
Targeting regulation of stem cell
exosomes: Exploring novel
strategies for aseptic loosening
of joint prosthesis

Tian-LiangMa1,2,3†, Jing-Xian Chen3†, Zhuo-Ran Ke3, Peng Zhu3,
Yi-He Hu1,2* and Jie Xie1,2*
1Department of Orthopedics, Xiangya Hospital, Central South University, Changsha, China, 2Hunan
Engineering Research Center of Biomedical Metal and Ceramic Impants, Xiangya Hospital, Central
South University, Changsha, China, 3XiangYa School of Medicine, Central South University, Changsha,
China

Periprosthetic osteolysis is a major long-term complication of total joint

replacement. A series of biological reactions caused by the interaction of

wear particles at the prosthesis bone interface and surrounding bone tissue

cells after artificial joint replacement are vital reasons for aseptic loosening.

Disorder of bone metabolism and aseptic inflammation induced by wear

particles are involved in the occurrence and development of aseptic

loosening of the prosthesis. Promoting osteogenesis and angiogenesis and

mediating osteoclasts and inflammation may be beneficial in preventing the

aseptic loosening of the prosthesis. Current research about the prevention and

treatment of aseptic loosening of the prosthesis focuses on drug, gene, and

stem cell therapy and has not yet achieved satisfactory clinical efficacy or has

not been used in clinical practice. Exosomes are a kind of typical extracellular

vehicle. In recent years, stem cell exosomes (Exos) have been widely used to

regulate bone metabolism, block inflammation, and have broad application

prospects in tissue repair and cell therapy.
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Introduction

Arthroplasty is currently the treatment of choice for terminal osteoarticular diseases

and is the mainstay of treating joint diseases, relieving joint pain, and reconstructing joint

function (Rachner et al., 2011; Beckmann et al., 2021; Szczesiul and Bielecki, 2021).

Among them, revision surgery accounts for a significant proportion of joint replacements,

and one of the significant reasons lies in aseptic loosening caused by particulate wear

debris around the prosthesis (Rachner et al., 2011; Hampton et al., 2020; Hodges et al.,

2021). Searching for exosome and aseptic loosening in PubMed, only three results could

be obtained. Therefore, bone metabolism, angiogenesis, and aseptic loosening were

searched, and 481 and nine results were obtained. The articles and reviewers with
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high credibility in recent years were selected from 481 results,

and the contents were sorted out to obtain this article. Aseptic

loosening mainly involves macrophages, osteoblasts, and

osteoclasts. Macrophages release a series of pro-inflammatory

factors, such as tumor necrosis factor-α (TNF-α), interleukin-1
(IL-1), and IL-23. After recognizing and phagocytosing wear

particles, dysregulation of the receptor activator of nuclear factor

κB-receptor activator of nuclear factor κB (NF-κB) ligand-

osteoclastogenesis inhibitory factor (RANK-RANKL-OPG)

axis is caused. For example, TNF-α and IL-1 stimulate

osteoblasts to express RANKL; IL-23 promotes the

differentiation of CD4+ T cells into the T helper cell 17

(Th17) phenotype, and IL-17 secreted by Th17 cells is a

potent inducer of RANKL expression (Lubberts et al., 2003;

Lin et al., 2017b). The RANK–RANKL–OPG signaling

pathway is a vital pathway regulating osteoclast formation,

activation, and survival (Boyce and Xing, 2007). RANK is

expressed by osteoclast precursor cells and mature osteoclasts.

Activation of RANK promotes the RANK-mediated NF-κB
signaling pathway, which in turn encourages

osteoclastogenesis and activates osteoclasts (Rachner et al.,

2011; Nagy and Penninger, 2015). RANKL is a ligand for

RANK that activates RANK on the surface of osteoclast

precursor cells, causing a series of activations such as tumor

necrosis factor receptor–associated factor 6 (TRAF6), mitogen-

activated protein kinases (MAPKs), and transcription factors

NF-κB and activator protein-1 (AP-1), which in turn promote

the differentiation, activation, and survival of osteoclasts (Boyce

and Xing, 2007; Altaf and Revell, 2013; Park et al., 2017). OPG, a

decoy receptor that binds to RANKL and inhibits

RANK–RANKL interaction, is expressed by vascular

endothelial cells and fibroblasts in periprosthetic tissues and

inhibits osteoclast activation (Crotti et al., 2004; Koreny et al.,

2006). In aseptic loosening of the prosthesis, the expression of

OPG is downregulated, and the RANKL/OPG ratio is activated,

indicating enhanced osteolysis at the time of OPG

decompensation (Hartmann et al., 2017). In summary,

regulating bone metabolism and inhibiting inflammation after

macrophages phagocytose wear particles are significant entry

points for the prevention and treatment of aseptic loosening of

prostheses.

