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Abstract

regulation of the immune microenvironment.

Bone, cartilage, and soft tissue regeneration is a complex spatiotemporal process recruiting a variety of cell types,
whose activity and interplay must be precisely mediated for effective healing post-injury. Although extensive strides
have been made in the understanding of the immune microenvironment processes governing bone, cartilage, and
soft tissue regeneration, effective clinical translation of these mechanisms remains a challenge. Regulation of the
immune microenvironment is increasingly becoming a favorable target for bone, cartilage, and soft tissue regenera-
tion; therefore, an in-depth understanding of the communication between immune cells and functional tissue cells
would be valuable. Herein, we review the regulatory role of the immune microenvironment in the promotion and
maintenance of stem cell states in the context of bone, cartilage, and soft tissue repair and regeneration. We discuss
the roles of various immune cell subsets in bone, cartilage, and soft tissue repair and regeneration processes and
introduce novel strategies, for example, biomaterial-targeting of immune cell activity, aimed at regulating healing.
Understanding the mechanisms of the crosstalk between the immune microenvironment and regeneration pathways
may shed light on new therapeutic opportunities for enhancing bone, cartilage, and soft tissue regeneration through

Keywords: Immune microenvironment, Regeneration, Cell-cell interaction, Tissue engineering, Biomaterials

Yuan Xiong, Bo-Bin Mi and Ze Lin contributed equally to this work

*Correspondence: gianfeng@cqu.edu.cn; szhou@bwh.harvard.edu;
liuguohui@hust.edu.cn

! Department of Orthopedics, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022, China
“ Key Laboratory of Biorheological Science and Technology,Ministry

of Education College of Bioengineering, Chongging University,
Shapingba, Chongging 400044, China

? Skeletal Biology Laboratory, Department of Orthopedic Surgery,
Brigham and Women'’s Hospital, Harvard Medical School, Boston, MA
02120, USA

Full list of author information is available at the end of the article

Background

Bone, cartilage, and soft tissue injury are common clini-
cal conditions that can severely impair function and limit
the quality of life [1-3]. Although the field of tissue engi-
neering has rapidly developed, thus providing promising
means of adequately repairing tissue damage, soft tissue
defects, particularly large-area tissue injuries or com-
plex injuries involving multiple tissues, remain major
challenges for clinicians [4, 5]. Regenerative medicine is
an important branch of translational medicine in bioen-
gineering and cellular biology that involves the replace-
ment, reconstruction, or regeneration of cells, tissues,
or organs. The purpose is to stimulate the body’s inher-
ent repair mechanisms to effectively cure injured tis-
sue [6]. Bone, cartilage, and soft tissue regeneration is a
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dynamically balanced process involving the metabolism,
differentiation, and migration of tissue cells, including
complex interactions between the immune and musculo-
skeletal systems [7, 8].

Immune cells are involved in the regulation of tis-
sue homeostasis; in contrast, tissue cells influence the
survival and function of immune cells; as such, immu-
nomodulation plays a critical role in tissue repair and
regeneration [9, 10]. The inflammatory response is
important in maintaining tissue homeostasis and has dual
roles in this regulation process [11]. It serves as a protec-
tive response in the promotion of tissue regeneration
and is often a major cause of tissue damage in infectious
diseases, immunologic alteration, and trauma [12-14].
When the inflammatory response is activated by injury,
abundant cells derived from peripheral blood monocytes
are present in tissues, and the specific immune microen-
vironment drives these cells’ sequence of repair [15].

The immune microenvironment plays an important
role in the healing, repair, and regeneration of tissues,
and can be reshaped by intrinsic and exoteric factors,
such as stem cells [16]. Currently, the major roles of stem
cells in the regulation of the immune microenvironment
and the connection between stem cells and tissue regen-
eration has been well studied [17]. The reparative func-
tions of mesenchymal stem cells (MSCs) in a wide array
of inflammatory diseases rely on their immunomodula-
tion and the release of various bioactive cytokines [18].
Specifically, tissue regeneration is closely associated with
the immune microenvironment surrounding the injured
tissue. The immunoregulatory function of MSCs affects
the clinical application and translation of MSC-based
regenerative therapy [19].

Stem cells exert their inmunomodulatory roles by pro-
ducing various regulatory cytokines, such as interleukin
(IL)-4, IL-7, IL-10, interferon-y (IFN-y), and prostaglan-
din E2 (PGE2) [20]. Interestingly, emerging evidence
indicates that small extracellular vesicles (sEVs) secreted
in a paracrine manner are an important means through
which stem cells regulate the immune microenviron-
ment [21]. For example, MSC-derived sEVs significantly
ameliorate the development of autoimmune and neuro-
degenerative disorders by re-programming the immune
environment under pathological conditions [22]. sEVs are
versatile membrane vesicles with a regulatory function
through delivery of various bioactive molecules through-
out the intercellular microenvironment. sEVs mediate
the crosstalk between cells and modulate the immune
microenvironment in a paracrine manner [10]. Evidence
has indicated a correlation between sEVs and stem cells,
thus suggesting their high potential for promoting cellu-
lar proliferation and migration to the injured tissue [10,
13]. Moreover, stem cell-derived sEVs facilitate tissue
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regeneration through modulation of the immune micro-
environment [13]. However, stem cells and sEVs also have
substantial disadvantages in clinical application, such as
complex components, unstable biological activity, low
targeting, and difficulty in preservation [23, 24]. There-
fore, interest has increased in developing new strategies
to maximize the therapeutic effects of stem cells and EVs.

Currently, various tissue-specific biomaterials with
cytokines and immunomodulatory effects promoting tis-
sue regeneration have been developed and implanted into
sites of damaged tissue to enhance the therapeutic effi-
cacy of tissue regeneration. The biomaterial-based strat-
egy can provide physical support to transplanted cells,
and stem cells can rapidly proliferate and differentiate to
compensate for the lost tissue cells [25]. Furthermore, the
therapeutic effects can be enhanced if biomaterials exert
immunomodulatory effects and inhibit the local over-
activated immune responses [26]. The properties of the
biomaterial for tissue regeneration vary depending on
the target damaged tissue, and the immunosuppression
provided by biomaterials has prominent effects on tissue
repair and regeneration [27].

The role of the immune microenvironment in regulat-
ing tissue regeneration has attracted attention [28-32].
For example, Yang et al. [28] have summarized the roles
of multiple immune cells and immune cytokines in bone
regeneration. Similarly, a recent study has systemati-
cally introduced the new developments in cellular cross-
talk between immune cells and stem cells, and provided
advanced insights into the application of biomaterial-
based strategies in the promotion of tissue regeneration
[32]. However, few studies have comprehensively summa-
rized the regulatory roles of stem cells and the immune
microenvironment, and how to balance these roles
through immunomodulatory biomaterials in bone, carti-
lage, and soft tissue regeneration. Therefore, we will dis-
cuss the role of the immune microenvironment in tissue
regeneration, focusing on stem cells and immune cells, to
discuss the immune mechanisms in the tissue repair and
regeneration processes, and shed light on promoting the
curative effects of treatments for severe tissue injury.

Stem cell signals in the regulation of tissue
regeneration

Stem cells are a critical primitive cell type with differen-
tiation and regeneration potential. Tissue regeneration
is coordinated by stem cells, which not only compensate
for lost functional cells but also exert self-renewal func-
tions [18, 21]. Stem cells reside in damaged tissues and
are the cellular source of the regeneration process [19].
In response to tissue damage, stem cells accelerate the
production of specific types of differentiated cells, thus
promoting tissue regeneration. Classic stem cell signals
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are often activated within tissue cells, and consequently
enable damaged tissues to self-renew and proliferate [30].
Thus, stem cell signals play a major role in tissue regen-
eration, and stem cell-based therapies are a prominent
trend in regenerative medicine.

