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Overall, the human organism requires the production of ∼1 trillion new blood cells per
day. Such goal is achieved via hematopoiesis occurring within the bone marrow (BM)
under the tight regulation of hematopoietic stem and progenitor cell (HSPC) homeostasis
made by the BM microenvironment. The BM niche is defined by the close interactions of
HSPCs and non-hematopoietic cells of different origin, which control the maintenance
of HSPCs and orchestrate hematopoiesis in response to the body’s requirements. The
activity of the BM niche is regulated by specific signaling pathways in physiological
conditions and in case of stress, including the one induced by the HSPC transplantation
(HSCT) procedures. HSCT is the curative option for several hematological and non-
hematological diseases, despite being associated with early and late complications,
mainly due to a low level of HSPC engraftment, impaired hematopoietic recovery,
immune-mediated graft rejection, and graft-versus-host disease (GvHD) in case of
allogenic transplant. Mesenchymal stromal cells (MSCs) are key elements of the BM
niche, regulating HSPC homeostasis by direct contact and secreting several paracrine
factors. In this review, we will explore the several mechanisms through which MSCs
impact on the supportive activity of the BM niche and regulate HSPC homeostasis.
We will further discuss how the growing understanding of such mechanisms have
impacted, under a clinical point of view, on the transplantation field. In more recent years,
these results have instructed the design of clinical trials to ameliorate the outcome of
HSCT, especially in the allogenic setting, and when low doses of HSPCs were available
for transplantation.

Keywords: mesenchymal stromal cells, hematopoietic (stem) cell transplantation, hematopoietic stem and
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INTRODUCTION

The bone marrow (BM) is the organ responsible for
hematopoiesis, the formation of blood cellular components.
At the prenatal stage in humans, hematopoiesis is developed
via interactions of hematopoietic stem and progenitor cells
(HSPCs) with a stroma of mesenchymal lineage (Bianco et al.,
2010). Postnatally, these interactions are carried out within
the skeleton. Here, HSPCs are maintained, and hematopoiesis
takes place, unless hematopoietic stress causes the process to
transfer to extramedullary locations (Morrison and Scadden,
2014). Over the years, delineating a comprehensive picture of
both the BM’s components and regulatory mechanisms have
fascinated researchers, due to the potential of such discoveries
to benefit the clinical practice, as for example in hematopoietic
stem cell transplantation (HSCT). Furthermore, although
the BM is constituted by multiple elements, summarized
in Table 1, this review will revolve specifically around the
role of the BM’s mesenchymal compartment, intended
as mesenchymal stromal cells (MSCs) and MSC-derived
osteoprogenitors/osteoblasts, given its fundamental role in the
regulation of HSPC homeostasis.

The first hypothesis of the existence of a hematopoietic niche
dates back to 1978, when Roy Schofield theorized that a specific
subgroup of cells within the BM was responsible for conserving
HSPCs’ self-renewing capacity and preventing their uncontrolled
activation (Schofield, 1978). In the same years, other groups were
working to define the BM’s components exerting a nurturing
effect on HSPCs. These works highlighted the primary role of
BM osteoprogenitors in the regulation of HSPC homeostasis, by
underlining HSPCs’ primitive tendency to concentrate toward
the endosteal margins of long bones, in direct contact with
osteoblasts supported by N-cadherin (Lord et al., 1975) (Gong,
1978#181). Later studies employing labeled immature cells
confirmed the specific localization of long-term (LT)-HSPCs in
endosteal sites (Nilsson et al., 1997) (Nilsson et al., 2001 #246)
(Lo Celso et al., 2009) (Xie et al., 2009 #290). Further significant
discoveries were made in the early 1990s, when osteoblasts were
proven capable of producing hematopoietic cytokines and of
exerting a supportive role toward primitive hematopoietic cells
in vitro (Taichman and Emerson, 1994). In light of these findings,
in the following years, several groups observed an impairment
in the HSPC composition associated with disruption of the
normal osteoblastic physiology. Accordingly, the stimulation of
osteoblast proliferation increases the number of HSPCs in mice
and ex vivo in co-culture setting (Raaijmakers et al., 2010). By
providing evidence that osteoblastic cells played a critical role
in HSPCs’ functioning (Calvi et al., 2003; Zhang et al., 2003;
Sacchetti et al., 2007), studies in the early decades of the 2000s
paved the way for further investigations delineating a highly
multi-faceted picture. From that moment, different types of cells,
either hematopoietic and have not been observed to be involved
in BM’s appropriate functioning, were characterized more as
complex systems than as simple groups of cells (Mendez-Ferrer
et al., 2015). The concept arising from these studies highlights the
perivascular localization of the BM niche, created partly by MSCs
and endothelial cells, often associated with the sinusoidal vessels

of trabecular bone (Morrison and Scadden, 2014). The role of
osteoblasts in the control of HSPC hematopoiesis was revaluated
in light of few HSPCs found in contact with osteoblasts,
and further experiments demonstrated that osteoblasts do not
impact significantly on HSPC proliferation and differentiation
(Greenbaum et al., 2012). MSCs emerge as fundamental cells to
physically support HSPCs and sustain HSPC self-renewal and
differentiation to satisfy the body’s needs at physiological state
and in the case of stress.

MESENCHYMAL STROMAL CELLS

Mesenchymal stromal cells are key elements of the BM niche
regulating the composition of the niche environment and the
hematopoietic process. In support of this concept, several studies
showed the co-localization of MSCs in the sites of hematopoiesis,
starting from embryonic developmental stages E11 in the
aorta–gonad–mesonephros and, following the development of
the hematopoietic systems, in the liver, spleen, and BM
(Mendes et al., 2005).

In order to better understand the complex interactions within
the BM, mice of various strains have been extensively employed
as models to study the human BM niche, revealing fundamental
aspects of BM’s dynamic cellular activity. Such results, however,
are based on a few marker genes, such as leptin receptor (LepR),
nestin (Nes), C-X-C motif ligand 12 (Cxcl12), and Neural/Glia
antigen 2 (NG2), which are not specific to the BM cells but
are significantly expressed in other tissues as well (Chen et al.,
2017). Nonetheless, given the important activities of these genes,
their potential employment for therapeutic purposes have led
scientists to investigate their characteristics. As an example,
some Nes+ cells have been proven to originate from the neural
crest, co-localize with HSPCs, and support HSPC functions in
transgenic mice (Mendez-Ferrer et al., 2010; Isern and Mendez-
Ferrer, 2011). More recently, Nes+ MSCs were characterized
in the murine BM. These cells show a greater proliferative
capability when compared with Nes- cells, together with an
increased capacity to differentiate into mesodermal cells, release
chemokines, specifically, colony-stimulating factor-1 (CSF-1)
and tissue inhibitor of metalloproteinase (TIMP)-1 and -2 (Lu
et al., 2019). Such characteristics are important to favor tissue
regeneration following Nes+ cell transplantation (Lu et al., 2019).

Similarly, Morrison and Scadden (2014) identified Leptin
Receptor (LepR), a receptor for a fat cell-specific circulating
hormone, as a marker to prospectively isolate mouse MSCs.
LepR+ MSCs show clonogenic capacity and localize around the
sinusoidal vessels of the BM (Zhou et al., 2014). Importantly,
LepR+ MSCs produce Cxcl12 regulating HSPC homeostasis.
In transgenic mice, the conditional reduction of LepR+ MSCs
leads to a sharp decrease in Cxcl12, followed by a reduction
of quiescent HSPCs and increased HSPC mobilization (Ding
et al., 2012 #161; Ding and Morrison, 2013 #162; Oguro et al.,
2013 #250). Finally, in the murine BM cavities, HSPCs show
preferential proximity to CXCL12-abundant reticular (CAR)
cells, surrounding the sinusoidal endothelial cells close to
the endosteum (Sugiyama et al., 2006) as pericyte-like cells.
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TABLE 1 | The BM niche components.

Type of cell Role in the BM

Osteoblastic cells The region lining the inner bone surface is enriched with osteoblastic cells, including osteoprogenitors, pre- and mature
osteoblasts, and osteoclasts. The region is densely vascularized Le et al. (2018). Osteoprogenitors, the most immature
precursors of the osteoblastic lineage, maintain HSCs and support their proliferation by forming supportive niches within
the BM environment (Sacchetti et al., 2007). Osteoblastic cells are the primary contributors to the endosteal niche and
were among the first cells to be identified to regulate hematopoiesis (Lord et al., 1975; Gong, 1978; Taichman and
Emerson, 1994). The cells, activated by parathyroid hormone (PTH) or locally by PTH-related protein, have been
observed to produce hematopoietic growth factor (Taichman and Emerson, 1994; Taichman et al., 1996). The number
of osteoblasts, directly correlated with amount of HSC, is strongly influenced by bone morphogenic protein (BMP)
signaling (Zhang et al., 2013), whose receptor inhibition leads to an increase of both osteoblasts and HSCs (Galán-Díez
et al., 2018). Lowering in the amount of osteoblasts has previously shown a suppressing effect towards lymphoid and
erythroid cells, whilst favoring myeloid cell expansion (Krevvata et al., 2014). Recent results have also suggested the
degree of their involvement in hematopoiesis to depend on osteoblasts’ state of differentiation (Sacchetti et al., 2007;
Wu et al., 2008; Mendez-Ferrer et al., 2010; Calvi et al., 2012; Kunisaki et al., 2013; He et al., 2017). Further evidence
of the osteoblasts involvement in the regulation of HSCs self-renewal ability and correct homeostasis have been
obtained in Calvi et al. (2003); Zhang et al. (2003).

Osteoclastic cells Osteoclasts (OCLs), notoriously bone-resorbing cells and obligate partner of the osteolineage cells (Smith and Calvi,
2013), play a complex role in HSCs regulation, highly variable depending on the model. Studies have shown that
administration of granulocyte-stimulating factor (G-CSF) promotes OCL activity in both humans and mice (Takamatsu
et al., 1998; Watanabe et al., 2003). OCLs are fundamental for BM cavity formation, which, in turn, is necessary for
HSPC mobilization (Katayama et al., 2006) and establishment of the HSC niche (Mansour et al., 2012). In detail, HSPC
mobilization is triggered by OCL production of matrix metalloproteinase 9 and cathepsin K, which through cleavage of
CXCL12, inactivates stromal cell-derived factor 1 (SDF-1) and causes HSPC to be released by the BM (McQuibban
et al., 2001; Petit et al., 2002; Lévesque et al., 2003). However, results still appear conflicting on OCLs’ activities, with
some studies showing OCL to actually inhibit mobilization in mice. This was theorized, when mice administered with
bisphosphonate, which notoriously reduces the number of OCLs, were observed to have greater mobilization
(Takamatsu et al., 1998; Winkler et al., 2010). Similarly, Miyamoto et al. (2011) observed greater mobilization when
OCLs were depleted, and reduced following G-CSF serial administration and OCLs increase. Histological analyses
further suggested that both OCL and the BM cavities may be negative regulators of hematopoiesis, making them
unnecessary for HSPC maintenance or mobilization (Miyamoto et al., 2011).

Endothelial & Perivascular niche Further components of the BM niche include perivascular HSCs, comprising endothelial and Leptin receptor positive
(LepR+) stromal cells (Zhou et al., 2014). In Kiel et al. (2005) localized the perivascular niche in the sinusoidal
endothelium, whilst endothelial cells (EC) line the lumen of blood vessels aimed at transporting oxygen and nutrients to
cells. The endothelial niche can be further distinguished between an arteriolar and a sinusoidal niche, identified by
distinctive markers (Lazzari and Butler, 2018). ECs contribute to HSCs regulation and self-renewal both directly or via
the release of angiocrine factors, such as C-X-C motif chemokine 12 (CXCL12), VEGF-A, FGF2, ANG1, the Notch
signaling pathway and TSP1 (Asada et al., 2017; Tikhonova et al., 2019). Moreover, a study by Chen et al. has
highlighted the important regulatory role of a subpopulation of ECs, named Apln+ ECs, on HSCs correct functioning
and BM regeneration following transplant (Chen et al., 2019). The BM endothelial components, comprise the arteriolar
and the sinusoidal niches (Hooper et al., 2009; Poulos et al., 2015). In addition to these, another subset of cells, named
‘Type-H’ cells, and characterized by elevated CD31 and Endomucin, has been highlighted. Type-H cells are possibly
widespread in both the sinusoidal and arteriolar niches (Ramalingam et al., 2017) and have been suggested to be
significant contributors to regulation of the bone angiogenesis and BM’s microenvironment (Kusumbe et al., 2014;
Ramasamy et al., 2014; Itkin et al., 2016). However, it has recently been suggested that quiescent HSCs are likely to
reside in proximity of perivascular niche, closely associated to the sinusoid (Acar et al., 2015; Chen et al., 2016;
Koechlein et al., 2016).

Neuronal & glial cells In the last decade, the sympathetic nervous system (SNS) has been an adjunct to the many regulators for the BM’s
HSCs, acting via direct contact, via the microenvironment or by releasing catecholamines (Kalinkovich et al., 2009). In
particular SNS has been observed to regulate HSPCs’ mobilization from the BM to the bloodstream (Katayama et al.,
2006; Méndez-Ferrer et al., 2008; Mendez-Ferrer et al., 2010) as well as their proliferation and differentiation. Recent
findings have demonstrated the mechanisms of homing and mobilization of HSPCs to be regulated by coordinated
activity of the SNS and parasympathetic cholinergic signals in García-García et al. (2019). SNS’s modulating influence of
the BM have been evidenced in several processes, including bone remodeling, cellular anchorage and egress from the
BM and HSPC inflammatory outcome (Hanoun et al., 2015; Maryanovich et al., 2018). Additionally, MSCs’ activity has
been seen to undergo regulation by the sensorial nervous system and, in turn, secrete neurotrophic factors, which
benefit the nervous system by exerting a neuroprotective effect and promoting regeneration, showing a reciprocal
relation between the two systems (Teixeira et al., 2013). Moreover CXCL12 downregulation is achieved via
noradrenaline binding to β 3-ADR located on stromal cells, which causes a decrease in intranuclear Sp1 transcription
factor (Méndez-Ferrer et al., 2008; García-García et al., 2019). This regulatory mechanism has long been identified as
essential to HSC/leukocyte preservation within the BM (Nagasawa et al., 1996). As part of the CNS involvement of the
BM niche, glial cells have demonstrated a supportive role towards the BM nerve fibers in the regulation of HSCs’
proliferation, by maintaining HSCs’ quiescent state (Yamazaki et al., 2011). By releasing activator molecules, the tumor
growth factor-β (TGF)/SMAD signaling pathways is activated and Smad2 and Smad3 phosphorylation is increased,
guaranteeing HSCs’ quiescence (Yamazaki et al., 2011; Blank and Karlsson, 2015).

(Continued)
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TABLE 1 | Continued

Type of cell Role in the BM

Adipocytes Bone marrow adipocytes (BMAs) were first hypothesized in the 19th century and officially identified as BM components
in the 1960s (Zakaria and Shafrir, 1967). BMAs are a heterogeneous group of cells both in terms of physical
characteristics and varying among species and genders (Scheller et al., 2015; Lecka-Czernik et al., 2017). They are
present on both the yellow and red BM and represent 50-70% of the total BM volume (Hardouin et al., 2016). Among
the several different cell types making up the BM niche, BMAs play a significant role which, although previously only
considered limited to a negative regulation (Naveiras et al., 2009), it has recently emerged as significant for HSCs
appropriate regulation (Zhou et al., 2017). Imbalanced ratio of BMAs and a lower hematopoietic functional capacity has
been associated with aging (Kirkland et al., 2002; Berkahn and Keating, 2004; Rosen et al., 2009; Van Zant and Liang,
2012). Although the basic function of BMAs is still to store excess energy, yellow and red BMAs have shown a
difference in responsiveness (Craft et al., 2018). Studies have shown that BMAs from the yellow marrow do not respond
to environmental stressors, whilst the red marrow mainly includes react to both endogenous and exogenous cues
(Scheller et al., 2015). One of the mechanism through which BMAs affect hematopoietic stem cells’ function is by
imposing a physical barrier when expanding in the BM. This causes a limitation in mobilization and a necessary
remodeling of the marrow niche via lineage development, to adjust to the limited space available (Boroumand and Klip,
2020). Such limitations may further affect bone appropriate formation (Su et al., 2018) and alter lymphocytes’
maturation (Tokoyoda et al., 2004).

Macrophages Macrophages are a heterogeneous group of mononuclear cells belonging to the innate immune cell group and are
present across all tissue types, including the BM. They primarily act as a first line defense in immune response (Zajd
et al., 2020) but exert several functions including tissue remodeling, clearing of dead cells and releasing of angiogenic
factors (Davies et al., 2013). Macrophages form early in embryogenesis and are believed to migrate towards the sites of
HSC formation to support their development (McGrath et al., 2015). Within the BM, macrophages interact with Nes+
cells, inducing CXCL12 transcription. Once macrophages deplete, CXCL12 expression is lost and HSC are released
from the BM (Mariani et al., 2019). This process involves not only CXCL12, but also several other factors regulating HSC
maintenance, such as ANGPT1 and vascular adhesion protein 1 (VCAM). Experimental depletion of monocytes and
macrophages led to a decrease in BM CXCL12 and a selective inhibition of HSC maintenance genes, which caused
HSC egression into the peripheral circulation (Chow et al., 2011). In the context of HSCT, macrophages are believed to
perform a significant supportive role to guarantee reconstitution, although the mechanisms involved are still unclear
(Qiao et al., 2018). Activation of BM macrophages following allogenic HSCT has been observed to impair correct
recovery, increase mortality and lower overall survival, suggesting macrophages’ critical impact (Takagi et al., 2009). In
mice, reduction in BM macrophages altered the proportion of BM-HSC and megakaryocytes, as well as white blood
cells in the peripheral blood circulation. Such reduction could be associated with a number of damaging consequences,
among which a delay in BM recovery from damage, an increase in apoptotic HSCs and a limited survival rate of
sub-lethal dose irradiation mice confirming the essential role of BM macrophages in BM recovery (Ju et al., 2019).

Table summarizing the non-hematopoietic components of the human BM niche.

As a matter of fact, in vivo analyses of HSPCs following
transplantation in mice have provided significant evidence of
their preferential localization in vessels displaying a higher
rate of CXCL12, at first, and a subsequent migration toward
periosteal locations (Sipkins et al., 2005; Lo Celso et al., 2009).
CAR cells express adipogenic and osteogenic genes, and control
HSPC homeostasis through the secretion of CXCL12 and SCF.
Indeed, CAR cell-depleted mice showed an increased expression
of myeloid-differentiation genes, highlighting the role of CAR
cells in the control of HSPC quiescence (Omatsu et al., 2010).
NG2 perivascular cells were also demonstrated to play a trophic
effect on HSPCs. with arterioles. Depletion of NG2+ cells was
associated with a sharp reduction in HSPC repopulating ability
(Asada et al., 2017). Although differences between humans
and mice should be taken into consideration, comparative
biology has allowed the advancement in understanding the
BM composition and mechanisms in this model, undoubtedly
contributing to the current understanding of the interactions
among human BM components and the supportive role that
MSCs play in this context. Indeed, despite human MSCs showing
different functional characteristics, the molecular mechanisms
underlying the supportive activity of MSCs, first identified in
the murine models of BM niche, were fundamental to dissect

the complexity of the human hematopoietic niche. Recently,
humanized models of the BM niche were employed as a tool
to study the human stroma in physiological and pathological
context, partially overcoming the functional differences between
mouse and human BM niches (Reinisch et al., 2016; Abarrategi
et al., 2017). Within the mature human BM niche, MSCs are
localized around the blood vessels, similar to pericytes, in the
endosteal and vascular sites (Mangialardi et al., 2016). The
endosteal niche is localized in the internal bone shell surface,
close to the endocortical and trabecular surfaces. The endosteum
is a thin vascular membrane covering the inner surface of the
bone mostly formed by osteoblasts and osteoclasts. Endosteal
MSCs line the bone surface where they are physically associated
with both osteoblasts and HSPCs (Mendez-Ferrer et al., 2010).
Several studies have highlighted that long-term (LT)-HSPCs
reside in the endosteal niche supported by endosteal MSCs. MSCs
of the vascular niche consist of pericyte-like cells that support
cycling HSPCs and regulate HSPC mobilization and homing.
In particular, within the human BM niche, CD146+ MSCs are
pericyte-like cells localized in the sinusoidal wall, characterized
by high clonogenic and self-renewal capacities, in addition to
expressing hematopoietic supportive factors, including SDF-1α

and ANG1 (Sorrentino et al., 2008). CD146+ MSCs are capable
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of giving rise to hematopoiesis-associated stromal cells in vivo,
with a defined developmental sequence in which bone formation
precedes the appearance of a sinusoidal system, and ultimately of
hematopoiesis (Sacchetti et al., 2007).

Contrarily, CD271 and CD271+/CD146−/low MSCs are bone-
lining MSCs associated with LT-HSPCs in low-oxygen areas.
These specific subsets of MSCs are characterized by higher levels
of extracellular matrix and chondrogenesis genes (Kuci et al.,
2019). Also, CD271+ MSCs have shown high colony-forming
unit—fibroblastic (CFU-F) capacity, the ability to transfer a BM
microenvironment upon transplantation, and to differentiate
in vitro into mesodermal mature cell lineages (Tormin et al., 2011;
Crippa and Bernardo, 2018).

Although several studies have clarified the identity of MSC
subset/s involved in the regulation of HSPC homeostasis in vivo,
most of the available data describing their HSPC supportive
activity have been obtained using ex vivo expanded MSCs. This
is due to their low frequency in the BM of 0.01–0.001% of the
total mononucleated cells in humans. Hence, MSCs are usually
isolated and expanded in vitro to reach an appropriate quantity
for biological and functional characterization, and an adequate
number for any clinical application (Alvarez-Viejo et al., 2013).
MSCs can be easily isolated from BM mononuclear cells by
plastic adherence, and expanded as fibroblast-like cells for several
passages (p8/9), with an intrinsic capacity to differentiate into
mesodermal cell types when exposed to proper differentiation
factors. Importantly, from a clinical point of view, it has been
shown that MSCs can be also derived from the CD34- fraction
of BM aspirates, highlighting the possibility to isolate autologous
MSCs from the same sample used to isolate CD34+ HSPCs for
transplantation (Ingo et al., 2016; Crippa and Bernardo, 2018).

Furthermore, MSCs have been isolated from several other
tissues, including the umbilical cord (Erices et al., 2000),
adipose tissue, liver (although with some differing characteristics)
(Kholodenko et al., 2019), spleen, dental pulp, and lung tissue
(Foronjy and Majka, 2012). To ease the identification of MSCs,
in 2006, the International Society for Cellular Therapy has listed
some defining criteria (Dominici et al., 2006):

(1) Adherence of MSCs to plastic when cultured.
(2) Expression of CD105, CD73, and CD90 surface markers

and, at the same time, absence of expression of CD45,
CD34, CD14/CD11b, CD79a, CD19, and HLA-DR
surface antigens.

(3) Ability to differentiate in vitro in the three lineages:
osteoblasts, adipocytes, and chondroblasts.

The clinical use of ex vivo expanded MSCs in the
context of HSCT is based on MSC’s capacity to sense the
environmental stress and activate a paracrine response to restore
a proper balanced physiology. This includes the release of anti-
inflammatory factors to preserve the BM niche function upon
the pre-transplant treatment with conditioning regimen and
the capability to modulate the innate and adaptive immunity,
reducing the risk of graft-versus-host disease (GvHD) and graft
rejection. In addition, the secretion of hematopoietic supportive
factors by MSCs promote the survival of transplanted HSPCs

and favor their engraftment, accelerating the hematological
reconstitution after transplantation.

MESENCHYMAL STROMAL CELLS’
PARACRINE IMMUNOREGULATORY
ACTIVITY

Over time, studies on cultured MSCs have attempted at clarifying
MSCs’ regulatory role, and nowadays, their ability to produce
and release a wide variety of cytokines, chemokines, and growth
factors that may affect the immune system, has been extensively
confirmed (Fibbe and Bernardo, 2014). MSC immunosuppressive
ability was first demonstrated in support to skin graft, which was
prolonged after MSC administration (Bartholomew et al., 2002).
Thanks to this immunoregulatory capacity, MSCs may influence
the activity of both the innate and adaptive immune cells, through
cell-to-cell contact or by paracrine mechanisms. This renders
MSCs a promising and attractive candidate for therapeutic
application against different immune-mediated diseases and to
control T-cell reactivity causing GvHD, in the case of allogenic
transplants or inducing graft rejection.