Exosomes are small endogenous vesicles with a diameter of

about 40–160 nm secreted by cells and contain proteins, lipids,

metabolites, and nucleic acids (mRNA, non-coding RNA, and

DNA). Exosomes have been reported to play a critical role in

removing excess or unnecessary intracellular components and

regulating intercellular communication (Kalluri and LeBleu,

2020). In recent years, stem cell exosomes have played a vital

role in the treatment of osteoarticular diseases, including bone

marrow–derived mesenchymal stem cells (BMSCs), adipose-

derived stem cells (ADSCs), umbilical cord blood–derived

mesenchymal stem cells (UCB-MSCs), and urine-derived stem

cells (USCs). BMSCs are the earliest primary source of

pluripotent stem cells, and their culture time is relatively short

(Berebichez-Fridman et al., 2017; Berebichez-Fridman and

Montero-Olvera, 2018). However, their cell yield, lifespan, and

differentiation potential decrease with donor age (Kern et al.,

2006; Cagliani et al., 2017; Berebichez-Fridman and Montero-

Olvera, 2018). ADSCs are stem cells derived from adipose tissue.

Subcutaneous adipose tissue is found throughout the body, and

98–100 percent of cells derived from adipose tissue are viable

(Liras, 2010; Choudhery et al., 2014). Studies have indicated that

age influences the expansion and differentiation of ADSCs,

especially in osteogenic and cartilaginous lineages (Choudhery

et al., 2014). UCB-MSCs are derived from the umbilical cord and

are considered the most primitive cells among MSCs of various

tissue origins, with easily accessible and non-invasive properties

(Yang et al., 2020a). UCB-MSCs secrete more wound healing

factors (such as the extracellular matrix–degrading enzymes,

matrix metalloproteinase-2 and urokinase-type plasminogen

activator) than other MSCs (Doi et al., 2016; Kim et al., 2017)

and promote fibroblast migration, proliferation, and collagen

synthesis (Luo et al., 2010). USCs are derived from fresh human

urine and have the advantages of non-invasiveness, easy access,

sustainable production, and the relative absence of ethical issues

(Li et al., 2020). USCs also have the ability for solid proliferation,

lipogenesis, endothelial differentiation, and vascularization

compared with BMSCs (Wu et al., 2018).

Recent studies have demonstrated that stem cell exosomes

play a crucial and essential role in the process of bonemetabolism

and anti-inflammation (Qin et al., 2016; Li et al., 2018; Shi et al.,

2019; Yang et al., 2020a). Different stem cell exosomes can play

substantial roles in enhancing osteogenesis, suppressing

osteoclast activity, augmenting angiogenesis, and resisting

inflammation (Tofiño-Vian et al., 2017; Shi et al., 2019).

Therefore, the application of stem cell exosomes is

theoretically promising as an effective intervention to prevent

and treat the aseptic loosening of prostheses.

Enhance osteogenesis and suppress
osteoclast activity

Bone formation and bone resorption are central components

of bone metabolism in the ternary regulation theory of bone

metabolism (Marie and Kassem, 2011). Bone formation is the

primary process of bone development. When bone formation is

more significant than bone absorption, bone develops. When

bone mass reaches its peak, bone formation and absorption are in

a dynamic equilibrium stage (Buettmann et al., 2019; Zhang et al.,

2020). Osteoclasts are more active than osteoblasts in a

pathological state, and bone resorption exceeds bone

formation. Unbalanced bone resorption and bone formation

eventually result in bone loss (Wu et al., 2010). While in

other pathological states, with excessive osteoblasts,

unbalanced bone formation and resorption also lead to
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excessive bone formation rather than bone loss (Gao et al., 2018).

Osteoblasts are equipped with the potential to differentiate into

osteocytes (Marie and Kassem, 2011; Pajarinen et al., 2017).

Osteoclasts gather around apoptotic bone cells to further recruit

osteoclasts. Interestingly, communication between osteoblasts

and osteoclasts occurs through EVs (Yuan et al., 2018). Wear

debris triggers bone resorption by activating macrophages and

osteoclasts and directly impairs bone formation by attenuating

osteoblast function (Pajarinen et al., 2017). Studies have focused

on periprosthetic osteolysis on osteoclasts, macrophages, and

fibroblasts. Once worn debris is exposed in vitro, these cells

release pro-inflammatory cytokines that may activate osteoclasts

through multiple pathways, leading to bone loss (Kusano et al.,

1998; Lader and Flanagan, 1998). In addition, osteoblasts secrete

cytokines to recruit inflammatory cells into the periprosthetic

space and stimulate bone resorption by osteoclasts (Vermes et al.,

2001). Therefore, silencing osteoclast-mediated osteolysis around

the prosthesis is of great significance for preventing aseptic

loosening of the prosthesis.

Various stem cell exosomes block osteoclast activation or

directly differentiate into osteoblasts to regulate bone

remodeling. BMSC-Exos activates osteogenesis and

downregulates osteoclastogenesis through multiple pathways.

