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With continued expansion of the aged population, the number of patients with

retinal degeneration, which is a leading cause of vision loss worldwide, is

growing. Stem cell therapies offer hope for regeneration and repair of

damaged retinal tissue. Recent reports have highlighted stem cell-derived

paracrine mediators, such as exosomes, which appear to exert a therapeutic

benefit similar to their cell of origin and do not carry the risk of cell

transplantation. One speculated role is that exosomes likely mediate

intercellular communication and material exchange. This review depicts the

molecular mechanisms underlying exosome-based therapy, especially in retina

degeneration diseases. In the future, the use of stem cell-derived exosomes

could be considered a novel and cell-free therapeutic strategy in regenerative

medicine.
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1 Introduction

1.1 Retinal degeneration (RD)

The retina, an essential part of the eyeball, is composed of multiple kinds of neurons,

including photoreceptor, bipolar, horizontal, amacrine, and ganglion cells, located right

before the retinal pigment epithelium (RPE), a single layer of epithelial cells. Externally,

the RPE closely adheres to the choroid in the back and faces the outer segment of the light-

perceiving photoreceptors in the front. Its apical and basal sides can secrete several

different growth factors, which not only nourish the photoreceptor cells but also

phagocytize the outer segment debris.
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The RPE is a vital anatomical structure in the eye with

irreplaceable properties that maintains key functions of the

retina. As such, any defect in the mammalian RPE may lead

to RD as a reduction in the supply of nutrients from the RPE can

cause the photoreceptors to die of starvation. As these fully

differentiated cells are not able to proliferate to replace

defective cells after birth, it is therefore extremely difficult to

mediate retinal regeneration (Strauss, 2005; Campbell and

Humphries, 2013; Stern et al., 2018; Kwon and Freeman,

2020; Shen, 2020). RD can be divided into two major types:

age-relatedmacular degeneration and inherited retinal dystrophy

(Hamel, 2006; Hohman, 2017; Gagliardi et al., 2019).

1.2 Stem cells and stem cell therapy

Over many years, the definition of stem cells has been revised

according to different perspectives. Based on their potential, stem

cells are divided into totipotent stem cells (zygote or the fertilized

egg), pluripotent stem cells (PSCs), multipotent stem cells,

oligopotent stem cells, and unipotent stem cells (also known as

progenitor cells). Totipotent stem cells can produce all somatic

cells, giving rise to both the placenta and the embryo. Zygotes are

the only type of totipotent stem cells. PSCs include both embryonic

stem cells (ESCs) and induced PSCs (iPSCs). ESCs are derived

from the inner mass of the early embryo (the blastocyst)

(4–5 days); possess pluripotency; and can differentiate into

ectoderm, mesoderm, and endoderm germ layers. They were

first isolated by Thomson et al. (1998). iPSCs were first

reported by Kazutoshi Takahashi and Shinya Yamanaka in

2006 (Takahashi and Yamanaka, 2006), are artificially created

by introducing four essential stem cell genes into fibroblasts using a

technology called cell reprogramming, and have stem cell

properties similar to those of ESCs.

Multipotent stem cells can generate multiple cell types within

a specific tissue, such as mesenchymal stem cells (MSCs), cardiac

stem cells, or hematopoietic stem cells, or are derived from

connective tissue and the interstitium of organs, especially

bone marrow. Moreover, oligopotent stem cells are similar to

MSCs with less potential to give rise to ≥2 types of cells within a

tissue, such as neural stem cells. In contrast, unipotent stem cells

can only give rise to a single type of cell, such as spermatogonial

progenitor stem cells (Bosio et al., 2011).

Many studies have focused on the treatment of RD, assessing the

usage of neurotrophic factors, gene therapy, retinal transplantation,

stem cells, or drugs (Sieving et al., 2006; Gasparini et al., 2019;

Vazquez-Dominguez et al., 2019). Stem cell therapy has been

favored due to these cells’ self-renewal ability and potential to

evolve into a variety of cell types (Bosio et al., 2011). Normally,

the underlying mechanism of the stem cell therapeutic effect is

regarded as the differentiation and replacement of the lost and/or

defected cells to ultimately restore or rescue the function of the

affected tissue. However, further experiments have revealed that the

transplanted stem cells can face a muchmore complex and evolving

situation than expected when differentiating into the exact right cell

type(s) in vivo. Even if they develop into cells of the right lineage(s),

theymay not survive long enough to properly function in the grafted

site due to the unfriendly and uncertain microenvironment in the

diseased tissue, which may be characterized by oxygen deficiency,

oxidative stress, inflammation, and other immune response. As

such, the therapeutic effects of the grafted cells often last only a few

days after transplantation. In such a short time, it is hard for the

grafted stem cells to differentiate into the targeted cells and establish

a functional relationship with their surrounding neighbors

(Prockop, 2007; Najar et al., 2020). In addition, MSCs can exert

their regenerative and immunomodulatory effects without

migrating to the right damaged tissue, suggesting that the

therapeutic effect is not fully realized due to cell replacement

(Klingeborn et al., 2018; Stahl and Raposo, 2018; Najar et al.,

2020). Although functional integration of transplanted cells is key

for the success of cell-replacement therapies, it is not necessarily

required for cell remediation (Prockop, 2007; Najar et al., 2020).

Montemurro et al. (Montemurro et al., 2016) investigated the

relationship between the angiogenic and anti-inflammatory

properties of MSCs collected from cord blood for cell

regeneration and found that the secreted factors and extracellular

vesicles (EVs) are the vital elements of the MSC-conditioned media

(MSC-CM). Liu et al. (2010) studied the connection between MSC-

CM and neuron injury induced by ethanol and revealed that MSC-

CM can prevent ethanol-induced chronic oxidative damage by

reducing reactive oxygen species. Mahmoudi et al. (2019)

researched the protective effects of MSC-exosomes (MSC-Exos)

and other substances in MSC-CM on neutrophils and found that

they could enhance the ability of neutrophils to resist pathogens.

Further, Linero and Chaparro et al. (2014) and Rota et al. (2018)

corroborated the finding that the existence of a more positively

protective and regeneration effect of the MSC actually occurs

through MSC-CM.

The same verdicts have been rendered in research on RD

(Klingeborn et al., 2018; Stahl and Raposo, 2018). Therefore, the

realization has been made that it is not the process of cell

replacement as initially expected that is key to therapeutic

success but instead the substances that the grafted cells secrete

at the affected site—especially the EVs, which promote material

transfer and protect and repair the retinal tissue through

modulation of the immune response, inhibition of fibrosis,

promotion of angiogenesis, and diminution of cell apoptosis

(Figure 1).

1.3 Therapeutic effect of stem cell-derived
EVs in ophthalmic diseases

1.3.1 Paracrine action and extracellular vesicles
The action wherein cells secrete substances to communicate

with other cells is known as paracrine action. In addition to
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soluble substances, cells are also known to secret plasma

membrane–wrapped substances, collectively referred to EVs

(Andaloussi et al., 2013). EVs are roughly classifiable into

ectosomes and exosomes. Ectosomes bud out directly from

the plasma membrane and are grouped based on their vesicle

size into macrovesicles, microparticles, and large vesicles. Their

size can range from 50 to 1,000 nm in diameter (Gould and

Raposo, 2013; van Niel et al., 2018). Meanwhile, exosomes

originate from the endosomal system (Kalluri and LeBleu,

2020), with a possible diameter of 30–150 nm (Gould and

Raposo, 2013; S et al., 2013; van Niel et al., 2018), and they

are enclosed by a lipid bilayer. The plasma membrane initially

invaginates to form an early-sorting endosome, with subsequent

maturation into a late-sorting endosome. The membrane

invagination of a late-sorting endosome (the second time)

then leads to the generation of intracellular multivesicular

bodies that fuse with the cell membrane and release the

intraluminal vesicles they contain to form exosomes (van Niel

et al., 2018). This process is part of the intracellular plasma

membrane circulation (van Niel et al., 2018). The exosomes

contain multiple proteins, lipids, messenger RNAs (mRNAs),

and microRNAs (miRNAs) that are not only rich in

macromolecules inside the vesicles but also exist with

distinctive marks on the surface for being marked and tracked.

