosome regulation is of great interest for future research.

Huntington’s Disease
The pathology of HD is caused by a CAG expansion in the
HTT gene (Huntington’s Disease Collaborative Research Group,
1993), which encodes a protein with a polyglutamine expansion
at the N-terminal, mutant huntingtin (mHTT). Accumulation of
the mutated protein results in cognitive deficits and involuntary
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TABLE 1 | Candidate biomarkers for neurodegenerative disorders transported in exosomes from different human biofluids.

Exosome source Huntington’s disease Alzheimer’s disease Parkinson’s disease Amyotrophic lateral
sclerosis

“Non-specific”
exosomes

Absence of mHTT
(Denis et al., 2018)

Phosphorylated tau
(Saman et al., 2012)
↓REST
(Goetzl et al., 2015)

↑miR195 and miR24
↓miR19b
(Cao et al., 2017)

Altered levels of miRNA
(Yelick et al., 2020)

NDEs ↑Aβ1-42
↓Synaptic proteins
↑TDP43
(Fiandaca et al., 2015; Goetzl et al., 2016, 2018;
Zhang et al., 2020)
↓synaptophysin, synaptotagmin and SNAP-25
(Goetzl et al., 2016; Agliardi et al., 2019)
↓miR132 and miR-212 (Walsh et al., 2019)

↑DJ1 and α-synuclein (Zhao
et al., 2019)
↑α-synuclein and clusterin
(Jiang et al., 2020)
↑α-synuclein
(Shi et al., 2014; Jiang et al.,
2020; Fu et al., 2020; Niu et al.,
2020)

Altered levels of miRNA
(Katsu et al., 2019; Banack
et al., 2020)

NDEs, neuronally derived exosomes; mHTT, mutant huntingtin; REST, repressor element 1-silencing transcription factor; Aβ1-42, amyloid beta-42; TDP43, TAR DNA-
binding protein 43; SNAP-25, 25 kD synaptosomal protein; miR, micro RNA.

movements, correlated with a selective loss of striatal medium
spiny neurons and cortical atrophy (Roos, 2010). The implication
of the possible transfer of pathological biomolecules through
a non-cell-autonomous pathway in HD has aroused attention
after Cicchetti and colleagues showed that healthy fetal neural
tissue engrafted in HD patients displayed mHTT aggregates
several years after transplantation (Cicchetti et al., 2014). The
unconventional mHTT spread throughout exosome transport
was then suggested as a novel mechanism involved in HD
pathology and opened new possibilities to find therapeutic targets
aiming to mitigate this neurodegenerative condition.

Several studies suggested that exosomes can transport the
expanded polyglutamine tract of HTT RNA and protein, as well
as mHTT aggregates (Jeon et al., 2016; Zhang et al., 2016). Zhang
and colleagues showed that after infecting human HEK293T
cells with a lentivirus encoding mutant exon 1 huntingtin
fragments, these cells secreted exosomes containing transcripts
of the mutant polyglutamine tail and HTT peptides (Zhang
et al., 2016). The addition of these exosomes to mouse striatal
cells carrying both normal and mutant CAG repeats (Q7/7,
Q111/111, respectively) led to the uptake of RNA but curiously
not the protein (Zhang et al., 2016). However, others have
acknowledged the uptake of exosomes containing mHTT by SH-
SY5Y cells when exposed to conditioned media from HEK293
cells overexpressing GFP-mHtt-Q19 and -Q103 (Jeon et al.,
2016). This is a topic with variable outcomes since the presence
of mHTT is not always observed in exosomes, as described
for astrocytes of an HD knock-in mouse model (HD140Q KI)
(Hong et al., 2017). Huntingtin is a large protein with 350 kDa,
which makes it difficult to be fully packed into exosomes. mHTT
spreading through the exosome pathway is a complex and not
yet defined mechanism that surely has an associated variability
between HD models. However, strong evidence supports the idea
that mHTT can be carried by exosomes reinforcing the need
to better clarify how the protein is loaded into exosomes. The
acknowledgment that mHTT is present in exosomes was shown
when murine embryonic fibroblasts (MEFs) overexpressing the
exon 1 of the Htt gene showed constitutive interaction of mHTT
with exosome structural proteins Alix and TSG101 mediated

by Transglutaminase 2 (Diaz-Hidalgo et al., 2016). In HD
astrocytes, mHTT was shown to impair the exosome secretion
by decreasing αB-crystallin levels, a glial protein involved in
exosome secretion. The overexpression of αB-crystallin could
revert the decrease in exosome release and simultaneously
decreased the mHTT aggregates in the striatum of HD140Q KI
mice (Hong et al., 2017). On the other hand, in the same study,
the injection of exosomes from WT astrocytes was described to
prevent aggregation of mHTT (Hong et al., 2017). The exosome
transport of mHTT was confirmed when neurons differentiated
from WT mice NSC displayed mHTT aggregates upon co-
culture with HD fibroblasts (143 CAG repeats); moreover,
mice injected with HD-derived exosomes also revealed that
mHTT aggregates specifically in the DARPP-32+medium spiny
neurons of the host’s striatum. Eight weeks post-incubation, the
animals exhibited motor impairment and cognitive deficits (Jeon
et al., 2016). In contrast, exosomes isolated from platelets of
HD patients failed to show any presence of mHTT (Table 1;
Denis et al., 2018). Altogether, this data awareness on the
importance of exosomes in the progression and pathophysiology
of HD supports the need for deeper research in exosome-
mediated mechanisms.

Alzheimer’s Disease
Alzheimer’s disease (AD), the most common form of dementia,
has, as a causative mechanism, the accumulation of aggregated
β-amyloid (Aβ) in the brain and phosphorylated tau in
neurofibrillary tangles (Palmqvist et al., 2017). The accumulation
of Aβ fibrils can precede symptoms for decades, which has
long intrigued researchers looking for the mechanisms by which
neurodegeneration occurs (Sperling et al., 2014). The discovery
of multivesicular bodies (MVBs) as a site for the accumulation of
Aβ42 in pre- and postsynaptic compartments preceded the later
acknowledgment that the cleavage of β-amyloid peptides occurs
in early endosomes before routing to MVB and the resulting
products released from cells through exosomes (Takahashi et al.,
2002; Rajendran et al., 2006). The presence of Alix associated with
amyloid plaques in post-mortem AD patient’s brains, a fact not
observed in healthy brains, reinforced the existence of a role for
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Aβ-associated exosomes in amyloid plaque formation (Rajendran
et al., 2006). The presence of secretases (γ-, α-, and β-secretases),
enzymes involved in the proteolytic cleavage of APP, in isolated
exosomes from an AD animal model raised the possibility for
these vesicles to be a potential site of APP cleavage (Sharples
et al., 2008). Indeed, it was observed that APP goes through
cleavage inside exosomes, with existing evidence that products
resulting from APP processing are present in exosomes from AD
human and mouse AD model brains, evidencing the exosome
intervention in the pathological process (Vingtdeux et al., 2007;
Sharples et al., 2008; Perez-Gonzalez et al., 2012; Guix et al., 2017;
Laulagnier et al., 2018).

After evidence of existing Aβ in association with exosomes,
the concern was to understand whether these vesicles contribute,
as a vehicle, to spreading the pathology or can be protective by
clearing the toxic elements associated with AD pathophysiology.
Exosomes derived from neuroblastoma cells injected into the
brain of the hAPP-J20 AD mouse model were able to trap
Aβ bound to the glycosphingolipid surface and later transport
to microglia for degradation. These findings supporting the
exosome mentioned “clearance role” through the decrease in the
levels of Aβ and Aβ-mediated synaptotoxicity (Yuyama et al.,
2014). Altogether, these data reinforce the capacity of exosomes
to carry Aβ and “deliver” their cargo to microglia, reducing the
levels of synaptic toxicity and inflammatory response.

The levels of certain enzymes and structural components in
exosomes promote Aβ elimination by microglial and lysosomal
processes, including the insulin-degrading enzyme, ceramide, or
the ganglioside GM1 (Tamboli et al., 2010; Wang et al., 2012;
Yuyama et al., 2012).

Thereby, there is evidence that microglial phagocytic action
on Aβ is promoted by exosomes being mediated by sphingolipids
integrating their structure. Moreover, β-amyloid oligomers (Aβo)
incubated with exosomes were sequestered to their superficial
structure by interacting with surface proteins including the prion
protein (PrPC) (An et al., 2013). The sequestration of Aβo by
exogenous exosomes can exert a protective effect against the
synaptic disruption induced by Aβ (An et al., 2013). Indeed,
PrPC plays a dual role: a protective one, by capturing Aβ in
exosomes, through superficial recognition, thus facilitating the
formation of amyloidogenic fibrils and preventing the derivative
neurotoxic complications mediated by Aβo and a neurotoxic
effect when expressed in the neuronal surface as a receptor
for Aβ (Falker et al., 2016). Other exosome components from
the outer membrane were reported to be associated with Aβ,
including glycans of glycosphingolipids and GM1 ganglioside,
which was seen to induce exosome release and promote Aβ

fibril formation (Yuyama et al., 2008, 2014). Hypoxia can
accelerate the production of Aβ by increasing the activity of β

and PS1/γ-secretase. In SH-SY5Y cells (expressing human WT
APP695), maintained in hypoxic conditions, was observed an
increase in Aβ40 and Aβ42 content in exosomes (Xie et al., 2018).

Although the abovementioned studies reveal an eliminatory
role for exosomes to discard Aβ, C-terminal fragments, and
full-length APP, recent data suggest that these vesicles can
also transport Aβo, further contributing to the neurotoxicity
seen in AD. The use of biological material/samples from AD

patients can more accurately help to unravel what specifically
happens in the development of the disease other than cellular
or animal models. Recently, a study in post-mortem tissue from
the temporal neocortex of AD patients showed that flotilin-1 and
Aβo co-labeled and there were increased levels of oligomers in
exosomes compared to controls (Sinha et al., 2018). Incubation of
human-derived induced-pluripotent stem (hiPSC)-differentiated
neurons and SH-SY5Y cells with labeled exosomes isolated
from brain tissue of AD patients revealed the incorporation
of vesicles carrying Aβo, leading to subsequent cytotoxicity
when comparing to healthy brains (Sinha et al., 2018). The
ablation of Aβo spreading was achieved by using siRNA to
inhibit transcription of TSG101 and VPS4A, proteins involved
in exosome formation and secretion (Sinha et al., 2018). In
sum, these studies confirmed the transport of Aβo, APP, and
its cleaved products in exosomes and their further uptake and
internalization by neuronal cells. Moreover, the neurotoxic effects
of adding exosomes derived from AD human plasma, cell,
and animal models or previously exposed to toxicity-inducing
Aβ-protofibrils has also been described (Eitan et al., 2016;
Beretta et al., 2020).

Tau has also been found in exosomes isolated from CSF and
brain of AD patients (Saman et al., 2012; Wang et al., 2017; Guix
et al., 2018; Crotti et al., 2019; Ruan et al., 2021). In accordance,
the injection into WT mice of exosomes from iPSC-derived
neurons and post-mortem brain of AD patients led to the increase
in tau phosphorylation and formation of inclusions (Aulston
et al., 2019; Ruan et al., 2021).

Generally, the diagnosis of AD patients is based on the
expression of tau and Aβ; however, the observation that
exosomes from AD patients have differences in cargo has sparked
curiosity in the field of biomarkers (Table 1). In accordance,
exosomes isolated from plasma of AD patients exhibited
decreased levels of transcription factors involved in neuronal
protection from external damages like the repressor element
1-silencing transcription factor (REST), as already observed in
individuals at pre-clinical stages without cognitive impairments
(Goetzl et al., 2015).

The recent developments in the methods to isolate exosomes
of neuronal origin from plasma have gained interest as they
may include more sensitive and accurate neuronal biomarkers
than total plasma exosomes (Table 1). Some reports have shown
the presence of higher levels of Aβ1−42 and TAR DNA-binding
protein 43 (TDP43) and decreased levels of synaptic proteins,
as synaptophysin, synaptotagmin, and 25-kDa synaptosomal-
associated protein (SNAP-25), in NDEs from AD patients
(Fiandaca et al., 2015; Goetzl et al., 2016, 2018). Importantly,
these first two presynaptic proteins, in particular, were already
diminished at the pre-clinical stage and were correlated with
the cognitive decline, as evaluated by the mini-mental state
examination (Goetzl et al., 2016). In accordance, the exosome-
associated growth-associated protein (GAP43) neurogranin,
SNAP25, and synaptotagmin 1 proteins can be detected in
AD up to several years before clinical onset (Jia et al., 2020).
Following the same procedure, Zhao and colleagues showed
that NDE Aβ1−42 levels allow discriminating between cognitive
controls, mild cognitive impairment (MCI) patients, and AD

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 May 2021 | Volume 9 | Article 635104201

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


fcell-09-635104 May 8, 2021 Time: 17:28 # 9

Beatriz et al. Exosomes in Neurodegenerative Diseases

dementia patients and predicting the risk of MCI progressing
to AD dementia (Zhao et al., 2020). The levels of miR132
and miR-212 were also shown to be decreased in NDEs from
AD patients (Walsh et al., 2019). Another comprehensive study
involving EV isolated from post-mortem brain tissue from AD
subjects has provided more insights into differential RNA biotype
exosome content, namely, expression patterns of AD-associated
miRNA compared with brain homogenates, adding to the pallet
of possible targets for studying AD (Cheng et al., 2020). The
NDEs’ novel approach, considered a liquid biopsy of the brain,
resorts to exosomes released from neuronal cells found in the
peripheral source, to discover more accurate biomarkers for
neurodegenerative disorders. This technique has mainly been
used in AD studies; however, strong proof of concept has also
been assessed in other neurodegenerative diseases.

Parkinson’s Disease
Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder affecting 0.3% of the general population. The
pathological hallmark is the loss of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) of the striatum and
the accumulation of α-synuclein in cytoplasmic inclusions called
Lewy Bodies (Balestrino and Schapira, 2020). The formation
of Lewy Bodies in healthy transplanted areas of PD patients
years after grafting raised curiosity for the study of possible
non-autonomous spreading mechanisms including related EVs
(Kordower et al., 2008).

The first evidence of exosome involvement in PD was the
presence of α-synuclein in Alix- and flotillin-positive vesicles
derived from α-synuclein-expressing cells (Emmanouilidou et al.,
2010). In 2012, the oligomeric form of α-synuclein was shown
to be transported via exosomes, and additionally that exosomes
may favor the formation of α-synuclein aggregates due to its
lipid and/or protein composition thus facilitating the uptake
of α-synuclein by cells (Danzer et al., 2012; Grey et al., 2015;
Delenclos et al., 2017). Moreover, oligomerized α-synuclein
seemed to be preferentially uptaken by cells when associated
with exosomes rather than isolated, reinforcing the role of
exosomes to transfer and deliver toxic oligomeric proteins to
cells (Delenclos et al., 2017). Similar results were obtained
when exosomes obtained from CSF of PD patients were added
to H4 glioma cells, resulting in the elevated formation of
α-synuclein oligomers (Stuendl et al., 2016). Surprisingly, this
study reported reduced levels of α-synuclein in exosomes from
CSF of early stage PD patients when compared to controls. On
the other hand, others claim that the presence of α-synuclein
seemed to be elevated in exosomes from plasma of PD
patients, suggesting a positive correlation between exosome-
associated α-synuclein levels and disease severity studies (Shi
et al., 2014). In fact, the presence of α-synuclein in L1CAM-
positive NDEs validated the protein as a biomarker for PD with
origins in the nervous system (Shi et al., 2014). Henceforward,
investigators have searched for mechanisms behind the release
of exosomes aiming to manipulate it and find new outcomes
to treat neurodegeneration in PD. α-synuclein was also shown
to induce the release of exosomes by microglia cells in mice,
thus promoting apoptosis, as well as lysosomal dysfunction in

α-synuclein overexpressing SH-SY5Y cells, leading to an increase
in the release of exosome-associated α-synuclein (Alvarez-Erviti
et al., 2011a; Chang et al., 2013a). Additionally, when exosomes
from serum of PD patients, highly enriched in α-synuclein,
were injected in mice, it induced protein aggregation along
with a neuroinflammatory response, reinforcing the neurotoxic
role of exosome transfer in PD (Han et al., 2019). Alterations
in genes’ expression like ATPase cation transporting 13A2
(ATP13A2) and β-glucocerebrosidase have also been associated
with differences in the exosome-associated release of α-synuclein
(Kong et al., 2014; Papadopoulos et al., 2018). While the
overexpression of ATP13A2 (overexpressed in neurons of PD
patients) in SH-SY5Y differentiated cells caused a decrease
in intracellular α-synuclein with enhanced levels in exosomes,
inhibition of β-glucocerebrosidase enzymatic activity in vivo
caused the enhancement of α-synuclein release in association
with exosomes and the levels of α-synuclein oligomers (Kong
et al., 2014; Papadopoulos et al., 2018).

Altogether, these data suggest a transmission role for
exosomes, as carriers of pathogenic/toxicity-inducing elements.
The same applies to the loading of nucleic/proteic fragments
that could rescue neurotoxic processes happening in PD
contexts. Strikingly, a study showed that PD plasma-derived
exosomes, when added to rat cortical neurons, were capable
of diminishing apoptosis and increase metabolic activity when
compared to the addition of exosomes from healthy individuals
(Tomlinson et al., 2015). A possible explanation for the
different outcomes of this study could be the incapacity to
detect α-synuclein in PD-derived serum microvesicles. In line
with these results, another study showed that a mouse model
of PD equally benefited from injection with exosomes from
blood of healthy controls, by experiencing diminished cell
loss and movement alterations, demonstrating the therapeutic
role of exosomes as potential rescuers in neurodegeneration
(Sun et al., 2020).

Access to plasma samples from PD patients also allowed the
isolation of plasma NDEs and the detection of more sensitive
disease biomarkers, such as DJ1 and α-synuclein (Table 1; Zhao
et al., 2019). The same increased levels of α-synuclein were,
however, not confirmed in exosomes isolated from the urine
of PD patients (Ho et al., 2014). More recently, in plasma
L1CAM-positive vesicles, an increase of α-synuclein levels in
combination with clusterin, a stress-induced chaperone, allowed
the differentiation of patients with PD from those with atypical
parkinsonism (Jiang et al., 2020). The α-synuclein levels in
NDEs from plasma and serum of PD patients were shown to be
augmented but with some divergences between studies on how
this aspect correlates with disease progression (Fu et al., 2020).
The number of NDEs was described to be higher in plasma of
PD patients and correlated with either early or very advanced
stages of the disease (Ohmichi et al., 2019). NDEs positive for
L1CAM were also used as a tool to assess the concentration of
proteins of interest in the serum of PD patients who participated
in a clinical trial for the study of possible beneficial effects of a
diabetes type 2 treatment drug (Athauda et al., 2019). The study
of the mechanisms linking PD and exosome is of major interest
to understand the neurotoxic events in PD contexts and brings
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hope for new therapeutic approaches focusing on nanovesicles as
key interlocutors.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) affects both upper motor
neurons and lower motor neurons leading to motor and extra-
motor symptoms. The majority of cases is related to alterations
in four genes, namely, C9orf72, TARDBP (encoding TAR
DNA-binding protein 43, TDP43), SOD1 (encoding superoxide
dismutase), and FUS (encoding RNA binding protein FUS),
which results in aggregation and accumulation of ubiquitinated
protein inclusions in motor neurons (Mejzini et al., 2019).

ALS was first associated with exosome trafficking in 2007
when a study showed the transport of both WT and mutant
Cu/Zn superoxide dismutase (SOD1) by exosomes in a cell model
for ALS (mouse neuron-like NSC-34 overexpressing human
mutant SOD1) (Gomes et al., 2007). Further ahead, Grad and
colleagues demonstrated that the same ALS cellular model was
capable of incorporating misfolded SOD1, pointing that this
protein was localized in the external part of exosomes isolated
from the supernatant of cells transfected with human WT and
mutant GFP-SOD1 (Grad et al., 2014). Astrocytes from primary
cultures overexpressing mutant SOD1 released more exosomes
than controls and more efficiently transferred these proteins,
resulting in the loss of motor neurons as shown by the decrease
in the SMI32/NeuN ratio in cultures where exosomes were added
(Basso et al., 2013). Indeed, the release of mutant SOD1 by EV
has been observed in both astrocytes and neurons from an ALS
animal model (transgenic SOD1G93A mouse model) (Basso et al.,
2013; Silverman et al., 2019). Moreover, mutant SOD1 was also
present in EV from the brain and spinal cord of ALS patients,
evidencing the spreading role of these vesicles (Silverman et al.,
2019). In accordance, an EV-associated miRNA (miR-494-3p)
released by astrocytes obtained through direct conversion of
fibroblasts of ALS patients contributed to the loss of motor
neurons in mice (Varcianna et al., 2019). Additionally, alteration
of miR-124 levels associated with inflammatory processes was
observed in exosomes from NSC-34 (motor neuron-like cultures)
transfected with mutant SOD1 (Pinto et al., 2017). These
exosomes were preferentially incorporated by microglial cells
(co-culture of microglia and NSC) and lead to the decrease of
microglia phagocytic ability.

The continuous search for the role of exosomes in ALS
motivated concerns about the plausible spreading of other
pathological agents in the disease than the mutant protein mainly
implied, SOD1. Further analysis showed that TDP-43 protein
was transported through exosomes isolated from the CSF of
ALS patients (also suffering from frontotemporal dementia) to
U251 human glioma cells (Ding et al., 2015). The uptake of
these exosomes was accompanied by an increase in apoptosis-
and autophagy-related proteins, which demonstrated that the
transport of toxic cargo by nanovesicles can spread and promote
negative effects throughout cells.

The identification of miRNA (e.g., miR-124-3p, hsa-miR-
4736, and miR-146a-5p) with altered levels in both neuronal-
derived and total exosomes from ALS patients (CSF and plasma)
gave some insight into novel targets to overcome the pathology

(Table 1; Banack et al., 2020). Nonetheless, the research regarding
the role of exosome vesicles in ALS has still a long way to
go to allow a better understanding of how we can use the
already acquired knowledge to mitigate the progression of these
neurodegenerative processes.

FUTURE PERSPECTIVES: DIAGNOSTIC
AND THERAPEUTIC POTENTIALS OF
EXOSOMES

In the last decade, the research into the exosome’s biological
characteristics has seen exponential growth. Exosomes are
secreted from virtually all types of cells acting as mediators
of intercellular communication physiologically. Interestingly,
evidence has been reported that exosomes are involved in the
development of human neural circuits by regulating signaling
pathways. The maturation and function of neurogenic niches are
highly regulated by miRNA (e.g., miR-let7b and miR-9 regulates
NSC proliferation and differentiation; miR-34a promotes NSC
differentiation and neuron maturation among others) and most
of them were found in exosome cargo from different types of
cells (Bátiz et al., 2015). Moreover, exosomes have shown the
potential to restore brain cellular function in the NSC model
of Rett syndrome incubated with isogenic control iPSC-derived
exosomes, resulting in amelioration of the developmental deficit
associated with the disease (Sharma et al., 2019). Exosomes from
NSCs were also able to reduce the lesion extension in a spinal cord
injury mouse model, improve functional recovery, and mitigate
neuroinflammation by inducing autophagy (Rong et al., 2019).
These data are feasible such that exosome content can target
NSC/NPC to modulate the neurogenic process and influence
neuronal plasticity. Importantly, exosomes from NSCs exert
anti-inflammatory, neurogenic, and neurotrophic effects that are
likely to be useful to treat conditions such as dementia, AD, HD,
PD, ALS, stroke, traumatic brain injury, multiple sclerosis, and
major depressive disorder.

In contrast, exosomes have been suggested to be important
players in the propagation of neurodegenerative diseases by
providing a mechanism for the spreading of toxic content such
as misfolded, aggregated forms of proteins. In the last few years,
a causal connection between exosomes and the development
and progression of CNS diseases such as AD, PD, prion disease,
multiple sclerosis, traumatic encephalopathy, and stroke, among
others, has been explored (Liu et al., 2019). These diseases
have in common the activation of the autophagic–lysosomal
pathways for the elimination of misfolded proteins. Exosomes
can act as an alternative pathway to the overload of these
protective cellular routes by loading and secreting the deleterious
proteins (ExoCarta), although the mechanism is not yet fully
comprehended. Our understanding of the cellular and molecular
mechanisms involved in the biogenesis, release, uptake, and
function of EV remains elusive, and further studies are needed to
help clarify these aspects. Whereas the importance of exosomes
in cell communication is undisputed, the knowledge of how they
can influence and regulate cell responses is critical to deciphering
their potential physiological and pathological impacts. While
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the current studies offer contradictory data on the favorable
or adverse effects exerted by exosomes, they are not certainly
bystanders in any step of these biological processes.

