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Exosomes have emerged as an important paracrine factor for iPSCs to repair injured cells through the delivery of
bioactive components. Animal reports of iPSC-derived exosomes on various disease models are increasing, such

as in heart, limb, liver, skin, bone, eye and neurological disease and so forth.

induced pluripotent stem cells exosome cell-free regenerative medicine

| 1. Introduction

Since Yamanaka et al. discovered the delivery of Oct3/4, Sox2, c-Myc and KIf4 into somatic fibroblasts using
retrovirus systems, it has become clear that the fibroblasts can be reprogrammed into pluripotent stem cells and
are thus defined as induced pluripotent stem cells (iPSCs) L. The discovery of this reprogramming technique won
him a Nobel Prize in Physiology or Medicine in 2012. iPSCs possess regenerative properties and have the ability to
differentiate into any cell lineage in the body. This property is similar to that of embryonic stem cells (ESCs),
although iPSC generation does not face the ethical controversies associated with sources of ESCs. Cell sources
for iPSC reprogramming include somatic fibroblasts, peripheral blood mononuclear cells and even mesenchymal
stem cells such as adipose-derived stem cells. These are easier to harvest than embryos and do not involve ethical
controversies. Therefore, the use of iPSCs has great promise in regenerative medicine [&. For example, the
overexpression of four pluripotent factors converts fibroblasts from diseased patients into IPSCs using
reprogramming techniques. The mutated genes of diseased iPSCs can be repaired using the homologous
recombination method and differentiated into therapeutic somatic cells and then sequentially transferred into
diseased patients for cell therapy. In addition, iPSCs generated from healthy or diseased cells can also be used for
the in vitro screening of drug candidates BIIEIGITE |n consideration of the possibility of eliciting alloimmune
responses towards allogeneic iPSCs, autologous iPSC-differentiated therapeutic cells are preferred for use in

diseased patients. This shows great promise for precision and personalized medicine.

In addition to utilizing the regenerative property of iPSCs for disease treatment, iPSCs also produce some
modulatory factors for the direct regulation of neighboring cells. iPSCs were demonstrated to upregulate nerve
growth factors such as neurotrophic factor 3, promoting sciatic nerve recovery and regeneration . These
modulatory factors from iPSCs can be released in the form of extracellular vesicles, such as exosomes. Thus,
iPSC-secreted exosomes inspire a therapeutic strategy without cell administration for diseased patients.
Pluripotent factors were also demonstrated in iPSC-derived exosomes (iPSC-Exos), which have great potential for
cell-free regenerative medicine. Recently, studies have shown that iPSC-Exos exhibit therapeutic efficacy in

various disease models, suggesting that iPSC-Exos have great potential as an alternative therapy for diseases.
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| 2. Exosomes
2.1. Biogenesis, Secretion and Delivery of Exosomes

Extracellular vesicles (EVs) play an important role in intercellular communication between cells and organs. EVs
contain exosomes (diameter range: 60-180 nm), microvesicles (diameter range: 50-1000 nm) and apoptosomes
(diameter range: 50-5000 nm) 9 Exosomes are secreted by most cell types 1112l and include a variety of
proteins and nucleotides 13, For example, injured organs secrete stimulatory signals to induce stem cells to
produce healing RNAs and protein-containing exosomes, which facilitate the maintenance of tissue homeostasis.
Exosome compositions are influenced by inflammatory signals such as lipopolysaccharide, tumor necrosis factor-a,
interferon-y and hypoxia. In addition, other physiological factors and cellular conditions also affect exosome
release, such as intracellular levels of calcium, cellular energetics, membrane phospholipid components,
membrane-acting enzymes, cytoskeleton—-membrane interactions and other effectors of exocytosis, hypoxia and
oxidative stress 1415 The exosomes are loaded with bioactive components for intercellular communication and
then gradually mature as they are delivered into multivesicular bodies (MVBs) by inward budding 18, This process
prevents exosomes from degradation by cytoplasmic lysosomes. MVBs then fuse with the plasma membrane and
are secreted into the microenvironment, as is the case for blood, amniotic fluid, breast milk and malignant ascites
fluids 2. Thus, exosomes contain distinct subsets of RNAs and proteins depending on the cell type from which

they are secreted, making them useful for biomarker discovery.

