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Aging of bone marrow is a complex process that is involved in the development of many diseases, including
hematologic cancers. The results obtained in this field of research, year after year, underline the important role of
cross-talk between hematopoietic stem cells and their close environment. In bone marrow, mesenchymal stromal
cells (MSCs) are a major player in cell-to-cell communication, presenting a wide range of functionalities, sometimes
opposite, depending on the environmental conditions. Although these cells are actively studied for their therapeutic
properties, their role in tumor progression remains unclear. One of the reasons for this is that the aging of MSCs
has a direct impact on their behavior and on hematopoiesis. In addition, tumor progression is accompanied by

dynamic remodeling of the bone marrow niche that may interfere with MSC functions.

mesenchymal stromal cells aging bone marrow niche hematopoiesis

hematologic malignancies inflammation inflammaging

| 1. Introduction

Cancers and aging are closely linked L. Indeed, in most organisms, aging is accompanied by multiple alterations
at the cellular, tissue and systemic levels. All of these alterations provide fertile ground for the development and
progression of tumors, as evidenced by the shared hallmarks of aging and cancers 28, Although the intrinsic
processes leading to cell transformation from a normal cell into a tumor cell are now well known, it is also
commonly accepted that the microenvironment surrounding cells and the interactions between malignant cells and
this microenvironment play crucial roles in tumor development and growth. Malignant hemopathies represent no
exception: they comprise a wide collection of disorders, all originating from cells of the bone marrow (BM) and the
lymphatic system and accounting for almost 230,000 new cases every year in Europe 4!,

The homeostasis and maintenance of BM cells and the immune system require continuous renewal of all types of
blood cells. This function is ensured in the BM by hematopoietic stem cells (HSCs) that can differentiate into
myeloid progenitors, giving rise to erythrocytes, platelets, granulocytes, and monocytes, or into lymphoid
progenitors, giving rise to B lymphocytes, T lymphocytes and NK cells. The function and regulation of HSCs are
supported by their close environment, the BM niche B A growing number of studies point to a clear link
between aging, remodeling of the BM microenvironment and impairment of hematopoiesis, leading, among other
things, to hematologic cancers B8, The BM niche is a complex and dynamic network that is not yet fully

understood and is regulated by a wide number of cell types: endothelial cells, mesenchymal stromal cells (MSCs),
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perivascular stromal cells, osteoblasts, sympathetic neurons, nonmyelinating Schwann cells, adipocytes and

regulatory T cells.

MSCs are multipotent nonhematopoietic cells able to differentiate into osteoblasts, chondrocytes, adipocytes and
fibroblasts LALI2 They also secrete a wide variety of compounds, such as growth factors, antiapoptotic factors,
angiogenic factors and several cytokines, and thus contribute to the regenerative process, wound healing,
hematopoietic support and regulation of the immune response 314 MSCs also produce a large amount of
extracellular vesicles (EVs), small vesicles playing a major role in cell-to-cell communication. EVs transport
different elements, such as proteins, lipids and microRNAs (miRNASs), to target cells and are involved in many
biological functions of MSCs L3671 |t js now known that the aging of MSCs alters their EV production and has a
direct impact on their functions and differentiation capacities 18131 Aging is also associated with an increased
incidence of hematologic malignancies such as chronic and acute leukemias, non-Hodgkin lymphomas and plasma
cell disorders: the mean age at diagnosis is 65—70 years, and the incidence typically increases in groups of older
subjects BI29. Dye to their functions, MSCs are important actors in the tumoral microenvironment, but their exact
role remains ambiguous. Indeed, different studies carried out to date show both a protumoral and an antitumoral
function of MSCs, as reviewed by Galland and Stamenkovic in The Journal of Pathology [21]. Although the
prominent role of MSCs in vivo seems to be participation in tumor progression, further studies will be necessary to

obtain a deep understanding of their exact role inside the tumoral microenvironment.