The interaction between MSCs and the T-cell compartment
has been demonstrated by several research groups. Francois
et al. (2012b) reported that MSCs inhibit T-cell proliferation
by secreting indoleamine 2,3-dioxygenase (IDO), especially
when MSCs are pre-stimulated with IFNγ and TNF and
when treated with prostaglandin E2 (PGE2). Moreover,
it has been shown that the addition of monocytes to a
PBMCs/MSCs co-culture increases the inhibitory effect of
MSCs on T-cell proliferation in a dose-dependent manner
(Cutler et al., 2010).

The mechanisms at the basis of T-cell immunosuppression
rely also upon cytokines, such as interleukin-10 (IL-10),
transforming growth factor-β (TGFβ) (Ryan et al., 2007), and also
through toll-like receptors (TLRs), in particular, TLR3 and TLR4
(Liotta et al., 2008; Figure 1).

The immunoregulatory activity of MSCs is environment
dependent, and MSCs acquire a specific function by sensing
the inflammatory/anti-inflammatory signals in a process
of activation named “licensing” (#97). The activation of
immunosuppressive rather than immune-stimulating phenotype
of MSCs depends on the balance between different stimuli. Based
on these signals, MSCs can polarize into two acting phenotypes:
MSC-1 with a proinflammatory profile and MSC-2 with an
anti-inflammatory profile (Waterman et al., 2010). Among all
factors, IFNγ is the key to activate MSC with immunosuppressive
properties. IFNγ is the first cytokine to be produced after T-cell
activation, and it would normally act as a boost signal for T
cells. However, in the presence of MSCs, IFNγ suppresses T-cell
proliferation, by binding IFNγ receptors expressed on the cell
surface of MSCs and activating an immunoregulatory phenotype
of MSCs. It has also been shown that MSCs treated with IFNγ

in vitro, behave as an efficient antigen-presenting cell (APC),
inducing specific immune responses. It was suggested that MSCs
act in different ways depending on the concentration of IFNγ:
they may act as APCs at low IFNγ concentration, while exerting
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FIGURE 1 | Schematic representation describing the clinical use of MSCs in the context of hematopoietic stem cell transplantation (HSCT). (A) MSCs has been
successfully employed to reduce the risk and to treat graft-versus-host disease (GvHD) in transplanted pediatric and adult patients. Thanks to their ability to sense
inflammatory stimuli, MSCs are capable to modulate T-cell proliferation and activation through the release of specific immunomodulatory cytokines (IL10, TGFb, and
PGE2). (B) MSCs have been used as a feeder to expand and maintain UCB-CD34+ HSCs before transplantation due to their ability to secrete HSC supportive
factors. (C) The co-infusion of MSCs has been demonstrated to promote HSC engraftment and accelerate hematological reconstitution in transplanted patients.
Despite only a small percentage of infused MSCs reaches the BM niche, the production and release of supportive factors by co-infused MSCs ameliorates the
outcome of HSCT. (D) The ability of MSC to repair and differentiate in bone cells makes them an attractive cell candidate to restore a proper BM niche, with MSCs
and MSC-derived osteoblasts capable of supporting HSCs. (BM, bone marrow; UCB, umbilical cord blood). For each clinical application, works describing clinical
trials for the use of MSCs are reported.

an inhibitory effect at higher concentration of IFNγ (Chan et al.,
2006). The release of other inflammatory cytokines, such as
TNF-α and IL-1a, are important for MSC activation, but the
effect of these stimuli is only effective in combination with IFNγ.

An important role for the activation of immunosuppressive
MSCs is played by TLRs. MSCs express different types of
TLRs, which trigger specific molecular signaling and biological
properties. For example, TLR2 induces the secretion of
IL-6 and inhibits differentiation of MSCs into adipocytes
and osteoblasts (Flynn et al., 2019); TLR3 induces MSC
migration and secretion of immunosuppressive cytokines and
chemokines like IL-10 and TNFα (Rashedi et al., 2017).
On the contrary, TLR4 priming induces MSCs to release
proinflammatory cytokines. In conclusion, the licensing process
depends on three factors: presence of inflammatory cytokines,
their concentration, and timing of exposure (Romieu-Mourez
et al., 2010; Sangiorgi and Panepucci, 2016).

Furthermore, MSCs have shown the ability to variably respond
to IFN-γ depending on the circumstances. For example, IFN-
γ may enhance the immunosuppressive activity of MSCs on T
lymphocytes (Krampera et al., 2003), but it may also elicit a
completely different response, by inducing MSCs to behave as
a non-conventional antigen-presenting cell (APC) (Stagg et al.,
2006), demonstrating a high immunological plasticity. While
effects on T cells is clearer, regulation of B-cell function remains
controversial. Several studies show inhibition of B cells, through
cell cycle arrest elicited by MSCs, mainly due to the production
and release of soluble factors (Augello et al., 2005; Corcione
et al., 2006). This aspect supports the prospective employment
of MSCs in immune-mediated disease. Conversely, Healy et al.
have shown a completely opposite effect, as MSCs determined
activation and proliferation of B lymphocytes (Healy et al., 2015),
highlighting the necessity to continue the research to improve our
understanding of the underlying regulatory mechanisms.
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Importantly, although the mechanisms still need to be
clarified, these cells have shown fundamental immunoregulatory
capacity by significantly affecting maturation, polarization,
and function of lymphocytes, macrophages (Zhou et al.,
2019), dendritic cells’ (DCs), and natural killer (NK) cells
(Sotiropoulou et al., 2006).

The immunomodulatory ability of MSCs is at the basis
of their clinical use in promoting the resolution of damage-
induced inflammation. In this regard, MSCs not only modulate
the immune system to mitigate the detrimental effects of
excessive inflammation, but also release specific factors within
the inflammation site, which favor resident tissue repairing
mechanisms. Among them, VEGF, Angiogenin (ANG), and IL-
8 increased vascular regeneration (Kim et al., 2019), NGF, IL-10,
and IL1-RA prevented apoptosis and enhanced cell proliferation
(Francois et al., 2012b). Stimulation of MSCs with TNF, for
example, has been observed to enhance the release of interleukin
6 (IL6), HGF (Broekman et al., 2016), VEGF (Ge et al., 2018),
and insulin-like growth factor-1 (IGF-I), which, on the other
hand, is decreased when p38 MAPK signaling pathway is halted
(Miloso et al., 2008). These mechanisms have shown potential
to be employed in treatment. For example, combinatory effect
of p38 MAPK inhibitors with MSC infusion has recently been
tested in mouse models of myocardial infarction, significantly
ameliorating inflammation, apoptosis, and cell morphology
(Zhang et al., 2017), highlighting the beneficial effect of this
combinatory strategy to limit inflammation-derived damage.
Similarly, MSCs have been employed in several clinical trials
to counteract neurodegenerative diseases (Kabat et al., 2020),
showing neuroprotective effects. Indeed, in Parkinson’s disease,
hBM-MSCs promoted a-synuclein clearance stimulating IL-
4 secretion from microglial cells, (Park et al., 2016) and in
Alzheimer’s disease, hUCB-MSCs were able to reduce microglial
activation and apoptosis (Lee et al., 2010).

MESENCHYMAL STROMAL CELLS’
HEMATOPOIETIC SUPPORT

The key role of MSCs in the regulation of the hematopoietic
compartment is supported by the co-localization of MSCs with
sites of hematopoiesis since the embryonic developmental stages
(Mendes et al., 2005). MSCs exert their function through the
direct interaction with HSPCs and by secreting several paracrine
factors, as schematized in Figure 2. Perivascular MSCs express
several Notch ligands, including Jagged-1, Jagged-2, DLL-1,
and DLL-4, which are responsible for the activation of Notch
signaling in HSPCs, a key pathway controlling HSPC growth
and differentiation during development (Bigas et al., 2010,
#345; Lampreia et al., 2017). The perturbation of Notch ligand
expression in MSCs induces premature differentiation of HSPCs
when ex vivo co-cultured (Corselli et al., 2013).

Within the BM niche, the levels of ROS determine the
balance between quiescent and differentiating HSPCs. Thus,
the fine tuning of ROS level is fundamental to preserve HSPC
homeostasis (Ludin et al., 2014). In such a context, MSCs
function as scavenger cells to import ROS from HSPCs avoiding

excessive HSPC activation (Taniguchi Ishikawa et al., 2012).
Similarly, it has been shown that the mitochondrial transfer from
transplanted HSPCs to BM stroma via connexin-43 accelerate
the BM niche regeneration after myeloablative stress, improving
HSPC engraftment (Golan et al., 2020). The N-cadherin-
mediated binding of human HSPCs to BM stromal cells was
also described to preserve HSPC quiescence. In vitro studies
demonstrated that N-cadherin silencing reduces the percentage
of long-term repopulating HSPCs in co-culture with MSCs (Wein
et al., 2010). In addition, the contact-dependent effects of MSCs
on different BM niche cell types allow to amplify the supportive
activity of the stromal niche. For instance, the direct cell contact
between MSCs and endothelial cells induce MSCs to activate a
pericyte-like program to sustain the formation of new vessels
(Loibl et al., 2014) and the integrin-mediated cell-contact of
MSCs with myeloma cells enhance the production of osteoclast-
stimulating factors (Michigami et al., 2000).

However, the MSC release of supportive factors is the
principal molecular mechanism regulating HSPCs\homeostasis
in vivo, within the BM niche, and ex vivo, in MSC-based
co-culture systems and when MSCs are co-infused to sustain
HSPCs in HSTC pre-clinical and clinical models (Crippa et al.,
2019). The role of MSC secretome (Liu et al., 2018) and
MSC-derived extracellular vesicles (Batsali et al., 2020) also
demonstrates the predominance of MSC paracrine activity in
sustaining HSPC function.

Among the many components of MSCs’ secretome, CXCL12,
also known as stromal cell-derived factor-1α (SDF-1α), and stem
cell factor (SCF), or Kit ligand (Kitl), play a pivotal role in
HSPCs’ maintenance. CXCL12 has shown both a significant
immunomodulatory effect (Giri et al., 2020) and an essential
regulatory activity on both HSPCs and lymphoid progenitor cells
(Semerad et al., 2005; Mendez-Ferrer et al., 2010). Suppression
of Cxcl12 from multiple subgroups of stromal cells was observed
to cause a range of effects in terms of mobilization and
appropriate functioning of cells. Interestingly, while no effect was
observed when Cxcl12 was deleted in mineralizing osteoblasts,
B-cell progenitors were lost and HSPC mobilized, when the
same factor was deleted from osterix-expressing stromal cells
(Greenbaum et al., 2013). Furthermore, when Cxcl12 was
deleted in murine Nes- mesenchymal progenitors, a striking loss
of HSPCs and quiescence as well as long-term repopulating
activity and common lymphoid progenitors were observed,
highlighting this subpopulation of cells to retain a supportive
role of B-cell progenitors and its significance in HPSC homing
(Greenbaum et al., 2013). CXCL12 selectively activated STAT-
5 signaling pathway in different hematopoietic cells, inducing
cell proliferation (Vila-Coro et al., 1999; Mowafi et al., 2008).
The activation of STAT5 in HSPCs is accompanied with the
expression of specific microRNAs to guarantee a negative control
for excessive and uncontrolled HSPC proliferation (Haetscher
et al., 2015), suggesting a possible role of CXCL12/STAT5 axis
in HSPCs’ survival and proliferation (Janowska-Wieczorek et al.,
2001; Aqmasheh et al., 2017).

Mesenchymal stromal cells’ secretion of SCF has been instead
associated with appropriate homing of HSPCs (Horwitz et al.,
2011). Mainly secreted by BM adipocytes and Lepr+ stromal
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FIGURE 2 | Schematic representation of the hematopoietic supportive activities of human mesenchymal stromal cells (MSCs). MSCs support hematopoietic stem
and progenitor cell (HSPC) homeostasis by cell-contact, through the interaction of specific ligands expressed on MSCs surface with HSPC receptors (N-cadherin
and Notch). Adherent junction, such as connexin43, also play a role in the control of HSPC metabolism to protect cells from excessive activation. However, MSCs
exert their hematopoietic function mainly through the secretion of supportive factors and the release of extracellular vesicles and exosomes. HSC models are
licensed by https://creativecommons.org/licenses/by/3.0/legalcode.

cells, studies on mice have proven that SCF is essential for
HSPC regeneration as well as hematopoiesis and cell homeostasis,
particularly in conditions of obesity and aging (Zhang et al.,
2019; Zhou et al., 2017). Inhibition of the appropriate interactions
between SCF receptor and ligand has shown to enhance HSPC
clearance, confirming the chemokine role in HSPCs’ self-renewal
(Czechowicz et al., 2007). Evaluation of mutations to the SCF
receptor-encoding genes in mice models have been associated
with severe conditions of macrocytic anemia, in the case of loss-
of-function mutations (Nocka et al., 1989), or erythrocytosis
when in the presence of a gain of function (Bosbach et al., 2012).

Among the many components of MSCs’ secretome, several
were observed to exert important roles in inflammatory reactions,
cell homing, and regulation of apoptotic events, such as vascular
endothelial growth factor (VEGF), fibroblast growth factor-
2 (FGF-2), angiopoietin (ANGPT), and hepatocyte growth
factor (HGF), all associated with different signaling pathways
(Aqmasheh et al., 2017).

Vascular endothelial growth factor is another factor secreted
by MSCs and involved in several immunological responses,

enhancing neuro- and angiogenesis in cases of cerebral damage
(Matsuzaki et al., 2001; Svensson et al., 2002; Ford et al.,
2011; Suzuki et al., 2011). VEGF is also a crucial regulator of
cell differentiation by determining cell fate as well as survival,
migration, and proliferation (Oswald et al., 2004; Li et al., 2011;
Zaniboni et al., 2015). In terms of hematopoietic support, VEGF
levels in HSPCs tend to raise in response to stimulation by
cytokines (Bautz et al., 2000). Several subsets of HSPCs present
VEGF receptor type 2 (VEGFR-2), whose expression has been
linked to pluripotent stem cell activity (Shalaby et al., 1995;
Kabrun et al., 1997). At the end of the last century, early
development studies observed lethality due to alteration in both
angiogenesis and hematopoiesis, as a consequence of knockout
of either VEGF- and VEGFR-2-encoding genes (Shalaby et al.,
1995; Carmeliet et al., 1996; Ferrara et al., 1996). In particular,
Shalaby et al. (1995) observed Vegfr2−/− mice dying around
E8.5. Similarly, knock-in mice with tyrosine residue Y1173 of
Vegfr-2 (Y1175 in humans) were observed to die around E8.5–
9.5, due to scarcity of endothelial cells and HSPCs (Sakurai
et al., 2005). This is due to VEGF ability in recruiting HSPCs

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 May 2021 | Volume 9 | Article 663316

https://creativecommons.org/licenses/by/3.0/legalcode
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 9

Crippa et al. Hematopoietic Supportive Role of MSCs

and endothelial progenitor cells, which leads to the development
of microvasculature within the BM, essential for appropriate
hematopoiesis (Gerber et al., 2002; Koch and Claesson-Welsh,
2012). Also, VEGF-A levels have been shown to increase in
plasma as a result of ANGPT-1 stimulation of hematopoiesis
and mobilization of BM-repopulating stem and progenitor cells
(Hattori et al., 2001; Kopp et al., 2006). Although some of VEGF
abilities to support hematopoiesis have been individuated, the
underlying mechanisms that govern the process still need to be
unveiled, and further studies are required.

Another example of the regulatory role of MSC’s secretome
includes the maintenance of HSPCs’ quiescence regulated by
interaction between tyrosine kinase receptor (Tie2) and ANGPT-
1 ligand, through adhesion of MSCs to HSPCs (Blank et al.,
2008). Similarly, HSPCs are maintained by MSCs’ production
of the Notch ligands, which are normally involved in regulation
of the proliferation, functioning, and differentiation of T and
B lymphocytes (Kang and Robling, 2014). Production of Notch
ligands improves survival and proliferation of HSPCs, while
preventing their differentiation, as demonstrated by Notch
inhibition leading to greater egress and mobilization of HSPCs
(Wang et al., 2015).

Another significant player in HSPC maintenance is fibroblast
growth factor 2 (FGF2) that has been demonstrated to support
the expansion of stromal cells in mice, consequently raising
SCF and supporting HSPC expansion, which highlighted the
capacity of FGF2 to regulate gene expression and, in turn, support
HSPC proliferation. In mice, FGF2 has been proven to promote
appropriate recovery, following myeloablative treatments, by
supporting HSPC expansion (Itkin et al., 2012; Zhao et al., 2012).
Nonetheless, FGF2 ability to expand different types of progenitor
cells may be crucial to boost hematopoiesis after HSCT.

Similarly, hepatocyte growth factor (HGF) is known
to stimulate local angiogenesis by stimulating tyrosine
phosphorylation via the c-MET receptor (Nita et al., 2017).
HGF is produced within the BM microenvironment and has
been observed to raise in patients treated with granulocyte
colony-stimulating factor (G-CSF). Increased expression of the
c-MET, associated to HGF, is observed in more mobile HSPC,
concordant with the previous findings stating HGF/c-MET
pathways to be associated with MSC mobilization. Hence, HGF
and G-CSF may both be involved in establishing a proteolytic
microenvironment in the BM, easing the egress of HSPC in
peripheral circulation (Jalili et al., 2010).

Finally, another method through which MSCs interact,
modify, and respond to the surrounding environment is by
releasing extracellular vesicles (EVs). EVs are membrane-bound
particles, ranging between 30 and 1,000 nm of dimension, that
contain and transport biomolecules such as lipids, proteins,
and genetic material between cells. When secreted by MSCs
(MSC-EV), these particles mediate the cells’ paracrine activity
and have been observed to exert an impactful anti-inflammatory
effect in a number of conditions, including post-transplant
complications, in addition to control normal and pathological
hematopoiesis (Batsali et al., 2020; Lia et al., 2020). Under a
clinical point of view, EVs appear promising due to their highly
safe profile, low immunogenicity, and ability to cross biological

barriers, given their attractive characteristics (Park et al., 2019).
In hematopoiesis, MSC-EVs are believed to contribute to
activate HSCs in response to different stimuli, including blood
hemorrhage, fluctuations in oxygen concentrations, radiation, or
chemotherapy (Butler et al., 2018). In vitro, MSC-EVs have been
shown to promote the proliferation of umbilical cord-derived
HSCs by triggering the Wnt/β-catenin pathway as well as to
lower radiation damage to murine HSCs by promoting their
proliferation (Cominal et al., 2019). The translation of such
results into clinical practice, however, will still require extensive
additional investigation to address significant limitations
surrounding EVs’ production, quantification, pharmacokinetics,
and characterization (Gowen et al., 2020).

Among the different kinds of EVs, exosomes are membrane-
bound nanoparticles (40–150 nm) released by multivesicular
bodies. MSC-derived exosome contains several bioactive
molecules, particularly miRNAs of different kinds, plays a critical
role in the control of both physiological and pathological states,
including inflammatory response (Burrello et al., 2016) but also
tumorigenesis and progression (Ono et al., 2014).

In light of such prominent functions exerted by MSCs in the
context of the hematopoietic process, the different pathways and
mechanisms are now under critical evaluation in order to better
understand the homeostatic supportive process and potentially
exploit certain mechanisms for therapeutic purposes. One of the
main settings that could benefit the most is that of hematopoietic
stem cell transplantation (HSCT).

CLINICAL APPLICATIONS EXPLOITING
THE IMMUNOREGULATORY ACTIVITY
OF MESENCHYMAL STROMAL CELLS

The paracrine activity of MSCs has rendered these cells an
attractive therapeutic tool for several clinical applications,
considering the versatile function of MSCs in different
inflammatory and regenerative contexts. It has been a long
time from the first MSC injection in human subjects (Lazarus
et al., 2005), demonstrating that the use of MSCs is feasible and
safe. Several clinical trials employing MSCs have been opened
to counteract chronic degeneration, with particular interest for
neurological disorders, to repair damaged tissues, and to mitigate
the inflammatory response in autoimmune diseases and GvHD,
in the context of HSCT.

In addition to the in vitro evidences demonstrating
their immunomodulatory properties, MSCs have also been
employed in vivo to suppress an excessive activation of
the immune response in different clinical contexts, such as
HSCT, tumor immunity, and autoimmunity, occasionally
producing conflicting results. Substantial beneficial effects of
MSC administration have been obtained in an autoimmune
encephalomyelitis model, an autoimmune inflammatory
disease that affects the CNS mediated mainly by T cells and
macrophages (Zappia et al., 2005). Another inflammatory
condition that might take advantage of MSCs infusion is
Crohn’s disease (CD). MSCs immunomodulatory properties
are, in fact, believed to reduce the persistent inflammation
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of the gastrointestinal tract by secreting anti-inflammatory
molecules in the target tissues and modulating specific immune
cells, for example, upregulating Treg cells, a cell population
well known to be reduced in CD (Dalal et al., 2012; Carvello
et al., 2019). Conversely, in another autoimmune condition,
collagen-induced arthritis, MSCs injection, which is supposed to
inhibit T-cell proliferation, did not lead to any significant benefit
on arthritic symptoms. However, in vitro TNFα addition was
sufficient to reverse MSC immunosuppressive effects, suggesting
that environmental parameters and the microenvironment,
in general, may influence and affect the immunomodulatory
properties of MSCs (Djouad et al., 2005). Still, MSC treatment in
humans has shown promising outcomes in several conditions,
including GvHD (Le Blanc et al., 2004) and engraftment
promotion (Lazarus et al., 1995; Koc et al., 2000), thanks to their
potent immunosuppressive role but also in some rare diseases
in which MSCs may be responsible of ameliorating the disease
pathology in specific tissues (Crippa et al., 2019). Therefore, a
better understanding of MSCs’ immunomodulatory role might
be crucial to develop novel and effective therapeutic strategies for
a broad range of diseases.

THE CLINICAL ROLE OF
MESENCHYMAL STROMAL CELL IN
HEMATOPOIETIC STEM CELL
TRANSPLANTATION: TREATMENT OF
GRAFT-VERSUS-HOST DISEASE

Considering their immunoregulatory and hematopoietic
supportive function, MSC-based cell therapy has been employed
to ameliorate the outcome of HSCT.

One of the most severe complications following allogeneic
HSCT, is the development of acute GvHD (aGvHD), contributing
to the high incidence of transplant-related morbidity [Szyska and
Na, 2016 #123].

Both acute and chronic GvHD, occurring in the post-
transplant period, may be treated with corticosteroids,
considered the first choice therapy [Garnett et al., 2013
#89]. However, as patients may become resistant and may
not benefit from this treatment, steroid-resistant GvHD (SR-
GVHD) still lacks a common standardized treatment (Wolf
et al., 2012). Hence, significant efforts toward new therapies,
addressing this unmet clinical need, may overcome these
immune-mediated disorders. Second-line treatments for SR-
aGvHD have been developed by The American Society of Blood
and Marrow Transplantation and mainly include compounds
with immunomodulatory activity and monoclonal antibodies
(Martin et al., 2012). Among recent treatment strategies, the
better understanding of the immunomodulatory hallmarks
displayed by MSCs sustains the rationale of MSC-based therapy
for immune-mediated diseases, including aGvHD. As MSCs
might be able to leave the circulation and reach damaged tissues,
they may improve local lesions, caused by aGvHD. Moreover, as
the paracrine effect of MSCs is one of the central mechanisms
responsible for their clinical benefits, the use of extracellular

vesicles (EVs), released by MSCs, has been investigated as
potential therapeutic medical product, compared with cell
therapy (Wang et al., 2012; Rani et al., 2015). In the clinical
setting, MSC-EV infusion has been demonstrated to significantly
ameliorate GVHD symptoms in a steroid-resistant patient. The
anti-inflammatory molecules, carried by EVs, IL-10, TGFβ,
and HLA-G, might be responsible for the beneficial effects of
MSC-EVs as anti-inflammatory mediators (Kordelas et al., 2014).

In mice, the infusion of MSCs, derived from different sources,
has shown a great immunomodulatory potential to control lethal
GvHD (Yanez et al., 2006). However, contradictory results were
obtained in another study by Sudres et al. (2006) in which
MSC administration did not ameliorate GvHD. Further studies,
aimed at improving the clinical use of MSCs in the context of
GvHD suggested that multiple MSC injection (Tisato et al., 2007)
could be necessary to prevent the disease onset in a murine
model of aGvHD. This highlights the need to better define the
therapeutic window for MSC administration and, eventually, to
determine whether multiple injection of MSCs could improve
their therapeutic efficacy.