Stem cells and bone regeneration
Bone regeneration is an intricate and highly orchestrated
biological regulatory process involving different cell types
and their activated signaling pathways [32, 33]. Stem
cells, particularly skeletal stem cells or MSCs, engage in
bone regeneration, owing to their self-renewal and differ-
entiation ability, secretion of active cytokines, and modu-
lation of other cells in host tissues [34]. The involvement
of MSCs in bone regeneration processes is mediated by
active molecules, such as hormones and growth factors,
and their stimulated cellular networks [33] (Table 1).
Bone morphogenetic protein-2 (BMP-2) is a signaling
molecule with critical roles in bone regeneration. Recom-
binant human BMP-2 (rhBMP-2) has been widely used
in clinical settings to enhance bone regeneration. Our
previous research has indicated that the osteoporotic
phenotype is reversed in mice with systematic injections
of rhBMP-2. rhBMP-2 injection enhances the osteo-
genic activity of MSCs, thus suggesting that rhBMP-2
and other active anabolic compounds are effective in
targeting MSCs [35]. Through a skeletal gene therapy

Table 1 Main signaling pathways in bone regeneration
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approach, we have found that MSCs infected with a
recombinant adenoviral vector encoding human BMP-2
can repair bone defects in ectopic sites through engraft-
ing and forming bone and cartilage in mice [36, 37]. Free-
man et al. [38] have reported that 3D bioprinted implants
containing a vascular endothelial growth factor (VEGF)
gradient, paired with spatially defined BMP-2 localiza-
tion and release kinetics, expedites the healing of defects
in large bone with minimal formation of heterotopic
bone. A major advancement in the field of bone regenera-
tion has been the development of mRNA-based BMP-2
therapy. For example, to avoid the high costs and adverse
effects of rhBMP-2, such as inflammatory complications,
ectopic bone formation, and tumor formation [39], De
La Vega et al. [40] have reported that using a modified
mRNA encoding BMP-2 is another approach to bone
regeneration. This novel approach, compared with the
recombinant protein approach, results in significantly
better healing of large, critically sized, segmental osseous
defects of long bones and has no adverse effects, possi-
bly because of its transient and anatomically restricted
expression of BMP-2 [40]

In recent years, several high-impact studies have
reported the critical intracellular signals in bone regener-
ation. De Simone et al. [41] reported that rhythmic trave-
ling waves of extracellular signal-regulated kinase activity
modulate the growth of bone temporally and spatially in

Signaling pathways Major characteristics and functions

Applications in bone regeneration

BMP-2

effects [35, 36]

BMP-2 initially binds to type Il receptors on the cell mem-
brane and then binds to type | receptors to form a dimer. The
activated type | receptors rapidly phosphorylate the serine
residues of SMAD-1, SMAD-5, and SMAD-8, and the activated
SMAD:s are transferred into the nucleus and exert biological

The osteoporotic phenotype was reversed in mice with system-
atic injections of rhBMP-2 [35]

MSCs infected with a recombinant adenoviral vector encod-
ing human BMP-2 were capable of repairing bone defects

in ectopic sites through engrafting and forming bone and
cartilage in mice [36, 37]

3D bioprinted implants containing a VEGF gradient, paired with
spatially defined BMP-2 localization and release kinetics, expe-
dited the healing of defects in large bone with the minuscule
formation of heterotopic bone [38]

mRNA-based BMP-2 therapy was used to facilitate bone regen-
eration in mice [39-41]

NGF-p75 signaling

FAK

NF-kB

Cranial bone injuries stimulate NGF expression and its signals
via p75 in resident osteogenic precursors that affect their
migration into the damaged tissue and promote bone regen-
eration [42]

Mechanotransduction via the FAK signaling pathway in skel-
etal stem cells promotes stem-cell-mediated regeneration of
adult skeletal tissue [43, 44]

Activation of NF-kB signaling in osteoclasts is crucial for their
differentiation and activation, whereas the activation in osteo-
blasts inhibits bone formation. These unique characteristics
imply the great potential of NF-kB as a therapeutic target for
bone disorders and regeneration [45]

NGF-p75 signaling pathway coordinates skeletal cell migration
during early bone repair [42]

Inhibiting FAK abolishes bone regeneration in distraction
osteogenesis [44]

The activating NF-kB signaling may be one of the extrinsic
mechanisms by which skeletal stem cell function decline during
human skeletal aging [45-49]

BMP-2 bone morphogenetic protein-2, FAK focal adhesion kinase, NF-kB nuclear factor-«kB, NGF nerve growth factor, VEGF vascular endothelial growth factor, rhBMP-2
recombinant human bone morphogenetic protein-2, MSCs mesenchymal stem cells
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regenerating zebrafish. After injury, inflammatory signals
cause bone regeneration to commence simultaneously
with infiltration by sensory nerve fibers. Xu et al. [42]
demonstrated that cranial bone injuries stimulate nerve
growth factor expression and signaling via p75 in resident
osteogenic precursors that affect their migration into
the damaged tissue, thus suggesting that nerve growth
factor-p75 signaling has potential roles in bone regen-
eration. Ambrosi et al. [43] reported that intrinsic skel-
etal stem cell aging in mice alters signaling in the bone
marrow niche to a degenerative inflammatory niche, thus
leading to poorly regenerated bones because of fragil-
ity. BMP-2 has been used to activate skeletal stem cells
together with a CSF1 antagonist to inhibit bone resorp-
tion, thus eliciting youthful bone regeneration in older
bone [43]. Using chromatin and transcriptional profiling,
Ransom et al. [44] demonstrated that mechanotransduc-
tion via the focal adhesion kinase signaling pathway in
skeletal stem cells promotes stem cell-mediated regen-
eration of adult skeletal tissue. The dedifferentiation of
mature cells is a cellular process strongly associated with
tissue regeneration. Osteoblasts dedifferentiate into oste-
ogenic progenitors during zebrafish fin regeneration, thus
providing source cells for bone restoration [45]. Through
in vivo chemical identification of mediators of osteoblast
dedifferentiation and fin regeneration, Mishra et al. [45]
have found that the NF-kB pathway is active in mature
osteoblasts and is downregulated before dedifferentia-
tion. In contrast, inhibition of NF-kB signaling has been
found to enhance dedifferentiation, thus clarifying the
molecular regulation of regenerative cellular plasticity
[45]

In summary, although debates remain regarding the
origins, functions, developmental potential, and pos-
sible therapeutic uses of MSCs [46]—mainly because
MSCs are commonly defined by their in vitro functions,
whereas their functions in vivo are insufficiently defined
[47]—these stem cells and the signaling molecules asso-
ciated with their proliferation, migration, and differen-
tiation are critical in bone homeostasis and regeneration
(48, 49]

Stem cell signals in the regulation of cartilage regeneration
Cartilage is mainly composed of collagen and proteogly-
cans. As an avascular and aneural tissue, cartilage lacks
self-healing ability after damage, which can be triggered
by trauma, aging, obesity, immune diseases, tumor resec-
tion, and osteoarthritis (OA). After injury is initiated
in cartilage, the two opposing bones rub against each
other, and joint replacement is eventually required in the
absence of early intervention. Since the 1930s, clinical
interventions for cartilage lesions, including surgical and
non-surgical approaches, have evolved from palliative
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to reparative and most recently to regenerative strate-
gies [50]. However, the complex bi-phasic structure of
the osteochondral unit and the relatively low metabolic
activity of chondrocytes in articular cartilage substan-
tially hinder repair. Cartilage is remodeled dynamically
by signaling pathways that are controlled by cells and the
extracellular matrix (ECM) [51]. Using cell signals has
therefore provided a longer tether for the regenerative
management of cartilage injury. Chondrocytes are one
of the primary choices in cartilage regeneration, because
they are the prominent resident cell type in articular car-
tilage. However, their application is largely limited by
their inferior isolation efficiency, low proliferation rate,
and high possibility of dedifferentiation into fibroblasts
during expansion [52, 53]. Hence, the use of stem cells
has gained momentum in the field, owing to their abil-
ity to proliferate and directionally differentiate into chon-
drocytes. Preclinical and clinical studies involving stem
cells have demonstrated significantly better outcomes
with cartilage regeneration than with traditional cell-free
strategies [54, 55].

Stem cells used for the restoration of cartilage defects
can be classified into three main categories: adult stem
cells (ASCs), embryonic stem cells (ESCs), and induced
pluripotent stem cells (iPSCs) [56]. The most widely used
form of stem cells is ASCs, which are found in adult body
tissues; these cells include skeletal stem cells and MSCs,
adipose tissue MSCs, joint synovium MSCs, and periph-
eral blood MSCs. These cells have benefits of the rela-
tive ease of isolation and greater availability than ESCs
and iPSCs, which are found in mammalian embryos and
genetically reprogrammed somatic cells, respectively
[57, 58]. The age-associated decline in proliferation, and
the association with hypertrophic cartilage or fibrocarti-
lage formation limit the application of ASCs in cartilage
regeneration. ESCs are considered the most suitable type
for articular cartilage regeneration, because they can
indefinitely self-renew and can be directed to differentiate
into both lineages of bone and cartilage, owing to their
pluripotency [55, 59]. The disadvantages of using ESCs in
clinical practice include the difficulty in obtaining func-
tional chondrocytes from human ESCs and ethical issues
[60]. The discovery of iPSCs in 2006 opened a gateway
for cartilage regeneration, because these cells possess
pluripotency and the potential for self-renewal, similarly
to ESCs but without ethical concerns [60, 61]. However,
standard and simple protocols to guide iPSCs toward
chondrogenic differentiation are lacking, and these cells’
effectiveness in hyaline cartilage production is highly
reliant on environmental cues [62—-66]. For example, Lee
et al. [62] have found that chondrocytes derived from
iPSCs through mesodermal and ecto-mesodermal differ-
entiation have distinct activities and functions. Similar to
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the search for better scaffold design and effective biologi-
cal stimulation, appropriate stem cell selection remains a
challenge for functioning cartilage regeneration.