A major pitfall in the exosome field is the technical difficulties
in the isolation and characterization of “pure” exosomes. The
exosome cargo is enriched in nucleic acids, proteins, lipids,
amino acids, and metabolites that vary according to the cell
of origin. The heterogeneity among preparations and the
possible contamination of EVs/exosome fraction with body
fluid contaminants might interfere with the characterization
of vesicular cargo. Our knowledge about exosome research
is challenged due to the lack of reliable and accurate
isolation protocols, the lack of selective biomarkers, and the
lack of high-resolution characterization techniques. Routine
isolation methods include ultracentrifugation, density-gradient
centrifugation, and ultrafiltration with all having their own
advantages and disadvantages, and a universally accepted
methodology for exosome isolation is still an intense debate.
Identifying and separating different subpopulations of exosomes
from specific cellular types will provide tremendous advantages
in defining an exosome biosignature to act as a diagnostic
biomarker. Isolation of neural-derived exosomes from human
plasma is a particularly attractive method to improve the
specificity of disease fingerprints. The immunoprecipitation of
neuronal exosomes by antibodies targeting the marker proteins
NCAM or L1CAM has proven to significantly increase the
accuracy of exosome content as a disease biomarker. NCAM
and L1CAM are not exclusive from neurons, despite their
enrichment, impelling the search for more precise markers
that will allow to obtain purer exosome populations from
different brain cell types and eventually compare exosome
biomarkers in the same sample. Importantly, there is an urge for
more robust biomarkers obtained through a minimally invasive
method for diagnostic purposes, preferably in the early stages
of the disease, to monitor disease progression and to evaluate
treatment response.

Exosomes are a promising tool with potential clinical
application both as a diagnostic biomarker and as a therapeutic
agent, particularly as drug/gene delivery systems. For a long
time, mesenchymal stem cell-derived exosomes have been used
in a myriad of pathological conditions with success (Xin et al.,
2012; Ibrahim et al., 2014; Hao et al., 2017; Mendt et al.,
2019). Undifferentiated iPSCs were also reported to release an
elevated number of exosomes that exert multiple protective
effects in different situations such as in cardiovascular diseases
or by reducing senescence and stimulating proliferation of
human dermal fibroblasts (Wang et al., 2015; Oh et al., 2018).
Exosomes derived from human iPSC-neural stem cells led to
significant improvements at the tissue and functional levels in
different animal models of stroke, strongly supporting exosomes
as a biological treatment (Webb et al., 2018a,b). These studies
emphasize the important role of exosomes derived from neural
cells in maintaining neural functions.

Exosomes have natural cargo transportation properties,
turning them into an excellent vehicle for transferring bioactive
molecules such as drugs, proteins, non-coding miRNA, and gene
therapeutic agents to specific cells involved in CNS diseases.

Exosomes combine a myriad of advantages as nanocarriers
including stability, biocompatibility, low immunogenicity, ability
to cross the blood–brain barrier, and efficient cellular uptake that
can be modulated to target specific cells according to appropriate
membrane proteins. The field of nanotherapy centered on
nanoparticle-based exosome mimetics has evolved rapidly and
can be a promising tool for drug delivery. Of major interest
is the incorporation of miRNA into exosomes to be delivered
into recipient cells for protective effects. However, despite
the advances stressed, there are many challenging points to
consider. One is related to the low yield of exosomes obtained
from cells since large-scale production of exosomes for clinical
use must be achieved. Furthermore, the use of exosomes for
therapeutic purposes should clarify the dose–response output
and the distribution and most importantly increase the specificity
for the target cells. The lack of an efficient method for cargo
loading into the exosomes is also a limitation. The current
strategies include conjugation of harvested exosomes with
drugs by different methods (e.g., electroporation, sonication,
extrusion, and freeze/thaw), incubating cells with compounds to
be incorporated into the exosomes, or transfection of donor cells
with active molecules before the collection of the exosomes. So
far, none of the strategies have been validated for clinical use.
The short run is expected to have exosome-based therapeutics
treating a wide range of maladies. Meanwhile, fully exploiting
the exosomes’ potential is critical to define the safest and
more efficient modes of delivery into the target tissue, either
by systemic administration or by local delivery. Exosomes in
circulation are rapidly sequestered by organ or cleared, remaining
in the serum less than 5% at 5 min upon intravenous injection
(Takahashi et al., 2013).

Importantly, the examples discussed above have demonstrated
that exosomes comprise a great potential for the diagnosis and
treatment of neurodegenerative disorders. Currently, the efforts
in the field are focused on not only obtaining exosomes from
specific brain cell types but also exploring the possibility of
targeting exosomes to a specific neuronal type in the brain.
These findings are expected to open up new avenues for
pharmacological treatments with minor side effects. Overall, we
have come a long way in exosome research, although several
obstacles remain to be overcome before transitioning from
innovation to widespread clinical use.
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Exosomes are crucial vehicles in intercellular communication. Circular RNAs (circRNAs),
novel endogenous noncoding RNAs, play diverse roles in ischemic stroke. Recently,
the abundance and stability of circRNAs in exosomes have been identified. However,
a comprehensive analysis of exosomal circRNAs in large artery atherosclerotic (LAA)
stroke has not yet been reported. We performed RNA sequencing (RNA-Seq) to
comprehensively identify differentially expressed (DE) exosomal circRNAs in five paired
LAA and normal controls. Further, quantitative real-time PCR (qRT-PCR) was used to
verify the RNA-Seq results in a cohort of stroke patients (32 versus 32). RNA-Seq
identified a total of 462 circRNAs in peripheral exosomes; there were 25 DE circRNAs
among them. Additionally, circRNA competing endogenous RNA (ceRNA) network and
translatable analysis revealed the potential functions of the exosomal circRNAs in LAA
progression. Two ceRNA pathways involving 5 circRNAs, 2 miRNAs, and 3 mRNAs
were confirmed by qRT-PCR. In the validation cohort, receiver operating characteristic
(ROC) curve analysis identified two circRNAs as possible novel biomarkers, and a logistic
model combining two and four circRNAs increased the area under the curve compared
with the individual circRNAs. Here, we show for the first time the comprehensive
expression of exosomal circRNAs, which displayed the potential diagnostic and
biological function in LAA stroke.

Keywords: large artery atherosclerotic stroke, exosomes, circular RNAs, ceRNA network, RNA sequencing

INTRODUCTION

Stroke is a global health problem, the third commonest cause of death; approximately 87% of
stroke is ischemic stroke (Capodanno et al., 2016; Vos et al., 2020). Large artery atherosclerotic
(LAA) stroke is the most common subtype of ischemic stroke (Adams et al., 1993; Shen et al., 2019;
Wu et al., 2019). Although previous studies have identified some candidate blood biomarkers for
the diagnosis and prognosis of stroke, such as miRNAs, circular RNAs (circRNAs), and lncRNAs
(Zhang X. et al., 2019), researchers have found that RNAs in exosomes are more enriched and stable,
leading to effective membrane protection (Li et al., 2015; Hu et al., 2018; Yu and Chen, 2019).

Exosomes are extracellular vesicles, 40–160 nm in diameter, that are secreted by almost all cells
and carry molecular cargoes, including RNA species (such as circRNAs, miRNAs, and mRNAs),
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DNAs, proteins, and lipids (Kalluri and LeBleu, 2020). Exosomes
play diverse roles in intercellular communication, acting as
loading and delivery systems and causing therapeutic effects (van
Niel et al., 2018; Kalluri and LeBleu, 2020). Atherosclerosis is the
principal cause of LAA stroke (Libby et al., 2016). Importantly,
exosomes have been reported to have multifaceted functions in
the process of atherosclerosis (Chen et al., 2020; Wang H. et al.,
2020). In addition, our previous studies have found that exosomal
miR-145 derived from mesenchymal stem cells (MSCs) protects
against atherosclerosis (AS) development (Yang et al., 2020).

circRNAs are a type of noncoding RNA that lack 5′ caps
and 3′ polyadenylation (polyA) tails and have a closed loop
structure produced in eukaryotic cells by back-splicing reactions
(Li et al., 2018). circRNAs have recently emerged as potential
biomarkers and therapeutic candidates with tissue specificity and
are particularly abundant in peripheral blood and tissues, such
as the brain, vascular smooth muscle cells, and human umbilical
vein cells (Chen, 2020). Until now, no studies have reported the
comprehensive expression of circRNAs within exosomes present
in peripheral blood during LAA stroke.

In the present study, we isolated exosomes from
peripheral blood circulation and performed comprehensive
expression profiling of circRNAs. Our findings may provide
novel perspectives on the biological function of exosomal
circRNAs in LAA stroke.

MATERIALS AND METHODS

Study Participants
Patients with LAA ischemic stroke (LAA, n = 37) and
normal controls (NC, n = 37) were recruited within 72 h
after symptom onset from the Affiliated Hospital of Qingdao
University. The enrolment period was February 2020 to July
2020. All subjects were diagnosed with LAA stroke with an
acute focal neurological deficit, a new infarction on MRI or CT,
and atherosclerotic stenosis (≥50% stenosis in intracranial or
extracranial arteries) according to the TOAST criteria (Adams
et al., 1993). Subjects were excluded if they had other subtypes
of stroke, thrombolysis, serious heart disease (acute myocardial
infarction, atrial fibrillation, etc.), serious nephrosis or liver
disease, abscess, or tumors. Subjects were matched on age,
sex, body mass index (BMI), hypertension, diabetes, smoking
and drinking. Participants randomly selected five pairs for
sequencing and the other 32 pairs for the validation phase.
The study protocol was approved by the Ethical Committee of
the Affiliated Hospital of Qingdao University. All participants
provided informed consent.

Exosome Isolation
Total exosome isolation (from plasma) reagent (Invitrogen, Cat
4484450, Carlsbad, United States) was used (Tian et al., 2020).
Briefly, plasma samples were centrifuged at 2,000 × g for 20 min
at room temperature to remove cells and debris and then
centrifuged at 10,000 × g for 20 min a second time to remove
debris. Then, 1 mL plasma was added to 0.5 mL PBS. The sample
was mixed thoroughly by vortexing; then, 50 µL of Proteinase

K was added to the mixture, and the mixture was incubated at
37◦C for 10 min. Next, 300 µL of exosome precipitation reagent
was added to the supernatant. After mixing, the mixture was
incubated at 4◦C for 30 min and then centrifuged at 10,000 × g
for 5 min. Exosomes were contained in the pellet at the bottom of
the tube, and the pellet was resuspended in PBS.

Transmission Electron Microscopy
The resuspended exosome solution (10 µL) was placed on a
copper grid for 2 min at room temperature. Then, the exosomes
were placed in 2% phosphotungstic acid for 2 min and washed
with sterile distilled water. The morphology of the exosomes
was observed using Transmission Electron Microscopy (TEM)
(Hitachi, Tokyo, Japan) (Zhang J. T. et al., 2019).

Nanoparticle Tracking Analysis
The exosome pellets were resuspended in 1 mL PBS, examined
using a ZetaView PMX 110 instrument (Particle Metrix,
Meerbusch, Germany) and analyzed using nanoparticle tracking
analysis (NTA) software (ZetaView 8.04.02) to determine the
particle size and quantity (Min et al., 2019).

Western Blotting
Total proteins of the exosomes were extracted with standard
RIPA buffer with PMSF (MCE, United States) at a volume
ratio of 99:1, and the concentration of protein was normalized
using the BCA assay. The protein samples (25 µg) were then
subjected to 10% SDS-PAGE and transferred onto a membrane.
The PVDF membrane was incubated with primary antibodies
at 4◦C overnight, including CD9, CD63, TSG101, and GRP94
(Abcam, ab92726, ab134045, ab125011, and ab238126 Cambs,
United Kingdom), and then, the membrane was incubated
with HRP-conjugated secondary antibodies (Abcam, Cambs,
United Kingdom) for 1 h (Min et al., 2019).

Library Preparation and Sequencing
A total amount of 5 µg RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries
were generated by the NEBNextR Ultra Directional RNA
Library Prep Kit for Illumina R (NEB, United States) following
the manufacturer’s recommendations. First-strand cDNA was
synthesized using random hexamer primers and M-MuLV
Reverse Transcriptase (RNaseH). Second-strand cDNA synthesis
was subsequently performed using DNA polymerase I and RNase
H. After adenylation of the 3′ ends of the DNA fragments,
NEBNext adaptors with hairpin loop structures were ligated
to prepare for hybridization. To preferentially select cDNA
fragments of 150∼200 bp in length, the library fragments were
purified with the AMPure XP system (Beckman Coulter, Beverly,
United States). Then, PCR was performed with Phusion High-
Fidelity DNA polymerase, universal PCR primers and Index
(X) Primer. Finally, the products were purified (AMPure XP
system), and the library quality was assessed using the Agilent
Bioanalyser 2100 system.

Clustering of the index-coded samples was performed using a
cBot Cluster Generation System using TruSeq PE Cluster Kit v3-
cBot-HS (Illumina) according to the manufacturer’s instructions.
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After cluster generation, the libraries were sequenced on
the Illumina HiSeq 4000 platform, and 150-bp paired-end
reads were generated.

Differential Expression Analysis of
circRNAs, miRNAs, and mRNAs
Differential expression analysis of two subjects was performed
using the DESeq R package (1.10.1). Transcripts with
P values < 0.05 and |fold change| ≥ 1.5 were considered
differentially expressed (DE). The DE RNAs were visualized on
volcano plots. A heat map was generated to exhibit hierarchical
cluster expression patterns in subjects. The raw counts were
normalized using TPM.

circRNA-Related ceRNA Network
Construction
To construct the circRNA-related ceRNA networks, prediction
of miRNA-targeted mRNAs, miRNA-targeted circRNAs using
the principle of miRNA interference or repression of target
genes. The correlation coefficients of miRNA and mRNA were
calculated, and a negative correlation was selected; the correlation
coefficients of miRNA and circRNA were calculated, and a
negative correlation was selected. Based on the results of
ceRNA, the mRNAs and circRNAs co-regulated by miRNAs were
selected. MicroRNA target sites of circRNAs and mRNAs were
identified using miRanda. circRNA-miRNA-gene networks were
constructed by Cytoscape software (version 3.6.0).

Protein–Protein Interaction (PPI)
Analyses
The list of differential genes generated in the differential analysis
was used to find out the interactions between these differential
genes in the STRING database, and the obtained interactions data
were imported into Cytoscape software (version 3.6.0) to realize
the interactions.

circRNA Translation Prediction
IRESfinder (Zhao et al., 2018) was used to identify the RNA
internal ribosome entry site of circRNAs, including the circRNA
splicing sequences and junction sequences based on RNA
sequencing (RNA-Seq). Additionally, validated the prediction
results by IRESite1 (Mokrejs et al., 2010) and CircInteractome2

(Dudekula et al., 2016). ORFfinder3 was used to predict the open
reading frame (ORF) of circRNAs.

Validation of RNA-Seq Results by qPCR
Total RNA was extracted and purified from plasma exosomes
using the miRNeasy Mini kit (Qiagen, DUS, Germany) according
to the standard protocol. MiRNAs were reverse-transcribed using
the Mir-X miRNA quantitative real-time PCR (qRT-PCR) SYBR
Kit (Takara, Japan), and circRNAs and mRNAs were reverse-
transcribed using the PrimeScript RT reagent kit (Takara, Japan)

1http://www.iresite.org/
2https://circinteractome.nia.nih.gov/
3https://www.ncbi.nlm.nih.gov/orffinder/

and quantitatively amplified by TB-Green Advantage qPCR
Premix (Takara, Japan). The relative expression levels of circRNA,
miRNA, and mRNA were normalized to the expression levels of
ACTB and U6 and were determined using the following formula:

2−11Ct

The primer sequences are listed in Supplementary Table 1.

Statistical Analysis
Categorical variables were presented as percentages and analyzed
using chi-square tests. Continuous variables were presented as
the mean ± standard error of the mean (SEM) or median
(interquartile range). Continuous variables were analyzed using
independent-samples t-tests (normal distribution) or Kruskal-
Wallis tests (abnormal distribution). Statistical analyses were
performed using SPSS 22.0, and statistical significance was set at
p < 0.05.

The Predictive Model was constructed by Logistic Regression,
and Discrimination and Calibration metrics were used to
evaluate the Predictive Model. Among them, receiver operating
characteristic (ROC) curves were generated, and the area under
the curve (AUC) was calculated to assess the diagnostic value of
circRNA expression for discriminating LAA; and the Hosmer-
Lemeshow goodness-of-fit test to evaluate the calibration ability
of the prediction model.

RESULTS

Characterizations of Exosomes Isolated
From Peripheral Blood
A total of 37 LAA patients and 37 normal controls (NCs) were
recruited in this study, including five pairs for RNA-Seq and 32
pairs for further verification. The clinical characteristics of the
participants included in the discovery cohort are summarized in
Supplementary Table 2. Exosomes were isolated from the plasma
of all subjects; we used TEM, NTA and western blotting to further
verify the isolated exosomes. The morphology of the exosomes
was examined by TEM, and a typical image of exosomes is shown
in Figure 1A, as ovals without nuclei. The size distribution of
the exosomes was evaluated with NTA (Figure 1B). The isolated
exosomes ranged between 50 and 150 nm. Western blotting
showed that three positive protein markers (CD9, CD63, and
TSG101) associated with exosomes were all detected. In contrast,
GRP94, a negative marker of exosomes, was absent in isolated
exosomes (Figure 1C).

Expression Profiles of Exosome-Derived
circRNAs
To obtain a global profile of the exosome-enriched fraction-
derived circRNA from the peripheral circulation of LAA stroke
patients, we first characterized 10 subjects (5 LAA, 5 NC) using
RNA-Seq analysis. HTSeq software was used to analyze the
coverage of different known gene types of the species samples
using the UNION model. Using the expression-level statistics
of the expression distribution of each type of gene in the
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FIGURE 1 | Characteristics of exosomes isolated from peripheral plasma. (A) Representative TEM micrograph of exosomes (scale bar of 100 nm). (B) NTA analysis
of exosomes enriched from plasma indicated they were approximately 50–150 nm in diameter. (C) Western blotting showing the protein expression of three positive
protein markers (CD9, CD63, and TSG101) and a negative protein marker (GRP94) of exosomes.

FIGURE 2 | Expression profiles of exosome-circRNAs from RNA-Seq. (A) Various RNA biotypes expressed as a percentage of the total sequencing reads by taking
the average reads of each biotype across each group. (B) circRNAs from exons, introns, or intergenic regions. (C) The lengths of circRNAs in each subject.
(D) Volcano plots of differentially expressed circRNAs. The red and green dots indicate upregulated and downregulated circRNAs, respectively. (E) Heat maps of
differentially expressed circRNAs.

sample, the distribution of known gene types was obtained,
as shown in Figure 2A, including rRNA, tRNA, and mRNAs.
circRNAs were detected and identified using Find circ and
CIRI2 (at least one back-spliced read) (Memczak et al., 2013;
Gao et al., 2018). circRNAs can be derived from splicing of
exons or introns. The circRNA sources were mainly gene exons
(Figure 2B), and the lengths of the circRNAs were mostly
<2000 bp (Figure 2C).

In this study, a total of 462 circRNAs were detected in
exosomes, including NC and LAA subjects; among them, 53

circRNAs were newly discovered. The majority of circRNA
species detected in NC exosomes were also detected in LAA
exosomes at similar expression levels. We further identified DE
circRNAs by performing bioinformatics comparisons between
the two groups. 25 DE circRNAs were identified between the
NC and LAA subjects. Among the DE circRNAs, nine circRNAs
were significantly upregulated and 16 circRNAs were significantly
downregulated in the LAA group (Figure 2D). We then used
cluster heat map analysis of the DE circRNAs to better distinguish
their expression patterns (Figure 2E).
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FIGURE 3 | Functional enrichment of the source genes of the DE circRNAs. (A) Top 20 biological processes, cell components, and molecular functions according to
GO analysis. (B) Top 20 pathways according to KEGG analysis visualized on a bulb map. The color of the dot corresponds to different p-value ranges, and the size
of the dot indicates the number of genes in the pathway.

Go and KEGG Pathways of
Exosome-Derived circRNAs
To screen the potential functions of DE plasma exosome-
enriched circRNAs, we analyzed the source gene functions
of circRNAs by performing Gene Ontology (GO) and KEGG
enrichment analyses. In Figure 3A, the top 20 significant
biological processes, cell components, and molecular functions
involved in inflammation and immune biological processes are
shown according to GO analysis results. Among the top 20
enriched pathways according to KEGG analysis, as shown in
Figure 3B, were those primarily related to the regulation of
bacterial invasion of the inflammation pathway, such as the

mTOR signaling pathway, suggesting that these pathways are
involved in the regulation of the LAA stroke process.

circRNA-miRNA-mRNA ceRNA Network
Construction
We further analyzed the potential function of exosomal
circRNAs, including miRNA sponges of target miRNAs (Li
et al., 2018). We sequenced exosomal miRNA and mRNA
directly, and the differential expression of exosome-derived
miRNAs and mRNAs between two subjects were analyzed. The
results showed that there were 3 upregulated exosomal miRNAs
and 16 downregulated exosomal miRNAs and 37 upregulated

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 June 2021 | Volume 9 | Article 685741215

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


fcell-09-685741 June 21, 2021 Time: 14:34 # 6

Xiao et al. Exosomal circRNAs in LAA Stroke

FIGURE 4 | Differential expression and hierarchical cluster analysis of miRNAs, and mRNAs. Volcano plots of significantly differentially expressed RNAs. The red and
green dots indicate upregulated and downregulated genes, respectively. The horizontal dotted lines represent a p-value of 0.05, and the vertical dotted lines
represent a fold change of 1.5-fold. Heat maps of the RNA expression hierarchical patterns. (A,B) Volcano plots of differentially expressed miRNAs, mRNAs. (C,D)
Heat maps of differentially expressed miRNAs, mRNAs.

exosomal mRNAs and 356 downregulated exosomal mRNAs
(Figures 4A,B). The hierarchical cluster analysis of the DE
miRNAs and mRNAs was performed to better understand their
potential relationship (Figures 4C,D). Then, we performed PPI
analysis of DE mRNAs to identify important hub genes among
LAA stroke (Figure 5A).

Based on ceRNA theory, we looked for miRNA-mRNA
pairs with the same miRNA binding sites and established a
miRNA-mRNA network. The top 100 miRNA-mRNA pairs
based on Pearson correlation coefficients are presented in
Figure 5B. Meanwhile, we constructed the miRNA-circRNA
network (Figure 5C). Based on the obtained miRNA-mRNA and
miRNA-circRNA pairs, an interaction circRNA-miRNA-mRNA
network was established. As shown in Figure 5D, different shapes
represent different types of RNA, and nodes are enriched to
relatively more points in the network and could be more relevant
to the biological problem studied. For example, has-miR-393,
hsa-miR-16, and hsa-miR-185.

In the validation phase, we selected 2 of the constructed
ceRNA networks for validation, mainly based on differential

expression and functional enrichment of genes (Figure 6A). To
verify the predicted ceRNA networks, the RNA expression
levels in the circRNA-miRNA-mRNA networks were
validated by real-time PCR in both LAA and NC subjects
(LAA: NC = 32: 32). In Figures 6B–G, hsa_circ_0000698,
hsa_circ_0002775, hsa_circ_0005585, hsa_circ_0043837, and
VWF were significantly downregulated, and hsa-miR-16 was
significantly upregulated. Meanwhile, novel_circ_0010155,
septin 9 and MYLK2 were significantly downregulated, and
hsa-miR-939 was significantly upregulated between the two
groups (Figures 6H–K).

Translation Potential of Exosomal
circRNAs
As a member of the noncoding RNA family, circRNAs were
previously thought not to be capable of coding because it lacks
the 5′ caps and 3′ polyA tails. Recent studies have reported that
circRNAs can be translated in a cap-independent manner via
sequences that act as internal ribosome entry sites (IRESs) of
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FIGURE 5 | Protein–Protein Interaction and circRNA-miRNA-mRNA network. (A) PPI Networks of DE exosomal mRNAs. (B) Exosomal miRNA-mRNA regulatory
networks. (C) Exosomal circRNA-miRNA regulatory networks. (D) circRNA-miRNA-mRNA regulatory network. The yellow triangles represent miRNAs, red nodes
circRNAs, and blue frames mRNAs.

circRNAs to promote the direct binding of initiation factors or the
ribosome to translatable circRNAs (Legnini et al., 2017). We used
IRESfinder software, IRESite and CircInteractome to determine
whether exosomal circRNAs containing IRES among circRNAs
and junction sequences with coding potential. Among them, 381
sequences were identified in the IRES, including 322 junction
sequences of exosomal circRNAs. The percentage of IRES scores
is shown in Figure 7A, and the top 10 scores of sequences are
listed in Table 1. Furthermore, we used ORF Finder to predict
the ORFs of the circRNAs. The potential amino acid sequences
encoded by the novel exosomal circRNAs in Top10 are shown in
Supplementary Table 3. A graph of the possible patterns encoded
by circRNA is shown in Figure 7B.

ROC Curve Analysis of Circulating
Exosomal circRNAs in LAA Stroke
According to the differential expression and functional
prediction, we further screened the circRNAs associated
with LAA stroke and predicted the diagnostic value by
ROC curve analysis. The expression levels of five circRNAs

(novel_circ_0010155, hsa_circ_0005585, hsa_circ_0000698,
and hsa_circ_0002775, hsa_circ_0043837) in the ceRNA
network were confirmed by real-time PCR. We further selected
novel_circ_001015 and hsa_circ_0005585 for ROC diagnostic
analysis after constructing logistic regression models for them.
The AUC of novel_circ_001015 was 0.822, while that of
hsa_circ_0005585 was 0.732 (Figures 8A,B).

