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Abstract: Cellular therapy offers regeneration which curbs osteoarthritis of the knee. Among cellular
therapies, mesenchymal stromal cells (MSCs) are readily isolated from various sources as culture
expanded and unexpanded cellular population which are used as therapeutic products. Though
MSCs possess a unique immunological and regulatory profile through cross-talk between MSCs
and immunoregulatory cells (T cells, NK cells, dendritic cells, B cells, neutrophils, monocytes,
and macrophages), they provide an immunotolerant environment when transplanted to the site
of action. Immunophenotypic profile allows MSCs to escape immune surveillance and promotes
their hypoimmunogenic or immune-privileged status. MSCs do not elicit a proliferative response
when co-cultured with allogeneic T cells in vitro. MSCs secrete a wide range of anti-inflammatory
mediators such as PGE-2, IDO, IL-1Ra, and IL-10. They also stimulate the resilient chondrogenic
progenitors and enhance the chondrocyte differentiation by secretion of BMPs and TGFβ1. We
highlight the various mechanisms of MSCs during tissue healing signals, their interaction with the
immune system, and the impact of their lifespan in the management of osteoarthritis of the knee. A
better understanding of the immunobiology of MSC renders them as an efficient therapeutic product
for the management of osteoarthritis of the knee.

Keywords: osteoarthritis; mesenchymal stromal cells; immunotolerant; immunobiology

1. Introduction

Osteoarthritis of the knee, also called degenerative arthritis or osteoarthrosis, is a
multi-factorial, slowly progressing disease of the synovial joint [1]. It is primarily a non-
inflammatory degenerative disorder of the knee which is characterized by the progressive
degenerative process leading to irreversible articular cartilage destruction [1,2]. Among all
musculoskeletal diseases, osteoarthritis of the knee poses significant health, economic and
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social burden to the aging population, hence it is prudent to exactly define and locate the
etiological agent to contemplate an effective management strategy [3]. A total of 15% of
the world population is affected with osteoarthritis of the knee which leads to the major
cause of activity limitation [4]. Understanding the molecular and cellular components of
the pathophysiology of osteoarthritis of the knee is of paramount importance to establish
the cell-based therapy to formulate the disease-modifying strategy [2,5].

Osteoarthritis of the knee results due to degradation of the articular cartilage and the
components of the bone matrix [4]. The earliest pathomechanism in the progression of
cartilage loss is due to the loss of type 2 collagen and aggrecans in the cartilage tissue [6].
In the early stage of knee osteoarthritis, natural killer (NK) cells and macrophages play a
significant role in pathogenesis and intervening these cross-talks pose a potential break-
through in the management of osteoarthritis of the knee [7]. Osteoarthritis of the knee is
characterized by increased levels of pro-inflammatory cytokines such as IL-1 and TNF-
α, raised expression of TGF-β, and the activation of matrix metalloproteinases (MMPs),
ultimately leading to chondrocyte senescence [8,9].

Cytotherapy or cell-based therapies have been developed in the past decade for
management of early knee osteoarthritis by utilizing the stem cells harvested from various
donor tissues such as bone marrow, adipose tissue, placenta, synovium, dental tissues,
peripheral blood, and rarely from embryonal tissues [10,11]. In particular, mesenchymal
stromal cell (MSC)-based cellular therapy demonstrate a promising tool for regenerating
the degenerated cartilage in the osteoarthritic knee [12–15]. A large number of published
literature states that the regenerative capacity of MSCs is due to paracrine factors released
by MSCs rather than the pluripotent nature of MSCs to differentiate into cells of the desired
tissue [16,17]. The ease of availability from multiple sources makes MSCs the versatile
cell-based therapy of choice in regenerating tissues [18]. Despite the promising results
seen in vitro and in vivo studies, the application of MSCs are limited due to the risk of
teratoma formation, limited viability of differentiated cells and rejection of the cells post
transplantation [19–22].

There is no available evidence to prove that engrafted MSCs in osteoarthritis of the
knee are differentiated into cartilage cells. These engrafted MSCs work in a paracrine
fashion and stimulate the tissue-specific residual and resilient cells for tissue regeneration
and repair [23,24]. MSCs act by empowerment rather than replacement [25,26]. The
engrafted MSCs possess a stromal environment that contains both cellular and molecular
components.26 The combined action of cytokines and chemokines drive MSC to induce
tissue regeneration by proliferation and differentiation of resident stem cells [27].

2. Immunomodulation by Living MSCs

Immunomodulation by MSCs is through direct cell-to-cell contact (membrane-bound
proteins and receptors) and by paracrine signaling of macromolecules (cytokines, chemokines,
and trophic factors) in the environment [28]. Interleukin-10 (IL-10) is a pleiotropic im-
munomodulatory cytokine that regulates innate and adaptive immune systems. The
interplay between regulatory cytokines and IL-10 establishes a tolerogenic environment
suitable for the inhibition of T-cells. IL-10 plays a significant positive feedback loop by
enhancing proliferative and molecular changes when MSCs are infused [29,30].

MSCs exhibit a varied spectrum of immunoregulatory capabilities in both innate and
adaptive immune systems. Due to the prevailing inflammatory environment, specific
toll-like receptor (TLR) ligands affect the MSC-based cellular therapy in the management
of osteoarthritis of the knee [31–33]. In the early stages of knee osteoarthritis, TLR2/4 on
MSC surface may result in polarization into MSC1, which promotes further immunogenic
response to protect joint tissues in osteoarthritis pathogenesis [32]. In later stages of knee
osteoarthritis of the knee, TLR3 accumulation leads to polarization into MSC2 which
further prevents articular surface damage in the osteoarthritis of the knee [32]. Failure of
inflammatory attenuation leads to the continuation of the vicious cycle in osteoarthritis
pathogenesis.
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In such a pro-inflammatory milieu, the quiescent resident MSCs are attenuated and
may not be induced in the lines of regeneration of the articular cartilage and hence infusion
of MSCs into the knee joint may not only repair and regenerate the joint cartilage but also
help in stimulating the resident MSCs to attain joint homeostasis in favor of regeneration.
MSCs suppress host immune responses by inhibiting immune cells proliferation and matu-
ration in a non-MHC restricted manner [34]. MSCs are considered to be hypoimmunogenic,
which express low levels of HLA 1 and are deprived of HLA class II and co-stimulatory
molecule expression [35,36]. Numerous studies have also demonstrated MSCs to suppress
the activity of a broad range of immune cells, including T cells, natural killer (NK) cells,
dendritic cells DCs), B cells, neutrophils, monocytes, macrophages [37].