In terms of the therapeutic mechanisms involving stem
cells in cartilage regeneration, cartilage tissue restoration
was previously believed to be achieved via the directional
chondrogenic differentiation of implanted stem cells trig-
gered by the surrounding microenvironment (differentia-
tion theory) [67-69]. However, recent evidence suggests
that exogenous (donor) stem cells do not directly con-
tribute to the formation of regenerated cartilage tissue by
turning into chondrocytes [70]. Instead, they regulate the
microenvironment of the defect area by producing vari-
ous derivatives, including growth factors, extracellular
vesicles (EVs), and ECM, which can alter the fate of host
cells such as endogenous (host) stem cells, chondrocytes,
and macrophages (paracrine effect) [71, 72]. For example,
these paracrine signaling pathways induce the homing
and proliferation of resident chondrocytes, promote the
chondrogenic differentiation of endogenous stem cells,
and positively modulate the anti-inflammatory process
by influencing host macrophages to facilitate cartilage
regeneration [70, 71, 73-75].

Although the detailed mechanisms underlying stem
cell-regulated cartilage regeneration remain unclear, the
patterning, growth, maturation, and homeostasis of car-
tilage tissue are known to be exquisitely tuned by a series
of signaling pathways, which govern the fate of stem cells
[76, 77]. Consequently, a better understanding of these
signaling pathways should offer therapeutic opportuni-
ties for cartilage regeneration. In Table 2, we summarize
the crucial signaling pathways that are responsive to car-
tilage functional behavior, along with recent examples of
use of these signals in stem cell-mediated cartilage regen-
eration; the mechanisms underlying each of these signals
have been investigated in different microenvironment
cues. Healthy cartilage function is finely tuned through
synergistic functions of multiple signaling pathways, and
extensive crosstalk exists among these pathways to main-
tain a dynamic balance between synthetic and catabolic
activities of cartilage tissue.

The correlation between stem cells and soft tissue
regeneration

Soft tissue defects, such as those following trauma, tumor
resection, and infection, are common clinical encounters,
and adequate tissue regeneration is a substantial chal-
lenge. Stem cell-based therapy has gained momentum
in regenerative medicine [113, 114]. Stem cells modu-
late tissue metabolism and regeneration mainly via two
unique abilities: 1) the ability to self-renew with symmet-
ric division, and 2) the ability to multi-directionally dif-
ferentiate with asymmetric division [13] (Table 3).
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c-Jun N-terminal kinase (JNK) signaling is among the
most important regulatory signals in soft tissue regenera-
tion; JNK regulates the activity of stem cells involved in
soft tissue repair and regeneration [115]. JNKs are impor-
tant molecules mediating the intracellular responses
of stem cells to many different types of stimuli in the
external cellular microenvironment [116]. JNK function
is essential for achieving a delicate balance between cell
death and stem cell survival to promote soft tissue repair,
remodeling, and regeneration [117]. Dhoke et al. [118]
have reported that transplantation of preconditioned
stem cells enhances soft tissue regeneration with a robust
antioxidant defensive mechanism through activation of
JNK signaling. Similarly, Jiang et al. [119] have found that
JNK signaling plays a critical role in regulating the differ-
entiation of MSCs into keratinocytes and promotes tissue
regeneration. An in-depth understanding of the mecha-
nism underlying how JNK signaling mediates soft tissue
regeneration would aid in the development of new effec-
tive therapies.

Epithelial regeneration is a crucial component of soft
tissue regeneration, and an in-depth understanding
of the regulatory roles of ESCs and their effects on tis-
sue homeostasis might elucidate soft tissue regeneration
[120]. Among the critical signaling pathways associated
with epithelial stem cell function, phosphatidylinositol
3-kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) signaling has attracted extensive attention in
soft tissue repair and regeneration [121, 122]. Akt acti-
vation occurs after Thr308 and Ser473 phosphorylation,
and active Akt controls multiple cellular regulatory pro-
cesses, including cell survival and cell metabolism [121,
123]. Akt activation is negatively regulated by molecules
that antagonize PI3K signaling, whereas in vivo results
have indicated that double-knockout of Aktl and Akt2
leads to deficient activation of mTOR [124]. A prior study
has indicated that ESCs provide protective mechanisms
for inducing stem cell differentiation under the aberrant
activation of mTOR [124]. Thus, strategies aimed at indi-
rectly activating mTOR may be a feasible approach to
increase epithelial migration into injured sites and wound
beds, thereby promoting soft tissue regeneration.

Wnt/B-catenin signaling is a well-documented Wnt
signaling pathway, and its roles in soft tissue homeo-
stasis and regeneration have received ample interest
in recent decades. A previous study has revealed that
Wnt/B-catenin signaling is critically involved in the
regulation of stem cell function and tissue repair, as
well as in the progression of chronic inflammatory dis-
eases [125, 126]. Within the nucleus, p-catenin binds
T-cell factor transcription enhancers, thus promoting
the transcription of specific genes and leading to spe-
cific Wnt/p-catenin transduction [127]. Prior studies
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have demonstrated that activation of this B-catenin-
dependent pathway enhances the proliferation and
function of stem cells, such as ESCs and MSCs, thus
markedly promoting soft tissue regeneration [128-
130]. Therefore, selective enhancement of Wnt/p-
catenin signaling may be an effective strategy to induce
soft tissue regeneration.

In addition, the role of nuclear factor erythroid 2-asso-
ciated factor 2 (Nrf2) during soft tissue regeneration is an
important research topic from the therapeutic perspec-
tive. Nrf2 is the primary mediator of active redox homeo-
stasis. Several biofactors have been found to ameliorate
cellular oxidative stress and enhance stem cell function,
thus accelerating tissue repair by promoting Nrf2 acti-
vation [131]. The important role of Nrf2 in regeneration
involves the prevention of reactive oxygen species (ROS)
accumulation in damaged tissues and activation of the
antioxidant defense system [132]. In a previous study,
Nrf2 signaling has been demonstrated to have a protec-
tive role against cellular ROS via activation of the antioxi-
dative system during tissue regeneration [132]. Excessive
ROS suppresses the proliferation of stem cells, stimulates
cell apoptosis, and impairs tissue regeneration [133].
Nrf2 is expressed in a wide array of cell types, includ-
ing stem cells, endothelial cells, and fibroblasts. A recent
study has indicated that Nrf2 deficiency impedes corneal
epithelial wound healing in an Nrf2 knockout murine
model [119]. Similarly, an in vivo study has indicated that
Nrf2 deficiency inhibits the activation of the antioxida-
tive system in keratinocytes [134]. Although these find-
ings have indicated an important role of Nrf2 signaling
during soft tissue repair and regeneration, more in-depth
studies are needed to gain a better understanding of Nrf2
function in soft tissue regeneration. In Table 3, we sum-
marize the crucial signaling pathways involved in soft tis-
sue regeneration, each of which has been investigated to
determine the underlying mechanisms in response to dif-
ferent microenvironment cues.

Immune microenvironment in tissue regeneration
The immune microenvironment plays a crucial role in
tissue regeneration. Tissue regeneration generally begins
with early immune-inflammatory responses, thus trig-
gering the boosting of immune cells and secretion of
inflammatory cytokines and chemokines, which sub-
sequently mobilize and recruit immune cells to injured
sites [140, 141]. Simultaneously, stem cells can cope with
an immune microenvironment and regulate immune-
inflammatory responses during tissue regeneration
[141]. Therefore, we will discuss the immunomodulatory
effects of various immune cells and their roles in tissue
regeneration.
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The role of macrophages in tissue regeneration

The process of tissue regeneration has been described
as four continuous and overlapping stages: hemostasis,
inflammation, repair, and remodeling [140]. To achieve
an ideal outcome, these stages should be tightly con-
trolled, because aberrations can lead to damage that
increases the likelihood of regeneration failure. The
development of these stages is dependent on the regu-
latory roles of immune cells, particularly at the inflam-
matory stage, thus determining the effectiveness of the
subsequent repair and remodeling stages (Fig. 1) [140,
141].

For bone, cartilage, and soft tissue regeneration,
inflammation initiates an influx of neutrophils, followed
by monocytes, which then differentiate into macrophages
[140]. Signals from innate immune cells further recruit
lymphocytes into the wound bed, where they participate
in intercellular communication and affect inflammatory
responses. The next repair stage is characterized by neo-
angiogenesis, secretion of ECM, and collagen synthesis.
The ultimate remodeling stage involves maturation of the
newly formed blood vessels and tissue remodeling [141].
Immune cells are crucial for the removal of cell debris
and for modulating regeneration through the regulation
of tissue-specific stem cells. This function is exemplified
in bone repair and regeneration, in which the interac-
tion between immune cells and osteogenic cells is criti-
cal for the completion of the inflammation stage and
the progression to repair and remodeling [142]. In pre-
vious research, we have found that excessive inflamma-
tion hinders bone remodeling, whereas effective control
of the inflammatory response induces bone regeneration
[143]. Increasing evidence indicates that abnormal cellu-
lar activity during inflammation impairs tissue regenera-
tion [144-146]. Given the complex roles of the immune
microenvironment in tissue regeneration, in-depth
knowledge of the underlying mechanisms that regulate
tissue regeneration is essential.