Additionally, we combined these candidate exosomal
circRNAs using a logistic model with four circRNAs
(hsa_circ_0005585, hsa_circ_0000698, and hsa_circ_0002775,
hsa_circ_0043837) that exhibited a significant AUC of 0.862
(Figure 8C); novel_circ_001015 plus hsa_circ_0005585 exhibited
an AUC of up to 0.845, which was better than that of individual
circRNAs (Figure 8D).

DISCUSSION

In this study, we first analyzed the comprehensive expression
profiles of circulating exosomal circRNAs in LAA stroke.
Furthermore, we performed the potential functions of
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FIGURE 6 | Representative circRNA-miRNA-mRNA network expression validation by qRT-PCR. (A) Representative circRNA-miRNA-mRNA network. (B–G) The fold
changes of LAA and normal subjects’ expression values of hsa_circ_0000698, hsa_circ_0002775, hsa_circ_0005585, hsa_circ_0043837, hsa-miR-16, and VWF.
(H–K) The fold changes of the LAA and normal subjects’ expression values of novel_circ_0010155, has-miR-393, septin9, and MYLK2.

FIGURE 7 | The exosomal circRNAs IRES scores and translation mode pattern. (A) Percentage distribution of circRNA IRES prediction scores. (B) The Exosomal
circRNAs translation mode pattern.

exosomal circRNAs: ceRNA network construction and encoding
proteins. Importantly, ROC curve analysis revealed that the
circulating exosomal circRNAs have potential diagnostic
efficacy for LAA stroke.

In the present experiment, we directly performed the
sequencing of plasma exosomal circRNA, miRNA and mRNA.

Previous studies have found that exosomal RNAs may be
protected from degradation by blood-derived ribonucleases,
which are more abundant and stable in exosomes (Théry, 2015;
Bai et al., 2019; Wang et al., 2019). And a study found that
the diagnostic efficacy of exosomal miRNAs in colon cancer
is better than plasma (Min et al., 2019). Therefore, our study
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focuses on the protective role of exosomes for material transport
while directly sequencing circulating exosomes for research. In
addition, the researchers have demonstrated that exosomes are
involved in cell-to-cell communication (Théry et al., 2018; Shi
et al., 2020), and endothelial cells, macrophage-derived exosomes
are involved in the AS process with crosstalk between different
cell types (Tang et al., 2016; Gao et al., 2020). Several scholars,
including Tao-Tao Tang (Tang et al., 2020), have conducted
mass spectrometry analysis of membrane proteins of exosomal
vesicles to search for members of the adhesion protein family for
proteins that may be involved in target binding. Based on our
comprehensive analysis of exosomal circRNAs, we will investigate
the targeting role of circulating exosomes in the LAA mechanism
deeply in the following experiments.

Here, a total of 25 exosomal circRNAs were identified as
DE between the NC and LAA groups, of which 9 circRNAs
were increased and 16 circRNAs decreased in the LAA group.
Precious studies have been demonstrated that circRNA plays an
important role in the process of ischemic stroke. Clinical studies
have reported differences in circRNA compared to controls
in acute carotid-related ischemic stroke events, which can be
used as a biomarker for ischemic stroke (Zuo et al., 2020).
This experiment further investigated the expression profile of
circRNA in exosomes of LAA stroke. In validation phase, our
results showed that the AUCs of the plasma exosome-derived

TABLE 1 | Top 10 score sequences according to IRES prediction.

ID Index Score

hsa_circ_0060238_junction_seq IRES 0.9882155

hsa_circ_0008155_junction_seq IRES 0.9873013

hsa_circ_0002458_junction_seq IRES 0.9872067

hsa_circ_0002484_junction_seq IRES 0.9851023

novel_circ_0010155_junction_seq IRES 0.9834315

novel_circ_0003849_junction_seq IRES 0.9833815

hsa_circ_0006845_junction_seq IRES 0.9831576

hsa_circ_0005616_junction_seq IRES 0.9809732

novel_circ_0001180_junction_seq IRES 0.980809

hsa_circ_0034972_junction_seq IRES 0.9800741

novel_circ_0010155 and hsa_circ_0005585 were associated with
LAA. ROC curve analysis revealed that the above DE exosomal
circRNAs could be used to discriminate LAA cases from controls
and might thus act as predictive biomarkers. However, this
study is subject to the problems of small sample size, and
unavoidable selective bias.

Furthermore, GO and KEGG pathway enrichment of DE
exosomal circRNAs source genes involved several biological
processes such as inflammation, immunity and apoptosis. As
mentioned in previous studies, LAA stroke is one of the

FIGURE 8 | Performance of exosomal circRNAs according to ROC curve analysis. ROC curves of exosome-derived (A) novel_circ_0010155, (B) hsa_circ_0005585,
(C) the four circRNA model, and (D) novel_circ_001015 plus hsa_circ_0005585.
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important subtypes of acute ischemic stroke, which is closely
related to AS (Capodanno et al., 2016). And AS is a chronic
inflammatory disease that is characterized by endothelial cell
dysfunction and monocyte or macrophage accumulation (Libby
et al., 2011). Among the KEGG pathway enrichment, circRNAs
are associated with classical p53 signaling pathway, mTOR
signaling pathway, focal adhesion, etc. mTOR is involved in
several cellular processes such as protein synthesis, autophagy
and senescence; and mTOR inhibitors have antiatherosclerotic
effects (Kurdi et al., 2018). All of the above suggests that the DE
exosomal circRNAs are involved in LAA stroke development.

Based on ceRNA theory, we constructed an exosomal
circRNA-miRNA-mRNA ceRNA regulatory network. Prior
studies that circRNAs have miRNA binding sites, known as
miRNA response elements, and can modulate the activity of
miRNAs and the downstream-targeted mRNAs of miRNAs
(Salmena et al., 2011). Furthermore, in our experiments,
we selected two ceRNA pathways for validation based on
the following two conditions: first, differential expression of
circRNA, miRNA and mRNA; second, functional enrichment of
circRNA-derived genes and mRNA. These results were further
confirmed using qRT-PCR in both the LAA and NC subjects
(LAA: NC = 32: 32), which showed approximately similar trends
in RNA-Seq. The accuracy of the prediction was confirmed.
The related miRNAs (has-miR-393 and hsa-miR-16) and mRNAs
(septin9, MYLK2, and VWF) of the above five circRNAs were
revealed to have potential roles in inflammation and cancer.
For example, researchers have found that overexpression of
miR-16 inhibits the formation of foam cells (Wang M. et al.,
2020), suggesting that the target circRNAs are involved in
the process of AS.

In addition, our experiments also predicted the coding ability
of exosomal circRNAs, mainly including IRES and ORF two
components. Emerging evidence also suggests a potential role
of circRNAs in translation (Conn et al., 2015; Li et al., 2018).
Initial experiments suggested that circRNAs, noncoding RNAs,
and ribosomes cannot be loaded onto circRNAs due to their lack
of a 5′ end 7-methylguanosine (m7G) cap, but researchers have
reported that circRNAs can be translated via an IRES, allowing
synthetic circRNAs to be translated in a cap-independent
manner (Yang et al., 2017). Based on the IRESfinder software
prediction, we then validated the prediction results by IRESite
and CircInteractome. The IRESfinder model we used to be Zhao’s
model for predicting IRES probabilities, based on experimentally
validated IRESs, which are more efficient for prediction (Wang
and Gribskov, 2019). Also, we will verify the predicted coding

potential of exosomal circRNAs and the mechanism of the
generated peptides in LAA stroke in further studies.

In conclusion, our study is the first to describe the
comprehensive expression of exosomal circRNAs in LLA stroke.
Importantly, circRNA ceRNA networks and translatable analysis
revealed their miRNA sponges and encoding proteins biological
functions in LAA progression. Our study may provide the
potential diagnostic and biological functions for exo-circRNAs of
LAA in future studies.
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Acute spinal cord injury (SCI) is a serious traumatic event to the spinal cord with
considerable morbidity and mortality. This injury leads to short- and long-term variations
in the spinal cord, and can have a serious effect on the patient’s sensory, motor,
or autonomic functions. Due to the complicated pathological process of SCI, there
is currently no successful clinical treatment strategy. Exosomes, extracellular vesicles
(EVs) with a double-layer membrane structure of 30–150 nm diameter, have recently
been considered as critical mediators for communication between cells and tissues by
transferring proteins, lipids, and nucleic acids. Further studies verified that exosomes
participate in the pathophysiological process of several diseases, including cancer,
neurodegenerative diseases, and cardiovascular diseases, and could have a significant
impact in their treatment. As natural carriers of biologically active cargos, exosomes have
emerged as pathological mediators of SCI. In this review article, we critically discuss the
functions of exosomes as intracellular mediators and potential treatments in SCI and
provide an outlook on future research.

Keywords: exosome, spinal cord injury, miRNA, delivery vehicle, hydrogel

INTRODUCTION

Acute spinal cord injury (SCI) is a severe traumatic event to the spinal cord. On the basis of
World Health Organization (WHO) estimates, there are annually approximately 250,000–500,000
new cases globally of SCI (Fehlings et al., 2017). When spinal trauma occurs, the SCI patient’s
normal sensory, motor, or autonomic function will be significantly affected. On the basis of many
initial primary injuries, progressive secondary injuries can worsen the clinical situation (Witiw
and Fehlings, 2015). Primary injuries are mainly caused by misalignment and damage of the
spine, leading to severe SCIs, including spinal cord contusion, compression, and transaction.
When a primary injury occurs, neuronal death, blood vessel rupture, and blood spinal cord
barrier (BSCB) damage occur immediately. Following the primary injury occurrence, a further
secondary injury will result at the SCI site, causing further neurological damage and dysfunction.
The secondary injury consists of neural apoptosis, inflammatory response, vascular change, radical
accumulation, and glial activation, which will further extend the SCI (Figure 1; Silva et al., 2014;
Tran et al., 2018). Therefore, potential treatment methods must also consider various acute-stage
pathophysiological processes, including neural apoptosis, vascular changes, oxidative stress, and
inflammatory responses. During the chronic phase, the main therapeutic goals include reversing
demyelination, stimulating axon regeneration and sprouting, and inhibiting scar formation (Hilton
and Bradke, 2017; Orr and Gensel, 2018; Sun et al., 2018; Ogata, 2019). However, because of the
complicated progression of SCI, treating it presents a significant obstacle. Despite decades of study
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into the anatomy and physiological pathways of SCI, there are
currently no appropriate therapeutic methods for its therapy.

Researchers have investigated the applications of neural cell
transplantation in SCI over the past decade and have made
significant progress. At present, many different types of strategies
for cell transplantation are being analyzed in SCI treatment,
including neural cell transplantation, such as neural progenitor
and stem cells, and non-neural cell transplantation, such as
olfactory ensheathing cells, Schwann cells, and mesenchymal
stem cells (MSCs) (Figure 1; Cerqueira et al., 2018; Gomez
et al., 2018; Ma et al., 2019; Sankavaram et al., 2019; Li L.
et al., 2020). In addition, cell transplantation has been shown to
be a promising therapeutic alternative for SCI in a number of
early stage clinical trials, but feasibility and long-term protection
have yet to be determined (Feron et al., 2005; Saberi et al.,
2011; Curtis et al., 2018). Despite the extensive research on cell
transplantation strategies for SCI management, the mechanism
has still to be clarified how transplant cells provide an interaction
with the host cells, either directly or indirectly, thereby promoting
repair and mediating functional improvement. In addition, stem
cell therapy is limited by tumorigenicity, low survival rate, and
immune rejection, such that the clinical applications of stem cell
cells are frequently restricted by a variety of factors (Liu et al.,
2021). Additionally, glial scar formation prevents the integration,
differentiation, and axon regeneration of transplanted stem cells
in the diseased area, resulting in permanent functional defects.
Despite this, there is increasing evidence that the beneficial results
of this cell-based therapy are facilitated by exosomes discharged
by donor cells, and the microRNAs (miRNAs) in these exosomes
have a substantial impact on SCI management (Zhang Z.G. et al.,
2019). For these reasons, ever more research groups have begun
to explore the positive role of exosomes in SCI treatment and
discover the potential mechanisms of exosome and exosomal
miRNAs treatment.

CELLULAR AND MOLECULAR
MECHANISTIC CHANGES FOLLOWING
SCI

Cellular Mechanistic Changes
Cell level changes after SCI mainly include infiltration of
inflammatory cells, cell necrosis death and loss caused by
various mechanisms, astrocyte activation and proliferation,
apoptosis of oligodendrocytes and neurons, and the response of
oligodendrocytes and their precursors (Ahuja et al., 2017).

Neuronal Apoptosis
Neuronal apoptosis after SCI may occur by cell surface signaling
pathways involving “death receptors,” which are members of the
tumor necrosis factor (TNF) receptor family, including TNF
receptor 1, Fas, Fas ligand, p75, and DR3. These receptors can
recruit and activate the caspase-8 and caspase-10 genes in the
“dead area” of cells through them, thus inducing apoptosis.
Following SCI, the Fas and p75 receptors are expressed on the
surface of oligodendrocytes, astrocytes, and microglia in the
spinal cord (Xu et al., 2018). Apoptosis occurs as early as a few

hours after injury, and continues to occur in anterograde and
retrograde regions, including brain regions, during the chronic
phase of injury (Orr and Gensel, 2018).

Inflammatory Cell Response
Because of the protective effect of the blood–brain barrier (BBB),
the central nervous system (CNS) is relatively immune amnesty.
However, as a result of SCI, the BBB integrity is destroyed,
leakage of blood vessels is increased, and immune cells can
invade the CNS, inducing the occurrence of an inflammatory
reaction, leading to the activation of local immune cells and the
recruitment of immune cells (Kumar et al., 2017; Cash and Theus,
2020).

The inflammatory events after SCI are the cascade reactions
of complement, cellular reaction, including local microglia
activation and leukocyte macrophage infiltration, and the
formation and proliferation of reactive astrocytes. The peak of
microglia activation in the injured center occurs 3–7 days after
injury, while, the peak of monocyte infiltration and macrophage
activation occur within 7 days of injury. The binding of proteins,
myelin fragments, and other cells in spinal cord tissue with CR3,
FC, and toll-like receptors on neutrophils and macrophages can
further trigger the release of inflammatory mediators. At the
same time, the injured spinal cord also begins to express some
inflammatory factors and related receptors (Ahuja et al., 2017).

Under normal conditions, activated T lymphocytes can cross
the blood brain/spinal cord barrier to enter the CNS parenchyma.
Thus, there are a small number of T lymphocytes scattered
in the spinal cord. However, during the first week after SCI,
the number of T cells in the injured center increases gradually
and microglia activation and peripheral macrophage infiltration
occur simultaneously. Although the number of T lymphocytes is
less than other recruited cells (Orr and Gensel, 2018), it still plays
an important role in the CNS immune system, which can produce
a variety of cytokines and kill target cells.

The role of the inflammatory reaction in SCI is very complex.
With the progress of time after the SCI, cells that come from
the immune and nervous systems have different reactions and
interactions at different stages. Like other parts of the body, the
inflammatory reaction after SCI is an inevitable reaction, and it
is a trauma and an indispensable process of tissue repair. The
inflammatory reaction has different effects at different stages
in SCI. The early inflammatory reaction can further exacerbate
the tissue injury, whereas in the later stage, a variety of growth
factors and nutritional factors secreted by inflammatory cells are
essential for tissue repair.

Astrocyte Reaction and Proliferation
The first phenomenon after SCI is cell death. In the initial
stage of SCI, this phenomenon is limited to the damaged area.
However, the damage gradually expands during the following
days, and a wide range of astrocyte reactions are initiated. An
early event that affects the astrocyte response is the invasion of
spinal membrane cells into the damaged area, forming a new
glial boundary membrane between these cells and the surviving
astrocytes. The astrocytes around this area become hypertrophic
and divide. The final result is the formation of glial scars, which
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FIGURE 1 | Spinal cord injury: Pathophysiological events and potential stem cell treatments.

are mainly composed of astrocytes (Bradbury and Burnside,
2019). Astrocytes also undergo many other biochemical changes,
including the production of nutrients, cytokines, proteases,
protease inhibitors, matrix, and other molecules.

Molecular Mechanistic Changes
The changes in the level of different molecules after SCI are
complex. A variety of cell components contained in injured
tissues can produce a variety of cytokines and chemical factors,
including not only harmful factors that can cause tissue damage
and prevent regeneration but also beneficial factors that can
maintain cell survival and rescue cells from death. These factors
will change at different stages of the SCI, and they interact with
each other, which makes it very difficult to understand their
different changes and effects after injury.

Molecular Regulation of Self-Repair After SCI
Following SCI, myelin fragments and extracellular matrix in
the injured area can secrete a series of inhibitors of nerve
regeneration to inhibit the self-repair of spinal cord, this
limiting the repair effect. Among them, myelin-associated
glycoprotein can inhibit neurogenesis and induce axon growth
bundle retraction (Jurynczyk et al., 2019), oligodendrocyte-
associated myelin glycoprotein can inhibit neurogenesis and
stump regeneration (Reindl and Waters, 2019), and CSPG can
limit axon plasticity and remyelination (Sami et al., 2020).

During the chronic repair period after SCI, glial scar formed
by astrocytes and other cells in the damaged area will secrete
a series of inhibitory proteins and cytokines, including NG2
glycoprotein, to inhibit axon regeneration (Hackett and Lee,
2016; Tai et al., 2021). Therefore, the specific inhibition of

these cytokines and growth factors and the transmission of their
inhibitors are particularly important.

Signal Transduction Pathways of Self-Repair After
SCI
Following SCI, many signal transduction pathways with different
functions are activated and involved in the related damage and
repair mechanisms, which form a complex signal interaction
network. As one of the important pathways regulating cell
proliferation and apoptosis, the mitogen-activated protein kinase
(MAPK) signal transduction pathway can be activated by
inflammatory cytokines and oxidative stress products released
from SCI-damaged areas, and participate in the proliferation
and apoptosis of injured local cells (Liu et al., 2017). The
Janus kinase/signal transducer and activator of transcription
(JAK/STAT) signal transduction pathway is an important
pathway to transfer signals from the cell surface to the
nucleus, which can participate in the regulation of the normal
cell cycle and various immune inflammatory reactions (Dai
et al., 2018a,b). As a complex serine threonine protein kinase
protein, the mammalian target protein of rapamycin (mTOR)
signal transduction pathway can participate in the regulation
of cell growth and differentiation, particularly apoptosis (one
of the important pathophysiological reactions following SCI)
(Saxton and Sabatini, 2017; Zhou et al., 2018). Although in the
development process of SCI, the compositions and functions
of the MAPK, JAK/STAT, and mTOR signal transduction
pathways have not been thoroughly researched, these three signal
transduction pathways have been confirmed to be involved in the
injury and repair of SCI, thus providing us with new ideas for
exploring further treatment options for SCI.
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EXOSOMES AND EXOSOMAL MIRNAS

Exosome Biogenesis
Exosomes are small extracellular particles that range in size from
30 to 150 nm in diameter. They have an endosomal origin,
have the same topology as a cell, and are generated by nearly
all of the body’s cells (Kalluri and Lebleu, 2020). Exosome
biogenesis is subject to strict biological regulation. The cellular
membrane invagination is the first phase of exosome biogenesis,
with some cell-surface proteins and soluble proteins, and with
the participation of the trans-Golgi network and the endoplasmic
reticulum, thereby forming an early sorting endosome (ESE)
(Huotari and Helenius, 2011; Hessvik and Llorente, 2018).

Late-sorting endosomes can develop from ESEs with the
participation of the endosomal-sorting complex necessary for
transport (ESCRT) proteins, the inward germination of the
membrane encapsulates biomolecules, and intraluminal vesicles
(ILVs, future exosomes) are generated within the multivesicular
bodies (MVBs), which are also called multivesicular endosomes
(Simons and Raposo, 2009; Zhu et al., 2019; Vietri et al., 2020).
MVBs simultaneously follow one of two paths, one is to combine
with lysosomes or autophagosomes to be degraded, and the
other is fusion to the plasma membrane to release ILVs as
exosomes (Figure 2; van Niel et al., 2018). When exosomes are
discharged, they can reach adjacent tissues and organs or circulate
inside body fluids (for example, blood, and cerebrospinal fluid)

FIGURE 2 | (A) Exosome biogenesis. EVs, extracellular vesicles. (B) miRNA biogenesis, sorting into exosome, and mediating intercellular communication. RNAP II,
RNA polymerase II; RNAP III, RNA polymerase III; (a) nSMase2-dependent pathway; (b) the miRISC-related pathway; (c) 3′miRNA sequence-dependent pathway; (d)
miRNA motif and sumoylated hnRNPs-dependent pathway. RISC, RNA-induced silencing complex. (C) Exosome composition. ESCRTs, endosomal-sorting
complex essential for the transport, including ESCRT 0, ESCRT I, ESCRT II, and ESCRT III; EGFR, epidermal growth factor receptor; HSP, heat shock protein.
(D) Exosomes can be taken up by the recipient cell in three ways: Endocytosis, ligand-receptor interaction, and fusion.
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to reach distant tissues and organs (including the lung, liver,
spleen, and gastrointestinal tract) and be taken up by the
recipient cells in three ways: Endocytosis, direct fusion with the
plasma membrane, and ligand-receptor interaction (Figure 2;
van Dongen et al., 2016; Riau et al., 2019). Moreover, it is
speculated that after their uptake by the recipient cells, exosomes
can undergo back-fusion at MVBs to release their functional
cargo, including RNAs, DNAs, and proteins, and participate in
the body’s physiological processes.

Exosome Compositions
With the participation of ESCRT proteins, various biomolecules
are encapsulated during the formation of ILVs in MVBs, and
these biomolecules constitute the composition of exosomes.
Electron microscopy and proteomic techniques are used
to determine the exosome compositions and find various
biomolecules, such as proteins (including receptors, adhesion
molecules, tetraspanin proteins, and enzymes), lipids (including
cholesterol, sphingolipids, and ceramide), and nucleic acids
(including DNAs, mRNAs, and miRNAs) within and on the
exosome surface (Figure 2; Jeppesen et al., 2019; Pegtel and
Gould, 2019). Among the exosomal proteins, there are both
ubiquitous and cell-specific proteins, including cytoskeletal
proteins, annexins, and Rab proteins. Exosomes also contain
heat-shock proteins (including HSP70 and HSP90); these
are implicated in antigen presentation (Thery et al., 2002).
Additionally, abundantly expressed tetraspanin proteins are
found on exosomes from most cell types, the representative
of which are CD9, CD63, and CD81, and their enrichment
in exosomes makes them recognized exosome marker proteins
(Tian Y. et al., 2020). The lipid content in exosomes is
relatively conservative, contributing to exosome biogenesis
and playing a role in exosome form maintenance (Mashouri
et al., 2019). Exosome RNAs are released to function between
cells and tissues. Exosomal miRNAs are the most critical
functional substances among the exosomal nucleic acids
and silence post-transcriptional mRNA expression that is
involved in various biological mechanisms, for example,
cell proliferation and differentiation, immunomodulation, and
angiogenesis (Gebert and Macrae, 2019; Treiber et al., 2019).
However, the functions of exosomal DNAs and the mechanism
by which they are encapsulated into exosomes remain to be
fully elucidated.

Mechanisms of miRNA Biogenesis and
Sorting Into Exosomes
miRNAs are single-stranded short non-coding RNAs (ncRNAs)
and can promote mRNA degradation by directly binding
recognition motifs in the 3′-untranslated region (UTR) of
the target mRNA, thereby inhibiting target gene expression
(Treiber et al., 2019). miRNA biogenesis is strictly regulated
at both the transcriptional and post-transcriptional levels. Its
biogenesis occurs first in the nucleus, and the miRNA genes
are subsequently transcribed by RNA polymerase (RNase) II
to synthesize primary transcripts, which contain imperfect
and self-complementary foldback regions. The pri-miRNA is

sliced by the “Drosha microprocessor” complex and RNase
III to establish a hairpin precursor miRNA (pre-miRNA)
of approximately 60–70 nt. The pre-miRNA is transported
and released within the cytoplasm by the nuclear complex
composed of Xpo5 and RanGTP and further processed by the
RNase III enzymes Dicer and transactivation-responsive RNA-
binding protein (TRBP) to form mature miRNA. At the same
time, mature miRNAs are packaged into exosomes through
four different modes, including the (a) nSMase2-dependent
pathway, (b) miRISC-relatedpathway, (c) 3′miRNA sequence-
dependent pathway, and (d) miRNA motif and sumoylated
hnRNPs-dependent pathway. Finally, MVBs merge together with
the plasma membrane, and mature miRNAs are discharged
into the extracellular region within the exosomes, where
they participate in a variety of biological processes, including
cell proliferation and differentiation, immunomodulation, and
angiogenesis (Figure 2).

Strategies for Exosomal Crossing of the
BBB
The BBB is a highly dynamic physical barrier that separates the
brain from the peripheral circulation. It controls the inflow and
efflux of chemicals from the brain to maintain CNS homeostasis
and the stable local ionic environment required for neuronal
activity (Armulik et al., 2010; Daneman et al., 2010). Exosomes
perform crucial functions in the communication process across
the CNS, having effects on nearby and distant cells (Zhang
and Yang, 2018). Material may be transported across the
BBB in two ways: transcellularly through brain microvascular
endothelial cells (BMECs) or paracellularly through synapses
between BMECs (Chen et al., 2016).