In patients, MSCs were successfully employed for the first time
by Le Blanc et al. (2004) to treat GvHD. The intravenous infusion
of maternal BM-derived MSCs was able to control refractory
aGvHD manifestations. The same authors reported in a phase
II clinical trial that the infusion of ex vivo expanded BM-MSCs
significantly improve the disease progression in 55 transplanted
patients affected by steroid-resistant aGvHD. Thirty of the treated
patients showed a complete remission, and in nine patients,
symptoms improved, demonstrating that MSC administration
represents a safe and effective treatment option for aGvHD. Any
toxicity related to the injection of MSCs was reported (Le Blanc
et al., 2008). Several additional clinical studies demonstrated
the beneficial effect of MSC infusion against steroid-resistant
aGvHD (von Bonin et al., 2009) in adults and in pediatric
patients, with high responses rate in children (Ball et al., 2007;
Salmenniemi et al., 2017).

Although the immunoregulatory effects of MSCs have been
well established for the treatment of aGvHD, the efficacy of MSCs
in the context of chronic GHvD (cGvHD), occurring 100 days
after allogeneic HSCT and responsible for the late mortality of
transplanted patients, is poorly characterized. Intra-BM injection
of BM-derived MSCs were performed in four sclerodermatous
cGvHD patients showing a gradual symptom improvement,
although a complete response was not achieved (Zhou et al.,
2019). However, in a prospective study, Peng et al. reported a
marked amelioration of cGVHD manifestations in 23 patients
after BM-MSC infusion, mainly through an increased number
of IL10-producing CD5+ B-cells (Perez-Simon et al., 2011;
Herrmann et al., 2012; Introna et al., 2014; Peng et al., 2015).

Despite the infusion of MSCs that has been demonstrated to
be effective in the treatment of GvHD in Phase I/II clinical trials
of allogenic transplants, the use of MSCs as a medical product
to ameliorate aGvHD following HSCT remains controversial
due to conflicting results achieved in different clinical trials.
A phase III clinical trial carried out in the United States
failed to match the expected primary endpoint to demonstrate
the immune suppressive function of MSCs to treat GvHD
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(NCT00366145, 2020). Such conflicting outcomes induced the
scientific community to consider the differences between the
industrial and academic MSC-based products, which were
evaluated in detail by Galipeau (2013), suggesting some levels
of variance in MSC epigenetics, immunogenicity, and methods
of preservation. From the first industrial phase III clinical trial
(NCT00366145) to treat aGvHD, two commercial MSC products
reached clinical approval and are on the market (Prochymal and
Temcells). Hence, while some countries such as New Zealand
and Canada have approved an MSC-based therapeutic drug
(Prochymal R©), as well as Japan (TEMCELL) for steroid-resistant
patients, others, including the United States and China, have
not (Galipeau, 2013; Zhao et al., 2019). Recently, other MSCs
sources have been under investigation. Although MSCs isolated
from BM are the most preferred source, mainly because they
are most well-studied, a phase I/II clinical trial (NCT02172937)
evaluated the efficacy of placenta-derived decidua stromal cells
(DSCs) to treat aGVHD.

THE CLINICAL ROLE OF
MESENCHYMAL STROMAL CELL IN
HEMATOPOIETIC STEM CELL
TRANSPLANTATION: HEMATOPOIETIC
STEM AND PROGENITOR CELL
ENGRAFTMENT

Besides GvHD, graft failure is one of the main complications
associated with HSCT, caused by the activation of an
immunologic response against the transplanted cells, in the
case of mismatched donors, or by a reduced level of HSPC
engraftment, especially when a low number of HSPCs are
available for transplantation (Locatelli et al., 2014). This latter is
a common event in the context of umbilical cord blood (UCB)
HSCT, due the low frequency of CD34+ in UCB. Considering
their immune-regulatory function and their HSPC supportive
role within the human BM niche, MSCs have been proposed as
co-adjuvant cells to control the recipient immune system and
to sustain the engraftment of transplanted HSPCs. Moreover,
with the aim to increase the number of transplanted HSPCs,
MSCs have been employed in vitro to expand UCB CD34+
before administration, improving the hematological recovery
of transplanted patients. In this specific context, the use of an
MSC feeder has been shown to enhance HSPC expansion, a
fundamental requirement for the engraftment of LT repopulating
HSPCs. MSCs exert their function as supportive feeder through
the secretion of several supportive and anti-inflammatory
factors (Wagner et al., 2007; Crane et al., 2017), capable of
stimulating HSPC proliferation while avoiding excessive HSPC
culture-induced activation (Robinson et al., 2006; Wagner et al.,
2007). The number of UCB-HSPCs available for transplantation
was significantly higher when HSPCs were cultured in the
presence of MSCs compared with the classical liquid culture
expansion method (Robinson et al., 2006). Importantly, a phase
I clinical trial demonstrated that the infusion of UCB-HSPCs,
co-cultured in vitro with MSCs, is a safe and effective procedure

to improve HSPC engraftment, being associated with faster
neutrophil and platelet engraftment in transplanted patients
(de Lima et al., 2012). The rationale behind the employment
of MSCs in support of HSPC expansion and maintenance is
the attempt to reproduce in vitro the supportive interactions
with the BM stromal compartment, which regulate HSPC
homeostasis. The capacity to facilitate HSPC expansion in vitro
has been also described for MSCs isolated from different sources
(Kadekar et al., 2015). Furthermore, not only have MSCs been
exploited for HSPCs support, but also their differentiated
osteoblast counterpart has been demonstrated to be effective
for HSPCs in vitro maintenance and expansion. As an example,
BM MSC-derived osteoblasts have been shown to promote
HSPC expansion and cell growth compared with feeder-free
cultures (Alsheikh et al., 2017; Michalicka et al., 2017). Moreover,
transplantation experiments revealed that osteoblasts co-
cultured with HSPCs was associated with enhanced long-term
HSPC engraftment in vivo. Besides, Michalicka et al. found
that the mechanism at the basis of growth-promoting cells
is elicited by the β-catenin signaling pathway, as β-catenin
inhibition profoundly reduced HSPCs progenitors’ growth
(Michalicka et al., 2017).

In addition to the use of MSCs as a feeder to expand HSPCs
before transplantation, MSCs have been infused in pre-clinical
models and clinic trials of HSCT to favor the engraftment of
HSPCs. MSCs sustain HSPCs mainly through the secretion of
hematopoietic supportive factors that are released by co-infused
MSCs to favor HSPC engraftment. Several pre-clinical studies
have demonstrated that the co-infusion of third party fetal- and
adult-derived MSCs enhance HSPCs engraftment, increasing the
rate of HSCT success (Almeida-Porada et al., 2000; Noort et al.,
2002). It has been shown that an increased presence of human
circulating CD45+ cells at early time points after transplantation
in mice co-infused with MSCs and an enhanced hematopoiesis in
the BM at later time points in the presence of MSCs (Almeida-
Porada et al., 2000). Interestingly, the supportive effect of MSCs
is more robust when a limited dose of CD34+ is transplanted. In
this case, the co-infusion of MSCs resulted in a threefold increase
in HSPC engraftment in the BM of transplanted mice (Noort
et al., 2002). The clinical benefit of MSC co-transplantation
has been also shown in the autologous setting both in mice
(Fernandez-Garcia et al., 2015) and in non-human primates
(Masuda et al., 2009). Moreover, it is important to consider that
the BM stromal niche might be damaged by the conditioning
regimen and could be impaired in patients affected by specific
diseases, including rare genetic diseases (Amarachintha et al.,
2015; Starc et al., 2017; Crippa et al., 2019a) and hematological
malignancies (Tian et al., 2011). The work of Abbhuel et al.
demonstrated that the BM stroma is severely and long-term
damaged by the conditioning regimen and supported the need to
restore stromal function to improve the HSCT outcome (Abbuehl
et al., 2017). In this light, the co-infusion of third-party MSCs
may represent an attractive option to reach this objective. In
regard to intrinsic stromal impairment, a reduced hematopoietic
supportive capacity has been observed in MSCs derived from
β-thalassemia patients, due to accumulation of high level of
reactive oxygen species (ROS) (Crippa et al., 2019a). Similarly,
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the immune-regulatory capacity of MSCs isolated from patients
affected by primary immunodeficiencies was impaired compared
with healthy controls (Starc et al., 2017). MSCs isolated from
AML and ALL patients showed several degrees of abnormalities
(Tian et al., 2011). Moreover, it must be taken into account
that conditioning regimens prior to transplantations perturbed
the homeostasis of the BM niche, triggering a variety of cellular
responses that may influence the outcome of transplantation
(Ganuza and McKinney-Freeman, 2017). In this regard, IL-1
has been demonstrated to play a fundamental role after BM
injury. It acts as an inflammatory marker by promoting myeloid
differentiation and recovery of HSPCs after BM damage such
as myeloablation prior to transplantation (Pietras et al., 2016).
IL-1 could be seen as a mediator that provides communication
between the inflammation status and HSPCs and the BM niche.

These data highlight the importance of a proper BM
microenvironment to favor HSPC engraftment that should be
restored in case of damage for a successful HSCT.

The paracrine activity of co-infused MSCs facilitates HSPC
engraftment by providing a plethora of supportive factors,
which compensates possible alterations in the resident BM
stromal cells. In light of this, the co-infusion of MSCs
genetically engineered to express growth factors significantly
improved HSPC engraftment. In particular, an enhanced human
HSPC engraftment was observed in a xenograft model of
transplantation when MSCs overexpressing PDGFB were co-
infused with HSPCs (Yin et al., 2020). PDGFB is known to
modulate endothelial cell proliferation and promotes vessel
regeneration, which is fundamental to restore a proper BM
vascular network (Battegay et al., 1994). Indeed, Chen Q and
colleagues demonstrated that radiotherapy and chemotherapy
damage the BM vascular network. This affects the capacity of
transplanted HSPCs to reach their hematopoietic niche and
correctly engraft. They also showed that VEGF-A promotes the
normalization of bone vasculature acting on Apln+ECs, which
are critical for the maintenance of steady-state hematopoiesis
(Chen et al., 2019). In such a context, VEGF was associated with
reduced severity of aGvHD and mortality in patients undergoing
allogenic HSCT (Min et al., 2006). In front of these evidences,
we may consider that, when co-transplanted, MSCs indirectly
sustain HSPC engraftment promoting the regeneration of a
proper vasculature network through the secretion of VEGF, in
addition to directly promoting HSPC survival. The supportive
role of MSCs has been also demonstrated in clinical trials of
MSC co-infusion. The majority of the data have been obtained
co-infusing the third-party MSCs. MSCs do not express class II
MHC, avoiding immune rejection (Ryan et al., 2005). The results
of these studies highlighted an enhanced HSPC engraftment
and hematological reconstitution when MSCs where co-infused
with HSPCs. In the first clinical trial using MSCs, 28 breast
cancer patients were co-infused with autologous HSPCs and 1–
2 × 106/kg ex vivo expanded MSCs showing no toxicities and
a rapid hematopoietic recovery (Koc et al., 2000). Similarly,
in an open-label, multicenter trial, 1–5 × 106 MSCs/kg were
infused 4 h before the administration of BM- or peripheral blood-
derived HSPCs in 46 patients. Co-infused patients showed a
faster and more robust hematopoietic recovery (Lazarus et al.,

2005). However, contradictory results were obtained in patients
transplanted with double UCB transplantation. In this study, the
co-infusion of MSCs did not have any impact on the level of
UCB HSPC engraftment or on aGvHD prevention, while MSCs
resulted to be effective in treating aGvHD (Gonzalo-Daganzo
et al., 2009), suggesting that further studies are necessary to define
the proper dose and timing of MSC infusion to exploit their
supportive function in the context of HSCT. Also, in the context
of severe aplastic anemia, patients had an improved outcome
after co-infusion of BM-MSCs in haploidentical HSCT (Liu et al.,
2018). Recently, a phase I trial proposed intra-bone marrow
transplantation of MSCs, in the CB transplantation setting, as
a novel strategy to prevent GVHD and to increase donor cell
engraftment (Goto et al., 2020). The safety and the prevention of
GVHD demonstrated by this approach might be applied also in
BM transplantation, especially in the case of HLA mismatches.

Additionally, the clinical effects of MSC co-transplantation
have been also assessed in pediatric patients undergoing HSCT.
Fourteen children enrolled in a phase I/II clinical trial showed
an increased lymphocyte recovery and prevention of graft
rejection (Ball et al., 2007) when co-infused with MSCs. In
other studies, transplantation of ex vivo MSCs in children with
acute leukemia showed promising results. Co-transplantation
with third-party UCB MSCs resulted in early recovery of platelets
and neutrophils without any engraftment failure among patients
(Lee et al., 2013), and engraftment enhancement (Macmillan
et al., 2009). Contrarily, another study involving 13 children with
hematological diseases did not show any differences in terms of
hematological recovery after the co-infusion of MSCs with UCB
HSPCs, although prevention of aGvHD symptoms was observed,
underlying the immunomodulatory and immunosuppressive
effects of MSCs, which may be crucial to reduce transplanted-
related mortality (Bernardo et al., 2011).

Importantly, the clinical benefits of MSCs may rely on their
capacity to home toward the site of injury, that in the case of
HSCT is the BM niche. It has been demonstrated that several
factors may affect MSCs’ homing, including ex vivo culture,
donor age, and route of administration (Pezzi et al., 2017). For
instance, it has been shown that CXCR4, a chemokine receptor
involved in MSCs migration, is downregulated upon ex vivo
culture (Potapova et al., 2008). Moreover, several evidences
suggest that the majority of MSCs infused intravenously remain
trapped in the lung capillary network, and are subsequently
distributed to other organs (Gao et al., 2001). On the
contrary, other works demonstrated that MSCs home toward the
injured tissues (Rustad and Gurtner, 2012), although the exact
mechanisms are still largely understood. In vivo experiments
have demonstrated that the MSCs reach the target damaged
tissue thanks to the upregulation of inflammation-associated
factors (Natsu et al., 2004; Spaeth et al., 2008). Nevertheless,
it is still debated whether MSCs are capable of engrafting
in the target tissue. In light of this, several strategies have
been developed to favor MSC retention, including culture
conditions, administration route, and genetic modifications of
MSCs (De Becker and Riet, 2016).

Homing and engraftment of MSCs in the BM niche is an
important aspect in the context of HSCT. The homeostasis
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of the BM niche is profoundly affected by the pre-transplant
chemo- and/or radiotherapy (Arai et al., 2015). These results
might perturb the cross-talk between HSPCs and the BM
microenvironment that may lead to short- and long-term
complications (Batsivari et al., 2020). MSC infusion might
attenuate the damages induced by the conditioning, restoring
the BM microenvironment, and as a consequence, facilitating
the engraftment through the release of paracrine factors
(Crippa and Bernardo, 2018).

In recent times, to overcome conditioning-related
complications, novel and safer conditioning strategies
have been developed. Antibody-based conditioning agents
may represent an attractive alternative to the standard
chemotherapy/radiotherapy as they specifically target HSPCs,
sparing non-hematopoietic cells and reducing off-target
toxicity (Palchaudhuri et al., 2016; Czechowicz et al., 2019).
These monoclonal antibodies, coupled with toxins, have the
potentiality to open to a greater application of HSCT and gene
therapy approaches (Aiuti and Naldini, 2016).

In summary, the MSCs’ unique abilities to modulate the BM
microenvironment, the immune system, and their hematopoietic
supportive function render MSCs an attractive tool in the
field of HSCT, becoming a promising and safe therapeutic
candidate to treat immune-mediated disorders. Although MSC
efficacy is variable among different reports, further studies
and increased knowledge are required to better elucidate their
mechanisms of action and to fully optimize MSC treatment.
MSC dose, timing, and routes of administration are all aspects
that require extensive investigation, in order to optimize their
efficacy. In addition to pre-clinical and clinical studies aimed
at confirming these promising results in a larger cohort of
patients, it must be taken into consideration that MSC clinical
application requires in vitro manufacturing. For this reason,
culture condition protocols and expansion should be established
with precise guidelines with the aim of maintaining MSC
functional properties (Samsonraj et al., 2017).

DISCUSSION: CHALLENGES AND
PERSPECTIVES FOR MESENCHYMAL
STROMAL CELLS IN THE CONTEXT OF
HEMATOPOIETIC STEM CELL
TRANSPLANTATION

Mesenchymal stromal cells are key elements in the BM niche
where they regulate HSPC homeostasis by direct contact
and secreting several paracrine factors. In this review, we
have discussed the mechanisms through which MSCs display
a supportive effect on the BM niche and regulate HSPC
homeostasis. Challenges and future perspectives on how to
further improve MSC support to HSPCs in the context of HSCT
are also reported.

Although several studies have clarified the identity of the MSC
subset/s directly supporting HSPCs within the BM niche (Tormin
et al., 2011; Crippa et al., 2019), the majority of available data
describing the hematopoietic supportive activity of MSCs in the

context of HSCT have been obtained using ex vivo expanded
MSCs due to their low frequency in the BM (Li et al., 2016).

Unfortunately, prolonged passaging in culture induces the
activation of a senescent program, which alters the gene
expression profiling of ex vivo expanded MSCs (Banfi et al., 2002;
Baxter et al., 2004). A total of 1,578 transcripts were differentially
modulated in passage 10 compared with passage 2 MSCs.
Upregulated genes belong to pathways involved in membrane
integrity, receptor activity, vacuole, and lysosome, associated with
the enlargement of the membrane compartment and vacuole
formation in senescent cells. Downregulated genes are related to
cell cycle, DNA replication, and repair mechanisms, following
the reduced proliferation capacity observed in senescent MSCs
(Wagner et al., 2008). A significant reduction in CD146+ MSC
fraction has been also observed, highlighting the loss of primitive
progenitors after prolonged expansion (Jin et al., 2016; Gnani
et al., 2019). The activation of a senescent program functionally
impaired the differentiation potential of BM-MSCs, with some
studies suggesting an unbalanced adipogenic differentiation at
the expense of osteoblastogenesis (Stolzing et al., 2008; Yang
et al., 2018). In addition, aging MSCs acquire a senescence-
associated secretory phenotype, which alters the composition
of their secretome. Higher production of pro-inflammatory
cytokines has been observed in MSCs expanded in vitro for
several passages (Turinetto et al., 2016). Similarly, IL6, IL8,
and MCP1 were shown to be increased in the conditioned
medium of aged MSCs (Gnani et al., 2019), potentially
affecting the beneficial effects of MSC paracrine activity. More
specifically, the release of inflammatory cytokines associated with
prolonged in vitro culture could impair the anti-inflammatory
and immunoregulatory activity of MSCs (Sepulveda et al.,
2014). Moreover, the secretion of senescence-associated secretory
phenotype (SASP) proteins not only reinforces the establishment
of a senescent program in a cell-autonomous manner but also
affects the physiology of neighboring cells. For example, it has
been shown that HSPCs’ clonogenic capacity decreases when
co-cultured with aged MSCs (Gnani et al., 2019).

Extensive in vitro culture induces the activation of a DNA
damage response altering the functional properties of MSCs. This
is mainly due to the accumulation of ROS associated with the
oxidative metabolism of cultured cells and to the downregulation
of genes involved in DNA repairing (Bao et al., 2020). Indeed, a
decrease in the number of repairing γH2AX/53BP1 DSB repair
foci was observed in long-term culture of MSCs, in addition
to a slower DNA repair kinetics, and an increased number of
residual DNA double-strand breaks 7 h post irradiation. This
leads to chromosomal instability, increasing the risk of genetic
transformation in culture (Hladik et al., 2019). Exposure to
etoposide (VP16) was utilized as an assay to determine when
ex vivo expanded MSCs display impaired DNA repair abilities,
indicating the need to analyze the DNA repairing machinery and
possible genetic aberration in MSCs intended for transplantation
(Hare et al., 2016).

These data highlighted the need to develop specific and
validated culture systems to maintain MSC biological and
functional characteristics when expanded in vitro for clinical
purposes. With this aim, the use of three-dimensional structure
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has been shown to improve the preservation of the therapeutic
potential of MSCs compared with traditional 2D culture
expansion. 3D cultures demonstrated enhanced potential for
adipogenic and osteogenic differentiation (Banfi et al., 2000, 2002;
Bae et al., 2017; Tietze et al., 2019). Of note, the genomic profiling
of MSCs cultured in spheres showed a gene expression pattern
comparable to primary freshly isolated MSCs, demonstrating
that non-adherent cell culture conditions better preserve the
biological and functional characteristics of MSCs (Ghazanfari
et al., 2017). 3D co-culture with MSCs significantly improved the
self-renewal and in vitro proliferation of HSPCs (Huang et al.,
2016; Costa et al., 2019; Raic et al., 2019).

Several strategies have also been tested to reduce the culture-
induced replicative stress in ex vivo expanded MSCs, including
the control of glucose supply, the addition of proper cytokines or
growth factors, and the regulation of oxygen levels (Figure 3).
Within the BM niche, oxygen supply is much lower than in
culture, leading to increased production of ROS and oxidative
stress in ex vivo expanded cells. This has been shown to
induce the activation of a DNA damage response, causing
the establishment of an early senescence program impairing
MSCs’ functionality. As an example, excessive ROS activate
the peroxisome proliferator-activated receptor-gamma (PPARγ),
favoring adipogenesis in ex vivo expanded MSCs (Atashi et al.,
2015). In the presence of high ROS levels, the hematopoietic
supportive capacity of MSCs is impaired leading, for example, to
a reduced capacity to support the ex vivo expansion of HSPCs,
which, in turn, fail to form a proper and functional BM niche
when used in humanized ossicle models (Crippa et al., 2019a).
The expansion of MSCs in low-oxygen conditions increases their
proliferation capacity, efficiently improves the differentiation
potential into mesodermal cell types, and promotes their
survival when transplanted (Estrada et al., 2012). Hypoxic
culture conditions improve growth kinetics, genetic stability, and
expression of chemokine receptors during in vitro expansion
and could eventually enhance the therapeutic efficacy of MSC-
based therapies (Haque et al., 2013; Hu and Li, 2018). In
accordance, the expansion of MSCs in a high-glucose medium
impairs their proliferation capacity and induces the activation
of a premature senescence program due to a metabolic switch
toward an oxidative metabolism (Li et al., 2007). In light of this,
the antioxidant activity of glutathione has been shown to improve
the efficacy of infused MSCs in the control of aGvHD (Antebi
et al., 2018; Lim et al., 2020).

Furthermore, several studies have identified specific priming
strategies to enhance the therapeutic efficacy of ex vivo expanded
cells (Noronha et al., 2019). In particular, MSCs have been
exposed to inflammatory cytokines to induce the activation of
an anti-inflammatory program, which improves their capacity
to counteract the progression of inflammatory and autoimmune
diseases (Domenis et al., 2018; Lin et al., 2019). In the context
of aGvHD, the apoptosis of infused MSCs, induced by recipient
cytotoxic cells, triggers a cascade signaling, which governs
immune cells to counteract the disease progression. The infusion
of MSCs, induced in vitro to enter apoptosis, has been proposed
as a strategy to enhance the immune-regulatory activity of MSCs,
in a mouse model of aGvHD (Galleu et al., 2017). Similarly,
MSC-derived apoptotic bodies have been shown to control

macrophage polarization for tissue repair (Liu et al., 2020). Also,
MSC preconditioning with physical or chemical stress enhances
their survival when transplanted, by inducing the expression
of pro-survival and anti-apoptotic factors (Pasha et al., 2008;
Raziyeva et al., 2020).

The need to develop culture strategies to restore the functional
properties of MSCs has recently arisen due to an impairment
in MSC function caused by plastic adherence and exposure to
culture media. An important aspect to consider for the clinical
use of MSCs in the context of HSCT is that ex vivo expansion
reduces the hematopoietic supportive activity of MSCs and
impairs their capability to home back into the BM niche when
infused. In vitro, MSCs become a heterogenous population, with
the establishment of different MSC subpopulation characterized
by specific functional properties, including self-renewal capacity
and differentiation potential (Tormin et al., 2009; Whitfield et al.,
2013). RNA sequencing analysis of ex vivo expanded and primary
MSCs demonstrated that the global gene expression profiling
of primary cells differs from that of cultured cells (Qian et al.,
2012; Ghazanfari et al., 2017). Specifically, the expression of
genes involved in immune response, mRNA processing, and
antigen presentation is significantly reduced upon ex vivo culture
compared with that of cells prospectively isolated from the
human BM as Lin−/CD45−/CD31−/CD71−/CD235−/CD271+
cells. Several transcription factors were also found differentially
expressed in ex vivo MSCs compared with primary cells. The
majority of these regulate stem cell functions, including FOS,
FOSB, HMGB3, EGR1, PPARG, ATF4, NFE2L1, and SOX4
(Ghazanfari et al., 2017). Among these, EGR1 has been studied in
human MSCs due to its function in regulating MSCs’ paracrine
activity inducing the release of hematopoietic supportive factors
(Tamama and Barbeau, 2012; Li et al., 2020). In particular, it has
been shown that human ex vivo expanded MSCs, engineered to
overexpress EGR1, sustain HSPC expansion and maintenance
in 2D co-culture more efficiently than control cells (Li et al.,
2020; Figure 3). These results correlate with more robust
engraftment of long-term repopulating HSPCs into a pre-clinical
model of transplantation. This aspect is particularly relevant
when proposing engineered MSCs as a tool to optimize the
efficacy of HSCT.