Different protein markers can be expressed on the surface of

an exosome depending on the cell type from which it was

derived. The EV-packaging process has ≥2 different ways of

packing EVs, such as the Endosomal Sorting Complex Required

for Transport (ESCRT) complex–dependent pathway and the

ESCRT complex–independent pathway. Therefore, the

contents of exosomes, even if secreted by the same cell, can

be distinct. With a microenvironmental change in the parent

cells, such as with exposure to hypoxic conditions or

intervention with certain medicines, the exosome contents

can be altered accordingly to reflect the state of the parent

cells and the secretion and cargo of EVs from tumor cells could

change (Jafari et al., 2020; Soraya et al., 2021). Moreover,

exosomes may exert different biological effects on the

targeted cells in a manner that hinges on their surface

receptors (Mathivanan et al., 2012; Cai et al., 2020).

As mentioned above, exosomes have some unique

macromolecular markers, providing specific traits for their

differentiation from other substances. Among them, one of

the most typical characters is the tetraspanin, a member of the

transmembrane protein family consisting of four

transmembrane domains with >30 proteins (Hemler, 2003),

such as cluster of differentiation (CD)9, CD63, CD81, and

CD82. According to their endosomal origin, some membrane

transporters and fusion proteins, such as flotilin and the ras-

related protein rab5b or Alix, which are all involved in the

biogenesis of multivesicular bodies and the tumor-

susceptibility gene 101 protein, can serve as markers of

exosomes (Vlassov et al., 2012; Vitha et al., 2019)

(Figure 2). Because exosomes and macrovesicles overlap in

diameter, according to the 2014 statement of the International

Society for Extracellular Vesicles (ISEV), both can be

collectively referred to as EVs. ISEV acknowledged that

researchers often used “exosomes” to refer to any EVs

(Lötvall et al., 2014; Stahl and Raposo, 2018). We as the

authors of this review will adopt the same approach based

on the classification of the references.

In previous studies on the composition and nature of

exosomes, the milestone event was undoubtedly the discovery

that exosomes could contain both messenger RNA and miRNA

at the same time (Kowal et al., 2014; Kalluri and LeBleu, 2020).

Further, EVs not only adhere to nearby cells but also travel

FIGURE 1
A schematic diagram showing protective mechanisms of the transplanted cells on retinal cells.
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through body fluids to affect distant cells, and exosomes can

interact with targeted cells by directly activating cell surface

receptors via protein and bioactive lipid ligands, releasing

signaling factors, or through endocytosis (Ratajczak et al.,

2006; Valadi et al., 2007). Exosomes are now considered to be

involved in several biological processes, such as immune

response, viral pathogenicity, intercellular communication, and

the progression of diseases (Jodo et al., 2001; Valadi et al., 2007;

Théry et al., 2009; Wang et al., 2011).

1.3.2 Stem cell-derived EVs in the treatment of
ophthalmic diseases

Exosomes derived from stem cells play a vital role in a variety

of ophthalmic diseases, such as ocular surface diseases, uveitis,

and optic neuropathy. Sjögren’s syndrome, a kind of systemic

disease related to the presence of exocrine gland lesions on several

organs, like the lacrimal glands and salivary glands, can affect

lacrimal gland secretion, causing dry eye and wrecking the ocular

surface health. MSC-Exos can restore gland secretion by

decreasing interleukin (IL)-17, IL-6, and interferon-γ levels as

well as increasing the level of IL-10 secreted by T-cells (Li et al.,

2021). As for corneal diseases, the most common one is corneal

epithelial injury, and iPSCs/MSC-Exos can also promote the

regeneration of corneal epithelial cells by upregulating cyclin A

and CDK2 (Wang et al., 2020b). Among the types of uveitis, most

of which are autoimmune diseases, through reducing the pro-

inflammatory cytokines, IFN-γ+CD4+ cells, and IL-17+CD4+ cells,
MSC-Exos can alleviate ocular inflammation (Zhang et al., 2021).

Taking choroidal neovascularization, a sticky neovascular-related

retinal disease, as an example, stem cell EVs can improve the

visual function and tissue structure by reducing the expression of

vascular endothelial growth factor (VEGF) A (Yaghoubi et al.,

2019). Diabetic retinopathy (DR), a major cause of blindness in

the aged population, is a type of microangiopathy whose

pathogenesis includes both occlusion and leakage of

microvascular contents. Currently, the treatment of DR is

mainly aimed at its prevention. MSC-Exos can downregulate

the expression of high-mobility group box protein 1, NOD-like

receptor thermal protein domain–associated protein 3, and

nuclear factor kappa-light-chain-enhancer of activated B-cells/

p65 protein to alleviate retinal vascular endothelial injury. Also,

miR-222, contained in MSC-Exos, can act on retinal cells and

regulate the expression of signal transducers and the

transcriptional activator 5A protein, inhibit the formation of

neovascularization in DR, and promote retinal regeneration

(Xiong et al., 2021). Further, MSC-Exos can inhibit the

induction of tumor necrosis factor (TNF)-α and reduce the

inflammatory response in the retina (Nuzzi et al., 2020).

Glaucoma and optic nerve–related diseases are characterized

by optic lesions and, in this context, SC-EVs can downregulate

Th1 and Th17, affecting the level of TNF-α, then upregulate

pigment epithelial-derived factors and VEGF to reduce ocular

inflammation and protect optic nerve cells (Mead et al., 2020).

With the help of miRNA contained in exosomes, MSC-Exos can

protect retinal ganglion cells (Mead and Tomarev, 2017; Mead

et al., 2018) (Figure 3).

FIGURE 2
Formation process and electron microscope images of exosomes.
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FIGURE 3
Exosomes derived from stem cells play different roles in ophthalmic diseases.

FIGURE 4
Signaling pathways as underlying potential mechanisms of stem cell-derived extracellular vesicles for retinal degeneration.
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1.4 Therapeutic mechanism of stem cell-
derived EVs for retinal degeneration

Figure 4Multiple studies have demonstrated in retinal

degenerative diseases that the functions of tissue repair, cell

protection, and so on of stem cells derived from EVs are not

inferior and may even be better than the cell-replacement effects

of stem cells because of the lower tumorigenicity rates of the

former. Yet, the therapeutic mechanism of EVs, especially

concerning what specific substances and through which exact

pathway(s) exosomes exert their protective effects for treating

RD, is still under investigation.

1.4.1 Phosphoinositide 3-kinase (PI3k/Akt)
Serine/threonine kinase Akt, also known as protein kinase

B, is the central node of many signaling downstream factors,

including growth factors, cytokines, and other cellular-

stimulation ligands. PI3K/Akt is a classical pathway that can

mediate cell activities, such as cell survival and proliferation,

and is activated by a variety of substances (Manning and

Cantley, 2007). MSC-Exos can also regulate cellular

activities of target cells through this pathway. It is

recognized that oxidative stress and inflammation are

involved in the development of RD. Especially, the

production of reactive oxygen species can cause great

damage to retinal cells (Jarrett and Boulton, 2012; Nita and

Grzybowski, 2016; Yako et al., 2021). MSC-Exos contain five

enzymes required for generating adenosine triphosphate

(ATP) during glycolysis. CD73 on the surface can enhance

the ATP-generation and antioxidant abilities of the cells by

inducing phosphorylation of Akt and glycogen synthase kinase

3 (Arslan et al., 2013). The complex immune protein Toll-like

receptor 4 (TLR4), a key target of biological metabolism, was

initially thought to play a role in innate immunity, but

subsequent studies have shown that it not only exists in

MSCs but also has a protective effect on damaged nerve

cells (Pradillo et al., 2009; Zeuner et al., 2015). MSC-EVs

have the ability to affect the proliferation, migration, and

differentiation of MSCs themselves and additionally reduce

the inflammatory response of cells through the activation of

the TLR4/PI3K/Akt signaling pathway (Zhao et al., 2019).