Many types of research have been performed since the
discovery that exosomes may penetrate the BBB and retain their
activity. In mice, one study achieved efficient siRNA delivery
to the brain by systemic exosome injection (Alvarez-Erviti
et al., 2011). The authors modified dendritic cells to express
the exosomal membrane protein lysosome-associated membrane
protein 2 (Lamp2b). By linking Lamp2b to a CNS-specific rabies
virus glycoprotein (RVG) peptide, the exosomes were specifically
directed to the brain.

Exosomes generated from human erythrocytes were
transported by adsorptive transcytosis in an in vitro BBB
model (Matsumoto et al., 2017). Another study revealed that
exosomes could cross the BBB under healthy and stroke-like
conditions through transcellular BMEC endocytosis, indicating
that exosomes maintain their capacity to cross under stressful
conditions (Chen et al., 2016).

In addition to crossing the BBB, current research has shown
a function for exosomes in increasing the permeability of BBB
vascular barriers. For example, exosomes generated by breast
cancer cells are the only ones that produce miR-105, a small RNA
that directly targets the tight junction protein zonula occludens
1 (ZO-1). Translocation of this miR-105 exosome disrupts tight
junctions and BBB integrity (Zhou et al., 2014). Additionally,
it has been shown that claudin-5 (Cldn5) is contained in
encapsulated exosomes, a type of tight junction protein found
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in the BBB. Cldn5 deficiency resulted in a relaxation of the
BBB in mice, indicating that exosomes containing Cldn5 may
contribute to BBB integrity (Paul et al., 2016). This study
provides new information on this process and highlights the
need for greater knowledge regarding exosomes as a mode of
BBB penetration.

Reasons for Exosomes as Transporter or
Messenger
Research on exosomes has surged recently because of their
exceptional features. Transport within exosomes enables
concurrent intercellular communication by transmitting
multiple signals at the same time (Armstrong et al., 2017).
Additionally, cargos contained within exosomes are shielded
from hydrolysis by enzymes and from other processes by
their lipid bilayer, which confers stability and safety (Ha
et al., 2016). Because of their tiny size and animal origin,
exosomes can resist phagocytosis, merge with the cell
membrane, and escape engulfment by lysosomes (van der
Meel et al., 2014). Exosomes can potentially be employed to
transport RNA (siRNA) or pharmaceutically active compounds
(Li et al., 2017). They can display excellent stability in the
bloodstream, allowing them to travel vast distances throughout
the body under normal or pathophysiological conditions.
Additionally, exosomes include a hydrophilic center, which
makes them ideal for encapsulating water-soluble medicines
(Jiang and Gao, 2017).

Nanoscale medication delivery devices are becoming
ever more popular. To increase the therapeutic efficacy of
chemical and biomolecular drugs, many nano-based medication
formulations have been developed. Exosomes have gained
considerable attention because of the discovery that they might
operate as intercellular communication agents that deliver their
contents to recipient cells (Luan et al., 2017).

The optimal medication delivery system should be capable
of delivering treatments to specific locations. Exosomes can
transport indigenous biological cargo between cells, including
short RNAs, mRNAs, and proteins. They demonstrate several
advantages in terms of biocompatibility and decreased clearance
rates because of their natural composition (Goh et al., 2017). For
these reasons, exosomes are thus a safe and durable endogenous
nanocarrier and one of the most effective drug delivery methods,
with an increasing number of applications.

Strategies for Exosomes as Delivery
Vehicles of Exogenous Cargos
To successfully deliver drugs and genes, it is essential to
determine the optimal type of carrier to be utilized (Wahlgren
et al., 2012). The following essential qualities must characterize a
vesicle to facilitate optimal medication delivery: (i) is capable of
encapsulating a sufficient amount of drug to provide a therapeutic
effect, (ii) has prolonged constancy of size, shape, and therapeutic
agent bioactivity throughout the blood circulation, and (iii) can
bypass macrophages and is unharmful, immune-suppressive, and
non-immunogenic (Arslan et al., 2013).

Exosomal vehicles combine the benefits of cell-based drug
delivery with nanotechnology to produce effective drug transport
(Escudier et al., 2005). Currently, the most significant scientific
challenge is the question of how to successfully synthesize
exosome-based drug products. Numerous loading techniques
have been applied to insert drugs in this delivery system,
mainly incubation, electroporation, and sonication (Munagala
et al., 2016). In this section, we describe various approaches for
combining exosomes and medicines.

(1) Incubation:
Incubation is probably the simplest method for combining

medicines with exosomes (Kim et al., 2016). One study reported
that curcumin-loaded exosomes might treat LPS-induced septic
shock (Sun et al., 2010). Additionally, by culturing paclitaxel
(PTX) with MSCs, we were able to generate PTX-loaded and
MSC-derived exosomes with a substantial antitumor impact
(Pascucci et al., 2014).

(2) Electroporation:
The use of rapid, high-voltage pulses to penetrate the exosomal

cell membrane layer is known as electroporation (Gehl, 2003).
Electroporating a solution of medicines and exosomes at 1,000 kV
for 5 ms correctly loads the medicine into the exosomes (Kim
et al., 2013). In vivo studies have shown that exosomes loaded
with doxycycline by electroporation have targeted tumor tissues,
resulting in tumor suppression without any risk of damage to
normal cells (Tian et al., 2014).

(3) Sonication:
Sonication is a physical method that involves applying an

additional mechanical shear strain to the exosomal membrane
to undermine its integrity, allowing medicines, proteins, and
nanoparticles to be loaded into the exosome (Haney et al., 2020
Li Y.J. et al., 2020). For example, PTX-loaded exosomes can be
generated by sonication, which has a larger loading capacity than
typical incubation methods (Haney et al., 2020). Additionally,
sonication might be used to load catalase and gold nanoparticles
into exosomes (Sancho-Albero et al., 2019). Therefore, sonication
is a valuable technique for loading drugs into exosomes, but the
membrane damage caused by sonication remains a significant
barrier to its wide-scale use.

EXOSOMES: APPLICATIONS IN SCI

When the spinal cord is physically injured, a large number
of blood vessels rupture, resulting in bleeding, ischemia, and
inflammation, and subsequently a large number of neuronal cells
undergo death and apoptosis, microglia activate, and axons are
lost within the damaged zone (Wong et al., 2020). Therefore,
in the early stage of SCI, if one can effectively reduce neuronal
cells apoptosis, promote vascular remodeling, stimulate neuronal
regeneration, promote axon regeneration, regulate microglial
activation, and inhibit inflammation, it is possible to effectively
slow down the process of SCI and improve the prognosis of
SCI patients. Because of the presence of various therapeutic
growth factors and miRNAs in exosomes (Tomasoni et al., 2013;
Anderson et al., 2016; Chen et al., 2021), in recent years, many
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studies have reported that exosomes have shown therapeutic
effects on CNS diseases, including SCI (Table 1 and Figure 3).

Exosomes and Exosomal miRNAs
Improve the Recovery From SCI by
Attenuating Neuronal Apoptosis
Exosomes Improve SCI Recovery
Apoptosis is a programmed, ATP-driven process of cell death,
and under the intervention of certain factors, such as exosomes,
cell apoptosis can be attenuated (Grossman et al., 2000). It
has been reported that neuronal apoptosis only occurs in the
early phases of SCI (Singh et al., 2019). Therefore, research
has confirmed that when exosomes are used for treatment
in the early stage after SCI occurs, they can successfully
attenuate neuronal cell apoptosis. For example, in two preclinical
experiments in which SCI occurred in SCI mouse models,
MSC exosomes (MSC-exosomes) after systemic administration
could increase the expression level of the anti-apoptotic protein
B-cell lymphoma 2 (Bcl2), whereas the expression level of
pro-apoptotic protein Bcl-2-associated X protein (BaX) was
significantly reduced, thereby promoting an improvement of the
function of SCI rats (Huang et al., 2017; Yuan et al., 2019).
Another preclinical experiment confirmed the anti-apoptotic
effect of MSC-exosomes and demonstrated that they could
effectively activate the Wnt/β-catenin signaling pathway to have
an anti-apoptotic effect (Li et al., 2019). In addition, a study
reported that MSC-exosomes could improve the expression
of autophagy-related proteins, including LC3IIB and Beclin-
1, and induce autophagosome formation. Simultaneously, the
expression level of pro-apoptotic protein cleaved caspase-3 was
notably reduced, whereas that of anti-apoptotic protein Bcl-
2 was up-regulated, thereby reducing neuronal apoptosis by
nearly 70% (Liu et al., 2019; Gu et al., 2020). These studies
indicate that BMSC-exosomes might be a potential management
approach for SCI.

Exosomal miRNAs Improve SCI Recovery
As is well known, exosomal miRNAs are important components
of the exosome functional substances, and are thought to
play an important role in the processes of reduced neuronal
apoptosis induced by exosomes. For example, when miR-133b-
encapsulated exosomes were injected into SCI rats, STAT3,
ERK1/2, and CREB were activated, damaged neurons were
protected, and the restoration of hindlimb locomotor function
of SCI rats was improved (Li D. et al., 2018). miR-21-rich
and miR-19b-rich exosomes can enhance neuronal viability and
inhibit neuronal death by inhibiting PTEN/PDCD4 expression
(Kang et al., 2019; Xu et al., 2019; Wang Z. et al., 2020).
Additionally, exosomes originating from miR-126-modified
MSCs have also been seen to reduce neuronal apoptosis
and facilitate functional regeneration after SCI (Huang et al.,
2020). The exosomes secreted by miRNA-29b-rich MSCs and
human neuroepithelial stem cells can have a therapeutic effect
on SCI by down-regulating PTEN/caspase-3 expression and
subsequently inhibiting neuronal cell apoptosis (Yu et al., 2019;
Kang et al., 2020). The above research results indicate that

when SCI occurs, exosomes can enhance neuronal cell activity
and attenuate its apoptosis at an early stage through their
miRNA transport, thereby promoting functional recovery, thus
proving that exosome-mediated miRNA transfer represents a
new method for treating SCI.

Exosomes and Exosomal miRNAs
Improve SCI Recovery by Promoting
Angiogenesis, Neurogenesis, and Axonal
Remodeling
Exosomes Improve SCI Recovery
Direct vascular injury after SCI can cause bleeding and
inflammation, thereby exacerbating SCI. Previous studies have
confirmed that new axons will grow along blood vessels (Xue
et al., 2018), such that after SCI, abnormal angiogenesis will
reduce endogenous neural tissue repair and tissue regeneration.
Therefore, promoting angiogenesis after SCI can promote
neurogenesis and axonal remodeling, thereby improving
neurological function. The pro-angiogenesis role of exosomes
makes them a new potential target for SCI treatment.

When SCI occurs, the injured spinal column is hypoxic.
As a necessary component of the blood vessel wall, vascular
endothelial cells elevate the uptake of exosomes produced by
hypoxia-treated MSCs. The ingested exosomes can activate
the protein kinase A (PKA) signaling path and promote
VEGF expression and consequently angiogenesis (Rauch et al.,
2009). Human urine stem cell-derived exosomes can pass
through the BSCB and transport ANGPTL3 protein to the SCI
area, stimulating angiogenesis through the PI3K/AKT signaling
pathway, thereby enabling SCI recovery (Cao et al., 2021).
MSC-exosomes packed with phosphatase and tensin homologous
small interfering RNA (ExoPTEN) can significantly enhance the
angiogenesis and axon regeneration in the damaged spinal cord
by reducing PTEN expression in the damaged spinal cord area
while reducing microglia and astrocyte proliferation, thereby
significantly improving the functional recovery of SCI rats (Kim
et al., 2018). Exosomes generated by MSCs have also been
confirmed to decrease the permeability of the BSCB, enhance
its integrity, and promote axon regeneration by down-regulating
the NF-κB p65 signaling pathway in pericytes (Lu et al., 2019).
When SCI occurs, if exosomes can be given early intervention
to promote angiogenesis and axonal remodeling, it may have a
positive effect on the functional recovery of SCI patients. This
requires more and more in-depth experiments to verify.

Exosomal miRNAs Improve SCI Recovery
To date, several studies have shown that miRNAs transported
by exosomes from various cell origins have a significant
protective role in SCI. For example, a preclinical study confirmed
that miRNAs with higher expression levels in exosomes,
including miR-199a-3p/145-5p, can target the Cblb and Cbl
genes to affect TrkA ubiquitination and activate the NGF/TrkA
pathway to encourage axon development and motor control
recovery in rats with SCI (Wang et al., 2021). Another
study demonstrated that miR-92a from K562 cell exosomes
significantly promotes endothelial cell tube formation and
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migration (Umezu et al., 2013). Many scientists have investigated
the application of plasma in the recovery of soft tissues
in recent years. Studies have demonstrated that exosomes
induce angiogenesis by transferring biologically active molecules,
including miRNAs. One study isolated human umbilical cord
blood exosomes (UCB-exos) from plasma and subcutaneously
injected them into wound sites of mice. The results showed
that UCB-exos reduced scar width and enhanced angiogenesis.
Further studies showed that the most highly expressed miRNA
in UCB-exos, miR-21-3p, can be transferred into fibroblasts and
endothelial cells, whereby it can inhibit PTEN and sprouting
homolog 1 to induce the activation of the PI3K/Akt and ERK1/2
pathways (Hu et al., 2018). That is, UCB-exos can play a
positive role in mediating angiogenesis and promoting fibroblast
proliferation, collagen synthesis, and migration by miR-21-3p.

Exosomes and Exosomal miRNAs
Improve SCI Recovery by Altering
Neuroinflammatory Potential, Regulating
Microglia Activation, and Forming a
Neuroprotective Scar
Exosomes Improve SCI Recovery
SCI activates inflammatory responses. This neuroinflammation
is a form of innate immune response caused by microglia and
astrocytes (Pinchi et al., 2019). It is important to understand the
neuroinflammatory response in the CNS. Microglia is a neural
cell type of the CNS, and is essential for maintaining healthy brain
homeostasis and neuropathology (Bellver-Landete et al., 2019).
Following SCI, hypertrophy and neurite expansion of astrocytes
occur around the lesion. These reactive astrocytes migrate to the
lesion center and promote tissue repair. Subsequently, reactive
astrocytes form glial scars, produce axon growth inhibitors, and
prevent CNS axon regeneration. In addition, astrocyte exosomes

in the blood can stimulate organs to produce cytokine and
chemokine gene responses to CNS inflammation.

One study demonstrated the alleviation of SCI-induced
neuropathic pain by 17β-estradiol, in that 17β-estradiol could
inhibit microglia and astrocyte activation and the resultant
inflammation (Lee et al., 2018). Exosomes could freely cross
the BBB and participate in the physio-pathological processes
of many neuroinflammatory diseases. The RARβ agonist was
found to be able to inactivate phosphatase and tensin homologs
in neurons, and to modulate axonal regeneration via PTEN
phosphorylation by neuron–glia exosome transfer to reduce scar
formation. This molecule might be a potential therapeutic goal
for SCIs (Goncalves et al., 2015). Membrane-associated myelin-
related inhibitors (MAIs) were one of the inhibitor groups of
axon growth in the nervous system. Nogo-A, the most important
MAI, was produced as an exosome protein after injury to
act as an effective inhibitor of axonal regeneration (Sekine
et al., 2020). Clostridium botulinum C3 exoenzyme (C3bot) can
inhibited the Rho family, and it had been extensively used in SCI
management (Fehlings et al., 2018). The intermediate filament
protein vimentin can acted as a surface interaction partner of
C3bot. It had been shown that exosomes secreted by reactive
astrocytes were the source for extracellular vimentin. This mode
provided a new mechanism for the neuroprotective effects of
C3bot after SCI (Adolf et al., 2019). Exosomes produced from
human umbilical cord MSCs (MExos) have been shown to
facilitate neural stem cell (NSC) in vitro and in vivo migration.
Because of this characteristic, MExos can be used as an effective
drug carrier. Researchers utilized MExos to deliver PTX via a
bio-specific peptide to promote nerve regeneration and reduce
scar tissue deposition, which showed excellent performance
in the re-establishment of motor skills after complete SCI
in rats, such that this method can repair SCI in one step
(Zhang et al., 2021).

TABLE 1 | The roles of exosomal miRNAs in SCI.

miRNA s Donor cells Pathway Function Exosomes administration method References

miR-133b MSCs ERK1/2, STAT3 and CREB Attenuating
neuronal apoptosis

Tail vein injection Li D. et al., 2018

miR-21 MSCs PTEN/PDCD4 Intravenous injection Kang et al., 2019

miR-21, miR-9b PC12 cells and MSCs Targeting PTEN Intravenous injection Xu et al., 2019

miR-21, miR-9b MSCs Intravenous injection Wang Z. et al., 2020

miR-126 MSCs SPRED1, PIK3R2 Tail vein injection Huang et al., 2020

miR-29b BMSCs N/A Intravenous injection Yu et al., 2019

miR-29b HNESCs PTEN, caspase-3 Intravenous injection Kang et al., 2020

miR-199a-3p/145-5p hUC-MSCs NGF/TrkA Promoting
angiogenesis,
neurogenesis and
axonal remodeling

Tail vein injection Wang et al., 2021

miR-92a K562 cells Targeting integrin α5 N/A Umezu et al., 2013

miR-216a-5p MSCs TLR4/NF-κB/PI3K/AKT Regulating
neuroinflammatory
response and
microglia activation

Tail vein injection Liu et al., 2020

miR-124-3p Neurons PI3K/Akt/NF-κB Tail vein injection Jiang et al., 2020

miR-155 M1-BMDMs SOCS6/NF-κB Tail vein injection Ge et al., 2021
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FIGURE 3 | Repair of the nervous system following SCI after exosome transplantation. Exosomes secreted by donor cells can freely pass through the blood–brain
barrier and play a role in promoting nervous system repair, including reducing neuronal apoptosis, promoting vascular remodeling and neurogenesis, reducing
neuroinflammation, and promoting microglia activation and axonal remodeling.

Exosomal miRNAs Improve SCI Recovery
During SCI management, we should emphasize preventing
M1 microglia and A1 astrocyte activation, as well as a high
level of neuroinflammation. The imbalance of some miRNAs
can lead to excessive microglia activation, neuroinflammation,
and abnormal macrophage polarization. Much research had
been performed exploring the significant therapeutic effect
when strengthening the biological activity of exosomes through
regulating miRNAs. miR-216a-5p was enriched in MSC-derived
exosomes under hypoxia and modulated microglial polarization
via the TLR4/NF-κB/PI3K/AKT pathway (Liu et al., 2020).
This also suggested that hypoxic preconditioning might be
an alternative treatment for SCI. miR-124-3p was the most
abundant miRNA in neuron-derived exosomes. It exerted its
inhibitory actions by inhibiting the activity of myosin heavy chain
9 (MYH9), then suppressed the stimulation of M1 microglia
and A1 astrocytes. The miR-124-3p/MYH9 axis was found
to aid functional rehabilitation following a SCI in mice by
controlling the PI3K/Akt/NF-κB signaling (Jiang et al., 2020).
Bioinformatics assessment indicated that miR-155 was enriched
in M1-polarized microglia. In vitro study confirmed that miR-155
can be delivered by exosomes, and it inhibited SOCS6 expression
and NF-κB signaling activation by suppressing SOCS6-induced
p65 degradation. These studies demonstrated that the miR-
155/SOCS6/p65 axis can upregulate the ROS level in the
microvascular endothelial cell line (bEnd.3 cells) and lead to
significant mitochondrial dysfunction. This research revealed a
new method for maintaining BSCB integrity after SCI (Ge et al.,
2021). The pro-inflammatory cytokines TNFα and interleukin

(IL)-1β could upregulate some miRs (miR-145-5p, miR-24-3p,
miR-214-3p, miR-206, and miR-34c-5p) and downregulate other
miRs (miR-451a, miR-29b-3p, and miR-21-5p). Following SCI,
the IL-1β and IL-1α levels were increased and the IL-6 level was
decreased in astrocytes; this alteration may trigger some changes
of miRs in exosomes (Chaudhuri et al., 2018). These results point
to a new pathway for the use of neuron-derived exosomes as well
as a possible goal for SCI therapy.

Exosomes as a Diagnostic Marker of SCI
The evaluation of spinal injury is important for high-quality
care. Exosomes can be obtained from the plasma, which can
be retrieved reasonably easily when required. Exosomes are
loaded with biologically active components, which provide
considerable information for diagnosis and treatment (Jalalian
et al., 2019). In addition, exosomes in biological fluids alter with
the progression or occurrence of a disease, such that on their
analysis, exosomes can undergo gradual modifications in their
response to physiological and pathological processes in vivo.

We have already indicated that miRNAs are engaged in the
process of SCI through a variety of mechanisms. Exosomal
miRNAs have several advantages compared with the “free
circulation” miRNAs (low concentration and poor stability)
in bodily fluids (Manier et al., 2017; Sohel, 2020). Previous
studies have proved that SCI leads to changes of miRNA
expression. Several studies found highly enriched exosomal
miRNAs after SCI, and these serum exosomal miRNAs are
of considerable importance in the evaluation and prognosis
of SCI. For example, in two independent preclinical studies,
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next-generation sequencing technology was used to analyze the
differences in serum exosomal miRNA profiles of sham and
acute SCI rats, confirming that miR-152-3p, miR-130a-3p, miR-
597, and miR-1056 expression were significantly increased in
exosomes in the acute SCI group, whereas miR-125b-5p, miR-47,
and miR-99b-3p expression were significantly decreased (Ding
et al., 2019, 2020), indicating that they may become specific
and easy-to-detect biomarkers for acute SCI. Many further
miRNAs are not considered here. In summary, although a single
miRNA as a biomarker of SCI may lack specificity, it would be
meaningful to combine multiple important exosomal miRNAs as
informative biomarkers to form microarrays to guide treatment
and aid in prognosis.

PERSPECTIVES

Exosomes as Drug Delivery Vehicles
Successful delivery of therapeutic agents to the target cells
and tissues is restricted by numerous factors, including the
instability of therapeutic agents in vivo, seclusion from target
tissues, the activities of the BBB and BSCB, and the drug efflux
system. By interfering with the arrival of the vast majority of
aerotherapeutics and small molecules to the brain, the BBB
and BSCB are among the most significant obstacles for treating
CNS disorders. However, several specific properties of exosomes
offer great potential for their use as drug delivery vehicles. For
example, exosomes can transport biomolecules, pass through
the BBB and BSCB, and reach distant organs, including the
brain and spinal cord, without significant degradation. Therefore,
researchers have engineered exosomes to make them therapeutic
drug delivery vehicles.

Exosomes as Drug Delivery Vehicles for ncRNAs
ncRNAs are a form of RNA that cannot be translated into protein,
comprising small ncRNAs (such as miRNAs) and long ncRNAs
(lncRNAs) (Deniz et al., 2019), and play a vital regulatory role in
maintaining cell activity.

For small ncRNAs, such as miRNAs, mature miRNAs can be
delivered to recipient cells after being sorted in exosomes, thereby
regulating multiple key homeostatic processes by regulating gene
expression. Consequently, they can have a significant influence
on the protein network and RNA production of the recipient
cells. miRNAs have been found to play essential roles in all phases
of neurodevelopment, neuroplasticity, and neurological disease
progression of nervous system injuries, including stroke and SCI
(Branscome et al., 2020). For example, in the pathophysiology of
stroke, the miR-21-5p and miR-30a-5p levels can reflect different
stages of stroke (Wang et al., 2018), miR-17-92 can play a
therapeutic role (Xin et al., 2017), and miR-128 can play an
early diagnosis role in the occurrence of stroke (Li S. et al.,
2020). Additionally, miR-219 can be combined with miR-338
to promote remyelination and the recovery of the CNS (Wang
et al., 2017). At this time, we can make a bold assumption that
exosomal miRNAs might have a possible function in different
stages and diagnosis of SCI, and when up-regulating the contents

of related miRNAs in exosomes, this may have significant
therapeutic value for SCI.

For lncRNAs, it has been demonstrated that lncRNAs
can participate in many physio-pathological procedures,
including the immune response, inflammatory response, and
cell differentiation and proliferation, by regulating the stability
and nuclear retention of their target genes (Lee and Nam, 2017).
LncRNAs have been proved to play an essential role in the
occurrence, development, and treatment of numerous types of
cancers (Li Z. et al., 2020). The study of lncRNAs is becoming
more in-depth. Abundant lncRNA expression in the CNS has
been described to be closely related to CNS development and
function, involving homeostasis, stress responses, and plasticity
(Qureshi et al., 2010), and can play critical roles in numerous
neurological injuries. For example, in a preclinical experiment,
it was reported that the lncRNA ZNF667-AS1 could restrict the
inflammatory response and promote the functional recovery of
SCI rats by blocking the JAK-STAT pathway (Li J.W. et al., 2018).
Additionally, clinical results indicated that SCI patients’ serum
lncRNA-tSix levels are slightly greater than the control groups,
which means that lncRNA-tSix can potentially be a biomarker
for SCI diagnosis (Salah et al., 2020). As a result, exosomes that
overexpress various lncRNAs may provide for their possible
development as novel treatments for SCI and might perform
a vital role in the future. In addition, some lncRNAs that are
differentially expressed in exosomes could be used as biomarkers
for SCI and provide the possibility of early SCI diagnosis.

