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Abstract

Numerous components of the immune system, including inflammatory mediators, immune cells and cytokines, have a profound modulatory
effect on the homeostatic regulation and regenerative activity of endogenous stem cells and progenitor cells. Thus, understanding how the
immune system interacts with stem/progenitor cells could build the foundation to design novel and more effective regenerative therapies.
Indeed, utilizing and controlling immune system components may be one of the most effective approaches to promote tissue regeneration. In
this review, we first summarize the effects of various immune cell types on endogenous stem/progenitor cells, focusing on the tissue healing
context. Then, we present interesting regenerative strategies that control or mimic the effect of immune components on stem/progenitor cells,
in order to enhance the regenerative capacity of endogenous and transplanted stem cells. We highlight the potential clinical translation of such
approaches for multiple tissues and organ systems, as these novel regenerative strategies could considerably improve or eventually substitute
stem cell-based therapies. Overall, harnessing the power of the cross-talk between the immune system and stem/progenitor cells holds great
potential for the development of novel and effective regenerative therapies.
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Design of new regenerative strategies integrating immune components

Various immune cell types have been found to modulate the activity of endogenous stem/progenitor cells in animal models of tissue healing.
These novel findings may be leveraged for developing better regenerative medicine strategies that integrate immune components. This review
highlights mechanisms by which immune cells control endogenous stem/progenitor cells and present regenerative approaches that take advan-
tage of this cross-talk.

Significance Statement

Regenerative strategies based on stem/progenitor cells have shown modest effectiveness in multiple contexts. While it is well recognized
that some stem cell types have an immunomodulatory effect, the immune system also considerably modulates the regenerative activity
of stem/progenitor cells. Therefore, components of the immune system could be exploited to improve regenerative therapies. Accordingly,
the authors summarize the effects of various immune cells, immunomodulators and immune cell-derived factors on endogenous and
transplanted stem cells, and further discuss the potential of novel immune-centric strategies for regenerative medicine applications.
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Introduction

Components of the immune system, including inflammatory
mediators, immune cells and cytokine networks, are increas-
ingly being recognized as key modulators of tissue homeo-
stasis, repair and regeneration.?> While the immune system
affects various aspects of the tissue healing process, its role in
regulating endogenous stem and progenitor cell populations
is becoming evident.> Following tissue injury, the immune
system is rapidly activated and further triggers the recruit-
ment of various immune cells to the site of injury. Signals de-
rived from resident or mobilized immune cells play distinct
roles during each stage of the tissue healing process. Notably,
particular immune cell types undergo phenotypic and func-
tional changes which ultimately lead to a shift of the micro-
environment from a pro-inflammatory to a pro-resolving
state. This plasticity and heterogeneity of immune cells can in
turn direct stem cell behavior, maintaining a balance between
their proliferation and differentiation. Importantly, signals de-
rived from immune cells have been shown to modulate tissue
stem/progenitor cells in a positive or negative manner, leading
to cell activation and dampening of quiescence or inhibition
of regenerative activity.? Therefore, using and controlling the
components of the immune system could be one of the most
effective ways to promote tissue regeneration.'

It is well known that certain types of stem cells secrete
factors that directly affect the immune system.* In addition,
numerous strategies have been developed to modulate the
response of the immune system to transplanted stem cells
and reduce transplant rejection. However, we will not dis-
cuss the immunomodulatory effect of stem cells or immune
tolerance approaches here as they have been reviewed exten-
sively.® Instead, this review discusses the direct role of par-
ticular immune cell types in the regulation of endogenous
stem/progenitor cells (Fig. 1A). Firstly, we briefly describe
their homeostatic function and focus on their role in the re-
pair and regeneration of multiple tissues and organs such as
the bone, muscle, skin, heart, liver, and the central nervous
system (CNS). Then, we highlight approaches in which de-
livery of immune mediators, including immune cell-derived
factors and immune cells, have been shown to control the
regenerative activity of endogenous or transplanted stem/
progenitor cells. Such novel strategies could be exploited to
complement exogenous stem/progenitor cell transplants or
replace them altogether by activating the resident stem/pro-
genitor cell niche instead. Finally, we discuss the translational
potential of such immune-centric approaches for regenerative
medicine applications.