Macrophages, an important immune cell type with
multiple functions, have prominent roles in both innate
and adaptive immunity. Macrophages extensively infil-
trate damaged tissues and are key players in tissue regen-
eration [147]. In addition to their ability to eliminate cell
debris, neutrophils, invading organisms, and other apop-
totic cells through phagocytosis, macrophages actively
mediate tissue repair and exhibit different phenotypes
during tissue regeneration [147, 148]. M1 macrophages
produce pro-inflammatory cytokines, are highly phago-
cytic, and can engulf apoptotic neutrophils and remove
pathogens and debris from local tissues. M2 mac-
rophages have anti-inflammatory effects, and regulate
angiogenesis, fibroblast regeneration, myofibroblast dif-
ferentiation, and collagen production [149]. Macrophages
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Fig. 1 Importantimmune molecules and signaling during tissue regeneration. Four continuous and overlapping stages involved in tissue
regeneration process, including hemostasis, inflammation, repair, and remodeling. These stages were tightly controlled and the development of
these stages is dependent on the regulatory roles of immune cells, particularly at the inflammatory stage, thus determining the effectiveness of the
subsequent repair and remodeling stages. MMPs matrix metalloproteinases, MSCs mesenchymal stem cells, NK natural killer, TGF- transforming
growth factor-B, TIMPs tissue inhibitor of metalloproteinases, CCL2 chemokine (C-C motif) ligand 2, MCP-1 monocyte chemoattractant protein-1,
TNF-a tumor necrosis factor-a, IFN-y interferon gamma, ILC1 unconventional NK cells, PGDF-BB platelet-derived growth factor BB
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exert a crucial role in tissue regeneration through phe-
notypic polarization, and they participate in almost all
stages of tissue regeneration. Several major cytokines
are involved in regulating tissue regeneration via the
mediation of macrophage phenotype polarization. Gen-
erally, IFN-y, IL-2, IL-3, IL-12, tumor necrosis factor-a
(TNF-a), lipopolysaccharide, and Toll-like receptor ago-
nists induce macrophage M1 polarization [150-152].
M1 macrophages secrete pro-inflammatory cytokines
and chemokines, such as IL-1B, IL-6, IL-12, IL-23,
chemokine (C-X-C motif) ligand (CXCL)-9, and CXCL-
10, and participate in inflammatory responses [153-155].
Accordingly, several cytokines, including IL-4, IL-10,
IL-13, transforming growth factor-p (TGF-f), and gran-
ulocyte-macrophage colony-stimulating factor, induce
macrophage M2 polarization and secretion of vari-
ous anti-inflammatory molecules, thus enhancing anti-
inflammatory activity and promoting tissue regeneration
[156—158].

In early stages, macrophages infiltrate the wound
area and are activated to the M1 phenotype, which
participates in the phagocytosis of pathogens and cell
fragments, and the secretion of inflammatory factors
to recruit circulating monocytes. In the repair stage,
macrophages produce active cytokines, thus promoting
more apoptosis of neutrophils; elicit a switch from the

pro-inflammatory phenotype (M1) to the anti-inflam-
matory phenotype (M2); and phagocytose apoptotic
neutrophils, thereby alleviating local inflammation of
the damaged tissue [159]. The pro-inflammatory abil-
ity of macrophages is important in the early stages of
tissue regeneration, but proper tissue regeneration
requires a timely transformation of macrophages to the
anti-inflammatory phenotype.

The ability of macrophages to induce inflammatory
deactivation is seen with the formation and mainte-
nance of regulatory T cells (Tregs). Tregs create an
anti-inflammatory microenvironment conducive to tis-
sue regeneration and maintain the anti-inflammatory
phenotype of macrophages [160]. Enhanced switch-
ing from a pro-inflammatory to an anti-inflammatory
macrophage phenotype facilitates tissue regeneration.
Scavenger receptor class Bl has been found to pro-
mote M1 macrophages switching to M2 macrophages
for tissue regeneration [161]. Similarly, Kim et al. [162]
have introduced an exosome-guided macrophage
reprogramming technique, in which M2 macrophage-
derived exosomes induce a complete switch from M1 to
M2 macrophages, thereby markedly promoting cutane-
ous wound healing via enhancement of angiogenesis,
re-epithelialization, and collagen deposition.
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Different immune cells and immunomodulators are
involved in the multiple stages of tissue regeneration. Tis-
sue regeneration can be promoted by regulation of the
immune system, particularly critical immune cell sub-
sets [163]. However, the mechanism through which the
immune system regulates the regeneration of various
organs and tissues requires further study [164]. Mac-
rophages are essential in most stages of tissue regen-
eration, but the mechanisms through which they switch
their phenotypes and promote tissue regeneration
remain elusive and require further exploration.

The correlation between natural killer (NK) cells and tissue
regeneration

NK cells are another important innate immune cell type
recruited to sites of injury [165]. NK cells secrete active
factors, which effectively mediate the host’s immune
response. The key function of NK cells is to identify for-
eign, virally infected, and metabolically altered cells, and
to induce their apoptosis or cell lysis [166]. The exact
role of NK cells in the regulation of tissue regeneration
remains unknown. NK cells have been well documented
to remove injured cells at the site of damage, and the
cytotoxicity of NK cells is regulated by an array of recep-
tors and the distribution of ligands on the membranes
of target cells [167]. Activated cytotoxic NK cells exert
killing by delivering lytic granules or secreting death-
inducing cytokines [168]. Dastagir et al. [169] have found
that NK cells are recruited to regenerating digit tips, and
have observed NK cytotoxicity against osteoclast and
osteoblast progenitors. The authors have concluded that
stem cell proliferation and differentiation are mediated
through multiple routes by distinct NK cell subsets. In-
depth knowledge of NK cell-stem cell crosstalk may pro-
vide novel strategies for regenerative medicine.

The interaction of NK cells and MSCs in regenera-
tion has recently become an important research area.
MSCs are trophoblasts that are likely to exist in all tis-
sues to support the survival and growth of many cell
types, including hematopoietic cells, ESCs, tumor cells,
nerve cells, liver cells, and endothelial cells [170, 171].
The “cell empowerment” and “cell replacement” con-
cepts describe how MSCs modulate the immune system
and provide a source of undifferentiated cells for tissue
regeneration [172]. Previous work has demonstrated that
undifferentiated MSCs suppress NK cell proliferation,
cytokine release, and cytotoxicity [173]. Interestingly,
more recent evidence has suggested that in appropri-
ate contexts, MSCs can also support NK cell function
[174]. A prior study has further examined the crosstalk
between MSCs and NK cells, and indicated that MSC
activation enhances the regenerative functions of NK
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cells; moreover, NK cell-modulated neo-angiogenesis
and tissue proliferation during trophoblast invasion are
also used by MSCs in peripheral tissues to induce regen-
eration after inflammation [175]. However, MSCs have
been demonstrated to impair the cytotoxic capabilities of
NK cells [176]. Thus, more in-depth studies on the cross-
talk between NK cells and MSCs are needed. The cru-
cial issue in determining the outcome of using MSCs in
clinical trials may be the interaction between implanted
donor MSCs and recipient immune cells.

Dendritic cells (DCs) in the regulation of tissue
regeneration

DCs are antigen-presenting cells that are critical in
orchestrating adaptive immune responses and tissue
homeostasis [177-179]. DCs initiate T cell responses and
link innate and adaptive immunity by directing T cell dif-
ferentiation into effector lineages [177, 180]. Except for
immediate antigen processing and presentation, DCs are
involved in homeostasis and disease regulation through
cytokine secretion and the shaping of peripheral toler-
ance through local immunity [181]. Although the pre-
cise role of DCs during tissue healing and regeneration
remains under investigation, many studies have shown
that DCs are fundamental in the tissue repair process.
DCs recognize foreign substances at injury sites and
immediately contribute to the healing of damaged tis-
sue, acting as an immunoregulator of tissue regenera-
tion through the modulation of macrophage homeostasis
[182]. In a burn wound murine model, DC-deficient mice
show significantly delayed wound healing associated with
the inhibition of early cellular proliferation, wound levels
of Transforming growth factor-p1 (TGF-P1), and neo-
angiogenesis in the wound beds. These findings suggest
that DCs may have an essential role in the acceleration of
events that promote early wound healing, and this accel-
eration is likely to be caused by the secretion of factors
that activate cell proliferation and enhance cell functions
[183].

DCs interact with skeletal cells, which have critical
roles in tissue repair and regeneration. MSCs inhibit
DC maturation in vitro and impair the ability of DCs to
prime T cells in vivo [184]. MSCs diminish major histo-
compatibility complex class II, CD40, and CD86 costim-
ulatory molecules’ expression on mature DCs, and IL-6
is involved in the MSC-mediated immunoregulatory
mechanism through partial inhibition of the differentia-
tion of DCs [185]. MSC migration is promoted through
EVs from DCs, which can be manipulated to locally
recruit endogenous or transplanted cells to injury sites
[186]. DCs have crucial roles in bone metabolism [187],
including: 1) contribution to inflammation-mediated
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osteoclastogenesis and participation in inflammatory
bone disease; 2) activation of T cells that produce bone
remodeling cytokines and soluble factors; 3) pathogen-
esis of postmenopausal osteoporosis; 4) and transdiffer-
entiation into osteoclasts in the presence of RANKL and
macrophage colony-stimulating factor (M-CSF) or IL-17,
wherein RANKL/RANK regulates the immune cross-
talk between CD4 T cells and DCs. An in vitro study has
indicated that DCs inhibit the differentiation and miner-
alization of osteoblasts [188]. The field of tissue engineer-
ing in regenerative medicine often relies on strategies
to appropriately modulate the immune response. DCs
directly interact with biomaterials and which are critical
for exerting biomaterial function [180]. The crosstalk and
mechanisms of regulation between bone cells and DCs
must be further investigated before DCs can become a
focus of new clinical therapies involving tissue regenera-
tion and repair.