Exosomes as Drug Delivery Vehicles for Cytokines
Cytokines and chemokines have been confirmed to be involved
in the initiation, regulation, and spread of immune and
inflammatory responses. Many previous articles have verified
that cytokines and chemokines play an essential role in
the pathophysiology of various neurological disorders, for
example, Alzheimer’s disease, multiple sclerosis (Donninelli et al.,
2020), stroke (Georgakis et al., 2019), and multiple sclerosis
(Papadimitriou et al., 2018). Cytokines and chemokines such
as IFN-γ, NGF, and BDNF are synthesized by glial cells and
neurons in the nervous system and play essential roles. Ever
more studies have focused on cytokines and chemokines in
exosomes in neurological diseases, and breakthroughs have been
achieved. For example, our research group’s previous preclinical
study showed that human neural stem cell exosomes (IFN-
γ-hNSC-Exo), induced by the pro-inflammatory factor IFN-γ,
have significantly better functions than those produced by normal
neural stem cells. Specifically, IFN-γ-hNSC-Exo can promote cell
proliferation and survival and reduce cell apoptosis after ischemic
stroke through specific exosomal miRNAs (hsa-miR-206, hsa-
miR-133a-3p, and hsa-miR-3656) (Zhang et al., 2020). Another
preclinical experiment confirmed that exosomes that transported
NGF could reach the ischemic area to promote the recovery
from ischemic stroke (Yang et al., 2020). The above studies can
provide a theoretical basis for exosomes transporting cytokines
to reach the SCI area to play a therapeutic role, but whether
this idea can be realized is also restricted by how to safely and
effectively deliver exosomes to the injured area. Therefore, in
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FIGURE 4 | The properties of hydrogel-encapsulated exosomes and their potential functions in SCI. Hydrogel-encapsulated exosomes have the characteristics of
higher stability and a longer half-life, and can promote angiogenesis and neurogenesis after SCI.

future scientific research, problems such as weak targeting ability
and short half-life of exosomes need to be further studied.

Exosomes as Drug Delivery Vehicles for Traditional
Chinese Medicines (TCMs)
In China, the use of TCMs has a history of thousands of
years. In fighting against diseases for thousands of years, the
Chinese people have gradually accumulated a wealth of medical
knowledge through continuous practice and understanding.
Because of the rapid advancement of science and technology,
the research on TCMs continues to deepen. Previous preclinical
and clinical findings have revealed that free TCMs can play an
essential role in treating the pathophysiology of many diseases,
including cancer (Wang R. et al., 2020), diabetes (Wang J. et al.,
2020), Alzheimer’s disease (Zhang Z. et al., 2019), depression
(Zhu et al., 2020), and COVID-19 (Pan et al., 2020; Tian J.
et al., 2020). In addition, some researchers have begun to
focus their study on how to treat CNS injuries more effectively
by using exosomes as drug delivery vehicles, these carrying
TCMs to specific areas and exerting therapeutic effects. For
example, as early as 2016, a preclinical research study reported
that a combined nano-formulation consisting of curcumin and
embryonic stem cell exosomes (MESC-exo cur) could effectively
reduce neurological damage, infarct volume, and edema in mice
after ischemia reperfusion (IR) injury. This preclinical report
demonstrated that the exosomes secreted by embryonic stem
cells have the capability to transport the TCM component
curcumin to the ischemic area and play a role in neurovascular
recovery after ischemic injury (Kalani et al., 2016). In addition,
after microglia were treated with resveratrol, resveratrol-primed
exosomes (Exo + Res) were collected, and the exosomes were
confirmed to improve the stability of resveratrol and reduce
its degradation; most importantly, Exo + Res can stably pass
through the BSCB and activate the PI3K/AKT signaling pathway.
When the PI3K/AKT pathway was activated in the Exo + Res

group, the survival rate and autophagy level of nerve cells
in the SCI area were increased and the apoptosis level was
decreased. It showed a more effective SCI alleviating effect
than free resveratrol (Fan et al., 2020). The above evidence
shows that the combination of exosomes and TCMs has the
potential to treat SCI and has broad prospects in managing SCI.
However, a significant amount of preclinical and clinical research
is still needed.

Surface-Functionalized Exosomes as
Targeted Drug Delivery Vehicles for SCI
Exosomes may be used as endogenous drug delivery vectors to
treat SCI because of their specialized characteristics, including
low immunogenicity, inherent stability, high distribution
efficiency, and capability of crossing the BSCB. However, to
date, how to safely and effectively deliver exosomes specifically
to the ischemic area remains the main obstacle to treating
nervous system damage, including SCI, using exosomes. By
limiting the transfer of the vast majority of neurotherapeutics
and small molecules to the brain, the BBB and BSCB are the main
obstacles to delivering macromolecular drugs to the nervous
system. Because of the presence of the BBB and BSCB, when
native exosomes were administered systemically to animals, they
accumulated in the kidney, liver, and spleen, and were rapidly
eliminated by renal filtration, bile excretion, and phagocytosis
in the reticuloendothelial system (Barile and Vassalli, 2017).
To improve the targeting efficiency, surface-functionalized
exosomes that bear modified surface molecules are under
development. In a preclinical analysis, researchers developed
exosomes with a RVG peptide on the surface for neuron
targeting, specifically Nerve Growth Factor (NGF) targeting to
the ischemic cortex. The experimental results confirmed that
the exosomes carrying NGF could maintain NGF with high
stability, which can thus effectively function in vivo for a long
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time (Yang et al., 2020). In addition, in the field of glioma-
targeted therapy, researchers use click chemistry technology to
couple the exosome layer with neuropilin-1-targeted peptide
(RGERPPR and RGE) to form an exosome with glioma-targeting
function. The exosomes must provide a potential way to
improve the management and evaluation of intracranial tumors
(Jia et al., 2018). With the continuous deepening of research
on exosomes with surface functionalization as drug delivery
vehicles, surface-functionalized exosomes might provide a wide
range of opportunities for their use in SCI treatment by their
precise targeting.

Hydrogel-Encapsulated Exosomes Have
Great Potential in SCI Treatment
Although many studies have shown that exosomes can effectively
alleviate tissue damage caused by ischemic stroke and SCI,
whether in vitro or in vivo, ever more proof has shown that the
therapeutic ability of systemic exosomes injection is primarily
restricted by their short half-life and rapid clearance in vivo.
According to a previous preclinical experiment, after exosomes
secreted from B16BL6 melanoma cells were injected in mice,
the exosomes were rapidly cleared by the mouse circulation,
with a half-life of approximately 2 min (Takahashi et al., 2013).
Therefore, researchers began to focus on slowing the release of
exosomes in vivo, thereby increasing their in vivo half-life and
enhancing their therapeutic potency. For example, the hydrogel
UPy-hydrogel has ureidopyrimidinone (UPy) units coupled to
poly (ethylene glycol) chains to function as a possible distribution
network for exosomes. Following Upy-hydrogel administration
to the physiological system, the continuous release of EVs from
Upy-hydrogel was still detected 4 days later. Most importantly,
the released EVs maintain their functional capacity. However,
with the lack of the hydrogel, EVs are more likely to be affected
by fat and skin tissue at the inoculation site. Therefore, we
believe that the slow-release properties of hydrogels can provide
EVs, including exosomes, with the property of slow-release and
maintain their biological activity, and thus provide a broader
prospect for the medical use of exosomes (Mol et al., 2019).
In addition, in another preclinical experiment, the slow-release
properties of hydrogel were used to experimentally test the
slow release effects and the therapeutic impact of EV-loaded
KMP2 hydrogel (KMP2-EVs) originated from MSCs in vivo.
The results showed that hydrogel can effectively extend the
half-life of exosomes in vivo, thereby enhancing the effects of
exosomes on apoptosis, inflammation, and angiogenesis, thus
showing the potential to improve renal function after I/R.
This study emphasizes that hydrogel-encapsulated exosomes are
promising cell-free therapies for tissue repair (Zhou et al., 2019).

Additionally, hydrogel-encapsulated EVs, including exosomes,
have displayed better effects than free exosomes in promoting
cardiac repair (Chen et al., 2018; Han et al., 2019) and chronic
diabetic wound healing (Wang et al., 2019) and promoting
recovery from hindlimb ischemia (Zhang et al., 2018) and chronic
liver failure (Mardpour et al., 2019). In the same way, we can
attempt to apply hydrogel-encapsulated exosomes to alleviate the
functional damage after SCI (Figure 4). We believe that such
exosomes have tremendous promise in SCI treatment.

CONCLUSION

Clinical data and experimental animal reports have shown that
exosomes and exosomal miRNAs are closely associated with SCI.
As bioactive substances, they have vital potential applications
in disease diagnosis, prognosis, and treatment, and bring new
hope for SCI treatment. However, at present, there are no unified
standard research methods for exosomes and exosomal miRNAs
nor accurate detection methods in disease processes. The results
of in vitro studies and clinical trials that have been completed
to date urgently need to be further verified in vivo. Therefore,
we need to develop more advanced separation, extraction, and
detection techniques of exosomes for greater in-depth research,
and consider how to enhance exosome and exosomal miRNA
sensitivity and specificity as biomarkers for various diseases.
Exosomes as drug delivery vehicles will be a promising research
and application direction, because exosomes can effectively
cross the BBB, which could be utilized to treat and diagnose
multiple CNS disorders, including SCI, and might become the
next generation of miRNA-based therapy. How to improve the
stability, targeting, and safety of exosomes will be a major topic
in the research of therapeutic drugs.
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Microglia become persistently infected during Theiler’s murine encephalomyelitis virus
(TMEV) infection in the central nervous system (CNS) of susceptible mice. We have
previously shown that microglia infected with TMEV become activated through the
innate immune receptors to express type I interferons, cytokines, and chemokines.
Persistent TMEV infection in the CNS promotes chronic neuroinflammation and
development of demyelinating disease similar to multiple sclerosis. In the current
studies, we wanted to determine whether TMEV-infected microglia secrete exosomes
which contribute to neuroinflammation in the CNS thus promoting the development of
demyelinating disease. Exosomes are vesicles containing RNA, DNA, and proteins that
are released from one cell and taken up by another cell to facilitate communication
between cells. These studies isolated exosomes secreted by microglia during TMEV
infection in vitro as well as exosomes secreted by microglia during early TMEV infection
in mice. These studies show that microglia secrete exosomes during TMEV infection
which contain the viral RNA coding region. The exosomes secreted by microglia during
TMEV infection can be taken up by uninfected bystander cells, including CNS resident
microglia, astrocytes, and neurons. The viral RNA in the exosomes can be transferred
to the bystander cells. In addition, the bystander cells that took up these exosomes
were activated through the innate immune response to express type I interferons, IFNα

and IFNβ, pro-inflammatory cytokines, IL-6, IL-12, and TNFα, and chemokines, CCL2.
Most interestingly, exosomes secreted by microglia during early TMEV infection in mice
activated an inflammatory response when transferred to the brains of naïve mice. These
results show that exosomes secreted by microglia during early TMEV infection contain
viral RNA and can activate uninfected bystander CNS cells to promote an inflammatory
immune response. Thus, exosomes secreted by microglia during virus infection may
promote viral persistence and neuroinflammation which contributes to the development
of demyelinating disease.

Keywords: microglia, neuroinflammation, virus infection, demyelinating disease, exosome

Abbreviations: CNS, central nervous system; TMEV, Theiler’s murine encephalomyelitis virus; MS, multiple sclerosis; PLP,
proteolipid protein.
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INTRODUCTION

Theiler’s murine encephalomyelitis virus (TMEV) is a natural
mouse pathogen that can establish a persistent virus infection
in the central nervous system (CNS). TMEV is a picornavirus
which has a single positive-stranded RNA genome and has no
envelope. TMEV infection of susceptible mice, such as SJL mice,
establishes a persistent infection in the microglia/macrophage in
the brain and spinal cord (Lipton et al., 1995; Olson et al., 2001).
The persistent infection leads to the development of a chronic,
progressive demyelinating disease beginning with clinical disease
around 35–40 days post-infection (Lipton, 1975; Clatch et al.,
1985). TMEV-induced demyelinating disease has been shown
to be associated with an inflammatory immune response in the
CNS and development of autoimmune CD4+ T cell response
directed against myelin antigen, proteolipid protein, PLP139−151
(Canto et al., 2000; Neville et al., 2002). We have previously
shown that the innate immune response to virus infection
influences the development and progression of demyelinating
disease (Bowen and Olson, 2009; Olson and Miller, 2009). TMEV-
induced demyelinating disease has several immunological and
pathological similarities to multiple sclerosis (MS) in humans
(Dal Canto, 1975; Lipton et al., 1986). Microglia are the resident
immune cells of the CNS that originate from the yolk sac
during development. Microglia express innate immune receptors
which enable them to rapidly respond to pathogens invading
the CNS (Olson and Miller, 2004). Microglia become activated
through the innate immune receptors to express cytokines,
chemokines, and effector molecules. We have previously shown
that TMEV infection of microglia leads to a rapid expression
of type I interferons, IFNα and IFNβ (Olson et al., 2001). We
have also shown that microglia infected with TMEV become
activated to express pro-inflammatory cytokines, IL-1β, IL-6,
IL-12, TNFα, chemokines, CCL2, CCL3, CCL5, and effector
molecules, inducible nitric oxide (iNOS) (Dal Canto, 1975;
Lipton, 1975; Clatch et al., 1985; Lipton et al., 1986; Canto
et al., 2000; Olson et al., 2001; Neville et al., 2002; Olson and
Miller, 2004, 2009; Bowen and Olson, 2009). TMEV-infected
microglia also become activated antigen presenting cells that
can present viral antigens and myelin antigens to CD4+ T cells
(Olson et al., 2001). Exosomes are derived from microvesicular
bodies (80–120 nm) within the cell and are then released
from the cell. Exosomes secreted from one cell can fuse with
target cells releasing the components of the exosome into the
target cell, thus exosomes provide a means of communication
between cells. Exosomes contain proteins, lipids, and nucleic
acids, including mRNA, microRNA, and DNA (Janas et al., 2015).
The exosome membranes resemble the lipid bilayer membrane
containing exosome-specific markers such as tetraspanin (CD63,
CD81) and syndecans (Simons and Raposo, 2009; Record et al.,
2014). The exosomes structure allows them to securely transfer
various materials across the blood-brain barrier and prevent the
degradation from surrounding RNAse and proteases (Schneider
and Simons, 2013). Recent studies have revealed the important
role of exosomes in the pathogenesis of neurodegenerative
diseases via the transfer of miRNAs, pathogenic, and misfolded
proteins from rafts to recipient cells (Vella et al., 2008;

Schneider and Simons, 2013). More recently, exosomes have been
isolated from the sera of chronically infected hepatitis C virus
(HCV) patients and shown to contain replication-competent
viral RNA (Bukong et al., 2014). Further studies showed that
exosome-packaged HCV could induce phenotype and cytokine
profile switch in recipient macrophage (Banishree et al., 2017).
Exosomes represent a novel pathway for communication between
cells, thus exosomes secreted by microglia may play an important
role in communication between cells in the CNS. Microglia have
been shown to be infected during TMEV infection, thus we
wanted to determine whether TMEV-infected microglia secrete
exosomes which may contribute to persistent virus infection and
inflammation in the CNS. Our studies showed that exosomes
secreted from microglia during TMEV infection do not contain
TMEV viral particles but do contain the viral RNA genome
which can be transferred to uninfected CNS resident cells
such as microglia, astrocytes, and neurons. More importantly,
these exosomes activated bystander CNS cells to express type
I interferons and pro-inflammatory cytokines and chemokines
through innate immune receptor recognition of the viral RNA.
Further, exosomes secreted by microglia in the brain during early
TMEV infection contained viral RNA which could be transferred
to naïve mice activating an inflammatory immune response in
the recipient mice. The results from these studies suggest a new
pathway via exosomes by which viral RNA can be transferred
between cells during infection in the CNS independent of viral
particles and by which neuroinflammation can be exacerbated
during virus infection in the CNS.

MATERIALS AND METHODS

Mice
Female SJL mice age 5–6 weeks were purchased from Envigo
(Madison, WI, United States). Pregnant SJL/J mice (15–17 days)
were purchased from Envigo. Neonatal SJL mice were used for
primary cell isolation. The mice were housed at University of
Minnesota Research Animal Resource Center accredited by the
American Association for Accreditation of Laboratory Animal
Care. The animals are handled according to University and
Animal Care and Use Committee approved protocols.

Isolation and Culture of CNS Cells
Isolation of primary glial cultures from neonatal mice was
performed, as previously described (Olson et al., 2001). Briefly,
brains were removed from 1 to 3 day old mice, and the meninges
were removed. The left and right hemispheres of the brain
were gently dissociated in a nylon mesh bag. The cells were
resuspended in DMEM-F12 media (Lonza) supplemented with
10% FCS (Invitrogen Life Technologies) and 100 U/ml penicillin
and 100 µg/ml streptomycin (Invitrogen Life Technologies).
The cells were seeded in poly(D-lysine) (Sigma-Aldrich) coated
tissue culture flasks and incubated at 37◦C. After 10–14 days of
incubation, microglia were removed from the astroglial layer by
shaking the flasks on an orbital shaker for 24 h. The primary
microglia were removed from the flask and placed in DMEM
(Invitrogen Life Technologies) supplemented with 10% exosome
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free FCS and 3 ng/ml rGM-CSF (R&D Systems). The microglia
were seeded in 24 well plates coated with poly(D-lysine).
Astrocytes were cultured in supplemented DMEM-F12 media
with exosome free FCS as described above. Microglia cultures
were 98% pure as determined by CD11b staining. Astrocytes were
greater than 95% pure based on expression of GFAP. For neurons,
the brain tissue was dissociated with 0.25% trypsin for 15 min,
and the cell suspension was placed in laminin coated flasks
with B27 supplemented neurobasal media (Gibco, Invitrogen).
Neuron cultures were 98% pure based on expression of NeuN.
The microglia were transfected with siRNA specific for MyD88,
Ticam1, or mitochondrial antiviral-signaling protein (MAVS),
SMARTpool siRNA (5 µM), or siCONTROL (Dharmacon) using
Dharmafect 4 following the protocol provided by Dharmacon.

TMEV Infection
SJL female mice were intracranially injected with 2 × 106 PFU
of BeAn strain of TMEV. The BeAn strain 8386 of TMEV is
propagated on baby hamster kidney cells (BHK-21) as previously
described (Lipton, 1975; Clatch et al., 1985). Microglia were
infected with the BeAn strain of TMEV at a multiplicity of
infection of 5 in serum-limited DMEM for 24 h as previously
described (Olson et al., 2001).

Exosome Isolation and Analysis
Cell culture media was removed from the cells and centrifuged
at 2,000 × g to remove cellular debris. Total exosome isolation
reagent for cell culture (Invitrogen) was added to the supernatant
(1:2 ratio) and incubated overnight at 4◦C. The exosomes were
pelleted the next day by centrifuging at 10,000 × g for 1 h per
the protocol (Invitrogen). For isolating exosomes from brains, the
brains were dissociated through a 70 µM filter into 3 ml Hank’s
balanced salt solution. The homogenate was then centrifuged two
times at 2,000× g to remove cells and debris. The exosomes were
isolated from the cleared homogenate with the isolation reagent
as described above. The exosomes were then incubated with
antibody for CD11b conjugated to magnetic beads and separated
on a column per manufacturer protocol (Miltenyi). To determine
size of the exosomes, exosomes were resuspended in PBS and
analyzed on a Nanosight N300 (Malvern). To determine purity,
exosomes were imaged on a transmission electron microscope
(TEM). Briefly, the exosomes were fixed with 2% glutaraldehyde
for 1 h and then absorbed onto a glow discharged carbon-
Formvar coated 200-mesh copper grids for 5 min. Grids were
washed twice with water and stained with 2% uranyl acetate
twice for 30 s. TEM imaging was performed on a Tecnai G2
F30 instrument. Exosomes were analyzed by flow cytometry for
surface protein expression. Briefly, exosomes were incubated with
aldehyde/sulfate latex beads (Invitrogen) per the manufacturer
protocol. The exosomes were then incubated with fluorescently
labeled antibodies for CD45, CD11b, CD63, I-As, CD80, and
CD86. The exosomes were washed and analyzed on LSRII (BD).
Florescent imaging of exosomes was conducted by labeling
exosomes with carboxyfluorescein succinimidyl ester (2 µM)
or SYTO RNA select (Thermo Fisher Scientific). Microglia
were labeled with fluorescently labeled antibody for CD11b and
imaged on Olympus confocal microscope. Isolated exosomes

were also analyzed for CD63 by western blot (Bio-Rad) following
lysis using Total Exosome RNA and protein isolation kit (Life
Sciences). Additional protein analysis was conducted using mass
spectrometry. Proteins were separated on 4–12% Bis-Tris gels
(Invitrogen). Cysteine bonds were reduced and alkylated with
10 nM DTT in 50 mM ammonium bicarbonate and 55 mM
iodoacetamide:50 mM NH4HCO3. Proteins were digested in
50 mM NH4HCO3, 5 mM CaCl2, 5 ng/µl typsin. The samples
were eluted with 60:40 acetonitrile:H2O, 0.1% trifluoroacetic acid
before analysis on Thermo Orbitrap Elite mass spectrometer
at the University of Minnesota Center for Mass Spectrometry.
To determine concentration of exosomes, Bradford assay was
performed. Isolated exosomes were incubated with RNAse
(100 ng/ml) (Thermo Fisher Scientific), or trypsin (1 mg/ml)
(Mediatech) and pepsin (10 µg/ml) (Sigma) for 10 min at 37◦C
and then washed with PBS before analysis or adding to the cells.
Isolated exosomes (100 µg) were added to cultured cells (1× 106)
or injected intracranially (500 µg) into a mouse.

Viral Plaque Assay
The exosomes were isolated and resuspended in serum-free
DMEM. The supernatant from microglia cultures incubated
with exosomes or infected with TMEV were collected and
concentrated 100 fold. The brain was removed and homogenized
in serum-free DMEM. BHK-21 cells were grown in a confluent
monolayer prior to addition of the exosomes, microglia
supernatants or homogenized tissue dilutions. The cells were
incubated at room temperature for 1 h. The cells were overlaid
with a 2% agar/DMEM solution and incubated at 34◦C for 5 days.
The cells were fixed with methanol and stained with crystal
violet solution (0.12% crystal violet). The plaques were counted
on each plate and multiplied by the dilution or the amount of
homogenate added to the plate to determine the PFU/ml. The
weight of the tissue (mg) and homogenate volume was then used
to calculate PFU/mg.

RNA Isolation and PCR Analysis
RNA was isolated from exosomes using the Total Exosome
RNA and protein isolation kit (Life Sciences). RNA was isolated
from microglia, astrocytes, and neurons using SV Total RNA
Isolation kit which contains a DNAse reaction (Promega). RNA
was isolated from brain tissue using TRIzol protocol followed by
DNAse digestion (Thermo Fisher Scientific). First strand cDNA
was generated from 1 µg of total RNA using oligo(dT)12−18
primers and Advantage for RT-PCR kit in a final volume of
100 µl (Clontech). Real-time PCR was conducted in triplicate
with Rotor-Gene SYBR green RT-PCR kit (Qiagen). Briefly,
0.5 µM primers, 1× SYBR Green reagent, and 2 µl of cDNA
were combined in 10 µl reactions. The primers for TMEV,
cytokines, chemokines, and effector molecules were previously
described (Dal Canto, 1975; Lipton, 1975; Clatch et al., 1985;
Lipton et al., 1986; Canto et al., 2000; Olson et al., 2001; Neville
et al., 2002; Olson and Miller, 2004, 2009; Bowen and Olson,
2009). Real time PCR was conducted on a Rotor-Gene Qiagen
Q instrument using hot start with cycle combinations, 40 cycles:
95◦C for 15 s; 60◦C for 20 s; 72◦C for 15 s, followed by a
melt from 75 to 95◦C. Quantitation of the mRNA was based on

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 August 2021 | Volume 9 | Article 661935240

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


fcell-09-661935 August 13, 2021 Time: 14:29 # 4

Luong and Olson Microglia Exosomes Promote Neuroinflammation

standard curves derived from cDNA standards for each primer
pair. Positive and negative cDNA controls were used for each
primer pair using cells known to express or not express the
specific mRNA. Samples from different groups were normalized
based on expression of β-actin. All samples were run in triplicate
for each primer pair. Statistical analysis comparison between
groups was determined by one way ANOVA and Bonferroni’s
multiple comparison test (p < 0.001). PCR for viral genomes was
conducted using cDNA in 25 µl reactions with TMEV primers
(0.5 µM), dNTPs (200 µM), 1× reaction buffer, and Q5 high
fidelity DNA polymerase (0.02 U/µl) (New England BioLabs) on
Eppendorf Mastercycler with a hot start and 40 cycles: 95◦C for
30 s; 60◦C for 30 s; 72◦C for 8 m, followed by a 20 m extension.
PCR products were separated on 0.8% agarose gel with SYBR Safe
(Thermo Fisher Scientific) and imaged.