Modulation of Endogenous Stem and
Progenitor Cells by Immune Cells

Macrophages

Monocytes and macrophages are among the first immune cell
types that respond to tissue injury.’ In some tissues, a small
population of tissue-resident macrophages gets activated
upon injury, and secretes chemokines important for the re-
cruitment of neutrophils and monocytes.!” Nevertheless, the
majority of macrophages in injured tissues are usually de-
rived from monocytes recruited from the circulation which
differentiate into macrophages, depending on the signals
within the injured microenvironment.'"" These signals can
induce dynamic phenotypic alterations in macrophages, as
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they switch from pro-inflammatory (classically activated
“M1”) to anti-inflammatory or pro-repair (alternatively ac-
tivated “M2”) states.'>!> The M1/M2 designation, however,
was initially introduced by studies that observed phenotypic
changes in macrophages upon their in vitro stimulation with
a defined set of factors which does not recapitulate the com-
plexity of signal integration in vivo.'*'S Macrophages in vivo
exist across a continuum of polarization states that are more
difficult to classify phenotypically and functionally, but are
typically characterized by the expression of cellular and bio-
chemical markers.'* The modulatory role of macrophages on
stem/progenitor cell regenerative capacity is evident across
multiple species and plays a pivotal role in tissue repair and
regeneration. The next paragraphs highlight examples where
macrophages modulate the regenerative activity of stem/pro-
genitor cells in various tissues (Fig. 1B).

The contribution of macrophages to skeletal muscle re-
generation has been extensively explored.!”!® In vivo studies
have shown that depletion of circulating monocytes in the
first few hours following muscle injury leads to complete
failure in muscle regeneration, while depletion of anti-inflam-
matory macrophages at later stages negatively impacts the
diameter of the regenerating fibers.!> Mechanistically, macro-
phages have been found to secrete cytokines and produce
pro-regenerative molecules such as growth factors and extra-
cellular matrix proteins that support myogenesis during both
early and late stages of repair. For example, in vitro studies
with human myogenic precursor cells (MPCs) have shown
that pro-inflammatory macrophages stimulate MPC prolifer-
ation and prevent premature differentiation via their secre-
tion of interleukin (IL)-6, IL-1p, vascular endothelial growth
factor-A (VEGF-A), IL-13 and high levels of tumor necrosis
factor alpha (TNF-a). Furthermore, anti-inflammatory
macrophages accelerate myocyte differentiation and myotube
formation via secretion of transforming growth factor-beta
(TGF-B) and low levels of TNF-a."

Several macrophage-derived factors have been reported
to directly induce satellite cell activation and proliferation.
For example, insulin-like growth factor-1 (IGF-1), a key
growth factor required for muscle repair and satellite cell
proliferation,” was found to be secreted by macrophages
that are recruited to the site of injury.?! Similarly, another
study reported that depletion of myeloid cell-derived IGF-1
severely compromised regeneration in vivo.?? Insulin-like
growth factor-1 was found to be secreted by both pro- and
anti-inflammatory macrophages in the injured muscle. The
secreted IGF-1 stimulated the proliferation of activated sat-
ellite cells, as well as, promoted macrophage polarization.??
The mechanisms which lead to IGF-1 expression in macro-
phages are still elusive, but meteorin-like (Metrnl), which is
predominantly produced by macrophages in injured muscle,
has been shown to have an anti-inflammatory function
and promote IGF-1 expression in an autocrine manner.?
Moreover, satellite cells were found to uptake glutamine
released from macrophages, promoting their proliferation
and differentiation.?* Lastly, macrophages are capable of
secreting extracellular matrix enzymes such as ADAMTS1
(a disintegrin and metalloproteinase with thrombospondin
type 1 motif), which has been shown to induce satellite
cell activation and muscle regeneration in young mice.?
Interlukin-10 is another key cytokine secreted by macro-
phages that is required to maintain viability, and promote
differentiation and fusion of vessel-associated myogenic
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Figure 1. Modulatory effect of immune cells on endogenous stem/progenitor cells. (A) Macrophages and T cells have direct positive or negative effects
on endogenous stem/progenitor cells in tissue homeostasis and healing. (B-E) Example of immune cells and their derived factors that exert positive or
negative effects on stem/progenitor cells in tissue homeostasis, repair and regeneration. Abbreviations: CNS, central nervous system; FAPs, fibro-
adipogenic progenitors; HFSCs, hair follicle stem cells; HPCs, hepatic progenitor cells; HSPCs, hematopoietic stem and progenitor cells; ISCs, intestinal
stem cells; MPCs, myogenic precursor cells; MSCs, mesenchymal stem cells; NSPCs, neural stem and progenitor cells; OPCs, oligodendrocyte

progenitor cells.

progenitor cells, mesoangioblasts, into terminally differen-
tiated myofibers.?