2. The Role of BM-MSCs in BM and Hematopoiesis
Alterations during Aging

As mentioned above, during the aging process, changes in HSCs and hematopoiesis disturbances occur. More
precisely, the number of lymphoid progenitors decreases to the benefit of myeloid progenitors that increase but
lose some of their functions [2H[22 The result is an alteration of the immune system, leading to an increased
susceptibility to infections and to the development of autoimmune diseases and cancers. The aging of HSCs is due
in part to cell-intrinsic factors, as reviewed by Mejia-Ramirez and Florian in Haematologica 23], but also by external
signals from the aging microenvironment of which BM-MSCs are a part. In this section, we will discuss the main
features of BM-MSC aging and its consequences on hematopoiesis and the inflammatory state of BM through the
modifications of BM-MSC secretome, the imbalance of their immunomodulation properties and the imbalance
between osteogenesis and adipogenesis leading to progressive replacement of bone by fat (Eigure 1). We will also

briefly examine the spatial and functional heterogeneity of BM-MSCs inside the BM niche and its change during

aging.
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Figure 1. With aging, several factors induce the senescence of bone marrow mesenchymal stromal cells (BM-
MSCs) that accumulate inside the bone marrow (BM) niche. (A) The senescent BM-MSCs adopt the senescent-
associated secretory phenotype (SASP) enriched in particular with proinflammatory cytokines, and their
extracellular vesicle (EV) morphology and content are strongly modified (see Section 2.1). (B) The
immunomodulatory properties of aged BM-MSCs are impaired. For example, their ability to promote macrophage
(M®) polarization into the M2 phenotype and their capacity to inhibit T lymphocyte proliferation are reduced
(see Section 2.2). (C) An imbalance between osteogenesis and adipogenesis occurs, leading to a progressive
replacement of bone by fat (see Section 2.3). All of these processes are closely interconnected and can lead to the

establishment of low-grade chronic inflammation and hematopoiesis alterations (Figure created with BioRender).

2.1. Epigenetic and Secretome Modifications Associated with BM-MSC Aging

MSCs are multipotent cells with proliferative properties. However, similar to any normal cell, they can only undergo
a limited number of cell divisions before entering a senescent state. Cellular senescence and its related cell cycle
arrest were observed for the first time by Hayflick in long-term in vitro culture of human fibroblasts 24 Since then,
a wide variety of factors causing MSC senescence have also been described, such as oxidative stress [23],
telomere attrition occurring during in vitro expansion 28 or unrepaired DNA damages 2. Accumulation of
senescent cells was also observed in several aged tissues, as it was well illustrated in a recent study evaluating
the expression of p16 and p21, two markers of senescence, in organs from young or old donors 28, An increased
level of p21 was also observed in BM-MSCs from elderly people, suggesting that senescent BM-MSCs accumulate
with physiological aging [22. Nevertheless, some experiments studying MSC senescence do not use cells form

elderly donors but rather in vitro stress-induced-senescence conditions such as long-term culture expansion or
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senescence induced by gamma irradiation. It is therefore necessary to remain cautious when comparing data

concerning in vitro senescence with physiological aging.

Several pathways and actors implicated in MSC senescent cell cycle arrest have been identified: the well-
established p53/p21 and pl16/pRB pathways, as well as the AKT/mTOR pathway 9, JAK/STAT pathway B4,
mitogen activated protein kinase p38MAP 22 and fibroblast growth factor FGF21 331,