BMSC-Exos transplantation plays a key role in the treatment

of osteoporosis by promoting osteogenesis, which is attributed to

the activation of bone morphogenetic protein-2-drosophila

mothers against decapentaplegic protein1runt-related

transcription factor-2 (BMP-2/Smad1/RUNX2) and hypoxia-

inducible factor-1-vascular endothelial growth factor (HIF-1α/
VEGF) signaling pathways (Zhang et al., 2020). BMSC-Exos

contribute to bone healing during fracture healing by carrying

miR-126 and alleviate radiation-induced bone loss by activating

the Wnt/β-catenin pathway (Lu et al., 2020). In aged BMSCs, the

expression level of miR-31a-5p was higher, which leads to

adipogenesis and cell senescence and attenuates cell

osteogenesis (Xu et al., 2018). In addition, exosomes secreted

by pre-differentiated human mesenchymal stem cells (hMSCs)

for a certain period induce osteogenic differentiation, including

upregulating osteogenic miRNA (Hsa-miR-146a-5p, Hsa-miR-

503-5p, Hsa-miR-483-3p, and Hsa-miR-129-5p) and

downregulating anti-osteogenic miRNA (Hsa-miR-32-5p, Hsa-

miR-133a-3p, and Hsa-miR-204-5p) to activate

phosphoinositol-3-kinase-protein kinase B (PI3K/Akt) and

MAPK signaling pathways. hMSC exosomes are used as

inducers to induce osteogenic differentiation of hMSCs

in vitro (Zhai et al., 2020). Pathologically, BMSC-Exos

extracted from patients with osteoporosis attenuate

osteogenesis by downregulating SMAD7 via miR-21 (Jiang,

Tian, Zhang). In summary, BMSC-Exos have obvious bone-

promoting and bone-suppressing effects under physiological

conditions. The treatment centered on BMSC-Exos is expected

to become a strategy for clinical prevention of aseptic loosening

of the prosthesis.

Adipose-derived, stem-cell-derived exosomes (ADSC-Exos)

have a decent osteogenic effect. It was found that the

overexpression of miR-130a-3p, the exosome of ADSCs, could

enhance osteogenic differentiation of ADSCs and reduce the

protein and mRNA levels of silent information regulator 7

(SIRT7), the target of miR-130a-3p. Overexpression of miR-

130a-3p resulted in downregulation of SIRT7 and upregulation

of Wnt signaling pathway–related proteins, suggesting that

exosome miR-130a-3p upregulates osteogenic differentiation

of ADSCs by partially mediating the SIRT7/Wnt/β-catenin
axis (Yang et al., 2020b). ADSC-Exos decreased RANKL

expression at mRNA and protein levels and decreased

RANKL/OPG ratio at the gene level. ADSC-Exos antagonized

hypoxia and serum deprivation–induced osteocyte apoptosis and

osteoclastogenesis (Ren et al., 2019). Transplantation of UCB-

MSCs derived from human umbilical cord blood or its

conditioned medium prevents bone loss in ovariectomized

nude mice, drastically enhances the survival rate of bone-like

MLO-Y4 cells, and mediates osteoclast differentiation. In vitro,

the conditional medium (CM) of UCB-MSCs activates alkaline

phosphatase (ALP) in human BMSCs and the mRNA expression

of type 1 collagen, RUNX2, osterix, and ALP in C3H10T1/2 cells,

indicating that it had apparent osteogenic activity (An et al.,

2013), which was mediated by a paracrine mechanism.

USCs also have more vigorous proliferation and stronger

abiogenesis, endothelial differentiation, and vascularization than

BMSCs (Wu et al., 2018). Autologous USC-Exos are promising

osteoporosis therapeutic agents that enrich osteogenesis and

block osteoclastogenesis by transporting silent information

regulator 7 (CTHRC1) and OPG (Chen et al., 2019). In

addition, our previous research results show that USC-Exos

effectively cause osteogenic differentiation and generation and

attenuate osteoclast differentiation.

In summary, wear debris downregulates bone formation by

activating macrophages and osteoclasts to trigger bone

resorption or silencing osteoblast function. At the same time,

a variety of stem cell exosomes play an essential regulatory role in

promoting osteogenesis and blocking osteoclasts. Therefore,

targeted regulation of stem cell exosomes is expected to play a

preventive and therapeutic role in the process of aseptic

loosening of the prosthesis (Figure 1) (Table 1).

Augment angiogenesis

Angiogenesis is the process of generating new blood vessels

from the original blood vessels (Olsen et al., 2017). In 2014,

nature reported a new capillary subtype in the murine skeletal

system with distinct morphological, molecular, and functional

properties (Kusumbe et al., 2014). These vessels are found in

specific locations, mediate growth of the bone vasculature,

generate distinct metabolic and molecular microenvironments,

maintain perivascular osteoprogenitors, and couple angiogenesis

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Ma et al. 10.3389/fbioe.2022.925841

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.925841


to osteogenesis (Kusumbe et al., 2014). Vessels not only mediate

the circulation of cells, oxygen, nutrients, and waste, especially

the wear particles of the prosthesis, but also provide vascular

secretion signals that control organ growth and homeostasis

(Red-Horse et al., 2007; Butler et al., 2010; Tashiro et al.,

2012). Local blood supply or angiogenesis plays a vital role in

bone metabolism (Wang et al., 2017) and forms a network with

surrounding bone tissue to further regulate bone metabolism.