Apart from secretion of factors, the direct physical inter-
action of myogenic cells with macrophages has also been re-
ported to regulate myogenic cell fate. In vitro studies have
shown that human macrophages deliver anti-apoptotic signals
to myogenic cells via cell-cell adhesion systems. These signals

involved the expression of vascular cell adhesion molecule

(VCAM-1) and chemokine CX3CL1 present on macro-
phages, binding to very late antigen 4 (VLA-4) and CX3CR1
on MPCs, respectively, promoting myogenic cell survival.?”
Similarly, a study in a zebrafish muscle injury model revealed
that macrophages interact in close proximity with satellite
cells providing a transient, obligatory niche for the activation
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of muscle stem cells. Mechanistically, macrophages were
found to secrete nicotinamide phosphoribosyltransferase
(Nampt), an intracellular enzyme that can act as a cytokine
once released in the extracellular milieu. Nampt was shown
to bind C-C motif chemokine receptor type 5 (CCRS) on
muscle stem cells that led to their proliferation and subse-
quent muscle regeneration.?®

One of the most crucial processes in tissue healing is vascu-
larization, and macrophages have been reported to exert pro-
angiogenic effects.”” For example, macrophages were found
to be necessary for the differentiation of endothelial-derived
progenitors and secretion of pro-angiogenic growth factors
after muscle injury in the mouse.* This led to neo-capillary
formation and subsequent vascular remodeling.>® A similar
effect has also been demonstrated during the early phase
of skin repair, where circulating Ly6C* inflammatory blood
monocytes were found to give rise to a pro-angiogenic VEGF-
expressing macrophage subset.’! The function of myeloid cell-
derived VEGF-A was necessary and distinct from later-stage
epidermal-derived VEGF-A, in promoting wound angiogen-
esis.’! Macrophages additionally regulate epithelial stem cell
activity in the skin during homeostasis and repair. It has been
reported that skin-resident macrophage-derived Wnts acti-
vate resting hair follicle stem cells (HFSCs), promoting the
physiological entry of hair follicular cells into anagen, a new
phase of hair follicle growth.?? In addition, both recruited in-
flammatory macrophages and tissue-resident macrophages
play a crucial role in activating HFSCs after skin wounding.
In this context, macrophage-derived TNF-a has been shown
to activate Lgr5* HFSCs in a mouse skin injury model, leading
to induction of hair follicle anagen re-entry, as well as hair
follicle neogenesis.>

Macrophages are also important for bone regeneration
driven by stem cells. For example, in the absence of macro-
phages, there is a significant reduction in the number of bone
marrow mesenchymal stem cells (BM-MSCs) and their osteo-
blastic differentiation capacity.’* Macrophage-deficient mice
exhibited reduced rates of bone formation, associated with
a decrease in the abundance of osteoblasts along the bone
surfaces.** The mechanisms are still not fully understood,
but the secretion of cytokines by macrophages likely modu-
lates stem and progenitor cells during bone regeneration. For
example, an in vitro study with human MSCs reported that
pro-inflammatory macrophages secreted TNF-a, IL-1p, IL-6,
and interferon-gamma (IFN-y) that was detrimental to the
viability and function of MSCs.** Furthermore, anti-inflam-
matory macrophages secreted IL-10, TGF-f and VEGF-A
that improved the survival and differentiation potential of
MSCs.* Other in vitro studies have shown that cytokines
IL-6 and Oncostatin M, which are classically produced by in-
flammatory macrophages, promote osteoblast differentiation
and matrix mineralization, while suppressing adipogenesis,
in human BM-MSCs and adipose tissue-derived MSCs
(AT-MSCs).**%7 Furthermore, an in vivo study reported that
macrophages are an important source of IL-1f3 in the injured
bone microenvironment.* This was found to significantly in-
hibit proliferation, migration and osteoblastic differentiation
of mouse bone marrow-derived and compact bone-derived
MSCs.38

In the liver, macrophages are the most abundant immune
cell type, consisting of resident macrophages—Kupffer cells,
and infiltrating monocyte-derived macrophages.®* Both
macrophage types are an important source of cytokines
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such as TNF-a, IL-6, and TNF-like weak inducer of apop-
tosis (TWEAK), which stimulate proliferation of hepatic pro-
genitor cells (HPCs), termed “oval cells” during liver injury
and regeneration.*'*¢ Furthermore, Kupffer cells were found
to be required for the parenchymal invasion/migration of ex-
panding HPCs, which is important for their biliary organiza-
tion and phenotypic orientation after liver injury.*’ Lastly, the
phagocytosis of tissue debris by macrophages was shown to
induce expression of Wnt3a during liver injury, which in turn
inhibited Notch signaling in HPCs, and promoted their differ-
entiation into hepatocytes for regeneration.*®