Senescence is accompanied by many cellular modifications at morphological and functional levels: the cells
become larger and resistant to apoptosis, while the autophagy process decreases, and they are also subject to
genetic and epigenetic modifications 3423l Epigenetic modifications are key components of the BM niche
homeostasis and can contribute to age- and disease-associated MSC alterations. Modifications of MSC DNA
methylation patterns and hypermethylated and hypomethylated CpG sites in several genomic loci have been
observed upon aging and replicative senescence (837, Some epigenetic regulators have been identified to
participate in MSCs aging. The expression and activation of Sirtl, a NAD-dependent histone deacetylase,
decrease with age and modify MSC proliferation and differentiation [B8l23 |nterestingly, miR-199b-5p, which is
predicted to target Sirtl, is deregulated in old BM-MSCs 49, MSCs deficient in Sirt6, another histone deacetylase,
displayed accelerated cellular senescence, dysregulated redox metabolism and increased sensitivity to oxidative
stress (41l |n HSCs, identification of somatic mutations in the epigenetic regulators DNMT3, TET2 and ASXL1 is
associated with an increased risk of developing hematologic cancers 42, These mutations can occur as people
age and their identification in healthy people is known as clonal hematopoiesis of indeterminate potential (CHIP).
These three epigenetic regulators seem to be involved in MSC aging. In human umbilical cord blood-derived MSCs
(UC-MSCs), the inhibition of DNMT1 and DNMT3b induces cellular senescence 42l In a mouse model used to
study age-related skeletal diseases, the expression of TET2 resulted decreased 441, In addition, it has been shown
in mice that a loss of ASXL1 or TET2 impairs BM-MSCs fate and their ability to support hematopoiesis 421461,
Taken together, these two observations suggest that epigenetic modifications of BM-MSCs occurring during aging

can contribute to hematopoiesis disturbances.

The alterations associated with BM-MSC senescence also lead to a deep modification of their secretome, making
them adopt a new phenotype called the senescent-associated secretory phenotype (SASP) B4 (Eigure 1A). This
SASP is characterized by increased secretion of growth factors, proangiogenic factors, extracellular matrix
remodeling factors and especially proinflammatory cytokines such as IL-1pB, IL-6 and IL-8 4A48I4950151] |t js now
well known that EVs contribute greatly to the SASP and that senescence of MSCs has a strong impact on them:
their secretion is increased while their size is reduced and their content is modified, especially in terms of miRNA
(18152 For example, the activation of AKT in aged BM-MSCs leads to increased partitioning of miR-17 and miR-34a
in EVs, which, upon transfer to HSCs, cause functional impairment via downregulation of autophagy-related genes
531, Terlecki-Zaniewicz and colleagues suggested that EVs of dermal fibroblasts and their miRNAs act as cargo for
novel members of the SASP that are selectively secreted or retained in cellular senescence B4, Although there are
no similar experimental data on MSCs, it is reasonable to assume this may also be applicable to them. Robbins
suggested that senescent cell-derived EVs could function as pro-geronic factors B2, The SASP participates in the

establishment of the low-grade and chronic inflammation state observed during aging, called inflammaging B8I7,

https://encyclopedia.pub/entry/6376 4/17



Aging of BM-MSCs | Encyclopedia.pub

In addition, proinflammatory cytokines induce the expression of other cytokines by BM-MSCs 8l |t has been
reported that BM-MSCs secrete a significant amount of IL-6 in response to TNF-a and IFN-y B2 and that this
cytokine is secreted at higher levels by aged BM-MSCs B9, |L-6 is a proinflammatory cytokine implicated in
inflammaging or promoting tumor growth and metastasis formation. The serum of elderly patients with chronic
disease or cancer usually contains more IL-6 than the serum of young healthy people 9. The MSCs contribute
thus, by this cytokine release, to the “inflammaging” process well described by Fulop and others in age-related
diseases 61, with TGF-B, TNF-a and GM-CSF, IL-6 also promotes the differentiation of HSCs towards the myeloid
lineage BYE2  nterestingly, a recent analysis of the secretome of adipose tissue-derived MSCs (AT-MSCs)
showed that GM-CSF is more highly secreted by senescent MSCs obtained by successive passaging £3l. Other
proinflammatory cytokines secreted by BM-MSCs could impair hematopoiesis. Indeed, although IFN-y promotes
stem cell factor (SCF) expression in mouse BM-MSCs, an important factor for the support of hematopoiesis,
chronic exposure of BM-MSCs to this cytokine leads to a decrease in the total number of BM-MSCs, diminishing
their hematopoietic support 4. In a recent paper, Gnani and colleagues showed a clonogenic impairment of young
hematopoietic stem and progenitor cells (HSPCs) due to the activation of a proinflammatory program when they