Liu et al. (2020) showed that ESCs co-cultured with RPE cells

could alleviate the aging of RPE cells in vitro and promote their

proliferation by activating the PIK3 pathway. Furthermore, ESC-

EVs could promote the counter-differentiation of Müller cells

into retinal precursors by inhibiting the expression of octamer-

binding transcription factor 4 in retinal Müller cells, which

contributes to the renewal of retinal cells (Ke et al., 2021). By

activating signaling pathways (TGFb1, SMAD3, ID1, ID3 and

PIK3CG, PDK1, and PLK1) mediated by transforming growth

factor-β (TGF)-β and PI3K signaling factors, ESCs can

downregulate essential effectors of cell senescence, such as

p53, p21 (WAF1/CIP1), and p16 (INK4a), and upregulate

cyclins, including cyclins A2, B1, and D1, thus promoting cell

division and preventing cell cycle arrest mediated by cyclin-

dependent kinase inhibitors like p21, thereby delaying the aging

of RPE cells (Wang et al., 2020a).

1.4.2 TGF-β1
TGF-β1, a member of the TGF-β superfamily, is closely

related to cell apoptosis and has varied roles in cellular

activities, like immunosuppression. Mothers against

decapentaplegic (Smad) protein is a direct substrate of the

TGF-β superfamily that can carry signals transmitted by TGF-

β into the nucleus and affect the transcriptional regulation

process in cells. Smad2 can be directly activated by TGF-β1.
Activated TGF-β1 interacts with phosphorylated Smad2 to

mediate cell life activities (Bakhshayesh et al., 2012; Frick

et al., 2017).

The exosomes derived from MSCs possess the ability to

ameliorate liver fibrosis by reducing TGF-β1 expression,

inactivating the phosphorylation of Smad2, and reversing liver

epithelial–mesenchymal transition (Li et al., 2013). MSC-EVs are

capable of reversing chronic inflammation while being

internalized by macrophages and tubular cells. What enriched

in EVs like IL-4 and IL-10 progeny drive the pro-inflammatory

(M1) macrophages’ shift to trophic (M2) macrophages.

Moreover, EVs can decease several pro-inflammatory

cytokines, such as TNF-α, IL-1β, IL-6, and monocyte

chemoattractant protein (MCP)-1 (Mosser and Edwards, 2008;

Eirin et al., 2017). Correspondingly, EVs secreted by the RPE can

inhibit T-cell proliferation with or without stimulation of

inflammation cytokines like IL-1β, IFN-c, and TN1F-α, albeit
in different ways. Whether by inducing an immunoregulatory-

phenotype monocyte, especially the classical phenotype, and

upregulating TGF-β1 or diminishing the number of

monocytes, all in all, EVs exert immunomodulatory effects to

mitigate the possible harmful inflammatory response

(Knickelbein et al., 2016).

1.4.3 MCP-1
The nuclei of photoreceptor cells are involved in the

formation of the outer nuclear layer (ONL). In RD, this

structure is typically damaged, and damaged photoreceptor

cells can lead to structural disorders and thickness changes in

the inner nuclear layer and ONL in related retinal regions

(Hartong et al., 2006; Huang et al., 2014). Lipopolysaccharide,

a bacterial endotoxin, is considered to aggravate the expressions

of IL-6, MCP-1, and miR-21, resulting in the impairment of RPE

cells (Liu et al., 2019). Recently, MSC-Exos have been regarded to

confer retinal protection activity by downregulating the

messenger RNA expressions of MCP-1, TNF-α, and

ICAM1 to blunt retinal inflammation, thereby reducing the

aggregation of inflammatory cells like macrophages,

improving the structure of the ONL, and protecting the

photoreceptors (Yu et al., 2016).
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1.4.4 Wingless/integrated
Wnt is often involved in embryonic development and tumor

growth, mainly by using paracrine or autocrine routes to transmit

signals intercellularly or intracellularly. There aremany classifications

ofWnt signaling pathways, the most important of which is theWnt/

β-catenin signaling pathway. The proteins involved inWnt signaling

pathways are frequently overexpressed in cancer cells, contributing to

active cell proliferation (Stewart, 2014).

The activation of a Wnt signaling pathway in RPE is one of

the retinal self-protection mechanisms in retinal degenerative

diseases, which could halt further photoreceptor degeneration

and elevate retinal cell regeneration (Osakada et al., 2007; Yi

et al., 2007). Some studies have recapitulated that the Wnt

contained in MSC-Exos should act on targeted cells in an

autocrine or paracrine manner and mediate the cell activity by

stimulating a Wnt pathway (Zhang et al., 2015; Cui et al., 2017a;

Shi et al., 2017; Rong et al., 2019). In addition, Wnt/β-catenin
signaling was also suggested relative to the proliferation and

repair of human iPSC-RPE (Cho et al., 2019).

1.4.5 microRNAs
miRNAs are the non-coding single-stranded RNAs that

regulate gene expression. As mentioned above, EVs can

contain a variety of miRNAs (Mathivanan et al., 2012). The

types and amounts of miRNAs in RPE-derived exosomes closely

correlate with the occurrence of retinal tissue inflammation and

degenerative diseases. The miRNAs contained in exosomes

derived from stem cells can inhibit or promote the expression

of related genes and regulate the activities of targeted cells by

binding to certain genes.

1.4.5.1 Mesenchymal stem cells

The miRNAs coated in MSC-Exos can alter target cell

activities. In bone, MSC-Exos encapsulated miR-21 can inhibit

the expression of the PTEN gene, thus activating the PI3K/Akt

signal transduction pathway, increasing the threshold for

apoptosis of nucleus pulposus cells (Pittenger et al., 2019). In

oncology, MSC-Exos have been trialed as delivery vectors for

transporting certain miRNAs to the targeted cells, further

regulating the genes in resident cells (83–86). Deng et al.

(2020) injected MSCs and MSC-Exos into the vitreous cavities

of mice and confirmed that they had a long-term and lasting

protective effect on preventing the loss of retinal photoreceptors

and retinal function. Even a single injection could have a

protective effect for up to 4–8 weeks. However, when the

MSCs were pretreated with the EV-secretion inhibitor

GW4869, their protective effect was inhibited. Next, the

investigators identified the therapeutic effects of MSC-Exos,

whose anti-apoptotic effects are mediated by miR-21, which

targeted programmed cell death 4. Through this process, the

thickness of ONL could be increased, which should be regarded

as having a protective effect on retinal photoreceptor cells as

mentioned earlier.

1.4.5.2 Neural progenitor cells

Under normal physiological conditions, miR-21 carried by

RPE-derived exosomes could lead to the occurrence of retinal

neuro-inflammation and accelerated RD progression by altering

the function of the subretinal microglia (Morris et al., 2020),

while NPC-derived exosomes play a role in delivering miR-21

from parent cells to targeted cells. The function and ability of

exosomes is affected by the amounts of miRNAs they contain.

Under specific conditions, miR-21 can activate Akt and Wnt

signaling pathways, then achieve protective effects by promoting

the generation of neurons (Ma et al., 2019).

Royal College of Surgeons (RCS) rats with MERTK gene

mutations constitute an animal model of RD in which the RPE

has lost the ability to phagocytose the outer segment of

photoreceptor cells, resulting in an accumulation of falling

debris of the outer segment, which blocks nutritional support

from the choroid to photoreceptor cells, consequently leading to

the progressive death of ONL cells and a reduction in ONL

thickness. In RCS rats, microglia activation causes the release of

pro-inflammatory factors, triggering impairments in the retinal

ONL and photoreceptors. It has been recognized that NPCs

could be obtained from the human retina and mouse

subventricular zone. After being injected into the subretinal

cavity of RD model RCS rats, microglia can internalize mouse

NPC-derived exosomes, and the miRNA contained in mouse

NPC-derived exosomes can inhibit the microglia activation

induced by lipopolysaccharide; reduce the release of pro-

inflammatory factors, such as cyclooxygenase-2, TNF-α, and
IL-1β; participate in the downregulation of multiple

inflammatory pathways, including mitogen-activated protein

kinase, IL-17, nuclear factor kappa-light-chain-enhancer of

activated B-cells, and TNF; prevent the injury of ONL cells;

and reduce the apoptosis of photoreceptors (Bian et al., 2020).

1.4.5.3 Embryonic stem cells

ESC-derived exosomes also release miRNA to targeted cells.

For example, ESC-derived exosomes can be transferred to cardiac

precursor cells (CPCs) to release members of their packed miR-

290 family—especially miR-294, which is not normally expressed

in adult cells or organs—to phosphorylate Akt in CPCs, regulate

the cell cycle, promote cell proliferation and survival, and assist in

increasing the number as well as function of c-kit+ CPCs, thereby

contributing to the development of new cardiomyocytes and

enhanced myocardial viability (Cui et al., 2017b).