During bone development, homeostasis, and repair, dense

vascular systems provide oxygen and nutrients to highly

FIGURE 1
Role of exosomes in osteogenesis and osteoclasts. Various stem cell exosomes block osteoclast activation or directly differentiate into
osteoblasts to regulate bone remodeling. Communication between osteoblasts and osteoclasts occurs through EVs. BMSC-Exos activate
osteogenesis through BMP-2-SMAD1-RUNX2, HIF-1α-VEGF, and SMAD7 pathways and block osteoclastogenesis through the classicWnt-β-catenin
pathway. UCB-Exos activate ALP in human BMSC and the mRNA expression of type 1 collagen, RUNX2, osterix, and ALP in C3H10T1/2 cells.
USC-Exos enrich osteogenesis and block osteoclastogenesis by transporting CTHRC1 and OPG. hMSC-Exos promote osteogenesis by PI3K/Akt and
MAPK.

TABLE 1 Main exosomes in bone metabolism.

Exosome species Key target Reference

BMSC-Exos BMP-2/Smad1/RUNX Zhang et al. (2020)

HIF-1α/VEGF
miR-126-Wnt/β-catenin Lu et al. (2020)

miR-31a-5p Xu et al. (2018)

miR-2148 (Jiang, Tian, Zhang)

ALP, type 1 collagen, RUNX2, and osterix An et al. (2013)

hMSC-Exos Hsa-miR-146a-5p, Hsa-miR-503-5p, Hsa-miR-483-3p, and Hsa-miR-129-5p Zhai et al. (2020)

Hsa-miR-32-5p, Hsa-miR-133a-3p, and Hsa-miR-204-5p

PI3K/Akt

MAPK

ADSC-Exos miR-130a-3p Yang et al. (2020b)

SIRT7/Wnt/β-catenin
RANKL Ren et al. (2019)

USC-Exos CTHRC1 and OPG Chen et al. (2019)
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anabolic bone cells (Wang et al., 2007; Hu and Olsen, 2016). New

blood vessels provide sources of circulating factors, such as

parathyroid hormone and vitamin D, which are essential for

the stability of the bone environment (Hankenson et al., 2011).

After joint replacement, no wear debris around the prosthesis

attenuates osteoblast function, impairs bone formation, and

blocks angiogenesis (Pajarinen et al., 2017). MAO-650 is a

coating of microporous TiO2 decorated with hydroxyapatite

(HA) nanoparticles. MAO-650 supports the proliferation and

differentiation of osteoblasts and endothelial cells, mediates

macrophage inflammatory response, and triggers favorable

bone immune regulation to function as a positive regulator of

bone/vascular formation and prevent aseptic loosening of

prosthesis (Bai et al., 2018). Therefore, reducing the

inhibitory effect of wear debris around prosthesis on

angiogenesis may be an effective means for clinical prevention

of aseptic loosening.

MicroRNAs in stem cell exosomes play a crucial role in

angiogenesis spinal cord injury (SCI) mouse MSC loading miR-

126 into exosomes. Exosomes derived from miR-126-modified

MSCs contribute to human umbilical vein endothelial cell

(HUVEC)–related angiogenesis and neurogenesis and

attenuate apoptosis by mediating the expression of Sprouty-

related EVH1 domain protein 1 (SPRED1) and

phosphoinositide 3 (Huang et al., 2020). The level of miR-29a

in BMSC-Exos derived from bone marrow mesenchymal stem

cells is high, which is transported to HUVECs to restore

angiogenesis sensitivity. Angio-inhibitory protein 1 (VASH1)

was identified as a direct target of miR-29a, mediating miR-

29a in BMSC-Exos to activate angiogenesis (Lu et al., 2020).

Human ADSCs contribute to angiogenesis by activating the PKA

signaling pathway and promoting VEGF expression. This result

is used to find safe and effective treatments for traumatic diseases

(Xue et al., 2018). UCB-MSC-derived exosomes reduce cisplatin-

induced renal oxidative stress and apoptosis in vivo, increase the

proliferation of cultured renal epithelial cells, promote

angiogenesis, and regenerate damaged kidneys (Dorronsoro

and Robbins, 2013; Xue et al., 2018). In addition, exosomes

derived fromUCB-MSCs contribute to injury repair. UCB-MSC-

derived exosomes are encapsulated in new nanogels and injected

into the sheath of the spinal cord model. The number, volume

fraction, and connectivity of blood vessels in the spinal cord are

dramatically raised, which regulates diabetic wounds (Zhang,

Zhang, Gao, Chang, Chen, Mei, et al.). Over-metastasis of

malignant brain tumor 1 (DMBT1) protein in USC-Exos

causes angiogenesis, providing a new prospect for diabetic soft

tissue wound healing (Chen et al., 2018). Umbilical cord

mesenchymal stem cell–derived exosomes combined with

Pluronic F127 hydrogel enhance granulation tissue

regeneration and upregulate VEGF and transform growth

factor-β1 (TGF-β1) to trigger wound healing and complete

skin regeneration in chronic diabetes mellitus (Yang et al.,

2020c).