T cells in tissue regeneration

Tregs are an important group of T cells that maintain the
body’s immune tolerance. Tregs are produced by the thy-
mus and exported to the periphery. They actively inhibit
the activity of potentially autoreactive T cells, thus mod-
ulating the body’s immunity and preventing the occur-
rence of autoimmune diseases [189]. Tregs are not only
critical for immune homeostasis but also exert a variety
of non-immune functions, including mediation of stem
and progenitor cell activity. Consequently, Tregs have
become a crucial cell type for tissue repair and regen-
eration [190]. In a prior study, we have demonstrated
cross-communication between Tregs and bone-forming
cells, with the potential for osteogenic differentiation
and angiogenesis promoting bone remodeling and regen-
eration. Mechanistically, Treg-induced TGFBR1/SMAD2
signaling inhibition has been shown to be involved in the
Tregs’ beneficial effects on bone healing [191]. Similarly,
Tregs modulate the activity of many other types of stem
and progenitor cells involved in regeneration. For exam-
ple, enrichment in IL-33 derived from Tregs has been
found to have a prominent role in the regulation of fibro/
adipogenic progenitor cells, and diminished IL-33 is the
main reason for failed tissue regeneration in aging mice
[192]. Tregs systemically maintain the balance between
immune homeostasis and inflammation, and are par-
ticularly abundant in soft tissue [193]. Tregs in soft tis-
sue have also been found to enhance the regenerative
process, mainly by enforcing immune tolerance and
suppressing excessive inflammation [194]. For instance,
Moreau et al. [195] have reported that Treg-derived
amphiregulin induces tissue-resident T cell proliferation
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upon injury, thus leading to an immune-suppressive
microenvironment and tissue regeneration (Fig. 2a).

Gamma delta (y8) T cells are an important T cell type
distributed in various tissues [196, 197]. Although the
definitive effects of these cells on tissue regeneration are
unknown, reports have identified the role of yd T cells in
promoting tissue regeneration, possibly through com-
munication with tissue stem cells [198]. The involvement
of Y& T cells in wound repair and regeneration has been
determined on the basis of the dynamics of y& T cells
and y8 T cell-derived activators during tissue regenera-
tion [199]. Similarly, the important role of yd T cells has
clearly been demonstrated in diabetic mice, which show
delayed formation of granulation tissue and wound clo-
sure after y0 T cell ablation [200]. In bone regeneration,
IL-17 A-producing y§ T cells promote bone regenera-
tion by inducing osteogenesis in a fracture mouse model.
Mechanistically, Y0 T cells enhance the proliferation and
osteogenic differentiation of injured MSCs, and conse-
quently stimulate bone regeneration after injury [201]
(Fig. 2b).

Other important T cell types, such as cytotoxic T cells
(CD8 T cells) and T helper cells (CD4 T cells), have
been well documented to be essential activators in tis-
sue regeneration. Adoptive T-cell therapy is a promising
therapeutic approach against diseases [202]. CD4 T cells
play an important role in the immune system and guide
the body to fight against microorganisms [203]. CD8 T
cells, another subgroup of T cells that can be further acti-
vated into effective T cells, known as cytotoxic T lym-
phocytes, exist in the tonsils, spleen, and other organs
[204]. A prior animal experiment has demonstrated that
CD8 T cells impair cancellous bone repair [205]. Similar
results have also been found in humans, thus suggest-
ing that impaired bone regeneration is closely linked to
the elevation of CD8 cells [206]. Interestingly, in skin
regeneration, whereas CD4 and CD8 T cells are enriched
in wounds, showing peak levels at days 5-10 and 7-10
post-injury, neither CD4 nor CD8 T cells are believed
to impair skin regeneration [207]. Thus, CD8 and CD4
T cells may have different regulatory roles in the regen-
erative process, depending on the target tissue. In a rat
model, in vivo, CD8 and CD4 T cells have opposing roles
in mediating wound regeneration: CD4 T cells are asso-
ciated with enhanced repair, whereas CD8 T cells are
associated with impaired healing [208]. Mechanistically,
T cells release a wide array of cytokines that affect both
macrophages and fibroblasts, both of which play promi-
nent roles in the regulation of tissue regeneration [209]
(Fig. 2¢).



Xiong et al. Military Medical Research (2022) 9:65

Page 12 of 29

Endothelial
vascular cells
proliferation

and angiogenesis Osteogenic differentiation

Tregs

Tissue regeneration _ )
Immunosuppressive

Self-renewal of progenitor cells

@

_

Mediation of macrophages

CD4 T cells and fibroblasts
— e fe—
CD8 T cells Impair MSC proliferation

and differentiation

Fig. 2 The important roles of T cells in the regulation of tissue regeneration. a Tregs modulate the activity of many other types of stem and
progenitor cells involved in regeneration, and have become a crucial cell type for tissue repair and regeneration. b y§ T cells promote tissue repair
and regeneration through communication with tissue stem cells. ¢ CD4 T cells enhance tissue regeneration through the regulation of macrophages
and fibroblasts, and CD8 T cells impair bone remodeling by hindering MSC proliferation and differentiation. MSCs mesenchymal stem cells

Impair bone regeneration

MSC proliferation

- atic Bone regeneration
and differentiation

i vy
V)

=

' /i

Tissue regeneration

Tissue regeneration

R

Roles of sEVs-derived immunomodulation in tissue
regeneration

sEVs are nano-sized extracellular vesicles involved in
the regulation of cell-to-cell communication, which
have attracted attraction as a promising cell-free thera-
peutic strategy in clinical applications [210]. Generally,
sEVs contain molecules including cytokines, lipids, and
nucleic acids, which are important mediators of the bio-
logical behaviors of target cells [211]. sEVs derived from
stem cells can achieve enhanced cell proliferation and
function with little immune response by creating a bene-
ficial immune microenvironment [212]. sEVs from MSCs
have been demonstrated to enhance tissue regeneration
and immune regulation, similarly to MSCs [213]. Thus,
the regulatory roles of sEVs in tissue regeneration are dis-
cussed and summarized in the following section.

sEVs-mediated immunomodulation and bone regeneration
In various models of diseases and cell-free regenera-
tive medicine, sEVs appear to be beneficial in improv-
ing recovery [210, 211]. sEVs have been identified to
play a major role in intercellular communication, par-
ticularly between MSCs and immune cells [212]. Tissue

regeneration after injury requires two major conditions:
1) a pro-inflammatory microenvironment to neutralize
injury and eradicate dead or injured tissue, and 2) a sub-
sequent anti-inflammatory microenvironment to regen-
erate new tissue through the migration, differentiation,
and proliferation of reparative cell types, thus increasing
vascularization and nutrient supply [213].
MSC-mediated therapeutic activities are an
important aspect of immune modulation, includ-
ing MSC-derived sEVs [213, 214]. By comparing the
immunomodulatory functions of human gingival mes-
enchymal stem cells (GMSCs) and GMSC-sEVs in a
murine in vitro T cell co-culture model of collagen-
induced arthritis, Tian et al. [215] have found that
GMSC-sEVs have similar or sometimes greater effects
than GMSCs in inhibiting IL-17 A and promoting
IL-10, thus decreasing the frequency and intensity of
bone erosion in arthritis; these findings suggest that
GMSC-sEVs may be a promising new cell-free therapy
strategy for treating rheumatoid arthritis. The sEVs
collected from human Bone marrow-derived mes-
enchymal stem/stromal cells (hBMSCs) significantly
decrease the expression of proinflammatory genes,
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such as IL-1f3, TNF-a, IL-6, and inducible nitric oxide
synthase (iNOS), in macrophages and greatly pro-
mote the expression of early osteogenic markers in
hBMSCs, thus suggesting that sEVs derived from dif-
ferentiating mesenchymal stem/stromal cells have a
unique function in the regulation of bone dynamics
through their osteoimmunomodulatory role [212]. An
in vitro study has reported that T cell proliferation is
suppressed by MSC-derived EVs, thereby supporting
the application of a cell-based in vitro potency assay
for determining the immunomodulatory potential of
EVs [216]. Another in vitro experiment has character-
ized the immunomodulatory function of human adi-
pose MSC-derived exosomes on in vitro stimulated T
cells. The investigation confirmed that these exosomes
repress the differentiation and activation of T cells,
and decrease T cell proliferation and IFN-y release in
in vitro stimulated cells [217]. Yang et al. [218] have
discovered that human umbilical cord MSC-derived
exosomes released from hydrogels aid in bone regen-
eration in animal studies. Although this work had limi-
tations regarding the overall mechanisms and efficacy,
the strategy provides tremendous promise for pro-
spective treatments in tissue and organ repair through
sEV-based therapy. A recent porcine model study has
identified MSC-derived sEVs paired with hyaluronic
acid (HA) to aid in osteochondral repair by increasing
trabecular bone thickness and improving the biome-
chanical properties of bone [219].