3. Immunomodulation by Apoptotic MSCs

There is no consensus on the viability of MSCs to exert immunomodulatory effects in
the local or systemic environment. Once administered, MSCs undergo radical biological
and morphological changes and disappear from the site of injection within a few days of
intra-articular injection [38]. Despite the disappearance of administered MSCs from the
site, they elaborate the cytokines and chemokines which work by paracrine signaling and
induce the quiescent and resident MSCs to enhance the significant therapeutic effects [23].
Hence the dead MSCs exert a non-specific immunomodulatory environment in the os-
teoarthritis of the knee through apoptosis, complement-mediated cell death, autophagy,
and senescence [39]. The paracrine and the contact immunomodulatory effects of MSCs on
the immune cells are given in Figures 1 and 2 respectively.
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Figure 1. Paracrine immunomodulatory effects of the mesenchymal stromal cell on immune cells. [Note: MSCs have their 
immunomodulatory effects on Macrophages, T cells, and B cells related to osteoarthritis via the secretion of various cyto-
kines through MSC-derived exosomal vesicles. MSCs inhibit the migration of macrophages and regulate their polarization 
by inducing transformation from M1 to M2. MSCs inhibit the proliferation of T cells and activation of inflammatory TH1 
and TH17 cells. In turn, MSCs induce immunosuppressive Tregs. Moreover, MSCs decrease B-cell activation and prolif-
eration and attenuate immunoglobulin production]. 

Breg, regulatory B cell; CCL-2, C-C motif chemokine ligand 2; HGF, hepatocyte 
growth factor; IDO, indoleamine-2,3-dioxygenase; IL, interleukin; Ig, immunoglobulin; 
IFN-γ, interferon-gamma; MSC, mesenchymal stromal cell; MSC-EVs, Mesenchymal stro-
mal cell-derived exosomal vesicles; Mφ, macrophages; NO, nitric oxide; PGE2, prosta-
glandin E2; Th, helper T cell; Treg, regulatory T cell; TGF-β, transforming growth factor-
beta. 

Figure 1. Paracrine immunomodulatory effects of the mesenchymal stromal cell on immune cells.
[Note: MSCs have their immunomodulatory effects on Macrophages, T cells, and B cells related to
osteoarthritis via the secretion of various cytokines through MSC-derived exosomal vesicles. MSCs
inhibit the migration of macrophages and regulate their polarization by inducing transformation from
M1 to M2. MSCs inhibit the proliferation of T cells and activation of inflammatory TH1 and TH17
cells. In turn, MSCs induce immunosuppressive Tregs. Moreover, MSCs decrease B-cell activation
and proliferation and attenuate immunoglobulin production].
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Figure 2. Contact dependent immunoregulatory effects of mesenchymal stromal cells on immune cells. [Note: Fas/FasL signal 
activation induces apoptosis of inflammatory T cells; Jagged-1/Notch-1 signal activation can induce CD4+ T cells to differenti-
ate into Tregs, and PD-1/PD-L1 signaling effectively represses TH17 differentiation and inhibits the proliferation and matura-
tion of B cells. Moreover, HLA-G5, ICAM-1, and VCAM-1 are also needed for MSCs to exert their immunosuppressive effects 
upon T cells]. 

HLA-G5, human leukocyte antigen-G5; ICAM-1, intercellular adhesion molecule-1; Ig, immunoglobulin; MSC, mesen-
chymal stem cells; PD-L1, programmed death-1 ligand; Th, helper T cell; Treg, regulatory T cell; VCAM-1, vascular cell 
adhesion molecule-1. 

Figure 2. Contact dependent immunoregulatory effects of mesenchymal stromal cells on immune
cells. [Note: Fas/FasL signal activation induces apoptosis of inflammatory T cells; Jagged-1/Notch-1
signal activation can induce CD4+ T cells to differentiate into Tregs, and PD-1/PD-L1 signaling
effectively represses TH17 differentiation and inhibits the proliferation and maturation of B cells.
Moreover, HLA-G5, ICAM-1, and VCAM-1 are also needed for MSCs to exert their immunosuppres-
sive effects upon T cells]. HLA-G5, human leukocyte antigen-G5; ICAM-1, intercellular adhesion
molecule-1; Ig, immunoglobulin; MSC, mesenchymal stem cells; PD-L1, programmed death-1 ligand;
Th, helper T cell; Treg, regulatory T cell; VCAM-1, vascular cell adhesion molecule-1.
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Apoptotic MSCs interact with immune cells directly by apoptosis and indirectly by
phagocytosis. In DIRECT mechanism, apoptotic or dead MSCs create an immunosup-
pressive or immune-privileged environment by secreting IL-10 and TGF-β and inhibit
lipopolysaccharide (LPS) stimulated macrophages by the secretion of IL-1β and TNF-α [40].
In INDIRECT mechanism, phagocytes eliminate MSCs resulting in hyporesponsiveness to
LPS and switching off the immunological cellular environment to an anti-inflammatory
environment [30]. Upon cell-to-cell contact, T cells release perforin and granzyme B and
induce apoptosis of infused MSCs [41]. IDO, a soluble factor, secreted by phagocytes is
responsible for immunomodulation [42]. Mancuso et al. emphasized that apoptotic MSCs
retrieved from osteoarthritis of the knee exhibited higher immunosuppressive effects than
viable MSCs [42].

Complement cascade induces phagocytosis and recruits progenitor cells to the site
of injury. Complement systems exhibit an interplay between MSCs to influence the bio-
logical features of engrafted cells. When a complement molecule binds to MSC, it induces
phagocytosis by macrophages and in turn, M2 polarization occurs to establish a tolero-
genic environment [43]. With the rapid clearance of MSCs from the systemic circulation,
a therapeutic response being observed was due to the interplay between complement
and monocyte-phagocyte system [44]. During normal development, autophagy modulate
cellular homeostasis and remodeling potential. MSCs attenuate autophagy and promote
cellular survival, proliferation, differentiation, and restoration of functional tissues in the
degenerative environment [45]. Senescent (aged) MSCs exhibit minimal proliferation,
differentiation, immunoregulatory and secretory ability in osteoarthritis of the knee [46].