In summary, stem cell exosomes play various vital roles in the

aseptic loosening of the prosthesis, including hematopoietic stem

cells supporting perivascular niches and repairing and

regenerating damaged bone, cartilage, and vascular tissue

(Pajarinen et al., 2017; Saribas et al., 2020). Promoting

angiogenesis is beneficial for providing more nutrients,

metabolizing, transporting worn particles, and maintaining

bone metabolism homeostasis (Red-Horse et al., 2007; Butler

et al., 2010; Tashiro et al., 2012). Therefore, the use of stem cell

exosomes to enhance angiogenesis is conducive to preventing the

aseptic loosening of the prosthesis (Figure 2).

Regulate immune cells and cytokines

Wear particle–induced aseptic inflammation is the leading

cause of aseptic loosening of prostheses after joint replacement,

so inhibition of inflammation may be a viable clinical alternative

for preventing aseptic loosening of prostheses (Rachner et al.,

2011; Hodges et al., 2021). Several studies have revealed that stem

cell exosomes have the ability to resist inflammation mainly by

regulating immune cells (macrophages, T cells, and B cells) and

the cytokines they secrete.

For macrophages, stem cell exosomes play a role in anti-

inflammation by inducing M2 macrophage polarization. During

wound healing, after macrophages took up BMSC-Exos,

exosomes induced M2 macrophage polarization through miR-

223, resulting in higher IL-10 levels and decreased TNF-α levels,

as shown by accelerated wound healing (He et al., 2019). In the

bronchopulmonary dysplasia (BPD) model, after uptake of

BMSC-Exos by alveolar macrophages, the expression levels of

pro-inflammatory factors secreted by M1 macrophages such as

TNF-α, IL-6, and CCL5 were blocked, and the expression levels

of anti-inflammatory factors secreted by M2 macrophages such

as arginase-1 (Arg-1) were increased, that is, macrophages

transformed from M1 to M2, and the process occurred in a

dose-dependent manner (Willis et al., 2018). In a cutaneous

wound model in streptozotocin-induced diabetic rats, the

induction of LPS-preconditioned umbilical cord stem-cell-

derived exosomes (LPS pre-UCMSC-Exos) of

M1 macrophages was sharply reduced. In contrast, the density

and distribution of M2macrophages were significantly increased.

THP-1 cells produced more anti-inflammation cytokines (IL-

10 and TGF-β) and M2 macrophage surface marker CD163 and

fewer pro-inflammatory cytokines (IL-1, IL-6, and TNF-α).
Taken together, LPS pre-UCMSC-Exos facilitated the

differentiation of macrophages to M2, but not M170. When

peripheral blood mononuclear cells (PBMCs) were cocultured

with ADSC-Exos, the mRNA expression levels of

M2 macrophage markers (CD163 and Arg1) in PBMCs and

the percentage of CD206 (a specific M2 macrophage marker)-

positive cells were significantly increased. Moreover,

M2 macrophage-specific transcription factors signal
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transducer and activator of transcription 6 (Stat6) and MAF

BZIP transcription factor B (MafB) were activated considerably,

indicating that ADSC-Exos induce the M2 phenotype of PBMCs

and play a vital role in anti-inflammation (Heo et al., 2019).

For T cells, stem cell exosomes play a role in anti-

inflammation by upregulating the expression of pro-

inflammatory or anti-inflammation cytokines, regulating

the differentiation of T cells, and inhibiting the

proliferation of PBMCs. After treatment of PBMCs with

BMSC-Exos, the expression levels of pro-inflammatory

cytokines TNF-α and IL-1β decreased, and the expression

levels of anti-inflammation cytokines TGF-β increased. The

ability of exosome-induced Th1 cells to transform into

Th2 cells reduced the differentiation of T cells into

Th17 and reduced the production of IL-17. The expression

of CTLA-4 in Treg cells emerged, which could inhibit the

immune response by competing with CD28 for ligands

CD80 and CD86 and then played a role in anti-

inflammation (Chen, Huang, Han, Yu, Li, Lu, et al.).

Treatment of PBMCs with UCB-MSC-Exos obtained by

treatment with TGF-β or IFN-γ or a combination of both

(MSCs-T/I) inhibited the proliferation of PBMCs, which

became more pronounced with increasing dose. After

treatment with MSCs-T/I exosomes, the proportion of

PBMCs that transformed into Treg cells increased, and the

expression of IL-10, IDO, and other anti-inflammation

factors also increased, so the immunosuppressive effect

and the anti-inflammation effect were enhanced (Zhang

et al., 2018). In T1DM mice treated with ADSC-Exos, the

number of Treg cells was significantly increased, and the

levels of IL-4, IL-10, TGF-β, and other anti-inflammation

factors were improved considerably. In contrast, the levels of

IFN-γ, IL-17, and other pro-inflammatory factors were

significantly decreased, showing a significant anti-

inflammation effect (Nojehdehi et al., 2018).

For B cells, after treatment of PBMCs with BMSC-Exos, the

expression levels of CXCL8 (IL-8) and marginal zone B- and B1-

cell-specific protein (MZB1) were higher. The increased

CXCL8 could inhibit T-cell activation and proliferation

through myeloid-derived suppressor cells (MDSCs), and the

increased MZB1 could cause significant inhibition of B-cell

proliferation by regulating Ca2+. In conclusion, exosomes play

a role in anti-inflammation by reducing the number and function

of immune cells (Khare et al., 2018).