Immune cells affect bone regeneration through cell
signaling regulation and osteoblastogenesis in MSCs.
In an in vitro experiment, Li et al. [220] have identified
that sEVs derived from M2 macrophages might have
promise as a therapeutic tool in bone diseases, owing to
their ability to inhibit adipogenesis and promote oste-
ogenesis of BMSCs through the miR-690/IRS-1/TAZ
axis. Our previous study has shown that hematopoietic
cells stimulate proliferation and osteoblastogenesis,
and inhibit cellular senescence of MSCs [221]. Hemat-
opoietic cells express TNF-«, platelet-derived growth
factor beta (PDGF-f), Wntl, 4, 6, 7a and 10a, secreted
frizzled-related protein 3 (sFRP-3), and sFRP-5. The
increase of TNF-a expression in hematopoietic cells
in older people is associated with activation of NF-«xB
signaling and/or Wnt/p-catenin signaling, which nega-
tively affects the interactions of hematopoietic cells on
MSCs via TNF-a receptors, through inducing cellular
senescence while also inhibiting osteoblast differen-
tiation in MSCs. Our data have established paracrine
interactions of hematopoietic cells on human MSCs;
these findings, together with those from other reports,
suggest that declining skeletal stem cell function may
involve the extrinsic mechanisms of immunosenescence
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[221-223]. sEVs play crucial roles in the cellular regula-
tion of MSCs and immune cells, thus positively influ-
encing bone regeneration. However, more studies are
needed to precisely identify the mechanisms underly-
ing exosomal immunomodulation and bilateral interac-
tions between skeletal cells and immune cells in bone
regeneration.

Important roles of sEVs-mediated immunomodulation

in regulation of cartilage regeneration

A variety of studies have examined the use of sEVs for
cartilage regeneration. Notably, in these studies, the
sEVs have been from an array of sources and applied at
different concentrations, among which MSC-derived
sEVs have been the most widely applied (Table 4). Pre-
vious studies have demonstrated that MSCs exert criti-
cal immunomodulatory roles in cartilage regeneration,
mainly through paracrine secretion of trophic factors
[224-226]. However, the immunomodulatory function
of MSCs cannot be sufficiently imitated by any cytokine
alone, e.g., IL-6, IL-8, IL-10, IL-33, monocyte chemoat-
tractant protein-1 (MCP-1), or TGF-B, thus indicating
that the immunomodulatory function of MSCs neces-
sitates synergism among multiple cytokines [227, 228].
MSC-derived sEVs loaded with more than 100 immu-
nomodulatory proteins are considered a perfect vehicle
for this synergism [229]. A prior study has demonstrated
that MSC-derived sEVs are immunomodulatory and not
immunosuppressive in mice, and these sEVs induce Tregs
with active immune reactivity triggered by the grafting
of allogenic skin [230]. Furthermore, an in vivo study in
an immunocompetent rat osteochondral defect model
has indicated that MSC-derived sEVs alleviate OA by
promoting M2 macrophage polarization and enhancing
cartilage regeneration [230, 231]. MSC-derived sEVs are
now widely accepted as a feasible therapeutic agent to
regulate cartilage regeneration.

Considerable developments have been achieved in the
application of sEVs for cartilage regeneration, and the
mechanisms, therapeutic strategies, and production have
been widely studied [239]. In recent decades, clinical tri-
als for sEVs have been undertaken, and standard guide-
lines for SEV extraction have been established [239]. Prior
study has detected various bioactive molecules, including
non-coding RNA, proteins, lipids, and cholesterin, in the
content of sEVs [240]. However, full use of all character-
istics of sEVs has not yet been accomplished, owing to
the complexity of the bioactive cargo; most studies have
focused on single bioactive factors within sEVs. An in-
depth understanding of sEV biogenesis with the emer-
gence of multiple bioreactors for elevating production
would improve exosomal production in the laboratory
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setting, because the current low production scale greatly
limits their clinical potential.

sEVs regulate soft tissue regeneration
viaimmunomodulation

Excessive and persistent inflammation after injury
impairs soft tissue regeneration and leads to the forma-
tion of chronic tissue defects. Effective and rapid soft
tissue regeneration can be achieved by suppression of
the overactivity of immune cells at injury sites [241].
Normally, in the first few days after injury, immune
cells, including macrophages, NK cells, and T cells, are
recruited to the defect site by chemoattractants, such
as complement, clotting components, and cytokines,
to clear cell debris and bacteria from the wound.
Thus, strategies that effectively modulate the overac-
tive immune microenvironment have the potential to
enhance and accelerate tissue regeneration [241].

Recent investigations have focused on identifying the
mechanisms underlying the inhibitory effects of sEVs
on the overactive immune response, including their
suppressive activity on NK cells and CD8 T cells, their
inhibitory effects on the differentiation and maturation
of DCs, and their promotive effects on the function of
Tregs [1, 242, 243]. Hence, sEVs are considered to have
high potential as therapeutic vesicles for immunomod-
ulation and for promoting soft tissue regeneration. For
instance, Su et al. [241] have successfully engineered
PD-L1-overexpressing sEVs, and demonstrated their
promotive effects on wound healing through immuno-
suppressant activity.

Immunomodulation to ameliorate damage-induced
inflammation and construct an appropriate immune
microenvironment conducive to tissue regeneration
may potentially be mediated through innate or adap-
tive immune responses [161]. Prior proteomic profiling
research has revealed enrichment of exosomal proteins
during inflammation or complement activation [242].
For example, MSC-derived sEVs have been reported to
induce M2 phenotype polarization and decrease pro-
inflammatory cytokines, thus enhancing tissue regen-
eration [243]. A crucial immunomodulatory advantage of
sEVs allowing them to promote soft tissue regeneration
involves the promotion of anti-inflammatory and pro-
regenerative macrophages (M2) over pro-inflammatory
macrophages (M1). Although the underlying mechanism
has yet to be uncovered, the macrophage phenotype
polarization observed in sEV-mediated tissue regenera-
tion is attributable mainly to the ability of sEVs to com-
municate directly with monocytes, and modulate active
molecule production and release. In addition to mac-
rophages, Tregs have attracted attention for their link
with sEVs in attenuating the activated immune system
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[236]. Interestingly, MSC-derived sEVs polarize CD4 T
cells to Tregs when CD4 T cells are activated by allogenic
CD11C" antigen-presenting cells instead of CD3/CD28
co-stimulation [244]. This finding suggests that the extent
of the immunosuppressive functions of sEVs depends on
the immune-reactive microenvironment; consequently,
exosomal immunomodulation may ameliorate the
immune system without leading to adverse effects.

Biomaterials involved in the regulation

of the immune microenvironment for promoting
regeneration

Biomaterials with different formulations have shown
great promise in tissue regeneration [245]. The potential
of immune microenvironment modulation by implanted
biomaterials in vivo has attracted considerable attention,
and the development of biomaterials for the regulation of
immune responses is expected to promote tissue regen-
eration [246]. Microenvironment-regulating biomateri-
als may perform multiple functions in facilitating tissue
regeneration. In the following section, advances in, and
applications of, biomaterials used for tissue regeneration
are discussed in depth.

Biomaterial-based immunomodulation and its critical role
in regulation of bone regeneration

A wide array of biomaterials have been identified as
stabilizing structures for injured bone or inducers of
bone regeneration. These differ in chemical composi-
tion, shape, porosity, and mechanical properties [245].
During the past few decades, extensive strides have
been attempted to deliver immunomodulatory signals
for bone regeneration through the use of a variety of
biomaterials [246]. The “soft” biomaterials, represented
by hydrogels, have structural and chemical properties
that allow for: 1) dynamic changes in their mechanical
characteristics; 2) processing into various forms with
unique surface topographies; 3) activation of biologi-
cal responses; and 4) sustained delivery of biofactors
[247]. Our recent research has provided an example
of how the bone immune microenvironment can be
mimicked [109]; we developed a “cocktail therapy”
to simultaneously regulate osteoblast differentiation
and macrophage phenotype polarization. The cocktail
therapy, comprising an HA-based hydrogel, engineered
sEVs, and an inositol-requiring enzyme-la (IRE-1la)
inhibitor, has provided new insights into biomate-
rial strategies for effective bone regeneration therapy.
Similarly, an in situ injectable hydrogel has been con-
structed via single-step equal volume mixing of a PBS
solution of oxidized HA and hydrazide grafted gelatin,
and its immunomodulatory function by the release of
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sEVs overexpressing PD-L1 in bone regeneration has
been verified [143]. Additionally, with the rapid devel-
opment of bio-nanotechnology, various nano-struc-
tured materials in soft materials, such as anisotropic
nanoscale ligands [248] and composite nanoparticles
[249], have also been applied to regulate cell behaviors
and promote bone regeneration. For example, Wong
et al. [250] have conjugated RGD-bearing magnetic
nanoparticles (Fe;O, coated with silica) to increase
RGD tether mobility, which can be decreased through
the application of an external magnetic field, thus
increasing MSC adhesion, spreading, and osteogenic
differentiation. Furthermore, a “self-regeneration” bio-
material concept has recently been proposed, whereby
the promotion of vascularization and bone forma-
tion can be achieved without the need for introducing
cells or other therapeutics [251]. This strategy is based
on the presence of layered topographic cues, particu-
larly in biomaterials that arrange the nanomorphologic
cues into layered three-dimensional (3D) structures.
A recent example of mimicking an extracellular tissue
environment has been introduced by Hasani-Sadrab-
adi et al. [252], who have reported a novel periodontal
membrane for guided tissue regeneration, which can
mimic the complex extracellular environment of peri-
odontal tissue and serve as functional tissue constructs
for periodontal regeneration.