Statistics
Experiments were conducted in triplicate for each sample (real
time PCR). All the experiments were independently repeated
at least three or more times. The significant difference between
control samples and experimental samples was determined using
one way ANOVA and Bonferroni’s multiple comparison test
(p < 0.001). The sample size of mice per group were calculated
to provide 80% power at p < 0.05.

RESULTS

Microglia Infected With TMEV Secrete
Exosomes That Contain Viral RNA
Microglia secrete exosomes under normal conditions, therefore,
we wanted to determine whether exosomes secreted by microglia
during TMEV infection have altered contents. Primary microglia
were infected with TMEV in vitro, and exosomes were isolated
after 24 h. The isolation of exosomes was determined based on
expression of exosome specific proteins such as CD63, shown
by flow cytometry (Figure 1), and CD9, CD81, TSG101, Rab
proteins, as determined by mass spectrometry (Supplementary
Table 1). The exosomes also lacked the expression of Grp94,
calnexin, cytochrome C, histones, and argonaute/RISC complex
which are associated with other types of extracellular vesicles.
The exosomes were further examined by TEM and Nanosight
to determine purity and size with average size about 120 nm
(Figure 1 and Supplementary Figure 1). These analyses confirm
isolation and identification of exosomes for publication as
determined by the International Society for Extracellular Vesicles
Lötvall et al., 2014. Furthermore, the exosomes isolated from
TMEV-infected microglia do not contain viral particles based
on TEM analysis which showed no viral particles inside the
exosomes or associated with exosomes, viral plaque assays
with isolated exosomes which resulted in no plaques on BHK
cells, mass spectrometric analysis of isolated exosomes which
detected no viral proteins present in exosomes, and Nanosight
particle size of exosomes which showed no particles smaller
than 60 nm (TMEV is 30–40 nm) (Figure 1, Supplementary
Figure 1, and Supplementary Table 1). Next, we wanted to
determine whether exosomes secreted from microglia contain

surface proteins similar to microglia. Exosomes isolated from
both uninfected and infected microglia have CD11b on the
surface (Figure 1). Exosomes from uninfected microglia have low
levels of co-stimulatory molecules, CD80 and CD86, and do not
have MHC class II. Interestingly, exosomes from TMEV-infected
microglia have higher levels of co-stimulatory molecules and have
MHC class II compared to exosomes from uninfected microglia.

Exosomes have been shown to contain RNA, therefore, we
wanted to determine whether exosomes from TMEV-infected
microglia contain viral RNA. The exosomes were isolated from
TMEV-infected microglia and examined for viral RNA. First,
primers for a short piece at the beginning of the viral genome
were used to generate a 200 bp product which showed that
viral RNA was present in the exosomes from TMEV-infected
exosomes similar to microglia infected with TMEV (Figure 2).
Since TMEV is a small positive-strand RNA virus, we wanted
to determine whether the entire coding region of TMEV was
present in the exosomes. Primers were used to generate a long
piece which includes the coding region of the viral genome.
Exosomes secreted from TMEV-infected microglia contained
the entire coding region for TMEV similar to TMEV-infected
microglia (Figure 2).

Since the exosomes secreted from TMEV-infected microglia
contain viral RNA and exosomes can be taken up by other
cells, we wanted to determine whether exosomes from TMEV-
infected microglia can be taken up by uninfected microglia,
bystander cells, and transfer the viral RNA. First, exosomes
from TMEV-infected microglia were isolated and labeled with
green florescence before being place on uninfected microglia to
determine whether the exosomes were taken up by the uninfected
microglia (Figure 2). Next, the RNA inside the exosomes isolated
from TMEV-infected microglia was labeled with florescence dye
before exosomes were placed on bystander microglia (Figure 2).
The RNA from the TMEV-infected exosomes can be observed
inside the cytoplasm of the bystander microglia and over time
can be observed spreading around in the cytoplasm of the
bystander microglia. To further determine whether the viral
RNA was transferred to uninfected bystander microglia, the
exosomes from the TMEV-infected microglia were added to the
bystander microglia, and after 24 h, the bystander microglia
were lysed and analyzed for viral RNA inside the cells. The
bystander microglia contained viral RNA, although at lower
levels compared to microglia directly infected with TMEV. To
ensure the viral RNA was inside the exosomes, the exosomes
isolated from TMEV-infected microglia were treated with RNAse
or proteinase cocktail after isolation and then analyzed for
viral RNA. These treated exosomes had similar levels of viral
RNA as untreated exosomes indicating viral RNA was inside
the exosomes. Furthermore, when these treated exosomes were
placed on bystander microglia, the microglia contained similar
levels of viral RNA after 24 h compared to untreated exosomes
from TMEV-infected microglia. Finally, we wanted to determine
whether the viral RNA that was transferred by the exosomes
to the bystander microglia was able replicate in the recipient
cells. The exosomes were isolated from TMEV-infected microglia
and placed on bystander microglia for 4 h, the exosomes were
removed and the cells were washed. The bystander microglia were

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 August 2021 | Volume 9 | Article 661935241

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


fcell-09-661935 August 13, 2021 Time: 14:29 # 5

Luong and Olson Microglia Exosomes Promote Neuroinflammation

FIGURE 1 | TMEV-infected microglia secrete exosomes that contain activation markers. Exosomes were isolated from uninfected (A–E) or TMEV infected microglia
(F–J). The exosomes were labeled with fluorescently labeled antibodies for CD63 (A,F), CD11b (B,G), MHC class II (C,H), CD80 (D,I), and CD86 (E,J). The
exosomes were analyzed by flow cytometry for expression of specific markers as shown in the black line compared to isotype control antibodies in the gray line.
(K) Isolated exosomes were analyzed by transmission electron microscopy and determined to be 40–80 nm. One representative image is shown. These are
representative graphs and images from one experiment of four independent repeated experiments.

FIGURE 2 | Exosomes from TMEV-infected microglia contain viral RNA that is transferred to bystander microglia. (A) Microglia were infected with TMEV and
exosomes were isolated (lane TE). Microglia (1 × 106) were uninfected (lane C), infected with TMEV (lane CT), or incubated with exosomes (100 µg) from
TMEV-infected microglia (lane CTE). The cells were lysed 24 h later, RNA isolated, converted to cDNA, and used in PCR analysis with primers for TMEV long
(5.4 kbp) or short (200 bp) products or with primers for β-actin. (B) Exosomes isolated from TMEV-infected microglia were fluorescently labeled with 2 µM CFSE
(green). The exosomes were placed in culture with naive microglia for 2 h, and the microglia were fixed and incubated with fluorescently labeled antibody for CD11b
(red). Exosomes isolated from TMEV-infected microglia were incubated with RNA stain (green) and placed on microglia for 2 h (C) or 4 h (D). Microglia were fixed and
incubated with fluorescently labeled antibody for CD11b (red). Cells were analyzed by confocal microscopy. (E) Exosomes from TMEV-infected microglia were
isolated and control treated (PBS), RNAse treated, or proteinase treated. The RNA was isolated from the exosomes, converted to cDNA, and used in real time PCR
with primers for TMEV. (F) Microglia were uninfected (naïve) or infected with TMEV. Microglia were incubated with exosomes isolated from TMEV-infected microglia or
uninfected microglia. The microglia were lysed 24 h later, RNA isolated, converted to cDNA, and real time PCR conducted with primers for TMEV. (G) Exosomes
were isolated from TMEV-infected microglia and control treated (PBS), RNAse treated or proteinase treated prior to putting the exosomes into culture with naïve
microglia. The microglia were lysed 24 h later and analyzed by real time PCR for TMEV. (H) Exosomes were isolated from TMEV-infected microglia and placed on
naïve microglia. After 4 h, the exosomes were removed and the cells were washed and incubated for an additional 0, 4, 12, or 20 h before being lysed and analyzed
by real time PCR for TMEV. Significant difference was determined by one way ANOVA and Bonferroni’s multiple comparison test (*p < 0.001) based on expression
by naïve microglia. These are representative graphs from one experiment of six independent repeated experiments.
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incubated an additional 0, 4, 8, or 20 h before being lysed and
analyzed for viral RNA. The viral RNA in the bystander microglia
increased over time indicating viral replication occurred in
the recipient cells. These results show that exosomes secreted
by TMEV-infected microglia contain viral RNA that can be
transferred to uninfected cells.

Exosomes Secreted by Virus-Infected
Microglia Activate Bystander CNS Cells
We have previously shown that microglia become activated to
express innate immune cytokines, including pro-inflammatory
cytokines and chemokines, during TMEV infection (Olson et al.,
2001). We wanted to determine whether the exosomes secreted
by the TMEV-infected microglia could activate uninfected
bystander microglia to express cytokines and chemokines.
Exosomes were isolated from TMEV-infected microglia and
placed on uninfected bystander microglia. After 24 h, the
recipient microglia were analyzed for expression of cytokines
and chemokines. Bystander microglia exposed to exosomes
from TMEV-infected microglia increased the expression of
type I interferons, IFNα and IFNβ, cytokines, IL-6, IL-12, and
TNFα, and chemokines, CCL2, compared to bystander microglia
exposed to exosomes from uninfected microglia (Figure 3).
The amount of exosomes added to the bystander microglia
(100 µg per 1 × 106 cells) was determined based on a
dose response to varying amounts of exosomes. Approximately
200 µg of exosomes are isolated from 1 × 106 TMEV-infected

microglia (Supplementary Figure 2). Furthermore, exosomes
secreted from TMEV-infected microglia that were treated with
RNAse or proteinase cocktail prior to their addition to the
bystander microglia showed a similar activation of bystander
microglia as compared to untreated exosomes (Supplementary
Figure 2). These results show that the contents inside the
exosomes are activating the bystander microglia to increase
expression of pro-inflammatory cytokines and chemokines. To
determine activation time course, exosomes were isolated from
TMEV-infected microglia and added to bystander microglia.
After 4 h, the microglia cultures were washed to remove
any exosomes that were not taken up. The microglia were
incubated for an additional 0, 4, 8, or 20 h and then lysed
for analysis of expression of cytokines and chemokines. The
bystander microglia increased expression of cytokines and
chemokines over time (Supplementary Figure 2). These results
show that exosomes secreted by TMEV-infected microglia
activate uninfected bystander microglia to secrete innate immune
cytokines and chemokines.

The CNS has several resident cells, including astrocytes
and neurons, which could also take up exosomes secreted
by microglia. Thus, exosomes isolated from TMEV-infected
microglia were placed on uninfected bystander astrocytes. After
24 h, the astrocytes were examined for viral RNA and were
also analyzed for the expression of innate immune cytokines
and chemokines (Figure 4). Exosomes from TMEV-infected
microglia transferred viral RNA to the bystander astrocytes and

FIGURE 3 | Exosomes from TMEV-infected microglia activate bystander microglia to express type I interferons and pro-inflammatory cytokines. Exosomes were
isolated from TMEV-infected microglia or uninfected (naïve) microglia (100 µg) and placed on naive microglia (1 × 106) for 24 h. Microglia were lysed, RNA isolated,
converted to cDNA, and analyzed by real time PCR for expression of IFNα (A), IFNβ (B), IL-6 (C), IL-12 (D), TNFα (E), and CCL2 (F). Significant difference was
determined by the one way ANOVA and Bonferroni’s multiple comparison test (*p < 0.001) based on unstimulated microglia. These are representative graphs from
one experiment of five independent repeated experiments.
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FIGURE 4 | Exosomes from TMEV-infected microglia activate bystander astrocytes. Exosomes were isolated from uninfected (naïve) microglia or TMEV-infected
microglia and placed on naive astrocytes for 24 h. Astrocytes were lysed, RNA isolated, converted to cDNA, and analyzed by real time PCR for expression of TMEV
(A), IFNα (B), IFNβ (C), IL-6 (D), IL-12 (E), TNFα (F), and CCL2 (G). Significant difference was determined by the one way ANOVA and Bonferroni’s multiple
comparison test (*p < 0.001) based on unstimulated microglia. These are representative graphs from one experiment of four independent repeated experiments.

FIGURE 5 | Exosomes from TMEV-infected microglia activate bystander neurons. Exosomes were isolated from uninfected (naïve) microglia or TMEV-infected
microglia and placed on naive neurons for 24 h. Neurons were lysed, RNA isolated, converted to cDNA, and analyzed by real time PCR for expression of TMEV (A),
IFNα (B), IFNβ (C), IL-6 (D), IL-12 (E), TNFα (F), and CCL2 (G). Significant difference was determined by the one way ANOVA and Bonferroni’s multiple comparison
test (*p < 0.001) based on unstimulated microglia. These are representative graphs from one experiment of three independent repeated experiments.

activated the astrocytes to express type I interferons, IFNα and
IFNβ, as well as increase the expression of cytokines, IL-6, IL-
12, and TNFα, and chemokines, CCL2. Similarly, exosomes
from TMEV-infected microglia were placed on uninfected
bystander neurons. After 24 h, the neurons were examined for
viral RNA and for expression of cytokines and chemokines
(Figure 5). Exosomes from TMEV-infected microglia transferred

viral RNA to neurons and activated the neurons to express
type I interferons, IFNα and IFNβ, cytokines, IL-6, IL-12, and
TNFα, and chemokines, CCL2, compared to exosomes from
uninfected microglia. These results show that exosomes secreted
by TMEV-infected microglia activate expression of innate
immune cytokines and chemokines in uninfected bystander CNS
resident cells, astrocytes and neurons.
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Bystander Microglia Are Activated by the
Viral RNA in Exosomes From
TMEV-Infected Microglia
Since the exosomes contain viral RNA and viral RNA has been
shown to be recognized by innate immune receptors to activate
the innate immune response, we wanted to determine whether
the viral RNA in the exosomes was activating the bystander
microglia. Since TMEV is a single stranded RNA virus, the innate
immune receptors that recognize single stranded RNA include
TLR7 which signals through MyD88 (Nair and Diamond, 2015).
Double stranded RNA is recognized by TLR3 which signals
through TLR adaptor molecule 1 (Ticam1) to induce expression
of type I interferons. Double stranded RNA is also recognized
by melanoma differentiation-associated protein 5 (MDA5) which
signals through MAVS to induce expression of type I interferons
and cytokines (Nair and Diamond, 2015). Thus, microglia were
silenced for MyD88, Ticam1, or MAVS prior to incubation
with exosomes from TMEV-infected microglia (Figure 6). The
silencing of the specific proteins was conducted with a pool of
four siRNA to the target protein that reduces the expression
of the target protein by 85–95% (Supplementary Figure 3).
After 24 h, the microglia were analyzed for expression of type I
interferons and pro-inflammatory cytokines. Microglia that were

silenced for MyD88 and MAVS had greatly reduced expression
of IFNα and IFNβ after exposure to TMEV-infected exosomes
while there was no difference in type I interferon in microglia
silenced for Ticam1. In addition, microglia silenced for MyD88
and MAVS also had reduced expression of cytokines, IL-6 and
TNFα, after exposure to TMEV-infected exosomes. These results
show that MyD88 and MAVS which are signaling pathways
in the innate immune response to viral RNA were important
for activating microglia to express type I interferons and pro-
inflammatory cytokines after taking up exosomes secreted by
TMEV-infected microglia.

Microglia Secrete Exosomes During
TMEV Infection in Mice That Contain
Viral RNA and Activate Bystander CNS
Cells
Microglia in vitro data showed that microglia infected with
TMEV secrete exosomes that contain viral RNA and can activate
bystander CNS cells, including microglia, astrocytes, and neurons
to express type I interferons and pro-inflammatory cytokines.
Next, we wanted to determine whether microglia in the brain
of mice infected with TMEV also secrete exosomes that contain
viral RNA during acute infection. SJL mice were infected with

FIGURE 6 | Bystander microglia are activated by viral RNA in exosomes from TMEV-infected microglia via innate immune receptors. Microglia were transfected with
siRNA for MyD88, TICAM-1, MAVS, or control (6 h). Exosomes were isolated from TMEV-infected microglia and placed on the transfected microglia for 24 h.
Microglia were lysed, RNA isolated, converted to cDNA, and analyzed by real time PCR for expression of IFNα (A), IFNβ (B), IL-6 (C), and TNFα (D). Significant
difference was determined by the one way ANOVA and Bonferroni’s multiple comparison test (*p < 0.001) based on control siRNA transfected microglia. These are
representative graphs from one experiment of three independent repeated experiments.
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TMEV or mock infected, and at 2 days post-infection, the brain
was removed and exosomes were isolated. The exosomes were
analyzed by flow cytometry for expression of CD63, exosome
marker, and CD11b, microglia (Figure 7). Approximately 60%
of the exosomes isolated from the brain were derived from
microglia as determined by CD11b expression, and this was
consistent between TMEV-infected and mock-infected mice.
Further analysis showed that MHC class II was on the surface
of exosomes from TMEV-infected mice while exosomes from
mock infected mice did not have MHC class II. These results
are similar to MHC class II expression on microglia during
TMEV infection in the brain. The exosomes isolated from
the TMEV-infected mice were then sorted based on CD11b
expression to isolate exosomes secreted from microglia. The
CD11b+ exosomes from TMEV-infected mice contained viral
RNA while CD11b− exosomes had very little viral RNA. Most
significantly, the CD11b+ exosomes contained the viral genome
(Figure 7). The CD11b+ exosomes isolated from the brain of
TMEV-infected mice did not contain viral particles as determined
by plaque assay and mass spectrometric analysis (Supplementary
Figure 1). Next, the CD11b+ exosomes from TMEV-infected
mice were placed on uninfected microglia in vitro to determine
whether the viral RNA could be transferred to bystander
microglia. The CD11b+ exosomes from TMEV-infected mice
transferred the viral RNA to bystander microglia including the
viral genome, while the CD11b− exosomes transferred very little

viral RNA (Figure 7). Furthermore, CD11b+ exosomes from
TMEV-infected mice were placed on bystander astrocytes and
neurons in vitro. Similarly, the CD11b+ exosomes from TMEV-
infected mice were able to transfer the viral RNA to the bystander
astrocytes and neurons. These results show that microglia in the
brain of TMEV infected mice secrete exosomes that contain viral
RNA but not viral particles, and these exosomes transfer viral
RNA to bystander, uninfected CNS cells.

Since the exosomes secreted from TMEV-infected microglia
in vitro activated bystander microglia, we wanted to determine
whether the exosomes secreted by microglia in mice during
TMEV infection could activate uninfected, bystander microglia.
The CD11b+ exosomes isolated from the brains of TMEV-
infected mice at 2 days post-infection were placed in culture
with uninfected bystander microglia. After 24 h, the microglia
were examined for expression of type I interferons, cytokines,
and chemokines (Figure 8). The microglia that were incubated
with CD11b+ exosomes from TMEV-infected mice increased
the expression of type I interferons, IFNα and IFNβ, cytokines,
IL-6, IL-12, and TNFα, and chemokines, CCL2. Meanwhile,
CD11b− exosomes isolated from TMEV-infected mice only
slightly increased the expression of type I interferons and IL-6
in bystander microglia. Finally, CD11b+ exosomes isolated from
naïve mice did not activate microglia to secrete type I interferons,
cytokines, or chemokines. Similarly, when CD11b+ exosomes
from TMEV-infected mice were transferred to bystander

FIGURE 7 | Exosomes secreted by microglia during TMEV infection of mice contain viral RNA that can be transferred to bystander CNS cells. Exosomes were
isolated from the brains of TMEV-infected mice at day 2 post-infection (three mice per group). The exosomes were labeled with fluorescently labeled antibodies for
CD63, CD11b, and MHC class II. The exosomes were analyzed by flow cytometry for CD63 (A) and CD11b (B) and MHC class II in CD11b- exosomes (C) and
CD11b+ exosomes (D) with the specific antibodies in black lines and isotype control antibodies in gray. (E) Mice were infected or mock infected with TMEV. At
2 days post-infection, exosomes were isolated from the brains and sorted for CD11b+ exosomes. RNA was isolated from the CD11b+ exosomes from mock
infected mice (C) and TMEV-infected mice (TE). RNA was converted to cDNA, and used in PCR analysis with primers for TMEV long (5.4 kbp) or short (200 bp)
products or with primers for β-actin. Microglia were incubated with CD11b+ exosomes isolated from the brains of TMEV-infected mice (lane CTE). The cells were
lysed 24 h later and RNA isolated, converted to cDNA and used in PCR analysis. (F) At day 2 post-infection, exosomes were isolated from TMEV-infected mice
brains and sorted into CD11b+ and CD11b- exosomes. The exosomes were analyzed for TMEV using real time PCR. (G–I) The exosomes isolated from
TMEV-infected mice brains were sorted into CD11b+ and CD11b- exosomes and placed on unstimulated cultures of microglia, astrocytes, and neurons. After 24 h,
the cells were lysed, RNA isolated, converted to cDNA and analyzed by real time PCR for TMEV in microglia (G), astrocytes (H), and neurons (I). These are
representative graphs from one experiment of four independent repeated experiments.
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FIGURE 8 | Exosomes secreted by microglia during TMEV infection in mice activate bystander microglia. Exosomes were isolated from the brains of TMEV-infected
mice at 2 days post-infection (three mice per group). The exosomes from the brains of TMEV-infected mice and naïve mice were sorted for CD11b+ and CD11b-

exosomes which were then placed on unstimulated microglia. After 24 h, the microglia were lysed, RNA isolated, converted to cDNA, and used in real time PCR with
primers for IFNα (A), IFNβ (B), IL-6 (C), IL-12 (D), TNFα (E), and CCL2 (F). Significant difference was determined by the one way ANOVA and Bonferroni’s multiple
comparison test (*p < 0.001) based on microglia that were incubated with exosomes secreted by microglia in naive mice. These are representative graphs from one
experiment of four independent repeated experiments.

astrocytes and neurons, the CD11b+ exosomes increased the
expression of type I interferons, cytokines, and chemokines in
the bystander cells (Figure 9). These results show that CD11b+
exosomes secreted in the brain during TMEV infection in mice
activate bystander microglia, astrocytes, and neurons to express
type I interferons, IFNα and IFNβ, cytokines, IL-6, IL-12, TNFα,
and chemokines, CCL2.

Since the exosomes secreted by microglia during TMEV
infection in mice activated bystander cells in vitro, we wanted
to determine whether these exosomes could activate an
inflammatory response in the brain of a naïve mouse. CD11b+
exosomes were isolated from the brains of TMEV-infected mice
at 2 days post-infection, the CD11b+ exosomes were injected into
the brain of naïve mouse. At 2 days post-injection, the brains were
removed and examined for expression of viral RNA (Figure 10).
The mice that received the CD11b+ exosomes from the TMEV-
infected mouse had viral RNA in the brain, although at a lower
level compared to mice directly infected with TMEV. The brain
from mice that received the CD11b+ exosomes did not have
any viral particles detectable by plaque assay (Supplementary
Figure 1). More interestingly, the CD11b+ exosomes isolated
from TMEV-infected mice that were injected into the naïve
mouse brains activated the expression of type I interferons, IFNα

and IFNβ, as well as induced the expression of inflammatory
cytokines, IL-6, IL-12, and TNFα (Figure 10). Although the levels
of expression of the cytokines were less compared to directly
infected mice, the levels of cytokines were significantly increased
over the mice that had been injected with CD11b+ exosomes
isolated from naïve mice. These results show that exosomes
secreted by CD11b+ microglia during TMEV infection transfer
viral RNA and promote an inflammatory immune response in
uninfected mice.

DISCUSSION

Microglia are the immune resident population of the CNS.
We have previously shown that microglia become persistently
infected with TMEV. These studies show that TMEV-infected
microglia secrete exosomes that can be taken up by bystander
CNS cell including microglia, astrocytes, and neurons. The
exosomes secreted by microglia during TMEV infection contain
viral RNA which was transferred to uninfected CNS resident
cells. We have previously shown that TMEV-infected microglia
become activated to express type I interferons and pro-
inflammatory cytokines and chemokines (Dal Canto, 1975;
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FIGURE 9 | Exosomes secreted by microglia during TMEV infection in mice activate bystander CNS cells. Exosomes were isolated from the brains of TMEV-infected
mice at 2 days post-infection or from naïve mice (three mice per group). The exosomes were sorted for CD11b+ exosomes which were placed on unstimulated
astrocytes and neurons. After 24 h, the astrocytes (A–F) and neurons (G–L) were lysed, RNA isolated, converted to cDNA, and used in real time PCR with primers
for IFNα (A,G), IFNβ (B,H), IL-6 (C,I), IL-12 (D,J), TNFα (E,K), and CCL2 (F,L). Significant difference was determined by the one way ANOVA and Bonferroni’s
multiple comparison test (*p < 0.001) based on naive astrocytes or neurons. These are representative graphs from one experiment of three independent repeated
experiments.
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FIGURE 10 | Exosomes secreted by microglia during TMEV infection in mice activate an inflammatory response in naïve mice. Exosomes were isolated from the
brains of TMEV-infected mice at 2 days post-infection or from naïve mice (three mice per group). The exosomes were sorted for CD11b+ exosomes, and the
CD11b+ exosomes were injected into the brain of naïve mice. At 2 days post-injection, the brains were removed from the mice (three mice per group), and RNA was
isolated, converted to cDNA and used in real time PCR with primers for TMEV (A), IFNα (B), IFNβ (C), IL-6 (D), IL-12 (E), and TNFα (F). As comparison, the brains
were removed from naïve mice or mice at 2 days post-TMEV infection, and RNA was isolated, converted to cDNA and used in real time PCR. Significant difference
was determined by the one way ANOVA and Bonferroni’s multiple comparison test (*p < 0.001) based on the naïve mouse brain.