In addition, circulating exosomes are also recognized by a variety of receptors on recipient cells which, after being
taken up, receive the exosome cargo. Exosome uptake may occur through three mechanisms: endocytosis,
ligand-receptor uptake and fusion. Exosome uptake mainly occurs by the endocytic pathway, which allows for
fusion with the endosomal membrane or lysosomal targeting for degradation [2&. Endocytic pathways contain
endocytosis and clathrin-independent pathways, such as phagocytosis, macropinocytosis, caveolin-mediated
uptake and lipid raft-mediated internalization 2. Ligand-receptor-mediated exosome internalization can
specifically deliver bioactive components into target cells 2921 For example, ligand proteins expressed on the
exosome surface, such as integrins, CD9, CD63 and CD81, are readily internalized by specific receptors on target
cells and message delivery is mediated between cells through the release of exosome cargo into the cytoplasm or
nucleus of the target cells 22, Fusion-mediated exosome cargo delivery involves the fusion of the exosome with

the cell membrane, releasing the cargo into the cytoplasm of the target cells 23],

2.2. Components of Exosomes

In general, the diameter range of exosomes is 60—-180 nm and their major components are proteins, lipids and
nucleic acids 2423, The architecture of exosome membranes is a lipid bilayer composed of high levels of
sphingomyelin, cholesterol and phosphatidylserine. These unique lipid bilayer membranes of exosomes possess
the ability to protect the bioactive components from degradation by cytosolic enzymes and enable the delivery of
cargo into target cells 28271 Thus, exosomes are extracellular organelles that facilitate communication between

cells and organs.
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The most common proteins in exosomes include those from endosomes, the cytosol and cell membranes but do
not include those from the cell nucleus, mitochondria, endoplasmic reticulum and Golgi complex. Four types of
proteins make up the exosome membrane: tetraspanins, adhesion proteins, antigen presentation proteins and
membrane transport and fusion protein. Tetraspanins have a function in exosome formation and secretion and
include proteins such as CD9, CD63 and CD81 28, Adhesion proteins have a function in exosome maturation and
target cell binding and include proteins such as integrins, intercellular adhesion molecule 1 (ICAM-1) and CD31.
Antigen presentation proteins have a function in immune modulation, anergy and priming and include proteins such
as major histocompatibility complex (MHC) classes | and Il. Membrane transport and fusion proteins have functions
in exosome biogenesis, secretion and downstream cell fusion, an include proteins such as SNAP, annexins and
Ran5b. Thus, these four types of proteins can be used as markers for exosome characterization. In addition,
enzymes and heat shock proteins are also included in exosomes. Nucleic acids such as DNA fragments, mRNA,

microRNAs (miRNAs) and non-coding RNAs are found within exosomes as well (221,

| 3. Application of hiPSCs-Derived Exosomes in Diseases
3.1. Cardiovascular Disease

iPSC-Exos have been reported to serve as therapeutic agents, signaling mediators and pathogenic mediators in
cardiovascular diseases. A previous study demonstrated that ESC-derived exosomes promote endogenous repair
and enhance cardiac function following myocardial infarction (M) B2, In recent years, emerging studies have also
shown the effective therapeutic effects of iPSC-derived exosomes in Ml models. Wang et al. U isolated exosomes
from mouse iIPSCs and sequentially administered them in a mouse ischemic myocardium model with
intramyocardial injection. miPSC-Exos showed cardiac protection against myocardial ischemia/reperfusion (MIR)
injury. In vitro studies indicate that miPSC-Exos have anti-apoptotic and anti-oxidative effects, for example,
protecting H9C2 cells against H,O,-induced oxidative stress by inhibiting caspase 3/7 activation. These
cardioprotective effects were demonstrated to be associated with the delivery of protective miRNA such as Nanog-
regulated miR-21 and hypoxia-inducible factor (HIF)-1a-regulated miR-210 to H9C2 cardiomyocytes in vitro. Gao
et al. 32 demonstrated that exosomes from human induced pluripotent stem cell-derived cardiomyocytes (iCM)
also have cardioprotective effects in a swine MI model by the measurement of left ventricular ejection fraction, wall
stress, myocardial bioenergetics and cardiac hypertrophy. These exosomes exhibited anti-apoptotic and
angiogenic functions. In vitro studies also showed angiogenic and anti-apoptotic effects depending on increased
endothelial cell tube formation and cardiomyocyte survival derived from hiPSCs. Interestingly, exosomes from iCM
improved myocardial recovery without increasing the frequency of arrhythmogenic complications, suggesting that
hiPSC-Exos may provide a cellular therapeutic option for myocardial injury. Santoso et al. 23 also used exosome
therapy from iCM in a mouse MI model. iCM-Exos can significantly improve MI by reducing apoptosis and fibrosis.