Breg, regulatory B cell; CCL-2, C-C motif chemokine ligand 2; HGF, hepatocyte growth
factor; IDO, indoleamine-2,3-dioxygenase; IL, interleukin; Ig, immunoglobulin; IFN-γ,
interferon-gamma; MSC, mesenchymal stromal cell; MSC-EVs, Mesenchymal stromal
cell-derived exosomal vesicles; Mϕ, macrophages; NO, nitric oxide; PGE2, prostaglandin
E2; Th, helper T cell; Treg, regulatory T cell; TGF-β, transforming growth factor-beta.

4. Effect of MSCs on Macrophages

The most responsible cellular component for the immunogenic environment in knee
joint is synovial macrophage (Mϕ) [43]. Once MSCs are administered, proinflammatory
macrophages (M1Mϕ) are activated by IFN-γ and TNF-α polarise to anti-inflammatory
macrophages (M2Mϕ) which releases soluble factors and downregulate inflammatory and
apoptotic events in cartilage which in turn upregulate the chondrogenic regeneration and
remodeling [47–49]. Wu et al. studied the cartilage damage by the production of cytokine
storm in macrophage Fas-induced apoptosis transgenic mice [50]. Various evidences
demonstrate the polarization of macrophages [M1Mϕ→M2Mϕ] induces the enhancement
of cartilage tissue regeneration when MSCs are transplanted [51–54].

The secretome analysis exhibit that MSCs affect macrophage polarization, prolifera-
tion, and migration. Macrophage polarization (M1→M2) promotes the healing process
of injured cartilage in the Osteoarthritis of the knee [47]. Gradual conversion of M1
macrophage (fried egg-like) into M2 macrophage (spindle-like) when co-cultured with
MSCs is accompanied by increased levels of IL-10, phagocytosis and decreased levels
of IL-12 and IL-1β [54]. Macrophage polarization by MSCs are exhibited through direct
cell-to-cell contact and cytokine secretion such as IL-10, PG-E2, IDO, and TGF-β [55–57]. Ev-
idences prove that MSC induces polarization of macrophages, decreases pro-inflammatory
cytokines, increases anti-inflammatory cytokines, inhibits joint degeneration, and promotes
repair and regeneration of damaged cartilaginous tissues [48,58,59]. The anti-inflammatory
response of MSCs through macrophages is via COX-2/PGE2/EP4 axis [60]. MSCs har-
ness macrophage-derived amphiregulin (AREG), an epidermal growth factor receptor, to
maintain tissue homeostasis [61].



Osteology 2021, 1 214

5. Effect of MSCs on T Cells

T lymphocytes represent the second line cellular constituent among the synovial
cellular population in the osteoarthritis of the knee. MSCs inhibit the proliferation of T cells
in a dose-dependent manner. Helper T (CD4+) and cytotoxic T (CD8+) cells are involved
in the pathogenesis of Osteoarthritis of the knee [62,63]. In osteoarthritis of the knee, the
synovial cellular population exhibit higher levels of CD4+IFN-γ+ T cells (TH1), CD4+IL-17+

T cells (TH17), and CD8+ T cells (TC), and synovial fluid exhibit higher levels of CD4+IL-
17+ T cells (TH17) and CD4+IL-9+ T cells (TH9) [64,65]. The cross-talk among TH1 cells
(IL-2, IFN-γ, TNF-α, lymphotoxins, and GM-CSF), TH9 cells (IL-9), and TH17 cells (IL-17
and -23) aggravates cartilage degeneration and chondrocyte loss [66,67]. TC cells’ role in
the pathophysiology of Osteoarthritis of the knee is still unclear. Osteoarthritis patients
demonstrate a few CD8+ T cells and a higher CD4+:CD8+ ratio [68]. Both in peripheral
blood and synovial fluid, osteoarthritis patients possess CD8+CD45RA+, CD8+CD29+, and
CD8+S6F1+ cells [69]. In the ACL transected osteoarthritis mice model, the number of
activated CD8+ T cells was significantly higher than the sham group [70]. Chondrocyte
loss occur more slowly in CD8+ T cell knockout mice than in wild-type mice [70].

With the addition of TGF-β, naïve T cells are induced and differentiated into Treg cells
which maintain immunological tolerance by secreting IL-10 and -35 [71,72]. Various studies
have proved that Tregs have a protective role in osteoarthritis of the knee. MSC-derived
cytokines induce T cell apoptosis and inhibit the naïve T cell activation and differentiation
of T cells to various subsets [73]. Upon adding MSCs in denuded cartilage, enhanced
production of IL-10 favor the microenvironment to secrete sHLA-G5 which attenuates the
activation of CD4+ T cells to TH1 and TH17 thereby inducing the production of Treg cells
and a positive feedback loop [74–76].

Nitric oxide secreted by MSCs regulates T cell immunosuppressive response through
cell cycle arrest, apoptosis, complement-dependent killing, or autophagy [37]. Downregu-
lation of cyclin D2 expression and upregulation of p27kip1 expression in T cells through
TGF-β and HGF secreted by MSCs leads to cell cycle arrest in the G1 phase and inhibits T
cell proliferation [77]. Downregulation of IL-2 receptor leads to inhibition of T cell prolifer-
ation through PGE2 secreted by MSCs and results in impairment of DNA binding activity
through JAK-3 signaling inhibition [78]. Direct contact between MSC and T cell enhance
immune-regulation of T cells. Enhanced expression of ICAM-1 and VCAM-1 molecules
over MSCs exert immunosuppressive effects through T cells [79,80]. Fas ligand signal-
ing pathway activates the apoptosis of T cells, Notch-1 signaling promote differentiation
of naïve T cell to Treg cells, and PD-L1 signaling represses TH17 differentiation [81–83].
sHLA-G5 play a major role in cell-to-cell contact and paracrine functions of MSCs. [84]

6. Effect of MSCs on B Cells

B lymphocytes are the key mediators for the adaptive humoral immune system, which
are characterized by antigen presentation and antibody production. MSCs reduce the
B cell population by arresting the proliferation of B cells in the G0/G1 phase of the cell
cycle [85]. MSCs inhibit the differentiation of B cells and significantly impair the production
of antibodies [86,87]. Both cell-to-cell contact mechanisms and soluble factors secreted
by MSCs play a significant role in B cell suppression in the cartilage environment. Upon
activation of MSCs by IFN-γ, the upregulation of galectin-9 resulted in anti-proliferative
and immunosuppressive effects of B and T cells [88]. MSCs affect the chemotactic property
of B cells by modulating the adhesion molecules and the receptors and enhancing the
downregulation of CXCL13/CXCR5 ligand [89,90].