Among the immune cells in the bone microenviron-
ment, macrophages have emerged as central to the
immunomodulation of tissue regeneration. Particular
focus has been placed on the role of phenotype switch-
ing, which remains controversial [253]. For instance, a
recent study has revealed the utilization of a nanostruc-
tured polycaprolactone (PCL)/polyvinylpyrrolidone
electrospun biomaterial in bone tissue regeneration
via polarization of macrophages toward the M2 phe-
notype [254]. Generally, immunomodulation through
biomaterials can be achieved via various strategies,
including: 1) mediation of their physicochemical prop-
erties, 2) delivery of immunoregulatory activators, and
3) alteration of their mechanical properties [255]. For
example, Lin et al. [256] have introduced a new appli-
cation of sodium alginate hydrogels with different stiff-
ness to mimic tissue repair in vivo and have found that
MSCs in a stiffer matrix show faster migration than
those in a softer matrix; this novel platform promotes
MSC migration through mimicking the natural tis-
sue repair process. In addition to the physicochemical
properties, direct incorporation of immunoregulatory
activators has been used to initiate a specific immune
response and bone regeneration. In our prior work, we
constructed mesoporous silica and FeO composite-
targeted nanoparticles loaded with baicalein, which
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were capable of promoting bone regeneration via the
delivery of active baicalein to injured bone sites [257].
Similarly, the ability of ECM proteins to promote M2
macrophage polarization has been used to enhance
the immunomodulatory function of implanted bioma-
terials [258]. The emerging understanding of the role
of the biomaterial-regulated immune microenviron-
ment in bone regeneration has led to a paradigm shift
in strategies that harness immune cells to promote
regeneration.

Immunomodulatory biomaterials for cartilage
regeneration

Cartilage is susceptible to damage but cannot easily
heal because of its avascular nature. Cartilage regenera-
tion remains a research focus, because most currently
used clinical methods cannot achieve satisfactory results
[259]. Evidence indicates that synovial inflammation is
closely associated with chondrocyte apoptosis and car-
tilage damage [260]. Macrophages reside in the synovial
lining of joints and are involved in the regulation of syno-
vial inflammation [261]. Furthermore, anti-inflammatory
M2 macrophages have been proposed to produce pro-
chondrogenic factors, such as TGF- and insulin-like
growth factor (IGF), which are considered novel targets
for cartilage repair [262]. Therefore, innovative bioma-
terials scaffolds with immunomodulatory activity have
been developed to promote cartilage regeneration in
recent decades.

Biomaterials derived from ECM have been reported to
play important roles in modulating the host macrophage
response [263]. Because of their ability to provide micro-
environments similar to native cartilage, decellularized
cartilage ECM scaffolds have been used to enhance car-
tilage regeneration [264, 265]. When implanted into car-
tilage defect areas, cartilage ECM scaffolds induce M2
phenotype polarization of macrophages, which in turn
stimulates the migration, proliferation, and chondrogenic
differentiation of MSCs [266] (Fig. 3a). Type II collagen,
the main collagenous component in cartilage, is respon-
sible for the induction of M2 macrophage polarization
[262]. Another type of collagen, squid type II collagen,
has been applied to repair cartilage lesions in degenera-
tive OA [267]. This collagen polarizes the synovial mac-
rophage response toward an M2 phenotype and increases
the levels of TGF-p and IGF simultaneously in vivo, thus
inducing a pro-chondrogenic environment for cartilage
repair. An ECM-mimicking hydrogel scaffold has been
fabricated by incorporating polydopamine (PDA)-modi-
fied HA into a collagen matrix [268] (Fig. 3b). The hydro-
gel scaffold has immunomodulation ability, through
increasing the ratio of M2 macrophages and suppressing
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the inflammatory response, thus resulting in cartilage
regeneration and remodeling in rabbits. Other natural
biopolymers have also been suggested to have immu-
nomodulatory functions. A hybrid scaffold composed of
alginate, chitosan, hydroxyapatite, and fucoidan has an
anti-inflammatory function, as evidenced by inhibition
of the production of ROS and inflammatory mediators,
including TNF-q, IL-6, and IL-1f, in lipopolysaccharide
(LPS)-treated RAW 264.7 cells; thus, this scaffold should
be a promising candidate for cartilage tissue engineering
[269]. The immunomodulatory effects of some synthetic
polymers have also been explored: 3D-printed porous
scaffolds made of sulfonated polyetheretherketone have
been demonstrated to facilitate cartilage repair by pro-
moting M2 macrophage polarization, increasing secre-
tion of the anti-inflammatory cytokines IL-4 and IL-10,
and preventing macrophage-induced cartilage degen-
eration [270]. Additionally, lithium calcium silicate-
based bioactive ceramic scaffolds have been reported to
promote cartilage maturation by immunomodulating
M2 macrophage polarization, as shown by upregulated
expression of IL-10, and downregulated expression of the
inflammatory factors TNFa, IL-6, and IL-1( [271].

IL-4, a Th2-type cytokine, is an important promoter
of M2 macrophage polarization [272]. Thus, delivery of
IL-4 by bioscaffolds is an effective approach to drive mac-
rophage polarization toward the M2 phenotype in vivo.
An IL-4-loaded bilayer scaffold made of gelatin meth-
acrylate (GelMA) (upper layer) and PCL-hydroxyapatite

(lower layer) has been developed for the repair of osteo-
chondral defects in rabbits [273] (Fig. 4a). IL-4 released
from the scaffold relieves the inflammatory response and
protects chondrocytes, thus improving regeneration of
both cartilage and subchondral bone. Platelet-rich plasma
has also been found to facilitate M2 macrophage transi-
tion. The incorporation of 20% platelet-rich plasma into
GelMA hydrogel scaffolds enhances osteochondral repair
effects in rabbits by promoting the proliferation, migra-
tion, and chondrogenic differentiation of BMSCs, and
increasing M2 macrophage infiltration [274]. Recently,
MSCs and their sEVs have been shown to have unique
immunomodulatory properties and anti-inflammatory
abilities [275, 276]. Bioscaffolds loaded with MSCs or
their sEVs have been applied in the treatment of carti-
lage damage. BMSC-based engineered cartilage, pro-
duced by culturing BMSCs on PGA/PLA scaffolds, has
been reported to suppress in vivo inflammation through
the promotion of M2 macrophage polarization, thus
improving cartilage regeneration [277]. In a rabbit articu-
lar cartilage defect model, the intra-articular injection of
human umbilical cord Wharton’s jelly MSC-derived sEVs
has been found to increase the infiltration of regenerative
M2 macrophages and the expression level of IL-10, and
to decrease the ratio of M1 macrophages, thus improv-
ing cartilage repair [278] (Fig. 4b). Additionally, a bio-
composite scaffold composed of ECM/GelMA/sEVs has
been reported to increase cartilage regeneration by pro-
moting chondrocyte migration, restoring chondrocyte
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mitochondrial dysfunction, and enhancing the polariza-
tion of macrophages toward the M2 phenotype [279].

The physical properties of the scaffolds are also
involved in the regulation of macrophage polarization
and cartilage regeneration. PCL/Eucommia ulmoides
gum composite scaffolds with a different elastic modulus
that overlaps with those of human cartilage tissues with
OA (1-5 MPa) have been designed by adjusting the ratio
of PCL to Eucommia ulmoides gum. In this range, high
scaffold stiffness favors M2 macrophage polarization, and
the expression of inflammatory cytokines increases as
the scaffold stiffness decreases [280] (Fig. 4c). However,
the mechanism through which scaffold stiffness regulates
the immune microenvironment and macrophage behav-
iors remain to be elucidated. Macrophages can sense
mechanical stimulation via integrins, which produce
signals to focal adhesion kinases and enhance cytoskel-
eton reorganization. Cha et al. [281] have revealed that
macrophage polarization within 3D biomaterials can be
modulated through integrin-mediated interactions. Inhi-
bition of integrin a2p1 significantly decreases the induc-
tion of M2 macrophages. Kang et al. [282] demonstrated
that highly anisotropic ligand-coated gold nanorods
facilitate the recruitment of integrin f1 on macrophages,
thus enhancing cell adhesion and M2 polarization. In
addition, the effects of other scaffold properties, such as
porosity, pore size, topography, and hydrophilicity, on
macrophage behavior and cartilage regeneration deserve
further investigation.