The effects of macrophages on brain repair and CNS re-
generation have been investigated as well. For example, bone
marrow-derived monocytes/macrophages were shown to ac-
cumulate in the CNS and alter neural stem/progenitor cells
(NSPCs) following irradiation injury in mice.*’ This is specu-
lated to be critical for brain repair, although the exact mech-
anism remains elusive. Interestingly, a study investigating CNS
remyelination in a multiple sclerosis mouse model discovered
that anti-inflammatory macrophages secreted activin-A that
was shown to drive oligodendrocyte differentiation.*

Cytotoxic T Cells and T Helper Cells

T cells including cytotoxic T cells (CD8 T cells) and T helper
cells (CD4 T cells) have been found to be important actors in
tissue repair and regeneration (Fig. 1C). For instance, in the
context of bone injury, a study in humans revealed that de-
layed bone fracture healing was associated with significantly
enhanced levels of CD8 effector memory T cells.’! High num-
bers of these T cells resulted in elevated concentrations of
IFN-y and TNF-a in the peripheral blood. Interestingly, in
vitro analysis showed that these cytokines inhibited the sur-
vival of human BM-MSCs, suggesting their inhibitory effect
on osteogenic differentiation of bone-forming cells in vivo.*!
In the context of intestinal homeostasis, CD4 T helper cells
have been shown to control Lgr5+* intestinal stem cell (ISC)
activity. Interestingly, Lgr5* ISCs were shown to express
MHCII, thus the cells could present antigens and interact with
T helper cells. Due to this interaction, T helper (Th) 1, Th2,
and Th17 cells were found to suppress intestinal stem cell re-
newal and promote differentiation through the secretion of
IFN-y, IL-13, and IL-17A, respectively.*> Consequently, this
crosstalk affected the fate of the ISCs and was required to
maintain the balance between ISC renewal and differentiation
during homeostasis and inflammation.*?

Regulatory T Cells

A distinctive feature of regulatory T cells (Tregs) is their ability
to suppress and control inflammation.’> However, Tregs are
not only essential for immune homeostasis, as they also dis-
play numerous non-immune functions such as modulation
of stem/progenitor cell activity (Fig. 1D). Indeed, Tregs have
emerged as critical players in the tissue repair and regener-
ation processes.’® For example, Tregs residing in close contact
with hematopoietic stem and progenitor cells (HSPC) in the
bone marrow control HSPC quiescence and pool size.”* More
recently, Tregs have been shown to directly control the ac-
tivity of many other types of stem/progenitor cells, in the con-
text of tissue healing. For instance, Tregs in the intestine were
found to promote the renewal of the Lgr5* ISC pool via secre-
tion of IL-10.°2 In the context of muscle regeneration, it was
shown that IL-33, expressed by fibro/adipocyte progenitors
(FAPs), promotes accumulation of Tregs that upregulate the
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expression of its receptor ST2 post injury.** In addition, Tregs
accumulating in injured muscle have been reported to secrete
the growth factor amphiregulin which was found to enhance
satellite cell differentiation.’® Interestingly, Tregs may also en-
hance satellite cell proliferation, as another study found that
Treg recruitment to injured muscle was limited to the time
period of satellite cell expansion (from 3 to 5 days post in-
jury).”” Moreover, this study showed that in vitro-induced
Tregs promoted satellite cell expansion and inhibited their
myogenic differentiation.’” Overall, it is clear that Tregs play
a critical role in influencing the muscle regenerative process
in the mouse via their effect on muscle stem/progenitor cells.

Tregs in the skin have also been shown to promote tissue
homoeostasis and repair. The important role of Tregs was
clearly shown by the delayed wound re-epithelialization
and wound closure following systemic Treg ablation in the
mouse.’® A similar study reported that there is a signifi-
cant reduction in hair regrowth in the absence of Tregs.”
Interestingly, Tregs were found to reside in the bulge region
of the hair follicle, and preferentially localize to the HFSC
niche. Expression of the Notch ligand Jagged-1 (Jagl) by
Tregs was shown to induce HFSC proliferation.” In addition,
it has been demonstrated that Tregs promote skin repair by
facilitating the differentiation of HFSCs to epithelial cells fol-
lowing skin injury via the IL-17-CXCLS axis.®

In the context of brain repair, Tregs have been shown to
interact with NSPCs and oligodendrocyte progenitor cells
(OPCs). For example, Treg depletion was found to im-
pair remyelination and oligodendrocyte differentiation in
a mouse model of lysolecithin-mediated demyelination.®!
Mechanistically, Tregs were found to promote OPC differen-
tiation and myelination in vitro via secretion of cellular com-
munication network factor 3 (CCN3).%! The protective and
reparative role of Tregs following brain injury has also been
demonstrated in response to an ischemic stroke.®* Following
ischemic stroke in the mouse brain, neurogenesis is induced
through the proliferation of NSPCs. While the mechanisms
are still elusive, this process is in part regulated by Tregs, as
their depletion following ischemia impaired neurogenesis and
reduced NSPC proliferation.®