2 Concluding remarks and future
perspectives

Human MSCs (hMSCs) were first utilized for clinical trials in

1993; since then, >10,000 people have been treated with autologous

or allogeneic hMSCs (Lazarus et al., 1995; Pittenger et al., 2019). In

traditional experiments, many researchers have successfully
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transplanted stem cell-derived induced cells, though the therapeutic

effect varied and they failed to find the transplanted cells after a short

period of time in the experimental subjects. In 2007, Yoshitaka et al.

(Iso et al., 2007) recognized that, when hMSCs were intravenously

administered in a myocardial infarction mouse model, the cardiac

function of the mice injected with hMSCs was improved compared

to the control group. Nevertheless, no evidence supported hMSC

engraftment in the heart; instead,multiple protective factors secreted

by the engrafted hMSCs were detected, and the investigators

assumed that it was the paracrine effects or secreted factors of

hMSCs that ameliorated cardiac dysfunction. These findings

prompted researchers to consider if stem cells’ therapeutic effects

are really achieved by replacing lost and/or defected cells in diseased

tissues; researchers also questioned the mechanism underlying the

therapeutic effects stem cell replacement. In an effort to elucidate the

mechanisms, many researchers co-cultured stem cells with impaired

experimental cells. Interestingly, although the stem cells are not

directly in contact with the experimental cells, an effective

therapeutic effect still existed. It was hypothesized that the

therapeutic effect of stem cells appears to be attributable to the

substances they secreted, rather the engraftment, differentiation, or

cell fusion of stem cells.

EVs, as their name suggests, can be regarded as a type of

vehicle with strong transportation capacity. As mentioned above,

EVs can pack in a variety of substances and have their own

characteristic marks; without stopping here, it is intelligent to

change their characteristics and materials contained according to

the different microenvironments around them and their targeted

cells. Therefore, it is quite prospective to use the vehicle’s power

to transport the substances we design.

Considering stem cell therapy for RD, most of the current

clinical trials or pre-clinical trials still engraft the RPE derived

from stem cells. The sources of stem cells can be divided into

autologous and allogeneic types. Autologous stem cells have less

immunogenicity; thus, the possibility of their rejection is lower

than that of allogeneic stem cells, but it is not that convenient to

obtain the initial patient tissue in this context. Correspondingly,

the obstacle in allogeneic stem cell transplantation is the

immunosuppressive effects. Usually, surgical methods include

vitreous cavity stem cell injection or transplantation of engraft-

induced RPE grafts or RPE cells into the subretinal cavity.

Subretinal injection of induced RPE cells can be divided into

two methods: suspension and with a scaffold (Siqueira et al.,

2011; Schwartz et al., 2015; Oner et al., 2016; Mandai et al., 2017;

da Cruz et al., 2018; Kashani et al., 2018; Mehat et al., 2018).

In recent years, more and more observations have validated the

idea that the essence of the therapeutic effect of stem cells probably

arises from the exosomes released by said stem cells. In experimental

research, exosome transplantation is considered to achieve the same

therapeutic effect as stem cell transplantation and circumvents the

limitations associated with direct cell administration so that the

therapeutic safety can be further improved, thereby making this

approach more conducive to clinical application. As mentioned

above, stem cells themselves have multipotency or even

pluripotency, which makes it difficult to control their

differentiation direction or differentiation product(s), especially

when transplanting stem cells in a complex microenvironment

like the retina. Furthermore, stem cell acquisition involves unique

ethical issues, thus facing more barriers than expected. Nonetheless,

as a paracrine product of stem cells, exosomes are easier to sterilize

and preserve after acquisition with a more stable biological profile. In

the future, exosomes will also be easier to commercialize for extensive

use. However, an issue that should be considered is the variations in

the quality and physiological function of EVs depending on the age of

the parent cell. EVs from senescent MSCs probably lose their

treatment efficacy (Ahmadi et al., 2021). In addition, because of

the characteristics of exosomes, researchers have found that

exosomes can be customized to establish novel therapeutic

strategies. In oncology, exosomes containing certain miRNAs are

modified by specific surface proteins to make them chemotactic to

targeted cells for boosting apoptosis, diminishing proliferation,

preventing migration, and monitoring exosome-mediated

autophagy (Hassanpour et al., 2021; Nie et al., 2020; Kim et al., 2021).

In sum, in the future of treatment for RD, if the mechanisms

underlying RPE or photoreceptor cell impairment are

deciphered, we can design and edit upstream or downstream

components at the gene level by using modified exosomes, thus

blocking the RD damage pathway to ameliorate cell damage

sequentially. This method shows a promising chance to become

an effective and safe way to save patients’ vision.

Author contributions

ZL: writing original draft and editing. XL: editing,

visualization, and supervision. ZhL: conceptualization and

supervision. FZ, YZ, and YL: conceptualization, investigation,

and methodology. All authors have read and agreed to the

published version of the manuscript.

Funding

This research was funded by National Natural Science

Foundation of China (Grant No. 82000924), Natural Science

Foundation of Hunan Province (Grant No. 2020JJ5817), and the

Natural Science Foundation of Hunan Province (Grant No.

2020JJ4793). The APC was funded by the National Natural

Science Foundation of China (Grant No. 82000924).

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.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Liu et al. 10.3389/fbioe.2022.905516

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.905516


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Ahmadi, M., and Rezaie, J. (2021). Ageing and mesenchymal stem cells derived
exosomes: Molecular insight and challenges. Cell biochem. Funct. 39 (1), 60–66.
doi:10.1002/cbf.3602

Andaloussi, S. E., Mäger, I., Breakefield, X. O., and Wood, M. J. (2013).
Extracellular vesicles: Biology and emerging therapeutic opportunities. Nat. Rev.
Drug Discov. 12 (5), 347–357. doi:10.1038/nrd3978

Arslan, F., Lai, R. C., Smeets, M. B., Akeroyd, L., Choo, A., Aguor, E. N. E., et al.
(2013). Mesenchymal stem cell-derived exosomes increase ATP levels, decrease
oxidative stress and activate PI3K/Akt pathway to enhance myocardial viability and
prevent adverse remodeling after myocardial ischemia/reperfusion injury. Stem Cell
Res. 10 (3), 301–312. doi:10.1016/j.scr.2013.01.002

Bakhshayesh, M., Zaker, F., Hashemi, M., Katebi, M., and Solaimani, M. (2012). TGF-
β1-mediated apoptosis associated with SMAD-dependentmitochondrial Bcl-2 expression.
Clin. Lymphoma Myeloma Leuk. 12 (2), 138–143. doi:10.1016/j.clml.2011.12.001

Bian, B. S. J., Zhao, C. J., He, X. Y., Gong, Y., Ren, C. G., Ge, L. L., et al. (2020).
Exosomes derived from neural progenitor cells preserve photoreceptors during
retinal degeneration by inactivating microglia. J. Extracell. vesicles 9 (1), 1748931.
doi:10.1080/20013078.2020.1748931

Bosio, A., Bissels, U., and Miltenyi, S. (2011). “Characterization and classification of
stem cells,” inRegenerativemedicine. EditorG. Steinhoff. (Dordrecht: Springer), 149–167.

Cai, Y. C., Liu, W. Y., Lian, L., Xu, Y. Z., Bai, X. D., Xu, S. X., et al. (2020). Stroke
treatment: Is exosome therapy superior to stem cell therapy? Biochimie 179,
190–204. doi:10.1016/j.biochi.2020.09.025

Campbell, M., and Humphries, P. (2013). “THE BLOOD-RETINA BARRIER
tight junctions and barrier modulation,” in Biology and regulation of blood-tissue
barriers. Editor C. Y. Cheng, 70–84.