To sum up, the effect of stem cell exosomes is mainly

achieved by regulation of immune cells and cytokines, and the

effect of exosomes may be used as an essential means to inhibit

particle-induced aseptic inflammation. Therefore, applying stem

cell exosomes is a new idea to prevent the aseptic loosening of

prostheses in the future (Figure 3) (Table 2).

FIGURE 2
Role of exosomes in vessels. Stem cell exosomes play various vital roles in the aseptic loosening of prosthesis, including hematopoietic stem
cells supporting perivascular niches and repairing and regenerating damaged bone, cartilage, and vascular tissue. Angiogenesis is promoted by VEGF,
miR-218-Ephria3, miR-29a-VASH1, miR-21-PTEN/Akt, and miR-2006-ELS-1 while inhibited by the wear debris, miR-126-SPRED1, and notch
(https://app.biorender.com/).
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FIGURE 3
Anti-inflammation ability of stem cell exosomes. Panel (A): Stem cell exosomes play anti-inflammation roles by inducing M2 macrophage
polarization. BMSC-Exos inducedM2macrophage polarization throughmiR-223, resulting in higher IL-10 levels and lower TNF-α levels. After uptake
of BMSC-Exos, the pro-inflammatory factors decreased, and the anti-inflammation factors increased. Under the induction of LPS pre-UCMSC-Exos,
the M1 macrophages were decreased, while the M2 macrophages were increased. THP-1 produced more anti-inflammation cytokines and
fewer pro-inflammatory cytokines. When PBMCs were cocultured with AdMSC-Exos, CD163, Arg1, and CD206-positive cells were increased.
M2 macrophage–specific transcription factors were activated. Panel (B): Stem cell exosomes play anti-inflammation roles by regulating the

(Continued )
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Comparison of treatments for aseptic
loosening

In the face of aseptic loosening of prostheses, most of the

current clinical treatments for aseptic loosening are in the

experimental stage, and most of the current treatment

strategies focus on the use of new materials or the adjustment

of prosthesis components. Revision arthroplasty is often the

ultimate measure of severe loosening. At present, the methods

that have been put into research on aseptic loosening include

drug therapy, gene therapy, and cell therapy.

Some drugs have been shown to prevent osteolysis, such as

drugs that suppress osteoclast activity (e.g., bisphosphonates);

drugs that promote osteogenesis, such as BMP; and drugs that act

on inflammatory signaling pathways or cytokines, such as TNF-α
antagonists. However, these drugs cannot be put into clinical use.

On the one hand, these drugs are still in preclinical trials, and on

the other hand, some drugs (drugs acting on cytokines) may have

unknown adverse effects on other systems of the body (Smith and

Schwarz, 2014). The use of drugs for the treatment of aseptic

loosening still needs further clinical trials and studies.

Gene therapy is a treatment that has emerged in recent years.

Ulrich-Vinther et al. (2002) investigated the use of a recombinant

adeno-associated viral (RAAV) vector expressing OPG for gene

therapy to construct a RAAV vector co-expressing OPG (RAAV-

OPG-IRES-EGFP) and then found that OPG can effectively

inhibit wear particle–induced osteoclastogenesis and osteolysis.

However, this method is also in the experimental stage, and gene

regulation, vector selection, and other aspects also need to be

further improved.

Local therapeutic cell delivery can directly or indirectly affect

osteolysis. Autologous bone grafting is a form of local cell therapy

in which osteoblasts and other cells in the bone graft complex can

be implanted into the bone graft to regulate the inflammatory

cascade and provide autocrine and paracrine factors to support

bone healing. Some researchers have used methods of local

delivery of MSCs to modulate the inflammatory response and

promote osteogenic differentiation and bone healing, which may

be used as a potential treatment in the future (Lin et al., 2017a;

Lin et al., 2019).

In contrast to the previously mentioned methods, the use of

exosomes for the treatment of aseptic loosening has many

advantages. Exosomes are smaller, which makes them quickly

circulate in vivo and reach the injured site (Mendt et al., 2018).

Derived from cells, exosomes are safer and lower in

immunogenicity. Good membrane-bound characteristics make

the contents have good biocompatibility and stability, and it is

easier to cross the blood–brain barrier (Akbari and Rezaie, 2020).

As a non-cellular product, exosome transplantation does not

undergo rejection and harmful differentiation and malignant

FIGURE 3
expression of cytokines, inhibiting the proliferation of PBMC, and reducing the number and function of immune cells. For T cells, after BMSC-
Exos treatment, the pro-inflammatory cytokines decreased, and the anti-inflammation cytokines increased. Moreover, exosomes induced the
differentiation of T cells and the higher expression of CTLA-4. UCB-MSC-Exos inhibited PBMC proliferation. More PBMCs transformed into Treg
cells, and IL-10 and IDO were increased. After ADSC-Exos treatment, the number of Treg cells and the levels of IL-4, IL-10, and TGF-β were
increased, while IFN-γ and IL-17 decreased. For B cells, BMSC-Exos treatment induced higher levels of CXCL8 and MZB1, which, respectively,
inhibited T-cell activation and proliferation and inhibited B-cell proliferation.