MSC co-culture enhances the immunomodulatory activity of B cells by upregulating
anti-inflammatory cytokines. MSCs induce the production of Bregs cells (CD23+CD43+)
which inhibit the secretion of pro-inflammatory cytokines and T cell proliferation through
IL-10 dependent pathway [91,92]. MSCs inhibit STAT-3 factor via C-CL2 motif and induce
PAX-5 protein synthesis to inhibit the production of immunoglobulins by plasma cells [93].
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With an increased expression of IFN-γ, MSCs activate the PL-L1 signaling pathway to
inhibit the proliferation and maturation of B cells [94].

Direct interaction of MSCs with B cells reduces plasmablast formation and induces
the enhancement of Breg cells formation [30]. Breg cells accelerate the immunological
tolerance through immunosuppressive cytokines and mediators [95]. Bregs secrete IL-10
which converts effector CD4+ T cells into Foxp3+ Tregs [96]. In the presence of IFN-γ
secreted by T cells, MSCs can inhibit B cell proliferation [30]. These Breg cells attenuate
joint inflammation and cartilage degradation in osteoarthritis of the knee.

7. Effect of MSCs on NK Cells

Natural Killer (NK) cell form an integral part of the immune system that bridge
the adaptive immune system with the innate immune system. Upon NK cell activation,
cell-mediated immune responses are enhanced by both helper T and cytotoxic T cells [97].
Soluble factors (TGF-β and PGE2) secreted by MSCs attenuate NK cell functions and inhibit
the proliferation of NK cells [98]. Spaggiari et al. demonstrated the antiproliferative activity
and inhibition of cytotoxicity and cytokine production in the in-vitro cross-talk between
MSCs and NK cells [99]. MSCs pose an inhibitory effect on NK cells by enhancing the
expression of activating NK cell receptors (NKp30, NKp44, and NKG2D) [99,100]. IDO
and PGE2 secreted by MSCs are the key factors which are responsible for MSC mediated
inhibition of NK cell proliferation [99].

Interleukin-2 activated NK cells induce the apoptosis of MSCs which demonstrates
low-level activity of HLA class 1 antigens [101,102]. MSC-derived TGF-β1 inhibits NK
cell proliferation thereby reducing its cytotoxic and antiproliferative activity in the de-
sired environment [103]. NK cell-mediated IFN-γ release enhanced by MSCs provide
anti-infective activity at the injury site and affect tissue regeneration [104,105]. In os-
teoarthritis of the knee patients, NK cells expressed pro-inflammatory protease granzyme
A whereas, in the synovium cellular population, increased levels of CD56(+)/CD16(−)
cells were found [106,107]. Jaime et al. found the immunoregulatory phenotype of NK cell
[CD56(+)bright/CD16(−)dim] in the synovial fluid of Osteoarthritis of the knee [107].

8. Effect of MSCs on Dendritic Cells

Dendritic cells (DC) can stimulate naïve and memory T cells in the body. DC cells
are derived from bone marrow CD34+ cells in vivo or stimulated by GM-CSF and IL-4
from monocytes in vitro or from CD34+ hematopoietic progenitors in presence of GM-
CSF and TNF-α [108,109]. DC cells enhance, primary immune tolerance and present
antigens to naïve T cells, memory T cells, B cells, and NK cells [110]. MSCs affect the
recruitment, maturation, and homing of DCs. Human MSCs significantly reduce the
monocyte differentiation into DCs [by decreasing the upregulation of CD-80, -86, -1a, -83,
-40, and HLA-DR] [111]. When DCs are co-cultured with MSCs, they induce Th2 and Tregs
cells which result in the suppression of pro-inflammatory T cell activation [112]. MSCs
induce the maturation of type 1 DCs to decrease TNF-α and type 2 DCs to increase IL-10
by creating anti-inflammatory or immunotolerant phenotype [113].

9. Effect of MSC-Derived Extracellular Vehicles (EVs) on Osteoarthritis of the Knee

MSC-derived extracellular vesicles (EVs) are involved in tissue repair, immunomod-
ulation, proliferation, anti-tumorigenic, and regeneration [114–116]. Based on biogen-
esis and size, EVs are classified into exosomes (30–150 nm endosome-derived plasma
membrane-coated vesicles), microvesicles (100–1000 nm non-endocytic origin vesicles),
and apoptotic bodies (1–5 µm vesicles released by apoptotic cells) [117]. EV markers
are ALG-2-interacting protein X (Alix), tetraspanin proteins CD9, CD63, CD81 and heat-
shock protein (Hsp)-60, -70, and -90 [118–120]. MSC-released EVs express unique surface
antigens including CD44, CD73, CD90 and CD105 [121]. The molecular composition of
these extracellular vehicles includes endosome-associated proteins (Rab GTPase, SNAREs,
annexins, flotillin, Tsg101), membrane proteins (CD-63, -81, -82, -53 & -37), lipid raft
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protein (glycosylphosphatidylinositol-anchored protein) and RNA (sRNAs, miRNA, frag-
ments of tRNA, Y-RNA, and siRNAs) [122–125]. The cross-talk between MSCs and the
neighboring diseased micromolecular tissue environment is the zone of MSC-sEV based
therapeutics [126,127].

MSC exosomes mediate angiogenesis via regulation of the NF-κB signaling pathway
and miR-494 [128,129]. MSC-derived EVs modulate the immune system by induction of
anti-inflammatory cytokines and Treg cells, by inhibition of B lymphocytes, regulation of
macrophage polarization, and mobilization of neutrophils [130–132]. Exosome-induced
macrophages lead to Treg cell expansion by secretion of more IL-10 as compared to the
macrophages induced by lipopolysaccharide [133,134]. miR-146a enhances macrophage
polarization to anti-inflammatory M2 macrophages [135,136]. Galectin-1, endogenous
leptin on the EV surface, was also found to be involved in the immunosuppressive effects
on T lymphocytes [137].