Cho, I. H., Park, S. J., Lee, S. H., Nah, S. K., Park, H. Y., Yang, J. Y., et al. (2019).
The role of Wnt/β-catenin signaling in the restoration of induced pluripotent stem
cell-derived retinal pigment epithelium after laser photocoagulation. Lasers Med.
Sci. 34 (3), 571–581. doi:10.1007/s10103-018-2631-5

Cui, X., He, Z., Liang, Z., Chen, Z., Wang, H., and Zhang, J. (2017a). Exosomes
from adipose-derived mesenchymal stem cells protect the myocardium against
ischemia/reperfusion injury through wnt/β-catenin signaling pathway.
J. Cardiovasc. Pharmacol. 70 (4), 225–231. doi:10.1097/fjc.0000000000000507

Cui, X., He, Z., Liang, Z., Chen, Z., Wang, H., and Zhang, J. (2017b). Exosomes
from adipose-derived mesenchymal stem cells protect the myocardium against
ischemia/reperfusion injury through wnt/β-catenin signaling pathway.
J. Cardiovasc. Pharmacol. 70 (4), 225–231. doi:10.1097/fjc.0000000000000507

da Cruz, L., Fynes, K., Georgiadis, O., Kerby, J., Luo, Y. H., Ahmado, A., et al.
(2018). Phase 1 clinical study of an embryonic stem cell-derived retinal pigment
epithelium patch in age-related macular degeneration. Nat. Biotechnol. 36 (4),
328–337. doi:10.1038/nbt.4114

Deng, C.-L., Hu, C.-B., Ling, S.-T., Zhao, N., Bao, L.-H., Zhou, F., et al. (2020).
Photoreceptor protection by mesenchymal stem cell transplantation identifies
exosomal MiR-21 as a therapeutic for retinal degeneration. Cell Death Differ.
28, 1041–1061. doi:10.1038/s41418-020-00636-4

Eirin, A., Zhu, X. Y., Puranik, A. S., Tang, H., McGurren, K. A., van Wijnen, A. J.,
et al. (2017). Mesenchymal stem cell-derived extracellular vesicles attenuate kidney
inflammation. Kidney Int. 92 (1), 114–124. doi:10.1016/j.kint.2016.12.023

Frick, C. L., Yarka, C., Nunns, H., and Goentoro, L. (2017). Sensing relative signal
in the Tgf-β/Smad pathway. Proc. Natl. Acad. Sci. U. S. A. 114 (14), E2975-
E2982–e2982. doi:10.1073/pnas.1611428114

Gagliardi, G., Ben M’Barek, K., and Goureau, O. (2019). Photoreceptor cell
replacement in macular degeneration and retinitis pigmentosa: A pluripotent stem
cell-based approach. Prog. Retin. Eye Res. 71, 1–25. doi:10.1016/j.preteyeres.2019.03.001

Gasparini, S. J., Llonch, S., Borsch, O., and Ader, M. (2019). Transplantation of
photoreceptors into the degenerative retina: Current state and future perspectives.
Prog. Retin. Eye Res. 69, 1–37. doi:10.1016/j.preteyeres.2018.11.001

Gould, S. J., and Raposo, G. (2013). As we wait: Coping with an imperfect
nomenclature for extracellular vesicles. J. Extracell. vesicles 2, 20389. doi:10.3402/
jev.v2i0.20389

Hamel, C. (2006). Retinitis pigmentosa. Orphanet J. Rare Dis. 1, 40. doi:10.1186/
1750-1172-1-40

Hartong, D. T., Berson, E. L., and Dryja, T. P. (2006). Retinitis pigmentosa. Lancet
368 (9549), 1795–1809. doi:10.1016/s0140-6736(06)69740-7

Hassanpour, M., Rezabakhsh, A., Rezaie, J., Nouri, M., and Rahbarghazi, R. J. C.
bioscience Exosomal cargos modulate autophagy in recipient cells via different
signaling pathways, 10, 92.

Hemler, M. E. (2003). Tetraspanin proteins mediate cellular penetration, invasion,
and fusion events and define a novel type of membrane microdomain.Annu. Rev. Cell
Dev. Biol. 19, 397–422. doi:10.1146/annurev.cellbio.19.111301.153609

Hohman, T. C. (2017). Hereditary retinal dystrophy. Handb. Exp. Pharmacol.
242, 337–367. doi:10.1007/164_2016_91

Huang, W. C., Cideciyan, A. V., Roman, A. J., Sumaroka, A., Sheplock, R.,
Schwartz, S. B., et al. (2014). Inner and outer retinal changes in retinal degenerations
associated with ABCA4 mutations. Invest. Ophthalmol. Vis. Sci. 55 (3), 1810–1822.
doi:10.1167/iovs.13-13768

Iso, Y., Spees, J. L., Serrano, C., Bakondi, B., Pochampally, R., Song, Y. H., et al.
(2007). Multipotent human stromal cells improve cardiac function after myocardial
infarction in mice without long-term engraftment. Biochem. Biophys. Res. Commun.
354 (3), 700–706. doi:10.1016/j.bbrc.2007.01.045

Jafari, R., Rahbarghazi, R., Ahmadi, M., Hassanpour, M., and Rezaie, J. J. J. o. t. m.
(2020). Hypoxic exosomes orchestrate tumorigenesis: Molecular mechanisms and
therapeutic implications. J. Transl. Med. 18 (1), 474. doi:10.1186/s12967-020-
02662-9

Jarrett, S. G., and Boulton,M. E. (2012). Consequences of oxidative stress in age-related
macular degeneration.Mol. aspectsMed. 33 (4), 399–417. doi:10.1016/j.mam.2012.03.009

Jodo, S., Xiao, S., Hohlbaum, A., Strehlow, D., Marshak-Rothstein, A., and Ju, S. T.
(2001). Apoptosis-inducing membrane vesicles. J. Biol. Chem. 276 (43),
39938–39944. doi:10.1074/jbc.M107005200

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications
of exosomes. Science 367(6478), eaau6977-+. doi:10.1126/science.aau6977

Kashani, A. H., Lebkowski, J. S., Rahhal, F. M., Avery, R. L., Salehi-Had, H., Dang,
W., et al. (2018). A bioengineered retinal pigment epithelial monolayer for
advanced, dry age-related macular degeneration. Sci. Transl. Med. 10 (435),
eaao4097. doi:10.1126/scitranslmed.aao4097

Ke, Y. F., Fan, X., Hao, R., Dong, L. J., Xue, M., Tan, L. Z., et al. (2021). Human
embryonic stem cell-derived extracellular vesicles alleviate retinal degeneration by
upregulating Oct4 to promote retinal Muller cell retrodifferentiation via HSP90.
Stem Cell Res. Ther. 12 (1), 21. doi:10.1186/s13287-020-02034-6

Kim, H., Kim, E. H., Kwak, G., Chi, S. G., Kim, S. H., and Yang, Y. (2021).
Exosomes: Cell-Derived nanoplatforms for the delivery of cancer therapeutics. Int.
J. Mol. Sci. 22 (1), 14. doi:10.3390/ijms22010014

Klingeborn, M., Stamer, W. D., and Rickman, C. B. (2018). “Polarized exosome
release from the retinal pigmented epithelium,” in Retinal degenerative diseases:
Mechanisms and experimental therapy. Editors J. D. Ash, R. E. Anderson,
M. M. LaVail, C. B. Rickman, J. G. Hollyfield, and C. Grimm, 539–544.

Knickelbein, J. E., Liu, B., Arakelyan, A., Zicari, S., Hannes, S., Chen, P., et al. (2016).
Modulation of immune responses by extracellular vesicles from retinal pigment
epithelium. Invest. Ophthalmol. Vis. Sci. 57 (10), 4101–4107. doi:10.1167/iovs.15-18353

Kowal, J., Tkach, M., and Thery, C. (2014). Biogenesis and secretion of exosomes.
Curr. Opin. Cell Biol. 29, 116–125. doi:10.1016/j.ceb.2014.05.004

Kwon, W., and Freeman, S. A. (2020). Phagocytosis by the retinal pigment
epithelium: Recognition, resolution, recycling. Front. Immunol. 11, 604205. doi:10.
3389/fimmu.2020.604205

Lazarus, H. M., Haynesworth, S. E., Gerson, S. L., Rosenthal, N. S., and Caplan, A.
I. (1995). Ex vivo expansion and subsequent infusion of human bone marrow-
derived stromal progenitor cells (mesenchymal progenitor cells): Implications for
therapeutic use. Bone Marrow Transpl. 16 (4), 557–564.