Lipton, 1975; Clatch et al., 1985; Lipton et al., 1986; Canto
et al., 2000; Olson et al., 2001; Neville et al., 2002; Olson and
Miller, 2004, 2009; Bowen and Olson, 2009). In these studies,
we show that exosomes secreted from TMEV-infected microglia
activate bystander microglia to express type I interferons
and pro-inflammatory cytokines and chemokines via innate
immune receptor recognition of viral RNA. Likewise, exosomes
secreted from TMEV-infected microglia activate other CNS
bystander cells including astrocytes and neurons to express type
I interferons and pro-inflammatory cytokines and chemokines.
The results from the in vitro studies were very interesting
but we wanted to determine whether exosomes secreted by
microglia during TMEV infection in mice could have similar
effects on bystander cells. These studies show that exosomes
secreted by microglia during TMEV infection in mice contain
viral RNA but do not contain viral particles or viral proteins.
The exosomes secreted by microglia in the brain during early
TMEV infection activated bystander microglia, astrocytes, and
neurons to secrete type I interferons and pro-inflammatory
cytokines. Most importantly, exosomes secreted by microglia
during TMEV infection in mice induced an inflammatory
immune response when injected into naïve mice. These results
show that TMEV-infected microglia secrete exosomes that not
only transfer viral RNA to bystander uninfected CNS cells
but also activate bystander cells to express pro-inflammatory
cytokines and chemokines associated with neuroinflammation.

Following TMEV infection in SJL mice, infectious virus
loads are very high in the brain for the first 1–3 days post-
infection followed by a rapid spread to the spinal cord. The

virus remains persistent in both the brain and spinal cord
throughout the lifetime of the animal (Lipton et al., 1995).
Microglia have been shown to be the persistently infected cells
during TMEV infection, however, microglia produce very few
infectious viral particles during infection (Trottier et al., 2001).
Since microglia play an important role in the persistent virus
infection, these studies focused on TMEV-infected microglia. We
wanted to determine whether TMEV-infected microglia secrete
exosomes that may contain viral products. In order to isolate
exosomes that excluded viral particles, we used a method to
isolate exosomes that does not include high speed centrifugation
which would pellet the viral particles. TMEV is a non-enveloped
virus around 40–50 nm in size. Our method yielded purified
exosomes as verified by TEM staining for morphology, as verified
for CD63 expression by flow cytometry and mass spectrometry,
and as verified for particle size by Nanosight (120 nm). The
isolated exosomes did not contain viral particles as verified by
TEM staining which showed no viral particles isolated with
the exosomes and no viral particles in exosomes, by plaque
assays which showed no infectious particles isolated with the
exosomes and no viral particles in exosomes, and by mass
spectrometry which showed no viral proteins in exosomes. Since
the exosomes do not contain viral particles, we wanted to
determine whether the exosomes from TMEV-infected microglia
contain viral RNA. TMEV is a small positive single-stranded
RNA virus. Interestingly, the exosomes secreted from TMEV-
infected microglia contained not only viral RNA but the whole
viral coding region. To further determine whether microglia
were secreting exosomes during TMEV infection in mice, we
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isolated exosomes secreted by microglia in the brains of TMEV
infected mice at 2 days post-infection. The exosomes secreted by
microglia (CD11b+) during TMEV infection in the brain contain
viral RNA, including the entire TMEV genome. Meanwhile, the
exosomes that were secreted by other CNS cells (CD11b−) in the
brain during TMEV infection contained little or no viral RNA.
The exosomes secreted by microglia during TMEV infection
transferred the viral RNA to uninfected microglia, and the
viral RNA replicated in the recipient cells. Similarly, exosomes
secreted by microglia during TMEV infection transferred viral
RNA to uninfected bystander astrocytes and neurons. These
results show that exosomes secreted by microglia during TMEV
infection can transfer viral RNA to uninfected cells independent
of viral particles. Furthermore, the viral RNA transferred
by the exosomes replicated in the recipient bystander cells.
Thus, exosomes transport viral RNA between cells during
TMEV infection which may be a mechanism to evade virus-
specific antibodies directed toward viral particles and enable
virus persistence.

Microglia infected with TMEV and microglia in the brain
of mice infected with TMEV produce type I interferons which
have a direct affect on the immune response during TMEV
infection (Olson and Miller, 2009). In the current studies, the
exosomes secreted by microglia during TMEV infection activated
uninfected bystander microglia to express of type I interferons,
IFNα and IFNβ. We have previously shown that microglia
express several innate immune receptors that recognize viral
RNA (Olson and Miller, 2004). Since TMEV is a single stranded
RNA virus, the innate immune receptors in microglia, including
TLR3, TLR7, and MDA5, could be recognizing the RNA in
the exosomes secreted from TMEV-infected microglia. Each of
these innate immune receptors activates a distinct signaling
pathway to promote transcription of type I interferons. Silencing
MyD88 which is activated by TLR7 or silencing MAVS which is
activated by MDA5 in microglia exposed to exosomes secreted by
microglia during TMEV infection reduced the expression of type
I interferons. These results show that viral RNA in the exosomes
was recognized by innate immune receptors in the bystander
microglia which activated the expression of type I interferons. In
addition, exosomes secreted by microglia during TMEV infection
also activated the expression of type I interferons in bystander
astrocytes and neurons. The expression levels of type I interferons
in astrocytes and neurons were lower compared to expression by
microglia. Type I interferons can have direct anti-viral activity,
thus, low level expression of type I interferons in these bystander
cells may protect the cells from a damaging virus infection,
especially for neurons.

Microglia infected with TMEV become activated to express
pro-inflammatory cytokines, chemokines, and effector molecules
associated with neuroinflammation (Olson et al., 2001). The
exosomes secreted by microglia during TMEV infection also
induced the expression of pro-inflammatory cytokines, IL-6, IL-
12, and TNFα, and chemokines, CCL2, in bystander uninfected
microglia. The expression of cytokines and chemokines was
reduced when innate immune signaling pathways involved in
recognition of viral RNA were silenced, albeit, the expression was
not completely reduced to naïve levels. This suggests that some of

the increased expression of cytokines and chemokines is induced
by the innate immune response to viral RNA. However, exosomes
secreted by microglia during TMEV infection contain many
other components, including miRNA and proteins, which may
be also be activating the expression of cytokines and chemokines
in the bystander cells. However, this difference in expression
from naïve levels may also be due to siRNA not completely
reducing expression levels (85–95% reduction). Further, the
exosomes secreted by microglia during TMEV infection also
activated bystander astrocytes and neurons to express cytokines
and chemokines. Meanwhile, exosomes secreted by other cell
types in the CNS (CD11b−) during TMEV infection contained
low levels of viral RNA and were unable to activate bystander
microglia. These results show that exosomes secreted by
microglia during TMEV infection activate bystander uninfected
cells to express pro-inflammatory cytokines and chemokines
which may contribute to neuroinflammation during infection.

We have previously shown that microglia become activated
following TMEV infection to increase the expression of co-
stimulatory molecules and MHC class II (Olson et al., 2001).
Interestingly, exosomes secreted by microglia during TMEV
infection had increased levels of co-stimulatory molecules, CD80,
CD86, CD40, on the surface compared to exosomes secreted
by microglia during mock infection. Further, exosomes secreted
by microglia during TMEV infection have MHC class II while
exosomes secreted by uninfected microglia did not have MHC
class II. These results show that exosomes have proteins on their
surface which are similar to the activation state of the cells from
which they are derived. Interestingly, about 60% of the exosomes
isolated from the brain of TMEV infected mice were CD11b+
which suggests microglia are the predominant cell type secreting
exosomes in the CNS but also suggests that other CNS cells
secrete exosomes which may have an effect during virus infection.
For this reason, these studies isolated CD11b+ exosomes to focus
on exosomes secreted from microglia and compared them to
CD11b− exosomes which were secreted by other CNS cells.

Theiler’s murine encephalomyelitis virus infection in
mice leads to neuroinflammation which contributes to the
development of demyelinating disease. In these studies,
exosomes secreted by microglia during TMEV infection were
shown to activate bystander uninfected microglia, astrocytes,
and neurons to express pro-inflammatory cytokines and
chemokines associated with neuroinflammation. Further, to
determine the effect of exosomes on neuroinflammation in
the brain, the exosomes secreted by microglia during TMEV
infection in mice were injected into naïve mice. Interestingly,
the exosomes secreted by microglia during TMEV infection
promoted the expression of pro-inflammatory cytokines and
chemokines in the naïve mice. In addition, the exosomes
secreted by microglia during TMEV infection transferred viral
RNA and induced the expression of type I interferons in the
brain of the naïve mice. These results show that exosomes
secreted by microglia during TMEV infection transfer viral
RNA and promote neuroinflammation in naïve mice suggesting
that exosomes may play a role in virus persistence and
neuroinflammation during TMEV infection. These results
suggest that exosomes secreted by microglia during virus
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infections may contribute to neuroinflammation associated with
development of neurological diseases.
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Supplementary Figure 1 | Exosomes isolated from TMEV-infected microglia do
not contain infectious viral particles. Exosomes were isolated from TMEV-infected
microglia or mock infected microglia. The exosomes were analyzed by Nanosight
for particle size (A). The supernatant removed from TMEV-infected microglia
(TMEV Sup) or mock infected microglia (Mock Sup). The exosomes isolated from
TMEV-infected microglia (TMEV Exo) or mock infected microglia (Mock Exo) were
used in a plaque assay with BHK cells (B). Plaque forming units (PFU) were
determined per ml of starting supernatant. The brain was removed from
TMEV-infected mice at 2 days post-infection (TMEV brain) or from mock infected
mice (Mock brain) and homogenized. The exosomes were isolated from the brains
of TMEV infected mice at 2 days post-infection and then sorted into CD11b+

exosomes (TMEV CD11b+ Exo) and CD11b− exosomes (TMEV CD11b− Exo)
(C). Exosomes were also isolated from mock infected mice brains (Mock Exo).
The brain homogenates and isolated exosomes were used in a plaque assay and
plaque forming units (PFU) were counted based on mg of starting brain tissue.
Exosomes isolated from TMEV-infected microglia were placed on naïve microglia
cultures for 4 h. The cells were washed to remove any exosomes that were not
taken up and then incubated an additional 20 h. The supernatant was removed
and used in plaque assay with BHK cells (D). The CD11b+ and CD11b−

exosomes were isolated from the brains of mice at 2 days post-infection or from
naïve mice. The exosomes were injected intracranially into naïve mouse brains.
After 2 days, the brains were removed and homogenized to be used in a plaque
assay with BHK cells (E). Plaque forming units were calculated as
described above.

Supplementary Figure 2 | Exosomes from TMEV-infected microglia have
contents that activate bystander microglia in dose dependent manner within 4 h.
Exosomes were isolated from TMEV-infected microglia or mock infected microglia.
The exosomes from TMEV-infected microglia were quantified and placed on
unstimulated microglia (1 × 106) at concentration of 200, 100, 20, or 2 µg for
24 h. Microglia were lysed, RNA isolated, converted to cDNA, and analyzed by real
time PCR for expression of TMEV (A), IFNβ (B), and TNFα (C). Exosomes were
isolated from TMEV-infected microglia or mock infected microglia. The exosomes
from TMEV-infected microglia were control treated, RNAse treated, or proteinase
treated. The exosomes were then placed in culture with naïve microglia for 24 h.
After 24 h, the microglia were lysed, RNA isolated, converted to cDNA, and
analyzed by real time PCR for expression of IFNβ (D) and TNFα (E). Exosomes
were isolated from TMEV-infected microglia and placed on naïve microglia. After
4 h, the exosomes were removed and the cells were washed. The microglia were
incubated for an additional 0, 4, 8, or 12 h before being lysed and analyzed by real
time PCR for expression of IFNβ (F) and TNFα (G). Significant difference was
determined by the one way ANOVA and Bonferroni’s multiple comparison test
(*p < 0.001) based on unstimulated microglia. These are representative graphs
from one experiment of four independent repeated experiments.

Supplementary Figure 3 | Efficiency of siRNA in bystander microglia. Microglia
were transfected with siRNA for MyD88, TICAM-1, MAVS, or control for 6 h.
Microglia were lysed, RNA isolated, converted to cDNA, and analyzed by real time
PCR for expression of MyD88 (control siRNA and MyD88 transfected microglia),
Ticam-1 (control siRNA and Ticam-1 transfected microglia), or MAVS (control
siRNA and MAVS transfected microglia). The percent expression was calculated
for each primer pair based on the expression in control siRNA transfected
microglia for that primer (100% expression).

Supplementary Table 1 | Protein analysis in identification of exosomes.
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5 Faculty of Life Sciences, Bar-Ilan University, Ramat Gan, Israel

Background: There is a compelling evidence from animal models that early exposure to
clinically relevant general anesthetics (GAs) interferes with brain development, resulting
in long-lasting cognitive impairments. Human studies have been inconclusive and are
challenging due to numerous confounding factors. Here, we employed primary human
neural cells to analyze ketamine neurotoxic effects focusing on the role of glial cells
and their activation state. We also explored the roles of astrocyte-derived extracellular
vesicles (EVs) and different components of the brain-derived neurotrophic factor (BDNF)
pathway.

Methods: Ketamine effects on cell death were analyzed using live/dead assay, caspase
3 activity and PARP-1 cleavage. Astrocytic and microglial cell differentiation was
determined using RT-PCR, ELISA and phagocytosis assay. The impact of the neuron-
glial cell interactions in the neurotoxic effects of ketamine was analyzed using transwell
cultures. In addition, the role of isolated and secreted EVs in this cross-talk were
studied. The expression and function of different components of the BDNF pathway
were analyzed using ELISA, RT-PCR and gene silencing.

Results: Ketamine induced neuronal and oligodendrocytic cell apoptosis and
promoted pro-inflammatory astrocyte (A1) and microglia (M1) phenotypes. Astrocytes
and microglia enhanced the neurotoxic effects of ketamine on neuronal cells,
whereas neurons increased oligodendrocyte cell death. Ketamine modulated different
components in the BDNF pathway: decreasing BDNF secretion in neurons and
astrocytes while increasing the expression of p75 in neurons and that of BDNF-AS and
pro-BDNF secretion in both neurons and astrocytes. We demonstrated an important
role of EVs secreted by ketamine-treated astrocytes in neuronal cell death and a role for
EV-associated BDNF-AS in this effect.
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Conclusions: Ketamine exerted a neurotoxic effect on neural cells by impacting
both neuronal and non-neuronal cells. The BDNF pathway and astrocyte-derived EVs
represent important mediators of ketamine effects. These results contribute to a better
understanding of ketamine neurotoxic effects in humans and to the development of
potential approaches to decrease its neurodevelopmental impact.

Keywords: ketamine, BDNF, BDNF-AS, neurotoxicity, astrocytes, microglia

INTRODUCTION

Prolonged and multiple exposure of general anesthetics (GAs)
have been reported to impair the development of the immature
brain by inducing neurotoxicity and impacting the cerebral
cytoarchitecture (Jevtovic-Todorovic et al., 2003; Jevtovic-
Todorovic, 2016, 2018). Most studies were mainly conducted
in rodents and non-human primates. Far fewer studies have
been conducted in humans, have focused mainly on cognitive
and behavioral changes, and are not conclusive (Davidson
et al., 2016; Sun et al., 2016; McCann and Soriano, 2019;
McCann et al., 2019). Studies of developmental neurotoxicity of
anesthetics in humans are challenging, behavioral assessments
are difficult and must account for other confounding factors.
These include inability to dissociate the effects of anesthetics
from the surgical process, underlying pathologies for which
the surgery was required, and the stress of illness and surgery.
These factors are especially important when extrapolating
studies from animals to humans, which have their brain
growth spurt at different times (Dobbing and Sands, 1979).
In addition, recent reports have highlighted the differences
in the functions of various cells in the central nervous
system (CNS) in humans and rodents (Akter et al., 2020).
Therefore, there is a need to analyze GAs neurotoxic effects
and mechanisms in reliable human models to supplement pre-
clinical animal studies.

There is now powerful evidence for the role of non-cell
autonomous mechanisms in various pathological conditions
in the CNS which shows that neurotoxicity is strongly affected
by changes in both neuronal and non-neuronal cells (Ilieva
et al., 2009; Meyer et al., 2014; Kim et al., 2016; Zanghi
and Jevtovic-Todorovic, 2017; Zhang et al., 2019; Zhou
et al., 2019). These mechanisms are especially relevant
to glial cells, including astrocytes, oligodendrocytes and
microglia, all of which exhibit structural and functional
interactions with neurons. Although some studies have
demonstrated a role of astrocytes (Zhang et al., 2019; Zhou
et al., 2019) and microglia (Baud and Saint-Faust, 2019)
in GA effects, the non-cell autonomous effects of different
human glial cells in this process have not been consistently
identified and studied.

Extracellular vesicles (EVs) have been recently identified as
a major mechanism for intercellular communication in the
CNS (Basso and Bonetto, 2016). These vesicles carry a specific

Abbreviations: BDNF, brain-derived neurotrophic factor; CNS, central nervous
system; EVs, extracellular vesicles; GABAAR, gamma-amino-butyric acid type-A
receptors; GAs, general anesthetics; NMDAR, N-methyl-D-aspartate receptors.

cargo consisting of RNA molecules, proteins and lipids which
play important roles in both physiological and pathological
pathways. In the CNS, EVs play a critical role in neuron-glia
interactions (Datta Chaudhuri et al., 2020) and dysregulated
EV-related communication has been implicated in a variety
of pathological conditions, including stroke, brain injury and
neurodevelopmental disorders. However, the role of EVs in the
neuron-glia crosstalk during GA-induced neurotoxicity has not
been yet defined.

While gamma-amino-butyric acid type-A receptors
(GABAAR) (Weir et al., 2017) and N-methyl-D-aspartate
receptors (NMDAR) (Sachana et al., 2018) represent major
factors in GA-induced neurotoxicity, other mechanisms related
to cell apoptosis and autophagy, calcium concentrations and
epigenetic modifications have been also implicated (Lei et al.,
2012; Twaroski et al., 2015; Yu et al., 2017). In addition, the
regulation of neurotrophin expression, in particular brain-
derived neurotrophic factor (BDNF), has been implicated in a
variety of pathological conditions in the CNS (Fukumoto et al.,
2019) including GA-induced neurotoxicity (Lu et al., 2006;
Ozer et al., 2015).

This study is based on the hypothesis that the non-cell
autonomous interaction of glial and neuronal cells plays an
important role in ketamine-induced neurotoxicity and that
this interaction is mediated, at least in part, via extracellular
vesicles. Here, we analyzed the effects of ketamine on the
functions of human neural cells and the cellular and molecular
mechanisms that mediate these effects. We found that ketamine
induced cell death in neurons and oligodendrocytes and
promoted the activation of astrocytes and microglia toward
the pro-inflammatory A1 and M1 phenotypes, respectively. We
demonstrated an enhanced neurotoxic effect of ketamine in
neuron-glia co-cultures indicating an important contribution
of both cell and non-cell autonomous mechanisms. Finally, we
identified the BDNF/pro-BDNF/BDNF-AS pathway as a major
pathway and extracellular vesicles as potential mediators of
ketamine neurotoxicity.

MATERIALS AND METHODS

Materials
Human BDNF and Active Pro-BDNF ELISA Kits (DEIA-
XY2236) were obtained from Creative Diagnostics (Shirley,
NY, United States). Human IL-13 (ab178014) and IL-1β

(ab214025) ELISA kits, were obtained from Abcam (Cambridge,
MA, United States).
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Neural Cell Cultures
Human hTERT immortalized human fetal microglial cells
(Bier et al., 2020) and astrocytes were obtained from Applied
Biological Material (Richmond, BC, Canada). Human neurons
and oligodendrocyte precursor cells were obtained from
ScienCell (Carlsbad, CA, United States). The different cells were
maintained in growth media and conditions recommended by
the manufacturers. All cells employed in this study were tested for
mycoplasma contamination (Mycoplasma PCR Detection Kit)
and found negative.

Experimental Protocols
Cell cultures were treated with different ketamine concentrations
for 6 h, the culture medium was changed and cells were
then analyzed following 24–48 h as indicated in the specific
experiments. Co-cultures of neurons and glial cells were
maintained in neuronal cell medium (ScienCell) and in these
experiments, individual glial cultures were maintained in
the same medium.

All experiments were performed in medium containing EV-
depleted serum. EV-depleted FBS was prepared by overnight
centrifugation (100,000 × g, 4◦C) followed by filtration of the
supernatant in a 0.22 µm filter.

Treatment of astrocytes with GW4869 to inhibit EV secretion
and silencing of BDNA-AS in these cells were performed prior to
their co-culture with neurons.

Microglia and Astrocyte Activation State
Human microglia cells and astrocytes were analyzed for the
expression of M1 and M2 or A1 and A2 markers, respectively
using real-time-PCR, Western blot analysis and ELISA.

Cell Growth and Proliferation
Cells were plated at a concentration of 2,000 cells/well in 96 wells.
Cell proliferation was determined using the ViaLight plus kit
(LT07-221, Lonza, Walkersville, MD, United States) according to
the manufacturer’s guidelines.

Cytotoxic Assays
LDH Assay
Cells were treated with different concentrations of ketamine.
Following treatment, the cells were analyzed for cell death
using LDH assay (MAK066-1KT, Sigma-Aldrich (St. Louis,
MO, United States).

Live/Dead Assay
The live/dead cell assay (MP03224, Molecular Probes, Invitrogen)
was performed as described previously (Jiang et al., 2016). Briefly,
calcein AM and EthD-1 were added to the culture medium at a
final concentration of 1 µM for calcein AM and 2.5 µM for EthD-
1 and the relative live/dead cell number was then analyzed.

Western Blot Analysis
Western blot analysis was performed as previously reported
(Jiang et al., 2016; Bier et al., 2018). Briefly, cell lysates were
solubilized with RIPA buffer supplemented with PhosSTOP

and Complete Phosphatase/Protease Inhibitor Cocktails (Roche
Diagnostics) and protein content was analyzed using a standard
BCA assay. Protein extract (20–30 µg per sample) were loaded
on sodium dodecyl sulfate-polyacrylamide electrophoresis gels
and transferred to PVDF membranes that were probed with
the specific antibodies as detailed. Bound antibodies were
visualized with an enhanced chemiluminescence detection kit
(Amersham Pharma-Biotech). Equal loading was verified using
an anti actin antibody. The following primary antibodies
were used: Anti-TrkB (Cat# sc-136990, 1:500), anti-p75 (Cat#
sc-13577, 1:1,000), and anti-EAAT2 antibodies (Cat# sc-
365634, 1:500) (Santa Cruz Biotechnology). Anti-cleaved PARP1
(AB3820, 1:1,000), Anti-cleaved caspase 3 (ab2303, 1:500),
anti-C3 (ab97462, 1:500) anti-S100A10 (ab76472, 1:500) and
exosome panel antibody (ab275018) (Abcam, Cambridge, MA
United States). Anti-mouse and anti-rabbit HRP secondary
antibodies (1:10,000, Pierce).

Caspase 3 Activity
Caspase 3 activity was performed using a fluorometric assay
according to the manufacturer’s instructions (abcam). The data
were calculated as fluorescence units/mg protein and presented
as fold increase over the control level.

Quantification of Cytokine Secretion
Supernatants were collected and stored at −80◦C. Pro-
BDNF, BDNF, IL-1, and IL-13 secretion were quantified using
enzyme-linked immunosorbent assays (ELISA) according to the
manufacturer’s instructions. The concentrations of the specific
cytokines were calculated using a standard curve and were
expressed as picograms per milliliter.

Real-Time PCR
Total RNA was extracted using RNeasy mini kit according
to the manufacturer’s instructions (Qiagen, Frederick, MD,
United States). Reverse transcription reaction was carried out
using 2-µg total RNA as previously described (Morgoulis et al.,
2019; Bier et al., 2020). Briefly, reactions were run on an ABI
VIIA7 Sequence Detection System (Applied Biosystems, Foster
City, CA, United States). Cycle threshold (Ct) values were
obtained from the ABI QuantStudio software. S12 ribosomal
protein levels were used as controls. The primer sequences are
described in Supplementary Table 1.

Phagocytosis Analysis
Human microglial cells were treated with ketamine and
phagocytosis was determined using the pHrodoTM Green
zymosan bioparticle assay (Invitrogen, Carlsbad, CA,
United States) according to the manufacturer’s instructions.
Briefly, microglia were incubated with a solution of pHrodo
Green zymosan bioparticles in Live Cell Imaging Solution
(0.5 mg/ml) for 2 h and the level of phagocytosis was analyzed
using fluorescence plate reader at Ex/Em 509/533.