Another important aspect to consider for a proper clinical use
of MSCs is the method used to preserve and pool cells, while
expanding to reach the proper number for clinical application.
Slow freezing is the most common cryopreservation method to
freeze a large number of MSCs at a low concentration, with
a freezing rate of 1◦C/min and in the presence of DMSO as
cryoprotective agent. However, the risk of freeze injury altering
the functional properties of MSCs is very high. For this reason,
several systems have been recently developed to better preserve
MSCs, including a programmed freezer (Cell Alive System),
which vibrates the water molecules and cells using alternating
magnetic field and electric field during the process of freezing
to prevent intra- and extra-cellular ice formation and novel
cryoprotective agents, less toxic, such as non-toxic polymers
(e.g., polyvinylpyrrolidone) and disaccharide (Janz Fde et al.,
2012; Renzi et al., 2012; Rogulska et al., 2019). Several functional
differences were found in thawed MSCs compared with fresh
MSCs at earlier readout post-thawing due to the activation
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FIGURE 3 | In vitro strategies to fully exploit the hematopoietic supportive capacity of ex vivo expanded MSCs. Schematic representation of culture strategies aimed
at improving the hematopoietic supportive capacity of MSCs, which is impaired upon ex vivo expansion. (A) Several strategies (mesensphere, low oxygen, and low
glucose cultures) have been developed to avoid the activation of a senescence program altering the secretory phenotype of ex vivo expanded MSCs. (B) MSC
priming with inflammatory cytokines has been demonstrated to increase the release of anti-inflammatory cytokines by MSCs. Similarly, exposure to culture stress
increases the survival rate of MSCs when transplanted in vitro. The immunomodulatory activity of MSCs has been exploited for the treatment of GVHD by inducing
cell apoptosis in ex vivo expanded cells. (C) Ex vivo reprogramming by the overexpression of specific transcription factors has been studied as a strategy to render
ex vivo expanded MSCs similar to primary cells, with a potentiated hematopoietic supportive ability.

of a cellular heat shock response, which is recovered after
extensive ex vivo culture (Francois et al., 2012a; Moll et al., 2014).
Genomic alterations were also observed in MSCs post-thawing
(Hoogduijn et al., 2016). In light of these, several studies are
focused on defining better thawing conditions to increase cell
viability (apoptosis inhibition and preservation of membrane
integrity) and to accelerate the restoration of MSC functional
characteristics (heat shock protein activation before thawing)
(Baust et al., 2000; Malpique et al., 2009; Shaik et al., 2017).

The use of MSC-derived secretome, as a lyophilized
medical product, could overcome any concerns regarding the
infusion of ex vivo expanded cells, thawed or genetically
manipulated. The therapeutic use of MSCs’ secretome offers
several advantages compared with MSC infusion. Secretome is
generally considered safer than cells: it lacks the potential for
endogenous tumor formation as it cannot self-replicate, it has
low immunogenicity, and leads to low risk of emboli formation
when intravenously injected (Teixeira et al., 2013; Bari et al.,
2018). The use of MSC-secretome in therapy also includes
several technological advantages: it can be manipulated and
stored as a ready-to-use product easier and cheaper than cells
(Harrell et al., 2019). Of note, the efficacy of MSC-secretome
administration has been demonstrated in the context of different

pathologies, including pulmonary disease (Bari et al., 2019,
2020), neurodegenerative disorders (Santamaria et al., 2020),
cutaneous wound healing (Park et al., 2018; Ahangar et al.,
2020), cardiovascular disease (Ranganath et al., 2012), and liver
conditions (Driscoll and Patel, 2019).

Similar to human MSCs, murine cells show a reduced
hematopoietic supportive capacity in vitro. A cocktail of five
transcription factors has been identified to reprogram murine
MSCs into primary-like cells, characterized by an enhanced
hematopoietic supportive activity (Figure 3). The synthesis of
HSPC supportive factors is significantly higher in reprogrammed
cells while maintaining their differentiation potential. It has
been demonstrated that HSPCs co-cultured in the presence of
reprogrammed MSCs show an improved long-term repopulating
capacity and enhanced hematological reconstitution capability
when transplanted, compared with HSPCs expanded on control
MSCs (Nakahara et al., 2019). Analysis of phosphorylated
gH2AX, a marker of DNA damage response activation, showed
that reprogrammed MSCs efficiently protect HSPCs from
accumulating DNA damage, associated with replicative stress.
Similar results were obtained for human HSPCs expanded on
reprogrammed murine MSC feeder. Collectively, these results
highlight the possibility to exploit the hematopoietic supportive
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capacity of human MSCs by genetic reprogramming and,
eventually, to propose the use of reprogrammed MSC-derived
secretome to ameliorate the outcome of HSCT (Nakahara
et al., 2019). This direction appears highly attractive for those
conditions requiring significant cell expansion due to a low
number of HSPCs available for transplantation or when ex vivo
genetic manipulation is necessary, such as for gene therapy and
gene-editing protocols. These methods lead to HSPCs’ distress
by the activation of a DNA stress response due to the ex vivo
gene manipulation procedures, which result in a reduction of
the long-term repopulating capacity of gene-corrected HSPCs
(Schiroli et al., 2019).

The capacity to home and engraft in the BM niche is
one of the MSCs’ functional characteristics impaired by the
ex vivo expansion. Several studies have shown that only a
small percentage of MSCs reach the BM (Leibacher and
Henschler, 2016) when systemically administered in co-infusion
protocols of HSCT. This limits their hematopoietic support
and precludes the possibility to repair the stromal niche from
conditioning-associated damage or disease-associated alterations
(Amarachintha et al., 2015; Starc et al., 2017; Crippa et al.,
2019,a; Severe et al., 2019). Although the clinical benefits
of MSCs are based on their capacity to release supportive
and anti-inflammatory factors, their activity promoting HSPC
engraftment would be more efficient in the case of local release.
However, the BM vasculature damage induced by chemo-
radiotherapy may reduce the homing efficiency of MSCs (Chen
et al., 2019), in addition to the fact that ex vivo expansion alter the
MSC motile properties (Dorland et al., 2019). Overexpression of
CXCXR4 and VLA-4 has been explored as a strategy to improve
the homing and survival of infused MSCs in pre-clinical models
of HSCT (Kumar and Ponnazhagan, 2007; Chen et al., 2013;
Ullah et al., 2019). Different from ex vivo expanded MSCs, freshly
isolated cells are able to engraft in the BM niche and repair
the niche damage, induced by the conditioning regimen. The
intra-bone transplantation of primary murine MSCs restored
the stromal component of the niche and significantly improved
the outcome of HSCT compared with the infusion of ex vivo
expanded cells (Abbuehl et al., 2017). The functionality of
the supportive stromal niche is a key aspect for the proper
engraftment and survival of long-term repopulating HSPCs.

Conditioning regimens have several off-target effects impairing
the supportive activity of the BM stroma and inducing the release
of several inflammatory cytokines that could alter the fate of
transplanted HSPCs. For example, it has been shown that IL1
induces premature myeloid differentiation of HSPCs (Pietras
et al., 2016). Alterations in the BM niche have been also reported
in specific pathological contexts, for which HSCT is the only
curative option. In patients affected by β-thalassemia, MSCs show
a reduced hematopoietic supportive capacity, associated with
increased levels of ROS derived from the continuous exposure to
iron overload (Crippa et al., 2019a). Furthermore, a reduced anti-
inflammatory capacity has been observed in MSCs isolated from
patients affected by immunological disorders (Starc et al., 2017).
In the case of hematological malignancies, the functionality of
the BM niche is also altered (Mendez-Ferrer et al., 2020). In
all these conditions, restoring a proper supportive function is
fundamental to ameliorate the outcome of HSCT.

CONCLUSION

In conclusion, definition and validation of ex vivo culture
methods capable to best preserve MSCs’ biological and
functional properties, genetic manipulation of ex vivo expanded
MSCs possibly enabling them with primary cell-like functions,
and use of MSC-derived secretome represent fascinating
approaches to further exploit the hematopietic supportive and
immunoregulatory activities of MSCs in support of HSCT.

AUTHOR CONTRIBUTIONS

SC wrote and revised the manuscript. MB, LS, and GD wrote
the manuscript. MB supervised and revised the work. All authors
contributed to the article and approved the submitted version.

FUNDING

TELE-E6 grant funded by the Fondazione Telethon cover the cost
for publications.

REFERENCES
Abarrategi, A., Foster, K., Hamilton, A., Mian, S. A., Passaro, D., Gribben, J.,

et al. (2017). Versatile humanized niche model enables study of normal and
malignant human hematopoiesis. J. Clin. Invest. 127, 543–548. doi: 10.1172/
jci89364

Abbuehl, J. P., Tatarova, Z., Held, W., and Huelsken, J. (2017). Long-Term
engraftment of primary bone marrow stromal cells repairs niche damage and
improves hematopoietic stem cell transplantation. Cell Stem Cell 21, 241–
255.e6.

Acar, M., Kocherlakota, K. S., Murphy, M. M., Peyer, J. G., Oguro, H., Inra, C. N.,
et al. (2015). Deep imaging of bone marrow shows non-dividing stem cells are
mainly perisinusoidal. Nature 526, 126–130. doi: 10.1038/nature15250

Ahangar, P., Mills, S. J., and Cowin, A. J. (2020). Mesenchymal stem cell secretome
as an emerging cell-free alternative for improving wound repair. Int. J. Mol. Sci.
21:7038. doi: 10.3390/ijms21197038

Aiuti, A., and Naldini, L. (2016). Safer conditioning for blood stem cell transplants.
Nat. Biotechnol. 34, 721–723. doi: 10.1038/nbt.3629

Almeida-Porada, G., Porada, C. D., Tran, N., and Zanjani, E. D. (2000).
Cotransplantation of human stromal cell progenitors into preimmune fetal
sheep results in early appearance of human donor cells in circulation and boosts
cell levels in bone marrow at later time points after transplantation. Blood 95,
3620–3627. doi: 10.1182/blood.v95.11.3620.011k02_3620_3627

Alsheikh, M., Abu-Khader, A., Michalicka, M., Pasha, R., and Pineault, N. (2017).
Impact of osteoblast maturation on their paracrine growth enhancing activity
on cord blood progenitors. Eur. J. Haematol. 98, 542–552. doi: 10.1111/ejh.
12865

Alvarez-Viejo, M., Menendez-Menendez, Y., Blanco-Gelaz, M. A., Ferrero-
Gutierrez, A., Fernandez-Rodriguez, M. A., Gala, J., et al. (2013). Quantifying
mesenchymal stem cells in the mononuclear cell fraction of bone marrow
samples obtained for cell therapy. Transplant Proc. 45, 434–439. doi: 10.1016/j.
transproceed.2012.05.091

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1172/jci89364
https://doi.org/10.1172/jci89364
https://doi.org/10.1038/nature15250
https://doi.org/10.3390/ijms21197038
https://doi.org/10.1038/nbt.3629
https://doi.org/10.1182/blood.v95.11.3620.011k02_3620_3627
https://doi.org/10.1111/ejh.12865
https://doi.org/10.1111/ejh.12865
https://doi.org/10.1016/j.transproceed.2012.05.091
https://doi.org/10.1016/j.transproceed.2012.05.091
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 17

Crippa et al. Hematopoietic Supportive Role of MSCs

Amarachintha, S., Sertorio, M., Wilson, A., Li, X., and Pang, Q. (2015).
Fanconi anemia mesenchymal stromal cells-derived glycerophospholipids skew
hematopoietic stem cell differentiation through toll-like receptor signaling.
Stem Cells 33, 3382–3396. doi: 10.1002/stem.2100

Antebi, B., Rodriguez, L. A. II, Walker, K. P. III, Asher, A. M., Kamucheka, R. M.,
Alvarado, L., et al. (2018). Short-term physiological hypoxia potentiates the
therapeutic function of mesenchymal stem cells. Stem Cell Res. Ther. 9:265.

Aqmasheh, S., Shamsasanjan, K., Akbarzadehlaleh, P., Pashoutan Sarvar, D.,
and Timari, H. (2017). Effects of mesenchymal stem cell derivatives on
hematopoiesis and hematopoietic stem cells. Adv. Pharm. Bull. 7, 165–177.
doi: 10.15171/apb.2017.021

Arai, Y., Aoki, K., Takeda, J., Kondo, T., Eto, T., Ota, S., et al. (2015). Clinical
significance of high-dose cytarabine added to cyclophosphamide/total-body
irradiation in bone marrow or peripheral blood stem cell transplantation for
myeloid malignancy. J. Hematol. Oncol. 8:102.

Asada, N., Kunisaki, Y., Pierce, H., Wang, Z., Fernandez, N. F., Birbrair, A., et al.
(2017). Differential cytokine contributions of perivascular haematopoietic stem
cell niches. Nat. Cell Biol. 19, 214–223. doi: 10.1038/ncb3475

Atashi, F., Modarressi, A., and Pepper, M. S. (2015). The role of reactive oxygen
species in mesenchymal stem cell adipogenic and osteogenic differentiation: a
review. Stem Cells Dev. 24, 1150–1163. doi: 10.1089/scd.2014.0484

Augello, A., Tasso, R., Negrini, S. M., Amateis, A., Indiveri, F., Cancedda, R.,
et al. (2005). Bone marrow mesenchymal progenitor cells inhibit lymphocyte
proliferation by activation of the programmed death 1 pathway. Eur. J.
Immunol. 35, 1482–1490. doi: 10.1002/eji.200425405

Bae, Y. J., Kwon, Y. R., Kim, H. J., Lee, S., and Kim, Y. J. (2017). Enhanced
differentiation of mesenchymal stromal cells by three-dimensional culture and
azacitidine. Blood Res. 52, 18–24. doi: 10.5045/br.2017.52.1.18

Ball, L. M., Bernardo, M. E., Roelofs, H., Lankester, A., Cometa, A., Egeler, R. M.,
et al. (2007). Cotransplantation of ex vivo expanded mesenchymal stem cells
accelerates lymphocyte recovery and may reduce the risk of graft failure in
haploidentical hematopoietic stem-cell transplantation. Blood 110, 2764–2767.
doi: 10.1182/blood-2007-04-087056

Banfi, A., Bianchi, G., Notaro, R., Luzzatto, L., Cancedda, R., and Quarto,
R. (2002). Replicative aging and gene expression in long-term cultures of
human bone marrow stromal cells. Tissue Eng. 8, 901–910. doi: 10.1089/
107632702320934001

Banfi, A., Muraglia, A., Dozin, B., Mastrogiacomo, M., Cancedda, R., and
Quarto, R. (2000). Proliferation kinetics and differentiation potential of ex vivo
expanded human bone marrow stromal cells: implications for their use in cell
therapy. Exp. Hematol. 28, 707–715. doi: 10.1016/s0301-472x(00)00160-0

Bao, X., Wang, J., Zhou, G., Aszodi, A., Schonitzer, V., Scherthan, H., et al.
(2020). Extended in vitro culture of primary human mesenchymal stem
cells downregulates Brca1-related genes and impairs DNA double-strand
break recognition. FEBS Open Biol. 10, 1238–1250. doi: 10.1002/2211-5463.
12867

Bari, E., Ferrarotti, I., Di Silvestre, D., Grisoli, P., Barzon, V., Balderacchi, A.,
et al. (2019). Adipose mesenchymal extracellular vesicles as alpha-1-antitrypsin
physiological delivery systems for lung regeneration. Cells 8:965. doi: 10.3390/
cells8090965

Bari, E., Ferrarotti, I., Saracino, L., Perteghella, S., Torre, M. L., and Corsico, A. G.
(2020). Mesenchymal stromal cell secretome for severe covid-19 infections:
premises for the therapeutic use. Cells 9:924. doi: 10.3390/cells9040924

Bari, E., Perteghella, S., Di Silvestre, D., Sorlini, M., Catenacci, L., Sorrenti, M., et al.
(2018). Pilot production of mesenchymal stem/stromal freeze-dried secretome
for cell-free regenerative nanomedicine: a validated GMP-Compliant process.
Cells 7:190. doi: 10.3390/cells7110190

Bartholomew, A., Sturgeon, C., Siatskas, M., Ferrer, K., McIntosh, K., Patil, S., et al.
(2002). Mesenchymal stem cells suppress lymphocyte proliferation in vitro and
prolong skin graft survival in vivo. Exp. Hematol. 30, 42–48. doi: 10.1016/
s0301-472x(01)00769-x

Batsali, A. K., Georgopoulou, A., Mavroudi, I., Matheakakis, A., Pontikoglou,
C. G., and Papadaki, H. A. (2020). The role of bone marrow mesenchymal
stem cell derived extracellular vesicles (MSC-EVs) in normal and abnormal
hematopoiesis and their therapeutic potential. J. Clin. Med. 9:856. doi: 10.3390/
jcm9030856

Batsivari, A., Haltalli, M. L. R., Passaro, D., Pospori, C., Lo Celso, C., and Bonnet,
D. (2020). Dynamic responses of the haematopoietic stem cell niche to diverse
stresses. Nat. Cell Biol. 22, 7–17. doi: 10.1038/s41556-019-0444-9

Battegay, E. J., Rupp, J., Iruela-Arispe, L., Sage, E. H., and Pech, M. (1994). PDGF-
BB modulates endothelial proliferation and angiogenesis in vitro via PDGF
beta-receptors. J. Cell Biol. 125, 917–928. doi: 10.1083/jcb.125.4.917

Baust, J. M., Van, B., and Baust, J. G. (2000). Cell viability improves following
inhibition of cryopreservation-induced apoptosis. In Vitro Cell Dev. Biol. Anim.
36, 262–270. doi: 10.1290/1071-2690(2000)036<0262:cvifio>2.0.co;2

Bautz, F., Rafii, S., Kanz, L., and Mohle, R. (2000). Expression and secretion
of vascular endothelial growth factor-A by cytokine-stimulated hematopoietic
progenitor cells. Possible role in the hematopoietic microenvironment. Exp.
Hematol. 28, 700–706. doi: 10.1016/s0301-472x(00)00168-5

Baxter, M. A., Wynn, R. F., Jowitt, S. N., Wraith, J. E., Fairbairn, L. J., and
Bellantuono, I. (2004). Study of telomere length reveals rapid aging of human
marrow stromal cells following in vitro expansion. Stem Cells 22, 675–682.
doi: 10.1634/stemcells.22-5-675

Berkahn, L., and Keating, A. (2004). Hematopoiesis in the elderly. Hematology 9,
159–163. doi: 10.1080/10245330410001701468

Bernardo, M. E., Ball, L. M., Cometa, A. M., Roelofs, H., Zecca, M., Avanzini,
M. A., et al. (2011). Co-infusion of ex vivo-expanded, parental MSCs prevents
life-threatening acute GVHD, but does not reduce the risk of graft failure in
pediatric patients undergoing allogeneic umbilical cord blood transplantation.
Bone Marrow Transplant 46, 200–207. doi: 10.1038/bmt.2010.87

Bianco, P., Robey, P. G., Saggio, I., and Riminucci, M. (2010). “Mesenchymal” stem
cells in human bone marrow (skeletal stem cells): a critical discussion of their
nature, identity, and significance in incurable skeletal disease. Hum. Gene Ther.
21, 1057–1066. doi: 10.1089/hum.2010.136

Bigas, A., Robert-Moreno, A., and Espinosa, L. (2010). The Notch pathway in
the developing hematopoietic system. Int. J. Dev. Biol. 54, 1175–1188. doi:
10.1387/ijdb.093049ab

Blank, U., and Karlsson, S. (2015). TGF-β signaling in the control of hematopoietic
stem cells. Blood 125, 3542–3550. doi: 10.1182/blood-2014-12-618090

Blank, U., Karlsson, G., and Karlsson, S. (2008). Signaling pathways governing
stem-cell fate. Blood 111, 492–503. doi: 10.1182/blood-2007-07-075168

Boroumand, P., and Klip, A. (2020). Bone marrow adipose cells – cellular
interactions and changes with obesity. J. Cell Sci. 133:jcs238394. doi: 10.1242/
jcs.238394

Bosbach, B., Deshpande, S., Rossi, F., Shieh, J. H., Sommer, G., de Stanchina,
E., et al. (2012). Imatinib resistance and microcytic erythrocytosis in a
KitV558Delta;T669I/+ gatekeeper-mutant mouse model of gastrointestinal
stromal tumor. Proc. Natl. Acad. Sci. U S A. 109, E2276–E2283.

Broekman, W., Amatngalim, G. D., de Mooij-Eijk, Y., Oostendorp, J., Roelofs, H.,
Taube, C., et al. (2016). TNF-alpha and IL-1beta-activated human mesenchymal
stromal cells increase airway epithelial wound healing in vitro via activation of
the epidermal growth factor receptor. Respir Res. 17:3.

Burrello, J., Monticone, S., Gai, C., Gomez, Y., Kholia, S., and Camussi, G. (2016).
Stem Cell-Derived extracellular vesicles and immune-modulation. Front. Cell
Dev. Biol. 4:83. doi: 10.3389/fcell.2016.00083

Butler, J. T., Abdelhamed, S., and Kurre, P. (2018). Extracellular vesicles in the
hematopoietic microenvironment. Haematologica 103, 382–394. doi: 10.3324/
haematol.2017.183335

Calvi, L. M., Adams, G. B., Weibrecht, K. W., Weber, J. M., Olson, D. P., Knight,
M. C., et al. (2003). Osteoblastic cells regulate the haematopoietic stem cell
niche. Nature 425, 841–846. doi: 10.1038/nature02040

Calvi, E. N., Nahas, F. X., Barbosa, M. V., Calil, J. A., Ihara, S. S., Silva Mde, S.,
et al. (2012). An experimental model for the study of collagen fibers in skeletal
muscle. Acta Cir. Bras. 27, 681–686. doi: 10.1590/s0102-86502012001000003

Carmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L., Gertsenstein, M.,
et al. (1996). Abnormal blood vessel development and lethality in embryos
lacking a single VEGF allele. Nature 380, 435–439. doi: 10.1038/380435a0

Carvello, M., Lightner, A., Yamamoto, T., Kotze, P. G., and Spinelli, A. (2019).
Mesenchymal stem cells for perianal Crohn’s Disease. Cells 8:764. doi: 10.3390/
cells8070764

Chan, J. L., Tang, K. C., Patel, A. P., Bonilla, L. M., Pierobon, N., Ponzio, N. M., et al.
(2006). Antigen-presenting property of mesenchymal stem cells occurs during
a narrow window at low levels of interferon-gamma. Blood 107, 4817–4824.
doi: 10.1182/blood-2006-01-0057

Chen, K. G., Johnson, K. R., and Robey, P. G. (2017). Mouse genetic analysis
of bone marrow stem cell niches: technological pitfalls. challenges, and
translational considerations. Stem Cell Reports 9, 1343–1358. doi: 10.1016/j.
stemcr.2017.09.014

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1002/stem.2100
https://doi.org/10.15171/apb.2017.021
https://doi.org/10.1038/ncb3475
https://doi.org/10.1089/scd.2014.0484
https://doi.org/10.1002/eji.200425405
https://doi.org/10.5045/br.2017.52.1.18
https://doi.org/10.1182/blood-2007-04-087056
https://doi.org/10.1089/107632702320934001
https://doi.org/10.1089/107632702320934001
https://doi.org/10.1016/s0301-472x(00)00160-0
https://doi.org/10.1002/2211-5463.12867
https://doi.org/10.1002/2211-5463.12867
https://doi.org/10.3390/cells8090965
https://doi.org/10.3390/cells8090965
https://doi.org/10.3390/cells9040924
https://doi.org/10.3390/cells7110190
https://doi.org/10.1016/s0301-472x(01)00769-x
https://doi.org/10.1016/s0301-472x(01)00769-x
https://doi.org/10.3390/jcm9030856
https://doi.org/10.3390/jcm9030856
https://doi.org/10.1038/s41556-019-0444-9
https://doi.org/10.1083/jcb.125.4.917
https://doi.org/10.1290/1071-2690(2000)036<0262:cvifio>2.0.co;2
https://doi.org/10.1016/s0301-472x(00)00168-5
https://doi.org/10.1634/stemcells.22-5-675
https://doi.org/10.1080/10245330410001701468
https://doi.org/10.1038/bmt.2010.87
https://doi.org/10.1089/hum.2010.136
https://doi.org/10.1387/ijdb.093049ab
https://doi.org/10.1387/ijdb.093049ab
https://doi.org/10.1182/blood-2014-12-618090
https://doi.org/10.1182/blood-2007-07-075168
https://doi.org/10.1242/jcs.238394
https://doi.org/10.1242/jcs.238394
https://doi.org/10.3389/fcell.2016.00083
https://doi.org/10.3324/haematol.2017.183335
https://doi.org/10.3324/haematol.2017.183335
https://doi.org/10.1038/nature02040
https://doi.org/10.1590/s0102-86502012001000003
https://doi.org/10.1038/380435a0
https://doi.org/10.3390/cells8070764
https://doi.org/10.3390/cells8070764
https://doi.org/10.1182/blood-2006-01-0057
https://doi.org/10.1016/j.stemcr.2017.09.014
https://doi.org/10.1016/j.stemcr.2017.09.014
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 18

Crippa et al. Hematopoietic Supportive Role of MSCs

Chen, Q., Liu, Y., Jeong, H. W., Stehling, M., Dinh, V. V., Zhou, B., et al. (2019).
Apelin(+) endothelial niche cells control hematopoiesis and mediate vascular
regeneration after myeloablative injury. Cell Stem Cell 25, 768–783.e6.