In vitro studies demonstrated the anti-apoptotic effects by reducing the apoptosis of iCM.

In addition, EVs derived from miPSCs, hiPSC cardiomyocytes, hiPSC cardiovascular progenitors and hESC
cardiovascular progenitors significantly improved cardiac repair 243386l These EVs displayed the properties of

angiogenesis, anti-apoptosis and the migration and delivery of cardioprotective miRNA for tissue repair.
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hESC-CM-Exos and hiPSC-CM-Exos were further investigated and showed a similar exosome profile of abundant
miRNAs, including several miRs associated with cardioprotection such as miR-1, miR-21 and miR-30 [BZI[38][39][40]
A comparative analysis showed a decrease in miR-22 expression in exosomes from cardiac fibroblast-derived
hiPSCs compared with dermal fibroblast-derived hiPSC exosomes 4. miR-22 is reported to be elevated in cardiac
hypertrophy and remodeling 2. miR-22 overexpression can induce cardiomyocyte hypertrophy. The specific loss
of miR-22 in hearts blunted cardiac hypertrophy and cardiac remodeling in response to stress. Thus, miR-22 plays

a critical role in the regulation of cardiomyocyte hypertrophy and cardiac remodeling.

CD82 is reported to function in exosome production 3 and it has been further demonstrated that CD82
contributes to cardiomyocyte differentiation from hiPSCs by attenuating the Wnt/B-catenin signaling pathway
through exosomal regulation #4l. Wnt signal inhibition through the exosomal clearance of B-catenin from the cells is
mediated by exosome-mediated B-catenin excretion 3. The inhibition of the Wnt signal is associated with the

differentiation of cardiomyocytes from mesoderm cells 4811471,

One study reported that exosomes from the serum of pediatric dilated cardiomyopathy (DCM) patients can induce
pathological changes in gene expression in neonatal rat ventricular myocytes (NRVMs) and hiPSC-CMs 48], This
suggests that DCM serum exosomes mediate pathological responses in cardiomyocytes and may contribute to the
disease process of pediatric heart failure. DCM serum exosomes may be used as a potential therapeutic target

specific to DCM patients.

From these results, exosomes secreted from iPSCs or iPSC-derived cardiomyocytes both exhibit cardiac protective
effects by the delivery of protective molecules into injured target cells that regulate apoptosis, inflammation, fibrosis

and angiogenesis.
3.2. Liver Disease

Several studies have shown the hepatoprotective effects of exosomes from hiPSC-derived mesenchymal stromal
cells (MSCs) against hepatic ischemia—reperfusion (I/R) injury. Nong et al. ¥¥ and Du et al. BY demonstrated that
exosomes from hiPSC MSCs display hepatoprotective effects in rat and mouse hepatic I/R injury models,
respectively. The hiPSC-MSC-Exos group showed a decrease in hepatocyte necrosis, sinusoidal congestion and
the hepatocyte injury markers aspartate aminotransferase (AST) and ALT (alanine aminotransferase) compared
with the control group. Nong et al. concluded that hiPSC-MSC-Exos ameliorate hepatic I/R injury, possibly via the
suppression of inflammatory mediators such as tumor necrosis factor alpha (TNF-a) and interleukin-6 (IL-6), the
attenuation of the oxidative stress response such as glutathione (GSH), glutathione peroxidase (GSH-Px) and
superoxide dismutase (SOD) and the inhibition of apoptosis such as caspase-3 and bax. Du et al. concluded that
hiPSC-MSC-Exos could alleviate hepatic I/R injury by activating sphingosine kinase (SK1) and the sphingosine-1-
phosphate (S1P1) pathway in hepatocytes to promote cell proliferation. Furthermore, the inhibition of the SK1 or
S1P1 receptor completely abolished the protective and proliferative effects of hiPSC-MSC-Exos on hepatocytes.
These results represent a strategy that could potentially promote liver regeneration and has implications for