Li, B. Y., Xing, Y. X., Gan, Y. H., He, J., and Hua, H. (2021). Labial gland-derived
mesenchymal stem cells and their exosomes ameliorate murine Sjogren’s syndrome

Frontiers in Bioengineering and Biotechnology frontiersin.org09

Liu et al. 10.3389/fbioe.2022.905516

https://doi.org/10.1002/cbf.3602
https://doi.org/10.1038/nrd3978
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1016/j.clml.2011.12.001
https://doi.org/10.1080/20013078.2020.1748931
https://doi.org/10.1016/j.biochi.2020.09.025
https://doi.org/10.1007/s10103-018-2631-5
https://doi.org/10.1097/fjc.0000000000000507
https://doi.org/10.1097/fjc.0000000000000507
https://doi.org/10.1038/nbt.4114
https://doi.org/10.1038/s41418-020-00636-4
https://doi.org/10.1016/j.kint.2016.12.023
https://doi.org/10.1073/pnas.1611428114
https://doi.org/10.1016/j.preteyeres.2019.03.001
https://doi.org/10.1016/j.preteyeres.2018.11.001
https://doi.org/10.3402/jev.v2i0.20389
https://doi.org/10.3402/jev.v2i0.20389
https://doi.org/10.1186/1750-1172-1-40
https://doi.org/10.1186/1750-1172-1-40
https://doi.org/10.1016/s0140-6736(06)69740-7
https://doi.org/10.1146/annurev.cellbio.19.111301.153609
https://doi.org/10.1007/164_2016_91
https://doi.org/10.1167/iovs.13-13768
https://doi.org/10.1016/j.bbrc.2007.01.045
https://doi.org/10.1186/s12967-020-02662-9
https://doi.org/10.1186/s12967-020-02662-9
https://doi.org/10.1016/j.mam.2012.03.009
https://doi.org/10.1074/jbc.M107005200
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/scitranslmed.aao4097
https://doi.org/10.1186/s13287-020-02034-6
https://doi.org/10.3390/ijms22010014
https://doi.org/10.1167/iovs.15-18353
https://doi.org/10.1016/j.ceb.2014.05.004
https://doi.org/10.3389/fimmu.2020.604205
https://doi.org/10.3389/fimmu.2020.604205
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.905516


by modulating the balance of Treg and Th17 cells. Stem Cell Res. Ther. 12 (1), 478.
doi:10.1186/s13287-021-02541-0

Li, T. F., Yan, Y. M., Wang, B. Y., Qian, H., Zhang, X., Shen, L., et al. (2013).
Exosomes derived from human umbilical cord mesenchymal stem cells alleviate
liver fibrosis. Stem Cells Dev. 22 (6), 845–854. doi:10.1089/scd.2012.0395

Linero, I., and Chaparro, O. (2014). Paracrine effect of mesenchymal stem cells
derived from human adipose tissue in bone regeneration. PloS one 9 (9), e107001.
doi:10.1371/journal.pone.0107001

Liu, J. H., Yang, L., Wang, X. R., Wang, S. B., Huang, Z. Q., Li, C. Y., et al. (2020).
Embryonic stem cell microenvironment enhances proliferation of human retinal
pigment epithelium cells by activating the PI3K signaling pathway. Stem Cell Res.
Ther. 11 (1), 411. doi:10.1186/s13287-020-01923-0

Liu, J., Ma, Z., and Ran, Z. (2019). MiR-21-3p modulates lipopolysaccharide-induced
inflammation and apoptosis via targeting TGS4 in retinal pigment epithelial cells. Clin.
Exp. Pharmacol. Physiol. 46 (10), 883–889. doi:10.1111/1440-1681.13142

Liu, L., Cao, J. X., Sun, B., Li, H. L., Xia, Y., Wu, Z., et al. (2010). Mesenchymal
stem cells inhibition of chronic ethanol-induced oxidative damage via upregulation
of phosphatidylinositol-3-kinase/Akt and modulation of extracellular signal-
regulated kinase 1/2 activation in PC12 cells and neurons. Neuroscience 167 (4),
1115–1124. doi:10.1016/j.neuroscience.2010.01.057

Lötvall, J., Hill, A. F., Hochberg, F., Buzás, E. I., Di Vizio, D., Gardiner, C., et al.
(2014). Minimal experimental requirements for definition of extracellular vesicles
and their functions: A position statement from the international society for
extracellular vesicles. J. Extracell. vesicles 3, 26913. doi:10.3402/jev.v3.26913

Ma, Y. Z., Li, C. H., Huang, Y. L., Wang, Y., Xia, X. H., and Zheng, J. L. C. (2019).
Exosomes released from neural progenitor cells and induced neural progenitor cells
regulate neurogenesis through miR-21a. Cell Commun. Signal. 17 (1), 96. doi:10.
1186/s12964-019-0418-3

Mahmoudi, M., Taghavi-Farahabadi, M., Rezaei, N., and Hashemi, S. M. (2019).
Comparison of the effects of adipose tissue mesenchymal stromal cell-derived
exosomes with conditioned media on neutrophil function and apoptosis. Int.
Immunopharmacol. 74, 105689. doi:10.1016/j.intimp.2019.105689

Mandai, M., Watanabe, A., Kurimoto, Y., Hirami, Y., Morinaga, C., Daimon, T.,
et al. (2017). Autologous induced stem-cell-derived retinal cells for macular
degeneration. N. Engl. J. Med. Overseas. Ed. 376 (11), 1038–1046. doi:10.1056/
NEJMoa1608368

Manning, B. D., and Cantley, L. C. (2007). AKT/PKB signaling: Navigating
downstream. Cell 129 (7), 1261–1274. doi:10.1016/j.cell.2007.06.009

Mathivanan, S., Fahner, C. J., Reid, G. E., and Simpson, R. J. (2012). ExoCarta
2012: Database of exosomal proteins, RNA and lipids. Nucleic acids Res. 40,
D1241–D1244. Database issue). doi:10.1093/nar/gkr828

Mead, B., Amaral, J., and Tomarev, S. (2018). Mesenchymal stem cell-derived
small extracellular vesicles promote neuroprotection in rodent models of glaucoma.
Invest. Ophthalmol. Vis. Sci. 59 (2), 702–714. doi:10.1167/iovs.17-22855

Mead, B., Chamling, X., Zack, D. J., Ahmed, Z., and Tomarev, S. (2020). TNF
alpha-mediated priming of mesenchymal stem cells enhances their neuroprotective
effect on retinal ganglion cells. Invest. Ophthalmol. Vis. Sci. 61 (2), 6. doi:10.1167/
iovs.61.2.6

Mead, B., and Tomarev, S. (2017). Bone marrow-derived mesenchymal stem
cells-derived exosomes promote survival of retinal ganglion cells through miRNA-
dependent mechanisms. Stem Cells Transl. Med. 6 (4), 1273–1285. doi:10.1002/
sctm.16-0428

Mehat, M. S., Sundaram, V., Ripamonti, C., Robson, A. G., Smith, A. J., Borooah,
S., et al. (2018). Transplantation of human embryonic stem cell-derived retinal
pigment epithelial cells in macular degeneration. Ophthalmology 125 (11),
1765–1775. doi:10.1016/j.ophtha.2018.04.037

Montemurro, T., Viganò, M., Ragni, E., Barilani, M., Parazzi, V., Boldrin, V., et al.
(2016). Angiogenic and anti-inflammatory properties of mesenchymal stem cells
from cord blood: Soluble factors and extracellular vesicles for cell regeneration. Eur.
J. Cell Biol. 95 (6-7), 228–238. doi:10.1016/j.ejcb.2016.04.003

Morris, D. R., Bounds, S. E., Liu, H., Ding, W.-Q., Chen, Y., Liu, Y., et al. (2020).
Exosomal MiRNA transfer between retinal microglia and RPE. Int. J. Mol. Sci. 21
(10), 3541. doi:10.3390/ijms21103541

Mosser, D. M., and Edwards, J. P. (2008). Exploring the full spectrum of
macrophage activation. Nat. Rev. Immunol. 8 (12), 958–969. doi:10.1038/
nri2448

Najar, M., Martel-Pelletier, J., Pelletier, J. P., and Fahmi, H. (2020). Mesenchymal
stromal cell immunology for efficient and safe treatment of osteoarthritis. Front.
Cell Dev. Biol. 8, 567813. doi:10.3389/fcell.2020.567813