Interestingly, the tissue-specific role of Tregs is also sup-
ported by a study performed on zebrafish, which demon-
strated that Tregs migrate to the site of organ damage and
express organ-specific regenerative factors. Specifically, Tregs
were found to express the regenerative factors neurotrophin
3 in the spinal cord, neuregulin 1 in the heart and igf1 in the
retina, which resulted in the proliferation of tissue-resident
precursor cells in all the respective tissues.®

Gamma DeltaT Cells

Gamma delta (yd) T cells represent a major T-cell popula-
tion in many tissues.*>* While the role of these cells in tissue
healing is still elusive, y& T cells have been reported to pro-
mote tissue repair by interacting with particular tissue-resident
stem cells (Fig. 1E). For example, IL-17A-producing vd T cells
were shown to stimulate bone regeneration by accelerating
osteogenesis in the mouse.” Mechanistically, IL-17A pro-
moted proliferation and differentiation of injury associated
MSCs, and consequently enhanced osteoblast function after
bone injury.®” On the other hand, in the skin it was shown
that v& T cells are activated by IL-1a and IL-7 released from
damaged keratinocytes, upon injury.®® Although the mech-
anisms are still not well understood, a downstream effect of
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activated vd T cells was the proliferation of HFSCs and their
mobilization for epidermal wound repair.®

Other Immune Cells

While the effect of macrophages and T cells on endogenous
stem/progenitor cells is now well recognized, other immune
cells, including natural killer (NK) cells, neutrophils and eo-
sinophils likely modulate tissue-resident stem/progenitor
cells as well. For example, NK cells have been shown to
play an important role in bone regeneration via secretion
of chemokines such as neutrophil activating peptide 2 (also
known as CXCL7), CXCL2, CXCL3, CCLS5, and IL-8, which
were shown to stimulate MSC mobilization.®” Similarly, neu-
trophils are an important regulator of HSPC mobilization
as it was demonstrated that the depletion of neutrophils im-
paired IL-8 induced mobilization of HSPCs.”® Regarding the
role of eosinophils, it was found that these cells are rapidly
recruited at sites of muscle injury and secrete IL-4 to activate
the regenerative actions of muscle resident FAPs. The activa-
tion of the IL-4/IL-13 signaling pathway in FAPs was shown
to promote their proliferation, supporting myogenesis, while
inhibiting their differentiation into adipocytes.”

Recently, studies have displayed emerging roles for plate-
lets as immune cells.” Indeed, platelets are the first cells to
accumulate at sites of vascular injury. In addition to pri-
mary homeostasis, platelets are critical for the tissue healing
process 7* as they secrete a variety of cytokines and growth
factors.” For instance, the chemokine stromal cell-derived
factor 1 (SDF-1) is secreted by platelets and has been shown
to support CD34+ stem cell differentiation into endothelial
progenitor cells that migrate and accumulate toward the
endothelium.”7¢ Similarly, another study has shown that
platelet-derived fibroblast growth factor-2 promotes prolif-
eration and migration of MSCs to the endothelium following
vascular injury.”” Platelets have also been reported to en-
hance the recruitment and mobilization of smooth muscle
progenitor cells to a vascular injury site via the SDF-1/
CXCR#4 axis.”

Extracellular Vesicles Derived from Immune Cells

Apart from exerting their effects via secreted molecules
or direct cell-to-cell contact, immune cells may communi-
cate with target cells via the release of extracellular vesicles
(EVs).” Although the regulatory effects of stem cell-derived
EVs on immune cells have been extensively studied,®
fewer studies have explored the effect of immune-cell de-
rived EVs, specifically on stem/progenitor cells. However,
it is likely that immune cells modulate stem/progenitor
cells via EVs. For instance, in vitro studies have shown
that lipopolysaccharide-stimulated human primary mono-
cytes release exosomes that stimulate osteogenic differen-
tiation,*" or cytokine secretion and upregulation of matrix
metalloproteinase genes in MSCs,3? suggesting a potential
function in bone remodeling.? Similarly, EVs derived from
platelet lysates and dendritic cells have been found to pro-
mote BM-MSC osteogenic differentiation and migration,
respectively.®»* Another interesting study demonstrated
that macrophage-derived EVs were essential for the res-
toration of intestinal homeostasis in response to radiation-
induced intestinal injury, using both in vitro and in vivo
assays.® In particular, WNTs S5a, 6, and 9a, packaged in
EVs secreted by macrophages were crucial for Lgr5+ ISC
survival, self-renewal and proliferation.
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Improving the Regenerative Activity of
Endogenous and Transplanted Stem Cells
with Immune Cells and Immune Cell-Derived
Factors

The sections above highlighted how tissue-resident and re-
cruited immune cells modulate the regenerative activity of
endogenous stem/progenitor cells. The following sections de-
scribe examples of strategies that have taken advantage of
delivering immune cells, immunomodulators and immune
cell-derived factors, to improve the regenerative activity of
endogenous and transplanted stem/progenitor cells (Fig. 2A).