are exposed to compounds secreted by aged BM-MSCs [21],

2.2. Imbalance between Pro- and Anti-Inflammatory Functions

In addition to their role as multipotent progenitor cells, MSCs are also endogenous regulators of inflammation
capable of immunosuppressive or proinflammatory functions depending on environmental conditions 62!, Thus,
they express several Toll-like receptors (TLRs) whose activation influences their immunologic properties. In normal
nonsenescent MSCs, the activation of TLR3 or the presence of IFN-y and TNF-a polarizes the MSCs towards an
anti-inflammatory state that is able to negatively regulate the proliferation of T lymphocytes and NK cells through
the secretion of nitric oxide synthase (NOS) and prostaglandin E2 (PGE2), respectively (68 MSCs also promote
the polarization of macrophages into the alternatively activated anti-inflammatory type 2 state (M2) at the expense
of the classical proinflammatory type 1 state (M1) 67,

These observations suggest that within the aging and inflamed microenvironment of the BM, BM-MSCs may
influence other immune actors to counteract inflammation. However, the studies described in literature to date do
not point in this direction. For example, it has been shown that gamma-irradiated senescent BM-MSCs showed a
lower capacity to migrate in response to proinflammatory signals and, at least in part, a lower inhibitory capacity
towards T lymphocytes [€8l. |In addition, the priming of UC-MSCs with IFN-y and TNF-a induces the phosphorylation
of p38MAP kinase only in aged MSCs, which could in turn negatively regulate the COX2/PGE2 pathway and
explain at least partially the reduction in the immunomodulatory capacity of aged MSCs 62, Other studies have
highlighted the impact of MSC aging on macrophage polarization. In mice, indirect coculture of macrophages with
BM-MSCs using transwells induces differential gene expression in macrophages depending on the aging state of
BM-MSCs. Thus, TNF-a and iNOS, two markers of M1 proinflammatory macrophages, are upregulated after
coculture with aged BM-MSCs compared to coculture with young BM-MSCs, which instead induce the expression
of IL-10 and ARG1, two markers of the M2 state [Z9. More recently, in a lung injury murine model, Huang and

colleagues showed that injections of EVs secreted by young human BM-MSCs but not those secreted by the oldest
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BM-MSCs are able to polarize macrophages towards the M2 state, reducing the severity of lung injury 4. These

differences between old and young EVs might be due to their miRNA content.

Taken together, these results suggest that the aging of MSCs impairs their ability to adopt an immunosuppressive
phenotype in response to environmental stimulation (Eigure 1B). Interestingly, TLR signaling involved in MSC
immune polarization is also implicated in the proliferation of HSCs towards the myeloid lineage and in the migration
of monocytes 22731,

2.3. Imbalance between Osteogenesis and Adipogenesis

Bone tissue is a dynamic tissue undergoing constant remodeling throughout its lifetime. Its homeostasis is
maintained by two complementary processes: the formation of new bone by osteoblasts and the resorption of old
and damaged tissues by osteoclasts. BM-MSCs play an important role in this balance by being recruited at the
bone-resorptive site through TGF-B1 signaling and by differentiating into osteoblasts /4. However, during aging,
bone resorption increases, and the bone density of the organism progressively decreases, leading to osteoporosis
and increasing the risk of fractures [/2. The age-related changes in MSC differentiation potential have been studied
by several groups in mice and humans. Although conflicting results have been reported, one cause for the
imbalance between bone and adipose tissue occurring with aging could be due to a gradual loss of the ability of
BM-MSCs to differentiate into osteoblasts, favoring differentiation into adipocytes (EFigure 1C). A study using
senescent BM-MSCs obtained after long-term culture showed an increased osteogenic differentiation potential
after several passages 8. However, other studies comparing BM-MSCs harvested from young and old donors
have shown both a maintenance 2781 or a decrease in the osteogenic differentiation of oldest BM-MSCs [221[791[80]
[l |n a recent study, authors analyzed the transcriptional profile of freshly isolated BM-MSCs from young and old
donors and showed the upregulation of genes implicated in the peroxisome proliferator-activated receptor (PPAR)

signaling in the oldest group, suggesting a reinforcement of pro-adipogenic microenvironment with aging 82,