Chen, W., Li, M., Cheng, H., Yan, Z., Cao, J., Pan, B., et al. (2013). Overexpression
of the mesenchymal stem cell Cxcr4 gene in irradiated mice increases the
homing capacity of these cells. Cell Biochem. Biophys. 67, 1181–1191. doi:
10.1007/s12013-013-9632-6

Chen, J. Y., Miyanishi, M., Wang, S. K., Yamazaki, S., Sinha, R., Kao,
K. S., et al. (2016). Hoxb5 marks long-term haematopoietic stem cells and
reveals a homogenous perivascular niche. Nature 530, 223–227. doi: 10.1038/
nature16943

Chow, A., Lucas, D., Hidalgo, A., Mendez-Ferrer, S., Hashimoto, D., Scheiermann,
C., et al. (2011). Bone marrow CD169+ macrophages promote the retention of
hematopoietic stem and progenitor cells in the mesenchymal stem cell niche. J.
Exp. Med. 208, 261–271. doi: 10.1084/jem.20101688

Cominal, J. G., da Costa, Cacemiro, M., Pinto-Simoes, B., Kolb, H. J., Malmegrim,
K. C. R., et al. (2019). Emerging role of mesenchymal stromal cell-derived
extracellular vesicles in pathogenesis of haematological malignancies. Stem Cells
Int. 2019:6854080.

Corcione, A., Benvenuto, F., Ferretti, E., Giunti, D., Cappiello, V., Cazzanti, F., et al.
(2006). Human mesenchymal stem cells modulate B-cell functions. Blood 107,
367–372.

Corselli, M., Chin, C. J., Parekh, C., Sahaghian, A., Wang, W., Ge, S., et al. (2013).
Perivascular support of human hematopoietic stem/progenitor cells. Blood 121,
2891–2901.

Costa, M. H. G., Monteiro, T. S., Cardoso, S., Cabral, J. M. S., Ferreira, F. C., and
da Silva, C. L. (2019). Three-Dimensional co-culture of human hematopoietic
stem/progenitor cells and mesenchymal stem/stromal cells in a biomimetic
hematopoietic niche microenvironment. Methods Mol. Biol. 2002, 101–119.
doi: 10.1007/7651_2018_181

Craft, C. S., Li, Z., MacDougald, O. A., and Scheller, E. L. (2018). Molecular
differences between subtypes of bone marrow adipocytes. Curr. Mol. Biol. Rep.
4, 16–23.

Crane, G. M., Jeffery, E., and Morrison, S. J. (2017). Adult haematopoietic stem cell
niches. Nat. Rev. Immunol. 17, 573–590. doi: 10.1038/nri.2017.53

Crippa, S., and Bernardo, M. E. (2018). Mesenchymal stromal cells: role in the
BM niche and in the support of hematopoietic stem cell transplantation.
Hemasphere 2:e151. doi: 10.1097/hs9.0000000000000151

Crippa, S., Rossella, V., Aprile, A., Silvestri, L., Rivis, S., Scaramuzza, S., et al.
(2019a). Bone marrow stromal cells from beta-thalassemia patients have
impaired hematopoietic supportive capacity. J. Clin. Invest. 129, 1566–1580.
doi: 10.1172/jci123191

Crippa, S., Santi, L., Bosotti, R., Porro, G., and Bernardo, M. E. (2019).
Bone marrow-derived mesenchymal stromal cells: a novel target
to optimize hematopoietic stem cell transplantation protocols in
hematological malignancies and rare genetic disorders. J. Clin. Med. 9:2.
doi: 10.3390/jcm9010002

Cutler, A. J., Limbani, V., Girdlestone, J., and Navarrete, C. V. (2010). Umbilical
cord-derived mesenchymal stromal cells modulate monocyte function to
suppress T cell proliferation. J. Immunol. 185, 6617–6623. doi: 10.4049/
jimmunol.1002239

Czechowicz, A., Kraft, D., Weissman, I. L., and Bhattacharya, D. (2007). Efficient
transplantation via antibody-based clearance of hematopoietic stem cell niches.
Science 318, 1296–1299. doi: 10.1126/science.1149726

Czechowicz, A., Palchaudhuri, R., Scheck, A., Hu, Y., Hoggatt, J., Saez, B., et al.
(2019). Selective hematopoietic stem cell ablation using CD117-antibody-
drug-conjugates enables safe and effective transplantation with immunity
preservation. Nat. Commun. 10:617.

Dalal, J., Gandy, K., and Domen, J. (2012). Role of mesenchymal stem cell therapy
in Crohn’s disease. Pediatr. Res. 71, 445–451.

Davies, L. C., Rosas, M., Jenkins, S. J., Liao, C. T., Scurr, M. J., Brombacher, F.,
et al. (2013). Distinct bone marrow-derived and tissue-resident macrophage
lineages proliferate at key stages during inflammation. Nat. Commun. 4:1886.
doi: 10.1038/ncomms2877

De Becker, A., and Riet, I. V. (2016). Homing and migration of mesenchymal
stromal cells: how to improve the efficacy of cell therapy? World J. Stem Cells
8, 73–87. doi: 10.4252/wjsc.v8.i3.73

de Lima, M., McNiece, I., Robinson, S. N., Munsell, M., Eapen, M., Horowitz, M.,
et al. (2012). Cord-blood engraftment with ex vivo mesenchymal-cell coculture.
N. Engl. J. Med. 367, 2305–2315.

Ding, L., Saunders, T. L., Enikolopov, G., and Morrison, S. J. (2012). Endothelial
and perivascular cells maintain haematopoietic stem cells. Nature 481, 457–462.
doi: 10.1038/nature10783

Ding, L., and Morrison, S. J. (2013). Haematopoietic stem cells and early lymphoid
progenitors occupy distinct bone marrow niches. Nature 495, 231–235. doi:
10.1038/nature11885

Djouad, F., Fritz, V., Apparailly, F., Louis-Plence, P., Bony, C., Sany, J., et al. (2005).
Reversal of the immunosuppressive properties of mesenchymal stem cells by
tumor necrosis factor alpha in collagen-induced arthritis. Arthritis Rheum. 52,
1595–1603. doi: 10.1002/art.21012

Domenis, R., Cifu, A., Quaglia, S., Pistis, C., Moretti, M., Vicario, A., et al. (2018).
Pro inflammatory stimuli enhance the immunosuppressive functions of adipose
mesenchymal stem cells-derived exosomes. Sci. Rep. 8:13325.

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F., Krause,
D., et al. (2006). Minimal criteria for defining multipotent mesenchymal
stromal cells. the international society for cellular therapy position statement.
Cytotherapy 8, 315–317. doi: 10.1080/14653240600855905

Dorland, Y. L., Cornelissen, A. S., Kuijk, C., Tol, S., Hoogenboezem, M., van Buul,
J. D., et al. (2019). Nuclear shape, protrusive behaviour and in vivo retention
of human bone marrow mesenchymal stromal cells is controlled by Lamin-A/C
expression. Sci. Rep. 9:14401.

Driscoll, J., and Patel, T. (2019). The mesenchymal stem cell secretome as an
acellular regenerative therapy for liver disease. J. Gastroenterol. 54, 763–773.
doi: 10.1007/s00535-019-01599-1

Erices, A., Conget, P., and Minguell, J. J. (2000). Mesenchymal progenitor cells
in human umbilical cord blood. Br. J. Haematol. 109, 235–242. doi: 10.1046/
j.1365-2141.2000.01986.x

Estrada, J. C., Albo, C., Benguria, A., Dopazo, A., Lopez-Romero, P., Carrera-
Quintanar, L., et al. (2012). Culture of human mesenchymal stem cells at low
oxygen tension improves growth and genetic stability by activating glycolysis.
Cell Death Differ. 19, 743–755. doi: 10.1038/cdd.2011.172

Fernandez-Garcia, M., Yanez, R. M., Sanchez-Dominguez, R., Hernando-
Rodriguez, M., Peces-Barba, M., Herrera, G., et al. (2015). Mesenchymal
stromal cells enhance the engraftment of hematopoietic stem cells in an
autologous mouse transplantation model. Stem Cell Res. Ther. 6:165.

Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O’Shea, K. S., et al.
(1996). Heterozygous embryonic lethality induced by targeted inactivation of
the VEGF gene. Nature 380, 439–442. doi: 10.1038/380439a0

Fibbe, W. E., and Bernardo, M. E. (2014). Control of immune responses by
mesenchymal stromal cells. Rinsho Ketsueki 55, 2190–2194.

Flynn, C. M., Garbers, Y., Lokau, J., Wesch, D., Schulte, D. M., Laudes, M.,
et al. (2019). Activation of toll-like receptor 2 (TLR2) induces interleukin-6
trans-signaling. Sci. Rep. 9:7306.

Ford, K. M., Saint-Geniez, M., Walshe, T., Zahr, A., and D’Amore, P. A. (2011).
Expression and role of VEGF in the adult retinal pigment epithelium. Invest.
Ophthalmol. Vis. Sci. 52, 9478–9487. doi: 10.1167/iovs.11-8353

Foronjy, R. F., and Majka, S. M. (2012). The potential for resident lung
mesenchymal stem cells to promote functional tissue regeneration:
understanding microenvironmental cues. Cells 1:874. doi: 10.3390/
cells1040874

Francois, M., Copland, I. B., Yuan, S., Romieu-Mourez, R., Waller, E. K.,
and Galipeau, J. (2012a). Cryopreserved mesenchymal stromal cells display
impaired immunosuppressive properties as a result of heat-shock response and
impaired interferon-gamma licensing. Cytotherapy 14, 147–152. doi: 10.3109/
14653249.2011.623691

Francois, M., Romieu-Mourez, R., Li, M., and Galipeau, J. (2012b). Human MSC
suppression correlates with cytokine induction of indoleamine 2,3-dioxygenase
and bystander M2 macrophage differentiation. Mol. Ther. 20, 187–195. doi:
10.1038/mt.2011.189

Galán-Díez, M., Cuesta-Dominguez, A., and Kousteni, S. (2018). The bone marrow
microenvironment in health and myeloid malignancy. Cold Spring Harb.
Perspect. Med. 8:a031328. doi: 10.1101/cshperspect.a031328

Galipeau, J. (2013). The mesenchymal stromal cells dilemma–does a negative
phase III trial of random donor mesenchymal stromal cells in steroid-resistant

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1007/s12013-013-9632-6
https://doi.org/10.1007/s12013-013-9632-6
https://doi.org/10.1038/nature16943
https://doi.org/10.1038/nature16943
https://doi.org/10.1084/jem.20101688
https://doi.org/10.1007/7651_2018_181
https://doi.org/10.1038/nri.2017.53
https://doi.org/10.1097/hs9.0000000000000151
https://doi.org/10.1172/jci123191
https://doi.org/10.3390/jcm9010002
https://doi.org/10.4049/jimmunol.1002239
https://doi.org/10.4049/jimmunol.1002239
https://doi.org/10.1126/science.1149726
https://doi.org/10.1038/ncomms2877
https://doi.org/10.4252/wjsc.v8.i3.73
https://doi.org/10.1038/nature10783
https://doi.org/10.1038/nature11885
https://doi.org/10.1038/nature11885
https://doi.org/10.1002/art.21012
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1007/s00535-019-01599-1
https://doi.org/10.1046/j.1365-2141.2000.01986.x
https://doi.org/10.1046/j.1365-2141.2000.01986.x
https://doi.org/10.1038/cdd.2011.172
https://doi.org/10.1038/380439a0
https://doi.org/10.1167/iovs.11-8353
https://doi.org/10.3390/cells1040874
https://doi.org/10.3390/cells1040874
https://doi.org/10.3109/14653249.2011.623691
https://doi.org/10.3109/14653249.2011.623691
https://doi.org/10.1038/mt.2011.189
https://doi.org/10.1038/mt.2011.189
https://doi.org/10.1101/cshperspect.a031328
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 19

Crippa et al. Hematopoietic Supportive Role of MSCs

graft-versus-host disease represent a death knell or a bump in the road?
Cytotherapy 15, 2–8. doi: 10.1016/j.jcyt.2012.10.002

Galleu, A., Riffo-Vasquez, Y., Trento, C., Lomas, C., Dolcetti, L., Cheung, T. S.,
et al. (2017). Apoptosis in mesenchymal stromal cells induces in vivo recipient-
mediated immunomodulation. Sci. Transl. Med. 9:eaam7828. doi: 10.1126/
scitranslmed.aam7828

Ganuza, M., and McKinney-Freeman, S. (2017). Hematopoietic stem cells
under pressure. Curr. Opin. Hematol. 24, 314–321. doi: 10.1097/moh.
0000000000000347

Gao, J., Dennis, J. E., Muzic, R. F., Lundberg, M., and Caplan, A. I. (2001). The
dynamic in vivo distribution of bone marrow-derived mesenchymal stem cells
after infusion. Cells Tissues Organs 169, 12–20. doi: 10.1159/000047856

García-García, A., Korn, C., Garcia-Fernandez, M., Domingues, O., Villadiego, J.,
Martin-Perez, D., et al. (2019). Dual cholinergic signals regulate daily migration
of hematopoietic stem cells and leukocytes. Blood 133, 224–236. doi: 10.1182/
blood-2018-08-867648

Garnett, C., Apperley, J. F., and Pavlu, J. (2013). Treatment and management of
graft-versus-host disease: improving response and survival. Ther. Adv. Hematol.
4, 366–378. doi: 10.1177/2040620713489842

Ge, Q., Zhang, H., Hou, J., Wan, L., Cheng, W., Wang, X., et al. (2018). VEGF
secreted by mesenchymal stem cells mediates the differentiation of endothelial
progenitor cells into endothelial cells via paracrine mechanisms. Mol. Med. Rep.
17, 1667–1675.

Gerber, H. P., Malik, A. K., Solar, G. P., Sherman, D., Liang, X. H., Meng, G.,
et al. (2002). VEGF regulates haematopoietic stem cell survival by an internal
autocrine loop mechanism. Nature 417, 954–958. doi: 10.1038/nature00821

Ghazanfari, R., Zacharaki, D., Li, H., Ching Lim, H., Soneji, S., and Scheding, S.
(2017). Human primary bone marrow mesenchymal stromal cells and their
in vitro progenies display distinct transcriptional profile signatures. Sci. Rep.
7:10338.

Giri, J., Das, R., Nylen, E., Chinnadurai, R., and Galipeau, J. (2020). CCL2 and
CXCL12 derived from mesenchymal stromal cells cooperatively polarize il-10+
tissue macrophages to mitigate gut injury. Cell Rep. 30, 1923–1934.e4.

Gnani, D., Crippa, S., Della Volpe, L., Rossella, V., Conti, A., Lettera, E.,
et al. (2019). An early-senescence state in aged mesenchymal stromal cells
contributes to hematopoietic stem and progenitor cell clonogenic impairment
through the activation of a pro-inflammatory program. Aging Cell 18:e12933.
doi: 10.1111/acel.12933

Golan, K., Singh, A. K., Kollet, O., Bertagna, M., Althoff, M. J., Khatib-Massalha,
E., et al. (2020). Bone marrow regeneration requires mitochondrial transfer
from donor Cx43-expressing hematopoietic progenitors to stroma. Blood 136,
2607–2619. doi: 10.1182/blood.2020005399

Gong, J. K. (1978). Endosteal marrow: a rich source of hematopoietic stem cells.
Science 199, 1443–1445. doi: 10.1126/science.75570

Gonzalo-Daganzo, R., Regidor, C., Martin-Donaire, T., Rico, M. A., Bautista, G.,
Krsnik, I., et al. (2009). Results of a pilot study on the use of third-party donor
mesenchymal stromal cells in cord blood transplantation in adults. Cytotherapy
11, 278–288. doi: 10.1080/14653240902807018

Goto, T., Murata, M., Nishida, T., Terakura, S., Kamoshita, S., Ishikawa, Y.,
et al. (2020). Phase I clinical trial of intra-bone marrow cotransplantation of
mesenchymal stem cells in cord blood transplantation. Stem Cells Transl. Med.
10, 542–553. doi: 10.1002/sctm.20-0381

Gowen, A., Shahjin, F., Chand, S., Odegaard, K. E., and Yelamanchili, S. V.
(2020). Mesenchymal stem cell-derived extracellular vesicles: challenges in
clinical applications. Front. Cell Dev. Biol. 8:149. doi: 10.3389/fcell.2020.
00149

Greenbaum, A., Hsu, Y. M., Day, R. B., Schuettpelz, L. G., Christopher, M. J.,
Borgerding, J. N., et al. (2013). CXCL12 in early mesenchymal progenitors
is required for haematopoietic stem-cell maintenance. Nature 495, 227–230.
doi: 10.1038/nature11926

Greenbaum, A. M., Revollo, L. D., Woloszynek, J. R., Civitelli, R., and Link, D. C.
(2012). N-cadherin in osteolineage cells is not required for maintenance of
hematopoietic stem cells. Blood 120, 295–302. doi: 10.1182/blood-2011-09-
377457

Haetscher, N., Feuermann, Y., Wingert, S., Rehage, M., Thalheimer, F. B., Weiser,
C., et al. (2015). STAT5-regulated microRNA-193b controls haematopoietic
stem and progenitor cell expansion by modulating cytokine receptor signalling.
Nat. Commun. 6:8928.

Hanoun, M., Maryanovich, M., Arnal-Estape, A., and Frenette, P. S. (2015). Neural
regulation of hematopoiesis, inflammation, and cancer. Neuron 86, 360–373.
doi: 10.1016/j.neuron.2015.01.026

Haque, N., Rahman, M. T., Abu Kasim, N. H., and Alabsi, A. M. (2013). Hypoxic
culture conditions as a solution for mesenchymal stem cell based regenerative
therapy. ScientificWorldJournal 2013:632972.

Hardouin, P., Rharass, T., and Lucas, S. (2016). Bone Marrow adipose tissue: to
be or not to be a typical adipose tissue? Front. Endocrinol. (Lausanne) 7:85.
doi: 10.3389/fendo.2016.00085

Hare, I., Gencheva, M., Evans, R., Fortney, J., Piktel, D., Vos, J. A., et al. (2016).
In vitro expansion of bone marrow derived mesenchymal stem cells alters DNA
double strand break repair of etoposide induced DNA damage. Stem Cells Int.
2016:8270464.

Harrell, C. R., Fellabaum, C., Arsenijevic, A., Markovic, B. S., Djonov, V., and
Volarevic, V. (2019). Therapeutic potential of mesenchymal stem cells and their
secretome in the treatment of glaucoma. Stem Cells Int. 2019:7869130.

Hattori, K., Dias, S., Heissig, B., Hackett, N. R., Lyden, D., Tateno, M., et al. (2001).
Vascular endothelial growth factor and angiopoietin-1 stimulate postnatal
hematopoiesis by recruitment of vasculogenic and hematopoietic stem cells.
J. Exp. Med. 193, 1005–1014. doi: 10.1084/jem.193.9.1005

He, Q., Scott Swindle, C., Wan, C., Flynn, R. J., Oster, R. A., Chen, D., et al. (2017).
Enhanced hematopoietic stem cell self-renewal-promoting ability of clonal
primary mesenchymal stromal/stem cells versus their osteogenic progeny. Stem
Cells 35, 473–484. doi: 10.1002/stem.2481

Healy, M. E., Bergin, R., Mahon, B. P., and English, K. (2015). Mesenchymal
stromal cells protect against caspase 3-mediated apoptosis of CD19(+)
peripheral B cells through contact-dependent upregulation of VEGF. Stem Cells
Dev. 24, 2391–2402. doi: 10.1089/scd.2015.0089

Herrmann, R., Sturm, M., Shaw, K., Purtill, D., Cooney, J., Wright, M., et al. (2012).
Mesenchymal stromal cell therapy for steroid-refractory acute and chronic
graft versus host disease: a phase 1 study. Int. J. Hematol. 95, 182–188. doi:
10.1007/s12185-011-0989-2

Hladik, D., Hofig, I., Oestreicher, U., Beckers, J., Matjanovski, M., Bao, X., et al.
(2019). Long-term culture of mesenchymal stem cells impairs ATM-dependent
recognition of DNA breaks and increases genetic instability. Stem Cell Res. Ther.
10:218.

Hoogduijn, M. J., de Witte, S. F., Luk, F., van den Hout-van, Vroonhoven, M. C.,
Ignatowicz, L., et al. (2016). Effects of freeze-thawing and intravenous infusion
on mesenchymal stromal cell gene expression. Stem Cells Dev. 25, 586–597.
doi: 10.1089/scd.2015.0329

Hooper, A. T., Butler, J. M., Nolan, D. J., Kranz, A., Iida, K., Kobayashi, M.,
et al. (2009). Engraftment and reconstitution of hematopoiesis is dependent on
VEGFR2-mediated regeneration of sinusoidal endothelial cells. Cell Stem Cell
4, 263–274. doi: 10.1016/j.stem.2009.01.006

Horwitz, E. M., Maziarz, R. T., and Kebriaei, P. (2011). MSCs in
hematopoietic cell transplantation. Biol. Blood Marrow Transplant. 17,
S21–S29.

Hu, C., and Li, L. (2018). Preconditioning influences mesenchymal stem cell
properties in vitro and in vivo. J. Cell Mol. Med. 22, 1428–1442. doi: 10.1111/
jcmm.13492

Huang, X., Zhu, B., Wang, X., Xiao, R., and Wang, C. (2016). Three-dimensional
co-culture of mesenchymal stromal cells and differentiated osteoblasts on
human bio-derived bone scaffolds supports active multi-lineage hematopoiesis
in vitro: functional implication of the biomimetic HSC niche. Int. J. Mol. Med.
38, 1141–1151. doi: 10.3892/ijmm.2016.2712

Ingo, D. M., Redaelli, D., Rossella, V., Perini, O., Santoleri, L., Ciceri, F., et al.
(2016). Bone marrow-derived CD34(-) fraction: a rich source of mesenchymal
stromal cells for clinical application. Cytotherapy 18, 1560–1563. doi: 10.1016/
j.jcyt.2016.08.011

Introna, M., Lucchini, G., Dander, E., Galimberti, S., Rovelli, A., Balduzzi, A., et al.
(2014). Treatment of graft versus host disease with mesenchymal stromal cells: a
phase I study on 40 adult and pediatric patients. Biol. Blood Marrow Transplant.
20, 375–381.

Isern, J., and Mendez-Ferrer, S. (2011). Stem cell interactions in a bone marrow
niche. Curr. Osteoporos Rep. 9, 210–218.