Co-delivery of Macrophages

Several studies have shown the potential of macrophages in
improving the activity of stem/progenitor cells for tissue re-
generation (Fig. 2B). For example, intramuscular co-injection
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of myoblasts with pro-inflammatory macrophages in im-
munodeficient alymphoid mice improved the effect of the
injected myoblasts and subsequent muscle regeneration, by
extending the window of myoblast proliferation, delaying
differentiation and increasing their migration.®* Similarly,
the adjuvant function of macrophages in stem cell-induced
cardiac repair of myocardial infarction has also been investi-
gated in the rat. For example, one study explored how bone
marrow-derived macrophages (BMDMs), when polarized to
an anti-inflammatory state upon coculture with BM-MSCs,
could be used a cellular adjuvant for transplantation. Bone
marrow-derived macrophages were co-injected into the peri-
infarct area of rats after myocardial infarction, along with
these anti-inflammatory cocultured BMDMs, and this strategy
led to improved cardiac function 2 weeks post treatment. This
was accompanied by enhanced angiogenesis and increased
anti-inflammatory macrophages, suggesting the possible use
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Figure 2. Approaches that use or control immune components to stimulate the regenerative activity of endogenous and transplanted stem/progenitor
cells. (A) Example of the approaches. (B) Co-delivery of macrophages with MSCs or myoblasts. (C) Co-delivery of Tregs with MSCs. (D) Co-delivery of
immunomodulators with stem cells or with growth factors that act on endogenous stem/progenitor cells. (E) Delivery of immune cell-derived factors
to promote the regenerative activity of endogenous stem/progenitor cells. Abbreviations: MSCs, mesenchymal stem cells; A-MSCs, adipose tissue-
derived MSCs; BM-MSCs, bone-marrow-derived MSCs; CB-MSCs, compact bone-derived MSCs.
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of BMDMs as an adjuvant to stem cell therapy for cardiac
repair.’’” Given the importance of macrophages in liver re-
generation, the therapeutic potential of exogenous syngeneic
macrophages was investigated in a mouse model of chronic
liver injury.®® Mouse bone marrow cells were cultured with
colony stimulating factor-1 (CSF-1) to generate differentiated
macrophages which were then injected via the hepatic portal
vein into the injured mice. This led to an expansion of HPCs
and reduced liver fibrosis, accompanied by an upregulation
of IL-10, TWEAK, IGF-1, and VEGF-A, demonstrating the
anti-inflammatory and pro-regenerative effects of this thera-
peutic strategy.®® Another novel approach has been tested in
mice as a potential treatment for liver cirrhosis. A combin-
ation therapy involving the intravenous co-injection of MSCs
and CSF-1-induced bone marrow-derived macrophages (id-
BMMs) was administered in a mouse model of liver cirrhosis.
This strategy was significantly more effective at reducing liver
fibrosis, elevating hepatocyte proliferation and decreasing
blood levels of liver enzymes, compared to monotherapy with
MSCs or id-BMMs.* Furthermore, this combinatorial ap-
proach was found to improve resolution of liver fibrosis by
inducing the migration of host macrophages and neutrophils
into the damaged liver. This was accompanied by an increase
in the frequency of M2-like “anti-inflammatory” CD206-
positive macrophages, and a concomitant upregulation of
antifibrotic and pro-regenerative factors within the first week
after cell administration.®