Several factors are implicated in the control of BM-MSC differentiation: RUNX2 and SP7 promote osteogenesis [l
84 while CEBPa, CEBPB, CEBPy and PPARy promote adipogenesis (2. There is a growing body of data
highlighting the age-dependent control of these factors. In mice, it has been shown that FOXP1, a transcription
factor interacting with CEBPp, is downregulated during aging [€8l. Similarly, CBFB and MAF, two cofactors of
RUNX2, are also downregulated with increasing age 8788l while PPARYy is upregulated 2. All of these signaling
pathway modifications promote adipogenesis. The miRNA content of BM-MSCs and their EVs also seem to be
involved in the imbalance between osteogenesis and adipogenesis. Indeed, it has been shown that aging and
oxidative stress can alter the miRNA cargo of EVs, which in turn causes the suppression of cellular proliferation
and osteogenic differentiation of BM stromal cells 29, |t has also been reported that miR-31a-5p level rises in aged
BM-MSCs and appears to be involved in increasing adipogenesis and decreasing osteogenesis 2. The decrease
in osteogenic differentiation by BM-MSCs is accompanied by a reduced level of osteopontin secretion, which is

known to negatively regulate the self-renewal of HSCs 22193],
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Adipocytes in BM impair hematopoiesis by diminishing the differentiation of hematopoietic progenitors towards the
B lymphocyte lineage 4. In a recent paper, Aguilar-Navarro et al. observed an increase of adipocytes in BM of
elderly people associated with an increase of maturing myeloid cells and they proposed a contributive role for
adipocytes in myeloid skewing 22!, Another study conducted on mice has been shown that aging is associated with
the expansion of adipogenic potential of a stem cell-like subpopulation in the BM which, in turn, altered

hematopoiesis through an excessive production of Dipeptidyl peptidase-4 (28],

By increasing the number of adipocytes inside the BM, the aging of BM-MSCs could also indirectly impact the
inflammatory state of the BM niche. It is indeed well known today that adipose tissue participates in the production
of a large amount of soluble factors and cytokines and that aging and metabolic diseases, like obesity, are

correlated with an increase of its proinflammatory cytokine secretion 27,

2.4. Functional and Spatial Heterogeneity of BM-MSCs

MSCs represent a complex cell population characterised by specific localisation and functional heterogeneity that
may be essential to their biological role. Several surface markers can be used to identify the different
subpopulations of MSCs 28], |n BM, CD271 antigen can be used to identify a subset of BM-MSCs able to inhibit the
proliferation of allogenic T-lymphocytes and presenting lympho-hematopoietic engraftment-promoting properties
991 Most of HSCs are located in intimate cell-cell contact with these CD271+ MSCs (%9 A Jow or negative
expression of platelet derived growth factor receptor alpha (PDGRF-a) by CD271+ MSCs is correlated with
expression of key-genes for HSC supportive function and this expression is modulated according to the different
phases of development of the organism L% CD271+ cells can be further divided in two cell subgroups with
different localisation depending on the expression of CD146. CD146+ status defines MSC population located in the
perivascular spaces while CD146- cells are found in the endosteal region 122, These populations have different
degree of maturity: CD146— MSCs are more mature whereas CD146+ cells retain plasticity. Their distribution
varies with age: Maijenburg et al. showed a predominance of CD146+ subset in pediatric and fetal BM and
suggested that variation in MSC subpopulations is a dynamic process that can change MSC functions during aging
of the BM [293],

Other studies using a new method of single cell transcriptional analysis showed age-related changes in BM-MSCs
composition. Duscher et al. identified an age-related depletion of a subpopulation characterized by a pro-vascular
transcriptional profile 224, More recently, Khong and colleagues identified a unique quiescent subpopulation
exclusively present in MSCs from young donors and showed that this subpopulation was characterized by a higher

expression of genes involved in tissue regeneration 93],

It has also been described the existence of two populations of MSCs with neural crest or mesoderm embryonic
origins and particularly the neural crest has been proposed as a source of MSCs with specialized hematopoietic
stem cell niche function %], Embryonic origin has also been shown to play an essential role in the age-related

decrease in the functional capacities of BM-MSCs 1071,
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