Itkin, T., Gur-Cohen, S., Spencer, J. A., Schajnovitz, A., Ramasamy, S. K., Kusumbe,
A. P., et al. (2016). Distinct bone marrow blood vessels differentially regulate
haematopoiesis. Nature 532, 323–328. doi: 10.1038/nature17624

Frontiers in Cell and Developmental Biology | www.frontiersin.org 19 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1016/j.jcyt.2012.10.002
https://doi.org/10.1126/scitranslmed.aam7828
https://doi.org/10.1126/scitranslmed.aam7828
https://doi.org/10.1097/moh.0000000000000347
https://doi.org/10.1097/moh.0000000000000347
https://doi.org/10.1159/000047856
https://doi.org/10.1182/blood-2018-08-867648
https://doi.org/10.1182/blood-2018-08-867648
https://doi.org/10.1177/2040620713489842
https://doi.org/10.1038/nature00821
https://doi.org/10.1111/acel.12933
https://doi.org/10.1182/blood.2020005399
https://doi.org/10.1126/science.75570
https://doi.org/10.1080/14653240902807018
https://doi.org/10.1002/sctm.20-0381
https://doi.org/10.3389/fcell.2020.00149
https://doi.org/10.3389/fcell.2020.00149
https://doi.org/10.1038/nature11926
https://doi.org/10.1182/blood-2011-09-377457
https://doi.org/10.1182/blood-2011-09-377457
https://doi.org/10.1016/j.neuron.2015.01.026
https://doi.org/10.3389/fendo.2016.00085
https://doi.org/10.1084/jem.193.9.1005
https://doi.org/10.1002/stem.2481
https://doi.org/10.1089/scd.2015.0089
https://doi.org/10.1007/s12185-011-0989-2
https://doi.org/10.1007/s12185-011-0989-2
https://doi.org/10.1089/scd.2015.0329
https://doi.org/10.1016/j.stem.2009.01.006
https://doi.org/10.1111/jcmm.13492
https://doi.org/10.1111/jcmm.13492
https://doi.org/10.3892/ijmm.2016.2712
https://doi.org/10.1016/j.jcyt.2016.08.011
https://doi.org/10.1016/j.jcyt.2016.08.011
https://doi.org/10.1038/nature17624
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 20

Crippa et al. Hematopoietic Supportive Role of MSCs

Itkin, T., Ludin, A., Gradus, B., Gur-Cohen, S., Kalinkovich, A., Schajnovitz,
A., et al. (2012). FGF-2 expands murine hematopoietic stem and progenitor
cells via proliferation of stromal cells, c-Kit activation, and CXCL12
down-regulation. Blood 120, 1843–1855. doi: 10.1182/blood-2011-11-39
4692

Jalili, A., Shirvaikar, N., Marquez-Curtis, L. A., Turner, A. R., and Janowska-
Wieczorek, A. (2010). The HGF/c-Met axis synergizes with G-CSF in the
mobilization of hematopoietic stem/progenitor cells. Stem Cells Dev. 19, 1143–
1151. doi: 10.1089/scd.2009.0376

Janowska-Wieczorek, A., Majka, M., Ratajczak, J., and Ratajczak, M. Z. (2001).
Autocrine/paracrine mechanisms in human hematopoiesis. Stem Cells 19, 99–
107. doi: 10.1634/stemcells.19-2-99

Janz Fde, L., Debes Ade, A., Cavaglieri Rde, C., Duarte, S. A., Romao, C. M., Moron,
A. F., et al. (2012). Evaluation of distinct freezing methods and cryoprotectants
for human amniotic fluid stem cells cryopreservation. J. Biomed. Biotechnol.
2012:649353.

Jin, H. J., Kwon, J. H., Kim, M., Bae, Y. K., Choi, S. J., Oh, W., et al.
(2016). Downregulation of melanoma cell adhesion molecule (MCAM/CD146)
accelerates cellular senescence in human umbilical cord blood-derived
mesenchymal stem cells. Stem Cells Transl. Med. 5, 427–439. doi: 10.5966/sctm.
2015-0109

Ju, W., Sun, T., Lu, W., Xu, K., Qiao, J., and Zeng, L. (2019). The role of
macrophages in bone marrow injury and hematopoietic reconstitution. Blood
134:3729. doi: 10.1182/blood-2019-127802

Kabat, M., Bobkov, I., Kumar, S., and Grumet, M. (2020). Trends in
mesenchymal stem cell clinical trials 2004-2018: is efficacy optimal in a
narrow dose range? Stem Cells Transl. Med. 9, 17–27. doi: 10.1002/sctm.
19-0202

Kabrun, N., Buhring, H. J., Choi, K., Ullrich, A., Risau, W., and Keller, G.
(1997). Flk-1 expression defines a population of early embryonic hematopoietic
precursors. Development 124, 2039–2048.

Kadekar, D., Kale, V., and Limaye, L. (2015). Differential ability of MSCs isolated
from placenta and cord as feeders for supporting ex vivo expansion of umbilical
cord blood derived CD34(+) cells. Stem Cell Res. Ther. 6:201.

Kalinkovich, A., Spiegel, A., Shivtiel, S., Kollet, O., Jordaney, N., Piacibello, W., et al.
(2009). Blood-forming stem cells are nervous: direct and indirect regulation of
immature human CD34+ cells by the nervous system. Brain Behav. Immun. 23,
1059–1065. doi: 10.1016/j.bbi.2009.03.008

Kang, K. S., and Robling, A. G. (2014). New insights into Wnt-Lrp5/6-beta-Catenin
signaling in mechanotransduction. Front. Endocrinol. (Lausanne) 5:246. doi:
10.3389/fendo.2014.00246

Katayama, Y., Battista, M., Kao, W. M., Hidalgo, A., Peired, A. J., Thomas,
S. A., et al. (2006). Signals from the sympathetic nervous system regulate
hematopoietic stem cell egress from bone marrow. Cell 124, 407–421. doi:
10.1016/j.cell.2005.10.041

Kholodenko, I. V., Kurbatov, L. K., Kholodenko, R. V., Manukyan, G. V., and
Yarygin, K. N. (2019). Mesenchymal stem cells in the adult human liver: hype
or hope? Cells 8:1127. doi: 10.3390/cells8101127

Kiel, M. J., Yilmaz, O. H., Iwashita, T., Yilmaz, O. H., Terhorst, C., and Morrison,
S. J. (2005). SLAM family receptors distinguish hematopoietic stem and
progenitor cells and reveal endothelial niches for stem cells. Cell 121, 1109–
1121. doi: 10.1016/j.cell.2005.05.026

Kim, H. K., Lee, S. G., Lee, S. W., Oh, B. J., Kim, J. H., Kim, J. A., et al. (2019).
A subset of paracrine factors as efficient biomarkers for predicting vascular
regenerative efficacy of mesenchymal stromal/stem cells. Stem Cells 37, 77–88.
doi: 10.1002/stem.2920

Kirkland, J. L., Tchkonia, T., Pirtskhalava, T., Han, J., and Karagiannides, I. (2002).
Adipogenesis and aging: does aging make fat go MAD? Exp. Gerontol. 37,
757–767. doi: 10.1016/s0531-5565(02)00014-1

Koc, O. N., Gerson, S. L., Cooper, B. W., Dyhouse, S. M., Haynesworth, S. E.,
Caplan, A. I., et al. (2000). Rapid hematopoietic recovery after coinfusion of
autologous-blood stem cells and culture-expanded marrow mesenchymal stem
cells in advanced breast cancer patients receiving high-dose chemotherapy.
J. Clin. Oncol. 18, 307–316. doi: 10.1200/jco.2000.18.2.307

Koch, S., and Claesson-Welsh, L. (2012). Signal transduction by vascular
endothelial growth factor receptors. Cold Spring Harb. Perspect. Med.
2:a006502. doi: 10.1101/cshperspect.a006502

Koechlein, C. S., Harris, J. R., Lee, T. K., Weeks, J., Fox, R. G., Zimdahl, B., et al.
(2016). High-resolution imaging and computational analysis of haematopoietic
cell dynamics in vivo. Nat. Commun. 7:12169.

Kopp, H. G., Ramos, C. A., and Rafii, S. (2006). Contribution of endothelial
progenitors and proangiogenic hematopoietic cells to vascularization of tumor
and ischemic tissue. Curr. Opin. Hematol. 13, 175–181. doi: 10.1097/01.moh.
0000219664.26528.da

Kordelas, L., Rebmann, V., Ludwig, A. K., Radtke, S., Ruesing, J., Doeppner,
T. R., et al. (2014). MSC-derived exosomes: a novel tool to treat therapy-
refractory graft-versus-host disease. Leukemia 28, 970–973. doi: 10.1038/leu.
2014.41

Krampera, M., Glennie, S., Dyson, J., Scott, D., Laylor, R., Simpson, E., et al.
(2003). Bone marrow mesenchymal stem cells inhibit the response of naive and
memory antigen-specific T cells to their cognate peptide. Blood 101, 3722–3729.
doi: 10.1182/blood-2002-07-2104

Krevvata, M., Silva, B. C., Manavalan, J. S., Galan-Diez, M., Kode, A., Matthews, B.
G., et al. (2014). Inhibition of leukemia cell engraftment and disease progression
in mice by osteoblasts. Blood 124, 2834–2846. doi: 10.1182/blood-2013-07-
517219

Kuci, S., Kuci, Z., Schafer, R., Spohn, G., Winter, S., Schwab, M., et al. (2019).
Molecular signature of human bone marrow-derived mesenchymal stromal cell
subsets. Sci. Rep. 9:1774.

Kumar, S., and Ponnazhagan, S. (2007). Bone homing of mesenchymal stem cells
by ectopic alpha 4 integrin expression. FASEB J. 21, 3917–3927. doi: 10.1096/fj.
07-8275com

Kunisaki, Y., Bruns, I., Scheiermann, C., Ahmed, J., Pinho, S., Zhang, D., et al.
(2013). Arteriolar niches maintain haematopoietic stem cell quiescence. Nature
502, 637–643. doi: 10.1038/nature12612

Kusumbe, A. P., Ramasamy, S. K., and Adams, R. H. (2014). Coupling of
angiogenesis and osteogenesis by a specific vessel subtype in bone. Nature 507,
323–328. doi: 10.1038/nature13145

Lampreia, F. P., Carmelo, J. G., and Anjos-Afonso, F. (2017). Notch signaling in
the regulation of hematopoietic stem cell. Curr. Stem Cell Rep. 3, 202–209.
doi: 10.1007/s40778-017-0090-8

Lazarus, H. M., Haynesworth, S. E., Gerson, S. L., Rosenthal, N. S., and Caplan, A. I.
(1995). Ex vivo expansion and subsequent infusion of human bone marrow-
derived stromal progenitor cells (mesenchymal progenitor cells): implications
for therapeutic use. Bone Marrow Transplant 16, 557–564.

Lazarus, H. M., Koc, O. N., Devine, S. M., Curtin, P., Maziarz, R. T., Holland,
H. K., et al. (2005). Cotransplantation of HLA-identical sibling culture-
expanded mesenchymal stem cells and hematopoietic stem cells in hematologic
malignancy patients. Biol. Blood Marrow Transplant 11, 389–398. doi: 10.1016/
j.bbmt.2005.02.001

Lazzari, E., and Butler, J. M. (2018). The instructive role of the bone marrow niche
in aging and leukemia. Curr. Stem Cell Rep. 4, 291–298. doi: 10.1007/s40778-
018-0143-7

Le, P. M., Andreeff, M., and Battula, V. L. (2018). Osteogenic niche in the regulation
of normal hematopoiesis and leukemogenesis. Haematologica 103, 1945–1955.
doi: 10.3324/haematol.2018.197004

Le Blanc, K., Frassoni, F., Ball, L., Locatelli, F., Roelofs, H., Lewis, I., et al. (2008).
Mesenchymal stem cells for treatment of steroid-resistant, severe, acute graft-
versus-host disease: a phase II study. Lancet 371, 1579–1586. doi: 10.1016/
s0140-6736(08)60690-x

Le Blanc, K., Rasmusson, I., Sundberg, B., Gotherstrom, C., Hassan, M., Uzunel,
M., et al. (2004). Treatment of severe acute graft-versus-host disease with third
party haploidentical mesenchymal stem cells. Lancet 363, 1439–1441. doi:
10.1016/s0140-6736(04)16104-7

Lecka-Czernik, B., Stechschulte, L. A., Czernik, P. J., Sherman, S. B., Huang, S., and
Krings, A. (2017). Marrow adipose tissue: skeletal location, sexual dimorphism,
and response to sex steroid deficiency. Front. Endocrinol. (Lausanne) 8:188.
doi: 10.3389/fendo.2017.00188

Lee, H. J., Lee, J. K., Lee, H., Shin, J. W., Carter, J. E., Sakamoto, T., et al. (2010).
The therapeutic potential of human umbilical cord blood-derived mesenchymal
stem cells in Alzheimer’s disease. Neurosci. Lett. 481, 30–35.

Lee, S. H., Lee, M. W., Yoo, K. H., Kim, D. S., Son, M. H., Sung, K. W., et al.
(2013). Co-transplantation of third-party umbilical cord blood-derived MSCs
promotes engraftment in children undergoing unrelated umbilical cord blood

Frontiers in Cell and Developmental Biology | www.frontiersin.org 20 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1182/blood-2011-11-394692
https://doi.org/10.1182/blood-2011-11-394692
https://doi.org/10.1089/scd.2009.0376
https://doi.org/10.1634/stemcells.19-2-99
https://doi.org/10.5966/sctm.2015-0109
https://doi.org/10.5966/sctm.2015-0109
https://doi.org/10.1182/blood-2019-127802
10.1002/sctm.19-0202
10.1002/sctm.19-0202
https://doi.org/10.1016/j.bbi.2009.03.008
https://doi.org/10.3389/fendo.2014.00246
https://doi.org/10.3389/fendo.2014.00246
https://doi.org/10.1016/j.cell.2005.10.041
https://doi.org/10.1016/j.cell.2005.10.041
https://doi.org/10.3390/cells8101127
https://doi.org/10.1016/j.cell.2005.05.026
https://doi.org/10.1002/stem.2920
https://doi.org/10.1016/s0531-5565(02)00014-1
https://doi.org/10.1200/jco.2000.18.2.307
https://doi.org/10.1101/cshperspect.a006502
https://doi.org/10.1097/01.moh.0000219664.26528.da
https://doi.org/10.1097/01.moh.0000219664.26528.da
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1182/blood-2002-07-2104
https://doi.org/10.1182/blood-2013-07-517219
https://doi.org/10.1182/blood-2013-07-517219
https://doi.org/10.1096/fj.07-8275com
https://doi.org/10.1096/fj.07-8275com
https://doi.org/10.1038/nature12612
https://doi.org/10.1038/nature13145
https://doi.org/10.1007/s40778-017-0090-8
https://doi.org/10.1016/j.bbmt.2005.02.001
https://doi.org/10.1016/j.bbmt.2005.02.001
https://doi.org/10.1007/s40778-018-0143-7
https://doi.org/10.1007/s40778-018-0143-7
https://doi.org/10.3324/haematol.2018.197004
https://doi.org/10.1016/s0140-6736(08)60690-x
https://doi.org/10.1016/s0140-6736(08)60690-x
https://doi.org/10.1016/s0140-6736(04)16104-7
https://doi.org/10.1016/s0140-6736(04)16104-7
https://doi.org/10.3389/fendo.2017.00188
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 21

Crippa et al. Hematopoietic Supportive Role of MSCs

transplantation. Bone Marrow Transplant. 48, 1040–1045. doi: 10.1038/bmt.
2013.7

Leibacher, J., and Henschler, R. (2016). Biodistribution, migration and homing of
systemically applied mesenchymal stem/stromal cells. Stem Cell Res. Ther. 7:7.

Lévesque, J. P., Hendy, J., Takamatsu, Y., Simmons, P. J., and Bendall, L. J.
(2003). Disruption of the CXCR4/CXCL12 chemotactic interaction during
hematopoietic stem cell mobilization induced by GCSF or cyclophosphamide.
J. Clin. Invest. 111, 187–196. doi: 10.1172/JCI15994

Li, H., Daculsi, R., Grellier, M., Bareille, R., Bourget, C., Remy, M., et al. (2011).
The role of vascular actors in two dimensional dialogue of human bone marrow
stromal cell and endothelial cell for inducing self-assembled network. PLoS One
6:e16767. doi: 10.1371/journal.pone.0016767

Li, H., Ghazanfari, R., Zacharaki, D., Lim, H. C., and Scheding, S. (2016). Isolation
and characterization of primary bone marrow mesenchymal stromal cells. Ann.
N. Y. Acad. Sci. 1370, 109–118.

Li, H., Lim, H. C., Zacharaki, D., Xian, X., Kenswil, K. J. G., Braunig, S., et al. (2020).
Early growth response 1 regulates hematopoietic support and proliferation in
human primary bone marrow stromal cells. Haematologica 105, 1206–1215.
doi: 10.3324/haematol.2019.216648

Li, Y. M., Schilling, T., Benisch, P., Zeck, S., Meissner-Weigl, J., Schneider, D.,
et al. (2007). Effects of high glucose on mesenchymal stem cell proliferation and
differentiation. Biochem. Biophys. Res. Commun. 363, 209–215.

Lia, G., Di Vito, C., Cerrano, M., Brunello, L., Calcaterra, F., Tapparo, M., et al.
(2020). Extracellular vesicles after allogeneic hematopoietic cell transplantation:
emerging role in post-transplant complications. Front. Immunol. 11:422. doi:
10.3389/fimmu.2020.00422

Lim, J., Heo, J., Ju, H., Shin, J. W., Kim, Y., Lee, S., et al. (2020). Glutathione
dynamics determine the therapeutic efficacy of mesenchymal stem cells for
graft-versus-host disease via CREB1-NRF2 pathway. Sci. Adv. 6:eaba1334. doi:
10.1126/sciadv.aba1334

Lin, T., Pajarinen, J., Kohno, Y., Huang, J. F., Maruyama, M., Romero-Lopez, M.,
et al. (2019). Trained murine mesenchymal stem cells have anti-inflammatory
effect on macrophages, but defective regulation on T-cell proliferation. FASEB
J. 33, 4203–4211. doi: 10.1096/fj.201801845r

Liotta, F., Angeli, R., Cosmi, L., Fili, L., Manuelli, C., Frosali, F., et al. (2008).
Toll-like receptors 3 and 4 are expressed by human bone marrow-derived
mesenchymal stem cells and can inhibit their T-cell modulatory activity by
impairing Notch signaling. Stem Cells 26, 279–289. doi: 10.1634/stemcells.
2007-0454

Liu, F. D., Tam, K., Pishesha, N., Poon, Z., and Van Vliet, K. J. (2018). Improving
hematopoietic recovery through modeling and modulation of the mesenchymal
stromal cell secretome. Stem Cell Res. Ther. 9:268.

Liu, J., Qiu, X., Lv, Y., Zheng, C., Dong, Y., Dou, G., et al. (2020). Apoptotic bodies
derived from mesenchymal stem cells promote cutaneous wound healing via
regulating the functions of macrophages. Stem Cell Res. Ther. 11:507.

Lo Celso, C., Fleming, H. E., Wu, J. W., Zhao, C. X., Miake-Lye, S., and Fujisaki, J.
(2009). Live-animal tracking of individual haematopoietic stem/progenitor cells
in their niche. Nature 457, 92–96. doi: 10.1038/nature07434

Locatelli, F., Lucarelli, B., and Merli, P. (2014). Current and future approaches
to treat graft failure after allogeneic hematopoietic stem cell transplantation.
Expert Opin. Pharmacother. 15, 23–36. doi: 10.1517/14656566.2014.852537

Loibl, M., Binder, A., Herrmann, M., Duttenhoefer, F., Richards, R. G., Nerlich,
M., et al. (2014). Direct cell-cell contact between mesenchymal stem cells and
endothelial progenitor cells induces a pericyte-like phenotype in vitro. Biomed
Res. Int. 2014:395781.

Lord, B. I., Testa, N. G., and Hendry, J. H. (1975). The relative spatial distributions
of CFUs and CFUc in the normal mouse femur. Blood 46, 65–72. doi: 10.1182/
blood.v46.1.65.bloodjournal46165

Lu, D., Liao, Y., Zhu, S. H., Chen, Q. C., Xie, D. M., Liao, J. J., et al. (2019). Bone-
derived Nestin-positive mesenchymal stem cells improve cardiac function via
recruiting cardiac endothelial cells after myocardial infarction. Stem Cell Res.
Ther. 10:127.

Ludin, A., Gur-Cohen, S., Golan, K., Kaufmann, K. B., Itkin, T., Medaglia, C., et al.
(2014). Reactive oxygen species regulate hematopoietic stem cell self-renewal,
migration and development, as well as their bone marrow microenvironment.
Antioxid. Redox. Signal. 21, 1605–1619. doi: 10.1089/ars.2014.5941

Macmillan, M. L., Blazar, B. R., DeFor, T. E., and Wagner, J. E. (2009).
Transplantation of ex-vivo culture-expanded parental haploidentical

mesenchymal stem cells to promote engraftment in pediatric recipients
of unrelated donor umbilical cord blood: results of a phase I-II clinical
trial. Bone Marrow Transplant. 43, 447–454. doi: 10.1038/bmt.20
08.348

Malpique, R., Ehrhart, F., Katsen-Globa, A., Zimmermann, H., and Alves, P. M.
(2009). Cryopreservation of adherent cells: strategies to improve cell viability
and function after thawing. Tissue Eng Part C Methods 15, 373–386. doi:
10.1089/ten.tec.2008.0410

Mangialardi, G., Cordaro, A., and Madeddu, P. (2016). The bone marrow pericyte:
an orchestrator of vascular niche. Regen. Med. 11, 883–895. doi: 10.2217/rme-
2016-0121

Mansour, A., Abou-Ezzi, G., Sitnicka, E., Jacobsen, S. E., Wakkach, A., and Blin-
Wakkach, C. (2012). Osteoclasts promote the formation of hematopoietic stem
cell niches in the bone marrow. J. Exp. Med. 209, 537–549. doi: 10.1084/jem.
20110994

Mariani, S. A., Li, Z., Rice, S., Krieg, C., Fragkogianni, S., Robinson, M., et al. (2019).
Pro-inflammatory aorta-associated macrophages are involved in embryonic
development of hematopoietic stem cells. Immunity 50, 1439–1452e5. doi: 10.
1016/j.immuni.2019.05.003

Martin, P. J., Rizzo, J. D., Wingard, J. R., Ballen, K., Curtin, P. T., Cutler, C.,
et al. (2012). First- and second-line systemic treatment of acute graft-versus-
host disease: recommendations of the american society of blood and marrow
transplantation. Biol. Blood Marrow Transplant 18, 1150–1163. doi: 10.1016/j.
bbmt.2012.04.005

Maryanovich, M., Takeishi, S., and Frenette, P. S. (2018). Neural regulation of bone
and bone marrow. Cold Spring Harb. Perspect. Med. 8:a031344. doi: 10.1101/
cshperspect.a031344

Masuda, S., Ageyama, N., Shibata, H., Obara, Y., Ikeda, T., Takeuchi, K., et al.
(2009). Cotransplantation with MSCs improves engraftment of HSCs after
autologous intra-bone marrow transplantation in nonhuman primates. Exp.
Hematol. 37:e1.

Matsuzaki, H., Tamatani, M., Yamaguchi, A., Namikawa, K., Kiyama, H., Vitek,
M. P., et al. (2001). Vascular endothelial growth factor rescues hippocampal
neurons from glutamate-induced toxicity: signal transduction cascades. FASEB
J. 15, 1218–1220. doi: 10.1096/fj.00-0495fje

McGrath, K. E., Frame, J. M., and Palis, J. (2015). Early hematopoiesis and
macrophage development. Semin Immunol. 27, 379–387. doi: 10.1016/j.smim.
2016.03.013

McQuibban, G. A., Butler, G. S., Gong, J. H., Bendall, L., Power, C., Clark-Lewis, I.,
et al. (2001). Matrix metalloproteinase activity inactivates the CXC chemokine
stromal cell-derived factor-1. J. Biol. Chem. 276, 43503–43508. doi: 10.1074/jbc.
M107736200

Mendes, S. C., Robin, C., and Dzierzak, E. (2005). Mesenchymal progenitor cells
localize within hematopoietic sites throughout ontogeny. Development 132,
1127–1136. doi: 10.1242/dev.01615

Mendez-Ferrer, S., Bonnet, D., Steensma, D. P., Hasserjian, R. P., Ghobrial,
I. M., Gribben, J. G., et al. (2020). Bone marrow niches in haematological
malignancies. Nat. Rev. Cancer 20, 285–298.