Co-delivery of Tregs

Similar to macrophages, Tregs have also been used to en-
hance the regenerative activity of stem/progenitor cells (Fig.
2C). For instance, it was shown that implantation of autolo-
gous BM-MSCs in mouse calvarial bone defects only led to
partial regeneration. However, intravenous infusion of Tregs
administered 2 days prior to BM-MSC transplantation could
significantly improve bone regeneration and lead to com-
plete repair of the bone defects.” This effect was attributed
to the Treg-mediated inhibition of IFN-y and TNF-a that
prevented apoptosis of BM-MSC transplants and likely fa-
cilitated their differentiation.”® In addition, the protective
and supportive role of Tregs upon co-transplantation with
BM-MSC:s has been described in other animal models. For ex-
ample, co-intramyocardial injection of autologous Tregs with
BM-MSCs in a porcine model of chronic ischemia increased
MSC survival rate, proliferation and self-renewal, as well as
augmented capillary density.”! Another study demonstrated
the potential benefits of a combination therapy using Tregs
and AT-MSCs in mitigating the neuroinflammatory response
after traumatic brain injury in rats.”?> In comparison to mono-
therapy, a staggered regimen of Treg infusion at 24 hours, fol-
lowed by MSCs at 72 hours post injury, significantly reduced
microgliosis in the brain 2 weeks post traumatic brain injury.
The beneficial role of Tregs has been attributed to their ability
to dampen the immune responses in the recipient, leading to
a more favorable environment upon MSC infusion 48 hours
later.*?

The role of Tregs in conferring neuroprotection and regu-
lating neurogenesis after an ischemic stroke has been inves-
tigated as well. For instance, it was reported that the direct
injection of in vitro-activated Tregs into the left lateral ven-
tricle of the adult mouse brain post ischemia significantly pro-
moted NSPC proliferation in the subventricular zone.”® The
effect of Tregs was found to be via IL-10 signaling in NSPCs
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that promoted their proliferation.”® Interestingly, other studies
in mice and rats have shown that a small population of Tregs
is naturally present within bone marrow-derived stem cell
transplants used for stroke therapies.”*”> These Tregs have
been shown to have an important immunomodulatory and
neuroprotective role, leading to increased myelin production
by OPCs post-ischemic stroke injury.**

Delivery Of Immune Cell-Derived Factors and
Mediators

As highlighted earlier, an important parameter that can
modulate the regenerative activity of stem/progenitor cells is
the presence of immune mediators such as cytokines in the
injured tissue. Thus, controlling the effect of cytokines has
been explored to create a more optimal microenvironment
for endogenous and transplanted stem/progenitor cells (Fig.
2D). For instance, IL-1 receptor 1(IL-1R1)/MyD88 signaling
triggered by the pro-inflammatory cytokine IL-1f in mouse
injured bone was found to inhibit the proliferation and osteo-
blastic differentiation of transplanted compact bone-derived
MSCs (CB-MSCs).*® Therefore, to enhance the regenerative
activity of bone-derived MSCs, the cells were delivered via
a hydrogel functionalized with an inhibitor of the IL-1R1/
MyD88 signaling pathway. This strategy could considerably
improve the regenerative capacity of the stem cells in a mouse
model of bone regeneration.’® Similarly, it was reported that
the IxB kinase (IKK)/NF-kB pathway triggered by TNF-a and
IL-17 impairs the osteogenic differentiation of BM-MSCs
by promoting p-catenin ubiquitination and degradation.”®
Hence, transplantation of BM-MSCs with an IKK small-
molecule inhibitor was used to enhance the regenerative ac-
tivity of the stem cells in a rat bone regeneration model.*
Creating an optimal microenvironment for stem/progenitor
cells may also be useful for regenerative strategies based on
growth factors that target stem/progenitor cells. For example,
IL-1R1 signaling has been shown to decrease the respon-
siveness of MSCs and osteoblasts to growth factors such as
bone morphogenetic protein-2 (BMP-2) and platelet-derived
growth factor-BB (PDGF-BB).*” Thus, a sustained co-delivery
of BMP-2 and/or PDGF-BB with IL-1 receptor antagonist was
shown to increase the regenerative effect of the growth fac-
tors in mouse bone regeneration models.””

As mentioned above, macrophage-derived factors such as
IGF-1, VEGF-A and Nampt were found to directly promote
muscle regeneration by promoting the activity of satellite
cells. Thus, the therapeutic potential of these macrophage-
derived factors has been explored for muscle regeneration
(Fig. 2E). For example, delivering a single dose of NAMPT via
a hydrogel led to improved muscle regeneration in a mouse
model of volumetric muscle loss.?® This was shown to cor-
relate with an increase in the number of proliferating PAX7+
muscle satellite cells and centrally nucleated de novo muscle
fibers. Similarly, it has been shown that intramuscular delivery
of IGF-1 significantly increases muscle fiber size and volume
in mice that have impaired macrophage mobilization (CCR2
knockout).?! In another study, delivering IGF-1 together with
VEGF-A through an injectable hydrogel further enhanced
skeletal muscle fiber regeneration through increased myoblast
proliferation, improved angiogenesis, reinnervation and re-
duction in apoptosis.”®