alternative therapeutic approaches to acute liver disease.
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3.3. Limb Disease

In ischemic limb disease, Hu et al. 21l found that the intramuscular injection of exosomes from hiPSCs MSCs can
attenuate mouse limb ischemia by observing enhanced microvessel density and blood perfusion, promoting
angiogenesis. These exosomes could activate angiogenesis-associated molecule expression and promote human
umbilical vein endothelial cell (HUVEC) migration, proliferation and tube formation. To further investigate the
mechanism of exosome-mediated protection from limb ischemia, Ye et al. 2 isolated exosomes from hiPSC-
derived endothelial cells (ECs) and intramuscularly injected them into a mouse ischemic hindlimb. They found that
hiPSC-EC-Exos could induce HUVEC migration, proliferation and tube formation in vitro and enhance microvessel
density and blood perfusion in ischemic limbs in vivo. As the underlying mechanism, it was demonstrated that
hiPSC-EC-Exos contain high levels of miR-199b-5p and subsequently induce angiogenesis, with the observation of
cell migration, proliferation and tube formation through the Jagged-1-dependent upregulation of vascular
endothelial growth factor receptor 2 (VEGFR2) in human umbilical vein endothelial cells (HUVECS). The function of
miR-199b-5p was documented as angiogenesis and as an miRNA suppressor of Jagged1 in ovarian cancer 531341,
hiPSC-EC-Exos enriched with miR-199b-5p enhanced VEGF2 expression and promoted VEGF2-induced
angiogenesis through the inhibition of Jagged 1/Notchl signaling-mediated VEGF2 suppression via the
transcriptional suppressor hairy and enhancer of split 1 (HES-1).

3.4. Skin Disease

Several works have shown the effective application of iPSC-Exos in skin disease, such as wound healing. Zhang et
al. B2 provided the first evidence for the potential of hiPSC-MSC-Exos in treating rat cutaneous wounds. The
subcutaneous injection of hiPSC-MSC-Exos around rat wound sites resulted in accelerated re-epithelialization,
reduced scar widths and the promotion of collagen maturity. Exosome treatment stimulated the proliferation and
migration of human dermal fibroblasts and HUVECs and increased type | and Il collagen and elastin secretion in a
dose-dependent manner in vitro. Their findings suggest that hiPSC-MSC-Exos can facilitate cutaneous wound
healing by promoting collagen synthesis and angiogenesis. Diabetic ulcer mice treated with exosomes from
undifferentiated hiPSCs also had faster wound closure and healing rates, as demonstrated by the study of
Kobayashi et al. 28, Their exosomes had the ability to promote fibroblast migration and proliferation in an in vitro

scratch assay.

To investigate the potential application of exosomes derived from iPSCs in human clinical trials, Lu et al. B4 treated
exosomes derived from autologous and allogeneic rhesus macaque iPSCs in wounds and found evidence of
accelerated skin wound healing in both groups, as demonstrated by wound closure, epithelial coverage, collagen
deposition and angiogenesis. The exosomes promoted the cell viability of injured epidermal, endothelial and
fibroblastic cells in vitro.