Exosomes are a potential candidate as early diagnostic markers to identify clinical
osteoarthritis and cancer based on the exosome-specific proteins [138,139]. Moreover, miR-
NAs and lncRNAs of the exosomal structure have been considered as potential diagnostic
markers for diseases like rheumatoid arthritis and osteoarthritis [140–146]. MSC-exosomes
prevent cartilage degeneration and downregulate the expression of tartrate-resistant acid
phosphatase (TRAP) expression and RANKL-RANK-TRAF6 signaling activation to pro-
mote remodeling of subchondral bone [147–151]. A significant reduction in miRNA-92a-39
and miRNA-95-5p was observed in osteoarthritis chondrocytes [143,152]. An increased
miRNA-145 and -221 derived from adipose tissue-derived stem cells favor chondrogenesis
and suppress the expression of pro-inflammatory cytokines and promote the degenerated
cartilage for repair and regeneration. Exosomal lncRNA PCGEM1 demonstrated a positive
correlation with the WOMAC score and exhibit a significant difference between the early
and late stages of osteoarthritis of the knee. These EVs modulate the repair and regeneration
of denuded cartilage [153]. There is a temporal association between inflammation (hsCRP)
and chondrocyte hypertrophy (COL-X) through HIF-2α [154]. A negative correlation was
observed between COMP and duration of osteoarthritis & a positive correlation between
COMP and age. The versatility of EVs enhances intracellular signaling and shuttling and
proceeds to maintain micromolecular homeostasis. The actions of MSC-derived exosomes
on the osteoarthritis of the knee are tabulated in Table 1.

Table 1. Summary of the actions of MSC-derived exosomes on osteoarthritis of the knee.

Type of Exosomal Cargo Source of MSCs Animal Model Function

CD-9 and -63, TSG101 [155] Sy-MSCs & iPSCs Mice Induce the chondrocyte migration and proliferation

miR-92a-3p [156] MSCs Mice Modulate cartilage development and homeostasis via WNT5A inhibition

miR-320c [157] BM-MSCs In-vitro Downregulate MMP-13 and upregulate SOX-9 expression

miR-140-Sp [158] Sy-MSCs Rat Improve the proliferation and migration of articular chondrocytes and prevent
the development of OA

lncRNA-KLF3-AS1 [159] MSCs Rat Inhibit IL-1β induced chondrocyte apoptosis

??Unknown [160] MSCs Rabbit Inhibit the phosphorylation of p38 and ERK and induce the phosphorylation of
Akt

??Unknown [147] MSCs Rat Improve the synthesis of GAGs by IL-1β and inhibits the IL-1β induced NO and
MMP-13 production

??Unknown [161] AD-MSCs In-vitro Decrease the generation of inflammatory mediators such as TNF-α, IL-6, PGE2,
and NO and improve the generation of the anti-inflammatory cytokine IL-10

??Unknown [162] AD-MSCs In-vitro Downregulate the SABG activity and. Reduce the generation of inflammatory
mediators

??Unknown [163] BM-MSCs Mice Induce the type II collagen, and aggrecan expression, inhibit the expression of
the MMP-13, ADAMTS5, and iNOS

??Unknown [164] ESCs Mice Augment the synthesis of collagen type II and reduce the expression of
ADAMTS5 in the presence of IL-1β

[AD-MSCs—Adipose tissue-derived mesenchymal stromal cells; BM-MSCs—Bone marrow-derived mesenchymal stromal cells; ESCs—
Embryonic stem cells; iPSCs—Induced pluripotent stem cells; MSCs—Mesenchymal stromal cells; Sy-MSCs—Synovium derived mesenchy-
mal stromal cells].
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10. Integrative Factors in Immunomodulation of MSCs

MSCs possess low immunogenicity which makes the cellular mixture possible for
either autologous or allogeneic transplantation. MSCs have a profound potential to inhibit
the activity of CD4+ and CD8+ T cells, B cells, to inhibit the proliferation of natural
killer (NK) cells and maturation of dendritic cells thereby suppressing the production
of immunoglobulins [165,166]. MSCs stimulate and enhance the proliferation of Treg
cells by secretion of soluble factors [TGF-β, HGF, iIDO, sHLA-G5, PGE2, IL-6, -10, and
TNFα-stimulated gene protein-6] [167]. MSCs inhibit the proliferation of lymphocytes,
alter the reactivity of lymphocytes to target cells, and prolong the cellular graft survival
when infused in a patient with a mismatched MHC group [168]. Soluble factors like TGF-β
and HGF inhibit the proliferation of T cells when monoclonal antibodies are added to
the system. Hence these factors enhance the naïve T cell to differentiate into Treg cells to
improve the immune tolerance. IDO secreted by MSCs primed with IFN-γ attenuates the T
cell response to auto- and alloantigens and inhibits the proliferation of T cells by secreting
kynurenine [169]. sHLA-G5 secreted by MSCs suppress the functions of T lymphocytes
and NK cells and enhances the expansion of CD4+CD25highFOXP3+ Treg cells [170].

With the secretion of PGE2, MSCs regulate adaptive immune responses and induce
dendritic cells to upregulate the genes responsible for the secretion of anti-inflammatory
cytokines [165]. Further inhibition of T lymphocytes was facilitated by IL-6, nitric ox-
ide, galectin-1, leukemia inhibitory factor (LIF), and semaphorin 3A [171]. LIF promotes
and enhances the proliferation and maintenance of Treg cells [172]. MSCs modulate pro-
inflammatory M1 (classical-activated macrophage) phenotype to anti-inflammatory M2
(alternative-activated macrophage) phenotype [60]. The concentration of NO secretion
converts the environment into immunoenhancement or immunosuppression [173]. The
level of iNOS/IDO plays a critical role in determining the pathophysiological and im-
munomodulatory roles of MSCs [32].