TABLE 2 Key variants in the anti-inflammatory pathway.

Type of immune
cell

Type of exosome Upregulated factor Downregulated
factor

Reference

Macrophages BMSC-Exos IL-10 and Arg-1 TNF-α Willis et al. (2018) and He et al.
(2019)

LPS pre-UCMSC-Exos IL-10, TGF-β, and CD163 IL-1, IL-6, and TNF-α Ti et al. (2015)

PBMCs cocultured with
AdMSC-Exos

CD163, Arg1, CD206, Stat6, and MafB Heo et al. (2019)

T cells PBMCs with BMSC-Exos CTLA-4 TNF-α, IL-1β, and IL-17 (Chen, Huang, Han, Yu, Li, Lu,
et al.)

PBMCs with UCB-MSC-Exos PBMC Nojehdehi et al. (2018)

PBMC with MSC-Exos IL-10 and IDO Nojehdehi et al. (2018)

ADMSC-Exos Number of Treg cells, IL-4, IL-10, and
TGF-β

IFN-γ and IL-17 Nojehdehi et al. (2018)

B cells PBMCs with BMSC-Exos IL-8 and MZB1 Khare et al. (2018)
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transformation that may occur when MSCs are transplanted

(Harrell et al., 2019). Unique materials combined with stem cell

exosomes have broad prospects for the treatment of aseptic

loosening of the prosthesis. Korda et al. (2008) confirmed that

the combination of autologous mesenchymal stem cells and

allogenic bone enhanced the integration of femoral prosthesis

in a sheep hemiarthroplasty model. Compared with the allograft

alone treatment group, the graft healing rate in the MSC

treatment group was increased, the graft absorption decreased,

and the failure rate decreased (Hernigou et al., 2014). Vulcano

et al. (2013) reported similar results for the reconstruction of

bone defects around the acetabulum after aseptic loosening in

five unrelated patients. A case report by Jäger et al. (2006)

described the treatment of periacetabular osteolysis with

BMP2/MSC composites. Progressive healing was reported with

satisfactory results (Jäger et al., 2006). In summary, the use of

exosomes for the treatment of aseptic loosening is a promising

approach.

Conclusion and foresight

In recent years, total joint replacement (TJR) has been the

most cost-effective and successful surgical intervention for end-

stage osteoarticular disease. However, the operation of total joint

replacement has been dramatically increased and modified by

international organizations, the main reason behind which is the

periprosthetic osteolysis and aseptic loosening caused by TJR

(Kurtz et al., 2005; Kurtz et al., 2007). Implant wear and

subsequent biomaterial wear particles released into the

surrounding tissue are the leading causes of periprosthetic

osteolysis (Schmalzried et al., 1992). These wear particles

disperse through the articular fluid along the bone–implant

interface (Revell, 2008). In the tissue surrounding the

prosthesis, wear debris is consumed by macrophages,

activating inflammatory phenotype, secreting cytokines and

chemokines (Nich et al., 2013; Pajarinen et al., 2014), and

recruiting more macrophages (Lin et al., 2017b). Exosomes

have tremendous therapeutic potential in related bone

diseases, such as aseptic loosening of prostheses. Exogenous

stem cell exosomes enhance bone binding and alleviate peri-

implant osteolysis through paracrine regulation. Osteoblasts

promote osteogenic mRNAs in exosomes, mediate anti-

osteogenic miRNAs, and upregulate bone growth through

Wnt/MAPK/PI3K-Akt pathways (Yang et al., 2020b; Zhai

et al., 2020). Bone resorption is activated by RANK, tartrate-

resistant acid phosphatase (TRAP), and OPG in exosomes (Inder

et al., 2014; Raimondi et al., 2015). Vascular growth is closely

related to bone regeneration. Although the wear debris of

prosthesis blocks vascular growth, a large number of MSC

exosomes contain the inclusions that stimulate vascular

regeneration except for human umbilical vein endothelial cells

(Zhao et al., 2020). Over-transfer of DMBT1 protein functions as

a positive regulator of angiogenesis and wound healing of

diabetic soft tissue. Thus, its operation in aseptic loosening of

prosthesis needs further study (Chen et al., 2018). Enhancing

osteogenesis and angiogenesis and suppressing osteoclast is a

new idea to solve the aseptic loosening of prostheses. In

summary, different stem cell exosomes play an important role

in promoting osteogenesis, angiogenesis, and silencing

osteoclasts and macrophage-mediated inflammation, providing

a new idea for the clinical prevention and treatment of aseptic

loosening of the prosthesis.

In the face of aseptic loosening of prostheses, clinical

attention should be paid to prevention. Most of the current

treatment strategies focus on the use of new materials or the

adjustment of prosthesis components. Unique materials

combined with stem cell exosomes have broad prospects for

the treatment of aseptic loosening of prostheses. Korda et al.

(2008) confirmed that the combination of autologous

mesenchymal stem cells and allogeneic bone enhanced the

integration of femoral prosthesis in the sheep

hemiarthroplasty model. Compared with the allograft alone

treatment group, the graft healing rate in the MSC treatment

group was increased, the graft absorption decreased, and the

failure rate decreased (Hernigou et al., 2014). Vulcano et al.