Méndez-Ferrer, S., Lucas, D., Battista, M., and Frenette, P. S. (2008).
Haematopoietic stem cell release is regulated by circadian oscillations. Nature
452, 442–447. doi: 10.1038/nature06685

Mendez-Ferrer, S., Michurina, T. V., Ferraro, F., Mazloom, A. R., Macarthur,
B. D., Lira, S. A., et al. (2010). Mesenchymal and haematopoietic stem cells
form a unique bone marrow niche. Nature 466, 829–834. doi: 10.1038/nature
09262

Mendez-Ferrer, S., Scadden, D. T., and Sanchez-Aguilera, A. (2015). Bone marrow
stem cells: current and emerging concepts. Ann. N. Y. Acad. Sci. 1335, 32–44.
doi: 10.1111/nyas.12641

Michalicka, M., Boisjoli, G., Jahan, S., Hovey, O., Doxtator, E., Abu-Khader,
A., et al. (2017). Human bone marrow mesenchymal stromal cell-derived
osteoblasts promote the expansion of hematopoietic progenitors through beta-
catenin and notch signaling pathways. Stem Cells Dev. 26, 1735–1748. doi:
10.1089/scd.2017.0133

Michigami, T., Shimizu, N., Williams, P. J., Niewolna, M., Dallas, S. L., Mundy,
G. R., et al. (2000). Cell-cell contact between marrow stromal cells and
myeloma cells via VCAM-1 and alpha(4)beta(1)-integrin enhances production
of osteoclast-stimulating activity. Blood 96, 1953–1960. doi: 10.1182/blood.v96.
5.1953

Frontiers in Cell and Developmental Biology | www.frontiersin.org 21 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1038/bmt.2013.7
https://doi.org/10.1038/bmt.2013.7
https://doi.org/10.1172/JCI15994
https://doi.org/10.1371/journal.pone.0016767
https://doi.org/10.3324/haematol.2019.216648
https://doi.org/10.3389/fimmu.2020.00422
https://doi.org/10.3389/fimmu.2020.00422
https://doi.org/10.1126/sciadv.aba1334
https://doi.org/10.1126/sciadv.aba1334
https://doi.org/10.1096/fj.201801845r
https://doi.org/10.1634/stemcells.2007-0454
https://doi.org/10.1634/stemcells.2007-0454
https://doi.org/10.1038/nature07434
https://doi.org/10.1517/14656566.2014.852537
https://doi.org/10.1182/blood.v46.1.65.bloodjournal46165
https://doi.org/10.1182/blood.v46.1.65.bloodjournal46165
https://doi.org/10.1089/ars.2014.5941
https://doi.org/10.1038/bmt.2008.348
https://doi.org/10.1038/bmt.2008.348
https://doi.org/10.1089/ten.tec.2008.0410
https://doi.org/10.1089/ten.tec.2008.0410
https://doi.org/10.2217/rme-2016-0121
https://doi.org/10.2217/rme-2016-0121
https://doi.org/10.1084/jem.20110994
https://doi.org/10.1084/jem.20110994
https://doi.org/10.1016/j.immuni.2019.05.003
https://doi.org/10.1016/j.immuni.2019.05.003
https://doi.org/10.1016/j.bbmt.2012.04.005
https://doi.org/10.1016/j.bbmt.2012.04.005
https://doi.org/10.1101/cshperspect.a031344
https://doi.org/10.1101/cshperspect.a031344
https://doi.org/10.1096/fj.00-0495fje
https://doi.org/10.1016/j.smim.2016.03.013
https://doi.org/10.1016/j.smim.2016.03.013
https://doi.org/10.1074/jbc.M107736200
https://doi.org/10.1074/jbc.M107736200
https://doi.org/10.1242/dev.01615
https://doi.org/10.1038/nature06685
https://doi.org/10.1038/nature09262
https://doi.org/10.1038/nature09262
https://doi.org/10.1111/nyas.12641
https://doi.org/10.1089/scd.2017.0133
https://doi.org/10.1089/scd.2017.0133
https://doi.org/10.1182/blood.v96.5.1953
https://doi.org/10.1182/blood.v96.5.1953
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 22

Crippa et al. Hematopoietic Supportive Role of MSCs

Miloso, M., Scuteri, A., Foudah, D., and Tredici, G. (2008). MAPKs as mediators of
cell fate determination: an approach to neurodegenerative diseases. Curr. Med.
Chem. 15, 538–548. doi: 10.2174/092986708783769731

Min, C. K., Kim, S. Y., Lee, M. J., Eom, K. S., Kim, Y. J., Kim, H. J., et al. (2006).
Vascular endothelial growth factor (VEGF) is associated with reduced severity
of acute graft-versus-host disease and nonrelapse mortality after allogeneic stem
cell transplantation. Bone Marrow Transplant. 38, 149–156. doi: 10.1038/sj.bmt.
1705410

Miyamoto, K., Yoshida, S., Kawasumi, M., Hashimoto, K., Kimura, T., Sato,
Y., et al. (2011). Osteoclasts are dispensable for hematopoietic stem cell
maintenance and mobilization. J. Exp. Med. 208, 2175–2181. doi: 10.1084/jem.
20101890

Moll, G., Alm, J. J., Davies, L. C., von Bahr, L., Heldring, N., Stenbeck-Funke, L.,
et al. (2014). Do cryopreserved mesenchymal stromal cells display impaired
immunomodulatory and therapeutic properties? Stem Cells 32, 2430–2442. doi:
10.1002/stem.1729

Morrison, S. J., and Scadden, D. T. (2014). The bone marrow niche for
haematopoietic stem cells. Nature 505, 327–334. doi: 10.1038/nature12984

Mowafi, F., Cagigi, A., Matskova, L., Bjork, O., Chiodi, F., and Nilsson, A.
(2008). Chemokine CXCL12 enhances proliferation in pre-B-ALL via STAT5
activation. Pediatr. Blood Cancer 50, 812–817. doi: 10.1002/pbc.21370

Nagasawa, T., Hirota, S., Tachibana, K., Takakura, N., Nishikawa, S., Kitamura, Y.,
et al. (1996). Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis
in mice lacking the CXC chemokine PBSF/SDF-1. Nature 382, 635–638. doi:
10.1038/382635a0

Nakahara, F., Borger, D. K., Wei, Q., Pinho, S., Maryanovich, M., Zahalka, A. H.,
et al. (2019). Engineering a haematopoietic stem cell niche by revitalizing
mesenchymal stromal cells. Nat. Cell Biol. 21, 560–567. doi: 10.1038/s41556-
019-0308-3

Natsu, K., Ochi, M., Mochizuki, Y., Hachisuka, H., Yanada, S., and Yasunaga, Y.
(2004). Allogeneic bone marrow-derived mesenchymal stromal cells promote
the regeneration of injured skeletal muscle without differentiation into
myofibers. Tissue Eng. 10, 1093–1112. doi: 10.1089/1076327041887754

Naveiras, O., Nardi, V., Wenzel, P. L., Hauschka, P. V., Fahey, F., and Daley, G. Q.
(2009). Bone-marrow adipocytes as negative regulators of the haematopoietic
microenvironment. Nature 460, 259–263. doi: 10.1038/nature08099

Nilsson, S. K., Dooner, M. S., Tiarks, C. Y., Weier, H. U., and Quesenberry, P. J.
(1997). Potential and distribution of transplanted hematopoietic stem cells in
a nonablated mouse model. Blood 89, 4013–4020. doi: 10.1182/blood.v89.11.
4013

Nilsson, S. K., Johnston, H. M., and Coverdale, J. A. et al. (2001). Spatial localization
of transplanted hemopoietic stem cells: inferences for the localization of stem
cell niches. Blood 97, 2293–2299. doi: 10.1182/blood.v97.8.2293

Nita, I., Hostettler, K., Tamo, L., Medova, M., Bombaci, G., Zhong, J., et al. (2017).
Hepatocyte growth factor secreted by bone marrow stem cell reduce ER stress
and improves repair in alveolar epithelial II cells. Sci. Rep. 7:41901.

Nocka, K., Majumder, S., Chabot, B., Ray, P., Cervone, M., Bernstein, A., et al.
(1989). Expression of c-kit gene products in known cellular targets of W
mutations in normal and W mutant mice–evidence for an impaired c-kit kinase
in mutant mice. Genes Dev. 3, 816–826. doi: 10.1101/gad.3.6.816

Noort, W. A., Kruisselbrink, A. B., in’t Anker, P. S., Kruger, M., van Bezooijen,
R. L., de Paus, R. A., et al. (2002). Mesenchymal stem cells promote engraftment
of human umbilical cord blood-derived CD34(+) cells in NOD/SCID mice. Exp.
Hematol. 30, 870–878. doi: 10.1016/s0301-472x(02)00820-2

Noronha, N. C., Mizukami, A., Caliari-Oliveira, C., Cominal, J. G., Rocha,
J. L. M., Covas, D. T., et al. (2019). Priming approaches to improve the
efficacy of mesenchymal stromal cell-based therapies. Stem Cell Res. Ther.
10:131.

Oguro, H., Ding, L., and Morrison, S. J. (2013). SLAM family markers
resolve functionally distinct subpopulations of hematopoietic stem cells and
multipotent progenitors. Cell Stem Cell 13, 102–116. doi: 10.1016/j.stem.2013.
05.014

Omatsu, Y., Sugiyama, T., Kohara, H., Kondoh, G., Fujii, N., Kohno, K.,
et al. (2010). The essential functions of adipo-osteogenic progenitors as the
hematopoietic stem and progenitor cell niche. Immunity 33, 387–399. doi:
10.1016/j.immuni.2010.08.017

Ono, M., Kosaka, N., Tominaga, N., Yoshioka, Y., Takeshita, F., and Takahashi,
R. U. (2014). Exosomes from bone marrow mesenchymal stem cells contain a

microRNA that promotes dormancy in metastatic breast cancer cells. Sci. Signal.
7:ra63. doi: 10.1126/scisignal.2005231

Oswald, J., Boxberger, S., Jorgensen, B., Feldmann, S., Ehninger, G., Bornhauser,
M., et al. (2004). Mesenchymal stem cells can be differentiated into endothelial
cells in vitro. Stem Cells 22, 377–384. doi: 10.1634/stemcells.22-3-377

Palchaudhuri, R., Saez, B., Hoggatt, J., Schajnovitz, A., Sykes, D. B., Tate,
T. A., et al. (2016). Non-genotoxic conditioning for hematopoietic stem cell
transplantation using a hematopoietic-cell-specific internalizing immunotoxin.
Nat. Biotechnol. 34, 738–745. doi: 10.1038/nbt.3584

Park, H. J., Oh, S. H., Kim, H. N., Jung, Y. J., and Lee, P. H. (2016). Mesenchymal
stem cells enhance alpha-synuclein clearance via M2 microglia polarization
in experimental and human parkinsonian disorder. Acta Neuropathol. 132,
685–701. doi: 10.1007/s00401-016-1605-6

Park, K. S., Bandeira, E., Shelke, G. V., Lasser, C., and Lotvall, J. (2019).
Enhancement of therapeutic potential of mesenchymal stem cell-derived
extracellular vesicles. Stem Cell Res. Ther. 10:288.

Park, S. R., Kim, J. W., Jun, H. S., Roh, J. Y., Lee, H. Y., and Hong, I. S. (2018). Stem
cell secretome and its effect on cellular mechanisms relevant to wound healing.
Mol. Ther. 26, 606–617. doi: 10.1016/j.ymthe.2017.09.023

Pasha, Z., Wang, Y., Sheikh, R., Zhang, D., Zhao, T., and Ashraf, M. (2008).
Preconditioning enhances cell survival and differentiation of stem cells during
transplantation in infarcted myocardium. Cardiovasc. Res. 77, 134–142. doi:
10.1093/cvr/cvm025

Peng, Y., Chen, X., Liu, Q., Zhang, X., Huang, K., Liu, L., et al. (2015). Mesenchymal
stromal cells infusions improve refractory chronic graft versus host disease
through an increase of CD5+ regulatory B cells producing interleukin 10.
Leukemia 29, 636–646. doi: 10.1038/leu.2014.225

Perez-Simon, J. A., Lopez-Villar, O., Andreu, E. J., Rifon, J., Muntion, S., Diez
Campelo, M., et al. (2011). Mesenchymal stem cells expanded in vitro with
human serum for the treatment of acute and chronic graft-versus-host disease:
results of a phase I/II clinical trial. Haematologica 96, 1072–1076. doi: 10.3324/
haematol.2010.038356

Petit, I., Szyper-Kravitz, M., Nagler, A., Lahav, M., Peled, A., Habler, L., et al. (2002).
G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and
up-regulating CXCR4. Nat. Immunol. 3, 687–694. doi: 10.1038/ni813

Pezzi, A., Amorin, B., Laureano, A., Valim, V., Dahmer, A., Zambonato, B., et al.
(2017). Effects of hypoxia in long-term in vitro expansion of human bone
marrow derived mesenchymal stem cells. J. Cell Biochem. 118, 3072–3079.
doi: 10.1002/jcb.25953

Pietras, E. M., Mirantes-Barbeito, C., Fong, S., Loeffler, D., Kovtonyuk, L. V.,
Zhang, S., et al. (2016). Chronic interleukin-1 exposure drives haematopoietic
stem cells towards precocious myeloid differentiation at the expense of self-
renewal. Nat. Cell Biol. 18, 607–618. doi: 10.1038/ncb3346

Poulos, M. G., Crowley, M. J. P., Gutkin, M. C., Ramalingam, P., Schachterle, W.,
Thomas, J. L., et al. (2015). Vascular platform to define hematopoietic stem
cell factors and enhance regenerative hematopoiesis. Stem Cell Rep. 5, 881–894.
doi: 10.1016/j.stemcr.2015.08.018

Potapova, I. A., Brink, P. R., Cohen, I. S., and Doronin, S. V. (2008). Culturing
of human mesenchymal stem cells as three-dimensional aggregates induces
functional expression of CXCR4 that regulates adhesion to endothelial cells.
J. Biol. Chem. 283, 13100–13107. doi: 10.1074/jbc.m800184200

Qian, H., Le Blanc, K., and Sigvardsson, M. (2012). Primary mesenchymal stem
and progenitor cells from bone marrow lack expression of CD44 protein. J. Biol.
Chem. 287, 25795–25807. doi: 10.1074/jbc.m112.339622

Qiao, J., Liu, L., Xia, Y., Ju, W., Zhao, P., Jiang, Y., et al. (2018). Macrophages
ameliorate bone marrow inflammatory injury and promote hematopoiesis in
mice following hematopoietic stem cell transplantation. Exp. Ther. Med. 16,
567–572. doi: 10.3892/etm.2018.6209

Raaijmakers, M. H., Mukherjee, S., Guo, S., Zhang, S., Kobayashi, T., Schoonmaker,
J. A., et al. (2010). Bone progenitor dysfunction induces myelodysplasia
and secondary leukaemia. Nature 464, 852–857. doi: 10.1038/nature
08851

Raic, A., Naolou, T., Mohra, A., Chatterjee, C., and Lee-Thedieck, C. (2019).
3D models of the bone marrow in health and disease: yesterday, today and
tomorrow. MRS Commun. 9, 37–52. doi: 10.1557/mrc.2018.203

Ramalingam, P., Poulos, M. G., and Butler, J. M. (2017). Regulation of the
hematopoietic stem cell lifecycle by the endothelial niche. Curr. Opin. Hematol.
24, 289–299. doi: 10.1097/MOH.0000000000000350

Frontiers in Cell and Developmental Biology | www.frontiersin.org 22 May 2021 | Volume 9 | Article 663316

https://doi.org/10.2174/092986708783769731
https://doi.org/10.1038/sj.bmt.1705410
https://doi.org/10.1038/sj.bmt.1705410
https://doi.org/10.1084/jem.20101890
https://doi.org/10.1084/jem.20101890
https://doi.org/10.1002/stem.1729
https://doi.org/10.1002/stem.1729
https://doi.org/10.1038/nature12984
https://doi.org/10.1002/pbc.21370
https://doi.org/10.1038/382635a0
https://doi.org/10.1038/382635a0
https://doi.org/10.1038/s41556-019-0308-3
https://doi.org/10.1038/s41556-019-0308-3
https://doi.org/10.1089/1076327041887754
https://doi.org/10.1038/nature08099
https://doi.org/10.1182/blood.v89.11.4013
https://doi.org/10.1182/blood.v89.11.4013
https://doi.org/10.1182/blood.v97.8.2293
https://doi.org/10.1101/gad.3.6.816
https://doi.org/10.1016/s0301-472x(02)00820-2
https://doi.org/10.1016/j.stem.2013.05.014
https://doi.org/10.1016/j.stem.2013.05.014
https://doi.org/10.1016/j.immuni.2010.08.017
https://doi.org/10.1016/j.immuni.2010.08.017
https://doi.org/10.1126/scisignal.2005231
https://doi.org/10.1634/stemcells.22-3-377
https://doi.org/10.1038/nbt.3584
https://doi.org/10.1007/s00401-016-1605-6
https://doi.org/10.1016/j.ymthe.2017.09.023
https://doi.org/10.1093/cvr/cvm025
https://doi.org/10.1093/cvr/cvm025
https://doi.org/10.1038/leu.2014.225
https://doi.org/10.3324/haematol.2010.038356
https://doi.org/10.3324/haematol.2010.038356
https://doi.org/10.1038/ni813
https://doi.org/10.1002/jcb.25953
https://doi.org/10.1038/ncb3346
https://doi.org/10.1016/j.stemcr.2015.08.018
https://doi.org/10.1074/jbc.m800184200
https://doi.org/10.1074/jbc.m112.339622
https://doi.org/10.3892/etm.2018.6209
https://doi.org/10.1038/nature08851
https://doi.org/10.1038/nature08851
https://doi.org/10.1557/mrc.2018.203
https://doi.org/10.1097/MOH.0000000000000350
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 23

Crippa et al. Hematopoietic Supportive Role of MSCs

Ramasamy, S. K., Kusumbe, A. P., Wang, L., and Adams, R. H. (2014). Endothelial
Notch activity promotes angiogenesis and osteogenesis in bone. Nature 507,
376–380. doi: 10.1038/nature13146

Ranganath, S. H., Levy, O., Inamdar, M. S., and Karp, J. M. (2012). Harnessing the
mesenchymal stem cell secretome for the treatment of cardiovascular disease.
Cell Stem Cell 10, 244–258. doi: 10.1016/j.stem.2012.02.005

Rani, S., Ryan, A. E., Griffin, M. D., and Ritter, T. (2015). Mesenchymal stem cell-
derived extracellular vesicles: toward cell-free therapeutic applications. Mol.
Ther. 23, 812–823. doi: 10.1038/mt.2015.44

Rashedi, I., Gomez-Aristizabal, A., Wang, X. H., Viswanathan, S., and Keating, A.
(2017). TLR3 or TLR4 activation enhances mesenchymal stromal cell-mediated
treg induction via notch signaling. Stem Cells 35, 265–275. doi: 10.1002/stem.
2485

Raziyeva, K., Smagulova, A., Kim, Y., Smagul, S., Nurkesh, A., and Saparov, A.
(2020). Preconditioned and genetically modified stem cells for myocardial
infarction treatment. Int. J. Mol. Sci. 21:7301. doi: 10.3390/ijms21197301

Reinisch, A., Thomas, D., Corces, M. R., Zhang, X., Gratzinger, D., Hong, W. J.,
et al. (2016). A humanized bone marrow ossicle xenotransplantation model
enables improved engraftment of healthy and leukemic human hematopoietic
cells. Nat. Med. 22, 812–821. doi: 10.1038/nm.4103

Renzi, S., Lombardo, T., Dotti, S., Dessi, S. S., De Blasio, P., and Ferrari, M. (2012).
Mesenchymal stromal cell cryopreservation. Biopreserv Biobank 10, 276–281.

Robinson, S. N., Ng, J., Niu, T., Yang, H., McMannis, J. D., Karandish, S., et al.
(2006). Superior ex vivo cord blood expansion following co-culture with bone
marrow-derived mesenchymal stem cells. Bone Marrow Transplant. 37, 359–
366. doi: 10.1038/sj.bmt.1705258

Rogulska, O., Tykhvynska, O., Revenko, O., Grischuk, V., Mazur, S., Volkova,
N., et al. (2019). Novel cryopreservation approach providing off-the-shelf
availability of human multipotent mesenchymal stromal cells for clinical
applications. Stem Cells Int. 2019:4150690.

Romieu-Mourez, R., Francois, M., Abate, A., Boivin, M. N., Birman, E., Bailey, D.,
et al. (2010). Mesenchymal stromal cells expressing ErbB-2/neu elicit protective
antibreast tumor immunity in vivo, which is paradoxically suppressed by IFN-
gamma and tumor necrosis factor-alpha priming. Cancer Res. 70, 7742–7747.
doi: 10.1158/0008-5472.can-10-0296

Rosen, C. J., Ackert-Bicknell, C., Rodriguez, J. P., and Pino, A. M. (2009).
Marrow fat and the bone microenvironment: developmental, functional, and
pathological implications. Crit. Rev. Eukaryot. Gene Expr. 19, 109–124. doi:
10.1615/critreveukargeneexpr.v19.i2.20

Rustad, K. C., and Gurtner, G. C. (2012). Mesenchymal stem cells home to sites
of injury and inflammation. Adv Wound Care (New Rochelle) 1, 147–152. doi:
10.1089/wound.2011.0314

Ryan, J. M., Barry, F., Murphy, J. M., and Mahon, B. P. (2007). Interferon-gamma
does not break, but promotes the immunosuppressive capacity of adult human
mesenchymal stem cells. Clin. Exp. Immunol. 149, 353–363. doi: 10.1111/j.
1365-2249.2007.03422.x

Ryan, J. M., Barry, F. P., Murphy, J. M., and Mahon, B. P. (2005). Mesenchymal
stem cells avoid allogeneic rejection. J. Inflamm. (Lond) 2:8.

Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, I., et al.
(2007). Self-renewing osteoprogenitors in bone marrow sinusoids can organize
a hematopoietic microenvironment. Cell 131, 324–336. doi: 10.1016/j.cell.2007.
08.025

Sakurai, Y., Ohgimoto, K., Kataoka, Y., Yoshida, N., and Shibuya, M. (2005).
Essential role of Flk-1 (VEGF receptor 2) tyrosine residue 1173 in
vasculogenesis in mice. Proc. Natl. Acad. Sci. U S A. 102, 1076–1081. doi:
10.1073/pnas.0404984102

Salmenniemi, U., Itala-Remes, M., Nystedt, J., Putkonen, M., Niittyvuopio, R.,
Vettenranta, K., et al. (2017). Good responses but high TRM in adult patients
after MSC therapy for GvHD. Bone Marrow Transplant. 52, 606–608. doi:
10.1038/bmt.2016.317

Samsonraj, R. M., Raghunath, M., Nurcombe, V., Hui, J. H., van Wijnen, A. J.,
and Cool, S. M. (2017). Concise review: multifaceted characterization of human
mesenchymal stem cells for use in regenerative medicine. Stem Cells Transl.
Med. 6, 2173–2185. doi: 10.1002/sctm.17-0129

Sangiorgi, B., and Panepucci, R. A. (2016). Modulation of immunoregulatory
properties of mesenchymal stromal cells by toll-like receptors: potential
applications on GVHD. Stem Cells Int. 2016:9434250.

Santamaria, G., Brandi, E., Vitola, P., Grandi, F., Ferrara, G., Pischiutta, F., et al.
(2020). Intranasal delivery of mesenchymal stem cell secretome repairs the
brain of Alzheimer’s mice. Cell Death Differ. 28, 203–218. doi: 10.1038/s41418-
020-0592-2

Scheller, E. L., Doucette, C. R., Learman, B. S., Cawthorn, W. P., Khandaker, S.,
Schell, B., et al. (2015). Region-specific variation in the properties of skeletal
adipocytes reveals regulated and constitutive marrow adipose tissues. Nat.
Commun. 6:7808. doi: 10.1038/ncomms8808

Schiroli, G., Conti, A., Ferrari, S., Della Volpe, L., Jacob, A., Albano, L., et al. (2019).
Precise gene editing preserves hematopoietic stem cell function following
transient p53-Mediated DNA damage response. Cell Stem Cell 24, 551–565.e8.

Schofield, R. (1978). The relationship between the spleen colony-forming cell and
the haemopoietic stem cell. Blood Cells 4, 7–25.

Semerad, C. L., Christopher, M. J., Liu, F., Short, B., Simmons, P. J., Winkler, I.,
et al. (2005). G-CSF potently inhibits osteoblast activity and CXCL12 mRNA
expression in the bone marrow. Blood 106, 3020–3027. doi: 10.1182/blood-
2004-01-0272

Sepulveda, J. C., Tome, M., Fernandez, M. E., Delgado, M., Campisi, J., Bernad,
A., et al. (2014). Cell senescence abrogates the therapeutic potential of human
mesenchymal stem cells in the lethal endotoxemia model. Stem Cells 32,
1865–1877. doi: 10.1002/stem.1654

Severe, N., Karabacak, N. M., Gustafsson, K., Baryawno, N., Courties, G.,
Kfoury, Y., et al. (2019). Stress-Induced changes in bone marrow stromal cell
populations revealed through single-cell protein expression mapping. Cell Stem
Cell 25, 570–583.e7.