Macaque iPSC-Exos contained low levels of pluripotent mMRNAs such as Oct4, Sox2, Klf-4 and Nanog, whereas
they did not deliver pluripotency to host cells. A possible explanation for this was the transient presence of

pluripotent mMRNASs in exosome-receiving cells and the delivered mRNAs were not sufficient to be translated into a
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detectable amount of pluripotent factors. Exosome-receiving cells thus did not have the reprogramming ability,
suggesting that macaque iPSC-Exos carry no risk of forming teratomas. Moreover, allogeneic exosomes did not
elicit lymphocyte infiltration into the skin lesion, as demonstrated by Western blot assay for the T-cell marker CD3,
B cell marker CD20 and monocyte/macrophage marker CD68. This suggests that allogeneic iPSC-Exos may be
the preferred choice for “off-the shelf” iPS cell-free products due to their mass production with no concern for
teratoma formation. Allogeneic iPSC-derived exosomes may represent a promising alternative approach for
disease therapy in addition to personalized medicine using autologous exosomes. Therefore, the potential

application of allogeneic iPSC-Exos in various disease models needs more study and evidence.

3.5. Neurological Disease

iPSC-Exos were reported to serve as pathogenic mediators, therapeutic agents and biomarkers in neurological
diseases. Alzheimer’s disease (AD) is characterized by the progressive accumulation of the aggregation-prone
proteins amyloid- (A) and hyperphosphorylated-tau (p-tau) B8BEA  winston et al. B demonstrated that
exosomes derived from hiPSC neurons that express the repeat domain of tau P301L and V337M mutations
(NiIPSCEs) would induce pathogenesis in a wild-type mouse brain. The presence of tau inclusions throughout the
brain, the increase in phosphorylated tau immunoreactivity and the extensive degeneration of neuronal dendrites in
both the ipsilateral and contralateral hippocampi were observed in NiPSCEs-treated mice. This suggests that
exosomes are sufficient to cause the long-distance propagation of tau pathology and neurodegeneration in vivo. To
further understand the dysregulation of pathogenic exosomes, they were analyzed using proteomics and
bioinformatics in the study of Podvin et al. 82, They found that the expression of the P301L and V337M mutations
of tau in human iPSC neurons results in the recruitment of distinct proteins to exosomes. mTau can be a dynamic
regulator of the biogenesis of exosomes, resulting in acquisition, deletion and the upregulation or downregulation of
protein cargo, causing pathogenic mTau exosomes to be capable of the in vivo propagation of p-Tau

neuropathology in the mouse brain.

In addition, exosomes were demonstrated to regulate neurogenesis and neural circuit assembly in the study of
Sharma et al. 83, They examined the protein cargo and signaling bioactivity of exosomes released from hiPSC-
derived neurons lacking methyl-CpG binding protein 2 (MECP2), a model of the neurodevelopmental disorder
known as Rett syndrome, with exosomes released by isogenic rescue control neurons. Treating MECP2-
knockdown human primary neurons with control exosomes reduces deficits in neuronal proliferation, differentiation,
synaptogenesis and synchronized firing, whereas exosomes from MECP2-deficient hiPSC neurons lack this

capability.

Aberrant hexanucleotide repeat expansions in C9orf72 are the most common genetic change underlying
amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). RNA transcripts containing these
expansions undergo repeat associated non-ATG RAN translation to form five dipeptide repeat proteins (DPRS). In
spinal motor neuron cells derived from induced pluripotent stem cells from C9orf72-ALS patients, Westergard et al.
found the cell-to-cell spreading of DPRs through exosome-dependent and -independent pathways, which may

potentially be related to disease (64!,
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Bipolar | disorder (BP) is a serious, recurrent mood disorder that is characterized by alternating episodes of mania
and depression. To investigate novel approaches for BP patients, iPSCs were generated from the skin samples of

BP patients. Attili et al. established the iPSC model of BP using exosomes derived from iPSC astrocytes 65,