Critical role of immunomodulation

in biomaterials-mediated soft tissue regeneration

The skin, the largest organ of the human body, is sus-
ceptible to multiple insults including accidental injuries
and various diseases. The skin is equipped with an intri-
cate network of immune cells, mainly including neu-
trophils, lymphocytes, monocytes, and macrophages,
which is crucial not only for host defense but also for tis-
sue homeostasis and reconstruction [283]. In the event
of injury, a cascade of biological interactions between
different cell types (immune cells, fibroblasts, endothe-
liocytes, and keratinocytes) and ECM components is
initiated, thus inducing wound healing and tissue regen-
eration. The development of biomaterials for the regula-
tion of immune responses will facilitate wound healing
and tissue restoration. Naturally, derived biopolymer-
based hydrogels have been found to have intrinsic anti-
inflammatory activity [284]. Chitosan is a widely used
biomaterial for wound healing, owing to its favorable
biocompatibility, biodegradability, adhesiveness, and
hemostatic ability [285]. A chitosan/aloe vera nanohy-
drogel, developed to enhance wound healing, has been
demonstrated to decrease the ratio of M1 macrophages
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and the expression of iNOS and TNF-a while increasing
the ratio of M2 macrophages, thereby promoting skin
tissue regeneration [286]. Recently, the immunomodu-
latory function of silk fibroin has drawn the attention of
researchers. Silk fibroin hydrogels applied in burn wound
treatment have been found to induce a transition from
the inflammation to proliferation stage, and improve tis-
sue regeneration, as evidenced by the deposition of col-
lagen type I and III fibers [287]. Interestingly, synthetic
Ti;C, MXene quantum dots have been reported to mod-
ulate the immune microenvironment by selectively inhib-
iting the activation of proinflammatory CD4"IFN-yt T
cells while promoting the proliferation of immunosup-
pressive CD4TCD25"FoxP3% T cells, thus enhancing
wound healing in rats [286]. Although the immunomod-
ulatory activity of hydrogels has been obtained through
composition selection, their effectiveness is considered
limited. Local delivery of MSCs, microRNAs (miRNAs),
and biological molecules, such as anti-inflammatory
cytokines (IL-10, IL-4, IL-2, and MCP-1), peptides (L-12
and LL-37 peptides), and antibodies (anti-TNF-a), has
gradually become a common strategy for the regulation
of the immune microenvironment at wound sites [284].
For example, an adipose tissue-derived MSCs (ADSCs)-
seeded chitosan/difunctional polyurethane hydrogel has
been prepared for the treatment of chronic diabetic skin
wounds [288]. The hydrogel produces synergistic immu-
nomodulatory effects through activation of C3a and
Cb5a, upregulation of the cytokines stromal cell derived
factor 1 (SDF-1) and TGF-f, and decreased secretion of
the proinflammatory cytokines TNF-a and IL-1f, thus
accelerating wound healing [289] (Fig. 5a). MiR-223 has
recently been suggested to promote M2 macrophage
polarization. An adhesive hydrogel containing miR-223-
loaded HA nanoparticles has been reported to achieve
local delivery of miR-223 and drive the polarization of
macrophages to the M2 phenotype, thereby promoting
wound healing and the formation of uniform vascular-
ized skin [290] (Fig. 5b).

Muscle regeneration is also significantly affected by the
activities of various immune cells, such as macrophages,
CD8 T cells, and Tregs [294]. The immune-mediated
muscle regeneration driven by scaffolds holds great
promise in muscle regeneration. How skeletal- and car-
diac muscle-derived ECM scaffolds regulate the immune
microenvironment and stimulate tissue recovery in trau-
matic muscle wounds has been investigated [295, 296].
The ECM scaffolds induce IL-4-dependent M2 mac-
rophage polarization through activation of the mTOR/
Rictor-dependent T helper 2 pathway, thus guiding a
pro-regenerative response that facilitates muscle regen-
eration. The effects of local delivery of RK35, a myosta-
tin inhibitor, by HA/muscle-derived ECM scaffolds
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agonist of the sphingosine-1-phosphate signal, have been
demonstrated to promote pro-regenerative local injury
milieu formation, as shown by increased numbers of
M2 macrophages and muscle stem cells, thus improving
muscle regeneration after volumetric loss [291].

Peripheral nerve regeneration remains a challenge,
because the currently used autogenous tissue replace-
ment is limited by tissue availability, secondary deformi-
ties, and potentially inappropriate size. To overcome
these obstacles, various biomaterial scaffolds have been
developed to repair nerve injuries in recent years. Hydro-
gel-based codelivery of MSCs and bioactive factors has
also been applied for the treatment of nerve injuries.
Fibrin hydrogels loaded with ADSCs and microspheres
containing tacrolimus have been reported to enhance
peripheral nerve regeneration via immunomodula-
tory actions [297]. In another study, on the basis of the
acidic microenvironment at injury sites, pH-responsive
IL-4 plasmid-loaded liposomes have been incorporated
into PLA electrospun fibers to treat acute spinal cord
injury (SCI) [292] (Fig. 5d). The immunoregulatory fiber
scaffolds significantly suppress the acute inflammatory
response and promote neural differentiation of MSCs,
thus decreasing scar tissue formation and enhancing
motor function recovery. However, a growing number
of studies have demonstrated that the delivery of MSCs
has only limited benefits for SCI, possibly because of the
heterogeneity of MSCs [298]. Furthermore, some scaf-
folds negatively affect spine cord regeneration because
of the proinflammatory milieu induced by biomaterials
[299]. Thus, a more comprehensive understanding of the
crosstalk among the immune system, implanted scaf-
folds or MSCs, and the nervous system will be essential
for treating SCI. Immunomodulatory effects driven by
biomaterial scaffolds are also an innovative regenerative
strategy to repair vessels. Recently, an electrospun chain-
extended-ureido-pyrimidinone-PCL scaffold functional-
ized with IL-4 and heparin has been developed to repair
vascular damage in rats. The addition of IL-4 ameliorates
the intimal hyperplasia caused by heparin and promotes
M2 macrophage polarization and mature neotissue for-
mation [293] (Fig. 5e).

Conclusions

The immune system is closely associated with tissue
injury and regeneration. Therefore, effective modulation
and manipulation of the immune response to effectively
modulate the innate healing process are crucial for suc-
cessful tissue restoration. Spatiotemporal regulation of
immune cells, their functions, and their communication
with tissue-specific cells, including progenitor cells and
stem cells, is imperative to enhance tissue regeneration.
An in-depth understanding of the immunomodulatory
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and pro-regenerative activators and their multiple func-
tions will critically contribute to their successful applica-
tion as therapeutics.

Although much knowledge has been gained regarding
immunomodulation and applied to the rational design of
strategies to modulate the immune response and promote
tissue regeneration, multiple underlying mechanisms
remain to be explored. For example, M2 phenotype mac-
rophages are widely accepted to be permissive to tissue
repair and regeneration. During the inflammation phase,
however, excessive infiltration of M2 macrophages is not
conducive to tissue resistance against foreign pathogens
and may thus impair tissue healing. The mechanisms
underlying this dual function are not well described.
Furthermore, other immune cells have subpopulations,
and different subpopulations may exert different effects
on tissue regeneration. For example, whereas CD8 T
cells have adverse effects on tissue regeneration, CD4
T cells and Tregs enhance tissue regeneration. With the
development of research technologies such as single-
cell sequencing technology, further definitive classifica-
tion of immune cell subpopulations will be beneficial
in the study of the regulation of the immune microen-
vironment in tissue regeneration. In addition, immune
regulation is a complex and delicate dynamic regulatory
process. With aging, the function of the immune system
gradually declines. Therefore, whether diminished tissue
regeneration in older people is closely associated with the
functional decline in the immune system must be investi-
gated. An in-depth exploration of the underlying mecha-
nisms would enable the immune system to be effectively
harnessed to improve tissue repair.

The incorporation of biomaterials into immunomodu-
latory therapeutics has significant potential to advance
the fields of tissue engineering and regenerative medi-
cine. However, although many biomaterials that enhance
tissue regeneration and mediate immunomodulation
have been developed, most of the research has yet to be
translated into the clinic. To enable the clinical utiliza-
tion of biomaterials, materials with high biosafety pro-
files should be selected. Notably, precise targeting and
controlled release are two issues requiring attention.
Optimization of these two aspects should allow bio-
materials to achieve precise regulation of the immune
microenvironment and facilitate their clinical transla-
tion. Therefore, novel strategies that promote precise
and targeted immunomodulation for clinical use in tis-
sue are required.
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