11. Cross-Talk between MSCs and Immunological Cells in Cartilage Regeneration

The immunomodulatory effect of MSCs on the immune cells in the osteoarthritis of
the knee is given in Figure 3.
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12. Conclusions

The immunosuppressive effects of MSCs have been shown to alter the functions of
several immune cells individually, the phenotypic plasticity of MSCs governed by their
environment which might alter MSCs’ therapeutic effect. Importantly, the stable priming
of MSCs toward an immunoregulatory state should be taken into consideration while
considering MSCs-based therapy for osteoarthritis of the knee.
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J.M.; Bryl, E. Different distribution of CD4 and CD8 T cells in synovial membrane and peripheral blood of rheumatoid arthritis
and osteoarthritis patients. Folia Histochem. Cytobiol. 2009, 47, 627–632. [CrossRef]

70. Hsieh, J.-L.; Shiau, A.-L.; Lee, C.-H.; Yang, S.-J.; Lee, B.-O.; Jou, I.-M.; Wu, C.-L.; Chen, S.-H.; Shen, P.-C. CD8+ T Cell-Induced
Expression of Tissue Inhibitor of Metalloproteinses-1 Exacerbated Osteoarthritis. Int. J. Mol. Sci. 2013, 14, 19951–19970. [CrossRef]

71. Corthay, A. How do Regulatory T Cells Work? Scand. J. Immunol. 2009, 70, 326–336. [CrossRef]
72. Sakaguchi, S.; Yamaguchi, T.; Nomura, T.; Ono, M. Regulatory T Cells and Immune Tolerance. Cell 2008, 133, 775–787. [CrossRef]
73. Duffy, M.M.; Ritter, T.; Ceredig, R.; Griffin, M.D. Mesenchymal stem cell effects on T-cell effector pathways. Stem Cell Res. Ther.

2011, 2, 34. [CrossRef]
74. Chen, Q.-H.; Wu, F.; Liu, L.; Chen, H.-B.; Zheng, R.-Q.; Wang, H.-L.; Yu, L.-N. Mesenchymal stem cells regulate the Th17/Treg

cell balance partly through hepatocyte growth factor in vitro. Stem Cell Res. Ther. 2020, 11, 91. [CrossRef]
75. Romano, M.; Fanelli, G.; Albany, C.J.; Giganti, G.; Lombardi, G. Past, Present, and Future of Regulatory T Cell Therapy in

Transplantation and Autoimmunity. Front. Immunol. 2019, 10, 43. [CrossRef]
76. Rana, J.; Biswas, M. Regulatory T cell therapy: Current and future design perspectives. Cell. Immunol. 2020, 356, 104193.

[CrossRef]
77. Tsukiyama, T.; Ishida, N.; Shirane, M.; Minamishima, Y.A.; Hatakeyama, S.; Kitagawa, M.; Nakayama, K.; Nakayama, K.-I.

Down-Regulation of p27Kip1 Expression Is Required for Development and Function of T Cells. J. Immunol. 2001, 166, 304–312.
[CrossRef]

http://doi.org/10.1016/j.joca.2014.05.021
http://doi.org/10.1016/j.joca.2016.07.018
http://doi.org/10.1038/s41598-018-21783-2
http://doi.org/10.1155/2015/989473
http://doi.org/10.1038/srep38308
http://doi.org/10.1016/j.stem.2013.09.006
http://doi.org/10.1186/s13287-019-1156-6
http://doi.org/10.1155/2019/9671206
http://doi.org/10.3389/fcell.2020.600160
http://doi.org/10.1016/j.celrep.2020.02.062
http://doi.org/10.1186/s13287-020-01885-3
http://doi.org/10.1038/s41598-017-18144-w
http://doi.org/10.1111/cei.13230
http://doi.org/10.3389/fimmu.2017.00356
http://doi.org/10.1182/blood-2009-04-216085
http://doi.org/10.3109/s10165-012-0811-x
http://doi.org/10.1007/s12253-008-9016-1
http://doi.org/10.2478/v10042-009-0117-9
http://doi.org/10.3390/ijms141019951
http://doi.org/10.1111/j.1365-3083.2009.02308.x
http://doi.org/10.1016/j.cell.2008.05.009
http://doi.org/10.1186/scrt75
http://doi.org/10.1186/s13287-020-01612-y
http://doi.org/10.3389/fimmu.2019.00043
http://doi.org/10.1016/j.cellimm.2020.104193
http://doi.org/10.4049/jimmunol.166.1.304


Osteology 2021, 1 221

78. Kickler, K.; Maltby, K.; Ni Choileain, S.; Stephen, J.; Wright, S.; Hafler, D.A.; Jabbour, H.N.; Astier, A.L. Prostaglandin E2 affects T
cell responses through modulation of CD46 expression. J. Immunol. 2012, 188, 5303–5310. [CrossRef]

79. Ren, G.; Zhao, X.; Zhang, L.; Zhang, J.; L’Huillier, A.; Ling, W.; Roberts, A.I.; Le, A.D.; Shi, S.; Shao, C.; et al. Inflammatory
Cytokine-Induced Intercellular Adhesion Molecule-1 and Vascular Cell Adhesion Molecule-1 in Mesenchymal Stem Cells Are
Critical for Immunosuppression. J. Immunol. 2010, 184, 2321–2328. [CrossRef]

80. Ren, G.; Roberts, A.I.; Shi, Y. Adhesion molecules: Key players in Mesenchymal stem cell-mediated immunosuppression. Cell
Adhes. Migr. 2011, 5, 20–22. [CrossRef]

81. Brandstadter, J.D.; Maillard, I. Notch signalling in T cell homeostasis and differentiation. Open Biol. 2019, 9, 190187. [CrossRef]
82. Yamada, A.; Arakaki, R.; Saito, M.; Kudo, Y.; Ishimaru, N. Dual Role of Fas/FasL-Mediated Signal in Peripheral Immune

Tolerance. Front. Immunol. 2017, 8, 403. [CrossRef]
83. Crawford, P.L.; Noël, D.; Fernandez, X.; Khoury, M.; Figueroa, F.E.; Carrión, F.; Jorgensen, C.; Djouad, F. Mesenchymal stem cells

repress Th17 molecular program through the PD-1 pathway. PLoS ONE 2012, 7, e45272. [CrossRef]
84. De Cássia Noronha, N.; Mizukami, A.; Caliári-Oliveira, C.; Cominal, J.G.; Rocha, J.L.M.; Covas, D.T.; Swiech, K.; Malmegrim,

K.C.R. Priming approaches to improve the efficacy of mesenchymal stromal cell-based therapies. Stem Cell Res. Ther. 2019, 10, 131.
[CrossRef]

85. Liu, J.; Liu, Q.; Chen, X. The Immunomodulatory Effects of Mesenchymal Stem Cells on Regulatory B Cells. Front. Immunol. 2020,
11, 1843. [CrossRef]

86. Fan, L.; Hu, C.; Chen, J.; Cen, P.; Wang, J.; Li, L. Interaction between Mesenchymal Stem Cells and B-Cells. Int. J. Mol. Sci. 2016,
17, 650. [CrossRef]