The therapeutic potential of EVs from hiPSCs was investigated in mouse and porcine stroke models by Webb et al.
They found that iPSC neural stem cell EVs (iINSC EVs) can improve tissue and functional recovery in a mouse
thromboembolic stroke model, possibly via the modulation of the systemic immune response 8. iNSC EVs
improved cellular, tissue and functional outcomes in middle-aged rodents, whereas iIMSC EVs were less effective.
Moreover, INSC EVs improved motor function in the aged rodent as indicated by beam walking, instances of foot
faults and strength as evaluated by the hanging wire test. In the porcine stroke model, where clinically relevant
end-points were used to assess recovery in a more translational large animal model, INSC EVs were found to
significantly improve neural tissue preservation and functional levels in cases of post-middle cerebral artery

occlusion (MCAO), suggesting that INSC EVs may be a paradigm-changing therapeutic option for stroke &1,

Candelario et al. reported that two kinds of exosomes were found from different Parkinson’s disease (PD) tissue
sources (68, One exosome was isolated from human neural progenitor (AHNP) cells from the substantia nigra of
postmortem PD patients and the other was isolated from the leucine-rich repeat kinase 2 (LRRK2) gene identified
in patient iPSCs. This suggests that exosomes can serve as biomarkers of idiopathic PD patients (AHNPs) and
mutant LRRK2 PD patients.

3.6. Bone Disease

iPSC-Exos have been reported to serve as tissue engineering agents and therapeutic agents in bone diseases.
Emerging evidence has shown that exosomes derived from iPSCs exhibit therapeutic effects for bone diseases
such as bone defects, osteonecrosis and osteonecrosis (OA). Bone defects are generally caused by trauma,
severe infection, tumor resection and skeletal abnormalities and constitute major challenges in orthopedic surgery,
yet there is still no effective solution to this problem. Due to the combination of the advantages of MSCs and iPSCs
and without immunogenicity for hiPSC-MSC-Exos, Qi et al. implanted exosomes into critical-size bone defects in
ovariectomized rats 9. Exosome treatment could dramatically induce bone regeneration and angiogenesis in
critical-sized calvarial defects in vivo, enhance cell proliferation and alkaline phosphatase activity and upregulate
the mRNA and protein expression of osteoblast-related genes in bone marrow MSCs in vitro. To further the study of
the osteogenesis ability of exosomes, Zhang et al. combined hiPSC-MSC-Exos with tricalcium phosphate (3-TCP)
to form scaffolds for the repair of bone defects L9, The exosome/B-TCP scaffolds could enhance osteogenesis

compared with B-TCP scaffolds only via activating the PI3K/Akt signaling pathway.

In the osteonecrosis of the femoral head (ONFH), which was caused by local ischemia, Liu et al. demonstrated that
hiPSC-MSC-Exos could prevent osteonecrosis by promoting angiogenesis ZX. The administration of hiPSC-MSC-
Exos could significantly prevent bone loss and increase microvessel density in the femoral head in vivo and
enhance the proliferation, migration and tube-forming capacities of endothelial cells in vitro, as demonstrated by

the activation of the PI3K/Akt signaling pathway in endothelial cells.
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In osteoarthritis (OA), Zhu et al. demonstrated that hiPSC-MSC-Exos have a better therapeutic effect on OA in vivo

and better angiogenesis and migration and proliferation of chondrocytes in vitro than synovial membrane MSC-
Exos 72,

3.7. Eye Disease

Corneal epithelial defects can cause corneal wounds and render the eye susceptible to infection, stromal
ulceration, perforation and scarring, which lead to severe vision loss 3741 While there has been great progress in
the treatment of corneal diseases such as supportive measures in the form of lubrication, antibiotics, bandage
contact lenses and the amniotic membrane 22 corneal defect healing in the setting of severe corneal disease or
damage remains challenging Z8. Wang et al. 7l found that hiPSC-Exos exhibited better therapeutic effects and
promoted corneal epithelium defect healing in vivo. They also exhibited better in vitro effects on the proliferation,
migration, cell cycle promotion and apoptosis inhibition of human corneal epithelial cells than treatment with hMSC-
Exos. Both exosomes promoted cell regeneration by upregulating cyclin A and CDK2 to drive human corneal
endothelial cells (HCECs) to enter the S phase of the cell cycle from the GO/G1 phase. A cell-free therapeutic
strategy for treating corneal wounds and other ocular surface diseases could involve the use of iPSC-Exos

dissolved in eye drops.
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