Shaik, S., Hayes, D., Gimble, J., and Devireddy, R. (2017). Inducing heat shock
proteins enhances the stemness of frozen-thawed adipose tissue-derived stem
cells. Stem Cells Dev. 26, 608–616. doi: 10.1089/scd.2016.0289

Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X. F., Breitman,
M. L., et al. (1995). Failure of blood-island formation and vasculogenesis in
Flk-1-deficient mice. Nature 376, 62–66. doi: 10.1038/376062a0

Sipkins, D. A., Wei, X., Wu, J. W., Runnels, J. M., Cote, D., Means, T. K., et al.
(2005). In vivo imaging of specialized bone marrow endothelial microdomains
for tumour engraftment. Nature 435, 969–973. doi: 10.1038/nature
03703

Smith, J. N., and Calvi, L. M. (2013). Concise review: current concepts in bone
marrow microenvironmental regulation of hematopoietic stem and progenitor
cells. Stem Cells 31, 1044–1050. doi: 10.1002/stem.1370

Sorrentino, A., Ferracin, M., Castelli, G., Biffoni, M., Tomaselli, G., Baiocchi,
M., et al. (2008). Isolation and characterization of CD146+ multipotent
mesenchymal stromal cells. Exp. Hematol. 36, 1035–1046. doi: 10.1016/j.
exphem.2008.03.004

Sotiropoulou, P. A., Perez, S. A., Gritzapis, A. D., Baxevanis, C. N., and
Papamichail, M. (2006). Interactions between human mesenchymal stem cells
and natural killer cells. Stem Cells 24, 74–85. doi: 10.1634/stemcells.2004-0359

Spaeth, E., Klopp, A., Dembinski, J., Andreeff, M., and Marini, F. (2008).
Inflammation and tumor microenvironments: defining the migratory itinerary
of mesenchymal stem cells. Gene Ther. 15, 730–738. doi: 10.1038/gt.2008.39

Stagg, J., Pommey, S., Eliopoulos, N., and Galipeau, J. (2006). Interferon-gamma-
stimulated marrow stromal cells: a new type of nonhematopoietic antigen-
presenting cell. Blood 107, 2570–2577. doi: 10.1182/blood-2005-07-2793

Starc, N., Ingo, D., Conforti, A., Rossella, V., Tomao, L., Pitisci, A.,
et al. (2017). Biological and functional characterization of bone marrow-
derived mesenchymal stromal cells from patients affected by primary
immunodeficiency. Sci. Rep. 7:8153.

Stolzing, A., Jones, E., McGonagle, D., and Scutt, A. (2008). Age-related changes
in human bone marrow-derived mesenchymal stem cells: consequences for cell
therapies. Mech. Ageing Dev. 129, 163–173. doi: 10.1016/j.mad.2007.12.002

Su, P., Tian, Y., Yang, C., Ma, X., Wang, X., Pei, J., et al. (2018). Mesenchymal stem
cell migration during bone formation and bone diseases therapy. Int. J. Mol. Sci.
19:2343. doi: 10.3390/ijms19082343

Sudres, M., Norol, F., Trenado, A., Gregoire, S., Charlotte, F., Levacher, B.,
et al. (2006). Bone marrow mesenchymal stem cells suppress lymphocyte
proliferation in vitro but fail to prevent graft-versus-host disease in mice.
J. Immunol. 176, 7761–7767. doi: 10.4049/jimmunol.176.12.7761

Sugiyama, T., Kohara, H., Noda, M., and Nagasawa, T. (2006). Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone

Frontiers in Cell and Developmental Biology | www.frontiersin.org 23 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1038/nature13146
https://doi.org/10.1016/j.stem.2012.02.005
https://doi.org/10.1038/mt.2015.44
https://doi.org/10.1002/stem.2485
https://doi.org/10.1002/stem.2485
https://doi.org/10.3390/ijms21197301
https://doi.org/10.1038/nm.4103
https://doi.org/10.1038/sj.bmt.1705258
https://doi.org/10.1158/0008-5472.can-10-0296
https://doi.org/10.1615/critreveukargeneexpr.v19.i2.20
https://doi.org/10.1615/critreveukargeneexpr.v19.i2.20
https://doi.org/10.1089/wound.2011.0314
https://doi.org/10.1089/wound.2011.0314
https://doi.org/10.1111/j.1365-2249.2007.03422.x
https://doi.org/10.1111/j.1365-2249.2007.03422.x
https://doi.org/10.1016/j.cell.2007.08.025
https://doi.org/10.1016/j.cell.2007.08.025
https://doi.org/10.1073/pnas.0404984102
https://doi.org/10.1073/pnas.0404984102
https://doi.org/10.1038/bmt.2016.317
https://doi.org/10.1038/bmt.2016.317
https://doi.org/10.1002/sctm.17-0129
https://doi.org/10.1038/s41418-020-0592-2
https://doi.org/10.1038/s41418-020-0592-2
https://doi.org/10.1038/ncomms8808
https://doi.org/10.1182/blood-2004-01-0272
https://doi.org/10.1182/blood-2004-01-0272
https://doi.org/10.1002/stem.1654
https://doi.org/10.1089/scd.2016.0289
https://doi.org/10.1038/376062a0
https://doi.org/10.1038/nature03703
https://doi.org/10.1038/nature03703
https://doi.org/10.1002/stem.1370
https://doi.org/10.1016/j.exphem.2008.03.004
https://doi.org/10.1016/j.exphem.2008.03.004
https://doi.org/10.1634/stemcells.2004-0359
https://doi.org/10.1038/gt.2008.39
https://doi.org/10.1182/blood-2005-07-2793
https://doi.org/10.1016/j.mad.2007.12.002
https://doi.org/10.3390/ijms19082343
https://doi.org/10.4049/jimmunol.176.12.7761
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 24

Crippa et al. Hematopoietic Supportive Role of MSCs

marrow stromal cell niches. Immunity 25, 977–988. doi: 10.1016/j.immuni.
2006.10.016

Suzuki, M., Ozawa, Y., Kubota, S., Hirasawa, M., Miyake, S., Noda, K., et al.
(2011). Neuroprotective response after photodynamic therapy: role of vascular
endothelial growth factor. J. Neuroinflamm. 8:176. doi: 10.1186/1742-2094-
8-176

Svensson, B., Peters, M., Konig, H. G., Poppe, M., Levkau, B., Rothermundt,
M., et al. (2002). Vascular endothelial growth factor protects cultured rat
hippocampal neurons against hypoxic injury via an antiexcitotoxic, caspase-
independent mechanism. J. Cereb. Blood Flow Metab. 22, 1170–1175. doi:
10.1097/01.wcb.0000037988.07114.98

Szyska, M., and Na, I. K. (2016). Bone marrow GvHD after allogeneic
hematopoietic stem cell transplantation. Front. Immunol. 7:118. doi: 10.3389/
fimmu.2016.00118

Taichman, R. S., and Emerson, S. G. (1994). Human osteoblasts support
hematopoiesis through the production of granulocyte colony-stimulating
factor. J. Exp. Med. 179, 1677–1682. doi: 10.1084/jem.179.5.1677

Taichman, R. S., Reilly, M. J., and Emerson, S. G. (1996). Human osteoblasts
support human hematopoietic progenitor cells in vitro bone marrow cultures.
Blood 87, 518–524.

Takagi, S., Masuoka, K., Uchida, N., Ishiwata, K., Araoka, H., Tsuji, M., et al. (2009).
High incidence of haemophagocytic syndrome following umbilical cord blood
transplantation for adults. Br. J. Haematol. 147, 543–553. doi: 10.1111/j.1365-
2141.2009.07863.x

Takamatsu, Y., Simmons, P. J., Moore, R. J., Morris, H. A., To, L. B., and Levesque, J.
P. (1998). Osteoclast-mediated bone resorption is stimulated during short-term
administration of granulocyte colony-stimulating factor but is not responsible
for hematopoietic progenitor cell mobilization. Blood 92, 3465–3473.

Tamama, K., and Barbeau, D. J. (2012). Early growth response genes signaling
supports strong paracrine capability of mesenchymal stem cells. Stem Cells Int.
2012:428403.

Taniguchi Ishikawa, E., Gonzalez-Nieto, D., Ghiaur, G., Dunn, S. K., Ficker,
A. M., Murali, B., et al. (2012). Connexin-43 prevents hematopoietic stem
cell senescence through transfer of reactive oxygen species to bone marrow
stromal cells. Proc. Natl. Acad. Sci. U S A. 109, 9071–9076. doi: 10.1073/pnas.
1120358109

Teixeira, F. G., Carvalho, M. M., Sousa, N., and Salgado, A. J. (2013). Mesenchymal
stem cells secretome: a new paradigm for central nervous system regeneration?
Cell Mol. Life Sci. 70, 3871–3882. doi: 10.1007/s00018-013-1290-8

Tian, H., Wu, D. P., and Chen, G. H. (2011). [Current research advance on
abnormalities of mesenchymal stem cells in hematological malignancies].
Zhongguo Shi Yan Xue Ye Xue Za Zhi 19, 1319–1324.

Tietze, S., Krater, M., Jacobi, A., Taubenberger, A., Herbig, M., Wehner, R.,
et al. (2019). Spheroid culture of mesenchymal stromal cells results in
morphorheological properties appropriate for improved microcirculation. Adv.
Sci. (Weinh) 6:1802104. doi: 10.1002/advs.201802104

Tikhonova, A. N., Dolgalev, I., Hu, H., Sivaraj, K. K., Hoxha, E., Cuesta-
Dominguez, A., et al. (2019). The bone marrow microenvironment at single-cell
resolution. Nature 569, 222–228. doi: 10.1038/s41586-019-1104-8

Tisato, V., Naresh, K., Girdlestone, J., Navarrete, C., and Dazzi, F. (2007).
Mesenchymal stem cells of cord blood origin are effective at preventing but not
treating graft-versus-host disease. Leukemia 21, 1992–1999. doi: 10.1038/sj.leu.
2404847

Tokoyoda, K., Egawa, T., Sugiyama, T., Choi, B. I., and Nagasawa, T. (2004).
Cellular niches controlling B lymphocyte behavior within bone marrow during
development. Immunity 20, 707–718. doi: 10.1016/j.immuni.2004.05.001

Tormin, A., Brune, J. C., Olsson, E., Valcich, J., Neuman, U., Olofsson,
T., et al. (2009). Characterization of bone marrow-derived mesenchymal
stromal cells (MSC) based on gene expression profiling of functionally
defined MSC subsets. Cytotherapy 11, 114–128. doi: 10.1080/146532408027
16590

Tormin, A., Li, O., Brune, J. C., Walsh, S., Schutz, B., Ehinger, M., et al. (2011).
CD146 expression on primary nonhematopoietic bone marrow stem cells is
correlated with in situ localization. Blood 117, 5067–5077. doi: 10.1182/blood-
2010-08-304287

Turinetto, V., Vitale, E., and Giachino, C. (2016). Senescence in human
mesenchymal stem cells: functional changes and implications in stem cell-based
therapy. Int. J. Mol. Sci. 17:1164. doi: 10.3390/ijms17071164

Ullah, M., Liu, D. D., and Thakor, A. S. (2019). Mesenchymal stromal cell homing:
mechanisms and strategies for improvement. iScience 15, 421–438. doi: 10.1016/
j.isci.2019.05.004

Van Zant, G., and Liang, Y. (2012). Concise review: hematopoietic stem cell aging,
life span, and transplantation. Stem Cells Transl. Med. 1, 651–657. doi: 10.5966/
sctm.2012-0033

Vila-Coro, A. J., Rodriguez-Frade, J. M., Martin, De Ana, A., Moreno-Ortiz,
M. C., Martinez, A. C., et al. (1999). The chemokine SDF-1alpha triggers
CXCR4 receptor dimerization and activates the JAK/STAT pathway. FASEB J.
13, 1699–1710. doi: 10.1096/fasebj.13.13.1699

von Bonin, M., Stolzel, F., Goedecke, A., Richter, K., Wuschek, N., Holig, K., et al.
(2009). Treatment of refractory acute GVHD with third-party MSC expanded
in platelet lysate-containing medium. Bone Marrow Transplant. 43, 245–251.
doi: 10.1038/bmt.2008.316

Wagner, W., Horn, P., Castoldi, M., Diehlmann, A., Bork, S., Saffrich, R.,
et al. (2008). Replicative senescence of mesenchymal stem cells: a continuous
and organized process. PLoS One 3:e2213. doi: 10.1371/journal.pone.00
02213

Wagner, W., Roderburg, C., Wein, F., Diehlmann, A., Frankhauser, M., Schubert,
R., et al. (2007). Molecular and secretory profiles of human mesenchymal
stromal cells and their abilities to maintain primitive hematopoietic
progenitors. Stem Cells 25, 2638–2647. doi: 10.1634/stemcells.2007-0280

Wang, S., Qu, X., and Zhao, R. C. (2012). Clinical applications of mesenchymal
stem cells. J. Hematol. Oncol. 5:19.

Wang, W., Yu, S., Zimmerman, G., Wang, Y., Myers, J., Yu, V. W., et al.
(2015). Notch Receptor-Ligand engagement maintains hematopoietic stem cell
quiescence and niche retention. Stem Cells 33, 2280–2293. doi: 10.1002/stem.
2031

Watanabe, T., Suzuya, H., Onishi, T., Kanai, S., Kaneko, M., Watanabe, H., et al.
(2003). Effect of granulocyte colony-stimulating factor on bone metabolism
during peripheral blood stem cell mobilization. Int. J. Hematol. 77, 75–81.
doi: 10.1007/BF02982606

Waterman, R. S., Tomchuck, S. L., Henkle, S. L., and Betancourt, A. M. (2010).
A new mesenchymal stem cell (MSC) paradigm: polarization into a pro-
inflammatory MSC1 or an immunosuppressive MSC2 phenotype. PLoS One
5:e10088. doi: 10.1371/journal.pone.0010088

Wein, F., Pietsch, L., Saffrich, R., Wuchter, P., Walenda, T., Bork, S., et al. (2010).
N-cadherin is expressed on human hematopoietic progenitor cells and mediates
interaction with human mesenchymal stromal cells. Stem Cell Res. 4, 129–139.
doi: 10.1016/j.scr.2009.12.004

Whitfield, M. J., Lee, W. C., and Van Vliet, K. J. (2013). Onset of heterogeneity
in culture-expanded bone marrow stromal cells. Stem Cell Res. 11, 1365–1377.
doi: 10.1016/j.scr.2013.09.004

Winkler, I. G., Sims, N. A., Pettit, A. R., Barbier, V., Nowlan, B., Helwani, F.,
et al. (2010). Bone marrow macrophages maintain hematopoietic stem cell
(HSC) niches and their depletion mobilizes HSCs. Blood 116, 4815–4828. doi:
10.1182/blood-2009-11-253534

Wolf, D., von Lilienfeld-Toal, M., Wolf, A. M., Schleuning, M., von Bergwelt-
Baildon, M., Held, S. A., et al. (2012). Novel treatment concepts for graft-versus-
host disease. Blood 119, 16–25. doi: 10.1182/blood-2011-08-339465

Wu, J. Y., Purton, L. E., Rodda, S. J., Chen, M., Weinstein, L. S., McMahon, A. P.,
et al. (2008). Osteoblastic regulation of B lymphopoiesis is mediated by Gsalpha-
dependent signaling pathways. Proc. Natl. Acad. Sci. U S A 105, 16976–16981.
doi: 10.1073/pnas.0802898105

Xie, Y., Yin, T., Wiegraebe, W., He, X. C., Miller, D., Stark, D., et al. (2009).
Detection of functional haematopoietic stem cell niche using real-time imaging.
Nature 457, 97–101. doi: 10.1038/nature07639

Yamazaki, S., Ema, H., Karlsson, G., Yamaguchi, T., Miyoshi, H., Shioda, S.,
et al. (2011). Nonmyelinating Schwann cells maintain hematopoietic stem cell
hibernation in the bone marrow niche. Cell 147, 1146–1158. doi: 10.1016/j.cell.
2011.09.053

Yanez, R., Lamana, M. L., Garcia-Castro, J., Colmenero, I., Ramirez, M., and
Bueren, J. A. (2006). Adipose tissue-derived mesenchymal stem cells have
in vivo immunosuppressive properties applicable for the control of the graft-
versus-host disease. Stem Cells 24, 2582–2591. doi: 10.1634/stemcells.2006-
0228

Yang, Y. K., Ogando, C. R., Wang See, C., Chang, T. Y., and Barabino, G. A. (2018).
Changes in phenotype and differentiation potential of human mesenchymal

Frontiers in Cell and Developmental Biology | www.frontiersin.org 24 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1016/j.immuni.2006.10.016
https://doi.org/10.1016/j.immuni.2006.10.016
https://doi.org/10.1186/1742-2094-8-176
https://doi.org/10.1186/1742-2094-8-176
https://doi.org/10.1097/01.wcb.0000037988.07114.98
https://doi.org/10.1097/01.wcb.0000037988.07114.98
https://doi.org/10.3389/fimmu.2016.00118
https://doi.org/10.3389/fimmu.2016.00118
https://doi.org/10.1084/jem.179.5.1677
https://doi.org/10.1111/j.1365-2141.2009.07863.x
https://doi.org/10.1111/j.1365-2141.2009.07863.x
https://doi.org/10.1073/pnas.1120358109
https://doi.org/10.1073/pnas.1120358109
https://doi.org/10.1007/s00018-013-1290-8
https://doi.org/10.1002/advs.201802104
https://doi.org/10.1038/s41586-019-1104-8
https://doi.org/10.1038/sj.leu.2404847
https://doi.org/10.1038/sj.leu.2404847
https://doi.org/10.1016/j.immuni.2004.05.001
https://doi.org/10.1080/14653240802716590
https://doi.org/10.1080/14653240802716590
https://doi.org/10.1182/blood-2010-08-304287
https://doi.org/10.1182/blood-2010-08-304287
https://doi.org/10.3390/ijms17071164
https://doi.org/10.1016/j.isci.2019.05.004
https://doi.org/10.1016/j.isci.2019.05.004
https://doi.org/10.5966/sctm.2012-0033
https://doi.org/10.5966/sctm.2012-0033
https://doi.org/10.1096/fasebj.13.13.1699
https://doi.org/10.1038/bmt.2008.316
https://doi.org/10.1371/journal.pone.0002213
https://doi.org/10.1371/journal.pone.0002213
https://doi.org/10.1634/stemcells.2007-0280
https://doi.org/10.1002/stem.2031
https://doi.org/10.1002/stem.2031
https://doi.org/10.1007/BF02982606
https://doi.org/10.1371/journal.pone.0010088
https://doi.org/10.1016/j.scr.2009.12.004
https://doi.org/10.1016/j.scr.2013.09.004
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.1182/blood-2009-11-253534
https://doi.org/10.1182/blood-2011-08-339465
https://doi.org/10.1073/pnas.0802898105
https://doi.org/10.1038/nature07639
https://doi.org/10.1016/j.cell.2011.09.053
https://doi.org/10.1016/j.cell.2011.09.053
https://doi.org/10.1634/stemcells.2006-0228
https://doi.org/10.1634/stemcells.2006-0228
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-663316 April 28, 2021 Time: 21:45 # 25

Crippa et al. Hematopoietic Supportive Role of MSCs

stem cells aging in vitro. Stem Cell Res. Ther. 9:131. doi: 10.1007/7651_20
18_200

Yin, X., Hu, L., Zhang, Y., Zhu, C., Cheng, H., Xie, X., et al. (2020). PDGFB-
expressing mesenchymal stem cells improve human hematopoietic stem cell
engraftment in immunodeficient mice. Bone Marrow Transplant. 55, 1029–
1040. doi: 10.1038/s41409-019-0766-z

Zajd, C. M., Ziemba, A. M., Miralles, G. M., Nguyen, T., Feustel, P. J., Dunn, S. M.,
et al. (2020). Bone marrow-derived and elicited peritoneal macrophages are not
created equal: the questions asked dictate the cell type used. Front. Immunol.
11:269. doi: 10.3389/fimmu.2020.00269

Zakaria, E., and Shafrir, E. (1967). Yellow bone marrow as adipose tissue. Proc. Soc.
Exp. Biol. Med. 124, 1265–1268. doi: 10.3181/00379727-124-31983

Zaniboni, A., Bernardini, C., Bertocchi, M., Zannoni, A., Bianchi, F., Avallone, G.,
et al. (2015). In vitro differentiation of porcine aortic vascular precursor cells to
endothelial and vascular smooth muscle cells. Am. J. Physiol. Cell Physiol. 309,
C320–C331.

Zappia, E., Casazza, S., Pedemonte, E., Benvenuto, F., Bonanni, I., Gerdoni, E.,
et al. (2005). Mesenchymal stem cells ameliorate experimental autoimmune
encephalomyelitis inducing T-cell anergy. Blood 106, 1755–1761. doi: 10.1182/
blood-2005-04-1496

Zhang, J., Niu, C., Ye, L., Huang, H., He, X., Tong, W. G., et al. (2003).
Identification of the haematopoietic stem cell niche and control of the niche
size. Nature 425, 836–841. doi: 10.1038/nature02041

Zhang, R., Oyajobi, B. O., Harris, S. E., Chen, D., Tsao, C., Deng, H. W.,
et al. (2013). Wnt/beta-catenin signaling activates bone morphogenetic protein
2 expression in osteoblasts. Bone 52, 145–156. doi: 10.1016/j.bone.2012.
09.029

Zhang, Z., Huang, Z., Ong, B., Sahu, C., Zeng, H., and Ruan, H. B. (2019). Bone
marrow adipose tissue-derived stem cell factor mediates metabolic regulation
of hematopoiesis. Haematologica 104, 1731–1743. doi: 10.3324/haematol.2018.
205856

Zhang, Z., Zhou, S., Mei, Z., and Zhang, M. (2017). Inhibition of p38MAPK
potentiates mesenchymal stem cell therapy against myocardial infarction injury
in rats. Mol. Med. Rep. 16, 3489–3493. doi: 10.3892/mmr.2017.6973

Zhao, L., Chen, S., Yang, P., Cao, H., and Li, L. (2019). The role of mesenchymal
stem cells in hematopoietic stem cell transplantation: prevention and treatment
of graft-versus-host disease. Stem Cell Res. Ther. 10:182.

Zhao, M., Ross, J. T., Itkin, T., Perry, J. M., Venkatraman, A., Haug,
J. S., et al. (2012). FGF signaling facilitates postinjury recovery of mouse
hematopoietic system. Blood 120, 1831–1842. doi: 10.1182/blood-2011-11-39
3991

Zhou, B. O., Yu, H., Yue, R., Zhao, Z., Rios, J. J., Naveiras, O., et al. (2017). Bone
marrow adipocytes promote the regeneration of stem cells and haematopoiesis
by secreting SCF. Nat. Cell Biol. 19, 891–903. doi: 10.1038/ncb3570

Zhou, B. O., Yue, R., Murphy, M. M., Peyer, J. G., and Morrison, S. J. (2014). Leptin-
receptor-expressing mesenchymal stromal cells represent the main source of
bone formed by adult bone marrow. Cell Stem Cell 15, 154–168. doi: 10.1016/j.
stem.2014.06.008

Zhou, Y., Yamamoto, Y., Xiao, Z., and Ochiya, T. (2019). The immunomodulatory
functions of mesenchymal stromal/stem cells mediated via paracrine activity.
J. Clin. Med. 8:1025. doi: 10.3390/jcm8071025

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Crippa, Santi, Berti, De Ponti and Bernardo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 25 May 2021 | Volume 9 | Article 663316

https://doi.org/10.1007/7651_2018_200
https://doi.org/10.1007/7651_2018_200
https://doi.org/10.1038/s41409-019-0766-z
https://doi.org/10.3389/fimmu.2020.00269
https://doi.org/10.3181/00379727-124-31983
https://doi.org/10.1182/blood-2005-04-1496
https://doi.org/10.1182/blood-2005-04-1496
https://doi.org/10.1038/nature02041
https://doi.org/10.1016/j.bone.2012.09.029
https://doi.org/10.1016/j.bone.2012.09.029
https://doi.org/10.3324/haematol.2018.205856
https://doi.org/10.3324/haematol.2018.205856
https://doi.org/10.3892/mmr.2017.6973
https://doi.org/10.1182/blood-2011-11-393991
https://doi.org/10.1182/blood-2011-11-393991
https://doi.org/10.1038/ncb3570
https://doi.org/10.1016/j.stem.2014.06.008
https://doi.org/10.1016/j.stem.2014.06.008
https://doi.org/10.3390/jcm8071025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Role of ex vivo Expanded Mesenchymal Stromal Cells in Determining Hematopoietic Stem Cell Transplantation Outcome
	Introduction
	Mesenchymal Stromal Cells
	Mesenchymal Stromal Cells' Paracrine Immunoregulatory Activity
	Mesenchymal Stromal Cells' Hematopoietic Support
	Clinical Applications Exploiting the Immunoregulatory Activity of Mesenchymal Stromal Cells
	The Clinical Role of Mesenchymal Stromal Cell in Hematopoietic Stem Cell Transplantation: Treatment of Graft-Versus-Host Disease
	The Clinical Role of Mesenchymal Stromal Cell in Hematopoietic Stem Cell Transplantation: Hematopoietic Stem and Progenitor Cell Engraftment
	Discussion: Challenges and Perspectives for Mesenchymal Stromal Cells in the Context of Hematopoietic Stem Cell Transplantation
	Conclusion
	Author Contributions
	Funding
	References