87. Corcione, A.; Benvenuto, F.; Ferretti, E.; Giunti, D.; Cappiello, V.; Cazzanti, F.; Risso, M.; Gualandi, F.; Mancardi, G.L.; Pistoia, V.;
et al. Human mesenchymal stem cells modulate B-cell functions. Blood 2006, 107, 367–372. [CrossRef]

88. Ungerer, C.; Quade-Lyssy, P.; Radeke, H.; Henschler, R.; Königs, C.; Koehl, U.; Seifried, E.; Schuettrumpf, J. Galectin-9 Is a
Suppressor of T and B Cells and Predicts the Immune Modulatory Potential of Mesenchymal Stromal Cell Preparations. Stem
Cells Dev. 2014, 23, 755–766. [CrossRef]

89. Sáez de Guinoa, J.; Barrio, L.; Mellado, M.; Carrasco, Y.R. CXCL13/CXCR5 signaling enhances BCR-triggered B-cell activation by
shaping cell dynamics. Blood 2011, 118, 1560–1569. [CrossRef]

90. Liu, S.; Liu, F.; Zhou, Y.; Jin, B.; Sun, Q.; Guo, S. Immunosuppressive Property of MSCs Mediated by Cell Surface Receptors. Front.
Immunol. 2020, 11, 1076. [CrossRef]

91. Chen, X.; Cai, C.; Xu, D.; Liu, Q.; Zheng, S.; Liu, L.; Li, G.; Zhang, X.; Li, X.; Ma, Y.; et al. Human Mesenchymal Stem Cell-Treated
Regulatory CD23+CD43+ B Cells Alleviate Intestinal Inflammation. Theranostics 2019, 9, 4633–4647. [CrossRef]

92. Carreras-Planella, L.; Monguió-Tortajada, M.; Borràs, F.E.; Franquesa, M. Corrigendum: Immunomodulatory Effect of MSC on B
Cells Is Independent of Secreted Extracellular Vesicles. Front. Immunol. 2019, 10, 2413. [CrossRef]

93. Rafei, M.; Hsieh, J.; Fortier, S.; Li, M.; Yuan, S.; Birman, E.; Forner, K.; Boivin, M.-N.; Doody, K.; Tremblay, M.; et al. Mesenchymal
stromal cell–derived CCL2 suppresses plasma cell immunoglobulin production via STAT3 inactivation and PAX5 induction.
Blood 2008, 112, 4991–4998. [CrossRef]

94. Schena, F.; Gambini, C.; Gregorio, A.; Mosconi, M.; Reverberi, D.; Gattorno, M.; Casazza, S.; Uccelli, A.; Moretta, L.; Martini, A.;
et al. Interferon-γ-dependent inhibition of B cell activation by bone marrow-derived mesenchymal stem cells in a murine model
of systemic lupus erythematosus. Arthritis Rheum. 2010, 62, 2776–2786. [CrossRef]

95. Catalán, D.; Mansilla, M.A.; Ferrier, A.; Soto, L.; Oleinika, K.; Aguillón, J.C.; Aravena, O. Immunosuppressive Mechanisms of
Regulatory B Cells. Front. Immunol. 2021, 12, 611795. [CrossRef]

96. Bohacova, P.; Kossl, J.; Hajkova, M.; Hermankova, B.; Javorkova, E.; Zajicova, A.; Krulova, M.; Holan, V. Interleukin-10 production
by B cells is regulated by cytokines, but independently of GATA-3 or FoxP3 expression. Cell Immunol. 2020, 347, 103987. [CrossRef]

97. Vivier, E.; Tomasello, E.; Baratin, M.; Walzer, T.; Ugolini, S. Functions of natural killer cells. Nat. Immunol. 2008, 9, 503–510.
[CrossRef]

98. Ma, O.K.-F.; Chan, K.H. Immunomodulation by mesenchymal stem cells: Interplay between mesenchymal stem cells and
regulatory lymphocytes. World J. Stem Cells 2016, 8, 268–278. [CrossRef]

99. Spaggiari, G.M.; Capobianco, A.; Becchetti, S.; Mingari, M.C.; Moretta, L. Mesenchymal stem cell-natural killer cell interactions:
Evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood
2006, 107, 1484–1490. [CrossRef]

100. Malhotra, A.; Shanker, A. NK cells: Immune cross-talk and therapeutic implications. Immunotherapy 2011, 3, 1143–1166. [CrossRef]
101. Castro-Manrreza, M.E.; Montesinos, J.J. Immunoregulation by Mesenchymal Stem Cells: Biological Aspects and Clinical

Applications. J. Immunol. Res. 2015, 2015, e394917. [CrossRef]
102. Uccelli, A.; Moretta, L.; Pistoia, V. Immunoregulatory function of mesenchymal stem cells. Eur. J. Immunol. 2006, 36, 2566–2573.

[CrossRef]
103. Sotiropoulou, P.A.; Perez, S.A.; Gritzapis, A.D.; Baxevanis, C.N.; Papamichail, M. Interactions between human mesenchymal

stem cells and natural killer cells. Stem Cells 2006, 24, 74–85. [CrossRef]
104. Shi, Y.; Su, J.; Roberts, A.I.; Shou, P.; Rabson, A.B.; Ren, G. How mesenchymal stem cells interact with tissue immune responses.

Trends Immunol. 2012, 33, 136–143. [CrossRef]

http://doi.org/10.4049/jimmunol.1103090
http://doi.org/10.4049/jimmunol.0902023
http://doi.org/10.4161/cam.5.1.13491
http://doi.org/10.1098/rsob.190187
http://doi.org/10.3389/fimmu.2017.00403
http://doi.org/10.1371/journal.pone.0045272
http://doi.org/10.1186/s13287-019-1224-y
http://doi.org/10.3389/fimmu.2020.01843
http://doi.org/10.3390/ijms17050650
http://doi.org/10.1182/blood-2005-07-2657
http://doi.org/10.1089/scd.2013.0335
http://doi.org/10.1182/blood-2011-01-332106
http://doi.org/10.3389/fimmu.2020.01076
http://doi.org/10.7150/thno.32260
http://doi.org/10.3389/fimmu.2019.02413
http://doi.org/10.1182/blood-2008-07-166892
http://doi.org/10.1002/art.27560
http://doi.org/10.3389/fimmu.2021.611795
http://doi.org/10.1016/j.cellimm.2019.103987
http://doi.org/10.1038/ni1582
http://doi.org/10.4252/wjsc.v8.i9.268
http://doi.org/10.1182/blood-2005-07-2775
http://doi.org/10.2217/imt.11.102
http://doi.org/10.1155/2015/394917
http://doi.org/10.1002/eji.200636416
http://doi.org/10.1634/stemcells.2004-0359
http://doi.org/10.1016/j.it.2011.11.004