Platelet rich plasma (PRP) has been extensively used thera-
peutically to promote tissue healing and stem/progenitor
cell activity as it releases pro-regenerative factors upon
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activation.”” In particular, PRP has been used in combin-
ation with stem cells for bone regeneration applications.'®
For example, PRP was shown to significantly enhance the re-
generative effect of MSCs by promoting their proliferation
and osteogenic differentiation in rabbits.!°! Similarly, a com-
bination of PRP with BM-MSCs could improve the viability
and proliferative capacity of BM-MSCs, as well as their cap-
acity to produce pro-angiogenic factors such as VEGF and
PDGF-BB.!°> Moreover, a combination of AT-MSCs and PRP
was shown to significantly promote periodontal tissue regen-
eration in a canine model.'%

Lastly, the potential of delivering macrophage-derived EVs
for stem/progenitor cell-mediated tissue healing has also been
explored. For example, a study showed that intravenous de-
livery of macrophage-derived EV-packaged WNTSs in mice ir-
radiated around the gastrointestinal tracts rescued the ISCs
from radiation toxicity.®* Additionally, another study showed
that EVs isolated from supernatants of an in vitro cultured
mouse macrophage cell line were enriched with WNTs.!04
Intradermal delivery of these EVs in mice promoted hair fol-
licle growth and dermis thickness, through the stimulation
of growth factor production by dermal papilla cells, which
provide a niche for epithelial progenitor cells involved in hair
follicle regeneration.'*

Current Status and Future Directions

It is becoming evident that various components of the im-
mune system play a major role in regulating the regenerative
activity of stem/progenitor cells in multiple tissues and or-
gans. This has been leveraged for therapeutic benefit to de-
sign novel regenerative strategies. For example, Ixmyelocel-T
is an autologous multicellular therapy manufactured from
bone marrow aspirate consisting of 2 key cell types, namely,
anti-inflammatory CD14* macrophages and CD90* MSCs.
The therapy has shown promising results in early phase clin-
ical trials for improving patient outcomes in ischemic dilated
cardiomyopathy and critical limb ischemia, although the exact
mechanisms of action are not known.!®"1%7 Similarly, another
trial aims to evaluate the effects of co-delivering MSCs and
Tregs for treating end-stage liver disease,'® as studies have
shown how the crosstalk between these 2 cell types can be
exploited in the context of acute liver injury.'”

Although the studies mentioned above are promising ap-
proaches for tissue repair and regeneration, their clinical appli-
cation is still in its infancy. Moreover, it is essential to evaluate
the safety and potential risks or side-effects associated with
delivering immune cells and their derivatives. For instance,
we need to understand the potential effects of such therapies
on endogenous immune cell populations and lymphoid or-
gans. It is also important to evaluate any aggressive systemic
inflammatory responses such as cytokine storms, potential
changes in the host’s ability to respond to infection, as well
as susceptibility to tumor formation and malignancy. In add-
ition, age, the so called “immune aging”, and gender may
influence the outcome of such therapies. Furthermore, to en-
sure successful clinical translation, we need to determine the
optimal route and dose of administration, establish quality
control measures, and understand immunological compati-
bility between patients. Thus, more research is required to
understand the behavior of transplanted immune cells or me-
diators, their homing to specific niches within the host and
their crosstalk with the tissue microenvironment. It is worth
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noting that some studies have shown the potential benefit of
controlling the behavior of immune cells, for instance by en-
gineering them with “safety switches”, or suicide genes that
lead to conditional cell death post-transplantation,''® or using
biomaterials with desirable physicochemical properties that
favorably regulate the cellular responses.!!!

In conclusion, our understanding of the interaction be-
tween the immune system and endogenous stem/progenitor
cells provides an exciting new avenue for designing a new
generation of regenerative strategies. Such immune-centric
approaches could improve therapies based on adult stem/pro-
genitor cells such as MSCs, which have demonstrated rela-
tively modest success for regenerative medicine applications
in clinical trials.!'? Furthermore, the use of exogenous stem/
progenitor cells might be substituted with the delivery of the
appropriate immune cells, immunomodulators, or immune
cell-derived factors which are able to stimulate the endogenous
stem/progenitor cell pools in the target tissue or organ. These
novel strategies support the potential of supplementing cell
therapies with a combinatorial approach, utilizing the cells
of the immune system, or its downstream effectors/ signaling
molecules. Nevertheless, despite growing evidence in pre-
clinical research supporting the use of immune components,
the mechanisms by which the immune system regulates stem/
progenitor cells during the tissue homeostasis and healing are
still elusive. Therefore, substantial basic research is needed to
understand the subtle interactions between the components
of the immune system and stem/progenitor cells in the context
of tissue repair and regeneration. This would provide key in-
sights into developing pioneering regenerative approaches for
treating tissue injuries and disorders.
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