Preparation of Extracellular Vesicles
Isolation of EVs from culture supernatants was performed using
the ExoQuick-TC Ultra kit (SBI, Palo Alto, CA, United States)
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according to the manufacturer’s instructions. The protein
content of the isolated EVs was determined using the Micro
BCA assay kit (ThermoFischer Scientific, Oregon City, OR,
United States), and the EV markers CD63 and CD81 were
analyzed by Western blot. The quantification of the isolated
EVs was performed using the ExoELISA-Ultra CD63 and CD81
kits (SBI, Palo Alto, CA, United States) according to the
manufacturer’s instructions and as recently described (Bier et al.,
2020). For EV treatment, 2 × 108 EVs were administered to
the cultured cells.

Nanoparticle Tracking Analysis
Concentration and size distribution of isolated EVs were analyzed
using NanoSight LM10 equipped with sCMOS camera and
405 nm laser (Malvern Instruments, MA, United States). Briefly,
samples were thawed to room temperature and diluted with
PBS to a concentration of approximately 108 particles/ml. The
EVs were injected into sample chamber and analysis of 60 s
for each sample was captured at 25◦C and processed using
NTA 3.3 software.

Statistical Analysis
Cultures were viewed microscopically and randomly assigned
to the different experimental groups. All data collection and
analysis were performed blinded to treatment groups. Data
are representative or presented as the mean values ± SD of
three to six independent experiments. The statistical difference
between two groups was determined using unpaired, two-tailed
student’s t-test. For comparisons between multiple groups a one-
way ANOVA with Bonferroni-corrected post hoc was performed.
P-value of < 0.05 was considered significant.

RESULTS

Ketamine Induces Cell Death of Cultured
Neuronal Cells
Ketamine has been reported to induce neurotoxicity in a
variety of cellular and animal models. However, the effects and
mechanisms of ketamine in human neural cells are just beginning
to be understood. Here, we studied the effects of ketamine on
human cultured neural cells focusing mainly on the role of the
neuron-glial crosstalk. We first examined the neurotoxic effects
of ketamine on human neuronal cultures. Based on multiple
in vitro studies (Baker et al., 2016; Zhang et al., 2019; Kamp
et al., 2020), we employed different ketamine concentrations (10–
150 µM, Supplementary Figure 1A) and treatment time points
(100 µM ketamine, 6 and 24 h, in neurons, Supplementary
Figure 1B and oligodendrocyte progenitor cell, Supplementary
Figure 1C. Human neuronal cultures exhibited a dose-dependent
increased cell death in response to ketamine treatment (6 h, 25–
150 µM) as assessed with dead/live assay (Figure 1A), increased
caspase 3 activity (Figure 1B) and expression of cleaved PARP1
(Figure 1C). In view of the similarities in ketamine effects
after 6 and 24 h, we used a 6 h ketamine treatment in the
following experiments.

Ketamine Induces a Relative Increase in
A1 Astrocytic Phenotypes
Glial cells are implicated in the pathogenesis of multiple diseases
and pathological conditions in the CNS. Astrocytes undergo
activation into distinct reactive astrocyte subtypes in response to
specific pathological conditions. Recently two main phenotypes
of reactive astrocytes have been reported, namely, A1 and A2.
It is currently accepted that there is an array of intermediate
activation states that play major roles in various pathological
conditions (Guttenplan et al., 2020). An increased A1 phenotype
has been associated with neurodegenerative diseases and aging
(Clarke et al., 2018; Yun et al., 2018; Miyamoto et al., 2020).

We analyzed the effect of ketamine on the expression of the
recently reported A1 (C3) and A2 (S100A10)-specific markers
(Liddelow and Barres, 2017; Liddelow et al., 2017; Hinkle et al.,
2019) using RT-PCR and Western blot analysis. Treatment with
ketamine induced an upregulation of C3 mRNA (Figure 2A)
and protein (Figure 2B) levels while decreasing the expression of
S100A10 (Figures 2A,B), suggesting that this treatment promotes
astrocyte activation toward the A1 phenotype. We also analyzed
the expression of EAAT2 which mediates the uptake of glutamate
by astrocytes and found that ketamine treatment decreased the
mRNA (Figure 2C) and protein (Figure 2D) levels of this
glutamate transporter.

In contrast to its effects on neurons, ketamine did not
induce a significant effect on cell death in treated astrocytes
(Supplementary Figure 2A).

Ketamine Increases Microglia M1
Phenotypes
Microglia have been implicated in the pathogenesis of various
diseases in the CNS via regulation of neuroinflammation, synapse
function and glutamine homeostasis (Zhang et al., 2017; Clark
et al., 2019). In addition, microglia activation and polarization
into M1 subtype has been implicated in the activation of A1
astrocytes (Yun et al., 2018; Clark et al., 2019). Human microglia
cells were treated with ketamine and the relative expression
of commonly used M1 (IL-1 and CD86) and M2 (CD206
and IL-13) markers were determined using RT-PCR. Ketamine
treatment induced a relative shift toward M1 polarization
(Figure 2E). Similarly, treatment of astrocytes with ketamine
decreased IL-13 (Figure 2F) and increased IL-1β (Figure 2G)
secretion as determined by ELISA. We also found that ketamine
treatment decreased microglia phagocytosis as demonstrated
in Figure 2H. Similar to its effects in astrocytes, ketamine
did not induce a significant cell death in the microglia cells
(Supplementary Figure 2B).

Ketamine Inhibits Cell Proliferation and
Induces Cell Death in Oligodendrocyte
Progenitor Cells
Finally, we analyzed the effects of ketamine on the function
of oligodendrocyte progenitor cells. Treatment with ketamine
significantly decreased the proliferation of these progenitor
cells (Figure 3A) and induced cell death in these cells in a
dose-dependent fashion as determined by the live/dead assay
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FIGURE 1 | Neurotoxic effects of ketamine on human neuronal cells. Human neurons were treated with ketamine for 6 h. The medium was replaced with fresh
medium and% dead cells was determined following 48 h using the live/dead assay (A), caspase 3 activity (B) and analysis of cleaved PARP by Western blot analysis
(C). The results are the means ± SD of three different experiments analyzed in quadruplet (A,B) or a representative of three independent experiments (C)
***P < 0.001.

FIGURE 2 | Ketamine induces activation of astrocytes and microglia cells. Human astrocytes were treated with ketamine and were analyzed after 48 h for the
expression of A1 (C3) and the A2 (S100A10) markers using RT-PCR (A) and Western blot analysis (B). The expression of the glutamate transporter EAAT2 mRNA
was analyzed using RT-PCR (C) and Western blot analysis (D). Human microglia cells were treated with ketamine and the relative expression of M1 and M2 markers
was analyzed using RT-PCR (E). The ketamine treated microglia cells were also analyzed for secretion of IL-1β (F) and IL-13 (G) using ELISA and for phagocytosis
using the pHrodoTM assay (H). The results are the means ± SD of a three independent experiments (A,C,E,H) or are a representative of three independent
experiments (B,D,F,G). *P < 0.05, **P < 0.01, and ***P < 0.001.

(Figure 3B) and caspase 3 activity (Figure 3C). Thus, in contrast
to microglia and astrocytes, neurons and oligodendrocyte
progenitor cells exhibited an increased sensitivity to the
neurotoxic effects of ketamine.

Ketamine Differentially Modulates the
BDNF Pathway in Human Neural Cells
Brain-derived neurotrophic factor (BDNF) plays important roles
in neuronal growth and development and has been implicated
as a mediator of GA neurotoxic effects (Lu et al., 2006;

Ozer et al., 2015; Cavalleri et al., 2018; Fleitas et al., 2018). We
focused on five main components of the BDNF pathway: mature
BDNF, pro-BDNF, the lncRNA BDNF-AS and the expression of
the BDNF receptors, p75 and TrkB.

Treatment with ketamine decreased the expression
(Figure 4A) and secretion (Figure 4B) of BDNF from cultured
neurons. This effect was already observed at a concentration
of 25 µM. In contrast, ketamine increased the secretion of
pro-BDNF, as measured by ELISA (Figure 4C).

Brain-derived neurotrophic factor and pro-BDNF exert
opposite effects via their preferential binding to TrkB and p75,
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FIGURE 3 | Ketamine inhibits cell proliferation and increases cell death in oligodendrocyte precursor cells. Human oligodendrocyte progenitor cells were treated with
ketamine and analyzed 48 h later for cell proliferation (A) and cell death using the live/dead assay (B) and caspase 3 activity (C). The results are the means ± SD of
four independent test analyzed in triplicates. *P < 0.05 and ***P < 0.001.

respectively (Zheng et al., 2016; Fleitas et al., 2018). Therefore, an
increased pro-BDNF secretion may promote neuronal cell death
via binding to p75. We then analyzed the expression of TrkB and
p75 in the cultured neurons and found that ketamine induced a
modest upregulation of p75 but had no significant effect on the
expression of TrkB in these cells (Figure 4D).

Another important component of the BDNF pathway is the
lncRNA BDNF-AS. This lncRNA is transcribed from the opposite
strand of BDNF and acts as a negative regulator of BDNF
expression (Pruunsild et al., 2007; Zhang et al., 2018). We found
that ketamine induced upregulation of BDNF-AS expression
(Figure 4E), an effect that can contribute to the decrease in BDNF
expression in the ketamine-treated cells.

Ketamine-treated astrocytes also exhibited a decreased BDNF
(Figure 4F), an increased pro-BDNF secretion (Figure 4G) and a
large increase in BDNF-AS expression (Figure 4H).

Ketamine Induces an Increased Cell
Death in Co-cultured Neuronal and Glial
Cells
We then analyzed the effects of ketamine in co-cultured neurons
and glial cells using transwell plates with a 1 µm filter that
allows only the transfer of soluble factors. Treatment of co-
cultured neurons and astrocytes with ketamine resulted in
enhanced neuronal cell death compared to neurons cultured

alone. In contrast, no significant effects were observed on the
cell death of the co-cultured astrocytes (Figure 5A). Similar
effects were observed in co-cultures of microglia and neurons.
Thus, ketamine treatment increased cell death of co-cultured
neurons but had no significant effect on the death of co-cultured
microglia cells (Figure 5B). In contrast, ketamine treatment
of co-cultured neurons and oligodendrocyte progenitor cells
resulted in increased cell death of the oligodendrocytes, without
a significant effect on neuronal cell death (Figure 5C).

These results clearly demonstrate the complex and
important neuronal-glial cell interactions in the neurotoxic
effects of ketamine.

EVs Play a Role in the Neurotoxic Effect
of Ketamine
Extracellular vesicles play a role in the intercellular
communication of neurons and glial cells (Basso and Bonetto,
2016; Datta Chaudhuri et al., 2020). To delineate the roles of EVs
in the neuron-glial cell interactions in ketamine-treated cells,
we isolated EVs from ketamine-treated astrocytes and examined
their effects on neurons. The isolated EVs were analyzed by
NTA for size distribution and concentration (Supplementary
Figure 3A), for the expression of CD63 and CD81 using
Western blot analysis (Supplementary Figure 3B), and for
their amount using CD63 (Supplementary Figure 3C) and
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FIGURE 4 | Ketamine regulates the BDNF pathway in neurons and astrocytes. Human neurons were treated with ketamine and the expression of BDNF mRNA was
determined using RT-PCR (A) and BDNF secretion by ELISA (B). Pro-BDNF secretion was analyzed using ELISA (C) and the expression of p75NTR and TrkB was
analyzed using Western blot analysis (D). The effect of ketamine on BDNF (F) and pro-BDNF (G) secretion in astrocytes was analyzed using ELISA. The expression
of the lncRNA BDNF-AS was analyzed using RT-PCR in both neurons (E) and astrocytes (H). The results are the means ± SD of three independent experiments
analyzed in quadruplets or are a representative of three independent experiments (D). *P < 0.05, **P < 0.01, and ***P < 0.001.

CD81 (Supplementary Figure 3D) ELISA. Ketamine treatment
increased the secretion of both CD81 and CD63 + EVs by the
treated astrocytes (Supplementary Figures 3C,D).

Extracellular vesicles isolated from astrocytes treated with
ketamine for 24 h were added to cultured neurons for 48 h.
As presented in Figure 6A, EVs isolated from ketamine-treated
astrocytes induced neuronal cell death, whereas neurons treated
with EVs from untreated cells (control) did not exhibit a
significant increase in cell death, similar to that of untreated
neurons (medium).

To further analyze the effects of EVs in the neurotoxic
effects of co-cultured astrocytes, we employed the membrane
neutral sphingomyelinase (nSMase) inhibitor, GW4869 which
has been shown to reduce the secretion of EVs by blocking the
ceramide-dependent budding of intraluminal vesicles (ILV) into
the lumen of MVBs (Trajkovic et al., 2008). Astrocytes were
treated with GW4869 (20 µM) prior to ketamine treatment
of these cells in co-culture with neurons. We demonstrated
that this treatment decreased EV secretion using CD63 ELISA
(Supplementary Figure 3D). We found that GW4869 treatment
partially abrogated the increased neurotoxic effect of astrocytes
(Figure 6B) in the co-culture setting, whereas no significant effect
of GW4869 on neuronal cell death was observed when these
cells were cultured alone (Figure 6B). Altogether, these results
indicate that EVs secreted from ketamine-treated astrocytes play

at least a partial role in the increased neurotoxic response of
co-cultured neurons.

Extracellular vesicles secreted from ketamine-treated
astrocytes expressed higher levels of BDNF-AS compared to
untreated cells (Figure 6C). To analyze the role of BDNF-AS
in the neurotoxic effects of EVs isolated from ketamine-treated
astrocyte, we silenced the expression of BDNF-AS in these
cells. The cells were then treated with ketamine and EV were
isolated. We found that the expression of BDNF-AS was
significantly decreased in the EVs isolated from the silenced
cells (Supplementary Figure 3F). EVs from ketamine-treated
cells silenced for BDNF-AS exerted a significantly smaller
increase in neuronal cell death compared to EVs isolated from
cells transfected with a control siRNA (Figure 6D). These
results indicate that the delivery of BDNF-AS by EVs secreted
by ketamine-treated astrocyte plays a role in the neurotoxic
effects of these EVs.

DISCUSSION

General anesthetics have been reported to induce neurotoxic
effects in the developing brain that can be manifested in long-
term cognitive impairments in rodent and primate models
and in pediatric patients. However, the cellular and molecular
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FIGURE 5 | The role of neuron-glia interactions in the neurotoxic effects of ketamine. Neurons and astrocytes (A), neurons and microglia (B) or neurons and
oligodendrocytes (C) were plated alone or co-cultured in transwell plates with a 1-µm filter. The co-cultures were treated with ketamine and caspase 3 activity was
determined for the cultured cells after 48 h. The results are the means ± SD of six independent experiments analyzed in triplicates. ***P < 0.001 (co-cultured
neurons vs. neurons alone (A,B) or co-cultured oligodendrocytes vs. oligodendrocytes alone (C). **P < 0.01 and ***P < 0.001 (ketamine-treated cells vs. controls).

mechanisms that are involved in GA effects and in particular
the role of the neuron-glia interactions are not fully understood.
Designing protective measures or alternative anesthetics require
the understanding of the mechanisms that mediate GA
neurotoxic effects. Although various studies aiming to delineate
pathways that mediate these processes were reported in the last
several years, most of them were performed in rodents (Jevtovic-
Todorovic, 2016; Lin et al., 2017; Luo et al., 2020a).

Recent reports highlighted the differences in human and
rodent neural cells and the need to employ reliable models to
further understand the effects of GA in human cells and to
supplement the animal model studies (Zhao and Bhattacharyya,
2018; Akter et al., 2020). Indeed, various studies reported
the use of immortalized glial cells as reliable human models
for analyzing specific therapeutic targets for various diseases
including autism (Tsilioni et al., 2020), neuroinflammation
(Timmerman et al., 2018; Chiavari et al., 2019) and for analyzing
the crosstalk of glioma with glial cells (Henrik Heiland et al.,
2019; Bier et al., 2020; Zeng et al., 2020). In these studies,
we employed primary and immortalized human neural cells
and analyzed the contribution of glial cells and neuron-glial
interactions to ketamine’s neurotoxic effects and underlying
molecular mechanisms. We demonstrated that the human neural
cells employed in this study exhibited similar modes and dose-
dependent responses to ketamine as previously reported studies
in rodent and human cultured cells (Baker et al., 2016; Zhang
et al., 2019; Kamp et al., 2020).

Astrocytes play major roles in various pathological conditions
in the brain due to their key functions in hemostasis,
maintenance, and glutamate uptake. Recently, astrocytes were
demonstrated to undergo specific modes of activation depending
on the pathological conditions in the brain (Liddelow and Barres,
2017; Hinkle et al., 2019; Koller and Chakrabarty, 2020). A1
astrocytes are induced by pro-inflammatory microglia, express
specific markers such as C3 and are associated with various
pathological conditions including neurodegenerative diseases
and aging (Liddelow et al., 2017; Clark et al., 2019; Li et al.,
2020). In contract, A2 astrocytes are induced by different stimuli
like hypoxic conditions and exert neuroprotective effects (Li
et al., 2019). It is now understood that the expression of specific
genes and markers that is associated with each activation state
appear to be pathology and brain region-dependent and multiple
intermediate activation states are being identified (Guttenplan
et al., 2020; Escartin et al., 2021). We report for the first time
that ketamine increased the expression of the A1 activation
marker, C3 and decreased the expression of the A2 marker
S100A10. Additional studies are needed to further characterize
the activation of astrocytes by ketamine and RNA sequencing
studies are currently being performed to further define the
specific gene and non-coding RNAs expressed in these cells.

Ketamine also downregulated the expression of the glutamate
transporter, EAAT2 in astrocytes. Astrocytes represent the main
cells in the brain that remove glutamate from the synaptic cleft
via membranal glutamate transporters (Mahmoud et al., 2019).
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FIGURE 6 | Astrocyte-secreted EVs mediate the increased neurotoxic effects of ketamine in neuron-astrocyte co-cultures. Cultured neurons were treated with EVs
isolated from control or ketamine-treated astrocytes. Percent of dead cells was determined after 48 h (A). To further analyze the role of EVs secreted from astrocytes,
these cells were pre-treated with GW4869 (20 µM) prior to ketamine treatment. The treated astrocytes were then co-cultured with neurons and treated with
ketamine (50 µM). Neuronal cells death was analyzed after 48 h (B). A similar treatment of GW4869 was performed in neuronal cells cultured alone (B). The
expression of BDNF-AS in EVs isolated from control and ketamine-treated astrocytes was analyzed by RT-PCR (C). EVs isolated from astrocytes that were silenced
for BDNF-AS and then treated with ketamine were added to neuronal cultures. Cell death was determined after 48 h (D). The results are the means ± SD of six
independent experiments analyzed in quadruplets. **P < 0.01 and ***P < 0.001.

Because of this important role, changes in astrocyte activation
and function can result in glutamate-related pathological
conditions. The effect of ketamine on the expression of EAAT2
in human astrocytes has not been previously described. However,
there are studies demonstrating that ketamine significantly
increases synaptic glutamate release in cortex and striatum
while decreasing the expression of membrane EAAT2 as part
of the mechanism of the psychogenic effect of ketamine (Lisek
et al., 2017). In addition, ketamine in clinical concentrations,
inhibits glutaminergic transmission from astrocytes to neurons
(Zhang et al., 2019).

Ketamine also increased the expression of M1-
proinflammatory markers in microglial cells. Microglia play
major roles during brain development by providing neuronal
neurotrophic support and phagocytosis of apoptotic cells
during this process (Al-Onaizi et al., 2020). In the mature
brain microglia regulate synaptic organization and neuronal
excitability, myelin turnover, inflammatory responses and injury
and repair mechanisms (Wake and Fields, 2011). Similar to
macrophages, microglia can differentiate to different subtypes
with relative characteristics of M1/M2 phenotypes consisting
of a broad array of activation profiles (Nakagawa and Chiba,
2014; Tang and Le, 2016). Various neuroinflammatory and

neurological diseases are characterized by a relative increase in
M1 microglia-related factors such as TNF-α and IL-1β (Zhang
et al., 2017; Huang et al., 2019). The relative increase in M1
phenotypes by ketamine is in line with its effects on the A1
activation of astrocytes. Altogether, ketamine may upregulate
neuroinflammation and neurotoxicity by promoting microglia
and astrocyte activation.

Ketamine induces demyelination in the developing
brain (Patel and Sun, 2009). However, its effects on human
oligodendrocytes have not been reported. We found that
oligodendrocyte progenitor cells, exhibited an increased cell
death in response to ketamine, similar to the effect observed in
neurons. Therefore, our results may provide a cellular basis for
the demyelinating effects of ketamine.

Ketamine and other GAs induce neurotoxicity and long-
term cognitive impairments via various molecular mechanisms
including changes in apoptosis-related genes, secretion of
cytokines and neurotrophic factors (Zuo et al., 2016). We
focused on the effect of ketamine on the BDNF pathway and
found that ketamine decreased BDNF secretion from both
neurons and astrocytes, while increasing the secretion of pro-
BDNF in these cells. Moreover, ketamine also increased the
expression of the p75NTR in the treated neurons. Changes
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in the levels of BDNF/pro-BDNF in the CNS have been
reported in various neurological conditions and as potential
mechanisms of neuronal cell death (Luo et al., 2019, 2020b).
BDNF exerts neurotrophic effects via binding to both p75NTR

and TrkB, while pro-BDNF binds only to the p75NTR receptor
and activates a variety of processes involving synapse structure
and function, and cell death (Teng et al., 2005). The
increased p75NTR and pro-BDNF expression are associated
with a variety of pathological processes such as memory
impairment (Buhusi et al., 2017), increased susceptibility to
epileptic seizures (Riffault et al., 2018) and neuronal apoptosis
(Teng et al., 2005).

Ketamine impacted the levels of BDNF also by increasing
the expression of the lncRNA BDNF-AS in neurons and to a
larger degree in astrocytes. This lncRNA is transcribed from
the opposite strand of BDNF and acts as a negative regulator
of BDNF expression (Pruunsild et al., 2007; Lipovich et al.,
2012). Indeed, BDNF-AS has been associated with multiple CNS
injuries (Zhang and Wang, 2019), neonatal hypoxia/ischemia-
induced brain injury (Qiao et al., 2020), Parkinson’s disease
(Palasz et al., 2020) and neuronal aging (Pereira Fernandes et al.,
2018). Altogether, the decreased expression of BDNF and the
increased expression of BDNF-AS, p75NTR and pro-BDNF in the
ketamine-treated cells may represent one of the major pathways
of the neurotoxic effects of ketamine.

There is now powerful evidence for non-cell autonomous
mechanisms in which neurotoxicity is strongly affected by
changes in both neuronal and non-neuronal cells in almost every
pathological condition in the brain (Lobsiger and Cleveland,
2007; Ilieva et al., 2009). Although there are some studies

demonstrating a role of astrocytes (Zhang et al., 2019; Zhou
et al., 2019) and microglia (Baud and Saint-Faust, 2019) in
GA effects, the non-cell autonomous effects of different glial
cells were not consistently studied and identified. Our co-
culture studies indicate that ketamine treatment of astrocytes
and microglia increased co-cultured neuronal cell death, while
neuronal treatment increased the apoptosis of co-cultured
oligodendrocytes, indicating a major contribution of the neuron-
glia effects to the neurotoxic effect of ketamine. One potential
mechanism for the ketamine neurotoxicity in co-cultured cells
is the increased pro-BDNF that is associated with the increased
cell death in neurons and oligodendrocytes via activation of
the p75 pathway.

Another potential and novel mechanism of ketamine effect is
mediated by EVs. We showed for the first time that ketamine
increased the amount of EVs secreted by astrocytes and that these
EVs induced cells death in neuronal cells. In addition, inhibition
of EV secretion in astrocytes abrogated the increased neuronal
cell death observed in co-cultures. Indeed, EVs have been
implicated as important components of neuron-glia intercellular
communication (Yin et al., 2020) and as mediators of various
pathological conditions in the brain (Budnik et al., 2016;
Hill, 2019). We also demonstrated that ketamine treatment
of astrocytes increased the expression of BDNF-AS in EVs
secreted from these cells. We further found that the increased
secretion of this lncRNA was associated with the cytotoxic
effects of the EVs on neuronal cells. Current ongoing studies
aim to analyze the cargo of the EVs secreted by the ketamine-
treated astrocytes and additional neurotoxic factors involved
in their effects.

FIGURE 7 | A diagram summarizing the roles of neuron-glia interactions, the BDNF pathway and extracellular vesicles in ketamine’s effects. The effects of ketamine
on various components of the BDNF pathway, the interactions of neuron and glial cells and the role of EVs as mediators of these interactions are depicted in this
diagram.
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In summary, we demonstrated multicellular ketamine effects
on human neural cells, an increased expression of A1 astrocytes
and M1 microglia markers and that ketamine induces neurotoxic
effects by both cell autonomous and non-cell autonomous
mechanisms. Moreover, we identified important and integrated
roles of multiple components of the BDNF pathway in ketamine
neurotoxic effects. Finally, we demonstrated for the first time
that ketamine treatment affects the secretion, cargo and function
of astrocyte-derived EVs. The secreted EVs increase neuronal
cell death and act as important mediators of neuron-astrocyte
interactions in the neurotoxic action of ketamine. These findings
may have a broad implication in the short- and long-term effect
of this GA (Figure 7).
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