(2013) reported similar results for the reconstruction of bone

defects around the acetabulum after aseptic loosening in five

unrelated patients. A case report by Jäger et al. (2006) described

the treatment of periacetabular osteolysis with BMP2/MSC

composites. Progressive healing was reported with satisfactory

results. Although it has been less effective in alleviating the

problems caused by TJR with materials, the effects of

prosthesis on osteoclastogenesis and angiogenesis in patients

are completely avoided. In recent years, stem cell exosomes

have been widely used to regulate bone metabolism and

inhibit inflammation by promoting osteogenesis and

angiogenesis, having broad application prospects in tissue

repair and injury prevention. Focusing on the regulation of

stem cell exosomes combined with targeted drug therapy will

provide more possibilities for patients to adapt to prostheses.

Stem cell exosomes offer an effective treatment for bone

metabolic diseases such as osteoporosis (Pajarinen et al.,

2017). Exosomes from MSCs may be a promising

alternative therapy based on cells (Saribas et al., 2020).

Exosomes are replicated, so there is no risk of tumor

formation. In addition, exosomes are much smaller than

stem cells, which quickly circulate in vivo and reach the

injured site (Mendt et al., 2018). At the same time,

considering that most studies on exosomes derived from

MSCs are currently in the preclinical stage, the traditional

methods of exosome isolation and characterization are not

effective for clinical application. The exact mechanism of

MSC-derived exosomes in osteogenesis, osteoclast

differentiation, angiogenesis, and inflammation remains

unclear and needs further study.
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Most of the current clinical treatments for aseptic loosening are

in the experimental stage, and most of the current treatment

strategies focus on the use of new materials or the adjustment of

prosthesis components (Jäger et al., 2006; Korda et al., 2008; Vulcano

et al., 2013). At present, themethods that have been put into research

on aseptic loosening include drug therapy, gene therapy, and cell

therapy (Hernigou et al., 2014). Some drugs have been shown to

prevent osteolysis, but these drugs cannot be put into clinical use

because they have not passed the clinical trial and will have other

adverse effects (Jäger et al., 2006). Gene therapy has emerged in recent

years. However, this method is also in the experimental stage, and

gene regulation, vector selection, and other aspects also need to be

further improved. Cell therapy like local delivery of MSC may serve

as a future treatment for aseptic loosening (Mendt et al., 2018; Saribas

et al., 2020). In contrast to the previous methods, exosomes have the

merits of smaller size, greater safety, lower immunogenicity, better

membrane-bound characteristics, and so on. In addition, unique

materials combined with stem cell exosomes have broad prospects

for the treatment of aseptic loosening of the prosthesis, which makes

them a better method for treating aseptic loosening. In summary, the

use of exosomes for the treatment of aseptic loosening is a promising

approach.
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Glossary

AdMSC-Exos Adipose-derived exosomes

ADSC-Exos Adipose-derived stem cell-derived exosomes

ALP Alkaline phosphatase

Akt Protein kinase b

AP-1 Activator protein-1

ADSC Adipose-derived stem cells

BMP Bone morphogenetic protein

BMSC Bone marrow-derived mesenchymal stem cell

BPD Bronchopulmonary dysplasia

Arg-1 Arginase-1

CM Conditional medium

CTHRC1 Silent information regulator 7

DMBT1 Malignant brain tumor 1

Exos Exosomes

HA Hydroxyapatite

HUVEC Human umbilical vein endothelial cell

hAD-MSC Human adipose-derived MSC

HIF-1α Hypoxia-inducible factor-1

UCB-MSC Human umbilical cord mesenchymal

stem cellUmbilical cord blood-derived mesenchymal stem cell

IL-1 Interleukin-LPS pre-UCMSC-Exos

MSC Human mesenchymal stem cell

MafB MAF BZIP transcription factor B

MAPKs Mitogen-activated protein kinases

MDSC Myeloid-derived suppressor cell

MZB1 Marginal zone B- and B1-cell-specific protein

OPG Osteoclastogenesis inhibitory factor

PI3K Activate phosphoinositol-3

RAAV Recombinant adeno-associated viral

RANK Receptor activator of nuclear factor κB
RANKL Receptor activator of nuclear factor κB ligand

PBMC Peripheral blood mononuclear cell

RUNX2 Runt-related transcription factor-2

SCI Spinal cord injury

SIRT7 Silent information regulator 7

Smad1 Drosophila mothers against decapentaplegic protein 1

Stat6 Signal transducer and activator of transcription 6

SPRED1 Sprouty-related EVH1 domain protein 1

TNF-α Tumor necrosis factor-α
TGF-β-1 Transform growth factor-β-1
Th17 T helper cell 17

TJR Total joint replacement

TRAF6 Tumor necrosis factor receptor-associated factor 6

TRAP Tartrate-resistant acid phosphatase

UCB-MSC Human umbilical cord mesenchymal

stem cellUmbilical cord blood-derived mesenchymal stem cell

USC Urine-derived stem cell

VEGF Vascular endothelial growth factor.
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