Osteology 2021, 1 222

105. Tosello-Trampont, A.; Surette, F.A.; Ewald, S.E.; Hahn, Y.S. Immunoregulatory Role of NK Cells in Tissue Inflammation and
Regeneration. Front. Immunol. 2017, 8, 301. [CrossRef]

106. de Lange-Brokaar, B.; Ioan-Facsinay, A.; van Osch, G.; Zuurmond, A.-M.; Schoones, J.W.; Toes, R.; Huizinga, T.; Kloppenburg,
M. Synovial inflammation, immune cells and their cytokines in osteoarthritis: A review. Osteoarthr. Cartil. 2012, 20, 1484–1499.
[CrossRef]

107. Jaime, P.; García-Guerrero, N.; Estella, R.; Pardo, J.; García-Álvarez, F.; Martinez-Lostao, L. CD56+/CD16− Natural Killer cells
expressing the inflammatory protease granzyme A are enriched in synovial fluid from patients with osteoarthritis. Osteoarthr.
Cartil. 2017, 25, 1708–1718. [CrossRef]

108. Ferlazzo, G.; Klein, J.; Paliard, X.; Wei, W.Z.; Galy, A. Dendritic cells generated from CD34+ progenitor cells with flt3 ligand, c-kit
ligand, GM-CSF, IL-4, and TNF-alpha are functional antigen-presenting cells resembling mature monocyte-derived dendritic
cells. J. Immunother. 2000, 23, 48–58. [CrossRef]

109. Lutz, M.B.; Strobl, H.; Schuler, G.; Romani, N. GM-CSF Monocyte-Derived Cells and Langerhans Cells As Part of the Dendritic
Cell Family. Front. Immunol. 2017, 8, 1388. [CrossRef]

110. Pennock, N.D.; White, J.T.; Cross, E.W.; Cheney, E.E.; Tamburini, B.A.; Kedl, R.M. T cell responses: Naïve to memory and
everything in between. Adv. Physiol. Educ. 2013, 37, 273–283. [CrossRef]

111. Jiang, X.-X.; Zhang, Y.; Liu, B.; Zhang, S.-X.; Wu, Y.; Yu, X.-D.; Mao, N. Human mesenchymal stem cells inhibit differentiation and
function of monocyte-derived dendritic cells. Blood 2005, 105, 4120–4126. [CrossRef]

112. Spaggiari, G.M.; Abdelrazik, H.; Becchetti, F.; Moretta, L. MSCs inhibit monocyte-derived DC maturation and function by
selectively interfering with the generation of immature DCs: Central role of MSC-derived prostaglandin E2. Blood 2009, 113,
6576–6583. [CrossRef]

113. Aggarwal, S.; Pittenger, M.F. Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 2005, 105,
1815–1822. [CrossRef]

114. Zhang, X.; Tu, H.; Yang, Y.; Fang, L.; Wu, Q.; Li, J. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Roles in Tumor Growth,
Progression, and Drug Resistance. Stem Cells Int. 2017, 2017, e1758139. [CrossRef]

115. Muthu, S.; Bapat, A.; Jain, R.; Jeyaraman, N.; Jeyaraman, M. Exosomal therapy-a new frontier in regenerative medicine. Stem Cell
Investig. 2021, 8, 7. [CrossRef]

116. Hassanzadeh, A.; Rahman, H.S.; Markov, A.; Endjun, J.J.; Zekiy, A.O.; Chartrand, M.S.; Beheshtkhoo, N.; Kouhbanani, M.A.J.;
Marofi, F.; Nikoo, M.; et al. Mesenchymal stem/stromal cell-derived exosomes in regenerative medicine and cancer; overview of
development, challenges, and opportunities. Stem Cell Res. Ther. 2021, 12, 297. [CrossRef]

117. Jeyaraman, M.; Muthu, S.; Gulati, A.; Jeyaraman, N.; Prajwal, G.S.; Jain, R. Mesenchymal Stem Cell-Derived Exosomes: A
Potential Therapeutic Avenue in Knee Osteoarthritis. Cartilage 2020, 1947603520962567. [CrossRef]

118. Ha, D.; Yang, N.; Nadithe, V. Exosomes as therapeutic drug carriers and delivery vehicles across biological membranes: Current
perspectives and future challenges. Acta Pharm. Sin. B 2016, 6, 287–296. [CrossRef]

119. Seo, N.; Akiyoshi, K.; Shiku, H. Exosome-mediated regulation of tumor immunology. Cancer Sci. 2018, 109, 2998–3004. [CrossRef]
120. Cheng, A.; Choi, D.; Lora, M.; Shum-Tim, D.; Rak, J.; Colmegna, I. Human multipotent mesenchymal stromal cells cytokine

priming promotes RAB27B-regulated secretion of small extracellular vesicles with immunomodulatory cargo. Stem Cell Res. Ther.
2020, 11, 539. [CrossRef]

121. Ramos, T.L.; Sánchez-Abarca, L.I.; Muntión, S.; Preciado, S.; Puig, N.; López-Ruano, G.; Hernández-Hernández, Á.; Redondo, A.;
Ortega, R.; Rodríguez, C.; et al. MSC surface markers (CD44, CD73, and CD90) can identify human MSC-derived extracellular
vesicles by conventional flow cytometry. Cell Commun. Signal. 2016, 14, 2. [CrossRef]

122. Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef]

123. Margolis, L.; Sadovsky, Y. The biology of extracellular vesicles: The known unknowns. PLoS Biol. 2019, 17, e3000363. [CrossRef]
[PubMed]

124. Buzás, E.I.; Tóth, E.Á.; Sódar, B.W.; Szabó-Taylor, K.É. Molecular interactions at the surface of extracellular vesicles. Semin.
Immunopathol. 2018, 40, 453–464. [CrossRef] [PubMed]

125. Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19.
[CrossRef]
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