Nie, H. F., Xie, X. D., Zhang, D. D., Zhou, Y., Li, B. F., Li, F. Q., et al. (2020). Use of
lung-specific exosomes for miRNA-126 delivery in non-small cell lung cancer.
Nanoscale 12 (2), 877–887. doi:10.1039/c9nr09011h

Nita, M., and Grzybowski, A. (2016). The role of the reactive oxygen species and
oxidative stress in the pathomechanism of the age-related ocular diseases and other
pathologies of the anterior and posterior eye segments in adults. Oxidative Med.
Cell. Longev. 2016, 1–23. doi:10.1155/2016/3164734

Nuzzi, R., Caselgrandi, P., and Vercelli, A. (2020). Effect of mesenchymal stem
cell-derived exosomes on retinal injury: A review of current findings. Stem Cells Int.
2020, 1–9. doi:10.1155/2020/8883616

Oner, A., Gonen, Z. B., Sinim, N., Cetin, M., and Ozkul, Y. (2016). Subretinal
adipose tissue-derived mesenchymal stem cell implantation in advanced stage
retinitis pigmentosa: a phase I clinical safety study. Stem Cell Res. Ther. 7 (1),
178. doi:10.1186/s13287-016-0432-y

Osakada, F., Ooto, S., Akagi, T., Mandai, M., Akaike, A., and Takahashi, M.
(2007). Wnt signaling promotes regeneration in the retina of adult mammals.
J. Neurosci. 27 (15), 4210–4219. doi:10.1523/jneurosci.4193-06.2007

Pittenger, M. F., Discher, D. E., Péault, B. M., Phinney, D. G., Hare, J. M., and
Caplan, A. I. (2019). Mesenchymal stem cell perspective: Cell biology to clinical
progress. npj Regen. Med. 4, 22. doi:10.1038/s41536-019-0083-6

Pradillo, J. M., Fernandez-Lopez, D., Garcia-Yebenes, I., Sobrado, M., Hurtado,
O., Moro, M. A., et al. (2009). Toll-like receptor 4 is involved in neuroprotection
afforded by ischemic preconditioning. J. Neurochem. 109 (1), 287–294. doi:10.1111/
j.1471-4159.2009.05972.x

Prockop, D. J. (2007). Stemness" does not explain the repair of many tissues by
mesenchymal stem/multipotent stromal cells (MSCs). Clin. Pharmacol. Ther. 82
(3), 241–243. doi:10.1038/sj.clpt.6100313

Ratajczak, J., Wysoczynski, M., Hayek, F., Janowska-Wieczorek, A., and
Ratajczak, M. Z. (2006). Membrane-derived microvesicles: Important and
underappreciated mediators of cell-to-cell communication. Leukemia 20 (9),
1487–1495. doi:10.1038/sj.leu.2404296

Rong, X. L., Liu, J. Z., Yao, X., Jiang, T. C., Wang, Y. M., and Xie, F. (2019). Human
bone marrow mesenchymal stem cells-derived exosomes alleviate liver fibrosis through
the Wnt/β-catenin pathway. Stem Cell Res. Ther. 10, 98. doi:10.1186/s13287-019-1204-2

Rota, C., Morigi, M., Cerullo, D., Introna, M., Colpani, O., Corna, D., et al. (2018).
Therapeutic potential of stromal cells of non-renal or renal origin in experimental
chronic kidney disease. Stem Cell Res. Ther. 9 (1), 220. doi:10.1186/s13287-018-0960-8

Schwartz, S. D., Regillo, C. D., Lam, B. L., Eliott, D., Rosenfeld, P. J., Gregori, N. Z.,
et al. (2015). Human embryonic stem cell-derived retinal pigment epithelium in
patients with age-related macular degeneration and stargardt’s macular dystrophy:
Follow-up of two open-label phase 1/2 studies. Lancet 385 (9967), 509–516. doi:10.
1016/s0140-6736(14)61376-3

Shen, Y. (2020). Stem cell therapies for retinal diseases: From bench to bedside.
J. Mol. Med. 98 (10), 1347–1368. doi:10.1007/s00109-020-01960-5

Shi, H., Xu, X., Zhang, B., Xu, J., Pan, Z., Gong, A., et al. (2017). 3, 3 ’-
Diindolylmethane stimulates exosomal Wnt11 autocrine signaling in human
umbilical cord mesenchymal stem cells to enhance wound healing. Theranostics
7 (6), 1674–1688. doi:10.7150/thno.18082

Sieving, P. A., Caruso, R. C., Tao, W., Coleman, H. R., Thompson, D. J. S., Fullmer, K.
R., et al. (2006). Ciliary neurotrophic factor (CNTF) for human retinal degeneration:
Phase I trial of CNTF delivered by encapsulated cell intraocular implants. Proc. Natl.
Acad. Sci. U. S. A. 103 (10), 3896–3901. doi:10.1073/pnas.0600236103

Siqueira, R. C., Messias, A., Voltarelli, J. C., Scott, I. U., and Jorge, R. (2011)., 31.
Philadelphia, Pa, 1207–1214. doi:10.1097/IAE.0b013e3181f9c242Intravitreal
injection of autologous bone marrow-derived mononuclear cells for hereditary
retinal dystrophy: a phase I trialRetina6

Soraya, H., Sani, N., Jabbari, N., and Rezaie, J. J. A. o. m. r. (2021). Metformin
increases exosome biogenesis and secretion in U87 MG human glioblastoma cells:
A possible mechanism of therapeutic resistance. Arch. Med. Res. 52 (2), 151–162.
doi:10.1016/j.arcmed.2020.10.007

Stahl, P. D., and Raposo, G. (2018). Exosomes and extracellular vesicles: The path
forward. Essays Biochem. 62 (2), 119–124. doi:10.1042/ebc20170088

Stern, J. H., Tian, Y., Funderburgh, J., Pellegrini, G., Zhang, K., Goldberg, J. L.,
et al. (2018). Regenerating eye tissues to preserve and restore vision. Cell Stem Cell
22 (6), 834–849. doi:10.1016/j.stem.2018.05.013

Stewart, D. J. (2014). Wnt signaling pathway in non-small cell lung cancer. JNCI
J. Natl. Cancer Inst. 106 (1), djt356. doi:10.1093/jnci/djt356

Strauss, O. (2005). The retinal pigment epithelium in visual function. Physiol. Rev.
85 (3), 845–881. doi:10.1152/physrev.00021.2004

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126 (4),
663–676. doi:10.1016/j.cell.2006.07.024

Théry, C., Ostrowski, M., and Segura, E. (2009). Membrane vesicles as
conveyors of immune responses. Nat. Rev. Immunol. 9 (8), 581–593. doi:10.
1038/nri2567

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Liu et al. 10.3389/fbioe.2022.905516

https://doi.org/10.1186/s13287-021-02541-0
https://doi.org/10.1089/scd.2012.0395
https://doi.org/10.1371/journal.pone.0107001
https://doi.org/10.1186/s13287-020-01923-0
https://doi.org/10.1111/1440-1681.13142
https://doi.org/10.1016/j.neuroscience.2010.01.057
https://doi.org/10.3402/jev.v3.26913
https://doi.org/10.1186/s12964-019-0418-3
https://doi.org/10.1186/s12964-019-0418-3
https://doi.org/10.1016/j.intimp.2019.105689
https://doi.org/10.1056/NEJMoa1608368
https://doi.org/10.1056/NEJMoa1608368
https://doi.org/10.1016/j.cell.2007.06.009
https://doi.org/10.1093/nar/gkr828
https://doi.org/10.1167/iovs.17-22855
https://doi.org/10.1167/iovs.61.2.6
https://doi.org/10.1167/iovs.61.2.6
https://doi.org/10.1002/sctm.16-0428
https://doi.org/10.1002/sctm.16-0428
https://doi.org/10.1016/j.ophtha.2018.04.037
https://doi.org/10.1016/j.ejcb.2016.04.003
https://doi.org/10.3390/ijms21103541
https://doi.org/10.1038/nri2448
https://doi.org/10.1038/nri2448
https://doi.org/10.3389/fcell.2020.567813
https://doi.org/10.1039/c9nr09011h
https://doi.org/10.1155/2016/3164734
https://doi.org/10.1155/2020/8883616
https://doi.org/10.1186/s13287-016-0432-y
https://doi.org/10.1523/jneurosci.4193-06.2007
https://doi.org/10.1038/s41536-019-0083-6
https://doi.org/10.1111/j.1471-4159.2009.05972.x
https://doi.org/10.1111/j.1471-4159.2009.05972.x
https://doi.org/10.1038/sj.clpt.6100313
https://doi.org/10.1038/sj.leu.2404296
https://doi.org/10.1186/s13287-019-1204-2
https://doi.org/10.1186/s13287-018-0960-8
https://doi.org/10.1016/s0140-6736(14)61376-3
https://doi.org/10.1016/s0140-6736(14)61376-3
https://doi.org/10.1007/s00109-020-01960-5
https://doi.org/10.7150/thno.18082
https://doi.org/10.1073/pnas.0600236103
https://doi.org/10.1097/IAE.0b013e3181f9c242
https://doi.org/10.1016/j.arcmed.2020.10.007
https://doi.org/10.1042/ebc20170088
https://doi.org/10.1016/j.stem.2018.05.013
https://doi.org/10.1093/jnci/djt356
https://doi.org/10.1152/physrev.00021.2004
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/nri2567
https://doi.org/10.1038/nri2567
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.905516


Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J.,
Marshall, V. S., et al. (1998). Embryonic stem cell lines derived from human blastocysts.
Sci. (New York, N.Y.) 282 (5391), 1145–1147. doi:10.1126/science.282.5391.1145

Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J. J., and Lötvall, J. O.
(2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat. Cell Biol. 9 (6), 654–659.
doi:10.1038/ncb1596

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell
biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19 (4), 213–228. doi:10.
1038/nrm.2017.125

Vazquez-Dominguez, I., Garanto, A., and Collin, R. W. J. (2019). Molecular
therapies for inherited retinal diseases-current standing, opportunities and
challenges. Genes 10 (9), 654. doi:10.3390/genes10090654

Vitha, A. E., Kollefrath, A. W., Huang, C. Y. C., and Garcia-Godoy, F. (2019).
Characterization and therapeutic uses of exosomes: A new potential tool in
orthopedics. Stem Cells Dev. 28 (2), 141–150. doi:10.1089/scd.2018.0205

Vlassov, A. V., Magdaleno, S., Setterquist, R., and Conrad, R. (2012). Exosomes:
Current knowledge of their composition, biological functions, and diagnostic and
therapeutic potentials. Biochimica Biophysica Acta - General Subj. 1820 (7),
940–948. doi:10.1016/j.bbagen.2012.03.017

Wang, S. B., Liu, Y. R., Liu, Y., Li, C. Y., Wan, Q., Yang, L., et al. (2020a). Reversed
senescence of retinal pigment epithelial cell by coculture with embryonic stem cell
via the TGF beta and PI3K pathways. Front. Cell Dev. Biol. 8, 588050. doi:10.3389/
fcell.2020.588050

Wang, S., Cesca, F., Loers, G., Schweizer, M., Buck, F., Benfenati, F., et al. (2011).
Synapsin I is an oligomannose-carrying glycoprotein, acts as an oligomannose-
binding lectin, and promotes neurite outgrowth and neuronal survival when
released via glia-derived exosomes. J. Neurosci. 31 (20), 7275–7290. doi:10.1523/
jneurosci.6476-10.2011

Wang, S. D., Hou, Y. L., Li, X. R., Song, Z., Sun, B. Q., Li, X. Y., et al. (2020b).
Comparison of exosomes derived from induced pluripotent stem cells and

mesenchymal stem cells as therapeutic nanoparticles for treatment of corneal
epithelial defects. aging 12 (19), 19546–19562. doi:10.18632/aging.103904

Xiong, J. C., Hu, H., Guo, R., Wang, H., and Jiang, H. (2021). Mesenchymal stem
cell exosomes as a new strategy for the treatment of diabetes complications. Front.
Endocrinol. 12, 646233. doi:10.3389/fendo.2021.646233

Yaghoubi, Y., Movassaghpour, A., Zamani, M., Talebi, M., Mehdizadeh, A., and
Yousefi, M. (2019). Human umbilical cord mesenchymal stem cells derived-
exosomes in diseases treatment. Life Sci. 233, 116733. doi:10.1016/j.lfs.2019.116733

Yako, T., Nakamura, M., Nakamura, S., Hara, H., and Shimazawa, M. (2021).
Pharmacological inhibition of mitochondrial fission attenuates oxidative stress-
induced damage of retinal pigmented epithelial cells. J. Pharmacol. Sci. 146 (3),
149–159. doi:10.1016/j.jphs.2021.03.012

Yi, H., Nakamura, R. E. I., Mohamed, O., Dufort, D., and Hackam, A. S. (2007).
Characterization of wnt signaling during photoreceptor degeneration. Invest.
Ophthalmol. Vis. Sci. 48 (12), 5733–5741. doi:10.1167/iovs.07-0097

Yu, B., Shao, H., Su, C., Jiang, Y., Chen, X., Bai, L., et al. (2016). Exosomes derived
fromMSCs ameliorate retinal laser injury partially by inhibition of MCP-1. Sci. Rep.
6, 34562. doi:10.1038/srep34562

Zeuner, M., Bieback, K., and Widera, D. (2015). Controversial role of toll-like
receptor 4 in adult stem cells. Stem Cell Rev. Rep. 11 (4), 621–634. doi:10.1007/
s12015-015-9589-5

Zhang, B., Wang, M., Gong, A. H., Zhang, X., Wu, X. D., Zhu, Y. H., et al. (2015).
HucMSC-exosome mediated-wnt4 signaling is required for cutaneous wound
healing. Stem Cells 33 (7), 2158–2168. doi:10.1002/stem.1771

Zhang, Z., Mugisha, A., Fransisca, S., Liu, Q., Xie, P., and Hu, Z. (2021). Emerging
role of exosomes in retinal diseases. Front. Cell Dev. Biol. 9, 643680. doi:10.3389/
fcell.2021.643680

Zhao, J. X., Li, X. L., Hu, J. X., Chen, F., Qiao, S. H., Sun, X., et al. (2019).
Mesenchymal stromal cell-derived exosomes attenuatemyocardial ischaemia-
reperfusion injury throughmiR-182-regulated macrophage polarization.
Cardiovasc. Res. 115 (7), 1205–1216. doi:10.1093/cvr/cvz040

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Liu et al. 10.3389/fbioe.2022.905516

https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.3390/genes10090654
https://doi.org/10.1089/scd.2018.0205
https://doi.org/10.1016/j.bbagen.2012.03.017
https://doi.org/10.3389/fcell.2020.588050
https://doi.org/10.3389/fcell.2020.588050
https://doi.org/10.1523/jneurosci.6476-10.2011
https://doi.org/10.1523/jneurosci.6476-10.2011
https://doi.org/10.18632/aging.103904
https://doi.org/10.3389/fendo.2021.646233
https://doi.org/10.1016/j.lfs.2019.116733
https://doi.org/10.1016/j.jphs.2021.03.012
https://doi.org/10.1167/iovs.07-0097
https://doi.org/10.1038/srep34562
https://doi.org/10.1007/s12015-015-9589-5
https://doi.org/10.1007/s12015-015-9589-5
https://doi.org/10.1002/stem.1771
https://doi.org/10.3389/fcell.2021.643680
https://doi.org/10.3389/fcell.2021.643680
https://doi.org/10.1093/cvr/cvz040
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.905516

	Future perspective of stem cell-derived exosomes: Cell-free therapeutic strategies for retinal degeneration
	1 Introduction
	1.1 Retinal degeneration (RD)
	1.2 Stem cells and stem cell therapy
	1.3 Therapeutic effect of stem cell-derived EVs in ophthalmic diseases
	1.3.1 Paracrine action and extracellular vesicles
	1.3.2 Stem cell-derived EVs in the treatment of ophthalmic diseases

	1.4 Therapeutic mechanism of stem cell-derived EVs for retinal degeneration
	1.4.1 Phosphoinositide 3-kinase (PI3k/Akt)
	1.4.2 TGF-β1
	1.4.3 MCP-1
	1.4.4 Wingless/integrated
	1.4.5 microRNAs
	1.4.5.1 Mesenchymal stem cells
	1.4.5.2 Neural progenitor cells
	1.4.5.3 Embryonic stem cells


	2 Concluding remarks and future perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


